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Engineering and Design
HYDROPOWER

1. Purpose. This manual provides guidance on estimating the energy
potential of a hydropower site, selecting a project's installed
capacity, determining the need for the project's output, evaluating
hydropower benefits, and estimating powerhouse costs.

2. Applicability. This EM applies to all HQ, USACE/OCE elements and
all field operating activities having civil works design responsi-
bilities.

3. General. This manual describes evaluation techniques for both
large and small hydro projects, as well as pumped-storage hydro.
These procedures can be applied to the modification or rehabilitation
of existing hydro projects as well as to new projects. Information is
presented on power system operation and the role of hydropower, the
development of data for making hydropower studies, the flow-duration
and sequential routing techniques of estimating energy potential, the
considerations involved in sizing of powerplants, computer models
available for making power studies, the use of reservoir storage for
hydropower, special problems involved in estimating costs for hydro
projects, techniques for establishing need for hydro projects,
alternative approaches for evaluating hydropower benefits, and the
methodology for computing power values. Techniques are presented for
evaluating multi-project systems as well as single projects, and for
incorporating power production in multiple purpose project or system
operation. Appendixes include example calculations, a glossary, a
list of references, and a table of conversion factors. An outline of
the steps in a hydropower study is provided together with an appendix
sumarizing the technical material to be presented in a hydropower
study report. Information on coordination required with the regional
Federal Power Marketing Administrations and the Federal Energy
Regulatory Commission is also presented.
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CHAPTER 1

INTRODUCTION

1-1. Purpose. This manual provides guidance on the technical aspects
of hydroelectric power studies, from the preauthorization level
through the General Design Memorandum (GDM) stage. It also defines
the appropriate level of effort required, and the study requirements
and technical procedures required for each stage of study. Specific
areas covered include need for power, determination of streamflows and
other project characteristics, estimation of energy potential, sizing
of powerplants, cost estimating, and power benefit analysis. Subjects
such as powerhouse design and selection of turbines and generators are
treated in other manuals.

1-2. Applicability. This manual is applicable to all field operating
activities having civil works design responsibilities.

1-3. References.

a. ER 10-1-41, Corps-Wide Centralized Functions and Special
Missions Assigned to Divisions and Districts

b. ER 37-2-10, Accounting and Reporting Civil Works Activities
c. ER 1105-2 series, Planning Guidance Notebook

d. ER 1110-2-1, Provisions for Hydroelectric Installation at
Corps of Engineers Projects

e. ER 1110-2-1402, Hydrologic Investigation Requirements for
Water Quality Control

f. EM 1110-2-1301, Cost Estimates — Planning and Design Stages

g. EM 1110-2-3001, Planning and Design of Hydroelectric Power
Plant Structures

h. EM 1110-2-3106, Selecting Reaction Type Hydraulic Turbines
and Pump-Turbines at Corps of Engineers Projects

i. EM 1110-2-3600, Reservoir Regulation
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1-4. Bibliography. Appendix T consists of a selected bibliography of
literature pertaining to hydropower studies. References in the text
to specific publications are indicated throughout the manual by
bracketed numbers which correspond to the publication number as

listed in Appendix T.

1-5. Glossary. Appendix S contains definitions of terms relating to
hydropower and electric power systems.

1-6. Conversion Factors. Appendix R contains a listing of some of
the common conversion factors used in hydropower studies. Factors for
converting English system units to metric units are also included.

1-7. Hydroelectric Design Centers. Three Corps of Engineer offices
have been designated as Corps-wide Hydroelectric Design Centers:
North Pacific Division, Omaha District, and Mobile District. These
offices have special expertise in powerhouse design and can provide
services ranging from preliminary layouts and cost estimates through
turbine selection and preparation of construction plans and specifi-
cations. In accordance with ER 10-1-41 (Change 2), these offices have
responsibility for all Corps powerhouse design work beyond the
feasibility stage. To insure continuity throughout the planning and
design stages, it is recommended that the Design Centers also be
utilized where possible at the reconnaissance and feasibility stages.

The primary Design Center, North Pacific Division, will be given first
priority for work performed for all districts within the Corps, except

that Omaha District will generally perform work within Missouri River
Division and Mobile District will perform work within South Atlantic

Division. The Design Centers alsc have supporting offices which can

provide assistance in power studies and power benefit analyses.

1-8. Organization of a Power Study. Figure 1-1 outlines in flow-
chart form the basic steps in a power study. A brief discussion of
each step follows, with references to the section(s) in this manual
that describe the techmical studies required for each step.

a. Need for Power. Define the power system and compare
projected loads with projected resources to determine the type,
amount, and scheduling of additional power (Chapter 3).

b. Hydrologic Data Preparation. Develop streamflows, reservoir
characteristics, and related data for the proposed site (Chapter 4).

1-2
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c. Preliminary Power Studies. Using the data from step (b),
determine the approximate energy potential of the proposed site
(Chapter 5).

d. Envirommental/Operational Studies. Based on envirommental
characteristics and non-power river uses and project functions,
identify factors which may limit operation for power (Chapters 4 & 6).

e. Type of Project. Using physical site characteristics and
data gathered during steps (a) through (d), determine what type of
project(s) should be considered for the site (Chapter 6).

f. Range of Plant Sizes. With data from steps (c) and (e),
determine the range of installed capacities that should be examined
(Chapter 6).

g. Detailed Power Studies. With data from steps (b), (d), (e),
and (f), conduct power studies to determine energy output and
dependable capacity for each alternative development (Chapters 5 & 6).

h. Cost Estimates. Make a preliminary estimate of annual cost
for each alternative development (Chapter 8).

i. Basis for Benefits. With information on project size, type
of power supplied, and characteristics of the local power systems,
determine the appropriate method for measuring hydropower benefits,
considering the likely alternative means of meeting projected demand
in the absence of the proposed hydro project (Chapter 9).

j. Power Values. Determine unit value of hydropower project
output using data on the market value of power or the alternative cost
of meeting demand (Chapter 9).

k. Power Benefits. Compute power benefits using energy output
and dependable capacity values from step (g) and unit power values
from step (j) (Chapter 9).

1. Net Benefits. Determine net benefits for each alternative
development using cost data from step (h) and benefit data from step

(k).

m. Marketability Study. Using data from steps (d), (g), and
(h), the regional Federal Power Marketing Administration makes
marketability study (Chapters 3 & 9).

n. Select Plan. With net benefit data from step (1), environ-
mental and operational data from step (d), marketability data from
step (m), and any other relevant data, select plan to be recommended
for development (Chapter 9).

1-3
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o. Successive Iterations. Figure 1-1 depicts a power study as
a single-pass analysis. In most cases, selection of the best power
installation is an iterative process, with some of the steps being
repeated two or more times in successively greater detail for a
successively smaller number of alternative plans. It should also be
noted that the above discussion relates to a single-purpose power
study. When hydropower is one of several functions being considered
for a proposed project, the steps shown on Figure 1-1 would be
integrated into a multi-objective planning study. This manual touches
only briefly on envirommental studies, net benefit analysis, and plan
selection. Primary guidance on these subjects and on multi-objective
planning is found in the Planning Guidance Notebook (49).

1-9. Hydropower Reports. In accordance with the Planning Guidance
Notebook, the basic results of the hydropower studies must be
summarized in reconnaissance and feasibility reports. It is
recommended that hydropower reports also contain a technical appendix
which includes the material necessary to understand assumptions and
procedures underlying the power studies. This appendix should also
include sufficient data and back-up computations to permit tracking
the determination of (a) need for power (where required), (b) power
output, and (c) power benefits. This allows effective review and
facilitates follow-up studies. Appendix A presents an outline of
material which should be considered for inclusion in a hydropower
technical appendix.

1-10. Small Hydro Projects. The procedures included in this manual
are applicable to small hydro projects (less than 25 MW), as well as
to larger installations. Additional information on the analysis of

small hydro projects can be found in references (6), (17), (36), and
(39).

1-11. Coordination with Other Agencies.

(1) The normal coordination procedures with Federal, State, and
local agencies apply to hydropower studies. Special mention should be
made of coordination with the Federal Energy Regulatory Commission
(FERC), and the regional Federal Power Marketing Administrations
(Section 15-4 of reference (37)).

(2) The Corps of Engineers cooperates with the FERC in
evaluating power benefits on the basis of unit power values developed
by that agency (Section 9-5k). FERC reviews cost allocations for
Corps hydro projects and, where authorizing legislation requires, is
responsible for preparation of the final cost allocation. FERC is
also responsible for assessing the falling water charges that apply to
non-Federal entities that construct powerplants at Corps of Engineers
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facilities (Section 9-10h), and they are involved in the evaluation of
minimum provisions for future power at Corps projects (Section 9-10b).

(3) The 1944 Flood Control Act and related Acts give the
Secretary of Energy the responsibility for marketing the power from
Corps of Engineers hydro projects, and this is handled by the five
regional Power Marketing Administrations (PMA's) (Sections 3-5c,
3-12, and 9-9). As a part of the feasibility level planning study,
the PMA prepares a marketability report in order to determine if the
costs of the proposed hydro project can be recovered as required by
law. Close coordination with the PMA should be maintained at all
levels of planning.

ENV/OPER
STUDIES
MARKET
-ABILITY pELECT
STUDY
NEED FOR TYPE OF v cosT
POWER PROJECT e ESTIMATES
v
4
NET
BENEFITS
HYDROLOGI PRELIMINARY | —| DETAILED
Dapa rocic POWER POWER
STUDIES STUDIES
POWER
BENEFITS
BASIS FOR POWER [~
BENEFITS VALUES

Figure 1-1. Power planning flow chart
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Figure 1-2. Generator installation at Wilson Lock and Dam,
the first major hydroelectric project to be designed and
constructed by the Corps of Engineers. The project was

placed in service in 1925 and was transferred to the
Tennessee Valley Authority in 1933 (Nashville District).
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CHAPTER 2

GENERAL FEATURES OF HYDROELECTRIC
DEVELOPMENT AND THE ROLE OF HYDROPOWER

2-1. Introduction, This chapter briefly describes the general
concepts of power system operation, the use of hydro projects in power
systems, the various types of hydroelectric development, the compo-
nents of a typical hydro project, the components of a powerhouse, and
the various types of turbines that are available,

2-2, Power System Operation. The purpose of this section is to
describe power system operation. Topics include loads (demand for
power), resources {(types of powerplants), use of resources to meet
loads, and the role of hydropower in power system operation.

a. Organizatiop of the Power Industry.

(1) Electric Power Utilities. Most power generated in the
United States is produced by the electric power utilities. Utilities
can be divided into three categories: investor-owned utilities, which
supply about 78 percent of the nation's electrical energy; publicly
owned systems (municipalities, public utility districts, etc.), which
provide about 15 percent; and the customer-owned rural electric
cooperatives, which supply the remaining 7 percent. Most of the
investor-owned systems, municipal systems and cooperatives produce
their own power, but others purchase their power either from the
generating utilities or from the Federal government.

(2) Federal Hydropower Projects. In 1982, about 120,000,000

MWh, or 5 percent of the nation's electrical energy requirements, was
produced by Federal hydroelectric projects, operated by the Corps of
Engineers, the Bureau of Reclamation, and the Tennessee Valley
Authority. These projects are multiple-purpose projects, and power
production is just one of the functions they serve. Under the terms
of the 1944 Flood Control Act and related legislation, power from
Corps and Bureau hydro projects is marketed to the utilities by the
five regional Power Marketing Administrations (PMA's) of the Depart-
ment of Energy (see Sections 3-5b and 3-12). In addition to market-
ing, some of the PMA's also provide transmission and dispatching ser-
vices. The Tennessee Valley Authority is directly responsible for the
marketing, dispatching, and transmission of power produced at its own
plants., Legislation gives preference to publicly owned utilities and
cooperatives in the purchase of power produced at Federal projects,
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b. Definitions. Some of the basic definitions relating to power
system operation follow, Figure 2-1 illustrates many of these
parameters.

(1) Energy, Energy is that which is capable of doing work.
Mechanical energy is expressed in foot-pounds, while electrical energy
is expressed in kilowatt-hours (1 kWh = 2,656,000 ft-1bs.). The
output of a hydroelectric plant is called electrical energy.

(2) Power, Power is the rate at which energy is produced or
used, expressed in either horsepower or kilowatts, While this is the
technical definition of power. the term is often used in a broad
sense to describe the commodity of electricity, which includes both
energy and power,
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Figure 2-1. Daily load shape showing common power terms
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(3) Capacity. Capacity is the maximum amount of power that a
generating plant can deliver, expressed in kilowatts.

(4) Load. Load is demand for electricity. Load can be
expressed in terms of energy demand (average power demand), or
capacity demand (peak power demand). For planning purposes, capacity
demand is measured in terms of the expected maximum annual capacity
demand, or "annual peak load." Energy demand is normally measured in
terms of average annual energy.

(5) Resources. Resources are sources of electrical power. A
system's power resources could include both generating plants and
imports from adjacent power systems.

(6) Load Factor. A load factor is the ratio of average power
demand to peak power demand for the period being considered. Load
factor can be computed on a daily, weekly, monthly, or annual basis.
For example,

(average power demand for day)

daily load factor =
(peak power demand for day)

c. Power Loads.

(1) General. An understanding of how loads are classified and
how they vary with time is basic to an understanding of power system
operation,

(2) Daily Load Shapes. Load or demand for electric power varies
from hour to hour, from day to day, and from season to season in
response to the needs and living patterns of the power users. The
daily load shape in Figure 2-1 illustrates this concept. Demand for
power is at a low point in the early morning hours, when most of the
population is at rest. Demand increases markedly at 6 am, as people
get up and begin going to work, and reaches a peak in the late morning
hours. It remains high through the daytime hours, often reaching
another peak about suppertime, and then decreases in the evening
hours, as activity drops off.

(3) Weekly Load Shapes. Figure 6-1 (see Chapter 6) illustrates
the weekly load pattern. Daytime loads, which are at a high level
during the five weekdays, are somewhat lower on Saturdays and at their
lowest levels on Sundays and holidays. This pattern reflects the
impact of industrial and commercial activity on power demand.

2-3
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(4) Seasonal Demand Pattern. The seasonal load pattern reflects
the effects of weather and hours of daylight. Weather can cause two
seasonal peaks, one due to winter heating loads and one due to summer
air conditioning loads., Demand is usually highest in these seasons
and relatively low in the spring and fall months. Winter peaks
predominate in New England and the Pacific Northwest, while the
Southern states, from California to the Carolinas, experience their
highest loads in the summer months, Most of the rest of the country
has high demand periods in both the summer and the winter. Figure 2-2
illustrates seasonal demand patterns for the Pacific Northwest, West
North Central and South Central States.

(5) Load Types. The load shape is divided into three segments:
base load, intermediate load, and peaking load (Figure 2-3). The base
load is the minimum load in a stated period of time. The peaking load
is that portion of the load which occurs eight hours per day or less.
The intermediate load is the load between the base and peaking loads.
Powerplants are often categorized as base load, intermediate (or
cycling), and peaking, but operational definitioms vary somewhat from
load definitions (see Section 6-3). An intermediate load or cycling
plant would operate 8 to 14 hours a day, and a base load plant would
carry the portion of the load below the intermediate plant.

(6) Load Classes. Loads can also be classified by consumer.
Following is a listing of the major load classes and the approximate
portions of the total load that each comprises (nationally):

. 1industrial 35 percent
. residential 35 percent
. commercial 25 percent
. irrigation and

street lighting 5 percent

(7) Load Forecasts. When planning future system construction
and operation requirements, it is necessary to forecast loads for a
number of years into the future. Load forecasts and their use in
Corps planning reports are discussed in Chapter 3.

d. Power Resources.

(1) Introduction. Power resources are sources of electric power
for meeting loads. A power system's resources could include power-
plants, power supply contracts from outside the system (imports), and
interruptible loads, A brief description of the major types of
powerplants and other power resources currently being used in the
United States follows. Approximate costs are presented in 1983
dollars for purposes of comparison.

2-4
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(2) Fossil-Fuel Steam., Steam plants fired by

(Figure 2-4) are the nation's largest single source
Fuel is burned in a steam plant's boiler to produce
turbine. This process converts 30 to 40 percent of
of the fuel to electrical energy. Steam plants may
operate on coal, natural gas, oil, or a combination

fossil fuel

of electric power.
steam to drive a
the energy content
be designed to

of fuels., Al-

though smaller units have been constructed in the past, most modern
steam plants have units in the 300 to 700 megawatt range. Most of the
newer. more efficient units are used in base load service. Older,
smaller units are typically used for cycling (intermediate loads),
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Figure 2-3, Daily load shape showing load types
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although some new plants have been constructed in recent years for
eycling service., Because of the complexity of their operating
systems, steam plants require several hours for startup. While they
have some peaking capability, they do not respond as rapidly to change
in load as other types of plants., Capital costs are relatively high
($1000/kW or more in 1983). Fuel costs range from 5 to 20 mills/kWh
for coal to 60 mills/kWh or more for oil. Coal plants require four to
six weeks of malntenance each year and have forced outage rates (which
vary with plant size) of 10 to 20 percent. The resulting overall
availability (maximum possible plant factor) ranges from 65 to 85
percent, depending on plant size.

Figure 2-4, Boardman coal-fired steam plant
(Courtesy of Portland General Electric Company)
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(3) Nuclear, Nuclear plants (Figure 2-5) are similar to fossil-
fuel steam plants except that nuclear fission produces the heat
required to generate the steam., Thermal efficiency, at about 33
percent, is somewhat lower than that of coal plants because nuclear
steam systems operate at a lower pressure and temperature. Plant
sizes are typically in the 800 to 1250 MW range. Because of their low
fuel costs (5 to 10 mills/kWh) and high capital costs ($1200/kW or
more), as well as other operational characteristics, nuclear plants
are used almost exclusively for base load service. Nuclear plants are
normally out of service for about eight weeks a year for scheduled
maintenance and refueling. Forced outage rates average about 15
percent, which results in an overall availability of 65 to 70 percent.

Figure 2-5. Trojan nuclear power plant
(Courtesy of Portland General Electric Company)
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(4) Combustion Turbipe, A combustion turbine (Figure 2-6) is

basically a jet engine connected to a generator. Combustion turbines
can run on natural gas or distillate oil, and their overall efficiency
is between 25 and 30 percent, Sizes are in the 10 to 100 MW range.
They are often constructed in pairs (two combustion turbines connected
to a single generator), and installations may consist of several pairs
of units. Capital costs are low (about $225/kW), and fuel costs are
high (90 to 100 mills/kWh when fired by oil). Combustion turbines can
be started in a matter of minutes and can be used for load-following
by varying the number of units that are on line. Because of their
high fuel costs and fast-start characteristics, combustion turbines
are normally used for peaking and standby reserve service. Average
annual plant factors are typically 10 percent or less, although in
periods of power shortage, combustion turbines have operated at much
higher plant factors. 1In Alaska, where low-cost natural gas is avail-
able, combustion turbines are the major source of electric power in
some areas and operate at annual plant factors in excess of 50
percent.

Figure 2-6. Bethel combustion turbine power plant
(Courtesy of Portland General Electric Company)
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(5) Combined Cycle. A combined cycle plant (Figure 2-7) is a
series of combustion turbines with heat extractors on their exhausts.
Steam from the heat extractors is used to drive a conventional
turbine-generator., The addition of the steam cycle increases overall
efficiency to about 40 percent., Capital costs are higher than
combustion turbines (about $500/kW), but due to their higher
efficiency, fuel costs are lower (60 mills/kWh or more for oil).
Combined cycle plants are designed primarily for cycling operation or
extended operation in periods of high demand.

(6) Convepntional Hvdro. The various types of hydro plants are
described in Section 2-3, but some of their basic operating char-
acteristices will be summarized here. Hydro differs from other types
of powerplants in that the quantity of "fuel" (i.e. water) that is
available at any given time is fixed. Techniques such as seasonal
storage or daily/weekly pondage can be used in many cases to make the
distribution of streamflow better fit the power demand pattern, but
the total amount of water that is available for power generation at a
given site is fixed. Increasing plant size may, in some cases,
increase the percentage of the potential energy that is utilized, but
it cannot increase the total supply. On the positive side, fuel costs
are essentially zero. However, capital costs are relatively high,
ranging from $500 to $2.000/kW for new projects, Hydro has by far the

Figure 2-7. Beaver combined cycle power plant
(Courtesy of Portland General Electric Company)
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highest energy conversion efficiency, at 80 to 90 percent. Hydropower
units can be placed on-line rapidly and can respond quickly to changes
in loading. Hydro is well-suited for peaking or load-following
operation and is generally used for this service if storage or pondage
is available and if river conditions permit. If the project has no
controllable storage or if operating restrictions preclude load-
following, hydro energy can be produced only when water is available
(run-of-river operation). Forced outage rates on hydro are very low
(2 to 4 percent), and average availability (which includes scheduled
maintenence) is about 95 percent,

(7) Pumped-Storage Hydro. Pumped-storage hydro is a form of

energy storage. Relatively low-cost electrical energy, usually from
coal-fired steam plants, is used to pump water into an upper storage
reservoir during periods of low power demand (nights and weekends).
During high demand periods, when energy is most valuable, water is
released to produce power. Further details on pumped-storage opera-
tion can be found in Section 2-3e and Chapter 7. Because of
mechanical and electrical losses in the pumping and generating
processes, overall efficiency is about 65 to 75 percent. Pumped-
storage has quick-start capability, and because of its relatively high
"fuel™ cost (the cost of the off-peak pumping energy divided by the
overall efficiency), it is normally used for peaking service.
Construction costs are moderately high ($500 - $800/kW) and forced
outage rates are about five percent.

(8) Other Types of Powerplants. Other types of powerplants are

geothermal steam, wind, solar, and tidal. However, they are presently
in limited use because they are in the developmental stage, or because
the resource itself is limited. One additional type of powerplant,
the diesel or internal combustion unit, is widely used to provide
power in isolated areas where loads are relatively small or for
emergency service, but such units are seldom operated in the larger
power systems of the continental United States,

(9) Imports. An additional resource available to some power
systems is the import of power from adjacent power systems, Imports
fall into several categories. First, there are firm or assured sales
contracts, which usually become available when a utility has a
temporary surplus of generation. These contracts are normally of
relatively short duration (one to ten years). Another category is the
exchange contract, which is designed to take advantage of seasonal or
daily diversity in load or resource capabilities. Exchange contracts
are usually firm contracts and are of longer duration (10 years or
more). The third major category is low-cost "dump" power, which may
be available from outside the system on a short-term interruptible
basis. This power can be used to cut system fuel costs, but it is not
considered a firm power system resource,
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(10) Interruptible Loads. A portion of the load in some systems

can be interrupted during periods of high demand and this "interrupt-
ible" load serves in effect as a resource available to the operator to
insure that firm system loads will be met. One example is the
rotating short-term interruption of individual water heaters or air
conditioners during the peak demand hours of the day. Another example
is the long-term interruption of service to certain types of indust-
rial customers during extended periods of shortage. The latter might
include electro-process industries, which may pay relatively low power
rates in exchange for allowing a portion of their loads to be
interruptible.

e. Reserves, Having just enough resources to meet expected peak
loads is not sufficient to guarantee a reliable service to customers,
Additional capacity must be available to cover forced outages, main-
tenance outages, abnormal loads, and other contingencies. Typically,
power system resource planning is based on providing about 20 percent
reserve capacity above the expected annual peak load. This capacity
is called the system planning reserve. 1In day to day system opera-
tion, an operating reserve of 5 to 10 percent of the load being
carried must be maintained at all times. Half of this must be
spinning reserve (capacity which is rotating but not under load) and
the remainder is standby reserve, which must be available in a matter
of minutes. The spinning reserve is used to handle moment-by-moment
load changes, while standby reserve is used to cover unexpected
powerplant outages.

f. Meeting Loads with Resources,

(1) This section shows how a given set of power resources is
used to meet system loads. When planning a program of resource
construction to meet expected future demands, both fixed (capital) and
operating costs must be considered. However, to illustrate the
principles of system operation, only operating costs (primarily fuel
costs) will be considered. In order to simplify the discussion, the
operation of an all-thermal system will be examined first. Section
2-2g will address the operation of power systems that include hydro-
power plants.

(2) A simplified example based on a single week of operation
will illustrate these concepts. A load-duration curve is commonly
used to describe system operation, Figure 2-8 shows the derivation of
a load-duration curve from a weekly load curve. The example assumes
that a 20 percent reserve margin must be maintained. When evaluating
average system operating costs, the occasional use of reserve
generation to cover forced outages must be accounted for. Since
techniques for doing this are complex (see Section 6-9f), operation
to cover forced outages will not be considered in this example.
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(3) The expected peak load for the example system is assumed to
be 5000 MW, so an additional 1000 MW of generating capacity is
required to provide a 20 percent reserve margin, Table 2-1 lists the
powerplants available for meeting this load and their respective
operating costs.

(4) The basic objective of system operation is to minimize costs
by placing the plants in the load in order of increasing cost. The
plant with the lowest operating cost is NUKE-1 at 6 mills/kWh. It
would be operated at the base of the load. The next lowest operating
cost is 8 mills/kWh for COAL-2, so it would be loaded next. The other
plants would be loaded in the weekly load-duration curve as shown in
Figure 2-9, with CMBT-1 being loaded at the peak and CMBT-2 and -3
providing the reserve capacity. Costs would be computed for each
plant by multiplying the plant capacity by the number of hours
operated in the week and the energy cost in mills/kWh. Table 2-2
shows the computation of system costs for the week. Table 2-2 and
Figure 2-9 show that this loading order produces the lowest system
operating cost.

WEEKLY LOAD CURVE LOAD DURATION CURVE

LOAD, MW
LOAD, MW

0 50 100
DAYS OF WEEK PERCENT OF TIME

Figure 2-8. Derivation of load duration curve from weekly load curve.
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TABLE 2-1
Generating Plants Available for Meeting Loads - Base Case

Rlant Symbol Md Mills/kWh
Base load coal COAL=-1 500 15
Base load coal COAL-2 750 8
Base load coal COAL-3 750 9
Cycling coal CYCL-1 500 20
Cycling coal CYCL-2 500 30
Combined cycle CMCY-1 500 60
Combustion turbine CMBT=-1 500 80
Combustion turbine CMBT=-2 500 90
Combustion turbine CMBT-3 500 100
Nuclear NUKE-1 1000 6

TOTAL 6000

(5) This simplified example ignores the costs of operation to
cover forced outages. It fails to account for possible ramp rate and
minimum down time constraints on plants operating in the variable
portion of the load, It also does not reflect the fact that spinning
reserve requirements are usually met by operating some plants at
partial loading. However. the example does illustrate the general
concept of system operation.

g. The Use of Hydropower.

(1) Hydropower can be used in a power system in several ways:
for peaking, for meeting intermediate loads, for base load operation,
or for meeting a combination of these loads. These alternative opera-
tions can best be illustrated by adding hydro to the system described
in the preceding section. Given the same load shape and resources as
shown in Figure 2-9 and a hydro project with an average power putput
for the week of 250 MW (250 MW x 168 hours = 42,000 MWh), several
possible system operations are considered.

(2) Hydro energy has a fuel cost of approximately zero
mills/kWh. The best loading of hydro to minimize system operating
cost would be in the peak of the load. A 1000 MW installation would
fit almost in the peak of the load and would displace CMBT-1 at 80
mills/kWh and CMCY-1 at 60 mills/kWh (Figure 2-10). The resulting
system cost for the week would be $5,306,000, saving $1,950,000
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compared to the all-thermal system (Table 2-3). If the hydro plant
were constructed as a base load plant, only 250 MW of capacity would
be required to fully utilize the 42,000 MWh of energy which is
available, and it would be loaded as shown in Figure 2-11. The system
operating cost would be $6,159,000 and the savings only $1,097,000
(Table 2-4). Alternative hydro plant sizes could be tested by loading
them at intermediate points in the loading order, but none would
result in a lower system operating cost than loading the hydro in the
peak.

CMBT-3
RESERVE
CAPACITY
CMBT-2

)\ CMBT-1

LOAD, 1000 MW

0 i I

T [
0 20 40 60 80 100

PERCENT OF TIME

Figure 2-9. Duration curve showing operation
of all-thermal power system
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TABLE 2-2
Cost of Operating All-Thermal Base System for One Week
(From Figure 2-9)

Plant Capacity Plant Energy Unit Cost Cost
Symbol (M) Factor(3) {1000 MWh) {Mills/kWh) ($1000)
CMBT=-3 500 0 0 100 0
CMBT=-2 500 0 0 90 0
CMBT-1 500 y 3 80 240
CMCY-1 500 21 18 60 1080
CYCL-2 500 4o 34 30 1020
CYCL-1 500 55 46 20 920
COAL-1 500 T2 60 15 900
COAL-3 750 95 120 9 1080
COAL-2 750 100 126 8 1008
NUKE-1 1000 100 168 6 1008
HYDRO 0 0 0 0 0
TOTALS 6000 68 2/ 575 12.6 7256

1/ Energy = (capacity, MW)x(plant factor, %)x(168 hrs/wk)/100
2/ System load factor, based on 5000 MW peak load

(3) The above analysis considers only system operating costs,
and does not account for the capital costs of the alternative hydro
installations, which obviously increase with installed capacity. Nor
does the analysis account for the displacement of an equivalent amount
of thermal plant capacity by the hydro capacity. These points must be
considered when determining the best plant size, and the economic
evaluation procedures described in Chapter 9 are designed to do this.

(4) It is possible to make some general observations regarding
the use of hydro. Much of the cost associated with the construction
of a hydro plant is independent of plant size: i.e., the costs of the
main dam, spillway, reservoir, relocations, and fish and wildlife
protection and mitigation. The incremental costs of larger plant
sizes at a given site are often relatively low. Because of this and
hydro's ability to come on-line rapidly and respond quickly to load
changes, it is traditionally viewed as a peaking resource.
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Figure 2-10. Duration curve Figure 2-11. Duration curve
showing operation of system showing operation of system
with hydro plant in peaking with hydro plant as base
mode load

(5) However. some potential hydro developments are constrained
from peaking operation by operating limits designed to protect the
environment and other project purposes (Section 6-5). Others are
constrained from the daily and weekly shaping of power discharges to
fit power demand by lack of storage or pondage. However, it is
sometimes possible to do some load-following within those constraints.
Figure 2-12 illustrates a case where a portion of the generation is
operated base load in order to meet minimum flow requirements, and the
remainder is used for peaking.

(6) The use of hydro is most limited where storage or pondage is
not available., Where streamflow is dependable, the hydro plant may
displace an increment of thermal capacity. Where it is not, the hydro
energy may be usable only for displacement of the energy output of
existing thermal plants (Figure 2-13). However, in some cases, the
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TABLE 2-3
Cost of Operating System for One Week with Hydro Used for Peaking
(from Figure 2-10)

Plant Capacity Plant Energy Unit Cost Cost
Symbol (MW) Factor (%) (1000 Mwh) (mills/kWh) ($1000)
CMBT-2 500 0 0 90 0
CMBT-1 500 0 0 80 0
HYDRO 1000 25 42 0 0
CYCL-2 500 15 13 30 390
CYCL-1 500 55 46 20 920
COAL-1 500 T2 60 15 900
COAL-3 750 95 120 9 1080
COAL=-2 750 100 126 8 1008
NUKE-1 1000 100 168 6 1008
TOTALS 6000 68 1/ 575 10.5 5306
TABLE 2-4
Cost of Operating System for One Week with Hydro Used as Base Load
(from Figure 2-11)

CMBT=-3 500 0 0 100 0
CMBT-2 500 0 0 90 0
CMBT-1 500 1 1 80 80
CMCY=-1 500 13 11 60 660
CYCL-2 500 33 28 30 840
CYCL-1 500 48 4o 20 820
COAL-1 500 62 52 15 780
COAL~3 750 85 107 9 963
HYDRO (250) 100 42 0 0
COAL-2 750 100 126 8 1008
NUKE=-1 1000 100 168 6 1008
TOTALS 6000 68 1/ 575 10.8 6159

1/ System load factor. based on 5000 MW peak load
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value of energy being displaced may be high. In California and New
England, where a substantial portion of the generation is oil-fired
steam, the benefits attributable to this type of operation may be
substantial.

(7) The operation of pumped-storage hydro, which differs
somewhat from conventional hydro, is discussed in Chapter T.

2-3. Iypes of Hydropower Projects.

a. General, Hydropower projects can be classified by type of
operation, which is in turn a function of the amount of storage
available for the regulation of power output. The major types of

6 I 6 -
RESERVE CMBT-3
l CAPACITY RESERVE CAPACITY
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conventional hydro projects are run-of-river, pondage, storage, and
reregulating. Pumped-storage projects can be categorized as off-
stream or pump-back.

b. -of-River s

(1) A pure run-of-river project (Figure 2-14) has no usable
storage. Power output at any time is strictly a function of inflow.
Typical run-of-river projects include navigation projects where the
pool must be maintained at a constant elevation, irrigation diversion
dams, and single-purpose hydro projects where the topography upstream
from the dam site does not allow for pondage or seasonal storage.
Powerplants on irrigation canals and water supply pipelines can also
be classified as run-of-river projects.

(2) The term "run-of-river"™ also refers to an operating mode, A
storage project can operate in the run-of-river mode if it is just
passing inflow. Another example would be a powerplant installed at a
project with storage regulated only for flood control and non-power
conservation purposes such as water supply. No special regulation
would be permitted for power. either on a daily/weekly or on a

Figure 2~14., Jim Woodruff Dam and Reservoir, a
pure run-of-river project (Mobile District)
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seasonal basis. Discharges would be regulated for non-power purposes
so that power production would use whatever flows happen to be
available as a result of the non-power regulation. Run-of-river
projects can be considered to be base load plants in terms of use in
meeting loads.

¢. Pondage Projects, Some projects have insufficient storage
space for seasonal flow regulation. The storage can be used, however,
to shape discharges to follow the daily and, in some cases, weekly
load patterns, Daily/weekly storage is referred to as "pondage", and
the use of pondage permits a project to serve intermediate and peaking
loads. Some navigation projects are designed to permit fluctuations
of several feet without adversely affecting navigation. Many of the
small to medium-sized single-purpose power projects constructed in
this country have pondage. These two types of projects are sometimes
called run-of-river projects with pondage (Figure 2-15). Some flood
control reservoirs with powerplants are designed with several feet of
pondage. They are examples of projects with seasonal storage
regulated strictly for non-power purposes, but with sufficient
flexibility to permit fluctuation of daily releases for peaking

Figure 2-15. Barkley Lock and Dam, a run-of-river
project with pondage (Nashville District)
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operation, The amount of load following that can be accomplished at
many pondage projects may be limited by the amount of pondage
available or by operating constraints such as minimum discharge
requirements,

d. Storage Projects., The term "storage" generally refers to
projects which have seasonal regulation capability (Figure 2-16). A
project with power storage can be used to regulate seasonal discharges
in order to more closely follow the seasonal power demand pattern,
Although there are some single-purpose power storage projects in this
country, most storage projects are regulated for multiple purposes
(see Section 5-12). While power storage can be used to benefit at-
site power production, it is often used to improve production at
downstream power projects (Section 5-14). Power storage projects
inherently have pondage operation capability and thus can be used to
serve intermediate and peaking loads as well as the base load if
downstream conditions permit. Where operating restrictions prohibit
large fluctuations in releases, a small reregulating reservoir can be
constructed downstream of the main dam in order to maintain required
discharge conditions.

Figure 2-16. Beaver Lake Dam and Reservoir, a
seasonal storage project (Little Rock District)
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e, Pumped-Storage Projects.

(1) General. Pumped-storage projects are designed to convert
low value off-peak energy to high value on—-peak energy. Low cost
energy is used to pump water to an upper reservoir at nights and on
weekends, and the water is released during high demand hours to
generate peaking power, There are two basic types of pumped-storage
projects: off-stream and pump-back. Pump-back projects use two
reservoirs in series to transfer energy, while an off-stream project
uses an adjacent reservoir to store water. A brief description of
each type follows, and Chapter 7 provides more detailed information on
the planning and operation of pumped-storage projects.

Figure 2-17. Seneca off-stream pumped-storage project,
which uses the Allegheny Reservoir behind Kinzua Dam
as its lower reservoir (Courtesy Penmnsylvania Electric
Company and Cleveland Electric Illuminating Company)
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(2) OQOff-Stream, An off-stream pumped-storage project (Figure 2-
17) consists of a lower reservoir on a stream or other water source
and a reservoir located off-stream at a higher elevation., Water is
pumped to the higher reservoir during periods of energy surplus and is
released through the turbines during periods of energy demand. Off-
stream pumped-storage projects are usually dependent exclusively on
pumped water as their source of energy. They frequently utilize
existing reservoirs as lower reservoirs, and because the resulting
peaking operation does not have a major impact on the river down-
stream, installed capacities can often be very large.

(3) Pump-Back, A pump-back project, also known as on-stream or
integral pumped-storage, consists of a conventional hydro project with
a pumped-storage cycle superimposed on the normal power operation. As
with off-stream pumped-storage, two reservoirs are involved, but both

are located in tandem on the same stream (Figure 2-18). The main dam
usually forms the upper reservoir. and the lower reservoir could be
(a) another multiple-purpose project located immediately downstream or

Figure 2-18. Carters pump-back project (Mobile District)
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(b) a special reservoir designed to serve as a combination pumped-
storage afterbay and reregulating dam. The principal power install-
ation would generally be located at the main dam, but the lower
reservoir might have a powerplant also. The purpose of pump-back is
to increase the firm peaking capability of the main dam. A given site
may physically be ideal for a hydro project, but flows may be inade-
quate to support a large peaking installation. Recycling the limited
amount of available water between the main reservoir and the lower
reservoir would make it possible to install a larger plant. The
project would operate as a conventional hydro plant part of the time,
but when flows are low or when peak demands are high, the project
would operate in the pumped-storage mode. Some water would normally
be passed downstream. however, even during pumped-storage operation.
All of the units at some pump-back projects are reversible, At
others, only a portion of the generating units need to be reversible
in order to firm up peaking capacity.

f. Reregulating Projects, Reregulating reservoirs (Figure 2-19)

are designed to receive fluctuating discharges from large peaking
plants and release them downstream in a pattern which meets downstream
minimum flow and rate of change of discharge criteria. Reregulating

Figure 2-19. Reregulating dam for the
DeGrey project (Vicksburg District)
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projects (also sometimes known as afterbay reservoirs) may be con-
structed in conjunction with a conventional hydro peaking plant or a
pump~back installation. A downstream project may serve as a
reregulator for a series of hydro projects located on the same stream.

2-4. Components of Hydro Projects,

a. General, Three basic elements are necessary in order to
generate power from water: a means of creating head, a conduit to
convey water. and a powerplant. To provide these functions, the
following components are used: dam. reservoir, intake, conduit or
penstock, surge tank, powerhouse, draft tube, and tailrace (see Figure
2-20).

b. Dam. The dam performs two major functions. It creates the
head necessary to move the turbines, and impounds the storage used to
maintain the daily or seasonal flow release pattern., The height of

RESERVOIR

I
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Figure 2-20. Components of a hydropower project
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the dam establishes the generating head and the amount of water
storage available for power plant operation. Power projects can
utilize either existing or new dam structures. Fitting powerplants to
existing dams is a task that must be undertaken carefully in order to
prevent degradation of the dam's structural integrity. The publi-
cation, Feasibility Studies for Small Scale Hvdropower Additions, (39)
provides information on engineering and evaluation of some of the
problems unique to powerplant retrofitting.

¢. Reservoir. A reservoir consists of the water impoundment
behind a dam. Storage capacity is the volume of a reservoir available
to store water. This storage is divided into active and inactive
storage. Active storage is that portion of the storage capacity in
which water will normally be stored or withdrawn for beneficial uses.
Inactive storage is that portion of the storage capacity from which
water is not normally withdrawn, in accordance with operating
agreements or restrictions. Inactive storage includes dead storage,
which is storage that lies below the invert of the lowest outlet and
thus cannot be evacuated by gravity. A pure run-of-river project
would have no storage. Storage used for daily or weekly flow
regulation is called pondage and storage used for seasonal regulation
is called seasonal storage, Seasonal storage often serves other
functions in addition to hydropower. The reservoir water surface at
the power intake may be called the forebay, headrace, headwater, or
simply the pool elevation.

d. Intake. Intake structures direct water from the reservoir
into the penstock or power conduit (see Figure 2-21). Gates or valves
are used to shut off the flow of water to permit emergency unit
shutdown or turbine and penstock maintenance. Racks or screens
prevent trash and debris from entering the turbine units. Where the
powerhouse is integral with the dam, the intake is part of the dam
structure. Where the powerhouse is not part of the dam, a separate
intake structure must be provided. Projects that are required to use
water at a selected temperature must have multi-level intakes in order
to control inlet water quality by mixing waters obtained from different
levels.

e. Penstock, The penstock conveys water from the intake struc-
ture to the powerhouse and can take many configurations, depending
upon the project layout (see Figure 2-22). Where the powerhouse is an
integral part of the dam, the penstock is simply a passage through the
upstream portion of the dam. A canal, pipe, or tunnel is required
where the powerhouse is separated from the intake., A penstock may be
several miles long at diversion-type projects. Water may be conveyed
most of the distance at an elevation close to the forebay elevation
via an open canal or a low pressure pipe or tunnel. The remainder of
the penstock, where most of the drop in elevation occurs, would be a
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pressurized tunnel or pipe. Because the cost of a pressurized tunnel
or pipe is much greater than that of a low pressure tunnel or pipe, it
is usually desirable to minimize the length of the high pressure
penstock. When the powerhouse is located adjacent to the dam but is
not an integral part of the structure, water would be conveyed through
or around the dam via a pressure tunnel. For multi-unit install-
ations, it is often desirable to serve several units with a single
penstock, and manifolds or bifurcation structures are provided to
direct flow to individual units. Guidance on penstock design can be
found in EM 1110-2-3001,

Figure 2-21. Intake tower, Hills Creek Dam. Power intake
is on the left, regulating outlet intake is on the right.
Trashracks are not yet in place (Portland District)
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Penstock and outdoor powerhouse, Fish Creek

Figure 2-22.
r and Light Company)

Project (Courtesy of Pacific Powe
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f. Surge Tanks,

(1) Flow through a penstock can change rapidly during the
operation of a power project. As long as flow is steady and constant,
pressure changes on the conveyance conduit are minimal. However,
pressure changes within the conduit become greater as the rate of
change of flow increases. This phenomenon is known as water hammer
and is caused by a change of momentum within the water column. When
the changes in flow are gradual., water hammer problems are ususally
minor. However. when there are rapid changes in flow, water hammer
effects can become seriocus. Surge tanks are sometimes constructed on
the conduit to reduce momentum changes due to water hammer effects
(see Figure 2-23).

(2) Water hammer effects start at the wicket gates, in response
to a sudden change in loading on the generating unit, and travel up
the penstock to the reservoir and then back to the turbine., There-
fore, the penstocks must be designed for water hammer pressure waves,
The conduit located above the surge tank also must be reinforced for
water hammer effects, as well as surge from mass oscillation (rises in

Figure 2-23, Surge tanks and indoor powerhouse,
Fort Randall Dam (Omaha District)
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surge tank water level). Surge tanks are often necessary in medium
and high head hydropower projects, particularly where there is a
considerable distance between the water source and power unit.
Alternative measures, such as synchronous bypass valves, may be used
for smaller installations. Surge tanks or chambers can also be
provided on the draft tube where discharge conduits are very long.
Additional guidance on this topic can be found in EM 1110-2-3001.

(3) A comprehensive computer program named WHAMO computes the
effect of water hammer and mass oscillation at Corps of Engineers
projects. Final design of powerplants should be verified by a
Hydroelectric Design Center, using this program.

g. Powerhouse,

(1) General, The powerhouse shelters the turbines, generating
units, control and auxiliary equipment, and sometimes erection and
service areas. The powerhouse location and size is determined by site
conditions and project layout. It could be located within the dam
structure, adjacent to it, or some distance away from the dam. The
powerhouse would be located to economically maximize avallable head
while observing site physical and environmental constraints.

(2) Powerhouse Type, There are four types of powerhouse
structures, three of which are classified according to how the main
generating units are housed.

. Indoor, This type of structure encloses all of the
powerhouse components under one roof (Figure 2-23).

. Senmi-outdoor. This powerhouse has a fully enclosed
generator room, The main hoisting and transfer equip-
ment is located on the roof of the plant and equipment
is handled through hatches located in the roof (see Figure
2=24),

. QOutdoor, A generator room is not provided with this type
of powerhouse structure. Generators are inclosed in
weatherproof individual cubicles or enclosures and are
recessed into the powerhouse floor (see Figure 2-22).

. Underground, This type of powerhouse is often used in
mountainous areas where there is limited space available to
locate a powerplant (Figure 2-25). It is also used to
minimize penstock length in these areas because it can
often be located directly below the reservoir. Pumped-
storage powerhouses are often located underground in order
to shorten the penstock and obtain deep settings on the
turbines.
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The selection of powerhouse structure should be based upon both fixed
and operation and maintenance (O&M) costs. The lower capital cost
associated with outdoor and semi-outdoor plants is often offset by
increased equipment and O&M costs. The final selection of powerhouse
type for any given site would be made after a detailed cost study,
usually performed in the design memorandum stage.

(3) Erection Bay. The erection bay is an area provided for the
assembly and disassembly of major generating components., It is often
located at one end of the generator room, and generally at the same
floor elevation., Erection areas at smaller powerplants are often
built outside the powerhouse, The length of an erection bay is
approximately equal to at least one generator bay. Its exact area is
determined by providing space for all individual powerplant parts
which may be removed during an overhaul period., Vertical clearance

Figure 2-24, Semi-outdoor powerhouse and overhead crane, Merwin Dam
(Courtesy of Pacific Power and Light Company)
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should be sufficient to disassemble the turbines and generators.
Erection bays at large power projects are usually constructed within
the powerhouse.

(4) Service Areas., Service areas include offices, control and
testing rooms, storage rooms, maintenance shops, auxiliary equipment
rooms, and other areas for special uses. The amount of space required
is a function of the size and location of the project, but space for
service requirements is normally small at small hydropower install-
ations. A separate service building can frequently be constructed at
a cost savings due to flexibility in site location. However, space
will still be required in the main powerhouse structure for the
service equipment required by the generating unit.

Figure 2-25. Underground powerhouse,
Snettisham Project (Alaska District)
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h. Draft Tube and Tajlrace, The powerhouse discharges water

into the tailrace or tailwater. The draft tube conveys the water from
the discharge side of the turbine to the tailrace. It is normally a
part of the powerhouse structure, and is designed to minimize exit
losses. The tailrace could be an open stream, the reservoir of a
downstream project, a canal, or, in the case of an underground
powerhouse, a tunnel. The primary function of the tailrace is to
maintain a minimum tailwater elevation below the power plant and to
keep the turbine's draft tube submerged., It is important to keep the
draft tube submerged, even when there is no flow in the downstream
channel or tailrace, in order to improve turbine startup performance.
This can be done by excavating the channel immediately downstream of
the powerplant so that an adequate water depth will be maintained, or
by including a control structure to maintain tailwater at a constant
elevation, Impulse or pelton turbines rotate in the open air, rather
than underwater. so tailwater would not be maintained on the turbine
discharge. At projects having a wide range of tailwater elevation,
tailwater may at times encroach on the turbine runner. When this
occurs, air under pressure is maintained in the turbine enclosure

in order to keep the water level down.
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Figure 2-26. Powerhouse systems network

2-34



EM 1110-2-1701
31 Dec 1985

1. Forebay \ ST
2. Intake
3. Intake gate slots 5

4. Spiral case 1

5. Kaplan turblne :

6. Draft tude |
7. Tallrace 3
8. Pisp sttraction oonduit °
9. Generator

10. Cirouit breakers

11. Bridge crane

12. Tranaforaers

13, Intake gxniry crane

18, Tailrsce gantry craus

15. Ige-trash sluiceway

Figure 2-27, Cross-section of The Dalles
powerhouse (Portland District)
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2-5, Components of a Powerhouse.

a. General, Figure 2-26 shows the two major powerhouse systems
and how they interrelate. The water-related (hydraulic) system is
indicated by the lower level of boxes, and the electrical system is
represented by the upper series of boxes. These two major systems are
interconnected by mechanical transfers at the governor and generator.
The primary flow of energy is represented by those boxes with a heavy
outline. Figure 2-27 shows an example of a powerhouse cross section,

b. Spiral Case and Wicket Gates.

(1) The spiral case and wicket gates (Figure 2-28) are used in
reaction turbines to direct and control the water entering the turbine
runner. The spiral case is a steel-lined conduit connected to the
penstock or intake conduit, and it distributes flow uniformly into the
turbine. "Semi-spiral" cases, made of reinforced formed concrete, are
used in powerhouses that pass relatively large volumes of water,
usually at heads of 100 feet or less., The spiral case design is based
upon the type and size of turbine used.

(2) Wicket gates are adjustable vanes that surround the turbine
runner entrances and they control the area available for water to
enter the turbine. This area and the head establish the volume of
water that produces energy. The amount of water passing into the
turbine at a specific wicket gate opening will vary depending upon the
head on the unit, Wicket gate settings are controlled by the governor
(or gate positioner, if frequency control is not required). When the
wicket gates are fully open, the turbine is said to be operating at
"full gate"., Wicket gates in the form of pie-shaped radial segments
control the flow tubular type axial-flow turbines (such as bulb, pit,
and rim units) and units with "S" type draft tubes.

¢, Turbine. The turbine converts the potential energy of water
into mechanical energy, which in turn drives the generator. Water
under pressure enters the turbine through the wicket gates and is
discharged through the draft tube after its energy is extracted. The
amount of power the turbine is able to produce depends upon the head
on the turbine, the rate of flow of water passing through the unit,
and the efficiency of the turbine. Types of turbines and their uses
are described in Section 2-6.

d. Generator.
(1) General. The generator converts the mechanical power
produced by the turbine into electrical power. The two major

components of the generator are the rotor and stator. The rotor is
the rotating assembly, which is attached by a connecting shaft to the
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turbine, and the stator is the fixed portion of the generator (Figure
2-29). The generator is coupled as closely as possible to the turbine
in order to minimize costs and mechanical problems. The two major
types of generators are briefly described below.

Figure 2-28, Spiral case and wicket gates, Norris Dam. This is an
older plant (1936) featuring riveted rather than welded construction,
but the photo dramatically illustrates the shape of the water
passageway (Courtesy of Tennessee Valley Authority)
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1. KAPLAN-ADSUSTABLE BLADE RUNNER
2. WICKET GATES
3. STAY RING

4, SEMISPIRAL CASE
S. INTERMEDIATE NEAD COVER
5. GATE OPERATING MECHANISM
7. MAIN SHAFT
8. BLADE SERVOMOTDR
9. TURBINE GUIDE BEARING
10. OIL HEAD
. GATE SERVOMOTOR
12. EXCITER ASSEMBLY
13. ROTOR FIELD COUS
14, STATOR
15. STATOR WINDINGS
16. ROTOR SPIDER
17. AIR COOLER -
18. GUIDE & THRUST BEARING HOUSING

~ Figure 2-29. Turbine generator (Courtesy of
Allis-Chalmers Corporation, Milwaukee, Wisconsin, U.S.A.)
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(2) Synchronmous Generators. A synchronous generator is

synchronized to the power system voltage, frequency, and phase angle
before the generator is tied into the power grid. The generator
excitation is direct current (DC). Sychronous generator excitation is
controlled to provide lead and lag reactive power required by the
power system for power factor correction. Synchronous generators are
used in power systems where the generator output provides a
significant portion of the power system load. Most generators larger
than 2 MW are synchronous because they are capable of correcting the
power factor of the system caused by inductive loads (motors).

(3) Induction Geperators, The induction generator also consists

of two parts, a rotor and a stator. The major difference between the
induction and synchronous generators is that the induction generator
cannot generate while disconnected from the power system, because it
is incapable of providing its own excitation current. Induction
generators and their associated electrical equipment are less
expensive than synchronous generators but are generally limited to
capacities of less than § MW, Induction generators cannot correct
power factor.

(4) Cooling, The generator is usually cooled by passing air
through the stator and rotor coils. This cooling can be assisted by
passing the air through water-cooled heat exchangers. FPFor both indoor
and outdoor plants, the generator and associated cocling equipment are
enclosed in a housing. Direct water cooled windings have also been
successfully used on very large units. Some small units do not have
an air housing, and they use powerhouse air for cooling.

e. Governor,

(1) Hydraulic turbine governors (Figure 2-31) are designed to
regulate the speed and output of turbine-generator units by con-
trolling the wicket gates to adjust water flow through the turbine.

A Kaplan turbine governor alsoc controls the turbine blade angle to
maximize turbine efficiency. Governors for large units (or small
units which produce a significant portion of their system's energy
output) have both power and speed responsive elements. The governors
sense changes in load (or speed) and respond with a movement of the
wicket gates in order to maintain synchronous speed.

(2) If the turbine-generator is small compared to the size of
the power system, gate and blade positioners can be used for control
of the wicket gates and turbine blades.

(3) Figure 2-30 illustrates the basic governor operating
sequence, If system load increases, the generator is no longer able
to meet load with existing turbine inflow and the unit begins to slow
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down.

determines that turbine inflow must be increased so that the
generator will be restored to the rotating speed required to maintain

the desired system frequency.
pilot servo (4), which activates the main governor valve (5).

The governor speed sensor (3) receives a message from the speed
signal generator (2), which is mounted on the generator shaft, and

The speed sensor sends a signal to the
This

valve sends o0il under pressure tc the turbine servo motor (6), which
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Figure 2-30, Simplified schematic diagram of governor system
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operates a linkage opening the turbine wicket gates (7). With the
gates open wider, more water passes into the turbinme, thus generating
the increased load while restoring the turbine/generator rotating
speed to the level required to maintain system frequency. When the
load decreases, the process serves to close the wicket gates, thus
reducing turbine inflow.

(4) Most generators are synchronous and are connected to a
relatively large power grid. While the turbine governors are
sensitive to very small speed or load changes in the system, it is
important that they be adjusted so that each governor does not attempt
to correct the total system error by itself. Because of this
adjustment, referred to as droop, the governor action alone does not

Figure 2~31. Turbine governor (Courtesy of Woodward
Governor Company, Rockford, Illinois, U.S.A.)
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return the system frequency exactly to the desired level. Automatic
generation control (AGC) equipment is also used to readjust the speed
set point at one or more of the system's large units or plants so that
part of the effort needed to return the frequency to normal is
supplied by some of the governors on droop. In an isolated system,
droop is set at zero, and the governors alone maintain correct system
frequency.

Figure 2-32, Generator buswork and circuit breakers
(Bonneville second powerhouse, Portland District)
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(5) In many cases, however, the amount of control that a
governor has over the unit's power loading is limited. Most
generators are synchronous and are comnected to a relatively large
power grid, and these large systems have frequency excursions which
are usually too small for the governor's speed sensing elements
(particularly the mechanical type) to detect. In this case, automatic
generation control equipment monitors system frequency and controls

generation to meet the load.

(6) A simpler governing device, such as a load or speed
controller, can be used for small generation units on large, stable
systems. These devices rely on the system for unit stability.

f. Buswork, Circuit Breakers, and Disconnects. Buswork, circuit
breakers, and disconnects link the generator to the power grid.
Buswork consists of the electrical conduits that transfer power output
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Figure 2-33., Switchyard, Fort Gibson Dam (Tulsa District)
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from the generator to the step-up transformers (Figure 2-32), Discon-
nects or circuit breakers are switches that commect and disconnect the
generator to the power grid. Circuit breakers interrupt the circuit
when it is under load, and disconnects isolate equipment once the load
has been interrupted.

g. Transformers. Transformers (Figure 2-34) are electrical
devices that increase generator output voltage to match the voltage
level of the transmission line. In most cases they are located close
to the generators in order to minimize losses. Transformers are often
cooled with oil-to-air fin type radiators. Fans alone or combined
with o0il circulating pumps may be employed to augment cooling.

h., Switchyard. The switching and delivering of power is the
final link to the power grid. The switchyard (Figure 2-33) consists
of line circuit breakers and disconnect switches. Often, in large
powerplants, the switchyard can deliver power to a number of different
transmission lines, sometimes at different line voltages.

i. Control Equipment. Control equipment is equipment necessary
to facilitate the automatic or manual operatiom of other necessary
powerplant equipment, Control systems vary widely in scope and
complexity, as a function of the size and staffing of the plant, the
level of operator skill and responsibility, the need to automatically
regulate power generation to outside demands, and the desirability and
location of the control center or facility. Unattended small scale
hydro plants often demand apparently disproportionate control
equipment expenditures because of the need for automatic failsafe
operation and outside plant trouble reporting. Larger multiunit
attended plants often have a central control room and automatic
control requiring large computer based supervisory control and data
acquisition (SCADA) control systems.

jo Auxiliary Equipment,

(1) Auxiliary equipment consists of the electrical, heating and
ventilation, generator cooling, piping, fire protection, and drainage
systems, These systems are necessary to support the primary function
of the powerhouse and are located within the powerhouse. They can
vary in complexity depending upon the size of powerplant. For power
projects that are remotely operated, the heating, ventilating and
plumbing systems are kept to a minimum. However, in plants where
personnel are expected to be on duty throughout the day, these systems
must be designed for human comfort.

(2) Another major piece of auxiliary equipment is the overhead

crane, which is used to assemble and maintain the generating units
(Figure 2-24), Permanent cranes at larger projects are included as a
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Figure 2-34, Power transformer
(Courtesy of Tennessee Valley Authority)
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part of the powerhouse equipment. Mobile cranes may be brought into
smaller installations when required.

2-6. Types of Turbines.

a. General.

(1) Modern turbines can develop power from almost any
combination of head and flow. The many turbine models can be divided
into two categories: impulse and reaction units. Impulse turbines
extract power from the impact of water jets on their runners.

Reaction units, in addition to extracting power from the kinetic
energy of water, also are driven by the difference in pressure between
the front and the back of each runner blade. The common application
ranges for conventional hydraulic turbines are shown in Figure 2-35,
Turbine efficiency curves are shown on Figure 2-36.

7000 [
5000 |
3000 |
IMPULSE
2000 f | TURBINE
1000 — — // -
— L /
5 ool / FRANCIS TURBINE
W 300 |
/‘
< 200 -
a PROPELLER &
% 100 - —<KAPLAN TURBINE=—TJ——
50 } j:><;j /
v
30 | BULB
20 F UNITS
TURBINE
5 -
10 20 4060100 200 400 1000 4000 10,000 40,000] 400000

100,000 1,060,000

TURBINE OUTPUT (KW)

Figure 2-35. Application ranges for standard
and custom hydraulic turbines (Courtesy of Allis-Chalmers
Corporation, Milwaukee,' Wisconsin, U.S.A.)
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(2) The characterisics of the major turbine types are described
in the following sections, and generalized performance curves are
presented for Francis, Kaplan, fixed-blade propeller, and tubular
turbines. These curves are plotted in terms of percent of rated
capacity, rated head, and rated discharge. As will be discussed in
Section 5-5, a given turbine could be rated at any one of a variety of
operating conditions. The rating points upon which Figures 2-39,
2-41, 2-43 and 2-45 are based are typical rating points for the
respective types of turbines, but they do not represent the only
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Figure 2-36. Turbine efficiency curves
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points at which the units could be rated. To illustrate this, Section

5-5g describes three different ways in which a given Francis unit
could be rated.

b. Impulse Turbipnes.
(1) The impulse turbine (commonly called Pelton turbine) has a

runner with numerous spoon shaped "buckets" attached to its periphery.
It is driven by one or more jets of water issuing from fixed or

B 5 KRNI N AT SR WSTRSIRRLIT 05 o Rs4d 5 RN OO 505

Figure 2-37. Pelton turbine and nozzle layout
(Courtesy of Sulzer-Escher Wyss Ltd.)
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adjustable nozzles, A maximum of six jets can be used on vertical
shaft units. A maximum of two jets may be used on horizontal shaft
units in order to keep ejected water from re-entering the wheel,
resulting in a loss of efficiency. A photograph of a Pelton turbine
is shown in Figure 2-37,

(2) Large Pelton units are typically used at heads above 1,000
feet, Smaller "standardized" units can operate at reasonable
efficiencies at heads of 100 feet and less. Impulse turbines
operate best at nearly constant heads and have a relatively flat
efficiency curve down to 20-25 percent of rated output, a useful
characteristic where flow range is wide. Unit sizes range up to 300

1. Runner

2. Runner bearing

3. Cover

4. Vacuum control valve

5. Draft tube

6. Transition tube section

Figure 2-38. Detail view of crossflow (Ossberger) turbine
(Courtesy of F. W. E. Stapenhorst, Inc., Pointe Claire, Quebec)
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MW. A good source of information on estimating the size and speed of
impulse turbines is the Bureau of Reclamation's Design Standards No.

6, "Turbines and Pumps.”

(3) Turgo and crossflow units are also classified as impulse
turbines. The Turgo is a side impulse type turbine with water jets
passing through the wheel at an angle of less than 90 degrees to the
shaft axis. The crossflow or Ossberger type resembles a "squirrel
cage" fan., Water enters the wheel from one side, crosses through the
middle, and discharges through the other side (Figure 2-38). It uses
guide vanes instead of needle valves to control flow. Both of these
turbines are used for lower heads than the Pelton type.

¢. Reaction Turbines.,

(1) Francis Turbines. The Francis turbine is constructed so
that water enters the runner radially and them flows towards the
center and along the turbine shaft axis. These units are most often
applied under heads ranging from 100 to 1500 feet and are usually the
economic choice in the 150 to 1000 foot head range. However, small
Francis units can operate satisfactorily under heads as low as 20
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Figure 2-39., Francis turbine generalized performance curves
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Figure 2-40. Francis turbine, Grand Coulee Dam
(Courtesy of the Bureau of Reclamation)
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feet, Operational considerations limit minimum discharge to about 40
percent of rated capacity, and efficiency varies widely with head and
discharge, ranging from 75 to 95 percent, The operating head range
extends down to 50 percent of maximum head. Unit sizes range from 1
kW to 1000 MW. A photograph of a Francis turbine is shown in Figure
2-40 and generalized performance curves are shown in Figure 2-39,

(2) Fixed Blade Propeller Turbines. The propeller turbine
passes water through its propeller blades in an axial direction.
Propeller turbines can be designed for heads ranging from 10 to 200
feet but are usually an economic choice in the 50 to 150 foot head
range. Units as small as 0.5 MW can be obtained, but most are 10 MW
or larger (up to 150 MW). A fixed blade propeller turbine has a
sharply peaked efficiency curve in comparison to Kaplan units (Figure
2-36) and operates efficiently over a limited range of output.
Therefore, it is normally used where it can be operated close to its
design discharge. Its normal head range varies down to 40 percent of
maximum head, and the minimum discharge is typically 70 percent of
full gate output. A photograph of a fixed-blade turbine is shown in
Figure 2-42 and generalized performance curves are shown in Figure
2-41,
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Figure 2-41., Fixed blade propeller turbine
generalized performance curves
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Figure 2-42, Fixed blade propeller turbine being
manufactured for the Safe Harbor Project (Courtesy
of Allis-Chalmers Corporation, Milwaukee, Wisconsin, U.S.A.)
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(3) Raplan Turbines. Kaplan turbines are propeller turbines
with adjustable pitch blades which operate in the same general head
range as propeller turbines. They are available in unit sizes ranging
from 1 kW to 150 MW. Kaplan turbines have a relatively flat
efficiency curve over a wide range of head and flow (Figure 2-36).

Its normal head range varies down to 40 percent of maximum head, and
its minimum discharge is about 40 percent of full gate output, Kaplan
units are more expensive than fixed blade propeller units but are
often the economic choice in the 50 to 150 foot head range where high
efficiencies are important and where individual units must operate
over a wide range of output. An example of this type of turbine is

shown in Figure 2-44 and generalized performance curves are shown in
Figure 2-43,
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Figure 2-43. Kaplan turbine generalized performance curves
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Figure 2-44. Kaplan turbine runmer, Chickamauga Dam
(Courtesy of the Tennessee Valley Authority)
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(4) Tubular Turbines. Tubular turbines may be vertical, horiz-
ontal, or slant-mounted axial flow units. The guide vane assembly is
in line with the turbine and contributes to the tubular shape (Figure
2-46). Generators are located outside of the water passageway.
Performance characteristics are similar to those of conventional
propeller turbines, and both wicket gates and blades may be either
adjustable or fixed in position for heads typically ranging from 10 to
50 feet and in sizes up to 10 MW. Smaller horizontal units with 'S’
type draft tubes and vertical units with elbow draft tubes have been
standardized to reduce costs., These turbines may have lower
efficiencies than custom built units but also may be more cost
effective. Tubular turbines are sometimes the economic choice for
small units with heads of less than 50 feet., Generalized tubular
turbine performance curves are shown in Figure 2-45,
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Figure 2-45. Tubular turbine generalized performance curves
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(5) Bulb and Pit Turbines. Bulb Turbines (Figure 2-47) are
horizontal axial-flow units with a turbine runner connected either
directly to a generator or through a speed increasing gearbox (usually
an epicyclic type). The generator and its appurtunances are housed in
a water tight enclosure (or bulb) located in the water passageway.
They can be considered to be a specialized, custom-built variation of
the tubular turbine, but because of their shape, they have become more
commonly known as bulb turbines. Fixed or variable pitch blades and
wicket gates are available. Fitting a bulb turbine with a gearbox
permits the generator to run at a higher speed. This results in a
smaller bulb diameter and often permits the unit to be designed for
easier disassembly. Performance is similar to propeller and tubular
turbines, except that efficiency is increased approximately two
percent over comparable propeller or Kaplan units because of an
essentially straight water passageway. However, high trashrack and
draft tube outlet velocities may in some cases reduce the overall
system efficiency to less than that of a vertical unit. Heads of 10
to 75 feet can be utilized, and unit sizes range from 25 kW to 50 MW,
Bulb turbines are frequently the best choice for large units at heads
less than 50 feet due to savings in civil works costs. Some
manufacturers have standardized their design of small bulb units,
These units may have a right angle gear drive with the generator
located outside the water passage. Pit turbines are similar to bulb
turbines, except that the small upper access shafts are replaced by a
single access shaft (or access "pit") large enough to permit removing
some of the machinery without disassembling the bulb.

(6) Rim Turbines. The rim turbine (Figure 2-48) is similar to
the bulb turbine except that the generator is mounted on the periphery
of the turbine runner blades, A seal must be provided to prevent
water from entering the generator. This seal is critical to the
satisfactory operation of the units., Rim turbines are suitable for
the 10 to 100 foot head range and sizes of up to about 20 MW,
Performance characteristics are similar to those of bulb turbines.
Wicket gates can be installed to regulate flow, and both fixed and
adjustable pitch blades are available, The rim turbine provides the
most compact powerhouse layout of any type of unit in this head range.
However, the limited number of manufacturers that design and build
this type of turbine may result in uncompetitive bids.

(7) Submersible Turbine-Generators. For very small plants,
and/or where a unit is to be placed in a pipeline, standardized
submersible axial-flow turbine-generators are available, They
resemble a bulb turbine except for their size. Typical head ranges
are from 20 to 50 feet and power ranges are from 20 to 500 kW are
typical.
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Conscatue dosignod st monuiosiorsd by Woesiinghoves Electric Coparation

Figure 2-47. Detail view of bulb turbine (Courtesy
Allis-Chalmers Corporation, Milwaukee, Wisconsin, U.S.A.)
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(8) Pumps as Turbines. Pumps rotating in reverse and operating
as turbines may be used for small plants where head is relatively
constant, These units will deliver a fixed output of power and
discharge at operating head, and multiple units of various sizes may
be required to cover the available flow range. Usually a butterfly
valve and induction motor (rumning as a generator) are used, which
eliminates the need for a governor and simplifies the controls.
Maximum efficiencies are 80 percent for end suction or double suction

Figure 2-48. Rim turbine (Courtesy of Sulzer-Escher Wyss Ltd.)
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pumps and 90 percent for axial flow propeller pumps. A diffuser cone
(draft tube) is usually necessary. First costs of these turbines are
quite low because they are regular pumps with minor modifications.

d. Turbime Selection., Figure 2-35 provides some general
information on the types of turbines that are best suited to different
operating conditions. However, it is not generally possible to apply
"cookbook" procedures or rules of thumb to turbine selection because
operational ranges overlap. The peculiarities of each site must be
taken into account when selecting suitable turbine types. In advanced
studies, it is usually desirable to comnsider all applicable types of
units that could be adapted to the given head and plant size in order
to determine which is most economical., These types of analyses should
be made in conjunction with one of the Hydroelectric Design Centers.
References (35), (36), (39), (60), and (64) provide further
information on turbine selection and characteristics.
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Figure 2-49. Fixed-blade propeller turbine being
transported by bridge crane, Big Bend Dam (Omaha District)
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CHAPTER 3

LOAD-RESOURCE ANALYSIS

3-1. Introduction.

a., General. An analysis to establish the need for a project's
power output is an integral part of the hydropower feasibility study.
Generally, this analysis consists of a comparison of projected supply
(power resources) and demand (power loads). For small projects, a
marketability statement can sometimes be substituted for a full load-
resource analysis,

b. Scope. The Engineering Regulations and Circulars (ER's and
EC's) contained in the Planning Guidance Notebook (49) provide general
guidance on the information required to establish the need for water
resources projects, as well as the format in which this material is
to be presented. This chapter concentrates on the specific material
to be developed for evaluating hydropower projects and covers the
requirements of Principles and Guidelines (77). Subjects covered
include (a) types of load forecasts, (b) sources of information on
load forecasts and resource projections, (c) the guidelines for
selection of a forecast, (d) marketability requirements, and (e) the
type of material to be presented at various study levels.

3~2. Purpose of Analysis.

a. The purpose of the load-resource analysis is to determine
the need for and the timing of proposed hydropower projects. Need
refers to the existence of power deficits, which occur when the sum of
the forecasted power demand and reserve requirements exceeds the
planned power supply, while timing refers to the point in time when
the need for additional generation occurs, Forecasts are generally
made for peak loads and resources (measured in megawatts) and for
average energy loads and resources (measured in either megawatt-hours
or average megawatts). Generation planning in most regions is based
primarily on an analysis of peak loads and resources. An analysis of
energy loads and resources may also be required in regions that have a
high proportion of energy-limited resources such as hydropower.

b. The above discussion applies to the determination of the need
for additional generating capacity. A hydro project could also be
used to displace the output of existing thermal power plants. Since
the need for the project would be based primarily on economic via-
bility of fuel displacement, a load-resource comparison would not be
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required. Section 3-11 provides further information on this type of
analysis,

3-3. Scope of Analysis,

a. General.

(1) The scope of the forecast is prescribed in the Water

Resources Council's Economic and Environmental Principles and Guide-
lines for Water and Related Land Resource Implementation Studies,
which is referred to hereafter as simply Principles and Guidelines
(77). Principles and Guidelines is also incorporated in the Planning
Guidance Notebook as a part of EM 1105-2-40. Two sections of
Principles and Guidelines apply to evaluating the need for hydro-
power: Section 2.5.4(b), which covers small hydro projects, and
Section 2.5.6, which generally applies to larger projects.

(2) Section 2.5.4(b) permits an analysis of marketability to be
substituted for a determination of need for future generation when
evaluating single purpose, small scale hydro projects (80 MW or
less) at existing Federal facilities, The marketability analysis is
discussed further in Section 3-12 of this chapter.

(3) However, there are cases where load-resource analyses should
be provided for small projects. Where a proposed hydro project would
meet a substantial portion of a system's new generation requirements
over a period of ome or more years, a load-resource analysis would be
appropriate regardless of the size of the project., However, the
degree of detail included in the analysis should be consistent with
the project size.

(4) As noted earlier, analyzing need when the hydro project's
output is used for displacing generation from existing thermal plants
is also a special case, which is discussed in Section 3-11. The
balance of this chapter deals with the determination of need, which
is described in Section 2.5.6 of Principles and Guidelines. The major
steps outlined in Section 2.5.6 are as follows:

b. Major Steps.

(1) Identify System for Analysis. Generally, the system to be
analyzed should be the system in which power from the proposed hydro

project will be used. For small projects, the system may consist of
a single utility, but for larger projects, the system may consist of
several utilities or even a power pool. Definition of the system
should be made in consultation with the regional Power Marketing
Administration and/or the FERC Regional Office.
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(2) Estimate Future Demand for Electric Power. Forecasts of
electric power loads are generally made in terms of annual peak
demand (capacity demand). A forecast of annual energy demand should
also be made where more than one-third of a system's firm energy is
met by hydropower or other energy—limited resources., Weekly system
load shapes are sometimes defined in order to help determine the type
of load that a hydropower project should carry. In order to describe
the full range of expected conditions, weekly load shapes should be
constructed for a minimum of three periods in the year (e.g., typical
summer, winter and spring or fall weeks). Load forecasts should
reflect the effects of all load management and conservation measures
that, on the basis of present and future public and private programs,
can reasonably be expected to be implemented during the forecast
period. Load forecasts should be made and analyzed by sector use
(residential, commercial, industrial, irrigation, etc.). Load
estimates should be made at increments of 5 to 10 years (intervals
shorter than 10 years are preferred to adequately define trends), from
the present to a time when the proposed hydro plant will be operating
in a manner representative of the majority of its project life. Loads
for intermediate years can be obtained through interpolation. In the
case of staged hydropower development (Section 9-10f), or where
generation system resource mixes may change markedly (Section 9-6),
load-resource analyses may be required for 20 years or more beyond the
hydro project's initial operation date. Estimates should account for
system exports and reserve requirements (Section 2-2e) as well as the
system loads themselves,

(3) Define Base System Generating Resources. Identify the
generating resources and imports that will be available to the system
at various points in time without the proposed hydropower project in
the system (the "without project" scemario). Resource estimates are
normally based on the resources' peaking capability, but data on
annual energy production should also be developed for systems where a
high proportion of the generation is hydropower. Data is usually
readily available on projected system resources for the next 10 years.
Resource additions beyond that time should be based on system studies
or estimates. Retirement of older plants should be accounted for, as
well as the reduction in the output of some plants due to age or
envirommental constraints. The capacity contribution of hydro
projects should generally be based on dependable capacity rather than
on installed capacity (see Section 6-7).

(4) Evaluate Need for Additional Generation. Compare the loads
identified in step (2) above, with the resources identified in step
(3) to determine: (a) when generating resource deficits will occur,
(b) the magnitude of these deficits, and (c) what portion of these
deficits could be met by the hydropower project. If nonstructural
measures are components of one or more of the plans being considered
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TABLE 3-1. Summer Peaking Capacity, Peak Demand, Reserves, and

1981

Planned capacity (MW) 53,600
Net imports/exports (MW) 795
Peak demand (MW) 44,383
Total reserve (MW) 3/ 10,012
Total reserve (%) 22.6
Scheduled maintenance (MW) 0
Full forced outages & 4,567

unavail. cap'y (MW) 1/
Actual reserves (MW) 2/ 5,445
Actual reserve (%) 12.3
Capacity needed but 0

unscheduled (MW) 3/
Annual energy (gWh) 216,003

Annual load factor (%) 4/ 55.6

1/ Full forced outages and unavailable capacity are calculated

based on historical data.

2/ Reserve less scheduled maintenance and full forced outages.

56,781
813
46,398
11,196
24.1
301

4,824

6,071

13.1

226,074

55.6

61,205
941
48,238
13,908
28.8
331

5,288

8,289

17.2

235,006

55.6

64,013
707
50,317
14,403
28.6
354

5,593

8,456

16.8

245,218

55.6
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Annual Energy for the Southwest Power Pool Region, 1981-1990

65,688
440
52,302
13,826
26 .4
360

5,707

7,759

14,8

55,389

55.7

67,031
356
54,382
13,005
23.9
363

5,800

6,842
12.6

590

266,543

56 .0

68,881
348
56,342
12,887
22.9
377

5,996

6,514
11.7

1,198

277,729

56.3

1988 1989
70,306 72,310
294 107
58,535 60,728
12,065 11,688
20.6 19.2
383 401
6,120 6,371
5,562 4,917
9.5 8.1
2,568 3,494
289,760 300,414
56.5 56.5

4,600
7.3

4,182

313,362

56.7

3/ Capacity needed to insure that total reserve margin is 25 percent
of peak demand and actual reserve is 15 percent of peak demand

4/ (Annual energy, gWh)/(8760 hours x peak demand, MW)
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and these measures will reduce system loads (see Section 3-9), the
amount of such reduction will reduce system deficits correspondingly.
Some hydropower sites can be developed to provide either base load,
midrange or peaking service. Where these options are available, the
system demand for each class of hydropower generation should be
evaluated (see Section 6-3). Simple tabulation of annual peak and
energy loads and resources is generally adequate for preliminary
studies and for detailed analysis of base load plants. It is often
desirable to use system load resource models in order to evaluate the
need for mid-range and peaking plants, including pumped-storage
projects. These models account for load characteristics and
generating plant operating characteristics.,

c. Display of Analysis. Load-resource information should be
displayed year-by-year over a period starting several years prior to
the hydro project on-line date and extending several years beyond the
year when project output is fully usable in the system load. Table
3-1 is a sample of a typical load-resource analysis.

3-4, Authority and Responsibility of the Corps of Engineers.

a. The responsibility of the Corps is to satisfy all require-
ments specified by Principles and Guidelines when determining the
need for future generation. As described above, this process includes
a determination of (a) the time period when generating resource
deficits occur, (b) the magnitude of those deficits, and (c) the
portion of deficits that could be met by the proposed hydropower
project.

b. Forecasts of loads and resource requirements are normally
obtained from an outside source such as the Federal Energy Regulatory
Commission, the regional Federal Power Marketing Administration, the
local utilities or power pool, or a non-Federal government agency.
The Corps normally does not perform load and resource projections,
but they assume responsibility for the validity of the forecast when
it is incorporated in a Corps report. Therefore, Corps staff should
understand and support the forecasting methodology and assumptions
used in the forecast.

c. There may be occasions when the Corps must develop the
load-resource analysis, Examples would be where suitable existing
data is not available, or where the entity which normally does load-
resource analysis cannot develop the data in the required time
frame., In these cases, Corps staff should work closely with these
entities in order to develop the data. Consulting firms experienced
in this type of work should also be considered.
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3-5. Sources of Forecast Data.

a. General. Following is a list of the principal sources of
load-resource information.

b. Regional Reliability Council Reports.

(1) The North American Electric Reliability Council (formerly
the National Electric Reliablity Council) was formed in 1968 to
promote the adequacy and reliability of bulk power supply in North
American electric utility systems. NERC consists of nine Regional
Reliability Councils which encompass essentially all of the power
systems in the United States and Canada (Figure 3-1).

(2) One of the primary functions of the regional councils is to
prepare annual load-resource analyses in response to the requirements
of the Federal Power Act (as amended). These reports comprise the
principal regularly-issued source of load-resource information
generally available to the power planner, and they serve as the basis
for reports prepared by a number of other entities.

(3) The key load-resource data required by the Act, as imple-
mented by Department of Energy Form EP-411, is as follows:

. monthly energy and peak demand for the past year, the
reporting year, and the following year

. annual energy and peak demand for the next eight years

. existing generating capability available at the beginning of
the reporting year

. additions and retirements of generating capability for the
following ten years

+ peak demand and reserve margin for summer and winter seasons
for the next ten years

. statement of criteria for determining reserve requirements

The data presented in some of the regiomal reports is further cat-
egorized by sub-region, and data is also presented for U.S. portions
of those regions that include Canadian systems.

(4) The load data presented in the regional reports is compiled
from the individual load forecasts prepared by member utilities.
Although data is presented in a uniform manner, each utility uses its
own techniques for preparing its forecasts.

(5) The Regional Reliability Council load-resource analyses have
several distinct advantages: (a) they present adequate detail for
most Corps studies, (b) they are updated annually, and (c) they are
recognized industry-wide as a standard reference source. Disadvant-
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ages are that (a) in some cases the regions or sub-regions are too
large for properly evaluating a hydro project, (b) only a single

load forecast is provided, rather than a range of forecasts, (c) the
forecasts extend only ten years, which may be inadequate for some
project analyses, and (d) in most cases it is not possible to identify
assumptions regarding fuel prices, population and income growth rates,
and other factors. However, because of its availability, level of
detail, and general acceptance, the Regional Reliability Council
forecast should be considered the basic data source in most areas.

(6) Copies of the regional reports are available from the

offices of the Regional Reliability Councils (Table 3-2). However,
the reports are printed in limited quantities, and availability may

NPCC

MAPP
MAAC

ECAR
WSCC MAIN

SPP
SERC

ERCOT

Figure 3-1. North American Electric Reliability Council
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TABLE 3-2

North American Electric Reliability Council

North American Electric Reliability Council
101 College Road East
Princeton, NJ 08540-6601

Telephone:

East Central Area Reliability
Council (ECAR)

Post Office Box 21040

Canton, OH 44701-1040

Telephone: (216) 456-2844

Electric Reliability Council
of Texas (ERCOT)

7200 MoPac Expressway, Suite 250

Austin, TX 78731
Telephone: (512) 343-7215

Mid-America Interpool
Network (MAIN)

IN301 Swift Road

Iombard, Illinois 60148

Telephone: (312) 495-3664

Northeast Power Coordinating
Council (NPCC)

1115 Averue of the Americas,
28th Floor

New York, NY 10036

Telephone: (212) 840-1070

Southwest Power Pool (SPP)
4015 North McKinley

Plaza West, #700

Little Rock, AR 72205
Telephone: (501) 664-0145

(609) 452-8060

Mid-Atlantic Area Council
(MAAC)

Valley Forge Corporate Center

Norristown, PA 19403

Telephone: (215) 666-8801

Mid-Continent Area Power Pool
(MAPP)

430 Century Plaza

1111 3rd Avermue South

Minneapolis, MN 55404

Telephone: (612) 341-4650

Southeastern Electric
Reliability Council (SERC)

TVA 5N 53A Missionary Ridge
Place

Chattanooga, TN 37402

Telephone: (615) 265-8278

Western System Coordinating
Council (WSCC)

540 Arapeen Drive, #203

Salt Iake city, UT 84108

Telephone: (801) 582-0353
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be limited. Summary reports (28) are available from the North
American Electric Reliability Council, Research Park, Terhune Road,
Princeton, NJ 08540,

c. Regional Power Marketing Administrations.

(1) Five regional Power Marketing Agencies or Administrations
(PMA's) have been established under the U.S. Department of Energy
(DOE) to market the power generated at Federal hydroelectric projects.
The Tennessee Valley Authority markets much of the power from Corps
projects adjacent to its service area in cooperation with the
Southeastern Power Administration. The northeastern and midwestern
states are not served by a regional PMA, but assistance in evaluating
a project in these areas can be provided by the DOE's Office of Power:
Marketing Coordination (OPMC) in Washington, DC, or by an existing PMA
as designated by OPMC. Figure 3-2 shows regional boundaries for the
five PMA's and Table 3-3 lists their addresses.
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Figure 3-2., Federal Power Marketing Administration boundaries
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TABLE 3-3

Federal Power Marketing Administrations

Southeastern Power Administration
Samuel Elbert Building

Elberton, GA 30635

Telephone: (404) 283-9911

Southwestern Power Administration
P.O Drawer 1619
Tulsa, OK 74101

Alaska Power Administration
P.O. Box 50

Juneau, AK 99802

Telephone: (907) 586-7405

Bonneville Power Administration
P.0. Box 3621
Portland, OR 97208

Telephone: (918) 581-7474 Telephone: (503) 230-3000
Western Area Power Administration

P.O. Box 3402

Golden, OO0 80401

Telephone: (303) 231-1511

(2) The regional PMAs are required to prepare an analysis of
marketability for each proposed Federal hydroelectric project (see
Section 3-12). This analysis considers projected demand ard resource
availability. However, in most cases it does not meet the requirements
of Section 2.5.6 of Principles and Guidelines, because it is restricted
to a limited market (preference customers) and is based on the finan-
cial criteria unique to the individual PMAs. There are at least two
exceptions. Alaska Power Administration prepares load-resource
analyses for proposed Corps projects in Alaska, which is not included
in a Reliability Council region. Bonneville Power Administration is
required to prepare a regional load forecast pursuant to the Pacific
Northwest Electric Power Planning and Conservation Act of 1980. The
marketability reports are, however, adequate for establishing the need
for single-purpose small-scale hydro projects at existing Federal
projects (Section 2.5.4(b) of Principles and Guidelines).

(3) Those PMAs that do not provide formal load forecasts are
generally available to provide assistance to Corps offices in
evaluating load-resource studies prepared by Regional Reliability
Councils and others. *
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d. Other DOE Offices.,

(1) Federal Energy Regulatory Commission regional offices are
sometimes able to assist Corps offices in evaluating the need for
hydro projects., Their studies are generally based on Regional
Reliability Council reports, but the amount of assistance that can be
provided is dependent on staff availability. Figure 3-3 shows FERC
district boundaries and Table 3-4 lists their addresses.

(2) The Energy Information Administration (EIA) prepares a
number of periodic reports on current electric power gemeration and
related fuel consumption. For example, Electric Power Monthly (83),
and Electric Power Quarterly (84) summarize net generation, net energy
for load, peak load, and capability by state and NERC region. More
detailed information is maintained in EIA's computerized data files.
The "Energy Data Contacts Finder" provides a listing of the names and
telephone numbers of the specialists responsible for maintaining the
various data files. Copies are available from the National Energy
Information Center, Energy Information Administration, Washington, DC
20585.
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Figure 3-3., Federal Energy Regulatory Commission regional boundaries
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TABLE 3-4
Federal Energy Regulatory Commission
Federal Enerqgy Requlatory Commission CHICAGO
825 North Capitol Street, NE Regional Engineer, FERC
Washington, DC 20426 Federal Building, Room 3130
230 South Dearborn Street
ATTANTA chicago, IL 60604
Regional Engineer, FERC Telephone: (312) 353-6171
730 Peachtree Street, NE
Room 800 SAN FRANCISCO
Atlanta, GaA 30308 Regional Engineer, FERC
Telephone: (404) 257-4134 901 Market Street, 3rd Floor
San Francisco, CA 94103
NEW_YORK Telephone: (415) 974-7150
Regional Engineer, FERC
201 Varick Street, Room 664 PORTTAND
New York, NY 10014 Regional Director, FERC
Telephone: (212) 264-2609 1120 SW Fifth Ave., Suite 1340

Portland, OR 97204
Telephone: (503) 326-5840

e. Utilities. Electric utilities routinely prepare load fore-
casts for generation planning and other purposes. These forecasts are
also submitted to the Regional Reliability Councils for incorporation
in their reports. The regional reports are satisfactory for most Corps
studies, so it is not usually necessary to obtain data directly from
utilities. However, in the case of hydro projects located in isolated
areas (such as Hawaii or Puerto Rico), or projects which would be
utilized in single power systems, evaluation of need on the basis of an
individual utility's loads and resources would be warranted.

f. National Hydropower Study. The Corps' Institute for Water
Resources prepared under contract a study on the magnitude and regional
distribution of needs for hydropower, as a part of the National Hydro-
power Study (48c, 48d). This report was a one-time forecast of loads
and resources, intended to identify by region and sub-region the
potential need for hydro generation through the year 2000. Although
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the study was based primarily on the 1979 Regional Reliability Council
reports and is thus out=-of-date, it contains useful information on
load characteristics, the operation of individual regional power
systems, and other related information.

g. Electric Power Research Institute (EPRI)., EPRI was formed in

1973 to conduct a broad program of research and development in tech-
nologies related to electric power production, transmission, distri-
bution and utilization. EPRI's activities are coordinated with those
of the Federal govermment, state agencies, individual utilities, and
research organizations in other countries., Numerous publications on
load forecasting, rate designs, and power generation alternatives are
available at cost from Electric Power Research Institute, 3412
Hillview Avenue, Palo Alto, CA 94304, A useful primer is Electric
Load Forecasting: Probing the Issues with Models (13). Another
helpful document is Synthetic Electric Utility Systems for Evaluating
Advanced Technologies (15), which provides generalized weekly load
shapes by region and by season and other related information on load
characteristics,

h., States. Some states prepare load forecasts as a part of
their planning and utility regulatory functions. In many cases these
forecasts are based largely on utility-supplied information and are
therefore comparable to the Regional Reliability Council data, except
for the different geographical areas covered. In other cases, the
states prepare independent forecasts, sometimes using economic
modeling techniques.

i. Other Sources,

(1) Two additional categories of other load forecasts are
available to the planner: (a) generalized forecasts intended to guide
policy decisions, and (b) analyses prepared to evaluate the need for
specific power projects., The generalized forecasts may be prepared on
a national basis, but with data provided by region. An example of
this type of forecast would be the quarterly Energy Review prepared by
Data Resources, Inc. (4), which provides data on demand and price by
region for all energy sources for the next 20 years. An econometric
model is used to develop this data, and information is presented on
the input assumptions underlying the forecast. Other generalized
forecasts are developed for regional planning agencies, such as the
Northwest Power Planning Council (29). Some of these forecasts may be
published on a regular basis, but others may be one-time studies
prepared for specific purposes.

(2) The second category refers to special studiés intended for

evaluating the need for large (and usually controversial) proposed
power projects. For some projects, several forecasts may be avail-
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able, each prepared by an entity with a different viewpoint,
Forecasts may be developed by the sponsoring utilities, regulatory
agencies, and special interest groups., These forecasts are generally
one-time only studies, and sometimes are prepared by universities or
consultants, State utility regulatory agencies can often help to
identify the forecasts available for a given area.

3-6. Load Forecasting Methods. Three basic methods or models are
used for load forecasting:

+ trend analysis
. end-use analysis
. econometric analysis

Trend analysis is based on extending historical trends and modifying
the resulting projections to reflect expected changes. End-use
analysis involves constructing demand forecasts based on expected

use of the electricity. For example, residential end use forecasts
are compiled from estimates of electricity demand by appliance,
saturation rates for each appliance, and projections of number of
households, Econometric analysis is based on the relationships
between electricity demand and the various factors that influence
demand. At the present time, many forecasts are based on two or more
of these methods. Appendix B describes the three forecasting methods
in more detail.

3-7. Guidelines for Selecting a Forecast.

a. The forecast should be responsive to the requirements of
Section 2.5.6 of Principles and Guidelines. The analysis should show
forecasted resource and required reserve margins as well as loads so
that it will be possible to identify a projected shortfall which can
be met by the proposed hydro project.

b. The period of analysis should be appropriate to the planning
period for the project being studied. The lead time required for
planning, authorization, design, and construction of Federal hydro
projects generally exceeds 10 years, so a 15 to 20 year analysis is
usually required. This is especially true for large plants that
require several years to be absorbed in the system load. Where
projects are small compared to system load growth, shorter lead
times are possible, and a 10-year forecast may be adequate.

c. A simple comparison of annual loads and resources is adequate

to establish the need for most base load hydro projects. A more
detailed analysis, including examination of daily load shapes, may be
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necessary in order to identify the need for peaking projects,
including pumped-storage plants. It is also necessary to document the
availability of off-peak pumping energy when evaluating pumped-storage
projects.

d. The load forecast should be responsive to the price of
electricity. If the price of electricity is rising due to the
addition of high-cost generating resources, the forecast should
reflect the resultant conservation measures, and the shift of some
load to other emergy sources.

e, For the sake of consistency, it is desirable to use the same
forecasting source throughout all study stages. It is also desirable
to use the same forecasting source that has been used historically on
other hydropower studies performed within the district or division,
providing that the forecast is current and meets the other criteria
outlined in this section,

f. When the regional Federal PMA prepares a load-resource
analysis that meets the criteria outlined im this section, it should
normally be used as the base case forecast. In other areas, the
Regional Reliability Council forecasts generally provide the best
starting point. The PMA and Regional Reliability Council forecasts
are generally summations of load and resource forecasts provided by
individual utilities within the power marketing area, and they tend
to represent the regional consensus among utilities and power planners
on the need for power, These forecasts are generally updated and
published annually, and they provide useful information on peak loads,
scheduled resource additions, power imports and exports, and reserves.
They are also useful for evaluating the accuracy of past forecasts and
trends in forecast growth rates because they have been made for a
number of years. In some cases, the PMA or regional power planning
organization will also have an econometric load forecast that can be
used to test the reasomnableness of the load forecast prepared by
summing individual utility forecasts., The econometric forecast will
also provide information on input assumptions and load growth by
residential, commercial and industrial sectors that can be used in
intermediate and detailed studies.

g. Forecasts prepared by research groups, ad hoc task forces,
special study commissions, non-Federal energy offices, and private
consultants are best utilized in sensitivity analyses and in
comparison with the selected forecast.
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3-8, Variations in Load Forecasts.

a. Several forecasts, often prepared by different entities, may
be available for a given area. These forecasts may vary widely, par-—
ticularly if they are prepared by entities with opposing objectives.
The Corps planner must determine why the forecasts differ and, if they
vary significantly, how to treat this variation.

b. There are two basic reasons why forecasts give different
results. In some uses, different forecasting methods are used. In
other instances, different basic assumptions are used in the
forecasts. These assumptions may be stated explicity as demand-
influencing factors or implicitly as subjective factors which prompted
the forecasters to modify historical growth rates or patterns. Even
if the forecasting models were perfectly formulated and the associated
statistical methodologies and data bases were absolutely correct
(and they are not), the accuracy of the forecasts themselves would
still depend upon the underlying assumptions. Future demand for a
particular energy fuel, for example, is dependent on a variety of
interactive changing factors. These include price of the fuel and
its alternatives, population growth and lifestyle, employment, per
capita income, the number and size of households, the rate at which
existing housing and other buildings are replaced, appliance
saturation and the rate at which appliances are replaced, industrial
technology, and a host of other so-called independent intangibles.

c. In a sophisticated econometric demand model, several hundred
different mathematical relationships between independent variables and
demand for various energy fuels are statistically estimated for
different areas and consumer classes, Not one of these demand
influencing factors can be predicted with complete assurance.
Accordingly, alternative forecasts should be interpreted as rough
indications of the reasonable range of possible outcomes of energy
growth, rather than precise computations of future energy consumption.

d. The most important demand-influencing factors (independent
variables) are: population, number of households or customers (and
type of customers), per capita real income, total personal income, and
prices of electricity, natural gas, and oil. When comparing
alternative load forecasts, it is sometimes helpful to prepare a table
listing these key variables, 10-year historical growth rates for each
variable, the present "base" value used for each variable, and the
projected growth rate for each variable as assumed in each forecast.
Unless there are major discrepancies in the structure of the models or
the estimated coefficients or elasticities used in the models,
comparing the assumed growth rate of these variables will normally
account for most of the differences in the alternative load forecasts.
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e. If several varying forecasts are available and they all meet
the general requirements of Section 3-7, all should be considered
for use in defining the need and timing for a proposed hydro project.
As noted in Sections 3-5b and 3-7, the forecast prepared by the PMA
or the Regional Reliability Council could serve as the base forecast,
and alternative forecasts would be used as sensitivity tests. If the
alternative forecasts would have an impact on the timing or need for
the project, the planner should watch load growth closely as planning
and design progresses, so that necessary adjustments can be made to
the design and construction schedule. This periodic review of timing
and need should be undertaken for any hydro project, but becomes
particularly important when a wide range of load growth projections
exist or when load growth is in a state of change.

f. Often forecasting entities will develop a range of load
growth projections which reflect the uncertainty associated with
many of the factors that influence load growth. In these cases, it is
common to utilize the mid-range forecast as the basis for planning
and utilize the high and low growth scenarios for sensitivity studies.

3-9. Level of Conservation in the Forecast,

a. Historically, load forecasts were developed on the basis of
an implicit assumption that the real cost of elecricity would not
rise. This led to another implicit assumption, that the cost of
electricity would not induce consumers to reduce their consumption.
As a result, electricity demand forecasts did not include adjustments
to account for load reductions due to price or institutionally induced
conservation measures. The rapidly rising energy and electricty
prices beginning in the 1970's revealed the fallacy of these
assumptions., The effect of price on the demand for electricity was
dramatically demonstrated as forecasts were lowered year after year,
and orders for new generating plants were canceled.

b. Since the 1970's, rising electricity prices, combined with
government and utility sponsored conservation programs, have produced
measurable energy savings. Electricity demand forecasting models have
been developed that more accurately account for price-induced
conservation and institutionally mandated conservation measures (see
Appendix B). As a result, planners can now be reasonably confident
that conservation effects are accounted for in most forecasts, at
least those that are generated with input-output models. However,
Corps planners must review forecast assumptions to assure themselves
that price-induced and institutionally mandated conservation have in
fact been included., The results of this review should be summarized
in the text which documents the load forecast in the project
feasibility report.
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¢. There may be some situations where the feasibility of or need
for the proposed hydro project hinges on the lcad growth forecast, and
there is some question as to whether or not conservation is adequately
reflected in the forecast. In these cases, studies could be made to
determine the load growth rates with prices based on the expected
increases in the long-run average cost (LRAC) of electricity and on
the long-run incremental cost (LRIC) of electricity. The forecast
based on LRAC pricing would represent the most likely growth rate,
while that based on LRIC pricing would represent the probable maximum
attainable level of conservation., If the growth rate in the forecast
being used in the study approximates the growth rate resulting from
the LRAC study, it can be assumed that conservation is properly
accounted for. LRAC and LRIC studies would have to be made using
econometric models, and this would be justified only in the case of
large projects.

d. The above discussion applies to conservation actions that
would be taken and conservation measures which would be implemented in
the absence of any new specific actions or measures, It addresses the
without-project condition as it relates to non-structural means of
reducing the need for additional generation resources. The analysis
of conservation measures as an alternative to a proposed hydropower
project (or as a part of a plan including the hydropower project) is
discussed in Chapter 9.

3-10. Level of Detajl Required jpn Reports,

a. Gepneral. The level of detail included in load and resource
forecasts depends on the study type and stage. As described in
Sections 3-11 and 3-12, load-resource analyses are not required in
order to establish need for (a) hydro projects which displace gene-
ration from existing thermal plants, and (b) most small scale (80 MW
or less) hydropower projects. Load-resource analyses of appropriate
scope and detail are required for studies of all major hydropower
projects not being analyzed as a fuel displacement project and those
small scale projects not exempted as described in Section 3-12c.

b. Recopnaissance Phase Studies, A reconnaissance study must
provide a preliminary finding of need, economic feasibility, and
Federal interest within rigorous funding and time constraints. 1In
order to satisfy these requirements, existing studies should be used
as much as possible, and a complete load-resource analysis is not
necessary if it is not readily available. In most cases, a simple
statement of need from the regional Federal PMA, the regional office
of FERC, or the local power pool or generation planning entity will be
sufficient if more detailed data is not readily available.
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as much as possible, and a complete lcad-resource analysis is not
necessary if it is not readily available. In most cases, a simple
statement of need from the regional Federal PMA, the regional office
of FERC, or the local power pool or generation planning entity will be
sufficient if more detailed data is not readily available.

c. Detailed Study Phase. Detailed feasibility studies of major
hydropower projects could entail one or more iterations of load-
resource analysis. Requirements for iterative refinements of the
needs analysis will evolve from the overall plan formulation process
(i.e., scope, complexity, and possible controversy associated with
alternative plans), so the level of necessary effort will vary from
study to study and may not be totally predictable at the outset
of the detailed study phase. Within this typical planning environ-
ment, it is essential that the load-resource analysis made during the
initial stage of the Detailed Study Phase be of adequate scope and
detail to provide (a) for timely completion of reports on major
projects which are not unduly complex or controversial, and (b) a
solid foundation for the iterative refinements necessary to complete
detailed studies of complex and controversial projects.

d. Basic Steps. The steps involved in an initial or base load-
resource analysis are as described in the next section.

(1) Select the Study Area. For larger projects, this will be a
power pool area, Regional Reliability Council area, or a subregion of
a Regional Reliability Council area. For smaller projects or projects
located in isolated service areas, it could be a smaller geographical
area (see Section 3-3b(1)).

(2) Select the Forecast Period. See Section 3-7b.

(3) Select the Required Type of Analysis. In most areas, a peak
load-resource analysis is sufficient. For those systems where hydro

or other energy-limited generation carries a substantial portion of
the load (33 percent or more), an energy load-resource analysis is
also required.

(4) 1dentify the Peak Load Months. Alaska, New England, and the
Pacific Northwest have their peak loads in the winter months. The
southern portion of the country and a portion of the midwest (MAIN
Reliability Council area) have summer peaks. Summer and winter peak
load periods are comparable in the remainder of the country. For
those areas with a single load season, the load-resource analysis need
be done only for that season. Where there are two seasonal peaks, it
may be desirable to analyze both seasons.
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(6) Estimate Generation Requirements. This should also be done
by year for the same period. Peak load requirements should include
reserve requirements (Section 2-2e).

(7) Tabulate by Year the Peaking Capability of Existing and
Planned Generation. Adjustments should be made for retirements and

scheduled outages, Hydro capability should reflect only that
capacity which is considered to be dependable in the peak demand
months, Data on scheduled new generation can be obtained from
Regional Reliability Council reports (Section 3-5b).

(8) Compute the Generation Surplus or Deficit Year by Year.
This is done by deducting generation requirements (step 6) from
peaking capability (step 7).

(9) Determine if the Proposed Project is Needed. By analyzing
the dates and magnitudes of the projected deficits, it is possible to

determine if the proposed hydro plant can be utilized in the system
and, if so, the earliest date that it would be needed, This analysis
would include the development of a resource schedule including the
proposed hydro project (the "with-project" scenario) and a resource
schedule without the hydro project (the "without-project" scenario).
The latter information will serve as the basis for the economic
evaluation (see Section 9-4), Tables 3-5 and 3-6 illustrate a load-
resource analysis for a small power system in Alaska presented in a
with- and without-project format, while Table 3-1 shows a generalized
analysis for an entire power pool.

e, Peak Load vs., Energy lLoad Analysis. The above procedure
describes a peak load-resource analysis, If an energy analysis is
also required, the steps would be similar except that the analysis
would be based on energy demand and the estimated energy output of
generating resources. Hydro energy capability would be based on
output in an adverse water year unless regional practice specifies
otherwise., In energy analyses, it is sometimes necessary also to
compare the seasonal demand pattern with the seasonal output of the
hydro project, in order to determine if the hydro project's output is
compatable with the demand pattern.

f. Additional Information, In addition to the load-resource
analysis itself, the following information should be presented in the
feasibility report:
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TABLE 3-5. Load-Resource Analysis, Kenai

1988 1989
Capacity Required, MW

1. Utility peak load 122.3 128.7
2. Industrial peak load 28.8 29.6
3. Total peak load 151.1 158,3
4, Reserves required 40,0 70.0
5. Total capacity required 191.1 228.3

Capacity Resources, MW
6. Bernice Lake C.T. 52.1 52.1
7. Cooper Lake hydro 15.0 15.0
8. Seward diesel 5.5 2.5
9. Seldovia diesel 2.3 0.0
10, Industrial generation 30.4 30.4
11, 115 KV Anchorage line 40.0 40.0
12, Total existing capacity 145.3 140.0
13, Net surplus or deficit -45.8 -88.3
14, Combustion turbine 36.0 36.0
15. Bradley Lake 0.0 90.0
16, 135 KV Anchorage line 0.0 0.0
17. Total capacity 181.3 266 .0
18. Adjusted surplus/deficit -9.8 +37.7
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Peninsula Subsystem with Bradley Lake
1990 1991 1992 1993 1994 1995
135.5 141,0 146.7 152.7 158.9 165.4
30.4 31.1 31.9 32.6 33.4 34,2
165.9 172.1 178.6 185.3 192.3 199.6
70,0 70.0 70.0 70.0 70.0 70.0
235.9 242,1 248.6 255.3 262.3 269.6
52.1 52.1 52.1 43.9 43.9 35.7
15.0 15.0 15.0 15.0 15.0 15.0
2.5 2.5 2.5 2.5 2.5 0.0
0.0 0.0 0.0 0.0 0.0 0.0
30.4 30.4 30.4 30.4 30.4 30.4
40.0 40,0 40.0 40.0 40,0 40.0
140.0 140.0 140.0 131.8 131.8 121.1
-95.9 -102.1 -108.6 ~-123,5 -130.5 -148.5
36.0 36.0 36.0 36.0 36.0 36.0
135.0 135.0 135.0 135.0 135.0 135.0
0.0 0.0 0.0 0.0 0.0 0.0
311,0 311.0 311.0 302.8 302.8 292.1
+75.1 +68.9 +62.4 +47 .5 +40.5 +22.,5

3-23



EM 1110-2-1701
31 Dec 1985

TABLE 3-6. Load-Resource Analysis, Kenai

1985 1986 1987 1988
Capacity Required, MW
1, Utility peak load 104.7 110.2 116.5 122.3
2, Industrial peak load 26,6 27.3 28.1 28.8
3. Total peak load 131.3 137.5 144 .6 151.1
4. Reserves required 40.0 40.0 40.0 40.0
5. Total capacity req'd 171.3 177.5 184.6 191.1
Capacity Resources, MW

6. Bernice Lake C,T. 52.1 52.1 52.1 52.1
7. Cooper Lake hydro 15.0 15.0 15.0 15.0
8. Seward diesel 5.5 5.5 5.5 5.5
g, Seldovia diesel 2.3 2.3 2.3 2.3
10. Industrial generation 30.4 30.4 30.4 30.4
11, 115 RV Anchorage line 40.0 40.0 40.0 40.0
12, Total existing cap'y 145.3 145.3 145.3 145.3
13, Net surplus or deficit -26.0 -37.7 -39.3 -45,8
14, Combustion turbine 18.0 36.0 36.0 54.0
15, Bradley Lake 0.0 0.0 0.0 0.0
16, 135 KV Anchorage line 0.0 0.0 0.0 0.0
17, Total capacity 163.3 181.3 181.3 199.,3
18, Adjusted Surplus/Deficit -8.0 +3.8 -3.3 +8.2
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Peninsula Subsystem without Bradley Lake

1989 1990 1991 1992 1993 1994 1995

128.7 135.5 141.0 146.7 152.7 158.9 165.4
29.6 30.4 31.1 31.9 32.6 33.4 34.2
158.3 165.9 172.1 178.6 185.3 192.3 199.6
40.0 40,0 40.0 40,0 40.0 40.0 60.0
198.3 205.9 212,1 218.6 225.3 232.3 259.6
52.1 52.1 52,1 52.1 52.1 52,1 35,7
15.0 15.0 15.0 15.0 15.0 15.0 15.0
2.5 2.5 2.5 2.5 2.5 2.5 0.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0
30.4 30.4 30.4 30.4 30.4 30.4 30.4
40.0 40.0 40,0 40.0 40.0 40.0 40,0
140.0 140.1 140.1 140.1 140.1 140.0 121.1
-58.3 -65.9 -72.1 -78.6 -85.3 -92.3 -138.5
54.0 72.0 72.0 90.0 90.0 90.0 90.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0
194.0 212.0 212.0 230.0 230.0 230.0 211.1
—403 +6.1 -0.1 +11.4 +4.7 -203 _48.5
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» map of market area
. source of selected forecast

. type of forecast (e.g., single agency forecast or
aggregation of multiple utility forecasts)

. forecast methodology and underlying assumptions (if
available)

. @& tabulation of actual loads for each of the past 10 years.
The average annual growth should be computed and compared
with the growth rate in the forecast

« a comparison of the growth rate for the selected load
forecast with previous years' growth rates (i.e., are 10-
year or 20-year growth rates rising or falling compared with
forecasts made in the past 5 years). Explain upward or
downward trends in terms of conservation, higher energy
prices, economic growth or decline, etc.

+ an evaluation of the accuracy of historic load forecasts.
For example, compare actual load in a recent year with the
load that was forecast for that year in forecasts dating
back at least 5 years

. a listing of the major power plants under comstruction or
proposed for construction that are included in the resource
forecast, including information on type, installed capacity,
average energy output (where an energy analysis is being
made), and scheduled on-line date.

This evaluation process and information display should satisfy plan
formulation and reporting requirements for major projects which are
not unduly complex or controversial.

g. Load Forecast Requirements. Plan formulation and public
involvement activities will generally identify necessary refinements
of needs analysis for complex and controversial projects. Typical
refinements include (a) separation of forecasted loads into residen-
tial, commercial, and industrial sectors to more clearly defime source
and projected growth of further demands, (b) more detailed definition
of weekly/daily load shapes for representative periods of future
demand years to more clearly display the type of load that the hydro
project could serve, (c) the development of alternative load growth
scenarios to determine the impact of load growth on timing and need
for the project, and (d) comparison with other published load
forecasts.
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3-11, Analysis of Energy Displacement Projects. The output of some
hydroelectric projects can best be used to displace generation from
existing high-cost thermal plants. This could be the case in areas
like California, Alaska and New England, where much of the energy
demand is met by oil-fired steam generation. In these cases, the
proposed hydro plant would not defer or displace an increment of new
thermal capacity, and thus a load-resource study would not be
required to establish need. The need would be tied instead to the
analysis of economic feasibility., Studies that show that the cost of
constructing and operating the proposed hydro plant is less than the
cost of the existing generation displaced would be sufficient to
establish need. The report, however, must include a description of the
existing and expected future power system, with an explanation of how
the hydro project would be used to displace thermal generation and
what types of plants would be backed off, The energy displacement
method for evaluation of hydro projects is discussed further in
Section 9-6,

3-12, Marketability Analysis,

a. Flood Control Act of 1944, Under the provisions of Sectiomn 5
of the Flood Control Act of 1944 (Public Law 534, 78th Congress) and
other acts, power developed at multiple—use reservoirs under the
jurisdiction of the Chief of Engineers and Bureau of Reclamation is
turned over to the Secretary of Energy for marketing. The Act
requires that the Secretary shall transmit and dispose of power and
energy so as to encourage the most widespread use at the lowest
possible rates to consumers, consistent with sound business
principles. It also provides that preference in the sale of power be
given to public bodies and cooperatives. Rates for sale of power to
recover allocated costs are established by DOE's regional Power
Marketing Administrations (PMA's), and approved by the FERC. Figure
3-2 shows the location of the regional PMAs. As noted earlier, DOE's
Office of Power Marketing Coordination will designate an adjacent PMA
to handle the marketing function where a hydro project is located
outside of the service areas of the established PMA's,

b. Marketability Reports. All feasibility reports for hydro-
electric projects must contain a statement by the regiomal PMA that
the power from the proposed project is marketable and that project
costs allocated to power can be repaid with interest within fifty
years (see Section 9-9). The marketability analysis in many cases is
limited to the needs of preference customers, and the revenue rates
upon which the analysis is based are frequently average costs, which
include the costs of substantial amounts of older, low-cost
generation. This type of analysis is comnsistent with the requirements
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of the Flood Control Act of 1944 which govern the PMA's, but does not
meet the requirements of Principles and Guidelines (P&G) for a
determination of need for anm economic analysis.

c. TIreatment of Small Projects. To insure efficiency in the use
of planning resources, P&G encourages simplified procedures for small
scale hydro projects. One area where simplifications are suggested is
in establishment of the need for power. Section 2.5.4 of P&G states
that ". . . an analysis of marketability may be substituted for deter-
mination of need for future generation for hydropower projects up to
80 MW at existing Federal facilities." The PMA marketability analysis
described above would serve this purpose. Such a substitution would
be particularly appropriate for large power systems where the annual
load growth is so large that the small hydro project would have little
or no effect on the scheduling of other new generating resources.
However, where the proposed hydro project is large with respect to
system loads, such as in small, isolated systems in Alaska, a full
load-resource analysis would still be required.
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CHAPTER 4

HYDROLOGIC DATA PREPARATION

4-1. Introduction.

a. This chapter identifies and briefly discusses the types and
sources of hydrologic data required for hydropower studies. However,
the details of hydrologic evaluation procedures used for developing
this data are not described because they are already well documented
in other EM's and standard hydrologic engineering references.

b. The most important type of hydrologic data required for a
hydropower feasibility study is the long term streamflow record that
represents the flow available for power production. Other important
hydrologic data includes tailwater rating curves, reservoir storage-
elevation tables, evaporation losses and other types of losses,
sedimentation and water quality data, downstream flow requirements,
streamflow routing criteria, and downstream channel constraints. The
procedures used to develop this information are determined by the
level of the study and the quality and quantity of data available.
Detailed studies are not always necessary to develop reasonable
estimates of this data, and sometimes, due to limitations in the type
and amount of available information, detailed studies cannot be
performed. Extrapolations of available data and simplified
assumptions are sometimes necessary to compensate for lack of
information.

4-2, Streamflow Records.

a. General. Streamflow records are the backbone of the hydro-
power study. Mean monthly discharges are sometimes adequate, but in
other cases, weekly or daily values are necessary.

b. Data Collection. The U.S. Geological Survey (USGS) is the
principal source of streamflow records. Currently, the USGS collects
and disseminates the majority of the water data collected in the
United States. Most data collected by the USGS is summarized in the
Water Resources Data, an annual series of reports for each state or
hydrologic region in the United States (75). Figure 4-1 is an example
of data supplied by the USGS. Surface water records are also some-
times available from Federal, state, and local water management
agencies and utilities.
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¢c. WATSTORE, Surface water records collected by the USGS and

others are stored in WATSTORE, the USGS's National Water Data Stor-

age and Retrieval System.

Access to the WATSTORE system is available

to all Corps offices through an interagency agreement between the

Corps of Engineers and the USGS.

retrieval system

The WATSTORE data storage and
contains water resources data which includes surface

runoff, ground water conditions, and water quality data for all 50

states, Puerto Rico, the Virgin Islands, and Canada.

WATSTORE files

contain daily, monthly, and yearly peak and mean flow data for gaging

stations in the systenm.
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4-1. Example of USGS daily streamflow data
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ized tables or graphs. An example of WATSTORE output used in
hydropower studies are shown in Figure 4-2. This data can be analyzed
and plotted. WATSTORE is also capable of producing a magnetic tape of
selected data.

d. Data Accuracy and Reliability, Users of WATSTORE should
review individual station records carefully. Retrieved data should be

verified for its reliability because the USGS may have made subsequent
revisions to this data as a result of a reanalysis., These revisions
are most commonly made to correct errors found during historic high
and low streamflow conditions or when ice is present, but may include
the entire period of record if the accuracy of the gaging station is
questionable,
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Figure 4-2, Example WATSTORE output: daily
streamflow data for a surface water gage
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c¢. WATSTORE. Surface water records collected by the USGS and
others are stored in WATSTORE, the USGS's National Water Data Stor-
age and Retrieval System. Access to the WATSTORE system is available
to all Corps offices through an interagency agreement between the
Corps of Engineers and the USGS. The WATSTORE data storage and
retrieval system contains water resources data which includes surface
runoff, ground water conditions, and water quality data for all 50
states, Puerto Rico, the Virgin Islands, and Canada. WATSTORE files
contain daily, monthly, and yearly peak and mean flow data for gaging
stations in the system., WATSTORE data can be displayed as standard-
ized tables or graphs. An example of WATSTORE output used in hydro-
power studies is shown in Figure 4-2. This data can be analyzed and
plotted. WATSTORE is also capable of producing a magnetic tape of
selected data.

d. Data Accuracy and Reliability. Users of WATSTORE should
review individual station records carefully. Retrieved data should be
verified for its reliability because the USGS may have made subsequent
revisions to this data as a result of a reanalysis. These revisions
are most commonly made to correct errors found during historic high
and low streamflow conditions or when ice is present, but may include
the entire period of record if the accuracy of the gaging station is
questionable.

e. Data From Other Sources. There are some areas within the
country where USGS streamflow information is not available or is
insufficient. Local irrigation districts, public utility districts,
private utility companies, state water resources agencies and Federal
agencies, such as the Corps of Engineers, Bureau of Reclamation, and
Tennessee Valley Authority may possess streamflow or reservoir storage
data that is not in the USGS files. These potential sources should be
investigated when adequate data is pot available from the USGS.

4~3, Historical Records Adjustment.

a. General. Streamflow data obtained from the USGS or another
agency may not be immediately usable for hydropower site analysis.
Historical streamflow records, especially if they span a long period
of time, may have to be adjusted to account for diversions, reservoir
regulation, and upstream land use changes. This is done so that the
streamflow record is consistent throughout the period of record and
properly reflects conditions at some base level. This base level
could represent present conditions or expected streamflow conditions
at some future date. When analyzing a hydropower project on a stream
where diversions or factors influencing streamflow are expected to
change substantially with time, it may be necessary to develop
modified flows for one or more future levels to insure that accurate

4-4



EM 1110-2-1701
31 Dec 1985

long-term estimates of energy potential are developed. Adjustments
may also be necessary to account for the differences in runoff between
the gaging station and the study site.

b. Natural and Modified Streamflow Conditions.

(1) Natural Streamflows. When regional streamflow studies are
performed, it 1s often necessary to modify observed streamflow data to
represent an unregulated or "natural" basin condition. Streamflow
data is developed to generate a set of hydrologically consistent data
that reflects a base condition where the effects of diversions and
withdrawals that have occurred at different times during the period of
record are removed. This discharge data is obtained by adding back
flow diversions or withdrawals of water that bypassed the gaging
station. Reservoir storage-release records are also corrected for
evaporation and percolation losses. It is also necessary in some
cases to adjust discharge data for changes in long-term watershed
conditions due to changes in land use.

(2) Modified Streamflows. It is not necessary to develop a set
of natural streamflows 1f existing uses of water, such as irrigation
withdrawals, are expected to continue in the future. 1In the latter
case, a uniform basin condition is established for a specific point in
time, where the effects of upstream regulation are accounted for
during the entire period of record. In order to obtain uniform flow
data, streamflows prior to the date that any diversion was initiated
must be adjusted to reflect the selected base condition. The
discharge record that is developed for this situation is called a
modified flow record, which represents a basin condition at some point
in time.

c. Estimating Flow at a Damsite. Correction to streamflow data
is required if a gaging station 1s not located in the immediate
vicinity of the study site. Standard hydrologic methods should be
used to adjust the streamflow information of the gage to represent
flow at each project site. Hydrologic characteristics of the
watershed such as drainage area, topography, soil, and precipitation
patterns should be considered. Streamflow evaluation at existing dams
is often easier than at undeveloped sites because existing streamflow
records and other hydrologic data can be used.

d. Extension of Historical Records.

(1) Although short-term records may be considered acceptable for
reconnaissance studies, more detailed studies require longer periods
of record. The decision to extend a short historical record should be
based on the level of study and the type of analysis for which the
record is to be used. Generally, streamflow records should be
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extended if the available record is less than 20 to 30 years. Corre-
lation and regression techniques can be used to extend a period of
record if one or more sites with similar flow variations can be found.
If good correlation does not exist, other techniques such as examina-
tion of precipitation records should be used to test the existing
record to determine if it is representative of the long-term record.

(2) Streamflow extension can be accomplished by regression
analysis, This method finds regression coefficients for simultaneous
flows between a gage with a short term record and one or more gages
with a long period of record. These coefficients are applied to the
long record values to extend the short record. This technique
requires that the station records have sufficient concurrent record to
obtain satisfactory correlation.

(3) Stochastic techniques can also be used to generate a long
synthetic record as a substitute for a short length of actual record.
Stochastic techniques are also used to fill in missing periods of
record. The program HEC-4, "Monthly Streamflow Simulation," is
capable of generating monthly flows.

(4) Basin rainfall-runoff models are used when streamflow
records are either too short, unreliable, or unavailable. These
models use precipitation information and basin characteristics to
generate additional streamflow information. A continuous simulation
model, such as North Pacific Division's SSARR Model (Streamflow
Synthesis and Reservoir Regulation), generates hourly or daily flows
and is suitable for more detailed studies (56).

e. Future Flow Depletions. Future levels of consumptive uses
must be evaluated when studying total water availability during the
life of a project, Future demands for irrigation, municipal and
industrial consumptive use, and population levels are quantities that
should be determined and incorporated in the streamflow data used for
making the power studies.

4-4, Types of Streamflow Data Used in Power Studies.

a. General. Streamflow data is used to develop estimates of
water available for power generation. The most common types of
streamflow data used for this process are mean daily, mean weekly and
mean monthly flows. This data is often summarized in flow duration
curves.

b. Mean Daily Data. This is the basic increment of hydrologic
data available from the streamflow records. Daily flow data can be
used directly to develop flow duration curves for estimating the power
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potential of small hydro projects. It is also used to help evaluate
projects where little or no seasonal storage is available for power
generation either at—site or upstream. Daily flows may also be
required as supplemental information in studies based on monthly
flows. An example would be a flood control project where flood flows
are flashy and of short duration. Monthly average flows may be
suitable for evaluating most of the year, but they could mask out the
wide variations of discharge and reservoir elevation that would occur
during the flood season. This type of operation may occur during only
a small portion of the year, and monthly average flows may be suitable
for evaluating the remainder of the year.

c. Mean Weekly and Monthly Data. Mean weekly and monthly data
are obtained from mean daily flow records. These values are sometimes
used in place of daily data in power calculations in order to reduce
computation time. Because the mean value represents a series of flow
values, care should be taken to verify that this value represents the
useable flows available to the powerplant units. Where flows vary
widely within the week or month, an average weekly or monthly value
may overestimate the amount of streamflow available for generation.
For example, a given monthly average flow may be well within a hydro
plant's hydraulic capacity, but there may be many days during that
month when the flow exceeds the hydraulic capacity, and water is
spilled. On the other hand, where streamflows are relatively constant
within the week or month, as is sometimes the case when flows are
highly regulated, the use of weekly or monthly flows can save consid-
erable computation time. Section 5-6b discusses this topic in more
detail.

d. Flow-Duration Curves. Flow-duration curves are used to sum-
marize streamflow characteristics and can be constructed from daily,
weekly, or monthly streamflow data. Duration curves can be con-
structed with historical data from WATSTORE or with regulated flows
from HEC-5, SUPER, or one of the other sequential routing models
described in Appendix C. These curves show the percentage of time
that flow equals or exceeds various values during the period of
record., The disadvantages of the flow-duration curve is that it does
not present flow in chronological sequence, does not describe the
seasonal distribution of streamflow, and does not account for
variations of head independent of streamflow. However, these curves
are useful for evaluating the power output of run-of-river projects
and for other power projects where head varies directly with flow.
The procedures for constructing a flow-duration curve is presented in
most standard hydrology texts. An example of a flow duration curve is
shown as Figure 4-3.

e. Seasonal Flow Distribution. Regardless of the type of
streamflow data used in making the power study, information should be
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presented showing seasonal distribution of runoff. This information,
which could be presented in tabular or graphical form, is useful for
evaluating the usability of the power from the project. Figure 4-4
shows an example of a graph showing period-of-record average
streamflow by month.

4-5, Other Hydrologic Data.

a. Introduction. In addition to determining the annual and
seasonal distribution of water available for power generation,
hydrologic analysis can include other related studies. Common types
of data required are tailwater rating curves, reservoir elevation-
area-capacity tables, sedimentation data, water quality data,
downstream flow information, water surface fluctuation data, and
evaporation and seepage loss analyses.
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Figure 4-3. Flow-duration curve
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b. Tailwater Rating Curves.

(1) General. Tailwater rating studies are made to define the
variation of tailwater elevation with project flow discharge. This
data is used to compute the generating head available at each
discharge level. Tailwater elevation is a function of downstream
channel geometry, project discharge, and downstream backwater effects.
Tailwater restrictions can also limit the gross hydraulic capacity of
the proposed powerhouse, Figure 4-5 is a typical example of a
tailwater rating curve. For new projects, tailwater curves can
be developed using the standard step method, with computer models such
as HEC-2, "Water Surface Profiles".

(2) Run-of-River Projects. For pure run-of-river projects, such
as lock and dam structures, the tailwater rating curve and the forebay
elevation can often be used to develop a head vs. discharge curve.
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Figure 4-4. Monthly flow distribution
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Data from this curve and the flow-duration curve can be combined to
develop a generation-duration curve. Figure 4-6 shows an example of a
head vs. discharge curve. For pure run-of-river projects, the forebay
elevation can usually be assumed to be constant over a substantial
flow range, but in many cases it begins to increase at high inflows.

(3) Peaking Projects. A peaking plant may typically operate at
or near full output for part of the day and at zero or some minimum
output during the remainder of the day. In these cases, the tailwater
elevation during generation may be virtually independent of the aver-
age streamflow for the day, except perhaps during periods of high
runoff. For projects of this type, a single tailwater elevation based
upon the peaking discharge could be specified. This value could be a
weighted average tailwater elevation, developed from hourly operation
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Figure 4-5. Tailwater rating curve
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studies and weighted proportionally to the amount of generation pro-~
duced in each hour of the period examined. Alternatively, it could be
a "block-loaded" tailwater elevation, based on an assumed typical
output level. The specific output level used for a "block-loaded"
tailwater elevation could be based on (a) operation at full rated
output, (b) output at best efficiency (typically 75 to 80 percent of
full rated output for Francis turbines, for example), or (c) an output
value developed in coordination with the agency which will be
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Figure 4-6. Head-discharge curve
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marketing the project's power output. Figure 4-7 shows a tailwater
curve modified to reflect "block-loading" in the low flow range. The
loading would be generally similar to the loading shown on shown on
Figure 5-23, except that it is assumed that the minimum discharge is
zero instead of 150 cfs and the minimum number of hours on peak is
five instead of eight).

(4) Existing Projects. A record of tailwater discharge-
elevation relationships may be available to aid analysis of the
addition of power to existing projects. A tailwater rating curve can
be developed directly from this data.
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Figure 4-7. Block-loaded tailwater curve
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(5) Hourly Studies. When evaluating peaking hydro projects,
hourly streamflow routing studies are often made to estimate peaking
capability and pondage requirements and to evaluate the impact of
discharge fluctuation downstream from the project. In this type of
study, it may be necessary to incorporate an hourly routing subroutine
in the power generation model in order to accurately measure tailwater
elevation and head. The actual tailwater elevation during hourly
operation tends to "lag" the tailwater elevation obtained from the
usual steady-state tailwater rating curve.

c. Reservoir Storage-Elevation and Area-Elevation Data.

(1) For storage projects, it is necessary to determine the
storage—elevation and area-elevation characteristics of the reservoir.
This information is used in reservoir regulation and evaporation
studies, Figure 4-8 is an example of a typical reservoir elevation-
area-capacity curve. This data can also be developed in tabular form
for direct input to sequential streamflow routing programs.
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Figure 4-8, Storage-elevation and area—elevation curves
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(2) Storage-elevation and area~elevation curves are genmerally
developed from topographic maps by planimetering elevation contours
upstream from the damsite. The "average end area" method is used to
compute the volume between elevation curves. Increased accuracy is
obtained by using large-scale, high resolution mapping and small
elevation increments, HEC's computer program #723-Gl-L233A,
"Reservoir Area Capacity Tables by Conic Method", is a useful tool for
developing this type of data.

d. Sedimentation Data. Sedimentation studies may be conducted
for an existing or proposed reservoir in order to determine the rate
reservoir storage capacity is being lost to deposited sediment.
Sediment studies can also identify sediment source areas and may be
used to develop sediment management programs. The results of these
studies can also be used for updating storage-elevation curves and
projecting future capacity losses at older reservoirs situated in
high-sediment river basins, In addition to examining impacts within
reservoirs, studies may also be made to investigate downstream channel
capacity and other characteristics. Studies at project sites usually
involve the laboratory analysis of suspended sediment samples and
computer simulation to predict future sediment deposition in the
reservoir. Three HEC computer progams may be of value in preliminary
sedimentation studies: "Suspended Sediment Yield" (HEC #723-G2-L2240),
"Deposition of Suspended Sediment" (HEC #723-G2-12250), and "Scour and
Deposition in Rivers and Reservoirs" (HEC-6).

e. Water Quality Data. Studies may be required to define the
current status of water quality conditions at and below the hydropower
site and to predict how these conditions would be altered by project
operation. Requirements for water quality studies are established in
ER 1110-2-1402, Hydrologic Investigation Requirements for Water Qual-
ity Control. Information on the downstream water quality effects of
hydropower development is contained in the technical report, Effects

of Reservoir Releases on Water Quality, Macroinvertebrates, and Fish

In Tajilwaters; Field Studvy Results (80), Availability of water
quality data is often critical to the completion of the required
studies. Water quality data needs must be defined early in the
feasibility study in order to provide enough time to collect the
needed data so that water quality problems can be assessed adequately.

f. Downstream Flow Requirements.

(1) Downstream flow requirements are sometimes established to
ensure that the range of project discharges produced by power
operations does not adversely impact the utilization of the stream.
Streamflow uses which might be considered when establishing flow
requirements include the following:
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. mnavigation

. water quality

. municipal and industrial water supply

. 1irrigation

. fish and wildlife habitat

. migratory fish passage

. instream fishing

. recreational uses (boating and beaches)
. flood control discharge limitations

(2) Flow requirements can be expressed either as instantaneous
or average flow values either at-site or at some downstream point.
Limits may also be placed on the daily minimum or maximum discharge
permitted and on daily or hourly rates of change in discharge. Flow
requirements may originate in different ways. They may be based on
an international treaty, an interstate river basin management compact,
or on downstream water rights. Others may arise from court decisions
or enabling legislation aimed at preventing a project from adversely
impacting non-power uses of streamflow. In most cases, flow require-
ments result directly from project envirommental and operations
studies, which are often made in conjunction with other agencies and
river use interests,

(3) The impact of proposed downstream flow requirements on power
operation should be carefully evaluated. Maximum discharge limits may
restrict the use of a project for peaking operations. Similarly, the
imposition of high discharge requirements for downstream uses may
limit the use of reservoir storage for power generation. The
objective of the downstream flow requirement study should be to
achieve a reasonable balance to insure that downstream river uses are
protected without unnecessarily limiting the site's power potential.

g. Water Surface Fluctuation Studies. Advanced feasibility and
GDM studies may require evaluation of the effect of power operations
on the shoreline of the reservoir and riparian land downstream from
the project site. Areas of concern may include safety of and access
to shoreline areas for commercial and recreational activities; damage
to waterfowl nesting areas; fish migration and spawning; and habitat
areas of rare or endangered species. Fluctuation studies may be
conducted using either conventional hydrologic routing techniques or
more advanced hydraulic modeling techniques based on unsteady flow
theory. Computer programs such as HEC-5 (40) and SSARR (56) are
capable of performing hydrologic routings for these purposes.,

h. Losses.,

(1) General. Not all of the streamflow entering a reservoir may
be available for power generation. Some flow may be lost due to
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reservoir evaporation, transpiration, and to diversions from the
reservoir for irrigation and water supply. Water may also be required
at the dam for operation of a mnavigation lock, fish passage facil-
ities, powerplant cooling, or other project operating purposes. There
also may be losses due to leakage through or around the dam or other
embankment structures and around gates. If these losses are not
accounted for, a hydro project's power output may be substantially
overestimated., Following are discussions of some of the major
categories of losses.

(2) Evaporation. The purpose of the evaporation loss
computation is to determine the net loss to evaporation resulting from
the larger surface area of the reservoir compared to the river, prior
to construction of the project. A rigorous analysis of this type
would also account for the effects of infiltration, transpiration, and
precipitation., Section 3.02 of Reservoir Yield (44c) describes
several techniques for analyzing evaporation and related losses.
Although accounting for net evaporation is very important for large

" reservoir projects, it can sometimes be neglected at small reservoirs
and run—-of-river projects.

(3) Irrigation and Water Supply Diversions. Reservoirs often

serve as the source of water for adjacent irrigation projects or
communities. Water may be pumped directly from the reservoir or
diverted through a pipeline at the dam. Because irrigation or water
supply is often included as a project purpose, data on these diver-
sions is usually developed in the planning process, and this data can
be used in the hydropower analysis. At existing projects, historical
data may be available, although consideration should be given to the
possibility of future increases in the level of diversion.

(4) Seepage and Leakage. There is usually some seepage under or
around dams and other embankment structures, and there is sometimes
leakage through the dam structure itself. In a few cases there may
even be seepage losses to underground aquifers or other strata
adjacent to the reservoir. As a rule, seepage or leakage is
relatively small, and in most cases it is difficult to estimate before
a project is actually constructed. However, this type of loss should
be considered where significant leakage is a possibility., The amount
of leakage is a function of the type and size of dam, the geologic
conditions, and the pressure caused by water in the reservoir. The
measured leakage at a similar type of dam in a similar geologic area
may be used as a basis for estimating losses at a proposed project.
The best source of data in this area would be the District foundation
and materials branch.
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(5) Gate Leakage. Leakage from spillway gates is a function of
gate perimeter, type of seal, and the head on the gate. Leakage may be
measured at existing projects with similar seals, and a leakage rate
may then be computed per foot of perimeter for a given head. This
leakage rate may then be used to compute estimated leakage for a
proposed project.

(6) Navigation Lock Operation. The inclusion of a navigation
lock at a dam requires that locking operations and leakage through
the lock be considered. The leakage is dependent upon the 1lift, the
type and size of lock, and the type of gates and seals. Again,
estimates can be made from observed leakage at similar structures.
Water required for locking operations should also be deducted from
water available at the dam site., These demands can be computed by
multiplying the volume of water required for a single locking
operation times the number of operations anticipated in a given time
period and converting the product to a flow rate over the given
period.

(7) Fish Facilities. Some projects have facilities for passing
migratory fish upstream or downstream, and others have fish hatcheries
or spawning beds that are an integral part of project operation. Fish
ladders or locks may be required for upstream passage, and water is
often required for attracting fish to the fish passage facility
entrances as well as for operation of the facilities themselves, In
some case, streamflow may also be required for downstream migrant fish
facilities, and in other cases spill may be required during the
downstream migration season. Where fish hatcheries are constructed
adjacent to the dam, water may be diverted directly from the reservoir
to the hatchery and this must be accounted for also. Information on
fish passage facility and fish hatchery water requirements can be
obtained from fishery agencies, design personnel, or from operating
experience at similar projects.

(8) Turbine Leakage. If a proposed project is to include power,
and if the area demand is such that the turbines will sometimes be
idle, it is advisable to estimate leakage through the turbines when
closed. This leakage is a function of the type of penstock, type of
turbine wicket gate, number of turbines, and head on the turbine.

The measurement of turbine leakage at similar existing projects may be
used to estimate leakage for a proposed project. Hydraulic machinery
specialists at the Hydropower Design Centers would be another source
of information on estimated turbine leakage. An estimate of the per-
cent of time that a unit will be closed may be obtained from actual
operation records for similar units in the same demand area. The
measured or estimated leakage rate is then reduced by multiplying by
the proportion of time the unit will be closed. For example, if
leakage through a turbine has been measured at 1.0 cubic feet per
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second (cfs), and the operation records indicate that the unit is
closed 60% of the time., The average leakage rate for the turbine
would be (0.6 x 1,0 cfs) = 0.6 cfs.

(9) Station Water Requirements. The use of water for purposes
related to operation of a project is often treated as a loss, Station
use for sanitary and drinking purposes, cooling water for generators,
and water for condensing operations are typical station water require-
ments at hydro projects. Examination of operation records for
comparable projects in a given study area may be useful in estimating
these losses, and the Hydroelectric Design Centers would be additional
sources of information. If a station service unit is included in a
project to supply the project's power needs, data should be obtained
from the designer in order to estimate water used by the house unit or
units.,

(10) Other Considerations. Some of the losses described above
vary considerably by season, while others are relatively constant the
year around. Irrigation diversions and evaporation losses vary widely
with season, while seepage and leakage and station water requirements
may be essentially constant the year around. Others, such as naviga-
tion lock requirements and fish facility requirements, may or may not
vary, depending on the project. When the sum of the losses varies
substantially by season, the data should be developed by month. In
other cases, a single average annual value may be satisfactory. Where
the data is to be used in a model which routes streamflow to down—
stream projects or control points, the total losses should be divided
into consumptive and non-consumptive losses. Table 4~1 shows a
typical summary of monthly streamflow losses.
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TABLE 4-1,
Example Monthly Streamflow Loss Table

LOSS (cfs)

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
Nonconsumptive
Fish facil-
ities 1/ 50 100 100 100 100 100 100 100 100 100 100 100
Closed
turbines 2/ 30 30 25 16 12 10 10 10 12 15 25 30
Navigation
locks 3/ 22 22 22 22 36 50 50 50 50 36 22 22
Seepage 4/ 15 15 15 15 15 15 15 15 15 15 15 15
Station use 8 8 8 8 8 8 8 8 8 8 8 8
Leakage 5/ 0 0 0 0 0 0 0 0 0 0 0 0
Total 125 175 170 161 171 183 183 183 185 174 170 175
Consumpt ive
Net evapo-
ration 6/ -44 -33 =20 -13 =30 -37 60 50 18 2 -23 =37
Irrigation 7/ 0 0 15 45 65 75 85 85 40 15 0 0
Water
supply 7/ 18 18 18 22 25 28 31 31 28 25 20 18
Total -26 =15 13 55 60 140 176 166 86 42 -3 =19

Shut down two weeks for maintenance in January.

Average leakage through closed turbines is 40 cfs.

Includes 8 cfs continuous leakage.

Seepage through dam and reservoir (estimated).

Leakage through spillway gates and conduits (projected).

Net result of evaporation and precipitation on the surface of
the reservoir. A net gain in water is shown as a negative loss.
Water withdrawn from reservoir. Any water withdrawn below the
dam is a loss to downstream projects only.

R RRERRE
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Figure 4-9. John Day Lock and Dam. With a peaking capacity of
2,484 MW, this is the largest hydroelectric project constructed
by the Corps of Engineers (Portland and Walla Walla Districts)
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CHAPTER 5

DETERMINING ENERGY POTENTIAL

5-1. JIntroduction,

a. Purpose and Scope, This chapter describes the process of
estimating the energy potential of a hydropower site, given the

streamflow characteristics and other data developed in Chapter 4. It
also defines basic energy terms, reviews the water power equation,
describes the two basic techniques for estimating energy (the
sequential streamflow routing method, and the non-sequential or flow-
duration method), and outlines data requirements for energy potential
studies.

b. Relationship of E Analvsis to Selecti £ Plant Si

(1) While it is difficult to separate selection of plant size
from estimation of energy potential, the two topics are treated
separately in this manual in order to simplify the explanation of the
techniques and processes used in each.

(2) Plant sizing is an iterative process. For a new project,
the first step would be to select alternative configurations to be
examined, such as alternative layouts, dam heights, and seasonal power
storage volumes (if applicable). A preliminary energy potential
estimate would be made for each alternative, either without being
constrained by plant size or with assumed plant sizes. Based on these
analyses, one or more alternatives would be selected for detailed
study. A range of plant sizes would be developed for each, as
described in Chapter 6, and specific energy estimates would be
computed for each plant size.

(3) When adding power to an existing project, the process is
usually much simpler. A preliminary energy estimate is first made to
determine the approximate magnitude and distribution of the site's
energy potential. Then, alternative plant sizes are selected using
the procedure outlined in Chapter 6, and specific energy estimates are
made for each. '

5-2. Iypes of Hydroelectric Energy.

a. General., Hydroelectric energy is produced by converting the
potential energy of water flowing from a higher elevation to a lower
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elevation by means of a hydraulic turbine connected to a generator.
Electrical energy is usually measured in kilowatt-hours, but it can
also be defined in terms of average kilowatts., Three classes of
energy are of interest in hydropower studies: average annual, firm,
and secondary.

b. Average Apnual Epnergy. A hydro project's average annual
energy is an estimate of the average amount of energy that could be
generated by that project in a year, based on examination of a long
period of historical streamflows. In sequential streamflow analysis,
average annual energy is calculated by taking the mean of the annual
generation values over the period of record. In non-sequential
analysis, it is computed by measuring the area under.the annual power-
duration curve., In many power studies, energy benefits are based
directly on average annual energy. In other cases, it is necessary to
evaluate firm and secondary energy separately (see Section 9-100).

c. Firm Epergy,

(1) As defined from the marketing standpoint, firm energy is
electrical energy that is available on an assured basis to meet a
specified increment of load. For hydroelectric energy to be market-
able as firm energy, the streamflow used to generate it must also be
available on an assured basis. Thus, hydroelectric firm energy (also
sometimes called primary energy) is usually based on a project's
energy output over the most adverse sequence of flows in the existing
streamflow record. This adverse sequence of flows is called the
critical period (see Section 5-10d).

(2) Where a hydro plant or hydro system carries a large portion
of a power system's load, the hydro plant's firm energy output must
closely follow the seasonal demand pattern. BReservoir storage is
often required to shape the energy output to fit the seasonal demand
pattern. Where hydro comprises only a small part of a power system's
resource base, a hydro plant's output does not necessarily have to
match the seasonal demand pattern. Its firm output can frequently be
utilized in combination with other generating plants and in this way
will serve to increase the total system firm energy capability.
However, in some systems, marketing constraints may preclude taking
advantage of this flexibility.

(3) In the Pacific Northwest and parts of Alaska, where hydro-
power is the predominant source of generation, generation planning is
based primarily on system energy requirements rather than peak load
requirements (see Sections 2-2b and 3-3b). Thus, to determine a
proposed hydro project's value to the system, it is necessary to
compute that project's firm energy capability. Capacity consid-
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erations are not ignored, however. Once sufficient resources have
been scheduled to meet firm energy requirements, a capacity analysis
is made to determine if additional capacity is needed in order to meet
peak loads plus reserve requirements,

(4) In most parts of the United States, however, hydropower
represents such a small portion of the power system's energy
capability that a hydro project's firm energy capability is not as
significant. The variation in a hydro project's output from year to
year due to hydrologic variability is treated in the same way as the
variations in thermal plant output from year to year due to forced
outages. Thus, in thermal-based power systems, the hydro project's
average annual energy output is usually the measure of energy output
that has the greatest significance from the standpoint of benefit
analysis, However, for projects having seasonal power storage, an
estimate of the project's firm energy capability is usually made in
order to develop criteria for regulating that storage. Also,
estimates of firm energy are sometimes required by the power marketing
agency.

(5) As noted earlier, firm (or primary) energy is based on the
critical period, which may be a portion of a year, an entire year, or
a period longer than a year. Where firm energy is based on a period
other than a complete year, it can be converted to an equivalent
annual firm energy, as described in Section 5-10g.

d. Secondary Energyv, Energy generated in excess of a project or
system's firm energy output is defined as secondary energy. Thus, it
is produced in years outside of the critical period and is often
concentrated primarily in the high runoff season of those years.
Secondary energy is generally expressed as an annual average value and
can be computed as the difference between annual firm energy and
average annual energy. Figure 5-1 shows monthly energy output for a
typical hydro project for the critical period and for an average water
year. The unshaded areas represent the secondary energy production in
an average water year.

(1) Mechanical Power (hp), The amount of power that a hydraulic

turbine can develop is a function of the quantity of water available,
the net hydraulic head across the turbine, and the efficiency of the
turbine. This relationship is expressed by the water power equation:
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Figure 5~1. Monthly energy output of a typical hydro project

QHet
hp = (Eq. 5-1)
8.815
where: hp = the theoretical horsepower available
Q = the discharge in cubic feet per second
H = the net available head in feet
e.= the turbine efficiency

(2) Electrical PoWer (kW). Equation 5-1 can also be expressed

in terms of kilowatts of electrical output:

QHe

kw - (ch 5-2)

11.81
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In this equation, the turbine efficiency (et) has been replaced by the
overall efficiency (e) which is the product of the generator
efficiency (e_ ), and the turbine efficiency (e_). For preliminary
studies, a tuPbine and generator efficiency of 80 to 85 percent is
sometimes used (see Section 5-5e). Equation 5-2 can be simplified by
incorporating an 85 percent overall efficiency as follows:

kW = 0.072 QH (Eq. 5-3)

(3) Energy (kWh)., In order to convert a project's power output
to energy, Equation 5-2 must be integrated over time,
1 t=n
kiWh = —————— Q H _edt (Eq. 5-4)
11.81 te
t=0
The integration process is accomplished using either the sequential
streanflow routing procedure or by flow-duration curve analysis.
Following is a brief description of the sources of the parameters that
make up the water power equation.

b. Flow, The values used for discharge in the water power
equation would be the flows that are available for power generation.
Where the sequential streamflow routing method is used to compute
energy, discrete flows must be used for each time increment in the
period being studied. In a non-sequential analysis, the series of
expected flows are represented by a flow-duration curve., In either
case, the streamflow used must represent the usable flow available for
power generation. This usable flow must reflect at-site or upstream
storage regulation; leakage and other losses; non-power water usage
for fish passage, lockage, etc; and limitations imposed by turbine
characteristics (minimum and maximum discharges and minimum and
maximum allowable heads). The basic sources of flow data are
described in Chapter U4,

c. Head.

(1) Gross or static head is determined by subtracting the
water surface elevation at the tailwater of the powerhouse from the
water surface elevation of the forebay (Figure 5-2). At most
hydropower projects, the forebay and tailwater elevations do not
remain constant, so the head will vary with project operation. For
run-of-river projects, the forebay elevation may be essentially
constant, but at storage projects the elevation may vary as the
reservoir is regulated to meet hydropower and other discharge
requirements, Tailwater elevation is a function of the total project
discharge, the outlet channel geometry, and backwater effects and is
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represented either by a tailwater rating curve or a constant elevation
based on the weighted average tallwater elevation or on "block loaded”
operation (see Section 5-6g).

(2) Net head represents the actual head available for power
generation and should be used in calculating energy. Head losses due
to intake structures, penstocks, and outlet works are deducted from
the gross head to establish the net head. Information on estimating
head loss is presented in Section 5-61.

(3) A hydraulic turbine can only operate over a limited head
range (the ratio of minimum head to maximum head should not exceed
50 percent in the case of a Francis turbine, for example) and this
characteristic should also be reflected in power studies (see Sections
5-5¢ and 5-61i).

d. Efficiency, The efficiency term used in the water power
equation represents the combined efficiencies of the turbine and
generator (and in some cases, speed increasers)., Section 5-5e
provides information on estimating overall efficiency for power
studies.

5-4. Gepneral Approaches to Estimating Energy.
a. Introduction, Two basic approaches are used in determining

the energy potential of a hydropower site: (a) the non-sequential or
flow-duration curve method, and (b) the sequential streamflow routing

FOREBAY
ELEVATION
e \v
HEAD o
LOSSES 4
GROSS
NET HEAD .
HEAD TAILWATER g
ELEVATION .
v WW
\ i /\\ o ool

Figure 5-2. Gross head vs. net head
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(SSR) method. In addition, there is the hybrid method, which combines
features of the SSR and flow duration curve methods.

b. FElow-Duration Curve Method,

(1) The flow-duration curve method uses a duration curve
developed from observed or estimated streamflow conditions as the
starting point. Streamflows corresponding to selected percent
exceedance values are applied to the water power equation (Equation 5-
2) to obtain a power-duration curve. Forebay and tailwater elevations
must be assumed to be constant or to vary with discharge, and thus the
effects of storage operation at reservoir projects cannot be taken
into account. A fixed average efficiency value or a value that varies
with discharge may be used. When specific power installations are
being examined, operating characteristics such as minimum single unit
turbine discharge, minimum turbine operating head, and generator
installed capacity are applied to limit generation to that which can
actually be produced by that installation. The area under the power-
duration curve provides an estimate of the plant's energy output.

(2) This method has the advantage of being relatively simple and
fast, once the basic flow-duration curve has been developed, and thus
it can be used economically for computing power output using daily
streamflow data. The disadvantages are that it cannot accurately
simulate the use of power storage to increase energy output, it cannot
handle projects where head (i.e. forebay elevation and/or tailwater
elevation) varies independently of flow, and it cannot be used to
analyze systems of projects.

(3) The flow-duration method is described in detail in Section
5-7 .

c. Sequential Streamflow Routing (SSR) Method.

(1) With the sequential streamflow routing method, the energy
output is computed sequentially for each interval in the period of
analysis. The method uses the continuity equation to route streamflow
through the project, and thus it accounts for the variations in
reservoir elevation resulting from reservoir regulation. This method
can be used to simulate reservoir operation for hydropower as well as
non-power objectives, such as flood control, water supply, and
irrigation.

(2) The advantages of SSR are that it can be used to examine
projects where head varies independently of streamflow, it can be used
to model the effects of reservoir regulation for hydropower and/or
other project purposes, and it can be used to investigate projects
that are operated as a part of a system. The primary disadvantage of
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SSR is its complexity. Because of the large amount of computer time
required to do daily studies for long time periods, most sequential
routings are based on weekly or monthly intervals. Generally, the use
of weekly or monthly average flows is satisfactory. Where using
weekly or monthly intervals results in an energy estimate that is
substantially in error (see Section 5-6b(l)), SSR studies should be
made using daily flows for all or part of the period of analysis.

(3) The sequential streamflow routing method is described in
Sections 5-8 through 5-14,

d. Hybrid Method, The hybrid method combines features of both
the duration curve and SSR methods. Historical streamflow and
reservoir elevation data for the period of record are obtained either
from historical records or from an existing SSR analysis (such as an
operational study performed for evaluating existing project
functions). Power output is computed sequentially for each interval
in the period of record, and the resulting data is compiled into
duration curve format for further evaluation. The hybrid method was
developed primarily to investigate the addition of power at existing
projects where head varies independently of flow. This includes flood
control storage projects and projects with conservation storage
regulated for non-power purposes. The hybrid method is usually faster
than an SSR routing but slower than the flow-duration curve method.
The hybrid method is described in Section 5-15.

e. JSelection of Method,

(1) General., For very preliminary or screening studies, the
flow=duration method can be used for almost any project, although
energy estimates for projects with storage or where head varies
independently of flow must be viewed with caution. Following is a
discussion of the methods that would normally be used for the various
types of projects.

(2) Run-of-River Projects., For the typical run-of-river
project, where head is essentially fixed (high head projects) or where

head varies with discharge (low head projects), the flow-duration
method is generally the best choice. Where head varies independently
of flow, the hybrid method should be used. SSR can also be used, but
is usually not selected for single projects because the daily flow
analysis required to get accurate results for run-of-river projects is
usually too time consuming. However, it is often desirable to use SSR
to analyze run-of-river projects that are operated as a part of a
system which also includes storage projects. An alternative to the
latter would be to use streamflows from an existing system SSR study
as input for a flow-duration or hybrid analysis.
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(3) Storage Projects. SSR is the only viable method for
evaluating storage projects regulated for power or for multiple
purposes including power. SSR would also normally be used for
examining the feasibility of including power at new flood control
projects or projects having conservation storage regulated for
purposes other than power. The hybrid method can be used to examine
the addition of power to an existing non-power storage project, if an
adequate historical record exists and regulation procedures are not
expected to change in the future., Otherwise, an SSR analysis must be
made.

(4) Ppeaking Projects. Two types of studies are made in

evaluating peaking projects: hourly operation studies and period-of-
record studies based on longer time intervals. The power output of a
peaking project must be delivered in the peak demand hours of the day
(and of the week). Hourly operational studies are required to test
the adequacy of pondage (daily/weekly storage) to support a peaking
operation, and to evaluate the impacts of peaking operation on the
river downstream. These problems, which are dealt with in more detail
in Sections 6-8 and 6-9, require hourly SSR routings for analysis.
These hourly routings should be made for selected weeks which are
representative of the full range of expected streamflow, power demand,
and other conditions, From these studies, it is possible to determine
the level of peaking capacity that can be maintained at different flow
levels. Period-of-record power studies would be made to determine the
project's average annual energy output, and the method used would
depend on the type of project as described in paragraphs (2) and (3)
above, The results of the hourly studies would then be applied to the
period-of-record power study to determine the project's dependable
capacity (see Section 6-Ti).

(5) Pumped-Storage Projects. The operation of off-stream

pumped-storage projects is dictated more by the needs of the power
system than by hydrologic conditions, Power system models (Section
6-9f) are normally used to estimate a project's required energy output
However, hourly SSR routings are required to test adequacy of pondage
and impact on non-power project and river uses. Where the lower
reservoir i1s a storage project, pericd-of-record studies using the
hybrid or SSR method may be required to determine the effect of
storage regulation on the pumped-storage project's operating head.

(6) Pump-Back Projects. Analysis of pump-back projects (on-
stream pumped-storage projects) also requires hourly SSR routing to
define power operation, adequacy of pondage, and non-power impacts.
Identification of the peak demand seasons and determination of the
frequency of pumped-storage operation would be made using power system
models, and this data would be used in conjunction with period-of-
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record SSR routings to estimate annual energy output and dependable
capacity (see Section T7-6).

(7) System Studies., Where a project is operated as a part of a
system, SSR analysis is required to properly model the impact of
system operation on that project's power output. The only case where
the flow-duration or hybrid method might be used would be in the
examination of a single existing project with no power storage, where
an adequate historical record exists, no changes in project operation
are expected, and no changes in streamflow resulting from the
regulation of upstream projects are expected.

5-5. Iurbipne Characteristics and Selection.

a. Geperal., Certain turbine characteristics, such as effic-
iency, usable head range, and minimum discharge, can have an effect on
a hydro project's energy output. For preliminary power studies, it is
usually sufficient to use a fixed efficiency value and ignore the
minimum discharge constraint and possible head range limitations.
However, for a feasibility level study, these characteristics should
be accounted for in cases where they would have a significant impact
on the results. This section presents some general information on the
turbine characteristics required for making power studies and on the
operating parameters involved in the selection of a specific turbine
design.

b. Usable Head Range.

(1) A variety of turbine types are available, each of which is
designed to operate in a particular head and flow range. Figure 2-35
illustrates the normal operating ranges for each type. In addition, a
specific turbine is capable of operating within a limited head range.
A horizontal Kaplan unit, for example, has a ratio of maximum head to
minimum head of about 3 to 1. Table 5-1 (Section 5~6i) describes the
usable operating head range for each of the major turbine types.

(2) Where possible, a runner design is selected such that the
turbine can operate satisfactorily over the entire range of expected
heads, This is especially important in the case of storage projects,
where drawdown characteristics may be a major factor in selection of
the type of turbine to be installed. At storage projects with a wide
head range, it is sometimes possible to utilize interchangeable
runners in order to maintain generation over the full head range.

(3) When adding power facilities to projects not originally

designed for power operation, head ranges may exceed the capabilities
of any turbine type. Examples are (a) low head projects where the
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tailwater elevation is so high at high discharges that the head falls
below the turbine's minimum head and the project "drowns out", and
(b) new power installations at existing storage projects, where the
range of head experienced in normal project operation exceeds the
capabilities of a single turbine runner.

(4) 1In preliminary studies, it is not necessary to account for
limitations on the turbine usable head range. However, they should be
accounted for in feasibility level studies. This is done by
specifying maximum and minimum operating heads in the power study.
When making the routing (or duration curve analysis), no generation is
permitted in those periods when the head falls outside of this range.

c. Desiegn and Rated Heads.

(1) Design head is defined as the head at which the turbine will
operate at best efficlency. The planner determines the head at which
best efficiency is desired from the power studies and provides this
value to the hydraulic machinery specialist for selection of an
appropriate turbine design. Since it is usually desirable to obtain
best efficiency in the head range where the project will operate most
of the time, the design head is normally specified at or near average
head. However, the design head should also be selected so that the
desired range of operating heads is within the permissible operating
range of the turbine.

(2) For single-purpose power storage projects, a preliminary
estimate of average head can be obtained by determining the net head
at the reservoir elevation where 25 percent of the power storage has
been drafted. For multiple-purpose storage projects, including flood
control and power, average head can be based on a draft of 33 to 50
percent. A more refined value of average head can be derived by
averaging the heads computed for each interval in the period-of-record
power routing studies. In some cases it is desirable to develop a
weighted average head, with the head values for each period weighted
by the corresponding power discharge,

(3) For run-of-river projects, design head can be determined
from a head-duration curve by identifying the midpoint of the head
range where the project is generating power (Figure 5-3). Design head
would normally be based on operation over the entire year, but where
dependable capacity is particularly important, it may be desirable to
base it on operation in the peak demand months only. For pondage
projects which operate primarily for peaking, design head is often
based on a weighted average head, which is weighted by the amount of
generation at each head.
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z.(head X generation)
Weighted average head = (Eq. 5-5)
3 (generation)

This analysis would be based on hourly routing studies. Because
period-of-record hourly studies are not practical, the analysis would
have to be limited to a sufficient number of weeks to be
representative of the period of record.

(4) Rated head is defined as that head where rated power is
obtained with turbine wicket gates fully opened. Thus, it is the
minimum head at which rated output can be obtained. A generator is
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Figure 5-3. Head-duration curve for run-of-river
project, showing how design head can be determined
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selected with a rated capacity to match the rated power output of the
turbine at a specific power factor (usually 0.95 for large synchronous
generators). Above rated head, the generator capacity limits power
output, so the unit's full rated capacity can be obtained at all heads
above rated head. Below rated head, the maximum achievable power
output with turbine gates fully open is less than rated capacity

(Figure 5-4).

(5) The selection of rated head is generally a compromise based
on cost, efficiency, and dependable capacity considerations. At some
projects, the range of head experienced in normal operation is small
enough that a unit can be selected such that rated output can be
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Figure 5-4, Turbine performance curve for a specific design
(s0lid line represents maximum output of unit)
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obtained over the entire operating range if desired (Figure 5-5). At
other projects, the head range is such that the operating head drops
below the rated head under some cperating conditions, with a resulting
decrease in generating capability. Examples of the latter are (a) a
storage project with a large drawdown, where head drops below rated
head at low pool elevations (Figure 5-6), and (b) a pondage project
with a large installed capacity, where the tailwater encroachment at
high plant discharges causes head to fall below rated head. Figure
5-7 illustrates a capacity versus discharge curve for various numbers
of 5 megawatt units at a low head run-of-river project. This figure
shows how output can drop off at the higher discharge levels due to
tailwater encroachment.
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Figure 5-5. Turbine design from Figure 5-4 as applied

to a project with a narrow operating head range
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(6) It is difficult to generalize about the relationship
between rated head and design head, because it is a function of the
type of turbine and how the project is operated. However, there are
some overall guidelines that may prove helpful. It is not usually
cost-effective to select a rated head equal to the expected maximum or
minimum head, because this would result in either an oversized turbine
or oversized generator, respectively (see Section 5-5g). The only
exception would be where the ratio of drawdown to maximum head is
small (Figure 5-5), in which case the rated head might be equal to the

minimum head.

| MAXIMUM ALLOWABLE HEAD OF TURBINE
——————————— T 7 TGENERATOR /7 T T,
/ LIMIT / /7

/ /7

s 7/

y; /
/
/s
/s 7/
/s 7/
RATED HEAD

HEAD (FEET)

CAPACITY (MW)

Figure 5-6. Turbine design from Figure 5-4 as applied
to a storage project with large operating head range
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(7) For a pure run-of-river project, the rated head is usually
defined by the maximum plant discharge (hydraulic capacity). For
example, a flow-duration curve would be examined, and one or more
discharges would be selected for detailed study. For each
alternative, the net streamflow available for power generation would
be determined, and this would define the hydraulic capacity for that
plant size. The net head available at the streamflow upon which the
hydraulic capacity is based would be the rated head. The design head
for this type of project would typically be based on the midpoint of
the head range where the plant is generating power, and this would
usually be higher than the rated head (see Figure 5-19).

(8) For projects with seasonal storage, it is usually desirable
to obtain rated output over a range of heads., Hence, the rated head
would typically be lower than the design head (the average head). For
preliminary studies, a rated head equal to or slightly below (95
percent of) the estimated average head can usually be assumed., For
more advanced studies, the rated head should be defined more specifi-
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Figure 5-7. Capacity vs. discharge for run-of-river
project for alternative plant sizes
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cally. For a storage project, the design head could be estimated from
the initial period-of-record sequential routings, as described in
paragraph (2), above. The head range in which it is desired to obtain
rated head could be defined by examining the routing in the light of
power marketing considerations, For example, in systems where
dependable capacity is important, it would be desirable to obtain
rated capacity throughout the normal range of drawdown during the peak
demand months. With this information, the hydraulic machinery
specialist would select a turbine design that most closely meets these
requirements, thereby defining the rated head. Head-duration curves
are very helpful in selecting the rated head.

(9) Run-of-river projects with pondage would generally be
treated similarly to storage projects, in that a turbine design would
be selected which permits operation at a good efficiency level most of
the time while permitting the delivery of rated output over the head
range where the project operates most of the time, At some projects,
the ratio of drawdown to maximum head is such that rated head can be
delivered through the entire operating range (as in Figure 5-5).
Hourly operation studies are often required to properly define the
operating head range, and this would include the head range where the
plant is expected to operate most of the time, as well as the extremes
(see paragraph (3) and Section 6-9).

(10) Hydraulic capacity was mentioned as a key parameter in
rating run-of-river projects, and it is important in rating projects
with load-following capability as well. For multiple-unit plants,
the units would normally be rated at the condition where all of the
units in the plant are assumed to be operating at full gate discharge
(i.e., with the plant operating at hydraulic capacity). The rated
discharge of individual units would be the desired plant hydraulic
capacity divided by the number of units. The rated head would be
based on the tallwater conditions corresponding to the total plant's
hydraulic capacity, and not the tailwater elevation corresponding to a
single unit operating at full gate discharge. Further information on
selection of hydraulic capacity (plant size) for peaking projects can
be found in Section 6-6d.

(11) Rated head is the minimum head at which the turbine manu-
facturer must guarantee rated output. However, turbines are some-
times able to deliver rated capacity at heads below rated head,
because the manufacturers typically build some cushion into their
designs to insure that they meet specifications., The minimum head at
which a specific turbine can actually deliver rated capacity is called
the critical head. Although the term critical head is sometimes used
synonomously with rated head, to be precise, a project's critical head
cannot be identified until the turbines have been purchased and
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tested. Therefore, only the term rated head should be used in
planning and design studies.

d. Mipimum Discharge,

(1) Cavitation and vibration problems limit turbines to a
minimum discharge of 30 to 50 percent of rated discharge (rated
discharge being discharge at rated head with wicket gates fully open).
This characteristic should be accounted for in power studies, and it
may in some cases influence the size and number of units to be
installed at a given site. For example, if a minimum downstream
release is to be maintained at a storage or pondage project for non-
power purposes, and it 1s desired to maintain power production during
these periods, a unit must be selected which is capable of generating
at the required minimum discharge. For run-of-river projects, proper
accounting for minimum discharge is equally important. Streamflows
below the single-unit minimum discharge will be spilled, so flow-
duration curves should be examined carefully to determine the size and
number of units that will best develop the energy potential of a given
site, The example in Section 6-6g illustrates the impact of single-
unit minimum turbine discharge on a project's energy output.

(2) In preliminary power studies, minimum discharge can usually
be ignored, but once a tentative selection of unit size or sizes has
been made, a minimum single-unit turbine discharge must be applied to
the energy computation. For more advanced studies, a minimum
discharge based on the data presented in Table 5-1 (Section 5-61i)
can be assumed. Once a specific turbine design has been selected, the
minimum discharge associated with that unit should be used.

e. Efficiency,

(1) The efficiency term used in power studies reflects the
combined efficiencies of the turbine and generator. Generator
efficiency is usually assumed to remain constant at 98 percent for
large units and 95 to 96 percent for units smaller than 5 MW.
However, turbine efficiency varies with the operational parameters of
discharge and head. The efficiency characteristics of a turbine vary
with type and size of unit and runner design. Figure 5-8 shows
typical performance curves for a Francis turbine.

(2) 1In reconnaissance level power studies, a fixed efficiency of
80 to 85 percent may be used to represent the combined efficiency of
the turbines and generators. A value of 85 percent can be applied to
installations where the larger custom-built turbines would be used.
The smaller standardized Francis and tubular turbines and units
requiring gearboxes have lower efficiencies, and an overall efficiency
of 80 percent should be used for reconnaissance studies of projects
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where this type of units would installed. 1In feasibility studies, it
is necessary to look at the specific characteristics of the type of
units being considered and the range of heads and flows under which
they will operate to determine the appropriate efficiency value or
values to use.

(3) Figure 2-36 shows that each turbine has a range of head and
flow where efficiency remains relatively constant. Outside of this
range, efficiency drops off rapidly. This characteristic is most
apparent with units such as Francis and fixed blade propeller
turbines, In power studies where the head and flow are expected to
lie within the range of relatively constant efficiency, an average
efficiency value can be used. However, where the units are expected
to operate over a wide range of flows and/or head, an efficiency curve
should be used instead of a fixed value.
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Figure 5-8. Typical Francis turbine performance curve
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(4) The variation of efficiency with head can be quite
significant at storage projects with large head ranges and at low~head
run-of-river projects. Some sequential routing programs have
provisions for modeling the variation of efficiency with head, and
others can accomodate variation with both head and discharge. Where
only variation with head is modeled, values of efficiency should be
selected which are most representative of the discharge levels at
which the plant will operate. When kW/cfs curves are used (see
Appendix G), the variation of efficiency with head would be
incorporated directly in that parameter. At other types of projects,
the variation of efficiency with discharge can be an important
consideration. Section 5-6k discusses the modeling of efficiency
versus head and discharge in more detail.

f. Iurbine Selection,

(1) Turbine selection is an iterative process, with preliminary
power studies providing general information on approximate plant
capacity, expected head range, and possibly an estimated design head.
One or more preliminary turbine designs are then selected and their
operating characteristics are provided as input for the more detailed
power studies. The results of these studies make it possible to
better identify the desired operating characteristics and thus permit
final selection of the best turbine design and the best plant
configuration (size and number of units).

(2) Turbine performance data for various types of turbines is
essential to the selection process. While data can be obtained
directly from the manufacturer, it is recommended that field offices
work instead through one of the Corps Hydroelectric Design Centers.
Hydraulic machinery specialists in these offices have access to
performance data for a wide range of unit designs from various
manufacturers, and they are able to recommend runner designs that are
best suited to any given situation. Performance curves can then be
provided to the field office for the selected turbine design.

(3) In preparing a request to a Hydroelectric Design Center for
turbine selection, the following information should be provided.

. expected head range

. head-duration data (not required but very useful)

. design head (optional)

. total plant capacity (either hydraulic capacity in cfs or
generator installed capacity in megawatts)

. minimum discharge at which generation is desired

. alternative combinations of size and number of units to be
considered (optional)
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. head range at which full rated capacity should be provided
if possible (optional)
. tailwater rating curve

g. Matching Geperator to Turbine,

(1) The rated output of a generator is chosen to match the
output of the turbine at rated head and discharge. As was discussed
earlier, the head at which the turbine is rated can vary depending on
the type of operation as well as economics. An example will serve to
illustrate some of the trade-offs involved in selecting this rating
point.

(2) Assume that a power installation is being considered for a
multiple-purpose storage project which is operated on an annual
drawdown cycle, similar to that shown in Figure 5-12. The maximum
head (head at full pool) is 625 feet, and the minimum head (head at
minimum pool) is 325 feet. From the initial sequential routing
studies, the average head is found to be 500 feet, and that head is
used as the design head (head at which best efficiency is desired).

It is proposed to investigate a plant which is capable of passing 1000
cfs at the design head.

(3) Assume that the turbine selection procedure outlined in
Section 5-5f is followed, and it is found that a Francis turbine of
the design shown in Figure 5-8 provides suitable performance for the
specified range of operating conditions. Applying this turbine to
these operating conditions, the performance curve shown as Case 2 on
Figure 5-9 is obtained.

(4) Rating the unit at three different heads will be considered:
design head, maximum head, and minimum head. These are not the only
options available. They could be rated at any intermediate head as
well, but examining these three alternatives will illustrate some of
the factors involved in selecting the conditions for rating a
generating unit,

(5) Consider first rating the unit at the design head. This
would be a reasonable alternative to consider for rating units at a
project with a head range of this magnitude. Case 1 on Figure 5-9
shows the performance characteristics of such a unit. The turbine
would be rated to produce 36.0 megawatts at a head of 500 feet and a
full-gate discharge of 1000 cfs. A generator of the same 36.0 mega-
watt rated output would be specified. Note that the turbine would
actually be rated in terms of its horsepower output, but to simplify
the discussion, its equivalent megawatt output will be used. The
dashed line shows additional capability of the turbine which is not
realized because of the limit imposed by the 36.0 megawatt generator,
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Figure 5-9 (continued)

Figure 5-10 shows the unit characteristics as applied to Figure 5-8,
including the turbine efficiencies obtained under various operating
conditions.

(6) Next, rating the unit at maximum head will be considered.
The same turbine would be used, but in this case it will be rated to
produce U49.5 megawatts at a head of 625 feet and a discharge of 1120
efs. A 49.5 megawatt generator would also be specified (Case 2 on
Figures 5-9 and 5-10). Rating the unit in this manner will insure
that the turbine's full potential will be utilized, and that the
maximum amount of energy can be produced. The additional energy
production is realized because the unit is capable of greater output
when high heads are accompanied by high discharges. However, this
additional output is achieved at the expense of higher costs for the
larger generator, transformer, and associated buswork and switchgear.
In most cases, the amount of time a project would experience these
combinations of high heads and high flows is too small to justify the
additional costs, but this can be verified only through economic
analysis.
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(7) The third option being considered is to rate the unit at
minimum head. In this case, the turbine would be rated to produce
17.5 megawatts at a head of 325 feet and a discharge of 790 cfs (Case
3 in Figures 5-9 and 5-10). Using this approach, it will be possible
to obtain the full rated output throughout the entire operating head
range, and this may be a consideration if the project's dependable
capacity output is of prime concern., However, it should also be noted
that the maximum discharge at the 500 foot design head is only 480
efs, well below the 1000 cfs requirement. To pass 1000 efs at 500
feet of head, the unit would have to be rated to produce 36.4
megawatts at the rated head of 325 feet. This requirement could be
met by installing a larger turbine runner of the same design. The
corresponding rated discharge would be 1640 cfs. The larger unit will
be able to capture some additional energy when high discharges are
experienced in the low head range. This additional performance would
be achieved at the cost of a larger runner, a larger penstock and
spiral case, and perhaps larger intake and powerhouse structures. In
addition, it can be seen from Figure 5-10 that the unit will be
operating at relatively low efficiencies much of the time, which will
result in a lower energy output over most of the operating range
(compared to Cases 1 and 2) and which could result in rough operation
of the unit.

(8) It can be seen from the examples that matching the generator
to the turbine at either maximum head or minimum head is not usually
desirable, at least not for a project with a large operating head
range. Rating a unit at maximum head usually results in an oversized
generator and rating the unit at minimum head results in an oversized
turbine. However, the example does show the general effect of varying
the rated head on project cost and performance. When making the final
analysis of a proposed powerplant, it is common to test a range of
rated heads, as well as different turbine runner designs, using
economic analysis to select the recommended plan., However, this would
not generally be done until the project reaches the design stage. At
the planning stage, it is usually satisfactory to consider only a
single rated head, selected using the general guidelines presented in
Sections 5-5c¢ (3) through (9), but also taking into account the
relationships described above. As with the turbine selection process,
the determination of rated head should be made in cooperation with
hydraulic machinery specialists from one of the Hydroelectric Design
Centers.

5-6. Data Requirements,
a. Introduction. This section describes the data required for

energy potential studies. The data specifically required for a given
study varies depending on the type of project and the method used for
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computing the energy. This section describes each data element in
detail, and Tables 5-2, 5-3, 5-4, 5-12, and 6~2 summarize specific
data required for each of the respective types of studies.

b. Routing Interval,

(1) The time interval used in a power study depends on the type
of project being evaluated, the type of power operation being
examined, the degree of at-site and upstream regulation, and the other
functions served by the project or system. Longer time intervals,
such as the month, are generally preferable from the standpoint of
data handling. However, where flows and/or heads vary widely from day
to day, shorter intervals may be required to accurately estimate
energy output.

(2) A daily time interval should generally be used with the
duration curve method. Weekly or monthly average flows tend to mask
out the wide day-to-day variations that normally occur within each
week or month. As a result, the higher and lower streamflow values
are lost, and the amount of streamflow available for power generation
may be substantially overestimated (see Figure 5-29). The only case
where weekly or monthly average flows could be used would be where
storage regulation minimizes day-to-day variations in flow.

(3) The time interval used for the sequential streamflow routing
method depends on the type of project being studied. For projects
with seasonal power storage, a weekly or monthly interval is normally
used. A weekly interval would give better definition than a monthly
interval, but where a large number of projects are being regulated
over a long historical period, the monthly interval may be the most
practical choice from the standpoint of data processing requirements.
Where the monthly interval has been adopted but the hydrologic
characteristics of the basin produce distinct operational changes in
the middle of certain months, half-month intervals may be used. In
some snowmelt basins, for example, reservoir refill typically begins
in mid-April, and to model this operation accurately, Aprils are
divided into two half-month intervals.

(4) During periods of flood regulation, streamflows may vary
widely from day to day, and daily analysis may be required, both to
accurately estimate energy potential and to properly model the flood
regulation (if the routing model is being used to simultaneously do
flood routing and power calculations). One approach is to use a daily
or multi-~hour routing during the flood season and weekly or monthly
routing during the remainder of the year., Some sequential routing
models, including HEC-5, can handle a mix of routing intervals.
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(5) PFor SSR analysis of a run-of-river project with no upstream
storage regulation, daily flows must be used. Where seasonal storage
provides a high degree of streamflow regulation and streamflows at the
run-of-river project remain relatively constant from day to day,
weekly, bi-weekly, or monthly intervals may be used.

(6) For studies of peaking projects, pump-back projects, and
off-stream pumped-storage projects, hourly sequential routing studies
may be required (Section 6-9). These studies are generally made for
selected weeks which are representative of the total period of record.

(7) When using the hybrid method (Section 5-4d), a daily routing
interval should be used, for the same reasons as were cited for the
duration curve method.

(8) The level of study may also influence the selection of the
routing interval., In cases where daily data would be required at the
feasibility level, weekly or monthly data may be adequate for
screening or reconnaissance studies,

c. Streamflow Data,

(1) For sequential routing studies, historical streamflow
records are normally used. The basic sources of historical streamflow
data and methods for adjusting this data for hydrologic uniformity are
described in Sections 4-3 and 4-4, To avoid biasing the results, only
complete years should be used.

(2) Historical records are frequently used for flow-duration and
hybrid method analyses also. However, the data must be consistent
with respect to upstream regulation and diversion, In some cases,
period-of-record sequential routing studies have previously been
performed for the purposes of analyzing flood control operation or
other project functions. Since these routings would already reflect
actual operating criteria and other hydrologic adjustments, they
should be used when they are available.

(3) For hourly studies, flow is usually obtained from the weekly
or monthly period-of-record sequential routing studies that describe
the long-term operation of the project being studied.

d. Lenegth of Record,

(1) Thirty years of historical streamflow data is generally
considered to be the minimum necessary to assure statistical
reliability. However, for many sites, considerably less than 30
years of record is available. Where a shorter record exists, several
alternatives for increasing data reliability are available.
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(2) For a large project, particularly one with seasonal storage,
the streamflow record should be extended using correlation techniques,
basin rainfall-runoff models, or stochastic streamflow generation
procedures (Section 4-3d).

(3) For small projects where energy potential is to be estimated
using the flow-duration method, correlation techniques can also be
used. A short-term daily flow-duration curve can be modified to
reflect a longer period of record by correlating the streamflow with
nearby long-term gaging stations,

(4) For small projects where sequential streamflow routing is
to be used, and less than 30 years of flow data are available, the
record should be tested by comparing with other nearby gaging stations
to determine if it is representative of the long term, If so, the
analysis could be based on the available record, but, if not, the
record should be extended using one of the methods outlined in Section
4-34.

(5) In examining the addition of power to an existing flood
control storage project, the period of record for regulated project
outflows may be relatively short, but a long term record of unreg-
ulated flows usually exists. If the available record of regulated
flows is not representative of the long term, regulated flows for
the entire period of record could be developed using a reservoir
regulation model such as HEC-5 or SSARR.

(6) When evaluating a project with seasonal power storage (or
conservation storage for multiple purposes including power), care
should be taken to insure that the streamflow record includes an
adverse sequence of streamflows having a recurrence interval suitable
for properly analyzing the project's firm yield (say once in 50
years)., This could be tested by comparing the available record with
longer-term records from other gages or by analyzing basin precipi-
tation records, If the avallable sequence does not include an
adverse flow sequence suitable for reservoir yield analysis, it should
be extended to include one.

(7) The discussion in the preceding paragraphs applies primarily
to feasibility and other advanced studies. For reconnaissance
studies, extensive hydrologic analysis can seldom be justified. An
estimate of the project's energy output can be developed using the
available record, and an approximate adjustment can be made if
necessary to reflect longer term conditions,
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e. Streamflow Losses,

(1) Not all of the streamflow passing a dam site may be
available for power generation. Following is a list of some of the
more common streamflow losses. The consumptive losses include:

.« reservoir surface evaporation losses
« diversions for irrigation or water supply

The non-consumptive losses include:

. hnavigation lock requirements

. requirements of fish passage facilities

. other project water requirements

. leakage through or around dam and other embankment
structures

. leakage around spillway or regulating outlet gates

. leakage through turbine wicket gates

(2) Techniques for estimating each of these losses are discussed
in Section 4-5h., Losses may be assumed to be uniform the year around,
or they can be specified on a monthly or seasonal basis. If the
streamflow is to be routed to downstream projects or control points,
it will be necessary to segregate the losses into consumptive and
nonconsumptive categories., Otherwise, they can be aggregated into a
single value for each period (or the year if no seasonal variation is
assumed)., As noted in Section 4-5h, evaporation losses at storage
projects are treated as a function of surface area (and hence
reservoir elevation).

(3) When examining the addition of power to an existing project,
it is common to use either a historical record of project releases of
an existing period-of-record sequential routing study. This data
usually reflects consumptive losses already.

f. Reservoir Characteristics.

(1) In sequential streamflow routing studies, the type of
reservoir data that must be provided depends on the type of project
being examined. For storage projects, this would include storage
volume versus reservoir elevation data, and (where evaporation losses
are treated as a function of reservoir surface area) surface area
versus elevation data. Examples of storage-elevation and area-
elevation curves are shown in Section 4-5c¢. Where physical or
operating limits exist, maximum and/or minimum reservoir elevations
would also be identified.
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(2) For some run~of-river projects, a constant reservoir
elevation can be specified, but for others, it may be necessary to
develop a forebay elevation versus discharge curve. For run-of-river
projects with pondage, reservoir elevation will vary from hour to
hour, and the average daily elevation may vary from day to day. In
the hourly modeling of peaking operations, this variation in elevation
must be accounted for, and storage-elevation data must be provided in
the model. However, when these projects are being evaluated for
energy potential, and daily, weekly, or monthly time intervals are
being used, an average pool elevation should be specified. The
average elevation can be estimated from hourly operation studies, and
it may be specified as a single value or as varying seasonally (for
example, assume a full pool in the high flow season and an average
drawdown during the remainder of the year).

(3) When using the flow-duration method, either a fixed
(average) reservoir elevation or an elevation versus discharge
relationship must be assumed for all types of projects. When using
the hybrid method, reservoir elevations are obtained for each interval
from the historical record or from a base sequential streamflow
routing study.

g. Iallwater Data.
(1) Three basic types of tailwater data may be provided:

. a tailwater rating curve
. a weighted average or "block-loaded" tailwater elevation
. elevation of a downstream reservoir

(2) For most run-of-river projects or projects with relatively
constant daily releases, a tailwater rating curve would be used. At
peaking projects, the plant may typically operate at or near full
output for part of the day and at zero or some minimum output during
the remainder of the day. In these cases, the tailwater elevation
when generating may be virtually independent of the average
streamflow, except perhaps during periods of high runoff. For
projects of this type, a single tailwater elevation based on the
peaking discharge is often specified. It could be a weighted average
tailwater elevation, developed from hourly operation studies and
weighted proportionally to the amount of generation produced in each
hour of the period examined. 1In other cases, it might be appropriate
to use a "block-loaded"™ tailwater elevation, based on an assumed
typical output level (Figure 4-7).

(3) There is sometimes a situation where a downstream reservoir

encroaches upon the project being studied: i,e., the project being
studied discharges into a downstream reservoir instead of into an open
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river reach. This encroachment may be in effect all of the time or
just part of the time. During periods when encroachment occurs, the
project tailwater elevation should be based on the elevation of the
downstream reservoir,

(4) 1In some cases, two or more different tailwater situations
may exist at a single project during the course of the year. It may
operate as a peaking project most of the year, and during this period
a "block-loaded" tailwater elevation may be most representative.
During the high flow season, the tailwater rating curve may best
describe the project's tailwater characteristics. Some energy models
provide all three tailwater characteristics (rating curve, weighted
average or block-loaded elevation, and elevation of downstream
reservoir) and select the highest of the three for each interval.

(5) When SSR modeling is done on an hourly basis, it is
necessary to reflect the dynamic variation of tailwater during peaking
operations (i.e., the fact that the tailwater elevation response lags
changes in discharge). A simple lag of the streamflow hydrograph may
be applied to reflect the time required for tailwater to adjust to
changes in discharges, or more sophisticated routing techniques may be
applied. Section Y4-5b provides additional information on developing
tailwater data.

h. JInstalled Capacity,

(1) The powerplant installed capacity establishes an upper limit
on the amount of energy that can be generated in a period. Installed
capacity is one of the variables considered in evaluating a hydro
project, and it is common to make energy estimates for several
alternative plant sizes. However, when other variables, such as dam
height, storage volume, and project layout are being considered as
well, a systematic approach is needed to minimize the number of power
studies made. A frequently used procedure is to assume a common plant
sizing parameter for all project configurations, one which results in
most of the energy being captured. This parameter could be a typical
plant factor or, in the case of a duration curve analysis, a specific
point on the flow-duration curve. Then, once the range of possible
project configurations has been screened down to one or more most
likely candidates, alternative plant sizes would be tested.

(2) For preliminary studies, energy estimates are sometimes made
without applying an installed capacity constraint. The resulting
value, which represents the total energy potential of the site, can be
used to select a range of plant sizes for more detailed study.

(3) Formerly, plant capacity was specified in terms of both a
rated or nameplate capacity and a somewhat higher overload capacity
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(usually 115 percent of nameplate). At the present time, only a
single rated capacity value is specified, and this value includes
overload characteristics (see Section 6-1b). Chapter 6 gives
additional information on plant size selection.

i. Turbine Characteristics.

(1) Maximum and minimum turbine discharge and the turbine's
usable head range establish limits on the amount of energy that can be
developed at a site. In making energy computations, it is necessary
to check to insure that the net head and usable discharge values for
each time interval fall within the allowable range for the type of
turbines being considered, so these values must be identified.
Sections 2-6 and 5-5 provide general information on turbine character-
istics and turbine selection. Following is some specific data on
discharge and head ranges for the various types of turbines.

(2) In planning studies, plant size is often specified initially
in terms of hydraulic capacity. The hydraulic capacity would also be
the plant's maximum discharge, and in most cases can be assumed to be
the same as the plant's rated discharge (see Section 6-1b(8)). The
maximum (or rated) discharge of individual units would be defined by
the number and size of the units (see Section 6-6f).

(3) Cavitation problems and the possibility of rough operation
preclude generation below a minimum discharge (see Section 5-5d), and
the minimum discharge for a single unit establishes the plant's
minimum allowable power discharge. Table 5-1 lists factors for
computing minimum discharges for different types of turbines given a
units rated discharge. These values can be used for initial power
studies, but once a unit design has been selected, the specific
minimum discharge characteristics of that unit should be used.

(4) Likewise, a turbine is only capable of operating
satisfactorily over a limited head range (Section 5-5b), and this
should be reflected in energy studies. For preliminary studies, the
maximum head ranges listed in Table 5-1 should be used, These ranges
are only approximate., Once a unit design has been selected, the
specific head range characteristics of that unit should be used
instead.

J. K¥/efs Curve, When hand routing techniques and certain
computer programs are used to evaluate the energy output of a storage
project, kW/cfs versus elevation and kW/cfs versus head curves are
sometimes used to simplify the analysis. These curves account for the
variation of powerplant efficiency with head, and the kW/cfs versus
elevation curves account for head loss and tailwater elevation as
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TABLE 5-1
Discharge and Head Ranges for Different Types of Turbines

Ratio of Minimum Ratio of Minimum
Discharge to Head to
Turbine Type Rated Discharge Maximum Head
Francis 0.40 0.50
Vertical shaft Kaplan 0.40 0.40
Horizontal shaft Kaplan 0.35 0.33
Fixed blade propeller 0.65 0.40
Fixed gate adjustable
blade propeller 0.50 0.40
Fixed geometry units
(pumps as turbines) - 0.80
Pelton (adjustable
nozzles) 0.20 0.80

well, Appendix G describes how kW/cfs curves can be developed and
used.

k. Efficiency.

(1) The efficiency of turbine-generator units varies with both
head and discharge and with turbine type. Section 5-5e describes
these efficiency characteristics in some detail. The following
paragraphs summarize how efficiency should be treated for different
types of projects and studies.

(2) For preliminary studies, it is common to assume a fixed
overall efficiency of 80 to 85 percent.

(3) A fixed efficiency value can also be used for feasibility
level studies of small hydro projects where the head fluctuation is
small compared to total head (less than 10 percent). A value of 80 to
85 percent can be used prior to turbine selection, but once a
turbine design has been chosen, an average efficiency based on the
characteristics of that unit should be used.

(4) For feasibility studies of large projects, or small projects

where large head fluctuations are experienced, the variation of
efficiency can have a significant effect on energy output. For small,
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low~head projects, where head varies directly with discharge, an
efficiency versus discharge relationship can be derived (see Section
5=Tn).

(5) For projects where head varies independently of discharge,
an efficiency versus discharge curve can be used if head does not vary
substantially. Where head does vary substantially, several alter-
natives are available. For projects with four or more units, there is
considerable flexibility of operation. The number of units that are
placed on-line at any given discharge would be selected such that they
would all be operating at or near the point of best efficiency for the
given discharge. In these cases, an efficiency versus head curve can
be developed. Figure 5-11 shows an efficiency vs. head curve for a
multiple-unit Francis installation. This curve was developed from the
turbine performance curve shown on Figure 5-8, based on the units
operating at the point of best efficiency at each head. The
efficiency values from Figure 5-8 were reduced by an additional two
percent to account for generator losses. Where a project is normally
"block loaded" (sée Figure 5-10, the plant would always operate at or

T
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Figure 5-11. Net head vs. efficiency curve
for Francis turbine (multiple-unit installation)
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near full plant output. An efficiency versus head curve could be
developed for this type of project as well.

(6) Where it is considered necessary to model the variation of
efficiency with both head and discharge, several techniques are
available., One example is the procedure used in North Pacific
Division's HYSSR model (see Appendix C), where three efficiency versus
head curves are used:

. operation at best efficiency

. operation at full gate discharge

. operation at rated capacity (or overload capacity,
if the units have an overload capacity)

Because all of the major plants in the NPD system are multiple-unit
plants, it can be assumed that the number of units on line will be
varied so that all plants will operate at or near the point of best
efficiency for flows up to 80 percent of the plant's full gate
hydraulic capacity. Between 80 percent and full gate discharge, the
model interpolates between the best efficiency and full gate curves.
Between full gate discharge and rated capacity, it interpolates
between the full gate and rated capacity curves. At higher
discharges, the rated capacity curve is used. At heads below rated
head, the rated capacity curve would not apply.

(7) Other approaches for treating both head and discharge can be
used as well, including table look-up, but care should be taken to
insure that the efficiency algorithm will load the proper number of
units to give the best overall plant efficiency at each discharge
level. Also, if the project is a peaking plant, the algorithm should
not utilize the average discharge for the period to compute
efficiency. It should use instead either a weighted average discharge
or a "block loading" discharge (see Section 5-6g), whichever best
describes the project's operation.

(8) Accurately modeling the variation of efficiency with both
head and discharge is a complex operation, and including such an
algorithm in an energy model substantially increases running time.
Accordingly, it should be used only for projects where the increased
accuracy of results is important. For most projects, modeling the
variation of efficiency with either discharge or head will provide
satisfactory results,

1. Head Losses.
(1) In determining the net head available for power generation,

it is necessary to account for head loss in the water passages. These
losses include primarily friction losses in the trashrack, intake
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structure, and penstock, Hydraulic losses between the entrance to the
turbine and the draft tube exit are accounted for in the turbine
efficiency.

(2) For projects where the intake is integral with the power-
house structure, the losses across the trash racks are the major
consideration, For most planning studies, a trash rack head loss of
1.0 feet can be assumed. This value is based on a typical entrance
velocity of about 5.0 feet per second. For more detailed information
on trash rack losses, reference should be made to the Bureau of
Reclamation's Engineering Monograph No. 3 (62),

(3) Steel penstock head losses can be derived using the Scobey
equation:

V1.9
- k — (Eq. 5-6)

£
a3
o
"
o
=2
fl

£ friction loss in feet per thousand
feet of penstock length

D = penstock diameter in feet

V = average velocity of flow in penstock
in feet per second

ks = a friction loss coefficient

The friction loss coefficient k_ is a function of the roughness of
the penstock wall. For steel penstocks, a value of 0.34 can usually
be assumed for k_ . Additional information on estimating penstock
losses (including estimating losses for concrete-lined power tunnels)
can be obtained from standard hydraulic design references, including
the Bureau of Reclamation's Engineering Monograph No. 7 (61).

(4) For preliminary studies and for analysis of projects with
short penstocks, it is usually satisfactory to use a fixed penstock
head loss, based on the average discharge. For projects with longer
penstocks, it is preferable to use a head loss versus discharge
relationship. Where a fixed value is used, it would be based on the
average daily discharge for a run-of-river plant, but for a peaking
project, it should be based on the average discharge when generating.

(5) For projects with long penstocks, the size of the penstock
will have a major impact on project costs, and to minimize costs it is
desirable to minimize penstock diameter. However, smaller penstock
diameters lead to larger losses in potential power benefits due to
penstock friction losses. For projects where penstock costs are
large, it is usually necessary in advanced stages of planning to make
an analysis to détermine the optimum penstock diameter considering
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both costs and power losses. In earlier stages of study, and at
projects where penstock costs are not a major cost component, a
preliminary penstock diameter can be selected using a velocity of 17
percent of the spouting velocity.

)0.5

= 0.17(2gH (Eq. 5-6a)

R

where: V

R velocity of flow in the penstock at rated discharge,

in feet per second 2
g = gravitation constant (32.2 feet/second®)
H gross head in feet

However, velocity should normally not exceed 25 feet per second and
penstock diameters should not exceed 40 feet. For other than very
short or very large penstocks, it is usually cost—-effective to use a
single penstock, branching just prior to entering the powerhouse.

(6) Hydraulic design references also provide equations for
estimating intake and exit losses. Where the intake design permits a
gradual increase in velocity, these losses are usually negligible, but
where velocity increases sharply (as in square bellmouth intakes),
intake losses should be computed. Engineering Monograph No. 3 (62)
gives further information on computing intake losses and losses
associated with gates and valves,

m. Non-Power Operating Criteria.

(1) A number of operating criteria may exist for governing
project functions other than power, and these often affect the energy
output of hydro projects, especially those projects having
conservation or flood control storage. These constraints could
include the following:

. minimum discharge requirements

. . storage release schedules for downstream uses (navigation,
irrigation, water supply, water quality, etc.)

. flood control requirements

. optimum pool elevation for reservoir recreation

. minimum pool elevation required to permit pumping from
reservoir for irrigation and other purposes

(2) Vhere the addition of hydropower to existing projects is
being considered, these requirements may be well-defined, and the
specific details can be obtained from historical operating data or
reservoir regulation manuals. For new projects, the non-power
requirements must be developed concurrently with the hydropower
operating criteria (see Section 5-12), and in such a way as to
optimize total project benefits. Sequential streamflow routing models
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such as HEC-5 are generally capable of integrating flood control and
non-power storage regulation objectives in the power study (40).
Figure 5-12 shows a rule curve for an existing flood control-
conservation storage project, and it illustrates the type of criteria
that sometimes must be observed in making power studies.

(3) The above discussion applies primarily to the sequential
routing method. The duration curve and hybrid methods cannot
explicitly account for non-power operating criteria. The only way in
which they can be reflected is to utilize flow data which already
incorporates these criteria. In hourly sequential routing studies,
additional operating criteria often must be considered, and these are
described in Section 6-9.

n. Chapnel Routing Characteristics.

(1) Channel routing characteristics are required to define (a)
travel times between projects and/or control points, and (b) the
moderating effect of channel storage on changes in discharge. These
effects can usually be ignored in monthly and weekly studies, but they
are important in daily and hourly studies, especially where multiple
projects are being studied or where downstream non-power objectives
(such as flood control or water supply) must be met concurrently with
power operations. SSR models with daily or hourly capabilities
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Figure 5-12. Rule curve for project with
flood control and conservation storage
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generally incorporate one or more channel routing routines, and
reference should be made to the user manuals for these models to
determine the specific input requirements.

(2) 1In evaluating the impact of project operation on non-power
river uses and the environment, it may be necessary to obtain detailed
hourly discharge and water surface elevation data at intermediate
points within a reservoir or at downstream points. The hydrologic
techniques of flood routing (modified Puls, Muskingum, etc.) are often
used in these studies. However, when streambed slopes are very flat
(less than two feet per mile), hydraulic routing techniques (using St.
Venant equations) may be necessary to properly account for downstream
effects.

o. Generation Requirements,

(1) At storage projects, power storage may be available to
permit the seasonal shaping storage releases to fit power demand.
Generation requirements can be specified either as month-by-month firm
energy requirements (in kilowatt-hours) or as month-by-month
percentage distributions of total annual firm energy production,
Specific generation requirements would be used if the objective is to
determine the amount of storage required to carry a given amount of
load, while the percentage distribution would be specified if the
objective is to determine the maximum firm energy potential of a given
reservoir.

(2) In making weekly studies, the monthly energy values can be
proportioned among the weeks to obtain a smooth annual distribution,
or the monthly energy requirement can be distributed equally among the
weeks within each month., In daily studies, it is common to assume a
weekly cycle, with five equal weekday loads and proportionally smaller
loads on Saturdays and Sundays (Figure 5-13).

(3) For hourly studies, hourly load distributions must be
developed, generally for one week periods, Utilities are required
each year to provide hourly loads for three representative weeks
during the year: a summer week, a winter week, and a spring or fall
week, These three load shapes can generally be used in combination
with monthly loads to develop the hourly loads for an entire year.
Reference (15) provides examples of typical hourly load distributions
and describes how these can be used to develop hourly loads for the
full year.

(4) Generation requirements are not usually needed for the
duration curve and hybrid methods because it is generally assumed in
studies of this type that all generation is usable in meeting power
system demand., In remote areas, however, project energy output may
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sometimes be limited by demand. When the duration curve method is
used for evaluating projects in remote areas, power-duration curves
can be developed for each month (or for groups of months with similar
loads), and the curves can be adjusted manually to reflect usable
energy (Figure 5-14). The same approach could also be used with the
hybrid method. Alternatively, maximum usable generation values could
be specified for each month and the model could be set to
automatically limit generation to these values.

(5) The primary source of generation requirements for energy
studies should be the regional Power Marketing Administration (PMA)
responsible for marketing the power from the proposed hydro project.
However, in some cases, the PMA's generation requirements reflect
contractual constraints which would preclude developing an operating
plan which maximizes NED benefits. Where this occurs, two separate
plans should be developed: one which maximizes NED benefits, and one
which meets the PMA's requirements. Both should be considered in the
selection of the recommended plan. Sources of generation data are
discussed in Section 3-5,
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Figure 5-13. Weekly load shape
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(1) The basis of this method is a flow-duration curve, usually
constructed from historical records, which describes the percent of
time different levels of streamflow are equaled or exceeded (Figure
5-15). This curve can be readily converted to a power-duration curve
through application of the water power equation, and from the latter
curve an estimate can be made of the site's energy potential. The
primary advantages and disadvantages of the flow-duration method are
summarized in Section 5-4b, together with a discussion of the types of
studies for which this method is appropriate.

(2) Traditionally, duration-curve energy analyses have been
based on flows for the entire year, and this is often satisfactory for
preliminary energy potential studies. However, when a project
advances to the point where marketing of the power is being studied,
it is usually necessary to prepare duration curves describing the
plant's energy output by month or by season. The dependable capacity
for most small projects is based on the average capacity available
during the peak demand months (Section 6-7g), and to do this analysis,
it is necessary to have a power-duration curve based on flows for the
peak demand months.

(3) The following sections describe the basic steps for
computing average annual energy and dependable capacity using the
flow-duration method. The discussion includes a sample calculation
for a typical low-head run-of-river project with no pondage.

b. Data Requirements., Table 5-2 provides a summary of the basic
assumptions and input data requirements for this method. Further
information on specific items is provided in the corresponding
paragraphs of Section 5-6.

c. Develop Flow-Duration Curve, The first step is to compile a
flow-duration curve using the available streamflow record, adjusted if

necessary to reflect depletions and current streamflow regulation.

For preliminary studies, flow would be aggregated in classes (flow
ranges) which would produce 20 to 30 well-distributed points on the
duration curve. For more detailed studies, a larger number of classes
should be used. The actual compilation of the duration curve is
usually done with a computer model. Figure 5-15 illustrates a flow-
duration curve for the example project. From the area under the
curve, the average annual flow is computed to be 390 cfs.

d. Adjust Flow-Duration Curve, If less than thirty years of
flow data is available, nearby stations with longer periods of record
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should be analyzed to determine if the available period of streamflow
record is substantially wetter or drier than the long-term average.
If so, the flow=duration curve should be adjusted by correlation with
flow=duration curves from the stations with longer-term records.
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Figure 5-15. Flow-duration curve
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TABLE 5-2

Summary of Data Requirements for Duration Curve Method

Input Data

Routing interval
Streamflow data

Minimum length of record

Streamflow losses
Consumptive
Nonconsumptive

Reservoir characteristics

Tailwater data

Installed capacity

Turbine characteristics

KW/cfs table

Efficiency

Head losses

Non~-power operating
criteria

Channel routing
Generation requirements

5-6J
5-6k

5-61
5-6m

5-6n
5-60

Paragraph 1/ = Data Reguired

daily time interval

historical records or SSR
regulation

30 years or representative
period

see Sections 4-5h(2) and (3)

see Sections 4-5h(%4) thru (10)

use elevation vs, discharge
curve or assume fixed
elevation

tailwater curve or fixed value

specify capacity for all but
preliminary studies

specify maximum and minimum
discharges and maximum
and minimum heads

not used

fixed efficiency or efficiency
vs., discharge curve

use fixed value or head loss
vs, discharge curve

use flow data which
incorporates these criteria

not required

not usually required

1/ For more detailed information on specific data requirements,
refer to the paragraphs listed in this column.

e,

Determine Flow Losses, Flow losses of various kinds often

reduce the amount of streamflow available for power generation (see

Section 5-6e).

In the example, it will be assumed that net evapo-

ration losses are minimal but an average loss of 20 cfs results
from leakage around gates and the dam structure.
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f. Develop Head Data,

(1) Head can be treated in several ways. One method is to
develop a head versus discharge curve, which reflects the variation of
tailwater elevation with discharge (and forebay elevation with
discharge where such a relationship exists). Another approach is to
include the head computation directly in the solution of the water
power equation (Section 5-~7i).

(2) A head-discharge curve would be computed by applying the
following equation to a sufficient number of discharge levels to cover
the range of flows at which generation would occur,

Net head = (FB) - (TW) - (losses) (Eq. 5=T)
where: FB

TW
losses

forebay elevation
tailwater elevation
trashrack and penstock head losses, in feet

The lower part of Figure 5-16 illustrates such a curve. The head
curve is based on the tailwater curve shown in the upper part of
Figure 5-16, a fixed forebay elevation of El. 268.0, and an average
head loss of 1.0 ft.

(3) 1In Figure 5-16, a fixed head loss of 1.0 feet was assumed.
Using a fixed head loss is reasonable if the penstock or water passage
is short and if head losses are small. For projects with long
penstocks, it is preferable to use a head loss versus discharge
relationship (see Section 5-61).

g. sSelect Plant Size.

(1) For very preliminary studies or to estimate the gross
theoretical energy potential of the site, the plant size need not be
specified. For reconnaissance studies, it is necessary to test only a
single plant size, but as a practical matter, it is usually desirable
to examine a range of plant sizes, especially if an initially assumed
installation proves to be marginally economical. In more advanced
studies, a range of plant sizes (and in some cases, combinations of
sizes and numbers of units) would always be considered, to determine
the optimum development.

(2) The selection of the plant size (or range of plant sizes)
would be based on an examination of the shape of the duration curve
with a view toward obtaining the maximum net benefit. Turbine
characteristics such as maximum and minimum head and minimum single-
unit discharge should be considered in this selection. Section 6-6
provides guidance on selection of a range of plant sizes (as well as
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size and number of units) which could effectively utilize the flows
available at the site.

(3) The first step in establishing plant size is to select the
plant's hydraulic capacity (the maximum discharge that could be passed
through the turbines). In preliminary studies, it is common to base
the initial plant size on either the average annual flow or a point
between 15 and 30 percent exceedence on the flow-duration curve (see
Section 6-6c). In the following example, the initial plant size will
be based on the 30 percent exceedance point, or 400 cfs (see Figure
5-15). Allowing for the 20 cfs average flow loss due to leakage, the
plant hydraulic capacity would be 380 cfs.

(4) The next step is to compute the net head corresponding to
the assumed hydraulic capacity. For pure run-of-river projects (run-
of-river projects with no pondage), the discharge corresponding to the
plant's hydraulic capacity (all units are running at full gate and no
water is being spilled) normally defines the conditions at which the
unit would be rated. Hence, the head at hydrauliec capacity would be
the rated head. For the example, the head corresponding to the 400
cfs discharge would be 31 feet (see Figure 5-17). Note that the 20
cf's leakage loss is included in the discharge used to determine rated
head (see Section 5-7i(2)).

(5) Using the resulting hydraulic capacity and rated head, and
an assumed overall efficiency, the plant's installed capacity is
computed next, using the water power equation. For the example
project, a fixed average overall efficiency of 85 percent will be
assumed (Section 5-6k(2)). The installed capacity is computed as
follows:

Qhe (400 - 20 cfs)(31 ft)(0.85)
= = B850 kW
11.81 11.81

kW =

(6) Assume that a single tubular turbine with moveable blades
(horizontal shaft Kaplan) will be installed. Table 5-1 summarizes the
minimum head and minimum discharge characteristics of different types
of turbines. The minimum discharge for a horizontal shaft Kaplan unit
would be about 35 percent of the rated discharge. The rated discharge
is identical to the hydraulic capacity for a single-unit plant, so the
minimum discharge would be (0.35) x (400 - 20 cfs) = 135 cfs.

(7) The streamflow corresponding to the minimum turbine
discharge would be 135 cfs plus the 20 cfs average flow loss, or 155
cfs., Figure 5-17 shows that this corresponds to a head of 34 feet.
Because the example project is a pure run-of-river plant, heads of
greater than 34 feet will occur only at streamflows of less than the
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minimum generating streamflow of 155 cfs. Hence, 34 feet is the
maximum generating head. The minimum head will be about 33 percent of
the maximum head (see Table 5-1), or (0.33 x 34 feet) = 11 feet.

h. Define Usable Flow Range and Derive Head-Duration Curve.

(1) The portion of streamflow which can be used for power
generation is limited by the turbine characteristics just discussed.
Therefore, the flow-duration curve should be reduced to include only
the usable flow range. The minimum discharge for the example project
(including losses) is 155 cfs. For a pure run-of-river project, the
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Figure 5-17. Net head-discharge curve showing
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minimum generating head defines the upper flow limit. In the example,
the minimum head is 11 feet, which corresponds to a flow of 1450 cfs
(obtained from head-discharge curve, Figure 5-17). Applying these
limits, the usable portion of the flow-duration curve can be defined
(the shaded area of Figure 5-18).
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Figure 5-18. Total flow-duration curve showing
limits imposed by minimum head and maximum discharge
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(2) Using the flow-duration data from Figure 5-18 and the head
versus discharge data from Figure 5-17, a head-duration curve can be
constructed (Figure 5-19). The shaded area defines the head range
where generation is produced. Figure 5-19 also shows the location of
the rated head and the design head., Design head in this case is
defined as the mid-point of the usable head range (see Section
5-5¢(3)).

i. Derive Power-Duration Curve,

(1) Select 20 to 30 points on the flow~-duration curve (Figure
5-19), and compute the power at each flow level using the water power
equation. Heads can be computed for each point as described in
Section 5-7f, or can be obtained from a previously derived head-
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Figure 5~19. Head-duration curve showing minimum
head, maximum head, design head, and rated head
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Figure 5-20. Usable power-duration curve
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discharge curve. The flow losses identified in Section 5-T7e should
also be deducted from the flow obtained from the flow~duration curve,
Following is a sample calculation for one point on the curve.

QHe (270 efs - 20 cfs)(33.2 feet)(0.85)
= = 597 kW
11.81 11.81

kW =

Similar computations would be made for all points on the flow-duration
curve, the result being the usable generation curve shown as a solid
line on Figure 5-21. For comparison, the total power potential of the
site is shown as a dashed curve. Sections D-2 and D-3 in Appendix D
summarize the calculations used to derive the curve shown on Figure
5-21. Note that an average efficiency of 85 percent has been assumed
for all flows. Section 5-Tn describes how a variable efficiency would
be treated.

(2) Figure 5-21 is not a true power-duration curve, because the
generation values are plotted at the percent exceedence points
corresponding to the flows upon which they are based (from Figure
5-18). At flows greater than rated discharge (the 32 percent
exceedence point on Figures 5-18 and 5-19), there is a reduction in
power output due to reduced head and other factors (see paragraph (5)
below). The data from Figure 5-21 can be rearranged in true duration
curve form as shown on Figure 5-20.

(3) In the example calculation in paragraph (1), the head was
obtained from the head-discharge curve, using the gross discharge (270
cfs) because the flow losses are not consumptive. The head should be
based on the flow actually passing through the project, so if the
losses include some evaporation or diversion losses, they should be
deducted from the gross flow before computing the head. In the case
of hydro projects where the powerhouse is located remote from the dam,
the head should be based on a tailwater elevation that reflects only
the power discharges.

(4) Two simplifications were made in this analysis. An average
overall efficiency has been assumed for all discharge levels, and the
full gate discharge was assumed to be equal to the rated discharge of
380 efs for all heads. In actual operation, turbine efficiencies may
vary substantially with both head and discharge., At streamflows
larger than the rated discharge, the full gate discharge decreases
with the reduced head. For preliminary studies, such as that
illustrated by Figures 5-20 and 5-21, these simplifications are
appropriate, but for more advanced studies, these variables must be
taken into account. Section D-4 describes how this can be done, and
Figures D-3 and D-4 show how these adjustments would affect the
estimated power output of the example project.
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(5) Figure 5-21 illustrates how the characteristics of the
selected turbine-generator unit reduced the site's total energy
potential to the usable generation. The shaded area in Figure 5-21
represents the usable generation (and corresponds to the shaded area
in Figure 5-20). The rated capacity of 850 kW establishes an upper
limit to the power that can be produced, eliminating the potential
energy above that line, The 135 cfs minimum turbine discharge
eliminates generation to the right of the 72.5 percent exceedance line
(line D-E). The 11 foot minimum head eliminates generation to the
left of the 6 percent exceedance line (line A-B). Reduced turbine
capacity due to reduced head eliminates a portion of the potential
generation between 6 and 32 percent exceedance (line B-C).

J. Compute Average Anpual Energv, The power-duration curve
shown on Figure 5-20 is based on all of the complete years in the
period of record. Hence, it can be treated as an annual generation
curve, describing the average annual output over the period of record.
The average annual energy can be obtained by computing the area under
the curve and multiplying by the number of hours in a year (8760).

100
(8760 hrs)
Annual energy (kWh) = P dp (Eq. 5-8)
(100 percent)
0
where: P = power, kW
p = percent of time

The average annual energy for the example would be 3,390,000 kWh.

k. Compute Dependable Capacity: Run-of-River Projects Without
Pondage, Section 6-T7 describes the concept of dependable capacity and
outlines several ways in which it could be computed. The approach
recommended for most small hydro projects (and hence most projects
where flow-duration curve analysis might be used to compute energy) is
to base dependable capacity on the average capacity available in the
peak demand months. For a run-of-river project, this would involve
developing a generation-duration curve based on streamflows occurring
in the peak demand months. Figure 5-22 represents the generation for
the example project in the peak demand months. The dependable
capacity would be the average power obtained from that curve.

1 100

Dependable Capacity = Avg. Generation = — P dp (Eq. 5-9)
100
0

The dependable capacity for the example would be 338 KkW.
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1. Compute Dependable Capacity; Pondage Projects.

(1) At some projects, pondage may be available for shaping
releases to follow the daily power demand more closely. When using
the duration curve method to evaluate projects of this type, a peaking
capacity-duration curve must be developed to determine dependable
capacity. A capacity-duration curve is similar to a power-duration
curve except that it shows the percent of time that different levels
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Figure 5-22. Generation-duration curve for peak demand months
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of peaking capacity are available. For run-of-river projects without
pondage, the power-duration curve and capacity-duration curve would be
identical (see previous section).

(2) 1In developing a capacity-duration curve for a pondage
project, the first step is to define a daily operation pattern, based
on available pondage and operating limits. This would then be applied
to the average daily discharge at various points on the flow-duration
curve in order to derive a peaking flow-duration curve. Figure 5-23
shows the assumed daily pattern that was applied in the example prob-
lem, and Figure 5-24 shows the resulting peaking flow-duration curve.
Section D-5 explains the computational procedure in more detail and
summarizes the back-up computations for the example problem. Section
6-5 describes some of the operating limits and other factors to be
considered in developing a daily operation pattern.

8 HOURS ON PEAK
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= 300
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R R R VA
2 200_ i ™ MINIMUM DISCHARGE
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@
(]
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Figure 5-23. Assumed daily operation pattern
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Figure 5-24. Peaking flow-duration curves (for peak demand months)
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(3) A peaking capacity-duration curve would then be derived from
the peaking flow-duration curve using the water power equation and the
same basic procedures that were used to develop the power-duration
curve (Section 5-7i). In computing head, an average forebay elevation
would be used. Typically this would reflect 30 to 50 percent pondage
drawdown. The tailwater elevation would be based on the peak dis-
charge for the day rather than the average discharge.
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Figure 5-25. Capacity-duration curve for
pondage project (for peak demand months)
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Figure 5-25 shows a peaking capacity-duration curve for the peak

demand months. Note that peaking capacity is limited by the 850 kW
installed capacity. The dependable capacity (average peaking capacity
for that period) would be computed using an equation similar to
Equation 5-9, except that capacity would be substituted for power. The
dependable capacity for the example shown on Figure 5-25 would be 415
kW, which is 23 percent higher than the value obtained for the project
without pondage. The calculations used to derive Figure 5-25 are shown
in Section D-6.
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Figure 5-26., Flow-duration curve adjustment
to reflect seasonal storage
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m. Adjustment for Storage Effects. An optional routine is
included in the HYDUR flow~duration model for adjusting a flow-
duration curve to reflect seasonal storage regulation. The procedure
basically involves flattening the curve using empirical techniques
derived through the examination of a large number of existing
reservoir projects (Figure 5-26). The procedure was developed
primarily to expedite the analysis of many hundreds of reservoir
projects for the National Hydropower Study (48m), and hence it should
be considered only as a screening tool. Sequential streamflow routing
techniques should normally be used for estimating the energy potential
of storage projects. However, the adjusted flow-duration curve method
may have applicability in some types of preliminary analyses. The
procedure is described in references (45) and (57).

n. Treatment of Efficiency.

(1) A fixed average efficiency is frequently used in flow-
duration curve power studies, and this is satisfactory for most
preliminary studies and for more advanced studies of projects with
small head variations. However, for studies of projects with wide
variations in head (low-head projects, for example), the resulting
wide variations in efficiency can have a significant impact on the
project's energy output and dependable capacity. Also, in evaluating
alternative turbine designs for a given project, efficiency
characteristics may have a bearing on the selection of the proper
unit. For these and other reasons, it is sometimes necessary to treat
efficiency in more detail., Following is an approach which may be used
to develop an efficiency-discharge curve for a run-of-river project.
Turbine performance curves will be required, and the generalized
curves shown in Section 2-6 can be used if performance curves for
specific units are not available.

(2) This example will be based on the characteristics of the
example project discussed previously, and a single tubular turbine
will be assumed. As discussed in Section 5-7g(3), 380 cfs was
selected as the hydraulic capacity, and this value will be used as the
rated discharge. For run-of-river projects, the rated head is usually
designated as the net head corresponding to the condition where the
plant is discharging at full hydraulic capacity but no spill is
occurring. In the example problem, the rated head would be the net
head corresponding to the hydraulic capacity, or 31 feet (see Section
5-7g(4)).

(3) In the original example, the rated capacity (850 kW) was
based on the assumed fixed average overall efficiency of 85 percent
(see Section 5-7g(5)). In this example, it is assumed that the unit
will operate at an efficiency of 86 percent at rated output. Hence,
the rated capacity would be
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QHe (400 - 20 cfs)(31 feet)(0.86)
W = - = 858 kW.

11.81 11.81

(4) The objective will be to develop an efficienmcy-discharge
curve corresponding to the range of discharges on the usable flow-
duration curve (Figure 5-19). In the example, a specific turbine
performance curve will be used (Figure D-2, Appendix D), and the
analysis will be done for a single-unit installation. Turbine
discharges and corresponding heads are obtained for a series of points
on the flow-duration curve, and corresponding efficiencies are
developed for each of these points. For example, the 50 percent
exceedence point on Figure 5-19 corresponds to a total discharge of
240 cfs and a net turbine discharge of (240 - 20) = 220 cfs. This
would be 60 percent of the 380 cfs rated discharge (0.6 Qy). From
Figure 5-16, the net head corresponding to 240 cfs would gé 33 feet,
or 107 percent of rated head (1.07 Hgp).
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Figure 5-27. Efficiency-discharge curve for
one 868 kilowatt unit
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(5)
Applying a generator efficiency of 98 percent, the overall efficiency
would be (0.92)(0.98) = 90.2 percent. Similar computations would be
made for other points on the flow-duration curve, the results being
plotted as Figure 5-27. The backup calculations are summarized in
Section D-7. Figure 5-28 shows the efficiency data in duration curve
form, which better illustrates the distribution of efficiency.
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Entering Figure D-2, the turbine efficiency is 92.0 percent.
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Figure 5-29. Comparison of flow-duration curves
based on daily and monthly streamflow values
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o. Computer Models of Duration-Curve Apalvsis, A number of
computer models are available to estimate the energy potential of a
hydro site using the duration-curve method. The models used most
widely by the Corps of Engineers are briefly described in Sections
C-2 and C-5 of Appendix C.

(1) The sequential streamflow routing procedure was developed
primarily for evaluating storage projects and systems of storage
projects and is based on the continuity equation:

As=zI-0-1 (Eq. 5-10)
where: A S = change in reservoir storage
I = reservoir inflow
0 = reservoir outflow
L = losses (evaporation, diversion, etc.)

This equation is applied sequentially for each time interval in the
period being studied to obtain a continuous record of project
operation. Sequential streamflow studies can be based on monthly,
weekly, daily, or hourly time increments, depending on the nature of
the study and the type of data available.

(2) Energy can be estimated at a hydro project by applying the
reservoir outflow values to the water power equation. At storage
projects, head and efficiency as well as flow may be affected by the
operation of the conservation equation, through the A S component.

(3) Sequential streamflow routing can require considerable data
manipulation and thus can best be accomplished through the use of a
computer model. A number of sophisticated models have been developed
which are capable of handling such functions as automatic optimization
of firm energy production, evaluation of multi-project systems, and
operation of projects or systems to meet the requirements of flood
control and other functions simultaneously with power production.
However, to provide an understanding of how these models work, a
portion of this chapter is devoted to a description of the techniques
involved in sequential streamflow regulation and the input data
required for SSR power studies. In order to illustrate the mechanics
of these procedures, examples of hand routing studies are included as
Appendixes E, H, and I. Appendix C briefly describes the major
computer models available within the Corps of Engineers for estimating
energy potential.
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b. Application of Sequential Analysis.

(1) Sequential streamflow routing methods can be applied to
almost any type of hydropower analysis, including studies of the
following types of projects:

. run-of-river projects

. run-of-river projects with pondage

. projects with flood control storage only

. projects with conservation storage not regulated for power

. projects with storage regulated only for power

. projects with storage regulated for multiple purposes
including power

. peaking hydro projects

. pumped=-storage hydro projects

(2) Run-of-river projects (including run-of-river projects with
pondage) can often be evaluated more efficiently using the flow-
duration curve method, but where head varies independently from flow,
a sequential analysis 1s required to develop an accurate estimate of
energy potential. Sequential analysis may also be used for analyzing
run-of-river projects that are located downstream from a storage
project (or projects). In these cases, the run-of-river projects are
usually a part of a system operating in conjunction with the storage
project and are usually included in the SSR model developed for
evaluating the storage project.

(3) From the standpoint of power operation, projects having
storage space for flood control only are essentially run-of-river
projects, with both head and discharge varying in response to the
flood control operation. In these cases, head frequently varies over
a wide range but is independent of discharge. Sequential analysis is
necessary to accurately estimate energy output as well as to model the
flood control operation,

(4) sSimilarly, at a project with non-power conservation
storage, head will vary independently from discharge, and sequential
analysis is required to account for this and also to properly model
the non-power storage regulation,

(5) For the three types of projects just described, power
operation is essentially a run-of-river operation, with no at-site
regulation for power, other than possibly pondage operation., This
makes the SSR analysis a simple one-pass operation. Section 5-9 is
devoted to the application of sequential analysis to projects without
power storage. Some computer models do a single-pass SSR analysis and
then compile the data in duration curve form for further analysis.
These "hybrid" models are described in Section 5-15.

5-65



EM 1110-2-1701
31 Dec 1985

(6) 1In evaluating projects with seasonal power storage, the
objective is to develop a schedule for regulating the storage in a
manner that best meets the needs of the power system. For a project
or system where maximizing firm energy is the objective, this requires
(a) identifying the critical drawdown period, (b) making several
passes to define the optimum critical period power operation, and (c)
regulating the project over the entire period of record using the
operating schedule developed for the critical period. When maximizing
other output parameters, such as average annual energy or peaking
capacity, the details of developing the reservoir operating criteria
will vary, but the same general approach would be followed. Sections
5-10 through 5-14 describe the application of SSR to projects with
power storage. The basic approach used for projects with single-
purpose power storage can also be applied to multiple-purpose storage
projects with power, the main difference being additional operating
objectives and constraints.

(7) Sequential modeling techniques are also very useful in
evaluating the peaking operation of both conventional and pumped-
storage hydro projects. For these types of projects, the primary
objective is to evaluate daily peaking capability rather than annual
energy potential. Either hourly or multi-hour time increments are
used, and typical weeks are examined rather than the entire period of
record. Otherwise, the general procedure is essentially the same as
for an SSR energy analysis. Section 6-9 explains in more detail the
special considerations involved in hourly sequential modeling and
Appendix C describes the models available for this purpose.

5-9. Application of SSR to Projects Without Power Storage.

a. General.

(1) This section describes the application of sequential
streamflow routing to the evaluation of hydropower projects not having
power storage. This includes run—-of-river projects, projects with
flood control storage only, and projects with conservation storage
regulated for non-power purposes.

(2) Two types of basic data sources might be available: (a)
historical streamflows (and in some cases pool elevations), or (b) the
output from computer models which regulate the project for flood
control and non-power comnservation storage releases. In the latter
case, it is assumed that the regulation criteria have already been
developed prior to the power study, and the power study is essentially
an "add-on" to an existing period-of-record regulation.
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(3) The approach described in this section would apply
primarily to analyzing the feasibility of adding power to an existing
project with established non-power operating criteria. However, care
should be taken not to overlook opportunities for revising the storage
regulation procedures to include power generation as an objective.
Such an approach may yield greater net benefits than simply adding
run-of-river power to an existing non-power project operation. If
revising the storage operation to include power is to be considered,
the procedures outlined in Sections 5-10 through 5-14 would be
followed.

b. Data Requirements, Table 5-3 summarizes the basic assump-
tions and data required when applying the SSR method to projects
without power storage. Further details may be found in the
corresponding subsections of Section 5-6.

c. Ihe Routing Procedure.

(1) General. Following are the basic steps for computing energy
potential using the sequential streamflow routing procedure for a run-
of-river power operation. Only a single routing through the period of
record will be required.

(2) Step 1: Select Plant Capacity. In planning studies,
several different plant sizes are normally examined, representing a
range of discharge capabilities (hydraulic capacities). Section 5-Tg
describes how rated capacity would be determined for a run-of-river
project without pondage, given a desired hydraulie capacity. For
pondage or seasonal storage projects, where head is independent of
discharge, selection of rated capacity is more complex. Section 5-5
gives general guidance on selecting rated capacity for plants of this
type. For preliminary studies, it is common to base rated capacity
for pondage or storage projects on a head close to or equal to average
head. In addition to selecting a range of rated (installed) capa-
cities, it is necessary to identify the minimum head and minimum
discharge for each plant size (see Section 5-6i). Minimum discharge
is based on the single-unit rated discharge, so the size and number of
units must be selected before the minimum discharge can be determined
(see Sections 6-Tf and 6-7g).

(3) ;
The total discharge to be released through the project during the
specified time interval is obtained from historical streamflow records
or from the output of a reservoir regulation model. Losses due to
seepage past dam, gate leakage, station service use, navigation lock
operation, operation of fish passage facilities, and/or other losses
are deducted to determine the net discharge available for power
generation (Q). This value is then compared to the minimum hydraulic
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TABLE 5-3
Summary of Data Requirements for SSR Method
(Project Without Power Storage)
Input Data @ Paragraph 1/ = Data Required

Routing interval 5-6b daily, weekly, monthly, or
combination

Streamflow data 5-6¢c historical records

Minimum length of record 5-6d 30 years, if possible

Streamflow losses

Consumptive 5-6e see Section 4-5 (2) and (3)
Nonconsumptive b5-be see Section 4-5h (4) thru (10)

Reservoir characteristics 5-6f storage-elevation and
area-elevation curves

Tailwater data 5-6g tailwater curve or fixed value

Installed capacity 5-6h specify capacity for all but
preliminary studies

Turbine characteristics 5-61 specify maximum and minimum
discharge, minimum head, and
in some cases maximum head

KW/efs table 5-6] optional

Efficiency 5-6k see Section 5-6k

Head losses 5=61 see Section 5-61

Non-power operating

criteria 5-6m incorporate criteria

directly in analysis

Channel routing 5-6n incorporate if daily interval
is being used

Generation requirements 5-60 not required (except possibly

to limit generation).

1/ For more detailed information on specific data requirements, refer
to the paragraphs listed in this column,

capacity of a single turbine, and if the net discharge is less than
the minimum hydraulic capacity, the power generation for this time
interval will be zero. If it is greater, continue to the next step.

(4) Step 3: Determine Average Pool Elevation., Obtain the pool

elevation for each time interval. For some types of projects, the
pool elevation may be fixed, and the same value would be used for all
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periods. For projects where pool elevation varies with time, values
would be obtained from the historical record or the output of a
regulation model. If historical data or model output is used, care
should be taken to insure that the pool elevation data corresponds to
the same time intervals as the streamflow data. For daily studies,
the daily average pool elevation would be used. For weekly or monthly
studies, average pool elevation values would be computed for each
period, based on the end-of-period value for the week or month being
examined and the end-of-period value for the preceding week or month.
For projects with pondage, an average drawdown can be assumed for most
periods. However, for periods of high flow, the full pool elevation
should be used.

(5) Step 4: Compute Net Head. Obtain the tailwater elevation
corresponding to the discharge from Step 2 from a tailwater curve, a
fixed tailwater elevation (for a pondage project), the pool elevation
of a downstream project (for overlapping pools), or the highest value
where two or more conditions apply (see Section 5-6g). Deduct the
tailwater elevation from the pool elevation to determine the gross
head. Deduct head losses from the gross head to determine the net
head (H). Compare the net head to the turbine's minimum head and
maximum head, and if the net head falls outside of the turbine
operating range, the generation for that time interval will be zero.
If not, proceed to the next step.

(6) Step 5: Estimate Efficiency (e). In many cases a fixed
average efficiency will be assumed for the turbine and generator.
Where a variable efficiency is used, obtain the efficiency from an
efficiency-discharge curve, an efficiency-head curve, or other data
(see Section 5-6k).

(7) Step 6: Compute Generation. Using the water power equation
(Section 5-3, Equation 5-2 or 5-3), compute the average power output
(in kW) for each time interval. Compare it to the installed capacity,
and if the computed power output exceeds the installed capacity, limit
average power output to the installed capacity. Multiply the average
power output by the number of hours in the time interval (168 hours if
a weekly time interval is being used, for example), to obtain energy
(in kWh).

(8) Step 7: Compute Average Annual Energy. This process is
repeated for each time interval in the total period being examined.
The resulting data can then be assembled in duration curve form (see
Section 5-15), or tabulated to determine (a) annual energy production
for each year, (b) average annual energy, and (c) values of average
energy output by month. Average weekly energy output values may also
be required where power values are to be developed using a weekly
production cost model (see Section 6-9£).
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d. Other Considerations.

(1) Spilled Energy., In some cases it may be of interest to
identify the amount of energy lost (or "spilled") due to insufficient

generator capacity, insufficient head, or turbine minimum discharge
constraints. In these cases, a second iteration can be made to
compute the total energy potential by removing the constraints of the
specific powerplant size and characteristics., The spill would then be
the difference between the total energy potential and the energy
cutput with the specified powerplant.

(2) Eirm and Secondary Epergy., If a power system critical
period has been specified, the project's firm energy output can be
computed as the energy output over the system's critical period. The
annual firm energy can also be computed (see Appendix H, Section
B-4c(6)). Secondary energy can be computed for each period by
deducting the firm energy output from the total energy output. For
example, for a monthly study where the critical period is calendar
year 1936, the May firm energy output would be defined by the energy
output in May, 1936. Thus, the secondary energy production for May,
1955 would be computed as follows:

- (TE) (Eq. 5-11)

(SE) = (TE)

May 1955 May 195% May 1936

Secondary energy for period
Total energy for period

where: SE
TE

Information on project firm and secondary output is sometimes required
for marketing studies or for power benefit analysis for systems where
firm and secondary energy have different values (see Section 9-100).

e. Example., Appendix E illustrates an example of a daily
sequential analysis for a hydro project that is being operated as a
run-of-river project but where flood control operation results in
fluctuations in pool elevation.

f. Use of Computer Models., In most cases, these energy analyses

would be made using an SSR model. Where the basic source of stream-
flow data is an existing sequential routing, the model used for making
that routing may already have the capability for doing the energy
computations. In such cases, it is necessary only to specify the
powerplant characteristics and related data, and re-run the regu-
lation. Where historical streamflow data is being used, either
DURAPLOT or one of the SSR models described in Appendix C can be used
for the power computations.
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(1) Geperal. Estimating the energy potential of projects with
power storage (or storage regulated for multiple purposes including
hydropower) 1s much more complex than estimating the energy potential
of run-of-river projects, and it can be done accurately only using the
sequential streamflow routing method.

(2) Regulation Strategies. A number of different storage

regulation strategies may be used to maximize hydropower benefits
while meeting other project purposes, such as flood control,
irrigation, and recreation. Some of these strategies are discussed in
Sections 5-12 and 5-13., However, to illustrate the mechanics of
storage regulation for hydropower, the regulation of a single-purpose
power storage project to maximize firm energy will be examined first,
and Sections 5-10c through 5-10g will address this problem. The
discussion and examples are based on a monthly routing interval. The
same basic approach would be followed when using other routing
intervals, Section 5-14 addresses the problem of estimating energy
output for systems of hydro projects,

(3) Reservoir Size, The first step in evaluating the energy
potential of a storage project is to determine the amount of storage

available for regulation. In some cases, the power storage volume may
be fixed by physical constraints or non-power operating constraints
(exclusive flood control storage requirements, for example). However,
it is generally possible test several reservoir sizes, so that the
optimum storage volume can be identified (see Section 9-8 c(2)). A
specific reservoir size can be defined by establishing a dam height
and deducting freeboard requirements and exclusive flood control
storage requirements (if any), to obtain the maximum power pool
elevation. The minimum power pool elevation would in turn be defined
by turbine drawdown limitations (see Sections 5-5b and 5-6i), physical
constraints, or non-power operating requirements. The usable power
storage would then be the reservoir storage between the minimum and
maximum pool elevations.

(4) Basic Steps. To determine the energy output of a project
with a specified amount of power storage and where maximization of
firm energy output is the primary objective, the following general
steps would be undertaken:

. lidentify critical period

. make preliminary estimate of firm energy potential
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. make one or more critical period SSR routings to
determine the actual firm energy capability and to
define operating criteria for the remainder of
the period-of-record

. make SSR routing for period-of-record to determine
average annual energy

. if desired, make additional period-of-record routings
using alternative operating strategies to maximize
power benefits,

Each of these operations may be done automatically using a
computerized SSR routing model such as HEC-5, but to provide an
understanding of the techniques involved, the steps are described in
some detail in the following sections and examples of hand analyses
of specific projects are shown in the Appendices.
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Figure 5-30. Energy potential and firm energy
output of dam site without seasonal storage
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b. Data Requirements, Table 5-4 summarizes the basic
assumptions and data required for analyzing power storage projects
using the SSR method. Further details may be found in the
corresponding subsections of Section 5-6.

c. Regulation of Power Storage to Increase Firm Energy.

(1) The classic function of power storage is to increase firm
energy (see Section 5-2¢). Figure 5-30 shows the potential energy
output at a dam site over a period of years which includes the most
adverse flow sequence. The dashed line shows the firm energy that
could be produced by a run-of-river development at that site (a
constant monthly energy demand has been assumed to simplify the
illustration). If seasonal power storage is added to the project,
water could be stored in periods of high runoff to increase flow
during the low flow periods. Figure 5-31 shows how storage can
increase the site's firm energy output.
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Figure 5-31. Energy potential and firm energy
output of dam site with seasonal storage

5-73



EM 1110-2-1701
31 Dec 1985

TABLE 5-4
Summary of Data Requirements for SSR Method
(Projects With Power Storage)

Ipput Data = Paragraph 1/ = Data Required
Routing interval 5-6b daily, weekly, monthly, or
combination
Streamflow data 5-6¢ historical records
Minimum length of record 5-6d 30 years, if possible
Streamflow losses
Consumptive 5-6e see Section 4-5 (2) and (3)
Nonconsumptive 5-be see Section 4-5h (4) thru (10)
Reservoir characteristics 5-6f storage-elevation and
area-elevation curves
Tailwater data 5-6g tailwater curve or fixed value
Installed capacity 5-6h specify capacity for all but
preliminary studies
Turbine characteristics 5-61 specify maximum and minimum

discharges, minimum head,
and in some cases, maximum

head

KW/cfs table 5-6] optional

Efficiency 5-6k see Section 5-6k

Head losses 5-61 see Section 5-61

Non-power operating

criteria 5-6m incorporate criteria

directly in analysis

Channel routing 5-6n incorporate if daily interval
is being used

Generation requirements 5-60 provide seasonal loads or

load shapes

1/ For more detailed information on specific data requirements,
refer to the paragraphs listed in this column.

(2) The example shows how storage can be utilized to increase
at-site firm energy. Regulation of power storage can also be used to
increase the firm energy output of downstream run-of-river projects as
well. For example, the bulk of the firm energy capability of the
Columbia River hydro system is produced at mainstem run-of-river
projects, and headwater storage is responsible for a substantial
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portion of the run-of-river project's firm output. Similar
developments, where headwater storage is used to increase the firm
output of run-of-river projects, are found in the Tennessee River
Basin and several river basins in Canada. Five of the six tandem
mainstem Missouri River hydro projects are storage projects, but
seasonal storage regulation is normally provided only by the upstream
projects, with the lower storage projects functioning essentially as
run-of-river projects except during periods of extended drought.
Other systems, such as the Arkansas-~White and the Colorado, have some
run-of-river projects, but the bulk of the firm energy is developed at
the storage projects themselves. Section 5-14 addresses the problem
of estimating energy output for systems of hydro projects.

d. Critical Period,

(1) The objective of maximizing firm yield is accomplished by
operating the storage project (or projects) such that reservoir
storage is fully utilized to supplement natural streamflows within the
most adverse sequence of streamflows., M"Fully utilizing" this storage
means that, at some point during this adverse streamflow period, the
usable storage will have been fully drafted, leaving the reservoir
empty. Normally, this adverse streamflow period, which is called the
critical period, is identified by examining the historical streamflow
record.

(2) The use of the term "critical period" varies somewhat from
region to region. It always refers to the most adverse streamflow
period, and, by definition, it always begins at a point in time when
the reservoir is full. In some power systems, the end of the
"eritical period" is identified as the point when the reservoir is
empty, while in other systems, the end of the "critical period" is
defined as the point when the reservoir has refilled following the
drought period. For the purposes of this manual, the period ending
with the reservoir empty will be identified as the "critical drawdown
period," while the term "critical period" will refer to the complete
cycle, ending with the reservoir full (see Figure 5-32).

(3) The larger the amount of reservoir storage, the higher the
firm yield or firm energy output that can be sustained at a given
site. Increasing the amount of reservoir storage also increases the
length of the critical period, sometimes even changing the critical
period to a completely different sequence of historical streamflows.
For example, increasing system reservoir storage in the Columbia River
Basin by the addition of the Canadian Treaty reservoirs changed the
critical drawdown period from 8-1/2 months (1936-1937) to 42-1/2
months (1928-1932).
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(4) Identification of the critical period can be accomplished in
several ways. The mass curve method has long been used as a manual
technique for identifying the critical period, and since it is a
graphical method, it serves well to illustrate the concept of the
critical period. Appendix F describes the mass curve method and shows
several examples of critical period identification.

(5) Other methods may also be used to identify the ecritical
period. It is possible to do a series of period-of-record SSR studies
using alternative firm energy requirements to determine by trial and
error the level of firm energy output that will completely utilize the
available storage once during the period of record. This can require
considerable computer time, but it is usually the most practical
solution where a computerized SSR model is available. The HEC-5 model
utilizes an empirical storage-~to-average runoff volume relationship to
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Figure 5-32. Critical period and critical drawdown period
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make a preliminary estimate of critical period and firm energy yield,
reducing substantially the number of trial and error iterations.

(6) In some systems, a large amount of power storage may already
exist, and thus the system critical period may already be defined.
Additional storage might, in such cases, have little or no effect on
the critical period, so the firm energy output of a proposed new
project would be derived by SSR analysis of the system critical
period. For some multiple-purpose storage projects, regulation of
storage for higher priority project functions, such as irrigation or
municipal and industrial water supply, may define the critical period.

e. Preliminary Firm Epergy Estimate,

(1) In order to achieve a sequential routing for the critical
period which exactly utilizes the power storage, it is necessary to do
a number of iterations. The number of iterations required is a
function of the accuracy of the assumed initial firm energy estimate,
Some SSR models (including HEC-5), incorporate a routine for
automatically developing an initial energy estimate. For hand
routings and other SSR models, an initial firm energy estimate must be
made separately.

(2) Section H=-2 in Appendix H illustrates the derivation of an
initial firm energy estimate for a typical project. The example also
shows how the total firm energy output is converted to an equivalent
annual firm energy output and further subdivided into monthly firm
energy values, to serve as preliminary input data for the sequential
streamflow routing.

f. Ihe Sequential Routing Procedure,

(1) The basis for the sequential streamflow routing analysis is
again the continuity equation, but because regulation of storage is
involved, the procedure is more complex than that described in Section
5-9c¢c, In its simplest form the equation would be as defined in
Section 5-8a, specifically:

AS=I-0-1L (Eq. 5-12)
where: A S = change in reservoir storage
I = reservoir inflow
0 = reservoir outflow
L = losses (evaporation, diversions, ete.)

The reservoir outflow would include powerplant discharge plus ocutflow
not available for generation: e.g., spill, leakage, and project water
requirements (station service, navigation lock and fish ladder
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operation, etec.). Reservoir inflow would be obtained from streamflow
records, Losses would be (a) the net gain or loss in reservoir
storage as a result of evaporation and precipitation falling on the
reservoir (see Section 4-5h(2)), plus (b) any withdrawals from the
reservoir for water supply or irrigation.

(2) For purposes of illustrating the application of the
continuity equation to a storage project, a single-purpose power
reservoir will be examined using monthly flows. The first objective
in the regulation process is to determine more precisely the firm
energy output. Therefore, the initial regulation will be limited to
the critical period. The objective in each monthly time increment
will be to determine how reservoir storage will be used to insure that
the monthly firm energy demand will be met, In periods of high
reservoir inflow, inflow may be greater than the required discharge
for power, and the excess water will be stored if possible. In low
flow periods, storage will be drafted to supplement inflow. The task
then will be to solve the continuity equation for change in storage
(AS) in each interval during the critical period.

(3) Expanding Equation 5-12 to include all categories of losses
and all outflow components, the continuity equation, expressed in cfs,
becomes

AS =T- (Qp+ Q+ Q) - (E + W) (Eq. 5-13)
where: A S = change in storage during the routing interval

QP = power discharge

QL = leakage and non-consumptive project water
requirements

QS = spill

I = inflow

E = net evaporation losses (evaporation minus
precipitation onto reservoir surface)

W = withdrawals for water supply, irrigation, etc.

Also, the A S for a given time increment can be further defined as

(s, - 8,)
AS = — (Eq. 5-14)
Cs
where: S1 = start-of-period storage, AF
82 = end-of-period storage, AF
CS = discharge to storage conversion factor

(see Table 5-5)
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TABLE 5-5
Factors for Converting Discharge to
Storage for Various Routing Intervals

Routing Interval Conversion Factor (Cs)

Month (31 days) 61.49 AF/cfs-month
Month (30 days) 59.50 AF/cfs-month
Month (29 days) 57.52 AF/cfs-month
Month (28 days) 55.54 AF/cfs-month
Week 13.99 AF/cfs-week
Day 1.983 AF/cfs-day

Hour 0.0826Y4 AF/cfs-hour

(4) Substituting Equation 5-14 into Equation 5-13 and
rearranging the terms, the following equation is obtained:

S, = 8, - CS(I -Q-Q -Q-E- W) (Eq. 5-15)

This equation is expressed in acre-feet and is used to solve for the
principal unknown, the end-of-period storage. In the critical period,
spill (Q.) would normally be zero. The only exception would be the
case whe?e another reservoir purpose, such as irrigation for example,
required a total discharge greater than (Q,+ QL). However, this would
be an unlikely event in actual operation, gecause the firm power
marketing arrangement can usually be adapted to utilize the firm
release for irrigation or non-power purposes, even though it does

not precisely fit the seasonal power demand pattern.

(5) The first iteration through the critical period would be
based on the preliminary monthly firm energy requirements, obtained as
described in Section 5-10e. Using these requirements, the sequential
routing will be performed to determine if all of the power storage is
used and if the project is able to refill at the end of the critical
period.

(6) To assist in the solution of Equation 5-15, a form such as
Table 5-6 can be used and the inflow and demands can be entered in
appropriate columns for each period of the study (Table 5-7 describes
the data to be entered in the various columns of Table 5-6). A
starting value of reservoir storage must be assumed, and since the
critical period is defined as beginning with the reservoir full, the
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TABLE 5-6.
Evapo- With- Energy Average Net
Routing Inflow ration drawals Net Require- Pool Head
Interval It B! W' Inflow ment Elev. or

Month Year (cfs) (cfs) Lofs) (cfs) (MWh)  (feet) KkW/cfs

(1) (2) (3) (1) (5) (6) (7) (8) (9)
(COLUMN NUMBERS)
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Routing Worksheet
REQ'D DISCHARGES Total A STORAGE, END OF PERIOD Total
Power 'QP' Nonpower Discharge (s,- Sz) RESERVOIR STATUS Energy
(ors) T fofs)  (ofs) (ofs] Z(AF)  (AF) (Elev.) (area) (Mih)

(10) (1) (12) (13) (14) (15) (16) (17) (18)
(COLUMN NUMBERS)
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TABLE 5-7.

Columns 1 and 2 - Date of routing period (routing interval) may be hour,
day, week or month, depending on type of study.

Column 3 - Average reservoir inflow for period, in cfs. (input)

Column 4 - Net reservoir evaporation loss for period (including
precipitation) converted to discharge, in cfs.

Column 5 - Consumptive withdrawals from reservoir for irrigation, M&I water
supply, etc., in cfs (input).

Column 6 - Net reservoir inflow for the period in efs: (Column 3) -
(Column 4) - (Column 5).

Column 7 - Energy requirement for the period in kWh or Mwh. Initial values
may come from preliminary firm energy estimate (Section 5-10e).

Column 8 - Average pool elevation for period: average of end-of-period
elevation for previous period and estimated end-of-period elevation for
period being examined.

Column 9 - KW per cfs factor corresponding to the elevation in Column 8 or
the net head corresponding to that elevation, depending on how the study is
being done. In the former case, the kW per cfs factor is obtained from a
previously prepared table or curve (as described in Appendix G). In the
latter case, net head is computed from the pool elevation in Column 8§,
estimated tailwater elevation (should correspond to power discharge in
Column 10 or 11), and head losses (see also Section 7-10£(7)).

Column 10 - Required power discharge, which can be computed directly from
energy requirement (Column 7) and kW per cfs factor (Column 9) as follows:
(Energy requirement, kWh)/(kW/cfs factor x hours in period) = required
power discharge. Where the kW/cfs factor is not used, the required power
discharge is computed with Equation 5-16, using the energy requirement from
Column 7 and the net head from Column 9.

Column 11 - Minimum discharge for downstream requirements, for purposes
such as navigation, water quality, or fish and wildlife enhancement., This
could vary seasonally or could be a fixed value over the period of record.

Column 12 - Total discharge in efs. This would be the larger of the
three following values:
(a) Required power discharge (Column 10) plus nonconsumptive losses
(b) Discharge requirement for non-power purposes (Column 11)
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Explanation of Data in Table 5-6

(c) Discharge required to keep reservoir elevation on the rule curve:
(Column 3) -~ (Column 4) - (Column 5) + (value from Column 13
required to put end-of-period reservoir elevation (Column 16) on
the rule curve). This criterion would apply only if a rule curve
exists, The rule curve could be a flood control rule curve or
could reflect a composite of operational requirements.

Nonconsumptive losses (Q,) comprises water passing downstream which is not
available for power gene%ation. This could include leakage past the dam,
lockage and fish passage requirements, powerplant cooling water
requirements, minimum discharge requirements, etc.

Column 13 - Change in reservoir storage during the period, in average cfs.
Generally, this represents (a) the storage draft required to meet energy
requirements or other discharge requirements, or (b) the amount of water
stored, if inflow minus losses exceeds these requirements. Thus, Column 13
= (Column 3 - Column 4 - Column 5 - Column 11). The exception would be
where such draft or storage would violate a rule curve, in which case
Column 12 would be the required draft or storage as described by the rule
curve,

Column 14 - A Storage in acre-feet: (Column 13) x (Cs), where Cg is the
discharge to storage conversion factor (Table 5-5).

Column 15 - Storage at the end of the period: (Column 15) = (Column 15 for
the previous period) + (Column 14)

Column 16 - Pool elevation at the end of the period. This is obtained from
the storage-elevation curve or table using storage from Column 15. Where
the resulting value violates a rule curve, the rule curve elevation should
be used instead, and Columns 15, 14, 13, 12, and 18 should be recomputed
(in that order) based on the rule curve elevation.

Column 17 - Reservoir area at the end-of-period pool elevation. This would
be used when evaporation is computed for each routing period.

Column 18 - Energy output in kWh or MWh. This could be computed using the
total discharge from Column 12 minus nonconsumptive losses, the kW/cfs
factor, and the number of hours in the period: (Column 9) x (Column 11) x
(hours in period) = energy output. Alternatively, it could be computed
with the water power equation, using the net head from Column 9 and the
discharge from Column 11. The energy output should not exceed the maximum
plant capability of the proposed power installation.
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starting value would be the storage at the top of the power pool.
Next, the various demands for the period (including power) are
examined to determine the total outflow needed to supply these
requirements. The required outflow must be checked to insure that
none of the physical constraints (such as powerplant total discharge,
or downstream channel capacity) are violated, and that it includes
leakage and non-consumptive project water requirements (Q ). The
outflow is then subtracted from the sum of initial storage plus inflow
minus losses (E + W) to determine the storage at the end of the first
period. This computational sequence is repeated for each period in
turn, using the end-of-period storage of the previous period as the
start-of~period storage. Power demands are usually specified in terms
of energy requirements in kilowatt-hours per period. The conversion
of this demand to a water volume is dependent upon the head available
during the period and the number of hours in the period.

(7) This conversion introduces a complication., The head may
vary significantly during the course of a single routing period.
Therefore, power computations should be based on average head during
the routing period rather than on the head at the beginning of the
period. The average head during a period is based on the reservoir
elevation corresponding to the average reservoir storage for the
period. The average storage is the average of the beginning and
ending storage values for the period (S1and S,), respectively. The
ending storage, however, is dependent upon to%al outflow during the
period, which is in turn determined by the head. In other words, the
average head cannot be determined accurately until the end-of-period
reservoir elevation is known; the end-of-period reservoir elevation
cannot be determined until the power discharge is determined; and the
power discharge needed to meet the specified generation requirement
cannot be determined until the head is known. The computation for
each period, therefore, requires successive approximations.

(8) This can be accomplished as follows. The average flow
required for power generation is computed with the following equation:

11.81(kWh)
Q = (Eq. 5-16)
Het
where: Q = required power discharge in c¢fs
kwﬁ = energy required in kilowatt-hours
H = average head in feet
t = number of hours in the period
e = power plant efficiency, expressed

as a decimal fraction.
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In the solution of Equation 5-16, both Q, and H are unknown. The
normal procedure is to assume a value for H, usually based on the
reservoir elevation corresponding to the start-of-period storage (the
ending storage for the previous period), and then compute a value for
Q.. The ending storage for the current period (S,) is then calculated
uging Equation 5-15. A new value of H is then de%ermined from the
average of (a) the reservoir elevation corresponding to the start-of-
period storage (S,) and (b) the reservoir elevation corresponding to
the ending storage for the current period (S.,)}. The power discharge
(Q.) is then recalculated, and the process iS repeated until the
vafues of H on two successive trials do not differ significantly.
Table 5-8 illustrates this process, and in this example, convergence
is achieved in the second iteration (average head equals estimated
average head). In some cases, the changes in head within a routing
period are small, and this adjustment is not necessary. Most computer
models used for estimating energy automatically make this adjustment.

(9) Evaporation is normally expressed in terms of inches per
day. It can be converted to volume (acre-feet per period or average
efs) by multiplying by the reservoir surface area.

(EVAP) (A)(t)
Evaporation, AF = (Eq. 5-17)
288
Evaporation, cfs = 0.042(EVAP)(A) (Eq. 5-18)

where: EVAP
A
t

evaporation rate, inches/day
reservoir surface area, acres
routing interval, hours

To be precise, the average reservoir surface area for the period must
be used. Like average head, the average surface area can be
determined only through several iterations. In most cases, however,
the net evaporation is relatively small, and using an evaporation rate
based on the surface area of the start-of-period reservoir elevation
is satisfactory.

(10) Section H-3 of Appendix H illustrates a hand routing of
a multiple purpose reservoir through the critical period, to determine
its firm energy output. Besides being regulated for power, the
reservoir is also regulated for flood control (using a fixed annual
flood control zone above the top of the conservation pool) and water
quality (specified minimum downstream flows must be maintained).

(11) 1In this example, a kW/cfs vs. reservoir elevation curve was

used rather than estimating head, efficiency, losses, and tailwater
elevation for each period in the analysis. When using this method,
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TABLE 5-8. Adjustment of Average Head to Agree With Power Discharge

Given: Reservoir with storage~elevation curve, Figure 4-8
Average tailwater = El. 242.0
Average overall efficiency = 0.85
Head loss = 2,0 feet
Length of period = one 30-day month (720 hours)
Energy required for period = 28,800,000 kWh
C_ for 30-day month = 59.50 AF/cfs
Start-of-period reservoir storage (S1) = 1,000,000 AF
Average inflow for period (I) = 200 cfs
Assume that in this example QL’ QS, E, and W are zero

Start-of-period storage (S1), 1000 AF 1000 1000
Reservoir elevation at S1, feet 609.0 609.0
Estimated reservoir elev, at S,, feet 609.0 602.0
Est. average reservoir elev., %eet 1/ 609.0 605.5
Estimated average head, feet 2/ 365.0 361.5
Power discharge (Q,), cfs 3/ 1523 1537
Reservoir inflow (f), cfs 200 200
Change in storage (AS), cfs 4/ -1323 -1337
AS, 1000 AF 5/ =79 -80
End-of-period storage (82), 1000 AF -g21 -920
Reservoir elevation at 82, feet 6/ 602.0 602.0
Average reservoir elev., feet 605.5 1/ 605.5
Average head, feet 2/ 361.5 361.5

RR

RR K K

(1/2)(reservoir elevation at S, + estimated reservoir elev. at 82)
(average reservoir elev,) - (tailwater elev.) - (head loss)

(11.81) (kWh) 11.81(28,800,000 kWh)
Q, = =
P Het (est. avg. head)(0.85) (720 hours)

Use Equation 5-13. Since QL’ QS, E and W are all zero,
AS (efs) =1 - QP

AS (AF) = Cs x AS (cfs)
From Figure 4-8

Average head does not equal estimated average head. Try again
using estimated average head of 605.5 feet.
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Equation 5-16 would be revised to the following form:

(kWh)
QP T e— (Eq. 5-19)
(kW/cefs)t
where: kWh = energy required in kilowatt-hours
kW/cfs = the kW/cfs conversion factor
t = number of hours in the period

The remainder of the procedure would be the same. The kW/cfs method
is usually faster, but certain assumptions must be made with respect
to plant loading and efficiency. Appendix G describes how a kW/cfs
curve can be developed and used.

g. Determinine Firm Energy,

(1) The storage project is regulated through the critical period
as described in the previous section, using the preliminary monthly
energy requirements (Section H-2 of Appendix H). If the following
criteria are satisfied, the routing has provided an accurate estimate
of the project's firm energy output:

. firm energy requirements are exactly met in all months
during the critical drawdown period

. 8torage is fully drafted at one point in the critical period
. the project refills at the end of the critical pericd.
Figure 5-33 illustrates such a routing.

(2) If the project fails to use all of the storage (Figure
5-34), the preliminary energy estimate understates the project's firm
capability. The monthly energy requirements should then be increased
and the sequential routing re-run in an effort to fully use the
storage. The monthly energy requirements to be used in the next trial
routing can be estimated as described in Section H-4 of Appendix H.

(3) If the project is drafted below the bottom of the power
pool (or fails to meet the monthly energy requirement in the last
month of the critical drawdown period), the preliminary power
requirement estimate was too high., An adjustment would be made
similar to that described for the previous situation, except that
the energy adjustment would be based on the amount of overdraft (or
the energy shortfall). 1In either case, one or more additional
iterations may be required before the regulation exactly utilizes the
power storage and the reservoir fully refills. Once a satisfactory
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regulation is obtained, the project's firm energy output will have
been determined. An estimate of the annual firm energy output can be
obtained by summing the monthly energy requirements that can be met
for all twelve months,

(4) There is also the possibility that the incorrect critical
period was identified. This will become apparent when the period-of-
record routing is made (see Section 5-10h). This routing will be
based on the monthly firm energy requirements derived as described
above., If the project is drafted below the bottom of the power pool
(or fails to meet firm energy requirements) at some point outside of
the assumed critical drawdown period, then the wrong period was
selected. The new critical drawdown period must then be defined (it
would end with the month with the greatest overdraft). The monthly
firm energy requirements would be adjusted as described in the
preceding paragraph, and one or more iterations would be made for the
new critical period in order to determine the final firm energy
output.

(5) The above discussion applies to estimation of firm energy
using hand routing techniques. Sequential routing computer models
follow the same basic procedure, except that the computations may
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Figure 5-33. Routing of Broken Bow Reservoir,
Oklahoma through critical period.
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follow a somewhat different sequence and routines may be available to
automatically optimize firm energy output. Appendix C describes some
of the SSR models that are readily available to Corps power planners,
and Appendix K describes how HEC~5 is used for estimating firm energy
output.

h. Average Annual Energy.

(1) Once the firm energy estimate has been made, the next step
is to determine the project's average annual energy output. To
determine the average annual energy, a sequential routing would be
made for the entire period of record using the monthly firm energy
requirements derived from the critical period routing. The project's
average annual energy would be the average of the annual energy
production values for all of the years in the period of record. The
average annual secondary energy would be the difference between the
average annual energy and the annual firm energy.

(2) Several alternative strategies are available for operating
in better than critical streamflow conditions., The simplest is to
operate primarily to meet the firm energy requirements, producing
secondary energy only when the reservoir is at the maximum power pool
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Figure 5-34, Critical period routing of a reservoir
that does not utilize all of conservation storage.
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and when net reservoir inflow exceeds the discharge required to meet
firm energy requirements. Where a project has flood control storage
space above the power pool, secondary energy could also be generated
when evacuating the flood control space during flood control
operations. Figure 5-35 illustrates a regulation through an average
water year following this strategy. The back-up computations are
shown as Case 1 in Appendix I, the project being the same as that used
in the firm energy example (Figure 5-33 and Appendix H).

(3) The strategy described above may be appropriate for single-
purpose power storage projects operating in an all-hydro system, where
no market for secondary energy exists and there are no alternative
uses for the stored water. This approach might also be used where at-
site recreation is an important project use and it is desired to keep
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Figure 5-35. Regulation of a reservoir through an average water year
drafting storage only to meet firm energy requirements
(Case 1, Appendix I)
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the reservoir close to the full power pool elevation as much of the
time as possible. However, this approach permits no flexibility of
operation during periods of better than critical streamflow. To
permit better use of secondary energy and more flexibility in using
storage for non-power river uses, rule curves may be developed to
govern reservoir regulation. Where rule curves are used, average
annual energy would be developed as follows: (a) make sequential
streamflow routing for the critical period and for other low flow
periods, (b) develop the rule curves, (c) regulate the project over
the period of record using the rule curves, and (d) estimate average
annual energy from the period-of-record regulation.

5-11., Power Rule Curves.

a. General.

(1) A rule curve is a guideline for reservoir operation, and is
generally based on detailed sequential analysis of various critical
combinations of hydrologic conditions and demands. Rule curves may be
developed for flood control operation as well as to govern use of
conservation storage for irrigation, water supply, hydropower, and
other purposes. The development and use of a single-purpose rule
curve for power operation will be examined in this section. The
constraints of flood control operation and the development of rule
curves to meet both functions are addressed in Section 5-12. The
development of rule curves to meet multiple conservation storage
functions will also be discussed in Section 5-12.

(2) The power operating rule curve was defined by the United
States Inter-Agency Committee on Water Resources as ". . . a curve, or
family of curves, indicating how a reservoir is to be operated under
specific conditions to obtain best or predetermined results."
Although rule curves are generally developed for individual
reservoirs, there may be instances where a single rule curve for a
hydraulically integrated system of storage plants would better serve
the needs of the system operation. Rule curves for power operation
may assume many forms, depending upon the nature of the power system,
the hydrologic characteristics of the basin, and the operating
constraints associated with the storage plants involved.

(3) A rule curve for power operation of a typical storage
project is shown in Figure 5-36. The curve defines the minimum
reservoir elevation (and consequently the minimum storage) required to
assure generation of firm power at any time of the year. The general
shape of the rule curve is tailored to the hydrologic and power
demands of the area: (a) power storage must be at a maximum during the
middle of the calendar year in anticipation of high summer power
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demands coincident with low inflows; (b) droughts usually begin during
the late spring and early summer; and (c) a low pool elevation is accept-
able in the fall and winter season, because power demands are lower and
winter and spring inflows are higher.

(4) Firm energy can be defined as that generation which would
exactly draw the reservoir level to the bottom of the power pool during
the most severe drought of record. Therefore, if (a) all potential
droughts begin with the reservoir level on or above the rule curve
elevation, (b) generation is to be limited to firm energy production,
and (c) the generation pattern is in general agreement with the assumed
monthly distribution used in the studies, the pool should not fall below
rule curve unless a drought more severe than any of record is experienced.
Such a rule curve can be constructed by regulating all of the major
droughts in the period of record and developing a rule curve which en-
closes all of these regulations. Appendix J illustrates how a rule curve

of this type can be developed.

(5) Appendix J describes the derivation of a rule curve to govern
use of power or comservation storage in an exclusive storage use zomne.
Using Figure 5-36 as an example, the storage between "Minimum Power Pool"
and "Top of Power Pool" is reserved exclusively for power. Flood control
storage (if any) would be located above the "Top of Power Pool." Rule
curves governing storage that is jointly used for both flood control and
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Figure 5-36. Rule curve for power
operation of a typical storage project
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power (or flood control and multiple conservation purposes including
power) would be derived somewhat differently (see Section 5-12e). Like-
wise, Figure 5-36 illustrates a fixed rule curve. For river basins
where much of the runoff comes from snowmelt, the runoff volume is to
some extent predictable, and variable rule curves can be developed to
maximize the use of the energy potential (see Section 5-12f).

b. Project Operation Using Power Rule Curves.

(1) The regulation of a project using a power rule curve can be
illustrated by examining the operation of a project having a zone of
exclusive power storage and a fixed power rule curve (Figure 5-36).

(2) Assume that the rule curve was derived as described in Appen-
dix J and that the primary objective of regulating power storage is to
meet firm energy requirements. Most of the time, streamflows will be
greater than the adverse flows used to derive the curve, and it will be
possible to meet firm energy demands while maintaining the reservoir
level at or above the rule curve. In addition, it may also be possible
to generate secondary energy in some periods. However, if a sequence of
adverse flows occurs, it may be necessary to draft storage below the
rule curve, but as long as the reservoir is below the rule curve, re-
leases will be limited to those required to meet firm energy require-
ments.

(3) Because the rule curve is based on the most adverse sequence
of flows in the period of record, the project can be operated through
the period of record without any failure to meet firm energy require-
ments or any violation of the minimum power pool. However, in actual
operation, there is always the possibility that a more adverse sequence
of flows will occur. Hence, if an extended period of low flows occurs,
and the reservoir falls well below the rule curve, contingency measures
would likely be taken to conserve the remaining storage. First, att-
empts might be made to purchase thermal generation to help meet the fimm
energy requirement. If this is not enough, opportunities for reducing
firm load would then be examined.

(4) Operation above the rule curve could vary, depending on the
time of year, the state of the power system, and other project purposes
to be served. During that period when the project is maintained at the
top of power pool (B-C on Figure 5-36), the total net inflow (inflow
minus evaporation minus withdrawals) must be passed through the pro-
ject. Streamflow in excess of firm generation requirements will be used
to produce secondary energy, up to the plant's maximum generating capa-
bility, and the remainder of the flow (if any) will be spilled (for pro-
jects with flood control storage above top of power pool, see Section
5-12d.
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(5) During the period C-D-A-B, several operating strategies are
possible. One extreme would be to maintain the resrvoir as high as
possible, limiting generation to firm energy requirements, except
that higher discharges would sometimes be required during periods of
high inflow to prevent the reservoir elevation from exceeding the top
of the power pool. This approach would maximize head and maintain
capacity at high levels, and, under some circumstances, it could
maximize average annual energy. On the other hand, this operation
could have a high risk of spilling, specifically whenever inflows
exceeding plant capacity occur at times the reservoir is at the top
of the power pool. The other extreme would be to follow the rule
curve as closely as possible, operating the powerplant at full output
whenever the reservoir elevation is above the rule curve. This
approach would minimize the possibility of spilling, but it would
increase the risk of not meeting firm energy requirements should a
streamflow sequence more adverse than the critical period occur.

(6) In some systems, the reservoir might be operated somewhere
between the two curves, depending on the value of secondary energy at
any given time. If opportunities exist for displacing very expensive
thermal generation, the project may be drafted below the top of power
pool to maximize secondary energy production. The closer the draft
approaches the rule curve, the greater the risk to firm energy capa-
bility and the greater the potential energy loss due to reduced head, so
the operator has to balance these potential losses and risks against the
value of the immediate secondary sale. When the value of secondary
energy drops, generation would be reduced, possibly to firm energy
requirements, and the reservoir allowed to refill. Tennessee Valley
Authority has developed a series of intermediate "rule curves" (economic
guide curves) based on probabilistic analysis, which ties secondary en-
ergy production to the current value of the energy (see Figure 5-49).

(7) Another approach would be to operate using a power guide curve
similar to that shown as Figure 5-51. When the reservoir is at or below
the rule curve, only firm energy would be produced. When the reservoir
is above the power rule curve (in the shaded area in the upper diagram
on Figure 5-51), the plant would operate at a plant factor that is a
function of the distance above the rule curve, up to a maximum of 100
percent plant factor at full pool.

(8) An additional consideration is that the power plant's rated
head may be above the lower portion of the rule curve. If the pool is
allowed to drop below rated head, the plant's dependable capacity will
be reduced, and this is an important consideration at projects which are
operated primarily for peaking. The dashed line on Figure 5-36 illus-
trates a possible soft limit defined by the rated head. One possible
operating strategy would be not to draft the reservoir below rated head
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except: (a) to meet firm energy requirements, or (b) in response to
unusual power system requirements (severe combinations of loads and/or
power plant outages).

(9) While it is important to recognize that there are virtually
an infinite number of ways to utilize power storage in better-than-
critical streamflow conditions, it would be difficult to model these
permutations in a planning study. The most important consideration in
the planning stage is to insure that as much flexibility as possible
is built into the reservoir operation.

¢. Computing Average Energy Using Rule Curves.

(1) While flexibility is important from the standpoint of actual
day-to-day project operation, the regulation of storage above the rule
curve must be defined more precisely when making a period~of-record
sequential analysis for the purpose of estimating average annual
energy. As described earlier, the simplest approach is to base the
sequential routing on maintaining the reservoir at the top of the
power pool at all times except when drafts are necessary to meet firm
energy requirements (Figure 5-35 and Appendix I, Case 1). Secondary
energy would only be generated when the reservoir is at the top of
power pool and inflow exceeds firm energy discharge requirements.

(2) An alternative analysis could be made, based on a maximum
allowable drawdown through the entire period of record, to bracket the
range of secondary energy output. Such a regulation could be based on
following the power rule curve as closely as possible in all years,
with storing above the rule curve being permitted only when net inflow
exceeds the power plant capacity and when such storing will not exceed
the top of power pool. The reservoir would be drafted below the rule
curve, if required, to meet firm energy requirements. Case 2 in
Appendix I describes the regulation of the example project through the
same water year as Case 1 except that the power operation rule curve
is followed as closely as possible. The resulting regulation is shown
as Figure 5-37.

(3) Another approach would be to meet a level of power require-
ments greater than the firm requirement whenever the reservoir is
above the rule curve. This requirement could be fixed (e.g. 120
percent of the firm requirement), it could vary by month, or it could
vary with zone. In the case of variation by zone, the storage between
the rule curve and the top of power pool would be divided into several
zones, each having a different percentage of the firm requirement.

The top zone would have the highest percentage, the bottom zone would
be close to the firm requirement, and the zones in between would have
intermediate values.
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(4) 1In some cases, it may be possible to define operating
parameters for operation in better than critical streamflow years by
examining historical records for similar projects located in the
system where the proposed project!s output would be marketed. An
example is the power guide curve developed by Tulsa District in
their analysis of the use of power storage in the Arkansas-White
system (Section 5-13d(3)).

(5) The above discussion applies to computation of average
energy using regulation strategies designed to maximize firm energy
production. This strategy may be appropriate for some power systems,
but for thermal-based systems, maximizing average annual energy or
maximizing peaking capability may produce greater benefits. In some
cases, a system's reservoir storage may be regulated primarily for
another function, such as irrigation, and the power operation may be
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Figure 5-37. Regulation of reservoir through an average
water year using a power rule curve (Case 2, Appendix I)
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heavily influenced by this operation. Section 5-13m describes some of
the alternative power regulation strategies and how average energy
might be derived using those strategies.

(6) A final point to consider is that the value of secondary
energy often varies with time, depending on the state of the total
power system, and in some cases, it may have no value at all. The
latter situation would arise only in a system with a substantial
amount of hydro, but in these systems, the market for secondary energy
may sometimes be limited. For example, in the Columbia River power
system, potential secondary generation from existing hydro projects in
freshet seasons with high runoff may exceed the secondary market (sum
of the displaceable thermal generation within the region and the
transmission capability for exporting secondary energy outside the
region). A proposed hydro project may be capable of producing
additional secondary energy in these periods, but it would have no
value,

(7) In an all-hydro system, secondary energy may have no value
at all. While all-hydro systems are rare in the United States, some
isolated systems in Alaska may operate entirely on hydro at least part
of the time, and the value of secondary energy in such systems should
be examined very carefully.

5-12. Multiple-Purpose Storage Operation.

a. General, Most Corps of Engineers storage projects having
power storage also provide space for flood control regulation, and at
some projects, the conservation storage meets other water needs in
addition to power production. This section addresses how the other
functions are integrated with power operations in an SSR analysis to
achieve a balanced operation.

b.. Storage Zopes, Discussion of multiple-purpose operation can
best be described by dividing total reservoir storage into functional
zones, as shown in Figure 5-38. The top zone would be the flood
control storage space, which would be kept empty except when
regulating floods. Below the flood control zone would be the
conservation storage zone. This space would store water to be used to
serve various at-site and downstream water uses, which could include
power generation, irrigation, municipal and industrial water supply,
navigation, water quality, fish and wildlife, and recreation. The
term power storage is sometimes used instead of conservation storage
when discussing power operation (as in Section 5-10), but conservation
storage is the term most often used when describing multiple-purpose
operation. Below the conservation zone is the dead storage zone,
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which is kept full at all times to provide minimum head for power
generation, sedimentation storage space, etc.

c. CLonservation Storage Zone, The conservation storage zone is

often subdivided into two or more zones, based on the level of service
that can be provided with the amount of available storage. A common
division is into (a) an upper zone, where releases can be made in
excess of those required to meet firm or minimum requirements, and (b)
a lower zone (sometimes called a buffer zone), where releases are made
only to meet firm or minimum requirements. The division between the
upper and lower zone may vary seasonally. The power rule curve shown
on Figure 5-36 is an example of a seasonally varying division.

d. Fixed Flood Control Zone., The simplest flood control
configuration is that where a fixed amount of storage space is
maintained above the top of the conservation pool the year around.
This approach is followed in basins where large floods can be expected
at any time of the year, such as in the South Atlantic coastal basins.
The reservoir is normally maintained at or below the top of
conservation pool, with the flood control space being filled only to
control floods. Following the flood, this space is evacuated as
quickly as possible within the limits of downstream channel capacity.
During the period when flood runoff is being stored, it is sometimes
necessary to reduce reservoir releases to zero in order to minimize
downstream flooding, and this results in the interruption of power
production., During the evacuation period, the reservoir releases
required to evacuate the flood control space in the specified time
period may exceed the power plant capacity, resulting in spilled

FLOOD CONTROL STORAGE

Figure 5-38. Storage zones
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energy. To reduce this loss, it is sometimes possible to divide the
flood control space into two zones, an upper zone, which must be
evacuated as rapidly as possible, and a lower zone, which can be
evacuated at a rate equal to the power plant hydraulic capacity
(Figure 5-39).

e. Joint-Use Storage,

(1) In many river basins, major floods are concentrated in one
season of the year. This permits establishment of a joint-use storage
zone, which can be used for flood regulation during part of the year
and conservation storage in the remainder of the year (Figure 5-40).
Such an allocation requires less total reservoir storage than
providing separate exclusive storage zones for flood control and
conservation, so the utilization of joint-use storage should be
considered wherever hydrologic conditions permit.

(2) Because the joint use zone must be evacuated annually, not
all of the conservation storage may contribute to the project's firm
energy capability. The refill curve (A-B on Figure 5-40) would be
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Figure 5-39. Primary and secondary flood control Zzones
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defined by a careful balancing of the probability of floods of various
magnitude in each interval within the refill period against the
probability of sufficient runoff to permit refill, At some projects,
it may be impossible to develop a rule curve that always satisfies

the needs of both flood control and conservation storage. Take Figure
5-40 as an example. If flood control is the dominant function, and
the flood control rule curve must be followed at all times, there may
be some years where the spring runoff may not be sufficient to refill
the conservation storage. The project's firm energy capability would
therefore be based on a starting reservoir elevation (May 1st) that
could be assured in all (or nearly all) water years. The oonservation
storage would in effect have two zones, Storage below the assured May
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Figure 5-40. Rule curve for regulating joint-use storage
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1st reservoir elevation would be primary conservation storage, and
storage above that elevation would be secondary conservation storage.

(3) Figure 5-41 illustrates such a case, the lower curve being
the firm power rule curve, which defines the project's firm energy
capability. The upper curve defines the storage required for flood
control. Typically, a project of this type would be refilled in the
spring to the extent possible without violating flood control -
requirements. If runoff permits filling conservation storage above
the power rule curve, that storage could be drafted as required (based
on power system needs and the value of that energy for thermal
displacement). The rate of draft would be such that firm energy
capability would be protected while meeting the drawdown requirements
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for winter flood control. However, at many projects of this type,
other project functions may help define the rate of draft. For
example, at-site recreation requirements may encourage maintaining the
pool level as high as possible in June, July, and August, but this may
be offset by storage drafts for other uses, such as downstream water
quality. Also, there would be little incentive to provide for
secondary conservation storage unless it fills in a reasonably high
percentage of the years, However, if (in the case of the example
project), secondary energy has a higher value in July and August than
it does during the refill season, providing secondary conservation
storage to retain this energy might prove to be economically
attractive.

610
TOP OF FLOOD CONTROL POOL (EL. 604.1)
600 - FLOOD CONTROL
RULE CURVE
> \
% 590- /
s \

- JOINTUSE /
& STORAGE
& 580
=
<
11}

—d

V7]

-

3 570

o

a
5604 WER PC
550 4

J J A s o N DIUTE M A M
MONTH (1965-1966)

Figure 5-42, Regulation of a reservoir with joint-use
storage through an average water year (Case 3, Appendix I)
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(4) Figure 5-42 illustrates regulation of a reservoir with
joint-use storage for flood control, hydropower, at-site recreation,
and downstream water quality through an average water year. The
supporting computations, which include the computations of the
project's energy output, are included in Appendix I as Case 3. It
should be noted that to simplify the example, monthly average flows
have been used to estimate energy output in the flood season. Because
of the wide day-to-day variation of releases during the flood season,
daily routings would normally be required to provide an accurate
estimate of energy output.

f. Joint-use Storage with Snowmelt Runoff.

(1) 1In the mountainous river basins of the western United
States, much of the runoff is from snowmelt, and the magnitude of that
runoff can be forecasted several months in advance with some degree of
confidence. This makes it possible to manage joint use storage space
more efficiently. Precipitation occurs primarily in the winter
months, and the first forecasts of runoff volume are available in
January or February. Drafts for flood control are scheduled to insure
that sufficient flood control space is provided to maintain the
required level of protection, while at the same time, sufficient
conservation storage is maintained to permit refill in most years.
Through the remainder of the winter and into the spring runoff season,
forecasts are periodically updated, and the reservoir draft and refill
schedules adjusted accordingly. In a low runoff year, flood control
drafts are limited, to insure that sufficient conservation storage is
available at the end of the runoff season to meet the coming year's
firm power and other conservation requirements. In a high runoff
year, the heavy drafts required to provide adequate flood control
space also permit generation of secondary energy at a time when it is
more readily marketable. Figure 5-43 illustrates regulation patterns
for such a reservoir in both low and high runoff years.

(2) The Columbia, Colorado, and Sacramento-San Joaquin River
Basins are examples of this type of hydrologic regime, and the way in
which they are operated to meet flood control and conservation
requirements is discussed in Appendix M. The papers by Green and
Jones in reference (34) describe the complex system of rule curves
that are used to regulate the operation of reservoirs in the Columbia
River System.

g. Flood Control Storage Reguirements. Extensive reservoir
regulation and flood routing studies must be made to determine the
amount of flood control space that must be maintained at various times
of the year. Reference should made to publications such as EM 1110-2-

3600, Reservoir Regulation (52), ER 1110-2-240, Reservoir Regulation,
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and Reservoir Operation for Flood Control (44b). Many of the SSR
models used for making power studies also have the capability for

doing the flood control regulation at the same time, provided that
downstream flood control objectives have been established (see
Appendix C).

h. Non-Rower Conservation Regquirements.

(1) At most projects having power storage, releases must also be
scheduled to meet other downstream uses, which might include
navigation, irrigation, municipal and industrial water supply, fish
and wildlife, water quality, and recreation. In some cases, these
requirements may be determined independently of the reservoir
regulation study, such as (a) a minimum flow required to maintain
sufficient depth to permit navigation in the reach below the
reservoir, (b) the water supply requirements of a downstream
community, or (c) minimum releases to maintain downstream fish
populations. These requirements may be constant or they may vary
seasonally. Sometimes, two levels of discharge may be specified, (a)
a desired flow level that should be met as long as storage is above
the critical rule curve, and (b) an absolute minimum flow that must be
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Figure 5-43., Regulation of a reservoir with joint-use storage
where runoff can be forecasted (Libby Reservoir, Montana)
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maintained at all times and is hence a part of the firm discharge
requirement,

(2) The water quality requirement in the regulation in Appendix
H is an example of a requirement that was established outside of the
regulation study but had to be maintained throughout the period of
analysis., In this case, releases for power were large enough in all
months to maintain the water quality requirement, but in other cases,
releases for other functlons may constrain power operations,

(3) Sometimes the level of non-power requirements that can be
maintained is determined in the regulation study. An example would be
a project intended to provide both power generation and releases for
irrigation. Each function could have different seasonal demand
pattern (see Figure 5-44), To determine the optimum regulation would
require a series of studies to test alternative storage release
patterns, with the regulation providing maximum net benefits being
selected as the optimum plan. In some cases, where multiple
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objectives have been identified, it may not be possible to quantify
the benefits for all functions, and judgement may be required to
select the best plan. The 1981 operation policy analysis the Sam
Rayburn Reservoir in Texas is an example of such a study (16).

i. Multiple-Purpose Operational Studies.

(1) Making an operational SSR study to determine the energy
output of a project serving multiple purposes is basically the same as
making a study for a single-purpose power storage reservoir. The
steps described in Section 5-10 would be followed, and the require-
ments of other functions would be superimposed on the power
regulation. In some periods, it may not be possible to meet all
requirements. This requires a set of operating rules which establish
priorities, and it is sometimes necessary to make alternative studies
with different priority orders to identify the plan that maximizes net
benefits. Other considerations may also help establish the priority
order, or at least limit the alternatives that need to be considered.
Within this context, it is important to recognize that priorities
among the various water resource purposes vary with locale, with water
rights, with the relative demands of the different water users, with
legal and political considerations, and with social, cultural, and
enviromnmental conditions.

(2) Although these variations make it impossible to specify a
priority system that applies in all cases, it is possible to identify
a set of priorities that would be typical of many projects. Operation
for the safety of the structure has the highest priority unless the
consequences of failure of the structure are minor (which is seldom
the case). Of the functional purposes, flood control must have a high
priority, particularly where downstream levees, bridges, or other
vital structures are threatened. It is not unusual for conservation
operations to cease entirely during periods of flood regulation if a
significant reduction in flooding can be realized thereby. Among the
conservation purposes, municipal and industrial water supply and
hydroelectric power generation are often given a high priority,
particularly where alternatives supplies are not readily available.
High priority is also usually assigned to minimum flows required for
fish and wildlife. Navigation and irrigation may receive a somewhat
lower priority, and water-quality management and other low-flow
augmentation priorities would be somewhat lower yet, because temporary
shortages are usually not disastrous. Finally, recreation and
aesthetic considerations would usually have the lowest priority,
although these functions sometimes warrant higher priorities. It
should be emphasized again that: (a) there can be marked exceptions
in the relative priorities as listed above, (b) there are regional
differences in relative needs, and (c) legal and institutional factors
may greatly affect priorities.

5-106



EM 1110-2-1701
31 Dec 1985

(3) Table 5-9 illustrates a listing of rules for hypothetical
storage project in descending order of priority. Figure 5-45 des-
cribes the storage zones and rule curves for this project. It is
possible to follow all of these rules in a hand regulation, but the
advantages of computerized SSR models become obvious when the rules
are numerous and complex.

(4) A considerable body of literature exists on multiple-
purpose reservoir regulation., In addition to EM 1110-2-3600, Reser-
voir Regulation (52), and Volumes 1, 7, 8 and 9 of Hydrologic Engi-
neering Methods for Water Resources Development (44), references (19)
and (34) would be good starting points. Appendix M to this manual
describes how multiple operating objectives are accomodated in the
operation of several representative U.S. reservoir power systems.

5-13. Alternative Power Operation Strategies.

a. Introduction. The power regulation procedures described in
the preceding sections are designed to insure that firm energy
capability will be provided in all years in the period of record.
Several alternative strategies might be considered in regulating power
storage.

b. Maximize Average Annual Energy.

(1) Average annual energy could theoretically be maximized by
maintaining the reservoir at maximum power pool (maximum head) at all
times. However, this may not be a satisfactory operation because (a)
the powerplant may not have sufficient capacity to fully utilize
streamflows during the high runoff season, or (b) the value of energy
in the high runoff season may be substantially less than during other
periods. In these cases, some use of storage may be desirable to
avoid spill and to maximize power benefits.

(2) One approach would be to apply monthly energy requirements
greater than the firm energy output. Different levels of emnergy
requirements could be tested to determine which level maximizes
average annual energy. When a project is required to meet energy
requirements greater than the firm, there will be months when those
requirements cannot be met (at the end of the critical drawdown
period, for example). This type of regulation would be implemented
only in power systems where thermal energy is available to make up the
shortfall in months when the energy requirement cannot be met.
Section 5-13d(3) describes a technique for applying variable energy
requirements, depending on pool elevation and/or time of year. This
technique may not maximize average annual energy, but it might prove
to be a satisfactory procedure for some projects.
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TABLE 5-9
Operating Rules for Hypothetical Storage Project

10.
11.

12.

13,
14,

15.

When reservoir elevation approaches the top of flood control pool,
spillway gates are opened to pass inflow, to prevent
overtopping of dam.

Flood control storage space requirements are as follows:

December through February: 600,000 AF
June through August: 300,000 AF

Storage in spring and fall months will follow the proportional
rule curve shown in Figure 5-45. Flood control storage space
is not to be filled except to control floods.

Flood control storage will be regulated to maintain a maximum flow
of 10,000 cfs at the Fort Mudge gage, 15 miles downstream of
this project.

Flood control regulation may require total project discharge to be
reduced to zero, thus discontinuing power generation and
releases for fish.

Primary flood control zone (upper two-thirds of flood control
storage) is to be evacuated as rapidly as possible following
the flood without exceeding downstream channel capacity.

Secondary flood control zone (lower third of flood control
storage) is to be evacuated as rapidly as possible within
constraints of power plant hydraulic capacity.

The diversions shown on Table 5-10 must be provided at the dam for
a local municipal water system.

A minimum discharge of 200 cfs is required between April and
September to maintain fish population in reach below dam.

The firm energy requirements shown on Table 5-10 must be met.

If reservoir is at or below critical rule curve, (power rule
curve) only firm power requirements will be met,

The minimum desirable discharges shown on Table 5-10 will be met
if possible for downstream navigation and water quality.

To protect dependable capacity, the reservoir will not be drafted
below rated head (El. 737.0) except to meet firm energy
requirements.

While in the conservation storage zone, discharge will not exceed
powerplant hydraulic capacity.

Reservoir will be maintained as close to top of conservation pool
as possible from Memorial Day through Labor Day for at-site
recreation.

Maximum possible energy will be generated from October through
February.
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(3) In some cases, maximizing average annual energy may not
produce maximum energy benefits. In order to determine the optimum
regulation, the analysis would have to consider the cost of purchasing
thermal energy in months of shortfall as well as the benefits of the
increased average annual energy.

(4) If the value of energy varies from month to month, specific
values could be assigned to the energy output in each month, and
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Figure 5-45, Storage zones and rule curves
for hypothetical storage project
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TABLE 5-10
Monthly Operational Requirements for Multiple-Purpose
Storage Project Described in Table 5-9 and Figure 5-45

Muncipal Required Desired
Water Minimum Minimum Firm

Diversion Discharge 1/ Discharge 2/ Energy
Mopth = fofs) = (efs) {efs)  (kWh)
January 35 0 300 13,700
February 35 0 300 11,800
March 35 0 300 12,300
April 37 200 300 11,600
May 43 200 300 11,300
June 65 200 400 10,800
July 87 200 400 11,300
August 83 200 400 11,300
September 61 200 400 10,900
October 43 0 400 11,600
November 39 0 300 11,900
December 35 0 300 13,200

1/ For fish and wildlife,

2/ For navigation and water quality.

successive iterations made to develop operating rules which maximize
energy benefits. It should be noted that operating rules of this type
would have to be updated periodically as the relative monthly energy
values change., Figure 5-46 shows operation in an average year based
on following operating rules designed to maximize energy benefits
compared to an operation when the reservoir was maintained as close to
the top of the power pool as possible the year around, Based on the
energy values shown in Appendix I (Figure I-1), the energy output and
energy benefits for that year would be as follows:

Energy Energy Benefits

(gWh) {$1,000)
Maintain full power pool 95,500 3,350
Maximize energy benefits 92,600 3,770
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The backup computations are shown as Cases 4 and 5 in Appendix I.

Note that the operating rules used in Case 5 may not be the rules that
would give the absolute maximum power benefits over the period-of-
record, but they do illustrate how power benefits can be increased by
taking into consideration seasonal variations in the value of energy.

c. Maximize Dependable Capacity.

(1) The objective in this case would be to maintain the
reservoir at or above the rated head, to insure that the project's
full rated capacity is available at all times. This would maximize
the project's dependable capacity (assuming that dependable capacity
is measured as described in either Section 6-7d or 6-Tg). Theoreti-
cally, this could be assured by maintaining the reservoir at full
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Figure 5-46. Reservoir operation in an average
water year based on maximizing average energy
(Curve A), and maximizing energy benefits (Curve B)
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power pool at all times, However, for the capacity to be of value, it
must be supported by sufficient energy to permit it to be operated for
a specified number of hours in each period. For example, in some
systems, for the capacity to be marketable, it must be supported by a
specified amount of firm energy in each week or month, Storage drafts
would be required to provide this energy in periods of low flow. This
could be accomplished by developing a critical period rule curve based
on only the storage available above critical head. Figure 5-47
indicates how the example project might be operated in an adverse
water year, following the rule curve based on dependable capacity.
Following this rule curve would insure that rated capacity would be
available at all times. However, some firm energy capability would be
sacrificed. For comparison, the regulation based on maximizing firm
energy is also shown on Figure 5-33. The annual firm energy output in
the two cases would be as follows:

TOP OF POWER POOL (EL. 599.5)
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Figure 5-47. Operation of reservoir to maximize dependable
capacity, in critical and average water years (Case 6, Appendix I)
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Maximize firm energy 74,000 MWh

Maximize dependable capacity 45,700 MWh
Figure 5-47 also shows the dependable capacity operation in an average
streamflow year, The backup calculations are shown as Case 6 in
Appendix I, and the calculations for the routing to maximize firm

energy are shown in Appendix H.

(2) A variation on this approach would be to maintain the pool
at or above rated head through the end of the peak demand season
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Figure 5-48. Operation of reservoir with joint use
storage to maximize dependable capacity (in average year)
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and then draft below that elevation to maximize average energy
production during the interval prior to the refill season. This
approach would be particularly attractive for a system where runoff is
from snowmelt, where the amount of draft following the peak demand
period would be based on forecasted runoff (see Figure 5-48).

d. Yariable Draft.

(1) Another approach, which is now being used either explicitly
or implicitly in several U.S. hydropower systems, is to base draft of
power storage for secondary energy production on the market value of
energy at the time. Such an operation might be superimposed on the
primary objective of maximizing firm energy output. This means that
the project would operate between the top of power pool and the
critical year rule curve. During adverse water years, the project
would operate on the rule curve and generate only firm energy. In
good water years, drafting storage above the rule curve to produce
secondary energy would be based on the value of the energy.

8.2 LOOD CONTROL RULE CURVE
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Figure 5-49. TVA intermediate guide curves for 1979. The

curves between the flood control rule curve and the basic power
rule curve are the intermediate guide curves. The numerical values

above the curves represent the value of storage in mills/kWh.
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(2) The most sophisticated example of an operation of this type
is in the TVA system, where a series of intermediate (or economy)
guide curves is developed which shows what the value of secondary
energy must be for storage to be drafted to that level (Figure 5-49).
Similar operations are followed in other systems as well, except that
the decision whether to draft may be more judgemental, and may be
based on non-power considerations as well as the present and expected
future value of the secondary energy.

(3) 1In the Arkansas-White River power system, a variable draft
strategy is employed by the marketing agency to protect dependable
capacity as well as firm energy capability, while attempting to
maximize energy output and yet maintain a satisfactory pool elevation
for recreation, Studies by Tulsa District have succeeded in
empirically quantifying this somewhat complex operation. In order
to protect dependable capacity (and reservoir recreation), the
reservoirs are almost never drafted below the elevations where 80
hours of power storage remains, To help maintain this elevation and
still meet firm energy obligations, the marketing agency purchases low

TOP OF FLOOD CONTROL POOL

MAXIMUM POWER POOL

POWER GUIDE CURVE
80 HOURS OF POWER

4 STORAGE REMAINING

RESERVOIR STORAGE

MINIMUM POWER POOL

T \ T T 1 1 T T T

0 20 40 60 80 100
DAILY PLANT FACTOR (PERCENT)

Figure 5-50. Power guide curve for Arkansas-White system
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cost thermal energy whenever available. When the reservoir is above
the 80-hour elevation, releases are made for power at a daily plant
factor that is a function of pool elevation. This plant factor varies
from 100 percent while in the flood control pool (i.e., at or above
the top of power pool) to about 5 percent at the 80-hour elevation
(see Figure 5-50). The 80 hours of storage is held in reserve, being
used only in emergency situations, such as a severe heat storm
occurring at a time when reservoir inflows are low and thermal energy
is not available for purchase. Tulsa District has used a guide curve
of this type to simulate the power operation of new power projects
which would be operated in the coordinated Arkansas-White River power
system. Both the HEC-5 and SUPER models have been adapted to simulate
this type of operation.

(4) It should be noted that the 80-hour limit described above is
based on historical operation experience in the early 1980's. The 80-
hour limit corresponds to 40 percent of power storage remaining. The
regional Power Marketing Administration expects this limit to move up,
perhaps as high as 75 of percent power storage remaining by the
1990's. Where this approach is used, the studies should be closely
coordinated with the regional PMA to insure that the guide curves
reflect expected future operations.

(5) The power guide curve concept could also be applied to a
reservoir that is regulated using a seasonally varying power rule
curve (Section 5-11). The power guide curve would be flexible,
expanding or contracting to fit the distance between the power rule
curve and the maximum power pool (Figure 5-51). Using this approach,
the plant factor required to produce firm energy could be varied
seasonally also.

(6) A similar but somewhat simpler approach would be to use a
series of intermediate rule curves to govern operation between the
power rule curve and the maximum power pool. These curves would
define zones within which the plant would operate at a fixed plant
factor. These plant factors would vary with elevation in a manner
similar to the power guide curve.

e. System Power Reserve, In systems with a high percentage of
hydropower, it may be acceptable to draft below the critical rule
curve to meet firm load during periods when base load thermal plant
outages are higher than normal, with the expectation that later, when
the thermal plants are back in service, they can operate at full
output until the storage projects return to their rule curves.
However, such departures from the rule curve would normally be
limited. In the event of extended outage, other actions would be
taken, such as purchasing energy from outside of the system and
attempting to reduce loads.
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Figure 5-51. Appliction of power guide curve
to reservoir operated using a power rule curve
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f. Composite Energy Operation. In the mainstem Missouri River

system, storage is several times the average annual runoff, thus
permitting considerable flexibility in operation. System storage is
divided into two zones, an upper or "Annual Multiple-Purpose Storage
Zone™ and a lower or "Carry-Over Storage Zone." In most years runoff
is sufficient to operate in the upper zone, and regulating the project
to meet normal flood control and navigation requirements usually
results in power output close to average annual energy. During
extended periods of drought (2 years or more), the operating strategy
will result in the reservoir elevations dropping into the carry-over
zone. When this occurs, energy production is reduced to the firm
requirement until the reservoirs return to their normal operating
range.

(1) The analysis of a system of hydropower projects follows the
same basic principles as single hydro storage project. The major
difference is that analysis of a hydropower system is more complex,
and when the system is operated for multiple purposes, the analysis is
even more complex. For adequate analysis of systems, computerized SSR
models become a necessity.

(2) 1In the context of this section, a "system" refers to a
multi-reservoir system where the operation of all projects is
coordinated to maximize power benefits (within the constraints of
other project and system functions). System studies might be required
at the planning stage for several reasons:

. to examine new hydropower systems

. to examine the proper sequence of construction for projects
in a hydropower system

. to examine the addition of new projects to an existing
system

. to examine the desirability of operating existing hydropower
projects as a system instead of as independent projects

. to examine multiple-purpose aspects of reservoir system
design and operation
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to examine the desirability of modifying the operation of an
existing system to reflect changed operating requirements
(either power or non-power)

(3) In the following paragraphs the general principles of
reservoir system operation will be discussed, several examples will be
presented, and sources of additional information will be cited.

b. Storage Effectiveness,

(1) The basic problem in operating a system of reservoir
projects (Figure 5-52, for example), is to determine the order of
drafting storage from the various reservoirs which will maximize power
output. The overall approach to sequence of drafting can be
understood by examining the storage effectiveness concept,

(2) When storage is drafted from a reservoir, (a) energy is
generated from the water which was drafted, both at-site and at
downstream projects, and (b), as a result of the removal of the
storage, there is a loss in generating head at the storage project's
powerplant. This loss of head reduces generation in subsequent months
(until the reservoir fills once again). In order to determine the

‘1 TRIBUTARY
RESERVOIR A

TRIBUTARY
RESERVOIR B

TRIBUTARY
: RESERVOIR C
MAINSTEM
RESERVOIR

Figure 5-52. System of reservoir projects
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order of reservoir draft, both the produced generation and the
resulting loss in head must be taken into account. This can be
achieved through the use of the storage effectiveness index, which is
the inverse ratio of the gain in generation in a given routing
interval to the generation loss in subsequent intervals:

kWwh lost in subsequent intervals

Storage Effectiveness Index =
kWh from storage release

At the start of each month, for example, storage effectiveness indices
might be computed for each reservoir, and water would be drafted from
the one with the most favorable (lowest) index.

c. General Approach,

(1) To 1illustrate the storage effectiveness concept, several
different types of reservoir combinations will be examined. In order
to simplify the explanation, it will be assumed that the system is
being regulated only for hydropower and the objective is to maximize
the system's firm energy output. The monthly routing interval will be
used in the examples.

(2) The following steps would apply to the analysis of such a
system:

. 1identify the historical streamflow period that appears most
likely to be the system critical period.

. estimate the load that is to be carried by the system in
each month of the critical drawdown period.

. for the first month in the period, determine the generation
that can be produced by operating all powerplants using
only reservoir inflow.

. determine the generation shortfall for that month by
deducting the generation resulting from inflow from the
required generation. This shortfall will then be met by
drafting storage from one or more reservoirs.

. compute storage effectiveness indices for each reservoir

. 8Select the project or projects with the lowest storage
effectiveness index and draft sufficient storage to cover
the generation shortfall

. repeat the four preceding steps for each subsequent month
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(3) If the firm load which can be met by the hydro system has
been estimated correctly, the loads will have been met in all months
and all reservoirs will have been fully drafted by the end of the
critical drawdown period. If the reservoirs have been drafted prior
to the end of the critical drawdown period, the load estimate was too
high. If storage remains at the end of the period, the estimate was
too low. If the load estimate is either too high or too low, the load
estimate must be adjusted and another routing must be made (see
Section 5-10g).

(4) Once a routing is made which exactly uses the available
storage, the system's firm energy output will have been identified for
each month in the critical drawdown period. Using these firm energy
requirements, a routing must be done for the entire period of record
in order to (a) verify that the proper critical period has been
selected, and (b) to determine the system's average annual energy
production. If the reservoirs fully draft and loads cannot be met in
some months, then another period is more critical. The entire process
must then be repeated using the new critical drawdown period.

d. System Critical Period.

(1) The critical period for the system is defined by the
regulating capability of the total amount of storage available to the
system. As a result, it may be different than the critical period of
individual projects operated independently.

(2) When a computerized SSR model is being used, the system
critical period is usually identified by making trial routings.
Various historical adverse flow sequences are tested in order to
identify the period that is most adverse (produces the least amount of
firm energy).

(3) If components of the system are located in hydrologically
dissimilar basins or sub-basins, it may be necessary to identify one
or more potential critical periods for each sub-area and test each
with the entire system.

e. Estimate System Firm Energy Loads.

(1) Making a preliminary estimate of the firm emergy load that
could be carried by a system of projects is much more complicated than
estimating the firm output of a single reservoir. Rather than
attempting to make such an estimate, the usual approach when using
computerized routing models is to determine the system's firm energy
output by trial and error, applying various loads until the reservoirs
are all exactly drafted at the end of the critical drawdown period
(see Section 5-14c).
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(2) In hydro-based power systems, some complicating factors may
occur, particularly when examining the operation in the immediate
future. Reasonably accurate estimates of expected loads and expected
thermal resource capabilities (if any) are usually available. Hence,
the hydro system would be operated against actual expected net loads.
In some cases, this may result in a firm energy surplus or deficit,
rather than an operation in which firm loads are exactly met. This
could be handled by applying the surplus or deficit uniformly to all
months in the critical drawdown period. This approach would simulate,
in the case of a surplus, the shutting down of the most expensive
thermal plants for the entire critical period, and, in the case of a
deficit, accepting a uniform shortage over the entire critical period.

(3) In the case of a deficit, another approach would be to apply
the deficit to the last months in the critical drawdown period. This
would result in larger shortfalls in those months (compared to
applying a uniform deficit to all months). However, extended low flow
periods are usually infrequent occurrences, so over the long term, the
system will seldom reach the state where deficits will actually occur.
If it does appear that the system is entering an extended low flow
period, actions would be taken to accomodate the resulting deficits
(reduce loads, make purchases from outside systems, etc.).

f. Examples of Storage Effectiveness.

(1) General. Several examples of two-reservoir systems will be
examined using the storage effectiveness technique in order to
illustrate the principles of system operations, Detailed calculations
will be shown only for the first example. For subsequent examples,
the calculations used to derive the storage effectiveness ratios are
summarized in Appendix L. The appendix also includes the storage-
elevation curves for the three major reservoir configurations,

(2) Identical Reservoirs in Tandem, Figure 5-53 shows two
identical reservoirs in tandem, both with at-site generation. Both
also have 100 feet of head at full pool and 200,000 AF of power
storage, located in the top 40 feet of the reservoir. Each reservoir
has 80,000 AF of dead storage, so the total storage at full pool would
be 280,000 AF. It is assumed that (a) there is no local inflow
between the projects, so the same unregulated inflow applies to both
projects, (b) net evaporation, leakage, withdrawals, and other losses
are zero, and (¢) the elevation of Reservoir A has no effect on the
tailwater elevation at Reservoir B. The critical drawdown period is
assumed to be eight months, June through January, and to simplify the
problem, an inflow of 1000 cfs is assumed to apply to all months in
the critical drawdown period. All months are assumed to be 30 days in
length. The energy calculations are made using the water power
equation,
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(3) Estimate Epergy Shortfall. It is assumed that the monthly
firm energy requirement is 14,800 MWh for all months., The first step

is to calculate the generation from natural inflow, using the water
power equation (Eq. 5-4). Drafting storage from the downstream
reservoir (Reservoir A) will be examined first. The energy output at
the upstream reservoir for the first month would be

QHet (1000 cfs){(100 feet)(0.85)(720 hours)

kWh = = 5,200 Mwh.

11.81 11.81

At the downstream project, the average available head would be less
than 100 feet, because some head will be lost when storage is drafted
to meet the deficit. An average head of 95 feet is assumed (note that
more than one iteration may be required to reach a solution for the
storage draft for a given month), The generation from inflow at
Reservoir A would therefore be

(1000 cfs)(95 feet)(0.85) (720 hours)
kWh = = 4,900,000 KWh
(11.81)

The energy shortfall would therefore be
(14,800 - 5,200 - 4,900) = 4,700 MWh,

(4) Draft Required from Reservoir A, If the draft is made at
Reservoir A, the full 4,700 MWh of additional generation would have

Figure 5-53. Two identical reservoirs in
tandem, both with at-site generation (Case 1)
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to be produced at that reservoir's powerplant. The average discharge
required through the powerplant to produce 4,700 MWh would be

11.81 kWh (11.81) (4,700,000 kWh)
= 955 cfs.

Het (95 feet)(0.85) (720 hours)
This corresponds to a storage draft of
(955 cfs)(59.5 AF/cfs) = 56,800 AF,

where 59.5 AF/cfs is the conversion factor for a 30-day month (Table
5_5) .

Deducting the storage draft from the starting storage, the end-of-
month storage is found to be (280,000 AF - 56,800 AF) = 223,200 AF.
Referring to Figure L-1, the end-of-period head is found to be

about 90 feet. The average head for the period would therefore be
(0.5)(100 + 90) = 95 feet, which verifies the head assumed in previous
steps.

(5) Loss in Subseguent Months., The loss of head at Reservoir A
at the end of the first month would be (100 - 90) = 10 feet, which

would in turn affect generation in the remaining seven months in the
critical drawdown period. The average streamflow passing through the
powerplant at Reservoir A through the remainder of the critical period
would be the sum of (a) the unregulated inflow and (b) the remaining
power storage at the two reservoirs, drafted over the course of the
remaining seven months,

At-site unregulated inflow 1000 cfs

(200,000 AF)

Releases from Reservoir B

(59.5 AF/cfs)(7 months)

480 cfs.

(200,000 - 56,800 AF)
Releases from Reservoir A

(59.5 AF/cfs)(7 months)

344 cfs.

The total average flow would be (1000 + U480 + 344) = 1824 cfs. The
resulting energy loss would therefore be
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QHet (1824 cfs)(10 £t)(0.85)(T X 720 hrs)
kWh = = = 6,600 MWh,
11.81 11.81

(6) Storage Effectiveness Index For Reservoir A. The storage
effectiveness index for Reservoir A would be the ratio of the energy
loss in subsequent months to the energy produced in the month being
evaluated, or

6,600 MWh
Storage Effectiveness Index = ————— = 1.40
4,700 Mwh

(7) Analysis of Reservoir B. Reservoir B would be analyzed in
the same way. The resulting storage effectiveness index is 0.47.
The backup calculations are summarized as Case 1 in Appendix L.

(8) Sequence of Drafting. Reservoir B has a much lower storage
effectiveness index (0.47) than Reservoir A (1.40). Hence, it is

obvious that the first draft should be made from the upstream
Reservoir B, Drafts from Reservoir B will pass through a larger
generating head, and thus require less draft to produce a given amount
of generation. If storage is drafted from Reservoir A, not only will
a larger head loss occur because of the larger draft, but the
resulting head loss will affect subsequent generation from storage
releases from both Reservoirs A and B. For these reasons, upstream
reservoirs should generally be drafted first. The only possible
exception (other than non-power operating constraints) would be where
the upper reservoir has a much steeper storage-elevation relationship
than the lower reservoir. The upstream project would therefore suffer
a much larger loss in head in order to provide the required draft, and
this may produce a higher storage effectiveness index at the upstream
reservoir. In most cases, however, there is local inflow between
tandem reservoirs, so the loss in head due to storage draft at the
lower reservoir would cause a proportionately larger loss in
generation in subsequent months, making drafts from the upper
reservoir even more effective.

(9) Regulation Over the Critical Drawdown Period. Routing the
two reservoirs shown in Figure 5-53 through the critical drawdown
period would result in the regulation shown on Figure 5-54, The
upstream Reservoir B would be completely drafted before storage is
drawn from Reservoir A, Note also that the downstream reservoir is
filled first, for the same basic reasons that it was drafted last.
Refilling the downstream reservoir first also increases the
probability that it will refill, and that generation of secondary
energy will be maximized in the spring months of high runoff years.
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The plots for the critical drawdown period could be used as rule
curves to guide the operation of the reservoirs through the total
period of record.

(10) Iwo Identical Reservodira. in Parallel, Figure 5-55 shows
two identical reservoirs in parallel with the same characteristics as
Reservoirs A and B, Assume first that both have identical inflows and
both have powerplants. In this case, both would also have identical
storage effectiveness indices of 0.91 for the first month in the
eritical drawdown period (Case 2, Appendix L), 30 the two would be
drafted at the same rate,

RESERVOIR B
(UPSTREAM)

TOP OF POWER POOL

IMiNIMUN
650

]  —

J J A S O N D J F M A M

RESERVOIR A

(DOWNSTREAM,)
TOP OF POWER POOL __ __

POOL ELEVATION (FT,, MS.L)

Figure 5-5U4. Regulation of two ldentical tandem
reservoirs over the critical drawdown period
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RESERVOIR C

RESERVOIR D P

Figure 5-55. Two identical reservoirs in parallel (Case 2)

(11)

Two Identical Reservoirs in Parallel (Ope with Downstream

Power). Assume the same situation as in the previous example, except
that a run-of-river plant with 30 feet of head is located just

downstream from Reservoir D (Figure 5-56). Because the effective head
of releases from Reservoir D is increased by 30 feet, the draft

required from that reservoir to meet a given increment of load is
reduced, resulting in a higher average head at-site and reduced losses
in subsequent months., The first-month storage effectiveness index for

_RESERVOIR C

RESERVOIR D

\RUN-OF-RIVER
PROJECT

Figure 5-56. Two identical reservoirs in
parallel (one with downstream power) (Case 3)
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Reservoir D would be 0.70 (Case 3, Appendix L), compared to 0.97 for
Reservoir C, making Reservoir D the first reservoir to draft. Note
that as Reservoir D is drafted, its head is reduced. Before the
storage is fully drafted the sum of the head at Reservoir D and the
run-of-river plant will be less than the head at a full Reservoir C.
Thus, at some point during the critical drawdown period, the storage
effectiveness indexes of the two reservoirs could become equal, at
which time simultaneous drafts would be made from both reservoirs.

(12) Iwo Identical Reservoirs in Parallel (One Without Power),
Consider a situation similar to the preceding example, but where
only Reservoir C has at-site power and there are run-of-river projects
located below the confluence of the two streams (Figure 5-57). Even
though Reservoir D has no at-site power, storage releases would be
usable for increasing generation at the run-of-river projects. It can
be seen without computations that the loss in generation at Reservoir
D in subsequent months due to reduced head will be zero, because there
is no at-site generation. Hence, the storage effectiveness index for
Reservoir D will be zero, and it should be drafted before drafting
Reservoir C. Where power generation is the only consideration,
reservoirs without at-site power should be drafted in preference to
those with at-site power., However, it is not always desirable to
fully draft the reservoir without at-site power prior to drafting the
one with at-site power. Consideration should also be given to
insuring that Reservoir D has a reasonable probability of refill in
normal water years. This could be accomplished by developing an
assured refill level (or curve) for each reservoir. As long as a
reservoir is not drafted below this level, it will refill in most
water years, In the example, Reservoir D would be drafted to the

RUN-OF-RIVER PROJECTS

Figure 5-57. Two identical reservoirs in
parallel (only one with power)
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assured refill level. Then, Reservoir C would be drafted to its
assured refill level, Finally, in years when further draft is
required, the remaining storage in both reservoirs would be drafted.
Such a strategy would tend to reduce firm energy slightly, but would
increase energy production in most years. Pages 302-309 of reference
(23) discuss the regulation of multiple reserveoirs with no at-site
power.

(13) Iwo Equal Reservoirs in Parallel (Unequal Inflow). Assume
again that there are two identical reservoirs in parallel, both with
at-site power, but that the inflow at Reservoir D is half of the
inflow at Reservoir C (Figure 5-58). The same draft would be required
at each reservoir to meet a given increment of generation, However,
because of the smaller inflow at Reservoir D, the generation loss in
subsequent months due to loss in head will be less than the loss at
Reservoir C. Hence, Reservoir D has a lower storage effectiveness
index (0.59) than Reservoir C (0.99) and would be drafted first (Case
4, Appendix L).

(14) TIwo Reservoirs of Different Slope in Parallel, Assume in
this case that there are two reservoirs of equal storage (200,000 AF)
located in parallel, but Reservoir E has a steep storage-elevation
curve, while Reservoir F has a flat storage-elevation curve (Figures
5«59 and L-1). The heads at full pool are assumed to be 150 feet at
Reservoir E and and 50 feet at Reservoir F. Assume that both have at-
site power and that both have identical inflows (1000 cfs). Because
of the greater head, less draft will be required to produce a given
increment of generation at Reservoir E than at Reservoir F (Case 5,

_RESERVOIR C RESERVOIR D

Figure 5-58, Two identical reservoirs
in parallel with unequal inflow (Case 4)
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Appendix L). However, because of the steeper storage-elevation
relationship, Reservoir E incurs about the same amount of head loss
as Reservoir F., Even though the head loss is the same at both
reservoirs, the energy loss in subsequent months is less at Reservoir
F than at Reservoir E, because not as much storage remains to augment
inflow. Hence, the storage effectiveness index at Reservoir F (0.91)
is less than at Reservoir E (0.96), so Reservoir F should be drafted.
However, it should be noted that the indices are relatively close.

g. Discussion of Storage Effectiveness Examples,

(1) Six different two-reservoir systems were analyzed in the
previous section using the storage effectiveness concept. Other
combinations could have been examined also, but the ones presented are
sufficient to permit making some general statements about the optimum
sequence of drafting for multiple-reservoir systems,

. reservoirs without at-site power should be drafted
before reservoirs with at-site power.

. when reservoirs are located in series (tandem), the upstream
reservoir should usually be drafted first.

« a flatter storage-elevation relationship tends to favor
early draft.

. a lower total at-site discharge (inflow plus storage draft)
over the critical drawdown period tends to favor early
draft.

RESERVOIR F

ST

1000 OFS

Figure 5-59. Two reservoirs of equal size but
different slope in parallel (Case 5)
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. a higher effective head (at-site head plus total head at
downstream projects) tends to favor early draft.

(2) In many systems, however, the configuration of projects and
the characteristics of reservoirs and the streams on which they are
located are such that the optimum sequence of draft is not obvious.
Development of a plan for regulating a system of reservoirs often
requires a large number of trial-and-error iterations, and this can be
accomplished effectively only with computerized SSR models.

(3) Computerized SSR models for evaluating the hydropower output
of reservoir systems fall into three general categories:

. models which use some type of storage effectiveness index
(although not necessarily the one described above) as the
basis for selecting the reservoir(s) to draft in each time
increment,

. models which run a large number of combinations of draft
sequences to determine the optimum sequence (practical only
for analyzing relatively simple systems only).

. models of complex existing systems, where the draft sequence
is based on rule curves (which are the result of many trial-
and-error iterations, augmented by actual system operating
experience).

A good model is essential for reservoir system analysis, but the model
can be used effectively only if the operator understands how the
routings are made and how reservoirs are selected for draft, This
knowledge is essential first of all to insure that the proper model
has been selected and that the various projects are accurately
represented in the model, Such knowledge is also necessary to permit
the operator to review the output, to determine if a given routing has
been done correctly, and to enable him to modify a routing to improve
the system's performance.

(4) The examples discussed above are based on a single-year
critical period. In systems having a multi-year critical period, some
of the reservoirs may fully draft in each year, either because of
flood control requirements, or because they have a relatively small
proportion of storage to runoff. Others may have carry-over storage,
and will not reach the bottom of the power pool until the last year of
the critical period. The multi-year or "cyclical™ reservoirs would
have a relatively large ratio of storage volume to runoff volume
compared to the annual reservoirs. The draft schedule would have to
reflect the different characteristics of these two types of
reservoirs,
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(5) Some projects in a system may be under the control of
entities which do not elect to participate in coordinated operations.
These projects may have to be operated according to fixed rules rather
than be operated for the benefit of the system.

(6) An additional problem that is sometimes encountered is
"trapped storage."™ This can occur at projects where there are natural
restrictions (such as the channel capacity of the outlet of a natural
lake that 1s being regulated for power), or where there is a limited
powerplant hydraulic capacity, either at the storage project or at a
downstream project. At projects like this, it might not be possible
to evacuate the usable power storage at the time and rate that system
analysis studies determine is optimum, because the natural
restrictions limit flow or because the powerplant hydraulic capacity
would be exceeded and spill would occur. In such cases, it may be
necessary to adjust the draft sequence to work around these
constraints.

(7) The examples discussed above were all based on operating the
system to maximize firm energy output. The same basic concepts could
also be used to regulate a system to meet one of the other objectives
described in Section 5-13, such as maximizing dependable capacity or
maximizing average annual energy.

h. Multiple-Purpose Operating Considerations.

(1) The examples discussed above were also based on single-
purpose power operation. In most real situations, however, the system
is operated to meet other objectives as well, such as providing
storage for flood control, maintaining minimum discharges for
environmental purposes, and maintaining high reservoir levels in the
summer months for recreation. The same basic principles as were
outlined earlier in this section would be followed for a multiple-
purpose system analysis except that non-power operating requirements
must also be followed. The application of these requirements could
lead to a completely different sequence of drafting than would be
indicated by power considerations alone.

(2) In making the routings, successive iterations are often
required in order to develop a viable multiple~purpose operating plan.
One approach would be to first perform the reservoir drafts required
to meet mandatory non-power operating requirements, If such a regu-
lation does not in itself meet the firm energy requirements, further
drafts would then be made based upon storage effectiveness criteria.
In some cases, storage drafts for non-power requirements conflict with
the optimum draft schedule for power. In these cases, it is usually
necessary to develop operating rule curves based on a compromise
between the power and non-power objectives (see Section 5-12).
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i. Coordination with Other Entities.

(1) In some systems, all of the hydro plants may be under the
control of a single entity, but in other systems, two or more entities
may be involved. While benefits can almost always be gained through
coordinated operation, in some cases these benefits may not be
realized because of institutional constraints, or because of the
differing operational objectives of the various entities involved in
the coordination. Where opportunities for coordinated operation exist
and Federal projects would be involved, Corps field offices should
explore such possibilities, in the interest of increasing both project
and system NED benefits.

(2) An example of a system where such coordination has been
achieved is the Columbia River power system. The Federal government
controls a large share of the power storage, either through direct
ownership of the reservoirs, or through the Columbia River Treaty with
Canada. However, some of the storage is controlled by non-Federal
entities. The mainstem run-of-river projects, where most of the
system's energy is produced, are also divided between Federal and
non-Federal ownership. Altogether, 18 different entities are
involved, including three Federal agencies and the British Columbia
Hydro Authority (representing the Canadian govermment), and 14
electric power utilities. Coordination of the seasonal operation of
the storage projects is achieved through the Pacific Northwest
Coordination Agreement (among the various U.S. entities), and the
Columbia River Treaty (between the United States and Canada). The
hourly operation of the Grand Coulee storage project and the chain of
six pondage projects located immediately downstream is coordinated
through another operating agreement. Although the development and
implementation of these agreements has not been without its problems,
the overall operation has been very successful. It should be noted
that the system is operated to provide flood control, navigation,
irrigation, fish and wildlife, and recreation benefits in addition to
power production. Section M-8 of Appendix M briefly describes the
Columbia River power system, and references (2), (30), (85), and
papers in references (19) and (34) describe various aspects of the
operational agreements.

Je Sources of Further Information.

(1) References (19), (34), and (52) provide further information
on the analyses of power systems. Reference (19) also includes an
extensive bibliography. Additional references may be found in the
proceedings of the American Society of Civil Engineers and the
Institute of Electrical and Electronic Engineers, and in the
journal Water Power and Dam Construction (formerly Water Power).
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(2) Most of the SSR models described in Appendix C- have system
analysis capabilities. The documentation of these models provides
some insight into the system analysis techniques used in each., For
example, Appendix K contains a brief description of the techniques
used by HEC-5 to make system power studies. The analysts responsible
for operating and maintaining these models can provide further
assistance on system analysis techniques and on the application of
their respective models to power system problems.

(3) The field offices of the agencies responsible for operating
the major hydropower and multiple-purpose reservoir systems in the
United States would be additional sources of information. Table 5-11
provides a listing of some of these systems, and a brief discussion of
the characteristics of these systems is included in Appendix M.
Special attention should be given to those systems that most closely
resemble the hydrologic characteristics and operating objectives of
the system being studied.

(4) In addition, the Hydrologic Engineering Center is capable of
assisting Corps field offices in system analysis problems, and both
North Pacific Division and Southwestern Division have experience in
applying their models to the analysis of systems outside of their
geographic area of responsibility. Because of the complexity of
system analysis and the fact that development of effective operating
rules is to some extent an art, field offices are encouraged to
consult with those who are experienced in working with these problems.,

k. Examples of Existing Hvdropower Svstems., Table 5-11 lists
eight major existing water resources systems which are regulated for
multiple purposes including hydropower. A description of the
individual system characteristics and operating criteria for most of
these systems is presented in Appendix M.

5-15. Hybrid Method,

a. Introduction. The hybrid method is designed to examine the
addition of power at projects where head varies independently of
streamflow, but there is no regulation of seasonal storage for
hydropower. Examples would be a flood control reservoir or a storage
project where the conservation storage is regulated entirely for non-
power purposes. The hybrid method does the power computations
sequentially and then arrays the results in duration curve format for
further analysis.

b. Data Requirements. Data requirements (Table 5-12) would be

essentially the same.-as for the flow-duration curve method except that
daily values of reservoir elevation must be provided in addition to
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TABLE 5-11
Major Existing Water Resources Systems in the United States
Regulated for Multiple Purposes Including Hydropower

System Area
South Atlantic Georgia, Alabama, Florida, South
Carolina
Cumberland River Kentucky, Tennessee
Tennessee River Tennessee, North Carolina, Georgia,

Alabama, Kentucky
Arkansas-White Rivers Oklahoma, Arkansas, Missouri

Mainstem Missouri River Montana, North Dakota, South
Dakota, Nebraska

Colorado River Colorado, Wyoming, Utah, Arizona,
California, Nevada, New Mexico

Central Valley Project California

Columbia River Montana, Idaho, Washington, Oregon

daily streamflow values. This data could be obtained from USGS
records, project operating records, or from system regulation models
such as SUPER. As with the flow-duration method, daily data would be
used in most cases,

c. Methodology. Basically, the method involves computing the
project's power output day-by-day for the period of record using
sequential streamflows and reservoir (forebay) elevations obtained
from the historical record or a regulation model. The procedure
followed is essentially the same as that described in Section 5-9.
The results are then arranged in power-duration curve format, either
for the year or for specified months or seasons. Normally,
computations would be made both for specified power installations and
without the constraint of a specified plant size. The results can
then be plotted to show what portion of the site's energy potential is
developed by the specified power installation (Figure 5-60). With
DURAPLOT, the turbine characteristics (minimum and maximum heads and

5-135



EM 1110-2-~1701
31 Dec 1985

TABLE 5-12
Summary of Data Reguirements for Hybrid Method

Input Data @ Paragraph 1/ = Data Required
Routing interval 5-6b daily time interval
Streamflow data 5-6¢ historical records or SSR
regulations
Minimum length of record 5-6d 30 years or representative
period
Streamflow losses
Consumptive 5-6e normally included in
streamflows
Nonconsumptive 5-6e see Section 4-5h (4) thru (10)
Reservoir characteristics 5-6f use (a) elevation vs. discharge
curve, (b) fixed elevation,
or (¢) data from historical
records or SSR regulation
Tailwater data 5-6g tailwater curve or fixed value
Installed capacity 5-6h can specify capacity or let
model determine plant size
Turbine characteristics 5-61 specify maximum and minimum
discharges and maximum and
minimum heads
KW/cfs table 5-6] not used
Efficiency 5=-6k fixed efficiency or efficiency
curve
Head losses 5-61 use fixed value or head loss
vs. discharge curve
Non-power operating 5-6m use flow data which
criteria incorporates these criteria
Channel routing 5-6n not required
Generation requirements 5-60 not required

1/ For more detailed information on specific data requirements, refer
to the paragraphs listed in this column.

minimum and maximum discharges) can be specified, and the program will
automatically select the proper plant size.

d. Models. North Pacific Division's DURAPLOT is the only
specifically designed hybrid model currently being used in the Corps.
It is described in Section C-4b of Appendix C.
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Figure 5-60. Annual power-duration curve from DURAPLOT model
showing total energy potential and energy developed by 22.5 MW plant
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Figure 5-61., Libby Dam and Lake Koocanusa, the Corps
of Engineers!' largest storage project, with 4,980,000
AF of joint-use storage regulated for hydropower,
flood control, and other purposes (Seattle District)
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CHAPTER 6

POWERPLANT SIZING

6-1. Ipntroduction.
a. Purpose and Scope.

(1) Once the approximate energy potential of a proposed hydro-
power site has been estimated, the next step is to identify a range of
plant size and operating options, If alternative development config-
urations (dam heights, reservoir capacities, project layouts, etc.)
are being considered at a site, a range of plant sizes would be
developed for each., The range of plant sizes to be considered may be
influenced by power system requirements and marketability consid-
erations, envirommental factors, physical constraints, and non-power
operating constraints., The purpose of this chapter is to outline how
these factors are to be evaluated in selecting a viable range of
alternative installations at a given site.

(2) This chapter discusses the key steps and tools available for
conducting a powerplant sizing analysis. Sections are also devoted to
procedures for establishing dependable capacity, methods for improving
the dependability of hydro capacity, procedures for determining the
appropriate number and size of units for a given total plant capacity,
and the use of hourly operation studies.

(3) Economic analysis plays a key role in the selection of the
best plant size from a range of alternatives. Chapter 9 describes
procedures used for economic evaluation of hydropower projects, with
Section 9-8c illustrating several typical examples of plant sizing.

b. Definitions.

(1) General. Basic to the powerplant sizing process is an
understanding of the various terms relating to capacity.

(2) Rated Capacity. The rated capacity of a generating unit
is the capacity that it is designed to deliver. As discussed in
Section 5~5c, the range of operating conditions within which a unit
must operate is specified, and a turbine design is selected which best
meets these requirements. This design is specified in terms of rated
characteristics: that is, the turbine must produce its rated output
(in horsepower) at a given head, discharge, and efficiency. A
generator is selected to match that turbine output (Sectiom 5-5g), and
the corresponding generator output (in kilowatts) is called the
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generator rated capacity. The turbine and generator suppliers affix
nameplates specifying the rated output of the machines to the
generator barrel or some other suitable location., Hence, rated
capacity is sometimes called "nameplate'" capacity. From the stand-
point of the planner, the rated capacity is useful as the nominal
output of the generating units. However, because of tailwater
encroachment and other factors, the aggregate rated capacity is not
necessarily the maximum output which the project can deliver, nor the
value upon which capacity benefits are based.

(3) Overload Capacity. Overload capacity refers to the level of
output that a generator can deliver in excess of rated capacity under
specified conditions. In the past, generators at Corps projects were
typically purchased with an overload capacity 15 percent greater than
rated or nameplate capacity. This term has caused some confusion
because, at many projects, the units were intended to operate on a
regular basis at overload capacity, and in order to accomplish this
effectively, the generators were matched to the turbines at overload
capacity. Thus the units were in reality "rated" at overload
capacity, so the term "overload" lost its significance. In order to
clear up this confusion, and to be consistent with industry standards,
the practice of specifying dual ratings has been discontinued by the
Corps of Engineers. Generator nameplate ratings are now the 100
percent duty ratings, and no additiomal overload capability is
specified., When doing studies which involve older units or power-
plants, the existence of these dual ratings must be recognized.

(4) 1Installed Capacity. The nominal capacity of a powerplant
is sometimes called its installed capacity. The installed capacity is
usually the aggregate of the rated (or nameplate) capacities of all of
the units in the plant.

(5) Peaking Capacity. Peaking capacity is the maximum capacity
that can actually be achieved by a powerplant, allowing for the head
loss that sometimes results due to high tailwater elevation when the
plant is operating at maximum discharge (hydraulic capacity). Peaking
capacity is also sometimes called peaking capability.

(6) Dependable Capacity. Dependable capacity is intended to
measure the amount of capacity that a powerplant can reliably
contribute towards meeting system peak power demands. It has been
traditionally defined as the load-carrying ability of a powerplant
under adverse load and flow conditions. In computing power benefits,
dependable capacity is intended to provide a measure of the amount of
thermal generating capacity that would be displaced by a hydro plant.
The way in which dependable capacity is computed varies with the type
of project and the system in which it would operate. Section 6~7
describes the various procedures for estimating dependable capacity.
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(7) Sustained Peaking Capacity. This term describes the amount
of peaking capacity that a hydro plant can carry effectively in the
load: that is, peaking capacity is usable only if it is supported by
sufficient energy to permit it to carry an increment of load. A
project's sustained peaking capacity can be defined, for example, as
the amount of capacity available for meeting a specified daily (or
weekly) load shape (see Section 6~7i). Sustained peaking capacity
is sometimes used to define a project's dependable capacity.

(8) Hydraulic Capacity. This is the maximum flow which a
hydroelectric plant can use for power generation, Hydraulic
capacity varies with head, and is a maximum at rated head. Above
rated head, it is limited by generator capacity, and below rated head
it is limited by the full gate discharge at that head. A plant's
nominal or "design'" hydraulic capacity usually corresponds to output
at rated head. Some older plants have turbines rated at different
heads, and in these cases, the nominal hydraulic capacity would be
the maximum discharge at the head that represents the average of the
various rated heads.

(9) Plant Factor. Plant factor is the ratio of the average load
on a plant for the time period being considered to its aggregate rated
capacity (installed capacity). For example, the average annual plant
factor would be defined as follows:

(Average annual energy)
Annual plant factor = (Eq. 6-1)
(8760)(Installed capacity)

where the average annual energy is expressed in kilowatt—hours and the
installed capacity is in kilowatts. Plant factors are usually based
on the plant's aggregate rated capacity, but it is sometimes more
meaningful to base it on the plant's actual peaking capability.

(10) Capacity Factor. Capacity factor is similar to plant
factor but is a more general term. It can be applied to an individual
unit, a plant, or even the total resource capability of a system,

6-2. Procedure for Sizing Powerplants,

a. General. The plant sizing procedure is an iterative process,
and the exact sequence of steps followed will depend on the stage of
study and the characteristics of the project. A reconnaissance
analysis might consider only a single plant size, perhaps based on a
typical plant factor. If the site study proceeds to the feasibility
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stage, the analysis would be extended to a range of alternatives in
order to identify the most economical plant size. Thi# analysis would
also consider the physical, environmental, operational, and market-
ability factors that might limit the range of viable installationms.

b. Basjc Steps.

(1) The hydro plant sizing process follows the general planning
procedures outlined in the Plannipg Guidance Notebook (49). However,
within this framework, the following specific steps can be applied to
the selection of a power installation (see also Figure 1-1). Note
that this procedure refers only to selecting the proper power
installation for a given project configuration. Paragraph 6-2c
describes how plant sizing would be superimposed on an analysis where
alternative dam sites, reservoir sizes, operating plans, or other
variables are being considered as well.

. make a preliminary estimate of the project's energy output
using either a typical plant size or without being con-
strained by plant size (Chapter 5).

. determine the type (or types) of power gemeration which are
needed in the system and which could be provided by the
project (Section 6-3).

. on the basis of the preceding steps, select a range of power
installations (Section 6-6).

. select number and size(s) of generating units for each plant
size (Section 6-6f).

. recompute emergy output for each installation to reflect
limits established by plant size (Chapter 5).

. identify physical comstraints, envirommental constraints,
and non-power operating considerations which could limit
power operation (Sections 6-4 and 6-5).

. make hourly operation studies, if necessary, to determine if
the desired power output can be achieved within environ-
mental or non-power operating constraints (Section 6-9).

. consider measures such as increased pondage, provision of

a reregulating dam, or installation of reversible units to
increase dependability of capacity (Section 6-8).
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. determine dependable capacity for each plan (Section 6-7).

. compute capacity and energy benefits for each plan
(Chapter 9).

. on the basis of the net benefit analysis and other
considerations, select the best plant size.

(2) Not all of the steps in this outline need to be considered
for all projects. For example, hourly operation studies would not be
required for a run-of-river project with no pondage. A detailed
analysis of size and number of units would be made in feasibility
studies only if it would have a significant impact on power output.
The order of the steps is also intended to provide only general
guidance. Plant sizing is an iterative process, and some steps
may have to be performed several times before the best plan is
identified. The remaining sections of this chapter discuss in detail
the steps included in the outline. Section 9-8c illustrates some
examples of net benefit analysis where plant sizing is involved.

c. Treatment of Multiple Alternatives.,

(1) The preceding outline refers to the examination of alter-
native plant sizes for a given project configuration. At most new
projects, other options may be available, such as alternative dam
heights, reservoir sizes, dam sites or project layouts, and
combinations of project purposes, Each of these possibilities
increases the total number of alternative plans that are possible.

(2) The Planning Guidance Notebook (49) describes the general
approach to be followed when examining projects having a complex array
of alternatives. However, the general approach described in Section
6-2b would still be followed in order to identify the optimum plant
size for each alternative plan. For example, it might be desirable to
_examine a range of plant sizes for each of a series of alternative dam
heights (see Table 6-1)., Costs and benefits would be computed for
each combination of dam height and plant size, and a matrix would be
constructed to permit selection of the best plan.

(3) If three or more variables are considered, the number of
alternative plans to be studied becomes very large, and it may be
difficult to justify the cost of studying all of the altermatives in
detail. The number of alternatives can usually be reduced to a viable
number through preliminary screening studies or through initial
examination of a few of the "most likely" development plans. In this
way, it may be possible to direct the study to the alternatives that
have the greatest net benefits,
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TABLE 6-1
Matrix of Alternative Plant Sizes Considered
for the Bradley Lake Project, Alaska 1/

Top of 60 Percent 40 Percent 20 Percent
Power Pool Plant_ Factor Plant Factor Plant Factor
El. 1160 59.7 MW 86.8 MW 132.5 MW
El. 1170 60.0 MW 90.0 MW 135.0 MW
El. 1180 61.8 MW 92.8 MW 137.2 MW
El, 1190 63.8 MW 95.7 MW 139.4 MW
El. 1200 65.7 MW 98.5 MW 141.7 MW
El. 1210 67.6 MW 101.5 MW 143.9 MW

1/ A proposed seasonal storage project, which would be regulated
to maximize firm energy

6-3. Power System Requirements and Marketability Considerations.,
a. General.

(1) A key step in scoping a hydropower project is identifying
the different ways in which a plant could be used in the local power
system. This consists of analyzing the power system in terms of (a)
loads and expected load growth, (b) daily, weekly and seasonal load
shapes, and (c) existing and planned generating resources, in order to
determine what types of generation will be needed in future years.
This information would then be correlated with the characteristics of
the hydro site in order to determine what type(s) of generation the
project could provide.

(2) The load-resource studies described in Chapter 3 would serve
as the starting point for such an analysis. The regional Power
Marketing Administration (PMA) can often provide information on the
types of gemeration that will be needed, timing of the need for such
generation, and related data (Section 3-5c). Assistance can also
be obtained in many cases from the regional FERC office or the power
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pool serving the area. Close coordination should be maintained with
these offices throughout the planning process. Once the recommended

plant size is selected, the PMA will conduct its marketability
analysis to verify that the type of power that the project will
deliver is usable in the power system (Section 3-12).

b. Operating Modes.

(1) General. Marketability criteria are usually related to the
type of load a project is intended to carry. Plants may be described
as base load, intermediate, or peaking, depending on what portion of
the load they carry (Figure 6-1).
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(2) Base load Operation. Base load refers to the minimum load
in a time period and is often used to describe the portion of the
power demand that occurs 24 hours a day. Base load plants operate
primarily in that mode, although some hour—to-hour variation in output
occurs at many base load plants.

(3) Base Load Plant Factors. Base load plants are sometimes
called energy plants because their major role is to provide energy
rather than capacity. Typically, a plant is considered a base load
plant if its average annual plant factor exceeds 50 percent. The
annual plant factor includes down time for scheduled maintenance and
forced outages (Section 0-2d). It also reflects the fact that, in
many systems, base load plants seldom operate at full output because
some of their capacity must be allocated to spinning reserve. In
addition, system loads seldom require all base load plants to operate
at full output at all times (plants COAL-1 and COAL-3 in Figure 2-9,
for example). Thus, some "base load" plants may have plant factors as
low as 40 percent.

(4) Use of Hydro Plants for Carrying Base lLoad. Hydro plants
may be used for base load service in systems where hydropower is a
major resource, but in thermal-based power systems, the preferred role
for hydropower is carrying intermediate or peaking loads. However,
some hydro plants may be assigned to base load operation because
either (a) storage is not available to permit hourly shaping of power
releases to follow power demand, or (b) because downstream flow
requirements do not permit hourly variations in discharge. At many
hydro plants, minimum downstream flow requirements result in a portion
of the plant's output being allocated to base load operation.

(5) Intermediate Load. The intermediate load is that part of
the load that occurs 9 to 14 hours per day. The Powerplant and
Industrial Fuel Use Act of 1978 defines intermediate plants as those
plants that operate between 1,500 and 4,000 hours per year, so hydro
plant intended for intermediate load operation would be expected to
have a plant factor in the 17 to 40 percent range. It might operate
for 14, 20, or even 24 hours a day at full output during high load
periods, and a fewer number of hours (often at reduced output), at
other times, Water availability has a major effect on the type of
load the project can carry at any given time. Daily or weekly pondage
is needed to permit shaping of flows to meet the hourly power demand
pattern. Because the intermediate load is difficult to carry
economically with thermal plants, hydro is frequently called upon to
operate in this mode. Many of the major hydro plants in the United
States can be classified as intermediate load plants.

(6) Peak Load. The peak portion of the load is that part which
is above the intermediate load (Figure 6-~1) and which extends for less
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than 8 hours per day. Pure peaking plants may have average annual
plant factors of up to about 17 percent. A typical peaking plant may
be required to operate 4 to 8 hours per day at full cutput during high
demand periods and for shorter periods or at reduced output for the
remainder of the time. Some thermal peaking plants may operate very
little or not at all during the low demand season, serying mainly as
reserve generation. A number of hydro plants in the United States
serve primarily as peaking plants, and are designed to provide firm
(critical period) peaking capacity in the 5 to 20 percent annual plant
factor range. During periods of higher flows, the additional energy
can be used either to extend the hours of peak load generation or to
displace thermal generation. As with the intermediate load plants,
pondage is required to shape streamflows to fit the peak load demand
pattern,

(7) Reserve Capacity. A power system is required to provide
reserve generating capacity in excess of forecasted peak loads. This
insures that loads will be met if they are higher than anticipated or
if some plants are shut down because of forced (unscheduled) outages
(see Section 2-2e). Typically, an operating reserve margin of 5 to 10
percent is provided in excess of system peak loads. Some of this
generation must be spinning reserve (generating units operating at
partial or zero loading), and some must be ready reserve (units
capable of being brought on-line in a manner of minutes).

(8) Hydro as Reserve Capacity. Hydro performs very well in both
of these roles because of its quick start capability and its ability
to respond rapidly to changing loads. As a result, hydro capacity can
often be credited with reserve capability whenever it is not carrying
load. Hydro has some limitations, however. If only limited pondage
or storage is available at-site or immediately upstream, the reserve
capacity must be considered available only for short-term emergency
operation, At some projects, operating restrictions may limit the
rate at which load can be picked up, thus reducing the usefulness of
the generation for reserve purposes.

(9) Ecopomic Limitations on Hydro as Reserve Capacity.
Typically, generation provided exclusively to maintain system reserve
requirements operates at an average annual plant factor of less than
five percent. Because of the relatively low cost of providing
combustion turbine capacity to fill this role, it is seldom feasible
to construct highly capital-intensive hydro generation solely for
reserve purposes, However, future fuel costs and availability may
alter this situation. In the Pacific Northwest, skeleton bays were
provided at some projects for future units, and most of these units
have now been installed. The cost of these additional umnits has been
low enough that it has been feasible to allocate some of this capacity
to system operating reserve. This capacity is used to provide both
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short term operating reserves to cover for temporary outages, and long
term energy reserves to cover for thermal plants which are shut down
for extended outages.

(10) Energy Displacement. A hydro project may have considerable
benefit in some power systems even though the project's capacity may
not be dependable for meeting peak loads. This would occur in systems
with a considerable amount of high cost oil- or gas-fired generation,
where the hydro project's output would be used to displace output from
existing thermal plants, rather than defer the construction of future
plants (see Section 9-6).

(11) Combinations. Some hydro projects operate exclusively in
one load-carrying mode, but many projects operate in two or more
modes, For example, many hydro projects in the Pacific Northwest and
Alaska must carry a share of the entire system load, base load as well
as intermediate and peaking load. At other projects, part of the
generation must be assigned to base load operation in order to main-
tain minimum downstream flows, while the remainder may be used for
peaking or intermediate load operation. Some projects may operate in
the peaking mode during low flow periods and produce intermediate or
base load power in high flow periods. Many "peaking" projects
actually carry both intermediate and peak loads much of the time, and
some plants may have a portion of their capacity assigned to system
reserve during much of the year. The capability of individual
projects to carry different types of loads depends on marketing

considerations, water availability, and non-power operating
constraints,

(12) Improvement of System Power Factor. Hydro units can also
be used as synchronous condensers in order to improve system power
factor. When operating in this mode, the wicket gates are closed and
the unit is motored "in the dry," adding inductive reactance to the
system. This operation offsets transmission line capacitive
reactance, improving system power factor and permitting the lines to
carry more real power. Most hydro units can be motored if the runner
is above tailwater. If the runner setting is below tailwater, a water
depression system must be provided. These systems rapidly imject
large quantities of compressed air into the draft tube, forcing the
water level below the bottom of the turbine runner and permitting the
unit to rotate with less resistance. Units would be operated to
improve system power factor only when the capacity is not required to
meet load.

c. Other Considerations.

(1) A number of other factors must often be considered when
evaluating the types of power which a hydro project might be designed
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to deliver. Although some of these factors are discussed below,
others may only be identified in the course of coordination with the
marketing agency.

(2) Seasonality of Output and Demand. Both the demand for power
and the generation available from a hydro plant vary with season.
Hydropower is most valuable if it can be produced when it is most
needed. For example, a hydro plant's output may be highly marketable
if a substantial portion of its output is produced in the peak load
months, even though little or no power is produced during the
remainder of the year. Correspondingly, a hydro project may have
little value as a peaking project if its output is limited during the
high demand period, even though the capacity is dependable throughout
the remainder of the year. A project of the latter type might best be
evaluated as an energy displacement project. Seasonality comsider-—
ations will ultimately be reflected in the project's power benefits
through the measurement of dependable capacity and, to a lesser
extent, the energy benefits (through the energy value adjustment,
Section 9-5e). However, time and effort can often be saved if
seasonal characteristics are evaluated early in the planning process.

(3) Dependability of Capacity. Dependability of capacity and
its impact on economic benefits is discussed in Section 6-~7. In some
cases, marketing criteria may be imposed on capacity in order for it
to be considered dependable. An example would be a required quantity
of firm energy per kilowatt of capacity (see Section 6-7e).

(4) Marketability of Secondary Energy. Some hydro projects may
be capable of producing substantial amounts of secondary energy in
good water years, particularly at certain times of the year (see
Section 5-2d). The desirability of sizing a powerplant to capture
this energy is dependent on the availability of a market and on the
value of such power. In most large thermal-based power systems, all
energy can be readily assimilated in the load, and it is seldom
necessary to distinguish between firm and secondary emergy.

(5) Limitation on Marketability of Secondary Emergy. In hydro-
based power systems, there is often a limitation on the amount of
secondary energy that can be used in the load, especially during
periods of high runoff. This should be recognized in the estimate of
energy for which benefits are claimed. This type of limitation could
be illustrated by considering a relatively large hydro project in an
isolated system, where secondary generation is concentrated in the low
demand months -- a situation that could easily occur in Alaska, for
example. In cases such as this, secondary energy benefits may be
limited, or even nonexistent. Similarly, in the Pacific Northwest,
secondary energy generated in the spring months may have limited value
in high runoff years. On the other hand, secondary energy may have
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high value if it is produced during high demand periods or if it can
be exported to adjacent thermal-based power systems. In systems where
large amounts of secondary energy are available, interruptible load
markets may be developed or transmission lines may be constructed to
transfer this energy to power systems where it has high value.

(6) Transmission Costs and Losses. The location of a hydro
project with respect to the power system's load centers and existing
generating resources and transmission lines may affect the hydro
plant's feasibility. Generally, the effects of locatiom will be
reflected in the magnitude of the transmission costs and losses
incurred in bringing the hydro project's output to the market (Section
9-5g). However, there may be some additional system flexibility
benefits realized by projects located at favorable locations within
the regional power grid (Section 6-71).

6-4, Physical Constraints.

a., Frequently, physical factors establish comstraints which
limit the range of power installations that can be considered. These
factors can be particularly severe in the case of adding power to
existing non-power projects. Some of the physical factors that could
limit plant size are listed below:

. lack of space for the powerhouse

. limitations on forebay storage (pondage) available for
shaping flow to follow demand pattern

. limited downstream channel capacity, which creates excessive
tailwater rise for large power installations

. limited tunnel capacity where an existing regulating outlet
is used as the power tunnel

. head range exceeds the practical operating range of a single
turbine runner design (Section 5-5b(3)),

b. While some physical constraints serve as absolute limits, in
other cases they serve to stimulate creative engineering to adapt the
site to power gemeration. Examples of designs to circumvent physical
limitations include (a) use of the powerhouse as part of an emergency
spillway structure, (b) incorporation of a powerhouse in a regulating
outlet structure, (c) increasing dam height to increase pondage and/or
generating head, and (d) use of interchangeable turbine runners to
utilize large head range.
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6-5., Environmental and Non-Power Operating Constraints.

a. Types of Constraints, Envirommental considerations and
non-power river uses may result in the establishment of operating
constraints which could limit the size or operation of hydro plants.
Some of these limitations are:

. minimum discharges for navigation, water quality, fish and
wildlife, recreation, etc.

. flood control regulation

. storage releases for water supply, irrigation, navigation,
downstream water temperature control, etc.

. daily and hourly discharge fluctuation limits to protect
navigation, recreation, and fish and wildlife, and to
prevent bank erosion

. maximum discharge limits to prevent flooding and bank erosion
(due to power operation) and to facilitate upstream fish
migration

. limitations on pool fluctuation to protect navigation,
irrigation pumping, riparian vegetation, fish spawning,
waterfowl nesting, recreational use of shorelands, etc.

. forced spill to enhance downstream fish migrationm or to
improve water quality

. fixed release schedules to improve conditions for fishing
or white water rafting

When power is being added at an existing non-power project, it is
common to find that operating limits already exist. It is also
possible to find that limits exist on open reaches where new projects
are being considered. In other cases, however, limits may not exist
at the time power studies are initiated, but would be implemented
concurrently with the installation of the power facilities, in order
to insure that envirommental factors and non-power river uses are
recognized in project operation.

b. Analysis of Constraints. Information relevant to existing
operating limits and the possible need for new constraints can be
obtained through envirommental studies, public involvement, and agency
coordination. When analyzing the implementation of new operating
limits or when reexamining the validity of existing limits, the value
of power benefits foregone by implementing the limits should be
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carefully weighed against the nonpower benefits achieved. Depending
on the type of constraint being examined, either seasonal or hourly
operation studies (or both) may be required to analyze the impacts of
operating limits on both power operation and other river uses.

¢c. Seasonality of Operating Constraints, Many river uses and
environmental considerations are seasonal in nature, and every effort
should be made to insure that operating limits are imposed only during
those times of year that they will achieve the desired results. The
report Seasonality of River Use, (32) is an example of data gathered
to identify seasonal variations in river use on a specific stream.

d. Soft Versus Hard Constraints. To provide additional
flexibility, it is sometimes possible to classify operating
constraints as either "hard" or "soft" constraints. Hard constraints
are those which can never be violated, while soft constraints are
those which are observed in normal operation but can be violated under
some circumstances, For example, a daily tailwater fluctuation limit
of four feet may be observed under normal conditions, but during
occasional periods of severe power demand, fluctuations of up to six
feet may be permitted.

e. Reregulating Dam. Some sites might be well suited to
development of hydropower for peaking, but downstream minimum flow or
fluctuation comnstraints may limit peaking operatiomn. In these cases,
it is sometimes possible to construct a small reregulating reservoir

to impound peaking discharges from the powerplant and release them
more uniformly, in order to meet downstream flow criteria. The use of

reregulating reservoirs is discussed in more detail in Section 6-8c.

6-6. Selection of Alternative Power Installations.

a. JIntroduction. As discussed in Section 6-2c¢c, a number of
scoping variables may be involved at some sites, such as alternative
dam heights, alternative storage volumes, and alternative operating
plans, For each of these alternatives, a range of power installations
could be considered. This section discusses how a range of plant
sizes would be selected for detailed study and suggests some
guidelines on selection of the appropriate number and size of units
for a given plant size.

b. General Considerations.
(1) 1In reconnaissance level studies, only a single plant size

need be studied, although it may be necessary to consider several
installations in order to determine if a feasible plan exists.
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However, once a project reaches the feasibility stage, a range of
plans, including alternative plant sizes, must be studied in order to
determine the best development.

(2) For studies where plant size is the only variable, a minimum
of three plant sizes must usually be examined in order to identify the
economically optimum installation. The range of plant sizes to be
studied is a function of power system requirements and the physical,
envirommental, and operational factors discussed in previous sections,
as well as the characteristics of the project's energy output.

¢. Run-of-River Projects.

(1) If no pondage or seasonal power storage is available to
permit peaking or load following, or if operational considerations
preclude such operation, selection of the range of plant sizes is
simplified. The project would be operated in the run-of-river mode,
limiting its use to base load operation or fuel displacement., An
examination of the project flow-duration curve may suggest a plant
size that will develop a substantial portion of the available energy
(Figure 6-2). If the duration curve has no obvious break (Figure
6-3), an initial plant size can be selected based on the average
annual flow or a point between 15 and 30 percent exceedance on the
duration curve.

(2) 1Two additional plant sizes should be selected, one somewhat

larger and one somewhat smaller than the initial plant size. The
specific plant sizes selected will depend on the shape of the flow-

duration curve, the initial plant size (selected as described in the
previous paragraph), and the way the energy will be used. Small hydro
installations typically optimize in the 40 to 60 percent plant factor
range., Selecting plant sizes corresponding approximately to the 10 to
15, 20 to 25, and 35 to 40 percent exceedance points on the flow-
duration curve will usually bracket a project in that plant factor
range. If the duration curve has an unusual shape, somewhat different
points might be selected. Finally, if the plant will be used to
displace high cost energy from existing thermal plants (see Section
6-3b(10)), a wider range of installations should be considered.
Projects with average annual plant factors as low as 20 to 40 percent
will sometimes be feasible in these cases. Figure 6—4 illustrates a
typical range of alternative plant sizes for a run-of-river plant
which displaces new base load generation, and Figure 6-5 shows a range
of sizes for a plant which displaces high cost gemeration from
existing thermal plants,
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(3) The envirommental impacts of adding a run-of-river
powerplant to an existing dam are usually relatively minor. The only
significant effect would be that water would pass through turbines
instead of over a spillway or through a regulating outlet, thus
possibly reducing the amount of oxygen entrained, or affecting the
passage of downstream fish migrants., Likewise, run-of-river operation
has little or no effect on non-power river uses and other project
functions., Thus, environmental and non-power operating considerations
seldom establish a limit on plant size. The construction of a new
run-of-river plant would have more substantial impacts, but they would
deal more with the issue of whether or not to construct the dam rather
than with the size of plant to be installed.

d. Projects with Pondage or Storage.

(1) Both power marketability and impact on the environment and
non-power river uses can have a major influence on the range of plant
sizes that could be developed at a pondage or storage project. In the
case of marketability, it is seldom practical to install more capacity
than can be used effectively in the load. Likewise, operating
constraints such as minimum flows and rate-of-change limits can limit
the amount of capacity that can be used effectively.

(2) A preliminary indication of the maximum plant size to be
considered can be obtained by doing some simplified hourly routings,
based on an assumed hourly power loading and several representative
weekly average flows. The hourly loadings would usually be developed
in coordination with the regional PMA. If a limit exists on the
amount of pondage that would be available, it should be accounted for
in the routings. Cases 1 and 2 in Appendix N are examples of
preliminary hand routings of this type. A computerized sequential
routing model could also be used for these studies.,

(3) If operating constraints such as minimum flows and a maximum
rate of change of discharge exist, they should be reflected in the
initial hourly studies, Power installations that violate constraints
can be eliminated from further consideration (or the constraints
should be examined to insure that they are not unduly restrictive).

(4) The type of service a hydro project is intended to perform
usually dictates the lower limit on plant size, It is rare that a
hydro plant intended primarily for peaking or intermediate load
service would have an annual plant factor greater than 40 to 45
percent. However, plants intended for a combination of base load and
peaking/intermediate operation could have plant factors as high as 60
percent.
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(5) The considerations discussed above define the basic upper
and lower limits of the range of plant sizes, and three or more plant
sizes should then be selected within this range for further analysis.
If the project is to be a large installation with a number of
generating units, the alternative plant sizes should usually be based
on multiples of a given unit size.

(6) The project described as Case 2 in Appendix N could be used
to illustrate the process. It was determined that a project with a
given amount of pondage is capable of a sustained peaking capacity of
about 263 MW. This analysis establishes the upper limit on plant
size, and it is assumed that turbine selection studies indicate that
six 44 MW units would be the best installation for this plant size.
From the seasonal routing studies, the average annual energy was found
to be about 500,000 MWh. In this example, it will be assumed that the
smallest plant size to be examined would be ome based on an annual
plant factor of about 45 percent, or 118.8 MW. The nearest multiple
of 44 MW units would be a three-unit plant with an installed capacity
of 132 MW. The third plant size would be somewhere between these two
plant sizes, either a five-unit plant (220 MW), or a four-unit plant
(176 MW).

(7) This example is intended only to illustrate the general
approach. Different criteria may dictate the range of altermatives in
different parts of the country. Selection of the range of alter-
natives is to some extent trial-and-error. Even when reasonable
criteria are applied to identify the range, the point of maximum net
benefits sometimes falls outside that range, and the analysis of an
additional plant size is required.

(8) Sometimes it is necessary to select an approximate range of
plant sizes early in the study, before data is available on load
shapes and hourly operation studies, in order to permit initiation of
preliminary project layouts and cost estimates. In these cases, it
may be necessary to base the largest installation size on annual plant
factor. As noted in Section 6-3b(6), some hydro peaking plants have
been designed to operate at firm plant factors as low as 5 percent.
However, at the present time, it is difficult for capital intensive
hydro peaking projects to compete with combustion turbines in the very
low plant factor range. Thus, in most parts of the country, a 10
percent firm annual plant factor would be a reasonable basis for the
maximum plant size to be examined, although in the Pacific Northwest,
20 percent would be more appropriate.

e. Staged Installation. Detailed system studies may show that

the role of hydropower may change substantially with time, perhaps due
to a changing resource mix. For example, a hydro project may
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initially best be used as an intermediate load plant. Later, as loads
increase and the resource mix changes, operation as a peaking plant

might yield greater benefits. In such cases, staged installation
should be considered, with enough capacity installed initially to
handle intermediate load operation and additional units being
installed at a later date to permit the project to operate im the
peaking mode. In other systems, hydro may initially be scheduled for
base load operation, and in later years shift to intermediate and
peaking operation. Section 9-10f discusses how benefits are treated
in the analysis of staged installations.

f. Size and Number of Units.

(1) 1In preliminary studies, it is often necessary to deal only
with total plant size. However, in advanced stages of study, number
and size(s) of units must be determined so that final design layout
and cost estimates can be prepared and an accurate estimate of the

project's energy output can be made.

(2) For a given plant size, capital costs usually increase with
the number of units. Thus, the minimum number of units of the largest
practicable size should result in the minimum powerhouse cost.
However, identification of the best installation often requires
consideration of many other factors.

(3) Following is a listing of general factors that should be

considered when selecting the number of units for a given power
installation.

. maximum unit size minimizes capital costs and (except for
very large units) operation and maintenance costs.

. an installation consisting of units of equal size is less
costly than a mix of unit sizes, in terms of both capital
costs and maintenance costs.

. a mix of unit sizes may be useful where a wide range of
streamflow is experienced.

. & minimum of two units may be desirable so that generation
can be maintained (and energy loss minimized) when one unit
is out of service.

. the number and size of units should be selected to insure

that the plant will operate at a high efficiency as much
of the time as possible.
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. the largest turbine component that can be transported to the
site using available modes sometimes establishes maximum
unit size.

. cavitation considerations establish the minimum discharge at
which a given turbine can operate (see Table 5-1). 1If a
single unit is installed, comsiderable energy may be spilled
under low flow conditions (see examples in Section 6-6g).

. the amount of space available for the powerplant may
influence selection of size and number of units. This is
particularly a problem when retrofitting existing dam
structures.

. where a wide range of head exists, separate units to operate
under different head ranges may be desirable. An alter-
native would be to use interchangeable turbine runners for
different head ranges.

. poor foundation conditions may limit excavation depth,
resulting in a larger number of smaller units.

. an even number of units sometimes permits more economical
bus and auxiliary systems arrangements,

. in small power systems, large units may increase system
forced outage requirements.

Some of these constraints are intended to minimize costs, and others
are intended to maximize emergy output or dependable capacity. Often
it may be necessary to examine several combinations of numbers and
sizes of units in order to determine the best choice for a given plant
size.

(4) While it is important to consider all of these factors in
the planning stage, it is often not possible to make the detailed
studies required for selection of the optimum plant layout until the
design memorandum stage.

g. Examples of Selecting Size and Number of Units.

(1) In order to illustrate some of the problems commonly
encountered in selecting the best installation, a run—of-river project
without pondage will be examined. For simplification, head is assumed
to be constant and generation is directly proportional to flow. The
plant will be designed for a hydraulic capacity of 230 cfs.
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(2) Assume first that a single unit will be installed (Figure
6-6). Two points should be noted for this installation: (a) the 40
percent minimum discharge limit (92 cfs) results in a substantial
amount of enmergy being spilled in the low flow range (the "lost
energy" on Figure 6-6), and (b) energy will be spilled whenever the
unit is out of service for scheduled maintenance or forced outages
(about 5 percent of the time -- see Table 0-1 in Appendix 0).

(3) TFigure 6-7 shows what would happen if two units of equal
size were installed. About 15 percent more energy would be recovered
in the low flow range, compared to the single unit installation, and
the losses due to outages would be reduced to about 1.5 percent (5
percent of the energy output of the second unit). An additional
increment of energy would be gained through an overall increase in

efficiency.
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(4) Figure 6-8 shows a two-unit plant where one unit is sized
particularly to operate in the low-flow range. Energy output will be
increased by an additional seven percent with this installation
(compared to Figure 6~7), Losses due to forced outages will be
approximately the same as Figure 6-7, but a slight increase in energy
output due to increased efficiency will be realized.

(5) Figure 6-9 illustrates an installation with three units of
equal size. It also will develop the full energy potential of the
site at flows up to 230 cfs. Forced outage losses will be reduced to
less than 1 percent, and a slight increase in overall efficiency will
be obtained.
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(6) The percentage increases in emergy output are, of course,
specific to this particular project, However, the example does
illustrate how energy output can be maximized through careful
selection of sizes and numbers of units, It also shows that energy
gains rapidly diminish in moving from one to two units, and from two
to three units. Offsetting these gains will be a corresponding
increase in powerhouse cost. Potential gains in energy output should
be carefully weighed against increases in cost when selecting the
final installation,

h, Turbine Selection, Selection of the proper type of turbime
and runner design will also have a major effect on both energy output
(through efficiency) and cost. Sections 2-6, 5-5, and 5~6i provide
information on turbine types and selection criteria.

6-7. Dependable Capacity.
a. General.

(1) The traditional definition of dependable capacity is the
load-carrying ability of a powerplant under adverse load and flow
conditions. Although the term "dependable capacity" can be applied to
thermal plants, it has been primarily used in connection with hydro
plants and hydro-based power systems. Dependable capacity is used in
load-resource analysis and in power sales contracts, but in the
planning of hydro projects, its major use is in estimating a project's
capacity benefits.

(2) The objective in estimating capacity benefits is to
determine the capital cost of thermal plant capacity that would be
displaced by the construction of the hydro plant (see Sections 9-3 and
9-5b). This requires an estimate of the amount of thermal plant
capacity that is equivalent in peak load~-carrying capability to the
hydro plant. The traditional method of measuring dependable capacity
does in some cases give a reasonable estimate of "equivalent thermal
capacity" -- notably when evaluating hydro plants operating in hydro-
based power systems., However, it has not proven satisfactory for
other types of hydro projects, particularly those operating in
thermal-based power systems.

(3) To offset these shortcomings, dependable capacity has been
redefined in terms of equivalent thermal capacity, and a special
procedure has been developed to estimate the dependable capacity of
hydro projects operating in thermal-based power systems. The
remainder of this section is devoted to explaining the concept of
equivalent thermal capacity, describing the different methods for
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measuring dependable capacity, suggesting where each method might be
appropriate, and discussing several important factors related to
estimating dependable capacity.

b, Basic Approach.

(1) For purposes of benefit analysis, dependable capacity is
used to represent the amount of thermal capacity that would be
displaced by the hydro plant. More specifically, it is intended to
identify how much thermal capacity would be required to carry the same
amount of system peak load as would be carried by the hydro plant.
Because of differences in the way in which hydro and thermal plants
perform, a kilowatt of hydroelectric capacity will seldom make exactly
the same contribution to system peak load-carrying capability as a
kilowatt of thermal powerplant capacity. A relationship which
accounts for these differences must therefore be developed.

(2) Three factors must be considered when estimating equivalent
thermal capacity:

. the relative mechanical reliabilities of the powerplants
. the relative flexibility characteristics
. the impact of hydrologic variations on hydro plant output

The Water and Energy Task Force addressed these parameters in
reference (78) (see also Appendix O to this EM). Their findings can
be summarized in the following equation for computing annual capacity
benefits.

HMA
Capacity benefit = (CV)(DC) (1 +F) (Eq. 6-2)
TMA
where: CV = unadjusted capacity value, $/kW-yr
HMA = hydro plant mechanical availability
TMA = thermal plant mechanical availability
F = hydro plant flexibility adjustment
DC = hydro plant dependable capacity, in kilowatts

(3) The dependable capacity (DC) component should reflect all of
the hydrologic factors which affect a hydro plant's ability to deliver
capacity: (a) the variation of head with tailwater fluctuations and
reservoir regulation, (b) the impact of operating constraints, and (c)
the variability of streamflow. The derivation of HMA, TMA, and F are
described in Appendix O, and the derivation of the capacity value (the
annualized unit capital cost of thermal plant capacity) is discussed
in Section 9-5b.
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(4) Removing the capacity value from the equation results in an
equation which gives a measure of the amount of thermal capacity which
is equivalent to the hydro plant capacity.

Equivalent thermal capacity = (DC) (1 +F) (Eq. 6-3)

TMA

(5) Equivalent thermal capacity can be computed directly and
applied to a capacity value which reflects only the costs of the
alternative thermal plant. Normally, however, the capacity values
provided by the Federal Energy Regulatory Commission include
adjustments which account for HMA, TMA, and F (see Section 9-5c¢).
Thus, in most cases, the Corps field office must compute only the
dependable capacity (DC) component.

Capacity benefit = (DC)(adjusted CV) (Eq. 6-4)
¢. Methods for Determining Dependable Capacity. The following

sections describe the four basic methods that have been used within
the Corps for estimating dependable capacity:

. the critical month method

. the firm plant factor method

. the specified availability method

. the average (or hydrologic) availability method.

d. Critical Month Method.

(1) The traditional definition of dependable capacity is based
on the hydro project's load-carrying capability under conditions that
are most adverse from the standpoint of both load and flow. Thus, a
storage project's dependable capacity is based on its capability in a
high demand month near the end of the reservoir drawdown cycle, when
its capacity would be reduced due to reduced head. Interpreting this
definition literally, the most adverse drawdown cycle would be the
critical drawdown period (Section 5-10d). However, it is not always
reasonable to use the most adverse peak load month in the period of
record. For example, the most adverse month for the Pacific Northwest
power system would be the January nearest the end of the 42-1/2 month
historical critical period (January 1932). This month is estimated to
have a hydrologic recurrence interval of about once in 200 years,
which is too conservative for evaluating power system peak load
reliability. It is seldom that a power customer is willing to pay for
a system which is so reliable that it will fail to meet peak loads
only once in 200 years. The region uses January 1937 instead. This
month has a recurrence interval of once in 20 years, which is more
consistent with regional peak load reliability criteria.
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(2) When analyzing a system with multiple storage projects, the
critical month would be based on system criteria, rather than defining
the critical month for each project on an individual basis. The
dependable capacity of a run-of-river project located downstream of a
storage project would be based on the same critical month as the
storage project {or the system critical month, if multiple storage
projects are involved). For run-of-river projects with pondage, the
available capacity may not be influenced by streamflow variations, and
may be the same for all load months and water years. However, in some
cases it may be necessary to apply sustained capacity criteria in
estimating dependable capacity (see Section 6-7i). For run-of-river
projects without pondage, it may be necessary to base dependable
capacity on the average capacity available in the critical month.

(3) When a system critical month is used to define a project's
dependable capacity, care should be taken to insure that the project
receives credit for its countribution to increasing system dependable
capacity. For example, a storage project may be added to a systen,
and, because of its location in the system, it may be the first to be
drafted. As a result, it would have a very low peaking capability in
the critical month (due to loss of head). However, its operation may
have permitted other storage projects to maintain higher heads than
before, thus increasing their dependable capacity. In this case, it
would be appropriate to credit the new storage project with the net
increase in dependable capacity of the system (or at least a share of
the increased dependable capacity at the other projects). Appendix Q
discusses allocation of benefits among projects in a system.

(4) For capacity to be dependable, energy must be available to
support it, At projects with power storage, this is seldom a problem.
However, at run-of-river projects and at projects with storage
regulated for other purposes, there may not be sufficient energy
during low flow periods to make the full capacity usable in the system
load., When using the critical month method, the dependable capacity
should be based on the amount of capacity that can be "sustained" in
the load during that month, rather than the amount of generating
capability (machine capability) that is available. Sectiom 6-7i
discusses how sustained capacity can be measured.

e. Firm Plant Factor Method.

(1) In some areas, dependable capacity has been based on the
amount of firm energy required to make a kilowatt of hydro capacity
marketable.

(Firm energy output, kWh)
Dependable capacity = (Eq. 6-5)
(Firm energy requirement, kWh/kW)
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(2) Because the firm energy requirement can be converted to a
required plant factor, this method is sometimes known as the firm
plant factor method. This requirement is also sometimes expressed in
terms of the minimum required number of hours at full load capacity in
the period of analysis. In this case, the equation would take a
somewhat different form:

(Firm energy output, kWh)
Dependable capacity = (Eq. 6-6)
(Required hours at peak output)

(3) 1In either case, the analysis is usually based on the peak
demand months, although it could in some cases be based on the
project's performance over the entire year. This type of depend-
ability criteria is usually established by the regional Power
Marketing Administration based on marketing considerations and may
include a weekly or monthly energy distribution as well. This
criteria is normally used to evaluate peaking plants operated in
thermal-based power systems.

f. Specified Availability Method. In some screening studies
and small hydro project analyses, dependable capacity has been based
on the amount of capacity available for a specified percentage of the
time. In these studies, the required availability was based on the
average availability of the alternative thermal plant -- usually on
the order of 85 percent. Thus, the dependable capacity is obtained
from the 85 percent exceedence point on the genmeration-duration curve
for the peak load months (Figure 6-10). This method provides a
measure of equivalent thermal capacity rather than dependable capacity
and should not be used with capacity values that already have
reliability and flexibility adjustments (Section 9-5c). While
useful for preliminary studies, this method has largely been replaced
by the average availability method.

g. Average Availability Method.

(1) This procedure was originally developed by the Water and
Energy Task Force for evaluating relatively small hydro projects in
large, diverse power systems (78). Because this method was first
applied to small run-of-river projects, where the capacity available
at any given time is a direct function of streamflow, it was
originally called the "hydrologic availability" method. However,
because the method has subsequently been applied to other types of
projects, the more gemeral term, "average availability method" is
considered to be a more appropriate name for this procedure. The
basic approach will be briefly described in the following paragraphs,
but for a more detailed discussion of the conceptual basis, reference
should be made to Section 0-2c of Appendix O.
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(2) The average availability method is based on the assumption
that variation of hydro plant generating capability due to variatioms
in streamflow and reservoir elevation is equivalent to variation in
thermal plant availability due to outages. Through the use of a
system reliability model, it was found that variations in a hydro
project's capability due to these hydrologic factors have the same
effect on peak load-carrying capability as for thermal plant forced
outages.

(3) The basic equation for equivalent thermal capacity (Equation
6-3) can be modified as follows:

HMA

Equivalent thermal capacity = (IC)(HA) ——— (1 + F) (Eq. 6-7)
TMA

installed capacity, kW
average availability factor (decimal)

where: 1IC
HA
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Figure 6-10., Determining dependable capacity
using the specified availability method.
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The average (or hydrologic) availability factor is the ratio of the
average capacity available in the peak demand months (over the period

of record) to the rated capacity:

Average capacity
Average availability factor = (Eq. 6-8)
Rated capacity

(4) For run~of-river plants without pondage, the average
capacity can be obtained by integrating the generation—-duration curve
for the peak demand month(s) (Figure 6-11). The product of the
installed capacity and the hydrologic availability can, for purposes
of benefit computation, be considered to be the project's dependable
capacity.

Dependable capacity = (HA)(Installed capacity) (Eq. 6-9)
(5) A similar technique can be applied where the duration curve

method is used to evaluate a project with pondage for daily load-
shaping. Instead of using a generation-duration curve, the average
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Figure 6-11, Determining dependable capacity
using the average availability method
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availability factor would be obtained from a capacity-duration curve,
which shows the distribution of peaking capacity for the peak demand
months over the period of record (see Section 5-71).

(6) The peak demand months are identified by examining power
system load data., Usually, there is a two-month period where loads
are substantially greater than other months (December-January in
winter peaking systems and July-August in many summer peaking systems,
for example). However, in some systems, the peak demand season may
extend for three or four months. In other systems, the summer and
winter peak loads may be very close, and it may be necessary to use
both periods when evaluating dependable capacity. Identification of
the peak load months should be made in consultation with the regional
Power Marketing Administration, FERC, or the area utilities.

(7) The average availability method can also be applied to
projects where energy has been estimated using sequential streamflow
(SSR) routing. SSR models normally provide an estimate of the
project's capacity, as well as energy, for each time increment in the
period of record. The dependable capacity would then simply be the
average of the capacity values for all of the peak demand months in
the period of record (all of the July's and August's, for example).
As is the case with the critical month method, the capacity values
used to determine a project's dependable capacity must represent the
amount of capacity that can be sustained in the load. Section 6-7i
explains how sustained peaking capacity can be computed for each time

increment, given the energy output and generating capacity for the
time increment, the required load shape or amount of energy required

to support each kilowatt of capacity, and minimum flow and other
operating constraints.

(8) Tulsa District has developed a variation on the hydrologic
availability method for evaluating capacity benefits at storage
projects in the Arkansas-White River System (see Section 5-13d).
Through analysis of historical operating data, a guide curve (Figure
5-50) has been developed which describes the daily plant factor at
which a project would operate at each pool elevation. By applying
this guide curve to a period-of-record daily streamflow routing,
values of usable (or sustained) peaking capacity can be computed for
each day in the period of record. The dependable capacity could then
be computed by taking the average of the daily peaking capacity values
for the peak demand months,

h. Selection of Method.
(1) The method selected for computing dependable capacity will

depend on the type of project and type of power system in which the
profect will be operated.
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(2) For projects which are located in large, thermal-based power
systems, the average availability method should generally be used.
For small projects, where the energy output is being derived with the
duration curve or hybrid method, an average availability factor can be
computed directly from the generation- or capacity-duration curve.
Where the project is being analyzed with an SSR model, dependable
capacity would be based on the average of the daily, weekly, or
monthly capacity values for the peak demand months. To insure that
the capacity values used reflect the amount of capacity which is
usable in the load, it is sometimes necessary to convert them to
sustained peaking capacity values.

(3) Where hydro comprises a substantial portion (one~third or
more) of a system's generating capacity, it is usually necessary to
use the critical month method. Here, too, the critical month peaking
capacity should represent the project's sustained peaking capacity.
The only case where the average availability method would be used in a
hydro-based system would be to examine a small hydro project located
in a basin with seasonal hydrologic characteristics that are different
from the bulk of the hydro system.

(4) Regional power marketing requirements may in some cases
suggest the use of the firm plant factor method. However, before this
method is used, it should be confirmed that the project will actually
be operated in accordance with the criteria upon which the firm plant
factor is based (i.e., that the storage would actually be drafted to
meet firm requirements in low water years). If not, this method could
understate the capacity benefits.

(5) Another problem with the firm plant factor method is that
the requirements for dependability are sometimes based on the specific
needs of the PMA's customers, which, due to the PMA's particular rate
structure, may be different from the needs of the region. Hence, the
benefits derived using this method may not represent the NED hydro-
power benefits. The specific power needs of the PMA's customers and
the effect of the PMA's rate structure on these needs should more
properly be reflected in the PMA's marketability analysis rather than
the NED benefit analysis. The marketability criteria criteria could,
however, influence the selection of the recommended plan.

(6) Determining the dependable capacity of an off-stream pumped-
storage project requires a somewhat different approach, which is
described in Section 6-7j.

i. Sustained Capacity.

(1) Seasonal sequential routing studies provide daily, weekly,
or monthly estimates of capacity. These values are a measure of the
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plant's instantaneous peaking capability for each period. This is the
maximum capacity the plant can carry, allowing for any loss of head
due to reservoir drawdown and tailwater encroachment at high flows.
However, this value does not always represent the amount of peak load
that the project can carry effectively. Because of pondage
limitations, low flows, and other operating limits, the amount of
capacity that can actually be provided in the load may be less than
the instantaneous peaking capability.

(2) The number of hours per day (or hours per weekday) that
hydro capacity must be supplied for it to be usable can be determined
by examining load curves and load-resource projections., This is
usually done in coordination with entities such as the regional Power
Marketing Administration, FERC, and the regional power pool. This
criteria can be combined with minimum flow requirements and other
operating criteria to develop a function that can be applied to the
daily, weekly, or monthly energy output from the routing study to
obtain the sustained peaking capacity for each period. The resulting
values are a measure of the amount of capacity that is considered
fully dependable in each period.

(3) For the reasons cited in Sections 6-Th(4) and (5) above, the
sustained peaking criteria should usually be based on regional needs
rather than on the specific needs of the PMA's customers. If the
latter criteria is used, it must be demonstrated that benefits thus
derived will provide a reasonable estimate of NED benefits.

(4) Figure 6-12 shows an equivalent load shape that has been
applied to SSR studies of the Columbia River power system. This load
shape can be reduced to the following equation, which can be applied
to the energy output of individual projects, as obtained from the SSR
study:

Sustained peaking capacity
(Energy ~ (168 hrs)(Min. cap.))

= (Min. cap.) + (Eq. 6-10)
(0.5)(58 hrs.) + (20 hrs.)

the capacity required to meet minimum
flows, expressed in megawatts

energy available in that week or month,
expressed in megawatt-hours

where: Min. cap.

Energy

The sustained peaking capacity for a given time increment would of
course be limited by the maximum plant capacity available during that
period. Through use of an equation similar to Equation 6-10, the
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sustained peaking capacity computation can be incorporated in the SSR
model used to do the energy analysis. At some projects, operating
constraints are not a problem. In these cases, it is necessary to
specify only the amount of energy required to support each megawatt of
dependable capacity. Relationships similar to Figure 6-12 can be
developed for other systems.

(5) As noted earlier, the method developed by Tulsa District for
evaluating the Arkansas-White River system projects (Section 6-7g(8)),
incorporates the sustained peaking capacity concept. If daily and
hourly operating criteria are not too complex, a similar approach
can be applied to the output of weekly or monthly sequential routing
studies.

(6) Where storage is available at-site or upstream to supplement
normal streamflows in emergency situations, the full peaking capa-
bility can sometimes be considered dependable, even though it cannot
be sustained continuously in all time periods. Hourly operation
models are often useful for evaluating sustained peaking capacity,
particularly for systems of projects.

j. Dependable Capacity of Pumped-Storage Projects.

(1) The dependability of an off-stream pumped-storage project's
capacity is a function of its storage volume and the desired load
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Figure 6-12, Example of sustained peaking capacity criteria
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shape rather than hydrologic factors. Therefore, the dependable
capacity of a pumped-storage project may be defined as the maximum
capacity that can be provided for the required number of hours per day
(or week) using available storage and off-peak pumping energy. The
analysis should be based on conditions prevailing during the peak
demand months,

(2) Where the generating units are rated at minimum head (see
Section 7-2h), the full rated capacity will be dependable. In some
cases, the units may be rated at a head greater than minimum head, and
thus the available capacity may vary somewhat over the course of the
day or week., In these cases, dependable capacity should be based on
the average capacity available in the daily or weekly operating cycle.

(3) The mechanical reliability and flexibility components
included in Equation 6-7 still apply when computing the equivalent
thermal capacity for a pumped-storage project. In addition, the
availability of pumping energy can affect the pumped-storage plant's
capacity availability. Where availability of pumping energy is a
problem, an availability factor should be estimated for the peak load
months and applied to the dependable capacity. For example, durinmg
periods of high demand, the peak may sometimes be so broad that not
enough night-time pumping hours are available to provide emnough
pumping energy to restore the upper reservoir to the desired level.
This would in turn reduce the amount of capacity that could be
sustained through the week. If extra reservoir storage is not
provided to cover these situatioms, the dependable capacity should be
adjusted accordingly. This could be done by applying an availability
factor based on the ratio of the average number of hours that the
week-night pumping energy is available (during the peak demand months)
to the required number of hours as determined from the reservoir
sizing study (Sections 7-2c and d).

(4) Other factors may also affect the availability of pumping
energy, such as high night-time loads and forced outages on the
thermal plants that provide the pumping energy. If the combined
effect of these factors substantially reduces the pumped-storage
project's dependability, consideration should be given to providing

extra storage capacity in the upper reservoir to permit the project to
maintain its dependable capacity during periods when sufficient off-
peak pumping energy is not available.

k. Intermittent Capacity.

(1) Various references, including Section 2.5.8(4) of Prin-
ciples and Guidelines (77), suggest that there is some value to
capacity that does not meet the strict definition of dependable
capacity, but which is available for a substantial portion of the time
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during the peak demand months. This point is valid when the firm
plant factor or specified availability methods are used to compute
dependable capacity for a hydro project in a predominantly thermal
power system.,

(2) Several different approaches have been proposed for
assigning credit to intermittent capacity, including giving half value
to capacity which is available for "a substantial amount of the time"
(see Section 15-26(2) of reference (37), and pp. 25-29 of reference
(63)). However, these approaches have not generally been accepted
because of the difficulty of quantifying the benefits derived from
intermittent capacity. The only way in which intermittent capacity
can be accounted for satisfactorily is by using the average
availability method for computing dependable capacity (Section 6-7g).
This method incorporates intermittent capacity directly in the
dependable capacity computation.

(3) When it is not appropriate to use the average availability
method, credit for intermittent capacity is not usually warranted.
For example, in a hydro~based power system, the system must be
designed to provide sufficient capacity to meet peak loads plus the
desired reserve margin in the critical month. Additional capacity
which is available in better than critical months may contribute to
operating flexibility, but it does not save comstruction of an
increment of thermal plant capacity. Therefore, no credit in the form
of capacity benefits should be claimed.,

1. Flexibility,

(1) Many hydro projects make contributions to system operation
that are difficult to quantify., The most frequently mentioned
attributes are fast-start capability, ability to respond quickly to
changing loads, and ability to operate as a motor to improve the
system power factor (Section 6-3b(12)). Some projects, because of
their favorable location with respect to load centers, transmission
lines, or other hydro projects, may make system contributions which
cannot be readily quantified with conventional methods.

(2) Attempts should be made to quantify flexibility benefits if
they appear substantial, or if they may affect project scoping. FERC
presently gives a credit of up to five percent of the capacity value
for flexibility (see Section 9-5c¢), and this factor is incorporated in
the equivalent thermal capacity equation (Equation 6~3). However, the
five percent value is admittedly a rough approximation. In cases
where major flexibility benefits exist but cannot be accurately
quantified, they should be discussed in support of selecting the
recommended plan., Letters documenting the existence of these benefits
from the regional Power Marketing Administration or power pool would
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also be helpful. Flexibility credit is not usually given to prOJects
with no pondage or storage, or to projects where operating constraints

limit their ability to follow load.

(3) The Electric Power Research Institute is undertaking some
research to quantify hydropower project flexibility benefits (68), and
this effort should be monitored closely. Section 0-2e of Appendix O
provides additional information on flexibility benefits.

6-8. Measures for Firming Up Peaking Capacity.

a. General. As discussed in Section 6-7, the installation of
generating capacity does not in itself make it possible for a project
to carry intermediate or peaking loads on a dependable basis. Three
techniques are used to enable hydro projects to provide capacity when
needed and within downstream operating constraints:

. pondage
. reregulating storage
. reversible units

These three techniques or measures are discussed in the following
paragraphs. Section 6-9 describes how hourly sequential streamflow
routing can be used to analyze these measures, and Appendix N contains

example routings,
b. Pondage.

(1) 1If a hydro project is to follow hour—to-hour load fluct-
uations, it must be able to store inflow so that it can be released as

POWERHOUSE

Figure 6-13. Run-of-river project with pondage
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needed to meet power demands. Projects with seasonal power storage
inherently have that capability, but to permit load-following at run-
of-river projects, daily/weekly storage or "pondage" is sometimes
provided (see Figure 6-13). When examining a new pondage project, a
range of plant sizes are usually considered, so routing studies must
be made to determine how much pondage is required to support each
plant size. At existing projects, the amount of pondage may be fixed.
In this case, the objective would be to determine either (a) how much
capacity could be supported with the existing pondage, or (b) what
type of operation can be supported with the pondage.

(2) Figure 6-14 shows a typical weekly operating cycle using
pondage. In this example, the project is required to operate at or
near maximum capability for 15 to 16 hours a day, five days a week,
and at reduced output for the remainder of the time. A constant
inflow is assumed. The pondage is gradually drawn down (or drafted)
through the peak-load periods of the week and refilled at night and on
weekends. Note that draft of pondage results in a gradual loss in
available head through the course of the week, with a resulting loss
of energy and sometimes even peaking capability (although power
installations at pondage projects are often designed to maintain rated
capacity through the normal pondage drawdown range).

(3) A number of factors influence the amount of peaking capacity
that a project of a given installed capacity and pondage volume can
deliver on a dependable basis:

. average reservoir inflow

. shape (time distribution) of reservoir inflow

. required generating pattern

. required minimum discharge

. reservoir elevation at start of weekly operating cycle
. downstream discharge or fluctuation limits

. reservoir fluctuation limits

(4) When evaluating the peaking capability of a given project, a
range of weekly average inflows should be examined. Where inflows
within the week are reasonably uniform, the lowest weekly average
inflow often provides the most severe operating condition.

(5) The generating pattern dictates the schedule of releases
required to meet loads. The weekly power release pattern is usually
established in coordination with the regional Power Marketing
Administration. If an upstream project is also operated for peaking,
its operation may result in reservoir inflows being shaped. Depending
on the travel time between projects and the amount of attenuation
occurring in the process, the shape of the inflow may either increase
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or decrease a hydro project's pondage requirements., The required
minimum discharge is a flow that must be maintained downstream at all
times (at some projects).

(6) The reservoir starting elevation also influences the amount
of pondage required for a given project. If the project always begins
the weekly cycle (or daily cycle) full, as shown in Figure 6-14,

DISCHARGE

100

POOL ELEVATION

’ DRAWDOWN PERIOD—————{
l— ,~ FULL POOL

MINIMUM POOL (EL. 155.5)

154

Figure 6-14, Regulation of a pondage project
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pondage requirements will be minimized. However, if the reservoir
does not always begin the week full, additional storage must be
provided (Figure 6-15).

(7) Reservoir and downstream fluctuation limits, either hourly
or daily, can limit the rate at which power loads can be picked up and
can also limit the total amount of capacity that can be provided under
some flow conditions. Hourly routing studies are required in order to
evaluate the impact of these constraints on a project's peaking
capability.

(8) At some projects the amount of pondage may be fixed, due
to physical factors such as channel characteristics or non-power river
uses such as minimum channel depth required for navigation. In these
cases, the pondage volume is held constant and a range of plant sizes
is tested, applying the expected range of inflow generating patterns
and minimum flow conditions. Dependable capacities are derived for
each installation, based on performance during the peak load months
(Section 6-7i). When pondage volume is not fixed, an additional
degree of freedom is added to the analysis, and the gain in dependable
capacity resulting from added pondage is balanced against (a) the
energy losses that usually result from a greater average drawdown,
(b) possible increased dam and reservoir costs, and (c) the non-power
impacts of increased reservoir drawdown.

REFILL SHORTFALL (1.0 FEET) FULL POOL \

£ 160 | J( ' |

V1]

w ADDITIONAL PONDAGE
REQUIRED (1.0 FEET

; ] MINIMUM POOL (EL. 154.5) |( )

o 158 MINIMUM POOL

= ON FIG. 6-2 (EL. 1555)

<

>

W 156

[Y1]

~

(o)

S 154

Figure 6-15. Regulation of a pondage project where the pool
fails to refill by the start of the weekly operating cycle

6-40



EM 1110-2-1701
31 Dec 1985

(9) Case 1l in Appendix N is an example of an hourly routing for
a pondage project.

¢. Reregulating Dam.

(1) Where downstream operating limits constrain the peaking
potential of the hydro site, a reregulating dam is sometimes provided
to reshape peaking releases to provide the desired downstream flow
conditions (Figures 2-19 and 6-16). Basically, the same concepts
apply in designing a reregulating reservoir as in analyzing pondage,
except that the objective is the opposite —- to smooth out rather than
shape releases. For a given upstream power installation, a range of
average flow conditions, inflow patterns, and required downstream
conditions must be tested to determine the amount of storage needed
for a reregulating reservoir.

(2) Figure 6-17 shows how a reregulating reservoir would operate
on a daily cycle. Reregulating reservoirs are more typically required
to operate on a weekly cycle. Sufficient storage must be provided to
maintain minimum required downstream flows from the end of the Friday
generating period through the start of genmeration on Monday morning
(see Figure 6-24). The greatest storage demand at a weekly cycle
reregulating reservoir usually occurs on a long holiday weekend, when
the upstream powerplant would be shut down and minimum releases must
be maintained over a period of 80 hours or more,

CONVENTIONAL
POWERHOUSE

Figure 6-16. Peaking project with reregulating reservoir

6-41



W\\\\\\ W\\

L
“ | ‘ 1 \ \‘.
LR
W\\\ il \HLMHH
12N

\
;‘ il
\“‘ | \“ “= ‘
il \ \
;m;;w% 11 b \l
|
8AM

l

1 +|

1lh

T

TTTTTTTTT

‘“1 {l

'r'H* (i

1

Figure 6-17. Reregulating reservoir daily operating cycle



EM 1110-2-1701
31 Dec 1985

(3) 1In Figure 6~17, a constant daily release of 4,000 cfs is
being maintained by the reregulating reservoir. In many cases, some
fluctuation in discharge level is permissible within the day. Taking
advantage of this will reduce storage requirements, A gated outlet is
required in order to maintain a fixed discharge schedule. Where some
fluctuation in discharge can be accomodated, an ungated outlet can
sometimes be used, with a substantial cost savings.

(4) Care must be taken in selecting the reregulating reservoir
operating range. Minimizing dead storage will minimize construction
costs, but could result in extensive areas of mud flats being exposed
at minimum pool. On the other hand, if the reregulating reservoir
encroaches on the upstream powerplant, generating head and hence
energy production will be reduced at the main dam. If there is
sufficient head, it may be desirable to install a powerplant at the
reregulating dam.

(5) Case 2 in Appendix N is an example of an hourly routing for
a peaking project with a reregulating reservoir.

d. Reversible Units.
(1) Some dam sites have the head potential and other

qualifications suitable for large peaking installatioms, but low
discharge levels may prevail over so much of the time that the plant's

POWERHOUSE WITH
REVERSIBLE UNITS

REREGULATING RESERVOIR

Figure 6-18, Pump-back project
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capacity would not be dependable. Examples of situations like this
would be (a) a large irrigation storage project where the release
pattern does not coincide with the seasonal demand for power, and (b)
a project where head is high but average discharges are low. In these
situations, it is often possible to increase dependable capacity
substantially through the use of reversible (pump/turbine) units.

(2) This concept is technically classified as integral or on-
stream pumped-storage, but is frequently called simply "pump-back"
operation. It consists of installing reversible units in a
conventional powerhouse structure at the main dam and constructing a
reregulating or "afterbay" reservoir just downstream (Figures 2-18 and
6~18). Water is released through the powerhouse during the peak load
period, in order to generate power when it has its highest value, and
this water is stored in the reregulating reservoir, A portion of the
water is released downstream in accordance with minimum flow
requirements and other operating criteria. The remainder is pumped
back into the storage reservoir during off-peak hours. Figures 6-19
and 6-20 illustrate how the use of reversible units can increase peak
power discharge during periods of low flow.

(3) Pump-back operation has some of the characteristics of both
conventional hydro peaking operation and off-stream pumped-storage.
When downstream releases from the main dam are adequate to meet
peaking requirements, the project operates as a conventional hydro
peaking plant with reregulating dam. When downstream releases are not
adequate, the plant goes into a pump-back operation.

(4) The analysis of pump-back projects is discussed in more
detail in Section 7-6.

6-9. Hourly Operation Studies.

a. General. Hourly operation studies are short-term sequential
streamflow routing studies, performed primarily to evaluate the
performance of hydro peaking projects, including pump-back and off-
stream pumped-storage. The term "hourly studies" has been applied to
this section as a matter of convenience; the approaches presented
could be applied to multi~hour or fractionmal-hour time intervals as
well as one-hour intervals. Following is a list of some of the
studies where "hourly" analysis might be required:

. to determine how much capacity can be sustained under an

assumed daily or weekly generation pattern (see Section
6"7 i) .
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« to determine pondage requirements.
. to determine reregulating reservoir storage requirements.

. to determine upper and lower reservoir storage requirements
for pump-back and off-stream pumped-storage projects.

. to determine the impact of peaking operation on adjacent
projects (and vice versa).

. to define the pumped-storage operating cycle (pumping hours
and generating hours).

. to evaluate the impact of the fluctuating discharges
resulting from peaking operation on non-power river uses and
the environment.

. to evaluate the impact of pool fluctuations resulting from
peaking operation on other reservoir or river uses and the
environment,

. to evaluate the impact of operating limits (such as
minimum flows or rate-of-change constraints) on power
operation.

. to evaluate the impact of expanding existing power projects
(pondage requirements, envirommental impacts, etc.)

. to determine the best operation for hydropower in the power
system.

+ to determine the best operation for a system of hydro peaking
plants.

b. Data Requirements.

(1) General, Table 6-2 summarizes the basic assumptions and
data required when applying the SSR method to hourly analysis.
Further details on most of these parameters may be found in Section
5-6. However, there are several additional factors which must be
considered in hourly analysis, and these are discussed in the
following paragraphs.

(2) Hourly Load Shapes. Hourly load shapes must be provided in
order to define the project's (or system's) operating pattern. The
load shape may be (a) a prescheduled simple block load, (b) a
prescheduled load which features some ramping (short-term change in
output in response to changes in demand), or (c) an hour-by-hour load
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TABLE 6-2

Summary of Data Requirements for SSR Method (Hourly)

Input Data
Routing interval

Streamflow data

Minimum length of record

Streamflow losses
Consumptive

Nonconsumptive
Reservoir characteristics
Tailwater data

Installed capacity
Turbine characteristics

KW/cfs table

Efficiency

Head losses

Non—-power operating
criteria

Channel routing

Generation requirements

Paragraph 1/

5-6b

5-6¢

5-6d

5-6e
5-6e
5-6f
5-6g

5-6h
5-6i

5-63
5-6k
5-61
5-6m
5-6n

5-60

Data Required

hour, multi-hour, or
fraction of an hour
historical records or
output of weekly or
monthly SSR models
selected representative
weeks

usually accounted for in
streamflows

see Sections 4-5h(4) thru
(10)

storage—elevation curves
or tables

tailwater curve with lag
specify

specify maximum and
minimum discharges,
minimum head, and in
some cases maximum head
optional

see Section 5-6k

see Section 5-61

incorporate criteria
directly in analysis
incorporate if studying
multiple projects
provide hourly loads or
load shapes

1/ For more detailed information specific data requirements, refer to

the paragraphs listed in this column.
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shape which approximates the operation of a hydro project which is on
automatic generation control (see Figure 6-21). A project on
automatic generation control is ome which is tied to the system
automatic load dispatching equipment and which is used to follow the
moment-by-moment fluctuations in system demand. Load shapes are
usually developed in cooperation with the regional Power Marketing
Administration, the local power pool, or FERC. Loads may vary
seasonally and by day of the week. Pumping load shapes are also
required for pumped-storage or pump-back projects. Where a minimum
release is required, the hydro project's peaking load would be
superimposed on the base load generation required to meet minimum
flows (Figure 6-22). 1In some cases it may be desirable to test
alternative load shapes to determine how the project could be used
most effectively in the system load. When examining multi-project
systems, some models require either (a) that an hour-by-hour load
shape be specified for each project, or (b) that the same shape be
applied to all projects. Other models allocate a specified total load
among projects consistent with their operating characteristics.

(3) Period of Analysis. Because of the time and computer
costs incurred, period-of-record studies are seldom made using hourly
models. Normally, hourly studies are made for typical weeks, although
periods longer than a week can be examined if necessary. When making
hourly routings for design purposes, it is common to examine weeks
which represent extreme cases, in terms of loads and streamflows.
It may also be necessary to test different flow levels when examining
dependability of capacity or envirommental impact, and this may
require that a range of flows be examined for several different
gseasons. Where a period of record analysis is required, a series of
representative weeks could be examined and the results could be
applied to the total period by statistical correlation.

(4) Operating Limits. Existing or proposed operating limits
could impact hourly operation, and therefore they must be reflected in
hourly studies. The more common limits are:

., minimum regulated discharge
. maximum regulated discharge
. maximum daily discharge range
. maximum hourly rate of change of discharge
. maximum hourly rate of change in water surface elevation
. forebay
. intermediate point on reservoir
. tailwater
. downstream control point
. maximum daily change of elevation (at any of the points
listed above)
. minimum generation requirement
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Figure 6-21, Alternative loading modes for peaking plant

6-49



EM 1110-2-1701
31 Dec 1985

These operating limits may vary seasonally or with average discharge
(i.e., minimum discharge requirements may be a function of average

weekly discharge).

c. Basic Approach.

(1) Types of Studies. Hourly operation studies fall into two
general categories: (a) sequential routing studies, and (b) hydro-
thermal system operation studies., Hydro-thermal operation studies
consider the integrated operation of the total power system, and are
generally beyond the scope of this manual. However, one model,
POWRSYM, is discussed briefly (Section 6-9f) because of its usefulness
in developing power values and in evaluating pumped storage projects.
For further discussion on hydro-thermal system modeling amnd its
application to hydro project planning, reference should be made to a
report prepared by Systems Control, Inc. (33).

(2) Hourly SSR Studies. Hourly sequential routing studies are
based on the same general principles as the longer term sequential
streamflow routing studies described in Chapter 5. The following
paragraphs discuss how these principles can be applied to hourly
project analysis,

(3) The Objective of the Routing. Hourly routings differ from
most seasonal routings in that meeting capacity requirements is the

objective rather than maximizing energy production. In both cases,
however, the objective is to meet specified loads (or a specified load
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Figure 6-22, Peaking operation with minimum discharge
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shape). In seasonal analyses, loads are generally based on system
energy requirements, while in hourly analyses, loads are based on
system peaking requirements,

(4) The HWeekly Cvcle, The "critical period" for hourly analysis
is normally the week. A typical weekly loading on a hydro plant would
consist of five weekdays with similar or identical loads, and Saturday
and Sunday with reduced, minimum, or zero loads. Under this type of
loading, the reservoir (pondage) would be at its highest level on
Monday morning, just prior to assuming the normal weekday peak loads,
and it would be at its lowest level on Friday evening (see Figure
6-23). Refill would be accomplished over the weekend. In the example
shown on Figure 6-23, the "critical drawdown period" would extend from
7 am Monday to 5 pm Friday. In analyzing reregulating reservoirs, the
weekend becomes the critical drawdown period (see Figure 6-24), and it
is often desirable to use a three-day weekend for design purposes (see
Section 6-8c). If the load were similar to that on Figure 6-2U4 except
that Friday was a holiday, with only minimum generation being
maintained, the critical drawdown period for the reregulating
reservoir would extend from 5 pm Thursday to 7 am Monday.

(5) Evaluating Projects with No Constraint on Popndage. In
evaluating a project where pondage is not a constraint or in making an
analysis to determine pondage requirements, the following parameters
would be specified.

. average flow for the week

. peaking capacity

. hour-by-hour load shape

. 8start-of-week reservoir elevation
. operating constraints

For a pondage project, the average flow for the week would be the
average inflow. For a seasonal storage project, the average discharge
would be used. The load shape would be a specified minimum number of
hours at peak output (for block loading) or a prescheduled loading
pattern (Figure 6-21). If the routing period begins with the first
peakload hour on Monday morning, the reservoir can be assumed to be
full. However, it is more common to start the analysis at midnight
Sunday, in which case the reservoir pondage would not yet be full. A
start-of-week elevation must therefore be specified for midnight
Sunday which will permit the reservoir to be full at the start of the
first peakload hour. Several iterations may be required to achieve a
balanced reservoir at the end of the week (that is, the end-of-week
reservoir elevation equals the start-of-week elevation). If the
project has seasonal power storage, a storage draft may be acceptable,
but at pondage projects, the pondage normally must be refilled by the
following Monday morning. In the first iteration, the objective would
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be to carry only the specified loads. If the pondage does not refill
by Monday morning, this indicates that the specified load was too high
to be supported by the available inflow. In subsequent iteratioms,
either the load shape must be modified or the amount of capacity
available for meeting load must be reduced, until a run is made in
which the pondage exactly refills, If the pondage on Monday morming
exceeds the initial elevation, then additional load can be carried.

In subsequent iterations, the load shape would be modified, either by
increasing the number of hours on peak or by increasing the minimum
generation, until a run is made in which the pondage exactly refills.

(6) Evaluation of Projects with Limited Pondage. The analysis
of projects with limited pondage would be similar to the procedure

described in the previous paragraph, except that further iterations
may be required in order to insure that the pondage constraint is not
violated. Assume, for example, that a routing has been completed in
which the pondage exactly refills, but more pondage is required than
is available. The required power loading would have to be modified in
subsequent routings until the pondage limitation is satisified, either
by reducing the available peaking capacity, by broadening the load
shape, or by increasing the minimum generation.

(7) Evaluating Reregulating Reservoirs. The evaluation of
reregulating reservoirs would have to be coordinated with the pondage

analysis described above. The first step would be to develop a
satisfactory peaking operation which meets the pondage criteria.

Then, the peaking operation would be imposed on the reregulating
reservoir, in order to determine if downstream release criteria can be
met within reregulating reservoir storage constraints., If the peaking
operation requires more reregulating storage than is available,
subsequent runs could be made with modified downstream release
criteria (such as reduced weekend discharges), or increased weekend
generation at the peaking plant.

(8) Treatment of Operating Limits. Section 6-9b(4) lists some
of the operating constraints which may be imposed on peaking projects.
Of these, minimum hourly discharge and generation constraints can be
easily accommodated directly in the routing analysis. Hourly rate-of-
change and daily range of fluctuation limits are more difficult to
accommodate, In many cases, the most practical approach is to make
a trial iteration to see if any constraints are violated. If so,
subsequent iterations would be made with modified input parameters
(load shape, available capacity, minimum generation, etc.) until a
routing is made which does not violate any constraints. Where a
computerized model is available, these constraints can sometimes be
directly incorporated in the routing logic. But with complicated
constraints or complex reservoir systems, it is usually more practical
to do successive iterations.
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(9) Selection of Weeks for Analysis. Some hourly studies are
done for design purposes. The objective in these cases is to identify

extreme, or "worst case" scenarios. Other studies are done to
identify the range of expected operation conditions, and in these
cases, a variety of conditions must be examined. In order to identify
"worst case" situations, both loads and flows must be considered. It
might be expected, for example, that the high demand months are the
most critical, and the "worst case" scenario could then be identified
by selecting the week (or month) in the peak demand season with the
lowest average flow. This is often a correct assumption. However, in
some cases, the highest loads may occur at a time of year when flows
are high, so that a pondage project's reservoir capacity is not
taxed. In other cases, the load shape during periods of very high
demand is relatively flat, and thus pondage requirements are not
severe. In addition, operating constraints may not be as severe in
the peak demand months. Therefore, in order to identify the "worst
case" scenario for purposes of analyzing the adequacy of pondage or
reregulating reservoir capacity, or for analyzing the effects of
operating constraints, it may be necessary to test low flow weeks at
other times of the year as well. In some cases pondage requirements
are not defined by the lowest flow conditions. Thus, it is often
necessary to test a range of streamflows. When examining the full
range of operating conditions, it is usually convenient to divide the
year into several different "seasons", based on distinct load and
streamflow conditions. For each of these seasons, studies would be
made for a range of representative average flows.

d. Evaluation Tools.

(1) Hand Routings. Hand routings are sometimes useful for
making preliminary analyses of pondage or reregulating reservoir
requirements, or for evaluating single projects when extensive hourly
studies are not required. Appendix N describes some examples of
hourly hand routings. However, it should be obvious from the
preceding paragraphs that for some projects, a number of different
scenarios must be analyzed and that multiple iterations may be
required for each scenario. The problem becomes even more complex if
systems of projects are involved and/or conditions at other control
points (downstream and at intermediate points on reservoirs, for
example) must be considered. For these cases, the detailed analysis
of a peaking project usually requires the use of a computerized SSR
model.

(2) Hourly SSR Models. Three computerized SSR models have been
used by the Corps of Engineers for hourly operation studies: HEC-5,
HLDPA, and HYSYS. HEC-5 is useful for analyzing single projects or
moderately complex systems, using time increments of either an hour,
multiple hours, or a fraction of am hour. HLDPA can be used for
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complex systems of projects and incorporates a routine for allocating
a system load among the projects consistent with their operating
characteristics, HLDPA is the most detailed hourly model and can be
used for real time project analysis. These models are briefly
described in Appendix C.

(3) Channel Routing Studies. It is often necessary to evaluate
the hourly impact of power operations at intermediate points on
reservoirs and at downstream locations. A number of models are
available for making this type of analysis (see Section 5-6n). In
some cases, they can be operated in direct conjunction with the model
used to do the power routings, but in other cases it 1s necessary to
transfer the hourly discharges and reservoir elevations from the power
model to the channel routing model.

e, Examples of Hourly Studies. Sample hand routings have been
prepared for three of the most commonly encountered hourly power
studies:

. Case l: determining the sustained peaking capacity of a
pondage project (Figure 6-23)

. Case 2: sizing a reregulating reservoir (Figure 6-24)

. Case J: sizing an upper reservoir for an off-stream
pumped-storage project (Figure 6-~25).

The back-up calculations are summarized in Appendix N.

f. POWRSYM Hydro-Thermal System Model,

(1) POWRSYM is an hourly system production cost model originally
developed by the Tennessee Valley Authority to evaluate off-stream
pumped-storage. TVA has subsequently adopted it for most of their
system planning studies, The model operates on a weekly cycle over a
period of one year. The driving function is to select the combination
of generating resources (from a specified set of "existing" resources)
which meets the load in each hour at the minimum system production (or
operating) cost. Analysis of capital costs is handled outside of the
model,

(2) The first resource dispatched is always hydro, because its
production cost is essentially zero. Hydro capacity, hydro energy,
and minimum (or continuous) hydro requirements are specified for each
week, In its basic form, the model dispatches system hydro in two
increments. First, sufficient hydro energy and capacity is allocated
to meet any minimum generation (or minimum flow) requirements. The
remainder of the hydro is dispatched as far up in the peak of the load
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as possible within installed capacity and available energy con-
straints. Thermal plants are then dispatched by hour, generally in
order of cost. Pumped-storage is dispatched either on a fixed (or
"must-run") basis or on an economic dispatch basis. When dispatched
on an economic dispatch basis, pumped-storage will operate only when
the value of displaced thermal generation exceeds the cost of pumping
energy. The probabilities of powerplant forced outages are computed
for each hour and reserve generation is "dispatched" to cover these
outages.
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Figure 6-25. Sizing an upper reservoir for an
of f~stream pumped—-storage project
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(3) Total system operating costs are then computed and reported
by hour, week, month, or year. POWRSYM can be used to estimate energy
benefits for all types of hydro projects. It can also be used to help
define the design operating schedule for pumped-storage and to deter-
mine its annual generation, pumping cost, and energy benefit (see
Sections 7-5d through g and 7-6i). Energy benefits are computed by
POWRSYM as follows: (a) the power system is operated for a repre-
sentative year (or a series of years) with the proposed hydro
plant in the system, (b) the system is run again with the hydro plant
replaced by the most likely thermal alternative, and (c) the cost of
operating the system with hydro is deducted from the cost of operating
the system with the thermal alternative. The difference in cost is
the hydro project's energy benefit. This energy benefit directly
incorporates all system operation impacts, so no further "energy value
adjustment” is required (see Section 9-5e).

(4) 1In its basic form, the model does not allocate loads among
hydro projects and does not perform streamflow routing. Hence, the
aggregate weekly dispatch of hydro should be examined in order to
insure that it accurately represents the actual or expected operation
of the hydro projects. Although no provision exists in the basic
model for shifting energy from week to week within the year, North
Pacific Division has made some changes to allow "borrowing" of energy
from storage to permit the use of hydro to cover thermal plant forced
outages. NPD has also modified the model to analyze pump-back
projects in a thermal-based power system. Another user has modified
the model to dispatch individual hydro plants or groups of plants
(providing they are not hydraulically interconnected). TVA has
adapted the model to compute "marginal" energy costs (the costs of the
most expensive 100 MW of generation dispatched in any hour).

(5) To summarize, POWRSYM is perhaps the best available tool for
evaluating pumped-storage operation and for computing power benefits.
FERC uses this model for much of its power value work. A users manual
is available (1).
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CHAPTER 7

EVALUATING PUMPED-STORAGE HYDROPOWER

(1) Pumped-storage is a special type of hydropower development,
in which pumped water rather than natural streamflow provides the
source of energy. This chapter describes the general concepts of
pumped-storage operation and outlines the planning studies required to
evaluate a pumped-storage project.

(2) There are two basic types of pumped-storage projects:

. pure (or off-stream) pumped-storage projects, which rely
entirely on water that has been pumped into an upper
reservoir as their source of energy.

. combined pumped-storage projects, which use a combination of
pumped water and natural streamflow to produce energy.
These projects are also called pump-back projects, and the
latter term will be used in this manual.

Both types of projects can be designed to operate on either a daily/
weekly cycle (like a conventional hydro peaking plant with pondage) or
on a seasonal cycle,

(3) This chapter deals primarily with surface type pumped-
storage projects. However, it should be recognized that underground
pumped-storage projects, where the powerhouse and lower reservoir are
located below the surface, are sometimes viable alternatives for
meeting peaking demands (see Section 7-7d). Evaluation procedures for
underground projects are generally similar to those which would be
followed in examining surface type projects.

(4) Pumped-storage operation can be best understood by examining
an off-stream pumped-storage project which operates on a daily/weekly
cycle (the most common type of pumped-storage development in the
United States). The early sections of this chapter discuss the
analysis of this type of project. Later sections are devoted to pump-
back, seasonal pumped-storage, and other aspects of pumped-storage
development.

(5) Following is an outline of the major topics covered in each
of the sections in this chapter.
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. 7-2: characteristics of daily/weekly cycle pumped-storage
projects

. 7-3: overall procedure for evaluating daily/weekly cycle
pumped-storage projects

. 7-4: routing studies required for daily/weekly cycle
pumped-storage projects

. 7-5: economic analysis of daily/weekly cycle pumped-storage
projects

. 7-6: analysis of pump-back projects
. 7-7: screening studies, seasonal pumped-storage, multiple-
purpose pumped-storage, and special problems

associated with pumped-storage development.

b. Basic Concept of Pumped-Storage.

(1) The basic idea behind pumped-storage is to convert rela-
tively low-cost off-peak thermal generation from nuclear or coal-fired
plants into high-value on-peak power. This is accomplished at a
pumped-storage hydro plant by using the of f-peak thermal emnergy to

LOWER RESERVOIR

Figure 7-1. Diagram of an off-stream pumped-storage project
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pump water from a lower reservoir to an upper reservoir (see Figure
7-1). The water is then released to generate power during peak demand
periods,

(2) Most pumped-storage projects operate on either a daily or
weekly cycle. At daily-cycle plants, the storage required to support
each day's generation must be replenished by pumping the following
night (Figure 7-2). In the case of weekly cycle plants, sufficient
storage capacity is provided to permit a portion of the pumping to be
accomplished on weekends (Figure 7-3). Pumped storage can also be

E S GENERATING (6 HRS/DAY)

LOAD (1000 MW)

TOP OF POWER POOL STORAGE REQUIRED
e = 6,000 AF

RESERVOIR STORAGE
USED (1000 AF)

Figure T-2. Operation of daily cycle pumped-storage pro ject
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used to store energy on a seasonal basis, but projects of this type
usually store water for other purposes in addition to hydropower.

(3) Pump-back capability might be added at conventional hydro
projects for two reasons: (a) to firm up peaking capacity during
periods of low streamflow, or (b) to permit large peaking
installations to be constructed at sites with relatively low natural
flows. A pump-back project is basically a conventional hydro project

GENERATING (8 HRS/DAY)

WEEKEND PUMPING)

LOAD (1000 MW)

0 ¥ y ¥ T f 1

w
(3 0. o~ TOP OF POWER POOL _

™y )
S < STORAGE REQUIRED
= 5 = 15,400 AF

S
N o ;
x :
og 10
28 1)
W 15 }
$::>
o 20

M T w T F s S
DAY

Figure 7-3. Operation of weekly cycle pumped-storage project
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at which some or all of the generating units can also operate as
pumps. Much of the time, natural flows (in combination with available
pondage) may be sufficient to support the plant's peaking capacity.
During low flow periods, however, a portion of the peaking discharge
would be pumped back at night (or on weekends), to insure

that sufficient water is available to meet peaking requirements on
subsequent days. A reservoir must exist immediately downstream to
capture these releases, and store them until pump-back can be
accomplished.

(4) The concept of pumped-storage hydro has existed for many
years, and pumped-storage projects were constructed in Europe as early
as 1908. However, it was not until after reversible pump-turbines
were perfected in the 1950's that pumped storage became an important
source of peaking capacity in the United States.

c. Iypes of Pumped-Storage Projects,

(1) Introduction., Within the two broad categories of pumped~
storage hydro, a number of different types of developments have
evolved. Following are descriptions and examples of each of these
different types. For details on the locations and characteristiecs of
the example projects, refer to the tables in Section 7-1d.

(2) Qff-Stream: Dailv-Weekly Cycle (Geperal). This type of
development typically involves the use of a lower reservoir on a
stream or other water body, which provides the source of water, and an
upper reservoir located adjacent to the lower reservoir. The upper
reservoir may also be located on a stream, but usually it is not.
This type of development relies entirely on pumped water as a source
of energy. At some projects, the upper reservoir is constructed on a
mountain top, where there is little or no local inflow (Taum Sauk and
Northfield Mountain are examples). Projects of this type have
sufficient reservoir storage to permit operation on a daily or weekly
cycle, which is typically sufficient to generate 6 to 20 hours
continuwusly at full output.

(3) Offstream: Dajlv-Weekly Cvcle (Types of Lower Reservoirs).
Different types of water bodies have been used as lower reservoirs for
off-stream projects. Ludington uses Lake Michigan, while the now-
cancelled Cornwall project would have pumped from an open reach of the
lower Hudson River. Salina and Seneca use existing multiple-purpose
storage projects as lower reservoirs. Seneca (Figure 2-17) is of
special interest because it uses a Corps of Engineers reservoir
(Kinzua), and the powerhouse is designed to discharge to either the
reservoir, or the river below Kinzua Dam, or both. In this way the
head at Kinzua Dam, which has no powerhouse of its own, can be
utilized also. TVA's Raccoon Mountain project pumps from the pool
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behind Nickajack Dam, a navigation and run-of-river power project.
Helms uses existing hydro projects as both upper and lower reservoirs.
Most of the other off-stream pumped-storage projects use existing
pondage projects or specially constructed lower reservoirs. The Corps
of Engineers has investigated off-stream projects which would use the
Fort Randall Reservoir on the Missouri River (Gregory County) and run-
of-river navigation projects on the Arkansas River (Petit Jean-White
Oak).

(4) Offstream: Seasonal. Rocky River was the first pumped-
storage project to be constructed in the United States (1929). It was
designed to pump water into a man-made lake during the high flow
season, with releases being made during low flow periods to produce
power at-site and firm up generation of a series of run-of-river
projects located downstream on the Housatonic River. A number of
other seasonal off-stream pumped-storage projects have been studied,
but in most cases the primary objective has been to store water for
purposes other than power. San Luis is the only large project of this
type to have been constructed in this country. At San Luis,
irrigation water is pumped into the reservoir during the winter
months, when irrigation demands are low. During the winter, water is
available in the lower Sacramento River, and the cost of pumping
energy is relatively low. During the peak irrigation season, when
energy has a higher value, water is released into the Delta-Mendota
Canal and the California Aqueduct, producing power at both the San
Luis and O'Neill powerplants (see Section M-3). The Corps of
Engineers and other agencies have studied large off-stream reservoirs
in the Columbia River basin, which is used to to supplement the power
storage of the existing reservoir system, However, the relatively
small gain in storage benefits that can be realized from additional
storage, combined with the high cost of constructing large off-stream
reservoirs, has thus far discouraged this type of development.

(5) Pump-Back: Single-Purpose Power Projects. Reversible units
may be installed at on-stream hydro projects for one of two reasons:
(a) to firm up peaking capacity during occasional periods of low flow,
or (b) to permit large peaking installations at sites which are favor-
able for construction of hydro projects but where natural flows are
too low to support such installations. Most single-purpose pump-back
projects fall into the second category. At Jocassee and Smith
Mountain, nearly 75% of the generation results from pumped-storage.

At Horse Mesa and Mormon Flat, small conventional powerplants have
been supplemented by large pump-turbine units, to increase the plant's
peaking capabilities.

(6) Pump-Back: Multiple-Purpose Projects, Pump-turbines have
also been installed at a number of multiple-purpose projects. One

reason for this is that the seasonal discharge requirements of other
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functions sometimes limit conventional power operation, and pump-back
is required to firm up the peaking capacity. Oroville is a large
seasonal reservoir which serves as the primary storage facility for
the California Water Project. Most of the time, releases for water
supply are sufficient to support the plant's installed capacity, but
during low discharge periods, pump-back must be utilized to insure
that peaking power committments are met. Truman, DeGray, and Cannon
are Corps of Engineers projects having large flood control storage
requirements., Power storage is limited, so pump-back capability was
provided in order to firm up the peaking capacity during occasional
low flow periods. In the system where DeGray is operated, there is at
present no low-cost, off-peak energy available for pumping, so the
plant has thus far been used only for conventional generation and
spinning reserve, At Truman, unanticipated fish problems have
precluded pumping to date. Carters (Figure 2-18) is another Corps of
Engineers multiple-purpose storage project where pump-back has been
used to support a large peaking installation, with half of the
project's generation being supported by pumping. Richard B. Russell
is a pondage project which develops the reach between two large
storage projects on the Savannah River., The original power
installation consisted of conventional peaking units, but the addition
of reversible units made it possible to double the peaking capacity.

(7) Diversion Type: Single-Purpose Power, A diversion type

project is one where water is diverted from one river basin to
another. In such cases the pumping plant and generating plant would
be separate installations. An example of a single-purpose hydropower
diversion project would be where water is pumped into a storage
reservoir located in an adjacent basin where the topography and other
characteristics are more suitable for hydropower development. At some
developments, the water thus diverted passes through a series of down-
stream generating plants, thereby realizing a large gain in generation
in comparison with the pumping energy expended. No projects of this
type are located in the United States, although some have been
developed in Europe and South America.

(8) Diversion Type: Multiple-Purpose, Pumped-storage can also
be incorporated in inter-basin diversion projects constructed to
transport water for irrigation or municipal water supply. Frequently
the power installations at projects of this type are designed only to
recover as much of the pumping energy as possible, but in at least two
cases reversible units have been installed to provide peaking power.
Castaic is located at the terminus of West branch of the California
Aqueduct, and it is designed primarily to recover energy from water
conveyed over a mountainous segment of the Aqueduct. However, at
times it operates as an off-stream pumped-storage peaking project.
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Similarly, reversible units have been installed in the pumping plant
constructed to pump water from Grand Coulee reservoir to Banks Lake,
the equalizing reservoir for the Columbia Basin irrigation project.
Normally these units function as pumps, but they can operate as
generating units during the winter months, when pumping loads are
minimal and power demand is high.

(9) Other Types of Projects, There are also several examples of
pumped storage being used to provide pondage for conventional hydro

plants. The most notable examples are the U.S. and Canadian power
developments at Niagara Falls. Substantial flows must be maintained
over the falls during the daylight hours, thus limiting the amount of
water that can be diverted for power production during the hours when
power demands are greatest. Tunnels have been constructed to divert
water around the falls at night, and on the U.S. side this water is
pumped into the Lewiston Reservoir. During the daylight hours, this
water is released to produce power at both Lewiston and at the Robert
Moses conventional generating plant, which discharges into the Niagara
River below the falls. A similar development exists on the Canadian
side of the river.

d. Existing Pumped-Storage Projects. Table 7-1 lists the major
off-stream pumped-storage projects in the U.S. and their character-
isties. Table 7-2 lists the major pump-back projects. Figure T-4
shows the locations of these projects. The numbers on the map corre-
spond to the project numbers on Tables 7-1 and 7-2. For further
details on specific projects, Part 3 of reference (12) and Sections
2-2, 2-3, and Appendix B of reference (48j) should be consulted.
Reference (22) contains an extensive bibliography of pumped-storage
articles.

7-2. General Characteristics of Off-Stream Pumped-Storage Projects.

a. JIntroduction, This section describes the general character-
istics of off-stream pumped-storage projects: desirable site
characteristics, the operating cycle, storage requirements, plant
size, head range, pump-turbine characteristics, rated capacity, plant
operating characteristics, cycle efficiency, charge/discharge ratios,
reliability and availability, plant factor, size and number of units,
and other factors, Much of the material presented in this section has
been drawn from Volume 3 of EPRI's Assessment of Energy Storage

(12). References (22)
and (48j) are also useful sources of information. For information on
the characteristics of pump-back projects, see Section T-6.
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TABLE 7-1. Major Off-Stream Pumped-Storage
Map
No. Name of
12/  PEroject State Ovner
1. Bath County VA Virginia Power Company
2. Bear Swamp MA New England Power Company
3. Blenheim-Gilboa NY Power Authority, State of New York
4, Cabin Creek co Public Service Company of Colorado
9, Fairfield SC South Carolina Electric and Gas Co.
11. Grand Coulee 13/ WA U.S. Bureau of Reclamation
13. Helms CA Pacific Gas and Electric
16. Lewiston-Niagara NY Power Authority, State of New York
17. Ludington MI Consumers Power/Detroit Edison
20. Muddy Run PA Philadelphia Electric Company
21. Northfield Mountain MA CP&LCo./HE&LCo./WMECO, 4/
23. Raccoon Mountain TN Tennessee Valley Authority
26. Salina 0K Grand River Dam Authority
27. San Luis cA U.S. Bureau of Reclamation
28. Seneca (Kinzua) PA CEICo./PECo. 6§/
30. Taum Sauk MO Union Electric Company
32. Yards Creek NJ PSG&ECo./JCP&LCo. 8/
1/ rated generating capacity
2/ utilizes seasonal irrigation storage
3/ utilizes seasonal power storage
Y4/ Connecticut Power and Light Company/Hartford Electric and Light
Company/Western Massachusetts Electric Company
&/ different units operate in different head ranges
6/ Cleveland Electric Illuminating Co./Pennsylvania Electric Co.
(GPU)
1/ two 198 MW reversible units and one 26 MW conventional unit
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Projects in the United States, 1 January 1985
Map
Total Capacity Head Range  Storage No.
On-Line Date Units (Mw) 1/ (Feet) (Hours) 127
1985 11/ 6 2100 1080 10/ 11.3 1.
1974 2 600 660-750 5.6 2.
1973 4 1000 1001-1088 11.6 3.
1966 2 300 975-1190 5.8 4,
1979 8 511 155-169 8.0 9.
1973 6 314 262-358 2/ 11,
1984 3 1050 1560 10/ 37 13,
1962 12 240 65~100 EZ 16.
1973 6 1979 296-362 8.7 17.
1967 8 800 346-401 14.2 20.
1972 4 1000 700-815 8.5 21.
1979 4 1530 870-1017 24.0 23,
1968 6 260 223-243 19.0 26.
1968 8 424 114-316 5/ 2/ 27.
1970 37/ 422 642-791 — 1177 28,
1963 2 408 714-879 7.7 30.
1965 3 387 651-735 8.8 32,

8/ Public Service Gas & Electric Co./Jersey Central Power & Light
Co.

primary function of pumped-storage is to support large
conventional hydro plants

rated head (generating) of pumped-storage

scheduled on~line date

refers to location number on Figure 7-4; missing numbers are on
Table 7-2

Grand Coulee Pumping Plant
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TABLE 7-2. Major Pump-Back

Map
No. Name of
11 Project State Owner

5. Carters GA Corps of Engineers

6. Castaic CA LADWP/CDWR 4/

7. Clarence Cannon MO Corps of Engineers

8. DeGray AR Corps of Engineers

10. Flatiron co Bureau of Reclamation

12. Harry S. Truman 6/ MO Corps of Engineers

14, Horse Mesa A2 Salt River Project Authority

15. Jocassee NC/SC Duke Power Co.

18, Mormon Flat AZ Salt River Project Authority

19. Mt. Elbert co U.S. Bureau of Reclamation

22. Oroville (Hyatt) CA California Dept. of Water Res.

24 Richard B. Russell GA/SC Corps of Engineers

25. Rocky River CT Connecticut Power & Light Company
29. Smith Mountain VA Appalachian Power Company

31, Wallace GA Georgia Power Company

1/ number of reversible units/number of conventional units
ZZ total reversible generating capacity/total conventional generating

capacity

3/ at some plants, different units operate in different head ranges
%] Los Angeles Department of Water & Power/California Department of

Water Resources
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Projects in the United States, 1 January 1985
Map
Total Capacity Head Range Storage No.
On-Line Date Units 1/ (mw) 2/ (Feet) 3/ (Hours) 77
1975 2R/2C 250/250 320-427 44 5.
1973 6R/1C 1275/56 891-957 14.6 6.
1984 1R/1C 31/27 59-107 8 7.
1971 IR/ 1C 28/40 144-188 5/ 8.
1954 8R/2C 480/63 140-290 4000 5/ 10.
1981 6R/0C 160/0 41-79 19 12,
1972 1R/3C 100/30 151-259 8 14,
1974 4R/0C 610/0 276-331 192 15.
1971 1R/ 1C 49/9 100-138 11 18.
1981 2 200 400-475 13 19.
1968 3R/3C 293/351 500-675 5/ 22,
1987‘§L 4R/ 4C 475/346 135-163 26 24,
1929 2R/ 2C 7/24 190-219 830 25.
1965 3R/2C 236/300 174-195 5 29,
1980 4R/ 2C 216/108 94-97 42,9 31.
5/ utilizes multiple-purpose seasonal storage
8/ not currently operating in pumping mode due to fishery problems
7T refers to location number on Figure 7-4; missing numbers are on
T Table 7-1
§L scheduled on-line date for pump-back units, first conventional

unit was placed in service in 1985,
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b. Desirable Site Characteristics,

(1) Geperal, 1In order to be cost-effective, an off-stream
pumped storage site should have most or all of the following
characteristics:

. geologic conditions should be suitable for water-tight
reservoirs

. head should be as high as possible

. length of water conduit (intake tunnel, penstock, and
discharge tunnel) should be as short as possible

. reservoir sites should require minimum excavation and
embankment

. use existing reservoir for lower reservoir, if possible
. both reservoirs should have suitable drawdown characteristics
. 8ite should be suitable for a large power installation

. 8ite should be located reasonably close to load centers or
transmission corridors

. source(s) of relatively low cost pumping energy should be
available.

Note that these are all primarily engineering and economic character-
isties. Environmental and socio-economic criteria are also important,
and in many cases they may dominate the site selection process,
However, this manual is limited to discussing engineering aspects of
hydropower planning. References (12) and (22) and standard references
on environmental impact evaluation give further information on the
environmental aspects of pumped-storage development. The availability
of relatively low-cost pumping energy is also a prerequisite to
consideration of pumped-storage development, but this is addressed
under the operational and economic studies, rather than under site
evaluation.

(2) Head. Reservoir storage requirements are inversely
proportional to head (Figure 7-5), so0 reservoir costs can be minimized
by selecting a site with a high head. Hydraulic capacity is also
inversely proportional to head, so penstock diameter, and hence
penstock costs, can also be minimized by maximizing head. For a given
plant capacity, powerhouse costs are lower for high head plants. This
is because the units run at higher speeds and high-speed machines are
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smaller than low-speed machines., Because smaller water volumes are
required at high head plants, reservoir drawdowns are usually smaller
at both reservoirs.

(3) Length of Water Conduits. Costs of water conduits (intake

tunnels, penstocks, and discharge tunnels) can represent one-quarter
or more of a pumped-storage project's costs, so sites should be sought
which will require minimum penstock and discharge tunnel lengths.
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Figure 7-5. Reservoir storage required vs. head
for 1000 MW plant with 14 hours of storage
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This is particularly important at the lower head sites, because of the
larger penstock and tunnel diameters involved. The economic limits to
length of water conduits is a function of head and can be expressed in
terms of horizontal length to head (L/H) ratios. Recent experience
suggests that maximum acceptable L/H ratios range from 10 to 12 for
high-head (1200-1500 ft.) projects down to 4 to 5 for low-head (500-
600 ft.) sites.

(4) Upper Reservoirs, Upper reservoirs are usually constructed
either with a dam across a natural valley or with an enclosure dike
around a flat area, often on a hilltop. To minimize costs, sites
should be sought where minimum excavation and embankment volumes are
required, and sites having natural depressions are particularly
desirable in this regard. Large drawdowns may cause slope insta-
bility, so sites with large, relatively shallow reservoirs are usually
preferred to narrow, steep reservoirs, Slope treatment can sometimes
alleviate this problem, but it can be expensive. Water-tight
reservoirs are also essential, to minimize leakage losses (which in
the case of the upper reservoir results in energy loss).

(5) Lower Reservoirs. Project costs can often be reduced by
using existing reservoirs as lower reservoirs. However, care should
be taken to insure that sufficient storage is available to handle
fluctuations due to pumped-storage operation in addition to fluct-
uations resulting from existing reservoir operations. Because of the
limited head range for efficient pump-turbine operation (Section T=2f)
and submergence requirements (Section 7-2q), caution should be
exercised when considering the use of existing multiple-purpose
reservoirs with large fluctuation ranges. When new lower reservoirs
are required, sites with minimum embankments and relocation costs
should be sought. Since new lower reservoirs are usually located on
existing streams and are more generally accessible to the publiec, they
should be designed to minimize daily and hourly fluctuations in order
to insure public safety and to minimize environmental impact.
Minimizing leakage losses is important here also, unless there is an
abundant water supply.

(6) Plant Size., To minimize unit costs, most single-purpose
off-stream pumped-storage plants are planned for relatively large
capacities, with existing U.S. plants ranging in size from 300 MW to
2000 MW. Most recent plants have been in the 1000 MW or greater
range. An additional factor encouraging large developments is the
difficulty of obtaining site approval because of environmental and
other factors., Total environmental impact (as well as study costs)
can often be minimized by concentrating developments at one or two
larger sites rather than many smaller sites.
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(7) Geologic Conditions, It is beyond the scope of this manual

to discuss geologic criteria for pumped-storage development, but it
should be noted that geologic conditions are a key factor in
evaluating the suitability of a site.

(8) Site Selection. It is seldom possible to locate sites which
meet all of these criteria, in part because of the wide variations in
topographic and geologic conditions around the country. As a result,
trade-offs are usually required in the site selection process. It is
because of these variations in conditions that specific ranges have
not been recommended for head, length of water conduit, and plant
size. For example, in some parts of the country, the topography is
such that numerous sites are available with heads of 1000 feet or
more. In such areas, plants of 1000 MW and larger can usually be
constructed quite economically, and penstock/tunnel lengths of up to
about two miles may be acceptable., In other areas, heads of 300-400
feet may be the highest obtainable. In such situations, short pen-
stock lengths and reservoirs with minimum embankment and excavation
requirements are much more important. The L/H ratios mentioned in
paragraph (3) are helpful guidelines in estimating the maximum
economical penstock and tunnel length for a given head. When heads
are low, smaller plant sizes may also be necessary. At sites with low
heads, the larger plant discharge and reservoir storage requirements
per kilowatt of installed capacity will often dictate smaller
installations than at high-head sites.

c. Operating Cvcle.

(1) Paragraph T-1b(2) and Figures 7-2 and 7-3 describe the two
basic operating modes for off-stream pumped-storage projects, the
daily and weekly cycles. The type of cycle utilized for a given
project and the characteristics of that cycle are usually defined by
the characteristics of the power system in which the plant will be
operating: specifically, the number of off-peak pumping hours
available each week-night and the number of on-peak generating hours
required each weekday. In the following discussion, pumping and
generating times are expressed in equivalent hours of full-load
operation each day (at rated capacity in the generating mode). In
actual operation, plants often operate at partial loadings part of the
time, but equivalent hours of full-load pumping and generation are
often used to simplify the analysis,

(2) Two different criteria may govern the operation of an of f-
stream pumped-storage project: economic dispatch and must-run
operation. Normally, project operation is based on economic dispatch:
i.e., the project is operated only if the value of the on-peak thermal
energy that would be displaced by pumped-storage project generation
exceeds the cost of the pumping energy. However, during periods of
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high power demand and/or numerous plant outages, the project's
capacity may be required so that the power system can meet its peak
load requirements. In such cases, the project may be operated even
though relatively high cost energy may be required to refill the
reservoir during off-peak hours. This is sometimes called a "must-
run" operation, as opposed to economic dispatch.

(3) The operating cycle required to perform the must-run
operation helps to define a project's reservoir storage requirements
and may serve as the basis for establishing its dependable capacity.
The operating cycle, storage requirements, installed capacity, and
project economics are all interrelated, and an iterative process is
required to select the best plant size (see Section 7-3). However,
one of the first steps in the analysis is to define a preliminary
operating cycle. This is done through examination of the load shape
and consultation with one or more of the entities familiar with the
operation of the area power system: the regional Power Marketing
Administration, FERC, and local utilities.

(4) Load shapes must be developed for typical peak demand weeks.
Normally these shapes would be based on historical data, but they
should be adjusted if necessary to meet expected changes in load
shape, These changes could be caused by changes in the use pattern,
changes in the customer mix, and the effects of load management. The
analysis of the operating cycle should not be limited to the annual
peak demand period. In some systems, the load shape is broader in
off-peak periods, requiring more carry-over storage to support the
capacity in the peak-demand weeks.

(5) Through examination of these load shapes, it should be
possible to determine the maximum number of off-peak pumping hours
available, which is normally in the 6 to 8 hour range on week-nights.
In making this analysis, it should be kept in mind that pumping can be
done in single~unit increments. In some off-peak hours, there may not
be sufficient pumping energy to support the entire plant, but pumping
could be accomplished with one or two units. This should be accounted
for in estimating the equivalent number of full-load pumping hours
available. Generally, the number of hours of available off-peak
pumping energy is inversely related to the size of the pumped-storage
plant in relation to the system load.

(6) The number of on-peak generating hours required is more
difficult to define, because it is a function of the system generation
mix and economics as well as load shape. Preliminary studies should
consider a range of hourly generation requirements, If peaking
capacity is required for an equivalent of only 4 to 6 hours at full
capacity, the project can usually operate on a daily cycle (Figure
7-2). A dally cycle operation requires the minimum amount of

7-18



EM 1110-2-1701
31 Dec 1985

reservoir storage per kilowatt of installed capacity. However, a
system often requires that peak output be maintained for more than 4
to 6 hours per day. To support this type of operation, a plant must
be operated on a weekly cycle, with some of the pumping being
accomplished on weekends (Figure 7-3). A reasonable range of
alternatives for initial study might include a daily cycle and two or
more weekly cycles, covering a range of equivalent full-load
generation from 5 to 9 hours per weekday.

(7) It should also be mentioned that in most power systems,
there are periods when system energy costs preclude the operation of
pumped-storage: either the available off-peak emergy is too costly, or
the on-peak loads are already being carried with lower-cost gene-
ration. During these periods, the pumped-storage capacity is usually
assigned to operating reserve, where its quick-start capability
permits it to serve quite effectively.

d., Storage Requirements.

(1) For planning purposes, reservoir storage requirements are
defined initially in terms of equivalent hours of full-load
generation. This parameter is primarily a function of power system
operation. Once this parameter has been defined, the volume storage
requirements of specific sites can be determined by taking into
consideration the site's head characteristics and the desired plant
size.

(2) For a daily cycle plant, the number of hours of full-load
generation that can be achieved each day (and hence the minimum
reservoir storage requirements) is a function of the number of hours
of off-peak pumping energy that are available each night, the overall
cycle efficiency, and the charge/discharge ratio. The cycle effic-
iency, which is discussed in detail in Section 5-2j, accounts for
machine efficiency and penstock losses in both the pumping and
generating portions of the operating cycle. The charge/discharge
ratio is the ratio of the unit's average pumping load to its rated
generating capacity. This parameter is a characteristic of the pump-
turbine runner design and how the unit is rated (see Section 5-2k).

(3) An example will illustrate how these parameters are related.
Take for example a daily cycle plant with a cycle efficiency of 70
percent and a charge/discharge ratio of 1.1, operating in a system
where seven hours of off-peak pumping energy is available each
weeknight. Such a plant would require a reservoir with a minimum of
(7.0 hours) x (0.70) x (1.1) = 5.4 hours of usable storage capacity.

(4) Similarly, the minimum storage requirements for a weekly
cycle plant could be estimated using the following equation:
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Hours of Storage (t_) = S(tg) - 4(tp)(Ec)(Cr) (Eq. 7-1)
where: t.8 = equivalent hours of full-load generation per weekday

t equivalent hours of pumping at full capacity per
P weeknight
overall cycle efficiency

charge/discharge ratio

EQ
CV.

(5) Figure 7-6 shows how storage requirements vary with number
of hours of equivalent full-load generation per weekday for a project
with the characteristics described in paragraph (2). It can be seen
from both Equation 7-1 and Figure 7-6 that storage requirements
increase by five hours for each additional hour of full-load
generation. Note that the storage requirement values in Figure 7-6
are based on specific assumptions regarding pumping time, cycle
efficiency, and charge/discharge ratio. Storage requirements can be
reduced if (a) more night-time pumping is available, (b) a higher
cycle efficiency can be obtained, (c) units with a higher charge/

40

7

30 v

[97]
O
é . ’/’///,///
(o] p.‘\o
[ ?Ei/’//’
w 20 >
o C(G* "
¥

O
T

10 /

/
©<DAILY CYCLE OPERATION
0 T
5 6 7 8 9 10 11

HOURS OF ON-PEAK GENERATION PER WEEKDAY

Figure 7-6. Reservoir storage requirements (in hours) versus
hours of on-peak generation for plants operating in a system
where seven hours of pumping can be done each week-night
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discharge ratio are selected, or (d) the units are derated in the
generating mode.

(6) Another key point is that the practical upper limit to the
usable storage is established by the number of weekend hours
available for pumping. If, in the case of the example project, a
maximum of 20 hours of equivalent full-discharge pumping is available
on weekends, it can be seen from Figure 7-6 that weekday generation
will be limited to 8.3 hours per day.

(7) By estimating the number of night-time pumping hours and
assuming an average cycle efficiency and charge/discharge ratio for
the plant, preliminary storage requirements can be estimated for
various weekday generation requirements. These storage requirements
represent the minimum storage needed to follow the specified operating
cycle. It is usually desirable to provide some additional storage to
cover for evaporation losses and reservoir leakage, for reserve, and
to provide operating flexibility (see Sections 6-73j(3) and (4)).

(8) Once the equivalent number of hours of full-load generation
is established, the specific storage requirement (in acre-feet) for a
given site can be estimated with the following adaptation of the
water power equation:

976(Mw)ts

Storage (AF) = (Eq. 7-2)

He
g

where: MW = plant capacity in megawatts

ts storage requirement in hours of equivalent full-
load generation

H = average gross head in feet

e = generating efficiency, including head losses

& (see Section T7-2j)

Figure T-5 shows the variation of reservoir storage requirements
versus head based on a required capacity of 1000 MW, a 14 hour storage
requirement, and an average generating efficiency of 83 percent. The
storage requirements for a specific site can be defined more precisely
using a sequential streamflow routing analysis (see Section T-3c).

(9) The above analysis is intended only to develop preliminary
storage requirements for a given plant size and operating cycle. The
final determination of storage requirements will be based on economics
and other factors, and would include testing of the plant's operation
under a range of simulated system operating conditions (see Section
7-5). A range of reservoir sizes should be examined for each plant
size. This analysis should be done very carefully, and allowance
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should be made for unanticipated operating conditions. Operating
experience with some of the earlier pumped-storage projects con-
structed in the United States suggests that storage requirements were
estimated too conservatively, and that additional storage could have
added significantly to the usability of the capacity.

e. Plant Size.

(1) System requirements and site economics are major factors
influencing plant size. The general process outlined in Section 6-2
can serve for identifying a range of potential plant sizes. For the
reasons outlined in Section 7-2b(6), off-stream pumped-storage
installations are typically large, with many falling in the 1000 to
2000 MW range. Site characteristics (i.e. low heads or limited
reservoir storage) and system requirements sometimes dictate smaller
plants, but 300 MW appears to be the lower limit among plants of this
type constructed in the United States in the past 20 years.

(2) Some of the early, smaller plants were constructed to meet
the needs of individual utilities. More recently, it has been
possible to take advantage of economy of scale by constructing plants
to meet the joint requirements of several utilities, or even entire
power pools. Selection of the appropriate range of plant sizes to be
considered should be made in consultation with the regional PMA, FERC,
and local utilities.

f. Heads.

(1) Pumped-storage projects have been constructed to develop
heads ranging from less than 100 feet to more than 2000 feet, but most
of the projects at the low end of this range are either multiple-
purpose projects, pump-back projects, or special types of projects.
The minimum practical head for an off-stream pumped-~storage project
using reversible units is generally around 300 feet, with higher heads
being preferred.

(2) A variety of machine types are available for pumped-storage
applications. The type used for a given installation is generally
dictated by the available head. In the 300 to 1600 foot range (and
perhaps up to 2000 feet), the single-stage reversible Francis pump-
turbine is usually the best choice. Above this head range, multi-
stage units, or separate pumps and turbines should be considered,
although pump-turbine technology is advancing to the point where
reversible single-stage Francis units may be able to accomodate heads
of greater than 2000 feet. For low head installations, several types
of reversible pump-turbine are available, including bulb, vertical
Kaplan and propeller, and Francis, the effective ranges of each type
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corresponding generally to those shown on Figure 2-35 for the
corresponding turbine type.

(3) The design of a reversible pump-turbine represents a
compromise between efficient pumping operation and efficient turbine
operation. As a result, the head range in which a reversible unit
can operate relatively efficiently as both a pump and a turbine is
rather limited. Since a high cycle efficiency is usually required for
pumped-storage to be cost-effective, pumped-storage projects are
normally designed to operate over a relatively narrow head range. A
survey of major U.S. off-stream pumped-storage projects shows that
the ratio of minimum to maximum head falls in the range of 0.8 to 0.9
(and preferably 0.85 or greater). It is recommended that head
fluctuations be limited to this range wherever possible,

{4) Wider head ranges are possible, and in fact may be required
in the case of (a) multiple-purpose projects with pump-back and/or (b)
off-stream pumped-storge projects that use multiple~purpose storage
projects as lower reservoirs, but certain penalties must be accepted.
At the high end of a wide operating head range, both pumping effic-~
iency and pumping discharge capacity fall off substantially, reducing
the amount of water that can be pumped back during the available off-
peak pumping hours. At the low end of the head range, turbine output
and turbine efficiency are reduced markedly, limiting the amount of
power that can be produced. At both ends, the machinery will tend to
run roughly, with all of the attendent vibration problems.

(5) At pump-back projects with relatively wide head ranges,
operating conditions are often such that (a) pumping is not required
during periods when the head is at the high end of the range (i.e.,
when the reservoir is full or nearly full), and (b) the project
operates only infrequently in the low end of the range, where turbine
output is limited. A satisfactory operation can sometimes be achieved
if it is possible to obtain reversible units that will operate
efficiently under these particular conditions. Installing a mix of
reversible units and conventional turbines and/or units designed to
operate at different head ranges also may help to effectively utilize
the power potential of projects of this type.

(6) Because of the complexity of pump-turbine design character-
istics, it is suggested that hydraulic machinery specialists from one
of the Hydroelectric Design Centers (Section 1-7) be consulted at an
early stage in the planning process to help determine what type of
pump-turbine installation and what type of power operation is most
suitable for a given site.
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g. Pump-Turbine Performance.

(1) Reversible units operate somewhat differently from con-
ventional turbines. Operating in the generating mode is similar to
conventional turbine operation, in that output can be varied by
varying the gate opening. However, as a practical matter, units are
usually operated as close to the point of best efficiency as possible.
In the pumping mode, the unit operates at the gate opening that allows
the most efficient operation for a given head.

(2) Figure 7-7 shows some of the characteristics of a typical
Francis pump-turbine design, adapted from data presented in Volume 3
of EPRI EM-304 (12). This design is shown as being applied to a
project with an operating head range of 730-820 feet (a ratio of
minimum to maximum head of 89 percent). It is assumed in this case
that the unit will be rated at the minimum operating head (when
generating) of 730 feet. The full-gate discharge at this head would
be about 3580 cfs and the overall generating efficiency (e ) would be
about 82 percent. The rated generating capacity would thegefore be

QHe (3580 cfs)(T730 feet)(0.82)
KW = - = 180 MW.
11.81 11.81

(3) Note from the upper portion of Figure 7-7 that the pumping
discharge at that head would be about 2930 cfs, substantially less
than the generating discharge. The lower portion of Figure 7-7 shows
that, at this head, the pumping efficiency (e _) of about 87 percent is
higher than the generating efficiency. Howevgr, since the pumping
load requirements are inversely proportional to efficiency, the pump
motor size at rated head will be somewhat larger than the generator
requirement.

QH (2930 efs)(730 feet)
kw - = = 208 Mw.

11.81 e (11.81)(0.87)

(4) The application of this runner design to the 730-820 foot
operating head represents a typical application for an off-stream
pumped~-storage project. The pump discharge is less than the
generating discharge throughout the head range, and the pumping
efficiency is somewhat greater than the generating efficiency. The
pumping load requirements are greater than the generator output at
most heads. Thus, the pumping requirements establish the size of the
motor-generator. Note that because the motor-generator is sized to
meet pumping requirements, the unit is capable of generating somewhat
more than 208 MW in the high end of the operating head range, but the
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unit may in fact be operated at less than 208 MW in this head range
in order to achieve best efficiency.

(5) This unit would have a charge/discharge ratio of about 1.1
(based on an average pumping load of about 200 MW and the rated
generating capacity of 180 MW), At some projects, it may be important
to have a higher pumping discharge relative to the generating dis-
charge: i.e., where off-peak pumping time is limited and it is
desired to move as much water in these hours as possible. In such
cases, the unit would be designed to operate in the left-hand portion
of the performance curve shown in Figure 7-7. Applying the same
turbine design to a 650-730 foot operating head range would illustrate
this approach (see Figure 7-8). At a rated head of 650 feet, the
generating capacity would be limited to about 140 MW, but in the low
end of the head range, the pumping discharge would equal or exceed the
full gate generating discharge (3400 cfs versus 3300 cfs). However,
to obtain this type of performance, the machine cost per kilowatt of
generating capacity would be higher than for the original example (see
Section 7-2k).

(6) Conversely, there may be cases where generating performance
is more important than pumping performance. This might be the case at
a pump-back project where the units would operate in the generating
mode most of the time. Applying the turbine design in Figure 7-7 to
an operating head range of 775~870 feet would achieve this objective
(see Figure 7-9). At a rated head of 775 feet, the generator capacity
(200 MW) would exceed the maximum pumping requirements (195 MW), and

thus the generating requirements would dictate the size of the motor-
generator. The generating efficiency would be somewhat higher than in

the previous cases, and the machine costs per kilowatt of gemerating
capacity would be relatively low. However, the pumping performance
would be poor, in terms of both efficiency and pumping rate, and the
unit would probably run roughly when pumping at the upper end of the
head range.

(7) These examples are intended to illustrate how the per-
formance of a pumped-storage project can be modified through the
selection of the pump-turbine runner design and in rating that unit.
As with conventional hydro studies, a detailed analysis of pump-
turbine design is not necessary in the early stages of project
planning. However, since pump-turbine selection can have a major
impact on project performance and project economics, it is important
to enlist the services of hydraulic machinery specialists once
planning advances to the detailed analysis of a specific site. In
order to permit selection of the proper unit, it will be necessary to
define the operating characteristics of the project: (a) the
operating cycle (required hours of generating and the available
pumping hours), (b) the operating head range, and (c) any special
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operating considerations. The special operating conditions could
include limited pumping time, limited reservoir storage, operating
characteristics of the lower reservoir if regulated for other
purposes, and, in the case of pump-back projects, the relative amounts
of time operated in the pumping and generating modes. Information
should be provided for both design (must-run) and normal (economic
dispatch) operating conditions,

h. Bated Capacitv. A number of different approaches have been
used to select the rated capacity of off-stream pumped-storage
projects. However, for planning purposes, the most straightforward
approach is to base the project's rated generating capacity on the
normal minimum head. This helps to insure that the full rated
capacity can be delivered by the plant regardless of pool elevation.,
In many cases, however, pumping requirements will dictate that a
larger motor-generator be installed than would be needed to meet
generating requirements, As a result, generating capacity may exceed
the nominal rated capacity in the high end of the head range.

i. Plant Operating Characteristics,

(1) As noted in Section 7-2g(1), the output of reversible units
operating in the generating mode can be varied by changing the wicket
gate openings, thus varying the amount of water passing through the
unit. Therefore, reversible units are physically capable of operating
on automatic generation control in order to help regulate system
loads. However, this type of operation results in a loss in effic=-
iency (see Section 7-2j), and because water must be pumped using
thermal plant generation to support this generation, the cost penalty
for operating at reduced efficiency is not always acceptable. Oper-
ating to follow load also tends to increase maintainence requirements.,
Hence, most off-stream pumped-storage plants are block=-loaded,
operating at or near the point of best efficiency. Plant output can
be adjusted to some degree by varying the number of units on line.
There are, however, some systems where the resource mix is such that
pumped-storage can be used effectively for regulating system loads.

(2) Starting and stopping a reversible pump-turbine when oper-
ating as a turbine is similar to the procedure used for a conventional
unit. The unit is brought up to speed by partially opening the wicket
gates. Starting the pump-turbine as a pump, however, poses special
problems which must be examined in detail for each individual project.
The more commonly considered starting methods include the following:

full or reduced voltage across-the-line starting of the main
unit as an induction motor: the starting current is
obtained from the main transformers and damper windings
which are built into the motor generator. This starting
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method can produce system disturbances due to the large kVA
inrush. For this reason, it is normally limited to units of
30 MW or smaller for full-range starting and units up to 100
MW for reduced voltage starting.

synchronous or "back to back" starting: this requires that
a separate prime mover (a turbine or another reversible
unit) be connected electrically to the unit to be started.
Both of these machines must be stopped and isolated from

the system before starting. The prime mover is then
started, and the pump turbine also starts in order to
maintain an equal frequency. The speed of the prime mover
is slowly increased until both units are at synchronous
speed. Synchronous starting can also be accomplished with a
small "pony" motor attached to the reversible unit shaft.

During starting as pump, the water level is normally depressed below
the impeller to reduce starting torque.

(3) Typical turnaround and starting times for reversible units
are as follows:

. from pumping to full-load generation . . . 2 to 20 minutes
. from generation to pumping . . . . .« . . . 5 to 40 minutes
. from shut-down to full-load generation . . 1 to 5 minutes
. from shut-down to pumping « + « « « « . « « 3 to 30 minutes

These times are to allow for deceleration of the unit, switching of
electrical and mechanical circuits, and acceleration in the opposite
direction. Because of limitations in control facilities or in the
mechanical and electrical arrangement of the plant, it is frequently
not possible to turn around more than one or two units at a time.

J. Cycle Efficiency.

(1) Cycle efficiency accounts for all losses in the operating
cycle except transmission losses, and the reciprocal of the cycle
efficiency represents the number of kilowatt-hours of pumping energy
required to obtain one kilowatt-hour of generation. This value
includes water passage head losses as well as pump, turbine, motor,
generator, and transformer losses. In the past, a cycle efficiency of
67 percent has been used in planning studies. However, experience
with plants constructed in the 1970's suggests that higher
efficiencies can be achieved. In Volume 3 of EPRI EM-264 (12),
representative ranges of cycle efficiency and their respective
component efficiencies are presented (Table 7-3). The "high" values
represent unconfirmed extrapolation of recent experience, but it is
expected that overall cycle efficiencies as high as 75 percent can be
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TABLE 7-3
Components of Cycle Efficiency
Representative Ranges, %

Pumping Low High
Motor and transformer 97.5 98.5
Pump 91.5 92.5
Water passages 96.5 98.5

Total 86.0 90.0
Generating
Water passages 95.5 97.5
Turbine 89.0 92.5
Generator and transformer 97 .5 98.5

Total 83.0 89.0
Allowance for Operation Under
Other than Optimum Efficiency 92.0 98.0
Overall Cvcle Efficiency 66.0 78.0

achieved in some cases, For planning purposes, it is suggested that a
T0 percent cycle efficiency be used, which would be comprised of an
overall pumping efficiency of 85 percent and an overall generating
efficiency of 82 percent.

(2) The 70 percent cycle efficiency includes head loss
allowances of about three percent for pumping and two percent for
generating. Once the tentative penstock diameter has been
established, more specific head loss values can be determined, and
adjustments can be made to the overall efficiency values. In making
sequential routing studies, it may be desirable to remove the head
losses from the efficiency values and treat them separately.

(3) The pumping and generating efficiency values presented in
the upper part of Table T7-3 represent operation at best efficiency.
An "allowance for operation under other than optimum conditions" has
also been included in the overall cycle efficiency to account for the
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fact that the units must at times be operated under less than optimal
loadings. For plants operated for load-following (see Section 7-2i),
this component would be substantially lower, Existing plants operated
in this mode exhibit overall cycle efficiencies on the order of 50
percent.

(4) The cycle efficiency values discussed above do not account
for natural inflow to the upper reservoir or reservoir losses due to
leakage or evaporation. In some cases, these quantities may be so
small that they can be ignored, but they should be checked during the
feasibility analysis and accounted for if necessary.

k. Charge/Discharge Ratjo,

(1) The charge/discharge ratio for a pumped-storage unit is
the ratio of the average pumping load (in megawatts) to the unit's
rated capacity (see page C-4 of Volume 3 of reference (29)). Ratios
for existing off-stream plants typically fall in the 0.9 to 1.3 range,
with values as high as 1.4 being obtainable, A high value is achieved
when a runner design is selected in which the average pumping
discharge over the operating range is close to the average generating
discharge. The charge/discharge ratio can be approximated by

dividing (a) the ratio of average pumping discharge to the average
generating discharge, by (b) the overall cycle efficiency. Thus, when

the ratio of the average pumping discharge to the average generating
discharge is 1.00, and the average cycle efficiency is 70 percent,
the charge/discharge ratio will be (1.00)/(0.70) = 1.4,

(2) A high charge/discharge ratio is desirable because a
maximum amount of water can be pumped during available off-peak hours,
thus increasing on-peak generation time and/or reducing the carryover
storage requirements (see Section T7-2d). However, this advantage
comes at the expense of a slightly lower cycle efficiency and higher
equipment costs (a larger runner and motor-generator will be required,
compared to a unit having the same rated generating output but a lower
charge/ discharge ratio). The average charge-to-discharge ratio for
selected existing U.S. plants is about 1.1, and it is suggested that
this value be used for planning studies. An exception might be where
upper reservoir storage space is physically constrained or very
costly, in which case a higher value could be assumed. Normally,
detailed analysis of the charge/discharge ratio would be deferred
until the project design stage.

1. Reliability and Availability.
(1) According to statistical data maintained by NERC, the forced

outage rate for pumped-storage plants averages about 16 percent (27).
However, this value is not suitable for computing an average annual

T-32



EM 1110-2-1701
31 Dec 1985

availability factor, because it is based on a relatively small number
of operating hours per year., For purposes of developing an average
annual availability factor (excluding maintenance) that is comparable
with availability factors for non-peaking powerplants, an annual
forced outage rate of seven percent was estimated (see Section 0-2d).
This rate takes into consideration successful start ratios, number of
outage hours per year, and other factors in addition to the NERC
forced outage rate.

(2) The seven percent value is still higher than for con-
ventional hydro plants, but this should be expected because pumped-
storage units are more complex both electrically and mechanically, and
they are typically involved in frequent start-ups and shutdowns, which
put more stress on the equipment. Planned and other scheduled outages
for maintenance typically require about five and a half weeks per
year, which results in the following average availabilities:

. availability excluding maintenance outages - 93.0 percent
. availability including maintenance outages - 85.5 percent

m. Size and Number of Units., Whereas the size and number of
units at a conventional hydro plant are often influenced by streamflow
conditions (range of expected flows, minimum flow requirements, ete.),
the size of the units at a pumped-storage plant is influenced pre-
dominantly by load conditions. Just as with conventional hydro
plants, minimum plant costs are usually achieved for a plant of a
given installed capacity with the minimum number of units of the
largest practical size, However, offsetting the economy of scale are
power system operating requirements. For maximum flexibility in
dispatch of generation to meet loads, smaller units are desirable.
Likewise, smaller units permit more flexibility in utilizing available
low-cost pumping energy in the off-peak hours. Units for recent off-
stream pumped-storage projects tend to be the largest size units that
can effectively be used in the load, mostly falling in the 250 to 380
MW range.

n. Plant Factor.

(1) It is sometimes difficult to predict the plant factor of a
pumped-storage project, because operation is a function of the
generation mix, the relative fuel prices of the different types of
projects in that mix, the load shape, and the reserve margin, all of
which have been subject to change in recent years. In some cases,
plants have operated at a higher plant factor than expected, while in
other cases, the opposite has been true.

(2) Plant factor is also a function of reservoir storage,
because the larger the amount of carryo