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10 December 1984
Conditions of Use

The following conditions regulate the use of computer programs developed by the Hydrologic
Engineering Center (HEC), Corps of Engineers, Department of the Army.

1. The computer programs are furnished by the Government and are accepted and used by the
recipient individual or group entity with the express understanding that the United States
Government makes no warranties, expressed or implied, concerning the accuracy, completeness,
reliability, usability, or suitability for any particular purpose of the information or data contained
in the programs, or furnished in connection therewith, and that the United States Government
shall be under no liability whatsoever to any individual or group entity by reason of any use
made thereof.

2. The programs belong to the United States Government. Therefore, the recipient agrees
neither to assert any proprietary rights thereto nor to represent the programs to anyone as other
than Government programs.

3. The recipient may impose fees on clients only for ordinary charges for applying and
modifying these programs.

4. Should the recipient make any modifications to the program(s), the HEC must be informed
as to the nature and extent of those modifications. Recipients who modify HEC computer
programs assume all responsibility for problems arising from, or related to, those modifications.
User support from the HEC to third part recipients will only be provided after the second party
demonstrates that program difficulties were not caused by their modifications.

5. This "Conditions of Use" statement shall be furnished to all third parties that receive copies
of HEC programs from the recipient. Third party recipients must be notified that they will not
receive routine program updates, correction notices, and other program services from the HEC
unless they obtain the program(s) directly from the HEC.

6. All documents and reports conveying information obtained as a result of the use of the
program(s) by the recipient, or others, will acknowledge the Hydrologic Engineering Center,
Corps of Engineers, Department of the Army, as the origin of the program(s).
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Foreword

The HEC-5 computer program was developed at the Hydrologic
Engineering Center (HEC). The original software was written by
Bill S. Eichert, with the support of HEC staff. Since his retirement
in 1989, the HEC-5 package of programs have been developed and
maintained by Mr. Richard Hayes and Ms. Marilyn Hurst, with
support and direction from Vern Bonner, Chief, Training Division.
This manual was written by Messrs. Bonner and Hayes and Ms.
Hurst. Mr. Darryl Davis, as HEC Director since Mr. Eichert’s
retirement, has actively supported the continued development and
application of the HEC-5 package.
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Chapter 1

Introduction

1.1  Origin of Program

The HEC-5 computer program was developed at the Hydrologic Engineering
Center by Bill S. Eichert. The initial version was written for flood control

operation of a single flood event and was released as HEC-5, "Reservoir System
Operation for Flood Control,” in May 1973. The program was then expanded to
include operation for conservation purposes and for period-of-record routings.
This revised program was referred to as HEC-5C up to the February 1978 version.
Mr. Eichert retired from HEC in 1989 and he continues to develop his version of
the program. HEC continues to develop and maintain HEC-5 and has released
several versions since 1989. The HEC-5, Version 8, October 1998, is the current
edition and the basis for this user’s manual.

1.2 Purpose of Program

This program was developed to assist in planning studies for evaluating proposed
reservoirs in a system and to assist in sizing the flood control and conservation
storage requirements for each project recommended for the system. The program
can be used in studies made immediately after the occurrence of a flood to evaluate
pre-project conditions and to show the effects of existing and/or proposed
reservoirs on flows and damages in the system. The program should also be useful
in selecting the proper reservoir releases throughout the system during flood
emergencies in order to minimize flooding, while maintaining a balance of flood
control storage among the reservoirs. After flooding recedes, the program will
empty the flood volume in storage as quickly as possible.

The purposes noted above are accomplished by simulating the sequential operation
of a system of reservoirs for short-interval historical or synthetic floods, for long
duration non-flood periods, or for combinations of the two. Specifically the
program may be used to determine:

. Flood control and conservation storage requirements for each reservoir in
the system.
. The influence of a system of reservoirs on the spatial and temporal

distribution of runoff in a basin.

. The evaluation of operational criteria for both flood control and
conservation purposes (including hydropower) for a system of reservoirs.

1-1
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. The energy generation for specified energy demands and capability for a
single project, or system of hydropower projects operating for a system
demand.

. The system of existing and proposed reservoirs or other alternatives

including nonstructural alternatives that results in the maximum net flood
control benefits for the system by making simulation runs for selected
alternative systems.

1.3 Dimension Limits
Dimension limits for the distribution version are as follows:
80 KMXCPT = Number of control points

40 KMXRES = Number of reservoirs
18 KCHSTG = Number of values of channel storage and discharge

40 KDIV = Number of diversions

40 KLEV = Number of reservoir target levels

60 KNCAPT = Number of values of reservoir storage, discharge, etc.
35 KPWR = Number of power plants

These dimension limits are shown at the beginning of the output file that is created
during program execution.

1.4 Hardware and Software Requirements

The HEC-5 programywritten in FORTRAN V, was originally developed on a
CDC CYBER 865 computer. PC and Unix versions have been developed. The
PC version of HEC-5 runs in a MS-DOS window under Win95 or NT and
operates with extended memory. Eight (8) Mb or more of RAM are
recommended.

The program is actually two separate programs (HEC-5A and HEC-5B) that are
linked by temporary scratch files and executed in sequential order as one job by job control
records. The first program reads input and simulates reservoir operation. The second
program reads the scratch files and creates the output tables and performs the economic
analysis. Certain applications require only the first program (conservation optimization
(J7 Record) and output to DSS). If output to HEC-DSS (ZW Record) is requested, output
displays, economic analyses and duration and frequency analysis can be performed by
other HEC programs.




Chapter 1 - Introduction

1.5 User's Manual Organization

This manual provides HEC-5 program description at two levels. The chapters
present general descriptive information on program capabilities, while the
appendices present more detailed information and input/output examples.

Chapter 2 presents basic capabilities

Chapter 3 presents flood reduction capabilities.

Chapter 4 provides low-flow capabilities.

Chapter 5 provides hydropower capabilities.

Chapter 6 presents system operation.

Chapter 7 gives an overview of input and output.

Appendix A presents the HEC-5 routing options.
Appendix B describes HEC-5 use of the data storage system (HEC-DSS).

Appendix C presents detailed information and examples on flood
operations.

Appendix D presents detailed information and examples on water supply
features.

Appendix E presents detailed information and examples on hydropower
options.

Appendix F is the output description
Appendix G is the input description.

1-3
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Chapter 2

Basic Capabilities and Requirements

Computer program HEC-5 is designed to perform sequential reservoir operation
based on specified project demands and constraints. Demands can be minimum
channel flows, diversion requirements, and energy requirements. Demands can be
specified at the reservoir and at downstream locations (called Control Points).
Physical reservoir constraints define the available storage for flood control and
conservation purposes and maximum outlet capability. Operational constraints can
include maximum non-damaging flows and reservoir release rate-of-change. The
simulation is performed with specified flow data in the time interval for simulation.
The simulation process determines the reservoir release at each time step and the
resulting downstream flows. Detailed output is available to evaluate the reservoir
performance and resulting regulated flow.

2.1 Reservoir System Configuration

Any dendritic reservoir system configuration may be used as long as dimension
limits are not egeeded for number of reservoirs, number of control points, number
of diversions, etc. (see Chapter 1 for dimension limits). Figure 2.1 is an example
system diagram, showing basic model components of reservoirs and downstream
control points. Model data are defined starting at the upstream boundaries of the
system, and data for each location are entered sequentially downstream. Al
upstream locations must be defined before entering the data for the downstream
location.

The most upstream location
on each tributary must be a
reservoir. If no reservoir
exists, a dummy reservoir
with no storage can be
used.

Non-reservoir locations are
called control points, where
flow constraints and
demands can be specified. Legend

The last (most downstream A Reservoir
location in the system must O control Point
be a non-reservoir control Routing Reach

point. - - .
Figure 2.1 Reservoir System Diagram

2-1
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All locations, including reservoirs, require control point data, which includes
routing criteria to the next downstream location. The system configuration is
defined by routing reaches and specified downstream locations. All locations
upstream from a control point must be defined before that control point’s data are
defined.

The entire reservoir system, based on reservoir and control point data, is defined in
an ASCII (text) data file. Then, following the model data, the flow data for
simulation are provided. Together, these data constitute the input data file. The
following sections provide additional information on reservoirs, control points,
routing methods and flow data. The data record identifiers, associated with the
different model components, are provided with the descriptions. Detailed input
data description is provided in Appendix G of the User’'s Manual.

2.2 Reservoir Index Levels

An index level is associated with the primary reservoir storage zones: Inactive,
Buffer, Conservation, and Flood Control. Figure 2.2 illustrates the levels
associated with reservoir storage zones. Within a system model, all reservoirs
must have the same number of levels and the Index Level for the primary storage
zones must be the same. These data are defined on the first Job REctonda(l
reservoirs in the model. The actual storage allocated to each level is defined with
the reservoir data, on ti Record.

Level 1 is top of the
Inactive pool. No

: Levels
reservoir releases are
made below this level. 5
The storage at this 4 Surcharge /
level may _be zero, or Flood /
some minimum pool. 3

. Conservation
Level 2 is usually o |
associated with the top
of Buffer pool, a 1

special subdivision of Inactive

the Conservation pool.
When the pool level
drops into a Buffer
Zone, a drought
condition is indicated.
Then, only essential
demands will be met (Required Flow). Above the Buffer Level, all conservation
demands are met (Desired Flow). If the concept of Buffer Storage is not used, the
Buffer Level would also be Level 1, the top of Inactive pool.

Figure 2.2 Reservoir Storage Zones and Index
Levels.
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Level 3 is usually associated with the top of Conservation pool. The conservation
pool can be subdivided into multiple levels (see Chapter 6 for a description of
system levels.)

The fourth essential level is the top of Flood Control pool. Typically, the zone
between top of conservation and flood control is the active flood storage zone.
Water is stored in this zone when it cannot be safely passed through the
downstream channel system. If a reservoir in the system does not have flood
control storage, the cumulative storage at the top of flood control would equal the
storage at the top of conservation. If none of the reservoirs have flood storage,
the Index Level for Flood ControJ{ Record) would be the same as

Conservation.

Usually, the top of Flood Control Level is not the maximum level. Typically, a
reservoir has surcharge storage to accommodate water above the emergency
spillway. In the surcharge zone, the outflow is determined by the spillway
capacity; the reservoir no longer makes release decisions. However, this
Surcharge Index Level is not explicitly defined on dtieRecord. An Index Level,
greater than the top of Flood Control would indicate the surcharge zone.

TheJ1 Record allows three additional Index Levels associated with hydropower.
They are left blank for non-hydropower applications. Their significance is
described in Chapter 5, Hydropower Capabilities.

2.3 Reservoir Description

For a reservoir, the primary physical data are the cumulative storage for each
operational zone and the maximum outflow capability, given as a function of
storage. The minimum reservoir data are described below. The control point data,
also required for each reservoir, are described in the following sections. Beyond
the required data, optional data can be added to utilize other program features.

Storage. Each reservoir must have a starting storage and the cumulative storage
at each Index Level(The concept of Reservoir Index Levels is described in the
previous section.)The reservoir storage for each Index Level can vary seasonally,
monthly or remain constantR[ Records)

Operation Locations. Each reservoir operates for itself and specified
downstream control pointRO Record). The reservoir always considers it's own
requirements. In addition to itself, only those downstream locations specified on
the RO Record are considered before making a reservoir release.

Reservoirs which have flood control storage may be operated to minimize flooding
at any number of downstream control points.
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Reservoirs without flood storage will be operated for their own requirements
(power or low flow) and can be operated to provide low flow requirements for any
number of downstream control points (same locations as for flood control).

Upstream tandem reservoirs may not be operated directly for control points below
a downstream tandem reservoir; however, the downstream tandem reservoir
considers the upstream system storage when making its release.

Reservoirs in the system that operate for a common control point are kept in
balance (in terms of reservoir level) for both flood and conservation operation.
See Chapter 6 for information on system levels and operations.

Outlet Capacity. Each reservoir must have a table of maximum outlet capacities

as a function of reservoir storag&SandRQ Records). The table defines the
maximum outflow capability for any reservoir storage, using linear interpolation on
the input data. Therefore, the entire operation range of reservoir storage should be
defined.

Control Point Data. Each reservoir is also considered a control point and
requires control point dataCP, ID, RT Records). See Control Point Description
below.

Identification Number. Reservoir and control point identification number (on
RL andCP Records) may be any integer number up to six digits. The program
uses a series of internally generated numbers for storage of variable arrays.

Additional Data. Reservoir areas, elevations, diversions, and costs can be given
as a function of reservoir storageRA{ RE, RD, R$, RS Records, respectfully).
Area data are required to compute reservoir evaporation and elevation data are
required for hydropower computations; otherwise, they are informational only.

Delete Reservoirs.Reservoirs may be deleted by specifying the applicable
identification number on th# Record (becomes a reservoir with no storage) or
by removing the appropriate recofidk - PE (becomes only a control point).

2.4 Control Point Description

Every location in the reservoir system model must have control point data.
Minimum data requirement includes an identification number, channel capacity, a
location name, and the connection to the next downstream location (routing
information). The required data are described in the following paragraphs. As
with reservoir data, additional data can be added to use program options.
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Identification Number. Each control point must have an identification number
(CP Record). Only integer values can be used.

Channel Capacity. An operating (maximum) channel capacity must be provided.
The channel capacity can be const& Record), or vary by month, by season,

or vary with channel flows at any location, or reservoir levels at any rese@Bir (
andCC Records). .

Minimum Flow Requirement. Each control point can have low flow
requirements (minimum desired and/or minimum required) which are corSgnt (
Record), or vary monthly, or by season, or vary period by periGB.a0dQM
Records)

Location Name. Each control point has an identifying alphanumeric name with
up to_14 characters(ID Record)

Downstream Link. Each control point is linked to the next downstream point by
specifying the channel routing reacbyte from and route to data oRT

Record). Stream routing options are described below. The last control point in
the system must haveRal Record; however, the route to location and routing
criteria are not specified.

Additional Data. Each control point can have a discharge-stage rating curve for
determining regulated and natural stage hydrograpBsapdEL Records). Also,
discharge vs. channel storage data can also be given for the cli®aadSQ
Records)

2.5 Channel Routing Methods

Stream routing procedures incorporated in the program are hydrologic routing
methods, typically used in the Corps. These methods are described in Engineering
Manual (EM) 1110-2-1417, "Flood-Runoff Analysis,” U.S. Army Corps of
Engineers, August 1994, and are briefly summarized in Appendix A. For short
time-interval simulation (daily or less), the routing criteria are used to model the
translation of flow through the channel system. Hydrologic routing options
provided are:

. Straddle-Stagger,

. Tatum,

. Muskingum,

. Modified Puls,

. Modified Puls as a function of inflow,
. Working R&D,

. SSARR Time-of-storage, and

. direct input of routing coefficients.
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The program will use the channel routing data if the time interval for simulation is
equal to, or less than the value of the NOROUT variable (default value is 24
hours). For longer time intervals, the routing criteria are ignored. The NOROUT
value can be changed with th& Record, field 7.

The routing reach and method are defined orRfhdRecord. Each routing reach
may be subdivided into several steps (field 3). For Modified-Puls, the storage is
divided by the number of steps and the routing is processed sequentially through
each subset for storage-outflow data.

Routing criteria for natural flow conditions can also be specif®d Record,
field 8).

For each routing reach, two sets of flood routing criteria (at least one linear) can
be specified along with the applicable routing interval (i.e., 3-hr and 12-hr).

When reservoir releases are routed by nonlinear methods (Modified Puls or
Working R&D), linear approximations are used to determine the reservoir's
releases. The actual releases are then routed by the nonlinear method.

Steady state is assumed for flows prior to the first period of routing.

2.6 Flow Data

Model Structure. The format for model data attempts to separate the reservoir
system data from the time dependent data, like flow. The time interval for
simulation, starting date, and number of simulation periods are all defined with the
flow data. The initial reservoir storage, at the start of simulation, can also be
defined here using tHf@SRecord (instead of using the initial storage onRhe
Record).

Incremental Local Flow. The program uses incremental local flows (flows

between adjacent control points) in the system routings. The flow data set must be
in the same uniform time interval as used in the simulation. The time interval can
be in minutes, or hours up to one month (720 hours).

Incremental local flows can be computed from observed discharges and reservoir
releases. J3 Record, field 6) Incremental local flows can also be calculated from
natural flows.

Computed incremental local flows can be output into a DSS file for subsequent
system operations.JZ, ZW Records)

Period Average Values. Flow data are average values. If end of period flow data
are given, the program will first average the flow dati8 Record, field 8)
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Ratio of Flow. Flow data at some of the control points can be a ratio of the flow
at another system point. The flows can also be shifted several whole computation
time intervals. C1 Record)

Cumulative Local Flow. Cumulative local flows are computed for each
downstream location. They are computed by routing and combining the
incremental local flows downstream from a reservoir. The cumulative flow would
represent the flow without any reservoir release. Uncontrolled cumulative local
flows do not include flows above a reservoir that has more than ten acre-feet of
active storage. Otherwise, uncontrolled local flows will include flows from the
upstream reservoir drainage areas.

Natural Flow. The accumulation of all incremental flow, without any reservoir
holdouts, represents the flow in the system without reservoirs (unregulated flow).
If requested 0d3 Record, field 4, natural flows are calculated for printout
purposes.

Flow Processing. Data on flow records can be for more time periods than the
internal program'’s dimension limit and the program will automatically generate an
equivalent series of events so that the entire event is operated.

Flow data are normally read in a 10 field record-image format (defined BFthe
Record, field 1).

Flow data or any other time series data can be read from a separate data file
(HEC-DSS) by enteringR Records.

Flow data can be shifted in time and/or converted to any other time interval (from
one hour to one month) by use of a separate program HEC-DSSMATH.

2.7 Input Data
Details on input data are provided in Appendix G. The following provides basic
information on the minimum required data for reservoir system modeling. The
input data for a basic HEC-5 model 1 is shown Table 2.1. Examples are also
provided in the Appendices for various program applications.
All data records use the first two columns for identification.

Most data records are optional and can be omitted unless options are desired.

Input is coded into ten 8-column fields for all input exdeptthelD, ZR andZW
Records.

A blank field is taken as a zero input.
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Table 2.1 HEC-5 Data Input Example

T1  Single Flood Control Reservoir Operating One Downstream Location
T2  Basic Flood Control Options, Metric Units

T3  Rocky River Basin, Aaron Dam Site to Zachary

J1 1 1 5 3 4 2

J2 24 1.2 0 0 0

J3 5 -1 1

JZ333.09 333.10 333.12 333.13 222.04 222.17 222.18 222.02 333.22 333.11
C

RL 333 188000 131400 146500 188000 562200 630100

RO 1 222

RS 12 0 124100 146500 188000 253600 362000 417700 465200 546300
RS562200 589300 630100

RQ 12 0 660 680 727 800 870 910 2320 5660

RQ 6460 7650 9630

RE 12 209.7 249.6 2515 255.6 262.1 270.5 274.3 277.4 282.2

RE 283.2 284.7 286.8

CP 333 425 80 3

IDAARON DAM

RT 333 222 12 03 3.0 0

CP 222 450
IDZACHARY
RT 222

C - Flood of 20-28 Dec 1964
BF 2 72 0 64121924 0 3 1900
C e Inflow at Aaron Dam Site -------=-=-==-=-====---

IN 193 193 198 217 242 272 286 290 297 297

IN 297 418 559 715 909 973 1005 1104 1260 1522
IN 1933 2478 2896 3087 3016 2705 2400 2174 2096 2060
IN 1947 1791 1749 1827 1912 1890 1763 1593 1437 1345
IN 1296 1267 1218 1161 1104 1048 984 935 899 857
IN 826 797 767 746 722 701 687 667 647 632

IN 609 581 552 523 487 453 425 396 375 354

IN 326 297
C - Local Incremental Flow at Zachary --------------=----------
IN 222

IN 49 49 54 63 89 102 94 94 95 102

IN 122 192 248 367 531 539 473 460 509 608
IN 756 934 1036 982 815 629 474 426 517 606
IN 577 480 454 517 627 670 587 459 377 346
IN 335 325 335 378 400 350 286 288 300 288
IN 276 282 309 321 332 345 323 285 256 239
IN 223 209 200 189 174 129 151 190 167 173
IN 177 173

ZW A=ROCKY RIVER F=METRIC TEST

All records used must be in correct order (as shown in the sequence of input
records summary on the inside back cover of Appendix G); and, control points
must be in sequential order of treatment in routing and combining flows.

Either SI (Metric) or English units can be used.
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Input data (T1 through BF only) can be checked for possible errors by the use of
separate program CKHECS.

2.8 Basic Reservoir Model Data

The example input shown in Table 2.1 illustrates the format and basic input for a
flood control reservoir model, with one reservoir operating for one downstream
control point.

2.9 Reservoir Routing

Reservoir routing is performed sequentially, in the order the reservoir data are
given. All locations are processed for each time interval of flow data. The primary
decision variable is the reservoir release for each time interval. Once the release is
determined, the reservoir end-of-period storage is computed using the Accounting
Method. However, when the proposed release exceeds the outlelitgayahe
reservoir, Surcharge Routing is used. And, when the flood control storage is
going to fill to capacity, Emergency Release determination can be invoked.

Accounting Method. When the reservoir release is determined based on specified
operation goals, reservoir end-of-period storage is equal to the previous period’s
storage, plus the average inflow, minus the outflow and reservoir evaporation (if
specified).

Surcharge Routing. When the desired release is greater than the physical outlet
capacity, an iterative method is used to find the outflow. This method provides the
same results as the Modified-Puls method.

Emergency ReleasesWhen the desired release for the current period plus

channel capacity releases for future periods (up to the limit of foresight specified)
would cause a reservoir to exceed maximum flood storage in the current or future
periods, a release can be made for the current period so that the reservoir does not
exceed the top of flood pool in the near future.

2.10 Reservoir Operation

Reservoir operation simulation primarily depends on the state of the reservoir at
each time interval. The general goal is to keep the reservoir at the top of the
conservation pool. As the pool level moves into flood control, conservation, and
inactive storage zones, the operation goals change.
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Flood Control Zone. If there is flood control storage and the pool level is in that
zone, the reservoir will operate for flood control goals and try to evacuate the
flood water as quickly as possible.

Conservation Zone. If the pool level is in the conservation storage zone, the
program will only release water when it Boessary to meet specified conservation
demands (e.g., minimum flow, diversions, or energy requirements).

Inactive Zone. No reservoir releases can be made when the pool level drops
below the top-of-inactive storage.

2.10.1 Flood Operations

Flood control operation will attempt to keep channel flow, at specified
downstream control points, at or below control point channel capacity. Excess
water is stored in the reservoir pool to avoid control point flooding within a
specified future time window (foresight). When downstream flows decrease,
excess water is evacuated from the flood control pool as rapidly as possible. A
more detailed discussion of flood reduction capabilities is described in Chapter 3.

Space. The concept of SPACE is used to define how much additional flow can be
added to the downstream control point without exceeding its channel capacity.
SPACE is computed by taking the difference between the control point local flow
and the defined channel capacity. Then, considering routing criteria, the reservoir
release to fill the available SPACE can be computed.

Release estimate.The determination of a reservoir release required to bring the
flow at a downstream control point to channel capacity is based on solving the
following linear-routing equation:

O, = CR+CR +CR ,+... (2-1)
where:
O, = Routed release at a downstream location at time n.
R ,R , etc. = Reservoir releases at times n, n-1, etc.
n n-1
C ,C, etc. = Routing coefficients, as coefficients of inflow
1 2

The routing coefficients in equation (2-1) are determined from routing criteria
input to the program. Theoretically, there can be an infinite number of
coefficients; however, the sum of the coefficients will equal 1.
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Contingency Factor. A contingency factorJ@, Record, field 2) can be used to
temporarily increase the downstream local channel flow to allow for uncertainty in
flow forecast. By using the contingency factor, the computed SPACE and the
reservoir release will be smaller. This is to recognize the effectseniftrerrors
(that the actual flows may be larger than input values).

Foresight. Reservoir operations do not have unlimited knowledge of future flows.
The limited future information can be evaluated by specifying the number of hours
of foresight on inflowsJ2 Record, field 1). The program will be limited to that
foresight when making release determinations.

Rate-of-change on ReleasedA rate-of-change variable can limit how rapidly the
reservoir release can be increased, or decreased. The default value is equal to the
channel capacity at the reservoir over a 24 hour pei@&écord, field 3; oR2

Record).

2.10.2 Conservation Operations

In addition to flood control operation, conservation operation may be specified to
provide minimum flows at one or more downstream locations, meet diversion
schedules and generate hydropower. Water supplyitgmbre described in

more detail in Chapter 4 and hydropower is described in Chapter 5.

Minimum Flow. Minimum flow requirements can be defined at any location
(control point). Based on reservoir storage level, two levels of flow target can be
defined: desired and required. Desired flows are met when there is sufficient
water supply above the buffer lev@ll(Record, field 6). Required flows are met
when water in storage drops into the buffer pool.

Hydropower. A power reservoir can operate to meet at-site firm energy
requirements or allocated system firm energy in kilowatt-hours (kWh). A power
reservoir can also operate based on a rule curve relating plant factors to percent of
conservation storage.

Specified ReleasesOutflows can be specified for any number of reservoirs for
any or all time periodSA Records). Provided there is sufficient water and outlet
capacity, the release will made. If not, the program will adjust the reservoir
releases as necessary.

Limited Simulations. System operation can be made for a fewer number of time
periods than are input on the flow recorB& (Record, field 6). Also, part of the
system can be operated without removing the remaining system records by
stopping the operation at a mainstream control pdihRecord, field 7).
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2.11 Reservoir Releases

In addition to making the reservoir release decision for each time interval, the
program provides output for a CASE variable to indicate the basis for the reservoir
release. In some instances, there may be more than one reason; however, only one
value can be given. It is often helpful to review the reason for the release
determination along with the actual release and resulting downstream flows. Table
2.2 shows the primary CASE options.

2.12 Output

Input data record images and a rearranged labeled input summary are provided in
the output file. A description of the available output from the program is provided
in Chapter 7. Appendix F provides a detailed description and examples of the
available output options. The following output can be requedgdl §ndJ8 or

JZ Records):

. Flow data.

. Computation of incremental local flows.

. Results of system operation arranged in downstream sequence for
reservoirs and control points (all defined output data are shown).

. Reservoir data by period (Inflow, Outflow, EOP Storage, Case, Level, and
Equivalent Level for all reservoirs).

. Rreleases and control point regulated flow by period.

. Summary of flooding in system for each flood.

. Summary of maximum and minimum values for all floods.

. Economic output, including summaries of expected annual damages for

system, and of reservoir and control point costs and system net benefits for
flood control.

. Frequency curve printer plot.

. Hydrologic efficiencies based on multi-flood events.

. Summaries of hydropower energy and benefits.

. Annual summaries of sum, maximum, minimum or average for selected
variables at selected control points.

. Specified variables at selected control points can be printed for all time
periods (user determined output usi@andJZ Records).

. Selected output)lZ Record) from the program can be stored in a data file
(HEC-DSS) for later processing by other standard HEC programs by using
aZW Record.

. Trace features can be used for printing out intermediate answers for

specified control pointsTC Record), time periodd P Record) and
subroutinesTS Record).
. Output error check.
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Table 2.2 CASE Options

Basis for reservoir release Casé
° Based on channel capacity at dam .01
° Based on rate-of-change of release .02
° Based on not exceeding the top of conservat ion pool .03
° Based on emergency releases (see also cases 20-24):
Outflow based on holding storage at top of flood control pool .04
Surcharge routing (maximum outlet capacity) .06
Pre-release based on not exceeding flood control pool during .29

foresight period

° Based on keeping tandem reservoirs in balance .05
° Based on maximum outlet capacity .06
° Based on not drawing reservoir empty (level 1) .07
° Based on minimum required low flow at the dam .08
° Based on releases to draw to top of buffer pool .09
° Based on primary energy demand for hydropower .10
° Based on minimum release if all higher priority reservoirs

in parallel with this project are not releasing A1
° Based on system energy requirement allocation A2
° Based on power release (leakage) 13
° Based on power release (penstock limit ) 14
° Based on power release (generator capacity ) .15
° Based on emergency gate regulation curve operation

@) Gate regulation curve release - rising pool .20

(b) Emergency release - partial gate opening .21

(c) Emergency release - transition .22

(d) Emergency release - outflow = inflow .23

(e) Emergency release - gates fully opened .24
° Based on release given on QA Record - release
° Based on minimum desired low flow at the dam .00
° Can be based on filling the downstream channel at XY

location X at Y time periods in the future for either
flood control or conservation operation

Shown in HEC-5 Output
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Chapter 3

Flood Reduction Capabilities

The basic program capabilities were described in Chapter 2, which presented the
primary considerations for simulating reservoir operation. In HEC-5, flood
operations are a priority in release determination. This chapter provides more
detailed information on the concepts and procedures used in the program to
support the flood reduction goal. In Appendix C, three example problems are
provided to illustrate some of the program considerations during release
determination for flood reduction.

3.1 Basic Flood Operation Data
Three important items of input in an HEC-5 flood control simulation are:

O] the number of hours ddresight on inflows and local flows used in
system operation,

@ the coefficient by which flows are multiplied as@ntingency
allowance in the determination of flood control releases, and

® the maximunrate-of-changeof reservoir releases during a
specified time period.

Special attention should be given to determine appropriate values for these key
parameters because reservoir operation during a flood is particularly sensitive to
these three variables. Default values are used in the program simulation if input is
left blank. The simulation time intervals for flood operations should be 24 hours

or less to obtain accurate simulations. Also, some of the flood control options are
not used for intervals longer than 24 hours because channel routing is not normally
applicable to weekly or monthly intervals.

Foresight. The number of hours of foresight for all reservoirs in a system is given
on theJ2 Record in field 1. In addition, foresight may be specified for individual
reservoirs on th&2 Record in field 5. This number should be approximately
equal to a reasonable meteorological forecasting period in the basin. A longer
forecast period W produce a better operation but may not be realistic. Typically,
24 hours is used in flood studies. However, if there is a long travel time for
releases to get to downstream locations, a larger foresight may be required to
“see” the impact of current releases on those distant locations. In the summary
tables for input data (see “*Routing / Operation Summary”), HEC-5 provides the
cross products of routing coefficients from reservoirs to operational control points.
These routing coefficients are the ratios of flow and indicate how many periods it
will take for a current release teach each location. For real-
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time water control applications the time of foresight should typically as long as the
travel time of the longest set of coefficients shown in the listing of routing
coefficients. The default value for foresight is 24 hours.

Contingency. A contingency allowance is a coefficient by which local flows are
temporarily adjusted when used in the determination of upstream flood control
releases. The inflows are multiplied by this factor, for the forecast period, before
the available SPACE is computed. A value of 1.2 is typically used for flood
studies, which indicates a 20% uncertainty in the local flow data. For real-time
water control applications, a contingency value of 1.0 may be used if the flow data
embodies the uncertainty of rainfall forecasts. If, however, forecasted flows do
not reflect the uncertainty, a contingency value greater than 1.0 may be
appropriate. The contingency allowance is input for all locations in a system on
theJ2 Record in field 2. In addition, the contingency allowance may be specified
for individual control points on th€P Record in field 6. The default value for
contingency allowance is 1.0.

Global Maximum Rate-of-Change of Reservoir Releasesl'he maximum rate-
of-change at the reservoir may be based on the downstream channel's ability to
accept decreasing amounts of water without bank sloughing, or other
considerations. However, it is also a simulation tool to prevent the reservoir
releases from changing too much between time steps. The rate-of-change is
entered on thd2 Record in field 3 as a ratio of the channel capacity during a one
hour time period. The default rate-of-change is .043 times the channel capacity at
the reservoir per hour. For a 3-hour simulation interval, the rate-of-change is
12.9% (.043 x 3) of channel capacity.

Maximum Rate-of-Change For Individual Reservoir. The rate-of-change

given on thel2 Record applies to all reservoirs in the system, unless a different

rate is given on aR2 Record for a specific reservoir. The rate-of-change on the
R2 Record can be defined either as a ratio, or as a fixed vallisifftis) per

hour, and can be different for increasing or decreasing releases (fields 1 and 2,
respectively).

Flooding Priority . When flood control releases conflict with conservation
releases in a multi-purpose reservoir system, a priority of operation must be
defined. In general, the default (normal) priorities in HEC-5 are to operate for
flood control first, and conservation second. The priorities can be changed by
entering the appropriate priority code in field 4 of i2eRecord (see Appendix G,
Input Description, for listing of codes).
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3.2 Special Flood Operation Data

The basic options provide the “default” HEC-5 operation for flood reduction.
Generally, the program will store excess water until it is safe to release it. The
channel capacity at specified locations is the primary concern. This style of
operation will generally provide the maximum downstream protection, if there is
sufficient reservoir storage.

The basic HEC-5 reservoir operation is classified in Corps of Engineer practice as
“Method A” regulation. The classification of regulation types in to Methods A, B
and C is documented in Section 3-3, Development of Regulation Schedules and
Water Control Diagramdflanagement of Water Control SysteM 1110-2-

3600 (USACE, 1987). A summary of these regulation types follows:

Method A - Regulation is based on maximum beneficial use of available storage
during each flood event. Reservoir releases may be reduced to zero
when flooding is occurring at downstream locations.

Method B - Regulation is based on control of the reservoir design flood.
Reservoirs using this type of regulation may be characterized as
having limited flood control storage and a primary operation goal of
minimizing losses during a specified design flood. During minor
floods, regulation is based on providing continual releases that
increase as flood storage is filed. Reservoir release rates are
determined such that all the flood storage capacity is utilized during
the regulation of the design flood.

Method C - Regulation is based on a combination of Methods A and B. With
this type of regulation, minor floods are regulated with a Method A
style which switches to a Method B style when a specified portion
of the flood storage is filled. Method C regulation could also be
achieved by regulating with a Method B regulation during winter
months when the probability of large floods is greatest and Method
A during the remainder of the year.

Many reservoirs have insufficient flood storage capacity and should not be
operated with a Method A style of regulation. To change from the default HEC-5
operation to a Method B or C style requires application of one of the following
special options:
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Storage-Release SchedulesThe simplest implementation of Method B

regulation may be specified by the addition of pre-defined storage-based releases
onRD RecordsRD Record, field 1 = -1), which are paired wRl$ Record

storage values, and the selection of the storage-based diversion Biition (

Record, field 7 = -2). With these data, excess flood waters are handled as
diversions to a specified location below the dam.

Pre-Release Options The pre-release options are sometimes useful in managing
large floods. With this option, the program will change its operation once it
determines that the remaining flood spadeb# filled within “foresight” time.

There are two pre-release options defined by a code specified & Rezord,

field 5.

O] Option 1 will make releases equal to the channel capacity at the
reservoir as soon as it can be determined that the reservoir will
exceed the flood control storage within the allowable foresight
period (2 Record, field 1). For pre-release option 1, a value of 1
is entered on thd2 Record, field 5.

@ Option 2 allows releases to be made which are larger or smaller
than channel capacity so that the top of the flood control pool will
just be reached within the foresight period. For pre-release option
2, a value of 2 is entered on th2Record, field 5.

Gate Regulation Curves HEC-5 also includes an option to simulate the
operation of gated spillways during large floods. This option is based on the
development of “gate regulation curves” which determine reservoir releases as a
function of the elevation and rate-of-rise of the reservoir. Required data for this
option (which includes definition of a induced surcharge storage pool, physical
description of the gated spillway, a hydrograpteission parameter and
operational criteria) are input on tR& Record. The basis for this procedure is
documented in Section 4-5 Induced Surcharge Stokdgeagement of Water
Control System<£M 1110-2-3600 (USACE, 1987).

Information required to develop the gate regulation curves includes an “induced
surcharge envelope curve” (ISEC). The program allows the user to enter a
specified ISEC or optionally it will determine a default ISEC.

0) The user-specified ISEC is enteredRiD records. Discharge data
on theRD Records correspond to storages, discharges and
elevations oiRS, RQ andRE records. Typically, additional data
must be added to tHeS-RE records to provide sufficient detail at
the top of the flood pool (and above) to adequately define the shape
of the ISEC.
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@ The program-developed ISEC is defined by the specification of
three parameters on tR& Record: the top and bottom of the
induced surcharge podRG Record fields 1 and 2 respectively);
and, the discharge of the ISERG field 3) at the top of the flood
pool (bottom of the induced surcharge pool).

Clock Times for Reservoir Release DecisionsThe HEC-5 program makes a
release determination every time step. However, in practice, reservoir release
decisions may be made less frequently. To provide a more realistic operation, an
option to specify clock times when reservoir release decisions are made can be
entered usingR Records. With this option release changes will only be made on
the day of the week and time specified ondReRecords, during all other time
periods the release determined in the J&stecision period will be repeated until

the nextJR decision period. Th&R Records are inserted after }&JZ

Records. IR Records are omitted, release decisions are made for all time
periods.

Release Scheduling The HEC-5 default procedure for determining reservoir
releases (to fill spce during flood operation) is based on the assumption that in
future periods, releases will be reduced to zero at a rate governed by the rate of
change. This assumption enhances the program’s ability to maximize releases and
fill downstream spce, however, it often results in releases with large fluctuations.
Even with “rate-of-change” controlling how quickly releases can be increased or
decreased, there are situations when there may be large fluctuations in reservoir
releases. The scheduling option will calculate reservoir releases assuming future
releases are the same as the current period's release. As a result, releases
determined with the scheduling option tend to be more realistic. The release
scheduling option is requested with a 10 in field 6 ofXad&ecord.

Reservoir Guide Curves In regions with distinct seasonal variability in
precipitation, reservoir storage allocated to flood control is typically greatest
during the wet season and is reduced during the dry seasons. Correspondingly,
storage allocated to conservation purposes is at a minimum during the wettest
season and must be greatest during the dry season. In HEC-5 flood control and
conservation storage zones are defined by reservoir index IRkeRé&cords). In
practice index levels are referred to as Guide Curves or Rule Curves. Three
options are available in HEC-5 to define reservoir guide curves. The reservoir
levels can remain constant during the year, can vary monthly, or can vary
seasonally. For seasonal input, HEC-5 requires a definition of the seasons in
number of days from December 313 Record), and the corresponding reservoir
storage values for each season are specified dRLtliRecords. Up to 36

seasons are allowed and any or all reservoir index levels may vary. Twelve
seasons are not allowed on 8 Record to avoid confusion with monthly

storage variations.
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3.3 Reservoir Operation Criteria

The simplified operation goals for flood control, in priority are:

@
@
®
@

Do not endanger the dam

Do not contribute to downstream flooding

Do not unnecessarily store water in the flood control pool
Evacuate flood control storage as quickly as possible

Reservoirs are operated to satisfy constraints at individual reservoirs, and to
maintain specified flows at downstream control points. Constraints at individual
reservoirs with gated outlets are as follows:

@

When the level of a reservoir is between the top of conservation
pool and the top of flood pool, releases are made in an attempt to
draw the reservoir to the top of conservation pool without
exceeding the designated channel capacity at the reservoir or at
operational downstream control points. Operational control points
are those specified on tR©O Record.

Releases are made equal to or less than the designated channel
capacity at the reservoir until the top of flood pool is exceeded, and
then all excess flood water is dumped if sufficient outlet capacity is
available. If insufficient capacity exists, a surcharge routing is
made. Input options permit channel capacity releases (or greater)
to be made prior to the time that the reservoir level reaches to top
of the flood pool if forecasted inflows are excessive (Pre-release
option).

Rate-of-change criteria specifies that the reservoir release cannot
deviate from the previous period release by more than a specified
percentage of the channel capacity at the dam, unless the reservoir
is in surcharge operation.

Releases are made equal to, or greater than, the minimum desired
flow when the reservoir storage is greater than the top of buffer
storage, and equal to the minimum required fibetween level

one and the top of buffer pool. No releases are made when the
reservoir is below level one (top of inactive pool). Releases
calculated for hydropower requirements will override minimum
flows if they are greater than the controlling desired or required
flows.
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Operation criteria for gated reservoirs for specified downstream control points are

as follows:

@

Releases are not made, as long as flood storage remains, which
would contribute to flooding at one or more specified downstream
locations within the foresight allowed. The limitation is the smaller
of foresight or number of routing coefficients.

Releases are made, where possible, to exactly maintain downstream
flows at channel capacity (for flood operation), or for minimum
desired or required flows (for conservation operation). In making a
release determination, local intervening area flows are adjusted by
the contingency factor (greater than 1 for flood control and less

than 1 for conservation) to account for uncertainty in forecasting
flow.

3.4 Channel Routing

For short-interval simulations, channel routing must be incorporated in reservoir
release determination. Generally, HEC-5 simulation considers short-interval as a
computational time interval of 24 hours, or less. N@ZROUT Variable (03

Record, field 7) tells the program to not use routing when the time interval for

simulation is

greater than its value. The default value is 24 hours.

HEC-5 routing methods are described in Appendix A. For reservoir release
determination, the basic linear-routing equation 3-1 is applied. When non-linear
routing methods are used, a linear estimate is made for release determination.

However, th
in the followi

e release is routed with the input routing option and data as described
ng sections on SPACE and release determination.

O,=CR,+CR, _, +CR , +... (3-1)

= Routed release at downstream location at time n

Reservoir releases at times n, n-1, etc.

@
—+
o

I

routing coefficients, as coefficients of inflow

Nu
@
—+
o

I
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3.5 Channel SPACE

SPACE is defined as the difference between the local flow, plus routed previous
reservoir releases, and the channel capacity. It is the measure of the residual
capacity in the channel for release of flood water from the reservoir. As previously
stated, the determination uses a local flow adjusted by the contingency factor to
account for uncertainty in flow forecasts.

The computed SPACE is transferred up to the reservoir by “reverse routing.”
That is, the downstream SPACE is divided by the routing coefficients to obtain the
upstream releases that would just fill the remaining SPAG&taiBse routing
distributes the release over time, the previous period releases will continue to
reduce future SPACE in the channel. Therefore, SPACE must be computed for
each time period.

3.6 Reservoir Release Determination

For the coefficient routing methods, the reservoir releases will be determined with
the coefficients. However, for non-linear storage methods, there is no single set of
coefficients. The program will make a linear approximation of the storage-outflow
relation and use the coefficients from that to make the release estimate to fill
SPACE. The actual release is routed with the given routing criteria. The program
will check to determine if the estimated value was within five percent of the actual
value.

The release determination for the current time step must recognize the rate-of-
change criteria. That is, a current period release may also set future minimum
releases based on the rate-of-change for decreasing releases. For example, a
channel capacity release at the current time step will require four 6-hour periods to
reduce the flow to zero if the rate of change is .043 per hour (the program
default).

During flood operations, the program will make the maximum release possible
based on the considerations described. If the constraint was at the reservoir, the
CASE variable will be a decimal code indicating the controlling rule. If a
downstream location defined the maximum possible release, the location number
and the number of future time periods that the constraint occurred is displayed in
the CASE variable. For example: a value of 100.02 for the CASE variable would
indicate that location 100, two time periods in the future, defined the maximum
release that could be made at the current time. Often, in flood operations for
downstream locations, the first occurrence will be at the limit of the foresight time.
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Chapter 4

Water Supply Capabilities

The basic model data, described in Chapter 2, are required for most HEC-5
reservoir models. In addition, model data can be added to utilize other program
features. This chapter summarizes options typically associated with low flow
augmentation and water supply purposes. However, the options also can be
applied to flood operations. Appendix D provides examples with more detailed
descriptions of options available for Water Supply simulation.

4.1 General Capabilities

Reservoir operation to provide water supplies to meet downstream flow
requirements such as municipal, industrial, irrigation, navigation, fishery
maintenance, recreation or water quality needs may be simulated with HEC-5.
The water supply demands are either defined as specified minimum flow targets at
control points or diversion schedules from reservoirs or control points. As with
flood control operations, the reservoirs are told which locations they operate for
(RO Records) to meet the specified demands. The reservoir simulation will
attempt to meet the specified flow and diversion demands by releasing
supplemental water whenever the local flow is not sufficient to supply the
demands.

4.2 Seasonally Varying Conservation Storage

The basic allocation of reservoir storage is accomplishedRiitRecords.

Generally, these storage values remain constant throughout the year. For many
regions there is a reliable seasonal variation in flow, which allows for changes in

the space required for flood storage and conservation storage through the year. In
HEC-5, the reservoir storage allocation to some levels can remain constant while
others vary. The storage allocation can be varied monthly or seasonally.

Monthly Storage Allocation. To vary the storage monthly, additiofRil

Records are required, a set for each level. The first field indicates the level
number, and the sets are input in increasing order of level starting with level one.
The third field indicates how the storage varies: constant, monthly, or seasonally.
For monthly values, the third field is zero and the fields 5 - 10 provide the first six
monthly values and a secoRdl provides the remaining six values (fields 5 - 10).
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Seasonal Storage Allocation.The seasonal storage input is similar to the
monthly, in that additiondRL Records are input for each level. For seasonal, the
third field indicates the number of seasonal values. The seasons are defined by
cumulative days, from December 31, on @®Record.

4.3 Evaporation

While evaporation can be simulated in any reservoir model, it is usually ignored for
flood studies. That is why reservoir evaporation is typically considered as a water
supply or hydropower option. The evaporation data are defined in units of depth
and the program computes the evaporation volume based on the average pool area
for the time interval. Therefore, reservoir area dRt& Records) are required to
compute evaporation.

The input evaporation depths are considereidevaporation This reflects the
reservoir gains from precipitation directly on the surface area, as well as the
evaporation loss. If the reservoir were not there, the precipitation would fall on

the ground and only a portion would runoff to the stream. With the reservoir in
place, all of the precipitation on the pool surface area is available. Therefore,

when precipitation exceeds the evaporation there is a net gain to the reservoir. For
time-periods where there is a gain, the net evaporation is negative.

Evaporation data can be defined on a monthly schedule or on a period-by-period
basis:

1) Monthly evaporation data can be read for the entire bagin (
Records). Every reservoir in the system would be subject to the
same evaporation rates.

(2) Evaporation data are input for individual reservoirs by monthly
periods R3 Records). Different rates can be defined for each
reservoir.

3) Period-by-period evaporation data can be provided for any
reservoir in the systemEY Records). This data would be input
with the time-series data (after tB& Record).

4.4 Minimum Channel Flow

Instream flow demands may be specified at control points within the system being
simulated. They may represent a variety of low-flow requirements: minimum
flows for fishery or wildlife, navigation, stream recreation, minimum water quality
flows, and various other water supply purposes. Two types of low-flow may be
specified: minimum desired andminimum required .
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Minimum desired flows are the targets when reservoir storage is above the top of
the buffer level. This would be the normal (typical) operation goal.

Minimum required flows would be the essential flow target during drought
conditions. When streamflow is low and reservoir storage is low (below the top of
the buffer) the minimum required flow allows the user to cut-back and reduce
requirements allowing minimum needs to be met until supplies are replenished.

Four options exist for specifying desired or required flow: constant, monthly,
seasonally or period-by-period.

(1) Constant desired and required flow. A constant desired and/or
required flow target can be defined at any location oiCthe
Records, fields 3 and 4 respectively.

(2)  Monthly desired flow. A monthly desired flow target varies from
month to month, but not year to year. TPl Records are used
to define the monthly values. The first monthly value is for the
starting month, usually Januadi(Record, field 2).

Monthly required flow. Since there is no separate input record

for monthly required flow, th@M Record is used. By setting the
constant required value to minus of#(Record, field 4 = -1), the
data input on th@M Record will define the minimum required
monthly schedule. Because only one sépbf Records can be

input at a control point, it is necessary to add an extra control point
to define both desired and required flows on a monthly schedule.
The desired flow schedule would be input at one location and the
required flow schedule at the other.

(3)  Seasonally varying desired and required.In addition to desired
or required flows varying monthly, the user can also specify a
seasonal rule curve to vary desired or required flows. Clhe
Record defines the seasons for the year (up to 36 seasons in number
of cumulative days from December 31). A compariiéh Record
can be used to specify the reservoir elevations corresponding to the
defined seasons. Minimum desired or required flow®bh
Records can vary throughout the year and the target release is
based on the reservoir level for the specified season. Each minimum
flow given on theQM Records corresponds to one seasonal guide
curve on theCG Record. To vary required flows instead of desired
flows, use a -1 in field 4 of théP Record, as previously described
for monthly varying flows.
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45 Diversions

(4) Period varying desired and required flow. Each period may be
assigned a minimum flow value wiMiR Records. The period-by-
period data are input after tB& Record with other time series
data. This record is used to define minimum desired flow. As in
the monthly varying options, a -1 in field 4 of t6& Record will
indicate that the period varying flows are requjnect desired.

Also, when both desired and required flows vary by period, an extra
control point must be added, one defining desired and the other
required.

Diversions may be specified froamy control point or reservoir. However, there
can only be one diversion from that location. Diversion recd& @re input at

the locations where the flow is diverted framd are not used at the locations
where the flow returns to the system. The maximum number of diversions is 40.

Diversions can be returned amy downstream control point or reservoir, or they

can also leave the system. A special option also allows a diversion to an upstream
location. If diversions return to the system, they may be routed using any linear
method allowed and multiplied by a constant representing the ratio of return flow.

Eight types of diversions may be specified:

(2) Diversions can be constamR Record, field 8).

(divert a constant 150 from location 55 to location 77)

DR 55 77 0 |0 0 0 0 150
(2) Diversions can vary monthfpR andQD Records).
(divert 90-150 from location 55 to location 77)
DR 55 77 1
QD 90 90 100 100 110 120 150 150 150 130
QD 95 90
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3) Diversions can be a function of inflowBR, QS andQD Records).

(divert variable 0-100 from location 55 to location 77)

DR 55 77 -1
QS 5 0 100 110 500 600 10000
QD 5 0 0 10 10 100 100
(4) Diversions can be a function of reservoir stor&®® KD, andDR
Records).
(divert variable 0-600 from location 55 to location 77)
RS 7 100 | 2500 (10000 33000 50000 150000 250000
RD O 0 0 100 100 500 600 600
DR 55 77 0 0 0 0 -2 0
-OR -

(divert excess flood water from location 55 to location 77)
RS 7 100 | 2500 (10000 33000 50000 150000 250000
RD -1 0 0 100 100 500 600 600
DR 55 77 0 0 0 0 -2 0

(5) Diversions can be a function of energy for pumped storage
hydropower analysiRL-RT andDR Records).

(divert based on energy schedule at reservoir 55 and
available storage at reservoir 77)

RL - RT for reservoir 55

PR 55

77 0 0 0 0 -3 0

45
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(6) Diversions can be pumped to upstream location 55 from
downstream location 7DR andQD Records).

(pump 90-150 from location 77 to location 55)

DR 55 77 -4
QD -90 90 -100 {100 -110 -120 -15p -15( -150 -130
QD -95 -90
(7) Diversions can vary by perio®R Record pluQD Records in
time series data).
(diversions which vary by period (20 periods) from location 55 to location 77)
DR 55 77 -5
ED
BF 2 20 etc.
QD 55
QD 66 66 77 88 90 91 92 96 87 83
QD 46 54 33 0 0 100 150 130 130 200
(8) Diversions can be a function of flow at another locatioR (
Record, field 10).
(diversion from location 55 to location 77 will be 75% of the flow at location 33)
DR 77 0 0 0 0 -6 0 .75 33

In addition to the above diversion types, “water rights” limits may also be applied
(WR Record) in conjunction with tHeR Record as shown in the following
example:

(divert 120 acre-feet, from location 55, at the rate of /s ft
during Julian days 105-185)

WR370610 105 185 120

DR 55

0 0 0 0 0 0 15
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4.6 Yield or Conservation Storage Determination

To assist in sizing reservoir projects for conservation purposes and in evaluating
effects of reallocating storage, a procedure has been developed to automatically
determine either the required storage to meet a specified demand or the maximum
reservoir yield that can be obtained from a specified amount of storage. The
procedure is designed for a single reservoir using average monthly flow. However,
up to four reservoirs can be analyzed in a single run, provided the reservoirs being
optimized operate independently (tandem reservoirs cannot be optimized at the
same time). All of the conservation requirements, as well as the conservation
storage, may vary monthly.

Conservation Storage. TheJ7 Record is used to describe the function to be
optimized for each reservoir, as explained in Appendix G. The first option
determines the seasonal reservoir conservation storage required to meet all
specified reservoir demands. This is determined iteratively by multiplying the
reservoir storage for top of conservation Rin Record) by a coefficient (which
varies for each trial), operating the project for the period of flow data dNthe
Records, determining the error in reservoir drawdown storage, and making a new
estimate of the coefficient. This process is continued until the error in storage is
within the allowable error defined on thé Record, field 10.

Yield Determination. Given a fixed storage, the potential yield for any specified
conservation purpose can be determined, while still providing for all other
demands on the project. The yield can be determined for: monthly firm energy,
minimum monthly desired flow, minimum monthly required flow, monthly
diversions, or all of the conservation purposes. An iterative search procedure is
used with a ratio adjustment of the target demands until all of the conservation
storage is utilized during the critical flow period within the given data set.

Initial Estimate. The initial estimate of the variable being analyzed is normally
the value specified on input. In the case of energy, a special capability has been
developed to make the initial estimate of energy and capacity. The estimate is
based on the power produced from the power storage and the available flow
during the estimated critical drawdown period. The critical drawdown duration is
estimated based on a relationship of drawdown duration (in months) to ratios of
power storage to mean annual flow.

Critical Period Analysis. Unless otherwise requested, the program will operate

the project for the duration of the given inflow data. If twenty years of monthly
data are available and 4 or 5 iterations are required to obtain the desired results, a
considerable amount of computation will be required. By using the critical period
option J7 Record, field 8), the program will determine the starting and ending
periods corresponding to either an input period or the minimum flow volume for
the specified duration. Initially, only the estimated critical period data would be
used for each iteration.
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For program determined critical periods, an additional table can be printed that will
show, for assumed critical drawdown durations of 1 - 60 months: the minimum
flow volume for each duration, the starting and ending periods of the minimum

flow volume, and the initial estimate of dependable capacity. The first value of
capacity printed is based on the minimum flow volume only, while the second

value also uses the reservoir power storage released uniformly over the number of
drawdown months. The second printed value is used for the initial estimate of the
dependable capacity.

Solution Cycles. If the analysis is performed for the estimated critical period first
(Cycle 1), a single routing can then be made for the period of record to see if the
most severe critical period has been found (Cycle 2). If a new critical period is
found, then Cycles 3 and 4, and possibly 5 and 6, can be made for the new critical
period and then a single routing for the period of record)&&eecord, field 9).
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Chapter 5
Hydropower Capabilities

The application of the HEC-5 program for hydropower analysis is presented here.
The sections are presented as separate program features; however, they are all
dependent on the same basic power data. The basic power data are presented in
the Power Reservoirs Section. The sections on System Power, Pump-Storage and
Firm Energy Determination all build on the basic capabilities described below.
Appendix E provides more detailed information on the program’s data use and
solution techniques for various hydropower options.

5.1 Power Reservoirs

This section describes the additional data required to model a hydropower
reservoir. The data required for a basic reservoir model were presented in Chapter
2, and includes the total storage at each operating level, the downstream control
points for which the reservoir is operated, and a storage-outflow relationship. For
hydropower, both reservoir areas and elevations are provided as a function of
reservoir storage. The areas are needed for evaporation computations, described
in Chapter 4, and the elevations are needed for head determination. Example 7 in
Appendix E is an example of power reservoir input and output.

5.1.1 Data Requirements

Power data are input with reservoir data at each hydropower reservoir. The data
requirements include the installed capacity, an overload ratio, a tailwater elevation,
an efficiency, and the monthly energy requirements (mW-hrs or plant factors). The
primary hydropower plan data are defined onRftd&record and optional data is
included on thé>2 Record.

Installed Capacity. The installed capacity is the nameplate capacity except for
planning studies, where an assumed value is used. The capacity, times the
overload ratio, defines an upgdenit for power generation. If the data are
available, the peaking capability can also be defined as a function of reservoir
storage, reservoir outflow, or power plant head.

Overload Ratio. An overload ratio is used by the program to determine the
maximum energy the power plant can produce in a time interval. The maximum
production would then be a limit on how much dump energy could be generated
during periods of surplus water. The program assumes a value of 1.15 if none is
given.
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Tailwater Elevation. The tailwater elevation can be specified as a constant value
associated with full capacity operation (block loading tailwater). Tailwater

elevation can also be specified as a function of reservoir releases. For most power
plants, the units are on a portion of the time, however, in the program the reservoir
release is an average for the simulation interval. If a downstream lake elevation
could affect the tailwater elevation, the program can check that elevation to see if
it is higher than the block-loading tailwater elevation or the tailwater rating curve.

If it is, then the downstream lake elevation would be used. Where two or more
ways are used to describe the tailwater, the higher tailwater value is used.

Power Efficiency. Power plant efficiency is the total efficiency (generator
efficiencyX turbine efficiency) of the power plant. No other electrical-mechanical
energy loss is computed by the program. The efficiency can be a constant value
(the program assumes 0.86 if none is given) or it can vary with head. An
alternative to using efficiency directly is the kilowatt per discharge (Riay/ft

coefficient as a function of reservoir storage. Often in older power studies done by
hand, kW/ft/s vs. Elevation was used as an aid to computation. These
relationships, with efficiency and tailwater elevations built into them, can be used
directly in the program by relating reservoir storage to elevation.

Firm Energy Requirements. The energy requirements can be defined for each
hydropower plant using 12 monthly valu®R(Records) or by using an energy
requirement for every time period of the stuBy/(Records). For most planning
studies, the 12 monthly values are used. The monthly energy values can be given
in thousand kilowatt-hours (mW-hrs) or as plant factors. Plant factors are ratios
indicating the portion of time (average per monthH& Records) that the plant is
generating. If plant factors are given, the program computes the monthly energy
requirement by multiplying the plant factor times the installed capacity times the
hours in the month; the product being mW-hrs for each month.

Daily Energy Distribution. If the time interval used is less than a week, daily
ratios can be given to show how the energy requirement is distributed over the
seven days of the weeRD Records). The first value is for Sunday and the sum
of the daily ratios provided must add up to 1.0. The program computes the
weekly energy requirement from the given monthly requirement and then
distributes the weekly total using the daily ratios. If no distribution is given, the
program will use a uniform distribution. For the simulation, the program
determines the day of the week based on the input starting date for the flow data
(BF Record, field 5).

Hourly Energy Distribution. If the time interval is less than one day, a
distribution within the day can be giveAH Records). The daily distribution
should provide at least as many values as there are time intervals in a day (24
hrs/At). The daily distribution can be as many as 24 hourly values. If 24 values
are given, and the time interval is greater than hourly, the program will sum the
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hourly values to compute the value for the given time interval. As with the daily
ratios, the values should sum to 1.0 and if no distribution is given, a uniform
distribution is used.

Power Guide Curve. An alternative to defining firm energy requirements allows
input of plant factors as a function of percent power storage avaiblar(dPF
Records). The concept provides for increased generation when water supply is
high and decreased generation when supplies get low. The guide curve is not
considered a firm energy option because the amount of energy generated is
dependent on the amount of water available.

5.1.2 Program Operation

For hydropower operation, the program computes the energy requirements for
each time period of operation. The monthly energy requirements and given
distributions, or the given period-by-period energy requirements, are used for this
purpose.

The program cycles through the simulation one interval at a time. For the
hydropower reservoirs, the following logic is used to determine a power release:

Q) Estimate average storage. Use end of previous period's storage
initially and then the average of computed and end-of-period
storages. (Reservoir elevation and evaporation are both dependent
on average storage.)

(2) Estimate tailwater elevation. Use highest elevation from block
loading tailwater, or tailwater rating curve, or downstream
reservoir elevation.

3) Compute power head by subtracting tailwater and loss from
reservoir elevation, corresponding to the estimated average storage.

(4)  Compute reservoir release to meet energy requirement.

(5) Compute reservoir evaporation using reservoir area based on
average reservoir storage.

(6) Solve for ending storage Jusing continuity equation.

(7)  Atter the first cycle, use the new &d return to step 1. On
subsequent cycles, check the computed power release with the
previous value for a difference less than 0.0001. Use up to five
cycles to obtain a balance.
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(8) Check maximum energy that could be produced during time
interval using overload factor and installed capacity.

(9) Check maximum penstock discharge capacity, if given. Reduce
power release to penstock capacity if computed release exceeds
capacity.

The program will also determine if there is sufficient water in storage to make the
power release. The buffer pool is the default minimum storage level for power;
however, the user can define the inactive pool as the minimum power pod (see
Record, field 4). If there is not sufficient water in storage, the program will reduce
the release to just arrive at the minimum pool level.

If there is sufficient water, the power release for the reservoir establishes a
minimum flow at that site. The program will evaluate every reservoir and control
point in the system for each time interval. For conservation operation, it will
determine if additional reservoir releases are required for some downstream
requirement. If not, then the power release will be made. If additional water is
needed for non-power uses, then the release will be increased. Credit for the
additional energy generated by the larger release will be given to the Secondary
Energy account. The Primary Energy account only shows the energy generated to
meet the specified power demand.

During flood control operation, the power release may add to downstream
flooding. A user specified priority determines whether the program cuts back the
release to prevent downstream flooding 2&ecord, field 4). (The program
shorts power under default priority.) If the program cuts back on the power
release, there will be an energy shortage for that time period and the shortage is
shown in output as Energy Shortage. A program output variable, "Case," will
show the program basis for release determination. If priority is given to
hydropower, then the power release will be made and some flooding due to
reservoir release may occur.

5.1.3 Program Output

A description of the available output from the program is provided in Chapter 7.
This section describes the hydropower output and provides some suggestions on
how to check the program's results. There are 41 variables pertaining to the flow
data, reservoir and control point status, and energy production. The normal
sequential output provides tables of the applicable variables for each location in the
system, or a user can define tables for just the variables and locations desired. The
variables that deal specifically with the power reservoir are:
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. Energy Required: the energy requirements specified for the
reservoir

. Energy Generated: the computed energy based on the reservoir
release

. Energy Shortage: the deficiencies in generated Energy

. Power Capability: either constant or variable based on input option

. Power Spill: the discharge not used for generation

. Power Head: the elevation difference between the reservoir and
tailwater minus hydraulic losses

. Power Plant Factor: the ratio reflecting the percent of time the

plant is generating

Summary tables also provide Primary, Secondary, and Shortages of Energy and
Energy Benefits, if benefit values were provided.

Case. If the Generated energy equals the Required energy, then the Case variable
should equal 0.10, showing the reservoir release was for hydropower. If generated
energy was less than required, the Case variable code should show the reason
(e.g., insufficient storage or flood control operation). If Generated energy was
greater than Required, the program Case should indicate a release of surplus water
or that a higher required flow at another control point was operated for.

Power Capability. Variable peaking capability data, if provided, are based on a
Reservoir Storage, Reservoir Outflow or Reservoir Operating REadndPS
Records). Given one of peaking capability relationships, the program computes
the peaking capability fagach time period of the simulation. This information can
be used in conjunction with peak demand information to determine the critical
peaking capability for dependable capacity. If no peaking capability function is
given, the program uses the installed capacity for all periods.

Summary Tables. In the summary tables for energy, the total energy generated is
shown as Primary and Secondary Energy. The Primary Energy represents energy
generated to meet the primary energy demand (firm energy). The Secondary
Energy is all of the surplus generated energy (dump energy). Shortage is the
shortage in the firm energy for the power plant. The summary results are shown
for each hydropower reservoir and for the total of all hydropower reservoirs in the
system.

Energy Benefit Table. The Energy Benefits Summary Table provides the dollar
value for Primary and Secondary Energy and the Purchase Cost based on
Shortages. The benefits are computed using input unit values for the three
categories. The Net Energy Value reflects the sum of Primary and Secondary less
Purchases. A capacity value is based on the installed capacity.

5-5
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5.2 System Power

Up to 35 hydropower reservoirs can be modeled as individual power projects as
described in the previous section. If some of the reservoirs are delivering power
into a common system, system operation might be able to produce more energy
than the sum of individual projects can produce. By allocating the system load
based on each project'slipto produce power, the projects could hefch

other during periods of low flows. This section describes the added input,
program operation and output associated with the System Power capability.
Everything described in the Power Reservoirs section also applies to this section.
Example 9 in Appendix E of the program User's Manual shows input and output
for a three-reservoir power system.

5.2.1 Data Requirements

Additional data required for system power operation consist of System Energy
Requirements and an indication at each hydropower plant if it is in the system.
One power system can be used; however, some of the hydropower plants may
operate independently of the power system.

System Energy. System energy requirements are provided as 12 monthly values
(SM Records) in mW-hrs or as ratios of the system power rule c8@ar{fdSF
Records). The system energy requirements represent a demand on all projects in
the hydropower system. The monthly energy requirements data start with January.
The monthly system energy requirements are distributed in a similar manner as the
at-site energy requirements. Seven daily ratios define the distribution of weekly
energy 6D Record) and multi-hourly ratios define the distribution within each day
(SH Records).

System Power Rule Curve.An alternative to defining firm system energy
requirements allows for the input of plant factd@§& Records) as a function of
total system power storag8@ Record). This energy definition is analogous to
the application oPC andPF Records for at-site generation.

Power System Project. At each hydropower reservoir in the model, all of the
power data previously described is still provided. Added input includes indication
if the power plant is in the power systeRR([Record, field 3). The indicator is

zero if a power plant is not to be used for system power, and 1 if the plant is in the
system.

System Plant Factor. The maximum plant factor for the project contribution to

the system load is defined on th2 Record, field 4. The system plant factor is

used to limit the extent (or percent of tine@ch power plant can operate to meet

the system load. Generation rates greater than the system plant factor are allowed
when excess water is available, but only the portion up to the maximum plant
factor can be credited as meeting the system load.
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At-site Energy Requirements. The monthly at-site requirements at each power
plant in the systenPR Records) should be reduced to some minimum value to
provide operational flexibility. If the at-site requirements are not reduced, the

plant will operate for the at-site requirements, reducing the possibility of system
flexibility. Often some low plant factor is defined for at-site requirements at

system power reservoirs just to ensure their operation. However, if there are some
at-site requirements for a particular project, they should be given and the other
projects should be allowed the maximum flexibility.

5.2.2 Program Operation

With system energy requirements, the program will allocate the demand to all of
the projects designated in the power system. The allocation is performed at the
beginning of each time step of operation by determining the energy that can be
produced by system reservoirs releasing down to various common levels. The
program temporarily subdivides the conservation storage into a number of levels
and then computes the energy that could be produced by releasing down to each
level. Then, by taking the total system demand, the program can interpolate on the
levels for the projects to determine releases that will keep the system balanced as
much as possible. The program has provisions for checking minimum flow
constraints to ensure the allocated release will also meet the reservoir's minimum
flow requirement. Also, if a significant at-site requirement is given, the program
will ensure the at-site requirement is met within the total system generation. Once
the allocation is made, the remaining operation for the program is the same as
previously described.

The reservoir release values, based on the procedure described above, may not
actually produce the required system energy due to the nonlinearity of the
relationship. If the sum of the project’'s energy production does not match system
requirements, the program will cycle through the allocation procedure up to two
more times in an attempt to get the generated energy to within one percent of the
requirement.

The system energy operation is limited to 12 monthly energy values; period-by-
period values cannot be used. Also, the system energy allocation procedure does
not provide for routing between tandem reservoirs. That means the release from
the upper reservoir is assumed available at the lower reservoir in the same time
period. For short-interval routings with considerable travel time between tandem
power reservoirs, the tandem project will not remain balanced and the actual
energy generated may be lower than the system energy that was computed during
the allocation period.
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5.2.3 Program Output

All of the previously described output would be available plus:

. System Energy Required: the total energy required from all system
plants

. System Energy Generated: the total energy generated by all system
plants

. System Energy Usable: the total system energy generated, limited

by the maximum plant factors for system power general@n (
Record, field 4)
. System Energy Shortage: the deficiencies in usable system energy

The system energy variables are displayed for the first reservoir in the system when
normal sequential output is used or they can be requested using user designed
output tables.

The Case variable for system power is 0.12. When a project release is based on
the allocation from system power operation, a value of 0.12 is shown. When the
at-site power requirement controls, a value of 0.10 will be shown.

5.3 Pump-Storage

The previous information on Power Reservoirs applies to the pump-storage model.
This section describes the additional data required, the program operation, and the
type of output available for pump-back operation. The pump-storage capability is
applicable to either an adjacent or integral pump-back configuration. Example 8 in
Appendix E of the User's Manual shows input and output for pump-back

operation.

5.3.1 Data Requirements

To model a pump in a hydropower reservoir, a dummy reservoir is added just
upstream from the power reservoir to input the pumping capabilities. The basic
reservoir and power data described previously are required for the dummy

location. For the power data, a negative installed capacity is used to indicate to
the program that this is a pump and not a generator. The tailwater elevation is
usually based on a lower reservoir elevation and the energy requirements data now
reflect energy available for pumping. Added data include a maximum pump-back
(penstock) discharge and head loss.

The program will pump to thepper reservoir until it reaches the top-of-
conservation level. The maximum pump-back level can be set to a lower level by
defining the pump-back level1 Record, field 7).
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The diversion recorddR) defines the source

of the pump-back water. The input would Sversion
indicate a diversion from the dummy locatiomTypes
to the lower reservoir and the type of diversion
would be -3 for pump-back simulation. The
computed pump-back discharges are carried by

the program as diversions from the lower with pump
reservoir to the dummy reservoir. Those
diversions are then routed into the upper
reservoir based on unlimited outlet capacity
and the routing criteria from the dummy
reservoir. Figure 5.1 shows the model
arrangement for an on-stream pump-back
system. A similar approach can be applied to

an off-stream system. _ \
Figure 5.1  Model for on-stream

pumped storage.

Dummy Reservoir with
pump data

and generato

Upper Reservoir with
generator data

Lower Reservoir water
source for pumping

5.3.2 Program Operation

The initial estimate of the pump-back discharge is based on the available energy
defined by input. The tailwater elevation will be based on the higher of the block
loading tailwater elevation or the lower reservoir level. The upper reservoir
elevation, from the end of the previous period, is used in computing the head. If
pump leakage is defined, that discharge is subtracted from the pump-back
discharge. If the maximum penstock capacity is defined, the program checks to
see that the value is not exceeded.

The pump discharge based on available energy is reduced, if necessary, to prevent
the lower reservoir from being drawn below the buffer level. The program also
prevents the pump-back discharge from exceeding the storage capacity of the
upper project at the top-of-conservation pool. The top of the pump-back pool can
be set to a lower level by defining a pump-back level.

5.3.3 Program Output

No additional output data have been provided for pump-back operation. The
discharge values for pumping are displayed as diversions at the dummy reservoir
(negative values) and at the lower reservoir (positive values). The energy values
are shown at the dummy reservoir. Energy Required represents the Available
Energy for pumping and Shortage represents Available Energy that was not used
for pumping.
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5.4 Firm Energy Determination

Energy is one of the conservation purposes the program can maximize using the
firm yield concept. The optimization procedure can determine firm energy for up

to four independent reservoirs given a fixed conservation storage, or determine the
required conservation storage to provide for a given at-site energy demand.
Chapter 4 described the optimization capabilities of the program. This section
describes the additional input requirements, the program's operation, and the type
of output provided.

5.4.1 Data Requirements

The basic power reservoir model previously described would be used for the
optimization procedure. The addition of one job recd® (equests that
optimization be performed and tells the program which reservoirs to use and the
option selected. The input values for the parameters to be optimized (e.g., storage
or monthly energy) are used by the program as the initial value. In the case of
energy optimization, a special capability has been developed to make the initial
estimate of energy and capacity. The estimate is based on the power produced
from the power storage and the available flow during the estimated critical
drawdown period. The critical drawdown duration is estimated by the routine
based on a relationship of drawdown duration (in months) vs. ratio of power
storage to mean annual flow.

Unless otherwise requested, the program will operate the project for the duration
of the given inflow data. If twenty years of monthly data are available and 4 or 5
iterations are required to obtain the desired results, a considerable amount of
computation will be required. By using the critical period optibhRecord, field

8), the program will determine the starting and ending periods corresponding to
the minimum flow volume for the specified duration. Only the isolated critical
period data would then be used for each of the iterative routings. With monthly
data, the starting period should be January. Ifit is not, the program will
automatically shift back to the start of the year.

5.4.2 Program Operation

The program operates the power reservoirs through a complete simulation as
previously described. However, at the end of the simulation, the program checks
to see if all of the power storage has been used in the routing. If not, a new
estimate of the monthly energy requirements is made to provide for all fixed
purposes, plus the at-site energy requirements during the critical drawdown period.
The iterative search procedure uses the entire inflow data set for each cycle unless
the critical period option is used to limit the simulation. The allowable error in
storage can be set by the user or the default value of 100 acre-foot negative error
and one percent positive error are assumed. When all demands are met and the
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5.4.3

minimum storage at the reservoir is within the allowable error, the solution is
obtained.

Program Output

The output options previously described would normally be used with the
optimization procedure. For each iteration, a special table of results is provided.
For most applications using optimization, it may be desirable to just run the first
half of the program, HEC-5A, and not get the sequential routings for each trial.
The optimization results could then be used in a complete routing. For program
determined critical periods, an additional table will show, for assumed critical
drawdown durations of 1-60 months: the minimum flow volume for each duration,
the starting and ending periods of the minimum flow volume, and the initial
estimate of dependable capacity. The first value of capacity printed is based on the
minimum flow volume only, while the second value also uses the reservoir power
storage released uniformly over the number of drawdown months. The second
printed value is used for the initial estimate of the dependable capacity.

5.5 Strategies for Power Studies

5.5.1

Strategies for using HEC-5 for project studies are similar to strategies for
performing sequential routings by manual methods. The objective is to perform
only those routings which are necessary to determine the amount of reservoir
storage required to accomplish the desired objectives, or to determine the reservoir
accomplishment possible from a given amount of reservoir storage. The relative
low cost of computer solutions compared to manual methods makes it more
economical to perform many more routings than before. However, it is easy to
overburden a study by evaluating too many "nice to know" conditions. It is,
therefore, still important to restrict the number of routings to those essential to the
success of the study. The following comments may help in deciding which
combination of routings is required for different types of projects.

Large Storage Projects

In many geographical areas, flow data are available near the project for more than
20 years. Therefore, it is usually desirable to initially limit the duration of the
routings to the critical period and to use monthly flows in the analysis. Since the
critical period of record can change as the demands on the system change, the full
period of flow record should be used to verify that the assumed yield or firm
energy can be maintained throughout the entire historical record.
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The optimization procedure in HEC-5 will determine the approximate critical
period and will perform sequential routings using that critical period to
automatically determine either:

1. the storage for a specified annual firm energy or reservoir yield, or

2. the annual firm energy or reservoir yield that can be obtained from
the specified reservoir storage.

The optimization procedure can also use the entire period of flow record to
determine the storage or firm annual energy. The difference in compute time
between using the flows for the entire period of record vs. the critical period only
is approximately proportional to the number of months used in the routings. For
30 years of flow data and a 6-year critical period, the ratio of compute time
approaches 5 to 1. In general, it is advantageous to optimize on the critical period
of record and then to verify the answer on the period of record than to optimize on
the entire period of record.

Once the conservation operation has been satisfactorily determined for a range of
power storages and minimum power heads using monthly flows, the effect of the
selected project on other project purposes should be determined. If flood control
iS a project purpose, the program can be set up to either:

1. perform monthly routings during non-flood periods and daily or
multi-hourly routings during major flood events, or

2. perform period-of-record routings for some fixed interval such as
daily flows. It is particularly important to see how the proposed
hour-by-hour operation affects both the power and the flood
control operations. Runs should also be made to test for the
desirability of using seasonally varying storage allocations (rule
curves operation).

Once a satisfactory operation for a single multi-purpose reservoir is obtained, the
data should be expanded to include other reservoirs whose operation might affect
the reservoir under study. In order to determine if a system operation for flood
control or power is necessary or desirable, studies should be made which compare
the effectiveness of the system, with and without the system rules.

5.5.2 Pumped Storage Projects

While pumped storage projects can be evaluated using some of the ideas
mentioned above, the primary routings will have to be made using both daily flows
and multi-hourly operations. Monthly routings for pumped storage operation
would, in most cases, not be meaningful. While period-of-record runs using daily
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flows might be warranted, hour-by-hour operation during certain critical weeks
should also be evaluated.

5.5.3 Run-of-River Projects

While run-of-river projects can be operated along with other reservoirs in the
system, studies using flow duration techniques are preferable to monthly routings
since short-duration high flows are important and cannot be captured by sequential
analysis without going to daily or hourly operation. A daily flow sequential

routing for the selected project should be made after the project’s size has been
determined using daily flow-duration techniques.
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Chapter 6

Reservoir System Simulation

This chapter presents operation criteria for single and multiple reservoirs, system
operation concepts, and multi-flood simulation. Multi-flood is the term used for
options to divide a flow-data series into multiple sets for processing in HEC-5.

6.1 Reservoir System Operation Criteria

Reservoirs are operated to satisfy constraints at individual reservoirs, to maintain
specified flows at downstream control points, and to keep the system in balance.
The process starts with the current state of the reservoir and its requirements.

Then the reservoir examines the specified downstream locations and evaluates their
requirements and constraints. If more than one reservoir operates to meet the
needs of a control point, the relative levels of the reservoirs are evaluated to
determine which reservoir has the higher priority. If possible, the release decision
will attempt to balance the levels of the reservoirs operating for a common control
point, and balance levels in tandem reservoirs.

6.1.1 Operational Criteria for Individual Gated Reservoir

The reservoir first evaluates its current state to determine an initial release.
Constraints at individual reservoirs with gated outlets are as follows:

(1)  When the level of a reservoir is between the top of conservation
pool and the top of flood pool, releases are made to attempt to
draw the reservoir to the top of conservation pool without
exceeding the designated channel capacity at the reservoir or at
downstream control points for which the reservoir is being
operated.

(2) Releases are made equal to or greater than the minimum desired
flows when the reservoir storage is greater than the top of buffer
storage, and equal to the minimum required flow if between level
one and the top of buffer pool. No releases are made when the
reservoir is below level one (top of inactive pool). Releases
calculated for hydropower requirements will override minimum
flows if they are greater than the controlling desired or required
flows.

3) Releases are made equal to or less than the designated channel
capacity at the reservoir until the top of flood pool is exceeded, and
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then all excess flood water is dumped if sufficient outlet capacity is
available. If insufficient capacity exists, a surcharge routing is
made. Input pre-release options permit channel capacity releases
(or greater) to be made prior to the time that the reservoir level
reaches the top of the flood pool if forecasted inflows are excessive.

(4) Rate-of-change criteria specifies that the reservoir release cannot
deviate from the previous period release by more than a specified
percentage of the channel capacity at the dam site, unless the
reservoir is in surcharge operation.

6.1.2 Operational Criteria for Specified Control Points

After an initial release estimate is determined, the reservoir will “look” at the
requirements and constraints at all the specified downstream control points for
which it operatesRO Record). Constraints and considerations include:

Q) Releases are not made (as long as flood storage remains) which
would contribute to flooding at one or more specified downstream
locations during a predetermined number of future periods. The
number of future periods considered, is the lesser of the number of
reservoir release routing coefficients or the number of local flow
forecast periods.

(2) Releases are made, where possible, to exactly maintain downstream
flows at channel capacity (for flood operation) or for minimum
desired or required flows (for conservation operation). In making a
release determination, local (intervening area) flows can be
multiplied by a contingency allowance (greater than 1 for flood
control and less than 1 for conservation) to account for uncertainty
in forecasting these flows.

6.1.3 Operation Criteria for Balancing Flood Control Reservoirs

If more than one reservoir operates to meet the needs of a control point, there is a
system decision to make. Which reservoir to release from and how much? The
concept of system balance, described later in the section on Equivalent Reservoirs,
is used to determine priority among reservoirs. Considerations for balancing
reservoirs include:

(1)  Where two or more reservoirs are in parallel operation for a
common control point, the reservoir that is at the highest index
level, assuming no releases for the current time period, will be
operated first to try to increase the flows in the downstream
channel to the target flow. Then the remaining reservoirs will be
operated in a priority established by index levels to attempt to fill
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(2)

3)

any remaining space in the downstream channel without causing
flooding during any of a specified number of future periods.

If one of two parallel reservoirs has one or more reservoirs
upstream whose storage should be considered in determining the
priority of releases from the two parallel reservoirs, then an
equivalent index level is determined for the tandem reservoirs based
on the combined storage in the tandem reservoirs.

If two reservoirs are in tandem, the upstream reservoir can be
operated for control points between the two reservoirs. In
addition, when the upstream reservoir is being operated for the
downstream reservoir, an attempt is made to bring the upper
reservoir to the same index level as the lower reservoir based on
index levels at the end of the previous time period.

6.1.4 Parallel Conservation Operation Procedures

Parallel conservation operation procedures are utilized when one or more gated
reservoirs are operated together to serve some common downstream flow
requirement. The following steps are utilized by HEC-5 to determine the reservoir
releases necessary for a downstream location:

(1)
(2)

3)

(4)

(5)

(6)

Determine all reservoirs operating for the downstream location.

Determine priorities of reservoirs operating for the downstream
location based on index levels.

Calculate table of releases to bring all other parallel reservoirs to
level of each reservoir in turn.

Calculate release to bring all parallel reservoirs to each target
storage level. Also, determine sum of releases to bring system to
top of conservation and top of buffer pools.

If no upstream parallel reservoir has been operated for flood control
or water supply at the downstream location and no requirement for
low flow exists and no flooding will occur at the downstream
location within the forecast period, skip operation for the
downstream location.

Check for future flooding at the downstream location within
forecast period. If flooding occurs, operate for flood control.
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(7 If no flooding, determine conservation releases for each parallel
reservoir to bring system reservoirs to some appropriate level as
follows:

€) If the release to satisfy minimum desired flow is less than
the release to bring system to top of buffer level -- then the
release at each reservoir is based on the minimum
DESIRED flow at the downstream location.

(b) If not, and the release required to satisfy minimum required
flow is greater than the release to bring system to top of
buffer level -- then the release at each reservoir is based on
the minimum REQUIRED flow at the downstream location.

(© Otherwise -- release the flow required to bring system to
top of buffer level (more than required flow but less than
desired flow).

(d) If release for minimum required flow exceeds discharge to
bring system to level 1, only release to level 1.

6.1.5 Tandem Conservation System Operational Procedures

Tandem reservoir operation occurs when an upstream reservoir is directed to
operate for a downstream reservélQ Record). Conservation system

operational procedures will attempt to balance the conservation storage in the
system based on storage target levels. The user, therefore, must desire to have the
two reservoirs at the same relative level. If that is not the case, the upstream
reservoir should not be directed to operate for the downstream reservoir. These
procedures are based on the previous period's storage levels; therefore, they may
not make sense when simulation is in large time steps, e.g., monthly.

When the upstream reservoir, for the previous time period, is at an index level
below that of the downstream reservoir and both are below the index level for the
top of conservation pool, releases from the upstream project are made to satisfy
the upstream project's minimum flow requirement. When the upstream reservoir's
index level, for the previous time period, is greater than the index level for the
downstream reservoir, the upstream reservoir is operated to bring the upstream
reservoir down to the level of the downstream reservoir for the previous time
period. Two additional criteria must also be satisfied.

(2) First, the release from the upstream reservoir must not be allowed
to cause the lower reservoir to spill or waste water just due to
balancing levels.
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(2) Second, the downstream reservoir must not be required to empty
all of its conservation storage in meeting its requirements if there is
still water in the upstream projects. This condition could occur due
to the use of the previous time period for the balancing level. It is
necessary to use the previous period's index level because the
reservoir release for the downstream project, for the current time
period, is not known when the upstream reservoir's release is being
calculated.

6.1.6 Reservoir Operation Priority

Reservoir operation priority for different purposes is input ordehRecord, field
4. Table 6.1 summarizes these priorities for reservoir operation.

Table 6.1
Reservoir Operation Priority

Condition No rmal Priority Opt ional Priority
During flooding at downstream location | No release for energy Release for primary
requirements power

If primary power releases can be made | Release down to top of buffer | Release down to top
without increasing flooding pool of inactive (Level 1)
downstream:

During flooding at downstream location: | No release for minimum flow | Release minimum

flow
If minimum desired flows can be made | Release minimum flow Same as normal
without increasing flooding between top of conservation
downstream: and top of buffer pool
If minimum required flows can be made | Release minimum flow Same as normal
without increasing flooding between top of conservation
downstream: and top of inactive pool
Diversions from reservoirs (except Divert down to top of buffer Divert down to top of
when diversion is a function of pool inactive pool (Level 1)
storage):

6.2 System Operation Concepts

As indicated in previous paragraphs, the index levels assigned to each reservoir are
used to determine priority of releases among reservoirs. The program operates to
meet specified constraints throughout the system and then to keep all reservoirs in
the system in balance if possible. A system is "in balance" when all reservoirs are

at the same index level. To determine the reservoir index level at each time step of
a simulation, the program interpolates linearly on a table of index level vs. storage
(RL Record).
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6.2.1

In balancing levels among reservoirs, priority for releases is governed by index
levels such that reservoirs at the highest levels at the end of the current time period
(assuming no releases are made) are given first priority for the current time period.
The following sections show how the index levels can be used to specify operating
rules for a system.

Equivalent Reservoirs

In determining the priority of reservoir releases among parallel reservoirs, or
among subsystems of a reservoir system, where some tandem reservoirs are
present, the concept of an "equivalent” reservoir is used. The concept is based on
weighting the level of each reservoir in a subsystem by the storage in the reservoir
to determine a storage-weighted level for the subsystem. For example, consider a
situation in which two parallel reservoirs are upstream from a third, as shown in
Figure 6.1.

Reservoir 1

Reservoir 2

Reservoir 3

Figure 6.1 Reservoir Configuration for Equivalent Reservoir Example.

Table 6.2 shows the level-storage characteristics of the equivalent reservoir.
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Table 6.2
Equivalent Reservoir Level - Storage Characteristics
Cumulative Storage - Acre Feet

Index Equivalent
Level Reservoir 1 | Reservoir 2 | Reservoir 3 Reservoir

5 40 20 8 68

4 30 15 6 51

3 20 10 4 34

2 10 5 2 17

1 0 0 0 0

Suppose that it is desired to determine the amount of release to make from
Reservoirs 1 and 2 and that storages in Reservoirs 1, 2 and 3 at the end of the
previous time period are 35, 12.5 and 3, respectively. For these storages, the
equivalent reservoir storage is 50.5. By interpolation, the equivalent level is 3.97
for the equivalent storage. (From Table 6.2, The equivalent storage of 50.5 is just
below the Level 4 equivalent storage of 51). The levels of Reservoirs 1, 2, and 3
are: 4.5, 3.5 and 2.5, respectively, as shown in Table 6.3.

Table 6.3
Equivalent Level Determination
Reservoir 1 | Reservoir 2 | Reservoir 3 | Equivalent Reservoir
Storage 35 12.5 3 50.5
Level 4.5 3.5 2.5 3.97

The criterion used in the HEC-5 computer program is that releases will be made
from an upstream reservorr if its level is above the greater of the level of
downstream reservoir or the equivalent reservoir level. Therefore, a release would
be made from Reservoir 1 and not from Reservoir 2 because the level of Reservoir
1 is above the equivalent reservoir level and the level of Reservoir 2 is below the
equivalent reservoir level. However, the releases would also be governed by
physical and other constraints that have been specified.

Figure 6.2 and Table 6.4 illustrate the use of the equivalent reservoirs concept with
both parallel and tandem reservoirs operating as a system for location D. Table
6.4 shows three (3) reservoirs with the same flood control storage. Values are
given in percent of storage filled.
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Figure 6.2

RN

Example for Reservoirs in Parallel and Tandem.

Table 6.4
Release Priority for Tandem and Parallel Reservoirs
(Percent of Storage Filled)

A C Equivalent B Highest Priority Release
(%) | (%) A&C (%) (%) BorC from A
60 40 50* 30 Yes
60 20 40* 30 C Yes
30 20 25* 30 B Yes
15 35* 25 30 C No

* Highest of C or A&C

6.3 Reservoir Priority Using Levels

Release priorities among reservoirs are an important reservoir operating criterion
which must be specified for most system operations. Reservoirs first operate for
their own requirements and then for downstream locations. When two or more
reservoirs operate for a common location, the questidMtigch reservoir should

be operated first?The HEC-5 program uses the concept of Levels to determine
reservoir release priority. The reservoir at the higher level is the priority reservoir
to make a release. When all reservoirs are at the same level, the system is in

balance.
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Figure 6.3 shows the primary reservoir levels graphically. Additional levels can be
defined within the primary levels. To illustrate the technique for setting priorities
among reservoirs, the following example has been prepared:

Top Flood

x Control
Flood Control
Storage
X - — Top Conservation
Conservation - — Top Buffer
Storage

Y

— Top Inactive

Figure 6.3  Reservoir Storage Levels.

Assume the information shown in Table 6.5 is known for each of four reservoirs
which constitute a reservoir system.

Table 6.5
Reservoir Storage Levels
Cumulative Storage (acre-feet)

Reservoir Top of Top of Top of Top of
Number Inactive Buffer Conservation Flood Control
11 1,000 5,000 50,000 100,000
22 5,000 10,000 100,000 200,000
33 10,000 20,000 150,000 500,000
44 50,000 100,000 200,000 700,000
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It is desired to operate this example system according to the following rules:

1. Release flood control storage to top of conservation, equally.

2. Release Reservoir 11 conservation storage above top of buffer.

3. Next release Reservoirs 22 and 33 conservation storage above top of
buffer.

4. Next release Reservoir 44 conservation storage above top of buffer.

5. Release conservation storage below top of buffer, equally.

To specify these operating criteria in HEC-5, each storage level in each reservoir is
assigned an integer number from 1 to a maximum of 40. The number of levels
used is the minimum number required to specify the desired operating rules. In
this example, six levels were found to be necessary. The lowest level, Level 1,
corresponds to the top of inactive pool. The highest level, Level 6, corresponds to
the top of flood control pool. See Table 6.6.

The program makes releases from storage between the highest and next highest
level until the water stored between these levels is exhausted; then it goes to the
next lower level, and so on in descending order. All reservoirs with storage
between the same successive pair of levels make releases where possible to
maintain the same degree of risk. The specific criteria depends upon the system
configuration.

Levels 2 through 5, in this example, are assigned in such a way that the system
operates as desired. Because operating Rule 1 desires that all reservoirs release
from flood control storage equally, by assigning Level 5 to the top of conservation
(bottom of flood control) for all reservoirs, this rule is achieved.

Operating Rule 2 desires that all conservation storage from Reservoir 11, above
the top of buffer, be released first. By assigning Level 4 to the top of buffer for
Reservoir 11, and top of conservation for all other reservoirs this rule is achieved.
This limits the available storage between Levels 4 and 5 to the conservation
storage in Reservoir 11, thus it will be exhausted before water is released below
Level 4.

Operating Rule 3 is achieved in a similar manner, by assigning Level 3 to the top of
buffer for Reservoirs 22 and 33 and to the top of conservation for Reservoir 44.
Conservation storage volume is provided between Levels 3 and 4 for Reservoirs
22 and 33, but not for Reservoirs 11 and 44.

Lastly, Level 2 is assigned to the top of buffer for all reservoirs. Below the top of
buffer, all reservoirs are to release equally. This is achieved since Level 2 for all
reservoirs is the top of buffer.
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Table 6.6
Assigned Storage Levels

Level Reservoir Reservoir Reservoir Reservoir
11 22 33 44
6 100,000 200,000 500,000 700,000
5 50,000 100,000 150,000 200,000
4 5,000 100,000 150,000 200,000
3 5,000 10,000 20,000 200,000
2 5,000 10,000 20,000 100,000
1 1,000 5,000 10,000 50,000

To summarize, Figure 6.4 shows the level numbers corresponding to primary
storage volumes for each reservoir. Reservoir storage volumes (corresponding to
level numbers) are specified as input onRheRecord. During simulation, the

system operates as follows: any water stored between Levels 5 and 6 is released
from each reservoir. When the water stored between Levels 5 and 6 has all been
released, water between Levels 4 and 5 is released. In this example, only
Reservoir 11 has a storage volume between Levels 4 and 5. When the volume
stored between 4 and 5 is exhausted, releases are made from storage between
Levels 3 and 4, (this means from Reservoirs 22 and 33). Next, storage between
Levels 2 and 3 is exhausted, therefore, Reservoir 44 releases are made. Finally,
storage between Levels 1 and 2 is released. This technique for specifying reservoir
operating rules has proven to be an effective way to handle most operating criteria.

Table 6.7
Reservoir System Priority of Operation (Storages and Levels)

Res 11 Res 22 Res 33 Res 44
Storage for:
Top of Flood Control 6 6 6 6
Top of Conservation 5 4,5 4,5 3,4,5
Top of Buffer 2,3, 4 2,3 2,3 2
Top of Inactive 1 1 1 1
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While this example treated priorities among the reservoir conservation storage, the
concept applies to any component of reservoir storage. That is, the levels could be
placed within the flood control or conservation storage pools. One reservoir could
be drawing down one-half of its storage while another is drawing down all of its
storage. In this manner, complex relationships among reservoirs, operating for a
common target, can be developed.

Care must be taken when “balancing” reservoirs with large differences in their
storage. If the reservoir has very little storage in a level, there will be a dramatic
change in index level with small changes in storage. Because the program balances
on the level, the small-storage reservoir will tend to be “out of balamith the

larger reservoirs in the system.

6.4 Alternative Reservoir Systems

When studies are being performed to evaluate proposed reservoirs, the reservoir
system data set should include all proposed reservoirs, even if some of them would
serve as alternatives to others. Control points should be selected and coded for all
damage centers, reservoir-operational locations, and information points. Once the
entire system is defined,J& Record can be used to delete reservoirs from the
system for each alternative system selected. JbHRecord can be used to delete

any reservoir in the system except for downstream tandem reservoirs (these
reservoirs can be deleted by removing the reservoir records, while leaving the
control point records).

The program has features to compute expected annual flood damage, or flood
damage for a single flood. However, the preferred approach is to perform
simulations with HEC-5 and write the computed regulated flows to an HEC-DSS
fle. The Flood Damage Analysis (HEC-FDA) and Project Benefits
Accomplishments (HEC-PBA) computer programs are designed to read the flows
from HEC-DSS and perform flood damage and benefit calculations based on
current Corps of Engineers criteria.

The HEC-5 economic analysis capability can be evaluated at any number of control
points by usindA-DC Records. Reservoir costs can also be evaluated by using
theR$ Record to show how the costs vary with reservoir stofd@eRecords).

The reservoir cost is based on the top of flood control storage value. If costs and
expected annual flood damages are calculated, the net system flood benefits will be
printed out for each alternative system operated. By careful selection of

alternative systems, the system that produces the maximum net flood-damage
reduction benefits can be determined by a reasonable number of separate program
executions.
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6.5 Non-Reservoir Alternatives

Some structural alternatives to reservoirs can also be evaluated in the system
simulation. The existence of a levee or channel modification can be reflected in the
reservoir system operation by changing the channel cap@éttiRécord, field 2)

and by changing the routing criterlR Records), if appropriate. The

performance can be evaluated using a revised damage function. Two sets of
routing criteria can be defined for each reach and thus the natural and modified
routings can use different criteria. The natural flows can also be calculated by a
separate program execution and entered@®Records when evaluating modified
conditions.

6.6 Multi-Flood Options

In this context a flow data set is called a “flood,” even when it represents non-
flooding conditions. There are several options for defining more than one flow-
data set to the program. The following lists the options available:

) The multi-flood option may be used to operate the system for a continuous
period of record with a mixture of computation intervals. A monthly
operation could be used for a few years (assuming no routing is desired),
and then operate for daily or hourly flows during a major flood (with
detailed flood routing), and then back to a weekly or monthly routing
interval, etc. A maximum of 80 events can be simulated in this manner in a
single execution.

(2) Up to 10 ratios of any or all input floods can be run in a simulation
operation (se&C Record).

3) Each flood in a series of floods can start at different reservoir storage on
R1 Record (oISSRecord), or from the same storages, or can be
transferred using the storages from the previous fldg Record,
field 3).

(4) Long floods may be simulated by dividing the flood into flow events which
are less than the “Maximum Number of Periods per flow Sequence” (see
HEC-5 output). This may be done by manually setting up several sets of
flow data (with each less than the maximum) or by allowing the computer
to generate separate floods (when the data read exceeded the maximum but
is less than 2000 periods). A minimum of a 10-period overlap between
floods is used to preserve continuity in channel routing.

(5) For period-of-record daily-flow simulation, it is convenient to divide the
flow sequence into sets of four years (1461 periods including leap year).
An overlap between flow sets is required if channel routing is used.
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6.7 Automatic Flow Subdivision

Because all input arrays involving time periods are stored in the computer
program’s memory, each complete system operation can be made for only a certain
number of periods at one time. The time period limit is variable depending on the
number of reservoirs and control points in the simulation. Thus, if the number of
time periods is dynamically limited to 50 and the number of flow periods read is

60, two sets of flow data must be stored in memory and operated upon separately.
These two flow sets are called Floods 1 and 2, even though they may represent a
single input flood eventBF-EJ Records).

For the example of 60 periods of flow data, HEC-5 will automatically store the
data as two floods, will operate the system for the first flood, and will store the
results. The program then will transfer the last 10 flows, pluseadst periodJ2
Record, field 1) to the beginning of the next flood. Then, the program will read
the second flood flows, will operate the system for the second flood and print out
all the results as if it were one flood.
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Chapter 7
HEC-5 Input and Output

7.1 Organization of Input

The input structure is designed to be flexible with respect to specifying
characteristics of the reservoir system. Each input record is described in detail in
Appendix G. Inside the back cover of Appendix G is a summary titled “Sequence
of HEC-5 Input Records” that shows the order in which the records should be
placed.

7.2 Types of Input Records

The various types of records used are identified by two characters in record
columns 1 and 2. These characters are read by the program to identify the record.
Types of records are as follows:

7.2.1 Comments-C.

Comments can be placed anywhere within the model datapbutithin the flow
data. The comments will be included in the output listing of input data.

7.2.2 Title Records - T1, T2, T3.

Three title records are required for each job. The titles specified on the records are
read in alpha format and printed at the beginning of each job.

7.2.3 Job Records -J1 - JR.

These records are used to specify general information used throughout the
reservoir-river system. ThHE.-J3 Records are required input. TsikRecord

specifies the data units (metric of English) and the number of definition of primary
storage levels for all reservoirs in the system. JhRecord specifies

computational limits as well as policy parameters. JhRecord selects program
output and defines the type of flow data (incremental, natural or observed) entered
in the time series data. Recod¥sJR are optional and are summarized below:
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J4 Record defines benefit and cost data

J5 Record is for deleting reservoirs

J6 Record represents basin evaporation

J7 Record requests conservation optimization

J8 Record allows for user-designed output tables

JZ Record  specifies which data are to be written to HEC-DSS

JR Record  specifies the clock times when reservoir releases will be
made

7.2.4 System Energy - SM, SD, SH, SC and SF.

These records provide the system energy requirements by rsijhgnd the
daily (SD) and multi-hourly §H) distributions for the monthly values. TBE
andSF Records are used when specifying a system power rule curve.

7.2.5 Trace Records - TC, TP, TS.

These records are optional and are used to indicate the control pantsihe

periods TP), and subroutinesl'S) for which detailed output (trace information) is
requested. Use of these records is not generally recommended since knowledge of
the program is essential and the FORTRAN source code of the HEC-5 program is
required for interpretation of the trace information.

7.2.6 Reservoir Records - RL, RO, RS, QQ, RQ, RA, RE, RD, RS,
R1, R2, R3, and RG.

These records are used to describe characteristics of each reservdii, R@,

RS, andRQ Records are required and are used to specify the reservoir storages
for each index leveRL Record), the downstream control points that the reservoir
is operated forRO Record), and the reservoir storage-outflow characteri®iss (
andRQ Records).

Optional records are used to describe multiple reservoir outlet capa@ifjes (
Record), reservoir areaBA), elevationsRE), reservoir diversiondRD), and
costs R$). The optionaR1 Record is used to describe the initial storages for
multiple events or for multiple ratios of the same event. Rh&ecord is to
define rate-of-change variables and R&Record provides monthly reservoir
evaporation data for the reservoir. TR@ Record is used to specify gate
regulation curve data for induced surcharge flood routing.

7-2



Chapter 7 - HEC-5 Input and Output

7.2.7 Power Reservoir Records - P1, P2, PC, PF, PB, PR, PD, PH,
PQ, PT, PL, PP, PS, and PE.

TheP1 andPR Records are required for a reservoir which has a power plant, but
are omitted for all other reservoirs and non-reservoirs. Re&drdad optional

P2 describe the general power characteristics. PFR&ecord specifies the

monthly firm energy requirements.

ThePC, PF andPB Records, if used, specify the rule curve power operation
relating plant factor to percent of conservation storage. The opf@nahdPH
Records are used to specify the daily and multi-hourly distribution of power
demands. The optionBQ, PT andPL Records describe tailwater and hydraulic
loss rating curves, and the optioR&#, PS, andPE Records describe the peaking
capabilities, power storage and power efficiencies, respectively.

7.2.8 Control Point Records - CP, ID, C1, C2, RT, CR, WR, DR,
QS, SQ, QD, EL, C3, CL, CC, CS,
GS, CG, QM, WA, DA, DB, DF, DQ,
and DC.

TheCP, ID, andRT Records are required for each control point. They are used
to identify the control point number, to specify channel capacity, to provide a
name, to indicate the next downstream control point and to specify routing criteria.
Control point data is required for all locations (reservoirs and non-reservoirs).

The optionalC1 andC2 Records provide other general information for the control
point. For routing with input coefficients, the optio@® Record defines the
coefficients. For non-linear routing, tRES andSQ Records are used to input a
storage-outflow table for routing to the next downstream control point.

The optionalQM Record is used for specifying minimum desired (or required)
flows that vary monthly or seasonally. When desired flows are based on ratios of
natural flows, then th&/A Record is used.

Control Point Diversion Records - WR, DR, QS, QD. Optional diversion data

for a control point is primarily described by the optiob® Record. If water

rights are considered, then &R Record is used. If the diversions are a function
of flow, the flow data are input on tligS Record. For several diversion types, the
diversion schedule is input on t¥ Record (e.g., monthly diversions).

Control Point Stage/Elevation Data - QS and EL.  The optionaEL Record
contains stage or elevation data corresponding to discharge data in a similar field
of theQS Record.
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Control Point Cost Data - C$.  The optionalC$ Record is used for control point
costs (such as levees, etc.)

Variable Channel Capacity - CC. The optionalCC Record allows channel

capacities to vary monthly, seasonally, or be a function of the inflows or reservoir
levels.

CC Record can define the monthly channel capacity

CC -CS Records define the seasons for the variable channel capacity.

CC - QS Records define the flows at another location for channel capacity.

CC -CL Records define reservoir levels for variable channel capacity.

CC -CS & CG Records define season and reservoir level or elevation
(guide curves) for variable channel capacity.

CC -CS, GS, & CGRecords define season and percent of total system
flood control storage as a basis for defining variable channel capacity.

7.2.9 Damage Data Records - DA, DB, DF, DQ, and DC.

Flood damage computations in the Corps are now computed by other programs.
The damage input and computations in HEC-5 have been left in the program to
support older model data. These optional records are also control point records
and are, for a given control point, used in computing damage for a single flood or
expected annual damage. If damages are to be calculated for a given control point,
all of these records except tb8 Record are required. TH¥A Record is for
predetermined expected annual damages for natural conditions wHild the

Record is for base conditions (existing reservoir system).DFi@®Q andDC

Records are for corresponding damage frequenbies lamage discharges

(DQ), and damage$C).

7.2.10 End of Data Record - ED.

The requiredED Record follows the data records for the most downstream
control point in the system. It indicates the end of model data. Time series data
follows this record.

7.2.11 Time Series Specification - BF, FC, SS, ZR and ZW.

TheBF Record is required to describe the conditions for the subsequent time
series data records, IN-PV, such as the number of flows, the starting date of the
simulation, the computational interval, etc. The optiéitaRecord specifies up

to 10 ratios of the flows which will be used in up to 10 system simulations. The
optionalSSRecord provides for starting storages for any of the reservoirs. The
optionalZR andZW Records allow for reading frordiR) and writing to ZW)

an HEC-DSS file. ThéZ Record defines which variables to write to HEC-DSS.
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7.2.12 Time Series Data Records - IN, QA, NQ, MR, QD, EL, EV,
PV, CC and ST.

These records are used to describe the sequential time series data for each control
point. The required input is the flow data for model locations, defined dhthe
Record. For convenience only, all of ilhne Records for the system should be

input first.

Reservoir releases can be specified With Records, which followN Records.

When reservoir releases are not specified, the HEC-5 program will determine the
release. Specified releases@fA Records will be made by the program, unless
they are limited by physical constraints.

The optionaNQ Records can be used to describe base conditions for computing
expected annual damages. When this data are provided, it is treated as natural
flows, instead of the computed natural flows.

Other optional records aMR Records to specify minimum flow®D Records

for diversionsEL Records for stagegV Records for evaporation daiy

Records for power demand3C Records for period varying channel capacities,
andST Records for specifying reservoir target storages (Top of Conservation
storage varies each period). These optional records can be selectively used for
individual control points/reservoirs on any flow sequence.

7.2.13 End of Job Record - EJ.

TheEJ Record is read following the last data for each time seri®BeEJ).

Multiple Floods. Up to eighty (80) sets of flow-data records (e.g., BF through EJ
Records) can follow the ED Record.

7.2.14 End of Run Record - ER.

The ER Record is the required end-of-run indicator. It is the last input record in
the data file.

7.3 Output

The amount of program output can be controlled by the program user. A series of
pre-defined Standard Output Tables are available for selection widl3 the

Record, field 1. The Standard Output Tables are listed and described below and
are presented with descriptions in Appendix F. In addition to the Standard

Output Tables, the user can define User-Designed tables.
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7.3.1 Standard Output Tables

The output to be provided is based on the input sum of Table CodesJ the
Record, field 1. As shown in the list below, items 1 through 5 are printed from
the HEC-5A program. The HEC-5B program prints all the remaining output. The
two programs are run sequentially in a single batch job. The input summary table
names are prefaced with af " which provides a unique character string to
facilitate easy location of a specific output table within a large output file. The
sequence of possible output from the program is:

1.

10.

11.

12.

13.

14.

15.

Printout of input data, including a sequential listing of the HEC-5 input
data setT1-ER Records) and the following summary tables: *Input
Summary; *Routing Data; *Rule Curve Summary; *Operation
Summary; *Map 1; *Map 2; *Reservoir Data; *Diversion Data; and,
*Routing/Operation Summary.

Input flow data{FLOWS formatted in 10-field record image.
Computation of incremental local flowd OCFL)

Printout of optimization trials and summar@PTRYand*OPSUM

Tables of maximum flows, levels, storages and elevations for reservoirs
and non-reservoirs (Summary of Maximums)

Results of all variables defined and requested by input data for the system
operations arranged by downstream sequence of control points
(*NORMLD.

Results are arranged by sequence of time perfBf3RER

Summary of releases from reservoirs and actual flow at all other control
points, arranged by periodRRPERand*RQPER

Tables of diversions and diversion shortagB¥PERand*DVSHORTJ
Table of percent of flood control storage utiliz8eGPCT)

User designed output based on J8/JZ Record HgSER5SA or
*USERS

Summary of flooding occurring during each flood evE8UMFI)
Flood event summaries for multi-flood everiS8YMFS and*SUMPQ
Economic input data and damage computatBEDAN

Flood frequency plot$EPLOT)
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16. Summary of damages or average annual damages, system costs and net
benefits {fESUMD, *ESUMC and*ESUMB

17. Summary of discharge and stage reduction at each non-reservoir control
point for each flood eventilYEFF)

18. Computer check for possible errcfSRROR, and

19. Listing of Case designations defining reservoir reled€sS3ES).

7.3.2 User-Designed Output Tables

The program has a provision for creating User-Designed Output Tables using the
J8 and/orJZ Records. Thd8 produce period-by-period summary tables in the
output file. Multiple tables are created with multip&Records. The input
description for thed8 Record in Appendix G provides a description of the options
available.

There is a similar user-defined option to write results to an HEC-DSS file using
theJZ Record. With thdZ Record (in conjunction with AW Record), the
requested information is written to an HEC-DSS file and is also shown in the
output file.

There are 41 variables available for display by time period in summary tables.
The tables are defined hyocation ID.Variable Codeand are printed in column
sequences, in the order defined.

7.3.3 Traces

In addition to ordinary output, trace information showing intermediate
computations can be requested. Traces show the computation process as the
program processes the information. There are several levels of trace (specified on
the TP Record, field 10), as described in Appendix G. The choice of trace level
depends on the extent and detail of information desired. Trace information can

be requested at specific control points withGiRecord, for specific time periods

with aTP Record and for specific subroutines witi@Record._The user is
cautioned to use traces sparingly because large volumes of output can be
generated and a program source listing is required to interpret the information.
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Appendix A
Stream Routing Methods

Channel routing in HEC-5 is accomplished by hydrologic routing methods which
solve the continuity equation using some relationship between outflow and
storage in the reach. The variety of routing options can be grouped into two
categoriesStorage MethodsandCoefficient Methods

Storage Methodare also referred to as reservoir routing because they route the
inflow through a non-linear representation of reach storage. The options include:
the modified Puls, modified Puls as a function of Inflow, the Working R&D
method, and SSARR Time of Storage.

Coefficient optionsnclude: the Muskingum method, the Average-lag methods:
Simple Lag, Successive Average-lag (Tatum) and Progressive Average-lag
(Straddle-Stagger), plus the direct input of routing coefficients.

Equations used for each of these methods are given b&load-Runoff
Analysis EM 1110-2-1417, Chapter 9 is the primary Corps’ reference for stream
routing; however, the topic is covered in most hydrology texts.

A.1  Storage Methods

The Storage Methods operate with the basic reservoir mass balance applied to the
routing reach (i.e., Inflow - Outflow = Change in Storage). The primary

difference among the methods is how the storage-outflow relationship is defined.
An added consideration is the number of increments (Steps) to use in the routing
reach. Generally, the travel time through the Step should be equal to the
computational time interval. The program will divide the reach storage by the
number of Steps and route the inflow sequentially through the storage in each
step. The maximum attenuation occurs with one-step routing (reservoir

condition).

All Modified Puls Routing

In this method, outflow from a routing reach is a unique function of storage. The
input is a storage-outflow relationship for the routing reach. The program solves
the routing problem by rearranging the terms to have future values equal to known
values. The result is called the storage indicatiod\t(8/0/2). The following
equations are used:

STRI(2) = STRI(1) + QH - O(1) (A-1)
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where:
S = volume of storage in routing reach
STRI(1) = storage indication at beginning of time
STRI(2) = storage indication at end of time interval
QH = average inflow during time interval
0(1) = outflow at start of time interval
0(2) = outflow at the end of time interval, function of STR(2)

from the Storage Indication.vs.Outflow

A.1.2 Modified Puls as a Function of Inflow

This is a variation of modified Puls which provides for multiple storage-outflow
relations that are dependent on the inflow to the reach. This was added to HEC-5
because it is used in some Corps offices. However, there is a potential that
continuity will not be maintained when using the procedure. Therefore, when
routing with this procedure you should carefully review the results to ensure that
flow is not gained or lost due to routing. An alternative istteeking R&D

Method which provides a method to include the effect of inflow on the reach
storage and maintains continuity.

A.1.3 Working R&D Method

The Working R&D uses a nonlinear storage-outflow relation, like the modified
Puls method; and it permits use of wedge storage, like the Muskingum method
(described under Coefficient Methods). Indeed for a linear storage-outflow
relation, the Working R&D method produces results identical to the Muskingum
method. For routing with no wedge storage (Muskingum X = 0), the Working
R&D method produces results identical to the modified Puls method. The
Working R&D method uses a "working" storage as indicated in the following
equations:

R@ _RA . gh -
Al AL QH - D(1) (A-2)
where:
R(2) = "working" storage at end of a time interval
R(1) = "working" storage at the beginning of a time interval
QH = average inflow during routing interval
D(1) = "working" discharge at beginning of time
D(2) = *“working” discharge at the end of time interval, function of

R(2) from the Working-storage Indication.vs.Outflow
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The functional relationship described of D(2) is analogous to the storage
indication-outflow relation used in the modified Puls method. Outflow is a
function of "working" discharge and is determined from the following equation:

X

0(2) = D(2) - =

* (I(2) - D(2) (A-3)

where:
X = Muskingum X (dimensionless)
0(2) = outflow at end of time interval
1(2) = inflow at end of time interval

A.1.4 SSARR Time of Storage Routing

This channel routing method is used in the computer pro§teaamflow

Synthesis & Reservoir Regulation (SSARRN the Corps’ North Pacific

Division. The storage in the routing reach is defined by Time of Storage values
(Tg), in units of hours. Therefore, the storage is defined like Muskingum K values
(described below). Instead of using modified Puls storage-outflow, this method
uses T versus outflow.

An alternative method for definingsTs by equation 4, which defines Ts as a
power function of flow.

KTS

(A-4)

where:

Time of storage per increment in hours
Discharge in cubic meters (or feet) per hour
A coefficient usually between -1 and 1

S

-
Q
n

As evident from the equationg s a nonlinear function of discharge except when
n=1. Itis possible to use a negative value of n if time of storage increases as
discharge increases. According to the SSARR User’'s Manual, a value of n = 0.2
is reasonable for most streams in the Columbia River Basin.
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A.2 Coefficient Methods

All coefficient methods compute outflow from a routing reach as a linear
function. Equation 6 is the basic routing equation. For the direct input of
coefficients, the series of ‘C’ values are input and their sum should equal one, to
maintain continuity.

o,=Cl +CJl , +CJl ... (A-5)
where:
On = ordinate of outflow hydrograph at time n
'n’ In-l’ etc. = ordinates of inflow hydrograph at times n, -1, etc.
Cl’ C2, etc. = routing coefficients, as coefficients of inflow
A2.1 Muskin gum Routin g

The Muskingum method can be considered a storage method with the reach
storage defined by the sum pfismandwedgestorage. However, the storage-
outflow relationship is linear and the method provides a set of constant
coefficients. The equations used to determine the coefficignG,&tc., are as

follows:
_ (At - 2XK) AG
1 @2K@1-X) + Ab) (A-6)
cC - ((2K(1-X) + At) - 2At) (A7)
(2K(1-X) + At)
(At+2KX)
C,=C,»CC+ -
2t (2K(L1-X) +At) (A-8)
C =C ,+CC (fori>2) (A-9)
where:
At = routing time increment
K = Travel Time in units of time (hours)
X = Dimensionless routing parameter between 0 and .5
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To avoid negative coefficients in Equation 7, the Muskingum K should be greater
than or equal toAt) / [2 «(1-X)] and less than or equal tat] / 2X.

The reach storage-outflow relationship is defined by the coeffiKienthich can

be considered the slope of the storage-outflow relationship prl$rastorage in

a reach is the product &f times outflow. Thevedgestorage is computed from

the difference between inflow and outflow. The weighting factor on inflow is the
coefficientX. If X =0, inflow does not effect storage (like reservoir routing) and
there is the maximum attenuation of outflowXI£0.5, inflow has the maximum
effect, and there is no attenuation of outflow (just translation basEdhaurs).

Typically, the reach is divided into steps in order to keep the step travel time
approximately equal to the computational time step. For travel times significantly
less than the computational time step, the reach can be treated as having no
routing to avoid the computation of negative coefficients.

A.2.2 Average-Lag Methods

These methods route floods by time displacement of average inflow. The
methods were developed from intuitive processes rather than mathematical
equations. As such, they remain in HEC-5 because they are used in some Corps
offices; however, they are not presented in the EM and their use is not
encouraged. The three methods &asg, Successive Average-La@latum

Method) andProgressive Average-LadStraddle-Stagger Method).

Lag. The inflow hydrograph can be lagged an integer number of computational
time steps. This approach displaces the hydrograph in time, but does not change
the shape of the routed hydrograph (no attenuation).

Successive Average-Lagverages the inflow successively through a number of
subreaches (n). If there were two subreaches, the outflow for period 3 would be:

1
0325[1 2+2 3] (A-lO)

where:
I = Inflow in increments of time
O = Outflow in increments of time

The coefficients are computed based on the number of subreaches for the
successive average.
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C, = % (A-11)
c. - (A-12)
2 2n
n(n-1

Cs 72(,] 2!) (A-13)
n(n-1)(n-2

C, = nn-1)n-2) 2%(! ) (A-14)

~ n(n-1)(n-2) . ..

“n” 2(n-1)! (A-19)
! 1

C(n+1) - 2:n! - E (A-16)

Progressive Average-Lag Routing This routing method is defined by the

number of periods of inflow to average (Straddle) and the number of periods the
average value then is lagged (Stagger). The method differs from the successive
average-lag method in two respects:

(1) Equal rather than variable weight is given each inflow value in
deriving an outflow, and

(2) the length of period for which inflow values are averaged to obtain an
outflow value does not necessarily have any relation to the flood-wave
travel time.
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Generally, the length of the inflow period is determined by trial until a satisfactory
agreement is obtained between the computed and actual peak outflows.

The method uses Coefficient routing equation (5) to route the inflow, with the
routing coefficients determined as follows:

NCOEF = STAG + —(STRgDﬂ) (A-17)
M = NCOEF - STRAD (A-18)
C =0forl<ic<m (A-19)
1 .
C - for (M+1) < i < NCOEF ]
' = STRAD (M+1) (A-20)

where:
NCOEF = number of routing coefficients in equation (5)
STRAD = number of inflow ordinates to be averaged
STAG = number of ordinates the average value is to be

lagged, from the mid-ordinate of the averaged
ordinates
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Appendix B
HEC-DSS use in HEC-5

HEC-5 can read and write time-series data by using the HEC Data Storage System
(HEC-DSS). This Data Storage System (HEC-DSS) provides a convenient file
system to transfer data from one application to another application. For example,
the Flood Hydrograph Package HEC-1 could be used to develop flood
hydrographs which are read by HEC-5 for reservoir system modeling. By using
HEC-DSS, flow data required for simulation can be easily defined in HEC-5 by
referring to the appropriate data records in the HEC-DSS file. Likewise, HEC-5
results can be stored to HEC-DSS for subsequent analysis using various HEC-DSS
utility programs. This approach provides for convenient management and use of
model data.

The following sections provide a brief overview of the HEC-DSS, the supporting
utility programs, and the HEC-5 application. The HEC-DSS programs are
documented itHEC-DSS User’'s Guide and Utility ManugHEC, 1994).

B.1 Introduction to the HEC-DSS

The Data Storage System (HEC-DSS) is a data base system developed by the
HEC for storing hydrologic data. It consists of a set of FORTRAN subroutines
that begin with the letter "Z" (e.g., ZOPEN opens a HEC-DSS file). The
subroutines make it easy to add the HEC-DSS capability to a FORTRAN program
that would read or write information to a HEC-DSS file. This facilitates adding

the capability to a program and sharing of data among different computer
programs. The library is documentedHECLIB, Volume 2: HEC-DSS

Subroutines, Programmer’s Manu@EC, 1991).

A HEC-DSS file is a "Direct Access" (or Random) file. This allows the HEC-DSS
software to access any part of the file directly, without having to read through the
top of it as in a "Sequential* (normal) file. HEC-DSS files can be named like any

other file, except on the DOS PC they usually have an extension of ".DSS".

The HEC-DSS stores sets, or "blocks", of data (referred to as records), each
identified by a uniqgue name, or "pathname”. The HEC-DSS software uses this
pathname to determine where in the HEC-DSS file its corresponding data is
located. Each record consists of a header, which describes certain data attributes
(such as the data units), and the actual data (which is stored as real numbers).

The HEC-DSS package includes a set of utility programs that use or manipulate
data in a HEC-DSS file. The utility programs provide data management
functions, graphical and tabular displays.
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B.1.1 HEC-DSS Conventions

Conventions have been adopted to facilitate data exchange between programs.

The records in a HEC-DSS file are defined by a pathname which contains six parts.
These parts allow easy recognition of the data from the pathname. By fixing the
pathname form, programs can define pathname parts from model data to provide
easy access HEC-DSS data. The data are placed into "manageable” blocks. These
blocks are handled automatically and provide efficient reference to time for

uniform time-series data.

The HEC-DSS data types are:
* Regular Interval Time-Series Data
 Irregular Interval (No Interval) Time-Series Data
+ Paired (or Curve) Data
* Text Data

HEC-5 make use of the regular interval time-series data to define input
time-series data and to write user-defined output data.

B.1.2 Pathnames
The pathname for HEC-DSS records consist of 6 parts. The parts are separated
by a slash (/). The parts are referenced by the letters: A, B, C, D, E, and F. For

example: /A/B/C/D/E/F/ Each part may contain from zero to 32 characters.
The total pathname may contain up to a total of 80 characters.

B.1.3 Regular Interval Time-Series Conventions
The parts of the pathname should follow the naming convention:
A - Group or Basin Name (e.g., SCIOTO)
B - Location Name (e.g., CIRCLEVILLE)
C - Parameter (e.g., FLOW)
D - Block Start Date (e.g., 01IMAR1959)
E - Time Interval (e.g., 3HOUR)

F - Additional Qualifiers (e.g., OBS)
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An example Pathname is:
/ISCIOTO/CIRCLEVILLE/FLOW/01MAR1959/3HOUR/OBS/

Time-Series data are stored in blocks with a fieegth for each time interval.

For example, daily data is stored in blocks comprising one year of data. Each
block will contain365 or 366 data values, regardless of how many actual values
were stored. A place holder (or missing data flag) of -901.0 is used where there
are no actual values. If we have recorded only 5 daily values, there would be 360
missing data place holders (-901.0).

An example listing from a block of data for six-hour time interval would take the
form:

IKANAWHA/BLNO7/FLOW/01MAR1977/6HOUR/OBS/
START = 01MAR1977, 0600 HRS; END = 31MAR1977, 2400 HRS; # DATA = 124
UNITS = CFS TYPE = PER-AVER

01MAR77,0600; -901. -901. -901. -901. -901. -901.
02MAR77,1800; -901. -901. -901. -901. -901. -901.
04MAR77,0600; -901. -901. -901. -901. -901. -901.
05MAR77,1800; -901. -901. -901. -901. -901. -901.
07MAR77,0600; -901. -901. -901. -901. -901. -901.
08MAR77,1800; -901. -901. -901. -901. -901. -901.
10MAR77,0600; -901. -901. -901. -901. -901. -901.
11MAR77,1800; -901. -901. 12104. 9987. 9729. 9541.
13MAR77,0600; 9209. 8197. 7964. 8514. 8405. 7489.
14MAR77, 1800; 7284. 8520. 8389. 7444. 7309. 8854.
16MAR77,0600; 8328. 7706. 7628. 7300. 6066. 5526.
17MAR77, 1800; 6229. 8477. 8786. 9076. 9052. 9008.
19MAR77,0600; 7610. 7593. 7771. 9176. 8668. 8107.
20MAR77,1800; 8212. 8884. 7883. 6803. 6397. 6653.
22MAR77,0600; -901. -901. -901. -901. -901. -901.
23MAR77,1800; -901. -901. -901. -901. -901. -901.
25MAR77,0600; -901. -901. -901. -901. -901. -901.
26MAR77,1800; -901. -901. -901. -901. -901. -901.
28MAR77,0600; -901. -901. -901. -901. -901. -901.
29MAR77,1800; -901. -901. -901. -901. -901. -901.
31MAR77,0600; -901. -901. -901. -901.
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The valid time intervals are even subdivisions of an hour or day, plus the usual
calendar increments. The valid intervals and their standard block length are:

Valid Data Intervals Block Length
IMIN, 2MIN, 3MIN, 4MIN, 5MIN, 10MIN One Day
15MIN, 20MIN, 30MIN, One Month

1HOUR, 2HOUR, 3HOUR, 4HOUR,
6HOUR, 8HOUR, 12HOUR

1 DAY One Year
1 WEEK, 1 MON One Decade
1 YEAR One Century

The "D" part of the pathname is the starting date of the block (not necessarily the
starting date of the data). It must be a nine character military style date.

01MAY1986 O.K.

01May1986 Invalid - Lower case
01MAY86 Invalid - Must be 1986
MAY 1986 Invalid - Must contain the day

01MAY1986 is a valid block start date for intervals of 5SMIN through 12HOUR.
It is not valid for 1DAY or above. For an interval of 1DAY, the block start date
will always be 01JAN19--.

The "header” contains the units of the data (e.g. CFS, FEET), and the data type.
There are 4 data types:

Period Average
Instantaneous

Period Cumulative
Instantaneous Cumulative

Period average data is stored as end-of-period data. Thus, daily period average
data is typically stored at a time of 2400 hours. Instantaneous data is stored at the
time it is measured.

How about daily flows measured at 8:00 a.m.? That's ok - a time offset is kept in
the header. However the data must be measured at 24 hour intervals. Dally data
that is measured at 7:00 a.m. one day, and 9:00 a.m. the next probably should be
stored as "irregular interval time series data".
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B.2 HEC-DSS Utility Programs

There are several programs written as utilities to the HEC-DSS. They include:

DSPLAY - Graphical plotting package. Plots (and tabulates) data stored
in the standard conventions on a wide variety of graphical devices, the
most common being Tektronix terminals.

DSSUTL - Basic data management utility program. Provides a means for
tabulating, editing, copying, deleting, renaming, etc. data.

DSSMATH - Provides a wide variety of mathematical operations for
HEC-DSS data.

REPGEN - Produces "publication quality” reports of HEC-DSS data.

Data Entry Programs - Many data entry programs are available for
entering data into HEC-DSS from a wide variety of formats.

B.3 HEC-DSS Catalog Function

Many utility programaccess a HEC-DSS file's "catalog”. A catalog is a list of
pathnames in a separate file (at a given point in time). It is numbered and is usually
ordered alphabetically by pathname parts. The catalog also provides information
about the records, such as when they were last written to, by what program, and
how much data the record contains.

Most utility program can use the catalog number or "reference number" to identify
pathnames. For example, a DSPLAY plot may be generated by the command
"PLOT 1,3,4", instead of having to specify each of three pathnames. The catalog
can also be used to identify pathnames by matching pathname parts, called
"selective catalog”. For example, to copy all observed flow data to another HEC-
DSS file in DSSUTL, the command "CO C=FLOW, F=OBS" might be given.
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Example Catalog for a HEC-DSS File

HECDSS Complete Catalog of Record Pathnames in File 0000DATA*MASTDB

Catalog Created on Mar 6, 1990 at 15:24  File Created on Jan 8, 1990
Number of Records: 30 DSS Version 6-DA
Sort Order: ABCFED

Ref. Last Written
Number Tag Program Date Time Type Vers Data Record Pathname

1713 DSSPD 06MAR90 15:22 RTS 1 366 /AMERICAN/AT FAIR OAKS/FLOW/01JAN1988/1DAY/OBS/

2 T4 DSSTS 06MAR90 15:22 RTS 2 365 /AMERICAN/AT FAIR OAKS/FLOW/01JAN1989/1DAY/OBS/

3 Ti1 DSSTS 06MAR90 15:22 RTS 3 365 /AMERICAN/BLUE CANYON/PRECIP-INC/01JAN1987/1DAY/OBS/

4 T9 DSSTS 06MAR90 15:22 RTS 4 366 /AMERICAN/BLUE CANYON/PRECIP-INC/01JAN1988/1DAY/OBS/

5 T12 DSSTS 06MAR90 15:22 RTS 1 365 /AMERICAN/BLUE CANYON/PRECIP-INC/01JAN1989/1DAY/OBS/

6 T26 DSSTS 20FEB9009:30 RTS 9 365 /AMERICAN/FOLSOM/ELEV/01JAN1987/1DAY/OBS/

7 T25 DSSTS 20FEB9009:30 RTS 4 366 /AMERICAN/FOLSOM/ELEV/01JAN1988/1DAY/OBS/

8 T27 DSSTS 20FEB9009:30 RTS 1 365 /AMERICAN/FOLSOM/ELEV/01JAN1989/1DAY/OBS/

9 T21 DSSTS 20FEB9009:30 RTS 4 365 /AMERICAN/FOLSOM/EVAP-PAN/01JAN1986/1DAY/OBS/

10 T18 DSSTS 20FEB9009:30 RTS 1 365 /AMERICAN/FOLSOM/EVAP-PAN/01JAN1987/1DAY/OBS/

11 T16 DSSTS 20FEB9009:30 RTS 1 366 /AMERICAN/FOLSOM/EVAP-PAN/01JAN1988/1DAY/OBS/

12 T23 DSSTS 20FEB9009:30 RTS 1 365 /AMERICAN/FOLSOM/FLOW-OUTLET/01JAN1987/1DAY/OBS/

13 T22 DSSTS 20FEB9009:30 RTS 6 366 /AMERICAN/FOLSOM/FLOW-OUTLET/01JAN1988/1DAY/OBS/

14 T24 DSSTS 20FEB9009:30 RTS 2 365 /AMERICAN/FOLSOM/FLOW-OUTLET/01JAN1989/1DAY/OBS/

15 T19 DSSTS 20FEB9009:30 RTS 1 365 /AMERICAN/FOLSOM/FLOW-POWER/01JAN1987/1DAY/OBS/

16 T17 DSSTS 20FEB9009:30 RTS 2 366 /AMERICAN/FOLSOM/FLOW-POWER/01JAN1988/1DAY/OBS/

17 T20 DSSTS 20FEB9009:30 RTS 1 365 /AMERICAN/FOLSOM/FLOW-POWER/01JAN1989/1DAY/OBS/

18 T1 DSSPD 06MAR90 15:22 PD 1 52 /CALAVERAS/NEW HOGAN/STAGE-FLOW///USGS/

19 T2 DSSPD 06MAR90 15:22 PD 1 52 /CALAVERAS/NEW HOGAN/STAGE-FLOW/RT #13/30JUN1980/USGS/
20 T6 DSSPD 06MAR90 15:22 PD 1 46 /DRY CR/NR GEYSERVILLE/STAGE-FLOW/RT #34/07MAR1986/USGS/
21 T5 DSSPD 06MAR9015:22 PD 1 66 /DRY CR/NR GEYSERVILLE/STAGE-FLOW/RT #38/30SEP1987/USGS/
22 T8 DSSPD 06MAR90 15:22 PD 1 60 /DRY CR/NR LEMONCOVE/STAGE-FLOW///USGS/

23 T15 DSSPD 06MAR9015:22 PD 1 14 /DRY CR/WARM SPRINGS/ELEV-AREA//010CT1983/POLY/

24 T7 DSSPD 06MAR90 15:22 PD 1 62 /DRY CR/WARM SPRINGS/STAGE-FLOW///USGS/

25 T29 DSSTS 06MAR90 15:22 RTS 3 365 /FEATHER/QUINCY/PRECIP-INC/01JAN1982/1DAY/OBS/

26 T28 DSSTS 06MAR90 15:22 RTS 2 365 /FEATHER/QUINCY/PRECIP-INC/01JAN1983/1DAY/OBS/

27 T30 DSSTS 06MAR90 15:22 RTS 2 366 /FEATHER/QUINCY/PRECIP-INC/01JAN1984/1DAY/OBS/

28 T14 DSSTS 06MAR90 15:22 RTS 1 365 /FEATHER/SIERRAVILLE/PRECIP-INC/01JAN1986/1DAY/OBS/

29 T13 DSSTS 06MAR90 15:22 RTS 1 365 /FEATHER/SIERRAVILLE/PRECIP-INC/01JAN1987/1DAY/OBS/
30 T10 DSSTS 06MAR90 15:22 RTS 1 366 /FEATHER/SIERRAVILLE/PRECIP-INC/01JAN1988/1DAY/OBS/

B.4 Entering Data into a HEC-DSS file
B.4.1 DSSTS

This program provides general data entry for regular-interval time-series data. The
program can be run interactively as a DOS program. The required information is
prompted for, with the user entering the data in response. The program can also
be run with an input file created with a text editor.

When data values are input, several values can be input on one line. Missing data
can be entered as M, or -901. As data are entered, the date and time for each
value is given as a prompt (see example below).

DSSTS logs a copy of your input. If you "blow it" (press the break key instead of

the return key). You can use the log file (workfile W2) as input to return to where
you left off.

The program documentation is included HEC-DSS User's Guide and Utility
Program Manuals.
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Example Data Entry with DSSTS

DSSTS

ENTER DSS FILE NAME

FILE = DATABAS
----- DSS---ZOPEN; CREATED RANDOM FILE: DATABAS
----- DSS---ZOPEN  NEW FILE OPENED 71 DATABAS

ENTER PATHNAME, OR PATHNAME PART(S), OR FINISH
I>/SCIOTO/WALDO/FLOW/01JAN1988/1DAY/OBS/
/SCIOTO/WALDO/FLOW/01JAN1988/1DAY/OBS/

ENTER UNITS OF DATA (E.G. CFS, FEET)

I>CFS

ENTER DATA TYPE (E.G. PER-AVER, INST-VAL)

I>INST-VAL

ENTER THE DATE AND TIME FOR THE FIRST DATA VALUE

[>23DEC1987 0700

Enter data values.

Enter END at the beginning of the line when done.

23DEC87, 0700 >933

24DEC87, 0700 >933.5 934 935 938 M 940

30DEC87, 0700 >944.3

31DEC87, 0700 >M

01JAN8S, 0700 >942.1 944 946 949

05JAN8S8, 0700 >END

---DSS---ZWRITE FILE 71, VERS. 1 /SCIOTO/WALDO/FLOW/01JAN1987/1DAY/OBS/
---DSS---ZWRITE FILE 71, VERS. 1 /SCIOTO/WALDO/FLOW/01JAN1988/1DAY/OBS/
ENTER PATHNAME, OR PATHNAME PART(S), OR FINISH

I>B=DUBLIN C=STAGE

/SCIOTO/DUBLIN/STAGE/01JAN1988/1DAY/OBS/

ENTER UNITS OF DATA (E.G. CFS, FEET)

I>FEET

ENTER DATA TYPE (E.G. PER-AVER, INST-VAL)

I>INST-VAL

ENTER THE DATE AND TIME FOR THE FIRST DATA VALUE

[>27DEC87 0800

Enter data values.

Enter END at the beginning of the line when done.

27DEC87, 0800 >10.73

28DEC87, 0800 >10.88

29DEC87, 0800 >11.02 11.21

31DECS87, 0800 >M

01JANSS, 0800 >11.20 11.22 11.22

04JANS8S, 0800 >11.24

05JAN8S, 0800 >END

---DSS---ZWRITE FILE 71, VERS. 1 /SCIOTO/DUBLIN/STAGE/01JAN1987/1DAY/OBS/
---DSS---ZWRITE FILE 71, VERS. 1 /SCIOTO/DUBLIN/STAGE/01JAN1988/1DAY/OBS/

ENTER PATHNAME, OR PATHNAME PART(S), OR FINISH

I>FINISH
----- DSS---ZCLOSE FILE 71
NO. RECORDS= 4
FILE SIZE= 3686 WORDS, 33 SECTORS
PERCENT INACTIVE= 0.00
STOP
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B.4.2 WATDSS

This is a specialized program to load daily streamflow data from a WATSTORE
file. It is easy to use; no preprocessing of the data is necessary. WATDSS can
substitute station names for the B part of the Pathname instead of using a USGS
gage number. The program source code is often modified to create a program to

read other specialized

(local) formats. Program documentation is included in:

HEC-DSS User's Guide and Utility Program Manuals

Sample WATSTORE file:

1447800192710 1 166.
1447800192710 2 579.
1447800192710 3 1111.
1447800192710 4 1227.
1447800192711 1 579.
1447800192711 2 819.
1447800192711 3 1003.
1447800192711 4 1164.
1447800192712 1 1003.
1447800192712 2 2771.
1447800192712 3 1674.
1447800192712 4 498.
14478001928 11 1111.
14478001928 12 518.

14478001928 13 441.

WWWWWWWWWWWwWwwww

119. 147. 1406. 1281. 864 684. 558.
441. 369. 423. 2851. 2263. 1540. 1164.
2263. 5131. 4795. 3437. 2343. 1817. 1674.
958. 864. 774. 729. 639. 599. 0.
579. 958. 1674. 1603. 1343. 1057. 904.
729. 729. 684. 684. 639. 599. 558.
4795. 2931. 1746. 1674. 1478. 1227. 1164.
958. 1057. 1164. 1111. 1057. 0. O.
1003. 1406. 1227. 1057. 958. 958. 3615.
1960. 1674. 1540. 1960. 2263. 1817. 1674.
1281. 1164. 1057. 958. 864. 729. 579.
477. 477. 498. 579. 729. 864. O.

864. 639. 579. 558. 518. 498. 477.
558. 477. 477. 459. 477. 459. 459,
423. 405. 423. 353. 290. 290. 274.

B.5 Use of HEC-DSS with HEC-5

B.5.1

HEC-DSS File Specification

Typically the HEC-DSS file (and other files) are specified on the execution line.
Data can be “read from” and results “written to” the same HEC-DSS file by
specifying DSSFILEfilename For example:

HEC5 INPUT=MYIN.DAT OUTPUT=MYOUT.OUT DSSFILE=MYDSS.DSS

Alternatively, data can

be “read from” one HEC-DSS file (DSSilKramég and

results “written to” a different HEC-DSS file (DSSOUfllenamg. For example:

HECS INPUT=MYIN.DAT OUTPUT=MYOUT.OUT DSSIN=MYIN.DSS DSSOUT=MYOUT.DSS

When the HEC-5 menu is used, the HEC-DSS file names are given as menu input

items.
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B.5.2 HEC-DSS Read and Write

Generally, to have an application program read or write to a HEC-DSffe a
and/orZW Record is inserted into the input file. TAR Record indicates which
data should be read from HEC-DSS, and4aWé Record indicates that data are to
be written to HEC-DSS. Th# Record is used to specify the HEC-5 data to
write to HEC-DSS.

Several of the HEC-DSS Pathname parts are specified @RtlaadZW
Records. This is done by using the part letter followed by an equal sign then the
Pathname part. For example:

ZR=IN A=SCIOTO, C=FLOW, F=0BS

HECS5 obtains inflows to a river or reservoir ibh Records. Instead of defining
all the flow data ofN Records, the flow can be read from HEC-DSS usidR a
Record, which follows the date/time data onBffeRecord. Note, in the above
example the data read from HEC-DSS is forlthéRecords. When reading data
from HEC-DSS, the format codBf Record, field 2) must be 2.

Without HEC-DSS, the input form is:

BF date and time information . . .
IN  period by period flow values. . .

IN ...
IN ...
Example Without HEC-DSS:

ED
BF 2 50 50 22010100 24 1900
IN 31
IN 72 111 209 111 94 99 106 90 146 282
IN 133 109 112 116 121 170 257 147 136 177
IN 161 180 187 175 162 147 125 107 104 99
IN 95 102 110 115 145 148 123 113 125 150
IN 109 99 102 105 94 175 325 139 102 94
IN 42
IN 122 193 203 268 315 434 662 652 509 405
IN 290 209 277 349 358 243 360 562 553 560
IN 539 540 581 1823 6480 12896 14766 9182 5425 3648
IN 2662 2117 1816 1803 2074 2553 2174 1686 1391 1243
IN 1153 1084 1239 4325 5961 5104 3761 8096 26933 29171
EJ
ER
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With HEC-DSS, the input form is:

BF 2 ... date and time information . . .
ZR=IN A=RED RIVER, C=FLOW, F=0BS

Data is retrieved for each location specified in the input, using the name on the

Identification (D) Records as the B part of the Pathname, unless the B part is
specified on th&R Record.

Example of Reading Time Series Data from HEC-DSS:

ED

BF 2 50 50 22010100 24
ZR=IN A=RED RIVER C=FLOW F=0BS

EJ

ER

To write data computed by HEC-5 to HEC-DSS, two changes are made to the
input data file:

1. Insert @lZ Record (after thdl - J8 Records). ThdZ Record specifies what
variables and locations data is to be stored. JZhRecord specifications are
generally the same as th@& Record for user defined output.

2. Insert &ZW Record following thé8F Record.

Example of Writing to HEC-DSS:

BF ...

ZR=IN A=RED RIVER C=FLOW F=0BS
ZW A=RED RIVER, F=COMPUTED

EJ

ER

The remaining parts of the Pathname (other thaAtaedF Parts specified on
ZW) come from the model data, or from HEC-5. BhPart comes from the
location name on thl® Record. The parameteC Part) is determined by HEC-5
(the labels used are shown with th&input description). The dat® (Part) and
the time interval E Part) come from thBF Record.
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Appendix C

Reservoir Flood Operation

Many of the flood control features and options described in this appendix are
illustrated with a single reservoir model (shown in Examples 1 and 2). Flood
control operation may also apply to multi-reservoir systems. A four-reservoir
system is used to explain options useful in flood control system operation (shown
in Example 3).

To simulate the operation of a single flood control reservoir or a system of
reservoirs operating to reduce downstream flooding, the basic components of the
surface water system must first be defined. These include: streamflow data
(including local inflow between control points), physical and operational
characteristics of the reservoirs, and operational channel capacities for the
reservoir and downstream control points in the system.

C.1 Single Reservoir Model

The first example is a single reservoir model which illustrates the default HEC-5
operation to reduce flooding at downstream locations.

C.1.1 Basic Reservoir Model Data
Figure C.1 shows a schematic of a single flood control reservoir (Reservoir 44)
and a downstream control point (CP 40). The reservoir is operated to reduce

flooding at CP 40. The basic reservoir storage data 1, are shown in Table C.1 and
are further described in the following paragraphs. The data listing is shown in

Table C.2.
BISHOP DAM
a ZELMA

Figure C.1  Single Flood Control Reservoir
(Examples 1 and 2)
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Table C.1Reservoir Storage Levels, Volumes & ElevationExample 1)

Storage Level Level Cumulative Storage Elevation
Top of: Number (1000 mi) (meters)
Inactive Pool 1 131,438 250.2
Buffer Pool 2 134,000 250.4
Conservation 3 146,480 251.5
Flood Control 4 562,248 283.2
Dam 5 630,063 286.8

Reservoir Levels. In the first example (EXAMPLEL1.DAT), five reservoir index
levels (se€)1l Record, field 3) are defined at Reservoir 44. Table C.1 shows the
cumulative storage for each of these index levels. The cumulative storage values
are input on th&L record.

Reservoir Operation Criteria. TheRO Record specifies the downstream control
points that the reservoir operates for. A reservoir can operate for any or all of the
locations that are dendritically located downstream. By default, each reservoir
operates for itself. In Example 1, this means that the reservoir will operate to meet
the minimum desired (80%s) and required (3 1s) flows specified on th€P

Record (fields 3 and 4) for Reservoir 44 while not exceeding its own channel
capacity of 425 fits (CP Record, field 2). In addition to itself, Reservoir 44
operates for one downstream location, Control Point 40, where the non-damaging
channel capacity is specified as 458sn{CP Record, field 2).

Reservoir Storage-Outflow-Elevation Data. The reservoir's storage-outflow
capacity are defined on tfS andRQ Records. The outflow data on tR€)

Record should be the maximum outflow capability, which is an important
constraint in flood operations. If the reservoir pool level rises above the top-of-
flood control, the reservoir outflow will be based on Rf&-RQ relation. This

would represent operation of the emergency spillway. Below top-of-flood, the
RQ data serves as the maximum value for the computation of reservoir releases.
Therefore, release will be less than, or equal to the limiting capacity defined on
theRQ Records.

The optionaRE Record defines water surface elevation and is used in gated
spillway and other options. Reservoir surface area is given dd&Heecord and

is used in computing evaporation, if given. Evaporation is not used in these flood
operation examples.
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Table C.2Single Reservoir Input Data(Example 1)

Tl  HEC-5 Example 1, Basic Flood Regulation (EXAMPLE1.DAT)
T2 Sl Units, 24 Hrs Foresight with 20% Contingency

T3  Rocky River, Bishop Dam Site to Zelma, 9-13 Nov 1973 Flood
J1 1 1 5 3 4 2

J2 24 1.2 0 0 0

J3 5 -1 1

J844.09 44.10 44.12 44.13 40.04 40.02 40.24

JZ-44.10 44.13 44.22 40.04 40.02 40.17 44.09 44.24 40.24

C Blshop Dam Site =============
RL 44 146480 131438 134000 146480 562248 630063
RO 1 40

RS 13 0 124113 131438 134000 146480 253628 362008 417740 465211
RS546342 562248 589251 630063

RQ 13 0O 333 665 668 681 796 872 912 2322

RQ 5664 6457 7646 9629

RE 13 209.7 249.6 250.2 250.4 251.5 262.1 270.5 2743 277.4

RE 282.2 283.2 284.7 286.8

CP 44 425 80 3

IDBISHOP DAM

RT 44 40 12 03 3.0

C Zelma

CP 40 450

IDZELMA

RT 40

ED

C e Flood of Nov 9-13 1973

BF 2 32 73110906 3

C e Local Flow at Bishop Dam Site ---------=-=-=---------
IN 44

IN 67 78 159 215 309 473 605 704 960 1022
IN 1133 1378 1696 1787 2405 2616 2150 1974 1796 1660
IN 1396 1167 918 861 704 548 384 235 199 157

IN 226 197
SR Local Flow at Zelma
IN 40

IN 52 62 78 197 231 289 473 460 509 608
IN 756 934 1036 882 715 529 374 326 217 106
IN 97 80 77 75 73 70 67 65 63 61

IN 59 57

ZW A=EXAMPLE 1 F=BASIC FLOOD REGULATION

Channel Capacity. The maximum channel capacity at the reservoir is used to

control releases during flood operations. The channel capacity at Reservoir 44 is

425 ni/s and is specified in the second field of @ Record. Additionally,

because Reservoir 44 operates for Control Point 40, the channel capacity of 450

m3/s (CP Record, field 2 at Control Point 40) will also be considered when
determining the reservoir releases.

Channel Routing. Seven channel routing methods are available in HEC-5. The

routing sequence and the routing information are given oRThRecord. In this

example, CP 44 routes water to CP 40 using one sub-reach with the Muskingum

method (field 3). The Muskingum X is 0.3 and the travel time (K) for the sub-
reach is 3 hourRT Record, fields 4 and 5).
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Streamflow. Inflows into the reservoir and incremental local flows into CP 40
are defined ofN Records. Each flow represents the average inflow for a three
hour time interval BF Record, field 7). The alternative to reading in flow values
onIN Records would be to define a HEC-DSS file and us@@®&ecord to
equate théN Records to pathnames in the HEC-DSS file. Example 2 will
demonstrate reading flow data from an HEC-DSS file. ZWeRecord, in
conjunction with theJZ Record, is used for writing HEC-5 results to HEC-DSS.

The HEC-5 input for Example 1 is shown in Table C.2. For a detailed
description of the input format and data requirements, see Appendix G, Input
Description.

C.1.2 HEC-5 Results for Example 1

Example 1 is a single reservoir model where the reservoir operates to reduce
flooding at a downstream location. A contingency factor of 20% (applied to local
flows) and a 24-hour foresight (used in conjunction with the routing coefficients)
are used in determining releases from the reservoir that would not contribute to
flooding. Excerpts from the output file (EXAMPLE1.ANS) are shown in various
tables and are discussed in detail using numbered references.

The routing coefficients resulting from using the Muskingum routing method in
Example 1 (for the reach from Reservoir 44 to Control Point 40) are shown in
Table C.3. For discussion purposes, let’'s assume that the reservoir release is
being determined for the first period ( 9 Nov 73, 6:00-9:00 a.m.). Whatever
release is made from reservoir 44 for period 1 ("current” period), then:

®  16.7% of period 1's release will reach CP 40 in period 1;
@ 69.5% of period 1's release will reach CP 40 in period 2;
@ 11.6% of period 1's release will reach CP 40 in period 3;
@ 1.9% of period 1's release will reach CP 40 in period 4;
® 0.3% of period 1's release will reach CP 40 in period 5.

Table C.3 Muskingum Method Routing Coefficients (Example 1)

*Routing/Operation Summary (Coefficients Based on 3 Hours)

ROUTING COEFFICIENTS from Reservoir 44 to Downstream Location(s):
Loc= 40 O. 1668 0. 6949 0. 1158 0. 0193 0. 0032

@ @ ® @ ®

A summary of pertinent input data for Example 1 is shown in Table C.4. For
flood control operation, the primary items of interest are the channel capacities
and the flood control storage at the reservoir.
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Table C.4 Summary of Pertinent Input Data (Example 1)

*Map 2

HEC-5 Example 1, Basic Flood Regulation (EXAMPLEL.DAT)

Channel Flood Conserv. Min Des. Min Req. Divert Map Location
Capacity Storage  Storage Flow Flow to Number Name
44R BISHOP 425, 415768. 15042. 80. 3. 0 44 BISHOP
40 ZELMA 450. 0. 0. 0. 0. 0 40 ZELMA

Table C.5 is a User Designed Output table resulting frord&IRecord input for
Example 1. This table shows four major items of interest at Reservoir 44 and
three items of interest at Control Point 40:

Inflow - Inflow into Reservoir 44;

Outflow - Release from Reservoir 44;

Case - The "reason” for making the reservoir release;
Level - An indication of how full the reservoir is; e.g., in this

example, Level 3 is the Top-of-Conservation Pool;
Flow Reg - The regulated flow at the downstream location, CP 40;
Natural - The unregulated flow at the downstream location, CP 40;
Loc Incr - The Incremental Local Flow between Reservoir 44 and
the downstream location CP 40.

QP GO

Notice that Reservoir 44 begins the simulation (period 1) by operating for its own
desired flow goal of 80 #s (CP Record, field 3). Starting in period 2, the

reservoir begins to cut back its release( to prevent flooding at location 40) but the
Rate-of-change (CASE=0.02) limits the change in its release. This was due to the
input Rate-of-Change (J2 Record, field 3) being set to the default value of .04
times the channel capacity at the reservoir (4¥8)times 3 hours (simulation

time interval) = 51 rifls. Therefore, since the release in period 1 is 46 amd

the maximum change in release is 5Isn(for a 3 hour time interval), then the
release for period 2 is determined to be 2&m

During periods 3 through 17, no reservoir release is made because any routed
release would contribute to the flow at location 40, exceeding its channel capacity
within the foresight of 24 hours (the number of hours of foresight was input on
the J2 Record, field 1 as 24 hours). The CASE values indicate that the "reason”
for the zero release is based on flooding at location 40 during future periods. In
the third period for instance, the CASE is 40.04 which indicates forecast flooding
at location 40 four periods in the future. In periods 18 through 24, the reservoir
determines that there is space downstream for additional water and begins to
evacuate the water stored in the flood pool (reservoir level is above Level 3).
However, once again the release is limited by the Rate-of-Change constraint
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0.02) and the reservoir increases its releases in steps d&4inti it
determines that the forecasted flow at the downstream location will again exceed

(CASE

its channel capacity. At that time (period 25) the reservoir begins cutting back its

release.
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In summary, the following can be concluded about the simulation results in
Example 1:

O] The maximum inflow to Reservoir 44 was 26183{period 16)
and the maximum outflow was 396/s(period 31).

@ The channel capacity of 450°%s at the downstream location
(Location 40) was exceeded due to its uncontrolled local flow (not
due to releases from Reservoir 44).

® Without the operation of Reservoir 44, the maximum flow at
Location 40 would have peaked at 288Usnfduring period 16).
With the operation of Reservoir 44, the peak flow at Location 40
was reduced to 1036%ma (during period 13).

Since it may be useful to see the results of an HEC-5 simulation displayed in
graphical form and/or perform statistical or mathematical operations on the
results, then the option of storing data to HEC-DSS may be used. Table C.6
shows the JZ and ZW Records that were used in Example 1 to specify which
results (JZ Record) and which pathnames (ZW Record) are to be written to HEC-
DSS.

Table C.6 Storing HEC-5 Simulation Results to HEC-DSSExample 1)

JZ-44.10 44.13 44.22 40.04 40.02 40.17 44.09 44.24 40.24

ZW A=EXAMPLE 1 F=BASIC FLOOD REGULATION

----- DSS---ZOPEN: New File Opened, File: EXAMPLE1.DSS
Unit: 72; DSS Version: 6-JE

---DSS---ZWRITE Unit 72; Vers. 1:/EXAMPLE 1/BISHOP DAM/FLOW-RES OUT/01NOV1973/3HOUR/BASIC FLOOD REGULATION/
---DSS---ZWRITE Unit 72; Vers. 1:/EXAMPLE 1/BISHOP DAM/LEVEL-RES/01NOV1973/3HOUR/BASIC FLOOD REGULATION/
---DSS---ZWRITE Unit 72; Vers. 1:/EXAMPLE 1/BISHOP DAM/ELEV/01INOV1973/3HOUR/BASIC FLOOD REGULATION/
---DSS---ZWRITE Unit 72; Vers. 1:/EXAMPLE 1/ZELMA/FLOW-REG/01INOV1973/3HOUR/BASIC FLOOD REGULATION/
---DSS---ZWRITE Unit 72; Vers. 1:/EXAMPLE 1/ZELMA/FLOW-NAT/01NOV1973/3HOUR/BASIC FLOOD REGULATION/
---DSS---ZWRITE Unit 72; Vers. 1:/EXAMPLE 1/ZELMA/FLOW-CHAN CAP/01NOV1973/3HOUR/BASIC FLOOD REGULATION/
---DSS---ZWRITE Unit 72; Vers. 1:/EXAMPLE 1/BISHOP DAM/FLOW-RES IN/0INOV1973/3HOUR/BASIC FLOOD REGULATION/
---DSS---ZWRITE Unit 72; Vers. 1:/EXAMPLE 1/BISHOP DAM/FLOW-LOC INC/01NOV1973/3HOUR/BASIC FLOOD REGULATION/
---DSS---ZWRITE Unit 72; Vers. 1:/EXAMPLE 1/ZELMA/FLOW-LOC INC/01NOV1973/3HOUR/BASIC FLOOD REGULATION/

----- DSS---ZCLOSE Unit: 72, File: EXAMPLE1.DSS
Pointer Utilization: 0.25
Number of Records: 9
File Size: 21.8 Kbytes
Percent Inactive: 0.0

C.1.3 Single Reservoir with Gated Spillway

The capability to simulate the regulation of large floods with "gate regulation
curves" is an important HEC-5 flood regulation option. A typical application for
this feature would be the routing of the spillway design flood or large historic

flood which is larger than the flood storage design flood. The data required to
define the induced storage zone, physical characteristics of the gated spillway and
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operation criteria are input on tR& Record. Example 2 demonstrates the
regulation of a large flood with the gate regulation curve procedure. The input
data for Example 2 (Table C.7) is basically the same as in Example 1, except for
the following four items:

Table C.7 HEC-5 Input for Single Reservoir Gate Regulation(Example 2)

Tl  HEC-5 Example 2, Gated Spillway Simulation (EXAMPLE2.DAT)
T2  Low Flow Release During Flooding, Rate of Change Constraints
T3  Rocky River, Bishop Dam Site to Zelma, 20-28 Dec 1964 Flood
J1 1 1 5 3 4 2

J2 24 1.2 8 0 0

J3 5 -1 1

J844.09 44.10 4436 44.12 44.13 44.22 40.04 40.02 40.24 40.19
JZ-44.10 4436 44.13 44.22 40.04 40.02 40.17

C B|Shop Dam Site =============

RL 44 146480 131438 134000 146480 562248 630063

RO 1 40

RS 13 0 124113 131438 134000 146480 253628 362008 417740 465211
RS546342 562248 589251 630063

RQ 13 0O 333 665 668 681 796 872 912 2322

RQ 5664 6457 7646 9629

RE 13 209.7 249.6 250.2 250.4 251.5 262.1 270.5 2743 277.4
RE 282.2 283.2 284.7 286.8

R2 70 225

RG 284.7 283.2 425 286 648 2705 90 872 3.0 2825
CP 44 425 80 3

IDBISHOP DAM

RT 44 40 12 03 3.0

C Zelma

CP 40 450

IDZELMA

RT 40

ED

C e Flood of Dec 20-28 1964

BF 2 72 0 64122000 0 3 1900

ZR A=EXAMPLE 2 C=FLOW-LOC INC F=MAXIMUM HISTORIC FLOOD
ZR=IN44 B=BISHOP DAM

ZR=IN40 B=ZELMA

ZW A=EXAMPLE 2 F=GATED SPILLWAY SIMULATION

EJ

O] A RG Record has been added to the reservoir data to indicate a
gate regulation operation. Als#8/JZ Records were revised to
contain output code 44.36 which will tabulate gate regulation
discharges.

@ A priority has been input that specifies that low-flow releases will
be made eventhough they may contribute to floodi@dRecord,
field 4 = 8).
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Rising and falling rate-of-change constraints have been specified at
the reservoirR2 Record, fields 1 and 2).

Time Series Data: a historic flood similar to the spillway design
flood event is used; flow values are read from HEC-DSSZRee
Records); and, the Century of 1900 is input onBReRecord,
Field 10.

C.1.4 Gate Regulation Results

The results of Example 2 (using tR& Record to invoke the Gate Regulation
Operation), can best be illustrated by comparing the results with the Example 1
model (without thdRG Record). The Example 1 model is referred to as a

Method A operation, while the model with tR& Record is referred to as a

Gated Spillway operation. Figure C.2 shows the Reservoir releases (at Bishop
Dam) from the two models and Figure C.3 shows the downstream regulated flow
(at Zelma) from the two models. For detailed discussion, excerpts from the HEC-
5 output files are shown in Tables C.8 thru C.11. The following observations can
be made from reviewing these figures and tables:

@

In Figure C.2, the Method A operation (without the RG Record)
indicates that the reservoir delays its release (to reduce downstream
flooding) until the reservoir fills to the top-of-flood pool. At that

time, releases equal to the inflow are made (unless the capacity of the
release facilities is exceeded). The Gated Spillway operation shows
that the reservoir begins releasing the flood flows earlier; the
maximum release is reduced approximately 40 percent (from 1900
m%s to 1160 riis); and, the maximum release occurs later in time.

In Figure C.3, the maximum downstream regulated flow was reduced
approximately 35 percent (from 2430/ato 1560 ris) by using a
Gated Spillway operation.

Table C.8 and Table C.9 show for each type of operation a Summary
of Maximums (at the Bishop Dam reservoir and at the downstream
channel control point location Zelma). Comparison of these tables
shows that during the Gated Spillway operation (Table C.9), the
Bishop Dam reservoir stored water in the surcharge pool (maximum
HEC-5 level = 4.169, where the top-of-flood pool is level 4.0).
However, during the Method A operation (Table C.8), water was not
stored above the top-of-the flood pool (a surcharge pool was not
defined). By storing water above the top-of-flood pool and making
earlier releases, the maximum release was reduced and consequently
the maximum downstream regulated flow was reduced by using the
Gated Spillway operation.
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Table C.10 is a User Designed Output table resulting frod&he
Record for the Method A operation (withdr@ Record). The

pertinent reservoir operation information is shown in the first four
columns: the inflow to Bishop Dam (Inflow); the release from Bishop
Dam (Outflow); the HEC-5 "reason" for the release (Case); and, the
HEC-5 level number (Level). By looking at these columns, it can be
seen that the reservoir starts with a full conservation pool (Level 3)
and releases inflow through time period 9. At that time, it is
determined that the flow at the downstream location, Zelma, will
exceed its channel capacity of 458/s{CP Record, field 2) within

the forecast time of 24 hourd2(Record, field 1). Therefore, HEC-5
determines that the reservoir releases should be cut back. However,
due to the input priorityJ2 Record, field 4), the reservoir releases the
minimum flow of 80 n¥/s (even though flooding is occurring) during
periods 10 through 33. The default Method A operation will cause the
program to store water until flood storage is completely filled. When
flood storage is exhausted, HEC-5 will make emergency releases
(Case = 0.04) up to the capacity of the discharge facilities. In period
34 the reservoir releases 80¥srand for the remainder of the
simulation, the reservoir continues to release inflow and remains at the
top-of-flood pool.

Table C.11 is a User Designed Output table resulting frord&he

Record for the Gated Spillway operation (WRs Record). The

pertinent reservoir operation information is shown as it was Table
C.10 except an additional column has been included to show the
releases determined during the Gate Regulation operation (Q-Gate R).
By comparing these results with the results in Table C.10, it can be
seen that the operations are exactly the same through period 23. At
that time, the Gate Regulation criteria becomes the controlling factor
and the reservoir releases are determined based Btiecord

Input.
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Table C.8 Summary of Maximums (Method A Operation: without RG Record)

Summary of Maximums for RESERVOIRS

HEC-5 Example 2, METHOD A Operation (WITHOUT Gated Spillway)
Low Flow Release During Flooding, Rate of Change Constraints
Rocky River, Bishop Dam Site to Zelma, 20-28 Dec 1964 Flood

Period of Analysis: STARTING : 20DEC64 - 0000 Hrs
ENDING : 28DEC64 - 2400 Hrs
DURATION : 9 Days, 0 Hrs, 0 Min

Time Interval: 3 Hours, 0 Minutes

* Reservoir * Max * Max * Max * Max *

* * Inflow * Outflow * Storage Elev * HEC-5 *
*ID Name * (m3/s) * (m3/s) *(1000m3) (Meters)* Levels *
* * * * * *

* * * * *

*

* 44 BISHOP DAM * 3087 * 1912 * 562248 283.20*  4.000 *

* * 22DEC-2400 * 24DEC-0900 * 24DEC-0600 * 24DEC-0600 *
* * * *

* *

Maximum System Storage Used = 562248. (24DEC-0600)

Summary of Maximums for CHANNEL CONTROL POINT LOCATIONS

HEC-5 Example 2, METHOD A Operation (WITHOUT Gated Spillway)
Low Flow Release During Flooding, Rate of Change Constraints
Rocky River, Bishop Dam Site to Zelma, 20-28 Dec 1964 Flood

Period of Analysis: STARTING : 20DEC64 - 0000 Hrs
ENDING : 28DEC64 - 2400 Hrs
DURATION : 9 Days, 0 Hrs, 0 Min

Time Interval: 3 Hours, 0 Minutes

* Channel Location * Channel Max Q from* Max Cum. * Max *
* Capacity Reg. Flow Res.* Local Q * Natural Q *
* ID Name * (m3/s) (m3/s) (M3/s)* (m3/s) * (M3/s) *

* * * * *

* 44BISHOPDAM * 425 1912 0* 3087 * 3087 *
* *  24DEC-0900  *22DEC-2400 * 22DEC-2400 *
* * * * *

* 40ZELMA  * 450 2430 1394* 1036 * 3852 *

* *  24DEC-1500  *22DEC-2100 * 23DEC-0300 *
* * * * *
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Table C.9 Summary of Maximums (Gated Spillway Operation with RG Record)

Summary of Maximums for RESERVOIRS

HEC-5 Example 2, Gated Spillway Simulation (EXAMPLE2.DAT)
Low Flow Release During Flooding, Rate of Change Constraints
Rocky River, Bishop Dam Site to Zelma, 20-28 Dec 1964 Flood

Period of Analysis: STARTING : 20DEC64 - 0000 Hrs
ENDING : 28DEC64 - 2400 Hrs
DURATION : 9 Days, 0 Hrs, 0 Min

Time Interval: 3 Hours, 0 Minutes

* Reservoir * Max * Max * Max * Max *

* * Inflow * Outflow * Storage Elev * HEC-5 *
*ID Name * (m3/s) * (m3/s) *(1000m3) (Meters)* Levels *
* * * * * *

* * * * *

*

* 44 BISHOP DAM * 3087 * 1164 * 573676 283.83* 4.169*

* * 22DEC-2400 * 25DEC-0900 * 25DEC-0900 * 25DEC-0900 *
* * * *

* *

Maximum System Storage Used = 573676. (25DEC-0900)

Summary of Maximums for CHANNEL CONTROL POINT LOCATIONS

HEC-5 Example 2, Gated Spillway Simulation (EXAMPLE2.DAT)
Low Flow Release During Flooding, Rate of Change Constraints
Rocky River, Bishop Dam Site to Zelma, 20-28 Dec 1964 Flood

Period of Analysis: STARTING : 20DEC64 - 0000 Hrs
ENDING : 28DEC64 - 2400 Hrs
DURATION : 9 Days, 0 Hrs, 0 Min

Time Interval: 3 Hours, 0 Minutes

* Channel Location * Channel Max Q from* Max Cum. * Max *
* Capacity Reg. Flow Res.* Local Q * Natural Q *
ID Name * (m3/s) (m3/s) (M3/s)* (m3/s) * (Mm3/s) *

* X

* * * * *

* 44 BISHOPDAM * 425 1164 0* 3087 * 3087 *
* *  25DEC-0900  *22DEC-2400 * 22DEC-2400 *
* * * * *

* 40ZELMA  * 450 1563 526* 1036 * 3852 *

* *  25DEC-1500  *22DEC-2100 * 23DEC-0300 *
* * * * *
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Appendix C - Reservoir Flood Operation
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Appendix C - Reservoir Flood Operation

C.2 Multiple Reservoir System Simulation

A four-reservoir system is used to demonstrate flood control system operation in
HEC-5. Flood control simulations are accomplished by balancing the reservoir
levels above a common downstream control point according to the user specified
target levels on thBL Records. The four-reservoir system is also used to

illustrate reservoir guide curve options, varying channel capacity options and the
various channel routing techniques available. These options may also be used for
single reservoirs.

C.2.1 Four-Reservoir System Model (Example 3)

Figure C.4 is a schematic of four reservoirs operating as a system to reduce
flooding at three common downstream locations.

AVON DAM
22\ CARY DAM
BISHOP DAM

ZELMA

20 ) CENTREVILLE

Q UNIONVILLE

DRY TOWN

Figure C.4 Four-Reservoir System (Example 3)
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Reservoir storage allocations, storage-outflow-elevation relationships, operational
criteria and routing criterieRL-RT Records) are given for each of the four
reservoirs. The general rule for ordering the input data is simply described as
adding reservoirs and control points to the data in a "top-to- bottom" sequence.
However, when developing an input model such as Example 3, with both tandem
and parallel reservoirs, a more thoughtful approach is beneficial. In this
example, the order of input was guided by two additional rules: the outer tandem
reservoirs should be added first (reservoir 33); and, the most complex (e.g.,
operationally constrained) branches (44 and 40) should have a high priority for
addition. The input sequence for Example 3 is: 33, 44, 40, 22, 20, 11, 10, and 5.
The RO Records, which define the locations reservoirs consider, are especially
important in multi-reservoir operation. Rules for use ofRkaeRecord are

described in Appendix G, Input Description. In this example, reservoir 33
operates for reservoir 22 (tandem operation). Reservoirs 22, 44 and 11 each
operate for all of their downstream control points. By default, each reservoir
operates for itself and need not be specified oftbeRecord.

Daily incremental local flowsJ3 Record, field 6 = 1) are being read from HEC-
DSS ¢R Record) at all locations. Natural flows are being calculated for
comparison purposedZ Record, field 4 = -1).

Table C.12 lists the HEC-5 input file (EXAMPLE3.DAT) of the four-reservoir
system and Table C.13 shows two schematic maps that are produced in the output
file. *Map 1 summarizes the locations being operated for by upstream reservoirs.
*Map 2 is a summary of pertinent input data including channel capacities and

flood storage allocations.

In Example 3, all levels remain the same during the year except for the top-of-
conservation pool (level 3) which varies as follows:

Reservoir 33 varies seasonally (9 seasons)
Reservoir 22 varies seasonally (6 seasons)
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Table C.12 HEC-5 Input for a Basic Four-Reservoir SystenfExample 3)

Tl  HEC-5 Example 3, Four Reservoir System  (EXAMPLE3.DAT)

T2  Tandem and Parallel Reservoir System with Variable Channel Capacities
T3  Rocky River Basin, Avon Dam to Dry Town

J1 1 1 5 3 4 2

J2 24 1.2 8 0 10

J3 5 -1 -1

J844.10 44.12 44.13 2213 22.12 22.10 20.18 40.18 10.18 5.18
J833.10 33.12 33.13 22.13 22.12 22.10 22.17 22.22 20.04 10.04
J844.10 22.10 11.10 44.13 22.13 11.13 44.12 22.12 11.12 5.04
JZ-44.13 33.13 22.13 11.13 44.10 33.10 22.10 11.10 40.17 20.17
JZ 40.04 20.04 10.04 5.04 40.02 20.02 10.02 5.02 10.17 5.17
JR 0 1.7 600 1200 1800

JR 33 1.7 600 1800

C Avon Dam =============
RL 33 151400 31100 34050 151400 350550 375000

RL 1 33 -1 0 31100

RL 2 33 -1 0 34050

RL 3 33 9 0 151400 151400 197000 310330 310330 254050
RL 210500 151400 151400

RL 4 33 -1 0 350550

RL 5 33 -1 0 375000

RO 1 22

RS 11 0 31100 34050 53000 100240 151400 201100 256350 297100
RS350550 375000

RQ 11 0 11 145 178 212 240 452 664 1457

RQ 1646 1829

RE 11 309 349.6 351 362.1 370 374.3 377.4 382 383

RE 384.7 386.8

R2 20 60
CP 33 150 3 15
IDAVON DAM

RT 33 22 22 025 3.2
CS 9 1 105 135 151 250 274 305 331 365

C BIShOp Dam Site =============

RL 44 146480 131438 134000 146480 562248 630063

RO 4 40 20 10 5

RS 13 0 124113 131438 134000 146480 253628 362008 417740 465211
RS546342 562248 589251 630063

RQ 13 0 333 665 668 681 796 872 912 2322

RQ 5664 6457 7646 9629

RE 13 209.7 249.6 250.2 250.4 2515 262.1 270.5 274.3 277.4

RE 282.2 283.2 284.7 286.8

R2 10 60

CP 44 425 20 2
IDBISHOP DAM

RT 44 40 12 03 3.0
C Zelma
CP 40 450

IDZELMA

RT 40 20 1.9
CR 3 .10 .65 .25

... Continued ...
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Table C.12 HEC-5 Input for Four Reservoir System(Example 3, Continued)

... Continuation of Example 3 ...

C Cary Dam =============

RL 22 255480 21438 134000 255480 389190 435563

RL 1 22 -1 0 21438

RL 22 -1 0 134000

RL 22 6 0 255480 255480 362008 362008 255480 255480
RL 22 -1 0 389248

20 10 5

2
3
4
RL 5 22 -1 0 435563
3
9 0 21438 134000 255480 362008 375600 378300 389190 435563
9

RQ 0 657 681 796 872 892 896 912 2322

RE 9 259 309.6 302.5 312.1 320.5 322.4 322.8 324.3 327.4
R2 15 30

CP 22 100 22 1

IDCARY DAM

RT 22 20 22 045 31

CC 225 100 100 150 150

CS 6 1 105 151 250 305 365
CG-410 309 309 309 309 309 309
CG-4.11 312.1 312.1 320.5 320.5 312.1 312.1
CG-2.25 317.1 317.1 3255 3255 317.1 317.1
CG-4.35 3274 3274 3274 327.4 327.4 327.4

C Centerville
CP 20 550
IDCENTERVILLE

RT 20 10 12 035 3.0

C Donner Reservoir =============

RL 11 56480 1638 4000 56480 150200 215000

RO 2 10 5

RS 8 0 1638 4000 56480 93008 112740 150200 215000
RQ 8 0 657 681 796 872 912 2322 5664

RE 8 59.7 99.6 1015 112.1 120.5 124.3 127.4 132.2
R2 100 100

CP 11 100 11 5

IDDONNER DAM

RT 11 10 32 0.2 30

CL 6 10 30 31 359 38 50
CC 114 25 25 100 100 150 150
C Unionville ==========
CP 10 870

IDUNIONVILLE

RT 10 5 14 0.2 0
QS 9 0 200 300 540 740 920 1150 1480 3000
SQ 9 0 400 640 1050 1550 1850 3250 4500 6200

C Dry Town ============
CP 5 950

IDDRY TOWN

RT 5

ED

C - Flood of Jan 21-29 1955

BF 2 72 0 55012100 0 3

ZR=IN A=EXAMPLE 3 C=FLOW-LOC INC F=COMPUTED FLOWS
ZW  A=EXAMPLE 3 F=SYSTEM OPERATION

EJ

ER
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Appendix C - Reservoir Flood Operation

Additional RL Records are required for Reservoir 33 and Reservoir 22, for each
level. However, for those levels that remain constant throughout the year (levels
1, 2, 4 and 5), a value of -1 is specified in field 3 ofRheRecord and the

storage value for that level is input in field 5. For the level that varies by season
(level 3 in this example), @S Record is required to define the seasons that
correspond to the input storage values orRheRecord for level 3. HEC-5 uses
linear interpolation between storage values. Table C.14 contains the "*Rule
Curve Summary" produced in the Example 3 output file. It shows the season
dates and the corresponding storage values for the five reservoir levels at all of
the reservoirs. Figure C.5 shows an HEC-DSS plot of the reservoir guide curves
at the two reservoirs where the top-of-conservation varies seasonally.

Channel Capacity Options The channel capacity at any location can be
constant or vary as shown in Table C.15. In Example 3, Reservoir 11 illustrates
channel capacity at the reservoir based on reservoir level alone (option 4). The
reservoir level can be at any specified reservoir; however, in this example it is
the same reservoir. Table C.16 shows the input records for specifying the
channel capacity for Reservoir 11 based on its Level. The program uses linear
interpolation between the six points defining the reservoir level€(oRecord)

and the channel capacities (G€ Record).

Channel capacity varying seasonally with reservoir level or elevation (option 5) is
used for Reservoir 22. A discussion of the channel capacity rule curve operation
and its variations is given in Appendix G, Input Description forGeRecord.

Table C.17 shows the input records for Reservoir 22. Six seasons are input on the
CS Record, four channel capacities are entered o@@&ecord, and on€G

Record is given for each of the four values specified o&€@&ecord. Th&€G
Records are input in the same order as the values @QtRecord. The code

(to the left of the decimal point) in the first field of t6€ Record determines the
method by which the channel capacity is to be interpolated within reservoir zones.
A negative value indicates reservoir elevations (instead of reservoir levels) are
being specified in the remaining fields of B& Record. The value of -4.10 for

the firstCG Record signifies that the top-of-the zone is used to define the channel
capacity for the reservoir elevations given on the remainder &@Record.
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Table C.14 Summary of Input Reservoir Storage Values for Five LeveldExample 3)

*Rule Curve Summary

Initial Cum  Start Storage for Level:
Storage Days Date 1 2 3 4 5

Reservoir Number= 33 AVON DAM

151400. 1 01 JAN 31100. 34050. 151400. 350550. 375000.

Season=2 105 15APR 31100. 34050. 151400. 350550. 375000.
3 135 15MAY 31100. 34050. 197000. 350550. 375000.

151 31 MAY 31100. 34050. 310330. 350550. 375000.

250 07 SEP 31100. 34050. 310330. 350550. 375000.

274 01 0OCT 31100. 34050. 254050. 350550. 375000.

305 01 NOV 31100. 34050. 210500. 350550. 375000.

331 27NOV 31100. 34050. 151400. 350550. 375000.

© 00 N o 0 b

365 31DEC 31100. 34050. 151400. 350550. 375000.

Reservoir Number = 44 BISHOP DAM

146480. 1 0l1Jan 131438. 134000. 146480. 562248. 630063.

Reservoir Number= 22 CARY DAM

255480. 1 O01JAN 21438. 134000. 255480. 389248. 435563.
Season=2 105 15APR 21438. 134000. 255480. 389248. 435563.
3 151 31 MAY 21438. 134000. 362008. 389248. 435563.

4 250 07 SEP 21438. 134000. 362008. 389248. 435563.

5 305 O01NOV 21438. 134000. 255480. 389248. 435563.

6 365 31DEC 21438. 134000. 255480. 389248. 435563.

Reservoir Number= 11 DONNER DAM

56480. 1 0OlJan 1638. 4000. 56480. 150200. 215000.
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EXAMPLE 3 - Seasonal Guide Curves
400000

Z00O wWOAH

®ooo=2 z— mME>»ATOH®

@3

I I I \ \ | | [ \ \ | |
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC JAN
! 1955 I I

s AVON DAM (Res 33) - Top of Conservation Pool (Level 3)
CARY DAM (Res 22) - Top of Conservation Pool (Level 3)

Figure C.5 Seasonal Guide Curves for Reservoirs 33 and ZExample 3)

Table C.15 Options for Varying Channel Capacities

Option | Description Records
1 Monthly CcC
2 Seasonally CC,CS
3 Function of flow at another location CC, Qs
4 Function of reservoir level CC,CL
5 Function of season and level CC, CS, CG
6 Function of season and percent system flood CC, CS, CG, GC
control storage
7 Varies with rising or falling inflow CcC
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Table C.16 Channel Capacity Based on Reservoir Leve{Reservoir 11)
CL 6 10 30 31 359 38 50

CC 114 25 25 100 100 150 150

Table C.17 Channel Capacity Based on Seasons and Reservoir Elevati@Reservoir 22)

The following are input records for Specifying Channel Capacity for Reservoir 22:

CC 225 100 100 150 150

CS 6 1 105 151 250 305 365
CG-410 309 309 309 309 309 309
CG-4.11 31211 3121 3205 3205 312.1 3121
CG-2.25 317.1 317.1 3255 3255 317.1 3171
CG-435 3274 3274 3274 3274 3274 3274

The following summary is produced in the Output file:

Seasons (in Days Since 31 Dec): 1. 105. 151. 250. 305. 365.

Starting Date: 01 JAN 15 APR 31 MAY 07 SEP 01 NOV 31 DEC

Zonénlggir?gE F“ail-ling Chan Cap Reservoir ELEVATION Data for Zones
14 4

------------------- 100. 309.00 309.00 309.00 309.00 309.00 309.00
? ----- A-l ------- 4 - 100. 312.10 312.10 320.50 320.50 312.10 312.10
z ----- 42-1 ------- i - 150. 317.10 317.10 325.50 325.50 317.10 317.10

------------------- 150. 327.40 327.40 327.40 327.40 327.40 327.40

C.2.2 HEC-5 Results for Example 3

Example 3 is a four-reservoir system model which illustrates the operation of
reservoirs to reduce flooding at downstream locations while maintaining specified
low-flow requirements. To analyze HEC-5 flood system simulation results, the
HEC-5 output features which are the most useful are: (1) the "Summary of
Maximums" tables; (2) th@&3/JZ User Designed Output tables; and (3) graphical
plots generated using the HEC-DSS program DSPLAY.

The "Summary of Maximums" tables (requested®yRecord, field 1) are shown
in Table C.18 and Table C.19.
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Table C.18 Summary of Maximum Values for Reservoirs (Example 3)

Summary of Maximums for RESERVOIRS

HEC-5 Example 3, Four Reservoir System  (EXAMPLE3.DAT)
Tandem and Parallel Reservoir System with Variable Channel Capacities
Rocky River Basin, Avon Dam to Dry Town

Period of Analysis: STARTING : 21JAN55 - 0000 Hrs
ENDING : 29JAN55 - 2400 Hrs
DURATION : 9 Days, 0 Hrs, 0 Min

Time Interval: 3 Hours, 0 Minutes

* Reservoir * Max * Max * Max *  Max *

* * Inflow * Outflow * Storage Elev * HEC-5 *

*ID Name * (m3/s) * (m3/s) *(1000m3) (Meters)* Levels *
* * * * * *

; * * * o * * ’

* 33 AVONDAM * 741 * 150 * 315714 383.59 * 3.825 *
* * 22JAN-2100 * 22JAN-0600 * 29JAN-1500 * 29JAN-1500 *

* * * * * *

* 44 BISHOPDAM * 1544 * 333 * 493315 279.06 * 3.834 *
* * 22JAN-2100 * 29JAN-1800 * 28JAN-0600 * 28JAN-0600 *

* * * * * *

* 22 CARYDAM * 623 * 150* 366517 321.13* 3.830 *
* * 23JAN-0600 * 26JAN-1800 * 29JAN-0300 * 29JAN-0300 *

* * * * * *

* 11 DONNERAM * 355 * 113* 117025 124.65* 3.646 *
* * 23JAN-1800 * 26JAN-1200 * 26JAN-1200 * 26JAN-1200 *

* * * * * *

Maximum System Storage Used = 1281593. (28JAN-0300)
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Table C.19 Summary of Maximum Values for Control Point Locations (Example 3)

Summary of Maximums for CHANNEL CONTROL POINT LOCATIONS

HEC-5 Example 3, Four Reservoir System  (EXAMPLE3.DAT)
Tandem and Parallel Reservoir System with Variable Channel Capacities
Rocky River Basin, Avon Dam to Dry Town

Period of Analysis: STARTING : 21JAN55 - 0000 Hrs
ENDING : 29JANS55 - 2400 Hrs
DURATION : 9 Days, 0 Hrs, 0 Min

Time Interval: 3 Hours, 0 Minutes

*

EoBE T S . B S N N N N . N N B . A

Channel Location * Channel Max Q from* Max Cum. * Max *
* Capacity Reg. Flow Res. * Local Q * Natural Q *
ID Name * (m3/s) (m3/s) (M3/s)* (m3/s) * (M3/s) *
* * * *
33AVONDAM  * 150 150  0* 741 * 741 *
* 22JAN-0600 * 22JAN-2100 * 22JAN-2100 *
* * * *
44BISHOPDAM * 425 333  0* 1544 * 1544 *
* 29JAN-1800 * 22JAN-2100 * 22JAN-2100 *
* * * *
22CARYDAM  * 150 150 O* 494 * 1193 *
* 26JAN-1800 * 23JAN-0600 * 23JAN-0600 *
* * * *
11DONNERDAM * 113 113  0* 355 * 355 *
* 26JAN-1200 * 23JAN-1800 * 23JAN-1800 *
* * * *
40 ZELMA * 450 538 20* 518 * 1788 *
* 23JAN-1200 * 23JAN-1200 * 23JAN-0300 *
* * * *
20 CENTERVILLE * 550 771 22* 748 * 3055 *
* 23JAN-1800 * 23JAN-1800 * 23JAN-1200 *
* * * *

10 UNIONVILLE * 870 909 23* 886 * 3340 *
* 23JAN-2100 * 23JAN-2100 * 23JAN-1500 *
* * *

*

5 DRY TOWN * 950 1036 23* 1013 * 3447 *
* 23JAN-2100 * 23JAN-2100 * 23JAN-1800 *
* * *

*

Table C.18 shows Reservoir maximum values of storages, elevations, and levels,
as well as maximum inflow and outflow values. In Example 3, the flood control
storage zone is defined as being between level 3 and level dl(BReeord, fields

4 and 5). A review of Table C.18 indicates that the maximum flood control
storage level in each of the three upper reservoirs (Avon, Bishop, and Cary) was
3.83 (flood storage 83% full). The fact that each of the three upper reservoirs
achieved the same utilization of their flood storage is indicative of a strong
integrated system operation. The lowest reservoir in the system (Donner),
however, utilized only 65% (level 3.65) of its flood control storage.
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To answer why Donner utilized significantly less flood storage and reached its
maximum level several days earlier, additional output must be reviewed. The
output listed in Table C.19 suggests that flooding in the system was the most
severe at Centerville, which had a maximum regulated flow of 7/&lamd a

channel capacity of 550%s. We can surmise that since Donner is in the lower
portion of the basin and it does not operate for Centerville, it was able to make
releases to evacuate its flood storage pool more frequently; or, perhaps runoff in
the lower basin was significantly less than in the upper basin. The "Summary of
Maximums" tables do not provide definitive answers to these operation questions.

The most informative output are the "User Designed” output tables which show
selected program results for each time period of the simulation. Program users
may create these tables by choosing from 41 output variable codes. These tables
are created using tli8 and/orJZ Records where location numbers and codes are
specified (e.g., 44.10 requests reservoir 44's outflow). Table C.20 is an example
of a thoughtfully developed user designed table. The three most essential
reservoir output items (Outflow, Case and Level), which explain reservoir release
decisions, are shown for the tywarallel reservoirs (Bishop and Cary) in the

upper basin. Also shown are the available flood space (Q Space) at the four
downstream locations for which the reservoirs operate.

The second user designed table (Table C.21) shows similar information for the
two tandemreservoirs (Avon and Cary). Because the channel capacity at Cary
Dam varies with elevation, this table also shows its elevation and channel
capacity along with the regulated flows at Centerville and Unionville. Table C.22
shows Outflow, Level and Case for all three of pleallel reservoirs (Bishop,

Cary and Donner) as well as the regulated flow at Dry Town, their common
operation point.

Because Bishop and Cary Dams operate for a common downstream location
(Centerville), an analysis of their operation can be made by reviewing Table

C.20. Notice that in Period 12 the Cary Dam Outflow was reduced from 103.2
m¥s to 69.19 rfis. The Cary Dam Case shown for this period is 20.03 which
indicates the decision was based on a forecast of flooding at location 20
(Centerville) three periods in the future. Release from Bishop Dam was increased
during period 12 from 28.5 s to 58.5 mfs. The Bishop Dam Case for this

period is 0.02 which indicates it was based on the rate-of-change for increasing
releases (seR2 Record, field 1).
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Appendix C - Reservoir Flood Operation

To understand why one of the two parallel reservoirs (Cary) was reducing its
outflow while the other (Bishop) was increasing its outflow, it is necessary to
compare the Levels for both reservoirs. The Levels for Bishop and Cary have
been tabulated next to each other to facilitate an easy comparison. The decision
for Bishop to increase outflow was based on the fact that its flood pool was fuller
at the beginning of period 12 (level 3.07 for period 11 compared to Cary’s level
of 3.05) . Therefore, Bishop had the priority to make use of the available space at
Centerville. In period 14 both reservoirs reduced their releases to their respective
minimum flows, which they maintained until period 34. The default operation
would be to not release flow that would contribute to flooding downstream.
However, recall that in this example, a priority was given to release minimum
flows even though the releases might contribute to floodiadrecord, field 4).

In the last four columns, the space available for upstream reservoirs to fill with
releases (Q Space) for Centerville, Zelma, Unionville, and Dry Town is shown.
The negative values shown in these columns indicate both the timing and
magnitude of flooding.

A detailed review of Table C.21 explains the operation of the Avon and Cary
tandemreservoir sub-system. Of interest in this table is the operation of Avon in
period 18, during which the outflow from Avon is reduced from 15G/8 to

58.62 ni/s. Avon’s Case for period 18 is 0.05, which indicateandemreservoir
operation. In this example, Avon does not operate for a limiting channel capacity
at a downstream control point; rather, it operates to balance levels with a
downstream reservoir (Cary). Atthe end of period 17, Cary’s level was 3.25 and
Avon’s level was 3.23. Therefore, Avon reduces its outflow in period 18 in order
to match Cary’s level in the previous period. Since Cary’s level continued to rise,
Avon reduced outflow to its minimum value at the next decision time (period 22).

The operation of the thrgmrallel reservoirs (Bishop, Cary, and Donner) is

shown in Table C.22. The operation of Donner shows that its release was

reduced from 30.44 s to 3.35 s to decrease flooding at Dry Town (location

5) eight periods in the future (period 12 Case for Donner = 5.08). The flood
reduction operation of Bishop and Cary was previously reviewed in Table C.20.
However, they are presented in Table C.22 to illustrate that all three of these
parallel reservoirs cut back their outflows to minimum flows by period 14 in

order to reduce downstream flooding. By period 34, the downstream flows had
receded and larger releases from the reservoirs were resumed in order to evacuate
their flood control storage.

In summary, it may be said that the operation of the upper three reservoirs of the
system (Avon, Bishop, and Cary) was based on reducing flows at Centerville
(even though Avon did not directly operate for Centerville, its operation was
impacted by Cary’s operation for Centerville). The operation of the lowest
reservoir in the system (Donner) was based on reducing flows at Dry Town.
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Tabular output can be very useful in a detailed analysis of a simulation.
However, for a complex reservoir system, a graphical review is also helpful.
Therefore, use of the HEC-DSS graphics program DSPLAY can be most useful.
Computed results can be written to an HEC-DSS file by usingatadzwW
Records. HEC-5 simulation was complete. These graphical presentations are
extremely helpful in illustrating the flood situation at Centerville. In Figure C.6
Centerville’s channel capacity, regulated flow and the flow from upstream
reservoirs are shown. From this plot it may be concluded that the reservoirs
contributed only a minor portion of flow during the period of flooding at
Centerville. From earlier review of Table C.20, we know that both reservoirs
(Bishop and Gary) operating for Centerville only released their minimum flows
during the time of flooding. In Figure C.7, Centerville’'s channel capacity,
regulated flow and uncontrolled local flows are shown. This plot also leads to the
conclusion that the uncontrolled runoff below Bishop and Cary is responsible for
the excess flow at Centerville.

a0 Bampke3-SysemOpeaaioniorCenenvie

(m3/sec)

FLOW

Figure C.6  Effect of Reservoir Releases on Centerville
Regulated Flow(Example 3)
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800 Exarple 3 — Systam Qperation for Canterville

TN

FLOW (m3/sec)

Figure C.7  Effect of Uncontrolled Local Flows on
Centerville Regulated Flow(Example 3)
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Appendix D
Water Supply Simulation

The principal components of a surface-water reservoir operation are common
regardless of purpose. What differs with each purpose is the nature of the stream
flow, operational criteria, and demand. For water supply, low-flow periods are of
special concern because it is during these periods that the possibility of not
meeting water supply needs is greatest.

Low flows normally have the characteristic that they are relatively constant over a
week or month period. Therefore, monthly stream flows are commonly used in
water supply simulations. Also, low flows are commonly within channel.
Consequently, routing criteria and water surface elevations, which are significant
in flood control simulation, are less important in water supply. Low flows can be
significantly affected by local inflow, effluent discharge from waste-water
treatment plants, seepage to or from a river, evaporation and other phenomena.

Operating criteria for water supply is principally concerned with meeting
demands over prolonged low-flow periods (droughts). In HEC-5, water supply
demands are primarily simulated with low-flow targets and diversion schedules
defined at model control points. System simulations illustrate the ability of the
reservoirs to meet target demands with available storage allocation and specified
flows. Additionally, HEC-5 can perform sequential analysis to determine the
storage required to meet a specified demand or the scale of demand (yield) that
can be met with a specified storage.

This appendix illustrates HEC-5 program features that apply to water supply
simulation. Many options exist; however, the examples used should be sufficient
to illustrate the input and expected output. Three example models are presented:
Example 4 is a single reservoir model demonstrating seasonally varying storage,
reservoir diversions and evaporation, and operation for downstream locations that
contain diversions and minimum flow requirements; Example 5 is a three-
reservoir system with seasonal-pool level goals and parallel operation for a
downstream location; and Example 6 demonstrates the application of a firm-yield
determination.

D.1 Single Reservoir Model

The single reservoir model (Example 4) illustrates reservoir data usually
associated with low-flow studies. The reservoir has seasonally varying storage,
evaporation, and operates for downstream diversions and low-flow targets.
Several options for specifying demands are demonstrated.
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D.1.1 Reservoir Model Data

The reservoir model has five levels, with top of Buffer at level 2, top of
Conservation at level 3, and top of Flood Control at level 4. All monthly data
start with January. Figure D.1 shows a schematic diagram of a single reservoir
system. The reservoir data are shown in Table D.1.

The reservoir storage for
Level 2 and Level 3 is
seasonally varying. To
do this, there is RL
Record for each
reservoir level. To
indicate a constant level,
-1 is entered in the third
field. To indicate the
nine seasons, a 9 is
entered in the third field.
The nine seasons are
defined in days on the
CS Record, with 1 equal N) Willeyburg
to January 1. The

seasons must be defined
to the end of the year,
with 365 equal to
December 31.

55 Adam Reservoir

40 Bakerville

39 Return

30 Conway Ranch

20 Davisville

Figure D.1 Example 4 System Diagram

The reservoir operates for four downstream locations, as shown B®the
Record. Diversions and minimum flow requirements will be considered at those
locations when making reservoir release determinations.

The storage in the reservoir is defined with 39 values from 0 to 3,070,000. The
negative value (-39) in field 1 indicates that storage values are entered in 1000
acre-feet. Following the storage values are associated reservoir outflow capacity
(RQ), reservoir areaRA), reservoir elevationrRE), and reservoir diversion

(RD). TheDR Record indicates the diversions from the reservoir leave the
system (no divert to location). The diversion option (-2) indicates the diversion is
a function of reservoir storage.

Reservoir net-evaporation is defined for the 12 montiRRecords. The first
month for all monthly data is January. Minus evaporation values indicate a net
gain for those months when precipitation is greater than evaporation.
Evaporation data requires reservoir area data to compute the volume gained or
loss during each simulation interval.

Control point data@P Record), at the reservoir, indicates the minimum Desired
flow is 450 and the Required flow is 230. The minimum reservoir release should
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be the Desired flow when the reservoir is above top-of-buffer level, and the
Required flow when below top-of-buffer pool level. At level 1, inactive storage
level, no releases are made and evaporation is the only loss from storage.

Table D.1 Example 4 Reservoir Data

RL 551957000

RL 1 55 -1 867600

RL 2 55 9 1369772 1400771 1400771 1400771 1400771 1400771
RL 1400771 1400771 1369772

RL 55 9 1957000 1957000 1957000 1957000 1995200 1995200

3
1995200 1957000 1957000

RL 4 55 -1 2554000

5 55 -1 3070000
RO 4 40 30 20 10
RS -39 0 760 867 913 960 1009 1059 1085 1112
RS 1139 1166 1194 1222 1251 1280 1309 1339 1370 1401
RS 1432 1464 1496 1529 1561 1595 1629 1663 1698 1733
RS 1769 1805 1842 1879 1917 1957 1994 2034 2554 3070
RQ 39 0 1000 9750 9820 9870 9920 9970 10010 10050
RQ 9000 9000 10190 10230 10270 10300 10330 10370 10410 10450
RQ 10490 10530 10570 10610 10650 10690 10730 10770 10800 10830
RQ 10870 10910 10940 10980 11020 11060 9500 9500 11580 21850
RA 39 0 20508 22442 23217 24008 24833 25701 26159 26619
RA 27079 27535 27983 28432 28861 29291 29721 30153 30587 31023
RA 31461 31901 32343 32789 33238 33690 34147 34610 35079 35555
RA 36036 36522 37015 37515 38024 38542 39078 39638 47182 53300
RE 39 1420 1530 1535 1537 1539 1541 1543 1544 1545
RE 1546 1547 1548 1549 1550 1551 1552 1553 1554 1555
RE 1556 1557 1558 1559 1560 1561 1562 1563 1564 1565
RE 1566 1567 1568 1569 1570 1571 1572 1573 1585 1595
RD O 0 0 0 10 10 10 10 10 10
RD 10 10 10 10 10 10 10 10 10 45
RD 45 45 45 45 67 67 67 67 67 67
RD 67 67 67 67 80 80 80 80 80 80
R3 -27 -20 -16 03 34 25 20 09 19 16
R3 -0.8 -1.6
CP 55 10000 450 230
IDADAM RESERVOIR
RT 55 40
DR 55 -2
CS 9 1 32 60 90 121 181 273 335 365

D.1.2 Control Point Data

There are five downstream control points and Table D.2 shows a listing of their
data. The reservoir operatéJ Record) for all locations except for control

point 39 (Return). Looking at the data for control points, shown in Table D-2,
the first location is CP 40, Bakerville. TR# Record shows no minimum flow
requirements. ThBT Record shows the flow transfers to location 39 without
routing. The diversiongR Record) indicates a diversions from location 40 to
location 39. Field 6 (0.70) shows 70% of the diversion returns to location 39,
field 7 (0) indicates that the diversion will be constant, and field 8 (75) is the
constant diversion rate.
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Location 39 (Return) shows no minimum requirements or diversions. Seventy
percent of the flow diverted from 40 will return here and be added to the local
flow and routed upstream flow. Again, the reservoir does not operate for this
location because there are no requirements because there are no requirements.

Table D.2 Example 4 Downstream Control Point Data

C #xrrekikirkikir Green River at Bakerville
CP 40 11000

IDBAKERVILLE

RT 40 39

DR 40 39 0.70 0 75

C wrwwmmasass Bakerville Return Flows
CP 39 11000

IDRETURN

RT 39 30

C *kkkkkkkkkkkkkkk Conway Ranch
CP 30 100000

IDCONWAY RANCH

RT 30 20

DR 30 20 0.40 1
Qb 12 53 51 58 7.3 403 895 122.0 1352 118.0
QD 221 7.7 4.9

C Fxkrrkkkkrkkikx Green River at Davisville
CP 20 17000 750 750

IDDAVISVILLE
Cl1 30 0.67
RT 20 10

C #xxmisxrrikxssx Green River at Willeyburg
CP 10 999999

IDWILLEYBURG

RT 10

QM 755 925 950 1030 1050 1100 1250 1150 755 755
QM 755 755

ED

Conway Ranch (CP 30) is the next location. There are no minimum flow
requirments CP Record) and the flow is transferred to location RU Record)

with no routing. The Diversion datBR Record) indicates a diversion from
location 30 to location 20, with a monthly diversion schedule (field 7 = 1) and a
40% return flow (field 6 = 0.40). The monthly diversion schedule is provided on
QD Records. The first field indicates that there are 12 values and the monthly
schedule follows, with 5.3%t specified for the month of January.

Davisville (CP 20) data indicates a minimum des&ead_requiredlow target of
750 ff¥/s (CP Record, fields 3 and 4). TI@&1 Record (fields 1 and 2) indicates
the local flow for this location will be set equal to 67% of the local flow at
location 30. Flow transfers from this location to 10 without routiig Record).
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The last control point (CP 10) is Willeyburg. The large channel capacity
(999999) usually indicates there are no flood control limits here.RThRecord
indicates this is the last location because the flow is not routed to another
location. The monthly minimum desired-flow targets are defineQNn
Records, starting with January.

TheED Record indicates the end of the system model.

D.1.3 Time-series Data

Time series data begins with tBE& Record, as shown in Table D.3. The flow
format, number of simulation periods, starting date and time and time interval are
all defined. The tenth field (1900) provides for the century definition, because
the date format only provides for two digits for the year. This example will
simulate one year (365 periods) of daily (24 hour) data, starting at 0000 hour on 1
January 1986. The first output will be for 2400 hours on that date.

Table D.3 Example 4 Time-series Input Data

BF 2 365 086010100 24 1900

ZR=IN55 A=EXAMPLE 4 B=ADAM RESERVOIR C=LOCAL FLOW F=ESTIMATED
ZR=IN40 A=EXAMPLE 4 B=BAKERVILLE C=LOCAL FLOW F=ESTIMATED
ZR=IN30 A=EXAMPLE 4 B=CONWAY RANCH C=LOCAL FLOW F=ESTIMATED
ZR=IN10 A=EXAMPLE 4 B=WILLEYBURG C=FLOW-LOC-INC F=ESTIMATED
ZW A=EXAMPLE 4 F=BASIC WATER SUPPLY

EJ

ER

Because the flow data are read from a DSS file, the filename must be specified on
the execution command line along with input and output filenamesZR he

Record format{R=IN##) associates the data in the DSS RecoitltRecord

input for model control point ##.

TheZW Record indicates writing results to the DSS file with pathname A-part as
EXAMPLE 4, and pathname F-part as BASIC WATER SUPPLY. The Records
to write are defined on th&Z Records, shown below. The negative values in the
first field indicates that this data will not be printed. The default (without the
minus sign) is to print the data table defined byJhdRecords in the same

format as thel8 Records{USER Tables).

Table D.4Output Data to Write to DSS

|JZ-55.22 55.10 40.03 30.03 20.04 10.04 10.05 I
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D.1.4 Single Reservoir Simulation Output

The Example 4 output can be obtained by running the data set. Samples of the
output are presented here to illustrate the program’s operation with the specified
demand data. Note, after the output listing of the input data including the flow
data extracted from the DSS file, there are warning notes that there are negative
flow values in the data set. HEC-5 can use negative values; however, in an actual
study, the user would review the flow data to determine the cause for negative
flow. The output then presents summary tables for the input dliapa

Summary). One should review these tables to ensure that the input data are
appropriate.

After HEC-5A has completed the simulation, the requested output is written to
DSS. A series of ZWRITE lines indicate each Record written. Review those
lines to ensure the desired output is written.

The HEC-5B performs an analysis of the run for errors. The output for this
option should always be requestd8 Record, field 1, code 4). Only one output
table was defined by8 Record input. The output Z Record data was not
printed.

The output for the beginning of the simulation is shown in Table D.5. The first

10 periods indicate that the reservoir is at top-of-conservation (Level = 3.0). The
"ideal" state for the reservoir is to remain there as long as passing inflow does not
cause flooding and the specified demands are all met by passing the inflow
amount. The Case for this condition is 0.03. A review of the downstream
demands would indicate that diversions and minimum flow targets are being met
during these periods.

The simulation continues passing inflow until period 91 (1 April 1986). On that
period the reservoir Case indicates 10.00, which means the reservoir is releasing
to meet the target at location 10, Willeyburg. Looking at the regulated flow at
location 10 (Flow Reg) shows a value of 1030.00 and the shortage at that location
(DeQ-Shor) is 0.00. Reviewing the input data shows a monthly minimum flow
schedule for Willeyburg to be 1036/ for April.

The simulation continues to operate for location 10 for all of April and most of
May. Table D.6 shows the output starting at period 135 (15 May 1986). The
May target is 1050 #s and the output shows Adam Reservoir is operating to
meet that target up to period 145, when the Case changes to 0.00 indicating the
reservoir is operating for itself to meet minimum desired flow. For eight days,
the outflow is 450 fis to meet the reservoir minimum. (Note that during this
time the Willeyburg regulated flow is greater than the 1089 itinimum.) By

June 2, the release is increased to meet the target of 3504 ftvilleyburg.
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The flow goal at Willeyburg continues to "control” the release determination for
most of the periods, with an occasional release for the reservoir minimum and a
few days in September operating for location 20, Davisville.

D.2 Multiple Reservoir System Model

Example 5 is a three reservoir system. Two storage reservoirs (Allen and James)
operate in parallel to meet a downstream flow goals and the third (Brenda Lake)
is a flow-through reservoir. Additionally, James Reservoir has seasonally varying
minimum flow goals that are based on pool elevation. Figure D.2 is a diagram of
the system. The input data are shown in two parts: Table D.7 shows the
beginning of the input along with the data for the East Branch (Allen Reservoir to
Dougville); and Table D.8 lists the input for the West Branch (James Reservoir to
Dry Town) along with the time-series input data.

The job data define 5 reservoir levels, with level 3 as top-of-conservation, level 4
as top-of-flood control, and level 2 as top-of-buffer pddl Record). Net
evaporation data are defined for all reservoirs in the sysi@Regcord). User
designed tables are defined on d8&Records and are discussed in D.2.2

Reservoir System Output.

D.2.1 Reservoir System Data

Allen Reservoir data
(location 444) provides )
monthly storage for the 444 Allen Reservoir
top of conservation
(level 3) and constant
storage values for the
other 4 levelsRL 440 Brenda Lak
Records). The starting 555 James Reservoir
storage is defined as an
elevation (-1060.5).
Allen Reservoir operates
for three downstream
locations RO Record).

4?2 Charleston

Note that the operation 40 Dougville
of Allen Reservoir
through the downstream
reservoir 440 can be
accomplished only
because the downstream
reservoir is defined as a ; .
flow-through Figure D.2 Example 5 System Diagram
reservoir." That is,

50 Springville

99 Drytown
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reservoir 440 does not store water and the releases from Allen will flow through
to the downstream locations. If reservoir 440 were a operating storage reservoir,
the upper reservoir should only operate to the lower reservoir (tandem operation)
and the lower reservoir would then operate for the downstream locations.

Table D.7 Example 5 Input Data - First Half(East Branch)

C

RT

RT

EXAMPLE 5, Reservoir System Operating for Flow Augmentation
3 Reservoir System, 2 Storage Reservoirs and 1 Flow-Thru Reservoir
Flow Goals Based on Season and Reservoir Elevation (EXAMPLES.DAT)

T1
T2
T3
J1 O
J2 24
J3 4
J6 -8.4
J6 -2.3

1

2
3
4
5

3

1 5 3 4 2

1.0 0 0 0 0 0

0 o -1 o -1

-6.7 -61 -37 19 38 58 61 43 15
-5.1

J8444.10 444.12 444.13 555.13 555.12 555.10 99.04 99.02
J8444.12 444.10 400.12 400.10 42.04 40.04 99.04
J8555.12 555.13 555.22 555.06 555.10 50.03 99.04
J8444.12 444.10 400.24 400.03 400.21 400.12 400.10 99.04

RL 444 -1060.5

180 -1 237810

180 -1 242163

180 0 377073 377073 377073 377073 438869 438869
438869 438869 438869 383564 383564 377073

180 -1 472757

180 -1 500000

42 40 99

17 237810 242164 260355 284879 311402 339972 355050 370670 377073

42

RS383564 403588 420922 438869 457441 472757 491029 500000

RQ 17 30400 31480 31700 31795 32064 32064 32390 32495 34310
RQ 37603 55100 69442 103500 137500 164684 181300 198000

RA 17 2158 2196 2353 2552 2754 2962 3060 3179 3230

RA 3275 3402 3530 3651 3770 3880 4030 4170

RE 17 1020 1022 1030 1040 1050 1060 1065 1070 1072

RE 1074 1080 1085 1090 1095 1099 1105 1110

CP 444 12600

IDALLEN RES

RT 444 400

RL -400 17500 290 1500 17500 17500 19300
RO

RS 6 290 750 4000 11000 17501 19300

RQ 6 0 11900 46900 72749 85905 87400
RA~ 6 50 80 610 787 870 890

CP 400 99999

IDBRENDA LAKE
RT 400
DR 400

42
0 125

CP 42 15000 600 320
IDCHARLESTON

40

CP 40 999999 650 370
IDDOUGVILLE
40

99
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At Allen Reservoir, seventeen values define the basic storage-outflow-area
relationship defined on tHRS, RQ, RA RE Records. The control point data for
Allen Reservoir indicates a channel capacity of 12,608 thut no minimum

flow requirements. Releases are transferred to location 444 without rdRiting (
Record).

Brenda Lake, location 400, is defined as a "flow-through" reservoir with the
minus sign on the control point numb&1( Record). Constant storage values

are defined for the five levels. The reservoir cannot operate for a downstream
location RO Record) and six values define the storage-outflow-area relationship.
The control point data indicates a constant diversion of 225ffom the

reservoir DR Record).

Location 42, Charleston, has a channel capacity limit of 15,880dtminimum
desired flow goal of 600¥s and a minimum required goal of 328tCP
Record). Flow transfer to location 40 with no routiRJ (Record).

Location 40, Dougville, has no channel capacity limit (99,9%€) fta minimum
desired flow goal of 650%s and a minimum required goal of 379tCP
Record). Flow transfers from location 40 to location 99 with no rouRig (
Record). At this point, the data for the West Branch are entered because all
upstream data must be defined before the data at location 99.

The input data for the second half of the model is shown in Table D-8. The data
defines the West Branch from James Reservoir down to location 99, Drytown.
James Reservoir, control point 555, starts at elevation 82Rl44Récords). The
storage for each level is defined with a sepafte Record) and the top of
conservation is seasonally varying, with the seven seasons defi@SiRecord.

The storage for the other four levels is constant. The reservoir operates for
locations 50 and 9RO Record). Twenty-nine values define the storage-
outflow-area-elevation relationshipR$, RQ, RA, andRE Records).

The reservoir’s control point data indicates a minimum flow goal dependent on
the reservoir pool elevatioguide Curve Operation with CG Records. In this
example, the operation is for minimum flow defined on@\ Record. ACG

Record is required for each minimum flow defined. The @GtRecord applies

to the first minimum flow on th@M Record, etc. The first field indicates the

data are elevations (minus sign) and the code 4 (left of decimal) indicates the data
are specified for the top of the zone, while the code 2 indicates a linear transition
between elevations. In this application, the decimal value is not used by the
program but is defined to indicate the minimum flow valueGedata applies.

For example, the firse€G Record value -4.10 indicates that elevation data follow,
that the top of the zone applies, and this input relates to the firstH00 ft

minimum flow @QM Record, field 2). The seven values of 725 are the elevations
for this zone over the seven seasdS Record). The first field of th@M

Record (-555) indicates minimum flow goals are based on location 555 elevation
or level.
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Table D.8Example 5 Input Data - Second Hal{West Branch)

RL 555 -820.44

RL 1 555 -1 10373

RL 2 555 -1 82891

RL 3 555 7 210492 210492 391749 391749 391749 210492
RL 210492

RL 4 555 -1 471559

RL 5 555 -1 597164

RO 2 50 99

RS 29 10373 82884 89647 104879 113447 122709 132705 143514 155137
RS167612 181000 195280 210492 226656 243772 261860 280940 301031 322154
RS344288 367473 391749 417136 443713 471559 500734 531317 563427 597164
RQ 29 420 1200 1250 1310 1380 1460 1560 1670 1880

RQ 2000 2130 2270 2400 2540 2690 2830 2990 3110 4680

RQ 9800 15000 26000 37000 50000 66000 82000 100000 120000 140000
RA 29 182 3251 3516 4116 4452 4812 5196 5602 6024

RA 6462 6913 7373 7841 8317 8801 9293 9793 10298 10808

RA 11329 11862 12411 12988 13599 14246 14933 15665 16449 17293
RE 29 725 800 802 806 808 810 812 814 816

RE 818 820 822 824 826 828 830 832 834 836

RE 838 840 842 844 846 848 850 852 854 856

CP 555 11000

IDJAMES RES

RT 555 50

CsS 7 1 15 121 182 274 350 365

CG-410 725 725 725 725 725 725 725

CG-410 790 790 820 820 820 790 790

CG-240 819 819 837 837 837 819 819

CG-448 824 824 842 842 842 824 824

QM -555 100 100 400 480

CP 50 999999

IDSPRINGVILLE

RT 50 99

DR 50 1

QD 12 15 15 15 37 37 45 45 35 25
QD 20 15 15

CP 99 15000 1850
IDDRY TOWN
RT 99

ED

BF 2 40 86010100 24

ZR IN444 A=ROCKY RIVER B=ALLEN RES C=FLOW-LOC INC F=COMPUTED
ZR IN40O A=ROCKY RIVER B=BRENDA LAKE C=FLOW-LOC INC F=COMPUTED
ZR IN42 A=ROCKY RIVER B=CHARLESTON C=FLOW-LOC INC F=COMPUTED
ZR IN4O0 A=ROCKY RIVER B=DOUGVILLE C=FLOW-LOC INC F=COMPUTED
ZR IN555 A=FALL RIVER B=JAMES RES C=FLOW-LOC INC F=COMPUTED
ZR IN50 A=FALL RIVER B=SPRINGVILLE C=FLOW-LOC INC F=COMPUTED
ZR IN99 A=FALL RIVER B=DRY TOWN C=FLOW-LOC INC F=COMPUTED

EJ

ER

The downstream location, 50, does not have a limiting channel capacity (999,999
ft¥s). Even though there are no minimum flow goals specified, there is a
diversion from location 50 to location 9DR andQD Records). Th®R Record
indicates that the diversion schedule is monthly (filed 7) and that 100% of the
diversion is returned (filed 6) to location 99. The monthly schedule is defined on

the QD Records.
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The last location, 99, requires a "system operation.” Up to this point, the
reservoirs are operating for the downstream locations that only they can serve.
For location 99, Dry Town, both storage reservoirs can make releases to meet the
defined maximum channel capacity of 15,00 fand the minimum desired flow

of 1,850 fé/s (CP Record). When there is a choice between the reservoirs, the
additional releases will be made from the reservoir with the higher index level at
the end of the previous period.

The ED Record defines the end of the system data anBRhRecord defines the

start of the time-series data. Forty periods, starting on 1 January 1986, of average
daily flow (24 hours) will be used. Again, the flow data are read from a DSS file.
No output will be written to a DSS file, becauseJZoor ZW Records are input.

D.2.2 Reservoir System Output

The summary tables for the input data should be reviewed first to ensure that the
data are appropriate. The summary tables of seasonal data (*Rule Curve
Summary) are helpful because the days are converted to starting date and all
storage values are listed. The Guide-Curve data are also summarized showing
dates, zones, and operation codes.

The first output table (*USERS. 1) is defined by the fi&Record and shown in
Table D.9. This table lists the Outflow, Case, and Level for the two storage
reservoirs along with the Regulated and Natural Flow at Dry Town. This output
arrangement shows the releases and the basis for the release and the resulting pool
level. At the start, Allen is releasing to meet a flow goal at location 40 (Case =
40.00) and James is releasing for the goal at Dry Town (99). Looking at the
reservoir Levels, one sees that James is at a higher Level than Allen; therefore, it
should be making the additional release to meet Dry Town'’s flow goal of 1,850
ft¥s. The ‘Flow Reg’ column shows that value is met. Allen continues to release
for locations 40 or 42 until period 7. At periods 7 and 8, both reservoirs are
operating for location 99 and their Levels are equal. The system allocation for
release is meeting the downstream target and keeping the reservoirs "balanced"
during these periods.

During periods 9 through 12, the local requirement of 486 dontrols the

release from James (Case = 0.00), while Allen continues to release for location

99. During periods 13 through 15, both reservoirs again have a joint operation to
meet the goal at location 99. Then, for the remainder of the simulation, the local
requirement controls the release from James, and Allen operates to meet the target
at location 99. Because the local requirement at James is based on the pool
elevation, the minimum flow requirement starts decreasing from #8@fter

period 17. This would indicate the flow goal is on the linear transition zone 2. It
drops from zone 4 into zone 2 because the elevation for zone 3 starts increasing
from 819 to 837 feet on January 15 and the reservoir is near elevation 819.
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The second output table (*USERS. 2) shows the operation down the East Branch,
from Allen Reservoir down to Dry Town. Only the first 10 periods are shown in
Table D.10. The results for Allen reservoir are the same as previously discussed
(*USER. 1). Brenda Reservoir shows a Case of 0.03 for all periods. Because it
was defined as a flow-through reservoir, the pool level stays at the starting top of
conservation and the reservoir passes inflow. The reason the outflow form
Brenda is more than the release from Allen Reservoir is the addition of
incremental local flow between the two reservoirs. During the first six periods,
Allen operates for locations 40 and 42. For those periods, notice that the
regulated flow at those locations is the target minimum desired flow (#&@oit
location 40 and 600%s for location 42). Allen Reservoir then operates for
location 99 for the remaining periods, as discussed above and shown in Table
D.9.

Table D.10East Branch Operation (Example 5)

*USERS. 2 User Designed Output (Dates shown are for END-of-Period)

Summary by Period Flood= 1
Location No= 444. 444, 400. 400. 42. 40. 99.
J8/JZ Codes= 444,120 444.100 400.120 400.100 42.040 40.040 99.040

ALLEN RES ALLEN RES BRENDA BRENDA CHARLEST DOUGVILL DRY TOWN
Period Date: Day Case Outflow Case Outflow Flow Reg Flow Reg Flow Reg

1Jan86 Wed 40.00 180.19 0.03 260.82 604.35 650.00 1850.00
2Jan86 Thu 40.00 141.16 0.03 231.99 602.94 650.00 1850.00
3Jan86 Fri 40.00 186.66 0.03 248.49 600.54 650.00 1850.00

4Jan86 Sat 42.00 339.26 0.03 367.09 600.00 657.46 1850.00

5Jan86 Sun 40.00 401.06 0.03 416.49 612.25 650.00 1850.00
6Jan86 Mon 40.00 409.00 0.03 416.43 601.40 650.00 1850.00
7Jan86 Tue 99.00 561.37 0.03 562.60 734.91 787.23 1850.00
8Jan86 Wed 99.00 627.81 0.03 625.05 796.12 844.73 1850.00
9Jan86 Thu 99.00 627.60 0.03 622.03 791.22 835.03 1850.00
10 10Jan86 Fri 99.00 641.65 0.03 633.48 797.96 841.02 1850.00

OCoO~NOUTWNPEF

11-40 Omitted

The third output table (*USER. 3) shows the operation on the West Branch, from
James Reservoir down to Dry Town. Table D.11 lists the output for the first 20
periods (the output for Dry Town is not shown because it is the same as Table
D.10). James Reservoir operates for location 99 (Case = 99.00) and for the
minimum desired flow requirement defined at the reservoir (Case = 0.00). There
is only a 15 fi/s diversion specified at location 50, which is far less than the
minimum flow targets. During periods 9 through 12, the Guide Curve minimum
flow is 480 based on the season and pool elevation. That is also true for periods
16 and 17. After January 15, the Guide Curve elevation is increasing causing the
reservoir's operation Zone to shift from Zone 4, with the 488 farget, to Zone

2 with a transition from 400%s to 100 fi/s based on pool elevation.
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Table D.11West Branch Operation (Example 5)

*USERS. 3 User Designed Output (Dates shown are for END-of-Period)

Summary by Period Flood= 1
Location No= 555. 555. 555. 555, 555. 50.
J8/JZ Codes= 555.120 555.130 555.220 555.060 555.100 50.030

JAMES RES JAMES RES JAMES RES JAMES RES JAMES RES SPRINGVIL
Period Date: Day Case Level EOP Elev DeQ-Shor Outflow Diversio

1Jan86 Wed 99.00 2.79 820.36 0.00 653.30 15.00
2Jan86 Thu 99.00 2.79 820.29 0.00 633.29 15.00
3Jan86 Fri 99.00 2.78 820.23 0.00 59252 15.00
4Jan86 Sat 99.00 2.78 820.16 0.00 60556 15.00
5Jan86 Sun 99.00 2.77 820.08 0.00 622.93 15.00
6Jan86 Mon 99.00 2.77 820.00 0.00 628.77 15.00
7Jan86 Tue 99.00 2.77 819.93 0.00 499.95 15.00
8Jan86 Wed 99.00 2.76 819.87 0.00 498.15 15.00
9Jan86 Thu 0.00 2.76 819.81 0.00 480.00 15.00
10 10Jan86 Fri 0.00 2.76 819.76 0.00 480.00 15.00
1111Jan86 Sat 0.00 2.75 819.70 0.00 480.00 15.00
12 12Jan86 Sun 0.00 2.75 819.66 0.00 480.00 15.00
1313Jan86 Mon 99.00 2.75 819.59 0.00 507.22 15.00
14 14Jan86 Tue 99.00 2.74 819.53 0.00 54053 15.00
15 15Jan86 Wed 99.00 2.74 819.46 0.00 535.71 15.00
16 16Jan86 Thu 0.00 2.73 819.44 0.00 480.00 15.00
17 17Jan86 Fri 0.00 2.72 819.41 0.00 480.00 15.00
18 18Jan86 Sat 0.00 2.71 819.42 0.00 399.13 15.00
1919Jan86 Sun 0.00 2.70 819.44 0.00 397.45 15.00
20 20Jan86 Mon 0.00 2.69 819.45 0.00 395.80 15.00

OCoO~NOUITWN -

21-40 Omitted

User Tables 3 and 4, not shown, provide more detail for the reservoirs including
elevation, evaporation, and diversions. For a review of those data, run the
example data set and review the entire output file. The concluding error check
indicates no errors for the simulation.

D.3 Firm Yield Determination

In water supply planning it is often desired to know the minimum conservation
storage required to meet reservoir or downstream flow and diversion
requirements. The solution is an iterative process of assuming different storage
volumes until the minimum storage is found that will meet the requirements. The
inverse is also common. Given a fixed storage volume, what is the maximum
desired flow, required flow, or diversion which the reservoir will yield? In this
case two of the three requirements are held fixed while the third is varied until the
maximum is reached for a given reservoir storage. The maximum desired flow,
for example, can be determined while holding the required flow and diversion
constant.
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The foregoing task of finding minimum conservation storage or maximum yield
(desired flow, required flow or diversion) is handled in HEC-5 through its yield
determination capability. In addition to water supply yield, the program can
determine monthly firm energy and monthly plant factors for hydropower. The
time interval of inflow for these options must be monthly. Also, only a single
reservoir or up to four independarservoirs in a system, can be analyzed. Each
reservoir must be processed for its own independent set of flow requirements or
conservation storage. An upstream reservoir’s yield, operating for a downstream
control point can be accomplished, but tandem reservoir operation yield cannot be
determined.

D.3.1 Firm Yield Options

Time-period options. The standard selection of the simulation periods are
available using this capability. These are period-of-record, partial record, and
critical period. Period-of-record and partial record options are specified using the
BF Record, discussed previously. For the critical period, the options are
specified on thd7 Record, Field 8. These options include: specifying the time
periods desired for the simulation run; specifying a monthly reservoir drawdown
duration; and specifying a duration equal to 70 times the ratio of conservation
storage to mean annual flow. These are referred to as the “critical period”
options. In addition, there also exists the capability to simulate using several
combinations of critical period and period-of-records simulations. For this
option, a code is input in field 97 Record. However, two basic approaches are
suggested: Use the entire period-of-record (field 9 = 0 or 1); or use the multiple
series of critical-period analysis followed by the period-of-record simulation
(field 9 = 6).

Using the critical period analysis with té Record, field 9 = 6 allows for both
critical period and period-of-record simulation. A check is made to see if the
storage (or flow, or diversion) computed for the assumed critical period can be
maintained for the period-of-record. If the assumed critical period is in fact, the
true critical period, then the firm yield can be maintained for the
period-of-record. If the drawdown using the period-of-record is greater than the
drawdown using the assumed critical period, and not within the specified
allowable error, then a new critical period is selected and the storage optimized.
This capability also applies to desired flow, required flow and diversions.

Reservoir conservation storage To determine required conservation storage to
meet specified demands, theRecord, field 1 is set to the location number
(control point number) and the conservation storage above the top of buffer pool
will be determined by specifying .0, (e.g., 55.0 would determine storage for
reservoir 55). In field 8 specify 2 to start with an initial critical duration equal to
70 times the ratio of conservation storage to mean annual flow. An allowable
error ratio (positive and negative) is specified in field 10. This is the ratio of the
storage error (difference between the target drawdown storage and the minimum
storage in the simulation) to the total conservation storage above the target
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drawdown storage. When reservoir storage is being determined, the desired and
required flow requirements may be specified for either the reservoir or a
downstream control point. When determining any yield (required or desired flow
or diversions), the water yield must bela reservoir unless the downstream
control point §7 Record, field 5) is specified.

Maximum desired flow. This option determines the maximum desired flow
available during the critical period or period-of-record given a specified volume
of conservation storage. Other system requirements such as diversions and
required flow are met as specified. Note however, that required flow is not
competitive with desired flow because it is not drawn upon until the storage
reaches the top of buffer at which time desired flow is no longer met. In field 1
of theJ7 Record a 55.2 would indicate that the maximum desired flow (.2) at
control point 55 will be determined. The other input onXh&ecord are the
same as used for the storage determination. The pattern for the monthly varying
desired flow is specified using tlgM Record. Also, a constant or period
varying desired flow may also be utilized. The desired flows are required as
input on theMR Records in order to provide an initial estimate of the flows that
vary by period.

Maximum required flow. This option determines the maximum required flow

for the critical period or period-of-record that can be maintained through the
period of historical flow data given a specified volume of conservation storage.
Other system requirements such as diversions and desired flows are met as
specified. Again, thé7 Record specifies this option with a control point number
plus a .3 in field 1. The other input on theRecord are the same as for the
storage determination. An initial estimate for a constant required flow is input on
the CP Record, field 4. Monthly and period varying required flow may also be
determined.

Maximum monthly diversion. This option determines the maximum diversion

flow for the critical period or period-of-record. A given volume of conservation
storage, with other system requirements being met, is specified. Both desired and
required flow requirements may be competitive with diversions since the

diversion requirement applies to storage above and below the buffer level. The
required input on thd7 Record is a control point number plus .4 input on field 1,
where the control point number is the location for the diversion. The other input
data on the7 Record are the same as previously described. An initial estimate of
the monthly varying diversion is input on t@® Record.

Maximum value of all reservoir yields By specifying a control point number

plus .9 in field 1 of thé7 Record, all yields (i.e., desired flow, required flow and
diversion) are determined for a given storage at the reservoir. Each of the yields
is multiplied iteratively by the same constant until the drawdown storage is within
the target error specified. All yields must be at the reservoir.
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Maximum yield at a downstream control point In addition to determining
maximum reservoir yields, the maximum yield can also be determined at a
downstream control point. This option is accomplished by defining the
downstream control point number to be analyzed in field 5 a¥Zleecord.

D.3.2 Firm Yield Model Data

Example 6 provides a firm-yield determination of diversions from reservoir
location 111. Table D.12 lists the input data file. Andrew Reservoir has a
specified monthly diversion and minimum flow schedule. The reservoir also
operates for location 99, Zola, which has a minimum desired flow goal o5 ft

Table D.12Firm Yield Determination (Example 6)

T1 HEC-5 Example 6, Firm Yield Determination (EXAMPLEG6.DAT)

T2 Firm Yield Determination of Diversion, DR and QD (J7.1 = 111.4)

T3 Blue River, Andrew Reservoir to Zola, Monthly Flow Data 1980-92
Jl1 0 1 5 3 4 2

J2 24 10 0

J3 4 0 0 0 o -1

J7 111.4 2 6 0

Jz111.11 111.13 111.03 111.10 111.05 111.06 99.04 99.05 99.06

C Andrew Reservoir
RL 111 218000 7500 9500 218000 361800 552600

RO 1 99

RS 10 7500 9500 46900 66120 111800 218000 350000 361800 445200
RS552600

RQ 10 2700 2740 3800 4060 4400 4800 5200 5200 55000
RQ118700

RA 10 402 410 1390 1830 2790 4670 6520 6930 8294

RA 9498

R3 -26 -14 -12 -6 -15 23 45 47 31 05

R3 -1.9 -25

CP 111 4800 10

IDANDREW RES

RT 111 99

DR 111 1

QD 12 105 105 105 152 25.7 433 433 433 257

QD 15.2 105 105

QM 20 20 20 20 25 35 50 50 45 30

QM 20 20

C Zola
CP 99 14500 65

IDZOLA

RT 99

ED

BF 2 144 0 80010100 720 1900
ZR=IN A=BLUE RIVER C=FLOW-LOC INC F=COMPUTED FLOWS
ZW  A=BLUE RIVER F=FIRM YIELD RESULTS

EJ

ER
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The added7 Record calls for a yield determination and defines the objectives.

The first field indicates location 111, the reservoir, and the decimal value

indicates the target demand to process (i.e., .4 requests maximize diversions based
on the schedule defined on tQ® Record). Field 8 value is 2, requesting a

critical period determination, based on the reservoir storage to mean annual flow
ratio, and an output table showing the critical flow periods for 1 to 60 months.
Field 9 has the recommended value 6, indicating that after the critical period
results are determined there will be a test with the full flow sequence. And, if the
full-record simulation finds another critical period, a subsequent analysis would

be performed and tested. Up to three sequences will be performed, first analyzing
the critical period and then testing with the full record. The last field defines the
error tolerance. A zero input accepts the default of a 100 acre-ft negative error
and a 1% of storage positive error. This allows the minimum storage to be 100
acre-feet below the minimum pool and up to .01 times the conservation storage as
an acceptable minimum storage.

The remainder of the model data is similar to the previous examples. The
program will simulate the operation with the defined data. After the first
simulation, the program will adjust the diversion schedule by a ratio in an attempt
to meet the maximum diversions while keeping the minimum storage within the
storage error tolerance. The simulation output is described in the following
section.

D.3.3 Firm Yield Output

As with the other examples, the output provides an input listing, followed by a
summary of input. Unique to this example is the tabulation of the flow data read
from the DSS file. With the firm-yield application, the data are formatted into

the standard card-image format. Following the input listing is the table of flow-
duration used to define the initial estimate of critical period. The output table is
shown in Table D.13. The table is provided for 1 to 60 periods (months),

showing the minimum volume and associated periods, the average flow, the
average flow plus conservation storage, and the estimated storage for durations of
1 to 11 months, and dependable capacity if determination of installed capacity is
desired.

The critical period is then estimated by the program based on the conservation
storage to average annual flow ratio, shown at the end of the table. Based on the
Ratio 0.693, the program estimated a critical duration of 49 months and the data
for that duration is shown in the last line of the table, after the 60 month duration
line. While the minimum flow for that duration begins in period 38, the program
roles the start date back to the beginning of a year, period 25. The first cycle to
find the maximum diversion schedule will be processed with the flow data from
period 25 to 91.
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Table D.13 Flow-Duration Table to Define Critical Period

DUR VOL-DUR PER-START PER-END Q-RIVER Q+QSTOR EST-STG DEP CAP

1. O 47. 47. 0. 3454, 3115. 0.
2. 0. 46. 47. 0. 1727. 6230. 0.
3. 3 46. 48. 1. 1152. 9165. 0.
4. 5. 46. 49. 1. 865. 12159. 0.
5. 10. 45, 49. 2. 693. 14972. 0.
6. 25 44, 49. 4., 580. 17182. 0.
7. 67. 43. 49. 10. 503. 17762. 0.
8. 74 42. 49. 9. 441. 20454. 0.
9. 158. 42. 50. 18. 401. 18498. 0.
10. 296. 41. 50. 30. 375. 13282. 0
11. 702. 40. 50. 64. 378. 0. 0.

12.-30. OMITTED . ..... ... .. .. ..

31. 5850. 29. 59. 1809. 300.
32. 6130. 29. 60. 192. 299.
33. 6596. 29. 61. 200. 305.
34. 7529. 28. 61. 221. 323.
35. 8001. 27. 61. 229. 327.
36. 8480. 26. 61. 236. 331.
37. 8963. 37. 73.  242. 336.
38. 9144. 36. 73.  241. 332.
39. 9444, 35. 73.  242. 331.
40. 9786. 29. 68.  245. 331.
41. 9874. 31. 71. 241, 325.
42. 9906. 31. 72.  236. 318.
43. 9974. 30. 72. 232. 312.
44. 10077. 30. 73. 229. 308.
45. 10208. 29. 73. 227. 304.
46. 10511. 41. 86. 229. 304.
47. 10729. 41. 87. 228. 302.
48. 11135. 40. 87. 232 304.
49. 11483. 38. 86. 234. 305.
50. 11701. 38. 87. 234. 303.
51. 11949. 36. 86. 234. 302.
52. 12167. 36. 87. 234. 300.
53. 12467. 35. 87. 235. 300.
54. 12726. 31. 84 236. 300.
55. 12765. 31. 85. 232 295.
56. 12814. 31. 86. 229. 290.
57. 12882. 30. 86. 226. 287.
58. 13013. 20. 86. 224. 284.
59. 13231. 29. 87. 224. 283.
60. 14086. 29. 88.  235. 292.
49. 11483. 38. 86. 234. 305.

OO0 O00000OOO000LO00PPLLELOLEOLEOOCO0
0000000000000 LPLPOOOOO0O0O0OO00O0O

START-PER END-PER DATE
25 91 82010100
CON-STG QMEAN  RAT-STG/Q DRAW-DUR APPROX. DEP CAP.
208500. 415. 0.693 49. 0.

The routing cycles and trial runs are summarized in the output table labeled
"*OPTRY." The descriptions of the output data are provided in Appendix F. At
the end of each trial, the minimum storage achieved is evaluated to determine if
the demand can be increased or needs to be decreased. The program temporarily
adds 500,000 acre-feet to the minimum storage to support demands greater than
the available water supply can. If the minimum storage is below the adjusted
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target minimum (TAR-MIN-STG), the program can use the storage deficit to
estimate how much to adjust the demand. Likewise, when the minimum is above
the target, the increase in demand can be estimated based on the surplus water in
storage distributed over the draw-down duration. The program computes the
adjustment factor, shown as "MULTIPLIER= x.xxx" where x.xXxX is the
adjustment. Then the program performs another cycle with the adjusted demand.

The output for the ninth, and final, cycle is shown in Table D.14. (Note, the

format has been slightly modified to fit the page.) The ninth cycle summary

shows that the minimum storage was 77 acre-ft. above the minimum (509577 vs.
509500), within the minimum positive storage error of 100 acre-feet. Therefore,
this cycle result is considered accepted and the next phase of analysis begins. The
estimated diversion schedule is shown under "Firm Yield Optimization Results"

and the final multiplier is shown as "DIVRAT(NDIV) = 9.895099" near the end

of the summary. The program will now apply the determined diversion schedule
with the period-of-record data, 144 periods.

Table D.15 shows "ROUTING CYCLE= 2.," the summary table for the

simulation using the entire period-of-record. (Again, the format has been slightly
modified.) The output is similar to that shown in Table D.14. The primary
purpose for this iteration is to ensure that the results from the critical period
analysis does reflect the most critical flow sequence. If it does, the results for the
entire period-of-record should be the same. However, there is always a chance
that a more critical period exists in the flow set. Reviewing the data near the end
of the table shows the same results were obtained with the period-of-record. That
is, the minimum storage was only 77 acre-ft. above minimum pool and the
diversion multiplying factor is the same. One can verify this result by running a
simulation using the multiplying factor in the ninth field of the diversion record
(DR), or the diversion dat&®)D Records) can be changed to the values shown in
the output labeled "Optimized Monthly Diversions." A test run with the
multiplying factor confirmed the results.
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Table D.14 Output for the Last Cycle of Trial 1

ROUTING CYCLE= 1 OPT TRIAL= 9
AVG. CRITICAL DRAW DOWN RESULTS FROM PER 5TO0 34

INFLOW  POW-REL EL-BTW DRAW-RAT DIV-Q EVAP-P
-59.70 0.00 0.00 1.00 239.10 2.17

RELEASE STORAGE ELEV EN-REQ

52.50 593602.38 0.00 0.00

AVG. ROUTING PERIOD RESULTS FROM PER 1 TO 67

INFLOW  POW-REL HEAD DRAW-RAT QSPILL TAILWATER
52.91 0.00 0.00 1.00 52.65 0.00

RELEASE H.TOP-C H-BOT-C

81.98 0.01 0.00

OP TRIAL ERROR-RAT ERR-STG TAR-MIN-STG MIN-STG PER-MIN-STG TOP-STG LOC.TYP
9 0.000368 77. 509500. 509577. 34 718000. 111.40

Kkkkkkkkkkkkkkkkkkkk

ANN DES Q ANN REQ Q ANN DIV Q INS CAP ANN FIRM E AVG ANN E
29.6 10.00 217.86 0. 0. 0.

ITYOPT= 4 MULTIPLIER= 1.000180 DIVRAT(NDIV)= 9.895099

ASSUMED NEXT-ASSUM PTWO EST3 ER-IMPROVE EST-BOUND
103.90 103.92 103.92 103.91 305.19 103.92

BNDMAX BNDMIN ERR-BN-MAX ERR-BN-MIN

104.01 103.90 -380.81 76.63

Firm Yield Optimization Results
Location: 111  Optimized Monthly Diversions:
103.90 103.90 103.90 150.41 254.30 428.46
428.46 428.46 254.30 150.41 103.90 103.90

DUR VOL-DUR PER-START PER-END Q-RIVER
115. 39459. 29. 143. 343.
Q+QSTOR EST-STG DEP CAP
447. 0. 0.

START-PER END-PER DATE
1 144 80010100

CON-STG QMEAN RAT-STG/Q DRAW-DUR APPROX. DEP CAP.
718000. 415. 2.386 115. 0.
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Table D.15 Summary Table for Cycle 2

*OPTRY

ROUTING CYCLE= 2 OPT TRIAL= 1

ALL. PERC NEGATIVE ERROR= 0.950 POSITIVE ERROR= 0.9500 IND FOR ONE MORE TRY=0
AVG. CRITICAL DRAW DOWN RESULTS FROMPER 29 TO 58

INFLOW  POW-REL EL-BTW DRAW-RAT DIV-Q EVAP-P
-59.70 0.00 0.00 1.00 239.10 2.17

RELEASE STORAGE ELEV EN-REQ
52.50 593602.38 0.00 0.00

AVG. ROUTING PERIOD RESULTS FROM PER 1 TO 144

INFLOW  POW-REL HEAD DRAW-RAT QSPILL TAILWATER
197.57 0.00 0.00 1.00 165.34 0.00

RELEASE  H.TOP-C H-BOT-C
194.92 0.01 0.00

OP TRIAL ERROR-RAT ERR-STG TAR-MIN-STG MIN-STG PER-MIN-STG TOP-STG LOC.TYP
1 0.000368 77. 509500. 509577. 58 718000. 111.40

Kkkkkkkkkkkkkkkkkkkk

ANN DES Q ANN REQ Q ANN DIV Q INS CAP ANN FIRM E AVG ANN E
29.6 10.00 217.86 0. 0. 0.

ITYOPT= 4 MULTIPLIER= 1.000143 DIVRAT(NDIV)= 9.895099

ASSUMED NEXT-ASSUM PTWO EST3 ER-IMPROVE EST-BOUND
103.90 103.91 0.00 103.91 1.00 0.00

BNDMAX BNDMIN ERR-BN-MAX ERR-BN-MIN
100000000.00 103.90 0.00 76.63

Firm Yield Optimization Results
Location: 111  Optimized Monthly Diversions:
103.90 103.90 103.90 150.41 254.30 428.46
428.46 428.46 254.30 150.41 103.90 103.90

New Critical Period= -28.064 0.000 0.000
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Appendix E

Hydropower Simulation

The basic operation of HEC-5 hydropower routines is to find the necessary release
to generate a specified energy requirement. This exhibit describes HEC-5
hydropower operation and the data required for the various program options. The
basic hydropower reservoir is described first, followed by additional program
features for: pump-storage, hydropower optimization, system power, added
turbine units, energy benefits.

E.1 Power Operation

For hydropower operation, the program computes the energy requirements for
each time period-of-operation. The monthly energy requirements and distributions
or the period-by-period energy requirements are used for this purpose.

The program cycles through the simulation one interval at a time. For the
hydropower reservoirs, the following logic is used to determine a power release:

1. Estimate average storage. Use end of previous period's storage initially and then
the average of computed and end-of-period storages. (Reservoir elevation and
evaporation are both dependent on average storage.)

2. Estimate tailwater elevation. Use highest elevation from block loading tailwater,
or tailwater rating curve, or downstream reservoir elevation.

3. Compute gross head by subtracting tailwater from reservoir elevation
corresponding to estimated average storage.

4. Compute reservoir release to meet energy requirement.

_ Ec
Q = oht (E-1)

where:

required energy (kWh)

conversion factor - (11.815 English or 0.102 metric)
plant efficiency

gross head (feet English or meters)

time (hours)

reservoir release

O™ T®om
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5.

Compute reservoir evaporation (EVAP) using reservoir area based on average
reservoir storage.

Solve for ending storage,JSusing continuity equation:
S, =S, - EVAP + (INFLOW - OUTFLOW) « CQS (E-2)

where:
S, end-of-period storage
EVAP = evaporation during time interval
OUTFLOW power release and leakage
CQs discharge to storage conversion

On the first cycle, use the new&hd return to 1. On subsequent cycles, check the
computed power release with the previous value for a difference less than 0.0001.
Use up to five cycles to obtain a balance.

Check maximum energy that could be produced during time interval using
overload factor and installed capacity.

Check maximum penstock discharge capacity, if given. Reduce power release to
penstock capacity if computed release exceeds capacity.

The program will also determine if there is sufficient water in storage to make the
power release. The buffer pool is the default minimum storage level for power;
however, the user can define the inactive pool as the minimum power pool. If
there is not sufficient water in storage, the program will reduce the release to just
arrive at the minimum pool level. If there is sufficient water, the power release for
the reservoir establishes a minimum flow at that site. Other considerations are
described in the section on Hydropower Limits.

E.2 Hydropower Data

Power data are input with reservoir data at each hydropower reservoir. The basic
data requirements include: energy requirements, installed capacity, an overload
ratio, a combined turbine-generator efficiency, tailwater elevation, and optional
losses and penstock capacity. Example data are shown in Section E.3.

E.2.1 Energy Requirement Options

At-site energy requirements may be expressed by two basic methods: firm energy
or non-firm energy. Firm energy requirements are generally given in thousand
kilowatt-hours (MW-hr) per month or as monthly plant factors (ratios of the
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portion of the month the plant is generating). If the simulation is daily or multi-
hourly, the ratio of the monthly value is given for each time interval.

An alternative to the firm energy method of operation is the use of project guide
curve. The curve defines the plant factor as a function of the percent of power
storage occupied in the reservoir during any time period.

Monthly Firm Energy Requirements. The conventional way to express an
energy requirement is to specify a monthly at-site firm energy requirement in MW-
hr. The first monthly value is for the starting month, typically JanuHryfield 2).

The monthly energy requirements are defined sequentially d?PRtecords.

For run-of-river projects there is typically no energy requirement; howevdPRhe
Records are still required. For a run-of-river model, the monthly energy
requirement data on the tviRR Records would be set to zero.

Monthly Plant Factors. An alternate means of specifying an energy requirement
is by monthly plant factors. The plant factor is based on operating at installed
capacity for a portion of time. The energy requirement in KWh is computed as
follows:

Energy (kWh) = Plant Factor * Installed Capacity (kW) * ATime (hours)

Monthly plant factors are specified on tRR Records as negative decimal values.
The negative sign indicates that these values are plant factors and not fixed energy
requirements (in MW-hr).

Note: When plant factors are input and a variable capacity is defifedn(dPS
Records), the program will used timstalled Capacityto determine th&nergy
Required however, the&energy Generatediill be limited to thePlant Factor

times theCurrent Capacity Therefore, there will be energy shortages when the
capacity drops below the installed value. The use of plant factors assumes a
“Peaking” operation where the plant is on a fixed length of time in the day.

The output values of plant factor, labeled "PLANT FA", are the plant factor
computed from the final release, and may differ from the required plant factor for a
particular period. During the periods the reservoir is operating for at-site power
(Case = .10) the plant factor shown in the output should be the same as that given
in the input PR data). However, during periods when a higher reservoir release is
made to draw to the top-of-conservation pool (e.g., Case = .03) the plant factor is
computed as follows:

Plant Factor (Final) = __Energy generated (kWh)
Capacity (kW) x time (hours)

Higher reservoir release generates more energy resulting in a higher plant factor.
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E.2.2 At-Site Energy Distribution

Monthly energy requirements can be distributed on a daily schedule and an hourly
schedule. The daily schedule is given onRBeRecord and it indicates the ratio

of weekly energy required each day of the week, Sunday through Saturday. The
sum of the ratios should equal one. The daily energy is computed by the
following:

Weekly Energy = Monthly Energy * [(7 days/week) / (days in month)]

Daily Energy = Weekly Energy * Day Ratio

The daily distribution would be used for simulation time intervals of 24 hours, or
less. The simulation interval is given on Ble Record in field seven.

Multi-hourly simulations are useful to obtain a more detailed simulation of project
operation. Thé&D Record specifies the daily ratios and Eté¢ Record specifies

ratios of the daily energy requirement for each time interval within a dayPHhe
Record contains the number of values necessary to cover the number of simulation
periods in one day (e.g., four ratios for each six-hour simulation interval). The

first value represents the period starting at midnight. The sum of the values equals
one.

A maximum of 24 hourly values can be input onfth¢ Record. If the simulation
time interval is greater than tiH time increment, the program will sum tRel
values to equal the simulation interval. Therefore, an hourly distribution of daily
energy can be used with any even multiple-hour subdivision of a day.

E.2.3 Power Guide Curve

Another style of operation is to apply a power guide curve which relates plant
factor to the percent of power storage remaining in the reservoir. This method is
an alternative method to firm energy operation. Figure E.1 demonstrates this
option graphically. The plant factors are in percent.

The power guide curve relates the power storage occupied at any given time to the
plant factor. The end-of-period storage from the previous period will be used to
find the required plant factor for the present period.

In Figure E.1, the power pool is defined as the storage between the top-of-the
buffer pool (level 2) and the top-of-the conservation pool (level 3). The storage in
levels 2 and 3 can remain constant with time, or vary monthly or seasonally.
Between levels 2 and 3, the power plant is operated according to the power guide
curve. As the pool level increases, the energy requirement increases from a plant
factor of 0.1 to a value of 1.0 at full pool, the factors are shown as percent.
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The reservoir storage
between the inactive and
buffer levels (levels 1 and
2) will also be used to
generate power, but at a
Top of Buffer Pool minimum plant factor

corresponding to 0%

power storage on the

guide curve, unless the
Top of Inactive Pool Power Drawdown Priority
is used. Above level 2, the
operation will be governed
by the guide curve.

3. Topof Conservation Pool

N

RESERVOIR LEVEL

0 20 40 60 80 100 The HEC-5 input

PLANT FACTOR requirements for this
option are described
below:

Figure E.1. Power Guide Curve

Power guide curve The percent of power storage occupied (expressed as a
decimal) is entered on tfC Record and the corresponding plant factors are
entered on th@F Record. Percent power storage should not exceed 1.0 as flood
storage will not be counted toward computing an energy requirement for guide
curve operation. For this option, the monthly ratios input offR&ecord are
multiplied by this factor.

Power drawdown priority : TheJ2 Record field 4 value includes a 2. This
allows the reservoir to draw down to level 1 to generate power.

E.2.4 Power Guide Curve Factor

It is sometimes desired to increase the energy requirements (either firm energy or
power guide curve options) when there is sufficient storage in the reservoir to
meet the increased requirement. This is handled in HEC-5 through a power guide
curve factor. A reservoir power index level may be specified odltRecord in

field 9. This is usually the same as the top-of-the buffer pool (level 2), but may be
different. Energy requirements can be given as monthly energy requirements (on
the PR Records) or power guide curve requirements (ofPtd’F Records).

The power guide curve factor is entered on field 14 oPfRérecord. The input
energy requirements are multiplied by the factor when the reservoir level, in the
previous time period, is above the index levédl9). For exampl®R.14 = 1.25,

then the energy requirement would be multiplied by 1.25 when the reservoir level
in the previous period is above the power index level. When the reservoir level
drops below the index level, the energy requirements are taken directly from the
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plant factor specified on tHeC-PF Records or the energy requirement onRRe
Records.

E.2.5 Peaking Capability

Hydropower peaking capability may be defined for HEC-5 use in four ways: as a
constant capacity value, or a function of: reservoir storage, reservoir release, or
power head. The variable peaking capability is used with plants with substantial

power storage and provides important information on peaking capability vs. time

plus a more accurate estimate of energy.

Constant Capacity. The installed capacity is given on field 2 of BieRecord.

Peaking vs. Reservoir Storage The turbine-generator capability vs. reservoir
storage function is input on tli¥° andPS Records. A value of 1 is specified in

field 4 of theP1 Record to define this type of relationship. This option is used

when head fluctuations are primarily dependent upon the headwater elevation.
Note that the end-of-period storage of the previous period is used to determine the
peaking capability of the current period. The variable peaking capability in KW is
shown in output asPEAK CAP".

Peaking vs. Reservoir ReleaseField 4 of the?1 Record is changed to 2 to
describe the peaking capability vs. reservoir release dPRladPS Records.

The PP andPS Records are changed accordingly. This option is used when head
fluctuations are primarily dependent upon changes in tailwater. The variation in
peaking capability is shown in the column labelB&AK CAP".

Peaking vs. Operating Head Peaking capability vs. reservoir operating head will
be read on Record® andPSwhen a 3 is specified in field 4 of tRd Record.

This option reflects changes in headwater and tailwater elevations, and may be
more accurate if both change significantly.

E.2.6 Overload Ratio

An overload ratio is used along with the installed capacity to determine the
maximum energyhe power plant can produce in a time interval. Many older
plants have been designed with an overload ratio of 1.15, meaning that the plant
can generate at 15% over installed (nameplate) capacity. The overload ratio is
input in field 3 of the?1 Record. Current Corps’ specifications and modern
electrical design permit new plants to have a 1.0 overload ratio.
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E.2.7 Efficiency Options

There are four ways to express the turbine-generator efficiency in HEC-5. In
preliminary studies to determine the hydropower potential at a reservoir, a
constant turbine-generator efficiency of 86% is often used. In actual operation,
however, the turbine-generator efficiency varies throughout its range of operation.
There are three ways to specify a variable efficiency.

Constant Efficiency. The constant value is input on field 7 of BteRecord.

Efficiency vs. Reservoir Storage A value of -1 is coded in field 7 of i
Record to indicate that the efficiencies onBteRecord will be used with the
reservoir storages on tiRS Record. Note that the efficiencies are specified in
decimal form (50% efficiency = .50).

Efficiency vs. Operating Head For this option, a value of -1 is also coded in

field 7 of theP1 Record. However, this time the values onREeRecord are

greater than 1 (an impossible efficiency). Both the head and corresponding
efficiency are input on theE Record. The value to the left of the decimal point
represents the head corresponding to the efficiency which is entered to the right of
the decimal point. (e.g., 144.87 would indicate that the power efficiency is 87%

at a head of 144.)

Efficiency in kW/ft */s vs. Reservoir Storage A value of -2 is specified in field 7
of theP1 Record to indicate an efficiency in kW/# coefficients are entered on
the PE Record. Values of kWAts are computed for a project by repetitive
solution of the energy equation for assumed elevations in the reservoir. This
approach was often used for convenient hand calculations of energy. These
coefficients correspond to the reservoir storages oR8Record. Energy is
calculated as follows:

Energy (KWh) = Flow (ft*/s) * Coefficient (kW/ft*/s) * Time (hours)

E.2.8 Power Head

In computing the energy that can be generated in any time period, the available
head is a critical factor. The headwater is determined by averaging the end-of-
period (EOP) storage for the current period and the previous period. The storage
in a particular time period, t, is determined from the equation:

Storage, = Storage,, - EVAP + [(Inflow - Outflow) * CQS]
where:

EVAP = Net evaporation for the time step
CQS = Discharge to storage conversion factor
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The headwater elevation thus must be determined by a trial and error method
because it is based on the outflow, which is also unknown. To compute head, the
tailwater must be known. There are three ways to define the tailwater elevation in
HEC-5. If more than one method is given, the program uses the highest of those
specified.

E.2.9 Tailwater

Block-loading Tailwater. The tailwater elevation may be given as a constant.
This is often called block-loading because it represents the tailwater elevation
based on the discharge required to produce 100% of the installed capacity. For
peaking plants, block-loading is the average "on-line" tailwater that would be
expected during power generation. The block-loading tailwater elevation is
specified in field 5 of th&1 Record.

Tailwater Rating Curve. For hydropower analysis it is often necessary to specify
tailwater elevation as a function of the reservoir release. Usually, the block-

loading tailwater elevation is omitted and a rating curve is entered &Qxlaad

PT Records. The hydropower release is an average value for the time interval and
the rating curve usually represents an instantaneous value. Therefore, the program
adjusts the computed power release by dividing it by the plant factor for the time
interval to estimate an instantaneous discharge. The estimated instantaneous value
is used to determine the tailwater elevation from the input rating.

Downstream Reservoir Reservoirs are in tandem when they are on the same
stream and consecutive. A downstream reservoir's headwater elevation can affect
the tailwater elevation of the upper reservoir. The control point number of the
downstream reservoir is input in field 6 on the upstream reseridif&ecord.

For each period in the simulation, the elevation of the downstream reservoir pool
is compared with the tailwater from block-loading or rating curve and the higher of
the two is used to compute the head for the upstream reservoir in that period.

Combination Tailwater Data. All the tailwater options can be used at a site. If
more than one option is used, the highest elevation in each period is used to
compute the head. Combinations may be required for peaking plants to account
for high tailwater elevations during flood conditions, or inundation from
downstream reservoir pool.

E.2.10 Losses

Efficiency reflects the “losses” in the electrical-mechanical operation for energy
generation. Hydraulic losses reflect the hydraulic head loss and the water losses at
the site. Hydraulic loss may be expressed as a constant, or varying with reservoir
outflow. In addition, a constant leakage (ifsft may be specified.
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Fixed Hydraulic Losses A constant hydraulic loss is specified in field 8 of Bie
Record. The input value is subtracted from the final net head calculated during
each period. This hydraulic loss option is comparable to the Block-Loading
tailwater option. The output "POWER HE" will include the subtracted loss value.

Losses Varying With Release Hydraulic losses in feet corresponding to power
release are specified on tA® andPL Records, respectively. The releases are
input in increasing order on ti& Record.

Leakage Water which continuously passes through the wicket gates or under the
dam, or through fish ladders or low flow outlets, but cannot be used for power
generation is specified as leakage (in flow units) orPRecord in field 1. The
leakage will continue even when no power releases are made. Leakage will occur
through the entire range of reservoir levels, until Level 1 is reached.

E.2.11 Hydropower Limits

After the energy-release determination has been made, the program will check
limitations in the penstock capacity (if defined) the power capability, and the
available water for generation. If any of these considerations cause a reduction in
the power release, the energy generated will be less than the specified energy
requirement. There is no outpDaseto indicate this situation, so the program

may still indicate it is operating for hydropower requirem@ade= 0.10). The

user should check the following limits when there is a power shortage and the
Case= 0.10.

Capacity Limit. A variable capacity can limit energy production in a time step.
The application of that limit depends on how the energy requireBrdata, is
defined.

If the energy requirement is given (MW-hr&)en the entire simulation
time interval is available to generate the required energy. The capacity
will be applied for the entire time interval to meet the energy requirement.

If the energy requirement is defined by plant fagttiren only the ratio of
the time interval is available to generate the required energy.

Penstock Capacity The penstock conveys water from the outlet at the reservoir
into the turbine. For existing plants, the maximum discharge capacity for the
penstock must be considered in estimating energy generation. For proposed
plants, there may be a design discharge capacity to consider. If no value is
specified, the penstock capacity will not be a constraint on power releases.
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The penstock capacity is input on 2 Record, field 2. The program converts
the penstock capacity to an average discharge over the simulation time interval
based on the plant factor for that time period. The following equation is used:

Average Power Release (ft®/s) = Plant Factor x Penstock Capacity (ft%/s)

If the computed power release exceeds the penstock capacity, another
computational iteration is made for that period limited by the penstock capacity.

Overload Capacity. The overload ratio is only used when there is a surplus of
water to be released and the program determines the maximum energy that can be
produced in the simulation time interval. Any release greater than the flow
required to generate the maximum energy is assumed to be Spill. The Maximum
energy is computed by:

Maximum Energy = Capacity * Overload * ATime (hours)

The capacity is usually the installed capacity. However, if a variable capacity is
defined, the current value of the capacity will be used for this computation.

E.2.12 Priority Options

A primary question in the study of a hydropower system is how much energy can
be generated. In a multi-purpose system, many variables can create conflicts in
operation. There is the available storage for power generation and the use of that
storage for other purposes. Then, during high flows, there may be the need to
reduce reservoir releases to minimize flooding at downstream locations. A useful
feature in HEC-5 is to allow the user to define priorities between competing
project purposes.

Normal Priority . In a multi-purpose system that operates for both hydropower
and flood control. the "normal priority" is for reservoirs to operate for flood
protection first, and to meet conservation flows second. Conservation flows
include minimum required flows, minimum desired flows, and primary energy
releases.

Power releases from the reservoir will be cutback (shorting energy requirements)
when any control point in the system which the reservoir operates for is flooding.

Power releases are assumed to meet minimum flow requirements. If the power
release is insufficient, the release will be increased to meet the specified
minimum requirement. Also, the extra release will be used to generate
hydropower up to defined physical limits.
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Power Priority. The "priority” variable is on th&2 Record, field 4. The

priority code of 1 specifies preference of primary power releases over flood

control releases. With this option, releases are made to meet energy requirements
even though the release contributes to downstream flooding.

Power Drawdown Priority. In HEC-5, power releases are normally made as
long as the reservoir is above the buffer level (usually level 2). The "drawdown
priority” option allows releases to be made down to level 1 to generate primary
energy. No energy shortages occur as long as there is sufficient water and
capacity.

E.2.13 Additional Hydropower Features

This section describes options that may be very helpful in specialized hydropower
studies requiring additional modeling and analysis. Items include adding an
additional turbine, energy benefits, pump-storage, optimization, and system
power.

Headwater Option. HEC-5 can be used to model the addition of a turbine on a
second outlet of an existing hydropower reservoir. For example, if a constant 50
ft¥s is being released through a low flow outlet, and a second turbine is to be
placed at the outlet, the "headwater" option can be used to model the second
turbine.

First, a dummy reservoir (e.g., Res. 25) is added to the input data for the second
plant. Reservoir data for the dummy reservoir describe a reservoir with the same
storage as the power reservoir (e.g., Res. 20). Power data describing
characteristics of the second turbine are input at the dummy reservoir. A value of
-20 is coded in field 6 of thB1l Record which tells the dummy reservoir to use

the headwater elevation from Reservoir 20. A diversion record is added to
reservoir 20 to divert the constant 58sffrom reservoir 20 to the power plant at
reservoir 25. See tH@R Record for input description. This effectively creates a
system with a single operating reservoir and two power outlets.

Energy Benefits Analyzing the economics of a hydropower plant can be aided
by the HEC-5 options which allow project benefits to be computed.Jd he

Record provides capability for energy (fields 7 and 8) and capacity (field 6)
benefits for a firm energy operation while B Record allows energy benefits

for the power rule curve type of operation. Given the energy benefit values (in
mills/kwWh) and the corresponding plant factors, the benefit in dollars is
computed for the rule curve operation for each period. Required records are the
PC, PF, andPB. Data on the records are the percent conservation storage
remaining, plant factor and the corresponding benefit rate, respectively.
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E.3 Hydropower Modeling

The hydropower model (Example 7) is a three-reservoir system illustrating three
types of hydropower modeling: power guide curve, peaking requirements and
run-of-river. The first reservoir, on the west branch, operates based on a power
guide curve that defines energy required as a function of conservation storage.
The upper reservoir on the east branch only operates for its hydropower based on
a monthly energy demand schedule, labeled "Peaking Hydropower". The lower
reservoir on the east branch has no energy requirement and operates for low-flow
demand, labeled "Run-of-river" hydropower. The following sections described
each reservoir's hydropower input data and then the hydropower operation.

The reservoirs have six levels, with top-of-conservation at level 5 and top-of-
buffer pool at level 2. The intermediate level 3 is used to favor one reservoir over
the other when operating for downstream low-flow goals. (This is described in
the note following Table E.3.) Monthly net-evaporation depths are defined for all
reservoirs on th86 Records.

E.3.1 Power Guide Curve Data

An alternative to specified energy requirements is the power guide curve data
used with Andrew Reservoir, location 80. The data are listed in Table E.1. The
reservoir data define a seasonally varying storage for levels 3 &id 4 (

Records). Th&®O Record indicates the reservoir operates for downstream
location 33. Reservoir outflow capaciff@), reservoir areaRA) and elevation
(RE) are all defined as a function of storags). TheR2 Record indicates a
rate-of-change of 10,000°%#& for both increasing and decreasing reservoir
releases. The seven seasons are defined @StRecord, at the bottom of the
input series.

The power dataR1 Record, fields 2 - 8) define a 82,000 MW plant, with no
overload, peaking capability is a function of operating head, no minimum
tailwater or downstream reservoir effecting tailwater, efficiency defined by kW
versus release based on reservoir storage, and a hydraulic head loss of 1.2 feet.
The optionaP2 Record indicates a leakage of 1¥sfand a penstock capacity of
9,800 ft/s.

Following theP1 andP2 Records, are the power rule curve data. This approach
defines the energy required as a function of storage availablePT Record

defines the percent of power (conservation) storage for the associated power
requirements, defined as plant factordRdhRecords. The first field indicates the
number of values, 8. Then the ratios of power storage, from 0 to 1.0 are defined
on thePC Record and the associated plant factors are defined &tRecord.

For example, for a power-storage ratio from 0.0 to 0.45, the energy required is a
minimum 0.045 which is equivalent to one hour of generation per day.
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Table E.1 Power Guide Curve Input Data (Example 7, beginning of file )

Tl  HEC-5 Example 7, Basic Hydropower Model (EXAMPLE7.DAT)

T2 2 Peaking Plants and a Reregulation Reservoir with Run-of-River Power
T3  Green River, Adam Reservoir to Willeyburg, Hourly Flow Data 1986-1987
J1 0 1 6 4 5 2

J2 24 1

J3 4 1

J6 -27 -20 -16 03 34 25 20 09 19 16
J6 -0.8 -1.6

J8 80.12 80.10 55.12 55.10 50.12 50.10 33.04 33.05
J8 80.12 80.10 80.13 80.16 80.15 80.35
J855.12 55.10 55.13 55.16 55.15 55.35
J850.12 50.10 50.13 50.16 50.15 50.35

C Andrew Reservoir (Peaking Project)

RL 80 345000

RL 1 80 -1 82890

RL 2 80 -1 95000

RL 3 80 7 210400 210400 379600 379600 379600 210400
RL 210400

RL 4 80 7 210492 210492 379611 379611 379611 210492
RL 210492

RL 5 80 -1 670052

RL 6 80 -1 804006

RO 1 33

RS 32 10373 82884 89647 104879 113447 122709 132705 143514 155137
RS167612 181000 195280 210492 226656 243772 261860 280940 301031 322154
RS344288 367473 391749 417136 443713 471559 500734 531317 563427 597164
RS632646 670052 804006

RQ 32 9800 9800 9800 9800 9800 9800 9800 9800 9800

RQ 9800 9800 9800 9800 9800 9800 9800 9800 9800 9800

RQ 9800 15000 26000 37000 50000 66000 82000 100000 120000 140000
RQ160000 185000 300000

RA 32 182 3251 3516 4116 4452 4812 5196 5602 6024

RA 6462 6913 7373 7841 8317 8801 9293 9793 10298 10808

RA 11329 11862 12411 12988 13599 14246 14933 15665 16449 17293
RA 18206 19201 24200

RE 32 725 800 802 806 808 810 812 814 816

RE 818 820 822 824 826 828 830 832 834 836

RE 838 840 842 844 846 848 850 852 854 856

RE 858 860 870

R2 10000 10000

C == Andrew Power Plant == 2 41 mW Generators, Operate 4hrs/day Monday-Friday
P1 80 82000 1 3 0 o -2 12

P2 1.5 9800

PC 8 0O 45 60 65 .88 .92 94 10

PF 8 .042 .042 .083 .083 .125 .167 .208 .25

1 1 1 1 12 15 15 1.2 1

1

PD O 1 1 1 1 1 0

PH 24 0 0 0 0 0 0 .125 .125 .125

PH .125 .125 .125 .125 .125 0 0 0 0 0

PH O 0 0 0 0

PQ 0 203 4200 7500 9500 11600 32100 45000

PT 685 690 692.6 694.7 696.5 697.9 733.1 735

PP 28000 58000 68000 82000 82000 82000 82000

PS 80 100 115 125 130 145 200

C PLANT EFFICIENCY RATIO IS (KW/CFS)

PE 6.75 6.75 697 7.42 764 786 8.08 83 852 8.75

PE 897 9.19 937 95 9.7 99 10.23 10.49 10.66 10.83

PE 11.00 11.16 11.31 11.47 11.62 11.78 11.93 12.09 12.24 12.40

PE 12.55 12.55

CP 80 9800

IDANDREW RESERVOIR

RT 80 70

CcsS 7 1 15 121 182 274 350 365

Continued in Table E.2
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Appendix E. Hydropower Simulation

Note thatPR Records are also given. In this application,RRedata define
monthly ratios to apply to the computed energy requirement defined by the
storage-plant factor input. In this example, the ratio of one will be used from
January to May, the first five months. Then in June, the ratio will be 1.2 and in
July, 1.5. This allows for a seasonal increase, or decrease, in the energy
requirements defined by the hydropower rule.

ThePD Record distributes the weekly energy over the seven day. The input
indicates a uniform demand over Monday through Friday. PHh&ecords serve
to distribute the energy requirement over the block-hours of the day, 24 in this
example.Note, the number of hourly values must be the same for all power
reservoirs in the modelThis input indicates a uniform demand from 7:00 AM to
2:00 PM.

ThePQ andPT data defined the tailwater rating curve, flow versus tailwater.
The data should define the entire range of potential releases, from low to high.
The tailwater elevation will be computed by linear interpolation based on the
average outflow for the time interval.

The PP andPS Records define the peaking capability as a function of storage,
flow, or head, based on the code in field 4 ofRidRecord. For this example,

the data are based on head. The head, or storage, data should cover the entire
range of operation.

The PE Records define hydropower efficiency as a function of storage defined on
theRS Records. Based on the code in field 7 ofRfidRecord, either efficiency

or KW per release {fs) is defined. In this example, it is the latter. For the 32
values of reservoir storage, tRE Record defines the kWifs factors. These

factors are often computed to simplify hydropower calculations by hand. Given a
power capacity, the required flow can be computed by dividing with the factor.

E.3.2 Peaking Energy Requirements

The input data for the east branch begins with Adam Reservoir illustrating
specified energy requirements for a peaking hydropower project. The input data
are shown in Table E.2. The reservoir (location 55) has seasonally varying
storage for top-of-conservation, level 4. The nine seasons are definedG# the
Record, shown at the bottom of the table. Reservoir data includefaga (
required for evaporation, and elevati®tE), required for hydropower
computations. The maximum rate-of-change for releases, both increasing and
decreasing, are defined on tR2 Record.
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Table E.2 Peaking Energy Requirements Data(continued from Table E.1)

continued from Table E.1

.C *kkkkkkkkkkkkkkk Adam Reservo”— *

RL

RQ
RQ

1 5 -1 867600

2 55 -1 1369772

3 5 -1 1956000

4 55 9 1957000 1957000 1957000 1957000 1995200 1995200
1995200 1957000 1957000

5 55 -1 2554000

6 55 -1 3070000

-39 0 760 867 913 960 1009 1059 1085 1112

1139 1166 1194 1222 1251 1280 1309 1339 1370 1401
1432 1464 1496 1529 1561 1595 1629 1663 1698 1733
1769 1805 1842 1879 1917 1957 1994 2034 2554 3070

39 0 1000 9750 9820 9870 9920 9970 10010 10050
9000 9000 10190 10230 10270 10300 10330 10370 10410 10450

RQ 10490 10530 10570 10610 10650 10690 10730 10770 10800 10830
RQ 10870 10910 10940 10980 11020 11060 9500 9500 11580 21850

RA

39 0 20508 22442 23217 24008 24833 25701 26159 26619

RA 27079 27535 27983 28432 28861 29291 29721 30153 30587 31023
RA 31461 31901 32343 32789 33238 33690 34147 34610 35079 35555
RA 36036 36522 37015 37515 38024 38542 39078 39638 47182 53300

RE
RE
RE
RE

39 1420 1530 1535 1537 1539 1541 1543 1544 1545
1546 1547 1548 1549 1550 1551 1552 1553 1554 1555
1556 1557 1558 1559 1560 1561 1562 1563 1564 1565
1566 1567 1568 1569 1570 1571 1572 1573 1585 1595

R2 12000 12000

C =

P1
P2

PR-
PR-

PD
PH
PH
PH
CcP

= Adam Power Plant == 4 20 mW Generators, Operate 4hrs/day Monday-Friday

55 80000 1.15 0 14336 50 .87 1.5

2.3 9000
.0595 -.0595 -.0595 -.1192 -.1192 -.1192 -.1192 -.089 -.089 -.089
.0595 -.0595
o 2 2 2 2 2 0
24 0 0 0 0 0 0 25 .25 .25
.25 0 0 0 0 0 0 0 0 0
0 0 0 0 0
55 15000

IDADAM RESERVOIR

RT
CS

55 50
9 1 32 60 90 121 181 273 335 365

Continued in Table E.3

The hydropower data begin with tR& Record, which defines for location 55:

the installed capacity, the overload ratio, and a constant capacity will be used
(fields 1 through 4, respectively). Following those are: the tailwater elevation,
the downstream reservoir for tailwater consideration, the efficiency, and a fixed
head loss in feet. When the tailwater is multiply defined, the program will use the
higher value for each time step. That is, the input tailwater elevation of 1433.6
will be used if higher than the pool elevation at location 50. FhRecord

defines the leakage as 2.3dtand the penstock capacity as 906/8.ft
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The monthly energy requirements are defined orPRR&ecords. The negative
sign indicates that the input is plant factor rather than energy. The energy
requirements are computed by multiplying the plant factor times installed
capacity times the duration of the month, in hours. FbeérRecord defines the
daily distribution, Sunday through Saturday. The daily data indicates a uniform
distribution of energy for Monday through Friday and no power requirements for
the weekend. For the hourly simulation, Bté Records define the distribution
during the day, starting with the number of values, 24. This indicates the
following data is hourly, starting from midnigh¢(Note forPH Records, all

power reservoirs must have the same number of valdd®)hourly data define
four hours of operation from 1 to 4 PM each weekday, as the comment
information C Record) states. The monthly plant factor 0.1192 is equivalent to
operating the full 80,000 KW plant capacity for four hours per week day. (This
will be shown in the output review for this example.)

E.3.3 Run-of-river Hydropower Data

The run-of-river data and the remainder of the input file are listed in Table E.3.
The re-regulation dam, location 50, regulates the flow from Adam Reservoir and
operates to meet flow goals at location R®(Record). The lower reservoir has

the same basic reservoir data as the others, with fewer data points and a constant
storage for each level. The power data are similar too, except this project has a
tailwater rating curveRQ andPT Records) and there are no energy requirements
on thePR Records.

The power dataH1 Record) define a 6,000 MW capacity with a 1.2 overload
factor, an 0.85 efficiency, and a 1.1 foot head loss. ThereR2iecord, which

is optional. Thd°R Records are required; however, the blank fields indicate that
there are no energy requirements. This means that the reservoir will make
releases for other purposes and the energy resulting from the release will be
computed.

Looking at the reservoRO Record indicates the reservoir operates for itself and
downstream location 33. At the reservoir, there is a minimum desired flow
requirement of 130 #ts and a required flow of 25% (CP Record). The
downstream location, Willeyburg, has a monthly minimum-flow schedpiié (
Records). This means that the primary operation for the re-regulation reservoir
will be to ensure that the minimum flow target at Willeyburg is met and to
generate energy, up to the limit of its capacity, with the reservoir releases.
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Table E.3 Run-of-river Hydropower Data (continued from Table E.2)

: continued from Table E.2

C wrrekkkkkkkkerks* Reregulation Dam below Adam Reservoir
RL 50 11400 290 1500 1600 17500 18500 19300

RO 1 33

RS 6 290 750 4000 11000 17500 19300

RQ 6 0 11900 46900 72749 85905 87400

RA 6 50 80 610 787 870 890

RE 6 1407 1414 1424 1434 1442 1444

R2 3000 4000

C == Reregulation Dam Power Plant, 6,000 kW, Run of River Operation ===========
P1 50 6000 1.2 .85 1.1

PR

PR

PQ 20 100 400 800 1200 2000 5000 10000 20000

PT1400.2 1400.55 1401.27 1401.92 1402.45 1403.33 1405.75 1408.7 1413.11

CP 50 16000 120 35

IDREREG

RT 50 33

CP 70 999999
IDOTTOVILLE
RT 70 33

C #rxmisxarikkxssx Green River at Willeyburg
CP 33 999999

IDWILLEYBURG

RT 33

QM 755 925 950 1550 1600 1650 1700 1450 1400 1400
QM 755 755

ED

BF 2 48 86073100 1 1900

ZR=IN80 A=ROCK RIVER B=ANDREW RESERVOIR C=LOCAL FLOW F=COMPUTED
ZR=IN70 A=ROCK RIVER B=OTTOVILLE C=LOCAL FLOW F=COMPUTED
ZR=IN55 A=GREEN RIVER B=ADAM RESERVOIR C=LOCAL FLOW F=COMPUTED
ZR=IN50 A=GREEN RIVER B=REREG RESERVOIR C=LOCAL FLOW F=COMPUTED
ZR=IN33 A=GREEN RIVER B=WILLEYBURG C=LOCAL FLOW F=COMPUTED

EJ

ER

Note: Both this reservoir and Andrew Reservoir, location 80, operate for the

downstream flow goal at location 33. When two reservoirs operate for the same
downstream location, the reservoir at the higher level is given the priority to meet
the downstream goal. This reservoir only has 1,000 acre-feet of storage between

levels 4 and 5RL Record). Location 80 has a variable storage allocation;
however, it is always over 290,000 acre-feet. With the larger storage between

Levels 4 and 5 at location 80, that reservoir will tend to provide more of the flow
required to meet the downstream goal at 33. In system operations, the reservoirs
are considered balanced when they are at the same level. To be balanced from
Levels 5 to 4, Adam Reservoir would draw-down 290,000 acre-feet while the re-

regulation reservoir draws down 1,000 acre-feet. The output review in Section
E.3.6 describes this reservoirs operation.
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The flow data indicates 48 periods of one-hour flow will be processed, starting on
31 July 1986. Note: the century input is in field 10 of BkeRecord. The flow

data will be read from a DSS file based on the defined pathnames parts defined
on theZR Records.

E.3.4 Power Guide Curve Output

The first user table provides an overview of the entire reservoir system.

Reservoir Case and Outflow shows the releases and the controlling purpose. For
the two storage projects, the Case is mostly leakage (Case = 0.13) and
hydropower generation based on energy requirement (Case = 0.10). And
exception is Case - 0.14 for Adam Reservoir at 0800 and 0900 on 31 July. That
indicates that the penstock capacity is limiting. Adam Reservoir operation is
reviewed in Section E.3.5. The re-regulation operation is either for downstream
flow goal (Case = 33.00) or at-site minimum flow (Case = 0.00) The re-

regulation reservoir is reviewed in Section E.3.6.

Andrew Reservoir operation is presented in User Table 2, Figure E.5. Along with
Case and Outflow are: Level, Energy Generated, Energy Required and Plant
Factor. The hourly distribution for energy was for eight hours per week-day,
starting at 0700. The input plant fact®H Record) for 0.88 storage (Level =

2.88) is 0.125. However, the monthly multipli@&R Records) is 1.25 for July

and August. Therefore, the energy requirement is the product of the two values,
making the required plant factor 0.1875. The output Plant Factor shows 0.19 for
the eight periods a day of energy generation. When there is no energy
requirement, the release is 1.50sfand the Case is 0.13. Both consistent with

the input leakage of 1.5%f6. The energy requirement gradually decreases for
each period because the reservoir is at a lower storage level. The program
interpolates the plant factor based on the power storage for each period. By the
second day, the power storage is 87% (Level = 2.87).
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Appendix E. Hydropower Simulation

Table E.5 Andrew Reservoir Operation, User Table 2

*USERS. 2 User Designed Output (Dates shown are for END-of-Period)

Summary by Period Flood= 1
Location No= 80. 80. 80. 80. 80. 80.
J8/JZ Codes= 80.120 80.100 80.130 80.160 80.150 80.350

ANDREW RE ANDREW RE ANDREW RE ANDREW RE ANDREW RE ANDREW RE
Per Date: Hr Day Case Outflow Level Energy G Energy R Plant Fa

131Jul86 1 Thu 0.13 1.50 2.88 0.00 0.00 0.00
231Jul86 2 Thu 0.13 1.50 2.88 0.00 0.00 0.00
331Jul86 3 Thu 0.13 1.50 2.88 0.00 0.00 0.00
4 31Jul86 4 Thu 0.13 1.50 2.88 0.00 0.00 0.00
531Jul86 5 Thu 0.13 1.50 2.88 0.00 0.00 0.00
6 31Jul86 6 Thu 0.13 1.50 2.88 0.00 0.00 0.00

731Jul86 7 Thu 0.10 1416.74 2.88 15333.75 15333.75 0.19
831Jul86 8 Thu 0.10 1415.99 2.88 15324.44 15324.44 0.19
931Jul86 9 Thu 0.10 1415.25 2.88 15315.13 15315.13 0.19
10 31Jul86 10 Thu 0.10 1414.50 2.88 15305.83 15305.83 0.19
11 31Jul86 11 Thu 0.10 1413.75 2.88 15296.53 15296.53 0.19
12 31Jul86 12 Thu 0.10 1413.01 2.88 15287.24 15287.24 0.19
13 31Jul86 13 Thu 0.10 1412.27 2.88 15277.95 15277.95 0.19
14 31Jul86 14 Thu 0.10 1411.53 2.88 15268.66 15268.66 0.19

15 31Jul86 15 Thu 0.13 1.50 2.88 0.00 0.00 0.00
16 31Jul86 16 Thu 0.13 1.50 2.88 0.00 0.00 0.00
17 31Jul86 17 Thu 0.13 1.50 2.88 0.00 0.00 0.00
18 31Jul86 18 Thu 0.13 1.50 2.88 0.00 0.00 0.00
19 31Jul86 19 Thu 0.13 1.50 2.88 0.00 0.00 0.00
20 31Jul86 20 Thu 0.13 1.50 2.88 0.00 0.00 0.00
21 31Jul86 21 Thu 0.13 1.50 2.88 0.00 0.00 0.00
22 31Jul86 22 Thu 0.13 1.50 2.88 0.00 0.00 0.00
23 31Jul86 23 Thu 0.13 1.50 2.88 0.00 0.00 0.00
24 31Jul86 24 Thu 0.13 1.50 2.88 0.00 0.00 0.00

25 1Aug86 1Fri 0.13 1.50 2.88 0.00 0.00 0.00
26 1Aug86 2 Fri 0.13 1.50 2.88 0.00 0.00 0.00
27 1Aug86 3 Fri 0.13 1.50 2.88 0.00 0.00 0.00
28 1Aug86 4 Fri 0.13 1.50 2.88 0.00 0.00 0.00
29 1Aug86 5Fri 0.13 1.50 2.88 0.00 0.00 0.00
30 1Aug86 6 Fri 0.13 1.50 2.88 0.00 0.00 0.00
31 1Aug86 7 Fri 0.10 1410.74 2.87 15258.74 15258.74 0.19
32 1Aug86 8 Fri 0.10 1410.01 2.87 15249.61 15249.61 0.19
33 1Aug86 9 Fri 0.10 1409.28 2.87 15240.50 15240.50 0.19
34 1Aug86 10 Fri 0.10 1408.56 2.87 15231.39 15231.39 0.19
35 1Aug86 11 Fri 0.10 1407.83 2.87 15222.30 15222.30 0.19
36 1Aug86 12 Fri 0.10 1407.11 2.87 15213.22 15213.22 0.19
37 1Aug86 13 Fri 0.10 1406.38 2.87 15204.14 15204.14 0.19
38 1Aug86 14 Fri 0.10 1405.66 2.87 15195.08 15195.08 0.19
39 1Aug86 15 Fri 0.13 1.50 2.87 0.00 0.00 0.00
40 1Aug86 16 Fri 0.13 1.50 2.87 0.00 0.00 0.00
41 1Aug86 17 Fri 0.13 1.50 2.87 0.00 0.00 0.00
42 1Aug86 18 Fri 0.13 1.50 2.87 0.00 0.00 0.00
43 1Aug86 19 Fri 0.13 1.50 2.87 0.00 0.00 0.00
44 1Aug86 20 Fri 0.13 1.50 2.87 0.00 0.00 0.00
45 1Aug86 21 Fri 0.13 1.50 2.87 0.00 0.00 0.00
46 1Aug86 22 Fri 0.13 1.50 2.87 0.00 0.00 0.00
47 1Aug86 23 Fri 0.13 1.50 2.87 0.00 0.00 0.00
48 1Aug86 24 Fri 0.13 1.50 2.87 0.00 0.00 0.00

Sum= 5.76 22626.61 137.99 244224.50 244224.50 3.04
Max = 0.13 1416.74 2.88 15333.75 15333.75 0.19
Min= 0.10 1.50 2.87 0.00 0.00 0.00

PMax= 1.00 7.00 1.00 7.00 7.00 7.00

Avg= 0.12 471.39 2.87 5088.01 5088.01 0.06
PMin= 7.00 1.00 38.00 1.00 1.00 1.00
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E.3.5 Peaking Hydropower Output

Users Table 3 shows the operation of Adam Reservoir for hydropower demands.
The output is shown in Table E.6, with minor editing to fit the page. Recalling

that the reservoir operates four hours each week-day for hydroelectric energy, the
initial six periods (hours) show an outflow of 2.38dtand a case of 0.13. The

case indicates the release is for leakage, as defined. There is no energy required.

For periods 7 through 10, the release is to meet hydropower demand. The Case =
0.10 indicates hydropower release. However, for periods 9 and 10, the Case is
0.14 indicating that the penstock capacity (9,088)fts limiting hydropower

release. The outflow is 9,002.3/ which represents the penstock capacity plus

the leakage of 2.3%s. (Leakage is assumed to be continuous.) After the four
hours of hydropower operation, the release is zero plus leakage.

The other data in Users. 3 are: Reservoir Level, Energy Generated, Energy
Required, and Plant Factor. You can see by the Energy Generated during periods
9 and 10 did not equal requirement due to the penstock-limited release. The
cause is the decrease in power head, due to the low pool level.

The second day of the simulation, August 1, has a different energy requirement
and downstream low-flow goal. Again the reservoir operates for hydropower,
starting at 7:00 am. With the lower energy demand, the reservoir is able to meet
the demand with releases from 6,733 to 6,8%4. ftBecause these releases are

well within the penstock limit, the cases all indicate 0.10 for these four periods
and the energy required is met. Also, the plant factors indicate 0.75, which is
consistent with three of the four units running.

When the hydropower requirements are zero, the reservoir release is zero and the
only outflow is the leakage value of 2.34tand the Case is 0.13 for the rest of
the day.
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Table E.6 Adam Reservoir Operation, User Table 3

*USERS. 3 User Designed Output (Dates shown are for END-of-Period)

Summary by Period Flood= 1
Location No= 55. 55. 55. 55. 55. 55.
J8/JZ Codes= 55.120 55.100 55.130 55.160 55.150 55.350

ADAM RES ADAM RES ADAM RES ADAM RES ADAM RES ADAM RES
Per Date: Hr Day Case Outflow Level Energy G Energy R Plant Fa

131Jul86 1 Thu 0.13 2.30 2.18 0.00 0.00 0.00
231Jul86 2 Thu 0.13 2.30 2.18 0.00 0.00 0.00
331Jul86 3 Thu 0.13 2.30 2.18 0.00 0.00 0.00

4 31Jul86 4 Thu 0.13 2.30 2.18 0.00 0.00 0.00
531Jul86 5 Thu 0.13 2.30 2.18 0.00 0.00 0.00

6 31Jul86 6 Thu 0.13 2.30 2.18 0.00 0.00 0.00

7 31Jul86 7 Thu 0.10 8897.90 2.18 80000.00 80000.00 1.00
831Jul86 8 Thu 0.10 8966.13 2.17 80000.00 80000.00 1.00
931Jul86 9 Thu 0.14 9002.30 2.17 79711.48 80000.00 1.00
10 31Jul86 10 Thu 0.14 9002.30 2.17 79097.59 80000.00 0.99
11 31Jul86 11 Thu 0.13 2.30 2.17 0.00 0.00 0.00

12 31Jul86 12 Thu 0.13 2.30 2.17 0.00 0.00 0.00

13 31Jul86 13 Thu 0.13 2.30 2.17 0.00 0.00 0.00

14 31Jul86 14 Thu 0.13 2.30 2.17 0.00 0.00 0.00

15 31Jul86 15 Thu 0.13 2.30 2.17 0.00 0.00 0.00

16 31Jul86 16 Thu 0.13 2.30 2.17 0.00 0.00 0.00

17 31Jul86 17 Thu 0.13 2.30 2.17 0.00 0.00 0.00

18 31Jul86 18 Thu 0.13 2.30 2.17 0.00 0.00 0.00

19 31Jul86 19 Thu 0.13 2.30 2.17 0.00 0.00 0.00

20 31Jul86 20 Thu 0.13 2.30 2.17 0.00 0.00 0.00

21 31Jul86 21 Thu 0.13 2.30 2.17 0.00 0.00 0.00

22 31Jul86 22 Thu 0.13 2.30 2.17 0.00 0.00 0.00

23 31Jul86 23 Thu 0.13 2.30 2.17 0.00 0.00 0.00

24 31Jul86 24 Thu 0.13 2.30 2.17 0.00 0.00 0.00

25 1Aug86 1 Fri 0.13 2.30 2.17 0.00 0.00 0.00
26 1Aug86 2 Fri 0.13 2.30 2.17 0.00 0.00 0.00
27 1Aug86 3 Fri 0.13 2.30 2.17 0.00 0.00 0.00
28 1Aug86 4 Fri 0.13 2.30 2.17 0.00 0.00 0.00
29 1Aug86 5 Fri 0.13 2.30 2.17 0.00 0.00 0.00
30 1Aug86 6 Fri 0.13 2.30 2.17 0.00 0.00 0.00
31 1Aug86 7 Fri 0.10 6733.80 2.17 59808.00 59808.00 0.75
32 1Aug86 8 Fri 0.10 6772.42 2.17 59808.01 59808.00 0.75
33 1Aug86 9Fri 0.10 6811.72 2.17 59808.01 59808.00 0.75

0000000000000 82LP099000

34 1Aug86 10 Fri 0.10 6851.71 2.17 59808.01 59808.00 0.75
35 1Aug86 11 Fri 0.13 2.30 2.17 0.00 0.00 0.00
36 1Aug86 12 Fri 0.13 2.30 2.17 0.00 0.00 0.00
37 1Aug86 13 Fri 0.13 2.30 2.17 0.00 0.00 0.00
38 1Aug86 14 Fri 0.13 2.30 2.17 0.00 0.00 0.00
39 1Aug86 15 Fri 0.13 2.30 2.17 0.00 0.00 0.00
40 1Aug86 16 Fri 0.13 2.30 2.17 0.00 0.00 0.00
41 1Aug86 17 Fri 0.13 2.30 2.17 0.00 0.00 0.00
42 1Aug86 18 Fri 0.13 2.30 2.17 0.00 0.00 0.00
43 1Aug86 19 Fri 0.13 2.30 2.17 0.00 0.00 0.00
44 1Aug86 20 Fri 0.13 2.30 2.17 0.00 0.00 0.00
45 1Aug86 21 Fri 0.13 2.30 2.17 0.00 0.00 0.00
46 1Aug86 22 Fri 0.13 2.30 2.17 0.00 0.00 0.00
47 1Aug86 23 Fri 0.13 2.30 2.17 0.00 0.00 0.00
48 1Aug86 24 Fri 0.13 2.30 2.17 0.00 0.00 0.00

Sum= 6.08 63130.30 104.26 558041.06 559232.00 6.99
Max = 0.14 9002.30 2.18 80000.00 80000.00 1.00
Min= 0.10 2.30 2.17 0.00 0.00 0.00

PMax= 9.00 9.00 1.00 7.00 7.00 7.00

Avg= 0.13 1315.21 2.17 11625.86 11650.67 0.15
PMin= 7.00 1.00 34.00 1.00 1.00 1.00
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E.3.6 Run-of-river Hydropower Output

The Re-Regulation Reservoir output is shown in Users. 4, listed in Table E.7.
Again, the upper reservoir, Adam, only operates for hydropower four hours
during the five week-days. The lower, re-regulation, reservoir operates for
downstream flow goals and incidently produces hydropower. There is no
required energy at this site.

The Case variable shows 33.00 or 0.00 for all periods. Location 33 is the
downstream location Willeyburg. The reservoir is operating for the downstream
location and, during July, the flow goal is 1,700sfand in August the goal is

1,450 fé/s. Looking back to User 1, Table E.4, during the first six periods the
Flow Regulated at Willeyburg is 1706/&. Then during the next eight periods

the regulated flow is greater than 170%sft Also note, during those periods
Andrew reservoir is releasing for hydropower. With that information, the release
schedule for the re-regulation reservoir makes sense. When Andrew Reservoir
operates for hydropower, the re-regulation reservoir only needs to make a small
release to meet the flow goal at Willeyburg. However, the minimum release is
120 ft¥/s. Therefore, during the eight hours of power releases on the West
Branch, the reservoir operates for its minimum release. The remaining hours, the
re-regulation reservoir operates for location 33 because there are no power
releases on the other branch.

The Level and Energy Generated shows the affect of the hydropower cycle on the
East Branch. The inflow to the re-regulation reservoir comes exclusively from

the upper reservoir release. Therefore, the inflow is the leakage value fs2.3 ft
until the hydropower is generated for four hours. During generation, the inflow
exceed the required outflow to meet downstream demand and the pool level rises.
Then, with the higher pool level, the energy generated is greater for
approximately the same release. During the remaining time, the release draws the
pool level down. As the pool draws down, the energy generated decreases. The
weekend operation, with no hydropower release, will be most critical for the re-
regulation dam to meet the downstream demand with essentially no inflow. This
simulation does not extend into the weekend.
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Table E.7 Re-Regulation Reservoir Operation, User Table 4

*USERS. 4 User Designed Output (Dates shown are for END-of-Period)

Summary by Period Flood= 1
Location No= 50. 50. 50. 50. 50. 50.
J8/JZ Codes= 50.120 50.100 50.130 50.160 50.150 50.350

REREG REREG REREG REREG REREG REREG
Per Date: Hr Day Case Outflow Level Energy G Energy R Plant Fa

131Jul86 1 Thu 33.00 1441.05 3.61 3171.36 0.00 0.53
231Jul86 2 Thu 33.00 1440.26 3.60 3154.53 0.00 0.53
331Jul86 3 Thu 33.00 1439.49 3.59 3137.78 0.00 0.52
431Jul86 4 Thu 33.00 1438.72 3.59 3120.71 0.00 0.52
531Jul86 5 Thu 33.00 1437.91 3.58 3101.49 0.00 0.52
6 31Jul86 6 Thu 33.00 1437.13 3.57 3082.35 0.00 0.51
731Jul86 7 Thu 0.00 120.00 3.62 279.26 0.00 0.05
831Jul86 8 Thu 0.00 120.00 3.66 286.99 0.00 0.05
931Jul86 9 Thu 0.00 120.00 3.71  294.77 0.00 0.05
10 31Jul86 10 Thu 0.00 120.00 3.76  302.57 0.00 0.05
11 31Jul86 11 Thu 0.00 120.00 3.75 306.41 0.00 0.05
12 31Jul86 12 Thu 0.00 120.00 3.75 306.31 0.00 0.05
13 31Jul86 13 Thu 0.00 120.00 3.75 306.20 0.00 0.05
14 31Jul86 14 Thu 0.00 120.00 3.75 306.10 0.00 0.05
15 31Jul86 15 Thu 33.00 1430.14 3.75 3423.40 0.00 0.57
16 31Jul86 16 Thu 33.00 1429.36 3.74 3406.67 0.00 0.57
17 31Jul86 17 Thu 33.00 1428.58 3.73 3389.97 0.00 0.56
18 31Jul86 18 Thu 33.00 1427.80 3.72 3373.29 0.00 0.56
19 31Jul86 19 Thu 33.00 1427.00 3.72 3356.59 0.00 0.56
20 31Jul86 20 Thu 33.00 1426.25 3.71 3340.02 0.00 0.56
21 31Jul86 21 Thu 33.00 1425.47 3.70 3323.42 0.00 0.55
22 31Jul86 22 Thu 33.00 1424.69 3.69 3306.84 0.00 0.55
23 31Jul86 23 Thu 33.00 1423.89 3.69 3290.25 0.00 0.55
24 31Jul86 24 Thu 33.00 1423.13 3.68 3273.74 0.00 0.55

25 1Aug86 1 Fri 33.00 1173.19 3.67 2711.36 0.00 0.45
26 1Aug86 2 Fri 33.00 1172.71 3.67 2700.26 0.00 0.45
27 1Aug86 3 Fri 33.00 1172.25 3.66 2689.20 0.00 0.45
28 1Aug86 4 Fri 33.00 1171.76 3.65 2678.10 0.00 0.45
29 1Aug86 5 Fri 33.00 1171.27 3.65 2667.03 0.00 0.44
30 1Aug86 6 Fri 33.00 1170.81 3.64 2656.00 0.00 0.44
31 1Aug86 7 Fri 0.00 120.00 3.68 290.26 0.00 0.05
32 1Aug86 8 Fri 0.00 120.00 3.71 296.06 0.00 0.05
33 1Aug86 9 Fri 0.00 120.00 3.75 301.86 0.00 0.05
34 1Aug86 10 Fri 0.00 120.00 3.78 307.66 0.00 0.05
35 1Aug86 11 Fri 0.00 120.00 3.78 310.51 0.00 0.05
36 1Aug86 12 Fri 0.00 120.00 3.78 31041 0.00 0.05
37 1Aug86 13 Fri 0.00 120.00 3.78 310.30 0.00 0.05
38 1Aug86 14 Fri 0.00 120.00 3.78 310.20 0.00 0.05
39 1Aug86 15 Fri 33.00 1166.50 3.77 2858.28 0.00 0.48
40 1Aug86 16 Fri 33.00 1166.03 3.77 2847.24 0.00 0.47
41 1Aug86 17 Fri 33.00 1165.55 3.76 2836.19 0.00 0.47
42 1Aug86 18 Fri 33.00 1165.07 3.75 2825.16 0.00 0.47
43 1Aug86 19 Fri 33.00 1164.59 3.75 2814.14 0.00 0.47
44 1Aug86 20 Fri 33.00 1164.11 3.74 2803.12 0.00 0.47
45 1Aug86 21 Fri 33.00 1163.63 3.73 2792.13 0.00 0.47
46 1Aug86 22 Fri 33.00 1163.13 3.73 2781.08 0.00 0.46
47 1Aug86 23 Fri 33.00 1162.66 3.72 2770.13 0.00 0.46
48 1Aug86 24 Fri 33.00 1162.20 3.72 2759.23 0.00 0.46

Sum = 056.00 43496.33 177.83 101266.91 0.00 16.87
Max = 33.00 1441.05 3.78 3423.40 0.00 0.57
Min= 0.00 120.00 3.57 279.26 0.00 0.05
PMax= 1.00 1.00 34.00 15.00 1.00 15.00

Avg = 22.00 906.17 3.70 2109.73 0.00 0.35
PMin=7.00 7.00 6.00 7.00 1.00 7.00
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E.4 Pumped-Storage

The pumped storage capability in HEC-5 is applicable to either an adjacent (off
stream) or integral (pump-back) configuration. The energy available for pumping
is input. Based on the available energy, the program computes the pumped
discharge for each time step, subject to storage capacity, available water and flow
constraints. Example 8 modifies the re-regulation reservoir from Example 7 into
a pump-back reservoir model operating with the upstream Adam Reservoir. The
following sections describe the data input and output.

E.4.1 Pumped-Storage Data

To model a pump in a hydropower system, a dummy reservoir is added, just
upstream from the upper reservoir, to describe the pumping capabilities. The
pump data from Example 8 are shown in Table E.8. Basic reservoir and control
point data are required for dummy reservoir (as shown for Reservoir 155). The
reservoir has no storage allocated, operates for no downstream locations, and has
an unlimited outlet capacity.

Table E.8. Pump-back Data from Example 8

Tl  HEC-5 Example 8, Pumped Storage Hydropower Model (EXAMPLES8.DAT)
T2  Pumped Storage with Re-Regulation Reservoir and Downstream Flow Goal
T3  Green River, Adam Reservoir to Willeyburg, 3-Hour Flow Data

Jl1 0 1 5 3 4 2

J2 24 1

J3 4 -1

J855.16 55.15 55.35 55.13 55.12 55.10 50.13 50.12 50.10 10.04
J8155.15 155.16 155.00 155.03 55.09 55.10 50.09 50.10

Jz55.13 50.13 55.16 55.23 155.15 155.16 55.10 50.10 10.04

C Pumpback at Adam Reservoir
RL 155

RO

RS 2 1 100

RQ 2 100 -1

RE 2 1 10

C == Adam Reservoir Pumpback == 1 24 mW Pump Unit

P1 155 -24000 1 50 .75 21

P2 0 5500

PR -375 -375 -375 -375 -375 -375 -375 -375 -375 -375
PR -.375 -.375

C == Energy Available 9hrs/day (8 pm - 5 am) Sunday - Saturday
PD .142 .143 .143 .143 .143 .143 .143

PH 8 0.3333 0.2223 0 0 0 0 0.1111 0.3333
CP 155 999999

IDPUMPBACK

RT 155 55

DR 155 50 0 0 0 o -3

C Adam Reservoir (Pumped Storage Project)

The power data for a pump is indicated by a negative capacity (-24,000 kW) in
the second field of thl Record for the pump-back data. The program "knows"
that the input power data are for pumping, not generation. The tailwater should
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be based on the lower reservoir (the pumping supply source), which is the re-
regulation reservoir at location 50, defined in field 6. (The minimum tailwater
elevation can be specified in field 5.) The efficiency is the pumping efficiency
(e.g., 0.75 input in field 7). A fixed head loss for pumping is input in field 8
(e.g., 2.1 feet). The optionBR Record, in fields 1 and 2, defines no leakage and
a pumping penstock capacity of 5,501sft

The energy available to pump is input to the program as monthly plant factors on
the PR Records. The plant factors are based on the number of hours per day that
energy is available for pumping. For pumped-storage simulation with daily or
multiple-hourly time intervals?D andPH Records should also be used. In
Example 8, the daily distribution is uniforf@P Records. The eight three-hour
blocks of hourly distribution, on tHéH Record, show energy is available during

the first two and last two blocks of time. The ratios represent 0.3333 for all three
hours, 0.22223 for two hours and 0.1111 for one hour. Thus, the data suggests
that energy is available from 8 PM to 5 AM, as stated on the Comment Record.

Control point data include tHeT Record, which indicates the dummy routes to
the upper reservoir (e.g., Reservoir 55) with no routing lag. A diversion record
(DR) is required to convey the pump-back discharge into the upper reservoir.
The diversion record is input with the dummy reservoir data. The diversion is
indicated from the dummy (Reservoir 155) to the downstream source of water
(Reservoir 50). The diversion type is B3R Record, field 7) for pump-back
simulation. The computed pump-back discharges are carried by the program as
diversions from Reservoir 50 to Reservoir 155. The diversions are then routed
into Reservoir 55 based on an unlimited outlet capacity and zero lag routing
criteria.

In the HEC-5 simulation, water will be pumped to the upper reservoir using all
the available energy; however pumping will stop if the upstream pool reaches the
top-of-conservation level or the lower pool draws below the buffer level. The
maximum pump-back level can be set to a lower level than the top-of-
conservation pool by defining an intermediate pump-back level alltRecord,

field 7.

The pump-back reservoir’'s data, for the power generation cycle of operation,
follows the pumping data defined at the "dummy" reservoir. Adams Reservoir,
location 55, data are the same as the data in Example 7, described in the previous
Hydropower Model. The input is shown in Table E.8. Minor differences include
the hourly distribution of power requirements are defined in eight 3-hour blocks
instead of 24 hourly values. Remember thaPBlIRecords must have the same
number of values in an HEC-5 model. Also, while the starting storage is input in
theRL Record, the actual starting storage is input with the time-series d8& on
Records, shown at the end of Table E.10.
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Table E.9. Pump-back Data from Example 8 (continued)

: Continued from Table E.8

C Adam Reservoir (Pumped Storage Project)

RL 55 1995200

RL 1 55 -1 867600

RL 2 55 9 1369772 1400771 1400771 1400771 1400771 1400771
RL 1400771 1400771 1369772

RL 3 55 9 1957000 1957000 1957000 1957000 1995200 1995200
RL 1995200 1957000 1957000

RL 4 55 -1 2554000
RL 5 55 -1 3070000

RS -39 0 760 867 913 960 1009 1059 1085 1112

RS 1139 1166 1194 1222 1251 1280 1309 1339 1370 1401

RS 1432 1464 1496 1529 1561 1595 1629 1663 1698 1733

RS 1769 1805 1842 1879 1917 1957 1994 2034 2554 3070

RQ 39 0 1000 9750 9820 9870 9920 9970 10010 10050

RQ 9000 9000 10190 10230 10270 10300 10330 10370 10410 10450
RQ 10490 10530 10570 10610 10650 10690 10730 10770 10800 10830
RQ 10870 10910 10940 10980 11020 11060 9500 9500 11580 21850
RA 39 0 20508 22442 23217 24008 24833 25701 26159 26619
RA 27079 27535 27983 28432 28861 29291 29721 30153 30587 31023
RA 31461 31901 32343 32789 33238 33690 34147 34610 35079 35555
RA 36036 36522 37015 37515 38024 38542 39078 39638 47182 53300
RE 39 1420 1530 1535 1537 1539 1541 1543 1544 1545

RE 1546 1547 1548 1549 1550 1551 1552 1553 1554 1555

RE 1556 1557 1558 1559 1560 1561 1562 1563 1564 1565

RE 1566 1567 1568 1569 1570 1571 1572 1573 1585 1595

R2 12000 12000

R3 -27 -20 -16 03 34 25 20 09 19 16

R3 -0.8 -1.6

C == Adam Power Plant == 4 20 MW Generators
P1 55 80000 1.15 0 14336 50 .87 1.5

P2 2.3 9000

PR-.0893 -.0893 -.0893 -.1786 -.1786 -.1786 -.1786 -.134 -.134 -.134
PR-.0893 -.0893

C == Required Generation 6hrs/day (6am - 12 noon) Monday - Friday ============
PD O 2 2 2 2 2 0

PH 8 0 O 5 5 0 0 0 0

CP 55 15000

IDADAM RESERVOIR

RT 55 50

CsS 9 1 32 60 90 121 181 273 335 365

The re-regulation reservoir, location 50, is immediately below Adam Reservoir,
the pump-back reservoir. This reservoir is the source for pump-back water, as
described above. The data are listed in Table E.10. As in Example 7, the
reservoir does not have specified power requirement®Rheecords are blank.
The reservoir operates for its own minimum flow of 106 fand the downstream
location 10 flow-goal of 1,100%s. The energy generated will be computed
based on the releases made for other purposes.
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Table E.10. Pump-back Data from Example 8 (continued)

: Continued from Table E.9

C wreepkikkkkeeres* Re-Regulation Dam below Adam Reservoir
RL 50 1500 290 1500 17500 18500 19300

RO 1 10

RS 6 290 750 4000 11000 17500 19300

RQ 6 0 11900 46900 72749 85905 87400

RA 6 50 80 610 787 870 890

RE 6 1407 1414 1424 1434 1442 1444

R3 -27 -20 -16 03 34 25 20 09 19 16

R3 -0.8 -1.6

C == Re-Regulation Dam Power Plant, 6,000 kW, Run of River Operation ==========
P1 50 6000 1.2 .85 1.1

PR

PR

PQ 20 100 400 800 1200 2000 5000 10000 20000

PT1400.2 1400.55 1401.27 1401.92 1402.45 1403.33 1405.75 1408.7 1413.11
CP 50 17500 100

IDREREG

RT 50 10

C wrwwmnnixiix Green River at Willeyburg
CP 10 999999 1100

IDWILLEYBURG

RT 10

ED

BF 2 56 86050500 3 1900

SS 55-1571.35

SS 50-1428.1

ZR=IN55 A=GREEN RIVER B=ADAM RESERVOIR C=LOCAL FLOW F=COMPUTED
ZR=IN50 A=GREEN RIVER B=REREG C=LOCAL FLOW F=COMPUTED
ZR=IN10 A=GREEN RIVER B=WILLEYBURG C=LOCAL FLOW F=COMPUTED
ZW  A=EXAMPLE 8 F=PUMPED STORAGE SIMULATION

EJ

ER

The downstream location, Willeyburg, has the target flow of 1,£60 fThis
location ends the reservoir model.

The time-series dat®8F) indicates 56 periods starting on 5 May 1986 with 3-

hour data. The starting storage for locations 55 and 50 is define&®vith

Records and the negative values indicate reservoir elevation, rather than storage.
The flow data are read from DSS records, as defined by input pathnames. Output
data written to DSS will have EXAMPLE 8 as the A-part and PUMPED
STORAGE SIMULATION as the F-ParZW Record.

E.4.2 Pumped-Storage Output

The User. 1 table shows the operation of Adam Reservoir and the re-regulation
reservoir. The first three days, 24 periods, are listed in Table E.11. The output
shows Adam Reservoir operating for hydropower two periods each day, the re-
regulation reservoir operating for location 10, and 1,1% &t that location.
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The pump-back operation and the continuity of flow is shown in User. 2, with the
first 24 periods shown in Table E.12. There is no special output for pump-back
operation; the basic hydropower variables and diversion are used. Looking at
Table E.12, thePUMPBACK Energy R" is the energy available for pumping.

The 'Energy G " is the energy used, not generated. Thleahge" column is

the difference between the preceding two columns. That column shows that the
available energy was used for pumping. The water pumped back is shown as a
negative diversionPUMPBACK Diveriso ." A negative diversion indicates a
gain instead of loss to the reservoir.

The Inflow to Adam Reservaoir is the reservoir inflow plus the diversion. The
outflow from Adam reflects the leakage value of 238 for the hydropower
release for two periods each day.

The Inflow to the re-regulation reservoir is both negative and positive. The
inflow is the net value, reflecting pump-back "diversions," local flow, and
releases from Adam Reservoir. The outflow for the re-regulation dam is the
release to meet the downstream flow goal, as noted in the review of User 1.

The third user table shows the reservoir levels, energy generated, energy used, the
outflows and the resulting downstream regulated flow. The first 24 periods are
listed in Table E.13. The Adam Reservoir level shows the advantage of pump-
back operation. The releases for energy lower the pool level; however, the pump-
back operation tends to recover the water and resupply Adam Reservoir.

The complement operation is shown in the re-regulation level. Releases from
Adam raise the regulation reservoir level, while pump-back diversions and
outflow lower the level. By balancing the pumping and generation cycles, the
reservoir can maintain the downstream flow goal at Willeyburg and have
sufficient water supply to pump to the limit of available energy. The critical time
comes during the weekend when there are no power releases from Adam
Reservoir. While not shown in the tables here, the re-regulation reservoir was
able to meet the weekend operation for the simulation period. Review the
complete output for Example 8 to see the full week operation.
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Appendix E - Hydropower Simulation

E.5 System Power Operation

When individual hydropower reservoirs deliver energy and capacity into a
common power system, operating the projects as a system can often produce
more energy or more firm energy than the sum of the individual projects
operating independently. Many of the options available for at-site power are
available for the system as well. Additional data requirements for the system
power routines consist of system energy requirements and an indication at each
hydropower plant if it is in the system.

At the beginning of each time-step of the simulation, the energy potential of all
reservoirs in the system is estimated. This is accomplished by subdividing each
reservoir in the system into multiple levels within the power pool. Then the
energy produced by drawing each reservoir drawn to each level is computed and
summed for all. Then the system energy required is compared to the total energy
produced at each level to estimate the common level where all the reservoirs
would meet the system energy requirement. By this method the system energy is
allocated to the reservoirs in the system. If no other constraint applies, the
reservoirs will each operate to meet the allocated system load and their storage
should be at the same level at the end of the time step. By this approach, the
system energy load is allocated to the projects most able to meet the demand for
each time step.

The system power computations do not consider the time delay of water moving
through the system. Therefore, the allocation of system energy may not balance
with the actual flow releases when channel routing is used. Therefore, channel
routing should not be used with system power options.

E.5.1 System Energy Data

System Energy Requirements.System requirements are defined for the entire
system. Monthly system energy requirements are given in MWh @Mhe
Records. An alternative is to input monthly ratios and indicate the total annual
system energy on the thirteenth field of 8 Record (third field of second
record).

System energy requirements for each day of the week may be specified as a ratio
on theSD Record. The program computes the weekly requirements based on the
monthly energy requiremer®Si/ Records) and then computes the daily values

from the weekly requirements based on3ieRecords. Seven daily ratios

which must total 1.0 are given on t8® Record.

For simulations time-steps of less than one day, the multi-hourly system energy
requirements are given on tB&l Record. As with at-site power, the hourly
distribution can be defined for an even interval of a day, up to 24 values for
hourly. For example, if 6-hour flows were provided, four ratios are given on the
SH Record, one for each six-hour routing interval of the day.
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System Power Guide Curve.The power guide curve approach for a single
reservoir can be applied to a system of reservoirs. The power storage in the
system is the sum of each of the individual reservoir's power storage. The percent
of the total power storage occupied in the reservoir system is enteredS®@ the
Record as a ratio. The corresponding system plant factor is enteredSth the
Record. When the cumulative storage in the system is between levels 2 and 3
(top-of-buffer to top-of-conservation pool), the guide curve will control

operation. When the system storage is below level 2, the system will operate at
the minimum plant factor corresponding to 0% power storage on the guide curve.
(The power priority can be changed on J2efield 4 to operate to Level 1.)

When theSC Record is used, tHfeM Records are read as usual, but they

represent monthly adjustment ratios of the plant factors o8RHeecords. This
method is an alternative method to firm system energy operation.

Firm Monthly Energy Requirements. At each hydropower reservoir in the
model, all of the power data previously described are still provided plus an
indication if the power plant is in the power systét Record, field 3) and the
maximum plant factor for the project which can be used to meet the system load
(P2 Record, field 4).

E.5.2 System Energy Model

The system power model is Example 9. A listing of the first part of the input data
file, including system energy data and the first reservoir in the system, is shown
in Table E.14. This model is a modification of Example 7, the first hydropower
example. Note the firgi8 record with system energy variables, 80.28, 80.26, and
80.29. The system energy output is associated with the first reservoir in the data
model, reservoir 80 in this example.

The system power data are provided before the first reservoir. The general
format is similar to at-site power requirements. Bive data provide the

monthly energy requirements, in MWh, for all the reservoirs in the system. The
thirteenth entry can be used as a multiplying factor, 1.0 in this example. The
daily distribution of the system energy is defined onSbeRecords, Sunday
through Saturday. In this example, the daily distribution is uniform over the
weekdays and none on the weekend.

The data for Reservoir 80 is the same as Example 7, except the at-site energy
requirements were eliminated allowing the reservoir complete freedom to operate
for the system load. If at-site requirements are defined, the reservoir will have to
operate to meet those requirements as well as the allocated system demand. The
additional input is the indicator that Andrew Reservoir is in the syge@m (

Record, field 3 = 1). Hydropower reservoirs do not have to be in the system.
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The data for Adam Reservoir is the same as Example 7. The at-site power
requirements were left, which means that Adam will operate to meet those
requirements. ThB2 Record was modified (field 3 = 1) indicating that Adam is

Table E.14 System Hydropower Model(Example 9)

HEC-5 Example 9, System Hydropower Model, Daily Flow Data (EXAMPLE9.DAT)
2 Peaking Plants and a Re-Regulation Reservoir with Run-of-River Power
Green and Rocky Rivers, Adam and Andrew Reservoirs to Willeyburg

T1
T2
T3
J1 O
J2 24
J3 4
J6 -2.7
J6 -0.8

J8 80.13 55.13 50.13 80.16 55.16 50.16

1
1

-2.0
-1.6

5

-1.6

3 4 2

1

03 34 25 20 09 19 16

80.28 80.26 80.00 80.29

J8 80.12 80.16 80.10 55.12 55.16 55.10 50.12 50.16 50.10 80.28
JZ-80.13 55.13 50.13 80.28 80.26 80.16 55.16 50.16

SM 12000 11500 10450 10500 10100 10500 15500 15700 12000 12500
SM 12500 12000

1.0

sb o 2 2 2 2 2 0

C Andrew Reservoir (Peaking Project)

RL 80 210492

RL 1 80 -1 82890

RL 2 80 -1 95000

RL 3 80 7 210492 210492 379611 379611 379611 210492
RL 210492

RL 4 80 -1 670052

RL 5 80 -1 804006

RO

RS 32 10373 82884 89647 104879 113447 122709 132705 143514 155137

RS167612 181000 195280 210492 226656 243772 261860 280940 301031 322154
RS344288 367473 391749 417136 443713 471559 500734 531317 563427 597164
RS632646 670052 804006

RQ 32 9800 9800 9800 9800 9800 9800 9800 9800 9800

RQ 9800 9800 9800 9800 9800 9800 9800 9800 9800 9800

RQ 9800 15000 26000 37000 50000 66000 82000 100000 120000 140000
RQ160000 185000 300000

RA 32 182 3251 3516 4116 4452 4812 5196 5602 6024

RA 6462 6913 7373 7841 8317 8801 9293 9793 10298 10808

RA 11329 11862 12411 12988 13599 14246 14933 15665 16449 17293

RA 18206 19201 24200

RE 32 725 800 802 806 808 810 812 814 816
RE 818 820 822 824 826 828 830 832 834 836
RE 838 840 842 844 846 848 850 852 854 856
RE 858 860 870

R2 10000 10000

C == Andrew Power Plant == 2 41 mW Generators,

P1 80 82000 1 3 696.8 0 -1 1.2

P2 1.5 9800 1

PR

PR

PQ 0 203 4200 7500 9500 11600 32100 45000

PT 685 690 692.6 694.7 696.5 697.9 733.1 735

PP 28000 58000 68000 82000 82000 82000 82000

PS 80 100 115 125 130 145 200

PE 80 81 82 82 .83 83 .84 .84 .84 .84
PE 85 8 85 8 8 85 .8 .86 .86 .87
PE 87 87 88 .88 .87 .86 .85 .85 .84 .84
PE .84 .83

CP 80 9800

IDANDREW RESERVOIR

RT 80 70

CcCs 7 1 15 121 182 274 350 365

data model continues, see file Example9.dat
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part of the system. Therefore, the program will consider the energy generated to
meet at-site requirements as part of the system energy. If there is a limit on a
reservoir’s contribution to meet system load, the fourth field oPthRecord can

be used to limit the maximum contribution for any hydropower project.

The re-regulation reservoir is also part of the system. There were no power
requirements at that location in Example 7, so the reservoir generated power
based on operation for low-flow goals. Now, being part of the system, the
reservoir will operate to meet system goals as well as low-flow goals.

The flow data and simulation runs one-year of average daily flow. The following
output review focuses on the first month; however, you can run the data and
review the entire year.

E.5.3 System Energy Output

The output table for system energy is associated with the first reservoir in the
hydropower system. Output options include system energy requirement,
generation, usable energy and system shortage. The usable energy can be less
than the system generated energy if the maximum system plant factor for each
individual project P2 Record, field 4) is less than the maximum at-site plant
factor for the project (overload ratiB,l Record, field 3).

Case output for hydropower operation shows Case = .10 when the reservoir is
operating for at-site energy, and Case = .12 when the reservoir is generating for
system energy production.

Table E.15 lists the first month from Example 9 Users Table 1. The output lists

the reservoir Levels, Energy Generated for each reservoir, System Energy
Generated and Required, plus the difference between and System Energy
Shortage. While the last two columns are similar, the Shortage only shows
deficiency from requirements while the difference shows any difference. For
example, there is no energy required on Saturday and Sunday so there is no
shortage. You can see from the shortages that the energy allocation process is not
exact; however, the sum of the project energy production is very close to the
target.

Looking at the first three columns of Level, shows the two storage reservoirs at
nearly the same level while the re-regulation reservoir tends to be lower. Recall
that the re-regulation reservoir also operates to meet downstream flow goals. A
review of the Case variable should show the bases for releases. Table E.16 shows
the Case, Energy Generated, and Outflow for each reservoir.
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Appendix E - Hydropower Simulation

The simulation starts on Wednesday and the first three Case values are 0.12 for
the three reservoirs. This indicates that the three were operating for system power
on Wednesday through Friday. On the weekend, with no system energy
requirement, the reservoirs tend to operate for their local demands: Andrew
Reservoir spilled (Case = 0.03), Adam Reservoir outflow is leakage (Case = 0.13)
and the re-regulation reservoir released minimum flow (Case = 0.00). The

pattern is the same for the following week.

During the third week, the pattern persists until period 16, when the case for
Andrew changes to leakage (Case = 0.13). Referring back to User Table 1, the
Levels for Andrew and Adam look balanced (equal). However, looking several
periods later you can see that Adam’s Level is higher than Andrew’s. Because
Adam is higher, the system energy is being allocated to it and Andrew’s energy is
being set to zero, only leakage. Recall that Andrew has no at-site power
requirements so the energy production can go to zero.

The Case for the re-regulation reservoir indicates that it too is operating for the
system load; however, the Level is not balanced with Adam. Two things are
contributing to the imbalance: the minimum releases on the weekend and the
relative small size of the re-regulation reservoir. With less storage, the re-
regulation reservoir Level changes quickly with releases while the larger storage
reservoirs change more slowly. It is difficult to balance a small storage reservoir
with large reservoirs. However, the Levels remain fairly close.

For a more complete review of Example 9, run the data and review the output
file. Generally, the energy requirements were met through the year and the
minimum pool level was above 2.0 for all reservoirs.

E.6 Hydropower Determination

The objective of many hydropower planning studies is to determine how much
firm energy can be produced given a reservoir of fixed size and installed capacity
with a specified flow sequence (critical period). The solution is an iterative
process of assuming different firm energy requirements until the maximum is
found that can be generated with no shortages during the critical period. The
inverse problem is also common. Given a fixed energy requirement, what is the
minimum storage which will produce this amount? In this case, the storage is
varied until a minimum is reached which will produce the required energy.

The HEC-5 optimization routines can handle the above tasks as well as a variety
of water supply planning problems. Up to four reservoir locations not in tandem
may be optimized in a single run. The time interval is normally monthly, but can
be weekly or daily as long as the number of periods (NBERecord, field 2)

will fit into the HEC-5 program’s memory as a single flow sequence. The
number of periods that the routines can handle is a function of the program's
Dynamic Dimension DM array size, which is set at compilation time, and the size
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Appendix E. Hydropower Simulation

of the data set (i.e., number of reservoirs and control points). The program will
put an explanatory message specifying the maximum number of periods (NPER)
which can be handled by the optimization routines if an insufficient memory
situation occurs.

Options available for selecting the simulation period include: period-of-record,
partial record and critical period. Unless otherwise requested in the input, the
program simulates system operation for the entire period of the given inflow data.
Refer to HEC-5 Users Manual Input DescriptionJ@rRecord, field 8..

E.6.1 Capacity and Energy Determination

Capacity and energy determination is similar to yield determination, described in
Section 4.6 and demonstrated in Section D.3. Job Rdcartjuests the
optimization routine. Field 1 tells the program which reservoir to use (entered to
the left of the decimal) and the optimization option selected (entered to the right
of the decimal). The monthly energy requirements and the installed capacity of
the power plant can be optimized for the given power storage. For example, at
Reservoir 20, a value of 20.1 is coded in field 1 ofXh&ecord.

The values for optimization variables CRITPR, IFLAG, and OPTERR, are input
on theJ7 Record in fields 8, 9, and 10 respectively. These variables deal with
defining the critical period used in the optimization routine, checking to see if this
is the true critical period, and the allowable error in the solution (usually 5%).
The recommended values should normally be used.

The energy generated is proportioned according to the monthly plant factors on
thePR Records. The program makes the initial estimate of capacity P lthe
Record, field 2 equals 1. This indicates that this project is a proposed plant and
not an existing plant. The estimate of capacity is based on the energy which
could be produced from the power storage and the inflow during the estimated
critical drawdown period. The length of the critical drawdown period is
estimated by a routine based on an empirical relationship between drawdown,
duration (in months) and the ratio of power storage to mean annual flow.

Alternately, the initial value of the capacity may be input in field 2 oPthe
Record.

A summary output table shows the result from each optimization trial. First the
results are shown for each iteration with the initial estimated critical period. Once
an answer is found, the program will test it with the entire record. If it fails to
meet energy production for the entire record, a new critical period is determined
and the cycle continues with that period. Up to three full cycles can be
performed. In the final trial, if the computed error ratio for the critical

drawdown period is less than the specified allowable error, then no more
iterations are needed.
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Appendix E - Hydropower Simulation

E.6.2 Maximum Energy Determination

To request the maximum energy for the existing installed capacity, a value of
20.5 (reservoir 20 and option .5) is coded in field 1 ofith®ecord. The
existing capacity is given in field 2 of tRd Record. In the optimization, the
capacity is held fixed while the firm energy is optimized. The final computed
error ratio is below the specified allowable error (5%).

E.6.3 Power Storage Determination

To optimize power storage, field 1 is coded with a 20.0 (reservoir 20 and option
0). The installed capacity and energy requirements as plant factors are given as
previously described on the power records.

In this option, the top-of-buffer pool remains fixed and the top-of-the
conservation storage is varied until the maximum energy is produced for the
given installed capacity.

The optimization routine will converge on a solution within the specified
tolerance. The optimization routine adds 500,000 acre-feet to all storages to
eliminate working with negative storage values. The true storage is equal to the
storage shown in the output at level 3.0 less 500,000 acre-feet. A negative value
of allowable errorJ7 Record, field 10) would perform one more simulation and
remove the added 500,000 acre-feet and provide correct reservoir storages and
levels.

E.6.4 Short-interval Analysis

A weekly, daily, or multi-hourly optimization of plant capacity and energy can be
performed, similar to the monthly simulation. The flow data would be in the
appropriate time interval. All other input data would be the same as monthly
optimization. Given the shorter time interval, the results should be more accurate
than those from a monthly simulation.
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Appendix F - Description of Program Output

Appendix F

Description of Program Output

The sequence of possible outplubm the HEC-5 program is:

1.

10.

11.

12.

13.

14.

15.

Printout of input data (*Input Summary, *Routing Data, *Rule Curve
Summary, *Operation Summary, *Map 1, *Map 2, *Reservoir Data,
*Diversion Data, and *Routing / Operation Summary, *FLOWS)
Computation of incremental local flows (*LOCFL)

Printout of optimization trials and summary (*OPTRY and *OPSUM)

Results of all variables defined and requested by input data for the system
operations arranged by downstream sequence of control points (*NORML)

Reservoir operation results arranged by sequence of time periods (*ROPER)
Results displayed in sequential time series: releases from reservoirs
(*RRPER), regulated flows at all non-reservoir control points (*RQPER),
diversion flows (*DVPER) and diversion shortages (*DVSHORT) at all
locations, and percent flood control storage used by reservoirs (*FCPCT)
User-designed output basedJ®JZ Record input (*USERS)

Single flood summary of maximums for reservoirs and non-reservoirs
Multi-event summaries for flood control (*SUMFS) and conservation (*SUMPO)
Economic input data and damage computation (*ECDAM)

Flood frequency plots (*EPLOT)

Summary of damages or average annual damages, system costs and net
benefits (*ESUMD, *ESUMC and *ESUMB)

Summary of discharge and stage reduction at each non-reservoir control
point for each flood event (*HYEFF)

Computer check for possible errors (*ERROR), and

Listing of case designations defining reservoir releases (*CASES).

Most of the output that is generated in the output file is controlled by the user (see the J3 Record, field 1). The first
3 items in the above list are displayed from the HEC-5A program. The HEC-5B program displays all of the
remaining output. The two programs are run sequentially in a single batch job.
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Appendix F - Description of Program Output

The following sections provide a detailed description of the items that appear in an
output file.

F.1 Printout of Input Data  (*Input, *Routing, *Rule, *Operation,
*Map, *Reservoir, *Diversion,
*Routing/Operation, *FLOWS)

In addition to an “echo display” of the input data recoidis EJ), the following
summary information is “automatically” displayed in the output file:

*Input Summary - a reflection of the Job Recordd{J4) with the record’s
variable names and default values in instances where the values were not input.
Also included in this section is a summary of control point locations along with
their Channel Capacities and Minimum Flow requirements (fEéhiRecords).

Table F.1 is an excerpt from an example output file showing the input summary
information.

Table F.1 Example Output Showing *Input Summary

*Input Summary

J1 METRIC ISTMO NULEV LEVCON LEVTFC LEVBUF LEVPUM NOADLV LEVPRC
1 1 5 3 4 2 3 0 2
J2 IFCAST CFLOD RATCHG IPRIO I0PMD ISCHED NCPTR NCYCLE
8 120 0.04 8 0 10 0 1
J3 IPRINT PRCOL IPLOTJ FLONAT CRITPR ILOCAL NOROUT INTYPE NOOPTS
5 130. o -1. 0 -1 24 0 0
J4 IANDAM ECFCT IPRECN BCRFAC COSFAC PCVAL PEPVAL PESVAL PEBVAL J410
0 10 0 100 100 00 00 00 0.0 0.0

Location: ChCap QMRatio QMIinD QMinR LQCP QRatio QLag Location:

33 150. 1.000 3.0 15 0O 1.000 0O.AVONDAM

44  425. 1.000 20.0 2.0 O 1.000 O.BISHOP DAM
40 450. 1.000 0.0 0.0 O 1.000 O0.ZELMA

22 100. 1.000 22 1.0 O 1.000 O0O.CARY DAM

20 550. 1.000 0.0 0.0 O 1.000 O.CENTERVILLE
11 25. 1.000 1.1 05 O 1.000 0.DONNER DAM

10 870. 1.000 0.0 0.0 O 1.000 O.UNIONVILLE

5 950. 1.000 00 0.0 O 1.000 O0.DRY TOWN
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Appendix F - Description of Program Output

*Routing Data - the linkage between control point locations along with the
Routing Methods input for each reach (fr®&% Records). Also shown is the

internal program identification number (Index) for each location based on the order
that the location was input. Table F.2 is an excerpt from an example output file
showing the routing data information.

Table F.2 Example Output Showing*Routing Data

*Routing Data

Index # Location Route To: Method: X K Lag

1 33 22 220 025 3.20 0
2 44 40 120 0.30 3.00 0
5 40 20 190 0.00 0.00 0
3 22 20 220 045 3.10 0
6 20 10 120 0.35 3.00 0
4 11 10 3.20 0.20 3.00 0
7 10 5 140 0.20 0.00 0
8 5 0 0.00 0.00 0.00 0

*Rule Curve Summary - reservoir Storage valueRl( Records) for each Level.

If storage values vary by seas@8(Record), then the corresponding seasons are
also shown Table F.3 is an excerpt from an example output file showing a rule
curve summary.
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Appendix F - Description of Program Output

Table F.3 Example Output Showing *Rule Curve Summary

*Rule Curve Summary

Initial Cum  Start Storage for Level:
Storage Days Date 1 2 3 4 5

Reservoir Number= 33 AVON DAM

151400. 1 01 JAN 31100. 34050. 151400. 350550. 375000.

Season=2 105 15APR 31100. 34050. 151400. 350550. 375000.

3 135 15MAY 31100. 34050. 197000. 350550. 375000.

4 151 31 MAY 31100. 34050. 310330. 350550. 375000.

5 250 07 SEP 31100. 34050. 310330. 350550. 375000.
274 01 0OCT 31100. 34050. 254050. 350550. 375000.
305 O01NOV 31100. 34050. 210500. 350550. 375000.
331 27NOV 31100. 34050. 151400. 350550. 375000.

© o N o

365 31DEC 31100. 34050. 151400. 350550. 375000.

Reservoir Number = 44 BISHOP DAM

146480. 1 0l1Jan 131438. 134000. 146480. 562248. 630063.

Reservoir Number= 22 CARY DAM

255480. 1 O01JAN 21438. 134000. 255480. 389248. 435563.
Season=2 105 15APR 21438. 134000. 255480. 389248. 435563.
3 151 31 MAY 21438. 134000. 362008. 389248. 435563.
4 250 07 SEP 21438. 134000. 362008. 389248. 435563.
5 305 O01NOV 21438. 134000. 255480. 389248. 435563.
6 365 31DEC 21438. 134000. 255480. 389248. 435563.

Reservoir Number= 11 DONNER DAM

56480. 1 0O1lJan 1638. 4000. 56480. 150200. 215000.




Appendix F - Description of Program Output

*Operation Summary - a summary of which location each reservoir operates for
(RO Record). Table F.4 is an excerpt from an example output file showing an
operation summary.

Table F.4 Example Output Showing *Operation Summary

*Operation Summary

Res. No. Operates for the Following Locations:

33 33. 22
44 44, 40. 20. 10. 5.

22 22. 20. 10. 5.

11 11. 10. 5.

*Map 1 - a schematic showing the reservoirs that operate for each location
(interpretation of th&O Records). Table F.5 is an excerpt from an example
output file showing the first schematic (*Map 1) information.

Table F.5 Example Output Showing *Map 1

*Map 1
HEC-5 Test for Output Displays for User's Manual (July 1998)

Upstream Reservoirs Operating for Each

Location
33R AVON DAM
22R CARY DAM 33
| .----44R BISHOP DAM
----40 ZELMA 44
20 CENTERVILL 44 22
---11R DONNER DAM
10 UNIONVILLE 44 22 11
5 DRY TOWN 44 22 11

*Map 2 - a schematic with the following pertinent input data: “Incremental’

Flood Control and Conservation storage values for reservoirs, Channel Capacities,
Minimum flow requirements (Desired and Required), and Diversion locations.
Table F.6 is an excerpt from an example output file showing the second schematic
(*Map 2) summary information.
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Appendix F - Description of Program Output

*Reservoir Data - summary of the following reservoir input data: Storage values
(RS Record), along with corresponding Outlet Capacit&3 Record), Areas

(RA Record), and Elevation®E Record). Table F.7 is an excerpt from an
example output file showing the reservoir data summary information.

Table F.7 Example Output Showing *Reservoir Data

*Reservoir Data

RS

RQ

RA
RE

RS

RQ

RA
RE

RS

RQ

RA
RE

Reservoir Number= 33 AVON DAM

Storages (1000's m3) = 0. 31100. 34050. 53000. 100240.
151400. 201100. 256350. 297100. 350550.
375000.

Q Capacities (m3/sec)= 0.00 11.00 145.00 178.00 212.00

240.00 452.00 664.00 1457.00 1646.00
1829.00

Areas not input  : Only needed for Evaporation

Elevations (Meters) = 309.00 349.60 351.00 362.10 370.00

374.30 377.40 382.00 383.00 384.70
386.80

Reservoir Number = 44 BISHOP DAM

Storages (1000's m3) = 0. 124113. 131438. 134000. 146480.

253628. 362008. 417740. 465211. 546342.
562248. 589251. 630063.

Q Capacities (m3/sec)= 0.00 333.00 665.00 668.00 681.00

796.00 872.00 912.00 2322.00 5664.00
6457.00 7646.00 9629.00

Areas not input  : Only needed for Evaporation

Elevations (Meters) = 209.70 249.60 250.20 250.40 251.50

262.10 270.50 27430 277.40 282.20
283.20 284.70 286.80

Reservoir Number= 11 DONNER DAM

Storages (1000's m3) = 0. 1638. 4000. 56480. 93008.
112740. 150200. 215000.
Q Capacities (m3/sec)= 0.00 657.00 681.00 796.00 872.00

912.00 2322.00 5664.00

Areas not input  : Only needed for Evaporation

Elevations (Meters) = 59.70 99.60 101.50 112.10 120.50
124.30 127.40 132.20
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*Diversion Data - summary showing the “from” and “to” locations where
diversions are input. Also shown is the diversion type and input diversion data
(DR Record).Table F.8 is an excerpt from an example output file showing the
diversion data summary information.

Table F.8 Example Output Showing *Diversion Data

*Diversion Data

DivNo From To Type DivQ %Return Method X K Div Ratio

1 20 5 0 8800 25 110 1.00 0.00 1.00
2 5 0 1 0.00 100 110 1.00 0.00 1.00

*Routing / Operation Summary - routing coefficients developed from the
routing criteria RT Record) are shown for those downstream locations that a
reservoir operates foRQO Record). This information is useful in reviewing the
reservoir releases for filing the downstream channel in conjunction with the
forecast J2 Record, field 1). Table F.9 is an excerpt from an example output file
showing the routing and operation summary information.

Table F.9 Example Output Showing *Routing / Operation Summary

*Routing/Operation Summary (Coefficients Based on 3 Hours)

ROUTING COEFFICIENTS from Reservoir 33 to Downstream Location(s):
Loc= 22 0.0323 0.2269 0.4512 0.1962 0.0665 0.0203 0.0057 0.0010

ROUTING COEFFICIENTS from Reservoir 44 to Downstream Location(s):
Loc= 40 0.1668 0.6949 0.1158 0.0193 0.0032

Loc= 20 0.0167 0.1780 0.5054 0.2511 0.0419 0.0069

Loc= 10 0.0022 0.0358 0.2021 0.4325 0.2474 0.0641 0.0135 0.0023

Loc= 5 0.0016 0.0262 0.1547 0.3669 0.3005 0.1166 0.0280 0.0055

ROUTING COEFFICIENTS from Reservoir 22 to Downstream Location(s):
Loc= 20 0.0011 0.0594 0.8243 0.1052 0.0101

Loc= 10 0.0000 0.0086 0.1526 0.6433 0.1630 0.0287 0.0037

Loc= 5 0.0000 0.0062 0.1114 0.5030 0.3002 0.0671 0.0109 0.0013

ROUTING COEFFICIENTS from Reservoir 11 to Downstream Location(s):
Loc= 10 0.0123 0.0948 0.2648 0.3248 0.1837 0.0786 0.0290 0.0095 0.0026
Loc= 50.0088 0.0712 0.2164 0.3079 0.2242 0.1087 0.0432 0.0151 0.0045

*FLOWS - If requested (by including a 128 in the sum of the value in field 1 of
theJ3 Record), a formatted listing (in 10-field record images) of input flow data is
displayed in flood sets (if subdivision is required). Normally, this option is not
requested since the input flow data values are included (by default) in the “echo
display” of the input data records.
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F.2 Computation of Incremental Local Flows (*LOCFL)

If incremental local flows are being computed from natural or observed data (see
J3 Record, field 6), the observed and routed flows can be shown in the output file
for all control points by including a 64 in the sum specified in field 1 odge

Record. For example, Table F.10 shows a HEC-5 input file where Incremental
Local Flows are to be computed based on Natural fld&&écord, field 6 = 20).

Table F.10 Example HEC-5 Input for Computing Incremental Local Flows

Tl  Example for COMPUTING LOCAL FLOWS FROM NATURAL FLOWS
T2 THREE RESERVOIR OPERATION FOR FLOOD CONTROL

T3 2 PARALLEL, 2 TANDEM

J1 O 1 3 2 3 1

J2 24 1 .167

J3 511 20

J8 20.02 30.02 20.00 20.24 20.02 50.02 2.99 10.02 10.24

J8 30.02 30.24 30.10 20.02 20.24 20.10 50.10 50.02 10.24 10.02
RL 30 50000

RO 1 20

RS 2 0 50000

RQ 2 6000 100000

R2 99999 99999

CP 30 6000

ID RES30

RT 30 20 0 0

RL 20 275000
RO 1 10

RS 2 0 275000
RQ 2 21000 21000
R2 99999 99999

CP 20 21000

ID RES20

RT 20 10 11 31

Cc 20 10

RL 50 200000
RO 1 10

RS 2 0 200000
RQ 2 12000 12000
R2 99999 99999

CP 50 12000

ID RES50

RT 50 10 1.1 3.2

C 50 10

CP 10 25000

ID CPT10

RT 10 0

ED

BF 0 17 0 045062112 0 6 1900

IN 30 0 0 3000 18000 37000 42000 50000 27000

IN 20000 13000 5000 0 0 0 0 0 0

IN 20 0 0 3000 24000 57000 99000 150000 117000
IN 90000 63000 42000 24000 24000 15000 9000 3000 0

IN 50 0 6000 27000 60000 105000 78000 60000 45000
IN 33000 24000 18000 12000 12000 9000 6000 3000 0

IN 10 0 8000 42000 73000 149000 181000 217000 194000
IN181000 140000 109000 93000 61000 42000 31000 19000 10000
NQ 30 0 0 3000 18000 37000 42000 50000 27000
NQ 20000 13000 5000 0 0 0 0 0 0

NQ 20 0 0 3000 24000 57000 99000 150000 117000
NQ 90000 63000 42000 24000 24000 15000 9000 3000 0
NQ 50 0 6000 27000 60000 105000 78000 60000 45000
NQ 33000 24000 18000 12000 12000 9000 6000 3000 0
NQ 10 0 8000 42000 73000 149000 181000 217000 194000
NQ181000 140000 109000 93000 61000 42000 31000 19000 10000
EJ
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In this example, the time series data represent “total flows” at all of the model
locations. Table F.11 shows a schematic map of the example model locations.

Table F.11 Example Schematic of Input for Computing Incremental Locals

*Map 1

Example for COMPUTING LOCAL FLOWS FROM NATURAL FLOWS

Upstream Reservoirs Operating for Each Location

30R RES30

20R RES20 30
-—--50R RES50
10 CPT10 20 50

The process for computing incremental locals includes routing the upstream total
flow hydrograph to the next downstream location and then subtracting these
routed flows from the total flow at the downstream location. Included in the
output file is a section labeled "Incremental LOCAL FLOW Information” as
illustrated in Table F.12 where the observed (or natural) flows are shown twice for
each control point. The first group shows the computed value obtained by
subtracting the sum of the upstream routed hydrograph from the observed (or
natural) hydrograph and the second group shows the adjusted values. The
adjustment is made to eliminate any resulting negative local flows and to preserve
the correct volume. By default, all negative local flows are set to zero and the
negative volume is proportioned to the positive values. However, the user can
specify anegativevalue in field 6 of thed3 Record and the program will allow the
computation and use of negative incremental local flows, as illustrated in Table
F.13.
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Table F.12 Printout of Computation of “Positive” Incremental Local Flows

"Incremental” LOCAL FLOW Information:

*LOCFL
OBS Q AT 30
M= 30 0. 0. 3000. 18000. 37000. 42000. 50000.
27000. 20000. 13000. 5000. 0. 0. O.
0. 0. O
SUM= 215000.

ROUTED Q FROM MX= 30 TO 20
RTMD=  1.10 RTCOF= 1.00K= 0.00

COEF= 1.00000

M= 20 0. 0. 3000. 18000. 37000. 42000. 50000.
27000. 20000. 13000. 5000. 0. 0. O.
0. 0. O
SUM= 215000.

OBS Q AT 20

M= 20 0. 0. 3000. 24000. 57000. 99000. 150000.
117000. 90000. 63000. 42000. 24000. 24000. 15000.
9000. 3000. O.

SUM=720000.

ROUTED Q FROM MX= 20 TO 10
RTMD=  1.10 RTCOF= 3.10K= 0.00

COEF= 0.33333 0.33333 0.33333

M= 10 0. 0. 1000. 9000. 28000. 60000. 102000.
122000. 119000. 90000. 65000. 43000. 30000. 21000.
16000. 9000. 4000.

SUM= 719000.

OBS Q AT 50

M= 50 0. 6000. 27000. 60000. 105000. 78000. 60000.
45000. 33000. 24000. 18000. 12000. 12000. 9000.
6000. 3000. O.

SUM=498000.

ROUTED Q FROM MX= 50 TO 10
RTMD=  1.10 RTCOF=  3.20K=  0.00

COEF= 0.00000 0.33333 0.33333 0.33333

M= 10 0. 0. 2000. 11000. 31000. 64000. 81000.
81000. 61000. 46000. 34000. 25000. 18000. 14000.
11000. 9000. 6000.

SUM=494000.

SUM OF ROUTED FLOWS TO C.P. 10

M= 10 0. 0. 3000. 20000. 59000. 124000. 183000.

203000. 180000. 136000. 99000. 68000. 48000. 35000.
27000. 18000. 10000.

INC LOCAL FLOWS COMPUTED

... Continued ...
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Table F.12 Printout of Computation of “Positive” Incremental Local Flows (Continued)

RES INFLOW,OUTFLOW=215000. 0. ALL RES I-0= 0.
M= 30 0. 0. 3000. 18000. 37000. 42000. 50000.
27000. 20000. 13000. 5000. 0. 0. O.
0. 0. O
M= 30 0. 0. 3000. 18000. 37000. 42000. 50000.
27000. 20000. 13000. 5000. 0. 0. O.
0. 0. O
SUM= 215000. -SUM= 0. -MAX= 0.
RES INFLOW,OUTFLOW= 720000. 0. ALL RES I-0= 0.
M= 20 0 0 0. 6000. 20000. 57000. 100000.

90000. 70000. 50000. 37000. 24000. 24000. 15000.
9000. 3000. O.

M= 20 0. 0. 0. 6000. 20000. 57000. 100000.
90000. 70000. 50000. 37000. 24000. 24000. 15000.
9000. 3000. O

SUM= 505000.-SUM=  0.-MAX= 0.
RES INFLOW,OUTFLOW= 498000. 0. ALL RES1-0= 0.
M= 50 0. 6000. 27000. 60000. 105000. 78000. 60000.

45000. 33000. 24000. 18000. 12000. 12000. 9000.
6000. 3000. O.

M= 50 0. 6000. 27000. 60000. 105000. 78000. 60000.
45000. 33000. 24000. 18000. 12000. 12000. 9000.
6000. 3000. O

SUM= 498000.-SUM=  0.-MAX= 0.
RES INFLOW,OUTFLOW= 1550000. 0. ALL RES I-0= 0.
M= 10 0. 8000. 39000. 53000. 90000. 57000. 34000.

-9000. 1000. 4000. 10000. 25000. 13000. 7000.
4000. 1000. O.

M= 10 0. 7792. 37986. 51621. 87659. 55517. 33116.
0. 974. 3896. 9740. 24350. 12662. 6818.
3896. 974. 0.

SUM= 337000. -SUM= -9000. -MAX=-9000.
SUM ALL INC FLOWS(CFS-PER)= 1555000. AVE= 91471.

SUM LAST MX= 1550000. D.S.VOL(RES.I-0,+MX)= 1550000.

*kkkkkkk

*NOTE * INCREMENTAL LOCAL FLOWS HAVE BEEN "COMPUTED"

*kkkkkkk
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Table F.13 Printout of Computation of “Negative” Incremental Local Flows

"Incremental” LOCAL FLOW Information:

*LOCFL
OBS Q AT 30
M= 30 0. 0. 3000. 18000. 37000. 42000. 50000.
27000. 20000. 13000. 5000. 0. 0. O.
0. 0. O
SUM= 215000.

ROUTED Q FROM MX= 30 TO 20
RTMD=  1.10 RTCOF= 1.00K= 0.00

COEF= 1.00000

M= 20 0. 0. 3000. 18000. 37000. 42000. 50000.
27000. 20000. 13000. 5000. 0. 0. O.
0. 0. O
SUM= 215000.

OBS Q AT 20

M= 20 0. 0. 3000. 24000. 57000. 99000. 150000.
117000. 90000. 63000. 42000. 24000. 24000. 15000.
9000. 3000. O.

SUM=720000.

ROUTED Q FROM MX= 20 TO 10
RTMD=  1.10 RTCOF= 3.10K= 0.00

COEF= 0.33333 0.33333 0.33333

M= 10 0. 0. 1000. 9000. 28000. 60000. 102000.
122000. 119000. 90000. 65000. 43000. 30000. 21000.
16000. 9000. 4000.

SUM= 719000.

OBS Q AT 50

M= 50 0. 6000. 27000. 60000. 105000. 78000. 60000.
45000. 33000. 24000. 18000. 12000. 12000. 9000.
6000. 3000. O.

SUM=498000.

ROUTED Q FROM MX= 50 TO 10
RTMD=  1.10 RTCOF=  3.20K=  0.00

COEF= 0.00000 0.33333 0.33333 0.33333

M= 10 0. 0. 2000. 11000. 31000. 64000. 81000.
81000. 61000. 46000. 34000. 25000. 18000. 14000.
11000. 9000. 6000.

SUM=494000.

SUM OF ROUTED FLOWS TO C.P. 10

M= 10 0. 0. 3000. 20000. 59000. 124000. 183000.

203000. 180000. 136000. 99000. 68000. 48000. 35000.
27000. 18000. 10000.

INC LOCAL FLOWS COMPUTED

... Continued ...

F-13



Appendix F - Description of

Program Output

Table F.13 Printout of Computation of “Negative” Incremental Local Flows (Continued)

RES INFLOW,OUTFLOW=

215000. 0. ALL RES I-0= 0.

M= 30 0. 0. 3000. 18000. 37000. 42000. 50000.

27000. 20000. 13000. 5000. 0. 0. O.
0. 0. O

M= 30 0. 0. 3000. 18000. 37000. 42000. 50000.

27000. 20000. 13000. 5000. 0. 0. O.
0. 0. O

SUM= 215000. -SUM= 0. -MAX= 0.

RES INFLOW,OUTFLOW=720000. 0. ALL RES I-0= 0.

M= 20 0. 0. 0. 6000. 20000. 57000. 100000.
90000. 70000. 50000. 37000. 24000. 24000. 15000.
9000. 3000. O.

M= 20 0. 0. 0. 6000. 20000. 57000. 100000.
90000. 70000. 50000. 37000. 24000. 24000. 15000.
9000. 3000. O.

SUM= 505000. -SUM= 0. -MAX= 0.

RES INFLOW,OUTFLOW=498000. 0. ALL RES I-0= 0.

M= 50 0. 6000. 27000. 60000. 105000. 78000. 60000.
45000. 33000. 24000. 18000. 12000. 12000. 9000.
6000. 3000. O.

M= 50 0. 6000. 27000. 60000. 105000. 78000. 60000.
45000. 33000. 24000. 18000. 12000. 12000. 9000.
6000. 3000. O.

SUM= 498000. -SUM= 0. -MAX= 0.

RES INFLOW,OUTFLOW= 1550000. 0. ALL RES I-0= 0.

M= 10 0. 8000. 39000. 53000. 90000. 57000. 34000.
-9000. 1000. 4000. 10000. 25000. 13000. 7000.
4000. 1000. O.

M= 10 0. 8000. 39000. 53000. 90000. 57000. 34000.
-9000. 1000. 4000. 10000. 25000. 13000. 7000.
4000. 1000. O.

SUM= 337000. -SUM= -9000. -MAX=-9000.

SUM ALL INC FLOWS(CFS-PER)=

SUM LAST MX=

K*kkkkkkk

* NOTE *

*kkkkkkk

INCREMENTAL

1555000. AVE= 91471.

1550000. D.S.VOL(RES.I-0,+MX)= 1550000.

LOCAL FLOWS HAVE BEEN "COMPUTED"
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F.3 Printout of Optimization Trials and Summary

F.3.1 Printout From Each Optimization Trial (*OPTRY)

Table F.14 shows an example input file for optimization of monthly power
requirements and installed capacity for Reservoif71Record, field 1 = 1.1)

Table F.14 Example Input for Hydropower Optimization

T1 BOSWELL RES. POWER OPT. - PHONEY TW CURVE
T2 NATIONAL HYDROPOWER STUDY TEST

T3 MUDDY BOGGY CREEK

J1 0 10 4 3 4 2

J2 3

J3 4 1

J6 231 123 -14 -14 -14 123 123 231 534 7.64
J6 7.64 5.34

J7 1.1 2 6 0.05

J81.090 1.100 1.120 1.130 1.150 1.160 1.110 1.220 1.210 1.250
J81.161 1.162 1.163 1.164

c 1 1 20

c 2 83 199

RL 1 483242 158238 158238 483242 1130000

RO 1 1

RS 9 0. 1184. 9468. 31955. 84559. 197454. 393897. 697031.1130000.
RQ 91000000.1000000.1000000.1000000.1000000.1000000.1000000.1000000.1000000.
RA 9 0. 299.0 1196.0 2691.0 6638.7 12699.9 20710.0 30669.0 42576.8
RE 9 0. 11.88 23.75 35.63 47.50 59.38 71.25 83.13 95.00

PL 1 10

PR-.0506 -.0645 -.0551 -.0467 -.1066 -.1201 -.1828 -.1699 -.1006 -.0381
PR-.0187 -.0463

PQ 0 100000

PT 1 2

CP 19999999

IDBOSWELL RESERVOIR

RT 1 2

CP 29999999

IDMUDDY BOGGY CREEK

RT 2
ED
BF 0 360 38100000 720

IN 1101938 63 230 1506 2760 16708 3827 3638 3701
IN 903 1121 450 17 0 7 9 26 703 498

IN 2321 186 94 247 46 1 0 0 0 1

IN 150 43 4642 4705 2154 1874 454 128 14 1135

IN 1966 1943 4078 389 6775 2697 813 193 156 50

IN 5416 3555 1309 690 1746 1278 20137 2990 7068 1558
IN 135 577 154 1261 2217 190 211 1221 2321 8532
IN 1046 70 1 5 247 13 364 836 4789 4747

IN 918 4391 1089 48 14 55 767 224 732 429

IN 8469 15432 11355 4538 15725 3074 5228 3764 3220 447
IN 173 2802 8615 2072 2656 2488 1815 234 274 86
IN 9 6566 8866 368 97 920 7089 7612 2865 257

IN 44 70 5 72 824 1324 3534 2467 83 3283

IN 2760 1723 20 24 3 7 17 1286 4140 2865

IN 811 6169 2530 105 92 447 650 36 324 3680

(flows for periods 149 thru 360 not shown)
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The corresponding HEC-5 printout for the Hydropower Optimization example is
shown in Table F.15 and is discussed in detail in the following paragraphs:

a. The first group of outpd shows the allowable error criteria for the
optimization process){ Record, field 10). The heading "ALL. PERC
NEGATIVE ERROR = .05, POSITIVE ERROR = .05, IND FOR ONE
MORE TRY = 0" means that the allowable error for too much drawdown
(negative error) and too little drawdown (positive error) are both 5%, and
that an additional routing to straighten out HEC-5B output (extra 500,000
units of storage, etc.) will not be made.

b. The second group of outd@ shows the periods of the critical

drawdown (e.g., from periods 12 to 30) and the average values of several
items during the critical drawdown period. The items, described below, are

used to calculate estimates of firm energy.

Col

A WDNPE

~N O O1

9
10

Item
INFLOW
POW-REL
EL-BTW
DRAW-RAT

DIV-Q
EVAP-P
RELEASE
STORAGE

ELEV
EN-REQ

Description
Average reservoir inflow in s (ft¥/s)

Average power release if/sn(ft¥/s)

Tailwater block-loading elevation in meters (ft)
Ratio of drawdown depth to maximum
drawdown of conservation pool

Average diversion in #s (ft¥/s)

Average evaporation irtfs (ft/s)

Average reservoir release (for any purpose) in
m¥/s (ft¥/s)

Average reservoir storage (500,000 has been
added) in 1000 fr(acre-ft)

Average elevation in meters (ft)

Average energy requirement in 1000 kWh

c. The third output grouf® shows the periods used in the routing for the

current trial and the average values of several items, including four of those

previously described. The new items are described below:

Col
3

5

6
8

Item
HEAD

QSPILL

TAILWATER
H-TOP-C

H-BOT-C

Description
Average pool elevation minus tailwater

elevation and hydraulic losses

Average quantity of water spilled without
generating hydropower

Average tailwater used during the routing
Head from top of conservation pool to the
tailwater (Col 6)

Head from bottom of conservation pool to the
tailwater (Col 6)
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d. A summary of the trial's results is shown in the fourth sumf@ary
This output represents the following:

Col Item Description

1 OP TRIAL Trial number

2 ERROR-RAT Ratio showing error in storage drawdown from
top of conservation pool (Col 7) to minimum
storage in routing (Col 5)

3 ERR-STG Error in storage drawdown in 1000(acre-ft)

4 TAR-MIN-STG Target for minimum storage
(drawdown) in 1000 f(acre-ft)
5 MIN-STG Minimum storage reached in current routing in

1000 ni (acre-ft)

6 PER-MIN-STG Time period number of maximum drawdown

7 TOP-STG Storage at top of conservation and power pool
in 1000 m (acre-ft)

8 LOC.TYP Location number and type of optimization (e.qg.,

1.1=location 1, firm energy optimization)

e. The fifth group of outpu® shows the average annual plant factors.

The first annual plant factor shown represents the ratio of the total annual
energy generated in the routing (firm and secondary) to the maximum
annual energy possible with the assumed installed capacity (INS CAP). The
second annual plant factor shown represents the ratio of the annual firm
energy generated in the routing to the maximum annual energy possible
with the assumed installed capacity.

f. The sixth set of outp® shows the variable being optimized

(ITYOPT) and the multiplier which is used to adjust energy and capacity
values for the next trial. In addition, the current installed capacity estimate
and the projected value of that capacity based on the multiplier are shown.
The other items are used in calculating the next estimate of the variable and
are described as follows:

Col Item Description

1 ASSUMED Assumed value for the first month of current
trial

2 NEXT ASSUM Value to be assumed for first month of next trial

3 PTWO Value to be assumed if the two-point projection
is used for the next trial

4 EST3 Value to be assumed if accounting estimate

(projection using average values in routing) is
used for the next trial

ER-IMPROVE Error in storage

EST-BOUND Value of estimate if maximum and minimum
boundaries are used for the next trial

o O1
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Col Item Description(continued)

7 BNDMAX Maximum value of variable being optimized
from all previous trials

8 BNDMIN Minimum value of variable being optimized

from all previous trials

9 ERR-BN-MAX Error in storage corresponding to maximum
boundary

10 ERR-BN-MIN Error in storage corresponding to minimum
boundary

g. The seventh set of outplt shows the optimization results for the
second trial for the critical period.

h. In this example output, since the error ratio (ERROR-RAT) of
0.026531 is within the allowable error of 5% (Record, field 10), then

the eighth outpu® section shows the optimized results being applied for
the entire period (periods 1 to 360). Note that an allowable error of .95 is
printed out when the period of record is routed, regardless of the value in
field 10 of theJ7 Record.

i. Finally, the ninth outpu® section shows the Firm Yield Optimization
Results of Optimized Monthly Energy. These values could subsequently
be input as monthly power requirements onRReRecord.
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Appendix F - Description of Program Output

F.3.2 Output Summary of Conservation Optimization Results
(*OPSUM)

A summary of the results of a conservation optimization is printed in the output
file anytime aJ7 Record is used in the input data. Table F.16 shows this summary
where one line of output for each mpization trial is shown (i.e., optimization

results for estimated critical period, check of results with period of record routing,
etc.). On each line is shown the following:

Column 1 LOCATION - Identification of Project (froffil Record,
columns 17 to 26).

Column 2 INS CAP (KW) - Derived installed capacity basedPBn
Record ratios of the firm energy that was dependable for the
routing period (length = Col 8, starting date = Col 13)
within the allowable storage drawdown error.

Column 3 FIRM ENERGY (MWH) - Annual firm energy which was
dependable for the routing period within the allowable
storage drawdown error.

Column 4 AVG ANN ENERGY (MWH) - Average annual energy
(AAE) for the routing period analyzed. Where the AAE is
for the critical period only (plus a few months), a value of -1
is used since this Column has no meaning under these
conditions.

Column 5 ERROR RATIO - Drawdown storage error expressed as a
ratio. Difference between minimum storage reached in
routing and target storage at bottom of conservation pool,
expressed as a ratio of total conservation storage. A
storage penalty is added when power shortages occur due
to the assumed energy being too high.

Column 6 NO. TRIES - Number of iterations (routings) required to
determine the firm energy for the routing period selected
within the allowable error in drawdown storage.

Column 7 SPILL - The average volume of water ithsn(ft¥/s) for the
routing period (Col 8) that is passed through the dam
without generating energy.

Column 8 NPER - Number of periods of routing for each of the trials.
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Column 9

Column 10

Column 11

Column 12

Column 13

Column 14

Column 15

Column 16

ENERGY RATIO - Factor to adjust monthly power
requirements (PR Records) to generate the average annual
energy (column 4) with installed capacity shown in column
2. This factor can be entered in the third field of the second
PR record (PR.13) to adjust the monthly energy
requirements or plant factors.

RATIO STG/Q - Ratio of conservation storage to mean
annual flow. A value of 1.0 would indicate that there is
sufficient power storage to withdraw the reservoir volume
over a 12-month period at the same rate as the average
annual inflow (ignoring evaporation losses).

FIRM ENERGY / PLNT FAC - The ratio of the annual
firm energy (Col 3) to the annual energy possible using the
installed capacity (Col 2).

ASSUMED DEP CAP (kW) - Estimated starting value of

Dependable Capacity using power storage and minimum
flows available during estimated critical drawdown period.

ROUTING/ST PER - Starting year and month of routing
(1966.10 indicates October 1966).

HEAD - Average head during the routing period (Col 8).

DRAW ST PER - Year and month of start of critical
drawdown period.

DRAW. LENGTH - Length (months) of the critical
drawdown period which started at date shown in Col 15.
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F.4

Output Arranged by Sequence of Control Points
(*NORML)

The output from program HEC-5B is preceded by general information that is
pertinent to the output results. An example of this information is provided in
Table F.17 and described by the following:

FLOOD NUMBER - The basic flood event identifier based on the
sequence of events inplBK-EJ Records), or automatically generated by
the program.

NFLRD - The number of flood events read in the input file. This would be
the number oEJ Records in the input file since each set of time series
records requires a@aJ Record.

IFLRD - The sequence number of the flow series read (NFLRD) which is
currently being printed out.

NFLCON - The number of flood ratios to be use€ (Record) for the
current flood event.

IFLCON - The sequence number of the ratio used (of NFLCON) for the
current printout.

Flows Multiplied by - The ratio which is multiplied times all flows on IN
Records for current outpuBE Record, field 4).

Computation Interval in Hours - The simulation time interiz# Record,
field 7).

Included alongside the above information is a section showing UNITS OF
OUTPUT. All flow and evaporation values are iffsr(ft/s) and represent the
average during each period. Reservoir storage values are in 108€renft).
Elevations are in meters (ft). Energy is in 1000 kWh, except when the
computation interval is less than 24 hours; then, the energy output is in kWh.
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Following the general information, the normal sequential program output is listed
(if requested by3 Record, field 1 containing a code 8) in the sequence the control
points were read (downstream order). An example of the *NORML output is
shown in Table F.18 for Reservoir locations and Table F.19 for Non-reservoir
locations. Each of the items is shown for all periods using 10 or 12 periods per
line of output (depending on the simulation time interval). When the time interval
is monthly (e.g., 720 hours), as in conservation analysis, the output is 12 periods
per line instead of 10. The average, maximum, and minimum values are also
provided for all of the output variables.

All possible output items are shown in the following list along with the order
number that they would appear in the *NORML sequential output section. The
“R” represents output for reservoirs only; ti@& tfepresents output for non-
reservoir control points only; andR; C” represents output for both reservoirs and
non-reservoir control points. An asterisk (*) appears for those items that will be
omitted if not given or requested in the input:

R,C (1) LOC555 RESERVOIR A
Location Identification Number (frol8P Record) and
Location Identification Name (frof® Record)

R, C SERVED BY 111, -222, 555
Shows which upstream reservoirs operate for this location. In
this example, there are three reservoirs upstream from
Reservoir A (location 555). Reservoir 111 operates for
Reservoir A; however, Reservoir 222 does not operate for it
(indicated by the negative location number). Since all
reservoirs operate for themselves, then 555 is also shown.

R SERVING 15, 16, 18
Shows which downstream locations that the reservoir
operates for. In this example, Reservoir A (555) operates for
locations 15, 16 and 18..

R, C (2) Local Cumulative - The cumulative local flow for each
period is the flow above the current control point and below
all upstream reservoirs that have at least one 16Qaane-
foot) of flood control storage.

R,C (3) NaturalQ - The flow that would occur without any
reservoirs in the basin. The calculation and printout of natural
flows is an optional program featur&(Record, field 4).

R (4) Energy Required - The firm energy requirements at the
reservoir as defined by input. Units of output are 1000 kWh
unless the time interval is less than 24 hours.

F-30



Appendix F - Description of Program Output

R, C

R, C

R, C

R, C

R, C

R, C

R, C

(5)

(6)

(7)

(8)

(9)

(10)

(11)

(12)

Energy Generated - The total energy generated by the
reservoir, in 1000 kWh unless time periods are less than 24
hours.

Energy Shortage - The difference between firm energy
required and energy generated. Units of output would be the
same as (4) and (5).

Q-Spill-Power - The flow that could not be used to
generate energy.

Peak Capability - Power plant peaking capability in
1000 kWh.
Min Desired Q - The minimum desired flow at the

current control point; i.e., demand to be met as long as
reservoirs are above top of buffer pool.

Deg-Shortage - The amount by which regulated flow at
the current control point falls short of the minimum desired
flow.

Min Required Q - The minimum required flow at the
current control point; i.e., demand to be met as long as
reservoirs are above level 1.

Reg-Shortage - The amount by which regulated flow at
the current control point falls short of the minimum required
flow.

(13) Div Requirement - The flow demand for diversion from

(14)

(15)

this control point.

Diversion Q - The algebraic sum of all diversions from
the control point (positive) or to the control point (negative).
The regulated flow at the control point or inflow into the
reservoir includes the effects of the diversions both from and
to the control point.

Div Shortage Q - The amount by which the diversion
falls short of the diversion requirement.

(16) Inflow - The inflow hydrograph to a reservoir. The inflow

values are equal to the cumulative local flows plus the routed
upstream reservoir releases minus any diversions at the
reservoir or upstream points.
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C

C

R

R*

(17) Qmax-Target Flow - When channel capacity varies at a

control point CC Record is used) the channel capacity is
shown for each time period.

(18) Flow Regulated - The calculated regulated flow at a

control point based on local inflow, upstream reservoir
releases, and diversions from and to the control point.

(19) Outflow - The average reservoir outflow.

(20) Case =Loc.Typ - The reason for making the reservoir

release is shown for each time period as a two-part code such
as: 0.03 or 18.03 .

The number to the left of the decimal indicates the
downstream controlling location. If the controlling location is
the reservoir itself, a zero will be printed to the left of the
decimal. When operating for a downstream locatibe
number to the right of the decimal is the number of future
time periods controlling the release. For exani#03
indicates that the flow at locatidi8, 3 time periods in the
future was used to determine the final reservoir release.
When operating for itselthere is a zero to the left of the
decimal, and the number on the right indicates the following:

00 Release was for minimum desired flow requirements.

01 Release was constrained by channel capacity at the
reservoir.

02 The release was governed by the maximum permitted
rate-of-change from the preceding release.

03 The release was calculated to exactly empty flood control
storage (e.g., to reach Top-of-Conservation).

04 The release was made to eliminate or minimize storage of
water above the top of the flood control pool.

05 The release was made to bring the reservoir into balance
with a downstream tandem reservoir.

06 The release was constrained by the outlet capacity.

07 The release was based on LEVEL 1 limitation (top-of-
inactive storage).
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08 Release was governed by minimum required flow.

09 Release was based on buffer level constraint.

10 Release was based on firm energy hydropower demand.

11 Flood control releases cannot be made until highest
priority reservoir is releasing (ISCHED = 1 on J2.6).

Release only for minimum flow requirements.

12 Release was based on allocated system energy
requirement.

13 Release was based on hydropower LEAKAGE
(P2 Record, field 1)

14 Release was limited by hydropower PENSTOCK
(P2 Record, field 2)

15 Release was limited by hydropower GENERATOR
CAPACITY (P1Record, field 2 oPP/PS Records)

20 Release based on Gate Regulation CuR@ Record),
Rising Pool

21 Release based on Emergency operation: Partial Gate
Opening

22 Release based on Emergency operation: Transition

23 Release based on Emergency operation: Outflow =
Inflow

24 Release based on Emergency operation: All gates fully
open

29 Release based on Emergency operation: Pre-release
option J2 Record, field 5)

99 Release was specified by the usel@ Records

R (21) Level - The index level for each time period is shown. The
index level specified od1 Record, field 4 (LEVCON)
indicates the top of the conservation pool and the index level
from theJ1 Record, field 5 (LEVTFC) indicates the top of
the flood control pool. Therefore, a level of 3.750, when
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LEVCON and LEVTFC are 3 and 4, respectively, would
show that 75% of the flood control storage is being used.

R (22) Level Equivalent - The equivalent system level,
including all upstream tandem reservoirs, of the current
reservoir (omitted when no reservoirs are in tandem).

R (23) Evaporation - The volume of water lost to evaporation in
1000 ni (acre-ft) is shown for each time period for routing
intervals greater than or equal to 24 hours.

R (24) EOP Storage - The end-of-period storage in the reservoir
is shown for each time period.

R,C (25) EOP Elev/Stage - When elevationRE Record) is
provided at a reservoir or stage ddta (Record) is provided
at a non-reservoir control point, the end-of-period elevation
or stage for each time period is shown. Channel stage is
based on the regulated flow while the reservoir elevation is
based on the reservoir storage.

C (26) Q Space Avail. - The channel capacity minus the
regulated flow gives the space available in the channel for
additional reservoir releases. Negative values indicate the
amount of flooding (in excess of channel capacity). This
output is omitted when monthly routings are used.

C (27) Q by US Res,Divs - This hydrograph is the result of all
upstream reservoir releases and diversion return flows routed
to the current control point. It is the difference between
regulated flow and cumulative local flow.

C (28) FI GT Local Q - The amount of flooding which could
have been prevented, if it had been possible to make no
releases from all upstream reservoirs and diversion return
flows, for each time period. The total flooding shown in this
item does not reflect flooding from the cumulative
uncontrolled local flow (Item 2). This output is omitted when
a monthly routing is used.

R, C (29) Local Incremental - The intervening flow between a
location and its upstream adjacent locations.

R (30) Sys En Required - The system energy requirements, in
1000 KWh unless time periods are less than 24 hours.
(System output is only shown at the first reservoir in the
system.)
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(31) Sys En Useable - The total system energy generated that
can be credited to the system. This value could be less than
total generated due to maximum plant factor for system use
(PFMAX onP2 Record, field 4).

(32) Sys En Generated - The total system energy generated
by projects in this system, in 1000 KWh unless time periods
are less than 24 hours.

(33) Sys En Shortage - The difference between system
energy required and system energy generated. Units of
output are the same as 33, 34, and 35. (Negative shortages or
surpluses are ignored.)

(34) Power Head - The head available for producing
hydropower.

(35) Mills / kWh - The benefit rate in MILLS per kWh for
power rule curve operatio®C, PF, PB Records).

(36) Plant Factor - Ratio of energy generated to maximum
generation possible for each time period.

(37) Q-Gate Regulation - The release from the reservoir
based on gate regulation operati®&(Record).

(38) Pct Storage Norm - Percentage showing how full the
conservation pool is for each time period. 100 indicates the
conservation pool is full, 50 indicates the conservation pool is
half full, etc.

(39) Top Con. Storage - Storage at the Top of Conservation
pool for each time period.
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