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Prefqce

The continually escalating energy prices experienced during the late 1970s
necessitated a comprehensive reexamination of small and mini hydropower. In
evaluating renewable and traditional hydrocarbon energy resources for their
economics and technical feasibility, small hydropower emerged early as a clear
winner. Since there was a dearth of indepth technical and economic infor-
mation available, United States federal agencies, such as the Department of
Energy, U.S. Army Corps of Engineers, and the Department of Interior devel-
oped feasibility study methodologies and funded a number of their applications
in the field. The results of these efforts are currently being evaluated but with
project funding in doubt.

Internationally, small hydropower is coming to the attention of multilateral
donors such as the World Bank, the Interamerican Development Bank, and the
United Nations; as a viable alternative to diesel generators for rural areas of
developing countries. Nevertheless, despite wide interest, a comprehensive vol-
ume on small and mini hydropower technology is not available. Based on his
experience as manager of the Small Decentralized Hydropower Program of the
Agency for International Development, the editor has assembled a collection
of technical papers on this topic.

The contributors to this book were selected for their indepth knowledge of
such specialities as hydrology, turbine design, and government regulation.
Each chapter addresses a critical element which requires serious consideration

xl l l



xiv PREFACE

during project development. The approach is to guide the reader from the ini-
tial hydrologic resource assessment, through physical site design, turbine-gen-
erator selection, economics, and environmental impact, and culminating in case
studies. This book therefore serves both as a technical primer and as a guide-
book for energy specialists seeking to assess hydropower resource opportunities.
It can also serve as a university level text in civil engineering. Economic and
engineering design examples are given to aid the student reader.

The editor wishes to acknowledge the contributions made by the listed spe-
cialists as well as those by David Willer of Tudor Engineering Company,
Judith Hughes and James Williamson of R. W. Beck and Assoc., Douglas Barr
of Douglas Barr Consulting Hydraulic Engineers, and Dr. Edmund Leo of the
U.N.'s Department of Technical Cooperation for Development in making case
study materials available. Very special thanks go to Ms. Susan McCutchen
and Mrs. Joan Polson for their patience during final typing, and to Ms. Adriane
Wodev and -Iean F Hennr for fheir editnrial r.nrrrnnFnre- J  - - -

JACK J. FRITZ

Notes on Nototion

\

The following list of symbols is a general guide to the notation used throughout
this book. It is not absolute in that the same notation may be used for different
concepts;however, there should be no confusion. Each time the symbol is used,
it is defined.

Hydraulic/Hydrologic Symbols

A cross-sectional flow area
Width of a flow area or depth
Coefficient, drag, lift, discharge, velocity
Velocity of sound
Diameter, grain size
Energy
Efficiency
Force
Coefficient of friction
Submergence distance
Acceleration of gravity
Energy head, head loss, depth, height
Moment of inertia
Empirical coefficient

A,a
B,b
C
c
D,d
E
e
F

.f
G
g
H,h
J
K,k
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LJ Wavelength, length
M Msrnent
I{ Spccifie spoed, stability nurnber, precipitation

F*ess,ure
Flow ratc
Hydraul'ic radius, lcngttr
Rcynold's nu.ffi;bcr
Radius, coieffiaient o csmelation, reservoir reagh

NOTES ON NOTATION XYii

Greek Symbols

er (alpha), F Geta) Velocity angles in'turbines. angles
r Mmairg rwgtsr ertenci.'ar n krarnr) z (\ir.. 1ri6rr
F Xlgayof,,perimrro,ter, prcei,pitation
p
Q,q
R
R e
r
s

7 (gamma)

4 (eta)

d (theta)

z (nu)
p (rho)

o (sigma)

Specific werght of water

Efficiency

Angle

Kinematic viscosity

Density of, water

Cavitation index

Vctrrcitfpotential

S!@pc, s'tanda.rd deviatio,n, standard errotr, su-ction specific speed,

T
t
u
v,U
W
w
x
Y
z

Timco tlriekn€ss
Vel.ooity
Vel,wity
Vfeighr
Width
Horiaontal distance, variable
Dcp,tla, vaniab{e
Elevation, variable

Electrical Syrnbols

B Magnatic flux density
C Capaeitanee
E,e (tl Voiltage
f Frequcncy
fi (tl Currcnt
j Xmaginary number
k L,oss eseffieient
L Induetance
N,n Nurnber of coil turns, gerrerator speed

$[rave peri@d, darn wi'dth, torque

p Nurnber of poles

Q,q Ul Electrical charge
R R.esistance
r Slip
V,a (t) Voltagc with inductance
X Inductive r€actance
Z Impodancc
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Introduction

Jack J. Fritz

Jean Frangois Henry

The world is currently in the throes of an energy crisis that has reordered, and
will continue to reorder, our perceptions of how to power the infrastructure on
which we have come to depend. Increasing prices for petroleum products, pro-
jections that petroleum resources will be exhausted in a relatively short period
of time, and use of fossil fuel resources for political purposes are adversely
affecting worldwide economic and social development. The impact of the
energy crisis is particularly felt in less developed countries (LDCs) where an
ever-increasing percentage of national budgets earmarked for development
must be diverted to the purchase of petroleum products. To reduce this depen-
dence on imported fuels with high price volatility, most countries have initiated
programs to develop alternative sources of energy based on domestic renewable
resources. Among these resources are solar energy, wind, geothermal energy,
biomass, and not least, hydropower.

In the United States, only a small percentage of electrical energy is pro-
duced from waterpower resources, primarily by the larger systems such as the
Tennessee Valley Authority and the Bonneville Power Administration. How-
ever, most large sites in the United States have already been developed, making
it highty unlikely that hydropower will offer significant new contributions to
the national power grid in the future. This has given rise to a new trend: Small

l . t



I.2 sMALL AND MTNI HYDRoPowER SYSTEMS

hydropower has reemerged as an energy source which is easily developed, cost
competitive, and minimally disruptive to the environment.

Bringing hydroelectric power to a given site to serve a projected market is
a complex proposition involving planning or feasibilit,v studies, detailed analy-
ses, consiruction, testing, anci shakeciown activities. Each step requires inputs
from a variety of individuals or groups: planners; engineers knowledgeable in
hydrology, site development, dams, turbines, and electrical equipment; envi-
ronmental scientists; lawyers specializing in water rights, licensing, and regu-
latory matters; financial experts; and economists and market analysts.

Implementing a hydro project is a multidisciplinary effort. Few individuals
have the indepth knowledge of each aspect of hydropower to perform all the
tasks involved in carrying out a project. It is, however, essential that the plan-
ners and decision makers ultimately responsible for overall innplennentation be
aware in sufficient detail of the significance, constraints, and requirements
aitacheri to the various eiements oi the projeci.. it is aiso essentiai that speciai-
ists involved in analysis be aware of the requirements and constraints imposed
on their area of expertise by other components of the project. The most sophis-
ticated dam design would be worthless if it did not include features to satisfy
environmental regulations or if it ignored constraints resulting from down-
stream patterns of water usage.

The purpose of this book is to provide the reader with enough background
to create that awareness. It is intended for engineers, economists, and planners
as an introduction to a mature but neglected technology. Each chapter deals
with essential system components, such as turbines and hydraulic structures,
in enough depth to promote an understanding of their functions and principal
design features as well as to serve as a planning and decision-making tool. The
book will also supply engineers with the information they need to act as plan-
ners and manageni of complete projects. It is further intended to familiarize
generalists with the various aspects of hydro development as they relate to par-
ticular ficlds of expertise. Finally, the editor hopes that the book will influence
studcnts and newcomers to explore the potential of small hydropower as a cost-
effective means of generating electric power.

I.I THE PROMTSE OF SMALL HYDROPOWER

Hydropower is among the most promising of the renewable energy resources.
It is a clean source of power produced when water turns a hydraulic turbine.
It provides the electricity essential to economic and social development.
Although in the latter part of the nineteenth century many small (a few mega-
watts) hydroelectric plants were in operation, the trend in the twentieth cen-
tury has been to develop large-scale systems (Fig. 1.1).

Typical large-scale installations include Boulder Dam in the United States,
the Aswan Dam in Egypt, the Tarbela Dam in Pakistan, and numerous proj-

INTRODUCTION 1 . 3

FIG. l.l Green Lake Dam on the Vodopad River
near Sitka, Alaska, with a power capacity of 16.5
MW. Although considered small in capacity, this site
is typical of medium- and large-scale projects. (Cour-
tesy of R. ll. Beck & Assoc.)

ects in the Alps of Western Europe. Such large undertakings benefit from econ-
omies of scale, low and essentially constant operating costs, and nondependence
on fossil fuels. At the time these projects were constructed the attributes listed
were the key factor in making them competitive with large-scale petroleum-
fired power plants using low-cost and readily available fuels. In recent years,
however, high construction costs, environmental concerns, and long delays in
planning, construction, and licensing have reduced the attractiveness of such
large-scale hydro projects.

By contrast, recent technical advances in water turbine design, construction,
and efficiency, combined with increasing petroleum fuel costs have enhanced
the competitive position of smaller hydroelectric projects in relation to diesel-
powered generators of similar size. lsmall hydro refers to projects with a
capacity of less than 15 megawatts (MW). ] When compared to large-scale
hydro projects, small hydro can be planned and built in less time and are less
likely to create extensive environmental problems. They are reliable and, within
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the limits of the water resources available, can be tailored to the needs of the
end-use market. Although the unit cost per installed kilowatt of generating
capacity is higher for small-scale projects, financing is often easierlo obtain.
These characteristics make small hydro particularly attractive for LDCs where
n e l r - f e r i n  i n c f a l l o + i ^ -  ^ f  l : ^ - ^ - ^ i  ^ - ^ - ^ - .  : -  - - - -  . .  r  n'rr rrrorqrrqrrvrr \rr \rrrPElD(.u tr i l t r tB,y systcII lS ls essenual lor economlc ancl
social development.

The potential impact of small and mini hydropower systems is being redis-
covered by U-S. government agencies and international technical ass]stance
institutions alike. Ellis Armstrong, former head of the U.S. Bureau of Recla-
mation, enumerated the advantages of small hydro power as follows:r

Small hydro:

l. is a non-consumptive generator of electrical energy, utilizing a renewable
resource which is made continually available through the hydrologic cycle
by the energy of the sun.

2. is essentally non-polluting and releases no heat. Adverse environmental
impacts are negtigible and, for small installations, may be totally
clirninated.

3. plants can be designed and built within one or two years' time. Licensing
requirements are minimal, equipment is readily available, and construction
procedures are well-known.

4. plants rcquirc somc type of water control, up to and including full regula-
tion of watershcd discharge. They are thus an important element in ttre
multipurpose utilization of water resources and ean reduce potential flood
damage. Where storage facilities are involved, floodwaters are retained and
can bc better directed to agricultural production, river regulation, improved
navigation, fish and wildlifc protection, recreation, municipal use and better
control of wastewatcr.

5. is a reliable resource within the hydrologic limitations of the site. The rel-
ative simplicity of hydraulic machinery makes energy instantly available as
needcd. Since no heat is involved, equipment has a long life and malfunc-
tions are rare-

6. in rcmote areas using relatively simple technology can be a catalyst in
mobilizing productive resources and creating enhanced economic opiortu-
nitics for local residents.

7. is characterized by reliability and flexibility of operation, including fast
start-up and shutdown in response to rapid changes in demand. Ii thus
bccomes a valuable part of any large electrical system, increasing overall
cconomy, efficiency, and reliability.

INTRODUCTION I.5

9. technology is welldeveloped and proven, with turbine efficiencies running
as high as 90 percent. Small units ranging from a few kilowatts to several
megawatts have bcen in operation since the turn of the century. While the
equipmenlmust be adapted to the specific site for greatest efficiency, its
performance will generally live up to manufacturer's clainns.

10. facilitics have a long life. As a rule, dams and control works will perform
for a century or more with little maintenance.

ll. requires few operating personnel. Some small-scale installations are oper-
ated entirely by remote control. Freedom from fuel dependence together
with the long life of equipment make hydroelectric power installations resis-
tant to inflation.

12. dcvelopment can make maximum use of lbcal materials and labor. When
compared to thermal facilities, small hydro usually provides more locai
employment in the construction of civil works.

13. resources remain untapped, espeeially in the developing countries where
less than seven percent of potential has been developed. In some countries
the figure is less than two percent.

14. economic feasibility is improving when compared to other energy sources
that use finite fuels. With more realistic methodologies for economic eval-
uation, including full recognition of the value of non+onsumptive water
use, freedom from fuel dependence and minimum environmentalrimpact,
small hydropower has become increasingly desirable.

15. potential in the industrialized countries can be developed to augment
hydropower capacity at existing powerhouses and dams. The possibility of
retrofits and additional turbines and generators makes the upgrading of
present installations attractive.

1.2 DEFINITION OF SMALL, MINI, AND MICRO
HYDRO PROJECTS

The definition of smail hydro is somewhat arbitrary from a technical stand-
point. In the United States small hydro projects were defined as systems of l5
MW or less capacity. This capacity limit has been adopted in Public Utilities
Regulatory Policies Act, or PURPA (P.L. 95-617, November l9Z8) for special
handling in licensing, loans, incentives, and other supporting federal, state, and
local programs.2 Provisions of the law specifically relating to small hydro proj-
ects address only additions to existing facilities. Recent legislation increased
the definition to projects of 30 MW capacity or less. Mini and micro hydro
projects can be defined in much the same fashion. In the forthcoming discus-
sions, mini hydro will refer to projects of I MW capacity or less, and miuo
hydro to projects of 100 kw capacity or less (see Fig. 1.2).3 It must be remem-
bered, however, that this terminology is only introduced for the purpose of
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FIG. 1.2 Micro hydro plant installcd in 1959 in
Unduavi, Bolivia, with a capacity of l5 kW.

quantifying the scope of different projects. No particular significance should
be attached to defining various classes of projects by capacity.

Hydroelectric sites are divided into three categories by head (vertical dif-
ference in elevation between plant intake and discharge): low, medium, or high.
Each category requires a different design.

. Low head: 2 to 20 m (about 6 to 66 ft) head.a There had been a tendency
in published documents and public statements to confuse small hydro and
low-head hydro. These terms are not synonymous although a large number
of sites identified for small hydro development in the United States are in
the low-head category as in Fig. 1.3.

. Medium head: 20 to 150 m (66 to 500 ft) head. See Fig. 1.4.

. High head: 150 m (more than 500 ft) head. Often high-head sites require
the greatest capital investment per unit of installed capacity, depending on
specific characteristics.

These suggested limits are not rigid but are merely a means of categorizing
sites.

ITTTRODUCTION 1 .1

FIG. 1.3 l,ow-head mini hydro plant at Turnip Creek in the Imperial Vallcy of California with
a capacity of approximately 400 kW.

Two additional definitions of small hydro plants rnay be useful to'the reader.
A "run-of-river" plant is one whose energy output is subject to the instanta-
neous flow of the river. On the other hand, a "storage" plant with capacity,
i.e., a dam or reservoir, is able to produce continuous energy on the basis of
controlled water release.

r.3 HISTORICAL PERSPECTIVE

Waterpower has contributed to the development of humankind since biblical
times. References to the use of waterwheels for milling, pumping, and other
functions date back to 300 B.c. in Greece, although they were probably in use
long before that time. In the years between these early uses of the waterwheel
and the advent of the industrial revolution, running water and wind were the
only sources of mechanical power, other than animal, available. Improvements
in power recovery from flowing water were steadily introduced as exemplified
by the sophisticated waterworks designed in the 1600s for the palace of Ver-
sailles outside Paris, France. This system had a capacity equivalent to an esti-
mated 56 kW of power. Waterwheels of various types are still used in many
countries where they provide economical, low-level mechanical power.s

As they evolved, waterpower systems, and ultimately hydroelectric gener-
ating plants, were developed from attempts to improve the efficiency of the
waterwheel. Early work occurred in France between 1750 and 1850 when var-
ious turbine designs were investigated. At the beginning of the industrial rev-
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FIG. 1.4 Mcdium-hcad mini hydro plant in Cotacachi,
Ecuador, with a capacity of approximatcly 160 kW.

olution, France did not have access to large coal deposits and had to rely on its
water resources to generate the energy needed for industrial expansion. (To
this day, waterpower is still called houille blanche, or white coal, in France.)

Much theoretical work was done during this period by mathematicians and
engineers such as Bernard Forest de B6lidor, John Smeaton, Jean Victor Pon-
celet, Leonhard Euler, Claude Burdin, and Benoit Fourneyron.6 Their work
resulted in significant improvements in turbine efficiency and laid the ground-
work for the development of modern turbines of the Francis, Kaplan, and Pel-
ton type. As an example of the progress achieved, the original vertical-axis
turbine designed by B6lidor attained an efficiency of l5 to 20 percent. By the
mid-1850s this rose to 60 to 70 percent. The modern counterparts of the B6li-
dor turbine, the Francis and Kaplan turbines, now achieve efficiencies of 90 to
95 percent.T

In thc early part of the nineteenth century, water provided mechanical
power for industrial applications. With the invention of the dynamo or gener-
ator in the 1880s, and the popularization of electricity as a source of energy,
many water turbines were converted to electricity production. The first hydro-
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electric unit in the United States is reported to have been a I2.5-kW plant
installed in 1882 on the Fox River at Appleton, Wisconsin. Many small hydro
electric projects were installed thereafter, particularly in the western part of
the United Statgs. These projects satisfied local demands for electricity, in most
- - . . - - -  f - , l ! - t  r ' - -  -  I  -  l l  '  I  .cases ror ugnung anq small lnousrry.

The ability of -hydroelectric plants to provide electricity for the larger pop
ulation centers was recognized early. As early as 1890, for example, a hydro
project at Niagara Falls was under study to supply electricity to the city of
Buffalo, New York. Inadequacies in electrical transmission technology, how-
ever, delayed the implementation of this and other projects. With the devel-
opment of high-voltage transmission lines in the early part of the twentieth
century, a shift occurred from small-scale plants serving local electricity mar-
kets to large-scale plants feeding into extensive distribution grids. The same
trend was observed in thermal plants fired by coal and later by petroleum fuels.
f -  - n ^ +  i - . | . . ^ + ' l ^ l i - ^ l  ^ ^ . . - + - l ^ ^  + L ^ - ^ f ^ - ^  + L ^  + . . , ^ - + i ^ + L  ^ ^ - + ' . - '  L ^ -  k ^ ^ -
r r r  r l lLrDt  l r rL luJLt la l l49 lsr  v \ ruI IL t l9D,  LI r t r Ig l \ r lE,  L t tg  LrYEl tL l9Lt l  vgrrLurJ l l4J uf /e t r

characterized by a proliferation of large-scale (hundreds of megawatts) hydro
electric projects serving wide areas.

Independent of their ability to provide reserves of generating capacity and
respond to peak demand, large-scale plants, both thermal and hydroelectric,
benefit from economies of scale. These economies can be quite significant in
terms of capital investment and financing costs. On the basis of a scaling factor
of 0.7, generally accepted in many engineering projects, the capital investment
in a 20GMW generating plant would only be about 1.4 times that of a 10G
MW plant.

Prior to the drastic increases in fossil fuel costs (1973-74), economies of
scale were particularly important in justifying hydroelectric projects. (A survey
in developing countries quoted (1979) average costs of approximately $1,300
per kilowatt installed for hydroelectric systems as compared to about $860 per
kilowatt installed for thermal systems).8 Large-scale systems were necessary to
reduce the unit cost of installed generating capacity. Because hydroelecfiic
plants claim low maintenance and operating costs and do not consume fuel, the
major cost component in the early 1980's capital market is financing.

The case for hydro was further damaged by the high cost of power trans-
mission. The location of a hydroelectric plant is determined by water resource
availability, site potential, and environmental acceptability. Many such loca-
tions are relatively remote from population and industrial centers. Bringing the
electricity generated to the end-users and integrating that capacity into a coun-
try's distribution grid requires extensive and expensive transmission lines. To
maintain the price of distributed hydroelectricity at a level competitive with
nonhydro sources, the high capital cost of transmission lines should be amor-
tized over the largest possible number of kilowatthours, contributing again to
the logic of large-scale hydro projects. By contrast, thermal plants are more
flexible in terms of siting: Fuel can be transported to a convenient location close
to markets.
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I.4 WORLD HYDROPOWER RESOURCES

Various estimates of hydropower resources have been made over the years:
worldwide, regional, and for specific river basins. Since rgzg, the world
E - - - - - -  i ^ - c - - - -  - -  / r r r n   ?  |f-Jlr€rtsJ \,snlEf€nse (wtts; IOUngeq ln lyLq aS tRe-WOrlCl POWef COnf-efenc_e)
has periodically published a survey of world energy resources, both potential
and devcloped.Energy information supplied by the United Nations and by the
80 member countrics of the Conference, is published in a comprehensive vol-
ume at 6year intervals, the first in 1962. ln 1974 the C-onference established
a Commission on Energy Conservation whose responsibility it was to evaluate
the w^orld's energy resources in light of recent price escalations. The 1974 vol-
ume,e excellent in its own right, was updated in 1976 toinclude this evaluatioh
and provide data for future study.

The results of the Commission studies show that today water provides 23
perccnt of the world's electric power. In specific regions this figure varies from
100 percent in remote areas to negligible amounts in some oil-rich countries in
the Middle East. This was not the case in 1960 when 29 percent of world elec-
tricity production was attributed to hydro and geothermal power (see Fig. 1.5).
The percentage of fossil fuel inputs in electricity production was 7l and 75
perccnt in 1960 and 1970 respectively. Projections suggest that by 1990, hydro
and geothermal power will account for only about I I percent of world elec-
tricity production compared to 5l percent for fossil fuels.

The number of operating hydro sites worldwide is 16 percent of what is
considered to be "reasonably developable" from economic, physical, and envi-
ronmental standpoints. Exploitable sites are estimated to be only about 12 per-
cent of the total energy that can theoretically be derived from the water in all
the world's rivcrs and streams.

Hydro and
Geothermal

0
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Year
FIG. 1.5 World electricity production.
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FIG. 1.6 World hydropower resources.

Based on the Commission's study, the total potential considered feasible for
development is 2.2 million megawatts of generating capacity with a probable
annual production of 9,700 million megawatthours. A 50 percent capacity fac-
tor, about average for early 1980s hydropower production, was assumed. These
figures were determined from capacities at various current and future instal-
lations. To produce the sam€ amount of energy, a thermal plant would burn
the equivalent of about 40 million barrels of crude oil per day.

The present annual production of hydropower is about 1,575 million mega-
watthours, which is approximately l6 percent of the Conservation Commis-
sion's estimated expected potential. To produce the same amount of electricity
in an oil-fired plant would require burning approximately 6.5 million barrels of
crude oil per day.

Figure 1.6 illustrates the percentages of the world's total hydropower poten-
tial found in the developing countries, Organization for Economic Cooperation
and Development (OECD) countries, and centrally planned countries. It also
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Asia 
ftH" 

Africa 
ffi 

USSR Europe Oceania

FIG. 1.7 World's installed and installable hydropower capacity.

shows the percentage of potential in each of these areas that is currently in
operation, under construction, or in thc planning stages. Figure 1.7 presents a
geographic breakdown of the same information: Asia, South America, Africa,
North Amcrica, the USSR, Europe, and Oceania.

Thesc figures are based on the 1979 data bank and show the relative mag-
nitude of hydropower resources in various areas. In 1970, almost 80 percent of
installed hydropower capacity was found in North America, Western Europe,
the USSR, and Eastern Europe. Most of these systems were large-scale proj-
ects. Other areas of the world have made little use of their hydropower
resources. In South America, Africa, and Southeast Asia, for examplc, less
than 2 percent of hydropower potential has been developed. This may be attrib-
utablc to the demand differential between developing and industrialized areas.
In the former, the lack of electricity distribution systems and the need to pro
vide electricity on a small scale to a dispcrsed population has tipped the balance
in favor of small and isolated generating plants. For rural areas, small hydro
power systems are often in competition with diesel-generator units. In most
cases, the higher unit cost of hydropower, contrasted to the flexibility in siting,
case of installation, and availability and low cost of fossil fuels (at least until
the mid-1970s) favored internal combustion units.

INTRODUCTION I.I3

TABLE l.l Estimated Probable Hydroelectric Developmentt

Potential energy, Kwh X l0e

Total developable,
1975 WFC survev

OECD countries 1,050
Centrally planned economies ZOO
Developing countries 3Zs
World total 1.575

1,250 1,490 2,166
332 800 2,416
548 t,249 3,279

2,t30 3,539 7,960

2,zEO
2,775
4,645

9.700
rThe figurcs shown arc the probable annual avcrage energy from instatlcd hydroclectric facilities for the

year indicatcd.

The estimated amount of hydropower development from the wEc Com-
mission on Energy Conservation study is shown in Table l.l. Based on an
approximate cost of 1,000 U.S. dollars per kilowatt installed, the capital invest-
ment required is indicated in Table 1.2. It is evident that financial assistance
to the developing countries will be required to exploit water resource potential.
In an interdependent relationship between power availability and market
demand, it is essential that both be developed concurrently in a manner ecG
nomically beneficial to both.

Between 1973-74 and 1980, the cost of oil has increased by a factor of
approximately l0 (from about $4 per barrel to close to $40 per barrel). Assum-
ing a conversion factor of 20 percent or about 17,000 Btu of fuel per kilowatt-
hour of electricity produced, the cost of the fuel required'to produce I kWh of
electricity has increased from $0.012 to $0.12 in less than l0 years (this
assumes an energy content of 135,000 Btu per gallon of crude oil). By com-
parison, a hydro system at $1,300 per kilowatt installed, financed over 40 years
at l0 percent (capital recovery factor of 0.1023) and with a load factor of 40
percent could provide electricity at about $0.038 per kilowatthour. The cost of
fuel may be even higher in some LDCs where transportation and distribution
costs to remote areas under less than ideal terrain and road conditions may be
significant. Small hydropower, therefore, appears to be one of the economically
most attractive alternative sources of energy for LDCs in the near future.

TABLE 1.2 Estimated capital costs of Hydroelectric Installationsr

Average annual costs between ycars shown, 1976 U.S.
dollars in bil l ions

Divisions 1976-1985 1985-2000 2000-2020 t976-2020

Divisions z
Year
1976

Year
|  985

Year Year
?ooo 1Mi

OECD countries
Centrally planned economies
Developing countries

World total

5 . 1
3.4
5.6

14 .  l

3 .7
7 .1

10.6
21.4

7 .7
I  E.4
23.2
49.3

5 .8
I  1 . 5
1 5 . 3
32.6

34,921,0m TJ Yearly Produdion
(2,200,000 MW Generating Capacity 2,570,000 TJ 7@,mO TJ

9,620,000 TJ 16,s10,000 TJ s,a50,000 TJ 15,620,000 TJ 13,942,000 TJ

(45,000lvlw)
(Tt)

Estimated

o,100

rBascd on Table l . l .
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I .5 DOMESTIC PROGRAMS IN THE UNITED
STATES

In the United States, the most desirable sites for large-scale hydropower have
been developed. They produce approximatel,v | 3 pereent of al! electricit,*, used
rjomesticaiiy. Concern over environmentai impacts, iong cieiays in licensing,
and increasing construction costs reduce the attractiveness of additional large-
scale hydro plants. By contrast, increasing oil prices have brought small hydro
systems back into competition with other sources of electricity. Recent
improvements in manufacturing and standardizations in the design of small
turbines have also increased the economic attractiveness of small hydro
systems.

In 1977, the U.S. Army Corps of Engineers estimated the amount of addi-
tional generating eapaeity available for development in the immediate fnture.
About 50,000 existing small dams were identified in the United States of which
f - . . , ^ -  + L ^ -  t  n n n  ^ - -  - - - - - - - r l - -  - - ^ - r  1 -  , -  - -  r  -  r  ^rswsr L i l .1 i l  I ,vvv afc uurrcnuy uses [o proquce etectncl ty.  Deveral  nundred ol
these dams were used to generate electricity in the past. The Corps of Engi-
neers estimated that if all the dams that could produce power were reactivated,
andf or if new generating capacity were installed, almost 233 billion kilowatt-
hours yearly, equivalent to l0 percent of current U.S. production of electricity
in 1978, could be added.a

Other sites at which small hydro systems could be installed include existing
waterworks such as irrigation canals with drops, municipal water supplies, and
some waste management systems. In many of these cases, site development will
not raise cornplex environmental issues, and planning, construction, and licens-
ing phases should be significantly shorter than for larger plants. Small-scale
hydro can make a significant and near-term contribution to the electricity
needs of the United States and at the same time reduce dependence on fossil
fuels. The federal government has recognized this potential. Through its Fed-
eral Energy Regulatory Commission (FERC), it has recently simplified the
licensing procedure for small hydro (less than l5 MW) to accelerate its pene-
tration into the energy production market.

TABLE 1.3 Peruvian Villages which Possess Hydro Potential, Capacity, and
Generation*

Installed
capacity Average
range, size, No. of

kW kW stations

INTRODUCTION I.I5

I.6 SELECTED DEVELOPING COUNTRY
HYDROPOWER PROFILES

In a number of LDCs, significant progress is being made in the implementation
^ r  - - ^ r t  - - r  - - - : 4 .  r - -  tur sIIlatI anu mlnl nyqropower systems. Many countrtes are oeveloDlng unlque
approaches suited to their cultures, energy demands, and natural resources.
Comparison of these efforts yields valuable information on the opportunities
and limitations surrounding this technology.

Peru

Mini hydropower development in Peru is coordinated through the Ministry of
Energy and Mining and carried out by ELECTROPERU, the national electric
uti l i ty. Plans called for the construction of 50 projects between 1980 and 1985
at a cost of $12 mill ion.lo Since 1980, foreign assistance programs with the
United States and Germany have increased these original sums.

Hydropower is one of the most promising options for decentralized electric-
ity production in the villages and secondary towns of Peru. There are a large
number of potential sites in the vicinity of inhabited areas in both mountain
and jungle regions. Sites in the Andes are characterized by high heads and the
low to moderate flows associated with irrigation canals. In the jungle region,
the water resource is typically low head and high flow, ideal for runof-river
plants.

The 1972 census data suggest that there are over 3,000 villages in the moun-
tains and jungles of Peru, with a total population of over 4 million. About 100
of these villages are sizable settlements with populations of between 6,000 and
10,000, and 95 percent of them are without electricity. Of the remaining 5
percent, I percent have hydro[nwer stations and 4 percent utilize diesel or gas-
oline generators. Table 1.3 categorizes the size distribution of villages with
hydropower resources. To obtain an estimate of the electricity generation
requirements, it was assumed that installed capacity per capita would be 25 W
in Group A, 30 W in Group B, and 35 W in Group C. The total installed
capacity in the year 2000 with such a mini hydro program could be 120 MW.

Electricity requirements in rural areas are generally characterized by low
capacity factors, in the range of l5 to 20 percent. Agricultural demand derives
largely from irrigation water pumping, a highly seasonal activity, while domes-
tic demand primarily for lighting, particularly in the initial stages of electrifi-
cation. Assuming an annual capacity factor of 20 percent, the total electricity
consumed based on 120 MW installed power wil l be about 210 GWh in the
year 2000, or 0.75 X 1015 J.

Small mining is another sector in which mini hydro plants are potentially
very useful. There are currently about 800 such mines in Peru in addition to
some 60 concentration plants. On this basis, an additional 67 MW of capacity
generating 180 GWh of electricity annually could be installed by the year

No. of Population,
Group Population vil lages thousands

Ins ta l led

capaclty,

MWe

A
B
c
Total

200- l ,999 t.920
2,000-5,ggg 360
6,000- t 0,000 72

2,352

I ,400
I ,300

550
3,250

5-50
50- l  79

r 80-3s0

1,728
368
90

2 ,1  86

30
1 2 0
270

52
44
24

120
rFrom Rcf. I l.
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FIG. f .t Mini hydro plant located in Hoyo, near Lima, Peru, with a capacity
of 150 kw.

2000. The total energy contribution from mini hydropower systems could thus

reach an installed capacity of 187 MW generating 390 GWh of electricity

annually.rr
Peruvian officials expect the installation cost of mini hydropower systems to

average S50O (1973) per installed kilowatt, assuming free labor to complete

the nicessary civil ,"oil*. The capital cost, however, will vary considerably,

depending on head, size of installation, availability of structures to serve as

powerhouies, and plant sophistication. The $500 per kilowatt cost is based on

actual expericnce installing a micro hydro (4 kVA) Michell-Banki turbine at

a pilot plant.
The Ministry of Industry and Tourism will coordinate local manufacture of

cquipment through the Inititute of Industrial Technology Investigation and

Technical Normalization (ITINTEC) whose job it will be to develop or rec-

ommend appropriate design and manufacturing methods. To aid in the dissem-

ination pro""5, ITINTEC has produced and published a handbook for design-

ers. Private industry and the Nltional Engineering University (UNI) are also

deeply involved in training and development of this technology.

Indonesia

Hydropower development in Indonesia dates back to the early twentieth cen-

tury. So-e units installed by Dutch engineers before 1940 and ranging in size

from 35 kW to 3 MW, are still in operation. By the mid-1940s, hydropower

accounted for more than 80 percent of total electricity generation in Indone-

sia.r2 Since that time, this iraction has steadily declined despite continual

increases in capacity. In 1968, total hydropower energy output climbed to 941

INTRODUCTION I.I7

TABLE 1.4 Hydroelectric Potential in
Indonesiat

Location Capacity, MW

Sumatra
Java
Kalimantan
Sulawesi
Irian Jaya
Other islands

Total

6,  / )U
2,500
7,000
5,600
9,000

150
31,000

aFrom Rcf. 13.

GWI generated from an installed capacityof 283 MW. By 1976, it had risen
to 532 MW. The 552 MW of capacity in the early 1980s represents only 20
percent of the total electricity generating potential utilized by the National
Power Agency (PLN). Most of this installed capacity is on Java and is used
primarily for irrigation and water supply projects. [It is estimated that cur-
rently exploited hydroelectric capacity is only 1.5 percent of Indonesia's totat
hydropower potential. According to a survey done for the Nuclear Power Plan-

ning Commission (NPPC), most of the remaining Indonesian hydroelectric
potential is outside Java.13 Table 1.4 gives an estimate of the total waterlower
potential of major Indonesian islands.l

One of the objectives of the National Energy Plan developed by NPPC is
to exploit remaining hydro potential through the installation of mini hydro
projects to supply regions far beyond existing distribution grids. Only some 80
kW of small hydro capacity was added in 1976.

Small and mini hydropower systems appear to have an enormous potential,
particularly in remote areas of Sumatra, Kalimantan, Sulawesi, and lrian Jaya
not served by a central grid. This potential is essentially unexploited and has

been only cursorily explored. A rough approximation of the mini hydro poten-

tial was obtained from general geographic and rainfall data contained in reccnt

studibs.ra In terms of precipitation and the ratio of mountains to lowlands, Kal-
imantan and Sulawesi are the most conducive to hydropower development.
North Sumatra and parts of Java also appear attractive, but Irian Jaya may
prove to be the most economical for development. Use of small-scale hydro
power there is, however, limited by the very small population. Table 1.5 pro

vides some approximate figures for the amount of small hydro potential in these

areas. The numbers are conservative in that only I to 2 percent of potential

hydro resources can be effectively utilized. In these areas, a total potential of

some 484 MW of capacity is projected. The per capita figures are based on

estimates of the population living in areas not currently served by central power

sources but in favorable rainfall-topography zones.
Based on the analysis given, it is estimated that approximately 9 of the 20

million people in rural Sumatra, Kalimantan, and Sulawesi could be served by



l.l8 SMALLAND MINI HYDRoPowER SYSTEMS

TABLE 1.5 Estimates of Exploitable Small-scale HydroPower

Potential for Indonesia*

Region

INTRODUCTTON I . I9

kW within 3 years of start-up. If 450 MW is to be installed, even using a l5G

kW station, 3,000 units would be required.
Although there is currently no significant utilization of small hydropower in

rndnneciq rhcrc enne2rs fn he widesnread recopnition of its ootential. It is_ _  _ . - _ _ _ f _ _ _ _  _ _ _ _ a  
f

appreciated as a valuabie contribution to the government's poiicy goai oi <ievei-

oping rural energy potential to provide cheap energy supplies in poor areas with

minimum damage to forests, land, and water resources.

People's Republic of China

With over 5,000 rivers, each with drainage areas of over 100 km2, as well as

some 2,000 lakes and 80,000 reservoirs, the People's Republic of China (PRC)

has abundant water tresources. The exploitable hydroelectric potential has been

estimated at 370 million kilowatts with an existing installed capacity of only
1 5  a r  6 h ^ t  - ,  : , -  - , - -  - l t  ^ - l  - : - :  L - - l - ^ - ^ . - .
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be traced to 1949, when only some 50 small plants with a combined capacity

of 5,000 kW existed. By the end of 1980, some 90,000 plants with individual

capacities of less than 6,000 kW had been installed for a total capacity of 7.1

million kilowatts.16 A t979 survey reported the average size plant to be 6l kW

operating with a plant factor of 20 percent.rT

The major push for the construction of small hydro plants irt the PRC

occurred during the 1950s in conjunction with small-scale rural industrializa-

tion programs. By the end of thc 1960s, installed capacity had reached some

520,000 kW. By 1966, however, many plants fell into disuse when electrical

distribution projects were emphasized. During the 1970s, this policy was

reversed and widespread construction of small plants was resumed with

installed capacity giowing from 500 MW in 1969 to 3,000 MW in 1975.'E

Table 1.6 traces this growth.
Early plants were built with local financial, material, and labor resources.

Equipment was manufactured in a variety of village shops, at times using wood

TABLE 1.6 Growth of Small Hydropower Capacity in

the Peoplc's Republic of Chinar

L t  c . , - ^ r - ^  l l a l i m a a t a n  S r r l e w c c i
l \ .  o u l l r 4 l r  a  l \ o r r r r r q r r ! q r r

Area, million hectarcs
Runoff, mm
Averagc clevation, m
Theoretical power, MW
Practical power, MW
Availablc population, millions
Practical power per capita, W

'From Rcf. l,

-  - ! r -  - - - ^ ^ l e - .  ^ f  < n  l I t  . . , ^ ^  ^ ^ - , . * ^ , {
Small-Scale nydfo Wltnln I ) yeafs. A Per CaPlta uaPa(;rly ur Jv YV w.tr 4rDurrreu'

corresponding to 450 MW of connected load. Sizing of the plants is dependent

on population density in areas that will be developed. For villages of 500 people

with a capacity rate of 0.5 kW per capita, the 25-kW size would be most appro
priate. Small towns and areas of approximately 2,000 people require a l0GkW

installation. Where 3,000 people are clustered together, a lsGkW plant would

be advisable. However, in most locations where 2,000 people are concentrated

and diesel power is available, capacity exceeds 50 W per capita. The studies

report lO0 W per capita as optimal. A population of 1,500 will thus use 150

FIG. 1.9 Mini hydropowcr laboratory
Power Agcncy (PLN).

15 .0
1,470
400
4,370
44
6
7.28

53.9
1,590
500
17,000
170
6
28.3

18.9
1,200
1,200
13,500
270
8
33.74

Year

1949
1960
1966
r969
1970
l97 l
r972

Total plant
capacity, MW

5
520
200
500
900

r 200
I 600

Total plant
capacity, MW

2000
2500
3000
3500
4320
5260
6330

Year

t973
r97 4
r97 5
t97 6
r977
l  978
t979

'From Rcf. 18.
near Jakanta, Indonesia, operatcd by thc National
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to make turbine runners. Dams were built of earth and stone and penstpcks of

cement, wood, and occasionally bamboo. Even though they required frequent

repair and maintenance, the readily available supply of labor and large number
r  - - - - r  : - r - - - . - : ^ -  - - ) ^  i r  - ^ ^ ^ i L l ^  + ^  L . , . i l ' l  l m u - - n t r c f  t r l o n f c  T h e c e  a r f i v i t i e c

oI  rura l  lnuust f l ( i5 ' l l lau[T lL  PUJDrurv t l r  rJurru rv ' r  vvel

were initially carried out at the brigade level. As the number of plants grew,

they began to be interconnected into regional grids alleviating typical control

rnd out"ge problems found at isolated plants. The benefits of these projects

began to spread to many activities which included irrigation, flood control, and

water supply.
With significant progress continuing into the 1980s, the PRC's leaders are

currently seeking to expand rural electrification by consolidating planning and

construction. The new policy diminishes the local, self-help approach in favor

of greater collaboration and system standardization. These steps appeaq to fol-

low an approach to electrification similar to that which occurred in early twen-

tieth-century America.
In many developing countries, small hydropower has come full circle as

result of the energy crisis: from the status of a quickly abandoned source of

electricity in the second quarter of the twentieth century to rebirth as a signif;

icant potential contributor to meeting energy and development goals.

I.7 SMALL HYDROPOWER AND OTHER
SOURCES OF ELECTRICITY

Hydropower is onc of several alternative renewable energy sources being con-

sidered to replace fossil-fuel-fired electricity generation systems. Other site-

spocific alternatives include photovoltaic, solar-thermal, geothermal, and bio-

mass-fired generating plants. In many cases, particularly in LDCs, small hydro

systcms can satisfy basic electricity requirements in small- or medium"sized

dispersed communities thereby competing with diesel-fueled generators.

The comparison between small hydro systems and petroleum-fired genera-

toni or alteinative sources of energy should be made within the context of

small-scale dispersed electricity production. System configuration and operat-

ing conditions, and thus yearly operating costs, are site specific. Site conditions

may include resource availability (hydrology, insolation, geology,land and bio-

r"it availability, fossil fuel availability, etc.), equipment and construction

material availability, financing, market demand, and local social structure.

These conditions vary widely from country to country and often within coun-

tries. Generalized comparative assessments of alternative energy sources must

be qualitative, whereas only site-specific analyses can result in quantitative

contrasts.
The following comments are meant to provide a general indication of the

relative attractiveness of small hydro versus other sources of electricity.

Small Hydro Versus Diesel Generators

Figure l. l0 summarizes the results of an analysis performed by the Interme-
diate TechnologyrDevelopment Group comparing a micro hydro system of 40
L \ l /  + ^  ^  I : ^ . - l  n a a a r a t n r  ^ f  + 1 , o  c ^ n a  ^ o ^ o ^ i f . ,  i - . f o l l p r l  i n  N p n a l  l 9  [ t  i l l r r c t r q t p <
l \  v Y  L v  a t  \ l l w J w l  S w t r v r a l v r  v l  L l l w  J c t t r v  v 4 P q v r r J  l l r J L s l l v u  r r r  r  r v y s r .  r r  r r r s u r r s r v u

the unit cost electricity characteristics of both systems. The total annual oper-
ating cost is basically constant for the hydro system irrespective of the per-
centage of capacity utilized because recovery of the capital investment is the
major component of the cost. The total annual cost for the unused diesel system
(no electricity production), i.e., the cost of recovering the capital, is lower than
that for the hydro system because of the lower unit cost per kilowatt installed
for the diesel. As electricity is produced the annual cost of the diesel unit
increases in a linear fashion, reflecting the cost of the fuel consumed.

Annual costs for the two systems intersect at about 32,000 kWh or about
l0 percent of capacity utilization. This is noteworthy sinee in many L.DCs,
initial demand for electricity may be high during specific periods (lighting at
night) and very low during the remainder of the day creating a high peak
demand but low capacity factor. As suggested by the data in the figure, under
such circumstances the diesel system remains econornically attractive. This is
an example of site-specific conditions (market demand in this case) which
could reverse the validity of general statements suggesting that hydrp is more
attractive than diesel. Analysis of typical demand patterns in villages in India
suggest that capacity factors of about 30 percent might be achieved. Under
those conditions, hydro systems appear more attractive than diesel units.

Hydro systems have the obvious disadvantage of being restricted to sites
which may be distant from the end user of the energy product. Electricity dis-
tribution must then be added to the cost of production, thereby reducing the
cost advantage of hydro versus fossil-fuel-fired systems. The data in Fig. 1.10
suggest nevertheless that under favorable conditions, i.e., proximity of source
and end-user, sufficient capacity factor, and high world prices for petroleum

Total operating cost (diesel)

Total operating cosl (hydel)

Unit cost (diesel)

Unit cost (hydel)

Porrer generated, kwh

l o ' 0 3 0 1 0 5 0 6 0 7 0 8 0 9 0 1 o o c a p a d t y u t i | i z a t b n ' o / o

FIG. l.l0 Total annual cost and unit cost versus powcr generated and capacity utilization

for 4GkW diesel and hydroelectric installations.

t .2 l

e
X
t t Z f og
e
g 1oo
6
8
g 0
F

8 e
t ?
u $
( a

@

a 3
s S
2 7
1 : l



I .22 SMALL AND MINI I IYDROPOWER SYSTEMS

fuels, small or mini hydropower systems are viable alternatives to diesel

systems.

Small Hydropower Versus Other Alternative Sources

Photovoltaic Cells

Table 1.7 shows cstimated costs per kilowatt of generating capacity for several

electricity producing systems. The estimates for hydropower, g-eothermal, and

thermal iyit.rnt 
"r. 

.u.r^ge costs for 97 developing countries.s Photovoltaics,

direct conversion of the visible part of sunlight to electricity, is one of the clean-

est and ecologically most attractive methods of converting solar energy to high-

grade energy. Solar cells, like hydro systems, require little maintenance and

rhe cost of enersv orodueed is essentially constant. i.e.. equal to the cost of
r ' - - - - - -

financing the system over its lifetime. Present costs of photovoltaic systems are

high, in the $10,000 to $20,000 range per peak kilowatt for water pumping

systems.
It is projected that the intensive research programs currently under way in

the United States, Japan, France, the United Kingdom, and other countries

could reduce the capital cost fourfold within the next few years. Even under

these conditions, photovoltaic systems will require high investments which may

only be justified for special, low-power applications such as telecommunica-

tions.20

Wind

Biomass

There are a variety of ways by which biomass resources can be converted into

fuels suitable for thermal generation of electricity. Biomass-fueled steam gen-

erators are widely used in the forest products industry and in agricultural pro-

cessing such as sugar mills (combustion of the bagasse residue). The unit cost

of theJe systems is usually somewhat higher than that of oil-, coal- or gas-fired

boilers because of the lowcr energy density of biomass fuels and more extensive

and costly material handling systems (storage, screening, handling). A small

rNTRoDtrcrroN 1.23

TABLE 1.7 Comparative System Cost
per Ki lowatt of Generating Capacity

Power source Cost. $

Hyciro+
Geothcrmal*
Thermalr
Photovol ta icst
Wind t

Less than I  kW
5-20 kw

Biomass$
Thermal
Gasifi er/engi ne-generator
Ethanol

i ,296
1 ,564

863
r0,000-20,000

3,000-6,000
l,000-2,000

r,000
700- r,500

1 ,550  .

tF rom Ref .8 .
tFrom Ref. 20.

f From Ref. 21.
$From Ref. 22.

boiler and steam-turbine-generator set can cost approximately $1,000 per
installed kilowatt as shown in Table 1.7.

Small biomass gasifiers producing a low-energy combustible gas.€an be cou-
pled with internal combustion engines to produce electricity. These units were
widely used in World War II to replace scarce petroleum products. Today,
however, no standard units are being manufactured. Prices can only be esti-
mated and these have been reported to range from $700 up to $ 1,500 per kilo-
watt installed for complete gasifier-engine units (10- to 3G'kW capacity).22

Biomass can also be converted to ethanol through fermentation of sugar
crops. This conversion technology is well+stablished and is the cornerstone of
the Brazilian program for independence from imported fuels. Ethanol can be
used to replace petroleum in internal combustion engine generator systems.
Assuming an overall conversion efficiency of l8 percent (ethanol to electricity),
I gal of ethanol will produce4.45 kWh. An ethanol plant capable of supporting
I kW installed capacity at 50 percent load factor must therefore have a pro

duction capacity of about 1,000 gal per year. The investment for a small (farm-

size) plant is estimated at $1.55 per gallon capacity for plants with an output
of a few thousand gallons per year. The system cost for the biomass-ethanol
alternative to electricity production is estimated at about $1,550 per kilowatt
in Table 1.7.23

The data suggest that hydro, wind, and biomass systems are roughly equiv-
alent in terrns of capital investment. The output of hydro and wind systems
depends directly on the availability of the solar driven forces, i.e., flowing water

and wind of a specific minimum velocity. Providing electric power on demand,
that is, matching supply and demand patterns, may require some form of stor-
age to compcnsate for drought, low water flow, or windless periods. Battery
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storage is, however, costly and unreliable and is, therefore, only appropriate for
micro systems of less than a few kilowatts. A clear benefit is that both wind
and hydro systems, particularly those that are small in scale, usually have min-
imal environmental impacts.

F l i n r n q c c  c r r c f e r n c  r e l w  n n  4  r p c n r r r . . r .  t h a f  m e v  h e  h a r v e s t e d  a q  n e e d e d  ( w o n d
v r v r r . q s u  . - ^ , t  

" . .  
. . , - J  - -

for example) or stored for variable periods of time (straw, grains, etc.). The
electricity generation process may therefore be designed to respond to variable
demand. Biomass systems may, however, create significant environmental
problems ranging from careless harvesting of the resource to disposal of by-
products such as ash or stillage from ethanol production. Biomass is also an
inherent part of the ecological cycle and plays an important role as a source of
food, feed, and fiber. Disruption of this balance by diverting resources to energy
production could lead to serious social problems.

Each of the alternative energy sources considered above must be evaluated
in thc context of its intended use. Each has advantages and disadvantages that
should be assessed in terms of socioeconomic impact as well. These facts sug-
gest that small or mini hydro, where applicable, is among the very attractive
alternatives available for dispersed electric power generation.

I.8 PLANNTNG A SMALL OR MTNI
HYDROPOWER PROJECT

Implementing a hydro project involves a number of tasks that can be charac-
terized under one of the following headings: planning studies, procurement,
construction, or start-up. Chapter 12 will deal only with the planning aspects
of hydropower development. Planning studies include all types of investigations
performcd to determine the desirability of carrying out a hydro project. These
studies are initiated when a proposal for a project is considered worthy of inter-
est and are completed with the start of construction. They vary in scope, detail,
depth, and intended audience and lead to various decisions and commitments
during the preconstruction period. Following business and international prac-
tice, planning studies are roughly grouped into three categories: (l) reconnais-
sance studies, also referred to as appraisal or prefeasibility studies; (2) feasi-
bility studies; and (3) engineering design studies. These will be discussed in
greater detail in Chap. 12.

The following is a guide to the contents of this volume as it pertains to pro-
ject planning. Table 1.8 summarizes the tasks involved in the planning process
and indicates the chapters relevant to performing specific tasks.

Chapter 2 Hydrologic Analysis: This discusses methods for estimating the
energy production and power potential of a site through the analysis of stream
flows. Emphasis is placed on analysis techniques such as flowduration curve
computations, data handling, regional hydrologic assessments, and statistical
methods. The chapter also provides a simple approach to making "first cut"

INTRODUCTION

TABLE 1.8 Planning Tasks and Reference Chapters

Refcrence
chapters

r.25

Tasks

D ^ . r ' - r  - - , {  - - - . - . ,  n a n n r a f i n n
l  v w v r  q r r u  g r r v r 6 t

Environmental factors and costs
Institutional factors
Project layout and development

Overview
Dams and reservoirs
Turbines
Electric equipmcnt

Projcct evaluation/economics
System dcsign and casc studies

estimates oi hy<iropower resources suitabie ior overaii regionai assessments or
for reconnaissance studies.

Chapter 3 Hydrologic Computations at a Small Hydro Site: This describes
a simple method for determining maximum, minimum, and flowduration
information at a small stream with extremely limited hydrologic data. This
field procedure was developed specifically for use in rural areas. \

Chapter 4 Site Development and Hydraulic Analysis: This presents the

tasks involved in developing a site from its original state to that of an electricity
producing system. Some of the elements considered are topography, geology,

hydraulic design, turbine setting, powerhouse and switchyard, access, and cost.

Chapter 5 Dams and Reservoirs: This describes the types of dams and res-
ervoirs appropriate for small hydro sites. Materials for construction and struc-
tural integrity are also discussed.

Chapter 6 Hydraulic Turbines: This traces the history of turbine develop
ment and fluid mechanics theory and describes the major types of turbines and
cavitation theory. The selection of turbines appropriate for a given application
in terms of head and flow is also discussed.

Chapter 7 Generation and Electrical Equipment: This reviews basic theory
of ac electricity, operation of electrical machines, equipment selection proce-
dures, controls, and safety considerations.

Chapter 8 Environmental Impact: This discusses potential environmental
problems resulting from site development and recommends remedies available
to reduce or minimize adverse impacts.

J 1

8
9 ,  l 0

4
5
6
7
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Chapter 9 The Systems of Regulation of Hydroelectric Power in the United
States: This discusses legal, licensing, and tariff aspects of small hydro proj-
ects in the United States. A clear description of these procedures is given since
their effect on the implementation schedule and costs is considerable.

Chapter l0 Institutional and Policy Environment in Developing Coun-
tries: This reviews specific aspects of institutional structures likely to be
found in developing countries. The organizational arrangements for mini hydro
implementation in four countries are contrasted.

Chapter I I Economic and Financial Feasibility: This reviews techniques
which can be applied in the evaluation of the economic and financial feasibility
of hydro projects. Various methodologies for economic analysis are compared
and illustrated through the use of case studies.

Chapter 12 System Design and Case Studies: This reviews the overall pro
cess of project design including the reconnaissance study, feasibility study,
planning studies, final design, procurement, construction, and project manage-
ment. Several cases are used as illustrations.
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The evaluation of hydropower potential requires a knowledge of both the abse
lute value and the time variability of flow and head. This chapter will famil-
iaize the reader with the data requirement and analysis techniques used in
determining these factors.

In general the objectives of the chapter are as follows:

l. To provide an overview of the various analysis techniques available and give
guidance as to the applicability of these techniques to different types of
hydro studies.

2. To provide the reader with knowledge on what data are required, where the
data can be obtained, and how the data can be evaluated and extended.

3. To discuss various methods of synthesizing streamflow data at an ungaged
site.

4. To discuss hydrologic considerations other than streamflow that might be
needed in the analyses.

5. To discuss various methods of transforming streamflow and head data into
energy and power values.

6. To discuss methods of presenting flow, power, and energy data.
2 .1



2.2 SMALL AND MrNt HyDRopowER syst-EMs

2.1 ovERvIEW OF ANALYSTS TECI{NTQUES

Types of Studies Used
D - a - - ^  L - - '  '  r 'DcIorc ueglnnlng a olscusslon ol  hvclro loplc technioues in hvdronower qnelvcic

it is important to determine in what iontext air"..ni i;.;;;;";r-;jii;;
applied.

Studies that use hydrologic analysis can be classed in two broad groups: (l)
resource inventories and (2) site-specifc studies.

Because of the broad nature of a resource inventory, the hydrologic evalu-
ation tcchniques employed will probably have to be much more simplistic than
those employed in site-specific studies.

When a large number of sites need to be evaluated, time and costs dictate
using fairly simpie procedures. In many cases methods used in the reconnais-
sance level studies described later would be appropriate for the resource inven-
tory type of study.

In making site-specific studies, there is a systematic sequence of planning
studies that has been adopted by those in public and private practici both in
the United States and in other countries.l

The three primary study types are the reconnaissance, feasibility, and def-
nite plan (or design) studies. A good set of definitions for these three studies is
containcd in the U.S. Army Corps of Engineers guide manual Feasibility Stud-
ies for Small Scale Hydropower Additions.2 These definitions are as follows:

Reconnaissance study: A Preliminary Feasibility study Designed to
Ascertain Whether a Feasibility Study is Warranted.

Feasibility Study: An Investigation Performed to Formulate a Hydro-
power Project and Definitively Assess its Desirability for Implementation
(Should an investigation commitment be made?).
Dettnite PIan Studies (design studies): The Collective Group of Studies
that are Performed Between the Time of an Implementation Commitment
and the Initiation of Construction.

The degree of refinement required in different phases of the planning studies
varies considerably. In the reconnaissance studies an estimate of average
annual flow, average power head, and an estimate of discharges available dur-
ing the low-flow periods may be all that is required. If the project makes it past
the reconnaissance stage, it is justified to spend more time and money on more
detailed hydrologic studies in the feasibility stages.

During the feasibility stage, flow-duration curve techniques may be used to
describe the time variability of flow. If the project remains viable after the
feasibility studies the next step is the actual design studies. At this stage even
rnore detailed hydrologic analysis studies are carried out. These studies might
include daily or monthly operation studies which could include detailed simu-

tation or muttiturbine operations with ffucruating t:# rffir:. .::
ditions. The degree of sophistication at this stage is dependent on the complex-
ity of the project and availability of data and study funds. The degree of
sophistication for the hydrologic analyses in each phase may vary from project
to project. in aii cases the goal is to make the best estimate of available flows
for energy production under existing time and cost constraints.

Introduction to Available Hydrologic
Analysis Techniques

The purpose of hydrologic evaluations is to provide a value or values of stream

In some cases and under uniformly varying hydrologic regimes all that may
be necessary is to use simple rules of thumb to determine flow values for
resource inventories and feasibility level studies. A rule of thumb in the New
England states of the United States indicates that for a normal annual precip
itation of 500 to 750 mm (20 to 30 in), a flow of 0.022 *r/(r.kmr) oi z rti 1
(s'mi2) can be expected. This flow will correspond to the flow available 20 to
30 percent of the year. Hence, if the normal annual precipitation is known over
a drainage basin and the area above the point on the stream is also known, a
preliminary estimate can be made of the flow value to be used in determining
power capacity. Other such rules of thumb may be available for other parts of
the world. Care must be taken not to use these rules where they would not
apply.

For crude estimates of potential energy that might be developed at a specific
site it is convenient to use the average flow value for the year ar the flow value
in the power equation, Eq. (2.1). Using an average annual flow value and an
average value for hydraulic head in the power equation and multiplying the
results by the total number of hours in a year gives the total energy available
in kilowatt hours. This may underestimate energy available because it is com-
mon practice to specify a runner for which the flow for full utilization is greater
than the average flow.

A common method of describing the flow available at a site is through the
use of a flow-duration curve. A flowduration curve is a graphical representa-
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tion of the average time availability of flow. The curve is a plot of flow versus
the percent of time that that particular flow is equaled or exceeded. The curve
is computed from a sequential list of flows that are representative of flows avail-
able for power pioduction at the particular point ofJinterest in a stream. A
d e f q i l e r l  r l e c n r i n f i n n n f  n n m n r r l i - -  f l ^ . ' ,  r 1 , , . ^ f i ^ -  ^ ' r n ' a a : .  ^ : . , ^ - : -  c ^ ^ ^  ' !  a  ^ - lr r r r v r r  v r  w r r r P u l r r r S  r r v w a u l  G r r v r r  v u r  Y v a r  r J  5 r  Y v t !  r r r  i , g v D .  L , J  d l l w

2.4.
Another type of analysis technique available is sequentialflow analysls. This

method applies the flows that are available for power production directly in
computing the power and energy available. The flows are maintained in their
scrial form. The flow values may be averaged hourly, daily, weekly, or monthly
depending on available data, time, and cost limitations. In its simplest form,
outflows from the subject reservoir are recorded and power output is computed
using the values of upstream pool and tailwater elevation that correspond to
the flow value used. In a more complex situation, a system of multipurpose
rese!?oill with ".arying inflow scurces and demands can be analyzed to deter-
mine powcr production from all plants in the system. A more complete discus-
sion of sequential flow techniques is given in Sec. 2.5.

Basin flow simulation is also a very popular technique used for modeling
flows in hydropower systems. When the stochastic modeling approach is used,
the variables that are to be modeled are regarded as being statistical in nature.
Sequences of flows are generated using various stochastic techniques.

Deterministic models are generally concerned with real world processes that
generatc streamflow. These rnodels usually simulate the rainfall runoff process.
Again the output from the model is generally a sequence of flows that can be
used in the hydropower analyses.

A more complete description of stochastic and deterministic models is cov-
erbd in Scc. 2.3.

2.2 OBTAINING AND EVALUATING DATA

Basic Data Requirement

The basic data required in determining hydropower potential and capacity at
specific sitcs are hydraulic head and discharge which are related through the
general power equation. In USCS units this equation is

p n p : r y
5 5 0  

( 2 . 1 )

where
Pnp = power output, hp

Q : plant discharge,fttfs
? = specific weight of water, 62.4lb/ft3

l{ - available head, ft
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4 : plant efficiency in decimal form
550 : conversion factor, number of (ft. lb)/s in I hp

And
/

Pkt" : Php(0.746) (2.2)

where
Prw : power output, kW

0.746 : conversion factor to change horsepower to kilowatts of power

In SI metric units this equation is

(2.3)

where
p = density of water, kg/m3
g = acceleration of gravity, 9.8 rn/s2
Q = plant discharge, m3/s
H = available head, m
4 - plant efficiency in decimal form

The gross head is the difference between headwater elevation and tailwater
elevation. (A refined definition of head and associated losses is given in Chap.
4 as it applies to the turbine runner.) Gross head will vary in streams depending
on the flow of the stream and pondage in the water stored behind the dam or
diversion.

The plant discharge is generally a fraction of the water flowing in the
stream. It should be noted, this is not the maximum stream discharge because
it is undesirable to construct turbine openings, runner size, and oud;t facilities
to accommodate total flow. Thus it is desirable to know the range of highest
and lowest flows that occur in the stream. Later discussion of the actual choice
of discharge capacity of the hydropower unit will show that this becomes an
economic problem.

Data Requirements for Indirect Estimation of Flow

Indirect methods of determining streamflow at an ungaged site depend almost
entirely on using streamflows at gaged points in nearby or adjacent streams.
The methods of estimating these ungaged flows will be covered later. The fol-
lowing describes the data required in the application of different techniques.

Since almost all the estimation techniques involve using known gaged val-
ues, a search of available streamflow data should be made. Thorough docu-
mentation of the stream-gage history of each of the gages should be made.
Operation period of the gages, amount and location of upstream diversions, and
the time and location of new major developments in the gaged basins should
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also be noted. The gage location and drainage area above each gage must also
be determined.

In some cases precipitation and snow-gage data may be helpful in confirm-
ing streamflow data. Actual gaged values of snow and rain ma_v be used in
r f a f a - * l - i . + i ^  * ^ J ^ l -  + ^  - - ^ 1 2 ^ t  ^ t - - ^ - c ! ^ - - - -  t l ^ - - - - t  -  isvrvr rrrrrurrrw ur\r\ .rerJ rU pr trurut stI  traII l l lows. r\ormal annual preqpltat lon
(NAP) maps or plots of NAP at various gages in the basin of interest can be
used in estimating average annual runoff. Topographic information from both
regular topographic maps and topographic relief maps can be useful in deter-
mining basin elevation, aspect, and slopes. Aerial and satellite photography
may be helpful in determining ground cover and other useful hydrologic iea-
tures of the basin.

Sources of Deta

To obtain basic data for hydropower studies it is necessary to get preliminary
elevation information for hydraulic head determination and planning reservoir
design from available maps. In the United States this can be from the Army
Map Service, the U.S. Geological Survey, state Geological Survey offices, and
county government offi ces.

In the United States flow data (stream discharge) frequently can be
obtained from the U.S. Geological Survey, Water Resources Division. This
agency is norrnally the basic water data gathering entity in the United States.
Often the data may have been collected by other government agencies such as

U.S. Forest Service

U.S. Bureau of Reclamation

U.S. Army Corps of Engineers

Environmental Protection Administration

Irrigation Districts

Flood Control Agcncies

Water Supply Districts

Other supporting data for correlation studies may require data on precipi-
tation, temperatures, and evaporation. This information is normally obtained
from the Weathcr Service of the U.S. Department of Commerce.

In other countries similar government entities may have data for making
studies. In its Guide to Hydrometeorological Practices, the World Meteorolog-
ical Organization (WMO) offers many practical guidelines to subjects that will
be of interest to hydropower engineers, with reference to establishing data
acquisition networks for precipitation and streamflow.3 Concerning the devel-
opment of a minimum network the Guide states,

While a minimum plan should be considered as the first step, it will rapidly
become insufficient as countries develop. The establishment of an optimum net-
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work would be a much greater undertaking. Also, the gaps which remain even
after the establishment of the minimum network would still be sufficiently large
to permit the minimum network to become an integral part of the optimum
network with ycry few and only relatively minor changes. Nearly all of the sta-
t i o n s  o f  t h e  f i r s t  n e t w o r k  w i l !  b e  n r i n r i n a !  n r  h q e e  e r a r i n n c  i n  r L - , , l r i : - + =

network.

The two principal data acquisition networks needed for hydropower studies
are those of precipitation and river discharge. The WMO Guide suggests min-
imum densities.3

Regardless of the existence or nonexistence of a river discharge measure-
ment network it may be necessary (or at least extrernely desirable) to establish
a Eage in the proposed development area. This will probably be imperative in
the case of mini hydro systems.

Considering the level of investment, gaging for the mini hydro systems will
tend to be far less sophisticated than those desired for larger investments. In
some cases it may be necessary to make measurements on site of both flow and
head, set up stream-gaging programs, and take precipitation measurements.

Available data on evaporation will help in making a determination of runoff
coefficients for determining expected flow (discharge) values. The sophistica-
tion of measurement and calculation of evaporation and other losses to precip
itation input to a basin will depend on time allowed for the analylis and the
financial resources available for hydrologic analyses.

Evaluating Quality and Applicabil ity of Data

In this section it is assumed that some data series are available for analysis.
The following tests are used to determine the adequacy of the data.

Because not all data is invariable in time and space it is desirable to inves-
tigate and, where necessary, adjust the series. However, adjustments should be
made without violating the basic integrity of the data. As the WMO Guide
indicates, adjustments are generally made for one or more of three purposes:3

l. To make the record homogeneous with a given environment, an example of
which is in fitting a uniform period of record for which a "standard period"
mean or normal is to be computed.

2, To eliminate, or at least reduce, the effects of changes or otherwise extra-
neous conditions, for example to correct for changes in gage location or
exposure.

3. To selectively summarize data for presentation or examination, an example
of which is the smoothing of isohyetal maps.

Adjusting Short-Term Records

A very common problem faced by hydrologists when beginning a regional
study is that gaging stations will have differing periods of record. This can be
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where
.lV : normal (or mean) precipitation
P - precipitation during a shorter period
x : statiop with unknown norma! (or mean)
r : station with known normal (or mean)

To be used with caution, this equation could result in an estimate that is
substantially in error, and thus, in practice, selection of comparable stations
should be limited to those in close proximity to that of the short record. It is
also better to use several stations to determine the normal (or mean) for the
short-record station; for example, the following equation could be used for
three stations (a, b, and c) to adjust the short-record station x.

(2.s)

The derived normal value may be questionable where the P values are for
periods of 3 years or less.

Where normal (or mean) precipitation values can be established for all sta-
tions (such as for the arbitrarily established period of record overlap) Eq. (2.5)
can be used to estimate missing precipitation events. Use in this case should be
limited to precipitation time periods of no less than a month's duration.

Double-Mass Analysis

The method of applying the technique of double-mass analysis is based on the
theory that a graph of the cumulation of one quantity against the cumulation
of another quantity during the same period will plot as a straight line, so long
as the data are proportional. It is further assumed that a change in the slope
represents a change in the proportionality between the variables.

Because of natural variability, in hydrology we usually plot the cumulated
series under investigation against the average of several others. The number to
be included in the average is iimited by the criterion that the area in which the
stations are located be small enough to be influenced by the same general con-
ditions. Each of the stations should itself be checked for consistency before it
is used in the double-mass analysis, particularly if less than l0 stations are to
be used.

The double-mass analysis applies particularly well to precipitation data
because precipitation events are in general unaffected by human activities. On
the other hand, precipitation gages are too easily moved "slightly," or other-
wise not considerd when structures are built or altered, or they are not given
serious thought when vegetation increases. Thus precipitation data has been
shown to be particularly vulnerable to inconsistency and is well served by a
double-mass analysis.

Although the double-mass analysis techniques can be used to check stream-
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FtG. 2.1 Bar graph of series length to conceptualize optimum period
for rclating series to short-term records.

particularly important because some gages may have operated during periods
of high water availability while others may have records representing only low
periods. Some may have overlapped both high and low periods. Attempts to
use the records simultaneously could create confusion and misrepresentation
of the actual situation. It is therefore irnportant that any procedure used to fill
in data gaps not further confuse the situation.

Attempts to fill in missing data can create false security if not done care-
fully. First, it must be realized that the use of correlation or regression analyses
dilutes the value of the data. The added data can only be considered as an
approximation of what actually occurred. Furthermore, if the data are to be
used in statistical analyses, the use of simple regression analyses will only pro,
duce cstimates of the mcans of the missing values. In such a case, the natural
variations about the mean will be climinated and the overall variance thus
diminishcd. It has becn suggested that a random element, based on the unex-
plained variance of the regression equation, be used when more than two or
three data points are being filled in. This random element would be added to
the mean value determined by the regression.

A valuable way to begin any study in which regional data are to be used is
to plot theseries length as a bar graph (Fig. 2.1). From this plot it is possible
to conceptualize the optimum period to which all data series can be related.

Normal or mean precipitation can be estimated approximately with the gen-
eral equation

Nr = N,? (2.4)
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flow records for inconsistencics in much the same manner as that o[ prccipi-
tations, the assumption that a constant ratio exists between a given time series
of streamflow and that of a comparable group of records may not be valid. It
has been found that on an annual basis the assumption is sometimes justified,
. . , L ^ - ^ ^ ^  ^ -  ^  ^ L ^ - + ^ -  L ^ ^ : ^  - - ^ L l ^ - ^  - ^ - .  ^ - : ^ ^
\ r y l l c r l J a D  u l r  i 1  J r | u l r E r  u a ] l D  P I u u l t r I u S  i l t a y  a r r D t r .

As a matter of process, the streamflow is first converted to a comparable
basis, such as inches (millimeters) over the basin, discharge per unit area, or
percent of mean, so that large rivers will not have more effect than the lesser
ones. Of course, reasonably comparable streams should be used,

If a break in the double-mass curve is found, an inconsistency is suggested.
As in the precipitation analysis, the first step to be taken is to find a reason for
the inconsistency. Unlike that of precipitation, however, the double-mass anal-
ysis should seldom be used to adjust streamflow records.

A complete description of the use of double-mass analyses for analyzing
both precipitation and streamflow data is contained in Searcy and Hardison.a

Length of Record

In general terms it can be stated that the longer the length of a statistical
sample the more confidence we can have in calculations made therefrom. As a
matter of strict statistical sampling of random data the standard error of the
mean and standard deviation of a random series can be shown to be
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where
N : effective period of the extended record

N, - number of years in the short-term record
A I  -  - . . - L ^ -  / ^ C  - . ^ ^ - ^  i -  e L  ^  ^ - - r - - - !  - -t re  -  t lu t r tus l  u t  y t ra rb  I I I  L l t c  gx t t r I l s ton

r = coefficient of correlation between the two records for the comparable
short period

The process of extending records is obviously quite ineffective unless y'/ is
greater than N,. Furthermore, the actual amount of effective information may
be less than is apparent at first glance, as for example: Assume, N, - 5, N" :
15,  and r  :  .8.  Then

N :  
5 + 1 5  = 7 . 1

I r s  \t + 
[t=] 

(r - 8,)

The effective length of the extended record is but 7.1 years, not 20, repre-
senting but a gain of 2.1 effective years.

The information content of a time series of hydrologic information should
be investigated for trend or cyclicity. This was indicated earlier in the reference
to adjustment of streamflow data and the double-mass analysis apprgach. No
further sophisticated procedures for analyses are presented here because they
require a more indepth presentation of statistics and stochastic processes. On
the other hand, 5- to l0-year moving averages can often detect, subjectively,
the existence of trends and cyclicity. The problem remains that on the basis of
the small samples usually present in typical hydrological analyses it is impos-
sible to prove, with reasonable assurance, that trends and cycles (in particular)
actually exist. It is clear that the addition of long-period climatic analyses
would greatly enhance hydrologic studies.

Field Measurement

This section is concerned with describing various field measurements that are
required in the course of the hydrologic investigation.

Defining flow variability, as noted earlier, is the major objective of the
hydrologic analyses. In most cases, long-term stream-gage records are used to
estimate the time variability of flow. However, in some cases it will be neces-
sary to make on-site flow measurements to supplement long-term flow-esti-
mating techniques.

The most common technique of one-time streamflow measurement is the
current meter technique, involving the use of a rotating vane meter to measure
velocity at various points in the river. The velocity measurements coupled with
a knowledge of the cross-sectional dimension of the stream enables the inves-
tigator to compute the flow at the time of the measurement. An excellent ref-
erence for making streamflow estimates is published by the U.S. Geological

(2.6)

(2.7)

and

^$so_ &- \ n
where

SO : standard error of the mean
So : standard deviation of the sample
^$re standard error of the standard deviation

n = number of observations

As noted earlier it is possible to extend short records based upon correlation
with longer series. For new information to be added (that is, as a practical
rnatter, that the extension be worth the effort), the errors introduced by cor-
relation must be less than the sampling error in the short record.

One test which may be used to estimate the effective improved significance
of the mean of the correlation-based extension iss

N , + N "
f y ' =

' . (r,5) r' - nr
(2.8)
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Survey.6 Many texts on hydrology and hydraulics also contain information on
streamflow measurements.T'E

A very crude estimate of streamflow may be obtained by simply measuring
the stream velocity with the transit time of a neutrally buoyant object between
r . . , ^  - ^ ! - r -  -  l - -  - - - - -  J l  - t  -  ,  h  ,  r  r -  ,Lwu Purrrrs a Known Qrsrance apan. rty qlvrorng tne olstance by translt ttme, an
approximation of stream surface velocity is obtained. The average velocity for
the entire cross section is usually taken to be eight-tenths of the stream surface
velocity.e The cross-sectional area of the stream at the point where the velocity
was measured needs to be determined with a measuring tape and sounding rod.
After computing the area of the cross section, the estimated flow is found by
multiplying thc computed area by the average velocity. Care must be taken
that the length units used in the area and velocity components are
homogeneous.

Field measurements of gross head are usually carried out using surveying
techniques. The precision required in the estimate will dictate what methods
will be employed. In any case, the difference between headwater and tailwater
elevations is what needs to be determined. In the simplest case a surveyor's
aneroid barometer might be used to estimate the elevations at the predicted
headwater and tailwater. By subtracting the headwater from tailwater eleva-
tions an estimate of gross head is obtained.

Several texts on surveying are available that would describe either of the
above surveying techniques.ro'rr If ground-controlled aerial photography is
available, it may be possible to make the elevation measurements required to
estimate the head by using photogrammetric techniques.

If evaporation records are not available at the reservoir site of a proposed
power development, it may be necessary to set up an evaporation pan. This
should be a standard-type pan so that the data will be acceptable in later cal-
culations. The record should be kept at least for the high-evaporation months of
the year. Evaporation-transpiration estimates may be useful to help in determin-
ing the value of actual direct runoff from a watershed above the specific site.

A discussion of field data measurement would not be complete without a
warning on the reliability of one-time or short-term measurement of time var-
iable data. Measurement of flow, head, and meteorological data fall into this
category. It should be noted that estimates of flow and head must be valid for
the entire project life. If flow estimates are made from a single- or short-term
series of measurements, extreme caution must be taken to be sure that the
measured flow is really what can be expected during the life of the project.

Section 2.3 on indirect estimation of flows at a site will give examples of
how to estimate flows at a site when long-term measurements of flow are
unavailable.

Other Considerations

Often because good published records of streamflow are unavailable it is nec-
essary to obtain information on flow and precipitation data from local sources.
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Records are available from irrigation districts, flood control districts, entities
responsible for public water supply, soil conservation districts, and local resi-
dents who keep private records. Information on upstream development and
what  r rses ere heino rner fe nf  rvqfer  are a lcn nF^Fccanr  f l f tan in  fha r r racf . rn

.  V I  L V I I  l l l  l l t v  W  V J L V I  I l

United States, irrigation diversions with prior rights have use righs (water
rights) that will limit the downstream power development. Information on such
water rights can be obtained through local contacts and from contacts with
state agencies with water-right jurisdictions.

The following are typical questions that should be answered as planning and
feas i bility of hydropower development proceeds.

l. What is the highest stage of river flow at the proposed site?

2. Is there a good contour nnap available from local study?

3. What is the best estimate of maximum annual flow, average flow, and min-
imum annual flow?

4. What is the approximate length of the flood-flow season?

5. What is the approximate length of the drought or low-flow season?

6. Are there any instream uses and diversions of water that might affect the
possible hydropower development at the site?

\

2.3 INDIRECT ESTIMATION OF FLOWS
AT A SITE

General

In some cases the hydro investigator may find a stream gage located in close
proximity to the hydro site that is being investigated, making the job of pre-
dicting project flows relatively easy. However, this is the exception rather than
the rule. In more common cases some means of estimating flows will be
required. The techniques that are used will depend on the type of flow to be
estimated and also on the availability of data. The remainder of this section
deals with computing flow characteristics at these ungaged sites.

Estimating Average Flow

The most basic flow characteristic that is desired is average annual ffow or
simply the numeric average of the daily average flows. In areas where physical
runoff characteristics are common and precipitation is relatively uniform, aver-
age discharge will be found to be highly correlated with drainage area. In its
simplest form discharge may often be proportioned uF or downstream from
an existing Sage on a ratio of drainage area.In the New England region of the
United States, rules of thumb have been established whereby estimates of aver-
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age flow can be made.12 Caution should be used when applying these rules of
thumb in areas with large variations in precipitation or runoff.

In areas where precipitation variations are expected, it is better to correlate
average flow to both average basin precipitation and drainage area. In studies
in the Paeifie Northwest region it was found that a simple correlation between
averag_e flow and average precipitation times drainage area could be devel-
oped.r3 This correlation takes the form

A v e r a g e f l o w :  K X N A P X D A
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tionship between P/E and R/E, where P is the average annual precipitation,
R is the average annual runoff, and E is a temperature factor. Using tables of
T and E, and P/E and R/E, the R value (runoff) may be computed. Refine-
ments can be rnade for .regions where most of the precioitation falls within
^ ^ - + ^ l -
v5r Li1'Ill DtraSUIlS.

Stochastic and Deterministic Models

The recognition that the hydrologic cycle is a complex system has led to an
increasing awareness that in water resources studies one should maintain a
systems approach. Models are a basic element of what has come to be known
as systems analysis or operations research. The aim of the process is to assist
in identifying those control measures that will tend to ensure that the planning
goals are reached.

trn general, two broad classes of mathematical models can be identified as
being of importance from a planning perspective:r6

(i) descriptive simulallbz models that relate system inputs to outputs by a
direct computation procedure and which are usually re-run a number of
times to examine the implications of adopting various alternative designs;

(ii) analytical optimizfzg models, particularly of the mathematical program-
ming variety, which seek to determine the optimum manner of achieving an
objective.

Both classes of modeling can be applied to hydropower developments. The
optimization models can be particularly valuable where hydropower is to be
added to an existing system in which either ( 1) thermal systems are reasonable
alternativEs to be considered, or (2) the existing system contains thermal
energy production and the hydropower must be properly valued.

In less complex situations, one may be more interested in simulating the
hydrologic system than in optimizing operations, at least during the early
stages of investigation. For mini hydro investigations, one is probably not inter-
ested, except in a theoretical way, in simulation.

The classification of simulation models is not well defined. There are those
that claim to model the physical processes, while others are presented as being
only approximate (based on empiricisms).

As Diskin indicatesrT

The most important problem to the potential user [of models] is probably the
choice between the comprehensive model versus the specific model. The com-
prehensive model claims that it reproduces all processes that take place in the
watershed. It is thus presented as a tool that can meet the needs of all potential
users. The specific model as its name implies is intended to supply only one type
of design data. An example of such a model may be one producing monthly run-
off volumcs. Other examples ihclude a model producing snow melt hydrographs

where
NAP : basin normal annual precipitation

DA : basin drainage area
K : runoff coefficient

The basin normal annual precipitation could be found using a number of
common hydrologic techniques such as Thiessen or isohyetal methods.i When
NAP maps are available the isohyetal technique would probably yield the best
results. The K value relating runoff to the product of drainag e areaand average
annual precipitation gan be estimated using known gage points. The K value
could be viewcd as a runoff coefficicnt since it relates average flows to average
precipitation volumes.

Correlation Techniques to Obtain Series of Flows

Where several physical or hydrologic characteristics modify the runoff signif-
icantly, multiple regression techniques have been used to dehne the flow statis-
tically. A general relationship widely used for this purpose is

S i : d o + X ' + 4 , + X f 3 + + xi,^

(2.e)

(2. r 0)
where

^sr - flow parameter of interest, e.g., mean, standard deviation, or mean
annual flow

Xi - catchment or hydrologic characteristics
a; : regional coefficients

Average annual discharge as a function of drainage area is but a simple case
of this general model.

will be particularly useful in areas with minimal data.
A model developcd for use where only precipitation and temperature data

are available is discussed in the WMO Guide.3 The method is baied on a rela-
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or a model for converting extreme storm rainfalls into design runoff hydro-
graphs. A specific model also usually produces other data as a by-product but
the accuracy and value of these additional data are inferior to those data for
which the model is constructed.

E J p  n n - ^ l t ' . l o ol  l v  w l l v t u u v J

Practice gained in the analysis and use of vartous models appears to be the only
tool available to the applied hydrologistfor assessing the usefulness ofa hydro-
Iogic model in the process of planning and management of a water resources
project in a given watershed [emphasis added].r7

As a matter of policy it is beneficial to introduce modeling capabilities early in
the planning process, since the development of capabilities is not without prob-
lems inherent in the learning process. Furthermore, modeling may also assist
in guiding the decision to implement data collection networks.

In general two approaches are used in the development of hydrological
models: stochastic or deterministic (and, of course, combinations of the two).

Stochastic Models

In the stochastic approach, the variables are regarded as being statistical in
character, having probability distributions which may be functions of time.
Commonly used (assumed) is a simple lagone Markov model of the general
form

Xi+r = 7 + r{X, - -n 
i Ii+,^STVGZ ( 2 . 1  1 )

where
X : the variable being stochastically generated
X : sample mean

& - sample standard deviation
rr : firstorder serial correlation coefficient
I : random deviate, comrnonly N (0,1)
i : indexed time interval

It is important to view stochastically generated time series objectively. First,
the model is absolutely dependent upon historical data for the estimation of the
statistical parametersi e.8., in the model in Eq. (2.11) the statistical estimates
of the mean, standard deviation, and firstorder serial correlation coefficient
must be provided. The validity of those sample statistics is very much a func-
tion of the quality and quantity of the data from which they were determined;
however, all suffer from sample error. Second, the basic assumption is that the
"world" to be generated synthetically actually is represented by such a model.
Both assumptions can introduce problems regarding the validity (and value) of
the results. The main problem is the tool to be used: the computer. Since it is
a simple matter to program a computer to generate stochastic data, it is alto
gether too easy to be misled into believing that, from l0 years of basic data
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one can generate a lO0Gyear sequence of more valid events. The hydrologist
should always keep in mind the length of the historical record upon which the
model is based.

To understanS the importance of sample error, the reader is encouraged to
review Benson.!s in which a iO0Cr..year popuiation was postuiated and smaii
samples of various sizes were selected randomly. Frequency analyses were then
made of the variously sized samples. In general, the study confirms visually
what can be shown mathematically: With small samples the potential for error
can be quite large. Furthermore, small samples is a qualitative term, since even
series with which most hydrologists would be overjoyed (say 50-100 years)
were shown to have variability. Nevertheless, if done correctly, the sample rep
resents the best estimate we have of the population characteristics. We may
improve slightly some of the sample information by examining regional char-
acteristics; iiowever, we are always inevitably limited by the samples. Thus, one
should always retain at least a mental image of the confidence limits of the
basic information.

A final caution in the use of stochastic models: Many series of different
lengths can be generated, not one of which will reproduce the historical
sequence-in a statistical sense, however, the characteristics of the generated
series will converge to those of the original sample from which they were
derived. This is not significant, except that the model will reproduce the sam-
ple. It should not be used as proof that the extremely long generated'series has
any great inherent value. Nevertheless, there are at least five important char-
acteristics of correctly applied stochastic models: (1) they suggest other (per-
haps more critical) orders of equally likely series which can be evaluated for
their impact, (2) it is possible, even if local data are unavailable, that a model
can be used with statistics determined by regional analyses, (3) it is posible to
generate many sequences of possible occurrences from which levels of confi-
dence in their application could be estimated, (4) they can be used to "fill in"
missing data with values that preserve the stochastic nature of the original
series, and (5) where, as is most often the case, rainfall data is more available
than runoff data, they can be applied to the rainfall series and the generated
rainfall sequences used with more deterministic rainfall-runoff models in order
to generate runoff sequences.

Deterministic Models

In hydropower studies we are generally concerned with methods by which
streamfow series can be developed. Of particular interest tend to be the rain-
fall-runoff process models.

A number of models exist that variously conceptualize the physical pro-
cesses within the watershed. They may be used with (among others) precipi-
tation data in order to develop the hypothesized streamflow. One well-known
example, developed by the U.S. Army Corps of Engineers, is the SSARR
model. In this model precipitation is distributed between runoff and soil mois-
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ture recharge. A soil moisture index and rainfall intensity are required. Runoff
is distinguished between base flow and direct runoff, and the direct runoff is
characterizedby subsurface and surfacc components. Storage zones are fed by
the runoff components, the sum of which is taken as the streamflow for the
. ' r a f a - o L o I  D - ^ ^ l - i + ^ + i ^ -  ^ - J  - -  ^ - ^ L t - -  -  t  ?  .w4rvr r r rvu .  r  rsL tpr { . . luu i l  anu  rnonLn ly  va lUeS Ot  e \ rapot fansufa t lon  (Of
weighted-pan evaporation) data are required. Other factors can be established
as constants or with tabulated functions. The calibration is executed by trial
and error-requiring an existing streamflow series. Obviously, the model's
accuracy gives satisfactory results only when sufficient data exist.

A more sophisticated model, with a more complete physical base is the Stan-
ford Watershed Model (and its more highly developed extension and improve-
ment the Hydrocomp Simulation Program). These models require much more
input-rainfall, temperatures, radiation, wind speeds, and monthly or daily
pan evaporation.

Other sophisticated models such as the Sacramento Model and the SHE
(SystEme Hydrologique Europ6en) exist as well, including several developed
for specific applications. But for generation of mean monthly data these models
tend to be much too detailed for the level of data commonly available.

The choice of model is often guided by the size of the warershed. Smaller
watersheds will probably be more suitable for representation by the highly
detailed physically based models. As the area covered increases there is usually
a need to employ larger time units in the computations; thus the coefficients
and parameters tend to depart from or lose their original meaning.

Finally, there is the natural desire to use models for which the coefficients
and parameter values could be easily transferred from a region of known values
to another with insufficient data. Such presumed sophistication would be verv
desirable. However, as Bodyle states, such is not yet the case:

Many models have been developed which attempt to describe the form of rela-
tionships which exist in a basin. In some instances particular models will provide
exccllent results for specific purposes, such as time series extrapolation. How-
ever, it seems that no such model has been successful in providing a framework
into which basin characteristics can be inserted with any confidence that the
streamflow time series produced will provide parameters any more accurate
than those derived from the regression approach.

Flow-Duration Curve Analysis Techniques
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FIG. 2.2 Typical flowduration curve.

two flow levels. In hydropower analyses the flow-duration curve can be used to
determine estimated power and energy from a proposed hydropower installa-
tion. A discussion of using flowduration curves to compute power and energy
output from a hydropower site is contained in Sec.2.5. The flowduration curve
is also useful in other hydrologic investigations where knowing the average time
availability of flow is required, such as for irrigation projects.

The two basic methods of computing flowduration curves at gaged points
are the ranked flow and class intenal techniques. In the ranked flowduration
technique the time series of flows is rankordered according to magnitude of
flow. Mean annual, monthly, and weekly or daily flows may be used. The use
to which the information is to be put determines the choice of what type of
average flow is used. The rank-ordered values are then assigned order numbers,
the largest beginning with order l. The order numbers are then divided by the
total number in the record and multiplied by 100-representing the percent of
time intervals (days, weeks, etc.) that a particular mean flow has been equaled
or exceeded during the period of record analyzed. The flow value is then plotted
versus the respective "percent exceedance." As in any statistical analysis, the
value of the information contained is a function of the length of record. Ref-
erences to flowduration curyes are usually made 6 Qn, Qn, Qrc, etc., indi-
cating the flow values at the percentage point subscripted.
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The class interval technique is slightly different, in that each of the time
series flow values are categorized into class intervals. These classes of flows
range from highest to lowest value of flow in the time series. A tally is made
of number of flows in each class and the number of values greater than each
^ l ^ - -  ^ ^ -  L ^  - | ^ r ^ - - l - ^ l  T L ^  - , . - L ^ -  ^ f  . ' ^ 1 " ^ .  ^ ? a 6 + a r  + l ' ^ -  ^ ^ ^ L  ^ l ^ o o  i o
u lasJ  ga l l  u t r  uE tE ; t l l l l i l E ;u .  L  l l f t  l t u l l t L rg r  \ r r  vC r l L r vJ  5 rwaLv r  L l l c t l  eav l l  v l aJ r  l r

divided by the total number of flows to get the percent exceedance. This per-
cent exceedance is plotted versus the upper class interval to get the flowdura-
tion curve values. This technique is usually faster than the rank-ordering tech-
nique, especially where the tirne series of flow is lengthy. A more thorough
description of both methods and listings of computer programs to do the
required computations is available in a University of ldaho Ph.D. dissertation
by L. F. Heitz.il

When flowduration curves are developed using other than average daily
flows, it must be remembered that any flow variation within the averaging
period is camouflaged by using just the average value. This problem should
always be considered when deciding whether to use average daily, weekly,
monthly, or annual flows in the flowduration analysis.

Because flows at specific sites generally follow cyclical variations as a func-
tion of within-year periods, greater utility can be derived if the analysis is based
on monthly flow durations. This may be done in at least two manners. In one,
all the January means (for example) are listed as a data series of N values,
and the analysis made. The monthly averages used, however, will mask the
within-month variations. Thus, an analysis of all the daily January flows (in

this example) will provide a better basis for design consideration. Depending
upon the purpose for the analysis, it may only be necessary to evaluate the
critical monthly periods (which for'small hydro should include the high-flow
as well as the obvious low-flow months).

Another proccdure provides "index" years by preparing the yearly average
flowduration curve first. From the curve the Kth percentile index year may be
identified, and by using the historic monthly and daily flows occurring during
the selected index years, the capacity and energy characteristic can be deter-
mined. Although this procedure has been called "probabilistic," it is only the
index year that has any true probabilistic inference. There is nothing certain
about the probability of that year's within-year distribution of flow.

It is thus very important to inspect that year for any perceived anomalies,
and since the acceptance of an index year concept is a subjective decision, there
may be some advantage to purposely "normalizing" the within-year distribu-
tion. By ordering the index year daily flows, a more realistic and useful flow-
duration curve for determining capacity and annual energy will be available
for that selecte{ year. It has been suggested that the p56 index year can offer
a good estimate bf primary energy, anything above that value being secondary.
Figures 2.3 through 2.5 show some of the various flowduration techniques by
example. Table 2.1 shows the calculated values. Experience has shown that Q2s
or Qn values are good starting flows for sizing equipment.
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FIG. 2.4 Daily flowduration curves for June and Janu-
ary, Salmon Rivcr at Whitebird. Idaho.

TABLE 2.1 Ftow Anaryses, Sarmon River at whitebird, Idaho (ftr /s)

Percent exceedance
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Daiiy+
Monthlyt
Annualf

3 ,300 4,100
3,500 4,200
7,700 9,200

5,300 10,300
5,300 I 1,400

I I ,400 t2,900

I,500
2,500
5,800

30,300
30,000
14,700

129,000
82,600
17,490

I  1 ,255
t1,247

Daily ffow duration analyses by months

Jan.
Feb.
Mar.
APr'
May
June
July
Aug.
Sept.
Oct.
Nov.
Dec.

1,800
2,000
2,500
3,000
5,000
5,000
2,000
2,000
2,000
2,500
r.800
1,500

5,E00
5,700
7,500

21,7w
?0,2N

t  0 l ,800
26,300
9,000
5,900
6,200
6,600
6,200

27,t00
14,100
18,200
46,1m

104,000
t 29,000
62,000
t 3,000
10,500
20,400
I 7,100
25,900

4,166
4,365
5,259

r  r ,555
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39,963
l  3 ,955
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4,441
4 ,9 l0
4,917
4 ,519

3,000 3,400 3,900 4,600
3,200 3,600 4,200 4,900
3,600 4,100 4,900 5,g00
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5,300 7,600 11,300 17.100
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3,100 3,900 4,400 5.000
3,300 4,000 4,600 5,400
3,400 4,100 4,?00 5,500
3,000 3,600 4,200 4,900
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Oct.
Nov.
Dec.
Jan.
Feb.
Mar.
Apr.
May
June
July
Aug.
Sept.

Mean
Min. day
Max. day

3,280 5,172
3,950 5,057
3,500 4,042
3,400 3,694
4,790 4,094
4,970 6,232

15,900 14,3't0
42,700 47,960
3l ,600 29.790
I1 ,900  8 ,316
5,000 4,234
4.530 3.67' l

1  1 ,300 1 1 ,330
3,020 2,760

58,600 73,900

4,610
4 ,810
4,600
3,740
3,890
4,760
7,gg0

29,500
49,900
I  1 ,100
5,590
4,090

I  I , 100
2,900

67,200

4,354
4,606
4,047
3,608
4,255
5,287

12,753
40,020
36,393
10,439
4,941
4,099

fDaily rccords Wy l9l l-1974.
tMonthly records WY l9t l-l9l Z, tgl}-tg7j.
tAnnual records Wy l9l l-lg:,4.
$Adjustcd is avcragc of 3 central ycars.
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FIG. 2.5 Monthly flow values from 50 p€rcent index year
and monthly flowduration curvc analysis.
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2.24 SMALL AND MINI HYDRoPowER SYSTEMS

A number of limitations must be recognized in the flow-duration analyses.
Some of these limitations are inherent in the method itself, some may be due
to the basic flow data.

The fint type of problems are those that simply result from method. While
the flowduration eurve does indicate the time availability of flow, the serial
relationship between flows is lost. Another limitation is that the flow-duration
curve only reflects the regulation that was present in the flow data. If a flow-
duration curve for a site with storage capability is to properly reflect the stor-
age, the flow record used to compute the duration must be modified to reflect
that storage. The flow data used must reflect conditions as expected at the site
of interest during the economic life of the site for which the flow-duration curve
is being used.

Indirect Methods of Computing Flow-Duration Curves

The flowduration curve discussion thus far has centered on computing these
curvcs at a known gage location. The availability of streamflow gage data at
the site of interest is probably the exception rather than the rule in most areas.
Thereforc, methods have been developed to predict flowduration curves at
ungaged sites. The methods that will be discussed were used in a large scale
hydroclectric power inventory in the Pacific Northwest region of the United
States.2l Because of the nature of this survey, it was necessary to predict flow-
duration curves at ungaged points on streams. A regionalized approach was
developed that depended on the availability of an estimate of mean annual
precipitation values for the drainage basin of interest. The procedures used
permittcd the development of synthetic flowduration curves at any point in
any stream in the region, within the constraints of the process.

Following is a short discussion of one of the regionalization methods. A com-
plete discussion of this method is available in several publications.r3'20'21

The first method that will be described involves developing a set of para-
metric flowduration curves based on flow values at gaged points in the region
and average annual flow at these gaged points. A sample of a completely devel-
oped set of parametric curves is shown in Fig. 2.6. This method allows predic-
tion of only certain exceedance values, not all values on the flowduration
curvcs. Which values are used are at the discretion of the investigator. To
develop the parametric flow-duration curves, a separate data set of values is
constructed for each exceedance value to be predicted. This data set includes
the values of Q for that particular exceedance value versus average runoff for
all gages in the region.

Each data set is plotted and a curve fitting procedure is applied to that data
to develop a "best fit" curve for that exceedance value. This procedure is
repeated for each of the particular exceedance values. To predict a complete
estimate of flow values for the particular exceedance values at an ungaged
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FIG. 2.6 Regionalized flowduration curves.

point, all that is required is to have an estimate of average annual runoff at
that point.

Another method of predicting flowduration curves at ungaged points is to
normalize the curve at a gage point by dividing each flow value by the average
annual flow. The values of flow at the point of interest are found by multiplying
the normalized values at the known gage location by the estimated average flow
at the point of interest. An example of the normalized flowduration curve tech-
nique is shown in Fig. 2.7.

Both the regionalized method and the normalized gage method depend on
estimating average flows at the ungaged point of interest. In some areas aver-
age flow could be correlated very well with drainage area. In areas where there
are large fluctuations in rainfall, a better method would be to use normal
annual precipitation (NAP) or average runoff maps. Using this method, the
average flow is estimated by integrating the areas on the NAP or average run-
off maps. If NAP maps are used runoff coefficients must be estimated. The
runoff coefficients can be estimated from runoff coefficients at gage locations
in the area of interest. A brief description of this method is contained at the
beginning of this section.
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FlG.2.1 Normalized flow-duration curve.

2.4 OTHER HYDROLOGIC AND HYDRAULIC
CONSIDERATIONS

Determining Reservoir Volume-Area-Elevation
Relationships

Generally, at hydro sites there is a dam with impounded water. The water
behind the dam is frequently pondage for short-term storage to meet fluctua-
tion in daily power load. In other cases a large reservoir may be required to
meet seasonal variation in flow. The stored water is used to make the firm water

typically combined into what is called an area capacity curve. A typical area
capacity curye for a hydropower reservoir is shown in Fig. 2.g.

Operating RuIe Cuwes

In many cases the operation of the releases of water from the impoundment is
dictated by needs for flood control, demands to supply water for domestic use,
or to supply water for downstream irrigation projects. It is necessary to develop
rule curves for power and reservoir operating personnel to guide them as to
when water is to be released. Rule curves may also be developed for operating
power water releases to meet certain electrical load requirements. These often

HYDRoLoGIc ANALYSIS 2.27

require rather careful reservoir operation studies using historical flow data and
estimates of demands for water that are likely to occur in the future.

' v - : t - . . - -  - , -  n  - ,  . (  '  .
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Evapora tion Considerations

In cases where the impoundment area is considerable, it should be rccognized
that surface evaporation of water from the reservoir may cause 

" 
riobl,

amount of loss. Thus, estirnates of at least monthly evaporation values should
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imum flow of water that will pass through the turbine is established. If a flow-
duration curve study is being used, it is recognized that the runner discharge
capacity is defined when the size of the runn., is specified as shown in Fi!.
2.10. ThedisCharse caoacitv is laheled as r) whcre h io rL-.ri.^l.^-^^ ̂ . r.-rl
_ ^ . ^  ^ _ ^  : , -  _  - ; . r -  

'  J  
: -  

- - :  - . . - =  = v  Y . . e ,  E c  r d  L u v  u r D v r r < r r 6 g  a L  I  u l l

Eatc openlng oI tne runner under design head. Although to the left of that point
on the flowduration curve the stream discharge is gtter, it is not possible to
pass the higher discharges through the unit. If the ieservoir or pondage is full,
the extra flow must be bypassed over a spillway. It should be noted that to the
right of the runner discharge capacity point, all the water that can pass through
the hydroplant is flowing in the stream at that percent of time. This indicates
that the full rated power production will not be produced. If hydraulic head at
the particular flow in the stream and stage of ,"r"*oir is known then it is
possible to generate a powerduration curve from the flowduration curve. Fig-
ure 2'l I gives an example of the powerduration curve. The p" value is the full
gate discharge value from the ffowduration curve, multiplied by the simulta-
neous value of hydraulic head, the estimated efficiency, and the conversion con-
stants. Energy production for a year or the time peri-od of study is merely theproduct of the power ordinate and time, thereby representing ih, 

"rr" 
under

the powerduration curve, multiplied by an approp.iate time conversion factor.
It is conventional practice to use as the unit-of rn"rgy measurement the kilo

Fbw 1ft3ts, m3zs;
. FtG.2.9 Lucky peak power plant taitwarer rating curve.

be generated to determine the effect of water loss from reservoir surfaces. In
the warmer, higher wind velocity areas this should be carefully checked since
losses of as much as 4 ft (1.2 m) of water have been reported during a summer
operating period.

Other Meteorological Considerations

2.5 PROCESSTNG STTE FLOW DATA

Determining Power and Energy from Flow
and Head Data

Reference to Eq. (2.1) shows that power is the product of several constants,
estimated efficiency, and two basic variables of g (discharge) and H (hydraulic
head)- Once the capacity of the hydropower unit has been determined ttre max-
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Frc. 2.rl po*",ru."lilfll:*"'''*

watthour. An example tabulation of how the calculations might be done is
shown in Table 2.2.

For crude estimates of the power available one might use the average flow
and thc average head available in the power equation [Eq. (2.1)]. The energy
available is average power in kilowatts multiplied by the time in hours for the
time period being investigated.

Sequential Flow Techniques

The flowduration approach to estimating energy production at a site is not
always applicable when storage of water alters the flow and provides for later
release in a river systems. A flowduration approach could be used if an oper-
ational study of reservoir releases had been made and the data used in prepar-
ing the flow-duration curve reflects the requested releases. It is customary in
most cases to resort to a tabular operations study using the true time sequential
flows as modified by the reservoir regulation. This is often referred to as a
sequential-flow type of study. Such a study entails obtaining records of flow
into a reservoir as they naturally occur, and the use of appropriate hydraulic
head and operational decisions of how the water will be released either through
the turbine or bypassed over a spillway. A typical tabular study analysis form
or table can be developed.2a A sequential flow apprbach can likewisc be used
on runof-river developments if desired. These can be done on an hourly,
weekly, or monthly time interval basis. Generally this analysis is done by com-
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2.32 sMALL AND MtNt HyDRopowER sysrEMS

puter. Many specialcomputer programs have been developed for this purpose.
A good example of this is HEC 5C.2

Mini  l lvdrn l -nnci r larof i^ -o
v  v v r r s r s ! t  q f  r v r t J

Mini hydro development has been defined as utilizing hydroelectric units of
smaller than 1000 kW capacity. Often, this type of development will involve
remote locations where the units will not be connected to a national transmis-
sion grid. Most plants use impulse-type turbines under rather high heads with
small flows. Recent developments indicate conventional centrifugal pumps can
be operated as turbines and result in considerable savings. Evaluations and esti-
mates of flow duration and head variations with time are still very necessary
to make feasibility and design studies.

The magnitude of the local load may dictate what head and what discharge
to use in the capaeity sizing of the specific installation. For some locations it
may mean just proceeding higher with the penstock to obtain a higher head.
In other cases, it may mean diverting a higher proportion of the streamflow
that is readily available. In these cases the two variables head and flow mav be
interchanged in many different combinations to meet a desirable load.

2.6 PRESENTATION OF HYDROLOGIC AND
HYDRAULIC DATA

In earlier sections, methods of hydrologic, power, and energy analyses were
discussed. In the following paragraphs methods of presenting the information
developed in these analyses is discussed, specifically those that have been used
in resource inventories in the Pacific Northwest region of the United States.
An outline of the hydrologic data and format required by the U.S. Federal
Energy Regulatory Commission in obtaining a U.S. Federal Power Permit will
be presented as an example of the type of hydrologic information that may be
required by governmental organizations.

In making resource inventories of hydro potential it is important to be able
to condense the desired hydrologic information into an easily understood for-
mat. Information such as physical location of the stream under study, its loca-
tion within political boundaries (city, county, state, etc.) are very impoftant to
hydropower planners and should be included with the hydrologic and energy
potential data wherever possible.

An example of a data presentation format is shown in Refs. 13 and 20. It
was used in a resource inventory study of the Pacific Northwest region of the
United States presenting the theoretical hydropower potential on particular
segments of streams called reaches. Included were location information such
as state, county, geographical location, river mile, and map of the region.
Hydrologic and hydraulic information included upstream and downstream
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river elevations, reach length, slope, and upstrearn drainage area. A flow-dura-
tion curve in tabular form with plant capacity, a normalized typical annual
hydrograph, and energy values were also provided.

In the United States. the Federal Energy Regulatory Commission requires
^ l - - - - ^ r -  ^ -ausquale coverage on all nydrologtc tntormation that is necessary for deter-
mining the size of the installation and the economic and polit ical acceptabil ity
of a given development. The following is a brief checklist of the data that is
normally reported in a license application:

1. Tailwater rating curve
2. Head loss versus discharge relationship
3. Reservoir outflow on a monthly basis
4. Reservoir elevations on a monthly basis
5. Net head (normal or design)
6. Turbine discharge (normal or rated e)
7. Minimum turbine discharge for generation
8. Minimum net head for generation

9. Maximum net head for generation
10. Plan output versus turbine discharge capacity \

I l. Reservoir elevation versus storage capacity
12. Reservoir elevation versus surface area
13. Projected spillway releases

14. Generated output versus net head
15. FIow releases and demands for competing uses of water
16. Operating rule curve for reservoir release
17. Flow-duration curve with period of record
18. Gaging stations used in streamflow analysis
19. Specification of critical streamflow period
20. Location of point of diversion
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. 3.t INTRODUCTION

Tho mcthod| includod in this chapter sre for hydroelectric sitc plannhu on
small watcrshcds thst do not havc atreamnow rocords.r Tlrc catculation mcth-
ods usc nrinimum ficld and mctcorologic data, sinc€ vcry littlc dau erc 6vail-
ablc for small watershcds in dewloping countries. The mctMs will give rccults
of modcratc aceuracy based on a minirnum of ficld information.

This chapter describcs methods and includes samplc calculations for
estirnsting:

1,ffiftc
2, Flow-duration curvc at a site

Coll€ction of ficld data on historic fiows for pcak frol rod fiow.durrtion
estimat€s, and cdculation tcchniques for peak flow and fiow durotion fmm
rclated mctcorolqgic date end watershcd charaeteristica arc dircuscd. The
methods describcd can be applicd to warcrsheds up to l,@0lmz (3g6 mi2) in
area wherc snow accumulation and melt is minimal and wher€ strcamflouru are
not r€gulated by large lakcs or reservoirs.

3.r



3.2 SMALL AND MINI HYDRoPowER SYSTEMS

Hydrologic Estimates

The hydrologic cycle operates continuously in all watersheds. The hydrologic
results needed for a small hydroelectric project are a peak flow and the flow
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flow duration at a site are as follows:

Peak Flows: Peak flows are caused by high intensity storm rainfall. Rainfall
that moves as surface runoff into stream channels produces a food hydrograph.
The balance of the rainfall infiltrates into the soil and is "lost." The infiltrating
water will later evaporate or transpire or will provide groundwater flow in the
stream.

The factors that must be estimated or calculated for peak flows are

l. Rainfall intensity and duration on the watershed

2. Amount of "losses" or infi l tration during the storm

3. Flow time and storage in stream channels

Flow-Duration Curves: The flow-duration characteristics of a watershed give
the percent of time that flows exceed specific levels. The factors that control
flow duration are

l. Annual cycle of precipitation, potential evapotranspiration, and actual
cvapotranspiration in the watershed.

2. Amount of rainfall that infiltrates and moves on subsurface flow paths into
stream channels. Infiltration rates depend on the permeability and depth of
the watershed soils.

3. Subsurface flow velocities and the storage capacity of subsurface aquifers.

Accuracy

The important factor in the accuracy of a hydrologic estimate is the accuracy
of the meteorologic data on which it is based.

An additional factor in accuracy is the adequacy of the calculation tech-
nique for application to the watershed being studied. The calculation tech-
niques in this chapter are based on sound hydrologic principles and they rep-
resent key processes in flood flows and continuous monthly streamflows. They
do not include processes like snowmelt or detailed hydraulic routing and should
not be used where snowmelt is a key process or where there are large lakes or
reservoirs.

3.2 HYDROLOGIC PROCESSES

The hydrologic cycle is sketched in Fig. 3.1. Precipitation provides the water
to the system. Precipitation will either infiltrate through the land surface into
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FIG. 3.1 The hydrologic cycle.

the soil or move toward stream channels as surface runoff. Water that infil-
trates may move as subsurface flow or may be evaporated or transpired by
vegetation. The amount of water lost by evapotranspiration is larger ihan thc
amount of water that becomes runoff in most watersheds. Water that becomes
runoff moves over the surface as direct flow to streams or moves subsurface as
delayed or groundwater flow. Direct runoff causes floods, while the delayed
subsurface flows provide continuous or low flows to the rivers.

For a hydroelectric site, two types of information are needed. First, the flood
flow or expected maximum water level is needed to size a spillway (if a\y), to
locate turbines and generators above the highest expected water level, and to
design diversion structures or canals. Second, the statistical distribution of
monthly streamflow volumes is needed to estimate the reliability of the site for
the production of a given amount of electrical power and to size the turbine.

Peak Discharge

Peak flows result from a combination of heavy rainfall and high soil moisture
levels. Heavy rainfall provides the water and high soil moistures prevent the
water from moving into the soil. Peak flows on small watersheds are frequently
caused by thermal or thunderstorm rainfall. Peak flows on larger watersheds
are caused by a series of storms or by snowmelt.

Estimating Peak FIow

Flood flows are plotted on special semilog scales. If flood flows are measured
for a period of years, this historic data can be used to statistically estimate the
magnitude of floods. Hydrologists refer to 5Gyear or 10O-year floods, which
are the flood levels that would be equaled or exceeded once in 50 or 100 years.
To estimate peak discharges, a hydrologist must estimate the maximum rain-
fall rates that will occur in a watershed for the duration or length of storms
that would be expected to cause a maximum flow. The runoff from this rainfall
must then be estimated. The difference between the rainfall and the runoff will
be the infiltration through the soil surface during the storm event.
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When rainfall occurs and exceeds the capacity of the soil to absorb water,

surface runoff occurs and enters the river channels. This surface runoff will

take place during and immediately after the rainstorm. It flows through the
river eha-nnels -and is measured at a streamgage as a flood hydrograph and a
peak ffow. When rainiaii on a watersheci is pioited together with streamffow
from the watershed, the close relationship between rainfall and peak flow is
clear.

Factors Determining Peak Flow

The factors that determine the peak flow, or maximum flow, in a flood hydro
graph are (l) the intensity of the rainfall that causes the runotr; (2) the amount
of water that infiltrates and follows the slower, subsurface paths to the stream
channcl; and (3) the amount of attenuation or subsidence that the peak flow
experienees as it moves through the river channels to the streamgage.

The first factor, the intensity of rainfall over the watershed, is a character-
istic of the climate of the region. For example, in the United States, a rainfall
of 30 mm (1.18 in) per hour is a "heavy intense storm" in Seattle, Washington,
but it is a "light rain storm" in Houston, Texas. Data on the intensity of rain
that is to be expected in the watershed is needed.

The second factor that determines flood magnitude is the amount of water
that is absorbed through the soil to follow the slower subsurface flow paths.

Infiltration rates or losses depend on soil properties and on soil moistures. Soils
may range from tight, low-permeability clays, to high-permeability silt and
sand. Soils with high permeability like sandy loam soils absorb water quickly.

Forest soils that have thick organic layers of decaying vegetation absorb water
quickly. In watersheds that have high infiltration capacities, surface runoff may
be unknown. Watersheds that have soils of low permeability such as clay will
absorb very little water and some rainfall will become surface runoff.

The third factor that determines peak flow is attenuation. The runoff that
enters strcam channels from the land surface may be modified substantially as
water moves through stream channels toward a gaging site. Flood waters that
enter a natural lake or reservoir are "routed" or attenuated as they move
through the reservoir. The peak flow leaving the storage may be much less than
the peak flow entering the storage. This is illustrated in Fig. 3.2.

Flow along natural channels in a river basin also tends to attenuate. The
maximum rate of discharge tends to decrease as the ffood moves downstream
when the peak is expressed in units of flow per unit of watershed area. Hydrol-
ogists account for this attenuation process by using flood routing or fow-rout-
ing procedures. The amount of attenuation that a flood will experience in a
watershed depends on the length, shape, and roughness of the channels. If the
channels have broad floodplains with vegetation and if the flood moves out of
the incised channels onto the floodplains, the attcnuation of peak flows will be
dramatic. If the channels in the watershed are narrow and steep, and if flow
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FIG. 3.2 Flow routing through storage in channels or reservoirs.

velocities are high, the attenuation of flood peaks will be much less. If flows
move into natural lakes, swamps, marshes, or constructed reservoirs, reduction
in peak flow due to "reservoir routing" can be expected, as shown in Fig. 3.2.

In summary, the problem of estimating peak flow on natural watershed
requires:

l. Data on rain storms that will occur in the region, and on the maximum
rainfall intensities that will occur.

2. Estimates of the infiltration losses that will occur during the storm event.
This infiltration will depend on typical soil moisture levels and on the char-
acteristics of soils in the watershed.

3. Attenuation that peak flows will experience as they move from the head-
waters of the watershed throueh the basin.

Minimum Discharge

Low-flow periods in streamflow can be seen in Fig. 3.3. The lowest flows are
reached during droughts when no rainfall or very little rainfall has occurred
for an extended period of time. Just as the peak flows, or maximum flows, are
reduced by water that is absorbed through the soil surface, the low flows are
increased by this infiltrating water. Low flow is supplied to the stream channels
by the subsurfaceorgroundwater flow paths shown in Fig. 3.1. Thus, the fac-
tors that control the low flow in a stream are the length of the no rain or min-
imum rainfall periods, the amount of water that is absorbed through the soil
surface during rainstorms, and the time needed for water to flow along the
subsurface or groundwater flow paths.
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1976 1977 1978 1979

FtG. 3.3 Monthly flow volume in a stream.

The climate in the watershed controls the length of drought periods. In areas
that experience seasonal rainfall, there may be a drought each year for several
months. In these climates, the lowest flow will occur toward the end of the
annual dry season and will be much lower than the minimum flow in a climate
where rainfall occurs throughout the year. In arid climates where the potential
evapotranspiration exceeds the rainfall, minimum flows will be less than in
humid climates where the rainfall is greater than the potential evapotranspi-
ration. The subsurface flow paths in a watershed are stable and predictable. If
a watershed is known to have a minimum flow over a 10-year period of l0 m3/
s (353. t fC/s) it is unlikely that the minimum flow will suddenly drop to 2 m3 f
s (70.6 ft3/s;. Low flows respond to cumulative climate changes. A period of I
or 2 weeks of dry weather will not cause unusually low flows in a watershed,
but low rainfall for a period of 6 to 36 months may result in the minimum
observed low flow. A large subsurface groundwater storage will take periods of
months rather than periods of weeks to react to a change in climate. Obser-
vations of low flows are very helpful to document the low-flow regime in a
watershed, even when the observations are limited.

The hydrologic processes important to low flow in streams occur at and
below the land surface. Water that is infiltrated at the land surface may move
along the subsurface flow paths into the stream channel. Time delays for water
moving on the subsurface groundwater flow paths range from weeks to years.
These time delays are much longer than the time delays in channel flow. When
water enters a river channel, the typical time delay to move to a downstream
measurement point is hours to days.

In summarl, to estimate the minimum discharge in a stream, the important
factors are
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I. cl imate of the watershed and the duration of drought periods
2. Infi ltration of rainfall through the soil surface and water movement into the

subsurface groundwater flow paths
t  ' T ' - - - : ^ - r  - .  / '  'J. r yptcat ume oelays on tne suDsurtace now paths
4. Marshes, lakes, or reservoirs (if any) that are present in the watershed

Frequency of High and Low Flows

The continuous measurements of streamflow plotted in Fig. 3.3 show both the
high and the low flows from a watershed. It is convenient to reorganize these
data to show the frequency of high or low flows separately on semilog graphs
like Fig. 3.4. For example, for high flows, the peak flow measured each year
for a series of years can be plotted. If 20 years of data are available, the flood
flows are listed in order of magnitude and the highest flow is assumed to recur
onee in 20 years, the second highest flow, once in l0 years, the third highest
flow once in 6.67 years, and so on. This allows the points to be plotted on the
graph, as shown in Fig. 3.4.

Peak flows for many watersheds produce linear or near linear curves when
plotted on semilog paper. These flood frequency curves are used to estimate

1 2 3 5 1 0 2 0 3 0
Return Penod in Years

FIG.3.4 Flood frequency: peak flow vs. return period.
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TABLE 3.t Monthlv Runoff Volumes

HYDROLOCIC COMPUTATIONS_SMALL HYDRO SITE

n 
p",3n,er""#o 

80 1oo

FIG. 3.5 Flowduration curve for monthlv flow volumes.

3.3 ESTIMATING PEAK FLOW AT A STTE

To estimate the peak flow which could occur at a potential hydroelectric site,
one should (l) study the watershed to find out what high flows have occurred
in the past, and (2) study the data on the watershed to calculate what high
flows might occur in the future.

Field Study

The field study of the watershed will answer the question, "How large have
past floods been?" Two methods are introduced to determine out how high the
water has been. These methods are

l. Study the physical features near the stream to find signs of high water.

2. Talk to people living near the stream and to officials in the area about past
floods.

3.9

TABLE 3.2 Monthly Runoff Volumes
in Order of Magnitude
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floods for project design. A designer might choose to design a structure for a
once in 100 years flood, a flood that would be equaled or exceeded an average
of once every 100 ycars.

Minimum flows can be treated like maximum flows. A frequency curve of
the minimum discharge each year could be prepared and plotted using the
sarne procCdure that was described for peak flows.

A very useful technique for graphically representing the continuous flow
measured in a watershed is the flow-duration curve as outlined in Chap.2.To
construct a flowduration curve, assume that Table 3.1 is the monthly volume
of runoff for a year in a watershed. These runoll volumes are rearranged in
order of magnitudc in Table 3.2. The data in Table 3.2 are plotted in Fig. 3.5.
It can be seen in Fig. 3.5 that the runoff equals or exceeds 100 million cubic
meters (l3l million cubic yards) 40 percent of the time. Similarly, the runoff
cxcceds 175 million cubic meters (229 million cubic yards) 20 percent of the
time.

The flowduration curve is very useful for study of projects that divert water
from a river for water supply, irrigation or hydroelectric power production.
Flowduration curves can be constructed from any period of stream-flow data
but are more reliable if they are constructed for several years of streamflow
data. Flowduration curves use all of the streamflow information that is avail-
able at a site, while peak-flow and low-flow frequency studies select out maxi-
mum or minimum flows for analysis. In locations where very little streamflow
data is available, the flow-duration plot may be feasible to construct while
peak-flow and low-flow frequency curves may be infeasible. Of course, both
peak-flow and low-flow frequency curves and flowduration curves increase in
accuracy as the length of the basic data observations increases.
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Once the high water rnark has been determined, we will use some calcula-
tions to find the flow rate for that water level.

D l ' . , o l ^ - l  Q i - - o  ^ f  I J ! - L  l L / ^ 1 ^ -r  r r J  J r r , q r  u r E , r r J  u r  I  r r S r r  v  r  4 t 5 r

Flowing water moves many objects that it touches. Grass, branches, and other
light objects float along near the water surface. Earth and sand are eroded by
fast-moving water and carried downstream or are left on beaches or in pools.
To begin your survey of the stream channel, stand on the bank of the stream
and watch the edge of the stream as it flows against the plants and rocks or
sand. Imagine that the water level is higher by I or 2 m (3.28 or 6.56 ft) and
see what would be under water. Look for signs, like eroded tree roots or sand
or gravel beaches, which indicate that the water has been at that level.

If watcr is not moving very fast or is flowing through bushes and trees, the
light objects which are floating will often become caught in the branches or
left on floodplain lands when the water level goes down. Look for clumps of
grass and sticks caught in the trees or on beaches as you move away from the
stream.

Look at the general slope of the land toward the stream. Water will always
form a flat surface. If you find a high deposit of old floating material, imagine
that the water is at that level everywhere, and determine what area would be
under water. I-ook at the ground at the same elevation as your high water level.
Are theresigns that the ground has been under water? Look for large branches
and logs which might have floated to the edge of the stream during a flood.
Once you have found what appears to be the highest deposit of flotsam, look
for other signs that the water was once at or near that levcl. Look for marks
on trees or buildings or more branches or logs at the same height.

After getting some idea of how high the recent water levels have been, talk
with local residents about high flows, as outlined in the next Section. If you
have some information from the plants and soil deposits near the stream, it will
be easier to evaluate the recollections of residents about high flows.

Interviews with Residents and Historical Accounts

People who have lived for a long time near a stream may remember large floods
quite well. If a historic flood was large and if water marks remained visible for
some time, residents will know the highest water level and when the flood
occurred. By talking with several people and by comparing their recollections,
you may get accurate information on the largest floods in the last 50 years.

Ask people being interviewed to point out marks where the high water has
been recorded or where they remember high water. Also, ask for any available
written documentation or photographs to confirm their reports. Diaries when
the floods occurred and a search for high water levels at a number of nearby
points may also help confirm reports of floods. Other ways of verifying resi-
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dents' reports of high water levels include researching old local newspapers (if
any exist), church records, or local government records of road or bridge
repairs. 

,

Calculating Discharge from Water Level

The final step in the field study for peak flow is to transform the flood level we
have determined into an estimated peak discharge. To calculate the flood dis-
charge, we need to know the cross-sectional area and the velocity of the stream
at the peak water surface elevation. The cross-sectional arca of the stream may
be calculated by first plotting the height above the ground of the peak water
surface along a line perpendicular to the stream channel. Plot peak water depth
measurements at regular intervals from the point where the high water line
touches the ground on one side of the stream, all the way over to the same
point on the other side. Figure 3.6 shows an example of a stream cross-sectional
plot at flood stage.

The next step is to count the number of boxes between the ground surface
profile and the high water line. This number is then multiplied by the scale
factors on your plot to yield the peak flood's cross-sectional area. Figure 3.6
shows how this calculation is done.

After you have determined the area of the peak flood, you must determine
the velocity of the flow. This can best be done by measuring off a stretch of 50
m (164 ft) along the channel, then timing a floating object as the stream carries
it through the 5Gm (16+ft) stretch. The velocity of the flow is then:

u : 0 . 8 5 ( l )
\ r /

where
u : velocity of flow, m/s
t : average time to float through stretch, s

( 3 . 1 )

Watedine reported
by John Smith

f{o{rzontal scale 2mm - |m
Ventcal scale 4 mm 1 m

A r e a  -  1 3 6 b o x e s  4 m b o x  2 m b o x  l 0 B B m
Wdlh - 72 m
Awragp @th - areawdth 1 5 m
Curefit@th - 08m

ryhasrredvelocity 1.7ms / averacp6.oth \al
Flodvetccrty - measured velocrty ( ;;i;# / 26 ms

FIG.3.6 Stream cross scction at flmd stage.
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FIG. 3.7 Flood velocity factor.

Throw the object into the center of the stream and make sure it doesn't
strike anything as it moves through the reach. Time the object through the
reach at least 5 times.

This velocity needs to be adjusted to take into account the higher velocities
of flood flows. To do this, find or estimate the water depth near the center of
the channel and the average water depth at flood levels from your cross-sec-
tional plot. Use thcse numbers as shown in Fig. 3.7 to find the factor which
you must multiply your measured velocity by in order to get flood velocity.
Once you know the flood velocity and the cross-sectional area l, just multiply
the two numbers together to obtain the peak flood discharge Q.

Q = u A
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(3.2)

Calculation of Peak Flows from Watershed Data

This section describes how to calculate the peak flood flow at a possible hydro
electric site using the available data on the watershed and the tables and figures

Flmd Velocity : Measured Velocrty x (Depth of Flood/Measured Depth)2'3
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presented here. Requirements include a contour map of the watershed and
regional data on rainfall intensity for different storm or rainfall durations.
Rainfall intensity is given in units of mil l imeters per hour (mm/h). If 45 mm
(1.77 in) of rain,is measureci in 2 h, the rainiaii intensity is22.5 mm,lh (0.79

in/h). Rainfall intensity wil l decrease as storm duration increases. In Boston,
Massachusetts, for example, a rainfall intensity of 150 mm/h (5.91 in/h) wil l
occur for storms of lO-min duration, but a rainfall intensity of 30 mm/h ( l. l  8
in/h) will occur for storms of 4h duration.

The steps involved in calculating the peak discharge are

1. Using channel and watershed characterisitics, determine the flow time for
water to move through the watershed.

2. From regional meteorologic data, determine rain intensity for the design
storm. The duration of the design storm is assumed to be equal to the flow
time for water to move through the watershed.

3. Determine watershed losses, the "excess rain" or the amount of rainfall that
becomes surface runoff, and the peak discharge.

This calculation method assumes that a peak discharge will occur when the
storm duration is equal to the flow time for water to move through the
watershed. This is an idealization oi the actual interactions between storm
rainfall duration and peak flow, but it gives peak flow estimates of reasonable
accuracy. Each step in the calculation is explained in the following sections
and easy to follow examples have been included.

Calculating the Flow Time for Water to Move Through
the Watershed

To compute the flow time for water to move through the watershed you will
need to determine L, h", and A:

I : channel length, km (or mi)
ft, : change in elevation between the highest point in the watershed and

the site, m (or ft)
A : watershed area, upstream of the site, km2 (or mi2)

These data can be found from a contour map of the watershed. Z and h"
are used in Eq. (3.3) to calculate the flowtime /7 through the watershed. This
flowtime /7is assumed to equal the duration of the storm rainfall that will cause
a peak flow. The duration of the storm rainfall is used to find the rainfall inten-
sity / during the storm, using local data similar to Fig. 3.9. The storm rainfall
intensity / less a loss rate L, is used to find the rate of runoff or rain excess X,
during the storm in Eq. (3.4). Finally, the excess rain is converted to flood peak
discharge by multiplying by a necessary constant and the watershed area in
Eq. (3.s).
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FIG. 3.8 Time of rainfall for watershed charactcristics.

The flow time in hours I aan be calculated from L and ft, using Eq. (3.3)
or it can be read from Fig. 3.8.

tt : 0.95(Lt lh,)o't"

In Eq. (3.3), Z is in kilometers, ft, is in meters, and, ty is in hours.
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Length of Rainlall (h)

FIG. 3.9 Example of rainfall inte nsity vs. length of rainfall for 5Gyear

return pcriod.

exceeded once every 50 years, as shown in Fig. 3.9. To use the figure, find the

duration of rainfall in hours that equals 17 on the bottom scale, intersect the
line, and read the rainfall intensity / from the vertical scale.

Estimating Excess Rain and Determining Peak Flow

Rainfall will be lost during a storm through infiltration. Table 3.3 describes
various soil types and gives a loss rate for each. Losses are greater in
watersheds which have very heavy vegetation. A correction factor for vegeta-

tion density can be selected that is multiptied by the loss rate for the watershed

soils to give the total loss rate for the watershed I,.
After determining the rate of rainfall loss, excess rain may be computed by

subtracting your losses from the rainfall intensity. The total excess rainfall rate
is then
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(3.3)

Estimating Rain Intensity

Once t7 is calculated from Eq. (3.3), data on duration of rainfall versus rain
intensity may be used to find the rainfall intensity on the watershed. The rela-
tionship betwcen rainfall duration and rainfall intensity is usually displayed
graphically, as shown in Fig. 3.9. It may be possible to make a graph similar
to Fig. 3.9 with your own data. Graphical plots of rainfall intensity versus dura-
tion of rain are often made for different statistical return periods. A rainfall
intensity of 60 mm/h (2.36 in/h) for 4-h duration would be equaled or

X , - I _ L ,

where Xn I, and L, are all in mm/h (in/h).

(3.4)
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TABLE 3.3 Watershed Loss Rates and Correction Factor for
Predominant Vegetation
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FIG. 3.10 Stage dischargc rating curve.

3.4 ESTIMATING THE FLOW.DURATION
CURVE AT A SITE

The flowduration curve is a most useful tool for evaluating low flows at a
hydroelectric site. These data can be used to estimate the flow that can be used
for power production 90 to 95 percent of the time. This gives an immediate
indication of the reliability of power production at a site. For example, if a 2G
m (65.6-ft) head were available, the flow-duration curve in Fig. 3.5 would indi-
cate that a 1,200 kW power source could be developed at 85 percent reliability,
assuming an 80 percent overall efficiency for the project.

Field Investigation for Estimation of Flow-Duration
Curves

High and low stages as well as normal stages throughout the year will be
known to local residents, even though they will not know the corresponding
discharge. Knowledge of stage can be converted to discharge using a st"gr-
discharge-rating curve. A stage-discharge-rating curve can be constructed
using measured cross sections at two or more stages and calculating flow veloc-
ities at each stage, as was described in the previous section.

Discharge at a given stage is the flow velocity times the cross-sectional area
of the flow at that stage. When stagedischarge ratings are plotted on log
scales, linear or near-linear curves result. Fig. 3.10 is an example of a stage-
discharge-rating curve.

To construct a flow-duration curve, the following sources of information
might be used:

Predominant soil type Loss rate, mm/h

impervious rock
Tight  c lay
Clay and s i l t
Si l t  and sand
Sand and gravel

i
I
J

5
l 0

Predominant vegetation

Correction
to loss rate

(mul t ip ly by)

Sparse: l itt le vegetation, bare soil, scrub
brush

Moderate: grassland, cropland, mixed
forest

Heavy: dcnse forcst, tropical forest

0.5

1 . 0

2.0

ExAMeLE: A watershcd with clay silt soils and dense forest cover would have a loss rate of 3.0
mm/h and a correction factor of 2.0 so its total loss rate would be 3.0 X 2.0 : 6.0 mm/h.

The final step is to determine the peak discharge, Qo in m31s 1ft31s) at the
site from Eq. (3.5).

Qp = 0'28X,A (3.s)
where X, is excess rain, mm/h (in/h), and A is watershed area, km2 (mi2).

Determining Final Peak Flow Value

From the foregoing analysis one may have two values for peak flow which may
be quite different. This is to be expected. The remaining task is to evaluate the
two values to arrive at one best value. To do this, you need to review the process
by which you calculated each number and determine where the largest uncer-
tainty lies.

Which method yields a higher value? Was one value more than twice as
much as the other? If the calculation method value was much larger, what was
the return period for the rainfall intensity versus duration of rainfall data that
you used? If it was more than 50 years, it should have yielded a larger peak
flow, because the field study interviews will document floods which have
occurred within the last 50 years.

If the field study gave you a lower peak flow value, compare the velocity
figure you used in the field study to the average flood velocity which is channel
length divided by the flow time through the watershed 7. The two velocities
should be fairly similar, although the field-study velocity is likely to be lower.
Try calculating thc field-study peak flow using the Chezy-Manning equation
introduced in Chap. 4.
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l. Stage records over a period of years at a lake or reservoir can be used to
calculate streamflow volumes entering the reservoir. When monthly stage
records exist at a reservoir, locate a reservoir stage versus reservoir volume
ehart ior the reservoir. The streamffow voiume entering the reservoir each
month will be the reservoir volume at the end of the month, less the reservoir
volume at the first of the month, plus the volume of water released from the
reservoir during the month.

2. Correlation of low flows on a regional basis is possible. The U.S. Geological
Survey has summarized commonly used methods for regional correlation of
flows in Water Supply Paper No. lgT5, "Generalization of Streamflow
Characteristics from Drainage-Basin Characteristics," by D. M. Thomas
and M. A. Benson (55pp.).

3. Any existing data on flow duration compiled in the region in previous stud-
ies should be reviewed.

4. A survey of local residents, particularly people who are using the stream in
some way; ferry operators, irrigation farmers, or people who divert water
for water supplies may have additional information.

Where monthly strearnflow can be calculated from lake or reservoir levels,
as in item 1, or if regional studies to relate flow at a site to nearby gaged
streams are done as in item 2, the data can be used to construct a flow duration
as was do$e in Sec. 3.2.lf regional studies of flow duration already exist from
item 3, flowduration curves will be available.

When interviews are used to establish seasonal stages in item 4, use Man-
ning's equation or float measurements to establish a stage-discharge relation-
ship, as was described earlier.

Convert stages to discharge to estimate monthly flows for a typical year.
These mean monthly flows can be used to construct a flow-duration curve as
in Sec. 3.2. If the field interviews give clear evidence of occasional low flows
that are substantially less than the minimum expected annual flow, a multiyear
flowduration plot might be made. To make a multiyear flow-duration plot,
estimate monthly flows for additional years and include the historic low flows.
If your field information shows the minimum flow in an 8-year period, 8 full
years of estimated monthly flows should be used to construct the flow-duration
curve. These additional monthly flow estimates ensure that the lowest historic
flow correctly influences the flow-duration curve: The lowest monthly flow in 8
years is a 99 percent condition; in 95 months out of 96, this minimum flow
would be equaled or exceeded.

Calculations of a Flow-Duration Curve from
Meteorologic Data

Flows of water from the land surface during and immediately following pre-
cipitation create flood hydrographs and peak flows. Water that is absorbed by
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the soil during rainstorms moves as subsurface flow into stream channels and

provides low flows in periods when rain does not occur. Flowduration curves

are based on continuous streamflow data. On ungaged streams where stream-

flow measure-m4nts are not availabie, precipitation anci potentiai evapotrans-

piration records can be used to calculate continuous flows. The calculations

mimic key hydrologic processes: infiltration of water into the soil profile, sur-

face runoff, and flow along subsurface flow paths into the stream.

The calculation method described in this section uses monthly precipitation

and potential evapotranspiration data to calculate monthly streamflow.

When the calculated monthly streamflows are found, they are used like

observed flows to calculate the flowduration curve. A sketch of the calculations

is shown in Fig. 3.1 l. The time of flow in stream channels in small watersheds

is usually less than I day and this time of flow can be neglecteci when monthly

interval runoff volumes are calculated. Calculations of monthly flows from

meteorologic data are based on the water balance in the watershed. The water

balance equation is:

Precipitation - actual evapotranspiration * storage : runoff

The water balance equation applies to the watershed over any time interval.

Precipitation, actual evapotranspiration, and runoff are the volumes of water

entering and leaving the watershed in the time interval, and storage is the

PBECIP,
PET AET

TOTAL
orsc

FIG. 3.ll Monthly runoff calculations from rainfall and potential

evapotranspiration data.
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change in soil moisture and groundwater storage in the time interval, the init ial
storages less the final storages. Water is held in storage in the soil, in ground-
water aquifers, and in lakes and snowpacks. All water flows into or out of the
. . , ^ r ^ - L ^ l  ^ l  r ^  L ^ : - ^ 1 . . 1 ^ J  ! -  e L ^  - . , - ^ C frYa ls rDr tgu  a t t r  asbu l l tgu  tu  u ( '  lu r - tuugu u t  tu ( ;  I  uuut r .

The following steps are used to calculate monthly runoff and a flow-duration
curve from meteorologic data:

l. Assemble five or more years of concurrent rainfall and potential evapotrans-
piration data.

2. Estimate the watershed characteristics of the basin.

3. Calculate, using a tabular form, the monthly streamflows for five or more
years based on thesc rainfall and potential evapotranspiration data.

4. Calculate the flow duration curve using the calculated monthly streamflows,
as would be done if observed data were available.

A description of these tasks is in the following sections.

Rainfall and Potential Evapotranspiration Data

Streamflow calculations require data on monthly rainfall on the watershed and
monthly potential evapotranspiration. Rainfall data that is observed in or near
the watershed must be found. National meteorologic services or agricultural
agencies maintain records of meteorologic stations. Records at individual sta-
tions are often incomplete. Records from two or three stations are needed to
fill in missing records. Adjustments are usually needed to estimate watershed
rainfall from precipitation-gage records. Rainfalls often increase with eleva-
tion, and gages are usually placed in villages along river valleys. Meteorologic
and agricultural services prepare maps of mean annual rainfall. These maps
can be used to adjust gaged rainfall and to estimate rainfall on the watershed.

Potential evapotranspiration (PET) is the amount of water that would evap-
orate from the watershed if water supply is ample. The actual water loss, called
actual evapotranspiration (AET), is less than or equal to the potential evapo-
transpiration. The potential evapotranspiration may be estimated and pub-
lished by a national meteorologic services office. Potential evapotranspiration
is quite uniform from year to year. A mean monthly distribution of potential
evapotranspiration will be sufficient for purposes of calculating monthly runoff.

Estimating Watershed Characteristics

The tabular calculations of monthly flows use three coefficients that represent
watershed characteristics:

NOMINAL : an index to the soil moisture storage capacity in the watershed,
mm (in).
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PSUB = the fraction of runoff that moves out of the watershed as baseflow or
groundwater flow, dimensionless.

GWF : an index to the rate of discharge from the groundwater storage to the
stream, cii mensfoniess.

NOMINAL, PSUB, and GWF are watershed characteristics that will
change from one watershed to another. NOMINAL is the soil moisture storage
level that permits half of any positive monthly water balance to leave the
watershed as excess moisture, where excess moisture is either direct runoff or
groundwater flow. The soil moisture storage level varies and may be less than
or greater than NOMINAL. When the soil moisture storage is less than
NOMINAL, the majority of any positive monthly water balance is rctained in
the soil moisture. When the soil moisture storage is greater than NOMINAL,
the majority of any positive monthly water balance becomes direct runoff or
an addition to the groundwater storage.

PSUB is the fraction of runoff that moves out of the watershed on subsur-
face flow paths rather than as direct or surface runoff. The total flow that a
watershed provides consists of surface or direct runoff that creates the peak

flows and subsurface flows that provide the low flows. Low-permeability soils
that have low-infiltration capacities yield large amounts of surface or direct
runoff and low sustained discharges. Soils that have high-infiltration capacities
yield higher sustained discharges. Therefore streams that have high minimum
discharges are those with highly permeable sandy soils and fractured or perme-
able subsurface geology.

GWF is an index to the time of flow along subsurface flow paths that enter
the stream. It is the fraction of the total volume of water on groundwater flow
paths that will enter the stream in the current month.

These watershed characteristics can be estimated for ungaged streams using
the following guidelines:

NOMINAL = 100 + C X mean annual precipitation

where C is approximately 0.2 in watersheds where precipitation occurs
throughout the year and 0.25 in watersheds with seasonal rainfall. The value
of NOMINAL can be reduced by up to 25 percent in watersheds with limited
vegetation and thin soil cover.

PSUB : 0.6 median value

PSUB would increase to 0.8 in watersheds known to have highly permeable
soils and would decrease to 0.3 in watersheds with low permeabil ity or thin
soils.

GWF :  0.5 median value

GWF would increase to 0.9 in watersheds that have little sustained flow and
would decrease to 0.2 in watersheds known to have reliable sustained flows.
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Watershed characteristics can be estimated from limited field data based
on historic streamflows. The characteristic that controls runoff volumes is
NOMINAL. Increasing NOMINAL will decrease runoff and decreasing
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increases when NOMINAL is increased, and the AET/PET ratio in Table 3.4
will change. Whcn some historic flow data is available, the calculations in
Table 3.4 can be repeated for different values of NOMINAL until the calcu-
Iated flow volume and the historic flow volumes agree. In some cases, the rain-
fall amounts that are assumed to occur on the watershed may need to be
adjusted. A change in rainfall on a watershed of * l0 percent will change
watershed runoff by at least l0 percent.

Thc fraction of excess moisture that moves as subsurface flow (PSUB) and
the rate of outflow of subsurface or groundwater flow (GWF) control the low
streamflows between storms. A value for GWF can be found when little rainfall
occurs for 2 or more months. when rainfall does not occur, GWF : I -
(streamflow volume in current month/streamflow volume last month). Alter-
natively, if monthly measurements of streamflow are made during a period
when rainfall does not occur, GWF = I - (streamflow today/streamflow I
month ago). Calculated values for GWF will vary, so GWF should be calcu-
lated for different months when observed flows are available. The lowest cal-
culated value of GWF is usually the most reliable estimate.

when NOMINAL and GwF are established, the value of pSUB can be
considered. PSUB increases or decreases the volume of water moving on the
subsurface flow paths. If, for example, the following monthly streamflows are
available from field measurements and calculations, PSUB needs to be
increased.

Streamflow June July August Septembcr
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Calculations of Monthly Runoff

Calculations of monthly runoff are made using a tabular sheet, Table 3.4. A
step-by-step procedure for computing data in the table follows. These calcu-
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for a FORTRAN program for handling the calculation is given in Figure 3.12.

Initial Steps

Select the values of the coefficients representing watershed characteristics and
enter them in the'column headings: NOMINAL above column (5), PSUB
above column (13),  and GWF above column (16).

Initial or starting conditions are needed for the soil moisture storage
[column (a)] and the groundwater storage [column (14)]. If rainfall is sea-
sonal and the tabular calculation begins in the dry scason, thc initial storages
will be low. Typical values would be an initial soil storage of l0 percent of

Observed
Calculated

1,070
720

642
432

385
259

231
1 5 5

I

DELSTOR=WATML - EXMST

GWRECH. PSUB ' EXMST

GWSTOR2 =GWSTORI + GWRECH

GWFLOW = GWMT ' GWSTOR2

OFLOlrv=EXMST - GWRECH

FLOW=GWFLOW + DFLOW

WRITE OUT RESULTS

iWSTORI = GWSTOR2 - GWFLOV1

STOMGE=STORAGE + DELSTOR

G O T O I

In this example, the calculated flows are all too low and more subsurface
flow volume is needed. Note that GWF for both the calculated and the
observed monthly flows is 0.4, so changing GwF would not improve the cal-
culated streamflows.

The trial calculations to establish watershed characteristics that are outlined
above can be carried out for nearby streams and the watershed characteristics
that are found may be assumed to apply to the ungaged stream that is being
studied. Watershed characteristics usually change only moderately in a region
and changes will correlate with changes in vegetation, soils, and subsurface
geology.

ETBAT-(STOfiAT2) + (I.STOMT2)' PRERAT

EXMRAT -OO

EXMMT - 05'(STOMT)"z

FIG. 3.12 Flowchart for flowduration curve.



TABLE 3.4 Flow-Duration Model

( r )  (2 )  (3 )
DATE, PRECIP, PET,
mo/yr mm mm

(4) '
MOIST (s)  (6)  (7)

STORAGE, STOR PRECIP/ AET/
mm RATIO PET PET

( r0 )  ( t  l )  ( r 2 )  ( t 3 )+
EXCESS EXCESS DELTA RECHC
MOIST MOIST, STORAGE, TO GW.
RATIO mm mm mm

(14 )$  ( t 5 )
BEGrN END (16)  ( t7)
STOR STOR GW DIRECT
GW, GW, FLOW. FLOW.

(e)
(8) WATER

AET, BALANCE,
mm mm

(  l 8 )
TOTAL
DISC,

mm mm mm mm mm

l  /80 356.3 21.7
2/8O t96.4 38.4
3 /8O 145.6 79, l
4 /8O 59.8 I  18,3
5/8O 26.9 155.4
6 / 8 0  l l . 6  t 7 1 . 5
7  lEO t9 .9  t 91 .6
8/80 33.7 ts4.7
9/80 t7.2 t37.9

| 0/80 299.6 88.9
l l l80 275.8 4t.7
tzl8o 350.0 29.8

500.01
6 0 r . 9
624.3
6 3 1 . 9
586.7
494.8
398.3
314 .9
268.5
228.9
406.8
525.7

334.6
t  58 .1
66.5

-45.  I
-92.0
-96.5
- 83.4
-46.5
-39.5

2t0.7
234.1
320.2

.70

.86

.89

.00

.00

.00

.00

.00

.00

. 1 6
. + >

.74

zJ ' t . I

135.7
58.9

.0

.0

.0

.0

.0

.0
32.8

t15.2
237.7

t0L9
22.4
7.6

-45 .1
-92.0
-96.5
- 83.4
-46.5
- 39.5
t77.9
i  18.9
82.5

1 4 1 . 9
82.8
35.9

.0

.0

.0

.0

.0

.0
20.0
70.3

145.0

t97.6
t44.4
78.9
20.1
7.2
2.6
.9
.3
. l

25.7
94.5

203.3

1.22 t6 .42
t . 4 7  5 . 1 2
t . 52  r  . 84
1 . 5 4  . 5  r
1 . 4 3  . 1 7
t . z t  . 07
.97  . 10
.77 .22
. 6 5  . t 2
.56 3.37
.99 6.61

1.28 t1 .74

l.00 2r.7
r .00 38,4
1.00 79.1
.89 104.9
.76  I  r 8 .8
.63  108 . l
.54 103.3
.52 80.2
.41 56.7

r .00 88.9
1.00 4t.7
r.00 29.8

25.0f 166.9 106.8 90.7
60.1 142.9 91.4 52.9
5 r.4 87.4 55.9 23.0
3 r .5  3  r .5  20. r  .0
I  t .3  i l .3  7 .2  .0
4. t  4 . t  2 .6  .0
r . 5  1 .5  . 9  . 0
.5 .5 .3 .0
.2  .2  . l  .0
. l  20.I t2.9 12.8

7.2 77.5 49.6 44.9
27.9 t72.9 I 10.6 92.7

'NOMINAL = 410.
flnitial couditions MOIST STORAGE : 500, BEGIN STOR GW = 25.0.
TPSUB -  0.61.
0GwF - 0.64.
/Vole; EXCESS MOIST RATIO in col. (10) was entered two significant frgures; EXCESS MOIST

in col. (ll) wrr calculatcd on a small calculator that rctained more than two significant figurcs for the
EXCESS MOIST RATIO

Column Comment

Column Comment

( l )

(z',)

(3)

(4)

(5)

(6)

(7)

(8)

(e)

( t 0 )

Entcr the month and year of the data.

Enter precipitation (PRECIP) on the watershed for the month (gage rainfall
must be adjusted to represent watershed rainfall).

Enter potential evapotranspiration (PET) on the watershed.

MOIST STORAGE was cntered previously as an initial condition or is
MOIST STORAGE plus DELTASTORAGE, column (4) plus column (12)
from the prior month calculation.

Calculate the soil storage ratio (STOR RATIO), the value in column (4)
divided by NOMINAL.

Calculate the ratio PRECIP/PET, column (2) divided by column (3). Enter
thc result in column (6).

Enter Fig. 3.14 with PRECIP/PET and the STOR RATIO [column (5)],
and find the value of the ratio of actual to potential evapotranspiration,
AET/PET. Enter the value of AET/PET in column (7).

Calculatc AET as PET multiplied by the AET/PET ratio, column (3) times
column (7), and enter AET in column (8).

Calculate the WATER BALANCE for the month where WATER
BALANCE = PRECIP -  AET [column (2)  less column (8) ] .  Enter  the
result in column (9).

If the WATER BALANCE is positive, enter Fig. 3.13 with the STOR
RATIO [column (5)], and find the exccss moisture ratio (EXCESS MOIST
RATIO). If the WATER BALANCE in column (9) is negative, the
EXCESS MOIST RATIO is zero. Enter the EXCESS MOIST RATIO in
column (10).

( l  l )

( t2)

( 1 3 )

(14)

( l  s )

(16)

( t 7 )

(18 )

Calculatc the excess moisture (EXCESS MOIST) wherc EXCESS MOIST
is the EXCESS MOIST RATIO rimes the WATER BALANCE, column
(10) times column (9). Enter the result in column (l t).

Calculate the changc in soil storage (DELTA STORAGE) where DELTA
STORAGE is WATER BALANCE minus EXCESS MOIST, column (9)
minus column ( I I ). Enter the result in column ( I 2).

Calculate the recharge to groundwater storage (RECHG TO GW) as
PSUB times EXCESS MOIST, PSUB times column (l l). Enter thc result
in column (13).

BEGIN STOR GW was entered previously as an initial condition or is
END STOR GW less GW FLOW, column (15) lcss column (16),
from thc prior month calculation.

Calculate the cnd of month groundwater storage (END STOR GW) by
adding the RECHG TO GW in column (t3) to thc BEGIN STOR GW in
column (14). Entcr thc result in column (15).

Calculate the groundwater discharge to the stream (GW FLOW) where
GW FLOW is GWF times END STOR GW or GWF times column (15).
Enter the result in column (16).

Calculate the direct runoff to the stream (DIRECT FLOW), wherc
DIRECT FLOW is EXCESS MOIST less RECHG TO GW, cotumn (l l)
minus column (13). Entcr the rcsult in column (17).

Calculate the strcamflow as thc DIRECT FLOW plus GW FLOW, column
(17) plus column (16). Entcr the result in column (lE). This rcsult is in
millimeters and can be converted to cubic meters for the month by
multiplying by thc watcrshed arca in square kilometcrs times I000.

3.24
1.?<
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NOMINAL, and groundwater storage of 5 percent of NOMINAL. Inwatersheds with uniform rainfall throughout th; year, an initial soil storageequal to the NOMINAL, and an initial groundwater storage of 21percent ofNOMINAL would be expected.
C a l c l r l r t i n n c  f h q r  k o ^ i ^  i -  + L ^'ru rrrsL vvSrrr rrr Lrls wst ssason woulo nave an tntttal soil storageof I 25 percent of NoMINAL and an inii ial groundwater storage of 40 percent

of NOMINAL.

Enter the initial soil moisture in column (4), and the initial groundwater
storage in column (14).

Reset Initial Conditions for the Next Month

The BEGIN sToR Gw for the next monrh is END sroR Gw less GWFLow, cblumn (15) minus column (16). Enter this resulr in column (14) forthe next month.

HyDRoLocIccoMpurATIoNs_sMALLHyDRosrrE 3,27

0'2 ol,.*ono"?""rj,jn,,'.1,.tu#'.",,o.1'o 1'6 1'8
FIG. 3.14 Ratio of AET/PET.

The beginning MOIST STORAGE for the next month is the current
Molsr sroRAGE plus DELTA STORAGE, cotumn (4) plus column (12).
Enter this result in column (4) for the next month.

The tabulation steps are repeated until all the months of precipitation and
potential evapotranspiration have been considered. An exampie of a completed
table for monthly flows is given in Table 3.4. Note that in Table 3.4 the
EXCESS MOIST RATIO in column (10) has been entered as two significanr
figures. The EXCESS MOIST in column (l l) was calculated on a small cal-
culator that retained more than two significant figures for the EXCESS
MOIST RATIO.

Determination of the Flow-Duration Curve

The procedure to draw a flowduration curve was described in the previous
section. To make a flowduration curve from calculated monthly flowi, list all
the monthly flows which were computed in column (18) of Table3.4. The flows
should be listed in order of magnitude. Next, calculate the percent of months
each flow volume is equaled or exceeded. Plot the flowduration curve as shown
in Fig. 3.5.

3.5 REFERENCE

l' N. H. Crawford and S. M. Thurin, Hydrologic EstimatesforSmall Hydroelectric
Projects, Hydrocomp, [nc., Mountain View, Calif., May l9gl.

E
q)

E
v,
tt)

8 0.4
x

UJ

0.25 0.5 015 1.0. 1.25
Soil nroisture storage ratio

FIG. 3.13 Excess moisturc ratio.

p Storage Ratio



Site Development
qnd HydroulicAnolysis

John J. Cassidy

A project site, because of its topography and geology, indirectly dictates the
overall project configuration. Each will have physical characteristics that are
most economically and, thus, most easily utilized in a particular design. This
chapter considers the investigations, analyses, and design determinatioris which
must be completed in formulating a design concept for a particular site. The
necessary considerations are numerous, but as in other chapters, only those
pertaining to the development of small hydropower systems are included. Since
economic considerations of site development are covered in Chap. I I only the
physical aspects are considered here. Nevertheless, planners and designers
must work hand in hand to assure that the site potential is developed as eco.
nomically as possible while maintaining the necessary operational reliability.

Once the final project configuration and size has been chosen, the necessary
technical analyses follow directly. However, the ingenuity and imagination
exercised during conceptual design will ultimately deiermine the projeit's eco-
nomic advantages. A wise project manager should aggressivety seek rlview and
evaluation during this conceptual design period in order to ensure that the sim-
plest and most economical configuration is identified and developed.
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SMALL AND MINI }I \ 'DROPOWER SYSTEI!{S

SITE CONFIGURATIONS
SITE DEVELOPMENT AND HYDRAULIC ANALYSIS 4.3

Small hydropower projects can be either high-head or low-head depending on

ny".,.l:tT::Tr:::-"{,plyricat characteristics of the avaitabte site. rn gen-
vror, rrrts,rr-rrsilq srrgs wlil oe tess expenslve to devglgp than low_head sites
because, for a given capacity, the turbine and requiied structures will besmaller.

High-Head Sites

Small high-head hydropower projects will almost always utilize a penstock or
tunnel to develop the necessary head. Fig. 4.1 shows a typical configuration

:lrl""1j:l.l 
is utilized to convey water diverred from thc river to the upper

€rrd oi the penstock. Since the canal would be expensive and difficult to con-
struct on a steep canyon wall, its use is best suited where the valley wall has a
natural bench or at least a moderate slope toward the river. 6oncrete orwooden flumes have been constructed on very steep canyon walls. However, theconstruction as well as maintenance will be prohibitive unless the site has other
featurcs which provide for extraordinary ..ono*y. A small diversion dam isgenerally required unless the flow rate to be divertld is a very small part of thelow flow of the river. The diversion dam may be constructed of concrete or
masonry and will be designed for overflow. Where a significant part of ih. lor"
flow of the stream must be diverted, stop logs may be placed temporarily along
the top of the dam.

Proper location of the diversion dam is critical. In order to minimize prob-
lems created by sediment conveyed by the river, the dam should preferably beIocated on a straight stretch of the river. If necessary, the dam may be located

Gale
operators

Canal
A
I-+

c
\ t

I
I

Sedirnent
Sluiceway

\,r g 
Seclion B' B

Canal
8oflom

FIG- 4.2 Typicar arrangement for a diversion dam and power canal
intake.

on a bend' Because the secondary currents in a river bend tend to deposit sed-iment at the inside of the bend, the canal intake should be located on the out-side of the bend. The intake should never be located on the inside of a bend,since sediment carried by the stream (particularly bedload) will be depositedagainst the intake resulting in continubus blocking problems and continuous
cleaning operations.

The outside of a river bend generally has a steep bank produced by contin-
uous erosion' A thorough study of the river's stability should be conducied prior
to choosing a diversion site- If there is evidence that ihe river's location is unsta-
ble, expensive stabilization measures may be required to prevent the river from

nd the intake, or more importantly, from
d and rendering the intake and diversion'rivers can be found in the form of old
observed from the air. The ideal diver-

lnnel is stabilized by rock. A rock foun_dation is also highly desirable for a stable foundation for the diversion dam.
If a concrete diversion dam is used, the power-canal intake structure can beintegrated with the dam. Figure 4.2 sho*s a typical structure and diversion

dam' A depressed channel with a controlling gate should be provided to evac-
u.ate sediment deposited in front of the intakelutrr. Reduced velocities in the
riv.er, produced by the diversion dam, will alway-s result in some sediment depe
sition in front of the intake structure, reducing the discharge capacity of theintake gates. Incorporation of a sediment sluicing structure will minim ize oper-
ational problems.

. Ideally the power canal should be oriented at nearly 90" to the river to min-imize the need for structural measures to ensure separation of the canal and

A

t-
C
+

Sectron A-A
Secl'on C-C

FIG. 4.1 Typical configuration for a high-head site.
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river downstream from the diversion dam. In a narrow valley, however, it may
be necessary to direct the canal nearly parallcl to the river, In such cases, sta-
bility of the soils in the vicinity of the river is very important. It may be nec-
essary to construct a retaining wall downstream between the canal and river to
n r n w i r l e  f n r  i n f a - - i + , ,  ^ f  + t  ̂  ^ ^ - ^ t  r r  - ^ - .  ^ r ^ -  Lr ' v ' rev  ' v '  r r [ v6r r ry  \ , r  L r rs  L< l l l i l l .  r t  l l l ay  a lso  Oe necessafy  tO l lne  the  Cana l
with concrete for some distance to eliminate seepage with resulting soil satu-
ration and resulting slope instability.

an emergency,
The power canal may be lined or unlined depending upon the native soil. If

soils are quitc porous, such as gravels and sands, a tining may be required to
prevent excess seepage and possible piping of the canal banks.

canal.

SITE DEVELOPMENT AND HYDRAI. 'LIC ANALYSIS

Penstock

should be located where downstream erosion will not endanger the canal or
other structures which may be along the river below.

Diversion to the penstock should be made through a gate structure con-
structed in the side of the canal, as in Fig. 4.3. From a stricily hydraulic stand-
point, having the gate structure at the .na of the canal is more desirable since
there is less tendency to form an air-entraining vortex at the gate. Locating thegate structure on the_ canal bank provides easier access for equipment used in
cleaning debris out of the canal. In addition, large floating objects, such as logs,
cannot strike the gates directly when gate structures are located on the canal
bank' Vortices at the gate entrance can be prevented by proper submergence.

Penstocks will most likely be constructed from steel. For very small plants
consideration should be given to modern plastic pipe. Wooden jenstocks with
steel reinforcing rings have been used exiensiuely in older plants, and where
available are entirely satisfactory. The penstock should be constructed in as
straight a line as possible. Wherever changes in direction are required, concrete
thrust blocks will be needed to overcome the unbalanced forces produced by
the bend.

Structural strength of the penstock must allow for both static pressure and
dynamic pressure' In addition an allowance must be made for corrosion with
time' The fewest problems arise in the steepest penstocks. If the penstock isquite steep, a surge tank can be provided near the powerhouse to protect thepenstock from rupturing during sudden shutdown or from collapse iuring sud-
den start-up. An air vent should be provided at the upper end of the penstock
to prevent collapse of the penstock if the gates at the ind of the pensiock are

FIG. 4.3 Typical canal section and penstock forebay. plan (top) and section A-
A (bottom).
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Plan
FIG. 4.4 Arrangemcnt of a synchronous bypass valve.

closed and the control valve at the turbine is opened. An alternative is to make
the penstock strong enough to be safe undet ih"r. emergency stresses. How-
ever, tha[ will generally be uneconomical unless the penstock is very short or
very small in diameter.

Protection against both overpressure and underpressure in a penstock can
be provided by frangible disks located so that the plnsbck is vented when the
disk ruptures. However, if a ruptured disk is inadvertently replaced by one
which is too strong, th.e penstock could be seriously damaged during the next
unexpected shutdown.l

Instantaneous bypass valves can also be arranged to pass flow around the
turbine. They are arranged and controlled so that flow is slowly established in
the penstock by opening the valve prior to starting up the turbine. As the tur-
bine is brought up to speed, the valve closes at a slnc'hronized rate to maintain
constant flow in the penstock. For shutdown the piocess is reversed. Figure 4.4
shows a typical arrangement for the bypass valve. In theory the syncironous
bypass valve can control the penstock pressures perfectly. In practicl, however,
the. controls rnay be electronically complex calling for very specialized
malntenance.

Tunnels

Some site configurations can be more readily adapted to a tunnel than to a
supply canal. However, tunneling is always much more expensive and the deci-
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sion should be carefully analyzed. In general for a tunnel to be economical the
designer must establish that:

l ^  T h e  o e n l n o i n  f n r m o f i ^ -  + L - ^ , . ^ l  . , , L : ^ L  r L -  r - - -  -  - r  . r r
' v  ' P t . r 1 4 r r v r r  r r r r v u E l l  w l l l u l l  t l l q  I U n n e l  W l I l  p a S S  l S  S t a b l e .

2. The tunnel would be much shorter than an alternative canal.
3. The construction of the canal would be prohibitively expensive because of

nearly vertical canyon walls, unstable soils, or other natural barriers.

Modern tunneling methods utilize tunnel boring machines in almost any
kind of material. However, diameters of at least g fi Q.q+ m) are required. In
some regions where labor is not expensive, excavation of the iunnel Uy Oritting
and blasting may be economically feasible.

ii the native materiais are such that a structural lining of the tunnel is
required, the cost of the tunnel will increase greatly. If no tining is used, pro
vision must be made for access and inspection of the tunnel on at least an
annual basis to be certain that the tunnel walls remain stable and do not spall
or tend to collapse.

Needless to say, good geologic exploration is mandatory when planning for
a tunnel. However, some uncertainty will always remain about geologic con-
ditions along the tunnel centerline until excavation is completel Thus, even
after design has been completed it is important to continue the geologic assess-
ment throughout construction.

Low-flead Sites

Small low-head hydroelectric sites generally can be classified into two rypes.
The first type uses a diversion dam and power canal and is very similar to the
configuration shown in Fig. 4.1. However, the canal will generaity Ur short and
the penstock either nonexistent or very short.

The second type of low-head configuration involves a dam with an integral
powerhouse. For- equal Power capacity, this second configuration is usually
more expensive because all structures will need to be -or" substantial for
safety during flooding. However, with increasing energy costs, more dams,
originally constructed without generating facilit[s, 

"r. 
b"ing retrofitted for

power gencration.

4.2 TOPOGRAPHIC SURVEYS

Topographic survey requirements vary significantly with the phase of investi-
gation. For reconnaisance-level studies precise topographic detail is not
required. In general, elevations and horizontal distances need to be accurate to
only t 5 ft 1+ 1.5 m). For feasibility studies elevations and horizontal distances
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should be known to at least + I ft ( + loo mm). If rightof-way must be pur-
chased, a precise suryey, accurate to * 0.1 ft ( + 39 m;), may be required prior
to construction. Any survey should show property boundaries, true elevations,
bearings, and distanccs. Surveys for canal alienmlnts should show rhe tocarinn

4.3 REQUIRED GEOLOGTC TNVESTTGATTONS

Vegetation types in the area should also be carefully observed: They may
provide information on soil depth, or since some species have a preference for
particular soils, they may help identify the presence of a particular geologic

'  DEVELoPMENT AND HYDRAULIc ANALYSIs 4.g

unit ' Soil depth and type wil l be most important along the canal route but must
be carefully checked wherever excavation is considered.

If a powcr tunnel is considered, geologic cross sections along the tunnel
1]isnm1.nt 

must Ls, developed to deeide whelher the runne! musi be lii-red, what
^ -  - - - r t  I  re^UavaLrun me[noos can De usecl, and, most important, whether the tunnel is

feasible from a technicat standpoint. Studies must include a careful examina-
tion to locate any faults in the area, their extent, and history. Even with very
careful surface exploration and interpretation, the subsurface structure will
only be fully revealed through tunnel excavation. Hence, design changes may
be required as tunnel excavation progresses and this possibility should be rec-
ognized during planning and design.

Geologic and soils exploration will also identify potential areas for rock
quarries for concrete aggregate or riprap and borrow areas for soil to be used
in ernbankments. Preliminary estimates of quantities available and of potential
maximum rock sizes obtainable from the quarry will also be valuable forproject planning. Estimates should also be rnuO. of maximum safe-cut slopes
for both temporary and permanent excavations. Since most landslides occurwhe{r the bedding is undercut or when some exposed geologic feature, such asa fault or a joint, is adverse, these features rnuri b. idintifiia 

", "o-plrtely 
aspossible during the geologic exploration.

4.4 HYDRAULIC DESIGN AND ANALYSIS

The hydraulic features of a small hydroelectric development are as numerous
as those of any lalce one. In general, spectacular failures due to cavitation,
such as those which have occurred on the Boulder Dam and yellowtail Dam
spillways,2 are very unrikery. However, the loss of energy due to poorry designed
flow passages may be relatively more important in a small hydro devetopment.
Design philosophy for small hydro facilities is not differeni from thai in anyofler engineeringdesign situation: An adequate design can be formulated pro
vided all possible failure modes can be anticipated. in developing this section
o-n hydraulic design and analysis, that philosophy has been follow"d in selecting
the specific items to be covered.

Dams and spillways, diversion structures, gates, canals, tunnels, penstocks,
and surge tanks all involve elements of hydraulic design and analysis. Calcu-
lation of power potential is repeated here as

Prw : 
(o'7a6)QtHn

5 5 0

in the U.S. Customary System or as
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in the SI metric svstem

where

P - power, kW
/ ?  :  f f n r l  r o f a  f l r - n , , ^ L  + , , - L i - ^  c t 3  t ^  r - 3  t ^ ty -  t . v t ,  r 4 r v  l r r r \ r u 6 l t  L u l u l u g ,  I t  / D  ( I I I  / s ,
// : head drop through turbine, ft (m)
, : plant efficiency
^r : specificweight of water, 62.41b/ft3
p : density of water, 1,000 kg/*,
g : acceleration due to gravity, 9.gl m/s2

If electrical power output is desired, q must include the combined efficiency of
turbine, generator, and transformer. Typical values of those individual efficien-
cies are 0.8, 0.9, and 0.9 respec'riveiy. The product of the three, or the overall
efficiency will be approximately 0.6 to 0.7 in most cases.

\

Steady Flow in Open Channels and Canals

Selection of the slope of the power canal (or tunnel flowing as an open channel)
and the dimensions of the cross section are closely related. The hydraulically
most efficient cross section will be one which minimizes the hydrauiic radius R
(ratio of cross*ectional area to wetted perimeter). However, prectical consid-
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TABLE 4.1 Values of n for Use in Equations (a. l)  and (a.2)
Value of  n Condition of channcl

0 . 0 r t - 0 . 0 | 2

0 . 0 t 3

0 .014

0.01 5

0 .0 r6

0.01 7

0.01 8

0.0 t9-0.020

0.020-0.025

0.025-0.035

Smgoth clean wood, mcta!, o!'concrete surf^-^. . ',!r!=^"r -:.--:::!:
s t ra ight  a i ignment 

vvr 'vrv!v Jurra!sr '  wrt t ruut  proJecrtonsr ano wl tn

smooth wood, metal, or concrete surfaces without projections, firee from
algae or insect growth, mostly straight alignment

Good wood, metal, or concrete surfaces with onty smail projections, with
some curvature, slight algae or insect growths, and minimal gravel or sand
deposition. Troweled gunnite surfaces

wood with algae and moss growth, concrctc with smooth sidcs and rough
bottom, metal with shallow projections

Mctal flumes with large projcctions. wood or concretc with welldeveloped
moss or algae growths

Rough concrete or untroweled gunnite surfaces

smooth natural earth channels, free from growths with straight alignment
smooth natural earth, free from growths with some curvature. Large canals

in good condition

Small canals in good condition, larger canals with some growth

Canals with dense aquatic growths

erations, such as necessary width to operate excavation equipment, may dictate
the use of a wider section.

The flow rate Q (*t/t or ft3/s) which will pass through a canal with cross-
sectional area A (m2 or ft2), hydraulic radius n (o, or ft)-, and slope s is given
by Eq. (4.1).

l 5
Q : 

' :  
4pz/tgr/z uscs units

n

Q : !
n

AR2/3St/2 SI uni ts

( 4 . 1 )

(4.2)

where n is the Manning roughness coefficient. Values of n vary from 0.010 for
very smooth surfaces to 0.05 for natural streams with rocky ueas.

Table 4.1 gives accepted values of n for lined and unlined channels. Solu-
tions of Eqs' (4.1) and (4.2) involve trial and error if water depth is required
and channel slope, shape, width and roughness, and flow rate are known. Fig-
ure 4-6 shows typical canal cross sections and the relationships for hydraulic
radius, area, and wetted perimeter.

considerable convenience in sorving Eqs. (4.1) or (4.2) is achieved for par-
ticular cross sections if the equations are rearranged. For the rectangular chan-
nel of Figure 4.6

FIG. 4.5 Definition skcrch for nct head.
#:  t .sbb2/3D(- l - ) ' ' '



4. I2  SMALL AND MINI  HYDROPOWER SYSTEMS

:  t .sb2bz, ,  
l (  

*  
) ' ' '

= ? = n  , =  : ,  a  4  (  o l t '  l r ' / t  
/ r r q r \ a , , - i + ^ \  r A . , \giiz6t,it ' '- 

b \ t + ZOlO) ivo-\-D uii i tr i i  (+.i i

? n , : p ( _ p / !  \ ' , ,  , ^ ,
frfr: o\r a *u1 

(SI units) (4'4)

since the right-hand sid.e_o{.Pqr. (4.3) and (4.4) are funcrions only of Df b, a
table of values of QnlSt/2bE/3 may be formed using a range of values of D/b.
If a channel width 6 is assumed, the depth can be calculaied using that table.
This procedure can be followed for other cross-sectional shapes as wel. Table
4.2 is such a tabuiation for trapezoidal sections with side slopes ranging from
Z = 0 (rectangular section) to Z = 2 (side slope about 27" from horizontal).

Energlt Losses in Open Channels

Calculation of the total net head available for energy production will require
careful considerations of energy losses through the hydraulic system. Losses
due to friction in uniform flow can be calculated indirectly using bqs. (a.l ) and
(4'2) since for steady uniform flow the slope of the energy gradient will be
parallel*to thecanal bottom. Thus, thetotal energy lossfrl 

"quulr 
the total fall

Flctangular
P = b + 2 D

A = b D

^ = rl%o
FIG. 4.6 Typical canal sections and
hydraulic propcrtics.

of the canal or

i r  = /J (4.5)

where l, is the canal length and S is
the bottom slope.

However, consideration should be
given to other socalled rninor losses.
Following is a selection of equations
for calculating energy losses which
arise as a result of flow through bends,
expansions, contractions, and other
special structures or geometric
changes. Values reported by various
investigators vary somewhat, and
point to the fact that the exact values
depend on the exact geometry of the
canal.3 The values given below repre-
sent reasonably average values.

SITE DEVELOPMENT AND HYDRAULIC ANALYSIS

where
S = longitudinal slope of canal
6 = bottom width.of canal
r- = rariius of curvature of bend

Le = centerline length of bend
u = average velocity of flow

Losses at Canal Entrances:

f r , : 0 . 0 5 4 + u 3 - u 2 t
29 29

where
u2 : velocity in canal
u1 : velocity upstream from canal entrance

Losses Due to an Expansion:

where
Ar = upstream flow area
Az: downstream flow area
u1 : v€locity upstream from expansion

Losses in a Contraction:

n ' :  O ' 2 4
2g

where u2 is the downstream velocity.

TABLI 4.2 Values of en/bE/3Sr/2 for Determining
Uniform Flow Depth in Trapezoidal Channels*

Vatues d ffi
D/b

4.13

(4.7)

(4.8)

(4.e)

TrapezclirJal
P = b + Z(I  + y,1, , ,9

e = D ( b + D Z )

n=f;=$fffi=r'o
z = O z : k - -  I

z - l z = l h z = 2

Losses at Bends:

h a  = , S I d  +  2 !  !
r 2 g

.00947 .00980 .0 r 00

.0283 .0305 .03 t8

.0528 .0585 .0628

.0813 .0932 . to2

. r r 3  . 1 3 3  . 1 5 0

. t46 . t79 .205

.  r  8 l  .230 .270

.218 .286 341

.256 .346 .422

.295  . 41 I  . 512

.37  5  . 556  . 717

.05

. 1 0

. 1 5

.20

.25

.30

.35

.40

.45

.50

.60

.0102

.0329

.0662

. l  t 0

.  t 63

.227

.303
,389
.487
.599
.858

.0103

.0339

.0692

. l t 6

.176

.248

.334

.433

.548

.679

.988(4.6)
fAdaptcd from Ref. 9.
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Losses through a Trashrack: For rcctangular bars frcc of dcbris

h , : ( 4 . 1 0 )

STTE DEVELOPMENT AND HYDRAULIC ANALYSIS 4.15

r a Surgc in aTrapezoidal Channel+

Values of y2/ H1

f t /H r

' F r i o  
nc . , l .  -.  I  r s . . 63 rq r

sections,
b_ = 0

zlr

where
r = thickness of bars
b = spacing of bars
0 : angle of inclination of rack from horizontal
u : velocity of flow approaching rack

Unsteady Flow in Open Channels

As pointed out earlier, flow in the power canal will take time to respond to a
change in turbine flow rate. Thus, if the canal is operatin g at asteadyflow rate
and the flow to the turbines is stopped suddenly, a positive surge will move
upstream in the canal. Figure 4.7 shows this surging action sihematically.
Momentum and continuity considerations can be uied to evaluate the height
of surge y and its velocity c, in accordance with Eqs. (4.1l) and (4.12) for the
particular case of a rectangular channel.

rz: i tVr + t-wrr@ - l l'  c: ,Et&)( '* f)]" '

b b
I  - : 4

zlt zlt

b- = 2 0
zlr

Z V r-; : 0.05
D

E  ^ ^ . -  -  - - - r  -  -r\sr.LilItB,Ular

sections,
Z V r
# : 0

b

0 .  t 0
0.20
0.30
0.40
0.s0
0.60
0.70
0.80

.370

.562

.694

.790

.852

.877

.866

.800

. 4 t 8

.6 t6

.738

. 8 1 4

.852

.846

.796

.750

.476

.664

.766

.820

.828

.792

. 7  t 2

.706

. 5 2 8

.696

. 7 7 8

.808

.796

.742

.677

.552
.706
.780
.800
.780
.724

.667
tAdapted from Ref.9.

where g : acceleration due to gravity and c, /s,and 12zreshown in Fig. 4.7.
For a trapezoidal canal, the equations of momentum and continuity are

somewhat more complicated, but Table 4.3 gives values of depth h in terms
of the upstream depth y1, the channel side slopes z, and the iotal-upstream
specificenergy Hr = h * u?/ZS,

Sufficient freeboard should be provided to allow for the formation of this
surge at the downstream end of the canal. However, additional freeboard may
be required to allow for wind-generated waves, serJirnentation, or excess storm
flows. This freeboard should not be less than 0.5 ft (0.2 m) for a canal carrying
l0 ft3ls (0.3 m3ls) or 1.0 ft (0.3 m) for a canal carrying ioo rtr7, d.g;tl;l:

Eventually as the surge progresses upstream in the canal, the growing down-

Qo

-f>
v l

stream volume of water will overtop the enbankment unless an uncontrolledspillway is providedt The capacity 
9i ttre spillway must be equal to the canalcapacity' Equation (4.12) can also be usedio estimate the velocity at which anegative surge will move upstream if flow into the penstocks is started sud-denly' An increase in flow cannot be introduced in less than approximatelytwice the time a surge takes to travel from the penstock entrance to the canalintake gates' A forebay volume at the penstock intake must be large enoughto provide flow to the penstock until .n ln.r..re in flow through the"canal canbe achieved.

If unexpected load changes will not occur, the system operation can be sim-plified' FIow in the canal can be increased to the nr.rrr"ry final flow rate before
:e flow has been established, which may
:bine flow rate can be increased. If thl
at a reduced flow rate the process would
imple but will result in significant quan_

critical, 
:ptable practice if water supply ii not

Allowable Velocities

Canals must be designed to convey water at velocities below that at whichobjectionable erosion of the channel will occur. For lined channels, velocitieswill always be below erosive levels. However, for unlined channels the guide-Iines in Table 4.4 should be observed.

Flow over Spillways and Weirs

FIow over the overflow portion of a dam and over the spillway is constructedto provide relief of the power canar from overtopping. The physicar raws orig-

( 4 . 1 1 )

(4.t2)

FIG. 4.7 Positive surge moving upstream in a power canal.
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TABLE 4.4 Maximum Recommended
Velocit ies for Unlined Open Channels

Maximum
recommended

. , - l ^ ^ i r . ,
v w t v v t  t Y

Material

v t

0 .1

ft/s m/s

Fine sand
Si l t  loam
Volcanic ash
Stiff clay
Shale
Fine gravel
Coarse gravel

r . 5 0
2.00
2.50
3 , 7  5
6.00
2.50
4.00

0.46
0.6 r
0.76
r . l 4
1 .83
0.76
t .22

inally developed for weirs apply. In general the over:flow section on a dam will
be designed as a smooth section to develop the greatest flow rate with the small-
est rise in headwater elevation. Spillways located on canals however will usu-
ally be constructed using a relatively thin concrete or timber wall which will
have hydraulic characteristics similar to weirs.

The shapc of a smooth spillway section can be developed from the curves
given in Fig. 4.8. The definitions in Fig. 4.8 are illustrated in Fig. 4.9. The head
on the spillway ft should be chosen properly for the design nooo lprobably a
lOGyear peak flow). The discharge for an overflow spilhvay proportioned in
accordance with Fig. 4.8 can be computed as

tFzgconlDtn

z
h

O = ?
3 ( 4 . 1 3 )

where cp is given by Fig.4.l0. Thus, using Eq.(4.13), the designer can cal-
culate the width of spillway channel B required to pass the design-flow g, with_
out exceeding the upstream water surface in agreement with the head7.

Broad Crested Weir: Flow over a broad crested weir is illustrated in Fig.
4.1 l. Discharge of such a weir is given by

Q : s'67 (#r)"' o''' (uscs units) (4.r4)

where Q is in ftsf s, and w and h are

Q - - h3/z (SI units) (4.1s)

where Q is in m3/s and w and h are in meters.
Where weirs or spillways arc utilized it is necessary

bility of erosion downstream. If the natural material

FIG. 4.8 Dimensionrcss coordinates for proportioning an overflow
spillway crest. (Adapted from Ref. I0.)

erodible, it will be necessary to provide lining or riprap to prevent erosion fromundermining the structure and eventually causing its failure. Details on sometypical structures of this type are given in Cf,up. 
"S.

Flow in Closed Conduits

Flow through penstocks, pressure tunnels, and conduits follows the physicallaws of flow in closed conduits. Thus, in the design of these components of smallhydroelectric systems it is necessary to properly consider resistance to flow in

h
w

w
h

to consider the possi-
downstream is highly

x
- h l 'u\ 0 1 0

\ * t___
::\u u c =r=i

0.s0
o 7 s

\ \

3.0 t
0
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sizing the conduit. Very freqdently the Manning equation is used to calculate
resistance to flow in conduits.

a -- + AR2/3sy2 (uscs units)

O  = : a p z / t g f z  ( S r  u n i t s )

\

I

I
f-

jN--

( 4 . l 6 )

(4. t7)

For ilosed conduits, ,S7 it the slope of the energy gradient and not necessarily
the slope of the pipe. The coefficient n is a function of absolute roughness of
the conduit, and particularly for large smooth conduits with low velocities of
flow, its use may cause an overestimation of the head loss.

1 . 2

1 .0

cd 0.9

0.8

0.7

0 1 2 3 4 5 Q , 2 0 . 1

h w
w h

FIG. 4.10 Discharge cocfficient for an overflow spillway.

FiG. 4.9 Defrnition sketch for flow over a spil lway.
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FIG. 4.Il Flow over a broad_crested weir.

It is preferable to use the weil-known Darcy-weisbach equation

h t : . f LY :
4R 29

. - , L ^ - -  t  '  , rwt*tsFe u 1 ts the energy ioss expressed in ft (m) of water, Z is the conduit length,
u is,the average velocity in the conduit, and R is the hydraulic radius.

since Eq. (4.18) is dimensionally homogeneous, g may be used in either SIor uscs systems with the proper value of g (32.21t/s2'in usCa o, lso -7
s2,in SI units); f is a dimeniionless function coefficient which depends on the
relative roughness k/4R of the conduit walls and the Reynolds number:

( 4 . 1 8 )

(4. t e)R, : 4'R

where u and R are as previously defined, z is the kinematic viscosity of water,
and k is the absolute roughness of the conduit walls.

Kinematic viscosity of water at various temperatures is given in Table 4.5.
The resistance coefficient has been found to vary in accordance with the curves
shown in Fig. 4.12.

values of k vary with the conduit material. Table 4.6 shows values of rt forvarious materials. Conduits are manufactured and thus k has been quantified
in terms of material. For tunners, however, the varue of k depends not only on
the nature of rock encountered but on the tunneling method. Bored tunnels in
mudstone have a wall roughness height equivalent tJrelatively smooth concrete

TABLE 4.5 Values of Kinematic Viscosity of Water
Temperature Kinematic viscosity, z

ft2/s

0
l 0
r  5 .6
2 t . l
26.7
32.2

' C. F
m2/s

32
50
60
70
80
90

t . 9 3  x  l 0 - 5
l . 4 l  x  l 0 - 5
l . 2 t  x  l 0 - 5
L05  x  I 0 -5

0.930 x  l0-5
0.823 X l0-5

0 . t 7 9  x  t 0 - 5
0 . t 3 1  x  l 0 - 5
0 . 1 1 2  x  l 0 - 5

0.0974 X t0-5
0.0862 x l0-5
0.0763 x l0-5

Flow over a broad-crested weir.
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Values of 4r'R at 15.C, 760 mm Hg (velocity in rnis, diameta in m)
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l0' 10 '  10.
R6 = {pPl.',

FIG' 4'r2 variation of /with Reynolds number and relative roughness.

coiduits' However, tunnels blasted in hard rock will have absolute roughnessheights & as great as 6 in (15 mm). If the tunnel is ctncrete rined, the varue of& will equal that of a concrete conouit provided smo;th forms are used.Energy losses in closed conduig due to bends and other obstructions to flowcan be calculated in accordance with Eqs. (4.20) tf,rougf, G.ZS).

Entrance L,osses:

h . :  K , t-  ' 2 g

TABLE 4.6 Values of Absolute Roughness Height ftfor Conduits and Tunnels

Material

Unlined rock tunnels:
Dril led and blasted
Bored in shale or soapsrone
Bored in limestone or igneous rock

Concrete lined
Stcel pipe with welded joints

2.0-6.0
o.t2-o.25
0.25-0.50
0.10-0.25
0.08-0.20

5.0- t 5.0
0.30-0.60
0.60-1.20
0.25-0.60
0.20-0.50

SITE DEVELOPMENT AND I{YDRAUI,IC ANALYSTS 4.?,1

TABLE 4.7 Values of Entrance Loss
Coefficient for Various Types of
Entrances

En f rqnca  t . , ^ -_ - _ , .  _ . . Y Y  t J  P v Kl

Protruding
Sharpedged
Well rounded

0.75
0.5
0.01

X,lT"il:iT;t?nce 
velocitv, and values or the enrrance ross coefficient K,

Abrupt Contractions:

, ' 2O, = *rft
where u2 is the downstream velocity, and values of the contraction coemcient
f:"y: 

given in Tabre 4.g for uariou, rarios of upstream and downstream flow

Abrupt Expansions:

h , , = U -  ( A t / Z ) r I !
zg

the upstream and downstream flow

(4.22)

areas, u; is the

(4.21)

(4.23)

where A1 and 42 are
upstream velocity.

Bends:

ha :  Kr !
zg

TABLE 4.8 Values of Abrupt
Contraction Loss Coefficient ior Various
Ratios of Downstream to Upstream
Flow Areas+

Ratio of downstream to
upstream flow area,

Az/A,

Contraction loss
coefficient,

K2

0.60
0.4
0.2
0.05

0 . t 3
0.28
0.38
0.45

t A r  o

flow arca.
uPctrcsm flow arca; /t2 E downstrcam
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SITE DEVELOPMENT AND HYDRAULIC ANALYSIS 4.23TABLE 4.9 Values of Bend Loss
Coefficient for Various Geometric
Configurations*

Smooth bcnds Mitred bends

rl I) Ks,K8K8

TABLE 4.1I Values of Gradual
Expansion Loss Coefficient for Various
Geometric Confi gurations

Az/A, 20'

t . 0
2.0
4.0

0.4
0.27
0.20

20'
40'
60 '
90 '

0.06
0.2r
0.50
L t 0

l 0 't 5 '

^ 
., = bcnd radius; D = insidc conduit diamctcr;g = anglc bctwccn branchcs of the UenJ.

where u is the verocit,v at the bend, and values of the bend ioss coefficient Kgare given in Table 4.9 for various geometric configurations.

Gates and Valves:

O r :  * " *

where u is the velocity at the gate or valve, and values of the loss coefficient K,are shown in Table 4.10 for various gate or varve regimes.

Gra\dual Expansions:

.A2 and /2 r upstrcam and downstream ffow
arcas respcctivcly; € - cxpansion anglc.

as pointed out earlier, must be designed to provide the required flow rate forthe hydroelectric plant. Energy losses in the penstock are calculated using themethods and equations set roiitr in the section on closed+onduit flow.aThe hydraulic characteristics of tl
connected. Sudden closure of the wicl
itive pressure wave to move upstrearn
The speed of sound in a steel ienstocl
4,000 ft/s (t,220 m/s). The iressure
given approximately by

6^P - puc (4.26)
where

AP = pressure rise, N/m2 1tU1tt21
p: densityof water, 1,000 Vel^t e.g4slugs/ft3)
c = verocityof sound in penstock, r.,220 r7J(+,oilo rt7rl
u : velocity of flow, m/s (ft/s) 

'

h walls thick enough to withstand the
,lus this pressure rise unless some means'ovided. Since the elasticity of the pipe
of sound in the penstock is somewhat

,r. When a positive pressure rise is gen_
be reflected negatively at the penstock

ll then move down the penstock, again
lve again, reaches the turbine control
I negatively again, resulting in a reduc_
y-state value.
it_will probably be desirable ro design

economicar to provide a surge tank "Jltiil'i:f.i"trfi:*;lxJ.!:;';;allows water moving down the penstock to flow upward out of the penstock

3.0
2.5
2.0
r . 5

0.4
0.3
0.2
0 . 1 5

0.30
0.25
0 . t 5
0 . t

0.2
0 . r5
0.12
0.08

h g r :  K r r *

(4.24)

(4.2s)

whcre u1 is the upstream velocity, and values of the loss cocfficient for gradualexpansions are given in Table 4.1 I for various g*rltri. configurations.

Penstock Design

Although almost ail modern penstocks are built from steer, many have beenbuilt in the past from wooden itauo reinforced with steel bands. The penstock,

TABLE 4.t0 Values of Valve Loss
Coefficient for Various Value Regimes

Position

Gate valve Buttcrfly valve

t/ D' KuKu

Fully opcn
Half open

Quartcr open

2.3
4.3

r0.0

0 . 1
0.2
0.3

0.t
0.3
0,75

't - thickncss of thc butterfly; O _ iWdiamctcr.
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Powerhouse

FIG. 4.13 Typical penstock and surge tank.

SITE DEVELOPMENT AND HYDRAULIC ANALYSIS

P : pressure in penstock
I - cross-sectional area of penstock
Or = angle as shown in Fig. 4.14
O  -  ^ - - r -v2 - angrc as snown rn Fis- 4 14

F^, : Qzp (cos e2 - coset)/A
F^y : Q2p (sin 02 - sin e)/A

where
F,,o : horizontal component of momentum force
F^y = vertical component of momentum force

Q : rate of flow in penstock
.{ - cross-sectional area of penstock

Or, Oz : angles as shown in Fig. 4.14
p : density of water

I to allow for stresses produced by tem_
; against external load, and differential
variations are usually small when the
rstock is very long, expansion joints may
the pipe produced by temperature vari-ations are unimportant compared to movement of the anchorages. wheremovement is expected it may be desirable to use expansion joints near majoranchorages.

Vertical bend in penstock.

4.25

(4.2e)
(4.30)

F p , - P . A ( c o s O 1  - c o s 0 2 )

F p y : P . A ( s i n O l - s i n O z )

where
Fp, : horizontal component of pressure force
Fr, = vertical component of pressure force

(4.27)

(4.28)

FIG.4.14
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FIG. 4.15 precast concrete penstock support.

Figure 4.15 shows one type of precast penstock supports which can be used.
The cradles can be precast, transported to the site, ;nd suspended from the
penstock. The footing is then cast in place beneath the support cradle to com-
plete the support.

-T-
t -
t -

SITE DEVELoPMENT AND HYDRAULIC ANALYSIS 4.27

K

5
*l

I

I + o

FIG. 4.17 Typical penstock inrake strucrure.

Intake Structures for penstocks

Seclion A-A

FIG. 4.16 Lower penstock anchorage. G : 0.72uD ( 4 . 3 1 )
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where
u : velocity in penstock, m/s

D : inside diameter of penstock, m

Sufficient room must be provided to allorv for regular cleaning of the -rrash-
raek. Piacing the gate in front of the penstock wilfallow air to inter the pen-
stock freely when the gate is closed and the penstock is drained, thus preventing
the occurrenc€ of possible penstock collapse due to negative pressures. Air
valves can also be provided for this purpose, but their operation is less certain.

The penstock intake structure cannot be completely generalized because it
must be designed to fit the particular site. Howeu"r, t"Ut. 4.12 gives values of
several typical dimensions which will guide the overall design of tne structure.
The values are given in meters in terms of the flow rate wn[n must be passed.

4.5 TURBINE SETTING

Cavitation occurs to some extent in all hydraulic turbines and pumps when
local pressure is reduced to the vapor pressure as a result of increasls in velocity
or an ambient drop in pressure. In this low-pressure area, water vaporizes
forming bubbles which, when carried downstrlam into areas of higher pres-
sure, collapse violently. The rapid collapse produces very high insti,ntaneous
pressurQs which fatigue and erode any nearby solid surfaces. If the cavitation
ls severe enough and occurs over a long enough period of time, serious damage
to the turbinc runner may occur.

In general, minor cavitation erosion will occur on most hydraulic turbines.

SITE DEVELOPMENT AND HYDRAULIC ANALYSIS 4.2g

The croded metal is replaced by welding during regular maintenance sessions
for minor cavitation damages. To avoid major damage it is necessary to con-
sider the unit speed properly, design all hydraulic passages properly, specify
proper metals, a9d carefu!!y establish the dlstance between 'rhe turbine center-
iine anci the taiiwater elevation. This distance is called the turbine setting. For
a given turbine setting the tendency for cavitation increases with increasing
rotational speed. For economy in equipment it is desirable to use a deep setting
which allows the use of a smaller, Iesi costly, higher-speed turbine for a given
power.

Cavitation can occur on the buckets of impulse or Pelton turbines. However,
on these units the tendency toward cavitation results from improper bucket
design or construction since the turbine runners are normally exiosed to atmo
spherie pressure. cavitation is discussed further in chap. 6.

4.6 POWERHOUSES

The purpose of the powerhouse is to support the hydraulic and electrical equip
ment and to provide protection from the adverseimpacts of weather. In addi-
tion the powerhouse may provide a shop for maintenun." work, a locker room
for the use of operators and maintenance workers, and miscellaneous equip
ment including exciters, switchboards, oil switches, and sometimes high-volt-
age transformers. The layout of all this equipment will determine the overall
dimensions of the powerhouse.

For larger turbines and generators, an overhead crane may be desirable. The
crane must have sufficient capacity to allow handling of the turbine runner andgenerator rotor for initial construction and for futuie maintenance. Since the
crane usually travels on rails rnounted on the powerhouse superstructure, struc-
tural design of the powerhouse walls will frequently be governed by the crane
loads' For smaller power plants it may be simpler and more economical to lift
the runner or rotor using a mobile crane whictr-can work from outside the pow-
erhouse. For that alternative a properly sized opening in the powerhouse roof
must be designed, or the roof itself can be designed for removal.

General Arrangement

For powerhouses with multiple turbines and generators, the generators are usu-
ally placed in a straight line so that flow p*rug,, are as simpre as possible.
Clearances between different pieces of equiiment-is important. Where multiple
units are involved, an unobstructed aisle, aiproximately g ft (2.4 m) should be
provided along one side of the powerhouse.

In a small powerhouse the operating switchboard should be located as near
the generators as possible. other equipment items such as governors, pumps,

TABLE 4.T2 Typical Dimensions for a Penstock Intake Structure+
Flow ratc, ml/s 1 .0 4.0 6.0 8.0 10.03.02.0

A
B
c
D
E
G

H
I
J
K

Bar thickness, mm
Bar spacing, mm
Bar width, mm

t .9  2 .3  2 .5
0.80 0.90 0.95
0.90 0.90 0.90
1 .0  t . 2  1 .3
0.s0 0.60 0.60
1 .5  t . 7  t . 9
0.4 0.5 0.6
0.9 L  l  t .3
0.35 0.40 0.45
1 .6  1 .8  1 .9

45 50 50
25 25 30
5 5 6

2.9 3.5
1.00 l .  t0
0.90 1.00
1 .5  t . 9
0.70 0.80
2.1 2 .4
0.65 0.7
r . 5  t . 7
0.50 0.53
2.O 2.2

4.2 4.6
l . l 5  t . 2 0
I . r 0  1 . 3 0
2.3 2.4
0.90 1.0
2.8 3 .3
0.8 0.9
L9 2.0
0.57 0.6
2.3 2.4

60 70
34  35
6 6

50 50
30 32
6 6

tScc Fig. 4.17 for thc mcaning of thc symbols.
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exciters' and vcntilating fans should be located so that they are easily inspectedby the operator..The overall layout should provide for ease of inspection andmaintenance an4'thus, requirei carefut thought during pranning.

_^_4."::lll 
consjderarion rnust be given to anlperationi pran foimajor equip_

rrrsul Ispatr ano malntenance. F-or tasks involvino rAnnn,_,q! nf th^
the turbine runner, shertered rpu..;l;;i; ;;;;"";il;;'* -nr"n ff:HJ;:can be laid down fo1 tlmporary storage or ,rp"ir. Arthough this space can beprovided in another building, or outside temptrary sheltei in mild climates, itis usually desirable to provide a working bay which may be I to lX times aswide as the operating bay. Providing this space within the powerhouse simpli-fies repair and maintenance makingit porribl. to do emergency repairs in min-imum fime.

wherc spillway gates or pumps may need to be operated, a source of powersh.ou]d be provided which iJ inaipendent of the main generators or the trans-mission lines- For remote sites a gasoline- or diesel-operated emergency gen-erator should be available.
The overall configuration of the powerhouse is very much dependent uponthe type of turbine used and the tuibine setting. The size of the turbine, andthe.sizc of the powerhouse as well, will be invJrsely proportional to the headavailable for a given power output. Figures 4.18 and 4.19 show typical layoutsfor small high-head and low-hiad units respectively. Final layout of the pow-

erhouse must be made after the turbine and generator haue been chosen. How-ever'vough estimates of floor area for the powerhouse and volume of reinforced
concrete required can be estimated from Fig. 4.20.

For powerplants with less than 600 kw capacity, transformers will be smalle.noucf that they may be located inside ttre'poweitrouse itself. In such casesthey should be located outside the work area, preferably in a separate room.This separation is requircd for both comfort and safety. The high voltagesinvolved make proper clearances absolutely necessary.
The generators themserves will normarfu produce enough heat to keep thepowerhouse comfortable in cold weathrt. Ho*ruer, during warm weather goodveatilation of the powerhor.rse will be required both for comfort and stable oper-ation of instrumentation.
For plants with capacities greater than 600 kw the transformers andswitching gear should be located in a yard outside. This switchyard should be

FIG' 4'lt Powcrhousc rayout for a high-head unit. pran (reft) and
scction of plan bctwccn arrows (right).

SITE DEVELOPMENT AND HYDRAULIC ANALYSIS 4.3I

FIG. 4.r9 powerhousc rayout for a low-head unit instared in aflume.

as close to the powe-rhouse as possible and should be surrounded by a sturdy,durable fence for safety. The yard should be located and graded to provide forgood drainage without ponding. A gravel base should be provided around allequipment.

4.7 CAPITAL COSTS OF SITE DEVELOPMENT

Srte development costs are very much site specific. Some sites will lend them-selves to minimum excavation, short power canals, low dams, and short pen_

E
D(!
o

I

10.0 n.o
t t

fn

5.
t
I

Discharge capacity, m, s
FIG. 4.20 Powerhouse floor area required for pclton and high-hcad Francis turbine installations
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stocks; on others, rock may be deep, requiring large quantities of excavation,
or soils may be unstable, requiring special designs. Costs will vary greatly with
these varying conditions.

However, historiea! reeords can be used to develop capita! costs for siie
cieveiopment. This has been cione by the U.S. Army Corps of EngineersT and
by the United States Water and Power Resources Service.s The cost infor-
mation given in these sources is intcnded to be for estimating purposes only,
and particular installations may vary from this data. No consideration was

neous power plant equipment.
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Doms ond Reservoirs

John J. Cassidy

A dam will be an important increment of nearly all small hydroelectric devel-
opments. For some installations the dam will be-small and sJrves only to divert
flow from a river or stream through an intake structure into a power canal or
tunnel' Higher dams serye to develop head for low-head developrnents which
may utilize bulbty-pe or flume-type turbine installations. Because the capital
development cost of large dams is a major part of the total hydroelectric project
cost, small hydroelectric developments utilizing high dam, 

"r. 
generaly not

economically feasible. This chapter considers the various types oid"-, which
are most often required as part of a small hydroelectric development.

5.I TYPES OF DAMS

Dams are classified by type according to the materials used in construction and
the physical nature of design. The major types are gravity, arch, buttress,
earthfill, rockfill, and masonry. (See nig. S.f .)'

Gravity dams utilize their own weight to overcome all forces applied to the
dam and maintain stability. They are constructed from both concrete and
masonry.

Arch dams normally are designed as structural members which transmit all
loading to the abutments. Thus, abutments for arch dams must be sound rock.

< r
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Construction
Trpe Material

Gravrty Concrete or
masonrv

Earhfill Earth or rock
or rod<fill

Buttress Concrete,trmber,
of sleel

FIG, 5.1 Basic types of

DAMS AND RESERVOIRS 5.3

one of the first considerations is the height of the dam and the requirementsfor a spillway' If little or no reservoir storigc is required, a low overflow dam
*:,1^::j:i:,d:*d 

firsr. rf the streamflow is highly variabre, controt sates'LLaJ vs rsqurreq on tne crest ol the dam to force water into the diver-sion canaiduring low-flow periods. The dam must be designed so that ou"rflo* during thedesign flood can occur without serious damagel
If the dam is to be used to develop head ior a low-head development, or ifsignificant reservoir storage is requiied, a separate sp'rway section may berequired' In this case the spillway must be able to pass the design flood withoutdamage to the spiilway, the dam, or the po*erhouse. whether the spilway isto be incorporated in the dam will have signincani"rect on the choice of typeof dam' A long earthfill dam may incorporlte a concrete-gravity seetion for thespillway' if a suitabre off-channer site is possibre the sp'rway rnay be con_structed away from the dam itserf. Figure 5.2 shows three typicar dam andspillway configurations.

An earth dam of given height will almost always be cheaper than a concretedam if earthmoving equipm*t ir available ano lr sufficient quantities of theproper earthfill are available. However, a spillway cannot be constructed ontop of an earthfiil dam, whereas a concrete or masonry dam can be designedas an overflow section. Thus, consideration must be given to the relative costof constructing a separate spillway as opposed to constructing a concrete ormasonry dam. If the dam is rerativery short, a concrete dam may be more ecenomical' An earthfi, dam must be provided with an impermeable zone to previde for control o.f seepage. Ideally, the earthfill dam site will have an under-lying impermeable earth layer to which the impermeable core can be joined.However, an upstream blanket of impermeabre earth can be used providedthere are no horizontaily stratified layers of gravei o, ,and under the dam.The higher the dam the more critical witi be the foundation requirements.Strength of the foundation for a high dam, 35 m (l 15 ft) or more, will bestringent for either earthfil or gravity dams. In addition, the higher the damthe more difficult it is to controfseepage. In general a dam can be designed tobe safe at any site. However, the reiuliing oe"sign may ue prohibitivery expen-sive' In actuality the number of feasible dam-sites may be quite limited bytopographic or georogic conditions. In general, a narrow stream flowingbetween steep rock walls will lend itself ,nort economically to a concrete damwith an overflow section for a spillway, whereas a broad stream in rolling hillswill lend itself most economicaliy to an earthfill dam with a separate spillway.A solid-rock foundation will offer good resistance to seepage and erosion andwill provide good bearing capacity. 
Ihyr, it can r"ppo" nearry any type ofdam' The economy of available materials and labor, or the overall cost of thedam, will govern the ch.ojce of type of dam urti-"iriy to be constructed.Gravel foundations, if they aie *ett compactea una free from ,oir, ,uu;r.tto substantial settrement, can be satisfactory for 

".rrnnr 
or rockfiil dams and

capable of supporting the rather large thrust loading with negligible disptace-
ment' Because of their required structural integrity, arch dams are normallyconstructed from reinforced concrete. The upst-rr"* ,uruature is designed tokeep the concrete in compression throughout the dam.

Buttress dams of many types have bien designed throughout history.r Thesimplest and most common consists of a sloping-slab supported at intervals bybuttresses' The buttress dam combines struct*ul rn"rnbers whose weight andconfiguration combine to develop a gravity dam.
- Earthfill dams are normally constructed entirely as earth embankments.
Seepage through the dam is controlled by tr,. Jmigned use of upstream blan-kets or internal cores constructed uiing comiacted soil of very lowpermeability.

Rrckfill dams utilize dumped rock to form that part of the dam which provides for structural integrity. An impermeable seition, normalty buitt fromconcrete, providcs seepage control.
Masonry dams differ from rockfill dams in that the stone is hand placedwith mortar with the result that the entire dam is impermeable.
Thc type of dam to be used is chosen after considering the height of theproposed dam, the type of foundation materiar (earth or rock), the rength ofthe dam, the availability of skilled and unskilied labor, the availability ofcement, aggregate, and reinforcing steel, and the availability and cost of bothpermeable and irnpermeabre soils and earthmoving and compacting 

"luipn'.nr.A concrete dam generally requires a sound rock foundation. Some grouting ofthe foundation should be planned since rock will almost always be fractured tosome degree.
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Sprllway section

FIG. 5.2 Typical dam and spillway confrgurations.

for low concrete gravity dams. However, because high percolation rates occur
in gravels, special design precautions must be taken to cut off flow under the
dam and through the abutments.

Foundations composed of fine sand or silt can sometimes support low con-
crete darns or earthfill dams. However, problems involving excessive settlement
can arise and very special design precautions must be taken to prevent failure
through piping. Because sand and silt are readily eroded, it is also necessary to

w @
ffi \---J.T-F-ffi" rralt

(a) Concrete or masonry with overflow section.

DAMs AND RESERVOIRS 5.5

make certain that erosion at the toe of the dam does not occur as a result of
spillway or outlet works operation.

Clay foundations can support earthfill dams. However, if the clay is uncon-
solidated, ancf if its moisr.ure content is high, objectionable settlement can
occur. To prevent such settlement it is necessary to provide for special drainage
and for preconsolidation of the foundation prior to construction of the dam.
Tests of clay materials in their natural state are usually required to determine
its consolidation characteristics and its ability to support the loads which will
be superimposed during and after construction of the dam.

It is not at all uncommon to encounter foundations where more than one
type of material and/or condition exists. Since differential settlements will
almost always arise when a dam is constructed on such a site, special design
considerations will be needed to choose the type of dam to be used and its final
configuration.

The type of material available at the site will have strong bearing on the
choice of type of dam through economics. If fractured rock can be quarried
near the site, a rockfill or masonry dam can have an economic advantage. Sim-
ilarly if suitable earth, free of organic materials, is readily available near the
site, an earthfill dam will be favored. For economics to favor a concrete dam,
clean gravel and sand and quality water must be available at the site. For all
concrete, it is very important that both aggregate and water be free from alkali
which reacts chemically with cement to produce serious deterioration of the
concrete over a period of years.

5.2 EARTH DAM DESIGN

Failure of earth dams can occur as a result of overtopping during a flood, exces-
sive erosion due to wave action, piping caused by flow through settlement pro-
duced crack, or improperly designed or constructed filters. International stud-
ies of dam safety show that earthfill dams can be designed and constructed to
stand safely at heights exceeding 1,000 ft (305 m).2 Failures among small dams
are, however, much more common, presumably because less importance is
attached to investigations prior to design and less stringent design and con-
struction requirements are adopted. This discussion is directed toward design
procedures applicable for earthfill dams of the rolled-filled type which in gen-
eral do not exceed 20 m (65 ft) in height.

There is no typical earthfill dam. However, some general similarities exist.
Figure 5.3 shows schematic sections of several earthfill dams for particular
foundation conditions. Seepage through the dam is controlled by a core of
impervious soil located in the central or upstream portion. Upstream and down-
stream shells provide structural support for the impervious zone. Thickness of
the impervious zone depends largely upon the availability of the impervious fill

(c) Earthfilldam wih a typid offcfrannelspdhrvay.
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(a) Homogeneousearthfill

lmpervkrus core

Structuralfill

Drain

(c) Zoned earthfill with upstream core

FIG. 5.3 Typical earthfil l dam sections.

material. When borrow areas are such that selection of particular types of soils
is impossible, a homogeneous fill can be constructed. However, even then care
should always be taken to place the more pervious material toward the down-
stream or upstream limits. The more impervious fill should be placed toward
the center of the fill.

Seepage through an earthfill dam always occurs. The embankment design
must ensure that thc seepage is a minimum and that the fill material is not
carried away by the seepage (piping). To protect against piping it will always
be necessary to provide drains with properly designed filters on the downstream
side of coves or near the downstream limit of a homogeneous fill. A filter must
be constructed from properly graded sands and gravels. Gradation require-
ments were originally set by Terzagi,3 The following requirements have been
established by the U.S. Army Corps of Engineers and are a modification of
Terzagi's original standards:a

(5 .  1 )
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4ds 1  Ds 120d$ (5 .2 )
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w h e r e  I )  o n r l  r f  r e f a ,  r a c n a a f i ' , o l r r + n  + L . -  - - ^ : -  ^ i - ^  ^ C . L ^  c t . ^ -  - ^ + - - i ^ r  - - r  r L -
7  . vLv^  r vo f l vv r rYwrJ  l v  l r l r v  E , rA r l r  D t4 ' 9  \ r l  L f l t r  l t l l ( l l  l f f a tE l l a l  a I lU  L I IC

rnaterial to be protected. The subscripts indicate the percent of material fines.
To use these filter requirements it will be nccessary to sample both the fill

material and the filter material and to determine the grain-size distribution for
both.

Where an earthfill dam is to be built on an impervious foundation, the foun-
dation can be thoroughly cleaned and the earthfill placed directly on the foun-
dation. In such cases, the contact zone may be the most critical portion of the
dam, since irregularities there may provide a weak zone where piping can
begin. Thus, it is vital to provide a properly designed filter along the down-
stream side of the impervious zone.

If the impervious foundation is rough rock it will be necessary to trim the
rock and place a lean concrete layer over the foundation beneath the imper-
vious zone. The concrete layer will ensure a uniform contact between the foun-
dation and the impervious zone mirrimizing the chances for piping. Any badly
fractured rock should be removed back to the solid foundation. Open joints and
seams should be cleaned as deep as possible and backfilled with lean concrete.

Earth foundations must be stripped to a depth that all roots and other
organic material are removed. Any pockets of soft compressible soils should be

and any holes left by excavation of stumps or boulders should be back-
filled and hand tamped. Once clearing and stripping of the foundation has been
completed, the entire foundation should be plowed and then rolled to provide
a unlform compaction. As heavy a roller as possible should bc used for this
operation in order that any previously undetected soft-soil deposits will be
located.

If a cutoff trench is not required, an inspection trench, at least 6 ft deep
should be excavated from one abutment to the other. This excavation will
exposeany abandoned pipesor perviousgravel deposits not detectedduring the
foundation exploration. When inspection is complete the trench should be
backfilled and compacted.

Where a pervious layer overlies an impervious zone, a cutoff trench will be
desirable as shown in Fig. 5.3. The required bottom width w of the cutoff
trench can be estimated with the equation

w : h - b  ( 5 . 4 )

where fr is the maximum depth of water in the reservoir and 6 is depth of the
trench below ground surface. The minimum width of the trench should be wide
enough to accommodate equipment for excavation and compaction.

A central impervious core, a cutoff, is very common in earthfilldam design.
It is preferable where proper soils may be readily obtained from the borrow

(b) Zoned earthfill with central core

D$ < SdEs
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areas. The impervious core must be wide enough to ensure that the impervious
material wil l not arch between the upstream and downstream shells as settle-
ment occurs. An inclined core tends to minimize this arching potential. Its
_ _ _ : l . L  _ L ^ _ - t J  2 _  _  _  - _  _ _ r  _ - ^  r _ -  t - - -  r r _ - _  : _  _ : _ - _ _  t - _ -  n -  / E  t \ , T i L ^  r _ _  _ _ - ! l r | .
wtutn sf ioulu ln gengral  not  oe ress rnan 15 grv€n uy Dq. (J.+r .  r  nE LOP wlqrn

of any zone should be great enough to provide for ease of placement and com-
paction by the available equipment.

Slopes of the outer shells of the embankment are controlled by the shear
strength of the fill material itself and that of the foundation. Stability of the
slopes should be analyzed using the shear strength which will exist both during
construction and after the reservoir fills. Conditions arising as a result of rapid
drawdown of the reservoir, when much of the fill will be saturated, should also
be analyzed. Earthquake loadings should also be considered in zones where
seismic activity can be expected.

Analysis of slope stability can be performed in several ways.5 The "slide-
circle" approach is perhaps the simplest and most direct method to apply.
Application of any of these methods requires that soil properties of both
embankment and foundation material be determined through field and labo
ratory investigations. For a small dam, all this information may not be avail-
able, and it may be difficult or prohibitive to obtain. The U.S. Water and Power
Resources Service (formerly the U.S. Bureau of Reclamation) has developed
some guidelines for maximum upstream and downstream slopes to be used for
smalt earthfill dams.6 Table 5.1 lists those recommended slopes in terms of the
materials used for the shell and core material. Table 5.2 defines the soil clas-
sification used in accordance with general properties. Table 5.1 should be used
with carc unless the user is experienced in soils engineering. Every effort should
be made to classify the soils carefully in agreement with Table 5.2.

Figure 5.4 defines the slopes and the sizes of "maximum" and "minimum"
coresas used in Table 5.1. The desired top width of an earth damW can be
approximated by Eqs. (5.5) and (5.6)

l0 (USCS units)
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TABLE 5.1 Recommended Slopes for Small Earth Dams on Stable Foundations

Type Purpose

Subject to
rapid

drawdown'

Soil classificationt
Upstrcam

slopc
Downstrcam

slopc

Homogcneous or
modified-
homogcneous

Dctcntion or
storagc

No GW. GP, SW, SP
GC, CM, SC. SM
CL,  ML
CH. MH

I+
2 * : l
3 : l

2 % : l

+
2 : l

2Y t : l
2%: l

Modified-homogcneous Storage Ycs GW, GP, SW, SP
cc, GM, sc, sM
CL, ML
CH.  MH

+
3 :  I

3 k : l
4 : l

++
2 : l

2Yz : l
2t*l

souRcE: Adaptcd from Rcf.6.
rDrawdown rates of 6 in (150 mm) or morc pcr day following prolonged storage at high rcscrvoir tcvcls.
tSce Tablc 5.2 for dcscription of soil typcs. OL and OH soils irc not rccomminded from major portions

of homogeneous earthfill dams. Pt soils arc unsuitablc.
tPcrvious, not suitablc.

a crack can open up as shown in Fig. 5.5. The crack can induce piping and
resulting failure of the dam. Where abutments are steep, dam slopes should be
flattened to avoid potential arching during settlement.

Embankment Soils

Most soils can be used for embankment construction unless they have objec-
tionable physical or chemical properties. For example, soils with high salt con-
tents or soils with significant organic content should not be used. Organic mate-
rial increases a soil's compressibility and tends to lower its shear strength.
Some soils have properties which make them difficult to use. Fat clays, which

5.9

where // is the height of dam; // and
for Eq. (5.6).

(s.5)

(s.6)

and meters

Abutments

Abutments should be inspected as thoroughly as the foundation. Rock abut-
ments require the same treatment as rock foundations. Where jagged or frac-
tured rock exists on the abutment, particular care must be taken to trim the
rock to a smooth line, If this is not done, differential settlement will occur and

ll/ -

ll/ --

H
; *
)
H- +
5

(SI units)

W are in feet for Eq. (5.5)

A. Zoncd earthfill dams

Typ€ Purposc

c . . L : ^ ^ .  .  ̂
ouu j su r  t 9

rapid
drawdownr

Shell  material
classif icat ion

Core matcrial
classi6cationt

Upstream
slopc

Down-
slrcam
slope

Zoned with
"min imum

core"$

Any Not
cri t ical

Rockfi l l .  CW. CP,
SW (gravel ly),

o r  SP
(gravel ly).

GC.  GM,  SC,  SM,
CL,  ML,  CH,  o r
M H

2 : l 2

Zoned with
"max imum

core"$

Zoned with
"max imum

corc"f

Detcntion or
storage

Storage

No

Yes

Rockfi l l .  CW, GP
SW (gravcl ly),

or SP (gravel ly)

Rockfi l l ,  GW. GP,
SW (gravcl ly),

or SP (gravcl ly)

CC,  GM
SC, SM
CL,  ML
CH.  MH
GC,  GM
SC, SM
CL,  ML
CH,  MH

2 : l
2Y , : l
2 Y : l

3 :  I
2Yz : l
2Yz : l

3 :  I
3|;1:l

2 : l
2Y , : l
2 X : l
3 : l
2 : l

2Y , : l
2 k : l
3 : l

B. Homogeneous carthf i l l  dams



Coarsc graincd soils

u r a v e  t 5 :

C l e a n

With f incs

Widc range in grain sizc and substantial
amounts of al l  intcrmediate parr iclc
srzcs

Predominantly one size or a rangc of
sizes with somc intcrmcdiatc sizcs
mlssrnS

Nonplastic f i  ncs (for identi f icat ion
proccdurcs scc ML below)

Plastic f incs (for idcnti l icat ion
procedures scc CL below)

G W

G P

C M

C C

Well-graded gravels, gravel-sand

mixtures, l i t t lc or no f incs

Poorly graded gravels, gravcl-
sand mix tu res .  l i t t le  o r  no
fines

Sil ty gravels. poorly graded
gravel-sand-si l t  mixtures

Clayey gravels. poorly gradcd
gravel-sand-clay mixtures

Sa nds :

C lcan

With f incs

Widc range in grain sizcs and
substantial amounts of al l
intermcdiate part icle sizes

Predominantly one size or a ran8,c of
sizcs with somc intcrmediatc sizes
mrsslng

Nonplastic f i  nes (for idcnti f icat ion
procedures see ML bclow)

Plastic f ines (for idcnti f icat ion
proccdures sce CL below

SW

S P

S M

SC

Wcll-gradcd sands, g,ravcl ly

sands, l i t t le or no f ines

Poorly graded sands, gravel ly

sands. l i t t lc or no f ines

Sil ty sands, poorly graded sand-
si l t  mixturcs

Clayey sands. poorly graded
sand<lay mixtures

TABLE 5.2 Descript ion of Soi ls as Uscd in Tablc -5. |  +

Ficld inspcction procedures
Group
symbol Typical names
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Frc. s.4 sizcs of ,rr'o"r","H'Illx,lr"o in rabte 5.t. (After Ref.
6.)

may have high liquid limits, will generally be very difficult to work. Fine silts
with uniform gradation and rock flours are very sensitive to water content and
are usually difficult to compact. Moisture content of silts and silty soils is low
for optimum compaction, requiring specialcare to control moisture both on the
embankment and in borrow areas. They are particularly difficult to use in rainy
climates. In dry climates it will usually be necessary to add water to obtain
proper compaction. In-site moisture content should be studied when a borrow
area is being selected.

Wave Action and Freeboard

An earthfill dam can stand little or no overtopping. Overtopping during a flood,
even for a very short time, can result in erosion and breaching of the dam,

FIC. 5.5 Trimming required at a jagged rock
abutment.

High ly  o rgan ic
soi ls

Fine grained soi ls

Rcadily identi f icd by color, odor, spongy
fcel and frcqucntly by f ibrous tcxturc

Peat  and o ther  h igh ly
organrc soi ls

rAf tcr  Rcf .  5

(  r n

|+

Minimum core with qlofl trenctr

Minimum se without qrtofl trencfr

Soil type
Dry

strength Dilatancy Toughness
Croup
symbol Typical names

Sil ts and clays None to
sl ight

Medium to
high

Slight to
mcdium

Slight to
mcd ium

High to
vety

h igh

Mcdium to
high

Quick to slow

None to very

s low

Slow

Slow to none

Nonc

Nonc to very
Slow

Nonc

Medium

Sl igh t

S l igh t  to
mcd ium

High

Sl igh t  to
mcd ium

OH

M L

C L

OL

MH

CH

Inorgan ic  s i l t s  and very  hnc
sands, rock f lour, si l ty or
claycy f inc sands with
s l igh t  p las t i c i t y .

Inorganic clays of low to
medium plastici ty,
gravel ly clays, sandy
clays, si l ty clays, clays

Organic si l ts and organic
si l t  clays of low plast ici ty

Inorganic si l ts, micaceous
or diatomaceous f ine
sandy or si l ty soi ls,
c las t i c  s i l t s

Inorganic clays of high
plastici ty, fat clays

Organic clays of medium to
high plast ici ty
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Wave action can also be a threat to the integrity of the embankment. A layer

of riprap must be placed on the upstream side of the dam to prevent the waves

from eroding the fill. The size, gradation, and thickness of the riprap layer

depends upon the height of wave which can be expected to develop on the res-

ervoir. Figure 5.6 illustrates wave runup on a riprapPed dam surface.

Waves are generated in inland reservoirs by sustained winds. The distance

which the wind passes over water is called thefetch. Design fetch for a reservoir

is determined by the reservoir configuration as well as the maximum over-

water distance. Figure 5.7 shows a reservoir configuration as well as the max-
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imum over-water distance. It also shows the procedure by which effective fetch
is calculated. The central ray in Fig. 5.7 is the maximum over-water distance
between the dam and the far end of the reservoir. Supplementary rays are
l - ^ - - . - ^ - - L ^ - - . 1 ^ - l r L - - f f - - r ' - , - f - ^ - 1 ' - r l - - ,  - - t -  t ,  t ' , turawil as siluwn anu rng cuecLIVe te[cn ls tnen calaula[eq ln accorqance wltn

the tabulated values.
Wind speed to be used in wave-height determinations must be chosen judi-

ciously. Wind speed in the direction of maximum fetch is required. Data on
wind speed is seldom available in sufficient quantity or quality to enable the
development of a wind rose which would yield wind speed, direction, and dura-
tion. If possible lOGyear and maximum wind speeds should be estimated on
the basis of the nearest available records.

Wind-generated waves on an inland reservoir are not of uniform height.
Instead, individual heights are part of a spectrum. If the heights of 33X percent
of the spectrum of waves are averaged, that average height is called the sig-
nificant wave height 4". Thirteen percent of the wind-generated waves will have
heights greater than a".7 Only 0.4 percent of all waves will have a height
exceeding 1.67 times the significant wave height. Such a wave is referred to as
the maximum wave.

The maximum wave height (1.67 a") is sometimes used as the design wave
for freeboard and riprap design on large dams. However, for small dams the
significant wave should be satisfactory.

Figure 5.8 can be used to estimate the height of the significant wave, once
the design wind speed has been selected and the effective fetch has been cal-
culated. Figure 5.8 also shows the minimum duration of the design wind speed
required to produce the corresponding significant wave height.

The height to which a wave will run up the face of the dam depends upon
the steepness of the wave (the wave height a divided by the wave length L),
the roughness of the riprap surface, and the slope of the embankment. Rougher

Effec{ive fetch, km

FIG. 5.t Significant wave height as a function of fetch-sustained wind
velocity (dashed lines indicate required wind duration in minutes).

FIG. 5.6 Schematic illustration of wave height H and runup R.

ffitffi,
40

30

0.3 0.4 0.6 0.8 1 2 3 4 56 I  10 15 20 30 , rc5060

FIG. 5.7 Calculation of effectivc fetch for a reservoir,
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0 . 2  0 . 3 0 . 4  0 . 6 0 . 8  1  2  3  4 5 6  8 1 0 1 5  n  3 0 4 0 5 0 6 0
Effective fetdt. km

FIG. 5.9 Period of wind-gencrated waves as a function of sustained wind
velocity and fetch.

riprap achieves greater energy dissipation and a lesser runup. Wave lengths for
wind-generated waves can be computed from Eq. (5.7) or Eq. (5.8).

L : 5Jz T2 (USCS units)
L = 1.56 f (SI units)

where ?n is the wave period in seconds and L is the wave length in feet for Eq.
(5.7) ahd meters for Eq. (5.8). Figure 5.9 can be used to obtain the wave period
using the design wind speed and the calculated effective fetch.

When a deepwater wave approaches the face of the dam, its height
increases because of the decreasing depth. When the depth becomes less than
0.78 a, the wave will break. For an earthfill dam, the face is steep enough that
breaking of the wave effectively occurs on the face of the dam, and new smaller
waves do not have time to form downwind from the breaking wave. Only runup
of the fully developed wave needs to be considered. Relative runup Rf a canbe
determined through use of Fig. 5.10 for both smooth and rough dam forces as
a function of wave steepness a/L and the slope of the dam. Figure 5.10 shows
that runup for a wave of given height is smaller for flatter slopes. Because the
wave travels farther on a flatter slope, energy dissipation reduces the wave's
potential to runup.

Winds blowing over an inland reservoir produce a shear over the water sur-
face which in turn causes the reservoir surface to slope upward in the direction
the wind is blowing. The rise in water surface produced at the dam is called
setup. For very large reservoirs setup should be calculated and used in free-
board calculations. However, for small reservoirs, setup will be insignificant
and need not be considered. Freeboard above the maximum reservoir water
surface should be provided at least equal to the runup distance R. Allowance
must also be provided for settlement of the dam. For dams constructed on rel-
atively incompressible foundations a camber should be provided at least equal

2.O
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0.04 0.05 0,06 0.07 0.o8 0.@
Wave Steepness (a/|.o)

runup of wind-gcnerated waves striking the

(s.7)
(s.8)

FIG. 5.10 Rclative
face of a dam.

to I percent of the dam height. For dams on compressible foundations, I m
(3.28 ft) or more may be required.

Riprap Design

Durable rock is desirable for use as riprap to protect the face of the dam from
erosion by waves. Historical studies show that failure of riprap is very common
on earthfill dams. Riprap normally fails by being displaced by wave action, in
turn allowing erosion of the embankment. Riprap large enough and heavy
enough to resist movement by wave action is necessary. A distribution of sizes
is also required to prevent piping of the embankment through the interstices of
the roclcs. If soft stone, such as sandstone is used, waves and weather will read-
ily break and erode the riprap to the point where it is no longer effective in
damping wave action. Granite, basalt, and sound limestone are examplcs of
rock which will be effective as riprap. Some maintenance should be expected
for riprap, and it should be inspected at least annually and after any severe
storm.

Weight of the median riprap rock is calculated in terms of the stability num-
ber N, with Eq. (5.9).

0.3 0.4 0.6 0.8 1

R

wso= t^(r" ," i  
- ) '

(5.e)
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FIG. 5.ll Riprap design stability numbers. (After Ref. 8.)

where S is the specifrc gravity of the stone, Wp is the unit weight of the stone
being used, and 4 is the design wave hcight.

Figure 5.1I can be used to select a proper stability number in terms of the
wave steepness alL and the tangent of the embankment slope angle (see Fig.
5.6). A range of values of N, can be chosen from Fig. 5.11. The upper curye
in each casc will result in a stone size which will suffer a "tolerable" damage
due to wave action.t Tolerable damage may involve some displacement of rock
during a severe storm but no embankment erosion.

The stone diameter can be calculated from the stone weight as

D _
/  w \ ' / t

tt4.9 | _ |
\Wn/
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(SI units) ( 5 . 1  l  )
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where D is in crn; l7'isin metric tons; and W,sis inmetrie tons per eubie me,tet.
Thickness of the riprap layer should be 1.5 to 2.0 times the size of the

median stone. For proper riprap gradation the lveights of the maximum stone
and minimum stone should be 3.6 and 0.2 times the weight of the median stone
respectively. Equation (5.10) or (5.11) can be used to calculatethestone size
using stone weight.

Normally riprap will be obtained from a quarry where the maximum stone
size is available, probably by blasting. The quarried material is run over a bar
screen to segregate the large sizes. The finer material, which falls through the
bar screen, is first placed on the face of the dam by dumping. Coarser stone is
then dumped on top of the finer material. This procedure forms a natural filter
between the riprap and the embankment. Ideally this filter layer should satisfy
the gradation requirements of Eq. (5.1). Figure 5.6 illustrates the positioning
of riprap and filter.

Appurtenant Structures

Under no condition should any type of conduit be placed in the embankment.
As the embankment settles during and after construction, cracks will form in
the fill around the conduit resulting in piping and, ultirnately, in failure of the
embankment. Many small dams have been constructed wittr comrgated metal
pipes installed as culvert or conduit spillways within the embankment. Even
with collars installed to control seepage, dam failures are very common among
these structures.

If a conduit must be placed under an earthfill dam special care must be
exercised. The conduit should be placed in a trench excavated in the undis-
turbed foundation. Backfill must be carefully placed around the conduit and
hand tamped prior to placing any embankment. Joints rnust be provided which
allow for extension when the conduit stretches as the foundation deforms under
the load of the dam. The shape of the conduit should be such that fill will settle
onto the conduit not away from it. The horizontal drainage btanket at the
downstream side of the dam should be carried around the conduit to collect
seepage and drain it safely. If the foundation is rock, the conduit should be
backfilled with concrete.

If the conduit is to operate under pressure beneath the impervious core of
the dam, it must be steel lined to prevent water under pressure from flowing
out of possible leaks in the conduit and initiating a piping failure. Figure 5.12
illustrates a simple discharge conduit connected to a powerhouse. The slide
gate shown on the upstream end of the conduit is used only for emergencies or
for closure during maintenance of the turbine or other downstream structures.

/  w \ ' t
D = 13.8 

\n) 
ruSCS units) (s .10)

wherc D is in inches, W is in pounds, and Wp is in pounds per cubic foot.
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Gate control

Embankment
Powerhouse

Steel-lined conduil

Dratt tube
FIG. 5,12 Discharge conduit connected to a turbine.

Often a guard gate, such as a butterfly valve, is provided immediately ahead
of the turbine for flow control.

Figure 5.2c shows a possible location for a spillway for an earthfill dam.
Care should be taken to ensure that flow from the spillway does not impinge
upon and erode the base of the dam. The crest for a controlled spiltway should
be located as far upstream as possible to minimizeany possibility for seepage
into the embankment or abutment while the reservoir water surface is high.

Figure 5.2b shows an earthfill dam and an incorporated concrete overflow
section used as a spillway. The earth contact between the dam and the walls
of the spillway must be compacted carefully to ensure continuous contact.

Maintenance

Eart\f i l l  dams do require maintenance. Because it is diff icult to completely
identify all geotechnical problems which can arise in the foundation and the
abutments, it is necessary to inspect the completed dams on a regular basis.
During the first year of operation the abutmcnts, the downstream slope of the
embankment, and the valley floor should be inspected at least weekly (daily
during filling if the reservoir fills quickly). All seepage should be noted care-
fully and the volume rate of seepage flow should be measured using a small
weir. Comparison of each measurement with preceding values will call atten-
tion to any increase in seepage rate. If seepage is normal and all drains and
filters are working properly, seepage water will be clear. A qualitative assess-
ment of seepagc clarity should be recorded during each inspection. If the seep-
age becomes muddy, there will be cause for concern, since muddy water indi-
cates that piping is occurring within the abutment, the embankment, or the
foundation. If muddy discharge continues, the reservoir should be drawn down
as quickly as possible and every effort should be made to grout or otherwise
control the piping.

A postconstruction survey of the embankment configuration should be made
and recorded. Concrete benchmarks should be established on the dam crest,
near the downstream toe, and on the valley floor near the dam's toe. Annual
measurements should be made of the elevation and location of these bench-
marks to detect any bulging which might herald a slide of the embankmenr.

Riprap should also bc inspected annually to document any movement or
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deterioration. Replacement of riprap in damaged locations should be made as
soon as possible to prevent possible erosion of the embankment.

Erosion often occurs along the groin, the tine of contact between the

Any emergency equipment, such as guard gates at the penstock entrance,
or guard valves within the penstock should be operated monthly to make cer-
tain that excessive rust or other damage does not prevent operation during
emergencies.

5.3 ROCKFILL DAMS

Rockfill dams are defined as embankment dams for which at least half the

material will settle through the coarse rock resulting in settlement of larger
rock above it and possibly excessive settlement of the dam. Ideally the rock
should be of uniform-size stones which develop rock-to-rock contact. In com-
pacted rock fills it is not necessary to use such well-graded rock, since vibrator
compaction of thin lifts produces little or no tendency to segregate sizes.

Foundations for nearly all rockfill dams will be rock. To control seepage, the
bottom of the impervious section must be carefully constructed.

Impervious Facings

Figure 5.13 shows a typical section for a rockfill dam with an upstream imper-
vious facing. The impervious facing is most frequently made from concrete.
However, facings have been successfully constructed from both timber and
steel. A layer of hand-placed rock or a layer of compacted small rock is con-
structed on the upstream side of the fill as a backing for the concrete imper-
vious facing. This backing serves to transmit force exerted by water in the res-
ervoir uniformly to the rockfill. Durnped rockfill should be sluiced with water
as it is placed in order to accelerate settlement of the rock. High-pressure jets
should be directed into the fill at velocities up to 100 ft/s (30-5 m/s). water
volumes of 2 to 4 times the rockfill volume should be used. Settlement of the
rockfill during construction and sluicing can be as much as 4 to 6 percent of
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Reinlorcedoncrele lae

Larger rock

Welljraded larger
rocklill

Larg€r rock

FIG. 5.13 Typical maximum section for a rockfil l dam.

the height of the fill. Most settlement will occur during construction, but set-
tlement of as much as I percent of the dam's height can be expected to occur
within several years after completion. The impervious facing must be designed
to allow for this settlement. Lateral movement of the fill will occur at abut-
ments during settlement. The top of the fill should be constructed higher than
the designed height by I to 2 percent of the dam's height to allow for
settlement.

The upstream and downstream slopes of rockfill dams are quite steep when
compared to earthfill dams of equal height. The slopes are constructed at
approximately the angle of repose of the dumped rock which may vary from
1.4 to 1.2 horizontal to 1.0 vertical. Careful placing of a layer of rock on the
upstream side may make it possible to construct slopes which are steeper than
the natural angle of repose of the rockfill.

For the small dams discussed herein, the impervious concrete facing should
not be less than 1,0 ft (305. mm) thick throughout. Reinforcing-steel area in
the slab should be 0.5 percent of the concrete area in both the horizontal and
vertical directions. Vertical expansion joints should be provided at approxi-
mately 3Gft (9.1-m) intervals in the concrete facing. Plastic or rubber water
stops should be provided in the joints. Figure 5.14 illustrates expansion joint
details. A concrete beam should be cast behind each joint so that the facing
slab can rnove without damage during settlement of the dam or larger temper-
ature changes.

Asphaltic concrete facings have been used successfully on several high dams

Reinlorced-concrete backing beam

Plastic or rubber water stop
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Base course
Asphalt concrete

Wellgraded and well-compacted

\ Concrete toe

FIG. 5.15 Typical asphaltic concrete facing.

in the United States and in Algeria.rr Figure 5.15 shows a typical section for
an asphaltic concrete facing. Since the asphaltic membrane is unreinforced,
special care must be taken to ensure its flexibility to prevent the formation of
cracking during settlement. It must also be more impervious than is normally
developed on highway surfaces. The aggregate used must have a high percent-
age of fines. A gradation used for the asphalt facing of Homestake Dam wasl0

Grading
% passing

l )d in (38.1 mm)
No. 4 (4.76 mm)
No. 200 (0.074 mm)

100
48-7 5
7- t5

Using dry aggregate weight, 8 percent of 50-60 penetration asphalt was
used in the mix. Careful tests should be made to determine a satisfactory mix.
The asphalt should be rolled in layers and total thickness should not be less
than about 7.0 in (178 mm). Proper backing of the asphalt facing is extremely
important.

Timber facings on rockfill dams were very common in the early twentieth
century. If a lasting wood, such as redwood, is available, the facing can be quite
durable.

Steel facings have also been used on a number of older dams.rr Its desirable
characteristics are strength and ease of repair. However, current costs (1983)
tend to make steel much more expensive than either reinforced concrete or
asphaltic concrete. In addition leaks can develop rapidly as a result of
corrosion.

Impervious Cores

A relatively thin zone of compacted earth is frequently used as the impervious
zone on a rockfill dam. Rockfill sections on the upstream and downstream sides
of the impervious core provide the necessary structural support. Figurc 5.16

Facp J 'Reinforcing steel

FIC. 5.t4 Typical expansion joints for concrete facings.
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lmpervior.rs core

FIG. 5.16 Rockfil ldam with an impervious core.

illustrates this combination. The impervious core is designed and constructed
as in an carthfill dam. However, a filter section is required on both the
upstream and the downstream side of the core. These filters require special
considerations, since the rockfill zones will have much larger voids than an
earthfill section. The upstream filter is required to prevent wave action and
rainfall from eroding the upstream face of the core. The downstream filter pro
tects against piping as well as erosion from rainfall percolation. To provide
adequate piping protection, the filter section should be graded outward from
sand, through gravel, to rock as shown in Fig. 5.16.t2

Although vertical impervious cores have been used on many dams, sloping
cores provide protection against piping cracks in the core created by settlement.
The sloping core also makes construction of the various filter layers easier since
the entire dam docs not need to be raised simultaneously. Each layer can be
placed and cornpacted individually, progressing in the upstream direction. It is
very important to develop good compaction in all layers and particularly in the
downstream rockfill. Optimum slope of the face of the sloping core is from 0.5
to 0.6 horizontal to 1.0 vertical. However, the contact between the foundation
and the impervious core occurs near the upstream side of the dam, which tends
to reduce the normal force of contact. Thus, particular care must be taken
there in cleaning, grouting, and preparing the foundation.

Concrete core walls have been used in the past on both earthfill and rockfill
dams. Although most of those dams still exist many problems have arisen
including cracked and leaking core walls. The cracking is the result of stresses
induced by settlement of the dam. In general, brittle materials, such as con-
crete, should be avoided in core walls.

Inspection

Rockfill dams, because of possibly large settlement need to be observed care-
fully during first filling. Concrete surveying monurnents should be placed along
the crest of the dam and along the downstream toe so that settlement and
movement can be detected and measured. As pointcd out earlier, cracks in the
impervious core can occur as a result of settlement of the dam. Seepage flows
should also be measured to detect any significant changes in seepage rate or
muddiness of the flow.
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Spillways and Outlet Works

Design, construction, and configuration of outlet works and spillways are the
same as for earthfill dams. However, rockfill dams ean be designed for overflow
ii necessary. Thls, there is a tenciency to construct concrete-siab spiiiways on
the completed dam embankment. If this is to be done, the embankment should
be allowed to settle before spillway construction begins.

5.4 CONCRETE DAMS

Concrete dams are most often one of three types: gravity, arch, and buttress
(Fig. 5.1). Each type of dam lends itself to particular situations. The arch dam
is most likely used in a narrow site with steep walls of sound rock. Gravity dams
depend upon their own weight to be stable and are generally used where the
foundation is rock and earthfill in proper quality and quantity is not available.
Low concrete dams of height less than l0 m (32.8 ft) can also be built on earth
foundations, but particular precautions must be taken to ensure that allowable
foundation stresses are not exceeded and that the possibility of piping due to
seepage under the dam is minimized. When a concrete dam is constructed on
an earth foundation, uplift forces created by reservoir water pressure must be
controlled through the use of cutoffs or aprons.

Prior to final design of a concrete dam, it is necessary to determine the char-
acteristics of the material which will be used in the construction. Compressive,
tensile, and shear strengths must be determined for the design mix. In addition
the instantaneous and sustained moduli of elasticity, Poisson's ratio, thermal
conductivity, specific heat, and diffusivity must be determined for the mix. For
the foundation material, it will be necessary to know the shear strength, perme-
ability, compressive strength, and Poisson's ratio. When the foundation is not
homogeneous, it will be necessary to determine the preceding quantities for
each material. Indepth structural analysis of arch and buttress dams has not
been presented because of the detail required and because such dams will very
seldom be economical. (Design details for arch and buttress dams are given in
Ref. l.)

Design Loads

Each concrete dam must be analyzed considering the following structural loads
(See Fig. 5.17):

l. The weight of the dam itself (dead load). All weight is assumed to be trans-
ferred directly to the foundation without shear stress between adjoining
blocks. The force due to weight acts at the centroid of the section. Concrete
is assumed to weigh 150 lb/ft3 (2,402 kg/-r).

2. Hydrostatic forces produced by water in the reservoir. These may be sepa-
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earthquake. It is usually less than 0.1 except in areas of strong
seismic activity.

7 : specific weight of water, 62.4lblft3 (1,000 kg/-')Hydrostatic load

G1'
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C : a constant depending on the upstream slope of the dam.

The constant C is given approximately by

C : 0.7 ( l  -  e/90)
i
I U

FIG. 5.f 7 Forces acting on a dam.

rated into horizontal components and vertical components as shown in Fig.
5 . 1 7 .

3. Hydrostatic uplift acting under the base of the dam. The uplift pressure is
assumed to vary linearly from that created by the full reservoir at the
upstream face to the pressure created by tailwater depth at the downstream
toe. The integrated pressure over the base should reflect the presence of any
drains.

4. Forces due to silt deposited in the reservoir, but in contact with the dam.
Normally 85 lb/fd (1,362 kg/r') is used as specific weight of silt.

5. Ice loads should be considered in cold climates where thick ice will form
and can be expected to remain frozen for weeks or months. A horizontal
loatd of l0,00Olb/ft (14,882 kg/.) is assumed to act on the dam, at the
level where ice will form if ice depths of 2 ft (0.6 m) or greater can be
expected.

6. Earthquake forces must be assumed to act both horizontally and vertically
through the center of gravity of the dam if the site is in a seismically active
atea. The forces are applied statically unless horizontal accelerations exceed
0.10 g. Dynamic analysis of the structure must be done for larger seismi-
cally produced accelerations. Local authorities must be contacted to obtain
maximum expected horizontal and vertical accelerations for earthquakes.
The forccs applied are actually inertia forces equal to the product of the
earthquake acceleration and the mass of the dam. Their direction should be
assumed so as to produce critical stress.

7. Earthquake forces are also induced by the relative movement of the dam
and reservoir. The horizontal pressure force for a unit width of dam due to
earthquake is given by:

F" = 0.726 Ca7h2 (s .1  2)

where
F" : the force per unit width of dam
a = coefficient which when multiplied by the acceleration due to grav-

ity, 32.2 ft/s2 1l.t m/s') gives the horizontal acceleration in an

(s. r 3)

where O : the angle between the upstream face of the dam and a vertical
line (in degrees).

The moment about the base of the dam is given by

M" : 0.299 Cayh3 (s. r 4)

where M, : the moment per unit width of dam.

A normal combination of forces to be considered during design includes
hydrostatic forces produced by a reservoir at maximum normal elevation, tem-
perature stresses produced by temperatures normal for that time of year,
weight of the dam, and ice and silt load. An unusual load combination could
include loads produced by the reservoir at maximum elevation couplcd with
stresses produced by minimum temperatures and appropriate dead load, hydro
static forces, and silt loadings. A load combination including an earthquake
would be classified as a severe loading. Factors of safety for unusual and severe
loadings should be smaller than those acceptable for usual loads.

For a small concrete dam designed for overflow, full consideration should

be given to hydrostatic forces upstream and downstream, but the weight of
water flowing over the structure should not be considered.

Analysis of Stability

The dam must first of all be safe from overturning for all loading conditions.
The contact stress between the foundation and the dam must be greater than
zero at all points or the dam is unsafe against overturning. That stress is cal-
culated considering all overturning moments and the weight of the dam, and
assuming a straightline distribution of stress on the base. To assure that the
stress does not go to zero, the resultant of all horizontal and vertical forces must
pass through the middle one-third of the base.

The maximum compressive forces in the concrete and on the foundation
must be less than the specified concrete compressive strength divided by 1.0,
2.0, and 3.0 for the severe, unusual, and normal loading cases respectively.

Shear stresses on any plane within the dam must be less than the specified
concrete shear strength divided by 1.0, 2.0 and 3.0 for the severe, unusual, and
normal loading cases respectively.



2 F n

DAMS AND RESERvoIRS 5.21

be made at the site. If the crack is large, or if the material f i l l ing it is quite
soft, greater excavation may be required. Rock in thc foundation should be
excavated to eliminate any sharp changes in elevation where stress concentra-

. .r 'h ttons can occur.
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The dam must be safe against sliding. Equation (5.15) can be used to deter-
mine the static coefficient of friction between the foundation and the dam.

,  2 F ,

where

,/ : static coefficient of friction
2F1 : sum of all horizontal forces acting on dam
2Fu : sum of all vertical forccs acting on dam.

The coefficient of static friction may vary in the range from 0.6 to 0.75. How-
ever, a value should be determined by laboratory test for the actual foundation
material.rr The acceptable coefficient of friction should be not more than the
specified value divided by 2.0, 1.5, and 1.25 for the severe, unusual, and, normal
loading combinations respectively.

Configuration

The concrete gravity dam will frequently have a vertical upstream face to con-
centrate the weight of the dam upstream. The downstream face usually has a
constant slope. The dam is usually laid out and then an analysis of all loads
and stresses is conducted. The section is then increased or decreased as
requireH to meet the stability requirements discussed under the previous head-
ing Analysis of Stability. Each successive layout should be an improvement on
the previous section.

Width of the top of dam is usually determined by the width required to
move any nec€ssary equipment over the dam.

For an overflow dam, the layout is similar except that the downstream sur-
face should correspond to that given for spillways in Chap. 4. width of the
base of the overflow section is increased or decreased as required for stability,
If gates are incorporated, forces produced by water in the reservoir should be
applied with the gates closed.

Freeboard for a concrete dam can be economically provided with a thin
concrete or timber parapet wall constructed along the upstream side of the top
of the dam.

Foundation

Foundation for a concrete dam must be very carefully prepared. All alluvial
overburden must be excavated to expose the rock. The rock must be thoroughly
cleaned and all loose or cracked rock removed. AII crack should be grouted.
All weak or badly fractured rock must be removed and the hole backfilled with
concrete. In general all seams should be excavated to a depth of at least 0.1
times thc dam hcight. However, final judgment on depth of excavation should

If the foundation is shale, chalk, mudstone, or siltstone it will be desirable
to cover the exposed rock with 4- to 6-in ( 100- to l5Gmm) thickness of mortar
to prevent rapid deterioration of the foundation by weather.

The foundation must be carefully examined to determine its permeabitity.
If joints, crevices, or strata of perrneable material exist, excessive uplift andl
or excessive leakage can occur and it may be necessary to grout the foundation.
In grouting, holes are drilled into the foundation and cement grout is pumped
into the holes under pressure. The decision of whether to grout and how deep
to grout can only be made by an experienced geologist after studying the
detailed geology of the site. Because every foundation is unique it is always
advisable to have an experienced geologist or engineer inspect the foundation
prior to design but particularly prior to construction.

Spillways and Outlet Works

One basic advantage of a concrete dam is that it can be designed as an overflow
structure. Figure 5.20 shows a typical concrete overflow structurc flanked by
an earthfill dam on each side. The overflow structure is constructed of rein-
forced concrete and must be designed in accordance with the criteria for any
concrete dam. Spillway sections are usually located near the old streambed.

Bottom outlet work are usually incorporated in the concrete dam section.
Tttey are required to drain the reservoir for maintenance or to furnish required
flow in the stream. For a small dam, such as considered herein, the outlet works
is usually a steel conduit cast into the dam. A bulkhead or guard gate is fre-
quently provided on the upstream face.

Power outlets may be cast into the dam if the powerhouse is immediately
downstream from the dam. However, most small dams provide a means of
diverting water into a power canal, a flume, or a power tunnel. The location of
such structures is usually on one bank immediately upstream from the dam.

5.5 MASONRY DAMS

Masonry dams are extremely labor intensive and, thus, are economical only
where labor is relatively inexpensive and fractured stone (rubble) of durable
quality is readily available. Cement mortar is used to embed each stone. Many
notable masonry dams have been built in the past century and have provided
excellent service. The theory used in designing a masonry dam is the same as
described for a concrete dam. However, allowable stresses for mason ry are
much more uncertain than for concrete. In 1910, Baker (cited in Ref. l3) rec-



5.28 SMALL AND MINI I IYDRoPowF]R SYSTEMs

DAMS AND RESERVoIRS 5.29

above an inhabited village might require a spillway designed for a pMF. How-
ever, the designer must also consider that, in the event of a PMF, the failurc
of the small dam may have only an insignificant effect upon the depths and

Ietra---"aL t

TABLE 5.3 Al lowable Stress Lcvels for Masonrv Dam
Materials

Allowable st.ress

97,650-t46,470

146,470-l95,300
l 95,300-244, I 20
244,t20-292.9s0

ommended the data in Table 5.3 as allowable stresses for rock and mortar of
excellent quality.

All forces considered in design of a concrete dam should be considered in
the design of a masonry dam. Since allowable stresses for masonry are lower
than for concrete, the final structure will usually have a wider base than a
concrete dam. Unit weight of the rock to be used must be determined by test
prior to design.

5.6 SPILLWAY DESIGN

required to increase a spillway's capacity is often much less than directly pre
portional to the increase in capacity. An economic analysis to minimize costs
and optimize spillway size is usually not feasible because of difficulty in assign-
ing a value to human life where at least significant hazard is involved.

Frequently two spillway structures will be provided. The first, a service spill-
way, may be a small overflow concrete structure as shown in Fig. 5.26. This
spillway will be designed to pass all small floods which produce no danger of
overtopping the dam. A second spillway, an emergency spillway, may be
located off the dam and will be designed to supplement the service spillway
during the large design flood. Some damage should be expected if the emer-
gency spillway operates.

The simplest form of spillway is an uncontrolled crest. Coordinates for shap
ing such a crest, and equations for determining the hydraulic capacity of the
crest, are given in Chap. 4. If the design discharge for the spillway is large, the
length of the uncontrolled crest may become very long. If the length cannot be
developed at the site, it may be necessary to provide gates on the crest which

TABLE 5.4 Criteria Specified by the U.S. National Dam Safety Act

Size classification

Category

Reservoir storagc, s Dam height , I /

Acrc-feet Cubic meters Feet Meters

Smal l
Intermediatc

50- l,000
I,000-5,000

0.06 X 106 to 1.23 X 106
1.23 X 106 to  61.7 X 106

25-40
40-100

7.6-12.2
t2.2-30.5

Hazard Design flmd

Rubble
Squared

stone
Limestone
Granite

20,000-30,000

30,000-40,000
40,000-50,000
50,000-60,000

Low

Significant

Large

50-100 ycar
IOO-N PMFI

lOGycar-X PMF*
X PMF'-PMF'
, {  PMFT-PMF'

PMF '

Hazard potcntial

None expectcd
Few
More than a few

Recommendcd dcsign flood

Small
Intermediatc
Smal l
Intermediate
Smal l
Intermediate

rProbable maximum flood.
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(a) Radialgate (b) VerticaFlife gare

FIG. 5.tt Gate installations on a concrete spil lway.

control the flow, except when large flood flows must be passed. Flashboards,
stop logs, rectangular gates and radial gates are commonly used on small dams.

From the standpoint of operation, radial gates are easiest to operate. The
resultant of pressure forces acting on the radial gate is normal to the circular
surface, thus causing no moment. Only the weight of the gate itself must be
lifted when the gate is opened. Figure 5.18 shows a typical radial gate
installation.

Rectangular vertical gates can be constructed as roller gates which makes
it possible to raise them under full hydrostatic pressure. However, slide gates
without rollers can be very difficult to operate under pressure. Figure 5.18
shows a typical vertical gate installation.

Stop logs are narrow rectangular beams which can be placed in slots on the
spillway crest to raise the reservoir surface. Because of friction in the slots, they
are very difficult to install or remove under overflow conditions. They should
not be used in situations where unexpected floods can occur since advance
warning is required to remove the flashboards prior to a flood. Figure 5.19
shows a typical stoplog installation.

Flashboards consist of individual boards which are held on the spillway crest
by vertical pipes or columns anchored to the crest. The flashboards can be
designed to fail if the level in the reservoir reaches a given level, thus providing
an automatic opcration. If they are not designed to fail automatically, sufficient
warning time must be possible to allow removal of the flashboards before a
flood arises.

Riprap will be required in the channel downstream from the spillway to
control erosion unless the channel is rock. To prevent erosion of the dam, the

(a) stop logs and slors (b) stop togs aM embedded (c) Automatic faiting
supports

FIG. 5.19 Flashboard installations on a concrete spillway.
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spillway should be extended downstream from the toe of the dam a sufficient
distance to ensure that velocities near the embankrnent are below the magni-
tudc which will produce scour.

5.7 DIVERSION DURING CONSTRUCTION

Except for unusual situations it will be necessary to divert the natural stream
during construction. Diversion through a tunnel drilled in one abutment pro
vides the most convenient diversion since the entire dam site can be excavated
and the foundation cleaned in one operation. A cofferdam is constructed on the
upstream and the downstream side of the site. Once construction on the dam
has advanced far enough the tunnel can be plugged. A concrete bulkhead is

(a) First stage, ready to construct outlet works
and first portion of embankment

(b) Second stage ready to construcl new upstream
and downstream cofferdams

(c) Third stage, diverskrn through outlet works
while remaining embankment is placed

FIG. 5.20 Typical diversion plan.
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usually constructed to make the initial closurc on the tunncl. The tunnel can
in some cases be used as an outret works.if a concrete plus is constructcd in :"1tfii"":"rtlil{"?:iil::J: 

Hvdrautic Desisn criteria' waterwavs Experi-
the tunnel with a conduit and valvcs installed in the plug.

More co-monly on .,nall dams, a divcrsien ehanne] is exeavated in onc 
I0. H H. Burkc, M. M. Forest, and R. L. Perlcy, "Design and Construction of Home-
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upstrcam cofferdam divcrts th€ natural flow of thc strcam into the divcrsion 

Resourc's conlqence, Denvcr, colo ' 1966'

channel. An outlet works is constructed in the first portio" of tn" dam to be 
ll K v' Taylor, "slope Protcction on Earth and Rockfill Dams," Transactions of

complated. A ncw cofcrdam is clnstructed to divertihe natural flow through 
'he Eleventh Intemational co'tgress on L*lge Damr' vol III , Madrid' spain, 1973

thc new outlet works. A new coffcrdam is constructed around the rcmainiig 
12' M Makimovic, "optimum Position of the Central clay core of a Rockfill Dam

site and thc dam is completed. Figurc 5.20 illustrates this type of divcrsion in 
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year flmd. In some cases thc coffcrdams are desigred to be incorporated into 
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the final scction of the dam. pumping will usually bc required to keep the dam
sitc dry since s€epage through and around the coferdams will be inevitable.
The cofferdams, although low, should be considered to be carthfill dams and
designe.d accordingly.

Closure of thc diversion plan is the most critical time and should be olanned
for that time of year when the lowest flow is assured. Closures are frequently
accomplishcd by dumping rock and carth irto the channel rapidly. Howevei
it may be easier and more economical to mnstruct a closure structure into
which stop logs can be lowered to close the section.
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6.I INTRODUCTION

The development of hydraulic turbines as we know them is in a mature state.
Much of the more recent developmental work has been directed toward the
design of very large, highly efficient units. Unfortunately, smaller turbine tech-
nology has not benefited to any great degree from the research and develop
ment of larger units. Smaller turbines, essentially scaleddown units, have not
reached the same degree of perfection as their larger counterparts for purely
economic reasons.

Smaller turbines are essentially built-teorder as are larger units, but their
smaller size makes them less profitable. Rapid escalation in the cost of energy
made many smaller sites economically feasible and greatly expanded the mar-
ket for small turbines. Added to this is the rapidly increasing need for turbines
in the less developed countries (LCDs) where hydropower represenr an attrac-
tive source of energy that can be easily developed. Because of differences in the
design objectives for the smaller units, it is anticipated that new developments
will occur relatively rapidly as the marketplace creates new competitive pres-
sures for the manufacturers.

' ,1'i,..ln
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Since we are in transition from a relatively stagnant period of design and
development to an anticipated renaissance of small-turbine developmeit, this
chapter is structured to provide the basics of turbine performan"" 

", 
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site. Cookbook procedures for turbine selection are avoided. Instead, a firm
grounding in the basic principles of turbine hydrodynamics is given to provide
the necessary tools not only to select a turbine from the .urr*t offerings but
also to evaluate new turbine types which may appear.

6.2 HISTORICAL PERSPECTIVE

Evolution of the Modern Turbine from the Water
Wheel

The water turbine has a rich and varied history and has been developed as a
result of a natural evolutionary process from the waterwheel.l,2 The water tur-
bine was originally used for direct drive of machinery; its use for the generation
of electricity is comparatively recent. Much of its development olcurred in
Frlnce. England.had cheaP 1nd plentiful sources of coal which sparked the
industrial revolution in the eighteenth century, but Nineteenth-century Fr"n*
had only water as its most abundant energy resource. To this day houille
blayc\ (lii'erally whire coal) is the French tiim for waterpower.

In 1826 the Soci6td d'Encouragement pour I'Industrie Nationale offered a
prize of 6,000 francs to anyone who "would succeed in applying at large scale,
in a satisfactory manner, in mills and factories, the iryaruufir tur6ines or
wheels with curved blades of B6lidor."2 Bernard Forest Ae BeUOor, a hydraulic
and military cngineer, authored (1737-53) the monurnental +volume Archi-
teclure Hydraulique, a descriptive compilation of hydraulic engineering infor-
mation of every sort.

The waterwheels describcd by B6lidor departed from convention by having
a vertical axis of rotation and being enclosed in a long cylindrical chamber
approximately I m (3.28 ft) in diameter. Large quantiiies of water, supplied
from a tapered sluice at a tangent to the chambei, entered with considerable
rotational velocity. This pre-swirl combined with the weight of water above the
wheel was the driving force. The original tub wheel hal an efficiency of only
l5 percent to 20 percent.

Water turbine development proceeded on several fronts from I 7 50 to 1g50.
The classical horizontal-axis waterwheel was improved by such engineers as
John Smeaton ( 1724-92) of England, who used the first avowed model exper-
iments in this endeavor and also played an important role in windmill devel-
opment, and Jean Victor Poncelet (lzgg-1g67) of France. These improve-
ments resulted in waterwheels having efficiencies in the range of 60 to 70
percent.

HYDRAULIC TURBINES 6.3

At the same time, reaction turbines (somewhat akin to the modern lawn
sprinkler) were being considered by several workers. The great Swiss mathe-
mattcian Leonhard Euler (1707-83) investigated the theory of operation of
!uq!s !!sv!L;es' r{-?ractlca! appllcatlon ol the concept was in'rroduced ir-r France
in 1807 by Mannoury de Ectot (1777 -lgz2). His machines were, in effect,
radial outward-flow machines. The theoretical analyses of Claude Burdin
(1790-1893), a French professor of mining engineering who introduced the
word turbine in engineering terminology, contributed much to our understand-
ing of the principles of turbine operation and underscored the principal require-
ments of shock-free entry and exit with minimum velocity ur ihr basic require-
ments for high efficiency.

A student of Burdin, Benoit Fourneyron ( 1802-67), put his teacher's theory
to practical use, which led to the development of high-speed outward-flow tur-
bines with efficiencies of the order of 80 percent. The early work of Fourncyron
resulted in several practical applications and won the coveted 6,000 franc prize
in 1833. After nearly a century of development, B6lidor's tub wheel had been
officially improved.

Fourneyron developed some 100 turbines in Francc and elsewhere in
Europe. Some even were sent to the United States, the first in about 1843. The
Fourneyron centrifugal turbines were designed for a wide range of conditions,
with heads as high as l 14 m (374 ft) and speeds as high as 2,j00 r/min. very
low-head turbines were also designed and built.

Fourneyron turbines, successful as they were, lacked flexibility and were
only efficient over a narrow range of operating conditions. s. Howd and u. A.
Boyden (1804-79) addressed this problem, and their work evolved into the
concept of an inward-flow motor due to James B. Francis ( l g l5-92). The mod-
ern Francis turbine is the result of this line of development. At the same time,
European engineers addressed the idea of axial-flow machines, which today are
represented by "propeller" turbines of both fixed-pitch and the Kaplan type.

Just as the vertical-axis tub wheels of B6lidor evolved into modern reaction
turbines of the Francis and Kaplan type, development of the classical horizon-
tal-axis waterwheel reached its peak with the introduction of the impulse tur-
bine. The seeds of development were sown in 1826 when Poncelet described
the criteria for an efficient waterwheel. These ideas were cultivated in the late
nineteenth century by a group of California engineers that included Lester A.
Pelton (1829-1908). His name was given to the Pelton wheel, which consists
of a jet or jets of water impinging on an array of specially shaped buckets
closely spaced around the periphery of a wheel. Thus, ihe relatively trigh-speed
reaction turbines trace their roots to the vertical-axis tub wheels of B6lidor,
whereas the Pelton wheel can be considered as a direct development of the
more familiar horizontal-axis waterwheel.

Turbine configurations as we know them are generally in the form as orig-
inally developed. For example, the overwhelming majority of pelton wheels
have horizontal axes. Vertical-axis Pelton wheels are a-relatively recent devel-
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opmcnt. [n morc than 250 years of development many ideas wcrc tried; some rnade to ensure the most emcient operation of the turbinc. Typical emciency

were rejected, and others wcrc retaincd and incorporated in the design of the curves for various turbines are prescnted in Sec. 6'4, under Porformancc Char-

! iJ.-" t yJJutic turuin". nris a""etoprn"nt resutica in aeuices *ith emcien- actcristics, which should morc clcarly definc the problcm. Sincc flcxibility and

faiiinto iuglly trtiee catcgorics, rea'ction turbines ofthe Francis type, reaction should bc made to determine their practicality. As the number of installations

turbincs of ihe propcller disign, and impulse whccls of the Pclton iype. and demand for units increases, thc economics associat€d with such innovations

The rest of ttris ihapter rcyicws thc principles of operation, thc clasification should become more attractive.

and selectio[ of turbincs for given opcrating conditions, and performance char-
actcristics and opcrational limitations. Mo6t developmcnt efforls have concen-
trated or lsrgc turbines, with small-turbinc technology consisting chiefiy of 63 BACKGROUND MATERIAL
scaling down largcr turbines. The validity of this concept is rcviewcd' and areas
wherc imProvcments can be madc are addrcssed 

Besic principles of Fluid M€chanics and Exchrnge of
Mechsrfcd Energy at th€ Runner: Euler's F4uation

overview of Existing Inst|llstions 
A brief account of basic principles is presentcd here to have the equations of

The majority of small-scale hydropower installations in tho United States may intcrcst available for rcference. Flow will be assumed to be steady and incom-
bc classificd as low head. On thc lvhole, thesc are considsrcd runof-rivcr plants pressible. The Euler c4uations of motion (a particular casc of the Navicr-
for which littlc or no long-tcrm storagc is availablc. Thcreforc, thc h€ad and Stokcs cquations for zero viscosity) projected along the str€amline direction,
dischargc can v8ry ovcr a wide rangg and this variability should bc considercd yields
in sclecting a turbin€.

Rccently, cxtcnsive interest developed in the restoration of power generation Vy= -!! -!<trl (6.1)
at site.s that havc been retircd for somo time. In such cascs, tho integdty of tho dJ p as dr '- -

dam rnay still be adequatc, and thc powerhouse and associated equiPment may where l/is the vclocity magnitude, s denotes the strcsmline coordinate, p is the
still be serviceablc after some rchabilitation. Each site must be examincd sep prcssurc, p is the mas; de;ity of the fluid, g the acceleration of gravity, and I
aratcly, and tllc condition ofthe mmpononts as wcll as the economics of reha- the clcvation.
bilitation or replaccment with more modcm turbomachinery must be evalu- Intcgration of this equation along the sheamlinc yields the Bcruoulli
atcd. A$lysis of some sPecific retired low-head small+cale installations has rchtionship
indicated that tbc potential power output is considcrably greater than that pre-
viously dcvcloped. This may be associated with the h;k of hydrologic data at , , p ' V'

thc timc of thc original design, with cconomics, or with a limited selection of h +!+ 
U= 

constant (6'2\

turbomachincry available.
Thc powcr output for small+cale hydropower is relativoly low in comp e'f = pg'

to large installations with higl heads,largc rescrvoirs, and largc discharg his equation can be generalized to account for vis@us effccts by proce€d-

a rcsult, thc small{calc insbllations have different operational requirer iom the Navier-stokcs cquations rather than from the inviscid flow Eq'

l.argcr plants supply baseload power to a largc population and therefon ' A onedimensional form of Eq' (6'2)' including viscous losses' apPlied

evcry precaution to prevent powcr outages. If a small*cale Plant is tie' een scctions I and 2 of a nxed channcl' is

t h c  L r g e  g r i d  s y s t e m ,  i t s  c o n t r i b u t i o n  t o  t h e  t o t a l  p o w e r  c a p a c i t y  i s  r e l a t i v e l y  ( , , p , V ' \  - ( , , p , V ' \ , -  t a
minor, and the consequence of powcr failure is less scvere. The entire small- l" 

+4 + 
i),= \'*i* U)r* 

" 

(6'3)

scalc installation is therefore much simplified, and remote monitoring of the
output m8y bc sdequate with an operator on call to restart thc equip;ent. whcrc thc presure distributions at both tfansve$c flow sections arc assumed

Reccnt advancemen6 in control and microprocessor technology may make to bo hydrostatic, the kinetic cncrgy flux coefficient (which accounts for the

it poAsiblc to apply automation even to small*cale hydropoweiinstailations. nonuniformity of the vclocity distributions) has becn taken equal to one, and

variation of thc parameters may be sensed and a justmints automatically ltr represents the energy l(rss betwecn scctions I and 2 per unit wcight of fluid.



HYDRAULIC TURBINES 6.1
6.6 SMALL AND MINI HYDROPOWER SYSTEMS

For a rotating channel (or
means) Eq. (6.3) becomes

h +

is done on the surrounding by any other

L + -
^ t ' 2 9

h + -
7

' z g * Ht * H, (6.4)
2

where H, is the work done (positive if an output) on the surroundings per unit

weight of fluid.
Equation (6.4) is a rnechanical conservation of energy equation (which can

be deiived by equating the work done by the forces acting on the system to the

corresponding change in kinetic energy and ̂ rransforii:rii-rg all 'rerms to -'heir con-

trol volumc counterparts). Such a derivation can also be applied if the refer-

ence system is moving.
In the particular case that the reference system is rotating at constant angu-

lar velocity Q about some axis, and assuming again steady relative motion, two

essential changes occur in the equation. First, in the rotating reference system,

a centrifugal force appears as an added body force. Per unit weight, the cen-

trifugal forcc is Qzr f g, directed away from the axis of rotation, where r denotes

the distance from this axis. The corresponding potential energy for this force

is -O2r2/ 29, to be added ro the gravitational potential energy per unit weight,

p7hlt = h. Furthermore, there is no relative work done on the channel walls

(iero rclative velocity at the walls). With the absolute velocities Z replaced by

the relaqive velocities 26, Eq. (6.4) becomes

(  o *  L +vh:  
u 'z \  :  (o + L + 'h:  

u ' \  
+ H (6.s)

\ " ' ^ Y '  2 9  ) r  \ '  ^ Y '  2 9  / z

where u : {lr is the velocity of rotation at distance r from the axis. This can

be referred to as the Bernoulli or mechanical energy equation in a rotating

frame of reference.
To fix ideas and simplify the kinematics while retaining all essential con-

cepts, we consider (see Fig.6.1) a radial flow hydraulic turbine. Equations

Pivoted guide vanes

N

\*,u,.
Path

N "  =  1 ' 8

,A
VB,

FIG. 6.2 Entrance velocity triangles as a function of specific
speed. (Adapted with permission from Mataix, C., "Turboma-

quinas Hidraulicas," ICAI, Madrid, 1975.)

(6.4) and (6.5) can be applied to the rotating channels between entrance and
exit sections of the runner. The absolute velocity Z is the vector sum of the
rclative velocity Vp and the moving frame velocity r,r

V : u * V n (6.6)

Typical entrance and exit velocity triangles for a radial turbine are shown in
Fig. 6.1, where theangles a and 0 are defined, respectively,as the angles that
the absolute and relative velocities of the fluid make with the rotation velocity
of the runner u. Figure 6.2 shows typical entrance velocity triangles as a func-
tion of specific speed N" to be defined shortly. From the definition of the angles
a and 6, it follows that

V s i n a :  V p s i n p

V c o s d : u * V n c o s p

with u = Or.
Combining Eqs.(6.4) and (6.5), one obtains

(6.7)

FIG. 6.1 Definition sketch for radial-flow turbine runner.

(6.8)
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a form of Euler's equation for the head H u uti l ized by the runner in the pro-
duction of power.

An alternative fornr of Eq. (6.8) can be obtained by using the moment of

HYDRAULIC TURBINLS 6.9

Energy loss
in penstock

vi
2sEnergy line

between the
Referring to

' - ' - - -
moment of momentum fluxes entering and exiting the runner.
Fig. 6.1, the torque T can bc writtcn as

T = pQ(r1V1 cos a1 - r2V2 cos ay\

assuming uniform velocity distributions over sufficiently small entrance and
exit sections. Here Q is the volume rate of flow through the runner. The head
H" utilized by the runner in the production of power can be obtained from

We then have

H, :
g

Equations (6.10) and (6.8) are different forms of Euler's equation for the head
H,. Their identity can be immediately demonstrated making use of the kine-
matic relationships

v2 : V'* * uz + TVpu cos S

and

uV cos q : u(u * Vp cos p)

which follow from Eqs. (6.6) and (6.7).

(6.t2)

Te = -yeH,

u1V1 eOS a1 -  U2V2 COS ot2

(6.e)

(6. r 0)

( 6 . 1  l  )

Turbine Efficiency and Losses

Definitiont

The hydraulic eficiency of a turbine is defined by

H,
n n :  E

where H, is the head utilized by the runner and H is the net head on the
turbine, defined as the difference between the total head at the entrance to the
turbine proper (entrance to the spiral casing) and the total head at the tailrace.

The definition of net head is illustrated in Fig. 6.3. The hydraulic efficiency
expresses the effectiveness of the transfer to the runner of the available power
in the fluid that flows through it. Also illustrated in Fig. 6.3 is the definition of
gross head, the difference between headwater and tailwater elevations.

The volumetric efrctency qu of a turbine is defined as the ratio of the rate

Net head
H

Turbine

Draft tube

FIG. 6.3 Definition sketch for nct head.

of flow that effectively acts on the rotor Q, to the total rate of flow through the

turbine. That is

Q ,  Q _ Q '' t u o o

whcre Qyrepresents leakage around the runner, which produces no work. The

efficiency r1, is a measure of the effectiveness of the turbine seals.
The mecharcial eficiency, finally, is defined as the ratio of the power avail-

able at the shaft of the machine to the power transmitted from the water to

the runner. That is

where bp is the brake power (available at the shaft) and fp represents the

power consumed by mechanical friction and by viscous losses other than losses

in the turbine passages. These losses include friction in the bearings and stuff-

ing boxes and the socalled disk friction, the viscous losses in the fluid that fills

the space between the runner and the adjacent casing.
The overall eficiency of the turbine is the product of the three efficiencies,

1 = thIurlm (6.15)

Energt Losses, Boundary Layers, and Separated Flows

The difference between the head Hu utilized by the runner [as given by Eqs.
(6.8) and (6.10)l and the net head H on the turbine (defined in Fig. 6.3) is

made up of viscous losses in various parts of the installation.
These include losses in the spiral casing, in the guide vanes and runner pas-

sages of the turbine, and in the draft tube; shock losses at the entrance to the

runner if the relative velocity of the fluid leaving the guide vanes is changed
abruptly in magnitude and/or direction as it enters the runner; and the losses

( 6 . 1 3 )

(6 .  14)
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at submerged discharge from the draft tube into the tailrace. Draft tubes are

considered integral parts of the turbine and their performance is a contributing

factor to the hydraulic efficiency rlr, defined by Eq. (6.12).

HYDRAULTcTURBTNES 6.1I

A drag coefficient, defined as Cp : Fo/(%pv'n4), where ,{ is the projected
area of the body on a plane normal to the flow, can be rcpresented as a function
of Reynolds number (see similarity considerations below) and exhibits drasti-

r t ' - - -  l - - - - -  : -  -  A ^ . . ,  A ^ I - |  . l ^ - ^ - u | i - r  n -  l l - r a  r r a l r r a c  ^ f  l } . a  '  ^ o l
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rates of deformation (or equivalently of the deformation stresses) throughout
the flow. For flow around bodies at sulficiently high Reynolds numbers, Re :

VsLlu (Vo = oncoming stream velocity, L : characteristic dimension of the

body, y = kinematic viscosity of the fluid), the zone of appreciable viscous

action is limited to the vicinity of the body surface.
Recognition of this fact by Ludwig Prandtl in 1904 resulted in the concept

of the boundary layer, where viscosity effects can be considered concentrated
in the sense that they are comparable in magnitude with convection and other

manifestations of acceleration terms or inertia forces, while the rest of the flow

can be treated as inviscid. This hypothesis holds under broad conditions and

applies to boundary layers and to certain other separated layers, with thick-

nesses approaching zero in all cases as Re tends to infinity. The thinness of

these layers permits simplifications in the Navier-Stokes equations of motion

that greatly increase the number of problems that can be treated analytically.

Furthermore, the theory affords a physical explanation of the drag of bodies

and of associated phenomena such as separation and wake formation and gen-

erally of energy losses in a flow.
Because of the thinness of the boundary layer, the pressure across it remains

essentiall) constant, and the longitudinal pressure gradient along the boundary

can be considered as imposed by the outer inviscid flow. This outer flow in

which a boundary and its boundary layer may be considered immersed can be
quite arbitrary in nature, and so can, therefore, the pressure gradicnts along

the boundary, which have a decisive effect on the velocity distributions

throughout the layer. In particular, if the pressure gradient is adverse (posi-

tive), corresponding to a deceleration of the outer flow, the low-velocity fluid
particles close to the boundary may not have the kinetic energy necessary for

the restoration of pressure imposed by the outer flow, which must then separate
from the boundary to prevent physically impossible decelerations.

This is always thc case for bluff-body flows, as opposed to slender (stream-

lined) bodies for which viscous effects and the possible flow turbulence are con-

fined to the attached boundary layer and a thin wake behind the body. Sepa-

ration in bluff-body flows leads to broad wakes, possibly exhibiting strong

large-scale perodicities due to vortex shedding. The mean separation stream-

lines enclose a low-velocity region in which the (mean) pressure does not vary
greatly from a value roughly equal to that in the irrotational flow just outside

thc separated boundary layer. This low pressure (negative relative to free

stream) together with the positive pressure on the upstream side of the body

ncar stagnation produces an asymmetry in the pressure distribution which

results in an appreciable form (as opposed to boundary-shear) drag on the body

and large encrgy dissipation rates.
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(say, C2 - 1.0) such as circular disks or cylinders. The aforementioned shock
loss at the entrance to the runner, which arises if the relative fluid velocity is
not properly aligned with the runner vanes, is related to this drastic increase
in Cp values as separated flow zones appear and grow in size.

Flow in Closed Conduits and Difusers

Separation occurs also in closed-conduit flows wherever conduit enlargements
and/or alignment changes are present. For constant-diameter straight circular
pipes with fully established flow, the energy dissipation per unit length of pipe
is constant along the pipe. The head losses Hp in Eq (6.3) are customarily
expressed in the form Klz/2g. For fully developed pipe flow g : fL/D and

(6.16)

where/is a function of Re and pipe roughness.
Energy dissipation occurs throughout the flow, but it is maximum close to

the pipe walls and is directly related to the boundary shear. (For uniform con-
duits of noncircular cross section, it should be noted, the asymmetry of the
conduit boundaries gives rise to secondary flows superimposed on the primary
longitudinal flow, resulting in spiral flow patterns which increase the energy
loss for a given cross-sectional area and flow rate.) For ranuniform conduits,
the energy dissipation will depend in part upon similar mechanisms and in part
upon the presence of separated regions in the flow.

While separation effects are analogous for both immersed body flows and
pipe flow, there are significant differences in flow dynamics. First, immersed
bodies are generally surrounded by great expanses of fluid and, second, while
boundary layer growth begins at the leading edge of an immersed body, a
boundary layer may already exist at the beginning of any change in conduit
cross section or alignment. The presence of separated flow regions in conduit
flow implies large local energy dissipation rates. These local rates can be
expressed in terms of a Reynolds number and the parameters characterizing
the boundary geometry, including also possibly a wall-roughness parameter.

The preceding concepts are of special interest in turbomachinery in rcgard
to the various losses described in this section. An important element of a tur-
bine installation is the draft tube, which is used to recover as much of the
velocity head of the water as possible as it leaves the runner. The recovcry of
the velocity head is very important at high specific speeds because the velocity
head at the exit from the runner may be 15 percent of the net head I/ of the
installation. (For low specific speeds the velocity head is of the order of 3 to 4

H L - a ( r + : ) : t * #
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percent of //.) Actually, an efficient recovery results in a decrease of the exit
diameter D2 of the turbine, and thus has a direct bearing on the cost of the
turbine. A deseription of tvpical draft-tube later.

Diftuser periormance is briefry <iiscusseci here. The efficiency oi a ciiffuser

46r is defined in terms of the piezometric head difference between inlet (sub-

script l) and cxit (subscript 2). Using Eq. (6.3) and assuming ftr: hzfot
simplicity, maximum pressure recovery for Hp = 0 would be (p, - Pr),,,.* :

(%)p(V? - Vl). The efficiency ep czn then be defined as

HYDRAULICTURBINES 5.I3

develop efficient profiles exhibiting minimum drag and maximum lift. Abun-
dant information exists for a wide variety of profile shapes, which is useful in
the design of axial-flow turbines.
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with a sharp trailing edge, and start the motion suddenly from rest. Immedi-
ately after the aerofoil begins to move, the fluid motion is irrotational every-
where because the rate of transport of vorticity away from the aerofoil surface
by diffusion, and subsequently by convection as well, is finite. Circulation
around the aerofoil is zero, and there is a rear stagnation point some distance
away from the trailing edge. The very high velocities at the trailing edge asse
ciated with this initial rotational flow immediately cause the formation of a
starting vortex originating at the trailing edge, which develops in such a way
that the rear stagnation point moves toward, and finally vanishes at, the trailing
edge. The shed vorticity is carried away by the flow, which now leavcs the
trailing edge tangentially, and a circulation f exactly equal and opposite that
of the shed vortex is established around the aerofoil. This produces a high-
pressure (low-velocity) region on the underside of the aerofoil, and a low-pres-
sure (high-velocity) region on the upper side of it, yielding a net forcc in a
direction perpendicular to that of the motion. A theorem of Kutta and Jou-
kowski shows that

F t :  P V " l (6.1e)

For Joukowski foils of a very small thickness, the circulation is approximately
related to angle of attack and camber by

| : rcVo sin (a + p) (6.20)

where Fl is the lift force per unit length of span, c the chord length, a the angle
of attack relative to the chord, and p = 2h/C, where ft is the maximum cam-
ber. The lift coefficient C; : Ft/(hpv'" c) then becomes theoretically

C r : 2 r s i n ( a + 0 ) (6.21)

In turbomachinery applications, corrections to tabulated aerofoil data are
needed to take into account that we are dealing with a series of blades (cas-
cade) and not with a single profile in infinite fluid.

Similarity Considerations

Similitude Theory

The grouping of parameters brought about by dimensional or inspectional
analysis permits the writing of any physical relationship in terms of fewer
dimensionless quantities (r numbers) representing ratios of significant forces

which implies

P z -  P r
4 o =  

I  ^
te(v? 

- vl)

tHu -z=  ( l  -  , d :pv?  -  v \ )

(6.r7)

(6.1 8)

For straight difusers with circular cross sections there exists an optimum
included angle of divergence,2a, for given area ratio Az/Ar and Reynolds
number at entry, that yields a maximum ?a Obviously for large angles of
divergence, separation of the boundary layer produces large losses; for very

small included angles the length of the diffuser becomes considerable and the
losses increase again. The optimum angle lies between2a - d" and 8", and
decreases as Re increases.

The efficiency qo depends strongly on the boundary layer thickness at entry.
For 2q - 8", rtD n 0.9 for boundary layer thicknesses of the order of 0.5
percent of D1f2, and decreases to rD - 0.7 for thicknesses of the order of 5
percent of D1/2. For draft tubes specifically, it has been found that for angles
of divergencc, 2G, sOmewhat larger than the optimum, an improvement in effi-
ciency for Kaplan and propeller turbines is obtained by designing for a small
swirl component at the entrance to the diffuser in the same direction as the
runner rotation. This permits somewhat larger divergence angles and reduces
the cxcavation depth.

For curyed diflusers the efficiency decreases markedly with deflection angle.
Generally, it is best to turn the flow without an area increase, and obtain the
pressure recovery in straight-diffuser sections.

Lift

Unless a body is symmetric relative to the direction of a stream, a circulation
around it is generated, giving rise to a lift force component normal to the undis-
turbed stream velocity. Such lift is the basis of performance for airplane wings
or for the blades of turbines or propellers, and efforts have long been made to
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for the problem. This provides a method to extrapolate model test data to pro-

totype situations by equating corresponding dimensionless numbers.

As applied to hydraulic machinery, similarity considerations provide, fur'
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vl

U 1

(6.2s)

Q,
nD3l

Constancy of the ratio Q"f nD! or Q,lQDt (D : reference diameter) is then a
necessary condition for similarity. In the rotating coordinate system this ratio
represents also the ratio between inertia forces (proportional to pV2^f r) and
centrifugal forces (proportional to p0z2r = u'/r), or equivalently thc ratio
between kinetic energy and the centrifugal-force potential energy in Eq. (6.5).

If we now make the assumption that viscous forces are small relative to
inertia forces and thus can be neglected in first approximation, and that fur-
thermore the fluid does not change its physical properties as it passes through
the machine (which excludes compressibility effects and cavitation, to be dealt
with later), the only other forces that appear in the fundamental equations of
motion are the pressure forces. Their ratio to inertia forces is proportional to

Ap/pV' or, if the head I/, utilized by the runner is introduced, to gH"lV2.

Under the assumptions made, the condition

'Q', : constant
QD3

is sufficient for similarity. The condition

# 
: constant or

follows from the basic laws and permits calculation of the head Hu for similar
operating conditions. The equality of the rutio gH"f V2 for model and prototype

also follows from inspection of Euler's equation (6.10) under the assumption
of negligible viscous effects.

Velocity coefficients d, Cr, and C2 are customarily introduced as

ur : e\ffi Vr : CrtFZsH Vz = Cz\ffi $.25)

In terms of these coefficients, the hydraulic efficiency r1i defined by Eq. (6.12)

can be written with the use of Eq. (6.10) as

Q"

+ ^  + h a  l ^ l l n r r r r 6 d  r 6
a l l t  i a t l D w g l  L v  l r t v  l v l l v w 1 1 1 6  r r r r

( t -  * , s i n  
a  

) " ' o '

(t- #,, in o,) 
o

the performance characteristics of a certain type of machine under certain

operating conditions, what can be said about the performance characteristics

of the same machine, or of a geometrically similar machine, under different

operating conditions?" Similarity considerations provide in addition a means

of cataloguing machine types and thus aid in the selection of the type suitable

for a particular set of conditions.
The problem of similarity of flow conditions can be summarized as follows:

"Under what conditions will geometrically similar flow patterns with propor-

tional velocities and accelerations occur around or within geometrically similar

bodies?" Obviously the forces acting on corresponding fluid masses must be

proportionally related, as are the kinematic quantities, so as to ensure that the

fluid will follow geometrically similar paths. An answer to this question can be

obtained by examining the fundamental laws of motion and identifying the

relevant forces. While these laws cannot yet be used to predict theoretically

the flow conditions in a machine with unknown performance characteristics,

the information they provide on forces and boundary conditions enables the

determination of an answer to the similitude problem.

Similarity of the velocity diagrams at the entrance to the runner is a nec-

essary rduirement. Referring back to Fig. 6.1, assuming equal angles a1 irt

model and prototype, the ratio Vt/ur must be held constant. If V, denotes the

radial component of the velocity (normal to the flow passages), we have

60

(6.22) &:  constant
{1" D'

(6.26)

(6.27)

where/6 represents the fraction of free space in the inlet passages of the runner

Vu - 0.95), D1 is the inlet diameter, and B is the width of the passages. With

Vn - Z1 sin dt : Zp, sin P1

R

Q , : , f o o * V ^ D |
t)1

u = er : f f io

(6.23)

Eq. (6.22) becomes

Q , :

Since

(t- #,,in o')VtD?

u1V1 Cos a.1 - u2V2 CoS a2
rlh :

gH

: za(t, 
"o, 

d1 - 
| 

cr.o, o,)
we have

(6.24)
(6.2e)
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If the viscous losses embodied in 41, can be assumed to occur under hydrody-
namically rough conditions, in the sense that the loss coefficients fl ike/in Eq.
(6.16), | - na in Eq. (6.18), or the various local energy-loss coefficients] are

(Re must be high enough for the losses to be purely turbulence-controlled),
then 41, must be the same in model and prototype, provided that the relative
roughnesses are the same and the geometry is faithfully reproduced. Under
these conditions Eq. (6.27) becomes

4 :  cons tan t
dl" D"

Analogous consideration can be made about the volumetric efficiency 4,. Here
Reynolds number effects may be more significant due to the smallness of the
leakage-flow passages. But if one can assume Re independence (and strict geo-
metric similarity, including surface roughnesses and running clearances), 4,
must be the same in model and prototype and Eq. (6.26) becomes

Q, : constant
QD'

Equations (6.30) and (6.31) permit calculation of the net head I/ and total
flow rate Q for similar operating conditions.

\
Scale Efiects

The foregoing assumptions are reasonably accurate for turbines of fairly large

dimensions operating under noncavitating conditions. In particular, relative

roughnesses and running clearance ratios are the same if similarity consider-
ations are applied to the same machine. For large differences in the size of two
geometrically similar machines, such as between model and prototype, rough-

nesses and clearances cannot be geometrically scaled because of fabrication
limitations. Certain formulas have been developed ro correlate model and pro-
totype data, all of them containing a strong dose of empiricism.

The Moody stepup equation3

(6.30)

(6.3 r )

(6.32)

has been found to give satisfactory results for turbine flows. The basic assump-
tion in Moody's derivation is Reynolds number independence (hydrodynami-

cally rough flow) and the same degree of surface finish in model and prototype.

The derivation is based on assuming losses of the form of Eq.(6.16) for pipe

flow, with f = A(klD)o, where A is constant. Since & is assumed to be the
same for model and prototype, it disappears from the final result. The empirical

t tYDRAULIc ruRBlNEs 6.17

exponent n is based on turbine test results: n - X according to Moody, but it

may become appreciably smaller if the formula is used with models with very

smooth walls and close running clearances.
L J

\ r ' c  t r \ r r n l t  l r l

with regard to the effect of relative roughness. No consideration is given to

changes in the relative size of the rurnning clearances, which obviously affect

4u, nor are mechanical losses explicit ly taken into account (although these fac-

tors certainly affect the empirical n values). The formula is nevertheless used

to correlate overall efficiencies.
The power P dcveloped by the turbine is given by

P : q l Q H : I ^ r t r I n l Q H (6.33)

Thus, even if t1, and qu are the same in model and prototYpe, q^ would be

different generally because of differences in disk friction losses and in the losses

in bearings and stuffing boxes. Obviously, if the mechanical losses are small,

changes in q^ would also be small, and could be subsumed in the empirically

determined values of the coefficients and/or exponents in the available stepup

formulas.
Camerer's formula,a's as does Moody's Eq. (6.32), takes into account solely

surface roughness effects. A formula of Ackeret's,6 a second formula of

Moody,5'6 and a formula of HuttonT all incorporate Reynolds number effects,

and the net head ratio thus appears explicitly in them, in addition to the size

ratio of model and prototype. All are based on derivations that ignore volu-

metric losses and mechanical losses, although the selection of the empirical

coefficients is based on actual turbine test data.
It may be noted here that Euler's Eqs. (6.8) or (6.10), or the basic relation-

ships of Eqs. (6.4) and (6.5), as applied to reaction turbines, imply simplifi-

cations which require in actual calculations the use of experimentally deter-

mined coefficients. Thus, for example, fluid particles in different streamlines

generally have different velocities and, furthermore, their radial distances to

the axis of rotation at entry to or exit from the runner are also different because

the entrance or exit edges of the vanes are not always parallel to the turbine

axis. Despite these problems, the theory is useful in many ways: It shows the

nature of the performance curves of a given machine, it permits identification

of each separate factor affecting the performance, and it shows how changes

in design should be made to alter the characteristics of a machine as obtained

from experimental testing. It also sheds light on the nature of the similarity

laws and possible scale effects.
Similar considerations can be made regarding the theory of impulse (Pel-

ton) wheels (to be dealt with later) which is based on a simplified version of
gq. (O.g). Essentially, the same results are obtained regarding similarity rela-

tionships. For Pelton wheels, however, the efficiency is nearly independent of

size and Eq. (6.32) or similar equations do not apply. As the size of a Pelton



6. IE  SMALL AND MINI  HYDROPOWER SYSTEMS

wheel increases, there is a deterioration in the smoothness of the jet before it
strikes the buckets, which nullifies any benefits from reduced friction losses.
Furthermore, there are no leakage losses to make a difference.

T L ^  - : - : l ^ - ! r - ,  - ^ ^ . . 1 r ^  : -  . L ^ ^ ^  ^ ^ ^ . : ^ - - ,  ^ ^ -
I  l l g  D l l l l l l a t l l y  l ( i l u l t D  l l l  L l l ( ' D r | i  D ( ; 9 l l u l r D  | y a l l

r . ' . a h  d r r a  F A ^ ^ i d  t ^  t

w t l l t  \ r u r /  r \ , E r 4 t \ r  t v  L

approximations involved, to predict the performance of a machine undcr opcr-
ating conditions different from those of available experimental data and the
performance of geornetrically similar rnachines if performance characteristics
are available for one of them. Some examples of application are given later.

Spectfrc Speed

Similar flow conditions are ensured by the constancy of the ratio QIQD3, which

implies constancy of the ratio gH f Q2D2.ln other words,

HYDRAULIC TURBINE.S 6.I9

each series of geometrically similar turbines by the value of N" which gives
maximum 4 for the series. Unless otherwise stated, this is the N, valuc referred
to when the terminology specific speed is used. The value of N" thus defined
- ^ - - - ! r -  r L -  ^ l - - r ! 4 ^ ^ e ! ^ -  ^ f  r - - - L ! - ^ ^  ^ ^ ^ ^ - l : - -  a ^  ^ C F ^ : ^ - ^ . ,  E - ^ L
pgrlnlts LI lc gtab:iut(;a[t()n 9l Lururrrc$ asuururrrB, ru sulvlsul;y. Daurr Er;(, l r ls

design has a range of N, values where it can be uscd with only one value cor-
responding to peak efficiency. In subsequent sections this idea will be used to
classify turbine designs.

The N, as defined is dimensionless. It is common in practice to drop g and
p from the definition and define n" as

nt/F
n ' :  

E / +
(6.38)

This relationship can also be written in terms of a third dimensionless number
which does not involve the representative dimension D of the machine and
which can replace either of the two arguments in Eq. (6.3a). Such a number
can bc obtained by appropriate multiplication of powers of the dimensionless
numbers of Eq. (6.3a):

.sn=t(#)

'  r",:(#)*(Y)"': ff i,

with n in r/min. In USCS units, the units of P are horsepower, and the units
of H are feet. In SI units, the unit of P is either the metric horsepower or the
kilowatt, and the unit of /l is the meter. The relationship of these three defi-
nitions of n, to the dimensionless N, are:

n, : 43.5 N' (USCS units)
n, = 193.1 A[ (SI using metric horsepower)
n, = 166 N, (SI using kW for power)

(6.3e)

Cavitation

Cavitation can be defined as the formation of the vapor phase in a liquid flow
when the hydrodynamic pressure falls below the vapor pressure of the liquid.
It is distinguished from boiling, which is due to the vapor pressure being raised
above the hydrodynamic pressure by heating.

In its initial stages, cavitation is in the form of individual bubbles which are
carried out of the minimum pressure region by the flow and collapse in regions
of higher pressure. Calculations, as well as sophisticated laboratory experimen-
tation, indicate that collapsing bubbles create very high impulsive pressures.
This results in substantial noise (a cavitating turbine sounds like gravel is pass-
ing through it). More important, the repetitive application of the shock loading
due to bubble collapse at liquid-solid boundaries results in pitting of the
material.

As the process continues, crack form between the pits, and solid material
is spalled out from the surface. The mechanical effects of cavitation are
enhanced by the high temperature created by collapsing bubbles and the pres-
encc of oxygen-rich gases which come out of the solution. The details of the
erosion process are complex, but the results are of practical significance. Many
components of a turbine are susceptible to extensive damage as illustrated in
Fig.6.4.

In more developed forms of cavitation, large vapor-filled cavitics remain
attached to the boundary. Each cavity or pocket is for,med by the liquid flow

(6.34)

(6.35)

This dimensionless number is called the specific speed. For hydraulic turbines,

however, the definition of the specific speed is based on the power P delivered
by the turbine as a variable, instead of the flow rate ,Q. The corresponding
dimensionless number P is Pf pQ3D5, which is a function of gHlQ2D2. Elimi-
nating D between these two numbers one gets

/v, = tt(PlPl',/,'
(gII)t/o

The two specific specds are related by

Nr = lfrN,o

(6.36)

(6.37)

which is obtained making use of Eq. (6.33). If we choose N" as the independent
variable in these relationships, then all other dimensionless combinations can
be expressed as functions of N". These include also thc dimensionless torque
Tlp0zDs and the efficiencies, under the assumption of negligible scale effects.

The specific speed describes a specific combination of operating conditions
that ensures similar flows in geometrically similar machines. It has thus
attached to it a specific value of the efficiency 4 (assumed approximately con-
stant for similar ftow conditions regardless of size). It is then customary to label
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components and the power and efficiency of a turbine are functions of o. Noise,
vibration, and erosion also scale with o. It should be emphasized that the value

of o where there is a measurable change in performance is not the value of o

6c can be thought of as a performance boundary such that

no cavitation effects
cavitation effects: performance degradation, noise, and

vibration

There are two ways of defining the critical value of sigma. The incipient cavi-
tation number o; is normally determined in a test facility by lowering the static
pressure at constant velocity until cavitation first occurs. A more repeatable
parameter is the destnent cavttation indbx o7 which is based on the static pres-

sure necossary to extinguish cavitation after the pressure has been lowered suf-

ficiently for cavitation to occur. The precise value of o. defined by inception or

desinence is normally only determined in the laboratory. tt should not be con-

fused with more pragmatic definitions such as the value of the cavitation index

at a measurable change in hydraulic performance expressed by power, capac-
ity, or efficiency, or at a measurable change in vibration level.

Cavitation Inception

Cavitation inception is assumed to occur when the local pressure is equal to the
vapor pressure. For steady flow over a streamlined body, this implies

o l o ,

o  1 o ,

detachingYrom the rigid boundary of an immersed body or flow passage. The
maximum length of a fixed cavity depends on the pressure field. Termination
may occur by reattachment of the liquid stream at a downstream position on
the solid surface, or the cavity may extend well beyond the body. The latter
case is known as suryrcavitation. Under these circumstances, the pressure dis-
tribution on the boundary can be substantially altered. If developed cavitation
occurs on the runner or wicket gates of the turbine, the performance is
changed. Cyclical growth and collapse of the cavities can also occur, producing
vibration. Thus cavitation can degrade performance and produce vibration, as
well as reduce thc operational lifetime of the machinc through erosion.

The Covitation Index

The fundamental parameter in the description of cavitation index

The state of cavitation is assumed to be a unique function of o for geometrically
similar bodies. If o is greater than a critical value, say oc, there is no cavitation
and the various hydrodynamic parameters are independent of o. When o is less
than o., various hydrodynamic parameters such as the lift and drag of various

o,  =  -Cp^

where Cr^ is the minimum value of the pressure coefficient defined by C, -

(p - pdl(kpu2i, where p is the pressure at a given position on the surface of

the body. In the case of a blade section or a strut, the value of Cp depends on

both the shape and angle of attack a.
Inception on hydrofoils has been studied by numerous investigators.E'e't0

Typical data are shown in Fig. 6.5. Similar trends in cavitation characteristics
are evident in the cavitation data for a turbine runner when properly inter-
preted. For a fixed wicket gate setting, the relative angle of attack of the runner

blades of a turbine is a function of the flow coefficient 8lAD3. Cavitation incep

tion for a propeller turbine at a fixed wicket gate setting is shown schematically
in Fig. 6.6. It is no accident that Figs. 6.5 and 6.6 are qualitatively similar.

Cavitation inception in separated flows is a more complex process. The min-
imum pressure is not at a flow boundary as is the case for a streamlined body.
Thus o, is greater than - Cr^ measured at the surface. This is an important

consideration for cavitation inception on bluff bodies. An example for a sharp

edged disk is shown in Fig. 6.7. The process is highly complex. Cavitation
occurs in the turbulent eddies formed in the separated flow. The turbulence is

(6 .41)

(6.40)

FIG.6.4 Cavitation erosion on a turbine runn€r.
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found to be most intense along the separation streamline which is the dividing
line between the essentially quiescent outer flow and the wake, as illustrated in
the sketch accompanying Fig. 6.7. Further details can be found in Arndt.rr

Vorte\ cavitationis also an important phenomenon. Cavitation can occur in V*

the vortices formed in the clearance passages of propeller turbines, or at the
hub or in the draft tube of propeller and Francis turbines. Thc minimum pres-
sure is governed by the circulation and core radius:

Onset ol \ Onset of
tip vortex -A lace cavitaton
cavitation

Onset of back cavitation

FIG. 6.6 Cavitation inception
turbine.

Uniortunateiy, ii,4s riiffueuit to quantify the eireuiation i arrd ihre core radius
r.. In the case of a hub vortex, I is controlled by the operation of the turbine
and is proportional to the amount of swirl in the dischargc. In the case of a tip
vortex, I is proportional to blade loading. The core radius is related to the
boundary layer thickness at the point of separation. Because of this factor, the
pressure field in a vortex is very sensitive to variations in Reynolds number.
This is illustrated in Fig. 6.8.

The experimental situation under which these data were coilected is an
idealized hub vortex, the amount of swirl being controlled by the angle of
attack of a series of fixed blades as shown in Fig. 6.8. This clearly shows that

0lJ-L

0.8 0.1 0.2 0.4 0.6 0.8 1.0 2.0
Reynolds number x 10"

n 1 5  1 0 5 0 - 5
Atlack arple in degrees

FIG. 6.5 Cavitation inception characteristics
NACA 4412 hydrofoil. (Adapted from Ref. 8.)
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Wind-tunnel r Wind-lunnel tests
tesls H with triP wire

Developed Cavitation

When the value of o is less than o", fixed or attachcd cavities can form on the

independent ofupstream velocity and pressure; hence

C r ^ :  - o  o l o c

Assuming the pressure distribution on the pressure side to be uninfluenced by

cavitation on the suction side, it is easily seen that the lift coefficient C1 should

be roughly proportional to Cr^. This is shown in Fig. 6.9. At each value of the

angle of attack a, there is a value of o above which C1 is independent of this

parameter. At lower values of o, C2decreases with decreasing o. Note that as

angle of attack increases, C1 increases and "cavitation stall" occurs at increas-

ingly higher values of o. In a turbomachine the picture is qualitatively the

r.rr. As previously mentioned, the angle of attack is prqrportional to flow coef-

ficient at a fixed wicket gate setting. Obviously the flow is more complicated,

but the analogy between a hydrofoil and the blade section of a propeller turbine

can be seen.

Cuvitqtion Erosion

A detailed explanation of cavitation erosion is'beyond the scope of this book.

Most of the research in this area has been directed toward the mechanics of

bubble collapse and the associated impulsive pressures as well as toward a

quantification of those material properties that are of importance in resistance

to cavitation. Little has been done to correlate cavitation erosion with the proP

erties of a given flow field. However, it is important to have in mind that cav-

NACA 66, -012

Angle ol anack = 10'

0.4 0.8 1.2 1.6 2.0
Cavitation number o

(6  43)
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FIG. 6.8 Minimum pressure in the core of a hub vortex. (Ref. 12.)

observations of vortex cavitation in a model will not extrapolate to the proto-
type because of the differences in Reynolds number.

The examples of cavitation in separated flows and vortex flows already illus-
trate that o is not a unique parameter for the correlation of cavitation phenom-
ena. In fact, there arc a myriad of "scale effects" which preclude using cavi-
tation index alone as the scaling parameter for cavitation phenomena, just as
the affinity laws for turbine performance are modified by viscous effects. The
problem of scaling cavitation is more complex since the basis of the cavitation
index is not only that pressure scales exactly with velocity squared but also that
cavitation occurs when the hydrodynamic pressure at a given point is equal to
the vapor pressure. The second assumption is also not completely valid; in fact,
cavitation inception is also influenced by the level of dissolved gas in the flow
as well as by the number, density, and size distribution of microbubbles or
nuclei in the 6ot".r3'r4 In addition, surface roughness will increase the suscep-
tibility to cavitate.ri All these details are of practical importance but are
beyond the scope of this book.
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FIG. 6.9 Variation in lift coefficicnt with cavitation number. (Re[. 9.)
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test apparatus. However, Stinebring et al.16 have been able to measure the
energy absorbed per pit. This is directly proportional to pit volume which is
found to scalc with velocity to the fifth power. Thus, energy absorbed per unit
,t ?ptt I c

Energy

Unit area time (6.44)

:  kV6 X Vs  =  kvr r

Obviously, the erosion rate is very sensitive to velocity in the initial stages of

cavitation. This implies that the magnitude of the erosion problem increases

very rapidly with the head.
In many qrses cavitation erosion occurs at the trailing edge of an attached

cavity. The number of bubbles that collapse in this region in a given period of

time will be a function of the geometry of the.cavity which in turn is a function

of the cavitation index. This is illustrated in Fig. 6.11. This is admittedly for

an idealized situation, namely cavitation on an axisymmetric body under €re-

fully controlled laboratory conditions. However, it is important for every

hydraulic engineer to recognizethat maximum erosion intensity does not occur

at the lowest possible cavitation number.
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FIG. 5.t0 Cavitation erosion data. Constant cavitation number.
Microphotograph of a typical pit is shown in thc inscrt. (Adapted trom
Ref. ta.)

itation erosion will scale with a high power of velocity at a given cavitation
number and that cavitation erosion does not necessarily increase with a
decrease in the cavitation index. Figure 6.10 is a compilation of data obtained
in various laboratories for cavitation erosion on various axisymmetric bodies as
well as twodimensional flow over a backward facing step. For the purposcs of
this illustration, erosion rate is defined as the pitting rate of soft aluminum in
number of pits per unit area per unit time, and corrections have been made for
variations in dissolved gas. Very little quantitative information is available, but
it has been observed that the pitting rate is measurably reduced with an
increased concentration of gas.16 A typical microphotograph of a pit is also
shown in the figure. The important feature is that at constant o the pitting rate
scales with the sixth power of velocity. The pitting rate is not quantitatively
equivalent to the measured weight loss observed in specially designed erosion
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Thoma's Sigma

The introductory material on cavitation was based on simple geometric shapes

HYDRAULIC TURBINES 6.29

Stages ol cavitation
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to define operating conditions with respect to cavitation. For example, it is
sometimes necessary to specify under what conditions the degree of cavitation
will be the same for the same machine operating under different heads and
speeds, or for two machines of similar design but different heads and speeds,
or for two machines of similar design but different size, e.g., a model and a
prototype. The accepted parameter for this purpose is the Thoma sigma o7.
This is dcfined as

cawarion index or Kxi*"t*
FIG. 6.12 Schematic of the correlation bctween performance break-
down, noise, and erosion with cavitation index.

This figure is based on information presented by Deeprose et al.r7 Note the
similarity in the trend of performance with 07"nd the correlation of lift coef-
ficient with o as shown in Fig. 6.9. As has already been emphasized, a mea-
surable drop in efficiency occurs at a value of o7 that is well below the value
corresponding to the detection of cavitation inception acoustically. Note also
that maximum noise and presumably maximum erosion rate occur at a value
of oy intermediate between the value at inception and that at performance
breakdown. A slight rise in efficiency is often also noted at intermediate values
of o7.

Suction Specrfic Speed

The critical value of o7 is a function of the type of turbine involved, i.e., the
specific speed of the machine. A cavitation scaling parameter often used in
pump application is the suction specific speed
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where //", is the net positive suction head. Referring back to Fig. 6.3, this is
defined as

(6.4s)

(6.46)

(6.47)

H , , = H o - z - H , - # * H t

where I/, is the atmospheric pressure head, z is the elevation of the critical
location for cavitation above the tailwater elevation, V, the average velocity in
the tailrare , and H t the head head loss in the draft tube.

If we neglect the draft-tube losses and the exit-velocity head, Thoma's sigma
is

H o -  H r -  z
6 T :  

H

Each type of turbine will cavitate at a given value of o7. Clearly cavitation can
only be avoided if the installation is such that o7 is greater than this critical
value. The value of o7 for a given installation is known as the plant sigma. For
a given turbine operating under a given head, the only variable is the turbine
setting z. The critical value of Thoma's sigma, 076, controls the allowable set-
ting above tailwater:

Z a l l o w : H o - H u - o r c H (6.48)

It must be borne in rnind that Ho varies with elevation. As a rule of thumb, .I/o
decreases from the sea level value of 10.3 m (33.8 ft) by l.l m (3.6 ft) for
eYery 1000 m (3280 ft) above sea level. Thus a turbine sited at Leadville, Col-
orado, or Quito, Ecuador, for example, would have an allowable turbine setting
that is 3 m (9.84 ft) less than that at sea level. In fact, 2116s could easily be
negative, implying a required turbine setting below the tailwater elevation.

The determination of oyg is usually done by a model test. A schematic of
the correlation between performance breakdown and o7 is shown in Fig. 6.12.

The suction specific speed is a natural consequence of considering dynamic
similarity in the low perssure region of a turbomachine. The dynamic relations
are

(6.4e)

(6.50)
ry: constant

#: 
constant

where D" is the eye or throat diameter.
These relations hold when the kinematic condition for similarity of flow in

the low-pressure region of the machine is satisfied:

&: 
constant

o o

(6.5 r )
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Elimination of D, in Eq. (6.50) yields the suction specific speed. Using Eq.
(6.33) for the powcr developed by a turbine, the relationship between or, Ns,
and S is given by
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itation or that the factor S cannot be considered a constant. It should be kept
in mind that since the flow direction for a pump and a turbine are in opposite
directions, only the inception point should be similar. Under developed cavi-
a ^ t : - -  ^ ^ - l i r ! ^ - ^  e L ^  Q ^ - - ,  ^ 2 t - . ^ t l ^ -  ^ ^ . . 1 1  L ^  ^ - . ! + ^  l l A f ^ - ^ - + . . , l r L  ^ ^ . , 1 r , ,  ^ l ^ ^ . . - ^
taflrl+E, r.^Jtltl lttt ttti, bttrtr ttt +Y ultuatH.ltt uuulu u{; qultg urri{lsrlL wlLlr.{;a1vrL)H/r{rDurt;

occurring on the runner in the case of a pump, whereas it would occur down-
stream of the runner in the case of the equivalent turbine.

Figure 6.13 is a useful chart for estimating the turbinc setting for various
types of turbines in conjunction with Eq. (6.48). This is a useful procedure for
preliminary design and comparison between different types of turbines for the
same installation. However, the manufacturer's recommendation should be fol-
lowed in the final design.

6.4 TURBINE TECHNOLOGY

Overall Description of a Hydropower Installation

The hydraulic components of a hydropower installation consist of an intake,
penstock, guide vanes or distributor, turbine, and draft tube. The intake is
designed to withdraw flow from the forebay as efficiently as possible, with no,
or minimal, vorticity. Trashracks are commonly provided to prevent ingestion
of debris into the turbine. Intakes usually require some type of shape transition
to match the passageway to the turbine and also incorporate a gate or some
other means of stopping the flow in case of an emergency or turbine
maintenance.

Some types of turbines are set in an open flume; others are attached to a
closed-conduit penstock. In all cases, efforts should be made to provide unifor-
mity of the flow, as this uniformity has an effect on the efficiency of the turbine.
For low-head installations, the diameter of a closed penstock must be quite
large to accommodate the large discharges necessary for a given power output.
Its size is a compromise between head loss and cost. The selection of the actual
penstock configuration is dependent on the location of the powerhouse with

; respect to the dam.
For some types of reaction turbines, the water is introduced to the turbine

through the casings or flumes which vary widely in design. Thc particular type
of casing is dependent on the turbine size and head. For small heads and power

' 
output, open flumes are commonly employed. Steel spiral casings are used for
higher heads, and the casing is designed so that the tangential velocity is essen-
tially constant at consecutive sections around the circumference. This require-
ment necessitates a changing cross-sectional area of the casing.

, Some examples of intakes and casings are shown in Fig. 6.14, where dimen-
sions are given in terms of the runner diameter. As the inflow has an effect on
the turbine efficiency, the design of the special casing is carried out by the
turbine manufacturer.

-  r - . , , 4 / 3
I  / f r ' \o r : 7 l l \ s / (6.s2)

If .S can be assumed to be constant, then Eq. (6.52) produces a relationship
between o7 

"fid 
N". Allowable values of S do vary, but an acceptable conser-

vative value in nondimensional units is 3.
A comparison between Eq. (6.52), assuming 2 < ^S < 4, and actual turbine

experienceas quoted by Moody andZ,owski,3 is shown in Fig.6.13. An effi-
ciency of 0.9 is assumed. The allowable S for turbines appears to be higher
than for equivalent pumps. Note also that the trend of limiting o1 for turbines
has a steeper slope than the constant .S lines. This could imply that different
specific speed designs are not equally close to the optimum with regard to cav-

0 1  1 . 0

N"

FIG. 6.13 Cavitarion index as a function of specific speed.
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Intakes & cases

HYDRAULIC TURBINES

also changes. Wicket gates can also be used to shut off the flow to the turbine
in emergency situations. Various types of valves are installed upstream of the
turbine for this purpose for turbines without wicket gates.

Spiral

FIG. 6.1{ Typical intake and case dimensions. (Reprinted with
permission lrom Ref. I 8.)

Discharge control for some types of reaction turbines is provided by means
of adjustable guide vanes or wicket gates around the outer edge of the turbine
runner. The vanes are tied together with linkages and their positioning is reg-
ulated by a governor. The adjustable vanes are shown schematically in Fig.
6.1. The flow areas can be readily varied from zero to a maximum by rotation
of the vanes. In addition, the velocity diagrams at the entrance and exit are a
function of the guide-vane position, and therefore the efficiency of the turbine

n p  n t l r n 1 \ c A  nr r v  | / u r  Hvev  v n c t t ^  p n p f ( t f ,
r r v r r v  v r r v r  

E , J

exiting the turbine runner. Within l imits a well-designed draft tube wil l permit
installation of the turbine above the tailwater elevation without losing any
head. Different designs of a draft tube are common, ranging from a straight
conical diffuser to configurations with bends and bifurcations. Some typical
shapes and relative dimensions are shown in Fig. 6.15, where the dimensions
again are given in terms of the runner diameter.

The simplest form of draft tube is the straight conical difuser. Efficiency of
energy conversion is dependent on the angle of the diverging walls, as discussed
in Sec. 6.3 under Turbine Efficiency and Losses. Small divergence angles
require long diffusers to achieve the area necessary to reduce the exit velocity.
Long diffusers increase construction costs; therefore the angle in some cases
may be increased up to about l5 " from the typical optimum value of about 7 ".

In addition to the increased loss through a large-angle diffuser, flow separation
can lead to unstable flow. Flow instability is to be avoided, as it has an adverse
effect on turbine performance.

For some types of turbine installations, such as a vertical-axis turbine, the
flow must be turned through a 90' angle after leaving the turbine. This is
accomplished by adding an elbow between the turbine and draft tube, which
has an influence on the draft tube performance (as discussed briefly in Sec. 6.3
under Turbine Efficiency and Losses)
and requires careful design.

Experimental data on diffusers are
available in the literature. However,
the flow leaving the turbine runner
can have a swirl component of veloc-
ity which has an effect on the draft-
tube efficiency. The magnitude of the
swirl is dependent on the type of tur-
bine and operating conditions. Exces-
sive swirl can result in surging in the
draft tube, as well as load fluctuations
and pressure fluctuations that can
cause mechanical vibrations of severe
magnitude. However, a small swirl
component has been found to be
beneficial, as pointed out in Sec. 6.3
under Turbine Efficiency and Losses.

A draft-tube design adequate for
one type of runner may not be satis-
factory for another. Therefore, the

Draft tubes

's"

FIC. 6.15 Typical draft tubc dimcnsions,
(Reprinted with permissiontrom ReI. 18.)
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FIG. 5.16 Energy balance for a medium-speed Kaplan turbine
model as a function of unit discharge Qt : Q/ D"V H for a l-m (3.28-
ft) diameter and l-m (3.28-ft) head. (Reprinted with permissionfrom
Rel. 19.)

draft tube is considered an essential part of the turbine, and its design is carried
out by the turbine manufacturer.

An example of some typical losses and their sources are shown in Fig. 6.16
for a Kaplan turbine. For small discharges, major losses occur in the runner
and distributor. This is typical for a turbine operating at off-design conditions
and is associated with the shock losses in the runner. As the discharge
increases, the runner and distributor losses decrease to relatively small values.
The draft-tube losses increase, but the largest increase is the losses at the drafr
tube exit. It becomes obvious that efforts should be made to reduce this loss,
which can be accomplished by enlarging the draft-tube exit area. However, as
such enlargement increases the construction cost, compromises must again be
made.

Turbine Classification and Description

There are two basic types of turbines, denoted as impulse and reactton. In an
impulse turbine the available head is converted to kinetic energy before enter-
ing the runner, the power available being extracted from the flow at atmo-
spheric pressure. In a reaction turbine the runner is completely submerged and
both the pressure and the velocity decrease from inlet to outlet. The velocity
head at the inlet to the turbine runner is typically less than 50 percent of the
total head available. In either machine the torque is equal to the rate of change
of angular momentum through the machine as expressed by the Euler
equation.

w
80

76

72 FIG. 6.17 Double-overhung impulse wheel. (Reprinted with
permission from Ref. 20.)

Impulse Turbines

Modern impulse units are generally of the Pelton type and are restricted to
relatively high head application (Fig. 6.17). One or more jets of water impinge
on a wheel containing many curved buckets. The jet stream is directed
inwardly, sideways, and outwardly thereby producing a force on the bucket
which in turn results in a torque on the shaft. All the available head is con-
verted to kinetic energy at the nozzle. Any kinetic energy leaving the runner is
"lost." It is essential that the buckets are designed in such a manner that exit
velocities are a minimum. No draft tube is used since the runner operates under
essentially atmospheric pressure and the head represented by thc elevation of
the unit above tailwater cannot be utilized.* Since this is a high-head device,
this loss in available head is relatively unimportant. As will be shown later, the
Pelton wheel is a low-specific-speed device. Specific speed can be increased by
the addition of extra nozzles, the specific speed increasing by the square root
of the number of nozzles.

Specific speed can also be increased by a change in the manner of inflow
and outflow. As shown in Fig. 6.18, a Turgo turbine can handle relatively
larger quantities of flow at a given speed and runner diameter by passing the
jet obliquely through the runner in a manner similar to a steam turbine. The
jet impinges on several buckets continuously, whereas only a single bucket per
jet is effective at any instant in a Pelton wheel. The Banki-Mitchell turbine
illustrated in Fig. 6.19 is a variation on this theme. The flow passes through
the blade row twice, first at the upper portion of the wheel and again at the
lower portion. The flow exits the blade in the opposite direction from the first
pass and hence this configuration tends to be self-cleaning since debris imping-
ing on the periphery of the runner at the top dead center is removed by the
flow on the second pass at essentially bottom dead center.

Most Pelton wheels are mounted on a horizontal axis, although newer ver-
tical-axis units have been developed. Because of physical constraints on orderly
outflow from the unit, the maximum number of nozzles is generally limited to

' In principle, a draft tube could be used, which requires the runncr to operate in air under rcduced
pressure. Attempts at operating an impulse turbine with a draft tube have not met with much success.
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Turgo impulse

FIG. 6.18 Turgo and Pelton whcels contrasred. The jet on rhe
Turgo strikes three buckets continuously, whereas on the Pclton
it strikes only one. A similar speed-increasing cffect can be had
on the Pelton by adding another jet or two.

six or less. While the power of a reaction turbine is controlled by the wicket
gates, the power of the Pelton wheel is controlled by varying the nozzle dis-
charge by means of an automatically adjusted needle, as illustrated in Fig.
6.20. Jet deflectors, Fig.2Qa, or auxilliary nozzles arranged as in Fig. 20b are
provided for emergcncy unloading of the wheel.

Additional power can be obtained by connecting two wheels to a single gen-
erator or by using multiple nozzles. Since the needle valve can throttle the flow
while maintaining essentially constant jet velocity, the relative velocities at
entrancerand exit remain unchanged, producing nearly constant efficiency over

1. Casing
2, Guide vanes
3. Rotor
4. Main bearirg
5. Comer casing
6. Air inlel vafue
7. Draft tube
8. Reducer

FIG. 6.19 Ossbcrger crossflow turbinc.

Q of turbine wheel

O.D. circle

Servonrotor
Jet defleclor

Flow-stra€htening vanes

(a)

FIG, 6.20a Pelton 45' elbow-type needle nozzle with jet deflector.
(Reprinted with permission from Ref. 20.)

a wide range of power output. This is a desirable feature of Pelton and Turgo
wheels.

Throttling of the Banki-Mitchell turbine is accomplished differently, as
illustrated in Fig. 6.19. An adjustable guide vane is used which functions in a
manner similar to the wicket gates in a reaction turbine. If operating conditions
require, the guide vanes can be divided into two separately controlled sections.
For most installations, the lengths of the two guide-vane sections are in the
ratio l:2, allowing for utilization of N,%, or the entire runner, depending on
the flow conditions. This combination provides a relatively flat efficiency curve
over the power range l5 to 100 percent.

(b)

FIG. 6.20, Pelton nozzle with auxiliary relief nozzle. (Reprinted
with permissionfrom Ref. 20.)
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Reaction Turbines

HYDRAULIC TURBINES 6.39

Reaction turbines are classifiedaccording to the variation in flow direction

raciius <iifferent (in mociern ciesigns the iniet flow is always inward) than the
radius at the inlet. If the flow enters the runner with only radial and tangential
components, it is a radial-flow machine. The flow enters a mixed-flow runner
with both radial and axial components. Francis turbines are of the radial- and
mixed-flow type, depending on the design specific speed. Two Francis turbines
are illustrated in Fig.6.2l. The radial-flow runner (Fig. 2lc) is a low-specific-
specd design, whcreas the mixed-flow runner (Fig. 2lD) achieves peak effi-
ciency at considerably higher specific speed.

Axial'flow propeller turbines are generally either of the fixed-blade or

vaneg
or buckets

(b)

FIG. 6.21 Two cxamples of Francis turbinc.
(Reprinted with permission trom Ref, 20.)

Spiral
cage

Discharge
nrp

Draft-tube liner
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Kaplan (adjustable-blade) variety. The "classical" propeller turbine, illus-
trated in Fig. 6.22, is a vertical-axis machine with a scroll case and a radial-
wicket-gate configuration that is very similar to the flow inlet for a Francis
turbine. The flow enters radially inward and makes a right-angle turn before
entering the runner in an axial direction. The Kaplan turbine has both adjust-
able runner blades and adjustable wicket gates. The control system is designed
so that the variation in blade angle is coupled with the wicket-gate setting in a
manner which achieves best overall efficiency over a wide range of flow rate.

The classical design does not take full advantage of the geometric properties
of an axial-flow runner. The flow enters the scroll case in a horizontal direction,
issues radially inward from the guide case, where it forms a vortex and dis-
charges into the draft tube in a vertical direction with very little whirl com-
ponent remaining. The flow must then again be turned through 90' to dis-
charge into the tailwater in a horizontal direction. From a design point of view,
this is less than desirable for many reasons. The flow field entering the runner
is highly complex, and it is difficult to design the proper pitch distribution from
hub to tip for minimal shock losses. There are additional losses in the clbow,

Runner
hub



6.40  SMALL AND MINI  I fYDROPOWER SYSTEMS HYDRAULIC TURBINES 6.4I

and the tortuous flow path required from inlet to outlet requires additional civil
works.

More modern designs take full advantage of the axial-flow runner; these

and exits the turbine with minor changes in direction. A wide variation in civil
works design is also permissible. The tube-type can be fixed-propeller, semi-
Kaplan, or fully adjustable. An externally mounted generator is driven by a
shaft which passes through the flow passage either upstream or downstream of
the runner.

The bulb turbine was originally designed as a highoutput low-head unit. In
large units, the generator is housed within the bulb and is driven by a variable-
pitch propeller at the trailing end of the bulb. Smaller units are available in
which an externally mounted generator is driven by a right-angle drive which
is housed within the bulb (Fig. 6.2$. Because of the simplicity of installation,
the various modern axial-flow machines are of considerable interest for low-
head applications.

In addition to the radial-flow and mixed-flow-Francis and axial-flow pro-
peller units, there is the Deriaz turbine which is a mixed-flow propeller unit of
the Kaplan type. This turbine was originally developed for pumped storage
applications, but shows great promise for applications in the medium-head
range. The turbine consists of a series of controllable-pitch blades mounted on
a conical hub. The turbine can have either a conventional scroll case and gate
apparatu$or a more specialized flap system for controlling the inlet flow. This
unit provides the same flat efficiency curve over a wide range of power as the
standard Kaplan propeller units, but because of the mixed-flow design, it is
applicable to higher head applications. However, in 1981, there did not appear
to be any units available of a small size (less than l-MW capacity).

FIG. 6.24 Right-angle drive bulb turbine (Neyrpic.)

Performance Characteristics

Comperative Performqnce of Impulse and Reaction
Turbines

The two basic types of turbines tend to operate at peak efficiency over different
ranges of specific speed. This is due to geometric and operational differences.
In order to give the reader a perspective of the operational characteristics of

each type, a brief discussion of operational principles is presented, followed by
a summary of the performance of commercially available equipment in sub-
sequent sections.

Impulse Wheels: Typical types of impulse wheels are illustrated in Figs. 6.17
to 6.19. For a given pipeline there is a unique jet diameter that will deliver
maximum power to a jet. Denoting the jet diameter by di the power is given

by

FIG. 6.23a Comparison of structures
rcquircd for Straflo vs. bulb turbinc with samc
output and head. (U.5. Department of Energy
Report ID+|962-1, Aprtl 1978.)

FIC. 6.236 Various tube turbine arrange-
ments. (U.5. Department of Energy Report
I DO-I 962-1, April 1978.)

P1 : t ey r : t f ; a j v i

4 . ' ;# :  ah

(6.53)

Let Ah denote the difference between the reservoir surface and the nozzle ele'
vation. Neglecting losses at the entrance to the pipe and in the nozzle, Eq.
(6.53) yields

(6.s4)



6.42 sMALL AND MlNr HyDRopowER sysrEMS

where Iz, is the i
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D

j e t  ve foc i ty ,  Vr iity, V, is the velocity in the pipe, and doand I denoteY, vp
P

respectively, the pipe diameter and length. As the size of the nozzle opcning is
increased, the flow rate Q gets larger while the jet velocity Vi Sets smaller, since

(6.54), it can be shown that maximum power is obtained when

L,h:  r ; r# (6.ss)

(6.56a)

(6.s6b)

(6.s7)
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Thus, for a given penstock geometry and Aft, the maximum power available
to the turbine can be calculated.'From Eqs. (6.33) and 6.56a), it should be
noted that the maximum possible plant efficiency is % for this case.

For the usual design problem in which Q and Ah are given, the maximum
possible plant efficiency could theoretically be unity if do is so large that the
loss terryin Eg. (6.54\ is negligible. The jet velocity Ir; gld then be given by
Vj : V2S Ai and rhe jet diameter by dJla = Qlt/ZS A,n. This is a mini-
mum jet diameter. Note that selection of drand dy in specific cases requires an
economic analysis and depends strongly on the characteristics of the site and
also on the turbines that are available.

Of the head available at the nozzle inlet, a small portion is lost to friction
in the nozzle and to friction on the buckets. The rest is available to drive the
wheel. The actual utilization of this head depends on the velocity head of the
flow leaving the turbine and the setting above tailwater. Optimum conditions
corresponding to maximum utilization of the head available dictate that the
flow leaves at essentially zero velocity. Under ideal conditions, this occurs when
the peripheral speed of the wheel is one-half the jet yglggity. In practice, opti-
mum power occurs at a speed coefficient,Q = ql{25H, somewhat less than
0.5. In fact, it can be shown that best efficiency will occur when 6 : llCu cos
ar, where C, is the velocity coefficient for the nozzle,

1 .00.6

+
FIG. 6.25 Ideal and actual variable-speed performancc for
an impulse turbine. (Adapted with permissionfrom Ret.20.)

A given head and penstock configuration establishes the optimum jet veloc'
ity and diameter. The size of the wheel determines the speed of the machine.
For a wheel of diameter D, the speed in radians per second is

Q =  2 t : ' f  vm
Using Eq. (6.33) for the power P and the equation

(6.s8)

(6.se)

the machine the

(6.60)

( 6 . 6 1 )

for the flow rate Q,
relationship

or approximately

*s2 -s2
Q= V t? :  c " tFWYL

one obtains for the specific speed of

Ns :  Z, t , {nnC,O4O

d '
N r  :  ' ' t ;

and a1 represents the effective angle between the jet velocity and the peripheral
velocity of the runner at entrance to the bucket. This is illustrated in Fig. 6.25.

Since maximum efficiency occurs at fixed speed for fixed H, Vi must remain
constant under varying flow conditions. Thus the flow rate Q is regulated with
an adjustable nozzle. There is some variation in C, and c1 with regulation and
maximum efficiency occurs at slightly lower values of d under partial power
settings. Present nozz\e technology is such that the discharge can be regulated
over a wide range at high efficiency.

Practical values of d1/D for Pelton wheels to ensure good efficiency are in the
range 0.04 to 0.1, corresponding to tr/, values in the range 0.05 to 0.13 (10 to
25 in metric units using the metric horsepower). In Turgo turbines the relative



wheel diameter can be half that of a Pelton wheel resulting in specific speeds Referring to Eq. (6.29), optimum hydraulic efficiency would occur when
approximately twice that of the conventional design. Higher specific speeds arc a2 is e4ual io 90.,-However, ovsrall emciency of the turbine is dependent on
possible with multiple-nozzlc designs. The increase is proportional to the square the optimum performance of the draft tubc which occurs ."ith a little swirt in
F.isi sHequ*€eFi+€Eei€s tfsnow;frrus;i:esfovsraii cfticnafmurs pitilrdr #5lfror irigh Spccifi€

Crossflow turbines can operate at even higher specific speed (N, = 0.6) specd turbines. The bydraulic efficiency (Eq. 6.29) is approximately
because the length of the runner can be much larger than the diameter, which
permits large values of flow through a relatively imall diameter runner. This 11 : 2$C1 cos al (6'63)

is possibly one of thc reasons why the crossflow turbine has seen application
over such a widc range of head ard power (Fig. 6.34). However, in considering 

with a| in th€ range of lo to 25' and ct = 0 6' the speed coemcient d' is

an impulsc unit, one must remomb€r that efficiency is based on net head, and 
apProximately 0'8 compared with a little less than 0'5 for an impulse turbine'

the net head for an impulse unit is generally less than the net head for a reac- 
Note also that cr = o 6 implies that only 40 perc€nt of the availablc hcad is

tion turbine at thc same gross head because of the lack of a draft tube 
onYerted to velocity hcad at the turbinc inlet comparcd wilh 100 Perccnt for

the imDulsc wheel.
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Reaction Turbines: The main difference between impulse wheels and reac-
tion turbines is the fact that a pressure drop takes place in the rotating passages
of the reaction turbine. This implies that the entire flow passage from the tur-
bine inlet to the discharge at the tailwater must be completely filled. A major
factor in the overall design of modern reaction turbines is the draft tube.

This was not always the case. In earlier days, when low-speed largediam-
eter Francis turbines were installed under low heads, the lack of a draft tube
or the use of a very short conical tube resulted in a nominal velocity head loss
from the runner. This was not particularly critical for installations which are
underdbveloped based on current standards since water was spilled over the
dam much of the year. However, since it is now desirable to reduce the overall
equipment and civil construction costs by using high-specific-speed propeller
runners, the draft tube is extremely critical from both a flow stability and an
efficiency viewpoint. Since the runner diameter is relatively small, a substantial
percentage of the total energy is in the form of kinetic energy leaving the run-
ner. To recover this efficiently, considerable emphasis should be placed on the
draft-tube design.

The practical specific-speed range for reaction turbines is much broader
than for impulse wheels. This is due to the wider range of variables which
control the basic operation of the turbine. As an illustration of the design and
operation of reaction turbines for constant speed, refer again to Fig. 6.1. The
pivoted guide vanes allow for control of the magnitude and direction of V1, that
is, Z1 and a1. The relationship between blade angle, inlet velocity, and periph-
eral speed for shock-free entry can be obtained from Eq. (6.7) as

cos B1 =
Z1 cos dt - ttt

(6.62)
Z1 sin a1

Without the ability to vary the blade angle, it is obvious that shock-free entry
cannot be completely satisfied at partial flow. This is the distinction between
the power efficiency of fixed-propeller and Francis types at partial loads and
the fully adjustable Kaplan design.
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The determination of optimum specific speed in a reaction turbine is more

N s = . S  N " = . 8  N " = 1 . 1  N s = 2 . 1  N " = 3 . 5
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F[G.6.26 Empirical design constants for reaction turbincs. (Adapted
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FlG, 6.27 Physical characteristics of various turbinc run-
ners compared. (Adapted with permission from Ref. Ig.)

comPlex since there are more variables. For a radial-flow machine (refer to
Fig. 5.1), a relatively simple expression can be derived. Combining Eqs. (6.22),
(6.23)' (6.28), (6.33), and (6.58), the expression for specific speed, eq. 1o.soy,
is

or approximately

Nr : 5.5 (6.65)
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Using standardized design charts for Francis turbines (Fig. 6.2q, trr" is nor-
mally found to be in the range 0.3 to 2.5 (58 to 480 in metric units using metric
horsepower). Notc that the actual values of the referencc diameters used in

Readion runners
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FIG.6.27 (Conttnued)

Fig. 6.26 are defined in the figure itself and do not necessarily correspond to
D1 and D2in Fig. 6.1.

Performance Comparison: The physical characteristics of various runner
configurations are summarized in Fig. 6.27.It is obvious that the configuration
changes with speed and head. This can be expressed in terms of pcak efficiency
versus specific speed, as illustrated in Fig. 6.28. As already discussed, impulse
turbines are cmcient over a relatively narrow range of specific speed, whereas
Francis and propeller turbines have a wider useful range.

Variable geometry is an important consideration when a turbine is requircd
to operate over a wide range of load. Pelton wheels and Turgo wheels tend to
operate efficiently over a wide range of power loading because the needle valve
is capable of metering flow at a constant discharge velocity. Thus, the relative
velocities through the runner remain fixed in magnitude and direction which
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FIG. 6.23 Efficiency of various types of turbines as a function of
specific speed.

allows for maximum runner efficiency independent of flow rate. A comparison
of efficiency variation with load as a function of the level of sophistication of a
tube turbine is illustrated in Fig. 6.29. Fixed gates and blade settings result in
peak efficiency at 100 percent load, and the efficiency drops off rapidly with
changes in load.

On the other hand, a Kaplan-type tube turbine can maintain efficiency over
a relatively broad range of conditions. Also illustrated in Fig. 6.29 is the vari-
ation of efficiency for an impulse wheel. Although its peak efficiency is less than
the high-speed tube turbine, the impulse unit is able to maintain a relatively
high efficiency over a wide range of conditions. Both Francis and Deriaz units
are designed to operate at medium specific speed. The efficiency of these two
turbines'is compared in Fig. 6.30. Again, the advantages of controllable-pitch
blades are evident in this comparison. The decision of whether to select a sim-
ple configuration with a relatively "peaky" efficiency curve or to go to the addi-

30 q 50 60 70 80 90 100 110 120
Percent of tull load

FIG. 6.29 Turbine eFficiency as a function of load. Comparison
betwccn an impulse turbine and various configurations of a high-speed
propcllcr unit.
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FIG. 6.30 Efficiency versus load of Deriaz and Francis tur-
bines of equivalent specific speed and size.

tional expense of installing a more complex machine with a broad efficiency
curve will depend on the expected operation of the plant. If the head and flow
are relatively constant, then the less expensive choice is justified. On the other
hand, many runof-river plants may be more economical with the installation
of Kaplan or Deriaz units. Table 6.1 summarizes the range of head, flow, and
power of various types of turbines.

Detailed performance maps that are typical of Francis- and Kaplan-type
turbines are shown in Figs. 6.31 and 6.32. Figure 6.31 clearly shows the nar-
rower operating range of a fixed-geometry Francis turbine when compared to
the fully adjustable Kaplan type. Note that maximum efficiency does not occur
at maximum gate opening but at an opening of about 75 percent, where 85
percent power is produced under design head. Figure 6.32 makes quite clear
the operating advantages which accrue with the increased complexity of the
Kaplan design.

Because various types of turbines tend to operate best over different specific-
speed ranges, the head and power available at a given site dictate what options
are practical. This is illustrated in Fig. 6.33, where the various types of turbines
that would be useful at various combinations of head and desired power output
are plotted over a range of head and power from 2 to 400 m (about 6 to 1,300
ft) and l0 to 20,000 kW. Figure 6.33 is constructed with the following assump
tions: speed in the range 600 to 3,600 r/min,* direct drive, and specific speed

fThc spccd range is bascd on thc assumption of 6GHz currcnt and a maximum of 12 poles in thc
generator. (Numbcr of poles cquals 7,2OOln.)

4 0 L
20

A - Adjustable blades - adjustable gates
B - Adlustable blades - fixed gates
C - Fixed blades - tixed gates
D - Fixed blades - adjustable gates
E - lmpulse turbine
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TABLE 6.1 Turbine Performance Character is t ics*

tRrtcd hced is dcfincd ar thc hcad at which fult gatc outpur cquals ratcd gcncrator ourpur.
tMay bc operrrcd to 14O pcrccnt if propcr turbinc settinj is uscd,

in the range of optimum efficiency for a given design. At constant n and n' the
head is rclated to the power by

r  t a /S

,  -  ( : )  (p )z rs  (6 .66)
\ t l s  /

Thus the upper limits for each turbine type represent maximum r/min (if pos-
sible without cavitation) and minimum n,. The lower boundary is determined
from the lowest r/rnin and maximurn nr without cavitation.
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FIG. 6.31 Francis turbine performance-23 to 46 m head range.
(Ref.2t.)

Cavitation limits are based on a net positive draft head Hru - Ho - Hu -
z of I atm. For example, the lower curve for the propeller turbine is determined
with n of 600 r/rnin and a maximum nrof 164 in metric units using kW for
power (N' : 4.6; see Fig. 6.28). Since the critical Thoma's sigrna is a function
of n, (Fig. 6.13), and the plant sigma is a function of draft head and net head
(Eq. 6.a7), a point is reached where the two sigmas are equal. This occurs at
the break in the lower curve. If it is desired to maintain the same speed at
higher heads, n" must decrease to avoid cavitation. Thus, z" decreases along the
lower curve to the right of the breakpoint.

Sumey of Commercially Avqilable Equipment

Recent interest in small-scale hydropower has stimulated the turbine manu-
facturers to produce turbines suitable for this application. Larger units have
been scaled down to match the lower head and power requirements. As cost of
equipment has a significant impact on the economic feasibility of a srnall-scale
installation, a major thrust has been made to develop standardized units to
reduce cost. Many of these standardized units are supplied complete with the

Turbinc type
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FIG. 6.32 Performance curve for adjustable-blade turbine, N,
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generator and auxiliary equipment. The larger and wellestablished equipment
manufacturers are adding such equipment as a line item, and the number of
smaller manufacturers is rapidly increasing in response to the anticipated
demand. The snrra!! companies are in genera! developing equipme-nt for the
lower power outputs in the range of less than 20 kW.

A summary graph based on commercially available equipment as a function
of head and power output is shown in Fig. 6.34 to indicate the coverage as it
currently exists. This graph should be compared with Fig. 6.33. This summary
should be used only as a guide to available turbines, as different units are rap-
idly being offered by the various manufacturers. It can readily be scen that
several types of turbines are available for a given head and power output. The
crossflow turbine covers a wide range of conditions. The propeller turbine clas-
sification includes the vertical Kaplan, bulb, and tube turbine units. The
Kaplan turbine is commonly used for the higher heads and power output, and
the bulb for essentially the same output at lower heads. The tube-turbine range
includes the lower heads and power outputs. Standardized tube turbines are
available in this range and may be economically attractive for the mini hydro
projects and also in the upgrading or rehabilitation of old hydropower stations.

For the micro hydropower sites, which are low-head and have power outputs
of less than 100 kW, some standardized propeller turbines are also available.
These small units have been developed specifically for this application, and
attempts have been made to simplify the machine and thus lower initial equip-
ment costs. The simplification may result in reduction of efficiency of the unit,
and this should be considered in the assessment of economic feasibility.

Accurate performance data are usually not available for smaller turbines.

100 
''' o :r '. to' 1O0O 10'000

Power, kW

2 r
10

1 1 0

t-'4W1-r=

f f i . /
Frarrcis (open flume) --/^/;6"oel'

)-' ! = 0.1
..-t | --n"

6.52

FIG. 6.33 Range of application of various types of turbines.
FIG. 6.34 Summary chart of commercially availablc turbines.
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In fact, model tests are often not performed for turbines smaller than about 5
to l0 Mw. As an example, consider a 500 r f min I 5-Mw turbine operating at
its design point with an efficiency of 92 percent under a 100-m (32g-ft) head.
' f - h a  

o - * o  , { - - : ^ -  ^ ^ . . 1 . |  L ^  ^ ^ ^ l ^ l  - t ^ - - . -  + ^  < n n  l - l l t  - 1  t  ^ n n  |  - ^r rrv .}crrrr!  \rvJrSrr vuulrr u9 Duargu uuwfl lu Jvu Kyv at lLVlJ r l  mln ang )u_m
( l6+ft) head. Since the specific speed is constant, the size, speed, and head
will vary according to

Ht - n?D?
H2 n3Di

(6.67)
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become increasingly evident with the recent interest in retrofitting existing sites
for power production. The original turbines either may not exist or may not be
capable of repair, or it may be desirable to replace the unit with a modern
turbine of difforeni capacity.

The condition and the extent of the existing civil work may influence the
type of turbine to be finally selected. For example, if an open-flume Francis
turbine was originally installed but is no longer usable, it may prove to be more
economical to install a new turbine of the same type or a different design with
roughly the same overall dimensions as the original equipment if the rest of the
structure is still in good condition. In other cases, it may be most cost effective
to abandon the existing structure and select a different type of turbine. It is
therefore necessary to analyze each site on an individual basis. In so doing,
considerable cost savings may be realized.

Cavitation and Turbine Setting

Another factor that must be considered prior to equipment selection is the eval-
uation of the turbine with respect to tailwater elevations. As previously dis-
cussed, hydraulic turbines are subject to pitting due to cavitation. For a given
head, a smaller, lower-cost high-speed runner must be set lower (i.e., closer to
tailwater or even below tailwater) than a larger, higher-cost low*peed turbine
runner. Also, atmospheric pressure or plant elevation above sea level is a factor
along with tailwater-elevation variations and operating requirements. This is a
complex subject which can only be accurately resolved by model tests. Every
runner design will have different cavitation characteristics;therefore, the antic-
ipated turbine location or setting with respect to tailwater elevations is an
important consideration in turbine selection.

Cavitation is not normally a problem with impulse wheels. However, by the
very nature of their operation, cavitation is an important factor in reaction-
turbine installations. The susceptibility for cavitation to occur is a function of
the installation and the turbine design. As already discussed, this can be
expressed conveniently in terms of Thoma's sigma. The critical value of o1 is
a function of specific speed, as illustrated in Fig. 6.13. As the specific speed
increases, the critical value of o7 increases dramatically.

For minimization of cavitation problems, the plant 07 rrust be in excess of
the critical al denoted in Fig. 6.13. This can have important implications for
turbine settings and the amount of excavation necessary. The criteria for estab-
lishing the turbine setting have already been discussed in Sec. 6.3 under Cav-
itation. As an example, consider a 500-kW machine operating at 500 r/min
under a head of 10 m (32.8 ft). The specific speed is 3.8. This will be an axial-
flow turbine having a critical oTof about 0.9. At sea level the maximum turbine
setting would be

Thus, Dr/Dz: 3.39. The change in efficiency could be estimated by using the
Moody formula (Eq. 6.32) in reverse (a Moody step-down equation, if you
will). This yields ?2 = 89.9 percent. Scaling down to even smaller sizes would
bring about even more dramatic reduction in efficiency. This is true only for
reaction turbines in which leakage and frictional losses are disproportionately
higher in the smaller sizes.

Present Trends in Turbine Development

As previously mentioned, attention is being directed toward the development
of standardized turbines to cover a wide range of applications. Some turbine
manufacturers are exploring the possibility of using pumps operated as tur-
bines. It is expected that continued efforts will be made in this area. For many
remote and relatively inaccessible sites, lightweight turbines of small size would
be attractive. The use of plastics, etc. for various elements could perhaps reduce
cost through mass production techniques as well as reduce the weight of the
smaller units. These elements may require more maintenance, but the lower
cost of the parts may offset the increased maintenance cost.

6.5 HYDRAULIC STRUCTURES AND
OPERATIONAL CONSIDERATIONS

Integration of Turbine with Inlet and Outlet Works

From the discussion in Sec. 6.4, it is apparent that several types of turbines
may be appropriate for given flow conditions. It is therefore necessary to make
a decision as to which particular unit is most economical. In addition to the
cost of the turbine and generator, the cost of the associated civil works must
be considered, as this cost can represent a large portion of the total cost of a
small*cale hydropower installation.

Some types of turbines require larger civil works than others. Several alter-
native preliminary layouts should be evaluated, each of which may have dif-
ferent inlet and draft-tube requirements. The necessity of this evaiuation has zB^= l0  -  0 .09  -  (0 .9  X  l0 )  :  I  m (3 .28  f t )
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If the same turbine was installed at Leadville, Colorado, elevation - 3000 m
(- 9,840 ft), the maximum turbine setting would be

zB:  6 .7  -  0 .09  -  (0 .9  X  l0 )  :  -2 .3  m ( -7 .54  f t )

Considerable excavation would be necessary. Thus, cavitation can be an impor-
tant consideration.

Speed Regulation

The speed regulation of a turbine is an important and complicated problem.
The magnitude of the problem varies with size, type of machine and installa-
tion, type of electrical load, and whether the plant is tied into an electrical grid.
It should also be kept in mind that runaway or noload speed can be higher
than the design speed by factors as high as 2.5. This is an important design
consideration for all rotating parts, including the generator.

It is beyond the scope of this section to discuss the question of speed regu-
lation in detail. However, some mention should be made since much of the
technology is derived from large units. The cost of standard governors is thus
disproportionately high in the smaller sizes. Regulation of speed is normally
accomplished through flow control. Adequate control requires sufficient rota-
tional inertia of the rotating parts. When load is rejected power is absorbed,
accelerating the flywheel, and when load is applied, some additional power is
available from deceleration of the flywheel. Response time of the governor
must be carefully selected since rapid closing time can lead to excessive pres-
sures in the penstock.

A Francis turbine is controlled by opening and closing the guide vanes which
vary the flow of water according to the load. A powerful governor is required
to overcome the hydraulic and frictional forces and to maintain the guide vanes
in fixed position under steady load. Impulse turbines are more easily controlled
because the jet can be deflected or an auxiliary jet can bypass flow from the
power-producing jet without changing the flow rate in the penstock. This per-
mits long delay times for adjusting the flow rate to the new power conditions.
The spear or needle valve controlling the flow rate can close quite slowly, say
30 to 60 s, thereby minimizing any pressure rise in the penstock.

Several types of governors are available which vary with the work capacity
desired andf or the degree of sophistication of control. These vary from pure
mechanical to mechanical-hydraulic and electrehydraulic. Electro-hydraulic
units are sophisticated pieces of equipment and would not be suitable for
remote regions. The precision of govarning necessary will depend on whether
the electrical generator is synchronous or asynchronous (induction type).

There are advantages to the induction-type generator. It is less complex and
therefore less expcnsive, but it has typically slightly lower efficiency. Its fre-
quency is controlled by the frequency of the grid it is feeding into, thereby
elirninating the need of an expensive conventional governor. It cannot operate
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independently but can only feed into a network and does so with lagging power
factor which may or may not be a disadvantage, depending on the nature of
the load. Long transmission lines, for example, have a high capacitance and in
this ease the lagging power factor may be an advantage.

Some general features of the overall regulation problem can be demon-
strated by examination of the basic equation for a rotating system

da
t  

a r : T ' - T t
where

"/ 
: moment of inertia of rotating components

O : angular velocity
T, = torque of turbine
Tt: torque due to load

Three cases may be considered in which r, is equal to, less than, or greater
than Ia.

For the first case, the operation is steady. The other two cases imply
unsteady operation, since dA/dt is not constant, and usually a governor is pro-
vided so that the turbine output matches the generator load.

Speed regulation is a function of the flywheel effect of the rotating compo-
nents and the inertia of the water column of the system. The start-up time of
the rotating system2r is given by

Jtf JnET ' :V : f f i ,  (6 '69 )

where
,/ : flywheel effect of generator and turbine, kg - m .s2

zs : norrnal turbine speed, r/min
HP, - rated metric horsepower

The starting up time of the water column is given by

(6.68)

(6.70)

where
I : length of water column
V : velocity of each component of water column
&, = rated head

For good speed regulation it is desired to keep T,/Tp < 8. Lower values can
also be used, although special precautions are necessary in the control equip
ment. It can readily be seen that higher ratios of T,fTo can be obtained by
increasing "/ or decreasing To. lncreasing "I implies a larger generator, which
also results in higher costs. The start-up time of the water column can be
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FIG. 5.35 specd risc for full gate load rejectcd with no water
hammcr. (Ref.2t.)

A method for determining the speed rise as a result of load rejection is incor-
porated in Fig. 6.35 for several specific-speed machines. The abscissa is the
ratio of Tr/7,' where r, is the full closing time of the governor

T c : 0 . 2 5 + 7 ,
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ity is sacrificed. If the speed rise is excessive, consideration should be given to
providing surge tanks. Further discussion is beyond the scope of this section,
and thc reader is referred to Ref.2l for more detail.

Emergency and Abnormal Conditions

Emergency conditions can arise if the system experiences a sudden drop in load
and the guide vanes remain open as a result of failure in the regulating system.
The speed will rise rapidly until a maximum is reached, which is called the
runaway speed. The runaway speed is dependent on the type of turbinc, dis-
tributor opening, head, and in the case of a Kaplan turbine, the runner blade
angle.

Based on field tests, an equation2r has been developed for use in predicting
the runaway speed, n,, for various types of turbines. This formulation is

(6.73)

where
Kn - 0.28 N, + 1.45
na : design speed, r/min
N, : specific speed

H**: max. head
Ha : design head

Thus, the ratio of runaway to normal speed is higher for propeller turbines than
for Francis turbines and may attain values up to about 2.6. This factor must
be considered in the design of the turbine and generating equipment as the
increase in centrifugal force can be substantial.

As previously mentioned, for an adjustable-blade runner the runaway speed
is a function of the blade angle. If the blade angles are increased from their
optimum value, the runaway speed is decreased. At the larger blade angles,
the shock losses are higher and equilibrium conditions are reached at lower
speeds. However, an increase in blade angle can also result in serious vibration,
which can cause damage to the turbine unit.

If the blade angle is decreased, the velocity vectors are changed so that the
losses are reduced, and the runaway speed is increased. In fact, the theoretical
runaway speed with a closed blade runner approaches infinity. This is not
actually realized, however, due to frictional windage losses in the generator.

6.6 EXAMPLES

Two simplified examples of application of the concepts developed in this chap
ter are given below. The purpose of the examples is to illustrate the use of the
charts and similarity laws. Use of multiple turbines has not been considered,

*: *,(T)*

( 6 . 7 1 )

and I is the rated governor time in seconds, which generally varies from 3 to
5 s. With the ratio determined, the percent speed rise,sa for no water hammer
and a given specific speed can be found in Fig. 6.35. This value should be mod-
ified to include the start-up time of the pipeline, or

(6.72)

It is desired to keep the speed rise for full-load rejection to less than 45 percent,
although in some cases higher percentages can be permitted if regulating abil-

s i = " ^ ( t . ? )



6.60 SMALL AND MINI HYDRoPowER SYSTEMS

and possible load andf or discharge variations have not been included in these
simplified cases.

F - ^ - - r ^  tu*straP,e t

Selecta  turb ine for  H:  100 m (32g f t )  and e = 2  m31s1-  Z0 f t i /s ) .
Assuming 7 = 0.85, the power is

p = l e H n =  5  -
7 5  

- :  l 6 6 7 k w

From Fig. 6.34, it is seen that either an impulse or Francis turbine may be
suitable. The specific speed is related to the roiational speed by

,{F n\rc1n ,  =  
E f i :  ( r o o ) ' / o

or

n = 7.75n,

Several values of n, will be used to determine n. Velocity coefficients @ are
taken from Figs. 6.25 and 6.26 for each turbine, and diameters of the runners
are calculated from

o\@:w
O)m : 

W 
(only for Francis turbine)

The width of the Francis runner B canalso beobtained from the ratio B/D,
in Fig. 6.26, and o7, taken from Fig. 6.13 for the Francis turbine. The com-
putations are summarized, in Table 6.2.

TABLE 6.2 Computations for Example l.

n,
r/min B/ D,
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If the practical upper l imit for dil Do is about 0.1, then Do - 2.4 m (- 7.9
ft) which corresponds to the unit with a specific speed of about 20. For gen-
eration of 60 Hz power, the rotational speed n is 7,200fp, where p is the num-
ber of poles, preferably an even number divisiblc by four. With p : {4, n :
l ,64r lm in ,Do:2 .32m,  and n"  :21  or  Nr  :  0 .13 ;  thesecond i t ions  may be
reasonable. Use of a speed increaser would probably be desirable to reduce the
size of the generator.

From the tabulated values of the Francis turbine, the physical size of the
turbine is quitesmall, and the rpm high. If a 4-pole generator is considered,n
: 1,800 r/min, corresponding to n, = 232 or N, : 1.4. A preliminary check
can be made of the cavitation limits, and the final turbine setting is based on
recommendations of the manufacturer. The allowable turbine setting is given
by Eq.(6.48)

Z = H o - H u - o T c H

Assuming Ho - 8.6 m (28.2 ft) at an elevation 1500 m (4,920 ft) above sea
level and neglecting Hu,the setting for a turbine with fl, : 150 and c76 = 0.1
is -1.4 m(-4.6 ft) belowtailwater. For n, = 100 ando7": 0.05, the setting
Z is3.6 m(11.8 ft) abovetailwater, a more reasonable value. An 8-pole gen-
erator requires a : 800 r/min, and n, : 103 or N" - 0.62. This turbine
probably is the best selection for this example, as the generator costs would be
lower. In any case, the total costs of the turbine, generator, and other civil
works must be evaluated in the final selection.

Example 2

A retired dam site with // = l0 m (32.8 ft) is being rehabilitated. A machinery broker
has a used Francis turbine to be sold at low cost which is rated at H = 15 m (49.2
ft), P = 300 kW, n : 450 r/min, and 4 : 0.9. Calculate the discharile Qt, power
P1, and speed n1 at which the turbine must operate at the proposed site.

Do' Dn
0 Q , m m

B,
mm 6Tc

If the specific speed is kept constant, the efficiency should be the same for
both cases. The specific speed is

nt/F 45oV5oo
n': Hsto 

: 
ry- 

: 264

and

a : h :
97
99

u 9
r23

0.67
0.60
0.54
o.44

5
t 0
20
30
75

r00
t50
200

Single
Jet
Pelton

9.82
4.92
2.46
1.65
t.o2
0.786
0.57
0.437

0 .145
0 .165
0.22
0.28

0.03
0.05
0 .10
0 . 1 8

0.03 38.8
0.06 77.5
o . t 2  155
0.18 232.5
0.45 581
0.60 775
0.90 1,163
1.20 1,550

0.45
0.45
0.45
0.4s
0.7 0.46
o.72 0.55
0.78 0J4
0.8 0.82

300 x 75
0 . 7 3 5 X 1 0 0 0 x 1 5 x . 9

-- 2.27m3ls (80.15 ft3ls)

From the similarity relationships for constant diameter

9 _ g
n f t 1

P  - P r
nl n3

H H I
) )n- ni

Francis
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Therefore

^ F, - / {n  \  f r . - ,ttt : n 
V 

" 

: 4)u 
V 

" 

: 367 r/min

Qr  =  Q! )  =  2 .27 xH = 1 .85 m3ls  (6s .32f t3 ls )
: \ 3

Pr : p(L\" = 3oc /xt\ '
\ n /  

' [ o r /  :  1 6 3 k w

with a 2Gpole generator and 60-Hz current, n : 7200/20 :360 r/min. As
this n is slightly less than that required for constant specific speed, the effi-
ciency would be slightly lower for the same head of l0 m (32.g ft). in a situ-
ation of this type, one must also be certain that the machine used in the new
application is not overstressed, which is not the case here.

6.7 SUMMARY

It has been shown that the head utilized by a turbine runner to produce power
can be derived from a suitable form of Euler's equation of moiion. The head
utilized, and consequently the power developed, is dependent on the velocity
vectors of the inlet and exit flow of the runner. The veiocity vectors are deter-
mined by ttte operational conditions and the turbine design. Overall efficiency
of the turbine is the product of the hydraulic, volumetric, and mechanical effi-
ciencies. Each of these are dependent on various energy losses in the turbine
unit, and the origin of these losses has been briefly discussed.
- Similarity considerations permit the formulation of dimensionless numbers.
These numbers are useful in the extrapolation of test data taken with a model
turbine to full-scale conditions and thirefore predict performance. One of the
most significant dimensionless numbers is the specific speed, which consists of
a combination of operating conditions that ensures similar flor", in geometri-
cally similar machines. Each type of machine has a value of specific sieed 6ratgives maximurn efficiency, and it is therefore convenient to classify the various
turbine designs by the specific speed at best efficiency.

Cavitation must be avoided in turbines, as it ,"ruit, in loss of performance
and can cause erosion damage to the runner and possibly other parts of the
structure' Fach particular turbine type has its own tavitation limiis which are
determined from model tests. High-sfecific-speed turbines are more susceptible
to cavitation than low-specific-speed units. The setting of the turbine with
respect to the tailwater elevation must be carefully considered to ensure cavi-
tation'free operation and is based on the manufaciurer's recommendations.

Turbines can be classified in two broad groups, impulse and reaction tur-
bines. An impulse turbine is driven by a high-velocity jet impinging on buckets
around the periphery of the wheel, whereas the reaction tuibin', riquires that

HYDRAULIC TURBINES

the flow passages be completely filled. Reaction turbines can be subdivided
further into radial-, mixed-, or axial-flow types. The radial- and mixed-flow
types have fixed runner blades, except for the Deriaz turbine, and the axial-
flow rnachine may have either fixed or adjustable blades. In addition to differ-
ences in blade geom€try, each type of reaction turbine has different require-
ments for a draft tube. The draft tube is considered part of the turbine, and its
energy losses are charged to the turbine performance. Some draft-tube config-
urations may require a large amount of excavation to achieve the desired tur-
bine setting.

The overall efficiency of an impulse turbine is quite constant over a broad
range of operating conditions, which is achieved by throttling of the flow at the
nozzle. Fixed-blade reaction turbines have a more peaky efficiency curve
whereas the efficiency curve for adjustable-blade units is relatively flat. The
latter unit is particularly suited for installations subject to a wide variation in
flow conditions. However, an economic analysis must be made to justify the
higher cost of the fully adjustable turbine.

A wide variety of turbines is becoming commercially available for applica-
tion to small-scale hydropower sites. Standardized units are offered by manu-
facturers in a range of sizes to reduce equipment costs. With increased demand
for lower cost units to make marginal sites feasible, it is expected that furthcr
developments in standardization will be made. The manufacturers should be
asked for their recommendations.

Several operational conditions are also significant. Most turbines are
designed to operate at a constant rotational speed which is controlled by a gov-
ernor. Some general guidelines are given concerning speed regulation. With a
sudden loss in electrical load, the turbine will reach a runaway speed that is
considerably greater than the normal speed. The turbine and generator rnust
be designed to tolerate the additional centrifugal forces. Provisions should also
be made for emergency shutdown of the flow to the turbine, either by wicket
gates or appropriate valves.
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This chapter introduces the reader to the electrical component parts of small
hydroelectric systems. A discussion of the technical and economic consider-
ations, advantages and limitations of specific hardware is given. Expectations
and system performance which are reasonable and unreasonable are also
discussed.

7.I GENERAL CONSIDERATIONS

Hydroelectric systems ranging in size from a few kilowatts to a few megawatts
have been in existence for many decades and were the obvious outgrowth of
waterwheel power systems which have been used for centuries. Most early
hydroelectric systems were of the direct current (dc) variety to match early
commercial electric systems. The dc motor and dc generator were the first
machines developed to a practical level for common usage. Today's commonly

' l l
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used alternating current (ac) technology was considered too complex and too
dangerous.

It was relatively easy to control dc electric generator systems. Accurate
speed-control mechanisms were not necessary. Voltage regulation as a function
of eonneeted load could be handled by means of a siri-,pie fieid rheostat with
most connected loads primarily being l ighting.

GENERATION AND ELECTRICAL EQUIPMENT 7.3

possibility of discontinuous service. If such discontinuous service is intolerable,
then increased system costs to provide the required built-in redundanc y are
necessary.

HyriRreiectric systems have some speeia! problems associar,od with their
electrical components not common to other types of power systems. In some
cases, if the load diversification is small, these problems ur. .l.pounded. For
example, a large Power system may have load diversification such ihat the larg-
est single load served is but a small fraction of the total system output. When
that largest load is switched on or off (even when it is a large motor drawing
6 times its normal load current on starting), the total system is relatively undis-
turbed and voltage-regulation devices neid make only small corrections. Fur-
ther, the Pcrcentage adjustment of the speed regulator on the ac alternator (or
dc generator) prime mover is also a small fraciion. The effect of sudden load
changes on the rest of the system is thus minimizcd bccause of the massive
capacity in the total system.

Small hydroelectric systems, on the other hand, may have individual load
components which represent large fractions of their totai capacity. When those
farqe load components are switched on or off, the effect onthe overall system
is significant. The prime mover (water turbine) load can be instantaneously
increased or decrcased radically causing large overspeed or underspeed tran-
sients, large torque impulse loads on shaft couplings, and severe voltage and
current transients which may damage other connected loads.

The techniques used to deal with these problems can vary, depending on the
nature of the water turbine used. In large systems, fast-acting uun", surround
the turbine and can quickly regulate ttre tuiuine speed and prevent runaways.
If the turbine is interconnected with other turbinesi the probiems are alleviated
because all interconnected devices automatically share in the problems created
by load changes.

In smaller hydroelectric systems which may be isolated and not intercon-
nected, radical load changes must be dealt with in other ways. In system sizes
of several megawatts, the problem may be handled .onu"niionally, with fast-
acting alternator field regulators and fast-acting turbine vanes. In small sys-
tems, these problems can be handled with a fasi-acting field regulator to help
with voltage changes, but wide frequency swings resulting from wide turbine
speed variations are an additional problem. Normally, turbine vanes are not
always practical in small systems. Sometimes dummy (resistive) loads are
switched in and out to keep turbine speeds approximately constant. Such tech-
niques work but waste energy.

Alternatively, one can specify what are often referred to as variable-speed
constant-frequency systems (VSCF) in which turbine speed (and thus electrical
generator or alternator speed) is permitted to fluctuate widely. However, the
electrical output is conditioned to produce only constant-frequency (usually 50
or 60 Hz) and constant-voltage electricity. The technique io, 

".*.plishingthis is discussed later.
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7.2

SMALL AND MINI HYDROPOWER SYSTEMS

REVIEW OF BASIC ELECTRICITY AND THE
NATURE OF ALTERNATORS AND
GENERATORS

D ^ ^ ^ . . ^ ^  ^ f  r L ^  l : C f ^ - ^ - .  - - . ^ - - ^  : -  -  t  ' - r  r t  |  ,  .
t)sv<rrrrt lJr Llls ull lslsllt ways In wnlcn Small electncal SOUrCeS SUCh aS Small
hydroelectric systems respond to conventional electrical loads, it is useful to
review the basics of clectric power. The purpose is first, to quickly and quan-
titatively review basics for readers whose technical background in electricity
may not have been used recently, and second, to give readers without a tech-
nical background some enumeration of the factors involved.

Basic Concepts (dc)

The basic parameters of electric circuits are voltage, current, and energy. It is
assumed that the reader has a good grasp of the physical concept of energy
and power; however, it is useful to briefly review unit relationships as given in
Table 7.1.

TABLE 7.1 Unit Relationships

Energy

SI units:
One joulb equals one newton-meter
One kilogram-meter equals 9.80 kilojoules
One kilowatt-second equals onc kilojoulc
One kilowatt hour equals 3,d00 kilojoules

USCS units:
One horscpower second cquals 550 foot-pounds
Onc horscpower hour cquals 1,980,000 foot-pounds

Combination units:
Onc borsepowcr hour equals 0.746 kilowatt hours

Power
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Sirnple electrical relationships can easily be described by the electric circuit
given in Fig. 7.1.

The unit of resistance (opposition to current flow) is the ohm (symbol O). If
i O has a cie voltage of ! volt (symbol V) connocted across it, I amiere (symboi
A) of current will flow in the resistor and I watt (symbol w; oi t lout" p".
second, J/s) of power will be dissi-
pated as heat in that resistor. The unit
of current is the ampere which is the
flow of I coulomb (symbol C) of elec-
tric charge past a point per second.
One coulomb of charge equals the
charge on 6.24 X l0r8 electrons. If
the voltage is increased to Z V, Z A
will flow, and the power dissipated
will be 4 W (proportional to the square of the current in the resistor). If the
voltage is reduced to 0.5 v, the current will be 0.5 i, and
the power will be 0.25 W. If the voltage is returned to I V, but the resistor is
increased to 2 0, the current will be 0.5 A (inversely proportional to the resis-
tor), and the power will be 0.5 w, and so forth. Thi basit dc relationships are
shown in Eq. (7.1) through Ohm's law.

E = I R

where.E: vol ta3a, I  = current,andR: resistance.
The power P relationships are given by

P : I z R : ! : E I
R

Basic Concepts (ac)

If we make a slight change in our circuit by replacing the battery with a time-
varying voltage which changes according to a sinusoid as shown in Fig. 7.2 we
have a basic ac circuit.

Arnrneter

Formula
l J = l N . m

I kg.m = 9.80 kJ
l k W . s = l k J
I kwh = 3,600 kJ

I  hp.s  = 550 f t . lb
I hp.h = 1,980,000 ft . lb

I hp.h = 0.746 kWh

( 7 . 1 )

(7.2)

SI units:
One watt equals one newton-meter per second

or onc joulc per sccond
One kilowatt cquals one kilojoule per second
Onc kilogram-mctcr pcr sccond equals 9.8 kilowatts

USCS units:
550 foot-pounds per second equals one horsepower

Combination:
Onc honepower cquals ?46

watts or 0.746 kilowatts
Onc kilowatt equals 1.34 horsepower

For
l W =

l k W =
I (kg.m)/s leq

550 (ft ' lb)/s =

mula
( N . m ) / s
I/t
kJls

9.8 kW

hp

I  hP = 746W
= 0.746 kW

I kW = 1.34 hp

FIG. 7.1 Basic dc circuit.

FlG.7.2 Basic ac sinusoid.
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We can say mathematically

e(t)  :  Eosin ust

where
e ( t \  :

E
L o -

p(t) = e(t)i(t) (J/s or W)

In the period of I s, the energy dissipated is clearly

GENERATION AND ELECTRTCAL EQUTPMENT 7.7

( 7 . 3 )

the .,,oltage as a func*.ion of .tiii:re

the peak value of the sinusoid
the angular frequency in radians per second (rad/s) or zrf, where/
is the frequency in hertz (Hz), formerry called cycles per second
(cps).

Eo sinoJt

FIG. 7.3 Basic ac circuit.

If this voltage is inserted in the circuit shown in Fig. 7-3, the current that
flows t(t)l results from Ohm's law.

i(t): # = frrinrr (7.4)
The power dissipated in this circuit at any given instant of time, p(r), is

givcn by

FIG. Z.{ Typical residcntial voltage sinusoid.

whenever we indicate the rms voltage (of a sinusoid) we mean the peakvoltage divided bv {2. Thus, the ordinary r 20-v, 60-Hzoutlet in a house is avoltage that varies with time as shown in Fig. 7.a.
The rms value of a sinusoidally varying current is defined the same way. AsFig' 7'5 shows, I A rms at 60 Hz is a time varying current.
The set of ac relationships can be summarized

4 . . : * (7.8)

(7.s)

P = rl^"R = + (7.s)
Notice that we did not write power as p : E^/,_r. If the electric circuithad only resistance, then it would have been p"rrroty correct to do so. How-ever' most ac circuits are not limited to resistance loads. we can now introducethe conceptsof inductance and capacitance which are found in ac circuits.1 t

P - 
J. 

e(t) i( t)  dt

; t  l p  \= 
J, 

(Eo sin rr) (,f sin or)dt

El f '= 
; Jo 

sin2 ott dt e.6)

= E ' " 1 ' ( . ,  l  \
R  J o  \ t - ; c o s z u t ) d t

= 
# (J/s or w)

If we define the root mean square ac voltage 8,,,o as E"/ \n(for a sinusoid),
then as in dc circuits, power is given by

p = E?^'
R

(7.7)

120<-2-
169.7 V

i = lo sincrlt = EJR sinolt

FIG. 7.5 Typical residential current sinusoid.



(#)cos(rr

V(t) = s(U = Eosin1,.1t = L(dildr)
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- l o c o s ( I ) l

- -:-
tro silt !d I

FIG. 7.6 Simple inducrance circuit.

Inductors

Energy = 
i. 

tU J

where thl constant of proportionality I is called the inductance, with the unit
of henry (symbol H), and i is instantaneous current in amperes. The instan-
taneous voltage across an inductor is proportional to the time derivative of the
current passing through (A/s) it or simply

u1t'1 = 7 
di
clt

Thus, if we have a circuit as shown in
Fig. 7.6, by simple integration we
obtain

i ( t )  :  -  +cos o,  (7.12)
@L

If we plot the voltage across an
inductor and the current through it
for I cycle, Fig. 7.7 emerges.

We note that the current in the
inductor is also sinusoidal but lags the
voltage by 90". During the first and
third quarter cycles, p(t) = e(r)i(r) is
negative and during the second and
fourth quarter cycles p(l) is positive.
Thus, an inductpr in an ac circuit
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takes energy from the circuit for half the cycle and returns it to the circuit for
half the cycle. The net energy dissipated (in an inductor without resistance) is
therefore zero.

we ean now ef'press the ','ortage and curren'r in rrrrs vaiues as

, vr^,
'rms 

osL

.*h|t: lL 
: 2zrfL is called the inductive reactance and.is normally symbolized

by xt The current through an inductance lags the voltage by 90".
Shorthand notation developed by Steinm.t, y."r, ago is customarily used.

We symbolize inductive reactan"r ty jX2wheri i = fi i;;;;.'tion or
complex variables. Thus, we can summarize the inductive voltage, current, and
reactance relationships

Vr^ r :  I r  r ( jX t )

r  -  V r^ ,  .V r^ ,/rms : 
jX, 

= -J 
i

( 7 . 1 3 )

(7. t4)

( 7 . 1 0 )

(7 .1  I  )

Capacitors

Q = CE (7.15)

lvhe1e the proportionality constant C is called the capacitance with units in
Iarads.

The energy stored in the capacitor (actually in the electric field between theplates) is given by

J  (7 .16)

Next, if an ac voltage is appried to the capacitor as shown in Fig. 7.9, the prates

Eo sin Cd t

E n e r g y : ) , r t ' = : t

ts ouarbt
otd€
e(txr)

S nogBltr,t

FIG. 7.7
cyclc.

N
OJarter
€(tXt)

E poittw

Voltagc

3.d 4h
Qrarter Otsrrer
e(lx0 e(r)i(r)

B neg8tt\€ b podtir€

and currcnt for a single

FIG. 7.8 Simple dc capacitor circuit. FlG. 7.9 Simplc ac capacitor circuit.
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are continually charging and discharging such that the charge can be related
to voltagc as follows

GENERATION AND ELECTRICAL EQUIPMENT 7 . l l

R = 7.07O

10(7.07 - j7.07)

q(t) : CEs sin o:t
Cieari-v the current through the capacitor is given by

i(r) : !qg)- : acEscos rr.r/dt

( 7 . t 7 )

(7 .  I  8 )

t r  -  rn \ / - ._  r v  r  r J . r e

Again, the current is out of phase with the appried vortage, but now it readsthe voltage by 90" instead of lagging it (as was-the case with the inductance).
In terms of rms currents and voltages, we can write

/ r r ,  =  juCEr^r : iEJ '  =  E ' ' '
xc - jx,

where X, the capacitive reactance, is given by

x , -  + :  - !
oC 2rfC

KirchhoFs Laws

There arp basic relationships between circuit elements allowing us to compute
currents and voltaggl for a variety of interconnections. These relationships, firstdefined by Kirchhoff, are stated as follows:

I. Kirchhofls voltage law (KVL). The sum of the voltage drops (or rises)
around any closed loop equals zero.

2' Kirchhoffs current law (KCL). The sum of the currents entering (or leav-
ing) any nodal (interconnection) point in an electric circuit rquuL )rro.

We shall first examine a simple electric circuit using these laws. Consider

:Yr.r:::lshown 
in Fig. 7.10. w; woutd like to determine the currenr rhrough

eacn reslstor.
From KVL (around the first loop) we write

l 0 - 6 I r - g / 2 - 0

6 Ol j  Node

FIG. 7.tl Simpte ac circuit containing resistance and inductance
loads.

from KCL (at the node)

- I t * 1 2 * 1 3 : Q

and from KVL around the second loop

_gI ,  *  l0 /3  :  Q
solving all three equations simultaneously yields

It : 0'957 A
I z :  0 ' 5 3 2  A
It : 0.425 A

We can use the same technique for solving linear ac circuits. Consider thecircuit shown in Fig. 7.1,1.
Using 5VL

I (7.07 + j7.07) = l0
or

(7. I  e)

(7.20)

+

E  =  1 0 V  
-

(7.07) + j7.07) (7.07 - j7.07)
: 0.707 - j0.707 A

This indicates that the total current is I A, since the two components of thec u r r e n t a r e 9 0 " a p a r t s o f f i : l , a n d t h i s c u i r e n t l a g s t h e
supply voltage 45 ".

Let us now compute the power dissipated in the circuit. We know that therms current is I A through the 7.07-o resistor, indicating that
p  =  I z R :  1 2  X  7 . 0 7  :  7 . 0 7  W

To compute the power using vortage and current, we have to go back tofundamentals and integrate the current times the voltage over one second. The
average power becomes:

P  =  l 0  X  I  X  c o s a

where c is the angle between the current and voltage, in this case 45 ". Since
cos 45' is equal to 0.707, the power is 7.07 W whic[ is the correct value.

FIG. 7.10 Simple dc circuit containing resistancc loads.
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F  = ' l f l \ / m c
n  =  t , v t  \ l

FIG. 7.12 simpre ac circuit containing resistance, inductance, and
capacitance.

The cos c terrn is called the power factor in ac circuits, and the power deliv-
ered by an ac source is

P = Er^rIrrrPF (7.2t)

From Fig.  7.1I

where pF = power factor.
Finally, adding a capacitor to our circuit across the source of Fig. 7.1l, we

obtain Fig. 7.12.
We note from KVL and Ohm's law that the current through the capacitor

is

f . l 0I z :  i  U . 1 4 4 =  i 0 , 7 0 7

I t : O . 7 0 7 - j 0 . 7 0 7

and from KCL,

- / r * 1 2 * 1 3 = Q

or /r = 0.707 + j0.707 - j0.707 : 0.707 + j0.0

The angle between voltage and current = 0, and the power factor : cos d =
cos 0 = l. The power = E*Ir*pF = 7.07 which is the correct value. we
can say that for these values, we have corrected the power factor to unity. Note
that the total power dissipated is unchanged aftcr pot".r factor correction.

We can now generalize our discussion of ac ciriuits by simply defining the
concept of impedance,

l. The impedance of a resistor equals its resistance R.
2. The impedancc of an inductive reactance equals 7Xa.
3. The impedance of a capacitive reactance equals -jXo

4. When impedances are connected in series, the equivalent impedance is the
sum of the individual impedances. (See Fig. 7. t 3.)

FIG. 7.t3 Series i*o"a"nzJ" circuir.

5' When impedances are connected in parallel, the equivalent impedance isthe reciprocal of the sum of the recipiocars. (See Fig. 7.ra.)

In the case of only two impedances in parallel, we have

Zr : ZtZz

z t +  2 2
Thus, the impedance of the series circuit shown in Fig. 7.15 is

Z r : R + j ( X L - X " )

When Xr : X" , the situation is called resonance, and they cancel eachother out, leaving a total impedance of simply R. (A unity power factorcondition.)
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(7.23)

FIG. 7.14 Paraltel impedancc circuit.

X" = 14.14Q

Simple ac circuit containing impedances in serics.

Z r : Z r * Z z * " ' (7.22) FIC.7. ts
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Polyphase Circuits

Quite often it is desirable to generate alternating current not as a single ac
voltage, but rather as three individual ac voltagis. These three voltages are
q e n e r n l l v  n f  t h o  c o 6 6  ^ * ^ l i + , , j ^  ^ - J  r - ^ ^ - - - - - -  |  ,6'vi iwis' iJ vi  i i is D.l i i i i i  ai i iPi i tuue an(i i fgqUeftCy OUt CitspiaCeCi in phaSe f-fOm
each other by 120 " . They may be connected to each othei in y (..wye" or star)
arrangement or in A (delta) fashion as shown in Figs.7.16 and i. l7 r"rp""-
tively. Note that, in the case of A connection, KVL is not violated as is shown
below.

E + j0 - 0.58 + j0.B66E - 0.58' - 70.8668 : 0
The reasons for building poryphase ac sysrems are as follows:

l' Generators and transformers for any given power size are smaller, cheaper,
and more efficient.

2. Power line losses and motor rosses, again for any given size, are less.

Each type of connection (Y and A) has certain advantages and disadvan-
tages in any given situation and both are widely used. A variety of schemes
have becn devised for switching from one to the other as the need arises.

Typically, ac systems of I or 2 kw will be single phase for simplicity
(though not always). Larger systems will generally be polyphase for better ef-
ficiency and lower cost.

$phase
power line
(4-wire Y)

Ground
or neutral

3-phase
power line

3-wire
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(cllc)

FIc.7.rt Magnetic field around a coil.

E r _
E l (7.24)

where I/s and N2 ara the respective numbers of turns. However, the currents/1 and /2 will be inversely proportional to the numbers of turns.

FIG. Z.I9 Magnetic field in a core.

Magnetic Circuits

The voltage Er in side I will induce a voltage E2inside 2 causing a currentto flow in the resistor. The ratio of these two vottaies wilr be

lron Pafr
or Core

N2

N,

E sin (ot + 120")
[- .sE + j.866E]

FIG. 7.15 Typical y or star conncction.

Magnetic field in a core.

FIG. 7.17 Typical dclta connccrion.
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12 y'/r

i -  N '
From these relationships emerges

E{1 : E1I2

This voltage-transforming phenomenon can occur in such a device for alter-
nating current only. This is the principal reason why power is generated and
transmitted in the form of alternating current: because we can freely use
transformers.

switch the current direction every half cycle, thus creating a unidirectional (or
dc) current. The device would then be called a generator, or sometimes a
dynamo.
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Clearly, we can give only a simple discussion of transformers and alterna-
tors. Some general comments about transformers and alternators or generators
follow:

.,
I  T h e  i r n n  n a + | "  - - - - - ^ 1 1 . ,  ^ ^ ^ ^ i ^ + ^  ^ r  r L r -  r -r . r v  r r v r r  l J s L r r  S v r r v r . r r t J  v \ J i l J t J t 5  u l  t l l l n  t a m l n a u o n s

internal heat losses would be excessive because of

I
cr 2

I
oi iron. i i  i t were soiici,
stray induced currents

(7.2s)

(7.26)

called eddy currents.
2. Alternators, generators, and transformers tend

reliable devices.
to be highly efficient and

3. Hydroelectric systems will have an alternator (or generator) and a trans-
former to step up voltage.

Solid State Devices, Rectifiers, and Inyerters

note that current can pass through the resistor only in one direction, and is thus
a direct current. The capacitor helps smooth out the fluctuations which can
cause serious problems in many types of electrical loads.

FIG. 7.20 Sirnple transformer.

Simple clcctrical machinc.FIG.7.2 l

E s i n - t
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FIG. 7.23 Simple SCR circui t .

On the other hand, we may have direct current available and would like to
have-alternating current. It is possible to build such an inverter device which
may be either with transistors or silicon controlled rectifiers (scRs). The scR
is simply a rectifier which can be turned on at any chosen time, and turned off
by special commutating techniques beyond the r.op" of this discussion. How-
ever, let us for the moment assume we are using zuch devices (transistors or
SCRS) and can turn them on and off by some siitable technique. Then if we
replacc the rectifiers in the previous ciicuit by transistors or SCRs, omit the
capacitor, and replace the alternator by a battlry, we obtain the circuit shown
in Fig. 7:23.

Note that when devices I and 4 are on (and devices 2 and 3 are off), thevoltage across the resistor is positive at the top and negative at the bottom.
Next (one-half cycre later), wL wil turn off SCRs I and 4 and turn on SCRs
2 and 3 causing the voltage across the resistor to be positive at the bottom and
negative at the top.

Thus, we can alternate the voltage across the resistor, resulting in a square
wave and not a sine wave as we would like. One obvious problJm is that, if
qcR 3 happens to be turned on before ScR I is shut off, a short circuit (or
shoot through as it is sometimes called) occurs which can do considerable dam-
age' The same can be said of scR 2 and scR 4. Improving waveform quarity
and inverter reliability has been a long, hard strugile in ihe electrical engi-
neering field. Satisfactory devices with some retiabliity (much more complex
than discussed here) are becoming available. Their absence has caused consid-
erable difficulties in small hydroelectric systems in the past, but those difficul-
ties can now be addressed as new and better inverter devices become available.

Three-phase outputs can be obtained from dc sources by employing threesingle-phase inverters operated in such a way as to produce the proper phase
diffcrences between the three voltages. Alternatively, the dc voltale,un b. frdto a three-phase bridge inverter, employing six scRs which are *gated,, in aproper sequence to produce a set of three-phase voltages.

with both single-phase and three-phase inverters, techniques are available

Simple SCR circui t .
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to reduce the harmonic (higher frequency components) contcnt of the output.
In addition' commutation and snubber circuits are necessary to obtain proper
operation without exceeding the various limitations of the solid-state devices.
A l l  t h o o o  f a n f n - o  ^ ^ * L : - ^  + ^  - ^ t - ^  r -  - - -  , t -  -  -r-rii iiiirDiz icvi\iis iJJiriDii-re -r,o i-rr&K€ inverters Operattng ai pOwer ieveis UnCier 25
kW quite expensive on a per kilowatt basis.

This discussion of basic principles should provide enough understanding that
the reader can follow the systems and problems discussed subsequently.

7.3 SELECTION OF ELECTRICAL GENERATION
EQUIPMENT

Quality of Electrical Energy

Frequency

The frequency of the alternating current is determined by the speed and the
number of poles of the generator given by the equation

(7.27)

where n is the speed in r/min,/is the frequency in Hz (or cycles per second),
and p is the number of poles.

Depending on geographic rocation, the frequency may be different but is
usually 50 or 60 Hz. To obtain constant frequency iror-"n alternator driven
by a water turbine, it must run at constant speed and drive the alternator
through a fixed-gear ratio. The speed of the *ut"r turbine is controlled by a
governor which oPens or closes a valve or gate to hold the speed constant as
the load changes.

Alternating current can be obtained from a direct-current generator system
by means of an inverter as previously described. The inverteiis the electronic
device that essentially connects and disconnects the load to the dc supply
reversing the polarity each time and at a rate to give the desired frequency.

Voltage

The voltage is controlled at the generator or alternator by changing the field
excitation through the action of a feedback-type voltage regulator. The voltage

t :#(r)
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can be held constant anywhere in the system by means of the voltage regulator.
Usually, only voltage at the generator or alternator is controlled.

When the electrical load changes or the water flow to the turbine changes,
frequency as well as voltage will change. Because of the nature of the regulat-
i n o  r l e w i n e  q  n h o - - o  i n  k n + h  ' - r r n *  a a a , . -  L ^ r ^ - ^'  'vYr e vrrqrr6v rrr vvrrr rrruDL L,evur usrul tr  ai ly correcl lon or regulat lon can
take place. The electromechanical system is such that as the electrical load
increases, both the frequency (speed) and voltage decrease slightly. Conversely,
if the elcctrical load decreases, both speed and frequency increaie slightly.

Power

The electric output power of a hydroelectric system is given by
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plying a given load, with the terminal voltage specified, there is a maximum
power the generator can deliver at constant frequency. Under any condition,
the generator cannot deliver any more power than it obtains from the turbine
minus the operat<ir iosses.

Parameters lnfluencing the Selection of Electrical
Components

The basic parameters to be considered in the selection of a suitable electrical
generator are

1. Type of electrical output desired: constant-frequency utility-grade alternat-
ing current, variable-frequency alternating current, or direct current

2. Hydraulic turbine operations mode: constant-speed operation, nearly con-
stant-speed ( t 5 percent) operation, or variable-speed operation

3. Type of electrical load: interconnection with an existing utility grid, storage
in batteries, or an isolated system supplying a variety of household or indus-
trial loads

The technology of controlling the speed of a hydraulic turbine within accept-
able tolerances is well developed and mature. Both mechanical and electrical
hydraulic governors are in use to control the flow of water through the turbine
by adjusting the position of the wicket gates (in the case of reaction turbines)
or the spear rod (needle) stroke in the case of impulse turbines. No special
advantages are seen in operating the turbine in a variable-speed mode except
(l) in the case of small systems, use of an induction generator tied to a utility
grid may reduce the overall cost of the system by simplifying the control hard-
ware necessary since line frequency will maintain the turbine rotational speed
within narrow (! Z to 5 percent) limits and (2) in the case of a small isolated
system with dedicated battery storage and a highly variable water flow rate. In
the second case, the rotational speed and the output frequency may be allowed
to vary since the output will be rectified for energy storage in a battery bank.

Constant-Speed Systems Using Synchronous
Generators

Synchronous machine technology for generating constant-frequency alternat-
ing current from a constant-speed prime mover is well-known. The generator
runs at constant speed, called the synchronous speed, and it is related to the
number of poles p in the machine and the output frequency f (in Hz) as shown
in Eq. (7.27).

Synchronous machines operating in parallel with utility grids require con-
stant speed, tolerating only minor fluctuations ( + 0.5 to I percent) for short
durations (fractions of a second). There is no special problem to satisfy this

(2.3)

where
Prw : electrical output, kW

? : efficiency of turbine-gencrator
Q : water flow, m3/s
l{ - net head, m
p : density of water, 1,000 kg/-,
g': acceleration due to gravity, 9.g m/s2

The efficiency of small hydraulic turbines ranges from 80 to 90 percent, with
a maximum value approaching 95 percent for large units. Typically, a mean
value of 85 percent is chosen for preliminary calculations. Effiiiencies of elec-
trical generators range from 85 to 95 percent, with a maximum value
approaching 98 percent for large machines. A mean value of 90 percent may
be chosen for preliminary calculations.

The powcr that the water turbine and correspondingly, the power that the
electrical generator can deliver, is determined by the characieristics of the
machine. The generator is rated in terms of voltage, current, frequency, power
factor, and temperature rise. If the voltage, current, power faitor, and fre-
quency are rated values, then the manufacturer guarantees that the tempera-
ture will not rise above the value specified for a standard ambient temperature.
The temperature is a critical parameter since it determines the liie of the
generator.

For short time periods, the generator can deliver more power than its rated
value (assuming the turbine provides that power plus the generator losses).
However, if operated above rated power for some time, the machine will over-
heat and a decrease in life will result. When the generator is interconnected to
a large electrical system with other generators, there is a maximum power it
can deliver, provided the turbine has the capability. For a single grnrr.to, ,up
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Nearly Constant-Speed Systems Using Induction
Generators

Y1"." the stator of an induction rnotor is connected to a utility grid, if the rotor

"..1t1":.n 
at speeds above synchronous, the machine becomes a generator and

will deliver constant line-frequency power to the grid. The prr-uiit slip s of an
induction machine is defined as follows

_ synchronous speed - actual rotor speed
J : (7.28)

As a motor, the fullload speed is slightly below synchronous and the per-unit
slip usually lies between 0 and +0.05. Rated outiut conditions as a generator
are achieved at slee{s rligltty_alqyr (about 105 percent or less) ,ynihronour.
Therefore, -icro hyoroetebtiiC ryrt"rnr using induction grnrruio6 operate at
nearly constant speeds.

Induction generators are simpler than synchronous alternators. They are
easier to operate, control, and maintain, they have no synchronization prob_
lems, and they are cheaper to build. However, they draw their excitation from
the grid and consequently impose a reactive voltampere (VA) burden. This can
be corrected by adding static capacitors or synchronous condensers. However,
such procedures add to the cost and compteiity of the unit. Another point of
interest is that the efficiencies of induction g"nrrutors are slightly (Z to 4 per-
cent) lower than the efficiencies of synchronour alternators over the entire oper-
ating range..

The electrical output of a micro hydroelectric system using an induction
generator is uniquely determined by the operating speed. An inirease in speed
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results in an increase in output as long as pullout (maximum torque) condi-
tions are not reached. When this occurs, the electrical output starts to decrease,
speed continues to increase, and the system may "run away.,, Therefore, over-
speed proteciion iS vitai. The absence of synchronization and excita*.ion eq..jip
ment makes the adoption of induction generators simple and convenient. it iy
are preferred in situations where long (several monthi), continuous, and unat-
tended operation in parallel with a local utility network is required. They can-
not be used reliably in stand-alone systems (i.e., without being connected to the
util i ty grid).

Systems Using Permanent-Magnet Generators

In remote locations (with no utility grid nearby) it may be necessary to store
energy in battery banks for peak time use. With dedicated battery 6anks for
storage, the output of the generator must be rectified to direct current if not in
that form. Under these circumstances, the frequency of the alternator output
is not important. Coupled with the simplicity ihut -uy result from allowing
the hydraulic turbine to operate over a range of speeds, a situation is created
in which the use of permanent-magnet alte;nators becomes attractive. Highly
varying water flow rates may also necessitate a variable-speed operation.

In a permanent-magnet alternator, the stator is often woundio, potypr,.r,
(two- or three-phase) output, and the rotor consists of permanent magnets of
alternating polarity mechanically embedded around the rotor periphery. the
o-utput frequency f (in Hz) is strictly proportional to the rotational speed and
the-number of poles in the rotor according to Eq. (7.27).

Under open-circuit (neload) conditions, outpuf voltage is also proportional
to the rotational speed. However, when supplying a load, armature'reaction
effects and internal impedance drops contribute to a departure from this pro-
portionality. If the hydroelectric system is operatin g at a constant speed, the
electrical output under load will be at a constant frequency, but the voltage
will be variable- If operating in a variable-speed modi, the electrical output
will be variable both in voltage and in frequincy. Either of these outputs can
be rectified to obtain direct current for chargini a battery bank. The perfor-
mance of the permanent-magnet alternator car be significantly improved by
connecting suitable capacitors across the machine terminals. The imirovement
is primarily due to the leading currents drawn by the capacitors and the result-
ing self-excitation of the alternator. The dc outiut of the battery bank can be
converted to a constant-voltage constant-frequency ac supply uring solid-state
inverters.

Cost and Configuration

Assuming direct mounting (without any mechanical interfaces, such as a Eear-box) of the generator or alternator to the turbine runner, slow-speed units will

synchronous speed
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require slow-speed generators. For electrical generators, as a first order of
approximation, the following relationship applies

PrqD2rLrnr (7.2e)
where D, and L, ue the diameter and the active core lengih oi 'rhe generaior
rotor, P, is the power output, and n, is the rotational ,p".d.

It is noted that slow-speed generators require a larie DrrLrfor a given p,
They are typically shaped like a disk (large iiameter anO s'mitt axiaflengthj,
heavy, and have high moment of inertia. High-speed (3,600 r/min is the high-
est speed for 6GHz output, corresponding to a Z-pole generator) generators are
typically shaped in the form of long cylinders (small diameter aid large axial
length) and weigh less on a per kilowatt basis. Salient-pole structures are most
common in generators employed in hydroelectric systems. The damper winding
is made up of damper bars embedded in pole shois with short-circuiting rings
at each end of the rotor.

From the electrical viewpoint, slow-speed machines are considered to be
"stiff," meaning that they tend to have lower internal reactances; therefore
small angular changes in the rotor position can cause large power swings when
operating in parallel with a power grid. They also have t,igir ttrort-circ-uit cur-
rents' another consequence of their low reactance, which riquires good protec-
tion against faults occurring at or near the machine terminali. High-tp..d g"n-
erators typically have higher reactances and lower short-circuit curients, and
they are$exibly coupled to the grid into which they feed their power ourput.

In terms of cost, slow-speed generators can be expected to be more expensive
than high-speed rnachines, primarily because of the-additional material needed
for fabrication. Efficiencies of high-speed generators are only slightly better
than slow-speed machines, not enough to solely influence the sllection iror.rr.

7.4 LOAD CHARACTERISTICS

Depending on how the demand centers are affected by voltage and frequency,
the loads can generally be divided into three categoriis: heating, lighting, and
motor and transformers.

Heating

The least critical load is a heating load. Heat output is affected primarily by
the voltage, but also by the temperature at which it is operating. Generally,
the load (heat developed or power) varies as the square ofthe upptirO voltage.
Undervoltage is not a problem for heating loads, but devicer ru.i as broilers,
toasters, space heaters, fryers, griils, and irons generally have maximum
specified voltage ratings. Too high a voltage will burn out the heating elements.
Any voltage greater than t0 percent over the rated voltage should be avoided.
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Some heaters, such as hair dryers, have electric motors, and the motor has to
be considered separately as to the effect of voltage and frequency on it.

f  : - L a : - -|-rrBututB,

Lighting devices usually exist in three forms: incandescent, fluorescent, and
metal- (mercury- or sodium-) vapor lamps.

age as contrasted to incandescent. The normal recommended operating range
for the lamp is + l0 percent for voltage variations.

Motors and Transformers

Motors and transformers are both iron<ore devices and are therefore affected
by the variations that affect such devices. The basic governing relationships for
iron<ore devices are

E : 4.44N[AB^ (7.30)
where E is the voltage, .I/ is the number of turns across which E is appli ed, f
1s the frequency of the voltage, B- is the maximum value of the core magnetic
flux density, and A is a constant. The core losses can be defined as

Core losses : k"f Br^ + trsai ( 7 . 3 1 )
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where ft" and kn are constants for eddy current and hysteresis losses respec-
tively,/is thefrequency of the voltage, B^ is the core magnetic flux density
[see Eq' (7.30)J, and x is a constant approximately equal to 2 (1.5 to 2.5) for
i _gl:l Taterial. 

r,tr.e tr.ealing (and .onr.qu"nt temperature rise) of a given
ue vIcE ls oelermlned b-v its losses (the difference between input and output). If
the losses increase, the temperature increases and vice versa.

The core losses vary approximately ai the square of the voltage for a trans-
former operating at fixed frequency. Therefoie, overvoltug, 

"un 
become aproblem' The usual allowable outtuoituge is * 5 percent at constant frequency

and rated load and * 10 percent at no load. Ai constant voltage, if the fre-quency decreases, the hysteresis losscs increase because of an increase in B,
[see Eq' (7.30) or (7.31)] . Therefore, with a frequency decrease, the allowable
voltage increases must be reduced proportionut"ty. Undervoitage is not a
significant problem with transformers. At constant output, when the voltage
decreases, the current has to increase, but the core losses vary as the square of
the voltage, while the copper losses vary as the square of,the current.

The effect of voltage and frequency variations on induction motors is more
involved than for most other electrical devices because of the relationship exist-
ing betwecn torque and speed for both motor and road.

The basic relationship is that both starting rorque and, running torque vary
directly with the square of the voltage. tnlhe normal operati-ng (running)
range' the slip of the induction motors varies inversely as ttre ,q-u"i" of the
voltage since there is an inverse relationship between torque and slip. S/rp is
defined as the difference between synchronous speed and actual speei, divided
by synchronous speed. Also, the relationships giurn in Eqs. (7.30) and (7.31)
apply to the induction motor.

. $-1n example, at constant frequency and a l0 percent increase in voltage,
the following chang,es result: torqui incrlases 2l peicent, slip decreases 17 per-
c€nt, specd at full load increases l percent, efficiency change depends on the
load usually increasing about I perccnt at full load to decreising about 2 per-
cent at half load, power factor decrcases 3 to 6 percent deperiding on load,
starting current increases l0 percent, full-load currcnt decreases 7 prrr.nr,
temperature rise decreases 3 to 4"C, and maximum overload increases 2l
percent.

At constant frequency and with a voltage decrease of l0 percent, the follow-
ing changes result: torque decreases 19 peicent, slip increases 23 percent, full-
load speed decreases 1.5 percent, efficicncy decreasls 2 percent atiull load and
increases 2 percent at half load, power factor increases I to 5 percent depend-
ing on load, starting current decreascs l0 percent, full-load current increases
ll pcrcent, temperature rise increases 6 to 7"C, and maximum overload
decreases 19 percent.

At constant voltage and with a change in frequency, speed is affected since
synchronous speed varies directly with frequrn.y. The reactance elements also
vary dircctly with frequency; therefore, tni fottowing changes result from a 5
percent increase in frequency. Torquc decreases l0 fercent, speed increases 5
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percent, and starting current decreases 5 percent. Th.e other pararneters have
slight changes with increases for efficiency and power factor and decreases for
temperature and maximum overload.

F O f  a  5  n e r e e n f  t J e n r o n e o  i n  f t o ^ , , o - ^ . ,  r n r n r , ^  : - ^ - ^ ^ ^ ^ ^  r  r  - ^ - ^ -  - r  -  J-  r - ' - " -  r ' r  r r v Y s v r r v J t  r \ r l Y u r r  r l r v l g i l S 9 J  f  f  P g f ( : e n t ,  S p e e Q

Control devices, such as relays, solenoids, and contactors, are magnetic core
devices and are affected similarly as transformers, except for tow voltages. At
low voltage they may not operate depending on the temperature of the oper-
ating coil.

7.5 DETERMINATION OF DEMAND
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TABLE 7.2 Typical Household Appliance Loads
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ally be found in a typical textbook about transformers and machines. Any
motor load having a size comparable with the size of the generator will result
in about a 50 percent voltage drop for a fraction of a minute during startup.
This is weii be/onci the range of reconnmended',,o!r,age drops and wouid prob-
ably also result in control devices not operating propelly. It could also result in
damage to generator, motor, and other equipmint tonnected to the line.

Calculating the voltage drop requires determination of the starting imped-
ance of the motor- z^ and the impedance of the power system to which the
motor is connected, referred to as Th6venin's impedan 

"" 
i,1. The systcm volt-

age before the motor is connected is called Th6venin's voltage t*. inesiarting
voltage d across the motor is given by

E , :
E,nZ^

Z ^ * 2 6 (7.32)

The change in the voltage AE is given by Eq. (7.33).

AE : Etn -
EtnZ^ E*Z n

Z^ * 211 Z^ * 211,
(7.33)

For AE to be small, say less than 5 percent, then 26 must be less than
0'04262^ or the motor impedance Z^ at start must be greater than 19 times
the system impedance.

This same procedure is used to determine the impedance of the total load
except the complex mathematical form of the impedance needs to be consid-
ered. In the case of motor starting, it was usu*"d the angle on each of the
impedances z,l ayd z^were approximately equal during st;. During running
conditions and with other loads, these anglei are likely to be diffelnt. The
equation looks essentially the same. However, for a 5 percent voltage drop, lZ^* ztnl = 20 lz,ll where the bars lz,1,l indicate magnitude ortnJimpedance.

To determine the peak demand, the demands must be summed for that time
period when most devices will be connected to the system. Devices such as
freezers, refrigerators, and air conditioners or electric furnaces, which are ther-
mostatically controlled should, for purposes of peak demand, all be considered
on at the same time. To these loads, lights, eLctric irons, electric hot plates
and other light loads can be added.

To determine the total energy required for a given month or year, it is nec-
essary to estimate how long (hours per month or year) each device will be used.
Table 7.2 gave some representative values which are very useful for freezers,
refrigerators, furnaces, water heaters, water pumps, etc. For other devices, per-
sonal habits and choices will determine how long-each is used. The basic ques-
tion to be addressed is: "Gjven a hydroelectriciystem, how many households
can be supplied from it?" Simple summing of the demand would give a result
larger than the actual demand. The point is that all devices in alf households

Appliance
Avg. use/

Power, W mo, h
Total energy consump.,

kWh/mo

Houschold equipment:
Rlen r l - .

Car block heater
Clock
Clothes dryer
Coffee maker
Elsctric blanket
Fan (kitchcn)
Freczcr (chest, tS ft)
Hair drycr (hand-hcld)
Hi-Fi (tubc typc)
Hi-Fi (sotid state)
Iron
Light (6GW)
Lisht (l0GW)
Lights (3 cxtra, ZtW)
Light (ffuore,scent, 4 ft)
Mixer
Radio (tube type)
Radio (solid statc)
Rcfrig. (standard, t+ ft!;
Refrig. (frost frec, t+ ftt;

.$ewing machine
Toaster
TV (black & white)
TV (color)
Washing machine
Watcr hcater (4Ggal)
Vacuum clcaner

Shop Equipment:
Watcr pump (X hp)
Shop drilt (h,, % hp)
Ski l lsaw ( l  hp)
Tablc saw (t hp)
I-athc (X hp)

600
450

2
4,600

600-900
200
250
350
400
I  1 5
30

1 ,100
60

100
225
50

t24
80
50

300
360
t00

1 , 1 5 0
2s5
350
700

4,500
750

2
1 3 5

I
87
7 - l l

l 6
8

84
2

l 4
4

t 3
7
9

27
t 2
I

l 0
6

60
180

I
5

3 l
42
8

392
E

20
0.5
6
4
I

460
2s0

I,000
1,000

460

3
300
720
l 9
t 2
80
30

240
5

t20
t20
t 2

t20
90

t20
240

6
120
t20
200
s00

l 0
4

r20
t20
l 2
87
t 0

44
2
6
4
2

the same time. If loads are electric motors, as found in refrigerators and airconditioners, then the starting load of the motors must be consiiered. The prin-
cipal effect of motor starting is a momentary drop in voltage at the loads. Thesedrops in voltage cause voltage flicker, affeciing tire output of lamps and picture
size in television sets.

The amount of-voltage change during motor starting can be calculated, butrequires more technical data than is usualy given on the nameprate. Repre-sentative values for devices of a given size rung" can be obtained from technical
refercnces. Accurate values have been determined through tests and can usu-
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would not be on simultaneously. That is, a certain amount of diversity exists
in the times that the loads occur. Thc amount of reduction in demand that can
be expected from diversity is a function of the kinds and number of loads found
on the system.

E ^ -  - - ^ - - t ^  l f  e L ^  r ^ - rr vr e'\arrrPrs' rr I'Ir€ loaqs were comptetely random, then the prObability Of
a given load could be computed from knowing the demand of each load and its
duty cycle (percentage of time the load is on;. For example, if four loads of
100, 200, 300, and 400 W were connected to the system and were random with
duty cycles of on-time of 50, 40, 30, and 20 prt""nt respectively, then the prob-
abil ity of all being on at the same rime is 0,5 x 0.4 x 0.3 x 0.2 :0.012 or
1.2 percent. This means that for 4 days of the year, the demand would be as
large as I kW. If the generator can only stand a l-kW load for I hour, then
the probability that all four loads are on simultaneousty for this example must
be less than I /5760 : 0.014 percent. Not many loads can be considered com-
pletely random in a household. The amount of demand reduction from diversity
can only be accurately determined by measurement over an extended period of
time.

7.6 OPERATING REQUIREMENTS

If the try{5oelectric unit is to be operated in parallel with an existing grid sys-
tem, then the size and type of switch-gear and protective devices tJr"t.O fo,
the unit must be capable of handling and inteirupting safely the maximum
short+ircuit currcnt available from the grid system as well. This information
can usually be obtained directly from the electric utility or calculated from its
data. In addition, equipment to synchronize the hydroelectric unit with the grid
sys temmustbe. ins ta l ledwi thappropr ia temeter ing todetermineenerey
bought or sold. The utility can usually i"co--end thosize and type of equip
ment to install and explain how to operate such an interconncction.

At isolated hydroelectric systems, certain other switch-gear and protective
equipment will be required. The generator connected to the turbini must be
capablc of withstanding thc runaway speed of the turbine. Runaway speeds
can be as high as 290 percent for variable-pitch blade units and 200 percent
for fixed-pitch blade units. An automatic clutch can be used betw""n fh. tur-
bine shaft and generator shaft to uncouple the generator if its overspeed capac-
ity is not sufficient. Principal protective equipment required is

l. Overspeed shutdown

2. Overcurrent disconnection or interruption, such as remotely operated circuit
breakers or fuscd disconnects

3. Overvoltage relaying to disconnect the electrical load, which is in addition
to thc voltage control or voltage regulator of the generator

GENERATION AND ELECTRICAL EQUIPMENT 7.3I

4. Loss of voltage relaying to disconnect the electrical load in case of system
failure

7.7 SAFETY CONSIDERATIONS

Safe apptication of generators and motors involves both electrical and mechan-
ical considerations. Energized electrical parts and rotating or moving mechan-
ical parts must be enclosed, covered, or guarded by some means. The degree
of enclosure depends on the location of the installation and application.

In general, the more accessible the equipment is to untrainlb p"rronnel, the
more it should be enclosed. Machines which are accessible to the public should
be limited to the following: drip-proof machines, semiguarded machines, and
totally enclosed fan-cooled machines. The totally enclosed fan-cooled machine
is the only one allowed in hazardous locations.

Hazardous locations are usually those where volatile flammable liquids or
liquefied flammable Sases or air mixtures of gases, vapors, or dusts exist. These
are easily ignited by sparks, open flarnes, or hot surfates. Other types of enclo-
sures are allowed, and in the United States, the details may be obtained by
consulting the latest edition of the National Electrical Coieo (NFpA 70i,
issued every 3 years by the National Fire protection Association.

Open-type machines can be utilized in power plants, generating stations, or
other locations, where only qualified electiical peisonnel are allowed.

The degree of enclosure should be determined.after considering the follow-
ing generil questions:

1. Will the equipment be installed in:
a. residences

b. locations open to the public

c. locations only open to employees
d. locations accessible only to qualified personnel?

2. will the equipment be attended by an operator when it is in use?
3' Is the location, size, appearance, and working arrangement such as to dis-

courage inappropriate use?
4' Will the equipment be serviced or used in such a manner that its condition

is not visibly obvious to quarified servicing personnel?

Proper Selection of Equipment

Motors and generators should be properly selected with respect to their usual
and unusual service conditions, both of which involve environmental conditions
to which the machine is subjected as well as operating conditions,
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Service conditions may involve some degree of hazard. This additional haz-ard may result from over-heating due to improper ventilation, mechanical
stress due to co_upling misalignment or impropir belt arrangements, abnormal
deterioration of the electrical insulation, or corrosion due to toxic fumes or
e X C e S s i v e m o i s f  r r r c  6 r c  o - r l  a - * l ^ - i ^ -  / - \ - ^  : - -Y t  ' r rv t  s r rv  vAPrvDr \ r t l .  l v r l l s  l l l lPUf tan t  feqUl fement  tS  nOt  tO USe
open or non-explosion-proof generators or motors in the same room with charg-
ing or discharging batteries.

For any service condition beyond those specified as usual, the user should
consult the equipment manufacturer indicating the conditions to be expected.
The usual conditions regarding voltage and fiequency were discussed under
load characteristics. The other usual service condltions are as follows:

l. Exposure to an ambient temperature in the range of l0 to 40"c
2. Exposure to an altitude which does not exceed 3,300 ft (1,000 m)
3. Installation on a rigid mounting surface
4' Installation in areas which do not interfere with ventilation of the machine

Unusual Service Conditions

Many conditions must be considered but the following are the most common:

l. Exposure to:

a. Combustible, explosive, abrasive, or conducting dusts
b. Lint or dust where normal ventilating ducts could be prugged up
c. Chemical fumes or explosive gases
d. Steam, salt spray, or oil vapor
e' Damp locations conducive to growth of fungus, radiant heat, or vermin

infestation

f' Abnormal shock, vibration, or mechanical load from external sources
g. Abnorrnal axial or side thrust shaft loads

2' Operation where the voltage and frequency variations discussed in Sec. 7.4
Load Characteristics are exceeded

3' Operation at speeds above the highest rated or below rated speed in an
inclined position

4' Operation where it is subjected to torsional impact loads, repetitive abnor-
mal overloads, and excessive starting or reversing conditions

Electrical Considerations

Motors that are used on equipment which is accessible to personnel should not
have automatic resct thermal protectors. An injury could result with the unex-

NERATTON AND ET,ECTRTCAL EQUTPMENT 7.33

pected starting of the equipment. These motors should have a manual reset
thermal protector.

"-11_"I*,the 
most from the capability of the system, the sysrem power

iactor shouici beapproximateiy unity. When power factor correcting capacitors
are used on the load side of the motor controller, the total kvar cap-acity of the
capacitor must not exceed the inductive kvar taken by the motoi at no load.
Corrective kvar in excess of this value may cause selfrcxcitation or over-exci-
tation, resulting in high transient voltages, currents, and torques that can be a
safety hazard to personnel and equipment.

The condition given for motors, motor circuits, and controllers in the
National Electrical Code@, Article 430, should be followed in determining line
wire sizes and in selecting protective equipment, starters, and controllers for
motors. The details are too numerous to cover in this discussion, but some pos-
sible general requirements can be stated. These are (a) all energized wires andparts are to be insulated or enclosed in approved enclosur.r, (a) all motor
frames and enclosures are to be grounded by approved means, (") ourraurrent
or overload protective devices must open the circuit to all 

"n.rgi)eO 
conductors

(the grounded conductor is not disconnected by the overcurrent or overload
devices except and unless all the other conductors are opened simultaneously),
and (d) the disconnecting means must be in sight of the motor controller and
can be in the same enclosure.

7.8 BIBLIOGRAPHY

Alward' R., et al. MicrtHydro Power, Reviewing an Old Concept,report prepared for
the U.S. No. DOE/ET/Ot752, rg7g.

cost of controls for "smalr Hydroelectric plants,, on River systems, DoE/ET /28310-1, February 1979.

creager, william P., and Joel D. Justin. HydreElectric Handbook, wiley, New
York, 1927.

Energy for Rural Development-Renewable Resources and Alternative Technologtes
for Developing Countries.: National Academy of Sciences Report, Washington,
D.C., 1976, pp. t37-164.

Idaho Falls Hydroelectric project: Design criteria,Ido-1699-1, December r97g.
"IEEE Recommended Practice for Protection and Coordination of Industrial and

commercial Power systems," IEEE std. 242-1975, New york, 1975.
Jyoti Small HydreElectric Generating Units, Bulletin No. HEGE-I, Jyoti Limited,

Baroda, India.

National Electrical Code@, NFPA 70, National Fire Protection Association, Boston,
r984.



7.34  SMALL AND MINI  HYDROPOWER SYSTEMS

"Small Low-Head Hydroe lectric power, " proceedings 
from the Midwesr RegionalConference May 23-25, IgTg,lDO_10076, Augusr igig.

solar Photovoltaic Applicarions seminar: Design, Installation and operarion of smalls t a nd'A lone p hot ovo I t a i c powe r s ys t e ms, Do E/ DS/ 325 zz-Tr, J ury r 9 go.
Wachter. G. F.: See. 9 , .Hvdroele.rrr in D^.,,^- ! t :-----: ,--: :--rr .

d a r d H a nd b " " * i,,' e u,i i, "i' i, i,' ̂");, ; i ; ::::ilil,.i l_ilf ,illi:,l, .i,;,; .

Environmentql fmpoct

Willis E, Jacobsen

Comparing hydroelectric projects with other sources of electrical generation,
hydro plants produce power that is compatible with the environment. In con-
trast with thermal electric generating systems, hydropower projects produce no
air or thermal pollution. Also hydropower impacts 

"i. 
,""ronably well under-

stood and, therefore, predictable to a moderati degree of accuracy. Hydroelec-
tric generation is an economic use of water that do-es not consume the resource.
Additionally, small and mini hydropower projects tend to create reduced envi-
ronmental impacts relative to large-scale plants.

Design tradeoffs establish project scale and the resultant nature and extent
of environmental impacts during construction and operation. Essential design
variables includedam height (e.g., from foundation to spillway crest) or design
head (between tailwater and reservoir surfaces), reservoir capacity, and power-
generation capacity. These variables are interrelated: The dam treight custom-
arily controls both resultant reservoir volume and potential power generation
capacity which would be installed at a given site.

Environmental analysis must be undertaken early during project planning.
Findings from such investigations help establish project rraiiuitiiy.

The decision to proceed with a paiticular proj".i should be based on more
than conventional evaluations of ecbnomic benefiis: External (or societal) costs
and benefits of the power project under consideration must also be assessed. In
many proposed developmental areas of the world, relative influences of snecific

6 . 1
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externalities may differ. For example, development of hydropower in a high_
elevation, unpopulated area would generally be expected to produce lower envi-ronmental stress and resultant environmental 

"ottr 
than a plant built in thelower river valleys, in more heavily developed resions- .A,lso downerreqm rro-o

l l 1 A v  f i 1 n f t  r a a r l i l . ,  ^ ^ r  ^ ^  L ^ - - : ^ - -  ^ -  . t  

' ,  u  
: - - -  

- - - ! i " s ! r v * r t '  v s l r l J

. . ' - r  " 'vrv rvqsrrJ <rv l  i1D ual l lEfs to lne upstream mlgrat lon of  speciesof  anad-romous fish.
When carefully analyzed, design or operating decisions are frequently found

to produce mixed impacts. neither totally unfavorable nor wholiy beneficial.
Such indepth evaluations are often essentiat in discerning and tracking themany possible and complex cause-effect relationships. A recommended arialyt-
ical approach is to weigh desirable and undesirabie influences and then baseproject design and operating decisions on net effects of the interacting combi-
nations of results- 

^One complicating factor is that costs typically arise imme-
diately while benefits may accrue over many years: Also, iort, 

"r, 
usually eas_ier to measure than benefits. Another poini which must not be overlooked isthat different segments of nearby groups may represent many different inter-

ests, conc€rns, and purposes; therefore, they might be influenced differently bya gjven project and its mode of operation.
Prevalent viewpoints should bi identified and assessed, to equitably satisfy

the many interests. For example, a direct and immediate effect or r1nuit hydrepower system devclopment could be the availability oi power for pumfing irri-
1t:" 

*tT.t' which improves the productivity of nearby arid, bur fertile, lands.
uoncurrently, another segment of the population may find its livelihood sty-mied because it had been dependent on thl stream, now dammed, to transport
barges of produce to downstream markets. Should commerce on the streamwarrant it (and should stream discharges be adequate), construction of a nav-igation lock at'the dam site would be a remedial option for economic
consideration.

In addition to primary or direct environmental effects, indirect ramifications
of hydropower development (second- or even third-order effects) *urt not beoverlookcd in project evaluations. As a case in point, a new, reliable supply ofhydroelectric energy may attract a number of power-consuming industries tothe area, drawing numerous workers and their iamilies to the expanding area.In turn, new construction to accommodate the expanding population mayrequire considerable crearing and grading of previousry uni.u.toped land.Clearing of formerly vegetated slopes could .r.ut" increased dislodgement ofsediment during periods_ of hcavy piecipitation. If developmental planning wasinsufficient and if runoff interception .nd control regulation, *rri inadequate,

sediment loads of increased intensity might wash into the stream and reservoir.
An accumulation of sedirnent in the reservoir not only could prove environ-
mentally adverse but alsc could severely shorten the economic life of powerproduction from the pondage- Thus, it is appropriate or even necessary to eval-uate cxtendcd chains of possible events.

Relative environmenhl sensitivities to hydropower development and opera-
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tion are highly site specific; one aim of the guidelines for environmental assess-
ment is to list and briefly describe key considerations which potentially pertain
to a diversity of prospective sites. These analytical guidelines will bc supple-rne.nferl  rwith o nL-^Lti^+ ^f . .^^r--r -  -  .Y'r l tr  4 srwvAurl ur uJs.lul CnvlfOnmental tnlOffnattOn tO SUnnorf feqsi-
bility determinations of candidate developmental sites. 

- -rr--

Gcneral environmental influences and possible measures to reduce undesir-able impacts, if identifiable, are conveyed in the next subsections. Included are( I ) influences of stream impoundmenis, particularly in regard to impacts onfish and wildlife; (2) environmental asiects of spillways and outrets; (3)
impacts associated with generation of electrical energy at mini and small-scale
hydropower projects, including electrical transmission; and (4) potential dam-ages related to project construction and maintenance.

The importance of project permits as well as typical requirements for apply-ing for licenses or permits are discussed. Next, iu"to., for estimating project
costs associated with environmental control activities are summ anzed.Finally,
a suggested checklist of project information for environmental assessments isoutlined, and a synopsis of techniques possible to employ in making environ-rnental assessments is presented.

8.I STREAM IMPOUNDMENTS

Several prevalent environmental effects are associated with creation of animpoundment behind a Power dam. The dam may act as a stream barrier toupstream or downstream movement of objects (including migratint fish orriver traffic). AIso the slackwater pool which forms upstream of the dam will
inundate land formerry lying along the banks of the flowing stream. Depending
on such factors as ratio of the volume of usable water impounded (active stor-age) to the average streamflow,* or the pattern of withdrawing r.ui", from thepool, downstream discharges and water quality (physical, chemical, and bioIogical) may be altered-beneficially or udurrrrty. Fu.tt rrmore, variations inwater level, in the impoundment or downstrea* *uy affect aquatic and/orterrestrial organisms. Flow excursions due to regulating the releases from animpoundment often can be expected to attenuate with distance downstream,
however. Attenuation would be more rapid if the steam discharge were supplemented by inflowing groundwater or tributary flows.

Flow regulation controiled downstream from a rarge impoundment, espe-

meter which represents the time to fi i l  thc usable
;onditions. Simple divcrsion structurcs (c.g., lcad-
power plant) may have nearly zero storagc capac_
arc capable ofstoring only I or 2 days ofavciage

rund weeks, months, or cvcn ycars of rivcr flow_
alc projects. Environmcntal impacts customarily
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cially should outflows be primarily a result of baseload power generation, could
produce beneficial effects. The benefits would be derived froin the sustained,
uniform (nonpeaking) flow in comparison with the pulsations of discharge
which naturally occur in an intermittent stream. Seasonal f luctuations in an: _ . ^ , _ , . , ^
l l f t c r l l l l l ten l .  S t feam mav varv  f rom ner io r ls  n f  zc rn  r l i cnho?n^  ]^  -^ -^^^ : -^

floodwaters fottowing high,'ruririJJ o.*'o'i.i;r. ;ofrfi;njfi;il;
attributable to flow regulation include maintenance of improved quantit ies andqualit ies of water for industrial or drinking supplies, impioved navigation, and
reduced flood damage. other potential benefiis of flow regulatiori include agreater annual energy production, both at the planned site and at downstream
power projects. With improved florv regulation is the possibility of installing
increased dcpendable generating capaciiy at downstream power stations.

Reservoir-Related Ecological Impacts

Direct relationships frequently exist between sizes of hydropower projects andmagnitudes of environmental impacts.r In illustration, the aiea inundated by areservoir is directly dependent on the proposed project head. Reservoir landsmay prove environmentally sensitive to the p"r-^n"nt change from a terres-
trial to-an aquatic ecological system. Additionally, most reservoirs, in prepa-
ration for flooding, are cleared and graded, with associated environmental in-
1_"1-"::.,the 

design head of the proposed dam, plus the type of strucrure (e.g.,
concrete gravity, earthfill, rockfill, arch), dictates the iocalized disturbance
zone associated with field activities such as excavations for dam and power
house and the construction of tunnels, chutes, roadways, storage and mainte_nance yards, crushing and mixing plants, approach channels ti powerhouses,
ch.annels to spillways and locks, 

"nd 
do*nrtieam 

"pron, 
for stilling basins andtailraces.

Assuming, for example, a damming and inundating of a trapezoidally
shapedvalleyof constantcrosssection(Fig. s.l), constantbottomwidth b,and,
constant channel slope upstream-todownstream, I on ,s, the reservoir pran
area A, as a function of the head ds behind the dam, may be obtained. sketches
of the cross section of the trapezoidal basin and its side elevation along the

ENVIRONMENTAL IMPACT 8.5

stream centerline are depicted in Fig. g.l a and 6, respectively. The indepen_dent variables are shown in the figure.

,,.1"t*lll{'-19 ls:urption is that the poor behind rhe row-head stream bar-. .v. rs rrvrr&vrr l i lJ, r . tr . ,  LI lCfe tS nO OaCkWatgf Curve-
The reservoir surface area A,is an isosceles trapezoid that is widest at thedam and uniformly narrows upstream. It can be expressed by

A , :  ( w o +  n , ) ; ( 8 . 1 )

where we is the width of the reservoir- immediatery behind the dam, w, is thewidth at the head of thc reservoir, and r is rhe ,rrlh (total lengrh) of the res-ervoir' Based on a channel bottom width b, a horizontat projection c of eithersloping side, a head ds, and a channer side srope t on r, the reservoir widthbehind thc darn is

r , f / o = b * 2 c : b + 2 d o s

and the width at the upstream end is nearry the base width, or

w, = b (g.3)
with a bottom slope arong the stream of l on s, the reach of the reservoirbecomes

setting the channer base width ,o 

t : '0" (8'4)

b : k d o

and substituting these expressions in Eq. (g.l) gives

A, : (kdo * 2dss * OOI 
T

(8.2)

(8.5)

(8.6)
A, :  (k  +  s)Sdt

The area shown to be inundated by the reservoir and thus subject to envi-ronmental disturbance varies as the square of the head. The variation in thedimensionless designation of reservoir area is shown in Fig. g.2. The dimen-sionless surface area increases directly as the sum of the channel bottom widthratio and the channel side slope. The actual surface area increases directly asthe reservoir bottom srope term s and as the head, squared.
. 

The total storage volume in the example reservoir, of trapezoidal cross sec-tion may be obtained from integrating the cross-sectional area along the cen-terline of the reservoir(a)Cross Section at Dam (b) Centedine Elevation

x = f

I
I

(8.7)

- f S l
i Reservclir Reacfr ,

FIG. t.l Cross secrion and sidc elcvation of trapezoidal basin.
v r - A d x
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0 2 4 6 8 1 0 1 2 1 4 1 6 1 8 ? 0

k + s
FIG. 8.2 Disturbed reservoir area. dimensionless.

where tho. reservoir cross section I varies in the x-direction upstream of the
dam. As shown in the sketch (Fig. 8.lD), water depth is assurned to decrease
linearly frorn the dam (x : 0) to the upstream end of the reservoir (x = r).
At a general upstream distance x from the dam, the reservoir depth is d. From
geometric similarities, the depth may be expressed as

5! = x= a o - 3  ( 8 . 8 )

The trapezoidal area of the channel cross section at any upstream distance x
is

A :  (b *  ds)d (8.9)

Substituting Eq. (8.9) into Eq. (8.7) gives for the volume of the reservoir:

(8. I 0)

Then, substituting expressions (8.5) and (8.8) for D and d, respectively, gives

The totai voiunle storeci in the reservoir thus varies as the cube of the head
(as would be the case for any similarly proportioned reservoir cross-sectional
shapes that were to be compared). Impatts of controlling the storage and the
release of water from the reservoir, i.e., through regulation of natural flow,
depend on the volume available for storage.

Consideration of another reservoir geometry would help to convey effects of
constants in disturbed reservoir area expressions. Were the base of the trape-
zoidal canyon assumed to possess u uniforrn flare upstream of the dam, the
base could increase from Ds : ktdo at the dam to b, : k2ds (k, > k,). At
distance x upstream, the generalized bottom width of the channel would be
represented by

b : b o + ( b , - b o ) !
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(8. r 2)
( *  s \V , : l ; + ; l S a i
\ 4  J /

As previously, the bottorn of the channel is assumed to slope uniformly upward
in the upstream direction such that, again, the depth at any upstream section
is

6 ! =  
x= a o _ F

The surface area of the reservoir is given by

A , :  f ' r a *
J O

where the reservoir surface width is

A,:(*P) saa

(8.8)

(8. r 3)

(8.  r  7)

(8.  l4)

(8. r s)w = b * Z d s

Substituting expressions (8.13) and (g.g) and the defined base widths gives

w :  (kr*  2s) d^ 1- (k '  -  t "  -  zt \r o - F \  
S ,  / x  

( 8 . 1 6 )

Solving the integral (8.14) based on the reservoir width term and substituting
the value, doS, for the limit r givesv, : 

[r' ,u * ds)d dx

v, = Io'loo, * (0,- f) ,] (* - f) ,, _ The similarity between this and the first example can be readily observed.
For the special case involving a constant base width of the nooala channel
k = kt = kz and equation (8.17) becomes identically equal to equation (g.6),
applicable to the initially assumed channel geometry.

which yields a reservoir volume

( 8 . 1  I  )
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Environmental Effects of Stream Impoundments

A summary of environmental influences associated with impoundments, or
resulting from the utilization of impoundments in small hydioelectric power
Svsfem onerc f innc  ic  n rccanro ' l  : -  T^L t^  o  l r .L :^  - - r  , rYrJ .$ r .v . .s r  rq  t , rv rwr r rv r r  r r r  r< rLr rE  o . l .  lu rs  a l lu  lne  ensu lng  summar les
ot impacts include the following: (l) basic causes of environmental influences,
(2) the possible resultant impacts, and (3) potential remedial measures that
could be employed for reducing or changingipecific impacts.

Major concerns in the formation of an impoundment on a stream include
the barrier effects, the existence of the slackwater pool, reservoir leakages, res-
ervoir warming, altered flow velocities in the pool and downstream, land inun-
dation, variable pool levels, and algae stimulation. Again to be emphasized is
that rnost of these parameters are strongly dependent on the size (head) of the
project because dam height controls disturbed land areas and stored water vol-
umes. Additionally, project size determines time of disturbance. Time is likely
to be a more critical factor in construction, e.g., to complete the project and
restore the disturbed ground cover. Long-term irreversible effects or ieriodic
effects generated by operations must clearly be differentiated in environmental
evaluations from short-term (e.g., construction) effects.2

The alteration in ecology from a land-stream biome to a quiescent water
biome is difficult to assess as adverse or beneficial unless site-specific critical
investigations are able to establish net influences. Location of the proposed
facility and prior development of a planned small- or mini-scale hydropower
facility are important factors; if the facility is built in an existent concrete-lined
canal or concrete pressure culvert (to replace a pressuredissipating drop struc-
ture) net positive benefits would always result.

In Table 8-1, another possible undesirable influence of cause 2, related to
the slackwater pool, would be the impact of synergism, e.g., the combined
effects of multiple stresses such as a simultaniourln.rrurJ in temperature
(cause 4) with a decrease in dissolved oxygen because of aerobic decomposition
along the floor of the reservoir. Synergistic effects are, in general, poorty under-
stood at present.

A possible remedy for slackwater pools is to build a stepped series of low-
head dams in the same reach of the stream as would otherwise be utilized by
a single high dam having considerable storage capacity. However, there are
other adverse influences associated with a string of lo*", dams, including: (l)
They are more cootly, (2) they provide less total storage capacity, (3) they may
drown out and produce little or no power during piak sireamflows, (4) the
dcwnstream projccts may suffer degraded op"r"tio* because of unreiulated
flows, and (5) a closely spaced series of dams may produce a higher Jonrrn-
tration of nitrogen in solution.

^ .Increased temperature in reservoirs and downstream is a serious influence.
Salmon and trout are particularly affected by even slight temperature rises.
For example, the optimum range for salmoniai is 5.g to l2.g " c (42 to55 . F).3

TABLE 8.I Environmental Inf luences of Impoundments

Effect Remcdy

Cause I. Stream barrier, f low blockage

Disrupts or prevents fish migration/
Block passage of water traffic

Blocks local movement or migration of land animals
which use narrow, shallow, or intermittent srream
as crossing

Provide f ish-nassino svcrph -  dv J  v r v r . r ,  v . E . r  q

iadrier

Include navigation lock in
multipurpose project

Construct causeways with culverts

Cause 2. Slackwater pool forms behind dam

Creatcs or improves stream navigation
Stagnant reservoir subject to thermal buildup,

chemical buildup (salts, H2S), uncontrolled
marine-plant growth, oxygen depletion (less
reaeration than in naturally flowing stream); all
subject marine life to stresses, diseases, or
disablement; shallow or marshy shorelines may
provide conditions for propagation of vectors

Sensitive stream-type organisms are decimated in
altered ecosystem; new varieties of lake_type
aquatic organisms adapt to newly formed
conditions

Construct multiple lower head, in-
series projects (possibly runof-river
operation), rather than a single
higher head project; during
decreased power demand, establish
supplemental downstream
discharges via reservoir outlet
works; implement vector<ontrol
measures

Cause 3. Reservoir floor or walls contain pervious formations

Loss ofstored water through leakage creates net
reduction in downstream flow, dependent on
inflows of returning groundwater

Detect anomalies in basin in careful,
cxtensive geological exploration;
install flow barriers or seals (grout
curtains, cutoff walls, sheet-piling,
reservoir lincrs)

Cause 4. Thermal increases in reservoir

Damage to marine life plus possible increased water
losses via evaporation (augmented by large
surfacc areas of pool)

cause 5. Decreased flow verocities in pool and downstream channel

Reservoir sediment buildup lowers active storage
volume of pool and is likely to shorten economic
Iife of project; dcpendent on upstream conditions
that produce stream sediment loadding/turbidity
(e.g., fine clays and silts in upland soils, exposed
soil surfaccs, steep slopes, high precipitation over
watershed, excessivc channel scour); downstream
hydropower operations would degrade if
dependent on regulated outflows from ample
upstrcam storage

Pcriodically dredge accumulated
sediment from reservoir; construct
settlement pond upstream of
opcrational reservoir; any
intercepted sediment in upstream
pool rnay also rcquire rcmoval

n o



TABLE t-l Environmental Influences of Impoundm ents (continued)

Effcct Remedy

Unnaturally clarifi ed tailwatcr
downstrcam-bascd on intcrception of scdiment
in rescrvoir-can creatc abnormally high erosion
of strcambed and per-*ist for considcrablc
) i ^ . - - - - -  tsrDulnqcs qownstream, dependent on rate of
restoration to equ ilibri um sediment transporr

Scdimcnt dcposition/buildup in a rcservoir can bury
and suffocatc benthic communities (bottom
marinc plant and animat l ife) and altcr character
of bottom plants

Transporting velocity of small downstream migrants
in pool may become inadequate, causing fish
losscs as rcsult of disease, predation, increased
cxposurc to higher temperature water, decreased
dissolvcd oxygen, elcvated nitrogen, or other
deleterious chemicals in solution

Decrcascd flows admitted to downstrcam channet
during lowcr powcr demand or reservoir filling
(assuming low discharges are not counterbalanccd
by supplemental groundwater or tributary inflows)
may cncate shortagcs for downstream uses andf or
degrade quality, c.g., create increased
tempcratures, decrcased dissolved oxygen levels,
and causc marine lifc mortalities, species
substitution, and more difficult fish migration

Rclease fish-carrying or flushing flows
from reservoir although such flows
rcpresent generation loss at
hydropower plant

Release fish-carrying or flushing flows
from reservoir although such flows
represent generation loss at
hydropower plant

Cause 6. Inundation of reservoir area

Displaccs formcr tcrrcstrial wildl i fc species
inhabiting area

Pool may dood sccnic areas, built-up arcasi
archcdqical sitcs, or historic landmarks

Sensitivc marinc spccies requ iring speciatized
aquatic ccosystcm along flowing stream may not
survivc stress and shock of lacustrine ecology, e.g.,
for hatching of cggs and development of young;
some spccics nccd spccific depth of flowing water
over suitable bottom composed of gravel beds at
former stream confl uence

Inadequatc clearing of vcgetation from flooding zone
may lcad to death and decay of plants and other
mattcr, unesthetic floating debris, blockage of
screcncd intake passages, water pollution (e.g.,
formation of phenols), hazards to navigation, and
degradcd recreation

Improvemcnts in communities or viltages adjoining
strcam to bc impoundcd may be periodically or
pcrmanently flooded

Relocate structures and rights-of-way;
build dikes or cofferdams to
preserve sites (at high cost);
complete archeological studies

Attempt to reestablish aquatic species
in nearly equivalent environments

Properly clear rescrvoir

Relocate or rebuild improvements on
adjoining higher ground

ENVIRONMENTALIMPACT 8.II

TABLE 8.1 Environmental Influences of Impoundm ents (continued)

Effect Remcdy

f \ o n o o  ?  E l . . ^ r . . ^ . : ^ - - : -  - -  |  |, .  I  rsvtuar l \ r t rs  ut  fxx) l  lgvc l

Power pool excursions (i.c., daily drawdown for
power generation or variable levels established
seasonally for flood controt) may degrade pool,s
valuc as recrcational water body (marooning
docks and beaches, forming mud ffats and
dangerously shallow areas for boating) or
diminish its valuc as a lakc or water supply; such
changes in lcvel may shock, isolate, or cause thc
extinction of sensitive, lcss hardy types of marine
life

Pool level variations are produccd by
powerhouse and dam opcrations,
dependent on clectricat production,
inflows, and nonpower rclcascs;
control pooldrawdown and filling
judiciously by policics govcrning
projcct opcrations, G.g., I major
tradeoff is in optimizing
hydropowcr production at near-
maximum pml vs. increasing risk of
downstream flooding

Cause 8. Stimulated algal growth

Excessive algae can alter trophic state of stream or
reservoir system, choke body of water, pollute
watdr, deprive it of oxygen, create fish kills, lead
to high and costly maintenance of intake scre€ns

The lethal limit for adult fish is 28 " C (82'F), and that for juveniles is about
6'C (l I "F) lower. Indirectly, the increasing temperatures delay migration of
adult fish, foster the development of fungus and disease organisms, affect food
supplies, and favor some species which compete with, or lrry on, cold-water
fish like salmon or trout.

In the preservation and protection of sensitive ecosystems, seemingly harm-
less concentrations of pollutants or slight changes in ambient condifins may
be hazardous to some species that havi special sensitivities or are subjected to
prolonged exPosure. During the preliminary site exploration the existence of
any species or subspecies of fishes, reptiles and amphibi"nr, mammals, or birds
which are either considered threatened or endangered must be determined.
(Those threatened are likely to become endangereld unless current trends are
reversed; those endangered are in imminent danger of extinction in thc wild.)

8.2 SPILLWAYS AND RESERVOIR OUTLETS

Major factors associated with spillway operations (Table g.2) include the vio'
lent dissipation of energy in the stilling basin and the entrainment of super-
saturated atmospheric nitrogen in flows downstream of the spillway. Excess
nitrogen in the bloodstream of fish can cause sickness and moitality from the
"bends." Problems related to the operation of outlets (controlled outlet con-
9uitr for releasing water from behind the dam and inlet passages to thc
hydraulic turbines) include blockages by trashrack grid or screen it-.turrr,

Use algal management+ontrol
techniques (which themsclvcs may
present environmental dangcrs)



TABLE 8.2 Environmcntal Inf luences of Spi l lways and Reservoir outlets

Remedy

SPILLWAYS

Causc l. Energy dissipation in sti l l ing basin

iviinimizp reieases oi ffow over crest ot
gated spil lway, especially during
peaks of downstream fish migration;
low-head projects do not usually
injure fish, since fall velocities
dccrease with the square root of the
head

Causc 2' Turbulent mixing in stilling basin/plungc pool entrains air, producing supersaturated
nitrogen lcvcls in flow continuation

High veloeit ies and turbrr lance in h'-,drar, l i r  i . . :-, r  v e . v r . w  r r r  r r J s r 4 s l l w  
J u t t t P l

roiier buckct, erc., may injure specics of fish
carricd ovcr spillway; injuries to fish may result
from cncountcring baffic piers on stillinj basin
apron

Fish mortality from cxcessivc nitrogen in
bloodstrcam causes ..bends"; problems augmcnted
if dams are built in scrics with quicsccnt pools in
staircasc profile along stream; deeply plunging
spillway flow with minimal free flow betwccn
dams prevcnts watcr degassing

Include a rcach of natural flow
betwecn tailwatcr of given project
and pool of next downstream projcct
for stream deaeration; structurally
alter flow pattern of downstream
face of spillway to reduce plunge
depth

OUTLETS

Cause 3. Flow through in trashracks

Larger spcciclof marine life may impinge on and bc
entrappcd on trashracks

Increase bar or grid spacing to enlarge
intake flow area to reduce carrying
vclocity in plane of trashrack

Cause 4. Water releases from variable depths of pool

Operation of multilevcl outlets may produce
variablc.tcmperature water in downstrcam
channel; stratification into warmer surfacc layers
and coldcr dccp laycrs increascs in quiesccnt
pools; variable oxygcn content and dissolved
chemical contcnt of released water may occur; can
cithcr improve or dcgradc conditions in
downstrcam channcl for water supplies or
sustcnance of aquatic organisms

Selectively mix flows from outlets to
control resultant water quality or
temperature; monitor and control
flows to hclp maintain uniformity of
quantity and quality of reservoir
releases

Causc 5. Fish passage through intakes and turbines

Marine organisms can undcrgo shock or destruction
in passing through submcrged intake channels and
hydraulic turbincs as a result of sudden pressure
changcs, contact with moving turbomachines, and
long cxposures to changed ambient conditions
(pressures); aquatic biota concentrations at
intake dcpths may incrcasc inflicted
darnagc; injurcd or stunned fish can be subject to
predation

Use lateral diversion or bypass
channels near intakes; incorporate
outlet passage geometry to
minimize low pressure or cavitation
zones; operate turbines at maximum
efficiency point to reduce
undesirable pressure gradients in
flow passages. At peak downstream
fish migrations, shut down multiple
generating units and use gated
spillways and open outlets to
augment downEtream flows
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variablbquality water releases through multileveloutlet works, and passage ofmarine life through hydrautic machinery.

,-^9,,111,^r1t:1:l:.,tr":grid 
openingsl streamtining, and the approach flows

rvYsrreo l ' \ ' r trPrsx traue{f iS. lOf example- i f  sr id snqcin<r nn froclr-oaL- i^ +^^
large, floating objects in the flow may ou-ui. tt ilui;'h;il;;;fr#,';
Iarge marine life may pass through the turbomachinery. Grid spacing that istoo small will create excessive head losses, will readily utoct by debris andrequire excessive maintenance, or will trap small- to moderate-sized fish thatimpinge on the surface.

Some attempts have been made to reduce pressure gradients through waterturbines by admitting air in the flow passages. This procedure slightly reducesthe operating efficielcy of the systernand may create dynamic oscillations. Inmost turbine installations of less than l5-m (SGft) head, fish mortalities
through the units should be low or nonexistent, even without any special oper-ating procedures.

8.3 POWERHOUSES AND ELECTRICAL
SYSTEMS

Environmental factors associated with hydroelectric powerhouses, switchyards,and transmission systems' as indicated in Table 8.3, include: The blockage ofupstream-moving marine species (similar to the dam as a stream barrier),baseloading of the power plant (generalry beneficial), downstream surges offlow due to power-peaking operaiions, dangers to trespassers, electromagnetic
radiation from circuit elements, and preeinption of ihe wildlife habitats bystructures.

In the overall hydropower system, these factors tend to be least severe, andmany of them can be suitably remedied.

8.4 CONSTRUCTION OR MAINTENANCE

As shown in Table 8.4, major concerns related to project construction or main-
tenance include: stream pollution by sediment irom construction activities,
improper clearing of the reservoir area, underwater blasting, construction (or
maintenance), chemical spillage, chemical treatment of the ieservoir, reservoir
filling (initial or following drainage for maintenance of facilities), and reservoir
maintenance dredging.

construction d^amage is generally temporary and fast recovery can takeplace, especially if the proiect is small or if field-activities are acco;plished instages, where only small parcels are disturbed at a time and then quickly rev-
egetated' Small streams, seriously disturbed by construction, have recovered
when sediment was controlled and natural proc;sses were permitted to replen-



TABLE 8.3 Environmental Inf luences of Powerhouscs and Elcctr ical Svstcms

Effect Remedy

cause l. Power plant structure blocks upstream-moving aquatic specics

Sucicien iosses of anadromous soecies

TABLE 8.4 Environ;nental Inf luences of construction or Maintenancc

Effect Remedy

causc l .  In-stream scdiment addit ion from clearinq- excavarion rnrr orqAinn

Cause 2. Power plant baseloaded (storage at-site or upstream)

Prnw i r l e  maq  6c  f a .  k ' , ^ - . - : -. . . v q r . r  r v r  v J p 4 r J r 1 6  u p D t t ( i a i l t

migrants around barrier, e.g., f ish
Iadders

Increase in local and downstream turbidity is major
impact of construction associated with dam and
powerhouse foundations, reservoirs, approach and
downstream channels and stil l ing basins, locks,
roadways, diversion channels, tunnels.
switchyards, transmission corridors, borrow arcas
for fill or aggregates (plus aggregate washing);
sediment buildup in stream can result in
disablement of marine life from gill blockage and
suffocation or can subject species to severe stress
and disease; higher sediment loading can also
decrease levels of dissolved oxygen in water

Remove sediment from surfaee-runoff
channels at construction
sites by interception or fi ltration:
physical facil it ies include collection
and drainage ditches, porous (e.g.,
straw) filters, gravity scttling basins
including ponds used in
recirculating system for treating
washwater; reestablish vegetation
on exposed land, especially sloping
land

Regulated uniform flow produced downstream-
potentially improves water quality and quantity
available seasonally; concomitant improvements
possible in boating, fishing, navigation. water
supplies, and power generation at downstrcam
hydropowcr plants (especially if plants have
minimum at-site power storage available)

Causc 3. Power plant uti l ized for peaking Cause 2. Inadequate or excessive clearing of reservoir area
Flow cxcursions in downstream channel or

tailwater-level fluctuations can damage, kill, or
producc substitutions in types of aquatic
organisms; flow fluctuations also degrade or
endanger downstrcam recreation; surges of high
flow tend to scour or erode downstream channel.
with worst damage nearer powerhousc

Implement judicious policies and
procedures for powerhouse
operations; provide re-regulating
dam and pool downstream of main
proJect

Decaying logs, brush, and debris may create
pollution, e.g., offensive tastes and odors from
phenols released in drinking-water supplies;
elevated oxygen demand severely depletes
dissolved oxygen required to support native
marine life; snags and floating debris create
navigational hazards, degrade reservoir esth€tics
and recreational value, and plug turbinc intakes;
clearing vegetation above future shorelines
degrades esthetics and exposes rim area to future
eroslon

Thoroughly clear reservoir of all
growth and debris to highest pool
elevation

Causc 4. Trespassing

Danger of slipping and falling into water, etectricat
shock, or falls from high towers, catwalks, or
laddcrs

Install secure fencing with conspicuous
warning signs; provide perimeter
protection by remote intrusion
alarms Cause 3. Underwater blasting

Implicatcd as potcntial hazard to humans and
livestock in vicinity of transformars, trsn5afs5isn
lincs, etc.

cause 5. Electromagnetic radiation from electrical conductors
Detonations from blasting for in-stream cofferdams

or dam foundation cxcavations may produce
underwater shock waves severely injuring or
killing fish in sphere of influence

Use smaller, localized, and more
directed charges

cause 4. chemical spil ls infi ltrate soil or enter surface waters
Cause 6. Preemption of wildlife habitat

Powerhouse structures separate from dam,
switchyards, penst@ks, etc., can create loss of
wildlife habitat, block wildlife movement. or
create barriers to low-flying birds

Spilled chemicals (oil, grease, paints, acids, cleaning
solvents, concrete curing compounds, soil
additives, fertilizers, pesticides, etc.) may
contaminate ground or surface waters, injuring or
decimating marine life or wildlife; toxic
substances arc hazardous in drinking-water
supplies; fish may concentrate poisons which, in
turn, enter the food chain

Use care in chemical handling;
properly dispose of excess
substances and empty containers;
for mixing and maintenance areas,
build sloping slabs with gutters or
berms and collection drains and
sumps

Cause 5. Addition of chemical agents to operational reservoir

Excessive additives, e.g., coagulants for turbidity
controlor algicides, may poisrrn marine life

Use great care in applying chemicals
to use lowest conccntrations that
achicvc intended control

t . I4
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Rivcr closure and creation of impoundment may
c - r , - - ^ I - .  l - ^ - -  -Dsvei-Eiy s ecreasc ciownstream ff ows, destroyi ng
marinc life and causing inadequate dilution of
lower river pollution
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TABLE 8.4 Environmental lnfluencesof Construction or Maintenance (Continued)

Cause 6. Reservoir fi i l ing

ENVIRONMENTALIMPACT 8.T7

e-liminatcd by habitat destructiotr, e.g., filling of the gravel and rock voids on
the bottom.

8.5 REQUIRED PERMITS

Careful preparation of permit applications as well as objective review and issu-
ance of permits for project construction and operation tritp to ensure that water
resources are developed in a logical, coordinated, and an environmentally
acceptable manner. Integrated and equitable development of a stream basin
helps sustain the rights of citizens in the region-alf sharing the public own-
ership of the water resource.

Furthermore, the permitting process provides a means of reducing interfer-
ence or friction among diverse potential developers of a common water
resource: Permits not only help assure a fair allocation of the resource among
potential users but also allow proper scheduling and tracking of stream devel-
opment. Thereby, institutional and environmental interests may be reasonably
factored into the plans, and long-range planning and zoninj goals may bL
adhered to and achieved. While a fully controlled improveminl of a natural
resource can be an elusive target, even rudimentary requirements for permits
can enhance the mutual benefits and satisfaction of all parties.

The level of information to be provided in the permii application should be
related to the scale of the proposed project; i.e., a small-stale hydro project
should be required to submit only minimal information to the ,"gul"ior,
namely, fundamental plans and project characteristics. Pertinent types of envi-
ronmental and operational information include:

' Location (vicinity and site maps), present and future topography, and struc-
tural layouts

. Dam type, height/head, length, volume

. Cost estimates

. Land ownership; competing water uses or users
' Planned turbine-generator unit types, numbers, and capacities
' Findings of preliminary site investigations, including soil types, engineering

properties of the soils and foundation structures, hydrogeoiogy, topography-,
hydrology (including drainage area, precipitation, runoff, iiagedischarge
relationships, hydrographs, flowduration curves, flood frequencies, and
floodplain delineation), existing land development and demography, and
required relocations

. Maximum reservoir area and stage-volumes
' Design discharges and flow control-spillway bays (gated and ungated) and

their discharge capacities; elevations and discharge capacities of outlet works
o Appurtenant structures, e.g., navigation lock, fish ladders

Carefully control and sustain
dischero."  f 'a*  ^^ . , , - -  - r^- . -  ^ -  r. .  v . . r  l rywet  Pta l lLD a l l ( I
low-elevation outlets
during reservoir-fi lling operations

Cause 7. Rescrvoir dredging

Maintenance drcdging of scdiment deposits can be
cxtremely costly if requircd frequcntly; during
drcdging, drastic increascs can occur in turbidity
and scdiment load carricd downstream
(sometimes several kilomcters distance); problems
associated with in-stream construction aciivities
can be rccreated by dredging; if bottom sludges
conlain entrapped toxic precipitates (e.g., heavy
metals or chlorinated hydrocarbons), such
materials may bc reintroduced into suspension
and ingcsted or conccntrated in marine plant and
animal spccies and biologicaily magnified in food
webs

Use dredging equipment and practices
that minimize reintroduction of
finely suspended particles in water
column; transport dredgcd material
to dump in drainage or containment
ponds on land; stockpile must filter
and retain particulates and remove
clarified liquids for either return to
stream or to supplemental treatment,
if required
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' Preliminary construction/diversion plan, including planned controt or mul-
ti pu rpose-project pool levels

' Environmental assessments for both baseline and projected impacts, e.g.,
stream water qualit,v. including turt_ridit,v, sedinnenr. load

' Assessment of institutional implications in the locale
' Marketing plans for generated hydropower, including expected rates and

revenues
. Planned intertie arrangements

8.6 COST IMPLICATIONS OF ENVIRONMENTAL
CONTROL TECHNOLOGY

Costs of project environmental control may be considered as required incre-
ments over the conventional front-end invcstments for acquiring land and landrights, constructing dam and powerhouse and miscellaneous structures and
improvements' and installing turbogenerators, accessories, and switching and
transmission equipment. Most of these conventional capital costs are manda-tory for an operating plant whether or not environmental measures are imple-
mented' These basic project costs are highly variable, being governed by site
characteristics and design parameters (e.i., iyp., height, and length of planned
dam; sice and operating head of tt. po*"i,g.neiting unitsl stare of theregional infrastructure-remoteness or ruggedness of the terrain around the
selected site, existence of access roadways, ind distance to the planned trans-
mission line, if existent).

^ 9** of typical new (nonretrofit) hydropower projects fall in the range of
$l'000 to $1,500 per installed kilowatt. Project caiitat expenditures, currently
rising rapidly, have been citeda for rarge dams u, no* averaging about $120rnillion per cubic kilometer of reservoii capacity (about $150 per acre-foot).
Unit costs for smaller dam and power plant projects may be assumed to begre_ater, likely nearer $150 million to $r00 miltion per cubic kilometer ($lg5
to $370 per acre-foot).

Environmental control costs are typically a small fraction of basic project
costs' Estimated bands of the more significant and frequently encountered
environmental costs are shown in Table 8.5. In many project cost estimates,
budgeted amounts for environmental control are difficuit oi irporsible to dis-
tinguish from conventionar pricing for labor, materials, and equipment, For
example, costs of new hydroelectric projects generally include standard entries
having environmental implications suctr as clearing and grubbing; water diver-
sion and care; fish-handling facilities; drilling, gioutint, and iater-pressure
testing of the foundation; preliminary and final c-ieanup; application of topsoil
and mulches; revegetation of disturbed slopes and landi""ping; and perimeter
fencing' Also, cost estimates for such construction projects customarily include
labor for activities such as inspections, safety ronitorlng, and spill prevention.

ENVIRONMENTALIMPACT 8.19

TABLE 8.5 Estimatcd Costs of Environmental Control

Capital outlay
Percent of conventional
cani ta l  cost  nf  nrn iecf-  

a - ' - -  
'

Sediment treatment facilities during construction
Fish-passing facilities (ladders, skimmers, t raps,

transport vehicles or systems)
Treatment plant for washwater reclamation or recycling
Temporary erosion control, before final landscaping
Baseline cnvironmental investigations
Reregulating dam and reservoir (assuming no installed

hydropower gcneration units)

l - 3
r 0-25

t-2
< l
< l
I  5-25

8.7 CHECKLIST OF ENVIRONMENTAL
INFORMATION
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TABLE E.6 Suggested Environmental Analysis lnformation
l. Large-scale topographic maps [e.g., r:25,000 with 2-ft (0.6 m) contour interval], pturT

crvoir hydrographic soundings
2. Dctailcd acrial photographs of candidate site and watershed
2  I r , . l r : - . - - -  - - - ,5' iviuiiii'eiir siresm <iischarges (e.g., prelerably at least a lGyear reeord of average daily

flows or avcragc weckry flows, suppremented by minima and maxima)*
4. Multiycar prccipitation (e.g., average daily or monthly, supplementgd by peak storm

intensities)
5' Rated design discharge of hydraulic turbines and planned locations of intake and dis-

chargc structures
6.'Planncd variation in power poorerevation-fi i l ing and drawdown
7' Compcting uscs of watcr in thc stream basin (e.g., identification of intakes, outfalls, and

flow ratcs; also, quatity of rcturning flows)
8' Existcnce of cnvironmcntally sensitivc wettands in the planned reservoir area or down-

strcam, the latterlrctentially subject to pcriodic draining or to filling with sediment
9' Existcncc of alluvial floodplains along thc river valley *[i.n woutd no longer be seasonally

floodcd as a rcsult of flow regulation by thc project
10. Maps of prcscnt and futurc land use in thc devilopment area, and ultimatc developmental

plans
ll' Important historical' cultural, archeological, geological, orsoil resources that would be lost

by construction or flooding; location of nearby protected areas (wilderness, preservcr sanc-
tuary, rcfugc, dcdicatcd area)

I 2' spccial scnsitivitics of thc strcam watcrs and of the generat area, considering the ecologi-
cal lifc zoncs in rrrc watcrshcd-incrudcs fish spawning, fecding, rJri;;; ffi;iof,. routcs;
aquatic and land spccics that are comrnercially or recreationally imporiant, iur", o. endan-
g9redl^sRecies that are potentially affected by project construction andforoperation

l3' Identification of waterborne discases or parasites endemic to the area and which could be
spread or accentuatcd by project developmcnt

l4' Local aquatic plant species that could interfere with hydroelcctric production or otherplanned watcr nccds
l5' charactcrization and possible quantification of ambient environmental stresses (natural orinduccd) in thc area
l6' Tcmporal quality of thc stream, patricularly temperature and suspended scdiment load,

but also availablc paramctcrs, such as dissoived rllidr, salt, nutrients, dissolved oxygen
lcvcls, toxic matcrials, and disease organisms

l7' Idsntification of uniquc project design fcatures (e.g., interbasin divcrsions, unusual con-
struction techniqucs, cxtraordinary reservoir volumes) which might necessitate special con-
sidcration in cvaluations of cnvironmental impacts, including means for eithcr their possi-
blc promotion or their mitigation and avoidance

trhis information is not only important for cnvironmcntal appraisals, such data arc mandatory f";;ilsizing and analyscs of projcctcdcconomics.

local property owners). Other information may originate from site reconnais-
sance, inspections, and some on-site monitoring, tesiing and sampling.

Based on these types of data, environmentaf impact assessments, frequently
involving experienced judgments, must be made. Such assessments hinge on
weighing the total costs of measures to prevent and mitigate environmental
damage, plus societal costs of any irreveriible impacts, against stream-basin-
wide environmental benefits, plus the benefits of hydroelcctric production.
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8.8 ENVIRONT!{ENTAL ASSESSMENT
TECHNTQUES

A diversity of rDethods for assessinq the overal! imoact of a h*rdr-oelanrrin -.^
i a a *  ^ -  + L ^  ^ - - . : - ^  . '  . :

JvvL vrr urs ertvllullrnen[ are avallaDle to the proJect planner.t Choice of a par-
ticular evaluation technique or a combination of techniques hinges on factors
such as data availability, analytical staff experience and prefererices, available
time and funds, access to laboratory and field equip*.nt, and avaiiability of
computers and computer programs. Five assessment methods, described in Ref.
5, are summarized.

Field Surveys

Field surveys are a commonly used technique to provide information and anal-
ysqs for project environmental assessments, as well as for the preparation of
engineering structural designs and specifications. Since much of the data are
essential anyway for design, construction, and operational planning, and since
environmental assessment requires little additional or exclusive daga, this isperhaps the most frequently used approach.

Data from preliminary surveys range from ( I ) findings obtained in brief site
inspections or reconnaissance (by one or two technical people with multidisci-
plinary backgrounds and experience) to (2) indepth fiitd investigations, test-
ing, and monitoring (involving teams of experts in collecting and analyzing
data). Categories of site-exploratory data typically required for planning and
assessments include: physical and demographic, engineering, geological, hydro-
logical, environmental, and institutional. 

-Example 
items within these cate-

gories are conveyed in the data for permit applications (Sec. g.5) and in the
summary of suggested environmental information (Table a.o, sec. g.z;.

Case Studies

The case study approach generalizes or extends environmental causes and
effects from known defined cases to unknown and uninvestigated cases. It is
based on the existence of similarity between projects and their operating con-
ditions. However, near-equivalency of cases frequently is difficult to establish
and may remain open to considerable question.

Geography may be a basis for assumed similarity; i.e., project A is said to
correspond with Project B because both are situat"d on streams in the same
region, or possibly both are situated in the same river basin. Another criterion
for similarity between existent and future cases might be correspondin! size of
a dam of a given type, e.g., gravity overflow dams, each abui rs ,n-(+g ft)
high from foundation_ to_ spillway crest. Still another criterion might te the
mode of operation, both, for exampre, may be comparable runof-rivei frojects.
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The "runof-river" dcsignation relates to small-volume reservoirs that can be
drawn down in about a day or less at the average rate of inflow of the stream.

The objective in each case is to extrapolate iro- known cases to unknown
cases' Generally, considerable information would have been acquired for the
predecessorcase ( t iom invest isat ions nnr l  recnnnaiccanna\ ^- , {  -^-^-+^r  : -  - - -
vio u s I y cond u cted tec h no r ogy ;;; ;;;;;;;, ;;il ;il;'il: ffi 

';ffifi 
:' ift';

compared' For improved assurance that the cases fall in .orpurublJ categories,
the analyst may employ multiple similarity criteria-the more areas of simi-
l^aftr between projects, the better the matih. Furthermore, there is more con-
fidence in results obtained for weil-matched projects.

Modeling

While flow parameters can be investigated in physical scale models of aquatic
systems' the predominant simulations of thc bioader aspects of hydraulics
(water quality, operations, and ecosystem stresses) arc investigated by ,n.un,
of mathemalical models. Such models incorporaie representative functions,
should such exist. Useful model results hinga on accurate tested models and
the availability of ample data obtained from existing sources and field inves-
tigations, as previously described. Verification of the model with known check
conditions is an essential part of employing this technique.

Should a new mathematical model require development to assess a given
project, or should uncertainty exist as to the applicabiliiy of an available model,
considerable time and expense may be involved in model validation, possibly
requiring extensive field test data in the process.

Description

From the dual standpoints of least cost and time required for environmental
assessments, this technique-involving preparation of narrative descriptions of
cause and effect by individuals knowledgeable in this type of data acquisition
and appraisal-is certainly much utilized and advantageous. Since the tech-
nique is judgmental, the nonquantitative results hinge on th, thoroughness and
experience of the technical analyst(s). This approach, with care ii selecting
experienced staff, may be entirely warranted for many low-cost small-scale
hydropower projects.

Delphi

Similar to the preceding "Description" technique, the Delphi method possesses
advantages of allowing rapid evaluation when iimited site information is avail-
able' Dclphi techniques comprise intensive discussion by a team of experts
formed into a working group. Then the group votes to determine the best esti-
mate of their combined professional judgment regarding the issues being

addressed. The result sought is
heavily on a dynamic moderator
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Regulotion of Hydroelectric power
inthe United Stotes

Peter W. Brown

This chapter will describe the legal, regulatory, and institutional context of the
development of hydropower in the United States. It will also discuss important
policy trends which have, and which the author think will have, a significant
bearing on hydroelectric development.

9.1 HYDROPOWER-A DIVERSE AND
DISPERSED RESOURCE

sion structures.

o l
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Developers of these sites are diverse and include the U.S. Army Corps of
Engineers (Corps), Bureau of Reclamation (Burec), the Tennessee Valley
Authority (TVA), public and investor owned utilities, state power authoritiei,
municipalities, entrepreneurs, and manufacturing or industiial concerns with
^ ^ ^ ^ 6 a  1 ^  ^  - i + ^
crvr/l/DJ tv (l Dllg.

9.2 THb LEGAL, REGULATORY, AND
INSTTTUTIONAL CONTEXT FOR
HYDROPOWER DEVELOPMENT

SYSTEMS oF REGUI,/ITIoN_UNITED STAT&S 9.3

Allocation of Resources of Hydropower Development

In thc U-S. legal system property interests are defined by rules established, for
the most part, pv the states. The cxception to this genera! proposition involvcs
+ L ^  J ^ G - ! r : ^ -  ^ - . t  - r ^ . ^ - - - !  -  - , .rus seuuruutr arlu u€tcrmlnatlon oI Propefty lntefeSts Ot the lederal gOvefnment
and the Indian tribes. In the case of the federal government there is a devel-

For purposes of hydroelectric development, there are in place state systems
of propcrty law which may be used to determine ownership of a site and the
necessary water rights. With respect to water rights, however, two different
Iegal systems have been developed.

Riparianism, the first system, is utilized principally by states east of the
Mississippi. Under riparianism riparian oteners, persons who own land border-
ing a stream, pond, or river, have the right to use the reasonable flow of the
waters flowing Past the property. A reasonable use is hydroelectric power gen-
eration' Outof-stream diversions are not permitted under the riparian doctrine
unless a substantial portion of the water diverted is returned to the strcam.

The system of water law in the west would not, at first blush, appear to pose
an obstacle to development. Although the water used for hydropower produc-
tion is anin-stream use, in almost all states an appropriation 

".rtifi.utrwill 
be

necessary. In these states, water rights for hydropower production may be sub
ject to a number of prior uses but they nevertheless can be obtained tirrough a
complex administrative process.

Under either system of water law, hydropower projects which seek to store
large quantities of water for release through turbines at times of system peak
load, will encounter difficulty. Under the riparian system, store and release
may be an unreasonable use of the flow of water. Under the appropriation sys-
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tem, store-and-rcleasc projccts may conflict with existing water allocation
scnemes.

As noted earlier, considerable new law is being made in the area of federal
and Indian property law and, most narticularlv- water riohrc Thic amo.-i-^
h r r r l w  n f  l a r r ,  . ' , l l l  ^ f F ^ ^ r  r - - - -  -  

J  '  - - - '  '  r r ' e  v t r r v r 6 r l ' 5

rsw wur 'utevr vvatcr law syslems oI tne western states to a considerable
extent' The federal government, either through its power to regulate interstate
commerce or in its capacity as a proprietor of large amounts oi property in thewest, is seeking to regulate minimum stream fliws notwithstanding existing
appropriation certificates permitting a consumptive use.Indian *uiq rights,
which have consistently bcen tt*gni""d by the courts, may grant to Indian
tribes, because of their sovereign status and treaties with the United Statesgovernment, rights to watcr which will diminish substantially or render worth-
less water rights recognized by state appropriation systems. To a great extent
the quantity of water owned by Indian tribes is unknown at this time. Theuncertainties created by the assertion of federal water interests and recognition
of Indian water rights are obvious problems for hydropower development.

Given this body of propcrty law, one would assume that decisions to use aparticular site and water rights to develop a hydropower project would be madeby persons who were willing to "purchase" the necessary property interests. Ifthe price asked for the property were too high, given the risk and expected
return,to the hydropower project, presumauti ttre hydropow"r piolr.t would
not be built and.there would be higher valued uses to whicir ttre pioplrty would
be put' brdinarily, markets tend io operate in this manner and society, for themost part, accepts the choice made by the market to allocate a resource forone purpose over another.

With respect to hydropower development, the decision to allocate theresource is not as simple as the market 
"hoie 

and, in fact, the market is notpermitted to make the choice. Interference with the market decision in the caseof hydropower development is a produ,
federal hydropower regulation und d.u.
cially in the west), and the public benefi
development.T In recent y€N, with tht
environmental regulation at the state ar
have also attempted, through litigation r
develop hydropower resour@s.

rssed in 1920 after a bitter struggle
relopment advocates, in major respecm
rct will be built and who will build it.
deral Energy Regulatory Commission
rine whether any particular site will be
which of a group.of potential devel_

lecessor, the Federal power Comrnis-'permitting 
and licensing for nonfed_

te country. At the present time FERC
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has jurisdiction to issuc a preliminary pcrmit, a minor projcct liccnse for a
project of 1.5 MW or lcss, a major project license at an existing site, a major
project license at a new site, an exemption for certain conduit hydlopower facil-
i r i ^ .  4 : ^ -  J - -  L -  Iiiics' aii cxeir-tptrioii r-or RyciroBower iactiities at existing sites of 5 MW or !ess,
and a new license upon expiration of a preexisting license for a project.e With
the exception of the exemptions for conduit hydro projects and 

"iiriing 
sites of

5 MW or less, state and municipal entities, assuming their plans for develop
ment are equally well adapted to the comprehensive development of the water
resource' are granted a preference for a preliminary permit or license.,o Any
devcloper selected must develop a project which is best adapted to the compre
hensive development of the water resource.rl This requiremlnt imposes respon-
sibility on the developer to provide for recreational uses of the sitc, mitigate
environmental impacts, assure dam safety, provide fish passagrr".y, or other
fish protection or enhancement faciliti.r t"h"i" necessary, and maximize capac-
ity and output in the context of the physical and environmental characteristics
of the site.

The Process pursuant to which FERC issues a permit or license is open to
intervention by interested groups and individuals.nd rnurt be coordinated with
other federal and state agencies. In the event that the developer selected for
the license does not own the requisite property interest to construct and operate
the project, that licenseedeveloper is empowered under FpA to exercise emi-
nent domain powers.l2

In the event that federal lands or other property are utilized in developing
or operating the project, FERC is empowered to issue permission to the licen-
seedeveloper to use those federal lands. The powerr .nd requirements of the
FPA and FERC also extend to federally owned structures and impoundments
capable of generating electricity. FERC may issue a permit or a license to a
nonfederal developer to study or develop a site owned by the federal govern-
ment and under the management of a federal agency.r3 The principal federal
agencies which maintain sites on behalf of the federal gouirn*rnt are the
corps, Burec, and the TVA. However, if a site owned by-the federal govern-
ment is designated by congress for study as a potential hydropower project,
FERC will not issue a license.ra Moreover, FEilc, on its own motion, D.y
refrain from issuing a permit or license on a federally owned site and recom-
mend that Congress authorize a federal development agency to study the
hydropower potential of the site.l5

The extraordinary powers contained in FPA and conferred on FERC, obvi-
ously create a system whereby FERC, through its permitting and licensing
process' substitutes for market choices favoring development. As noted earlier,
because of the pervasivejurisdiction of FERC io regulate interstate commerce,
virtually every site in the United States in which thire is interest by nonfederal
developers is subject to FERC's allocation rules and decisions.

Recently, through powers granted to FERC under Title II of the public
utility Regulatory policies Act (puRpA)'u and section 40g of the Energy
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Security ActrT to exempt conduit hydro projects of I5 MW or less and projects
at existing sitcs of 5 Mw or less, FERO may chmse to exempt certain sites orclasses of sites from the licensing process. The effect of such exemptions will
.Tj".:ft: 

the choice of whether to develop a site or sites subjecr to an exemp-
t ion 'to ir-r€ fi l&fk9i, i,g., to nonfecieral develoners whn ho'o o^^,,:--, *r^ -^-^
essary ownership of the sites unde, pr..*;;il;;";; ;rd,"iil";f il?;made the investment decision.

It is submitted that the permitting and licensing system created by the FpAand administered by FERC is premised on the viJw that hydropower sites are"public" resourceslE and have so many of the attributes of public goodsre towarrant allocation of the resource by the government rather than the market.The consequences which flow from this viiw are a complex licensing and per-mitting system which is accessible by a variety of interested parties. There isno question that the system is a burden on deveiopers and invites conflict. How-ever' there is also no question that FERC takes its responsibilities seriously andinvariably seeks to assure that the hydropowet pro:r"t confers additional ben-efits on the public in the form of iecreationai oiio*unities, environmentalenhancement, and public safety.
As noted earlier, FERC is authorized under FPA to designate hydropower

sites for study and recommend to Congress that it authori ie thesiudy. Thisauthorization is part of another 
"o*pl"* 

system which operates to allocatehydropower resources and, accordinjly, sutstitute for market choice. Thisadditional complcx system is the reoerat water projects development process
which has evolved over the entire history of the unit"o State;. In the past,
congress has authorized hundreds of water projects, some of which haveincluded hydroelectric projects. In the 1930s, Congr"r, also established TVA,20a major function of which was and is to construJt and operate various waterprojects including-hydroelectric projects in the Tennessee valley. Congress,
acting directly or through rvA, in all instances which involve federal construc-tion- and operation of water projects, has made the choice to devote federalcapital to @nstruction of theie frojects. Again, as with the premises of FpA,the natural resources associated with waf,r projects have historically beenviewed as public resources or have important 

"ttriuut", 
of public goods so asto warrant federal (i.e., governmental) development.

As noted above in the discussion of the ,r*urrr-.llocation system of FpAand the FERC licensing process, a designation of a natural resource as a publicresource immediately implies that the pubtic has a right to determine how thatresource should be used and that state property law systems which have here-tofore allocated the resource will be superseoeo by use of the eminent domainpowers of the United States.
Theoretically, the public is represented by the congress which enacts leg-islation which authorizes or fails io authori zi a particu-lar wate, pro.;r.i. rr,r_oreticafly the public, in the case of rvA, is represented by the Board of Direc-tons of TVA who are appointed by the Presid-ent with the advice and consenr
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of the senate. However, as surrogates for the public, congress and the TVABoard have been viewed as inadequate in some quarters. other critics haveobserved that regardless of whethei congress and the TvA Board truly rep-
f e s e n t  t h e  n r r h l i ( }  f h e  n r r h l i n  i n r a - a o +  i ^  ^ ^ - - ^ ^ - r  - c! "v  l ' ev t rv  r r ' rwre l r  r !  r .u l l lPusg( I  OI  SUCI I  q tVgfgent  in te feStS asto require greater pubric participarion in the process. what #;;;;;;ilr;;
this debate and other conflicts surrounding federal water project development
is a complex authorization process.

Water projects directly authorized by Congress typically proceed through
three phases of administrative and legislative rlview.i''e""rriptrr"l1r involvea different federal budget cycle and enactment of separate legislation. The firstphase of any project involves a request by a federafdevelopirent 

"grn.y, 
,ypically the corps or Burec, to study a_site. ih. ."qu.st for auihorizati|n to studywill be referred to the appropriate House and Slnate committees. An author-ization for funding the study wilt be included in the legislation. In all proba-bility the authorization for study will become part of an iomnibus,, 

*ater proi-ects bill which wil contain various authoiizations for study, dlsign, orconstruction for a number of water projects. If the legislation ir parsra 
"nafunds are appropriated for the study, the development agency proceeds withthe study.

The study is conducted pursuant to the Principles, Standards, and proce-
lures promulgated by the water Resources council (wRc) oi tt 

" 
unitedStates'22 These regulations have been revised recently and most notably torequire careful consideration of nonstructural alternatives to the project. Themajor result of the study is a benefit-cost analysis which, if greater than l,prompts preparation of a draft environmental impact statemenr (EIS).2I inldraft EIS examines in detail the environmental impacts of the project and iscirculated for review by interested statc and federal agencie, 

"no 
ihe public.

lRon receiving comments on the draft EIS, the srudy ig"n.y tr"p;;;; a finalEIS and submits to Congress a request for authorization to undertake
advanced design and engineering.

The Congressional process is repeated for the authorization for advanced
design' If design is authorized and funds are appropriated, the development
agency proceeds to design the project pursuant to th; wRC principles, stan_
dards, and procedures and its own dlsign requirements. Depending on the
length of time and changes in circumstances between preparation of the final
EIS at the study phase and developme_nt of the project deiign, the developing
agency may Prepare another draft EIS or a supplemental draft EIS and cir-
culate it for comment. Upon receiving comrnents, a final EIS will be prepared
and submitted to Congress along with the request to authorize construction.

The Congressional process is repeated for authorization of construction. If
construction is authorized and funds are appropriated, the development
agency, in all probability, will proceed to preiare a supprementar or second
draft EIS. The draft EIS will be circulated for comment and upon receiving
comments a final EIS will be prepared. Construction will commence and,
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assuming sufficient subsequent appropriations from Congress during the con-
struction period and no litigation resulting in court orders staying construction,
the project will be completed.

Study, design, and construction of rvA projects proceed under the wRC
Principies- Standard.r, and Procedures and ivill- Iikely involve ihe prepara-rion
and circulation of a draft and final EIS. The major difference in t-he develop-
ment Process for TVA projects is, of course, the absence of the requirement of
congressional legislation to authorize various phases of the projeci. Moreover,
because TVA has access to its own funds supported by revenuis generated by
supplying electrical services to its service i"ttitory, TVA does not need an
appropriation from Congress to construct a project. There is, of course, internal
review of a project within TVA and by the Board of rvA.

The foregoing discussion is a simplified and somewhat stylized description
of a complex, costly, and extremely lengthy process of dirlct congressional
authorization of federal projects. The TVA pio""rr, although obviiusly less
time consuming, is still complex. With respect to the dirJct congressional
authorization process, public participation occurs during the coirmenting
period for at least two draft EISs and, in the form of lobbling, with the Con-
gress during the legislative process. Ultimately, as will be discussed more fully
later in connection with the discussion on 

"n"ironrn"ntal 
regulation, the public

and public interest groups may force participation througtilitigation over the
adequacy of the impact statement or some other provision of environmental
law or rcgu)ation. While this litigation rnay concernimmediately the adequacy
of a.n EIS or a question concerning a particular provision of oni of the several
environmental regulatory statutes applicable to iederal water projects, it may
also be the most effective way for a public interest group to iniisithat it have
a say in the decision to build the project or to pt"urnt its construction.

It is submitted that, although the detailed procedures and steps to be fol-
lowed for development of nonfederal and federal projects are very different and
the institutions, FERC, congress, the corps, Burec, and rvA, aie all different,
there are a number of common traits of each process which are particularly
useful for policy analysis:

l. Each process allocates a resource and is premised on the view that the
resource allocated is a public resource or has attributes of a public g@d.

2. The process which results in the decision is open to public participation.
3' The process of deciding to develop a project invites conflict. If one accep6

the premise that the natural resources of a particular site are puili,
resources, one can hardly deny individuals and groups the right to insist that
their views on how "their" resources should bi used are the correct views
on a particular project.

4' The processes ultimately disregard state property law systems which have
allocated the resources in the first place. Presumably, ihese state systcms
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have developed over a period of time and are designed to meet the special
circumstances of the particular site.

Treatment of Bxtlrnal Costs-Environmental
Regulation and Hydropower Development

In the last several years, major pieces of legislation enacted at the federal and
state levels have attempted to identify and mitigate the environmental impacts
of a variety of human activities. At the risk oioversimplifying the main pur-
poses and effects of this legislation, it is submitted trrat ttris-tegislation, the
institutions and agencies which the legislation creates, and regu-iations ema-
nating from this legislation perform thiee principal functions or are based on
three principal premises:

l' That economic markets tend to ignore the external costs of a particular
economic activity with the effect that third parties who are not paiicipants
in the market transaction bear these costs. Microeconomic theory views the
failure of the market to internalize external costs as resulting in a subsidy
by the affected members of society.2a.

2' That there are certain values inherent in the natural environment which are
absolute and any attempt to mitigate the harmful effects of a project or
activity on these values will be unsuccessful.

3' That the persons who will be affected by a particular activity but who are
not parties to the market transaction giving rise to the activity or project
should have the right to participate in the decision-making process and,
under certain circumstances, compel changes in the activity or prolect or be
able to.prevent the activity or project from going forward 

"ttoirtr,"r.
With respect to the attempt to regulate the external costs of a particular

p_roject or activity, the National Environmenral Policy Act of 1969, ih, Clr"n
Water Act of 1972 and its amendments of 1977, the Fish and Wildlife Coor-
dination Act, the Anadromous Fish Conservation Act, the Historic preserva-
tion Act, the Federal Land Policies Management Act of l976,zs una ,t"t, trg-
islation, which in many states has replicated this federal'legislation, are
designed to identify and regulate the eiternalities of particular-projects and
activities.

The wilderness Act, the wird and Scenic Rivers Act, and the Endangered
Species Act25 are examples of legislation which establish as absolute values the
esthetic and natural environments of wilderness areas, certain rivers, and the
continued existence of certain animal and plant species. Projects or activities
which intrude on the natural and esthetic environments of wilderness areas or
wild and scenic rivers or endanger the continued existence of certain animal
and plant species will be prohibited altogether.
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The Federal Administrative Procedure Act,27 FERC regulations, the stat-
utes described, and judicial decisions2E have provided opportunities for partic-
ipation by individuals and groups in the decision-making process of fcderal and
state administrative agencies, federal development ageneie-s, and other nonfed:
a - o l  ^ - i . r ^  + ^  ^ - )  - . . L r : ^  -  _  t r t ?  -  h .vrcrr  PrrvctLe nuu Puul l { ;  snt tues.  u l rect  part tc lpat lon ln the pol i t ical  process of
the Congress of the United States and the state legislatures is, of course, also
available to individuals and groups.

Again, at the risk of some oversimplification, our system of regulation has,
for the most part, consigned the responsibility of regulating and intern alizing
cxternal costs to state and federal administrative agencies. For example, the
Council on Environmental Quality regulates the environmental impact state-
ment and environmental assessment process by which externalitir, 

"r. 
to be

identified and mitigation alternatives examined.2e The Environmental protec-
tion Agency of the United States government (or, in the case of a delegation
of authority, a state water quality agency which has the responsibility of
administering the Clean Water Act), assures that adverse environmental
impacts on water quality and water supply are mitigated by project developers.
The Fish and Wildlife Services, the Heritage Conservation and Recreation
Service, and the Bureau of Land Managemrnt ull have the responsibilities of
assuring that adverse environmental impacts on fish species, historic places and
sites' natural areas, and federal lands held in federal trust are mitigated or
eliminated. Value judgments are made initially by state and federal legisla-
turcs and )r. ,.pr.rented by the wild and Sceni. Riu.r, Act and the Endan-
gered Species Act. Of course, administrative agencies responsible for admin-
istering environmental legislation make more subtle value judgments with
respect to individual and classes of projects.

The Congress and state legislatures are institutions which must deal with
public participation in their processes. Administrative agencies are also
required to provide opportunities for participation under various administrative
procedure acts enacted at the federal and state levels and under the Constitu-
tion of the United States. Various statutes conferring jurisdiction on the federal
courts and similar bodies of law in the states involve courts in the decision-
making process.

The system of laws and regulations discussed, and the institutions created
to develop and administer the system, all have a substantial bearing on the
development of hydropower projects. With respect to a particular hydropower
project, the impact of the system of environmental regulation and 

-its 
institu-

tions will have a greater or lesser effect on the development depending upon
two characteristics of the project. (l) If the project has been identified as
imposing large external costs (significant adverie Jnvironmental impacts), the
system of environmental regulation will subject that project to intense scrutiny
and elaborate and lengthy administrative pro".rr"r. (2) If the project is one
with respect to which there is intense local opposition or public Lblection, the
project will also be subjected to intense scrutiny and lengthy administrative
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processes by the institutions charged with responsibilities of environmental reg-
ulation. Lesser environmental impacts and rirong local or public support will
tend to reduce administrative scrutiny and pro..dur"l delay. ntthough there
are somc importan-t procedural differences in how the system oi environmentai
reguiation bears on nonfederal development and federal development, the sys-
tem asks identical questions of each group of deveropers.

As discussed- in the preceding subsection, FERC has jurisdiction over vir-
tually every hydroelectric project to be developed by nonfederal developers. In
addition to authorizing FERC to determine whether a hydro project is to be
built and who builds it, the FPA requires FERC to engage in extensive envi-
ronmental review of license applications and to coordinai=e carefully its envi-
ronmental review with other federal and state environmental protection
agencies.

Since issuance of a federal license or an exemption Ls a federal action which
may have an impact on the human environment, FERC at the very least is
required to perform an environmental assessment in conjunction with the issu-
ance of any license or exemption. This requirement is imposed by the National
Environmental poricy Act of 1969 (NEirey. n, a generar rure, FERC will
undertake an environmental assessment with respect io minor project licenses,
major project licenses at existing sites, conduit tryOro exemptions, and exemo.
tions of sites of 5 Mw or less. Upon preparing the assessment, FERC, unress
unusual circumstances are presented in the 

"ir"rr*rnt 
itself, will prepare a

Finding of No Significant Impact (FONSI).
With respect to major project licenses at new sites and licenses and exemp

tions of projects with unusual environmental circumstances, FERC will pre-
pare a draft environmental impact statement (EIS) and circulate the draft for
commcnt. Upon receiving -comments FERC will prepare a final EIS prior to
the issuance of the license.3o As noted in the preuitus subsection, development
of hydropower projects by federal developmint agencies also involves NEPA
and the preparation of an EIS. Most ceitainly during the study phase of a
hyd-ropower project, the corps or Burec will piepare a draft EIS, submit the
draft for comment, and prepare a final EIS. Th; final EIS wil be submirted
to- Congress by the Corps or Burec along with the request for authorization of
advanced design or engineering.3r As noted earlier also, supplemental or addi-
IgPl EISs may be prepared during the subsequent ptrase, of the proccss.
TVA, the other major federal hydropower developmentagency, most likely will
prepare a draft EIS and a final EIS in conjunction with uny of its hydropower
projects.

The EIS process under NEPA is designed to compel federal development
agencies and federal regulatory agencies to identify external costs and environ-
mental impacts of proposed projects. As such the effects of the statute are pro-
cedural, and the statute and the regulations cannot compel mitigation activities
for individual projects. The EIS process is one that is open and accessible to
state and federal agencies and the interested public.
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Since hydropower development may affect water quality, a number of pro-
visions of the Clean Water Act of 1972 and its amcndments of 1977 are
invoked.t2 FERC will require each license applicant to obtain a Section 401
water quality ccrtificate from the authorized state water quality agency or, in
ihe absence of an authorized state water quality agencji, fro* gFe. Ferjerai
development agencies, if the project is locaied in a state to which authority to
issue 401 water quality certificates has been delegated, must obtain the water
quality certificatc from the state water quality agency.33 For the mosr part
water quality ccrtificates prescribe minimum stream flows which must be
maintained in the stream on which the impoundment structure is located.

Section 404 of thc Clean Watcr Act3a confers jurisdiction on the Corps to
regulate the dredging and discharge of fill materials into waters of the United
States' FERC requires that every license applicant planning a pro3"ci involving
dredge and fill activities obtain a Section +o+ permit from-thr Clrpt. Federal
development agencies in their construction of iydropower projectsare bound
by the standards implicit in Section 404 and thl standards and requirements
imposed by the Corps as conditions of its permits. Obviously the iorps does
not require a Section 404 permit from itself for a hydropo*ri project that it is
constructing. Similarly, Burec is not required to obtain 

-a 
404 permit from the

Corps. Pursuant to a memorandum of understanding between the Corps and
Burec, Burec, upon consultation with the corps, will agree to abide by the
terms and conditions of the Corps with respect to dredge and disposition of fill
materiat TVA is also not required to obtain a 404 permit from ihe Corps but
agrees with the Corps to abide by the requirementi imposed by the Corps on
dredge and fill material.

The two most important pieces of federal legislation designed specifically to
protect plant and animal species are the Fish and Wildlife Coordination ALt35
and the Endangered Species Act.36 Not surprisingly, both these pieces of leg-
islation apply to hydropower development in the Unitra Shtes. Under the Fish
and Wildlife Coordination Act, the Fish and Wildlife Service (FWS) of the
Department of the Interior must be given the opportunity to commeni on 

"nyFERC liccnsc orJcderal development project wittr the exception of a TVA
project. Both FERC and the federal dlvelopment agency must give careful
consideration to the comments of FWS. It should be noted at this jrincture that

; between the Corps and FWS and
:ed to undertakc certain environmental
fish, and plant species which may be
t project. Under these arrangements,

out of the funds appropriated to the Corps
or Burec by Congress. On the other hand, in conjunction with thc FERC licens-
ing process, FWS is not funded to perform ,nii.on*"ntal studies. The com-
ments of FWS and interest of FWS under the Fish and Wildlife Coordination
Act havc concerned maintenance of base streamflows and construction and
maintenancc of fish passageways or other fish protection or enhancement
devices.
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The Endangered species Act, as noted earlier, is a statute which bars devel-opment if it is determined that the development will adversely affect an endan-
:::3,*i1r,T::,iir 

sp.ecies As a result of the Telrico Dam ritigation,rT con-
5' iEou i i i  i>i  t  ar- leRoed the i inciangereci Snecies Act fo qrrfhnriza ava--+i^--
from the Act in certain narrowly prer
the narrow exemption provision of th
cies Act, the Endangered Species Ac
ment in those instances where enda
adversely affected.

FERC and federal development agencies must also examine a project fromthe standpoint of its impacts on historic and scenic places and areas. In thisregard, several pieces of legislation have recently been passea uy congressdesigned to protcct historic, scenic, and natural areas and places. The HistoricPreservation Act38 requires consultation with the Heritage Conservation Rec-reation Service of the Department of the Interior and the-advisory councit on
ation a National Register is maintained
gencies and FERC are required to take
rn a historic site included in or eligible

I on the federal development agencies
ness Preservation System, the NationalTrail System, and the National wildlife Refuge Systern legisiation. As thetitles of these statutes imply, they attempt to protect respectively wilderness

areas of the United States, hiking trails systems within the United States, andwildlife refuges within the United States.
FERC and federal development agencies must confer with the Secretaries

of the Departments of Agriculture or the Interior with respe., ,o proircts thatmay affect wilderness areas. Under the wilderness Act, FERC nb ronge, t u,the power to license a project in a wilderness area. Rather, the authority toautho-rize developmen! of hydropower projects in wilderness areas has beentransferred to the president.
under the National rrail System3e legislation, FERC and the federal devel-opment agencies must confer with the Secretaries of the Interior and Agricul-ture concerning projects that may affect trails established by those secretaries

on lands within their respective jurisdictions.
FERC and the federal development agencies will be required to confer withFrys on any proj"-cls which may adversJy affect a wildlife refuge maintained

under the National Wildlife Refuge System.
Finally, the Wild and Scenic Rivers Act establishes a system whereby riversor segments of rivers may be designated as either wild or scenic or recreational.

Rivers or segments of rivers may be nominated for designation by federal andstate agencies and private individuars and groups. Designation ot.uo by res-olution of Congress. Designation of a rivei or a section of a river as wild orscenic prohibits the issuance of a FERC license for a hydropower projcct onthat river'{ Similarly, federal development agencies will be barred from devel-
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oping sites on u'ild and scenic rivers. The status of development on recreational
rivers (rivers which have already been impounded) is in doubt at this writing.
FERC has taken the position that nomination of a river or a segmenr of a river
* 

i::::,:i :""'1^'I::I1l T:11!f 
rERg from issuing a license on thar river.

seek approvals from interested state agencies.ar These agencies will typically
be state water quality agencies, state departments of natural resources with
jurisdiction over fish and wildlife protection, state agencies concerned with dam
safety, and state agencies concerned with historic preservation.

Federal development agencies are required to coordinate any federal hydro,
power project with state and local entities pursuant to the processes established
by Part II A-95, of the OMB Circular A-95.42 Under A-95 review the federal
plans for development will be reviewed by state and local agencies. Comments
received by the state and local agencies must be considered by the federal
development agency and must accompany any final EIS prrp"trd and submit-
ted by the federal development agency.

The foregoing discussion illustrates the various concerns of state and federal
legislatureb as to the effects on the environment of various activities including
hydropower development. There can be no question that the system of review
described involves significant transaction costs and many different agencies.
The environmental regulatory system described compels external cosis to be

While it would be naive to suggest that the system of environmental regu-
lation is designed and used exclusively to assure that any activity bears its
external costs, it is helpful for purposes of policy analysis to view environmental

regulation to participate in the allocation decisions, then there needs to be some
reform of the FERC licensing and federal development process whereby there
can be effective participation in the decision to proceed or not to pro."id *ith
dcvelopment and some finality to that decision.
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When one focuses on environmental regulation as serving the principal pur-
pose of requiring projects to bear external costs, it is easier to identify and
describe some of the problems of the environmental regulatory system as it
q n n f  i e c  l n  h w r l r n n r t r s a r  n r n i p n f  c  A  o  r l i o ^ , , . o - ' {  - ^ - l : - -  + L ^ - ^  : -  ^  - : ^ - : c  ^ ^ ^ t  - : ^ r -! v  4 r J s . v l / v w v r  H r v J v v ! r .  { \ r  u l J w t J J J v \ l  r / C t l l l v l t  L l l 9 l V  l J  4  J f E , l f f f f f y a l l L  I l D l \ ,

under the present environmental regulatory system, that the transaction costs
of administering and complying with that system exceed the value of the exter-
nal benefits associated with the project. These high transaction costs occur as
a result of the plethora of agencies involved in the decision-making process of
both federal and nonfederal developers, the potential conflict among agencies
over jurisdiction, and the cost of obtaining the requisite information to comply
with the complex environmental regulatory system.

The Marketing Conditions for the Output of
Hydropower Projects

A few observations are in order here concerning the rnarketing of electric
power from hydropower projects for two reasons.

First, the principal purpose of any hydropower development is to market
electric power. To the extent that there are constraints on the marketing of
power, there will be constraints on development. To the extent market con-
straints are eased, there will be an increase in hydropower development. As
will be discussed briefly later, market constraints for srnall-scale nonfederal
developers have eased considerably in recent years.

Second, the way power is marketed will influence substantially which type
of developer, federal or nonfederal, develops the project. Under present law,
power developed by a federal development agency is marketed by regional fed-
eral power marketing agencies which are required by law to transport power
and to sell at low cost to certain preference customers, i.€., municipal, state,
and rural electric cooperative entities.

The industry which generates, transmits, and distributes electrical power to
persons and entities in the United States has been subject to pervasive eco-
nomic regulation by state and federal regulatory agencies. Traditional eco.
nomic theory, until recently, viewed the industry as a natural monopoly.ot
Under this theory the industry was perceived as an industry with continuing
declining average costs over the long run. Under these circumstances, compe-
tition could not exist and one firm would come to dominate the market.

The legislative response to this phenomenon in the early part of this century,
was to recognize the inevitable, i.e., the emergence of a dominant firm in the
electric utility market, and to license that firm as a state franchised monopoly
and to subject that firm to pervasive economic regulation. Under the system of
economic regulation the firm would have the obligation to serve all customers
in its franchise territory, could not abandon service without permission of the
regulating agency, would have its prices reviewed by the regulatory agency,
and would be limited to reasonable profits derived from its business. To admin-
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ister this system of pervasive economic regulation, the states established public
utility commissions. Public utility commissiow are administrative agencies
which administer the system of rate of return and price regulation of electric
utilities doing business in their states.4

in i935, Part Ii was appencieci to the Fecieral Power Act.65 Part II autho
rized and required the Federal Power Commission (FPC) to regulate the inter-
state transmission and sale of electric power. What this legislation failed to
make clear was the relationship of the FPC to state regulatory commissions
when a utility subject to state regulation also was engaged in interstate sales
and transmission of clectrical power. For a pcriod of 29 years the FPC and
state agencies were uncertain about their relationship. In the Colton case,a6 the
relationship was clarified; it was determined that the FPC had jurisdiction over
investorowned utilities selling electric power at wholesale, and state regulatory
commissions had jurisdiction over electric utilities selling electric power at
retail. Given that the bulk of revenues derived from the sale of electric power
are derived from retail sales,aT the most significant regulatory effort is by the
state regulatory commissions. Moreover, under Part II of the FPA, states con-
tinue to regulate the siting and construction of nonnuclear facilities exclusive
of thc FERC and determine the cxtent of the regulated utilities' franchise
territory.{t

There are exc€ptions to the system of pervasive economic regulation by
administrative agencies of electric utilities. While the investor-owned utilities
have cbse to 80 percent of the retail sales of electric power in the nationwide
electric power market, there are public entities and rural electric cooperatives
which also sell clectric power at retail in substantial quantities. Public utilities
are state-authorized entities, political subdivisions or municipalities which are
engaged in the electric utility business. Much like their private counterparts,
they market power to a service territory defined by state law or regulation.
Many states have chosen not to subject public utilities to regulation by the
utility commission of the state but rather have chosen to leave the determina-
tion of rates to the political process.

In 1935, by executive order, the President of the United States established
the Rural Electrification Administration (REA). Shortly after the establish-
ment of REA, Congress enacted legislation confirming the establishment of
REA and expanding its power.ae REA is an agency within the Department of
Agriculture which provides financing and other technical assistance to non-
profit cooperatives engaged in the distribution of electric power to their mem-
bership. As with public entities, many states have chosen not to subject coop
eratives organized within their states to the regulation by the state regulatory
commission.

The rnarket relationship between investorowned utilities and public and
coopcrative utilities is one of unequal market power. Investorowned utilities
control 80 percent of the generating capacity in the United States and 70 per-
cent of thc miles of high-voltage transmission lines within the United States.

SYSTEMS OF RECUI.{TION_UNrIED STATES 9.I7

Therc are certain sectors of the United Statcs, such as the state of Washington,
where the public utilities are dominant and have access to or control a sub
stantial portion of the hydroelectric generation capacity in their regions. The
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eratives is regulated by FERC, the sales from investorowned utilities to public
and cooperative utilities being wholesale sales of electricity in interstate
commerce.

The public utilities and electric co-operatives have been critical of FERC
regulation of wholesale rates. One criticism is that FERC permits the investor-
owned utilities to practice price discrimination against public utilities and rural
cooperatives.$This price discrimination takes the forrnof permitting the inves-
torowned utility to charge high wholesale rates to wholesale customers while,
at the same time, state regulatory commissions which regulate the retail rates
of that same investorowned utility, will perrrit lower retail rates to the same
classes of customers. Another criiicism directed at FERC is that it does not
subject requests for wholesale rate increases by investorowned utilities to care-
ful regulatory scrutiny. A third criticism is directed more at the system of fed-
eral regulation of the electric utility industry than at FERC. Public utilities
and cooperatives may have access to electricpower from rcmote sources. How-
ever, to obtain access to that power, the power must be shipped over transmis-
sion lines owned by an intervening investorowned utitity. Pursuant to a num-
ber of legal theories, public and cooperative utilities have sought to impose an
obligation on the intervening investor-owned utility to "wheel" the power to
the purchasing public or cooperative utility.s' The position of the investor-
owned utility industry and FERC has been that the Federal Power Act does
not authorize FERC to order "wheeling" under these circumstances.

Viewed from the perspective of an economist, the electric utility industry of
the United States is a highly concentrated industry in which considerable mar-
ket power resides with the investor-owned utility portion of that industry. The
regulatory system imposed on the industry by the administrative agencies
charged with the regulation is complex and time consuming. Rate cases before
state agencies'often take 6 to 9 months to decide and involve voluminous
exhibits and extensive testimony by experts. In recent years the economic lit-
erature has ques-tioned the description of the electric utility industry as a nat-
ural monopoly.s2 This literature has pointed out that the industry, especially
thc generating portion of it, no longer appears to be a declining avcrage cosr
industry. This literature further suggests that the generating portion of the
industry be deregulated and that the transmission portion of the industry,
which continues to bear natural monopoly characteristics, be regulated as a
common carrier. As noted, the electric power market is not an open market
which is accessible by persons wishing to purchase and sell electric power.

In an attempt to overcome the structural deficiencies of the electric power
industry, Congress has established a number of institutions which directly
benefit public and cooperative utilities and has enacted legislation which pro
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vides preferences for public and cooperative utilities. The institutions are the
five federal power marketing agencies which are under the administration of
the Department of Energy (DOE). These power marketing agencies provide
transmission serviccs ior eieci.ric power generaieci at iecieraiiy owneci stations.
The principal source of federally generated power is, of course, hydroelectric
power from federal hydropower projects. The rates for the transmission service
and for the power itself are set by DOE and are subject to review by FERC.

Under the Flood Control Act of l944sr and the Bonneville Project Act,54
public utilities and electric cooperatives are granted a preference to the power
marketed by the federal marketing agencies. In the event that cooperative and
public utilities are unablc to utilize the power generated at federal projects, the
excess is sold to industrial and investor-owned utilities customers. Given the
weaker market position of public utilities and cooperatives in most parts of
the United States, the existence of the marketing agencies and the "public
power" preference under the Flood Control Act of 1944 and the Bonneville
Power Act are of vital interest to public and cooperative utilities. These insti-
tutions and policies suggest that public utilities and cooperatives will strongly
support federal development of hydropower.

Until recently, access to the electric utility market was, for the most part,
prohibited by virtue of the existence of monopoly enterprises and pervasive
state and federal regulatory systems. Accordingly, hydropower development
was confined by this market structure to private, public, and cooperative util-
ities, federal development agencies or, in rare instances, a manufacturing plant
which had access to a nearby site. For the iuvestor-owned utility, access to the
market was easy since it controlled the market.

For the public utilities and cooperative utilities, if a site was located in their
scrvice territory, obviously there was a ready market for the power. If the site
was not located in the service territory of the public or cooperative utility, then
the public or cooperative utility confronted the difficulties of persuading the
private utility to whcel power from the site to the public or cooperative utility's
service territory. With respect to those sites owned and operated by manufac-
turing establishments, the manufacturing establishment would market the bulk
of the power to itself with the excess being sold to the electric power system in
its territory at "dump" (very cheap) power rates.s5 There was, however, little
room for the private entrepreneur who sought to develop generating capability
and sell the output to a customer or customers at fair rates.

Title II of PURPA, enacted in 1978,56 contains the potential for significant
change in the market structure of the electric utility industry in the United
States. By that legislation, development of electric generation capacity by per-
sons not engaged in the electric utility business is encouraged and developers
of this capacity are guaranteed access to a market at fair rates. The access to
the market provided by PURPA, however, is limited to certain forms of gen-
eration. Electrical capacity developed by cogeneration technology is guaran-
teed access to electric power markets. Generating capacity 80 MW or less in
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size and utilizing renewable energy sources will similarly be provided access to
the market at fair rates.s7 Under FERC regulations promulgated pursuant to
the requirements of Title II of PURPA, hydroelectric generating stations at
existing anci ncw sites qualify for the protections of Titlc II of pURpA.5t

Since the enactment of Title II of PURPA, FERC has promulgated exten-
sive regulations defining those entities and persons who qualify for the protec-
tion of the Act, establishing formulas and standards for the determination of
the rates for the exchange of power between the small power producer and the
electric utilities and exempting the small power produccrs from traditional
forms of state and federal electric utility regulations.se Implementation of the
FERC regulations is presently underway within the various states. It is too
early to tell precisely what the effect of the legislation and the FERC regula-
tions will be on the development of hydroelectric power at sites of 80 MW or
less. However, there can be no question that the passage of the legislation and
the promulgation of the regulations by FERC address significant market
imperfection and make accessible a market which otherwise would not be
accessible to private developers of electric generation.

The market structure of the electric utility in the United States and the
recent development under Title II of PURPA are instructive to future hydro
power development in the United States. Given the market structure of the
industry, the federal power marketing agencies were a rational response to the
problem of marketing federally developed power. The public power preference
under the Flood Control Act of 1944 and the Bonneville Power eCt can also
be seen as the attempt by Congress to redress an imbalance in market rela-
tionships. The existence of the marketing agencies and the public power pref-
erence has stimulated support for federal hydropower developmentamong pub-
lic and cooperative utilities. It is likely that this support will continue even after
the enactment of Title II of PURPA. PURPA provides no special benefits to
public and cooperative utilities but rather makes electric power markets acces-
sible to nonutility public and private developers.

Public Expenditures Favoring Hydropower
Development

In the past, large expenditures of federal funds have been made to support
hydropower development in the United States. These expenditures are best
illustrated by federal development in the Columbia River Basin in the 1930s,
the Boulder Dam, and development by TVA in the Tennessee valley. More
recently, provisions in the Internal Revenue Code@ and programs authorized
by Title IV of PURPA and the President's Rural Energy Initiatives6r have
committed public funds to support hydroelectric development or authori zedtax
expenditures favoring such developing. In terms of developing further public
policies which commit public funds to support hydropower development, it is
necessary to examine the rationale for these public expenditures.
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As discussed earlier, there is a tradition in the United States that hydro.
electric sites are public resources and should be owned, developed, or admin-
istered by public agencies. If one assumes that all hydroelectric sites are a pub.
lic resource, then it obviously follows that public funds should be used to
devel ( |n  e. \ r r rF i f  nnt  o l l  ^ f  f l ,ooo o i+o-- - ,  - - - r  r r  . r v t  q r l  v l  t t l w J w  D l l w J .

A second rationale is that hydropower sites are public goods or have attri-
butes of public goods, Microeconomic theory teaches that public goods cannot
be allocated by a market and, accordingly, must be allocated Uy ttre govern-
ment. Most certainly, especially in thc case where an impoundment provides
recreational benefits and flood-control benefits, a dam oi impoundment is a
public good or has significant attributes of a public good.

A third rationale supporting public expenditures in favor of hydroelectric
power development acknowledges that hydroelectric power development con-
fers external benefits on society. Again, microeconomic theory holdi that mar-
ket transactions will fail to take into account the external benefits of a partic-
ular project or human activity. In the case where the external benefits are not
taken into account, microeconomic theory holds also that the resources of soci-
ety will be misallocated. To correct for the misallocation created by the market
failure, it has been suggested that public funds and expenditures be made on
behalf of the activity which creates the external benefiti.62

In the case of hydroelectric power development there can be no question
that such development represents exploitation of renewable indigenous energy
resourceS of the United States. To the cxtent that these renewable resources
are developed, the dependency of the United States on foreign oil is reduced.
Furthermore, to the extent that dependency on foreign oil ii associated with
reduced national sccurity, hydropower development will increase national
sccurity.63

At this point, one is tempted to categorize hydropower development as
either development of a public resource, development of a public good, or devel-
opment of a resource with extensive external benefits. No single categorization,
however, is helpful to policy analysis and a single categorization will ignore the
accuracies implicit in the other two categorizations.

As noted briefly earlier, there have been various types of public expenditures
to foster the development of hydropower in the United States. Fediral devel-
opment of hydropower sites under various pieces of water resource develop
ment legislation involves appropriating funds raised substantially through fed-
eral taxation. Under water resources development procedures, the Congress of
the United States traditionally appropriates the necessary funds for the study,
design, and construction of Corps and Burec projects. Notwithstanding that
there is a local or state contribution to the project from the locality or the state
1o be immediately benefited by the project and that the power output of the
hydropower project is to be marketed on the basis of the "lowest costionsistent
with sound business principles," there is a substantial commitment of public
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lunds to such projects. Insofar as these projects provide pure public goods, i.e.,
flood control benefits and recreationat benefits, it is highly probable that the
federal government (or a state government) would be the tniy possible devel-
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unnecessary to capture the external benefits of small-scale hydropower and
may even overcompensate such benefits.

The most significant commitment of public funds to small-scale hydroelec-
tric development occurred with the passage of the Crude Oil Windfall profit
Tax Act of 1980 (COWPTA). Under the provisions of that Act, an I I percenr
energy tax credit was made available to developers who would undertake to
develop hydroelectric projects at existing sites of 125 MW or less. The full I I

able for small-scale hydroelectric facilities through 1988. COWpTA also con-
tained provisions which secured tax exempt status for publicly issued debt
instruments to support small-scale hydroelectric development at sites owned by
public entities and municipalities.
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There is one other public expenditure, which is representcd by the National
Hydropower Study and a number of the activities of the Corps and DOE,
which in effect, provides a public good. This public expenditure is designed to
provide broadly disseminated information about all aspects of hydropower
d e v a l n n - a n f  f a  r L -  ^ ^ * - , , - l + . ,  i - e ^ - ^ - r  -  r  '  t  ryvrv rv l / r r rv r r !  rv  L r rw vvr r r r r ru rury  \ r  pgrDL, I IS  ln tc f€s lco  ln  nyqropower  oeve lop-
ment in the United States. Broadly disseminated information about complex
systems and processes is probably a classical publicgood. To reiterate, markets
will fail to provide such a public good.

In the last 2 to 3 years several national and regional conferences have been
held on various aspects of hydroelectric development. In addition, DOE has
funded several consulting firms, established outreach programs in regional off-
ices, and established model commercialization programs in two of ifs regional
offices- Given the complexity of the Iicensing process, the system of environ-
mental regulation, the systems of marketing the output of hydroelectric power,
and the various financing assistance mechanisms available to hydroelectric
developers, public dissemination of information concerning hydroelictric devel-
opment is most certainly warranted. Whether the expenditures on this form of
information transfer are adequate, inadequate, or more than adequate is
unknown and probably unknowable.

In terms of development of large, new sites or new multipurpose sites, there
is a strong justification for public expenditures in this regard. presumably,
these projects will be multipurpose projects in the tradition of federal water
resource ploject development. Undoubtedly the projects will have flood-control
and recreational purposes. These purposes will not be served by market trans-
actions which focus solely on hydroelectric developrnent.

With respect to existing sites, the development of which will involve large
environmental impacts (external costs), public development may be appropri-
ate for the reason the markets will not support projects which would have to
incur the capital costs necessary to internalize the environmental impact. To
the extent that the systems of environmental regulation presently in place over-
regulate; i.e', they require the developer to bear the costs of mitigating envi-
ronmental impacts to which society as a whole is indifferent, public develop-
ment of these sites may be appropriate. It should be noted that the need for
public development of large multipurpose sites does not dispose of the question
of whether federal or regional, state, or local entities develop a large or envi-
ronmentally intensive project. In this regard, given that there are in place fed-
eral agencies which havc the expertise and experience in building ru.h projects,
federal development of large multistate or regional projects may be
appropriate.

With respect to existing sites where the environmental impacts are not
great, it would appear that development by market choices to invest would
readily occur. There are in place the pubric expenditure programs of
COWPTA to support nonfederal development.
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9.3 POLICIES AND TRENDS IN AMERICAN
WATER POLICY AND ENERGY
DEVELOPMENT

I -  r L ^  - - ^ ^ ^ I : - ^  - ^ - r  - f  r L ! -  ^ r -rrr rrrE PrsrvsurrrB, Parv(Jr tl l ls cnaptef, nyqfoelectncOeveloDmenttn the Untted
States has been examined in the context of the systems of resource allocation,

The first trend is the apparent stalemate in large federal water projects and
the lack of consensus concerning the role of federal development in large-scale
water projects. In 1982, federally sponsored water projects were taking longcr
and longer periods of time to proceed from study through construction and
operation. Documentation of the Corps and Burec indicates that water projccts
now take approximately 12 to 16 years and even longer from study through
actual construction.

The second trend has been the emerging concern of the effect of human
activity on the environment. This concern is perhaps prompted by greater
understanding of environmental impacts fostered by increased technology and
methods of communication. It is also prompted by a better understanding of
how the market economy of the United States often fails to take into account
the adverse effects of particular activities on persons not parties to the market
transactions. To the extent that activities such as federal water development
projects are perceived as developing public resources, individuals and groups
have insisted and will insist that their preferences for development of public
resources be considered in any decision-making process. To a large cxtent envi-
ronmental regulation has been used by these individuals and groups to express
their preferences concerning allocation of "public" resources.

A third development in American society at this time is an increasing dis-
illusionment with government and its ability to substitute for or regulate ecq-
nomic markets. Between 1935 and 1980, the federal government experimented

economic regulation and underscored the belief that unregulated economic
markets best allocate scarce societal resources.

The fourth development was precipitated by the series of shocks to the U.S.
economy occasioned by two energy crises of the 1970s. These crises were
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caused by the increasing dependency of the United States on oil imported from
a few countries located in the Middle East and South America ani the ability
of those countries to form and maintain a cartel to control the price and supply
of oil to the world. Betwoen I973 and 1980 the United States imported roughly
40 percent oi its oii neecis irom these countries or approximately 8 million
barrels per day. During this period also, the real price of a barrel of oil

These events prompted a major reexamination of the energy policy of the
United States. The principal goal of that energy policy is to iiOrrce substan-
tially American dcpendency on imported oil and to substitute oil conservation
and energy from indigenous sources. Substantial evidence of this policy is
found in several pieces of legislation which have been enacted in the last 6 to

ment continues its opposition to large-scale federally developed water projects
including large-scale bydroelectric plants.

The reform of federal economic regulation and greater reliance on the eco-
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Regulation of the electric utility industry, long considered one of the most
appropriate Subjects of pervasive economic regulation because of its perceived
natural monopoly characteristics, has recently been changed. By the National
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market is assured for cogenerators and developers of small generating plants
which utilize renewable energy resources.

The two attributes of hydroelectric development favored by American
energy policy at this time are, of course, that hydropower is a renewable and
an indigenous energy source. A third characteristic of hydropower development
attributable to rehabilitation or expansion of capacity at existing dams is that
these projects are comparatively environmentally benign. This last character-
istic of certain forms of hydropower development reduces substantially oppe
sition to these projects by environmental organizations. Moreover, small-scale
hydropower development at existing sites has engendered support by groups
and organizations favoring development of small dispersed renewable energy
resources. There is evidence that these trends and initiatives have prompted a
response by the market. In the last 2 years, FERC has literally experienced an
explosion of permit and licensing applications by various organizations, agen-
cies, local governments, and private entrepreneurs. The bulk of these license
applications and permit applications are for sites with less than 25 MW of
installed capacity presently in existence. A somewhat lesser percentage of these
permit and license applications but still greater than 50 percent of the total,
are for existing sites of 4 MW capacity or less.?s
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1O.I ENERGY FOR RURAL DEVELOPMENT:
A NEW POLICY ARENA

Current discussion of the role of small and mini hydropower in developing
countries is occurring within the context of providing energy for rural devel-
opment. Until recently, energy in rural areas meant merely the extension of
urban clectricity distribution and petroleum marketing systems. In many
developing countries, these two functions were in different hands-the govern-
ment operated the centralized electricity system and foreign oil companies,
often through private entrepreneurs, owned and operated a network of oil ref-
ineries, oil product transportation facilities (i.e., pipelines, trucks, railroad tank
cars), distribution depots, and retail outlets.

During the 1970s, the international oil cost and supply crisis and its con-
vergence with the fuel-wood and traditional energy crisis in certain countries
focused attention on the need to develop indigenous energy resourccs. It also

t0 . t
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highlighted the issue of how to meet both the basic energy needs of expanding
rural populations and the energy requirements of rural agricultural and indus-trial development. The political response was a growing lourrnn1rnt interven-
tion in virtually all phases of conventional energ-y production, processing, and
d is t r i bu t io ;1 .  l r Je t i nno !  n i !  rn+ -^ -= ' - -  -  r

esrabiished,"J;;;il.'i'J#;[ffi ,il";'ff t#'lilT::":,'J;:[;t#;
resources, uses, and options from a more comprehensive perspective.

The prime focus of these nascent efforts iemains on- 
"onurntional 

energydeveloprnent and utilization in the urban-modern sector; nevertheless, thereseems to be a wave of interest in.the rural energy situation and the political
implications of current trends in this sector. Natlonat energy plans are begin-ning to stress the need for the developmentof localized energy resources, i.e.,solar, biomass, wind, and hydro, to meet rural needs and to'prev"nt further
environmental degradation from deforestation. International donors areincreasing assistance in these areas. The potential of these energy sources
received world attention at the August t gb t u.N. conference on new andrenewable sources of energy held in Nairobi, Kenya.

IO.2 GROWING INTEREST IN MINI
HYDROPOWER

one of thetmost promising options for meeting rural electrical energy needs ismini and micro hydro, particularly in the tr-opirui highland areas of LatinAmerica, Asia, and Africa. In these regions, it is often the lack of electricpower and the dependence on diesel fuel that is limiting the pace of economicdevelopment.
As discussed in previous chapters, small waterwheels and turbines have along history and can_ be used to piovide mechanical as well as electrical power.rFrancis, Pelton, and propeller turbines are simple in a"rign and ,equire rela_tively little maintenance. smail dams of earth, masonry, or rogs may be con-structed in rural areas of developing countries with local resources and labor.Except for speed*ontrol governoir,. most developing countries have the capac-ity to build and fabricate micro turbines and civil Jorts.
Although mini hydro units are often more expensive than diesel-powered

rue is usually more attractive. Estimates
I and mini hydro units in Asia range
Iy $2,000 per kilowatt, depending on
of civil work, and cost of labor. In
I the installed capital costs of a 5-kW
compared to $590 per kilowatt for a

re economics of mini hydro can beenhanced if additionar benefits accrue such as irrigation, water suppry, or flood
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control. The potential for use in existing irrigation projects is largely untapped.
An Indian survey estimates that around 10,000 MW of mini hydro capacity
could be installed on the canal systems.3

A n a - a f i - -  a a t * -  ^ F  l ^ - ^ - l  L ^ ^ - - : t - -  ^ -  ^ .  '  '  - : L  c -  -  a ,  t  .  rvywrarrrrS wvDrDt ur vvurDe, usPtruu ucavtry ult  uapaglty Iactor, wnlcn may oe
only 15 to 20 percent. The low demand for electricity in most remote rural
villages, e.g., in Nepal, is considered a serious obstacle to the cost-effective use
of mini hydro units. Ways must be sought to utilize the electric power on a 24-
hour basis by light industry, for agricultural processing, or municipal services.
However, the operating costs for petroleum-fueled engines, often dependent on
shipments of diesel or gasoline fuels by trucks over difficult terrain or poor
roads, are also very high. To the extent that micro and mini hydro units can
replace the fuels used in diesel generators,'kerosene lamps, and other petre
leum+onsuming devices, they can serve to marginally reduce the foreign
exchange costs of imported petroleum. This is especially true for more expen-
sive (than crude oil) middle distillate products which are frequently imported
because of the inability of local refineries to meet the heavy demand for these
products. Additional foreign exchange savings can be realized, if the hydro
power units are built locally with zero or minimal foreign imports.

Since the technology is proven and if the economics are increasingly attrac-
tive for remote sites off the main grid, mini hydro technology is also attractive
for social and political reasons. Government leaders in developing countries
view with increasing urgency the need to expand rural productivity and
employment. Political instability is often associated with the failure to bring
modernization to rural areas and with the increasing migration of unemployed
and underemployed rural people to overcrowded urban centers. Micro and mini
hydro systems offer a way for rural villages to begin electrification with a mod-
est capital outlay, as well as to increase the efficiency of traditional tasks (e.g.,
grain grinding) and to stimulate the development of new rural industries (e.g.,
machine shops making agricultural implements). The irnportance of elcctricity
is summed up by a Chinese expert in mini hydro, "Without electricity, it is
impossible for a country or a people's commune to make any long-term plan-
ning and development."4

Although politicians in many developing countries, e.g., Bangladesh, have
elevated the provision of electricity to rural villages to a national commitmenr,
the costs of constructing and maintaining conventional transmission and dis-
tribution networks are high, particularly given the characteristically low-load
factors in rural areas. A Government of India report concludes:

The need to draw transmission and distribution lines over long distances from
the central electric supply systems makes the cost of supplying electricity to
villages vcry high. This cost is further aggravated because the characteristics of
the load in rural areas is such that the losses in transmission and distribution
are also high. . . . The present tariff rates involve a very large subsidy to elec-
tricity uses in rural areas.5
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Subsidization of electricity costs in rural areas is usually necessary, partic-
ularly to cover the cost of initial connection which could be as higtr as $120
(Bolivia). Rural subsidization by the urban consumer reverses the traditional
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of rural electrification in the United States is one of massive government pro-
grams to bring electricity to farms. This approach worked in the United States
because an economic base existed which was able to benefit from the avail-
ability of inexpensive electricity. This precondition does not exist in manv
developing countries.

Mini hydro technology does represent a possible approach, however, in some
countries to reduce costs and provide service to remote areas at an earlier time
than would have becn possible through the expansion of the centralized grid.
The problem of high transmission losses and theft may exist for mini tryOro
based systems as well. Losses in rural systems of the People's Republic of
China are running as high as 25 percent, a factor encouraging the Uuitaing of
larger stations that are integrated into local or regional networks.

IO.3 ELITE COMPETITTON AND GOVERNMENT
DECISION MAKING

Developing countries generally exhibit a high degree of competition among
elites for bccess to government authority and influence over government poli-
cies and program$ in key sectors. The nature of this competition or conflict
among elites serves to determine the type of political system (i.e., authoritarian,
theocraticn democratic) and the stability and efficacy of the government in
achicving the goals of development and order.6 The values of competing elite
groups and the degree to which they represent and support various rural inter-
ests is therefore of critical importance to our consideration of the institutional
context of rural energy and mini hydro policy and programs.

The following discussions highlight several basic policy issues relating to the
demand for electricity and the role of mini hydro technology, the choicr of -ini
hydro systems, and their financing, organization, and management.

IO.4 DEMAND FOR ELECTRICITY AND THE
ROLE OF MINI HYDROPOWER

Most rural areas of developing countries do not have electricity. Energy con-
sumption is primarily in the form of traditional fuels such as wood or keiosene,
predominantly for cooking. Given this pattern of consumption and the increas-
ing difficulty of obtaining these fuels, a view is cmergin! in some developing
countries that the first priority of rural energy policy should not be electriiity,
but rathcr augmcntation of fuel-wood supplies. The results of a growing num-
ber of studies suggest that demand for clectricity for productivJ uses wilt not
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develop unless there are a range of other inputs available. Roger Revelle notes
somc of thesc factors.T

l. The actuator potcntia! existenee of adequ-ate transportation faeilities to and
irom markets an<i sources oi raw materiais

2. Availability of an adequate supply of other forms of onergy needed for a
particular industry or industrial complex

3. Sufficient investment capital, either in the form of credit or savings
4, The presence of trained technicians and of managers familiar with problems

of marketing, cost accounting! personnel management, and business
operation

5. The existence of a market town or small city in which a complex of mutually-
supporting industries can be established

6. The availability of skills, disciplines, and comparative costs of labor in the
rural areas vs. the labor force in large cities

In addition, experience suggests that successful rural mini hydro systems
have three principal characteristics: involvement of local people and organi-
zations, integration into the cash economy, and the existencc of a previous or
adjacent electrical distribution system. Local decision making in planning, con-
struction, and operation will promote the interests of the community over those
of capital-bound policy makers. This is particularly crucial after start-up when
technical help is being withdrawn. The notion of ownership, local benefits, and
consequences must reside in the community. There must be surplus disposable
income which can be used for investment in new production facilities which
have not been built because of the lack of available electric power. There must
be a familiarity with electricity and its benefits demonstrated through the exis-
tence of a diesel-generation system nearby. Clearly, if the benefig have not
accrued to the majority in that community, local support for a mini hydro pro
ject will not manifest itself.

Where the provision of electricity is deemed appropriate, the issue of cen-
tralized or decentralized generation may be important. Competition may
develop between the national organization responsible for large-scale power
generation and the entity or entities at the national or local level involved in
providing energy to rural users. International donors may support one or both
groups, further complicating the problem of determining an optimum electric
power investment plan for the country.

The emphasis on developing decentralized options such as mini hydro may
be viewed as a threat by the centralized national power organization over gen-
eration and the development of an integrated national grid. In some countries,
however, the unreliability of power from the national grid provides an incentive
for businesses and local communities to have their own captive source of power,
whether diesel or small hydro. Thus, economics may not always be the domi-
nant concern in governmcnt or local community considcrations of thc mini
hydro option.
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IO.5 ORGANIZATION AND MANAGEMENT

The configuration of institutions involved in rural electrification and mini hydro
projects yari.es from country to country. Four basic approaches can be
vt t i l l  aa9Lgt  tz( ;u .

Single Utility Approach

In countries with a socialist tradition, a single national utility may be involved
in generation, transmission, and distribution of electricity io boih rural and
urban areas. This situation is present, for example, in Indonesia, peru, and Sri
Lanka, where the Indonesian National Electric bompany (pLN), ELECTRO_
PERU, and the Ceylon Electricity Board monopolizr iourrn*ent electricity
activities. In Indonesia, though, considerable uutogrn"ration capacity exists
outside the PLN network. PLN is taking an increased interest in mini hydro
and has a full-scale testing laboratory for mini hydro systems in Bogor.

separate central and Rural Electrification Authorities
Approach

Yuny developing countries have separated the national power corporation
from theprganization that distributes power to rural ur""r. This bifurcation,
tn part, reflects the large subsidies that are sunk into rural electrification pro-
grams. These rural electrification boards (Bangladesh), corporations (lndia),
or administrations (Thailand, Ecuador, Bolivia) may or may not own and man_
age the distribution system. In Bangladesh, India, iolivia and the philippines,
cooperatives have been established for this purpose, with technical, managerial,
and financial support from the government authority. Some of these rural sys-
tems have local mini grids into which power is fed iro* diesel units. The high
operating costs of these units are forcing rural electric authorities and cooi-
eratives to turn to mini hydro if an adequate hydro resource exists near thesegrids.

Autonomous Mini Hydro Authority Approach

While institutional responsibility for mini hydro generation usually resides in
the national power organization or the rurai eleciricity corporation, there areinstances, e.g., in Nepal and peru, where a separate mini tryiro board has been
established. This board is involved in the construction of mini hydro srations in
the remote mountainous regions and is separate from the Rural Electrification
Division of the Department of Electricity;which also works with villages in theconstruction of small hydro plants.t In Peru, an ad hoc commission serves tocoordinate the planning and execution of mini hydro projects for example.
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Local Community Approach

In a growing number of cases, micro hydro units are being installed by local
communities, sgmetimes with the assistance of faculty and studcnts from a
- ^ ^ - L . ,  + ^ ^ L - : ^ ^ l  - - - ! - - ^ - - ! r - -  t -  n -  -  -  r r  ^rre4ruJ revuurual uluvcrutry. rn raPua l\ew uulnea, tne Approprlate lechnol-
ogy Development Unit of the University of Technology atLae has adapted a
Pelton runner design to high-head sites near Lae.e The Butwal Institute of
Technology in Nepal has for many years assisted in local hydro development.
Church groups have installed units to pump water and provide electricity to
schools and hospitals in Nepal and India. The people's communes in the Peo
ple's Republic of China have installed thousands of hydro units, generally less
than 20 kW in capacity with commune members being trained at college and
vocational institutes in all aspects of hydraulie maehines.ro The Peacc Corps in
Liberia has also been active in the promotion of micro hydro with installation
of a 3GkW unit in a remote village. In Pakistan, a similar approach has also
been used to install villageJevel micro hydro systems with a minimum of out-
side help.

10.6 TYPE AND ORrcrN oF EQUTPMENT

A policy issue that is the subject of intense debate in some countries is whether
mini hydro technology should be imported. The 1979 UNIDO/ESCAp Work-
shop on Mini/Micro Hydro concluded: "It was agreed that the development of
technology in the field of mini-hydro plants should take place within the devel-
oping countries themselves."rr While this is certainly occurring in Thailand,
India, Nepal, Papua New Guinea, Indonesia, columbia, peru, and the phil-
ippines, mini hydro systems from Norway, sweden, Japan, canada, the United
Kingdom, Germany, the People's Republic of china, and the United States
are being purchased by developing countries, generally on concessional terms
as part of foreign assistance or export promotion programs. In Asia, the Peo-
ple's Republic of China has provided credits to the Philippines for a large num-
ber of mini hydro units.

The issue of imported vs. locally made equipment often revolves around the
question of reliability and efficiency. The national utilities want to install sys-
tems that will have minimal problems, especially in sites that are remote from
centers of technical expertise. The cost differential is considerable, however,
between a locally made unit and the more efficient imported foreign technol-
ogy. The Chinese mini hydro units are among the cheapest foreign units avail-
able. Yet at approximately $ 1,000 per kilowatt for a 5-kW unit, they are over
twice as costly as the locally made unit in Papua New Guinea, even before
installation. Generally, it is not cost-effective to use imported equipment to gain
a few percentage points of efficiency.

The Chinese have succeeded in standardizing units of various sizes. The
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People's Republic of China had around 90,000 units in operation at the start
of 1980, with an average capacity of 70 kW.

f  n t t  r lYt r/rr\  r^ruo / rn,rLll\r, ANL, UKllUl f pOLICIES

While rnini hydro may offer a cheaper alternative than diesel in off-grid loca-
tions, the issue of pricing of electriiity and its affordability by the local com-
munity remains fundamental. The cost of wiring a house may itself be beyond
the reach of most families without credit, and the expense of electric appliances
may prevent the use of electricity for anything except lighting. yet, with mini
hydro technology there is a built-in incentiv" to in.r.use capacity factors, since
there is no increased fuel cost with additional use. Pricing strategies with mini
hydro can be designed to encourago, up to a limit, the coisumptiln of electric-
ity which in turn lowers the cost per kilowatt hour. In papua New Guinea, the
qkw mini hydro units near the uiltugr of Baindoang supply a 3.6-kW heater
element at a community washhouse. This baseload apj.oacr, efiminates the
l*d FI an exPensive governor.12 The villagers pay a fixed charge for the light-ing of their houses.

Although some governments have established rnechanisms to provide low-
interest loans to local communities and cooperatives forcnr.gy production
projects, programs to encourage the productive uses of electricliy iaue been
inadequaie. Until recently, ruial eleltrification programs have emphasized
lighting of households and have not becn closely coordinated with agricultural
development projects.

10.8 DETERMINII{G RURAL DEMAND
STRUCTURE

If 
.a. community or number of villages have had electricity available from thegrid or a diesel generator, forecasting future needs of a nearby nonelectrified

community can be determined. However, if no demand history is available
from neighboring communities, an analysis needs to be carried out, either
through a direct survey and enumeration iechnique andf or through topograph-
ical investigations commonly employed in geoptrysical resource assessments.
However, an in-situ household turury ..n irud to questionable results since

may not have the means to pay.
influenced by total demand and capac-
nt subsidies. Since the household and
gnificant, estimates can be made based'ies. However, additional factors must

be considered such as provisions for future growth and available energy to meet
agricultural and larger industrial needs. The following basic information
should be gathered for each community.
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I. Current numbcr of inhabitants
2. Average household size
3. Average housphold energy use and energy ex-penditures
4. Number of projected connections
5. Number and characteristics of small industries
6. Number of commercial establishments
7. Characterization of public services
8. Projected grofih of the community
9. Projected monthly kilowatthour consumption for users

One approach often applied in forecasting is to use per capita installed
capacity of electricity generation. This can vary widely depending on the eco
nomic level of the community; however, installation capacities of 5b to 60 watts
per capita are common.

Fundamental differences in demand structure become evident between
urban and small rural communities as electricity becomes available. Table l0.l
illustrates these differences. Urban centers clearly show higher capacity fac-
tors, therefore, low peak-power rates and higher annual production rates. The
combination of continuous service, a higher degree of innovation, and diverse
and industrial loads make electricity increasingly economical as the size of the

TABLE r0.l Load comparison: Small Rural vs. Urban centers
During Initial Connection and After 5 years' Service

Small rural centcrs, Urban ccnters,
intermittcnt supply, continuous

4 hours per day supply

Initial

Domestic load, cxcluding cooking
and air conditioning

Peak power:
per consumer, w
per inhabitant, W

Annual production:
per consumer, kWh
per inhabitant, kWh

Annual loadfactor,Vo

250 to 270
3 to 4.5

About 240
About 3 to 4
10.5 to  I  I

260 to 275
3.5 to 5.5

325 to 370
About 4.5 to 7.5
14  t o  15

After 5 Years

Peak power:
per consumer, w
per inhabitant, W

Annual production:
per consumer, kWh
per inhabitant, kWh

Annual load factor, %

About  215
4.7 to 6.2

About 270
6 t o 8
About 14

About 260
9 t o 1 4

320 to 350
l l  t o  1 9
4 t o 1 5

souRcE: Adaptcd from Small Scalc powcr Gcncration, UN, 1967.
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TABLE 10.2 Demand Load for Small_Scale
Countries

souRcB Programa Rcgional d-c Pcqucnas Ccntralcs Hidroelcctricas de Oladc, Regueri-micntos y-Metodologlas Para ta Implemeuaci,n Masiva at rrqu"iloi Cr'ntralcs Hidroeltc-nicas cn Intino America, Documento de Trabajo, euito, 26 dc fi;io d" tiEO, Ancxo vIII.
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bining light industrial loads, househord demand, and line loss, a peak demand
for an entire community can be determined.

IO.9 COMPNNNTTVE CASE EXPERIENCES

This section examines the institutional development of mini hydro programs in
two Asian and two Latin American countries from a comparatiu" prrip"ctive.

Philippines and Thailand

_ Each country has a central rural electrification authority-the National
Electrification Administration (NEA) in the Philippinet un-d the provincial
Electricity Authority (PEA) in Thailand. A fundamental difference in

TABLE 10.4 Philippine Mini Hydro potenrial

Sites
without

data.  MW

Enterprises in Developing

Activity
Required

capacity, kW Activity
Required

capacit,v, kW

Carpcntry
Bakery
Crafts
Sma l l sawmi l l s
Grindcrs
Flour mill
Looms
Coffee grinder

(commcrcial)

Quarry mill
lce making
Irrigation pump

3 - 1 5
2-5
t-2

r 5-30
I 0-20
3-20

0.5-6
5-30

6-30
6-60
2-100

Brick factory
Restaurant
Vegetable canning
Dairy products
Mi lk (cool ing and

preevaporation)
Electr icaland

mechanical workshops
(repairs)

Gas pumps
Silos

t - 5
1-2
5-20
2-t0
5-20

5 -  l 5

2-100
3-5

community becomes largcr. Growth in demand as electricity becomes com-
monplace must be considered in the planning process. Those Initially hesitant

ll11]lt:l 
seek to be connected and rapid growth can be expected during the

lnrtlal 5 years of electrification. As light industrial loads aie connected, the
capacity factor should improve, especially for larger communities. peak house-
hold loads can be expected to inciease l0 p"r.rn1 annually, whereas in urban
centers' it may be between 25 and 30 percent. Also, population on the urban
periphery is expected to grow much more rapidly than in small rural commu-
nities which often lose population to those urb"rur.ur.

To determine hydroelectric capacity required for light industrial loads,
Table 10.2 is provided presenting typical dimand required for a number of
small machines comrnonly found in rural communitiis. Table t0.: fresentssimilar information for household appliances. Note the differences between val-
ues in Table 10.3 and those given in chap. 7 for atypicar u.s. residence. com-

TABLE 10.3 Typical Demand for Househord Appliances Found in
Developing Countries

Requircd
capacity, W

25,
7 5 ,

Appl iance

Refrigerator
Blender
Fan
Sewing machine
Clothes iron

Re quired
capacity, W

t 8 0
r00
35

t00
500

Sites wi th
Region data, MW

Total
sites, MWAppliancc

Light bulb

Fluorcscent lamp
Radio
Telcvision

50,
100
20
5

l 5

Luzon
Visayas
Mindanao

Total

| ,248
|,327
I , l 9 l

3 ,766

1,726
1,534
1,279
4,539

47E
207
88

773

souRcE: Government of the phitippines,
Year Energy Program,1980, p. 60.

Ministry of Energy, Iaa-
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indicates a confirmed capacity of almost 800 Mw in the philippines and an
even larger potential at sites without data.

Rcsponsibility for mini hydro developrnent is dispersed in Thailand, whereas

ll:f ryP|,,"."s 
a Presidential Directive in 1979'gaveNEA sote jurisdiction

ur rurs arsa. I nrs olrectlve was related to an overa!! policr. decision to promote
energy sclf-sufficiency in all rural cooperatives. Unier this policy, NEA has
begyn working with rural cooperatives in planning for the introduction of either
mini hydro systems or dendrethermal unitt 1*ood-burning or gas-fired power
plants)- NEA has signed agreements with the People's RJpubl[ of China and
France providing credits for hydro units and gas-iurbin" po*r, plants. NEA
will provide loans and technical assistance to cooperatiu.i in the adoption of
these technologies.

In Thailand, both the National Energy Administration and pEA are cur-
rently installing mini hydro units in rural areas. The Royal Forestry Depart-
rnent and the Royal Irrigation Department also operate small, locally made
units. while PEA, which reports to the Ministry oi Interior, ir'tt"ugency of
the government responsible for distributing eleciricity to rural consumers, the
National Energy Administration, which is unde, th. Ministry of science,
Technology, and Energy, has a broad mandate in the energy planning and supply field and views itself as playing a catalytic role in tle development and
demonstration of alternative energytechnologies for rural areas.

The National Energy Administration and PEA officials hold somewhat dif-
fercnt philosophies toward the development of mini hydro in Thailand. The
National Energy Adrninistration is concerned with developing an indigenous
lowcost system that is appropriate in rural villages, particuiarty those that are
remote from the main grid or from district ceniers. Offi.i.l, also believe the
local cooperatives can effectively build and manage micro hydro systems at
significantly lower costs than with imported utiitr. The Nationai Energy
Administration has obtained assistance from the uNDp, usAID, and Japan
for micro hydro projects. pEA, on the other hand, is seeking to provide reriablepower to rural district grids and to replace high-cost oiesei generators asquickly as posibla PEA loola to proven,-importe-cl equipment and is receiving
assistance from NorwaY, as part of the W'orld Bank's second rural electri-
fication loan, as well as from Finland for projects involving units with a capac-
ity of about 5m kW.

The main entity responsible for economic planning in Thailand is theNational Economic and social Development Board Ngsno). The Ngsnp
is also considering the program and structure of the mini hydro sector in Thai-
land' An overall Energy Master PIan is in preparation with assistance from the
Asian Development Bank. This plan will assess the potential from mini hydro
and other alternative technologies in meeting future energy needs.

The pace of development in mini hydro in both the Philiipines and Thailand
is-clearly accelerating. In the Philippines, NEA plans io install about 200 Mw
of mini-hydro by 1987. This growin or decentrali zed. generating capacity is
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necessitating increased investment coordination in the power sector. Foreign
donors havc expressed to the Philippines government thl importance of coor-
dination between NEA and the National For"r, corporation (Npc), which is
errruarKlllg on a maJor program to build l-arge generating plants based on gec-
th-crmal energy and domestic and imported coal. Simil"ity in Thailand, the
Electricity Generating Authority of Thailand is planning new generating
capacity based on lignite and imported coal. At this point, niith", duntry h",
a firm understanding of the optimal future mix of centralized and decentralized
capacity. However, it will be interesting to compare the relative cos=t/bencfit of
the two approaches, in particular to see whether the Philippine poliiy of rural
energy self-sufficiency stands thc economic test of time.

Peru and Ecuador

In contrast, Peru and Ecuador are currently oil+xporting countries whose
petroleum resources will be severely diminished by 1990 from high domestic
consumption resulting from government price subsidies during the 1970s.
However, policy-makers in both countries rialize that electricity in rural areas
must be provided through mini hydro plants instead of traditional diesel sets.

The theoreticaltrydroelectric potential for Peru as calculated by the Min-
istry of Energy and Mines (MEM) in 1979 was approximately zoo,oo0 Mw.
Approximately 30 percent is exploitable, or some 

-60,000 
Mw, of which only

3 percent has been developed so far. The electricity sector is organized through
ELECTROPERU, a public-sector enterprise charged with slstem operation
and project execution. ELECTROPERU is compos"O of five operating regions
but with 87 percent of the demand concentrated in the Lima aiea. As o f lg7g,
approximately 73 percent of Peru's electricitygeneration or 5,470GWh of pro-
duction from 1,397 Mw of capacity, came i.r hydropower, primarily large
plants.

within ELECTROPERU, small or mini hyro plants are within the purview
of the office of Applied rechnology (oprA) under its programa dc pequeilas
Centrales Hidroel6ctricas. OPTA began its program of riini hydro develop
ment in 1978, initially carrying out studier of po*"t systems with 50 to 1,000
kW capacity to meet the electricity needs of rural people. By 1980 the budget
was up to $1.85 million with several plants under construction. Additional
plans call for 50 plants to be built between 1980 and 1985, many financed
through foreign assistance programs.

In carrying out its programs to dot the countryside with mini hydro plants,
ELECTROPERU generally seeks local participaiion by the municlpality, par-
ticularly during the construction phase. Subsequent system operation is also
canied out by the local authorities after training is provided by ELECTRO-
PERU' This approach has proved successful in bringing about cooperation
between rural people and central utility decision makers.

Ecuador, on the other hand, has only begun to exploit its hydroelectric
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potential, estimated to be 22,OOO MW. Total installed capacity in 1977 was
612 Mw. Thermal and hydropower plants were devetopeO on a large-scale
basis only during the seventies. By I980 roughly 60 percent of Ecuadoi's pop-
ulation remained without electric pawer.

a  - : l ^  f _ ^ _ -rlsrutr lrom a small numDer oI regtonal power companies, the Instituto Ecu-
atoriano de Electrification (fNECEL), under the jurisdiction of the Ministry
of National Resources and Energy (MNRE), is reiponsible for generating and
distributing electricity in Ecuador. The development of energy resources in
Ecuador had not been coordinated until the creation of the Instituto Nacional
de Energia (INE) in 1978.

Because Ecuador's oil reserves were rapidly being depleted and oil impor-
tation was exPected to begin during the late eighties, a national energy policy
needed to be established. Planning efforts followed by conservation and eiptoi-
tation of the vast hydropower base are going forward during the early eighiies.

Development of hydroelectric power is one of the cirnerstones of the
national energy plan. The contribution to total electric generation from large
and small hydro plants is expected to be increased to 8b percent by l9g5 in
contrast to 32 percent in 1978. INECEL will continue to execute and manage
the grid and the large electric generating projects, whereas regional and munic-
ipal power companies will manage locat systems. It is exf,ected that these
efforts will provide power to 60 percent of the rural inhabitants. The grid will
be extended to larger communities, principally those with more than 500
inhabitant\, ncar major roads, and wiih higir airicultural productivity. Since
this program will bypass many isolated viliages a Mini Micro Hydroelectric
Plan was formulated.

Prior to construction of a national grid, INECEL had constructed some 50
mini micro hydropower systems, some of which were subsequently abandoned.
Under the new plan retired plants will be brought back inio operation or the
equipment moved to more attractive load centers. The ,n"n"i"-ent of new
mini micro hydro systems is expected to be through cooperatives, local power
companies' or municipalities. Each management structure will depend upon
the characteristics of cxisting local organizations. Management exiertise and
training will be provided by INECEL. This type of organizational structure is
similar to that found in Peru with a central technical focus determining how
elergy technology will be applied in rural areas but with administration left to
the local level. This type of situation could lead to misperceived needs or con-
centration on the larger urban centers. Therefore, a balanced program meeting
the needs of both urban and rural peoples is necessary.

IO.IO CONCLUSIONS

The issue of the role of mini hydro in developing countries is caught up in
current policy debate over the merits of rural electrification. In most diveloiing
countries, the balance of power continues to rest with the proponents of total

POLICYENVIRONMENT-DEVELOPINGCOUNTRIES IO.I5

national electrification. Policymakers view the provision of electricity to rural
areas as much in political as in social or economic terms. Electrification is a
tool of political integration and provides tangible proof of the commitment of
f  h e  c n v e t t t m e n f  f n  i m ^ . ^ . , i n n  t L o  ^ , , ^ l l + - ,  ^ f  - - . - ^ I  l : f -r  v .  r . r . r v r r t  ! \ , 2  r r r r H r v v  r r t S  t r r ( ,  y u 4 t r t J  u l  I  u l a l  l l l c .

Yet, these proponents are increasingly having to face some uncomfortable
truths about rural electrification. Douglas Smith summarizes several of these
realit ies:r6

l. The benefits of rural electrification flow primarily to the already better off;
2. The rnost most urgent energy needs, for example fuel-wood replacement to

slow deforestation, are neglected through reliance on rural electrification to
power villages;

3. Rural electrification only occasionally stimulates industrial enterprise suf-
ficiently to result in new economic activities in rural areas; and

4. The inefficiencies of rural electrification combined with rapidly escalating
costs of c€ntral station power plants are demanding millions of dollars of
subsidy to rural electrification.

The development of decentr alized approaches to electricity generation, such
as mini hydro, wind, photovoltaics, or biomass, may not fundamentally alter
these facts. Certainly, the potential for the development of a locally based and
managed mini hydro industry exists in many developing countries. However,
Chinese experience has demonstrated that mini hydro technology can serve to
mobilize the community and to enhance productivity of rural agriculture and
small industry. Nevertheless, planners should be extremely sensitive to the
overall problem of village energization (as contrasted with village electri-
fication) and to the social impact of various energy supply and delivery systems.
Only in this way can appropriate policies, programs, and institutions be
designed to meet both the basic energy needs of the poor for cooking and heat-
ing and the requirements of rural agriculture, industry, and transportation for
mechanical, electrical, and thermal energy.

Note: Material in this chapter represents the personal views of the authors
and does not reflect AID policy.
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I I . I  BACKGROUND

The economic and financial feasibility of small hydropower must be deter-
mined relative to reasonable alternatives. The principal economic characteris-
tics of small hydropower are high initial capital cost and low operating costs.
After allowances are made for escalation, future annual fixed costs such as
operation, maintenance, and replacements represent a predictable cost of

united states of a large oil- or gas-fired prant is approximately $700 (19g0)
per installed kilowatt. Thermal plants now in the planning stages may cost
$l'200 per kilowatt by the time construction is completein thi mid-1980s.
These costs are as much as l0 times the cost of similir plants constructed 20
years ago. A substantial part of the increased costs is attributable to the air-
quality controls now required for fuel-burning plants. Even more costly, the

Economic ond Finqnciol Feqsibility

I  t . l
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economics of nuclear power remains uncertain. Costs of constructing hydro
electric plants have also increased but at a lesser rate.

Since hydropower is capital intensive, costs are very sensitive to interest
rates. Armstrong demonstrated (Fig. I I .l ) the value of a iydroeleetrie kilowatt
O v e r  f h e  w a l r r -  n f  ^  L i l ^ . , , ^ + +  f , ^ -  ^  r L ^ - - - - r  r  ,  t  r -  - .r e r e v  v r  4  r \ r r v v v . . r .  l l u l l t  a  t l l ' r l n a l  p l a n t . ' f I  t n e  C O S I  O l  O t l  W a S  $ 3 0per barrel when the thermal plant started oierations, and if a 5 percent per
year increase in the cost of oil is assumed, then the value of a hyd'ro kilowatt
would be $4,0@ more than thar of an oil-fired kitowatt. A 35-year rife span
was assumed for the thermal plant and a SGyear life span for the hydro plant
with a 10 percent interest rate for both. Cleaily, thc key element making ther-
mal.clectricity uneconomical in the long run is ttre probable increasing cost of
fossil fuels.

Further cost data were noted by Moore, who compared system capital costs
in 97 less developed countries (LDCs).2 Table I l.l gives insialled cosi per kilo-
watt of generating capacity.

Although initial hydro capital costs are higher than for thermal plants, it

ECONOMIC AND FINANCTAL FEASIBILITY

TABLE lf .t Average System Costs
per Kilowatt of Generating Capacity in
97 Developing Countries

System type st s 97s

Hydro
Geothermal
Nuclear
Thermal

1,296
| ,564
I ,436

836

must be stressed that hydro systems have a built-in check against inflation
bccause energy costs are nil. Only maintenance and labor 

"ori, 
will increase

annually at a rate depending on local economic conditions. Also, where thermal
systems exist, the marginal cost of expanding that electrical power capacity
becomes an issue. In the United States, with the balanceof-payments aiready
strained by importedoil costs, increased use of fossil fuels should be discour-
aged. Future social and political as well as economic circumstances may make
hydropower more attractive.

In rural areas of developing countries, a useful contrast to minihydropower
costs is the application of small diesel-electric sets. Installed cosis in 1979
ranged from $1,200 to $2,100 per kilowatt. Generally, capital costs for simple
small hydro plants are in the upper end of the diesel-electric capital cosr range.
However, in serving other loads, the displacement of fossil fult is realized in

A comparative analysis of the cost of generating electrical energy by small
hydro and diesel installations indicates that, despite the high initial cost of
investment for small hydro plants, the cost of generation pei kilowatthour is
relatively low, as shown in Table I 1.2. When both capital .ost und annual fixed
costs over the project life are considered, the hydro-generated electricity may
be more economical.

In addition to fuel cost being an important consideration, load factor is also
critical. The typical average cost of generation per kilowatthour for hydro and
diesel power stations with average annual load factors varying from 25 to 65

constant price levels.

t  1 .3
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plants as a function of oil cost.
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TABLE I t '2 comparison of Hydropower and Diesel Generated Electricity costs(1,000 kW Faci l i ty)

ECONOMIC AND FINANCIAL FEASIBILITY I T.5

Economic feasibility, ideally the determination of project benefits and costs
from the viewpoint of society as a whole, should inclule both tangiblc and
intangible benefits and costs in the analysis. However, only tangible benefits
and costs can be ciedit with accurately from an aeeounting point of view. Ecc-
nomic feasibility as dealt with in this chapter is considered from the standpoint
of the sponsoring enterprise in contrast to the nation as a whole. When mea-
sures of total benefits accruing from the project exceed the total costs incurred,
the project is regarded as economically feasible.

Financial feasibility, however, states whether the tangible value cf the out-
put of the project will be sufficient to amortize the project loan, pay operation
and maintenance costs, and meet interest and other financialobligations. Or it
can be simply construed as the cash flow situation. Financial feasibitity is also
viewed from the perspective of the project sponsor.

An economically feasible project may not be financially feasible. For exam-
ple, a hydroelectric project may have considerable intangible benefits due to
flood control or recreation for which the sponsor cannot collect revenues. These
intangibles make it economically feasible, but the revenue from sale of the pro-
ject's electrical output may be insufficient to support the requiretl debt service.
Conversely, a project may be sound financially tut not economically because
social costs outweigh social benefits.

This chapter considers both financial and economic feasibility. Economic
and financial data as well as technical data form the basis for deciiicn making.
Alternative courses of action, such as choice of site, installed capacity, size of
impoundment, and method of financing, must be evaluated in terrns of costs
and benefits to the project sponsor. Such financial and economic analyses are
generally included in reconnaissance studies but in more detail in fc-e"ibility
studies.

For projects in the United States, a comprehensive approach to both eco,
nomic and financial analysis includes a market analysis,-detailed system cost
estimates of several possible physical site alternatives, cash flow analysis during
and after construction, attendant regulatory and licensing requiremlnts which
may influence project feasibility, and alternative methods of financing.

If the sponsor or power purchaser is a large electric utility, the market anal-
ysis may need to include the investigation of methods to integrate hydro-gen-
erated power into the regional grid so that it complements existini thermal
power production. Proper integration depends on such factors as the annual
and seasonal energy production of the project, determination of this demand
profile, and whether the project structures can store water for daily, seasonal,
or cyclical periods. In contrast, a small, isolated plant supplying power to rural
communities may require only a local power survey with provisions for future
increases in load growth.

A variety of methods can be used for the economic analysis of capital proj-
ects. In the analysis of small hydropower projects, specific techniquei are con-
sidered universal practice and have traditionally yielded an objective economic
picture. However, increases in fossil-fuel prices, uncertain inflation, and esca-

Cost type Hydropower Diesel
l. Investment cost p€r kW.
t  I  l . - f , , r  t t c -  ^ c  ^ - - - =- .  vrvr  Br  t r r  s  t , t  cqutPmcnlr  years

3, Capital recovery factor for an intcrest rate of l0 percent
Per annum

4. Power generatcd per year at a load factor of45 pcrcent,
kwh

5. Annual fixed cosls:
Dcbt scrvice, $
Annual cost for maintenancc at I percent and 2.5

perccnt of capital investment, g
Annual cost for operation at 0.5 percent of investment, $
Annual chargcs for administration and ovcrhead at 0,5

perccnt of investment, $
Total annual fixcd cost, g

6. Annual fixcd cost pcr kWh, $
7. Yariablc cost:

_ _ Cost of fucl per kWh in remote localities, $
6. Total coct of generation per kWh at 45 percent load

factor, $

z,uuo.00r
35

0 .1037

3,942

207.40

20.00
r0.00

t0.00
24't.40
0.0627

0.0627

700.001
t 5

0 . 1 3 1 4 5

3,942

92.00

r 7.50
3.50

3.50
I r 6.50
0.030

0.1 8+

0.21
souRcE: Adaptcd from Rcf. 3.rAssumption for mid-1981 pricc lcvel.
tAssumption on thc basis oi a"eragc investmcnt cost of diesel power stations up to I ,000 kw capacity.tBascd on thc pricc of diarcr ru"r a-s so.sJ p"r'iitl, octi"ercd at sitc.

TABLE tl.3 Load Factor and Average Generation
Cost for Hydro and Diesel powcr Stations

Average annual plant
lcp'd faclor,%

Average cost of generation
per kWh, U.S. ccnts

Hydro Dicsel*

25
35
45
55
65

I  1 . 3
8.0
6.27
5 . t 3
4.34

23.3
2 1 . 8
2 t . 0
20.4
20.0

souRcE: Adaptcd from Rcf. 3.'Dicscl calculated at U.S. S.55 pcr titcr.

I I.2 PROJECT ANALYSIS

The economic and financial feasibility must be demonstrated for any hydreelectric project under consideration. The treatment of economic and financialfeasibility as herein presented is not meant to be comprehensive, but simpry toserve as an introduction. Indepth treatment of the subject can be found in Vander Tak{ and Grant et al.5
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lating construction costs have made some traditional methods of economic
analysis less than satisfactory. Today, in spite of high interest rates, some cap
ital-intensive projccts may be more attractive compared to projects having low
capital costs and high annual operating costs. Forihis reason traditionat anqt-
v s i s  f e n h n i n r r x  n o o ' f  + ^  l - ^  ^ ^ t ^ r i - , ^ r - .  ^ - - - r : -  r.yew r.wvrr tv us JstsuLlvEly applteu.

Various site*pccific hydropower schemes requiring separate economic and
financial analysis may fall into one of several categories:

l. Site-specific analysis to determine an optimal plant configuration or capac-
ity for given resource and demand profiles. Eiamples include specification
of multiple turbine-generator units of different sizes in situations where
severe fluctuations in demand or watcr availability exist, reservoir size, or
dam height, etc.

2. Analysis to compare a hydropower project with a thermal or alternative-
energy plaat.

3. Analysis to determine an optimal site for a hydropower project given diverse
resourc€, demand, and geographic constraints.

4. The application of alternative financial schemes.
5. Multipt'FPoso analysis to determine costs and benefits in conjunction with

other Frojects such as irrigation, flood control, and wateruupity.

The ba-sii principle for carrying out these studies is to compare alternatives
on an equi'*alent basis, such as a fixed energy output, time frame, and constant
dollar values. In the analysis, the quantifiable aszumptions must be first estab-
lished,ss follows:

l. Determine all base line project assumptions, such as the period of analysis,
discount rate, cost of capital, and other economic and financial variables.

3. Ascertain project benefits, principally the revenue stream generated by the
sale of electricity (or potable or inigation water if the project is
multipurpose).

4' Determine the source of financing and the specific terms of the loan. If the
project is to be constructed by an agency other than the user of its output,
the contract for the sale of the power may be the key to its financial
feasibility.

5. Choose an appropriate economic analysis methodology, and determine eco-
nomic and financial feasibilitv.

ECONOMIC AND FINANCIAL FEASTBILITY II .7

6- Perform a sensitivity analysis to determine how costs and benefits react to
variations in such factors as plant capacity, discount rate, financing, storage
capacity, load factor, and demand forecasts.

T L -  ^ ^ * - ^ -  ^ : - - ^ ^ ^ L  - -  - - -  - -r rrv vvrrrruuu aPPIUasll to economlc analyses nas Deen to compare costs and

I I.3 BASIC TOOLS OF ECONOMIC ANALYSIS

In analysis of projects on the basis of current monetary value, a fundamental
approach is to apPly discounting to a series of future payments to determine
the value of those payments in current dollars. To deveiop the basic mathe-
matics of analysis, we first introduce some conceptual definitions.

Time Frame

many rural applications.

Interest Rate

used in determining the debt service.
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Discount Rate

The discount rate is used for determining economic feasibility whereas the
interest rate is used to ascertain financial feasibility. The proper rate to use for
f a c l i n o  a ^ ^ n ^ h : ^  f ^ ^ ^ : L : t : a - -  t -  L L  -rverrrrE wwvrrvrrrr! rsaDlull lty Is tne oppoftunlty COSI Ot Capital to sOeiety. ThiS iS
the rate of return that could be earned by investing th" capital cost of the
project in a venture of similar risk or an alternative marginal project.
- The appropriate interest rate for determining financid feasiUility is equiv-

alent to the interest rate paid on the bonds or other securities sold to finance
the project. This will vary for different organizations. On the other hand, the
discount rate for a regulated utility should be the rate of return it is earning or
expects to earn on its rate base. For a public agency in the United States it will
be equivalent to the interest rate on the tax*xempt bonds the agency will sell
to obtain construction funds. The discount rate *ill d"p"nd upoi its source of
funds including the Rural Electrification Administratio; (REA) and the Coop-
erative Finance Corporation for an REA-financed electric cooperative.

Discounted Cash Flow

One of the basic tmls for determining the economic feasibility is discounted
cash flow. All cash expenditures arc tabulated during the chosen period for
comparison each year. The total cash expenditure for each year is then dis-
countedrto the present and cumulatively added to a singl" ,urn. This sum is
then compared with similar sums of discounted expenditures for alternatives.
The alternative with the smallest sum is clearly the ieast costly. A similar com-
parison is made with cash revenues or receipts for the same period. The ratio
between the sum of the discounted rcceipts and the sum of the discounted
expenditures yields the benefit/cost ratio, (B/c), for example.

Ccrtain rules rnust be followed in making'discounted cash flow analyses:

l. The samc period of years must be used for each alternative set of cash
expenditures and each alternative set of cash receipts.

2. The alternatives must have the same energy production and capacity. In
some cases this may require adjustmcnts to the costs of the lowest cost alter-
native. For example, a small hydroelectric plant may produce energy on an
intermittent or seasonal basis and thus havl no sateable peak+apality ouu
put. To make a valid comparison with a diesel-generatini plant *hi.n pr*
duccs both firm €nergy and has salcable peaking .upurity, the cost of the
diescl plant must be adjusted by subtracting the market 

"uiu, 
of its peaking

capacity.

3. Cash expenditures will include renewals and replacements, but if the years
in which these will be made cannot be accurately predicted, then an esti-
mated average annual cash expenditure for renewals and replacements as
well as an accelerated depreciation schedule can be used sincc those costs
will occur far in the futurc.

ECONOMIC AND FTNANCIAL FEASIBILITY IT.9

4. lf the period chosen is shorter than the estimated service life of the hydro
electric plant or one of the alternatives, the discounted salvage value at the
end of the period should be deducted from the sum of the discounted cash
^ - - ^ - , | i + . . - ^ ^  f . | ^ ^ 1 1 . .  4 . , , ^  ^ -  r L - ^ ^  l ! ^ ^ ^ l  l : C ^  ^ - . ^ t ^ ^  ^ L ^ - . I l  ^ ^ - - ^ - - ^ - l  r ^e^PgrrurLureJ. rugllrlJr Lwu ur r,ur9(' rll('$rtrt rrrtr uy(/r('s srruulu gutt(;DPUuu tu

one hydro life for simplicity.

5. If the period chosen exceeds the estimated service life of an alternative
plant, the costs of replacing the plant should be shown in the year or years
preceding the end of its life. Of course, if the second plant's service life
extends beyond the life of the hydroelectric plant, the discounted salvage
value should be deducted from the sum of the discounted cash expenditures
of the alternative plant. It is important to remember that capital and opcr-
ating costs are exclusive of any payments for interest, interest during con-
struction, amortization of debt, or chargcs for depreciation.

Discounting transforms all future costs and revenues into the present time
frame so they can be compared on a current monetary basis. These sums are
simply called the present worth or present value. All future expenditures and
revenues are modified or discounted by a factor which provides escalation due
to opportunity costs and resource depletion. The following expression illustrates
the concept:

Po- S" / ( t  +  k)^ ( l l . r )

where Ps is a sum of money today, S, is a sum of money at year n, and k is
the discount rate. The reciprocal of the term (l + k)^ or quotient Pof S^ is the
present worth factor.

As an example, if we have a sum of $100 in the future and discount it at
the rate of l0 percent for 5 years, our future Sl00 is worth $62 today. The
corollary is clearly that if we invest today's $62 at 10 percent interest, we have
$100 at the cnd of 5 years.

11.4 ECONOMTC ANALYSTS TECHNIQUES

By definition, the economic analysis compares all benefits and costs associated
with a project during its useful life. Costs include initial and recurring annual
expenditures, whereas the benefits include revenues from the sale of powcr.
Intangible or nonmonetary benefits accruing to the community may also be
included if appropriate, as in a developing country. The project may be single-
purpo$e, that is, to supply electricity, or multipurpose, for example, flood con-
trol, irrigation, or water supply. If these objectives are included in the project,
then associated costs and tangible benefits must be included in the analysis.
Cost escalation may also be considered in such an analysis, depending on the
expected rises in labor, materials, fuels, and other consumables.

To carry out indepth economic analysis, all project parameters must bc
defined beginning with the following:
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l .  Instal led capaci ty

2. Annual energy production

3. Load factor
/  ( - ^ ^ l + ^ l  ^ ^ ^ .! r  \ _ a P t r a t  u u D t

5. Operating and maintenance cost
6. Expected interest rate
7. Discount rate

8. Construction period

9. Financing period

10. Value of energy

lI. Cost of distribution system
12. Quantifiable community benefits

Benefit/Cost Ratio

where R61ris the benefit/cost ratio (B/c), pt is the surn of present worth of
benefits, P" is the sum of present worth.of .o_rtr, B; is the benefit for year j, ci
is the costs for year /, and n is the nurnber of years of analysis

ith caution because the project having
;est benefit, since the ratio is not indic_
culd be analyzed incrementally, that is,
ted for projects which may have larger
rer ratio. An analysis of this type must
ntities as well as the ratios.

. An example of benefit/cost analysis of a mini hydro plant is illustrated with
t he following parameters:6

( 1 1 . 2 )
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l .  Installcd capacity, 500 kW

2. Annual energy production, Z.4S X 106 kWh per year
3. Load factor,,56 percent

4. Capital cost, $375,000
5. O&M costs, $15,000 per year

6. Financing cost, 12.5 percent

7. Construction period, I year

8. Financing period, l5 years

9. Escalation rate, l0 percent

10. Value of energy, 2.50/kWh

Table ll.4 shows how typical benefit/cost computations are carried out.
The cosl stream consists of a single capital outlay in year 0 and recurring
expenditures for operation and maintenance which increase at an annual rate
of l0 percent. The benefit stream is simply annual revenues from the sale of

TABLE I1.4 Example of Benefit/Cost Ratio Computationr

Cost streams Prescnt worth

Year Capital O&M, t0%
Benefit Present worth

stream, l07o factor, l2.5Vo Cost Benefit

0
I
2
3
4
5
6
7
8
9

l 0
l l
r 2
l 3
t 4
l 5

375,000 1.00000
.E8889 t4,667 5g,g8g
.790t2 14,341 59,558
.70233 t4,O22 57,257
.62430 13,7 l0 55,994
.55493 13,406 54,740
.49327 l3,l0g 53,524
.43846 t2,gt7 52,334
.38974 12,523 5l, l7l
.34644 t2,253 50,034
.30795 I 1,981 48,922
.27373 I 1,7 15 47,935
.24332 11,454 46,772
.21628 11,200 45,733
.t9225 t0,g5l 44,7t7
.17089 10,708 43,723

16,500
18 ,150
19,965
2t,961
24,159
26,573
29,231
32,154
35,369
38,906
42,797
47,076
51,784
56,962
62,659

67,37 5
7 4,112
81,524
89,676
98,644

108,509
I19 ,359
l3  t , 295
144,424
158,867
L7 4,7  53
192,229
211,452
232,597
255,956

TOTALS

188,864 77 t,r94

Capital cost = $375,000
Present value O&M = $188,864
Present value of benefits = $771,194

Benefit/cost ratio (B/C) : $77 1,1  94
$375,000 + $18E,864

=  1 .3677

Net present value (NPV) - $?71,194 - ($375,000 + $lgg,g64) = $207,330

souRcE: Adaptcd from Rcf. 6.
tAll figurcs in U.S. dollars.
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energy production at its sale price,2.5d/kwh, increasing also at l0 percent
annually. The present worth of costs and benefits is shown in the last column.
These quantities are the product of the present worth factor and benefits or
costs for each year beginning with year l. To compute the benefit/cosr rnrio
Pq. ( t ! '2) is appliod. A ratio larger than iinity makes the projec, r"6""ri""iiv
feasible.

Net Present Value

Another approach, particularly useful for ranking muttiple projects is to com-
pute the net present value (Npv). This procedure is simpiy io compute the
diffcrence between discounted benefits and costs for each ylar, U.ginning with
outlays for construction. Mathematically, this can be shown as:

where N,, is net present value (NpV).
The net present value of our example project is $207,330 as computed with

the above expression. For the project to be economically feasible, N* must be
positive' lf Bi - 

Q' is constant throughout the life of the project eiclusive of
capital cost, then:

Np, : -So * @i- q, 
I

(  l  r .3 )

( l
( l 1 . 4 )
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of projects or specific project alternatives. This method should be applied care-
fully since it represents the aggregate, revealing little about future projcct ece
nomics, particularly if at some future time costs begin to exceed benefits.

Life-Cycle Costs

Life+ycle costing (a variation of simple discounted cash flow) is particularly
useful for comparing the economics of mini hydropower to a thermal energy
system alternative. The rationale for adopting the life-cycle costs (LCC)
approach over other methods is related to rising prices of fossil fuels as wcll as
to the need to consider all costs, operating and capital together, over the cntire
project lifetime.

Thc life-cycle cost of an energy system can be defined as the present value
sum of all expenditures related to capital, operation, debt service, and main-
tenance over its useful life. Life-cycle costing is not unique, yet there is cur-
rently more interest in the method because of the need to compare energy sys-
tems with different cost profiles, e.g., comparing systems with relativety trigtr
front'end capital costs with those characterized by high operating costs. It is a
well-known fact that high initial costs associated with certain energy systems,
lfdro for example, may be justifiable in the face of higher operatirig costs of
fossil-fuel systems due to continuing real price increases.

The LCC approach considers the present value of all costs of two or more
alternatives at a specific site. Here it is considered useful in appraising low
capital cost diesel-generation with a high capital cost mini hydro plant. A
tradeoff situation exists in that after a period of time a break-even point is
reached where low capital cost and accumulated high cost of fuel of the diesel
are equivalent to the high capital cost and low accumulated O&M costs of the
mini hydro plant. Clearly, it is beyond this point that the mini hydro system
becomes more cost effective.

For example, if we propose two systems, d designated for diesel and ft for
hydro, and assume the life of thc hydro plant is equivalent to threc diesel lives,
total expenditures for each could be characterized as follows:

F ,  : . s -  J -  Sat  -  Jar  
+  

So,  -  to ,  _'Jd - odo -T- 
(, + e), 

- 
65n,

& (rr'sa)
nJ

+ I
j -  |

E n = s r c * f r , ? ' , - -
i - r ( l * g t

( l  l . sb )

where
Ea, Et = life-cycle expenditures for diesel and hydro alternatives

Son, Sar, Srz = capital costs for diesel sets in years 0, fl1, n2
Slo : capital cost for hydro plant in year 0

sdt, st2, Jd3 : salvage values for diesel sets in years r\, n2, n3
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nt, nz, r\ : repla,cement years for the diesel set
Caj, Cni : O&M costs for diesel and hydro for each year

The above expressions have been simplified with zero assumed salvage value
f n r  f h a  m i ^ i  L , , - l - ^  - l ^ - r  1 ' L ^ - -  - -rv '  r ' r v  r r r r r r r  r rJ l ' l l ( ,  P la l lL .  r l ley  can eas l l y  De modthed tO renresent  rn  q r - f r rq l
situation.

II.5 FINANCIAL OR CASH FLOW ANALYSIS

A key element in the feasibility study is the financial analysis or determination
of the project's cash flow position over the period of the loan. This analysis will
show whether the project is self-supporting or whether deficits are likely todevelop' Depending on the policies of tnr runoing organization, prouirions can
bc made to meet payback commitments durini deFcit periods which might
occur during initial start-up.

The determination of financial feasibility is simply to compare revenues and
expenditures, including loan repayment, on an annuar cash basis. An exampre
of a cash flow statement is given in Table I 1.5 which uses the data from Table
I l'4' Elements which were not considered in the example were taxes and
depreciation. The specific magnitude of these items would depend on the loan
agreement, local financial practices, and government policies. From Table I 1.5,
it is evident that during the first 2 years of the project, negative cash flows
occur which must be covered from other financiai ,.rour.rs. Generally short
term loans can be negotiated to cover such a period.

TABLE lt.5 Example of Financial Analysis+

ECONOMIC AND FINANCIAL FEASIBIL ITY I  I . I5

I  I .6 DETERMINING BENEFITS

The benefit of electricity production is assumed to be the price the user is wil l-
i n a  t n  n o . ,  f ^ .  i +  

- t ' l - ^ +  
- - : ^ ^  : ^  l ^ a ^ - - : - ^ l  L  -  rr ' .6 rv yqJ twt  rL.  r r rcr l  PrrLe rs ucr t r r l l l i l tcu oy a marKet survey or  establ lsnecl

tariff structure but must be no more than the price of electricity produced by
the lowest cost alternative means. Reasonably accurate consumption trends
and forecasts of monthly demand patterns are required. For small and mini
hydropower systcms, a popular approach is to consider the economic value
equal to the cost of diesel-generated power, The selling price is that price at
which the user is wil l ing to buy and the price at whic'; the seller is wil l ing to
sell. However, the selling price must be higher than the cost of production or
the project will not be financially feasible.

In February 1980 the U.S. Fcderal Regulatory Commission issued reguia-
tions implementing Section 210 of the Public Utilities Regular.ory policy Act
(PURPA) of 1978. Under these regulations, developersofimall hydroelectric
projects (under 30 MW capacity) can sell their output to publiciy-owned or
investor-owned utilities, subject to PURPA, at their avoided cosl for equal
quantities of energy and capacity. Avoided cost is defined as the incremental
(not average) cost the utility would otherwise have to pay for purchased power
or the incremental cost of operating its highest cost generating facility ro pro-
duce an equal amount of energy (e.g., gas turbines). Avoidedcapaciiy cost is
the cost of new peaking capacity from a small hydroelectric project. In some
cases, these avoided costs are based on generation from older oil-fired plants
and range from 4.9 to 6.1 cents per kilowatthour.T

In the analysis of small rural systems in developing countries, both financial
and economic feasibility will depend on maximizing the benefits. For example,
available electricity from a mini hydro plant may reduce costs other than the
cost of electricity for those who are connected to the systcm. These cost-reduc-
tion benefits might include avoidance of kerosene for lighting, diesel fuel used
for irrigation pumping, or other resource savings. Additional indirect benefits
might include (l) the increased agricultural production due to an electric irri-
gation pump, (2) improved health and human productivity because of available
potable water made possible through groundwater pumping, (3) increased job
opportunities and a more positive balanceof-payments for the community due
to increased rural industry made possible by electricity, (+) the availability of
night school classes, and (5) public safety improvements because of publi.
lighting. Although these economic benefits are difficult to quantify, they
significantly improve the quality of life in rural communities of developing
countries.

An approach to quantification of these benefits can be shown mathemati-
cally. Total benefits for some year j can be represente d by \ as follows:

Costs

Dcbt
Year servicet O&M Total Benefits

Net cash flow
(bencfits - costs)

I
)
3
4
5
6
1

8
9

l 0
l t
t 2
t 3
l 4
l 5

56,536
56,536
56,536
56,536
56,536
56,536
56,536
56,536
56,536
56,536
56,536
56,536
56,536
56,536
56,536

16,500 73,036
t 8,150 74,686
19,965 76,501
2t,96t 79,497
24,158 90,694
26,57 3 83,109
29,231 95,767
32,154 Eg,6go
35,369 g l ,g05
38,906 95,442
42,797 99,333
47,0'16 103,612
5t,784 108,320
56,962 I 13,498
62,659 I lg, l95

67,375
7  4 ,112
91 ,524
99,676
99,644

l0g,50g
I  19,359
I  3  1 ,295
144,424
158,967
17 4,7  53
192,229
2t1,452
232,597
255,E56

-  5 ,661
- 574
5,023

l  l , l 7 9
17,950
25,399
33,592
42,605
52,516
63,425
75,420
88 ,617

103 , t32
I l9,0gg
t36,661

souRcE: Adaptcd from Rcf. 6.
rAll figurcs io U.S. dollars.

Bi = trydry * t2id2, * ti pi * P,Ay

[Revenues] f 91tt ttuings tfrro.1e.! I
I increased producrivity J

t$375.00o at l2-5 pcrccnt for t5 ycars. capitat recovery factor equals .r5076.

(  l  r .6 )
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where
Bj = benefits accrued during year j, $
tu : normalized residential tariff for community, $/kwh

dU : aggregate annual residential demand, kWh
l r ,  -  n o r m e l i z e r l  i n r l r r c f r i a l  / ^ ^ - , - o - n i o l  + ^ - i f f  f ^ -  ^ ^ - - - - - : - - -  o  r r  r ' r- q  e  r . . Y e e r . r e r /  w r r u r r w t w l c l t  L 4 l r l l  r u l  u u u l l l l u l l l L y ,  D / K w n

dzj - aggregate annual industrial/commercial demand, kWh
l' : normalized annual cost savings for lighting and potable water pump

ing, diesel fuel, $
Pj : number of irrigation pumps
P" - crop selling price, $/ton
A : ir'ligatcd arca planted in crop, hectares
y : annual increase in productivity, tons/hectare

The above expression assumcs that an existing dieselset is in place to pump
potable water and provide power for lighting. The hydropower set would dis-
Pl1* the diesel providing electricity for those purpot"r in addition to power for
irrigation pumping, possibly increasing agricultural productivity. Eipression
(tl-6) is specific to the assumed circumstances; similar approaches'can be
developed for other situations.

II.7 DETERMINING COSTS

Capital costs for hydro plants are difficult to accurately estimate in the absence
of site+pecific information. Capital costs may be high-in comparison with var-
ious types of thermal plants. However, as pointed out, electiicity production
costs of hydro plants tend to be dominated by financial (debt service) instead
of operating (energy) costs. Little is known regarding future costs wiihout an
accurate estimate of the capital costs by an engineering firm.

Some general guidelines on costs are available. Capital costs of new or ren-
ovated plant in the United States can bc determined uiing accepted estimation
techniques and recently published sources.s However, outside the United
States, theequipment and labor market varies widely over time and place. Sim-
ilar plants in different countries may have altogether different proiect cost prg"
files. Costs which are quoted must 6e carefullf examined in liiht of local cur-
rency strength. A problem which continues to plague such efforts is that in
economies with severe inflation economic feasibility could be endangered by
the time the plant is constructed, which may be several years after the analysis.
- Project capital costs are defined as the stream of disbursements required

during preparation, construction, and start-up. This stream of expenditures
must bc carefully planned so that initial funaing is sufficient to cover the
period. Estimates must be in constant dollars and annual disbursements should
be expressed as a pcrcentage of total capital costs or in absolute amounts con-
sidering annual cscalation. As an example, the capital cost ranges for a typical
high-head site is given in Table I 1.6.
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TABLE ll'6 Capital Costs for Small High-Head Hydro Plants in the United
States (1982)

, Capital expenditure
Approximatc I 980 costs,

$/kw

Turbine-generator
Influent civil works, canal, sand trap, headworks, penstock
Powcrhousc
Electrical equipment
Other mechanical equipment
Service road, outlet works
Cct of land
Distribution systcm
Start-Up
Engineering
I nterest during construction
Taxes, duties, lcvies
Contingencics

400-800
300-500
200-300

100
I

100-200
I

I

a

100-200
a

a

l00-200
'Sitc spccific.

Clearly, all the costs in Table ll.6 are site specific, however as a rule of
thumb, equipment costs are half or less than haif of total capital costs. Civil
costs vary widely depending on plant configuration, cost of materials, and local
labor. Contingencies, engineering, and start-up costs are calculated as fixed

Item Cost expression (1980) Comments

Turbine-generator
equipment, $

Turbinc-generator

equipment, $

Note: C7 is coet in doitan, P is powcr capacity in kW, and ff is h""d in ,*r"rr.

Electricity production costs are a function of annual costs. Key deterrninants
of the magnitude of these costs are initial capital charges, the construction
period influencing interest paid during construction, the useful life of the plant

C7 : 40,000(f 1yy'st

Cr = 4,000 PD'l H-o'35

Units bclow 1.5 MW,
Swedish expcrience,
1978

Units below 5 MW. U.S.
expenence
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which may influence the interest rate and size of loan paymcnts, the load factoror percentage of full operal' ing capacity uti l ized, and other operating and main-tenance costs.

- Most energy production costs are prinrarily f ixed and can be brokcn into thef,oiiowing cateqories:

l. Debt service

2. Salaries or wages of operating personnel
3. Taxes

4. Water-right payments

5. Depreciation of facilities
6. Appreciation on land
7. Regular maintenance expenses
8. Unplanned repairs (renewals and replacements)
9. General and adrninistrative

As the list suggests, virtually all significant expenses can be forecast. Gen-eral and administrative costs are fixed costs. However, unplanned repairs couldbe a significant item during emergency periods; for example, in the event of aflood thcre would be significant ctan-up expense and repair work. obviously,
these costs cannot be predicted, but funds should be available in the event ofemergentcies.

The annual cost of power generation will increase each year because of esca-lation of operation and maintenance costs. often, a levenzld or average unnualgeneration cost can be determined in dollars per kilowatthour over n-years bydiscounting all costs forward on a present worth basis using the following
expression:
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I I.8 U.S. FINANCING

As shown earlier, the cost of producing electricity is dependent upon plant
n r r p r q t i n n c  r p c r r l o f i n n  ^ ^ l i ^ i o o  . - . 1  C ^ ^ - ^ i - ^  I -  + l - -  I  I - i + ^ . |  Q + ^ + ^ ^  + r ! , ^v t / v44 r r v r r t t  r v6 l . r q r r v r l  

Pv r r v rwJ j  4 l lU  r r l r ( t l rWr r lS .  | ' t l  L l l t /  \ J l l l L ( / ( l  \ ) Ld l , LgD ,  LWtJ

financing alternatives were available: government loans administered through
the Department of Energy (DOE) until 1983 and the sale of bonds. The Public
Utility Regulation Act of 1978 made funds available through DOE for up to
75 percent of project costs. These loans were for 30 years with an interest rate
determined at the time of application. The conventional approach to financing
by public agencies is to sell tax.rxempt revenue bonds to be retired in 40 years
or less. An entire project could be financed this way, or, until 1983, with DOE
financing and the remaining 25 percent financed privately.

I I.9 SOME CASE STUDY EXAMPLES

Mora Canal Droplo

In 1978, the Tudor Engineering Company of San Francisco, California, carried
out a feasibility study on the hydroelectric potential of the Mora Canal Drop
located near Boise, Idaho. The study was requested by the Boisc Project Board
of Control, an irrigation control authority. Recommendations included instal-
lation of a 1,900-kW tubular-type turbine-generator operating under a head of
approximately l2 m (39.36 ft).

Table 11.7 presents costs and computed energy production costs under a
bond financing arrangement. Two costs are given because two flows were used

TABLE ll.7 Energy Production Cost Compuration for
Mora Canal Drop

Initial capital cost

Annual expense:

Repayment: $ 1,000,000 1Vo, 40 years

$ 787,750 l lVo,40 years
Operation and maintenance

Total annual expcnses

Energy production cost:

Avcrage annual energy = 8,113,000 kWh

EPC :  
180'346

8,113,000 
= $0'022/kwh

Average annual cnergy = 6,612,000 kWh

Epc :  180'346

6.612.000 
= $0'027/kwh

L = R ( # ) . ^ ( * ) ( r  1 .7 )
$1,787,750

75,091
80,555
24,700

$ 180,346

$/kwh =
Annual energy production

The cost of energy at U.S. plants are often forecast as a fraction of capitalcost as suggested by Gordon and Penman.e They assume that annual cosrs are12.5 pcrccnt of capital costs.
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TABLE ll.8 Benefit/cost Ratios with conventional Funding option
Mora Canal Drop

ECONOMIC AND FINANCIAL FEASIBILITY II.2I

Energy production is 20 X 106 kwh/year with a 100 percent plant factor.
The value of electric power varies between 20 and 50 mills*/kwh in S-mill
increments.

F.scalet inn i" ( t tr .". . .nt r\cr rreerv v r . e  
r v .  J  

v s r  .

The benefit/cost ratio was the preferred method of analysis. The present
value of costs and benefits are compared using discounted cash flow as previ-
ously presented. Table I 1.9 shows a typical calculation sheet assuming $1,500/
kW installed capital cost. Computations of this type can be easily carried out
on a microcomputer. The benefit/cost ratio for this scenario is 1.37. Figure
I 1.2 shows the value of energy produced under various values of capital cost
and first year energy values for power purchased from nonhydro suppliers.
Note that a large capital investment decision made early has an advantage over
future uncertainty regarding fossil-fuel prices. Figure I1.3 shows the benefit/
cost ratio as a function of capital cost and the energy value of non-hydregen-
erated power. As the cost of purchased power increases, the benefit/cost ratio
increases for an investment decision currently made. Figure I 1.4 shows the
energy value as function of capital cost when the benefit/cost ratio is l.

A parametric study of this type allows the decision maker to examine a large
number of possible alternatives under conditions of uncertainty. A determina-
tion can be made as to which specific scenario makes the hydropower system
economically feasible. This type of sensitivity analysis is being developcd in
conjunction with efforts to select econornically viable sites from a large number
of possibilitiesJ2'r3

Swaziland Micro Hydro Projectra

Life-cycle costs for a diesel-pump project are compared with a micro hydro
electric pump combination. In conjunction with a World Health Organization
(WHO) Integrated Water Supply and Sanitation Demonstration Project,
located in the Shiselweni district of Swaziland, seven diesel pumps are to be
installed to supply potable water to approximately 1,000 homesteads. l-ocated
in the vicinity of one of the boreholes is a small stream, the Matimatima, where
a micro hydro plant is to be installed to provide electricity for an electric pump
to replace one of the proposed diesels.

Life-cycle cost analysis as described in Section I 1.4 is used to compare alter-
natives. The basic economic assumptions are given in Table 11.10. Project life
for small dicsels is usually 8 to l0 years and for micro hydro plants 15 to 20
years. However, for simplicity, l0 years is used for both. Discount rates of 10,
20, and 30 percent are applied to cover a range of funding possibilities, includ-
ing private. For very high discount rates, choosing a long time horizon may be
irrelevant since expenditures after a certain period would be inconsequential.

tA mill is thc popular dcfinition of $0.001.

Discount Rate, Vo

5.
6.

7-
Energy

8,  t  I3,000 kwh/Yr
Present worth benefits
Prescnt worth costs
Benefit/cost ratio

Energy
6,612,000 kwh/yr

Pre.scnt worth benefits
Prcsent worth costs
Bcncfit/cost ratio

$3,324,794
2,745,190

t . 2 l

$2,709,660
2,745,190

0.99

2,590,510
2 , l 5g , l 7g

r.20

2,103,095
2 , l 5g , l 7g

0.97

2,091,409
1,766,97 5

l . l 8

1,704,473
1,766,975

0.96

in the original computations. These costs must be met by revenues if the project
is to be economicallyviable. Table ll.8 presents beneht /c,ostratios for threediscount rates. only the higher flow condition will yield a positive benefit/cost
ratio at all three discount rates. Further study *uio be warranted since esca-lation was not considered in this moder. For Lxampt", ir,r".tri.ii1.cost esca-
lation is included, the increase in benefits will outstiip increases in o&M costs
thereby raising the benefit/cost ratio. This example demonstrates the sensitiv-
ity of energy production costs to the amount of energy production and the ben-
efit/cost ratio to discount rate.

IWRRI Parametric Studyt I

when thc decision maker is faced with a number of possible technical alter-
natives as well as with uncertainty regarding interest rates and cost escalation
in fossil-fuel priccs, a detailed rcniitiuity anilysis of energy production costs tothese factors must be carried out. In 

" 
,rnritiuity anaiysii or a parametric

nge of values, and their effects on the
,ropower parametric study would focus
ations in plant size, discount rate, load
ant life.
r Water Resources Research Institute
rir hypothetical example is reproduced

I. Installed generating capacity is 6 MW.
2. capital costs vary from $1,000 to $3,500 per installed kilowatt, in $500incremcnts.

3. Thc plant is funded through a 4uyear loan at l0 perccnt interest.
4. operating and maintenance (o&M) costs are $50,000 the first year.



TABLE I t .9 IWRRI Hydro Example_Calculat ion Sheet

Repay, g
Year (4}-year/ l07o) o&M, $ Total, $

Purchase Prcsent worth
mi l l  ra te ,  f ac to r  (PWF)

mi l ls /kWh lOVo

Prcst : i , l  norrh Prcscnt  wort l r
P rcscn t  wor th  (PW)  bcnc t i t ,  (P \ \ , )  su rp lus .
( P Y , l ) c o s t , $  $  $

Hydro
mi l l  rate,

mills/
kwh

Energy
purchase, $

I
z
3
4
5

36
3 7
3 E
39
40

920,335.00
920,335.00
920,335.00
920,335.00
920,335.00

920,335.00
920,335.00
920,335.00
920,335.00
920,335.00

50,000.00
52,500.00
55,124.99
57,991.24
60,7.75.30

275,799.50
289,588.38
304,067.'t5
3t9 ,27 t . t3
335,234.63

970,335.00
o7?  Q l . d  O , t
'  t  - r e J a , J a

97 5,459.94
978,2r6. r9
9 8 t , 1 1 0 . 2 5

l ,  te6,  i33.00
I,209,923.00
1,224,402.00
I,239,606.00
1,255,569.00

900,000.00
o J y , y y y . y 4

881,999.98
926,099.91
972,404.75

4,4t2,776.00
4,633,414.00
4,865,094.00
5,109,339,00
5,363,754.00

/  4 0 O O

42.00
44 .10
46.30
48 62

220.64
231.67
243.26
255.42
268.19

0.90909 !4
0.6264475
0 . 7 5 1 3  t 6 7
0 .6830 r57
0.6209239

0.0323502
0.0294093
0.0267358
0.0243053
0.0220957

8 8 2 . 1 2 1 .  t  , 1
803 .997 .00
7 3 2 , 8 7 9 . 3 1

668 ,  |  17 .00
609 ,  t94 .8  r

838.69_s.  |  7
3 5.  i t t  1.02
1 )  7 1 5  1 )

30 ,  r  : 8 .96
27  , t  42  6 . )

727.27. r .0<;
694,21 ,s .88
6(12,o6 l . l -5

632,54i) . ( ,9
603 .7 r i  9 .38

| 42,7 54.25
r 3 6 . 2 6 5 . 5 6
I  30 ,071  .75
1 2 4 , l _ s 9 . 5 0
r  1 8 , 5  |  5 . 9 4

-  i 54 ,850 .06
-  r 0 9 , 7 8 1 .  r 1
- 7 0 , 2 1 8 . 0 ( i
. -  1 5  5 q 6  1 r

-  5 ,405 .41

104,059.06
r00,682.50
97 ,336 .18
94,030.50
90 ,77  3 .19

48.52
A O  I A
t o . u n

48.77
48.91
49..06

sg.g r
60.s0
6t.22
6 r .98
62.78

Benefit/cost ratio : 1.37
6 MW/20,000,000 kWh annual energy
4O mill/kWh thermal energy purchasc alternatives
Capital cost: $1500/kW instailed
Assumed interest rate: ljVo
Assumed 5% annual inflationary rate on O&M and purchasc energy

GMW small hydro example

Years

Value of  energy under var ious capi ta l

3
T
E

9 6 0
(u

P
q)

rE so

0

FIG. r 1.2
costs.

B C, present worlh
basis

R P e H F g
= F H 6 i M H

Capital cosl, S kW installed

FIG.  I1 .3  B /C ra t io  as  a  func t ion  o f  cap i ta l  cos t .

rt,z2
tt.23
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Economic:
Project life
Discount ratc
Rcsidual value
Dicscl-fucl price increaser
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TABLE ll.ll Diesel-Pump Costs, December 1979

Capital Costs

Small dicscl. l0 kWr' /
l ^ - - l - : f , . - ^ l  - . . - -  . n nvvurruuE. t t  putupr  JUv-r [  ( rJz.+-m, neao

Frame, controls, miscellancous equipmcnt

G l  n n

600
400

$2,000

Arrnual Opcration and Maintenancc Cost

$2,370
200

$2,570
+Total head is 163 m (535 ft) at Matimatima which includcs a wcll 42.6 m (139.7 ft)

d.ccp. No Prcssurc drop is assumcd duc to friction sincc pipc sizc has not bccn dctcrmincd and
thc pump will not bc drawing frorn thc bottom of thc wcll but from thc drawdown tocated
abovc thc !q,-,-o-o'.T9 RumR 3 L/s (approximatcty 50 gar/min) ovcr a 153-m (525-ft) hcad
rcquircs 4.? kw or with a 50 pcrccnt cfficicnt cnginc/pump wili rcquirc a l&kw machinc.

TABLE ll.l2 Hydro-electric pump Costs, December
t979

Capital Costs

Electromechanical equipment:
lO.kW turbine-generation set

Extension line, 900 V, I km (0.621 mi)
Civil works impoundment, penstock, powerhouse

Electric motor pump,
500'ft (152-m) head, 50 gat/min (189 L/min) 1,000

$r4,000

Annual Operation and Maintenance Costs

6Vo of capital costs $ 840

Computations were carried out to determine the sensitivity of life-cycle costs
to:

l. Three reference diesel-fuel annual real price increases, 5, 10, and 20
percent.

2. Three discount rates, 10, 20, and 30 percent.

Diesel fuel,0.50 L/kWh $1.50/gal, pumping for 4 h per day
yields $16.48 pcr day, or

Maintcnance, l0% of capital cost

1 0 Lg
Capitaj co6t gkw installed

[%';1. :ti'fi;lff f ;::::fl :,::: 
pi,a, c.s, a nd

Residual oi scrap varue is difficult to determine; however, l0 percent for
mechanical equipment is not uncommon.

Diesel-fuel prices will continue to rise. Swaziland diesel-fuel prices wereapproximately $1.50 per gallon in 1979, the year of this investigation. Consid-
erable unc€rtainty continues to exist in future long-term diesel-fuel prices. Itis therefore convenient to present a wide band of pi"" increases and then con-
1":1 t sensitivity analysis. Three fuel price scenarios were used as shown inTable I l'10: high, intermediate, and low. Since the intermediate projection isno more likely to occur than the high or low, it was important to use all threeprojections to determine the sensitivity of life cycle costs to different levels offuel prices.

TABLE Il.I0 Life-CVcle Costing Basic Assumptions

$ 6,000
4,000
3,000

l0 years
t0,20,30vo
l0Vo of capital cost
5, l0,20vo

.Bascpricc, $1.50/gal, 1979. Dicscl fucl pricc for any ycar can bc
:::p.":{jr, | : !, 

(,1.+ n'. whcre p jr priic ycar t ri ii uarc pricqhcrc f-1.50, / is annual incrcasc, hcrc l0%, 
"na 

i-is i;;,.-h;;; 5:fi;diarcl fucl pricc incrcasc docs nor includc inhation sinct a *nri"",Joiru,
analyris is urcd.
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Figure I 1.5 i l lustratcs the chronological constant dollar cash llows for the
two projects. Note the effect of diesel-fuel price increases. On the basis of con-
stant dollar cash flows, the diesel pump is cheaper for the first few years. How-
ever' the high capital cost of the micro hydro installation is overshadowed after
^ ^ ^ - ^ - : - ^ + ^ l - . 1 - - - -  r , r4PPru^rrrrat t r ry J years oy tne escalat lng luel  pnce lncreases whieh led to a large
cumulative expenditure regardless of discount rate. Since hydropower is capital
intensive, life-cycle costs are particularly sensitive to discount iates as we see
below.

Figure I I .6 shows life<ycle costs or present worth of all future expenditures

140
'r30

120
1 1 0

year

FIG. I t.5 consrant dollar cash flows for diesel pump and micro hydro
set.
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\ Sensilivity of lifecycle costs
\ to discount rate for three diesel

, \ fuel pnce irrcreases (f)

- Diesel-pump
-- Mini-hydro

I

1 0 2 0 3 0 4 f .

Discount rate, i
FIc. I1.6 sensitivity of l ife-cycle costs to discount rate for three die-
sel fuel price increasesf

as a function of discount rate. The rather interesting result is that, with high
discount rates, the diesel pump becomes competitive with the hydro scheme.
However, it is somewhat doubtful that the dual effect of a real fuel price
increase of only 5 or l0 percent will occur sirnultaneously with discount rates
going above 20 percent. It is assumed that the discount rate is informally
related to energy price increases. A discount rate of l5 percent and an annual
real fuel price increase of l0 percent appear more likely. Under those circum-
stances, the micro hydro scheme is favorable.

An additional factor not considered in this analysis is that generally the
project life for the micro hydro exceeds l0 years, whereas for the diesel pump,
it is usually less than l0 years. Replacement costs were also not considered. If
they were, the micro hydro project would appear clearly more attractive.

The expressions which were used to compute the present worth of all future
expenditures for the two schemes are given below. The present value of the
micro hydro life-cycle costs are limited to current capital cost and O&M costs.
The present value of the diesel-pump system costs include capital costs, and
o&M costs as well as fuel costs subject to annual escalation.

Micro Hydro

l 0

Et = 14,000 + 840 I

30

25

n

1 5

1

I
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o
8

@
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o
o
h
d)=
o
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(l'

cq)
at
E(L

I

90
n
70

60
50
401
30i
201
101
0 l

0

Constant doilar cash flows lor micro-
hydro pro,ect 1929 - i9g9 (nondismunted)

Constant dollar cash florrvs for
diesel purnp, 1 979-19Bg (nondiscounted)

O&M + fud costs

Capital

t
I
I

tr/"
annual
real fuel
pnce
rncrease

150
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Diesel Pump

Ea:2,ooo+2oo l ,# ,  +2,370t#]  .

+ 2,370(r +r ' '  fur!* l
where, / is the diesel-fuel price increase exclusive of inflation.

It would appear from the analysis that the micro hydro is cost competitive
based on the assumptions. If we use only constant doliar cash flow, the micro
hydro is competitive after about 3-years' service. By choosing tife-cycle cost
analysis, the magnitude of the discount rate has affected the economic viability
of the project. However, since we assume that diesel-fuel prices will continue
to climb and the discount rate is highly variable, it certainly appears prudent
to spend more of today's dollars to avoid uncertain expenses in the future.

Mbulu Hydro Project3

In conjunction with their energy analysis efforts, the United Nations Depart-
ment of Technical Cooperation for Development sent a reconnaissance miision
to the Arusha region of Tanzania in l98l to evaluate the feasibility of small
hydropower. A site on the confluence of the Hainu and Nambisi r-ivers near
the town of Mbulu was selected for analysis.

Thc project consists of a 150GkW capacity run-of-river plant utilizing three
50Gkw turbine-generators operating under a head of a2b m{1377.6 ft). A

TABLE tl.l3 Capital Cost of Mbulu project*
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TABLE Il.14 Annual Fixed Costs of the Mbulu project+

Cost itcm
Generation

Works
Transmission and

distribution

Maintenane e, l% lar gJnrr"tio* and 2%
for transmission and distribution

Opcration,0.5%
Overhead,0.57o
Oapital Invcstmcnt

Total

30,000
15,000
15,000

330.000
390,000

22,OOO
5,500
5,500

t30,000
163,000

Itcm

Capital
Dcpreciation investment,
period, years $ US 000

Capital recovery
factor, l0% Annual cost,

annual interest $ US 000

souRcE: Adaptcd from Rcf. 3.
'U.S. dollars

distribution system supplying power to two communities, Mbulu and Babati
was also planned. It is anticipated that 8.0 GWh of energy at a 60 percent load
factor will be available. Construction is estimated to tai; 3 years with capital
costs expended at 10, 60, and 100 percent cumulatively.

Tables lt.l3 and 11.14 show capital cost and annual fixed costs for the
project. The cost of generation was computed as follows:

Annual fixed costs $556,000
Annual energy production 8.0 GWh

= $0.070/kWh

If we assume a loss of l0 percent during transmission, leavin g7.2 GWh, then
the cost to the consumer would be $0.077/kWh.

11.10 SUMMARY

The material and case study examples given in this chapter were presented to
illustrate the variety of economic analysis techniqu.s t"hi"h can bt applied to
determine both economic and financial feasibility. However, informli judg-
ment and reasoning must be used in developing underlying assumptions and
choice of analysis techniques. Clearly, an analyst could influence thl outcome
through the choice of techniques and assumptions. There are no universal
approaches, but only rough guidelines. Care must, therefore, be exercised in
developing the economic and financial rationale for a particular project.

In addition, economic and financial analysis of a hydro scheme in a devel-
oping country may require the use of shadow economics, determining the
effects of subsidization and balance of payments implication. The information
presented in this chapter is primarily for use in an unplanned market economy
where revenues gained through the sale of electricity must fully support a
project.

Gcncration:
Civil works
Plant and cquipmcnt

Subrotal
lntcrcst during construction

Subtotal gcneration:

Transmission, transformation.
and distribution

Intcrcst during
construction

Subtotal
GRAND TOTAL

35
35

2,250.00
750.00

3,000.00
210.00

3,210.00
I ,107.00

77,50
I , 184 .50
4,394.50

0.1037

25

330

souRcE: Adaptcd from Rcf. 3.
rU.S. dollan.

0.1 102 1 3 0
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I2.I PLANNTNG A SMALL HYDROPOWER
PROJECT

Implementing a hydropower project requires a series of sequential steps which
can broadly be categorized as planning activities, procurement, construction,
and start-up. A typical project schedule as described by the u.S. Army Corps
of Engineers is shown in Fig. l}. l. l

Planning studies include all types of investigations performed to determine
the desirability of carrying out a project. These studies are initiated when a
proposal for a site is deemed worthy of interest and should be completed when
construction starts (on Fig. 12.1, planning studies therefore would extend from
time 0 to approximately the 24th month).

Planning studies vary in scope, detail, depth, and intended audience and
lead to various decisions and commitments made during the preconstruction
period. Following business and international practice, planning itudi"t are gen-
erally grouped in three main categories: ( I ) reconnaisance studies, also referred
to as appraisal and prefeasibility studies, (2) feasibility studies, and (3)
detailed design studies or definitive site studies.

Briefly, the objective of reconnaisance studie.r is to determine if the project
under investigation merits a full feasibility study (months 0 to I on Fig. l2.l).
Feasibility studies will define the proposed project more concretely and assess

System Design ond Cqse Studies
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I2.2 SMALL AND MINI HYDRoFowER SYSTEMS

its potential as well as determine whether an investment commitment should
be made (months I to 6 on Fig. l2.l ). Defnitive site studies arc linal studies
performed between the time of the implementation commitment and the begin-
ning of construction (months 6 to 24 on Fig. l2.l ). These studies result in per-
m i t  a n n l i c e t i n n c  l i c e n c i n o  n a o n t i q f i n n c  f , n o - n i - -  a ' 1 6 n d 6 ' * 6 h + -  * ^ - I - ^ ] : - -. - - - -  - f  r - - -  " v E v l r s t r v r r e t  . r r l q r l v l r l S  4 r t C l t r E l , l l l t / l l l D t  f  f  f 4 f  l \ 9 l l l l B l

agreements, and engineering designs and specifications.
As indicated in Fig. 12.1, the budget requircd to perforrn all site studies

could reach 25 percent of total project cost; reconnaissance and feasibility stud-
ies alone may require up to about l0 percent of totat cost. That sufficient fund-
ing must be available to reach a substantiated "go/no-go" decision must be
kept in mind by planners and investors when initiating a proposed project.

The main purpose of this handbook is to provide planners, engineers, and
decision makers rcsponsible for the development of hydropower resources with
sufficient background and understanding of the tasks and elements included in
the design and analysis process. Emphasis is placed on reconnaissance and fea-
sibility analysis during which the role of the planner or project initiator is cru-
cial. Once a decision to implement has been reached, the detailed site studies
can be pcrformed by specialized teams or individuals. At that point, the ser-
vices of a project engineer are required in coordinating the activities of several
specialists.

I2.2 TiECONNAISSANCE STUDIES

The reconnaissance study is a small-scale or abridged feasibility study intended
to detcrmine which of several sitcs should be considered for more in-depth
analysis. Therefore, it is broad and designed to highlight the critical issues,
taking a first cut at presenting the principal technical, economic, and financial
factors. It does not include a sensitive analysis but might proposc several tech-
nical alternatives. Reconnaissance studies are designed to reduce the risk of
unfavorable projects by increasing the potential for selecting attractive sites
thereby optimizing the investment. It is relatively simple to rank several recon-
naissance studies to identify sites which merit priority development. These sites
would have favorable indicators such as a positive benefit/cost ratio warranting
further indepth investigation.

The U.S. Army Corps of Engineers defined a reconnaissance study as "a
preliminary feasibility study designed to ascertain whether a feasibility study
is warranted."l A reconnaissance study is, therefore, an abridged feasibility
study having as its major objectives a preliminary economic evaluation and
identification of the critical issues which will have to be considered during the
feasibility study.

Figure 12.2 shows a generalized study flowchart proposed by Tudor Engi-
neering Company for performing a feasibility stucly.2 The same basic flowchart
can be used for reconnaissance studies with somewhat less depth of investiga:
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I2.4 SMALL AND MINI TIYDRoPowER sYSTEMs

tion. The procedure proposed by thc U.S. Army corps of Engineers for con-
ducting a reconnaissance study is also similar to that shown in nig. 12.2. Thc
steps involved in the reconnaissance analysis are briefly dcscribed:

r  Q * o ^ o  |  4 ^  2 .  t f - ^ l ^ ^ e  i l ^ - e t f  ^ - r : -  . r  i i - !rJleP- r .u r. r-tuJvut luentll lCatton, Slte COnOltlons, and prOJeCt layOUt: Pru
iect identifcation includes determining location of thc projcct, approxinrlte
market for the electricity produced (local demand or interconnection to exist-
ing grid), cxisting facilities, etc. Site conditions include securing maps, deter-
mining geological conditions, status of water rights, etc. A pr.li.inury
arrangement based on site conditions can then be proposed. The project laj-
oul should enable the designer to determine the available hcad and iake into
account other water demands such as irrigation.

' Steps 4 and 9: Identify potential environmental factors critical to the
development.

' Step 5: Institutional factors: This task should evaluate regulatory, insti1u-
tional, liccnsing, marketing, and transmission factors as well as identify the
agencies or other governing bodies involved in resolving these issues. poten-
tial roadblock should also be identified.

' steps 6 and ll: Flow data, capacity, and energy output: when available,
flow data should be used to evaluate the energy output for a range of power
capacities. At some sites approximate flows may have to be generated due to
the.!ack of sufficient historical data.

' Step 7: Proposed project layout is made on the basis of preliminary flow
data.

' Step 12: Project costs: Project costs for various ranges of capacities and
plant designs are determined using standard tables of cost u.riw capacity
and plant charactcristics (cost versus capacity and head, for example).

' Steps 8 and l0: Alternative sources of electrical power: The cost of energy
produced from sources such as dieselor grid as well as the potential for sales
should be estimated. The most attractive financing mechanism can also be
identified. These could include government loans, grants, or other investment
strategies.

' Steps 13 and 14: System optimization: The economic data generated for
various configurations are used to select the capacity of the plant and deter-
mine the project's physical arrangement. This task is basicaliy an analysis of
the sensitivity of costs and revenues to alternative design options.

' Steps I5 and l6: Determine environmental and institutional requirements:
Environmental constraints should be identified and a plan develoied to meet
all institutional requirements.

' Steps l7 to 20: Finalize plant characteristics, costs, economics, and
financing: These steps will fix project characteristics, economics, and
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financing mechanisms. They constitute the bottom line of the reconnaissance
study on the basis of which recommendations are made.

' Step 2l: Ploject schedule: A tentative project schedule should be prepared./
' Step 22: Recommendations and fina! report: This task summarizes ihe

findings with emphasis on the economic feasibility of the project and identi-
fication of areas requiring further investigation. A recommendation is made
on this basis to proceed with a full scale feasibility study.
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12.6 SMALL AND MINI HYDROPOWER SYSTEMS

The flowchart described is not rigid and should be modified as dictated by
site-specific conditions and institutionat requirements. Based on U.S. labor and
overall project costs, the U.S. Army Corps of Engineers estimated the cost of
reconnaissance studies to be from 0.15 to 0.30 percent of the estimated con-
c f n r n f i n n  n n c f  ' T L o - a  o - + l * ^ + ^  L ^ : - - - ^ - - ^ l  - - - L - - -  ,  rer rsv l tvr r  woLr  t r rwDv eDLrr l r<r leD r , .1 I l  ug I t I IPIUVCU Wnen PfOJeCt SCale lS KnOWn.

A more realistic estimate of the effort involved in reconnaissance studies may
be about l0 to 15 workcrdays over a l5-to-30day time frame for projects in
the l-MW range and 45 to 60 workerdays over a 45-togGday time period for
projects in the l5-MW capacity range.r

In the case of mini or micro hydro projects, an experienced engineer with a
background in economic analysis should be able to pcrform thi evaluation.
Reconnaissance studies for small hydro projects in developing countries may
require the participation of an engineer, an economist, and a social scientist.
Table l2.l illustrates the key elements suggested for a reconnaissance study in
a developing country.

I2.3 FEASIBILITY STUDIES

The aim of reconnaissance studies is to carry out a pretiminary economic anal_
Ysis and* to identify the issues critical to the successful implementation of the

TABLE l2.l Elements of a Reconnaissance Study in a Developing country
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project. In contrast, the purpose of a feasibility study is to firm up the economic
analysis and to analyze those unresolved issues. The definition of a feasibility
study proposed by the U.S. Army Corps of Engineers, "an investigation per-
fnr rned fn fnr rnrr ln f  e  q hrr r l rnn^rupr  nrn ionf  o- .1 . loG- i+ i " - t . ,  i+-  . l^ - i -^L l l i+ . ,Dv s . .Jsrvyvvtvr  y .vJvv l  4r ls  swl l r l l l lYVrJ CrJatrvJD l lD \ fVDf f  4Uf f f  lJ

for implementation," summarizes the scope of a feasibility study.r
A full-scale feasibility study contains all the elements of the reconnaissance

study, usually including a sensitivity analysis of various design and finance
options, design drawings, and indepth discussion of all issues raised in previous
studies. A team incorporating several disciplines is generally necessary: geo
technicalengineering, hydropower engineering, electrical engineering, econom-
ics, finance, law, and social sciences. The project is formulated, from beginning
to end. Costs and benefits must be clearly defined. Construction and operation
management must be determined as wcll. The feasibility study should guide a
contractor in carrying out all details of the project. The indepth economic and
financial analyses normally would include a sensitivity analysis to determine
the effect of variable discount rates, inflation, and several tariff structures. The
analysis would also address financing strategies-public, private, or quasi-pub,
lic-loan repayment, and cash flows.

Cursory system design is carried out during the feasibility phase. This gen-
erally includes a detailed site plan giving plant configuration and required
excavation. It should include overall drawings of the powerhouse and all civil
and electrical works; a detailed list of materials, labor, and supervisory services;
budgets;cash flows; and a detailed implementation schedule.

In addition, an in-depth determination of the productive uses of electricity
should be made for sites in developing countries. Increased agricultural pre
ductivity or the establishment of small rural industries become the principal
economic justification for development of a site. When computing the benefits
of a particular development, the additional income resulting from increased
energy availability must be factored into the analysis.

The specific tasks required for a feasibility study were outlined on Fig. 12.2.
This approach was developed by the Tudor Engineering Company under con-
tract to the U.S. Department of Interior's Water and Power Resource Service.2
The tasks are organized in an increasing order of specificity as exemplified by
the "engineering" colurnn. For example, tasks I to 3 deal with general, broad
characteristics of the project, task 7 suggests one or several possible layouts for
the project, task 14 focuses on a final design for the project, and task 2l pre
poses a schedule for implementation. A similar approach to specificity is pur-
sued in other areas of investigation: economic analysis, cost analysis, power
analysis, etc. The background provided by the reconnaissance study should
reduce the alternatives to be exarnined in each area of investigation. As an
example, the reconnaissance study has identified the critical environmental
issues relevant to the project, thereby focusing the scope of the feasibility study
in that area.

I. Sitcdevclopmcnt rationalc
r Economic profilc of rcgion
r Encrgy demand

IL Sitc dcscription
o Community description
o Physical site charactcristics

II[. Powcr and cncrgy potcntial
o Hydraulic rcsource
o Powcr dctermination
r Annual cncrgy production and

profilc 
IX.

IV. Physical configuration
o Turbo-generating eguipment
o Electricalequipment 

X.
r Distribution system
r Civil works

V. Project costs
o Capital costs
e Annualizcd O&M costs
r Annual investment cost

Project bencfits
o ldentify revcnue stream
o Identify indircct bcnefits

Economic fcasibility
o Cost/bcncfit analysis or rateof-

rcturn

Financial feasibility
o ldentify funding mechanism
r Covenants of loan agreement
o Cash flow analysis

Environmental impact
o During construction
r During operation

Social analysis
o Management and operation
o Local participation opportunities
o General community impact
o Institutional arrangements

v t .

VI I .

VI I I .
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The tasks included in a feasibil i ty study arc described below (refer to Fig.
12.2 for the sequence of tasks):

t. Project ldentif ication: The scopeof this task is to identify the location
and main features of the project. The project may be built around existlng
structures, such as an irrigation dam and reservoir, or interconnection with
an clectrical grid may be planned. The near-term market and projected
demand pattern for electricity should be determined. This may be a crit-
ical factor in developing areas where the capacity factor may be low ini-
tially, thereby reducing the economic attractiveness of a project. (Data
needed to estimate projected demand were presented in Chaps. 7 and 10.)

2. Site Conditions: After a site has been identified it is necessary to eval-
uate local conditions. This procedure should include the following:
. Procurement of site plans for existing developments, if any.
. Obtain local topography map.
o Determine the legal access to the site for both project construction and

operation.
. Obtain any existing data on site geology and determine the need for

additional geologic exploration.
. Review the history of prior developments at or near the site to determine

any possible constraints on this or future developments.
. De(ermine the current status of water rights for hydroelectric

development.

(The legal background on water rights and use required to perform this
task were presented in Chap. 9.)

3. Project Layout and operational criteria: A preliminary project layout
is made after evaluating site conditions. The layout should specify further
evaluations required to determine the expected head through the turbine.
It is also necessary to establish if the water releases from the project are
to be allocated for other uses. Thcse uses govern plant operation; power
production can be significantly different if there can be operational
flexibility permitting optimization of the power output. However, at this
stage both the project layout and operation criteria are preliminary and
subject to later modification as the study proceeds. (Methods for making
a preliminary power production estimate were discussed in chaps. 2, 3,
and 4.)

4. Environmental Factors: The major environmental issues need to be
investigated concurrently while preparing the preliminary layout. These
include:

. Effects of the project on fish and wildlife resources,

. Changes in the water quality.
r Determination of recreational benefits.
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. Determination if an archeological investigation is required.

. Impact on visual appearances.

(Environmental considerations were reviewed in Chap. 8.)

5. lnstitutiona! faetors: The investigation of the institutiona! faetors
should be done at the same time as the preliminary layout preparation as
follows:

. Application process for various required federal and state permits and
licenses.

. Negotiations with those governmental agencies that may maintain rights
at the proposed site.

. Preliminary negotiations for
energy.

. Review of special programs
projects

the sale or transmission of the electric

and procedures applicable to small hydro

(As discussed in Chap. 9, simplified licensing procedures have been pro'
posed by the U.S. government to encourage the development of small
hydro-less than ls-MW capacity. These procedures should be carefully
reviewed to assess how they impact on the project under investigation.)

6. Power Capacity and Energy Production: A determination should be
made of the potential capacity and annual energy production. The hydro
logic analysis is key for determining the project output and subsequent
economic benefits. A first step is the determination of the average monthly
streamflows near the proposed site. Sources of data may include interna-
tional, national, state, regional, and local agencies. Where records do not
exist, or for short periods only, it may be necessary to synthesize stream-
flow by correlation with nearby stream gaging or precipitation stations.
(Methods for estimating streamflows are discussed in Chaps. 2 and 3.)
Before using the historic streamflow records, it is necessary to determine
if there have been changes in the river system as a result of construction
of regulating reservoirs or additional consumptive uses. If so, the historic
streamflows should be modified to represent the present water uses. Such
data are sometimes available as a result of prior work by agencies inter-
ested in the watershed.

Another alternative is to select a recent period of streamflows having
the same means as the long-term record. This should point out the varia-
bility of monthly and yearly data highlighting critical dry periods, if any.
The streamflows adopted can then be used to evaluate the power and
energy production of the project and the size and effectiveness of any res-
ervoir storage to be provided by a dam. Where a new reservoir and dam
are shown to be feasible and effective, a separate cost/benefit analysis may
be required to determine the optimal reservoir volume and dam height.

The second aspect of the hydrologic study is determination of flood vol-
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umes, peak discharges, and their frequency of occurrence. From this data
follows the design of the spillway and other water diversion works. A fur-
ther requirement is to determine the tailwater curve for the power plant
site. It is used generally in its lower range for determining the operating
h e a d  f o r  l h e  n l q n f  a n r l  i n  i f o  , r ^ ^ o .  r a n f r a  f n -  t l ' o  l ^ ^ : ^ -  ^ f  L . , l - ^ . . t i ^  ^ e - - . ^E . . u  r r r  r e e  s y t  v r  r q r r 6 w  r v r  r l r v  u v J l t s , r t  t , r  t t y u l i l u l l t -  U t I u l v -

tures around the powerhouse and outlet works to mitigate for flood events.
(These aspects of the hydrologic study were discussed in chap. 2.)

7 - Review Preliminary Project Layout: A cursory review should be made
of the flow data and power production so that refinements could be made
to the preliminary project layout. Specific project features which affect
power generation include:

. Penstock length and diameter.
o : - -  ^ . c  r _ : r. Drztr or Eurace excavation.

. Preliminary estimate of the optimal turbine size and type.

. Head loss through the waterways.

. Tailwater calculated as a function of turbine flow.
(Data needed to perform this task are found in chaps. 4 and 6.)

electricity will likely come from existing or proposed plant facilities. In
either case, the expected cost of the alternative electricity should be eval-
uated for use in estimating the value of energy from the proposed
development.

If the cxpected market will be new users, such as might be the case in
rural areas, the alternative energy could probably come from diesel gen-
eration. The cost of alternative energy provided by clectricity generation
other than hydro should be used to estimate the value of cnergy from the
project. In addition, it will be necessary to estimate the price that the
potential market can bear; the lowest price for electricity generated could
be too high for rural people. (Comparative cost/benefit analysis as
described in Chap. I I may have to be performed for potential alternative
electric power sources to ensure that the hydro approach is the most eco
nomically attractive.)

9. Major Environmental Factors: On the basis of the refined project lay-
out, a final review should be made of key environmental questions. An
assessment should be made to determine which iterns could cause signif-
icant problcms. (During construction and operation, a plan should be
developed to resolve these problem areas as discussed in chap. g.)
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10. Initial Energy Sales and Project Financing: When the project capacity
and annual energy production have been determined, an initial evaluation
for sales and project financing can be started. This will include the follow-
i no  i te rns '  '

. Review user demand curves if the energy is to be used by the developer.

. Identify the various potential energy purchasers if any or all of the out-
put is to be sold.

. Make preliminary contacts, if feasible, with potential purchaser to deter-
mine the approximate value of the energy for use in preparation of an
economic assessment.

. Determine if probable project financing will be general obligation or rev-
enue bonds if a domestic project.

. Determine if there are curreRtly any government programs to assist in
project financing, loans, or grants for hydroelectric development.

r Determine the suitability for each method of financing and, on a prelim-
inary basis, choose the best option.

(Approaches to perform these tasks were briefly discussed in Chaps. 9 and
I  l . )

I l. Expected Power and Energy: Estimates should be made of the expected
power capacity and energy production for several plant configurations in
a range around the estimated optimal capacity. A minimum of four esti-
mates should be made to establish the relationship between the plant
capacity and annual energy production. If it appears suitable to use more
than one type of turbine, then power and energy estimates should be made
for each type, including multiple turbines. The possibility for developing
more power and energy using a longer penstock and lowering the power-
house (and afterbay) elevation, yielding a higher operating head, should
be investigated. (Data required to perform these estimates were discussed
in Chaps. 2,3, and 4.)

12. Estimated Project Costs: Estimated project costs should be made for
each plant configuration. The estimates need only be approximate since
the differences between the estimates will determine the optimal capacity
when the economic analysis is carried out. The estimated costs must
include costs for any remedial measures taken for mitigation of harmful
environmental effects. If detrimental environmental effects occur which
cannot be remedied, an annual cost should be added to the annual oper-
ating cost. Some of the costs associated with environmental remedies have
already been estimated in task 4. Others, specific to some system con-
figurations, will have to be estimated on the basis of data found in Chap.
8. Rough cost estimates for the various components of the project (dam,
turbine, switchyard, etc.) can be derived from data provided in the chap
ters dealing with these components or in Ref. 3.
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l3' Optimal Plant Capacity: Having the total project cost and estimated
energy values for each plant configuration, one approach to ascertaining
the optimal plant capacity is outlined:
. Evaluate the annual costs and benefits over the entire pro,ieet !ife.

D - + ! - ^ . ^  r L -  l - t - -  -. EstIIIlaLc tnc (reot servlce, on tne oasts OI estlmatecl Capttal costs and
method of financing, for each year for a 30- to 40-year period.

. Estimate annual operation, maintenance, and replacement, first year's
cost, and escalate future years by a forecast rate of escalation.

o Estimate Power and energy benefits throughout the analysis in a similar
manner.

. Convert the future values of costs to present worth values using the
assumed discount rate cost of money to the developer.

. Determlne for each configuration and capacity the ratio of present worth
benefits to present worth costs-the overall project benefit/cost ratio.

The optirnal project is clearly the one having the greatest difference
between the total project benefits and the total project costs. If the
benefit/cost ratio is less than I for all proposed configurations then the
project is not economically feasible.

(Additional approaches to performing such economic benefit/cost ratio
analyses were discussed in Chap. l l.)

14. Final Arrangement: On the basis of the optimal project configuration,
thqfinal project layout drawings can be prepared. These drawingi will be
much less dctailed than the final design drawings, but they -uti be suffi-
cient to allow resolution of all space allocations or construction difficulties.
Design specifications should be prepared which establish equipment, build-
ing, and facility criteria and which include a project design and construc-
tion schedule.

15. Final Environmental Requirements: A final determination should be
made of remaining environmental issues. All required remedial measures
should be identified and associated costs estimated. Any remaining adverse
environmental effects should be specified for later inclusion in the environ-
mental impact statement.

16. Final Institutional Requirements: A final plan for satisfying the insti-
tutional requirements should be prepared. A schedule with milestones
should be drawn up of all institutional requirements.

17. Final Energy output: A final estimate of the project power capacity and
energy production is made. This estimate is prepared in a similar manner
as earlier estimates; however, new data on project layout or operating cri-
teria affecting the power output are included in the analysis.

18. Final Cost Estimate: A final cost estimate is prepared based on the final
project layout. This estimate includes all project costs, const,ruction, devel-
oprnent, and other indirect costs. The bond issue or loan requirements can
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be determined from this total project cost estimate. Annual cost of oper-
ation is also estimated.

19. Definitive Economic Analysis: A definitive economic analysis is made
l r a c o r {  n n  f h a z C - ^ l  ^ ^ r ' o -  ^ ^ ^ ^ ^ i + ' ,  ^ - , {  - - ^ - ^ ' r  a r r f x r r f  ^ - J  + l . -  ^ ^ * ^ l o t o  ^ ^ . teqovu vrr  Lr rv  r r r rcr l  Pr" rwwr w4P(rwrLJ o, r r \J  vr r9r6J vLr tPut  < l r r \ r  t l lv  v \ r r t lPrut9 v \ rJL

estimate. This determination is made in the same manner as the previously
described economic analysis.

20. Financial Analysis: A review is made of the project on completion of the
final economic analysis. The review includes the following:
. Financing of the project development.
. Costs associated with sale or transmission of the energy.
. Suitability of both the project and the developer for the assumed type of

financing.
. Cash flow analysis during both the development period and the initial

years of plant operation.

It is not unusual for a project that is economically feasible to have cash
flow requircments that preclude project development.

21. Project Schedulq A comprehensive project schedule should be pre-
pared. The schedule should include significant milestones for designr pur-
chasing of major equipment items having a long lead time, construction
activities, start-up, and the process of meeting institutional requirements.

22. Recommendation and Report: A final report and recommendations are
made on the basis of the foregoing analysis. The recommendations should
include a decision to continue or not to continue the project and any fur-
ther studies that should be performed. Often, special follow-up studies
have to be made on items of environmental concern.

I2.4 STREAMLINING THE STUDIES PROCESS
IN A DEVELOPING COUNTRY

It is clear from the previous section that in a national mini hydropower pre
gram, a large number of plants would have to be sited and studied. This pro
cess, if executed in some detail, is time+onsuming and represents a significant
fraction of the capital cost. (A typical table of contents for a feasibility study
in a developing country is given in Table 12.2.) Ways of streamlining this pre
cess are being developed in conjunction with major mini hydropower programs.

Procedures for site selection must be based on the physical, economic, and
social realities of the region or country of interest. Initial attempts focus on the
use of computer-aided procedures.a's Such an applied methodology has been
developed by ELECTROPERU, the national electrical utility of Peru, in con-
junction with its mini hydro program.

As pointed out in Chap. l, Peru is a country of varied topography and cli-
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TABLE 12.2 Elements of a Feasibir i ty study in a Developing country

SYSTEM D&SIGN AND CASE STUDIES I2.I5

or other commercial activity, and (4) cooperation and interest in the @mmu-
nity. Determination as to whether a community met these conditions could in
part be satisfied by examination of topographic maps which show elevation,
wqfe-r recnrrr l-ee anrnrnrrnifv lnr-af inn qnrl nnnnlqf inn r lensifv nrinr: inl l  rori-

v v v t  v v . r . . .

cultural activities, and location of existing power grids. Visits to the commu-
nities would verify the accuracy of the maps, the degree of local interest, and
level of prosperity. Through this procedure a large number of sites were
identified.

Prioritization of sites for final study required a quantitative approach that
ranked the communities. The specific criteria and their order used by ELEC-
TROPERU follow:

l. Hydrologic resources and geologic characteristics

2. Topography of the hydrologic resource

I. Introduction
r Mini hydro in national encrgy

strategy
r Rai,ionaie ior development of site
e Sociocultural profile of community
r Economic f energy profile of

community

II. Site description
. Physical features
r Community energy-use profile
e Existing diescl generation

IIL Power and encrgy production
o Description of the hydrologic

| .VU |Vg

o Power capacity and annual energy
production

e Alternative plant schemes

IV. Physical configuration
o Gcneral arrangement of po*er

systenrs
o Distribution systems
o Powerhouse details
o Details of civil works
o Electromechanical equipment

spbcifications
o Safcty equipment
o Excavation plan

V. Project costs
. Enginccring and design costs
o Capital cost breakdown
o O&M costs

VI. Project benefits
r Tariff structurc
o Direct revenuc streams
.o Inereased communit5r productivity
o Total community benefit

VI I. Determine economic feasibil ity
o Cost/benefit analysis or
r Life-cycle cost analysis of alternative

VIIL Financial feasibil ity
o Loan or grant covenants
o Schedule of payments
e Financial arrangements

IX. Institutional analysis
o System operation and maintenance
o Field or service arrangements
o Tariff collection and administration

X. Environmental impact
o Description of flora and fauna
o Impact during construction
o Impact during operation

XI. Schedules
o Construction
o Cash flow analysis

XII. Summary recommendations

3.
4.

5.
6.
7.
8.
9.

10.
l l .
t2.
13.

Population benefited

Population density

Energy demand

Existence and type of access roads

Existence of drinking-water supplies

Rate of population increase

Thermal energy system alternatives

Accessibility to other power plants

Topography for transmission lines

General topography of region

Number of communities located in the vicinitv

mate. It is arid along its Pacific coast where most population, agriculture, and
industry clings. A short distance from the coast begin the Andes mountains
which bisect the country separating the arid coast irom the lush lowlands to
the east which drain into the Amazon basin. Numerous mountain valleys along
the Andes' some of which drain to the Pacific, are often used for iriigation.
However, most of the well-watered valleys are on the eastern slopes where pre-
cipitation is abundant but population centers are few. Nevertheless, at least
1000 mini hydro sites have been identified which have the necessary hydrologic
resource and energy demand. A process to prioritize a large number of sites
was therefore developed.

In the ELECTROPERU procedure, several requirements had to be fulfilled
before a community would be considered for inclusion in the list of possible
sitcs' The factors considered were (l) reasonable proximity to appropriate
water resource' (2) accessibility by road, (3) an area of agricultural, iivestock,

Each criterion was assigned a value from I to l0 with the sum representing
the position that the site would occupy in the ranking scheme. Mathematically,
it is simply

R =  a1x1  *  a2x2  +  " '  *  anxn  +  " '  *  apxp ( 1 2 .  l )

where
R : ranking number
on : assigned value of each criterion, 0 < an < 1.0 and a1 * az *

" ' a B :  I
x, : the score attached to each criterion, | < xn < l0

Clearly, the highest ranking number is 130 and the lowest 0.0. Once the
ranking has been established, additional work to determine the approximate
cost of developing specific sites followed. This was done by computing the cap
ital cost and cost of electricity production from existing data at sites which have
been developed nearby. Figure 12.3 shows the relationships that emerge from
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this sort of analysis. As the distance from the hydro plant to the community
increases, from Z1 to L3, unit energy costs increase. Clearly, as system capacity
incrcases, unit energy costs are reduced due to a higher load factor and other

econonnies of scale. Energy cost can
then be used as a further ranking
mechanism.

I2.5 CASE STUDIES

In this section, five small or mini
hydropower case studies are pre-
c a n f a r l  f n  i l l l c * - ^ + -  L ^ . , ,  l - f ^ - * ^ + i ^ -
ev r r r vv  t v  t t r uJ l l  < l L9  t l ( rw  r l l l u l  l l l a l L l u l l

can be organized into a study format.
Each is a summary or abridged ver-
sion of the original studies. The for-
mat for the case studies is shown in
Table 12.3. The information was pro-
vided with permission by engineering
organizations and represents the prin-
cipal conclusions of investigations

, system capacity, kw carried out at actual sites. The oldest
FIG. 12.3 Encrgy production costs as a func- case study (1964)' includes somewhat
tion of system capacity and transmission dated cost information, but the anal-
distancc. ysis is, nevertheless, meaningful.

Each case study presents a unique
approach in its analysis. This is primarily due to specific site conditions, local
existing power authorities, and different economic scenarios. However, it is evi-
dent that in each case sufficient technical and economic information must be
given in order for a decision maker to come to a clear conclusion.

Port Arthur Dam, Ladysmith, Wisconsin (1964)6

Information courtesy of Barr Engineering Co., Minneapolis, Minnesota. pro
ject Manager: Douglas W. Barr.

Background

The Port Arthur Hydroelectric Power Plant is located on the Flambeau River
near Ladysmith, Wisconsin, and owned by the Lake Superior District Power
Company. This study was carried out because the existing dam and power-
house (built in 1906) were in poor condition requiring significant repair. The
head is approximately l5 ft (4.57 m) and the power capacity 500 kw. The
existing timber crib dam had serious leakage with the spillway apron eroded

SYSTEM DESIGN AND CASE STUDIES I2,I7

TABLE 12.3 Case Study Format

Background
o Reason for development
o Institutional history ,
e Broad ceonomie profiie
o Previous dcvelopment

Site description
o Community energy demand profile
o Existing service
o Physical dcscription of site
o Hydrology

Plant characteristics
o Capacity and energy production
. Civil works description
o Electromechanical equipment description

Benefits and costs
o Capital and annual cost estimates
o Expccted revenucs and other bcnefits

Economic and financial analYsis
o Established discount and interest rates
. Benefit/cost or other analysis
o Cash flow analysis

Development plan
. Schedule
o Required permits and licenses
o lnstitutional arrangcments

Discussion

away, leading to continued scouring downstream. The powerhouse was in

somewhat better condition showing only some wall cracks.

Site Desuiption

Flow measurements of the Flambeau River had been taken since 1915 some

ll mi (18 km) upstream making data adjustment necessary. Since this was a

low-head site, tailwater curves also had to be developed. Regulation of both

headwater and tailwater had to be considered in determining power output and

energy production.
The most feasible headwater pool level was found to be elevation 1,098 ft

(334.9 m). The new proposed spillway and powerhouse would be capable of

passing 22,OOO ftt ls lOZl mt/r) with a pool level at elevation 1,100 ft (335 m).

This was equivalent to a flood which can be expected to reoccur every 50 years.

With discharges greater than 22,000 ftr/s (623 mr/s), a new emergency

spillway would begin to function, discharging an additional 4,000 ft'/s (113

m3/s) when the pool level increased above elevation 1,100 ft (335 m). Thus,

the combined capacity of the spillway, powerhouse, and emergency spillway

was 26,000 ft3/s (736 m3/s). This discharge is slightly greater than that which

was expected to reoccur every 100 years. It was also equivalent to the flow

which would have been discharged by the existing structure with the pool at

the same water levelelevation. Therefore, there was no increase in flood hazard

due to the proposed new structures with a higher normal pool level.

Plant Characteristics

Various configurations were studied to determine optimal headwater/tailwater
elevations and number of turbines. The final analysis was made for both two
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or three tubular-type turbines, each of r,200 kw capacity. power production
was run{f-river predictable from the flow-duration curve in Fig. iZ.q. Witt
two turbines, annual energy production was between 13.0 GWh per year and
I4.5 Gwh peryear, and with three turbines, it was between 14.6g Gwh p",
year anri i6.530 GWh per year. ciepenciing on headwater elevation. Renovation

BeneJlts und Costs

Estimateci costs for this project are given in Table 12.4. Adam and power plant
containing two 1,200-kw power units wourd cost $1,266,700 (1964), including
estimating flowage rights and credit for the cost of abandonment. This was

Percent Exceedance

FIG. 12.4 Flowduration curve for port Arthur project.
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Scale

FIG. 12.5 Plan of dam and powerhouse for Port Arthur project.

equivalent to $528 per kilowatt of electric power capacity for generating an
average of 12,644,100 kwh per year. If the plant contained three l,2OGkW
power units, the cost would have been $1,487,800, including the estimated cost
of flowage rights and credit for the cost of abandonment. This was equivalent
to $413 per kilowatt of installed capacity with generation at 14,644,100 kWh
per year.

Based on an approximate determination of annual expenses, the apparent
annual cost of the dam and power plant containing two 1,20G'kW units was
$148,050 per year. The resulting energy cost was $0.0116 per kilowatthour.
With three power units, annual cost was $163,430 per year, resulting in an
energy cost of $0.01 I I per kilowatthour.

Using $0.01 per kilowatthour as an approximation for the probable maxi-
mum value of the energy produced, the average annual increase in power pro-
duction was converted to average annual increase in income due to the rise in
head. The results are summarized in the solid "Benefit" curve on Fig. 12.7.

1915-1961

Flow-Duration at 6iq Falls -
Flow-Duration at Port Arthur- _ _

(Bas€d on U.S.G.S. water supply panerst
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P_ t5 ,ro.n

ffi.
FIG. 12.6 Cross scction of Port Arthur powerhouse.

A hlgher headwater elevation would have caused a correspondingly higher
construction cost for the dam and power plant. An estimate was made of the
probable increase in cost due to raising the pool. That cost was then converted
to an annual cost on the basis of a useful life of 65 years, taxes at 2.4 percent,
and financing through bonds at 5.6 percent interest. The resulting annual cost
curve is also shown as the solid "Cost" curve.

The distance between the income curve and the cost curve indicates the net
increase in income. Both the 1,098-ft (33a.9-m) pool and the 1,099-ft (335.2-
m) pool gave similar increased net incomes. The former level was selected for
the remainder of the feasibility study.

After completing a preliminary design of the dam and power plant, the
probable cost of raising the pool elevation was reviewed and the annual cost
computed on the basis of 10.4 percent of the construction cost. The revised
annual cost is shown by the dotted line in Fig. 12.7. The increased income from
the higher pool was also reviewed and computed on the basis of $0.0114 per
kilowatthour and plotted as the "revised benefit" curve. Again, an optimum
pool elevation of 1,098 ft (334.9 m) is indicated. Specific B/C ratios were not
computed; however, Fig. 12.7 indicates they would be positive.

Development Plan

No information was given.

TABLE 12.4 Port Arthur Dam Reconstruction Cost Estimate

I tem 2 Unis -1 Units

Spillway
E a r t h d a m , . .
Coffcrdam
Emergency spillway
Powcrhousc (3-turbine capacity), . . .

To ta l .
Plus l07o contingencies. . . . .

Total

Tube, turbine, intake, gate, speed increaser, induction
generator-1,200 kW, and necessary switchgear . . .

T r a n s f o r m e r s . . . . .

Total ,
Cost of flowage rights .

Lesscostof abandonment . . . . . .

(avoided by reconstruction)
Total estimated construction cost

$ 499,670
138,900
56,330
34,000

I 20,1 40

$ 849,040
84,900

$ 933,940

$ 344,000

15,760

$ I,293,700
26,000

$ 1,319,700
53,000

$ 1,266,700

$ 499,670
138,900
56,330
34,000

162,7 40

$ 891,640
89,-160

$ 980,800

$ 513,000

2l,000

$1,514,800
26,000

$1,540,800
53.000

$1,487,800

Estimated generation, kWh/year

Energy produced at turbine (Less power loss at
L a d y s m i t h )  . . . .

Energy produced at transformer output (Less power loss at
Ladysmith)

13,758,250 15,908.700

12,644,100 14,664,100

e
* r
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o
c
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Headwater Elevation (ft)
w4 334.6 334.8 335.0 335.2

(m)

FIC. 12.7 Benefit/cost ratio vs. headwater elevation for Port
Arthur project.
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Discustion

This project analysis was relativety simple, requiring only determination of the
numbcr of turbines, two or three, and a headwater f tailwater elevation analysis.
An indepth benefit/cost analysis was not- neeessary since an establis!1sr{ o-o.-..,
c -  l - ^  - - l ^  r  - r  

v  e r r  v u l s v r l J l r w l j  v l l r v l  E yr.reD PrtuE was useq. lne nnal cnolceol headwater elevation, associated costs,
and benefits was left to the client.

Mora Canal Drop, Boise, Idaho (I97S)?

Information @urtesy of Tudor Engineering Co., San Francisco, California.
Project Manager: Gordon Little.

Beckground

This study was carried out at the request of the Boise Project Board of Control
by the Tudor Engineering company during the summer of 197g. The majority
9l !tt9 runding for the study was piovidedlhrough the Deparrment of Energy
(DOE).

Site Description

SYSTEM DESIGN AND CASE STUDIES 12.23

Hydrologically, detailed flow records for the Mora Canal were available
only for the period of l972to 1977. However, long-term average data existed
for the area water supplies indicating that the S-year period of 1972 through
1976 is very close4o the long-term average. Therefore it was felt that using

4 L : -  - ^ , : - J  - f  I  I  I  rtllls Pcflo(l oI recor(r wouro De rnolcauve oI tne tong-terrn average values whrch
could reasonably be expected to occur in the future.

Project water deliveries for the entire Boise Project service area for the
period from 1926 to 1977 were recorded. Examination of this data shows that
annual diversions have varied greatly between 1926 and 1961, but since 1961,
they have steadied considerably. The period 1972 through 1976 was very close
to the long-term average project water deliveries and can therefore be expected
to indicate future average deliveries as well. Also, water from Lake Lowell,
which can take several routes, can be eonveyed through the Mora Cana! when
capacity is available.

The average monthly power and energy production for the operating season
are shown by 2-week periods in Table 12.5 and are plotted on Figs. 12.8 and
12.9 respectively. Total annual energy production was expected to average
8,113,000 kwh, based on an average operating season from March 16 through
November l5 using the historical average flows and the additional flows which
can be diverted to Lake Lowell. Average weekly power production ranged from
684 kW in March and November to 1,900 kW during the peak irrigation sea-

TABLE 12.5 Average Monthly Power and Energy Production for the
Mora Canal Drop

Period
Powcr,
kw Energy, kWh

Historical flows only,
avefaSe

Historical flows with Lake
Lowell flows, average

Powcr,
kW Energy, kWh

3 / t6  t o  3 /31
a/ r  to  4 / rS
4/16 to a/3o
s l r  to  S l rs
5/16 to  5 /31
6/ r  to  6 / rS
6/16 to 6/30
7 / r  t o 7 / 1 5
7  / 16  t o7  / 3 r
8 / t  t o  8 /15
8 / t 6  t o8 /31
9 / t  t o 9 / 1 5
9 /16 to9 /30

l0 l l  to  r0 / rs
r0 / t6  to  10/31
r r / l  t o  t r / 1 5

Total

0 0
0 0

902 324,000
1,610 579,000
1,687 649,000
l,559 562,000
1,777 636,000
1,900 694,000
1,900 730,000
1,900 694,000
1,E24 701,000
1,501 544,000
I,l I I 400,000

336 121,000
0 0
0 0

6,612,000 kwh

684 263,000
905 309,000

1,083 389,000
1,691 607,000
1,700 653,000
1,653 596,000
t,777 636,000
1,900 684,000
1,900 730,000
1,900 684,000
1,824 701,000
I,501 544,000
1,178 424,000
1,064 383,000

684 263,000
684 - 247.000

E,l13,000 kwh
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FIG. l2.t Mora Canal
capacity potential.

Drop average monthly power

FIG. t2.9 Mora Canal Drop average monthly cnergy
production.
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son in July and August. Using the historical flows
energy production was 6,612,000 kwh based on an
l6 through October 15.

only, the average annual
operating season of April

The results of a power study, conducted for the 1977 irrigation season indi-cate that during any rare drought of this magnitude, annual;nergy production
will total about 4600,000 kwh or approximately 57 percent of the averageproduction' However' it is not likely that anothu irought as severe as the l97Zseason will occur within the economic rifetime of the Mor. Drop power prant.

J
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PIant Charucteristics

Specifically at the drop, the new facilities will consist of a new headgatc struc-
ture for the Waldvogel Canal. to be located downstream of its present loeation:
- ^ t . ,  - ^ . ^ ^  f ^ -  a L  ^ / ^ - - - t - . . t  -  -  - tutrw B,ats! rul LIlc cxlsung cnu[e, wnlcn wlll remaln ln place as an emergency
bypass of the turbines; the power plant intake works, with a conduit connecting
to the turbine; the power plant itself; and outlet works that tie into the Mora
Canal just downstream of the existing sti l l ing basin.

Table 12.6 shows a cost comparison of five alternatives for the power plant
configuration. Note Fig. I 2.10 for a plan of the site with a tubular turbine and
a propeller turbine. A 1,900-kW turbine was recommended with annual energy
production at 8,I 13,000 kWh based on the hydrologic record.

TABLE 12.6 Cost Comparison of Alternative Power Plant Configurations for the
Mora Canal Drop*

Coots. $

Configuration Civil Mech./elec. Total

Vertical-shaft propeller, open-flume design 460,000
Vertical-shaft propeller, conc. penstock and scroll case 474,000
Tubular-type turbine 434,000
Bulb.type turbine 519,000
Cross-flow type turbine 524.000

830,000 1,290.000
799,000 1,273,000
855,000 1,289,000

1,374,0{n 1,893,000
853,000 1,576,900

+Fall  1978.

Benefits and Costs

In this case, the economic value of hydroelectric power can be taken to be the
least cost of alternative power. Since the power produced at Mora Canal is not
firm power in the traditional definition (since it cannot be guaranteed to be
available 100 percent of the time) it has a value only as nonfirm, or secondary,
hydroelectric energy. However, the production pattern closely matches the
peak area-demand pattern and a case can therefore be made that the energy
from the Mora Canal Drop may be a form of firm energy since equivalent firm
energy would have to be supplied if the Mora Canal Drop energy was not uti-
lized. A conservative approach would be to consider the economic value of this
energy equal to the cost of fuel oil utilized to generate power at a conventional
oil'fired generating station.

The selling price, or financial value, of the power is also important. The
financial value is the price at which the developer of the power source would
sell the power to a power purchaser. The financial value must be greater than
the development cost, or the project is economically unfeasible. Similarly, the
selling price must be less than the economic value, or the purchaser would have
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no inccntive to buy the power. Thus, if the powcr is to bc sold to a power

purchaser, the financial value must be less than the economic value.
During initial discussions held with the Idaho Power Company a price of

6 ^  r \ ^ z  - ^ -  t - : l ^ - - . ^ r r l . - ^ . . -  . . , ^ ^  : - - | : ^ ^ r ^ l  ^ ^  L ^ : - ^  ^ ^ ^ . i ' l - - o l  - o o o ^ - o l r l e  / a h n l r t
o u . u z o  P c l  l ( l l u w a L t l l u u l  w a s  l t t u l l / a t g u  a J  u g t t 1 6  v \ J l r i l r r t v t w u  l w q r v r r s v . v  \ s v v e !

l97S). Since the average annual energy production was estimated to be

8,113,000 kwh, this value yields an estimated average annual revenue of

$210,938.
The project costs consist of the initial capital costs and continuing annual

costs. The initial capital costs consist of construction costs and the interest dur-

ing construction. Construction costs are summarized in Table 12.7 for both

vertical-shaft propeller turbine and tubular turbine. These cost estimates were

based on recent bid prices for similar construction work and direct quotes from

various equipment manufacturers.

TABLE 12.7 Construction Cost Estimates for the Mora Canal Drop+

Propcller-type
turbine

alternative

, l
3t I
r ---t
{ l

\ I\
I
I

{
I:
t
I

j
I

I
a

-\--^ I
tfft fH tlaol

Cost ltem

Tubular-type
turbine

I
I

I

Land and land rights
Structures and improvements
Reservoirs, dams, and waterways
Waterwheels, turbines, and generators

Accessory electrical equipment
Miscellaneous power plant equipment
Transmission line

Subtotal
Contingencies

Total construction cost

$ 2,000
145,700
214,000
629,000
95,000
53,000

100,000

$ 1,238,700
141,300

$ 1,380,000

$ 2,000
166,750
226,000
568,000
105,000
53,000

100,000

$ 1,220,750
153,000

$ l  ,373,750
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'Fal l  1978.

The engineering costs are presented in Table 12.8. The necessary engineer-

ing activities consist of an environmental impact assessrnent, the final FERC

application, surveys and soil investigations, miscellaneous permits, contract
plans and specifications, and construction management. The administrative

costs are also shown in Table 12.8. They consist of adrninistrative efforts by

the Boise Board staff and fees for the financial consultant and the bond counsel.

The total initial costs are also summarized on the table. As shown, the total

init ial cost is estimated to be $1,783,750.
The annual costs for the project will consist of a bond or loan repayment

cost and the operation and maintenance (O&M) costs. The bond or loan repay-

ment costs depend on the source of the funds, the length of repayment time,

and the interest rate.
The estimated annual O&M costs are also shown in Table 12.8. They

include insurance, labor costs, interim replacement costs (for miscellaneous

t2.26

.J .J
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TABLE t2.8 Capital and O&M Cost Summary for
the Mora Canal Drop*

Engineering costs

F n v i r n n m . . l c  I  i m n a n r  a a c a . - h a h tqoJvJJ t  I  t9  l t  I

Finai FERC appiication/approval (minor)
Surveys and soil investigation
Miscellaneous pcrmits
Contract plans and specifications
Construction management

Total engineering costs

Administrativc costs

$ 20,000
15,000
t 0,000
5,000

t 25,000
10r ,000

$276,000
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bonds for the remaining 25 percent of the project cost at an interest rate of
7 percent and a term of 40 years. This funding method will be called the
*DOE Loan Option" in the ensuing discussions.

' ,  Q o l l  t o *  a v a J n +  r a ' a n r r a L ^ - ' l -  i -  + L ^  a * a . . - a  ^ f  c r  r t r t n  r t r t r t  ^ a  ^  - ^ - . ^ - - ^ l - I ^- .  wrr  lq^ v^vrr lpr  rwvvl t ( lv  Lr \ ,uuJ r r r  L t lg  <t l l luut lL  \ r l  .o l rvvvrvvv a1 ' t  a  I lu l l ta^aurg

interest rate of 7 percent. Sell bonds sufficient to cover the remaining project
cost at a taxable rate of 10 percent. The terrn'of both bond issues would be
40 years. This funding method will be called the "Conventional Funding
Option" in the ensuing discussion.

With the project costs, financing options, and power production established,
the project energy production cost and the cost per installed kilowatt can now
be determined.

Table 12.9 presents the production costs for the Mora Canal Drop using the
DOE Loan Option. As shown, the annual expense of $ 164,607 is a combination
of bond and loan payments and the annual operation and maintenance cost.
Under this financial option, the costs would be $0.0203 per kilowatthour with
an average annual energy production of 8,113,000 kwh (with Lake Lowell
flow) and $0.0249 per kilowatthour with an average annual energy production
of 6,612,000 kWh (using historical flows only).

Table 12.9 also presents the production costs using the Conventional Fund-
ing Option. As shown, the annual expenses are a combination of two bond
payments and the annual operation and maintenance cost. Under this option
the costs would be $0.0222per kilowatthour and $0.0273 per kilowatthour with
an average annual energy production of 6,612,000 kWh.

As can be seen, the lowest cost is $0.0203 per kilowatthour using the DOE
Loan Option and assuming that the historical Mora Canal Drop flows are aug-
mented as previously discussed with water for Lake Lowell.

with an installed capacity of 1,900 kw, and an initial cost of $1,783,750,
the pr6ject has a cost per installed kilowatt of $937. This figure is independent
of the financing option used.

The economic evaluation of this project was a comparison of the benefits
and costs over the life of the project using the benefit/cost (B/C) ratio. Private
utilities generally use the rate of return on investment, but public agencies gen-
erally utilize the B/C ratio.

The economic life was taken as 50 years. This was the estimated length of
time the project will be in service producing power and accruing benefits.

As previously discussed, the projected costs depend on the method of
financing employed. Table 12.10 presents the annual costs over the 5Gyear
project life for the DOE Loan Option and Conventional Funding Option meth-
ods of financing. These cost streams show the repayment costs ending after 30
or 40 years, when complete repayment has been made, but with the annual
O&M costs continuing over the entire SGyear project life.

The project benefits depend on the average annual encrgy generated. Table
l2.lo also shows the annual project benefits with 6,612,000 kWh annually (his-

Administration
Financial consultants
Bond counsel

Total administrativc costs

Total capital costs

Construction cost (propeller type)
Engincering cost
Administrativc cost

Subtotal
Interest during construction

Total initial cost

$ 1,373,750
276,000
69,000

$1,718,750
65,000

$ I ,783,750

Total O&M costs

Insurance
O&M labor
Intcrim replacement
Gencral cxpcnses

Total annual O&M cost

$ 3,500
12,000
4,000
5,200

$24,700
'Fa l l  1978.

repairs during the life of the facility), and general expenses. As shown, the
annual O&M costs will total $24,700 per year.

The costs of producing energy are directly related to the method of financing
employed. This will determine the interest rate and the repayment period and
therefore directly influence the annual expenses and energy costs.

There were two potential sources of funding recommended to the Boise pro
ject Board of control to finance the Mora canal Drop project (about l97g):
government loans through the U.S. Department of Energy (DoE) and the
direct sale of general obligation or revenue bonds.

I' Obtain a loan from DOE for the first 75 percent of the project cost at an
interest ratc of 67A percent and a term of 30 years. SeU tai eiempt revenue
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TABLE 12.10 Cost and Benefit Streams for the Mora Canal Drop+

C-mt stream Benefit stream

Year l ) t O F l n q n  ( - n n w e n i i n n a l  f r r n r l i - -  L +  K  A  r z  t n 6  L w I  A r  Q  r  v  r n 6  u t t l l-  - - a . a - . .  a l !  v t v  n  I  v  I  r t  t l  n t  q . l    t v  A  y y  l t

$ 180,346 $  t  7 1 , 9 1  2 $210,938

I 80,346
24,700

Iv
24,700 t7l,912 2 t 0,938

rFal l  1978.

torical flows only) and 8,113,000 kWh annually (historical flows augmented
with Lake Lowell flows). It is assumed that the added Lake Lowell flows would
also be available under normal conditions, but for comparative purposes, both
conditions are presented.

The resulting B/C ratios for the DOE Loan Option are shown in Table
l2.Il. Since interest rates are currently in a considerable state of flux, the pres-
ent worth for the benefits and costs have been computed using discount rates
of 6 percent, 8 percent, and l0 percent. with averaile annual energy of
8,113,000 kwh the B/C ratio ranges from l.4l to 1.33 depending on the dis-
count rate. with average annual energy of 6,612,000 kwh the B/C ranges
from 1.15 to 1.08.

The B/C ratios for the Conventional Funding Option are also shown in
Table l2.ll. with average annual energy of 8,113,000 kwh the B/C ratio
ranges from l.2l to l.18 and with an average annual energy of 6,612,000 kwh,
the B/C ratio ranges from 0.99 to 0.96. These tables show that the B/C ratios
are not very dependent on the discount rate used, but they are quite sensitive
to the average annual energy value used and the method of financing chosen.

It should be noted that inflation has not been taken into account in the anal-
ysis, and the results are therefore conservative. The only component of the
annual costs that can escalate is the $24,700 O&M component since the bond
or loan repayment costs of $139,907 or $1ss,646 will be fixed. However, the
annual benefits of $171,912 and $210,938 will almost certainly increase since
part of the power sales agreement will provide for the selling price of the pro-
ject power to be tied to a fuel-cost index which is expected to increase.

I $t64,607

l l
t l
J J
30 t64,607
3t  59,149

t lv v
40 58.149
4t 24,700

l l
V , t
50 24,700
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TABLE t2.ll Benefit/Cost Ratios for the Mora Canal Dropr

Discount rate

DOE Loan Option

(Fall 197E.

From the given data and analysis it can be concluded that the Mora Canal
Drop is an economically feasible project with the DoE loan option.

Development Plan

The first activity in developing this site involves negotiations with a power pur-
chaser. The end result of the negotiations will be a memorandum of under-
standing in which the Boise Project Board of Control will pledge to seli and the
power purchaser will pledge to buy all power produced at the Mora Canal site.
This document will stipulate all details, including a clause in which the selling
price of the electric energy will be tied to a suitable escalation index. Following
the final design of the project when all costs are known, the document will be
revised as required to form the final power purchase contract.

The other activities follow the start of power negotiations. Assuming some
bond sales will be necessary, legal services and professional advice regarding
financial assistance is obtained during the power sales agreement and contin-
ued until all bonds are sold or until the necessary loans are obtained from DOE.

The FERC application and design and construction activities will start
immediately after the conclusion of the power negotiations. A recently passed
energy bill directed the FERC to prepare revised and simplified guidelines for
small hydroelectric projects. However, I year should be allowed for the FERC

SYSTEM DESIGN AND CASE STUDIES 12.33

license application approval process. A part of the FERC application is the
preparation of an environmental impact statement (EIS). It is a major activity
and is often also required by other agencies as well.

The proeess toabtain a!! other necessar]/ permits and agroements will also
be initiatcri tbiiowing the completion of the power negotiations. In the case of
the Mora Canal Power Project, an agreement between the U.S. Bureau of
Reclamation for the use of Boise Project lands and facilities must bc com-
pleted. Also, a water-use permit for power generation must be obtained from
the Idaho Department of Water Resources.

The entire permit, licensing, and construction process will take approxi-
mately 2 years.

r l i o n " o o l n -
UJJVTJJ 'V I '

The analysis performed for the project analysis is typical, having basic ele-
ments of a full feasibility study. The principal considerations are the choice of
propeller- or tubular-type turbine and the financing option. The financial anal-
ysis was carried out using both a DOE loan and conventional bond financing.
The federal-funding option was clearly more attractive; however, the discount
rates were not firmly established. The B/C ratios were somewhat low, indicat-
ing the possibility of an economically infeasible project should discount rates
and costs increase without a compensating increase in the electricity sales
price. It is evident that the conclusions of the study are fragile, requiring revi-
sion if the Boise Project Board of Control seeks to implement the project.

Scotts Flat and Lower Scotts FIat, Nevada County,
California (193lf

Information courtesy of Tudor Engineering Company, San Francisco, Califor-
nia. Project Manager: Candice King.

Beckground

This case study presents the results of an investigation of the feasibility of
installing two hydroelectric power plants at existing dams which form Scotts
Flat Reservoir and Lower Scotts Flat Reservoir (also known as Deer Creek
Division) in Nevada County, California. The dams are owned and operated by
the Nevada Irrigation District to provide storage for irrigation and domestic
use. The power plants would utilize flows which presently pass through the
dams' outlet works. Neither dam has existing hydroelectric-generating facili-
ties. Energy produced by the project would be sold to one of several potential
power purchasers in the area.

The feasibility study was authorized by an agreement, in 1981, between the
Nevada Irrigation District (NID), the proposed owner and operator of the
power development, and Tudor Engineering Company. The study was made

EVo6Vo

Encrgy: 8,1 13,000 kWh/yr
Present worth benefits
Prescnt worth costs
Benefit/cot ratio

Encrgy: 6,6 12,000 kWh/yr
Prcsent wortb bencfits
Present worth costs
Benefit/cost ratio

$3,324,784
$2,357,964
l . 4 l

$2,709,660
s2,357,964
r . l 5

$2,580,510
$ I ,899,520
r . 3 6

$2,103,085
$ I,899,520
l . l  I

$2,091,409
$ I,575,560
1 .33

$ I,704,473
$ I,575,560
1.08

Conventional Funding Option

Encrgy: E,l 1 3,000 kWh/yr
Present worth benefits
Prcsent worth costs
Bencfit/cost ratio

Encrgy: 6,6 12,000 kWh/yr
Prcscnt worth bcncfits
Present worth costs
Benefit/coot ratio

$3,324,784
$2,745, I  90
t . 2 l

$2,709,660
$2,745, I g0
0.99

$2,580,510
$2,1 58,1 78
r .20

$2,103,085
$2,1 58,1 78
0.97

$2,091,409
$ 1,766,975
t . r E

$1,704,473
$1,766,975
0.96
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possible by a loan obtained by NID from the U.s. Department of Energy
(DOE).

The Scotts Flat Darn is located on Deer Creek, approximately 5 mi (8 km)
east of the town of Nevada Citv. California. Scotts Flat R-e-servoir- provides
c l n r o a a  f ^ -  l ^ . . , - ^ r - ^ ^ -  : - - : - ^ r l  -  -  r  tr l v r c l 6 v  r v r  u v w r r l t l s a l l l  t l l l E a t l o n  a n a  o o m e s t l c  U S e .  A n  e a f t h l f l l  d a m  a n d  t h e
existing outlet structure would be utilized for site development. One side of the
existing bifurcation would be connected to a horizontal Francis turbine and the
other side would be used for bypass capabilities.

About )6 mi (0.8 km) downstream of Scotts Flat Dam is Lower Scotts FIat
Dam, a concrete-arch structure. It is approximately 4 mi (6.4 km) east of the
town of Nevada City. Lower Scotts Flat Dam functions as the diversion point
for D-S canal water stored in Scotts Flat Reservoir. There is no suitable access
into this site and roads would have to be constructed. The projeet eonsists of a
penstock running from the existing outlet to the base of the dam where a hor-
izontal Francis turbine would be located.

Site Description

l. Scotts FIat Reservoir: Scotts Flat Reservoir is formed by a 175-ft (53.4-
m) high earthfill dam initially construcred to a height of lab ft @2.7 m) in
1949 and raised to its present height in 1964. The cresr length is 960 ft (292.g

Tl gt elgvation 3,085 ft (940.9 m). The spillway crest is at elevation 1,075 ft
(327.9 m) and is 239-ft (72,9-m) long. There are 4g,500 acre-feet (59.g x 106
m3; of usable storage between the bottom of the intake (elevation 2,925 fr, or
892 m) and the spillway crest with no dead storage. The maximum water sur-
face area is 715 acres (2.9 x 106 m2). The Scotti Flat outlet works consist of
two 36-in (0.9-m) inlet pipes joined in a wye to a 75r-ft (229-m) long, 2-m
(6.56-ft) diameter lined tunnel. At the axis of the original dam, a concreie plug
has been instatled and the warer flows into a 60Gft (lg3-m) long, l-m (3.2g-
ft) diameter steel pipe, then through a bifurcation to two 30-in (O.zo-m) ourlet
pipes. The two outlet pipes have butterfly valves and the inlet has hydraulically
operated gates.

2. Lower Scotts Flat Reservoir: Lower Scotts Flat Reservoir is formed by a
92-ft (28-m) high, 325-ft (99-m) long concrere arch dam on Deer creek.
Releases from Scotts Flat Reservoir flow down Deer Creek for approximately
)d mi (0.8 km) to Lower Scotts Flat Reservoir. The maximu- .upu.ity of the
reservoir is 1,400 acre-feet (1.73 m3; at the spillway elevation or z,ig6.e ft
(883.5 m). The spillway is a 240-ft (73-m) overflow siction in the center of the
dam. The headworks for the D-S canal are located on the south side of
the dam. Because of the high floor elevation of the canal 2,ggg ft (ggl m), the
reservoir is normally kept full (elevation 2,896 or 883 m) to ease diversion into
the canal. The capacity-elevation curve for the Lower Scotts Flat Reservoir is
shown in Fig.  l2. l l ,

SYSTEI\{ DESIGN AND CASE STUDIES T2.35

1200 1600
Capacity in Acre-Feet
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FIG. l2.ll Capacity<levation curve for Lower Scotts Flat.

3. Hydrology: There are no streamflow gages on Deer Creek near Scotts
Flat Dam. Daily reservoir elevations along with records of diversions to and
from Deer Creek and an estimation of natural streamflow based on a correla-
tion with a streamflow gage from a similar adjacent basin were used in a com-
puter model to reconstruct the apparent inflow and outflow from Scotts Flat
Reservoir and Lower Scotts Flat Reservoir.

Nearby Oregon Creek was used as an index of probable natural flow in Deer
Creek. It is located l2 mi (19.3 km) north of Deer Creek at similar elevation,
precipitation, and exposure. Because records at this gage were only available
from 1968 through 1980, this period was chosen as the study period. The
assumption was made that the District would continue to operate the reservoirs
in the future as they did during the period used for the operation studies.

The flowduration curve for 1968 through 1980 is shown in Fig. 12.12, and
the average, maximum, and minimum monthly discharges for l,ower Scotts
Flat Reservoirs are shown in Fig. 12.13. The same figures for Scotts Flat are
in the feasibility study but are not reproduced.

4. Spillway and Tailwater Analysis: At Scotts Flat, the spillway was
designed for a maximum discharge of 10,000 ft37s 1zal.2 mils) with 5 ft (1.5
m) of freeboard. The California Division of Safety of Dams stated that the
probable maximum flood at Scotts Flat Dam would be 24,000 ft37s 1680 m37
s) and the spillway would be able to pass the flood with I ft (0.3 m) of free-
board at the dam.

There was no calculation as to the capability of Lower Scotts Flat Dam to
pa_ss this probable maximum flood. The 1,000-year flmd of 8,600 ft3/s 1z+s
-3/s) was calculated to pass at clevation 2,goz ft (885 m), a depth of 5.4 ft
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0 1 0 2 0 3 0 4 0 70 80
Percent Time Flow Equalled or Exceeded

FIG. 12.12 Flowduration curve for Lower Scotts Flat.

(1.65 m) over the center spillway section. The dam crest is at elevation 2,902
ft (885 m).

Releases from scotts Flat Reservoir flow about /. mi (0.g km) down the
Deer Creek natural channel to the upper end of Lower Scotts Flat Reservoir,
Backwater analysis using computer program HEC-2 was used to calculate tail-
watcr elevations at the Scotts Flat Power Plant Site for a variety of stream-
flows. A control clevation of 2,896 ft (883 m) was used for Lowei Scotts Flat
Reservoir. Deer Creek downstream of Lower Scotts Flat Dam has no control
point. Tailwater at this site was taken as the normal depth of the channel.

Table 12.12 presents a summary of the physical features from the feasibility
study.

Plant Characteristics

Four different alternative projects at Scotts Flat and one project at Lower
Scotts Flat were considered. The alternatives for both sites-ari presented in
Tabfe 12.11.
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FIG. 12.13 Monthly discharges (196E-1980) from Lower Scotts Flat
to Dcer Creck.

TABLE 12.12 Summary of Physical Features for Scotts Flat and
Lower Scotts Flat

Physical feature Scotts Flat Lower Scotts Flat

Turbinc typc
Installed capacity, kW
Dependable capacity, kW
Net head, maximum/minimum:

feet
meters

Rated head:
feet
meters

Flow, * maximum/minimum:
cubic feet per second
cubic meters per second

Design flow:
cubic feet per second
cubic metcrs per sccond

Avcrage annual cnergyr 106 kWh/yr

Horizontal Francis
E25
234

163.4/70.s
49.8 /2t.5

140
42.7

8 3 / 1 3
2.3s /0.37

82
2.32
4.76

Horizontal Francis
205
0

er /86.2
27.8/26.3

9 l
27.8

30 /s
0.85/0.14

30
0.85
0.84

rFlow through turbine.

t2.37
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l .  Scotts Flat: The four alternative projects investigated were (l) a power-
house at the base of the dam with a run-of-river operation, (2) a-powerhouse
at the base of the dam with a peaking operation, (3) a powerhouse at the base
of the dam with a partial-peaking operation, and (4) a powerhouse at the upper
DOf t ion  o [  Lower  Scot ts  F le t  Recerwn i "  rw i th  o  n r , *^o . f  -+^ -^^^  -^^ r , : - ^yv.rrr 4 yurrrpvr.r-DLvraE,g prrd[ i l I t ,
operation.

For each alternative, a power study and conceptual layout was done. Based
on the conceptuallayout, construction and operation and maintenance (O&M)
costs were estimated. The alternatives were then evaluated by comparing ttre
costs (based on 35-year bond) with the revenues estimated from the power
study.

The rccommended alternative indicated that a power plant be constructed
at the existing outlet to Scotts Flat Dam. The plant will utilize flows of Deer
creek which presently pass through scotrs FIat. The existing 36-in (0.9-m)
outlet pipe and bifurcation willbe used. From the bifurcation, water would pass
through the powerhouse and into the existing discharge channel. The power-
house foundation would be excavated into the bedrock of the eiisting
streambed channel and will be an extension of the existing valve house. The
normal tailwatcr would be at elevation 2,91 1.0 ft (887.9 mland the centerline
of the horizontal Francis turbine would be at elevation 2,g-t5.g ft (ggg.3 m).

Approximately 800 ftz 1ll.l m2; of the new powerhouse would be added to
the existing valve house. The powerhouse would contain the turbine, generaror,
gate conholler, turbine shutoff valve, and other related equipment. The tur-
bine would be a horizontal Francis unit with a nameplate capacity of 825 kW.
The design head is 140 ft(42.7 m), and the design flow is tztt{1r(2.32 m3l
s). It is expectedthat an average of 4.76 million kilowatthours per year would
be produced based on the hydrology previously described.

Figure 12.14 shows the plan and section view of the Scotts Flat power plant.
The following design considerations were chosen.

a. Headwater: The headwater for the turbine is the water surface elevation
of Scotts Flat Reservoir. Nevada Irrigation District has maintained daily
gagc height readings at the enlarged Scotts Flat Reservoir since it started
filling in 1964. These records were used for power computation and design.
The maximum observed water surface elevation was 3,076 ft (938 m) which
occurred for several days in 1974. The minimum observed elevation since
the enlarged reservoir was filled was 2,956.3 ft (901.7 m) from october 6
t o  1 1 , 1 9 7 7 .

b. Tailwater: l,ower Scotts Flat Reservoir downstream of Scotts Flat Dam
is operated at a norrnal water surface elevation of about 2,896 ft (883 m).
This elevation was used as a control elevation for the HEC-2 backwater
analysis of Deer Creek to the power plant site. Under normal nonflood con-
ditions the tailwater elevation would be between 2,910.5 and 2,gll.5 ft
(887.7 and 888.0 m). The design head is 140 ft(42.7 m).

SYSTEM DESIGN AND CASESTUDIES 12.39

c. Operating Flows: The mean discharge from Scotts Flat Reservoir was 68
ft37s 1t.93 m3/s) during rhe study period from 1968 through 19g0. The
outflow was estimated by computer model using storage+lgvation records
f r n r n  S n n f f c  F l o f  o - r l  f  n r r r a r  Q n n f + -  E l ^ +  D ^ - ^ - , , ^ : -  ^ l ^ - ^  . . , 1 + L  - ^ ^ ^ - ) ^  ^ cLu I  rer  e. rs  Lvwvr  uwvl rJ  I  rcr | '  t \9o9t  vv l r  a lu l l ts ,  rvr l r t  lsa;u lus u l

diversions into and out of the Deer Creek basin above and below Scotts Flat
Dam. A design flow of 82 ft3ls (2.32 m3/s) was chosen with capabilities of
maximum and minimum flows of 85 ft31s 12.+t m3/s) and 13 ft3/s (0.37
*'/r) respectively.

d. Manpower: The Scotts Flat power plant will be unstaffed and remotely
monitored from the District's dispatch center. As at other remotely moni-
tored sites, visits will be made at regular intervals to ensure normal opera-
tion of the plant.

2. r-awer Scotts Flat: Because of the configuration of the dam, spillway, and
canyon, the only location considered for the powerhouse was at the base of the
left abutment with a penstock connecting the existing outlet with the power-
house. Releases from Lower Scotts Flat Reservoir into Decr Creek wcre uti-
lized in the operation studies.

The study recommended that at the Lower Scotts Flat Dam site, a l8Gft
(54.9-m) length of 2-ft (0.6-m) diameter penstock be constructed from the
existing outlet at elevation 2,886 ft (880 m) to the streambed. A 20GkW hor-
izontal Francis turbine would be installed in a 500 ft2 (46.5 m2) powerhouse.
Approximately lX miles (2013 m) of new transmission lines would have to be
constructed to connect with the existing distribution lines at Scotts Flat Res-
ervoir. A new access road would also be necessary prior to construction.

The Lower Scotts Flat Reservoir is normally maintained at the maximum
water surface elevation to allow for diversion into the D-S Canal. This eleva-
tion, 2,896 ft (883 m), was assumed to be average constant headwater. Normal
depth was taken to be the tailwater in Deer Creek downstream of the Lower
Scotts Flat Dam. The outflow from Lower Scotts Flat was taken as the releases
made to Deer Creek plus any spills. The mean discharge from the reservoir
was 40 ft3/s (1.13 m3/s) during the study period from 1968 through 1980. A
design flow of 30 ft3/s (0.85 .'/t) was chosen for maximum efficiency during
planned releases. The plant would be capable of generating an average of
840,000 kWh per year. A figure of $0.087 per kilowatthour (the 1985 esti-
mated valuc of energy) would produce an average annual revenue of $73,000.

3. Project Energy Production: Power production by any hydraulic turbine
is a function of installed capacity, turbine and generator operating character-
istics, flow passing through the turbine, and net hydraulic head available.

Net hydraulic head was computed by subtracting the tailwater elevation
and the head losses from the reservoir water surface elevation. For Scotts Flat,
tailwater elevations were determined by backwater calculations from Lower
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Scotts Flat Reservoir. For Lower Scotts Flat, normal depth at the rated flow
was used.

Reservoir water surface elevations were determined from gages on both
Scotts Flat and Lower Scott Flat Reservoirs. Monthly water rurr"J" elevations
W e r e  f a k e n  q c  p n r {  n f  r h o  m a - + L  . , ^ L , ^ ^.  s s  v r . e  v r  t t t v  r r r \ J t t l l l  v a l l u g s .

Head losses for the penstock were computed using the Darcy-Weisbach pipe
friction equation with an average friction factor of O.Or+. Entiance, valve, and
bend losses were added to give an overall head-loss coefficient k of 0.00095 tbr
scotts Flat and 0.0019 for Lower Scotts Flat. The equation H : ke2 was used,
where f/ is hcad loss and e is flow.

Turbine efficiency depends on the type of unit, the flow through the unit,
and the net head at that flow. The relitionship between these variables was
used to develop a set of dimensionless performance curves for apnrooriatelv
sized horizontal Francis turbines. The iurbine efficiency *ut ouiJin,'j'i;;
these curves for specific flow and head conditions observed each month of the
study period.

Because of the large number of computations required, a computer program
for the hydroelectric operation study was used to evaluate the sites. A data file
consisting of monthly outflow was evaluated on a monthly basis. The turbine
tu-*" was input as a set of empirically determined oper.iing points and was
subsequently converted to a single equation using multidimensional linear
regression. For each month, an effective head was calculated by taking the
average tlatet surface elevation in the reservoir and subtracting the tailwater
elevation and the estimated head loss.

During periods when reservoir releases were less than the rninimum oper-
1!ing flow through the turbine, no power was assumed to be generated. During
high-flow periods, the maximum operating flow through the turbine was used
for power generation. It was assumed that all ,*..r, flow would bypass the
plant.

The effective head, together with the average monthly flow, were compared
to the limits of turbine operation. Conditions of insumcient head or excessive
flow were evaluated to determine if operational changes would allow genera-
tion' If the flow and head were within the operating limits, or could be Jjusted
to lie within the operating limits, then the po*"r,-"n"rgy, and efficiency were
calculated. A summary of computer study iesults is given in Table tz.iq.
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Benefts and Costs

Project costs consist of initial capital costs and continuing annual costs. Costs
for the Scotts Flat power plant are estimated at the price levels of August I 981 .
These costs are 6sca!a',ed at an annua! rate of 12 perceni far 24 months to
adjust them to the bid date of Augusr 1983.

I' Capital Costs: The power plant direct construction costs for Scotts Flat
are $769,000 and for Lower Scotts Flar, $645,000 (see Table 12.15). This is
the August l98l cost and does not include engineering, escalation, net interest
during construction, contingencies, etc. This cost estimate is based on bid prices
for similar construction work and on manufacturers' quotes for principal
mechanical and clectrical equipment.

Contingencies were added to the direct construction cost to include items
which were not foreseeable at that time. Tudor's experience in small hydre
electric development was used in selecting contingency perc€ntages. The con-
tingency allowance was obtained by applying a factor of l5 percent to the tur-
bine-generator and other equipment costs and 20 percent to all other costs.

The engineering costs include the final FERC license application, environ-
mental documentation, surveys, foundation investigations, miscellaneous per-
mits, final design, contract plans and specifications, and engineering services
during construction. The cost of final design and engineering services during

TABLE 12.15 Total Project Costs Lower Scotts Flat Power Plant

Description Cost

TABLE 12.14 Summary of Energy Output for Scotts Flat and Lower Scotts Flat
Energy outputt 1968 to 1980 Scotts Flat Lower Scotts FIat

Average annual energy, 105 kWh
Maximurn annual energyr 106 kWh
Year of maximum
Minimum annual cnergy, 105 kwh
Year of minimum

4.76
6.56
t97 4
t . 45
t977

0.84
t .07
t973
0.59
1972

Direct costs:
Civil
Penstock
Turbine-generator
Accessory electrical equipment
Miscellaneous mechanical
Transmission line

Total direct costs

Contingencies
l5% for turbine/generator and electrical equipment
20% for other costs

Total contingencies

Engineering Services, 30%
Administration, legal, and financial, l07o

Total construction costs. .

Escafation 8/81 to 8/83 (bid date) at l2Voper year for 24 months, 25.4Vo

Net interest during construction, l57o

$ 180,000
38,000

179,000
189,700
15,000
44,000

$645,000

49,000
64.000

$758,000

227,000
76,000

$1,061,000

270.000
$1,331,000

200,000
_t_uJlpg9Total project capital costs



Iz.U SMALL AND MINI HYDROPOWER SYSTEMS

construction is based on a level of effort considered to be consistent with the
size and cost of the power plant. For powdr plants less than I MW, the engi-
neering costs are estimated to be 30 percent of the direct construction cost plus
contingencies.

An aiiowance is aiso made for the owner's administrative, !ega!, and
financial expenses. For a power plant less than I MW, this amount is estimated
to be l0 percent of direct construction costs and contingencics.

Interest must be paid on the construction loan funds during the constructien
period prior to the time the plant is started. This intermt p"y*rnt will vary
depending on the interest rate, the period of construction, and the type of
financing adopted. To partially offset this expense, the money obtained at the
onset of construction can be invested until it js needed.

As stated prcviously, construction costs werc estimated using August l gg l
prices. The costs were escalated to be l2percent per year from tf,e Eiglneering
News-Record Cost Index for various components of hydroelectric deveiopment.
The estimate was made by graphically extending this historic data to the pro
jected bid date.

2. Annuat Costs: The annual costs for the project consist of the costs of oper-
ation, maintenance, insurance, interim replacements, and administration, and
the financial costs for loan amortization and interest. These costs are estimated
based on gxperience and research, For projects of a similar size, this has been
determined to be approximately 1.2 percent of the total capital costs.

At the tirne of this study, tax-free municipal bonds were being sold at
approximately l3 pcrcent. This interest rate exceeds the statutory maximum
of 12 percent for tax-free municipal bond sales. It is expectedthat the Califor-
nia State Legislature will raise the statutory maximum by the time this pre
ject's bonds are ready to be sold. The debt service for . iorn of $t,g12,000,
which is the total project cost for Scotts Flat, would be $239,000 using the l3
percent interest ratc and a project life of 35 ycars. For Lower Scotts Flat, total
project cost is $1,531,000 and debt service is $202,000. Annual costs which are
referred to as operation and maintenance (O&M) are meant to include not
only operation and maintenance of the plant, but also equipment replacement
allowances, licensing fees, and administrative costs. Thi annual ObM costs
are estimated to be $22,000 for Scotts Flat and $ 18,000 for Lower Scotts Flat
respectively.A summary of the annual costs is provided in Table 12.16.

Economic cnd Financial Analysis

This section discusses the financial alternatives available to the Nevada Irri-
gation District (NID) to develop the project, presents the proposed alternative,
and shows expected energy costs. It is proposed that the Scotts Flat power
Plant be financed through the sale of tax-free revenue bonds guaranteed by a
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TABLE 12.16 Cost Summary at l3 percent Discount
Rates for Scotts Flat and Lower Scotts Flat

Typc of cost Scotts Flat Lower Scotts Flat

Power purchaser or through a bank loan in conjunction with an avoided cost
power purchase contract.

l. Financial Alternatives: There are advantages to each type of financing.
With the bond guarantee there is very little risk to NID as the developer. A
disadvantage is that with a power purchaser agreement and bond guarantee by
the power purchaser, NID would profit less from future increases in the value
of energy, i.e., NID would share these increases with the power purchaser.
With a conventional bank loan, NID would carry the risk bul all the revenues
belong to NID. The time involved in selling bonds would be eliminated,
enabling the project to be completed sooner. The specific details follow.

a. Bond Sale: The capital cost of the project financed through the sale of
revenue bonds is the conventional type of funding for small hydroelectric
projects and is commonly used. Federal tax laws in the past had provided
that bonds could be exempt from federal income tax only if the power from
the project were used by a public utility company. Receni federai legislation
contained in the Crude Oil Windfall Profits Tax Acr of 1980 (p.L. 96-223,
effectiveApril 2, 1980), provides for the sale of tax-exempt bonds to finance
hydroelectric projects regardless of the power purchaser.

b. Conventional Loan: NID could finance the project through a conventional
bank loan. Currently, rates for such a loan are l0 percent and the term is
5 years. The balance of the loan must be refinanced at the end of 5 years.

c. Power Purchase Agreement: With a power purchase agreement, the total
capital cost would be financed through the sale of revenue bonds as
described in the conventional loan option. The power purchaser would sup
port the project by advancing funds for all or portions of the indirect costs
and by providing an incentive payment to NID for the energy and power to
be generated. The debt-service payment of the revenue bond would be guar-
anteed by the power purchaser, regardless of the amount of energy gener-
ated by the project. There are other alternatives such as investor financing,
U.S. Bureau of Reclamation P.L. 984 loans, Farmers Home Administration
loans, and Rural Electrification Association (REA) loans. Current legisla-

Tn lq l  non i ra l  ^ ^ -+-  Y ! 5 .  v e | / r r s r  w o t

Annual costs:
Debt service
o&M

Total annual costs

o r  o r ^  ^ ^ ^o r , o t z , u u u  D l . ) J l . u 0 0
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tion would have to be consulted to determine what specific provisions are in
force at the time for each of these possibilities.

2. Energy Production Cost: The energy pr-.orjuetion cost (EpC) is the annua!
ciebt service plus the annual operation 

"nd 
maintenance costs divided by the

energy produced annually, or simply:
EPC for Scotrs Flar

SYSTEM DESIGN AND CASE STUDIES 12.47

mine the project benefit/cost (B/C) ratio. The B/C ratio for Scotrs Flat was
computed at 2.6 and for Lower Scotts Flat at 0.54.

'A discount raterof 13 percent was selected. That was the current rate of
i n t e f e S t  N I D  w o n l d  h q v e  t n  n a r r  n n  l .  ̂ - J -  ^ ^ r r  ^ +  e L -  r i - -  -  - -  r

' The unit capacity. cost is the total project capital cost divided by the installed
capacity. The unit capacity cost for Scotts FIat Power plant is $1,g12,000
divided by 825 kW or $2,196 per kilowatt. For Lower Scotts Flat the unit
capacity cost is $1,531,000 divided by 200 kw or $7,655 per kilowatt.

TABLE 12.17 Benefit/cost Analysis for scotts Flat power project Bond
Financing (S/23/8r)

Cost streams Benefit stream Present
worth
factor

Present worths

Cost Benefit

$239,000 + $22,000
4.76 x t06 kwh

EPC for Lower Scotts Flat

$202,000 + $19,000
0.84 x 106 kwh

$261,000
4 J 6 x l 0 { w [ : $ 0 . 0 5 4 8 / k w h

$220,000 = $0.2619lkwh0.84 X 106 kWn
These values represent the cost of production during 19g5, the first year of

operation, assuming financing by bonds.

years.

' Th: annual operation, maintenance, and replacement costs (o&M) were
estimated to be 1.2 percent of the total projeit capital cost.

Year Debt service OM&R Energy Capacity

I  985
1986
I  987
l 988
1989

zoi s
20r6
20t7
201 E
20r9

429,500
416,900
404,500
392,700
381,300

zs,ooo
22,100
19,600
t 7,300
r 5.300

6,193,000

238,900 22,000 414,t00
239,900 24,200 455,500
238,900 26,600 501,100
23E,900 29,300 551,200
239,900 32,200 606,300

: : :
238,900 51,900 976,500
239,900 5t,900 976,500
238,900 51,900 9?6,500
23E,900 51,900 976,500
238,900 51,900 976,500

15,400 1.00000
15,400 0.88496
15,400 0.78315
t 5,400 0.69305
15,400 0.61332

0 o.oz.sst
0 0.02262
0 0.02002
0 0.01772
0 0.01568

260,900
232,800
207,goo
185,800
166,300

7,400
6,600
5,800
5,200
4,600

2,369,600

Benefit/cost ratio : 6,193,000/2,369,600 = 2.61
NOTES:

9ft{&R (opcration' maintcnancc, and replaccmcnt) cscalation ratc = lovo for ycars l-10.OM&R cscalat ion ratc - O%forycars i l -35.
Power rcvcnuc cscalation rate = lIVo for yearc l_10.
Power rcvcnuc cscalation ratc - 0% for ycars t l_35.
Discount rate = 13% for years l-35.

- A preliminary cash flow statement for bond financing is presented in Table
l2'18. The table shows that there is a positive cash flow during the first com-
plele year of operation. A Department of Energy (DOE) loan foi the feasibility
study is included.
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Development Plan

The general plan to implement the Scotts Flat power project is shown as a bar
graph schedule in Fig. 12.15. The first activity, feasibility study preparation, is
compieted with the preparation of the report.

Several additional activities must be completed prior to final design of the
project. The first is to prepare the FERC license-exemption application requir-
ing approximately 3 months to finish. FERC must act on the license-exemption
application within 4 months of accepting the application for filing. It was esti-
mated that approval of the exemption application would be complete by
August 1982. NID should also begin the process of negotiating a power sales
agreement with a power purchaser.

As soon as approval is obtained from FERC, equipment procurement spec-
ifications may be prcpared. As shown in Fig. 12.15, an equipment contract for
design for the turbine-gcnerator would be awarded by Dec. l,1982. A contract
for fabrication of the equipment will be awarded immediately after bonds are
soldon Dec. l, 1983. Deliveryof these items requires approximately 14 months
after the fabrication contract is awarded. Final project design can begin after
the equipment contract is bid and should take place from December 1982
through July l, 1983. The civil works contract can be bid aftcr sale of the
revenue bonds, with a notice to proceed in December 1983. It is expected that
project construction will take place from Dec. l, 1983 through May 1985, with
equipment testing in April and May 1985. As shown, the proposed project
development plan would bring power on-line in June 1985.

The Nevada lrrigation District (NID) must obtain several licenses and per-
mits, both federal and state, before construction may take place:

l. Fed.eral Energy Regulatory Commission (FERC) license exemption
(federal)

2. Water-rights revision (federal)

3. Water Quality Control Board certification (California)
4. Initial environmental study (California)

5. U.S. Army Corps of Engineers permit (federal)

6. Division of Safety of Dams approval (California)

Based on the results of this study, the proposed power plant at Scotts Flar
Dam is technically, economically, and environmentally feasible. In review, the
proposed Scotts Flat Power Plan consists of an 825-kW horizontal Francis-type
turbine-generator unit capableof generating an average annual energy of 4.76
million kWh. The benefit/cost ratio for the recommended development is 2.61,
based on a 35-year, 13 percent bond and conservative inflation rates. The
benefit/cost ratio for the project using a l0-year, l0 percent bank loan would
be 3.34. The unit capacity cost will be $2,196 per installcd kilowatt and the

t2.48
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energy production cost will be $0.055 per kilowatthour. The estimated energy
value at the time the project goes on-line is $0.087 per kilowatthour.

The Lower Scotts Flat power plant, a 200-kW unit, although technically
feasible, is not feasible for NID to finance through conventionalmethods. How-

i r  - ^ . .  L ^  ^ f  l - r ^ - ^ - r . -  - - : - - - i  -
vver '  r r  r r rdry r rs ut  l l l tcrcs!  to pr lvale lnveslofs WnO WOUIO def lve SpeCtal  taX
advantages by financing all, or a portion of, such a project.

Discussion

This study sought to determine the feasibility of two hydro plants at consecu-
tive dams in an irrigation system requiring both headwater and tailwater level
analysis. However, irrigation and flood-control procedures clearly dictate flow
availability and subsequent energy production. Since energy rates had been
established, revenues became a function of flow, making the plant at Lower
Scotts FIat uneconomical.

The analysis of four equipment alternatives at Scotts Flat and of financing
options was complete. Since it was difficult to predict discount rates and federal
loan covenants, a clearly favorable financing option did not emerge.

Fula Rapids Project, Juba, Sudan (I98l)e

Information courtesy of the United Nations Department of Technical Cootr
eration fbr Development, New York, New York. Principal Investigators: R. N.
Bhargava, G. M. Haggstrom.

Background

The Democratic Republic of Sudan is the largest African nation. It covers an
area of nearly 2.5 X 106 km2 (965,251 mi2) and has a population estimated at
about l8 million. The Public Electricity and Water Corporation (pEWC), a
parastatal organization with headquarters in Khartoum, is responsible for all
generation, transmission, and distribution of electricity in the public sector of
the country.

Southern Sudan is known as Eastern Equatoria Province. The largest center
of activity is the town of Juba, with an estimated population of about 85,000.
The other two important towns are Torit and Yei. Juba is situated on the banks
of the White Nile; Torit and Yei are located on the banks of the Kinyeti River
and the Yei River, respectively. The three towns of Juba, Torit, and yei are
located in the most remote part of the country, where the southern province
borders Ethiopia, Kenya, Uganda, andZaire. (See Fig. 12.16)

The landscape in the north of the Yei-Juba-Torit area is almost flat while
toward the south, up to the border of Uganda, the landscape gradually becomes
mountainous. Maximum altitudes in the Imatong Mountains near the border
are more than 3,000 m (9,836 ft) above sea level.
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In Juba, an isolated diesel generating power station with a total installed
capacity of about 1,000 kW (derated 750 kW) is owned and managed by
PEWC, supplying electricity to the town and its adjoining areas. The demand
for power and energy exceeds supply with load shedding as a regular feature
for the last several years. The irregular availability and delivery of diesel fuel
over long distances and the shortage of spare parts for the generating sets add
to the difficulties in maintaining a regular electricity supply. A large number
of small privately owned and operated diesel generating sets with a total
installed capacity of about 4,300 kW meet a noncoincidental peak of about
1,000 kW. The rated capacity of these sets varies from l0 to about 350 kVA.

AlFashir Al Ubayryid

Jebel Mona cE

. Nyata g

Holrat En Nahus

FIG. 12.16 Site of thc Fula Rapids project in Sudan.
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Outside Juba, the supply system is isolated and generation is through 8 die-
sel generating sets. The electricity at dieselstations operated by PEWC is gen-
crated at 415 V and stepped up to 3.3 kV for.primary distribution. The system
supplies areas located within a radius of about 5 km (3.1 mi) from the power
e f a f i n n  T h a  c r r n n l r r  n f  a l o n f  . i n i + . ,  + a  d  ^ ^ - - ^ ^ + ^ , J  . . , i + L  r L ^  l ! ^ r - i r ^ - - r i ^ -r " v  e s y y r J  v r  v r v v l r r w l l J  r , \ ,  w l l J u r l l v l D  t v u l l l l g l v l 9 t l  W f L I I  t l l ( i  | . l f S t I I U U l l Q l l

mains of PEWC is far from satisfactory. Consumers normally receive the
energy at about 360 to 375 v, against the rated 415 v at three phase.

A new diesel power station with a capacity of 5 MW is under construction.
It was scheduled for commissioning in 1977 but was not completed because of
delays in deliveries of material, plant, and equipment. The plant was expected
to be commissioned in late 1982.

In the town of Juba, the installed capacity of the isolated power station and
the energy generated per year during the period 1976 to l98l is shown in Table
r2.r9.

Analysis of the available data indicates practically no growth in demand for
Power and energy during the last 5 years. This inference, however, is not cor-
rect. PEWC was unable to cope with the demand and supply for power and
energy, with the result that some consumers had to install their own diesel
generating sets. This is indicated by the fact that the diesel generating capacity
in the privatc sector is much higher than the derated generating capacity of
the isolated PEWC power station.

The forecast for power and energy shown in Table 12.19 for the period 1986
to l99l u[s estimaied by the Directorate of Electricity, Planning and Opera-
tion Department, PEwc. It anticipates that the demand of 2.7 MW for power
capacity and 10.5 Gwh in energy in the year l98l-82 will rise to 6.0 Mw
and 23'3 GWh in the year 1985-86. This estimate appears realistic, particu-
larly since most of the generation presently under the private sector is likely to
be connected to the PEWC supply system after commissioning of the new 5-
MW diesel power station in 1982.

TABLE 12.19 Power Capacity and Energy Production for Juba (1976-gl and
l e86-9 I )

Period

Actual t976-77 1977-78 t978-79 1979-80 1980-81

Derated installed capacity, MW
GWh per ycar

Period

Projccted 1986-87 t987-88 1988-89 1989-90 1990_91
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Site Description

The main inflow into the White Nile, a river called Bahr-el-Jabel, enters Sudan
from Uganda at |imule. The Fula Rapids commence about 7 km (4.3 mi)
d O W n S t r e n r n  n f  N i r n r t l o  A  r l r ^ ^  a f  a } , a , , +  1 A  ^  / t 1  f r \  ^ e  t r - . r ^  n ^ - : r.  t . r r r s r v r  r  L  s r v p  v r  a r J r r u l  r v  r r r  \ J J  r L )  d L  r u r a  r \ a p l u s  a p p e a r s

to be the nearest hydropower potential site that could be developed economi-
cally for thegeneration of l0 to l5 MW of electrical power to supplyJuba,
approximately 135 km (84 mi) away. Nimule, not yet electrified, und about 7
km (4.3 mi) from the proposed power station, where the demand for electricity
is rather small, could also be supplied with electricity from the proposed po*.i
station.

The profile of the Bahr-el-Jabel River was identified by studies of available
topographic maps; l:250,000 with contour intervals at 50 m (164 ft). The site
was recently surveyed by a team of engineers from Hafslund Consulting Engi-
neers' oslo, Norway, and identified for hydro development.

Two stream gaging stations are located on the river at Nimule and Mon-
galla and have been in operation since l9l5 and lglz,respectively. The max-
imum discharge along the Fula Rapids recorded at Nimule normally varies
between 700 and about 1000 m3/s (25,000 and 35,310 ft3/s), with a mean
annual discharge of 600 m3/s Ql.lg6 ft3/s). The maximum recorded flood
discharge at Nimule was 960 m3/s (24J6:4 ft 3/s) in 1932, whereas rhe cal-
culated maximum, using data available at Mongalla for the period 1916 to
r973, and a return period of r00 years, was estimated at 2,g0d m3/s (9g,g70
ft3/s). with a return period of 1,000 years it was at almost 4,00b ill,
(141,243 rt3/s). A low lOday mean discharge of 320 m3/s (11,300 rt37s) was
recorded in 1923.

Plant Chqracteristics

By utilizing a design discharge of 125 m37s 14,41 4 ft3ls) and installation of
three turbine-generating sets of 3,000 kW each suitable for operation at a net
head of 9 m (30 ft), the proposed run-of-river power station at Fula Rapids
should be able to harness 9,000 kw of power 

"nd 
g.n"rate 47 Gwh of enirgy

per year with an average annual capacity factor of 60 percent. This generating
capacity could easily be increased when considered necessary.

Allowing for consumption in station auxiliaries and losses in transmission
and distribution, it is anticipated that nearly 35.5 GWh of energy per year will
be available for sale to prospective consumers at Juba and aaibining rurat
areas. The town of Nimule would be supplied with electricity by extension of
an I l-kV system from the power station.

The scheme is visualized as a runof-river plant to include a small dam
about 10.5 m (34.4 ft) high. The power station will be an integral part of the
concrete dam structure at the end of the headrace channel. Intakes will be
fitted with trashracks and gates. The power station will be a surface structure

1 .0
3.9

1 .0
4.0

1 .0
3.68

1 . 0
4.3

1 ,0

Powcr, MW
Encrgy, GWh
Growth ratc pcr annum, %

6.5
25
8.3

7.0
27
7.7

7.6
29.3
8.5

8.25
32
8.5

9.0
35
9
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with a 66-kV switchgear on one side and will house three bulb-type turbines
with three-phase synchronous generators capable of delivering 3,000 kW each
at 0.85 power factor at ll kV with an inbuilt overload capacity of about l0
percent.

' T ' L ^  - ^ - - . ^ -  r L - - -r lrc PUvYsr Lllus g,enerateq lS [O Oe transmttteo tO tne loa(l Center at Juba
over a 135-km (84-m), 66-kV three-phase transmission line for use at 400/230
V ac at 50 Hz.

In view of the provision of a single-circuit 66-kV transmission line, it would
be desirablc to keep some diesel generating capacity at Juba as standby. pro
vision for the depreciated cost has not been considered at this stage.

Benefits and Costs

In view of the absence of detailed topographical and geological data and site
surveys, it is not possible to prepare detailed cost estimates. Effort has, how-
ever, been made to assess the total investment costs at mid-I981 prices on the
basis of lumpsum costs.

Estimates for project work on this basis for generation, transmission, and
distribution works appear in Table 12.20. The total investment, excluding
interest charges during the construction period is estimated to be about US$25
million at mid-1981 prices. The rate of interest at which money for this devel-
opment is borrowed should be low since it would come from an international
donor. A nominal interest rate of l0 percent was used in the study.

It is presumed that construction of the project will take 3 years with the
cumulative phased requirement of capital investment l0 percent in the first
year, 60 percent in the second year, and 100 percent during the last year of
construction. It has also been assumed that the interest at l0 percent per
annum on the phased capital investment will be payable at the close of each
year for 2 ycars until commissioning of the plant which will occur at the end
of the third year.

The annual overall maintenance charges for the civil, electrical, and
mechanical work are based on an average of I percent of capital investment
for generation and 2 percent for transmission, transformation, and distribution
works totaling US$303,000.

The annual operation charges are based on 0.5 percent of investment costs
at US$126,000. Annual adrninistration expenses including insurance and taxes
have also been taken as 0.5 percent of investment cost at US$ 126,000.

The total annual fixed costs for generation, transmission, transformation,
and distribution comes to US$3,368,000.

The cost of delivered energy can be computed. Total annual energy produc-
tion from the 9-MW plant at 60 percent capacity factor is 47 GWh. Assuming
a consumption of about 1.5 percent in station auxiliaries and23 percent losses
in transmission, transformation, and distribution at 1l kV, thc energy available
for sale at I l-kv busbars at Juba is 35.5 Gwh annually. The energy produc-
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TABLE 12.20 Capital Cost Estimates for Fula Rapids Projectt

Generation

I t em

Rate per
kw,
US$

(-nct I  IQt
v v e l t  v v g !

millions

Civil works for 9,000-kW hydropower station
Hydro generating sets, consisting of three 3,000-kW

turbine-generators, complete with associated switchgear,
erection, testing, and commissioning

I ,600

600

t4.4

5.4

19.8

Transmission, transformation. distribution

Item
Number or Unit cost, US$, Cost, US$,
quantity thousands thousands

| | / 66-kV transformer substations, 12.5
MVA cach, complete including
erection, testing, and commissioning

I I /0.+kV transformer substation, 500
kVA, complete including erection,
testing, and commissioning (power
station)

66-kV ransmission line on wood poles,
complete with terminal cquipment

I l-kV line on wood poles with tcrminal
equipment (additional length only)

)

I
135  km
(83.9 mi)
l 0  km
(6.2 mi)

500

30

30/km

l5 lkm

I,000

30

4,050

150
5,230

Summary of costst

Item US$. mill ions

Cencration works
Transmission, transformation, distribution

*Alf costs at mid.l98l price lcvels excluding cscalation.
tExcluding intcrcst during construction.

tion cost was computed at US$0.056 per kilowatthour and the delivered cost
at US$0.087 per kilowatthour.

Economic and Financial Analysis

The cash flows for total investments, operation, maintenance, and overhead
expenditures, without depreciation and interest charges during construction
and return on capital investments have been calculated for a period of 30 years
for hydro and for an alternative diesel power scheme in Tables 12.21and 12.22.

r  9,8
5.2

25.0



TABLE t2.2t Investment Cash Flow Fula Rapids Hydro Projcct, US$ (rni l l ions)

Capita l  investmcntt
Administrat ivet

overhead. opcration,
and maintenance
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Year after start of
projectr

Power
generation

Transmission
distr ibut ion

Total
cash flow

TABLE 12.23 Computation of Benefit Fula Rapids
Hydro vs. Diesel, US$ (thousands)

I
2
3 $
4
5

23
24
29
30

(107o)  1 .98
(507o) 9.90
(40Eo) 7.92

( to%o\  0 .52
(snq^ \  7  Ar

(407o) 2.10
0.555
0.555
0.555
0.555
0.555
0.555

2.50
t t  < t

t0 .02
0.555
0.555
0.555
0.555
0.555
0.555

2,500
12 ,510
10,020

555
55s
555
555
555

555
555
555
555

sis
555
555

I ,300
2,560
2,1 50
5,750
5,320
7,020
7,020

9,540
7,02O
9,010
7,O20

7,020
7,020
7,O20

0,909
0.8,26
0.75 r
0.683
0.62r
0.565
0 . 5 1 3
0.467

0 . r98
0.1 80
0.164
0.149

o.oog
0.063
0.057

2,272
10,333
7,525

379
345
3 1 3
284
259

l l 0
100
9 l
83

ie
35
32

rlozr
1,922
1,468
3,570
3,005
3,601
3,278

1,8E9
1,764
1,478
1,046

qe+
442
400

Year after start
of hydro project

Cash flows

Hydro Diescl

Prescnt worth
factor at !0
perccnt Per

annum

Present worth (PW)

Hydro Diesel

fUsc fu l l i f co f  gcncra t ingp lan t , t ransmiss ion , t rans format ion ,andd is t r ibu t ionon t l -kVassumedas30
ygars.

tExeluding interest during construction period.
$All cxpenditurc is takcn to bc incurrcd at the end of the year.
$It is prcsumcd that construction will extend ovcr a pcriod of 3 years and power station shall bc commis-

sioned at thc cnd of third vcar.

TABLE 12.22 Investment Cash Flow Fula Rapids Alternative Diesel Power
Scheme, US$ (millions)

Capital investment
Administrativec Fuel costd

overhead, at Total
operation and US$0.l9 cash
maintenance per kWh flow

Total 23,982 47,482

Present worth of investment cash flows for hydro and diesel schemes have

been ascertained for a period of 30 years at a discounted rate of 10 percent per

annum bnd appear in Table 12.23. The benefit/cost (B/C) ratio was computed

as follows

I
2
3
4
5
6
7
E

l 7
l 8
l 9
20

ia
29
30

Year alter
start of

hydropruject

Transmission
Gencration and

workso distribution'

I '
z.

v
4
5
6
'13

l 5
t6h
t 7
l 8
l 9
zo
30

(20vo) t.26
(40Eo) 2.52
( 57o) 0.31
(3s%) 2.21

2.52
(Plant only)

2 .21

(507o) 0.045
(5070) 0.045

0.t42
0.t42
0.221
0.221
0.221
0.22r
0.22r
0.221
0.221
0.221
o.22r

t . 7
3.4
5 . 1
6.8
6.8
6.8
6.8
6 .8
6.8
6 .8
6.8

1 . 3
2.56
2 . t 5
5.75
5.32
7.02
7.02
7.02
9.54
7.02
9.01
7.02
7.02

(PW diesel - PW hydro) _
PW Hydro

Energy costs of hydro and diesel generation can also be compared as follows

PW of hydro costs

B / C r a t i o :  I  *

PW of energy produced

PW of diesel costs

:  US$0.0716/kWh

: US$0. l41 8/kWh

1 . 9 8

alnstallcd capacity 2 X 4,500 kW with 2 ycan' gap betwecn first and second set. Invcstment cost assumed
as $700.0O pcr kW.

"As pcr hydro projcct cxccpt 66-kV systcrn and 4 km (2.5 mi) of I l-kV line.(Maintcnancc 
costs 8t 2.5 pcrccnt of capital investment for unit onc and rest at I percent of total capital

for.both units and 2 pcrccnt for transmission and distribution system until year 6. Thercafter,2.5 perccnt
maintcnancc coots for both units bcsidcs ovcrhcads and operation at t perccnt for totat investment foigener-
ation and 2 ptc*nt for transmission and distribution.

tBascd on price of dicscl fucl at US$0.57 pcr litcr dclivcred at site.
tlntcrest chargcs on capital invcstmcnt during construction havc not bccn takcn into account at this stagc.
rCommcrcial scrviccat thc cnd of ycar for unit onc and at end of ycar 5 for unit two.
tkWb generatcd at an svcragc annual load factor of about 45 pcrccnt and utilization assumed as 25 pcr-

ccnt in thc fourth ycar, fl) pcrccnt in thc fifth ycar, 75 perccnt in thc sirth ycar, and t00 perccnt in thc sevinth
t*tiu*rr, 

lifc of dicscl plant assumed as l5 ycars.

IZ"sU

PW of energy produced

Development Plcn

No information was given.

Discussion

This casc study is an example of a reconnaissance evaluation at a site for which

little data cxists. Being typical of a developing country study, the only known
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information may be mean, maximum, and minimum flows, head, and general
topography. The investigation must therefore be carried out on the basis of
roughly forecast energy demand and capacity factor, an expected donor inter-
est rate. and general eost guidelines of the type published by the U.S. Army
Corps oi Engineers.s

The project included transmission and distribution elements since a nearby
grid did not exist. Also, the yardstick for economic comparison was a diesel-
generator, the most likely alternative. Clearly before an investment decision
can be made, further fieldwork and analysis must be done.

West Creek Hydroelectric Project, Skagway, Alaska
; r  n a r r  l O( rvd.sr ' -

Information courtesy of R. W. Beck and Associates, Seattle, Washington. pro-
ject Director: Donald R. Melnick, partner. project Manager: wilson v. Bin-
ger, Jr., Principal Engineer.

Background

In 1981, the Alaska Power Authority (APA) authorized a detailed study to
determine the technical, economic, and environmental feasibility of a hydre
electric ploject on West Creek as a means of meeting the future electrical
requiremcnts of Haines and Skagway. APA's dccision was based on two pre-
vious studies carried out in the region. The West Creek project site is about 6
mi (9'7 km) northwest of Skagway. West Creek flows into the Taiya River
about 3 mi (4.8 km) above its mouth.

Thc city of Haines is located in southeast Alaska on the Chilkoot Peninsula
near the mouth of Taiya Inlet. Approximately 16 mi (25.g km) north of
Haines, the city of Skagway is located at the head of Taiya Inlet at the mouth
of the Skagway River. The two cities are about 80 mi (l2g.g km) north of
Juneau. Roads from both cities connect with the Alaskan Highway in Canada.
The White Pass Railway and Yukon Railroad run north from Skagway ro
Whitehorse, Canada.

The city of skagway corporate limits encompass 431 mi2 (1,116 km2) and
include the West Creek Project site. Skagway had a 1980 census population of
768. Most of the employment in Skagway is associated with the White pass
Railway or summer tourism. Haines had a 1980 census population of 993.
Haines is located about 20 mi (32.2 km) south of the West Creek Project site
and serves as a shipping point for the interior via the Haines Highway. Haines
has an cconomy which is typical of southeast Alaska with employment pri-
marily in lumber production, fisheries, transportation, trade, and services.

A 4'00GkW wood-waste generation plant is currently being installed at the
Schnabel Mill in Haines and will be supplying electricity to Haines under a 5-
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year contract beginning early in 1983. Based on the terms of the fuel contract,
wood-waste generation is expected to provide power at a lower cost than diesel
generation. However, wood-waste generation will not supply the needs of Skag-
wajf; nor are thd.costs assured after the 5 years co.,,orod in thc contract.

Previous studies of the Haines-Skagway Region concluded that the most
economical hydroelectric project in the region would be the West Creek project
with a storage reservoir and a transmission intertie between Haines and
Skagway.

Site Characteristics

The Haines-Skagway Region is characterized by steep, rugged ridges divided
by rivers and streams running from high glaciers and snowfields down to ocean
inlets. These inlets are generally steep sided with depths to greater than 1,000
ft (305 m). Mountain peaks are at the 5,000 to 6,00Gft (1,525 to lg3Gm)
elevation. Level ground is limited to the flood plains of the rivers.

The climate in the Haines-Skagway Region is influenced by interior and
maritime weather patterns and by the surrounding topographical features.
Southeast Alaska is located in the maritime climatic zone experiencing consid-
erable precipitation. Climatological records in Haines are typical of the region,
with a mean annual precipitation of 61 in (1550 mm) and a mean annual snow-
fall of 133 in (3380 mm).

West Creek, a stream 9.0 mi (14.5 km) long, originates in an arm of the
Chilkoot Glacier at about the l,60Gft (488-m) elevation. The stream skirts
another arm of the glacier and enters a broad valley approximately 0.5 mi (0.8
km) wide with a moderate gradient through which it flows for about 5 mi (8.0
km). The proposed dam site is located at the lower end of the valley at approx-
imately river mile (RM) 2.8 (4.5 km) measured from the confluence of West
Creek with the Taiya River.

The project area is underlain by granitic crystalline rocks, primarily
granodiorite. The rocks are part of a large multistage batholith known as the
Coast Range Plutonic Complex. Bedrock is exposed intermittently throughout
the project area. In the dam site area, rock is at or near the ground surface. A
thin mantle of overburden ranging up to approximately l0 ft (3.0 m) in thick-
ness covers the abutment areas. Recent alluvium underlies the active stream
channel and is estimated to be about 20 ft (6.1 m) thick.

Below the dam site the stream gradient increases sharply as the creek passes
through an upper gorge approximately 0.3 mi (0.48 km) long. For the next
mile (1.6 km) the gradient moderates before the stream enters a steep lower
gorge that extends 0.6 mi (0.96 km). The creek then enters the Taiya River
Valley and flows through a low-gradient braided channel to its confluence with
the Taiya River. The proposed powerhouse site lies at the west edge of the
Taiya River floodplain about 1,200 ft (365.85 m) south of West Creek.

At the powerhouse site, the bedrock surface slopes downward beneath the
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Taiya River floodplain at approximately the same slope as the valley wall. The
floodplain consists of sand, gravel, and interbedded sand and silt. Immediately
to the south of West Creck is an area of overburden consisting of cobbles and
boulders with a sand and silt matrix. The dcposit ex-rends'.ip tJabout eieva'rion
:00 ft (9t.5 m) and south about 600 fr (lg3 m).

The project area is generally coniferous forest with riparian shrub and
marsh and an area of deciduous woodland near the powerhouse. The West
Creek Valley is populated by black bear, mountain goat, and various furbear-

selected land, which is in the process of transfer from federal control. In the

Hydrologic investigations of the West Creek project are based on the l5
years of streamflows recorded at thE West Creek gage near the mouth of the
creek. Analysis of these together with climatotogical records at Haines and
Skagway resulted in the development of basin-yield estimatcs, flood frequency,
and thc probable maximum flood (pMF).

The U'S. Geological Survey has streamflow records for the West Creek near
Skagway gaging starion from May 1962 to September 1977. The flow data
indicatc an averagc annual flow for West Creek at the gaging station of 334.9
tlt/.s (!.!s m3/s). This is an average runoff of 7.75 f;r/-G.-mi2) t0.o8t;3/
(s'km2)1. Table Lz.z4lists West Creek average monthly discharges from 1966
to 1977 at the gaging station.

To derive long-term streamflow data that could be used to conduct power
studies and to estimate flood flows for spitlway and diversion facility sizing, an
effort was made to extend the available flow data by statistical means. This
involved correlating recorded West Creek flow data with other recorded flow
data from nearby drainage basins as well as with long-term precipitation data
in the region.

The resulting correlations for monthly and annual streamflow data were
found to be poor. Thus, since l5 years is a reasonable length for the sizing of
a project, it was decided to use the West Creek record as the best representa-
tion of the long-tenn average flows to be expected. The flow data indicate an
avera$e annual flow for west creek at the darn site of 2gg ft3/s 1st.6 m3/s).
The average monthly inflow into the West Creek storage dam reservoir has
been taken as 86 pcrcent of the gaged flows at the former gage based on a ratio
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TABLE 12.24 West Creek Monthly Average
Discharges, 1966 to 1977

Gaging station Dam site

l t ^ - 1 L

lY luI t In
r . t  t -r r - l s I(m / s,, c , \  r  z  f t r  rr r - l s  (m- /s ,

October
November
December
January
February
March
April
May
June
July
August
September

254.2
t 20.0
46.0
75.9
27.4
29.6
53.0

212.r
629.5
983.9
953.  I
66  r . 9

7.20
3.40
1 .30
2 . r 5
0.78
0.84
r .50
6.00

17 .83
27.86
26.99
18 .76

6.20
2.92
l . l 3
0.62
0.68
0.7r
1.30
5 . rs

t5.32
23.96
23.17
l 6 . l l

219
r 0 3
40
22
24
25
46

1 8 2
5 4 t
846
8 1 8
569

of the corresponding drainage areas. The drainage area at the dam site is 37.2
mi2 196.1 km).

Flood-frequency studies on West Creek have been conducted using the
Gumbel Extreme-Value Type I distribution as well as the Log Pearson Type
III method applied to the recorded momentary maximum discharges. Peak
flows for each year of record at the West Creek gage are shown in Table 12.25.
For the purpose of sizing construction diversion facilities, a pcak dischargc with
a lGyear recurrence interval was considered to be reasonable for the Z|byear
construction period and for the type of construction contemplated. This
resulted in a peak discharge of 5,500 ft3/s (155.8 m3/s) to be used to size
construction diversion facilities.

A unit hydrograph was developed for West Creek using U.S. Bureau of
Reclamation methodology. The synthetic hydrograph was found to have a
significantly shorter time to peak than the unit hydrograph derived from U.S.
Geological Survey data. The more conservative synthetic hydrograph was used
to derive the probable maximum flood.

The reservoir, with normal maximum elevation 705 ft (215 m), will have a
surface area of about I miz (2.6 km2) which is 2.6 percent of the total drainage
basin area. To properly evaluate inflow from storm runoff, rain falling directly
on the reservoir area was considered to have a zero time of concentration. The
unit hydrograph developed (Fie. 12.17) has a precipitation duration of 30 min-
utes and a peak of 13,835 ft3/s 1ll l .8 m3/s).

Available precipitation data for Haines and Skagway was reviewed. It
appeared reasonable that the spillway design storm would occur in the late
summer or early fall. This would produce a flood with a higher peak inflow
than a flood which might occur during the spring snowmelt season, although a
spring flood would have a much longer duration and volume. On this basis, the
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TABLE 12.25 Peak Flows at West
Creek Gage

Peak flow

'J tILE
c . l t -  u  l r  rr r  / s  ( m - / s ,

30 Minutes

0  1  2 . 3  4  5  6  7
Iime, Hours

FIG. 12.17 Unit hydrograph for the West Creek project
based on a 3Gminute rainfall.
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FIG. 12.18 The effect of probable maximum precipitation (PMP) on res-
ervoir elevation and West Creek FIow.

1962

l 963

t964
I 965
1966

1967

r 968

1969

1970
197 |

t972

I 973
t97 4

l  975

t976

r977

106.5
70.5
80.7
70.8
47.6
46.2
78.2
s3.8

277.5
90.6
66.6
59.2
90.3
64.6
47.0
60.3
52.1
82,4
64.9
75.6
70.2
68.8
93.7
69. l
E5.0
67.7
78.2
68.0

September 25 3,760
August 23 2,490
August 8 2,850
July 18 2,500
June 9 1,680
August I  I  1,630
Octbber 2 2,760
September 26 1,900
September l5 9,800
August 9 3,200
September 28 2,350
Septembcr 5 2,090
August 8 3,190
November | 2,280
September 27 I,660
August 2 2,130
July 16 1,840
August 6 2,910
August 26 2,290
August 12 2,670
September 13 2,480
September 25 2,430
Septembcr l3 3,310
July l0 2,440
September 27 3,000
October I 2,390
Scptcmber 12 2,760
August 20 2,400

6
o-

E
3
o
lt

probable maximum precipitation (PMP) design storm was assumed to occur
in the fall (October).

Considering the range of temperatures that can be expected for the month
of October, it was considered possible to have a snowpack condition antecedent
to the PMP, at lpast in the higher elevations of the basin which would contrib-
ute to runoff. The combination of an October precipitation together with some
snowmelt runoff was considered appropriate and reasonable in formulating the
spillway design flood.
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Sediment yield from West Creek was based upon suspended sediment mea-
surements made by the U.S. Geological Survey between the years 1963 and
1977. Using these measurements, a suspended-sediment rating curve was
developed and used with the flowduration curve to estimate average annual
^ . , ^ - ^ - l ^ I  ^ ^ J : - ^ - r  ^ - - ^ - r - ' r i ^ -  f - r ^ -  ^ -  -  - - - - - - -  -  I  -  r  t  a a  r r  r n .  1DuDPerrusLr-Deulrus[ [  quanuLrtrs.  rof  an assumg(l  seglment oensl ly  oI  /u lD/ I t -
(2.95 kg/m') and a bed-load factor of 1.25, the annual sediment yield was
estimated to be l0acre-feet (12,335 m3;. On this basis, thesedimentyield to
the reservoir for a l0Gyear period would be 1,000 acre-feet (12.335 x 105
rn3). At the dam, the l0Gyear sediment level was calculated to be elevation
640 ft (195.2 m) which corresponds to a sediment depth of 7.5 ft (2.3 m).

Plant Charecteristics

For most hydroelectric projects, the scale of the various features are optimized
to produce a project which makes the best use of the hydrologic, topographic,
and geologic conditions of the site. This presupposes that there is a market for
any and all power produced by the project. However, in the case of the West
Creek Project, the output can be used only in Haines and Skagway. Thus, the
size of the project is limited by the forecast loads and energy requirements
rather than site conditions.

For planning purposes, the West Creek Project was sized to meet the 1996
peak load and energy requirements forecast minus the portion of the load
which woilld be mct by the existing hydroelectric units in Skagway. The result-
ing 1996 annual requirements are 23,630 Mwh with a peak of 5,400 kw for
a system capacity factor of 50 percent. The installed capacity was set at 6,000
kW which allows some margin should the system capacity factor change. In
addition, the reservoir was sized to meet the 1996 energy requirements during
the driest year of record. Figure 12.19 shows the forecast demand for the
region using three growth scenarios.

The operation studies showed that a reservoir with a usable storage of
18,130 acre-feet (22.4 X t06 m3) would be necessary. This requires a norrnal
maximum level of elevation 705 ft (215.0 m) and a minimum operating level
of elevation 662 ft (201.9 m). Average gross power head, based on an average
reservoir elevation of 697.6 ft (212.8 m) for the period of study and tailwater
at elevation 38 ft (11.6 m) is 659.6 ft (201.2 m). Maximum gross head is 667
ft (203.4 rn) and minimum gross head is 624 ft (190.3 m).

These results indicate that secondary energy could be generated during the
dry months when the inflows are higher than those occurring in the driest year
of record. This secondary energy would only have an economic value after 1996
when the load exists. To provide a conscryative analysis, no credit has been
taken for secondary energy during the dry months.

The operation studies also show that during months of high flow, June
through October, thcre is sufficient excess water to gencrate up to the installed
capacity of the plant. This would be a total energy of z2,0}o Mwh as com-
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FIG. t2.19 Forecast energy demand for the Haines-Skag-
way region.

pared with the 9,381 MWh required during those months in the 1996 forecast.
The only limitation on use of this energy is the availability of a load which can
make use of the energy. Thus, as the load grows after 1996 the energy from
the project will increase during the high-flow months.

The major physical features of the project are the reservoir, dam, power
intake, power conduit and surge shaft, powerhouse, site access facilities, and
transmission system. Figure 12.20 shows a general arrangement of the
powerhouse.

The reservoir formed by the dam will provide 18,130 acre-feet (22.4 X 106
m31 of active storage above the minimum pool at elevation 662 ft (201.9 m).
At normal maximum reservoir elevation 705 ft (215.0 m), the surface area will
be 635 acres (257.2 hectares). Some of the areas on both sides of West Creek
are densely forested so that it will be necessary to clear about 330 acres (133.7

hectares) within the area of the reservoir. The remaining area is covered with
low brush with a good root structure which should hold the brush in place after
fi l l ing.

The selected dam type is a concrete-faced rockfill embankment. The down-

5.Y
c
.9

h

e
lrJ
(E
f
c
c



!!

C
o

e

t
4

E  z  , 3
O  Y  9 =
t  0  U - q

5  E A  A ;
<  - i  q o

r, i- I r"
i ; ;  H E
X  r . I  > t '

3 i- g F

;
5

S E
E r
JE

6 1 6

i F  5 j
; 5  € E
E : ;  o S

"FS ; €,
.  E  r  l - ?

z l  - 8 5

SYSTEM DESIGN AND CASE STUDILS 12.69

stream face will have a slope of 1.5: l. The Upstream face will have a slope of
1.6: I . The embankment will be constructed entirely of compacted rock exca-
vated from the spillway and intake except for a lGft (3.Gm) thick layer of
processed gr-_avel- on the upstream faee whieh will seryc as a bedding for the
reinforced+oncrete face.

The dam will have a crest at elevation 729.5 ft (222.5 m), including a 3.5-
ft (1.07-m) hieh parapet wall, and an overall height of I l7 ft (35.7 m). During
the probable maximum flood (PMF), water level would be elevation 729.5 ft
(222.5 m). The dam will have a volume of 254,000 yd3 1194,310 m3) of rock
and 30,500 yd3 123,333 mt) of processed gravel. An unlined open channel spill-
way 75 ft (22.9 m) wide will be excavated in the right abutment. It will dis-
charge into West Creek at a point 450 ft (137.3 m) downstream of the toe of
the dam. The power intake will be located on the right abutment, adjacent to
the dam. The powcr tunnel will be excavated using a tunnel-boring machine
9.5 ft (2.9 rn) in diameter. The tunnel will be left unlined except for a 5Gft
(15.3-m) length at the upstream end and a l8Gft (5a.9-m) length at the down-
stream end.

From the downstream portal, a steel penstock 7.5 ft (2.3 m) in diameter will
extend out of thc tunnel about 50 ft (15.3 m) to a transition section 15 ft (4.6
m) long, reducing the diameter to 3 ft (0.9 m). Before entering the powerhouse,
the penstock bifurcates into two branches 24-in (610 mm) in diameter.

The powerhouse will be an indoor-type structure founded on rock located
about 1,200 ft (366 m) south of West Creek. It will contain two horizontal-
shaft l,20Grf min Francis turbine-generator units. Each turbine will deliver
4,200 hp (3,133 kW) at a rated net head of 635 ft (193.7 m) at best gate. The
corresponding discharge through each turbine will be 65 ft3/s (1.84 m3/s).
Each turbine will drive a synchronous, three-phase ac generator rated at 3,450
kVA, at 0.9 power factor, 12.47 kV, and 1,200 r/min with a 60"C temperature
rise. The plant installed capacity will be 6,000 kW. Each generator will be
enclosed and will include a solid-state exciter, voltage regulator, surface cool-
ers, a CO2 fire-protection system, and all necessary auxiliary features. The
plant control system will be designed for fully automatic operation from a
remote location to be determined later. The plant will also be controllable
locally from control panels in the powerhouse.

The generator stepup transformer will be located in the switchyard just
south of the powerhouse. The transformer will be rated 7,200 kVA, 13.8 to
34.5 kV, three-phase, forced-air cooled, 60 Hz. The switchyard will also
include a 34.5-kV, three-phase circuit breaker; two 34.5-kV, three-phase,
gang{perated disconnect switches; and buswork.

Benefits cnd Costs

Project capital and annual costs were estimated. Direct construction cost esti-
mates for the project were prepared for the selected arrangement based on the
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preliminary design layouts and details. The total investment cost was deter-
mined by summing the direct construction costs of each major project com-
ponent and adding indirect costs and interest during construction. The effect
of escalation was eonsidered, and the tota! investment cos*, was adjiisted to
reffect a project on-iine ciate in January lgg}.

Annual operating costs such as operation and maintenance, owner admin-
istration, insurance, and interim replacements were also estimated. How these
costs were determined follows:

I. Project Capital Costs

a. Direct Construction Cost: This cost includes the total of all costs
directly chargeable to the actual construction of the project, which can
bc considered equivalent to a contractor's bid based on a Janu ary 1,9g2
bid-price level, and reflects estimated inflation of costs which would
occur during the 2llyear construction period. This corresponds to the
project entering into service in July 1983.

b. Contingencies: To allow for unforeseen conditions during construction
and miscollaneous items not included in the estimate, an allowance of 20
percent for contingencies was applied to the direct construction cost of
major civil items, and l5 percent was applied to the direct construction
cost of the powerhouse electrical and mechanical equipment and the
trqnsmission line.

c. Engineering and owner Administration: Engineering and owner
administration costs are based on actual experience with costs for similar
work. This item includes all preliminary engineering work; project fea,
sibility and environmental studies; field investigations; applications for,
and processing of, required permits and licenses; final design and prep-
aration of construction; and owncr administration. An allowanc. of t 5
percent of the sum of the direct construction cost plus contingencies is
considered a reasonable estimate for this item.

d. Total Construction Cost: The total construction cost includes the
direct construction cost plus contingencies and engineering and owner
administration. The total construction cost for the project with a bid date
of January 1982 is estimated to be $61,324,000.

e. Interest During Construction: Interest during construction is depen-
dent on the interest rate at which money is available for the project and
the cash flow during construction. Using the inflation-free inteiest rate
of 3 percent and typical cash flow patterns for projects similar to the
West Creek project, it was calculated to be 3.6 percent of the total con-
struction cost.

f. Total Investment Cost: The total investment cost is the sum of the
total construction cost and interest during construction and is therefore
$63'532,000. This total investment cost is for a project bid in January
1982 and coming on-line in June I984.
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g. Escalation Adjustmenfi The cost estimates discussed include esti-
mates of escalation over the 2\Lyear construction period. Thus, they rep
resent a project coming on-line in June 1984. To compare project feasi-
h i l i t w  i n  t h e  r y r q n n a r  n r p c n r i h a r l  L r r r  r l r a  A D A  i f  . r r o o  n a ^ a o c o n ,  t a  r a ] - o.e r r v  . r r s r r r r v r  l / rwv r  r vvu  vJ  l l t v  n l  f  \ ,  I t  wqJ  t t vwDoc r  J  uv  l 4Nv

escalation out of the estimate. This would give an inflation-free estimate
for a project which would theoretically be built at January 1982 costs of
material and labor. Escalation was estimated to be 12 percent of the
total investment cost. Thus, the total investment cost for an inflation-
free project would be $55,908,000. Construction cost summary is given
in Table 12.26.)

2. Annual Costs
Thc principal annual cost of any hydro project is the debt service on the
capital eost. Since the financiai terms for the project are stiii uncertain,
these costs were not computed except as part of the economic analysis.

Annual costs for operation and maintenance, administration, insurance,
and interim replacement of project components were estimated based on
experience on similar projects as wcll as on FERC guidelines. The variable
annual costs are estimated to be $634,000 at the January L982 cost lcvel.

Economic and Financial Analysis

To economically compare various generation options, three alternative plans
were developed, each of which could meet the region's scenario for forecast

TABLE 12.26 West Creek Proiect Construction Cost Estimatc
Summary

Item Estimated cost

Physical works:
Preparatory Work .
Dam and Reservoir
Power Conduit
Powerhouse
Switchyard and transmission line

Direct construction cost . .
(Bid l/82, on-line 6/84)

Contingencies . . .

Subtotal
Engineering and owner administration . . . . ., .

Total construction costs
(Bid l /82,  on- l ine 6/84)

Interest during construction . . .

Total investment co6t
(Bid l/82, on-line 6/84)

Escalation during construction. .

Total investment cost
(Inflation-free on l/82)

$ 2,786,000
I I ,571,000
12,348,000
5,382,000

13,273,000
$45,360,000

8,139,000

$53,499,000
7,925,000

$61,324,000

2,209,000

$63,532,000

7,624,000

$55,908,000
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loads. The first, or base-case plan, is a continuation of thc current status quo
with the existing dieseland hydro units meeting loads up to their capacity and
new diesel generation being added as required. The second plan assumes that
i h p  W o c r  i , r ' - ^ ^ V  D - ^ i ^ ^ + . ' , ^ " 1 , {  L ^  L " i l +  ^ - - | , . ^ ^ J  i , - . ^  l + -  ^ ^ - ^ ^ ! r - .  l l - - ! - r ! - ^I t rv  r r  v . t l  \ / lw l , t \  r  rvJvv l  wvt l l \ r  Us Uul l l  . [ r tu  | lD9t l  t lP tU f  lD UaPaVf Ly.  EI lSt l I lB,

hydro units in Skagway would continue in operation and the existing diesel
generators would initially serve as reserves and later meet needs beyond the
capacity of the West Creek Project. The third plan assumes that the wood-
waste generation being installed at the Schnabel Mill would be used to meet
part of the Haines load. Under this plan, diesel generators would still be needed
to meet part of both the Haines and Skagway loads.

The method of analysis used for the study computed the total present worth
cost over a period from the present through the SGyear economic life of the
W p c t  ( a . o o l z .  D r n i a n t  / t  O e ,  t n ? ( \  Q - - ^ : c ^  ^ - i + ^ - l ^  , . . - . |  f ^ -  ^ ^ - 1 . . ^ + l - -  - - ^ : ^ ^ rt r  vur  vrw^ I  r \ rJwwl  \L . r rJL-LwJ\r r t .  \ ryvvrr lv  \ l l l l9 l14 ( ID9LI  tVt  ly \ r t f ( l | I lwLt I lE Pf  UJITVt

economic analyses as established by the APA, were as follows:

l. Constant dollars assumed (zero inflation).

2. Inflation'free present worth discount rate of 3 percent.

3. Petroleum fucl cost escalated at 2.6 percent per year for 20 years and then
held constant.

4. Electrical energy demand forecast according to load growth scenarios
described and then held constant.

5. Interest during construction calculated using a 3 percent interest rate.
6. No financing expenses included.

7. No debt service on existing diesel or hydroelectric generation included.
8. Period of economic analysis was 55 years (1982 through 2036).
9. Economic life of hydroelectric plant was 50 years.

I0. Economic life of diesel generation facility was 20 years.

I l. Economic life of wood-waste generation facility was 20 years.

The comparison of total present worth costs of the alternative plans showed
that the least expensive plan is the West Creek Project. Table 12.27 shows the
economic analysis in tabular form. This plan has a total cost of $88,217,000
and a 1.32 base case to alternate plan ratio. The wood waste generation plan
is also less expensive than the base case. When the annual generation from
wood waste decreases to 12,000 MWh, the alternative becomes more exDensive
than the base case. The final costs were

l. Base-case plan: $l16,562,000

2. West Creek plan: $88,217,000

3. Wood-waste plan: $101,337,000

Thus, West Creek was determined to be the most economical alternative, and
the report recommends that development of this projcct proceed immediately.
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Development Plan

A design and construction schedule was developed for the project. This sched-
ule contemplates commercial operation of both units by September 1986,
t . r L i ^ l t  i o  n ^ - . i l ^ - ^ A  + ^  L ^  + L ^  ^ ^ - l i ^ ^ r  - ^ ^ ^ ^ - ^ L t  ^  ) ^ t -  - - - - : r -  , :  -  -  r rwl|rwu rJ wrrlr-t \ lvrf^r LU u9 Llrs siarl lgsL lEauullaulg uaLE conslue)nng [ne ume

required for additional final design investigations, preparation and processing
of the FERC license application, design, and construction.

Construction could start with mobilization and construction of the access
road to the dam in the summer of 1984. Clearing and grubbing of the dam
abutments and the intake area would also start then. During the first winter,
the streambed would be stripped and prepared and the diversion conduits
placed. Once those were in place, the upstream and downstream cofferdams
would be built.

f ' l t t - i - o  f l r o  o o ^ ^ - t l  d t t h ' - ^ r  I O Q <  + L ^  - - i l t , . , ^ - , . - , ^ - , l - t  L ^  ^ - - ^ ^ - - ^ 1 - l  - - l  r l  -vu. r r r$ ruw Dvt  r l t r l  Dul r l l l l rv l r  t7QJ,  t l l9  DPf f fWay WUU|LI  UC CJ(gaVaLEU an(J tne

dam constructed. During the same period, the contractor would excavate the
intake channel, preparc the tunnel portal, and start excavating the tunnel from
the upstream end. Rock excavated from the intake and spillway would be used
in the dam. Rock excavated from the tunnel would be spoiled in the reservoir
area. Upon completion of the embankment, the concrete facing would be slip
formed. Also during the second summer, the penstock would be constructed,
the powerhouse civil works and tailrace channel would be completed, and the
transmission line would be started.

Closure*of the diversion conduits would be done during the 1985-1986 win-
ter and the pipes plugged with concrete. Also, the electrical and mechanical
equipment would bc received and installed. Filling of the reservoir would take
an estimated 40 days during the spring runoff. Start-up and testing would take
place as soon as the reservoir had enough water to allow safe operation.

Discussion

This project was under review at the time this handbook was in preparation.
Therefore cost/bencfit and financial analyses were not included. Capital invest-
ment cost is approximately $15,000 per kilowatt installed. This appears some-
what high; however, construction costs in Alaska are usually on the order of
50 percent higher than those in the "lower 48." Therefore, comparison with
costs at installations within thb contiguous United States is not valid.

The cost of energy production could not be computed since the financial
terms have not been determined. Nevertheless, when compared to the two
other alternatives, the base+ase and the wood-waste plant, the small hydro
alternative remains the most economical.

12.6 CLOSURE

In this chapter we introduced methodologies for both reconnaissance and fea-
sibility studies as wellas demonstrated how these studies are organized through
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five exatnples. Each case study was unique in that the specific circumstances
such as physical site conditions, institutional structures, and economic consid-
erations dictated how the study would be approached. In some cases, the choice
of equipment or rcservoir level or establishment of a rnean streamflow was of
primary importance. in other cases, the type oi financing, ie<ierai ioan or iocai
banks, would eventually dictate the economic viability of the project.

From these analyses, it became clear that a successful and economically
feasible project is not only a matter of competent engineering analysis but also
of finance and organizational structures. Most engineers will have some diffi-
culty dealing with the latter, but the typical consulting engineer's client expects
a broad range of services that include finance and operations. It therefore
becomes important for the engineer to develop skills in these areas. Since small
hydropower is a relatively mature technology, its economic application to meet
the electrical energy needs of the United States as well as of many developing
countries remains a challenge for the future.
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TABLE A.l Coovc,rs'ion Factsrs
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I km = 0,621 mi
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I L = 0.2649a,1
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I kg = ?.20S lb
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I km/h = @,621 mi/:t

F*G^ssqrc:
I kglcrnr : 14.221,b/in2

- @"9,68 atrn
- 98O7 kPa

Flory:
I mrle = 35.31 ft3/s

Fower:
'l .k$f - 1.3a05 h,p

= @.293 X 10-r Bru/h
- 7.T'6f!:!&1s

Enc,r.gy:
t kwh = 2,655 x 106 ft.lb

= 1.341 trrp.h
= 3,415 Btu
- O27€ bilJ

A"I



A.2 SMALL AND MINI  I IYDROPOWER SYSTEMS

TABLE A.2 Present Worth Factors

Discount ratcs
Ycars,

n 302520l 5l 0

I
2
3
4
5
6
7
E
9

l 0
t5
20
25
30
35
40
45
50

.952 .909

.907 .826

.864 .7s l

.823 .683

.784 .621

.746 .565
, 7 l l  . 5 t 3
.677 .467
.645 .424
.614 .386
.481 .239
.37't  .149
.295 .092
.23t .057
. l 8 l  . 036
.142 .022
. l  I  I  . 014
.087 .009

.870 .833

.756 .694

.658 .579

.5-12 .482

.497 .402

.432 .335

.376 .279

.327 .233

.284 .t94

.247 .t62

.723 .065

.061 .026

.030 .01r

.015 .004

.008 .002

.004 .001

.001

.001

.800 .769

.640 .592

.5t2  .455

.4 r 0 .350

.328 .269

.262 .207

.2t0  .159

.168 . t23

.134 .094

.107 .072

.035 .020

.012 .00s

.004 .001

.001
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Thoma's sigma and, 6.28 to 6.29
turbine setting and, 6.55 to 6.56
in  rurb ines,  4 .28 to  4 .29,6.19 to  6 .31.

6.51,  6 .62
Central ly planned economies, l . l l  to l . l2
Channels, open (see Open channels)
China, People's Republic of,  l . l9 to 1.20,

10.4,  10.7 to  10.8
Class interval technique, 2.19, 2.20
Clean Water Act of 1972,9.12
Climate and low flows. 3.6
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Closed condui ts:
energy losses in,  4.20 to 4.22
f l o w  i n ,  4 , 1 7  t o  4 . 2 2 , 6 . 1 1  t o  6 , l 2

Cofferdams, 5.32
( r n m - i o o i ^ n  n ^  E - - . ^ . ,  l ^ n - - - - ' , ^ t i ^ -
v v . r r r r r r J r l v r t  v r l  L r a 9 t E r t  v u t r J g t  v q r t v l t

s iuc i y ,  i .  i 0  to  i .  i 3
Commutat ing system, 7.  l6
Concrete core wal ls  of  dams. 5.22
Concre te  dams,  5 .2 ,  5 .5 .  5 .23  to  5 .27

advantage of. 5.27
configuration of, 5.26
design loads on,  5.23 to 5.25
foundations of. 5.26 to 5.27
freeboard of. 5.26
out let  works of  ,5.27
spi l lways of  ,5.27
stability of, analysis of, 5.25 to 5.26
static coefficient of friction between

foundation and, 5.26
Condui ts:

closed (see Closed conduits)
under earthf i l l  dam, 5. l7 to 5.18
uniform and nonuniform, 6.I I

Conservation of mechanical energy, 6.6
Constant-speed systems using synchronous

generators, 7.21 to 7.22
Construction:

costs of, 12.70
env i ronmenta l  impac t  o f ,8 . l 3  to  E . l7

Contact stress on dams, 5.25
Cont ingency costs,  l l .17,  12J0
Control devices, 7.27
Conversion factors, 12.77
Cos t  s t ream.  t l . t l
Costs,  6.54

annual ,  l l . l8 ,12.71
cap i ta l ,  1 .13 ,  4 .31  to  4 .32 ,10 .2 ,  t t . l z ,

I t . l6 .  12.70 to 12.71
construction. 12.70
contingency, l l. l7 , 12.70
determining,  l l . l6  to l l . l8
in developing countries, 10.2 to 10.4
of electrical equipment ,7.23 to 7.24
of  e lectr ic i ty  product ion,  11.7 to l l . l8
of  energy,  11.18
of energy production, 12.46
of engineering, l l.17, 12.70
of environmental control technology,

t . l 8  r o  t . 1 9
estimated project, l2.l I
external ,  9.9 to 9.15 (see a/so Environ-

rnental impact)
i n  feas ib i l i t y  s rud ies ,  l l . l 6  to  f  l . l 8 ,

l l . 2 l  r o  1 1 . 2 8
f inal  project ,  12.12 to 12.13
instal lat ion,  l .  13,  l .  l6
installed, 10.2
interest. 12.70
investment,  12.70
l i fe-cycle,  l  l .  13 to l  l .  14
of  o i l ,  l .  |  3
owner administrat ion.  12.70

Costs (Conl . ) :
per k i lowatt  of  generat ing capaci ty,  1.23
of  power t ransmission,  1.9
in rural areas, 10.2 to 10.4
o is i te  c ieve iopment .4 .3 i  t o  4 .32
star t -up,  I  l .  l7
o f  the rma l  p lan ts ,  l l . l  t o  l l . 3
(See also specific projects, for example:

Fula Rapids;  Mbulu;  West Creek)
COWPTA (Crude Oil Windfall Profit Tax

Ac t ) ,  9 .21  to9 .22 ,9 .24
Credi t  pol ic ies in developing countr ies,

10 .8
Cross drainage,4.4
Crossflow turbines, 6.44
Crude Oil Windfall Profit Tax Act of 1980

(COWPTA) .  9 .21  to  9 .22 ,9 .24

Dams,5 . l  t o  5 .32
concrete (see Concrete dams)
divers ion,  4.2 to 4.3,4.7
diversion during construction of, 5.31 to

s.32
earth (see Earth dams)
erosion of, 5.19, 5.30 to 5.31
failures of, 5.28
foundations of, 5.3 to 5.5, 5.7, 5.26 to

5.2't ,  s.28
freeboard of, 5.14 to 5.15, 5.26
loads on, 5.22 to 5.25
masonry, 5.2, 5.5, 5.27 to 5.28
outlet works of ,5.23,5.27
rockfill (see Rockfill dams)
spillway design for, 5.28 to 5.31
types of, 5. I to 5.5
typical, 5.4

Darcy-Weisbach equation, 4. l9
Data for hydrologic analysis:

adjusting short-terrn records and, 2.7 to
2.9

basic requirements of ,2.4 to 2.5
double-mass analysis of,2.9 to 2.10
evaluating quality and applicability of,

2.7
f ield measurement and,2.l l  to 2.13
for indirect estimation of flow, 2.5 to 2.6
length of record of,2.10 to 2. l l
for license applications, 2.33
presentation of,2.32 to 2.33
reliability of single-event of short-term,

2 . 1 3
sources of ,2.6 to 2.7

DC electr ic equipment, 7.1 to 7,2
DC electric power, 7.4 to 7.5
Definite plan studies, 2.2
Definitive site studies, 12.2
Delphi method, 8.22 ro t.23
Delta connection. 7.14
Demand for energy:

determination of, 7.27 to 7.30

Demand for  energy (Cont. ) :
in developing countr ies,  10.4 to 10.5
for  household appl iances,  10.10
rural ,  10.6 to l0. l l

Department of  Energy (DOE).  9.18.  9.21.'  
9 . 2 2 , 1 1 .  t g  /

Deriaz turbine, 6.40
Descr ipt ion,  8.22
Descr ipt ive s imulat ion models,  2.  l5
Design studies,  2.2
De te rm in i s t i c  mode ls ,  2 .4 ,2 .15  to  2 . l 8
Developers,  9.2
Developing countries, rural electrif ication

i n ,  l . l l  t o  1 . 1 2 ,  l . l 5  t o  1 . 2 0 ,  l 0 . l  t o
10 .15

characteristics of successful, 10.5
comparative case experiences, 10. I I to

t0 .  ! 5
conclusions on,  10.14 to 10.15
configuration of institutions in, 10.6 to

r0.7
credit policies in, 10.8
decentralized vs. centralized power in,

r0.5
demand for electricity in, 10.4 to 10.5
electrical equipment for, type and origin

of, 10.7 to l0.E
elite competition and government deci-

sion making in, 10.4
feasibi l i ty study for, 11.15, 12.13 to 12,16
hydropower potential in, 1. l l  to l . l2
interest in mini hydropower in, 10.2 to

10.3
pricing policies in, 10.8
studies process in, streamlining, 12.13 to

L2.16
(See also specific countries)

Development of hydropower projects:
laws and regulation governing, 9,10 to

9 . 1 I
(See also United States)

process of, 9.8 to 9.9
Diesel-electric sets, ll.3
Diesel-fuel prices, 11.24
Diesel generators, small hydro vs., l.2l to

r.22
Diesel pumps, l l .2l  to 11.28
Diffusers, 6. l l  to 6.12,6.33
Diodes (rectifiers), 7.17 to 7 .19
Direct construction costs, 12.70
Discharge of plant, 2.5

calculated from water level,  3.1I to 3.12
at  a  g iven s tage,3.17 to  3 .18

Discount rate, 11.8, 11.26 to 11.27
Discounted cash f low, 11.8 to lL9
Diversion dam, 4.2 to 4.3, 4.7
Diversion during dam construction, 5.31 to

s.32
Double-mass analysis. 2.9 to 2.10
Draf t  tube,6. l l  to  6 .12.6.33 to  6 .34
Drag coeff icient.6. l l
Dynamo ,7 .16

INDEX I .3

Ear th  (ea r th f i l l )  dams,  5 .2 .  5 .3 ,  5 .5  to  5 .19 .
s.28

abutments of. 5.8 to 5.9
appurtenant st ructures of ,  5.  l7 to 5.18
cutoff trench of- -5-7
, { - . : ^ -  ^ f  E  <  r ^  <  l ( ru w J r S t r  v l ,  J . J  t u  J . l  z

embankment configuration for, 5.18
embankment soi ls  for ,  5.8 to 5.1I
emergency equipment for ,  5.19
foundations of. 5.7
freeboard of, 5. 14 to 5. l5
gradation requirement for, 5.6 to 5.7
impervious cores of ,  5.5 to 5.8,  5. I  I
ma in tenance  o f .5 . l 8  to  5 .19
r ip rap  o f ,  5 .15  to  5 .17 ,  5 .18  to  5 .19
seepage in, 5.18
slopes of embankment of, 5.8
. - , - : - - l  F  /ryPrgal, ).o
wave  ac t ion  in ,  5 . I  I  t o  5 .15

Earthfill dams (see Earth dams)
Earthquake forces and dams, 5.24 to 5.25
Economic analysis. 12. l3

basic tools of, l l.7 to 11.9
techniques of ,  l l .9 to l l .  14

Economic feasibil ity, l l.5
(See also Feasibility studies)

Economic value of hydroelectric power,
12.25

Economies of scale. 1.9
Ecuador.  10.13 to 10.14
Eddy currents,7. l7
Eff ic iency,4. l0

of diffuser, 6.12
of  generators,  4.10,  7.20 to 7.21
o f  tu rb ines ,  4 .10 ,  6 .8  to  6 .12 ,  6 .15 ,6 .42

to 6.43,  6.45.  6.63.  7.20
Electrical equipment, 7.l to 7.33

ac systems, 7.2
capacitors, 7.9 to 7.10
constant-speed systems using synchro-

nous generators, 7.21 to 7.22
cost and configuration of , 7.23 to 7.24
dc systems, 7.1 to 7.2
for developing countries, 10.7 to 10.8
electricity review for (see Electricity)
frequency of , 7.l9
general considerations, 7.1 to 7.3
induction generators in nearly constant-

speed systems, 7.22 to 7.23
inductors, 7.8 to 7 .9
load characteristics and, 7.24 to 7.27
National Electrical Code requirements

for, 7.33
operat ing requirements for ,  7.30 to 7.31
permanent-rnagnet generators, 7.23
power of  ,7.20 to 7.21
protect ive,  7.30 to 7.31
qual i ty  of  e lectr ical  energy and,7. l9
regulation and continuity problems of,

7.2 to 7.3
safety considerations, 7.31 to 7.33
se lec t ion  o f .  7 .19  to  7 .24 .  7 .31  to  7 .32
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Electrical equipme nt (Cont.'):
serv ice condi t ions for ,  7 .32
vol tage and,  7.19 to 7.20

Electr ical  systems, environmental  inrpact
of .  t .13

Electr ical  uni ts.  7.4 to 7._5
Ef ectr ic i ty ,  7.4 to 7.19

ac,  7.5 to 7.7
al ternat ive sources of .  1.20 to 1.24.  12. l0
basic concepts of, 7.4 to 7.7
capaci lors,  7.9 to 7.10
dc, 7.4 to 7.5
impedance, 7.12 to 7 .13
inductors, 7.8 lo 7 .9
inverters,  7.17 to 7.19
K i r c h h o f s  l a w s , 7 . l 0  t o  7 . 1 3
magnet ic c i rcui ts,  7.15 to 7.17
polyphase eircuits, ?. l4
product ion costs,  I  l .  l7  to I  l .  l8
rect i f iers (d iodes),  7 .17 to 7.19
resonance, T. l3
sol id state devices,  7 .17 to 7.19
unit relationships, 7.4
world production of, I. I0

ELECTROPERU,  t . l 5  to  1 .16 ,  10 .13  to
10 .14 ,12 .13  to  12 . l6

Elevation of project, 6.55 to 6.56
Elevation-reservoir volume relationships,

2.26 to 2.27
Emergency conditions of turbines, 6.59
Emergency equipment for earthfil l dams,

5){9
Endangered Species Act .  9.9,  9.13
Energy:

absorbed per pit, 6.27
alternative sources of, 1.20 to 1.24, 12.10
available, 2.30
costs of ,  l l .18
expected, 12. I I
demand for (see De mand for energy)
from flow and head data, determining

2.28 to 2.30
production of, 12.9 to 12.10, t2.12
production cost of 12.46
sales of, initial, 12.l I
sources of, alternative, 1.20 to 1.24.

1 2 . 1 0
units of, 7.4 to 7.5

Energy losses,  4.9,  4.10
in c losed condui ts,  4.20 to 4.22
coefficients of, 6.l6
in  open  channe ls .  4 .12  to  4 .14
in turbines,  6.9 to 6.1 I

Energy requirements, total, 7,29 to 7.30
Engineer ing costs,  I  l . l '7  ,  12.70
Environmental  impact ,  L l  ro 8.23

assessment techniques for ,  8,? l  to 8.23
checklist of information needed to as-

sess,  t . l9  to t .20
of  construct ion,  t . l3  to 8.17
costs of  contro l  technology and,  E. l8 to

t .  t9

Environmental  impact  (Cont. ) :
of  e lectr ical  systems, 8.13
fac to rs  i nvo lved  in ,  12 .8  to  12 .10 ,  12 .12
legis lat ion on,  9.9 to 9.15
o f  ma in tenance ,  S . l3  to  8 . l 7
pe rm i t s  requ i red  and ,8 . !7  to  8 . !8
of  powerhouses,  E. l3
of  reservoir  out lets,  8.  |  |  to 8, l3
and safety considerat ions,  8.16
o f  sp i l lways ,  8 .1 l  t o  8 .13
of stream impoundments (see Stream im-

poundments)
Environmental impact sratement (ElS), 9.7

t o  9 . 8 ,  9 . l  I
Equipment, electrical (see Electrical equip-

ment)
Erosion:

n f  r l o m c  <  l O  <  ? n  r ^  <  2 l
J ) r t r  J . J V  t V  t t J l

o f  tu rb ines ,  4 .28  to  4 .29 ,6 .20 ,6 .25  to
6 .29

Escalat ion adjustment costs,  12.71
Ethanol ,  1.23
Euler 's  equat ion,  6.5 to 6.8
Evaporation, 2.27 to 2.28
Evaporation-transpiration (evapotranspira-

t ion),  2.12,3.20
E x c e s s  r a i n , 3 . l 3 , 3 , l 5  t o  3 . 1 6
External benefits, 9.20
External  costs,  9.9 to 9.15

(See also Environmental impact)

Feasib i l i ty  studies,  l l . l  to 11.29
background  on ,1 l . l  t o  l l . 3
benef i ts  in,  determining,  11.15 to 11.16
case  s tudy  examp les ,  l l . l 9  to  11 .29
cos ts  i n ,  de te rm in ing ,  l l . l 6  to  l l . l 8
def in i t ion of  ,2.2
in developing countr ies,  1I .15,  12.13 to

12 . t6
economic analysis in, basic tools of, l l.7

to  l l . 9
economic analysis in,  techniques of ,  l l .9

t o  l l . 1 4
f inancia l  or  cash f low analysis in,  l l . l4
l i fe-cycle costs in,  l l .2 l  to 11.28
paramet r i c  s tudy  in ,  11 .20  to  l l . 2 l
project  analysis in,  l l .4 to l l .7
quant i f iable assumpt ions in,  11.6 to l l .7
relat ive to reasonable al ternat ives.  l l . l

t o  I l . 3
for rural systems in developing coun-

t r i es ,  l  l .  l 5
separate economic and financial analysis

in,  schemes requir ing,  l l .6
summary of ,  11.29
in system design,  12. l  to 12.2.  12.6 to

t2. t3
Federal Energy Regulatory Commission

(FERC) ,  9 .4  to  9 .6 ,  9 .1  I  t o  9 .  14 ,
9 .17  to  9 .19 .  9 .24 ,  9 .25 ,  12 . ' t 2  to
12.33. 12.49

Federal funds for hydropower develop-
men t ,  9 .19  to  9 .23

Federal  Power Act  (FPA),  9.4 to 9.6,  9.16
Federal  Power Commission (FPC),  9.16
FERC (see Feder4 Energy Regulatory

Commissioir)
Fe tch ,  5 .12  to  5 .13
F ie ld  i nves t iga t ion ,3 .9  to  3 .10 ,3 .17  to

3.  r  8 .  t .2 l
for flow-duration curves, 3. l7 to 3.l8
in  hyd ro log ic  ana lys i s ,  2 . l l  t o  2 .13
of  watershed, 3.9 to 3.10

Financial analysis, 12. l3
Financial feasibil ity, 11.5, I l. l4

(See also Feasibil ity studies)
Financial value of hydroelectric power,

12.25 to 12.27
F i n r n c i n o  l ?  |  I  l t  ) R  t ^  l 7  7 l  1 7  A \  t n
.  . . . E r r v r r r b i  r - r  I  r  t

12.46
Fish and Wildlife Coordination Act, 9.l2
Fish and Wildlife Service (FWS), 9.12 to

9 . 1 3
Flashboards, 5.30
Flood Control  Act  of  1944, 9.18,  9. l9
Flood velocity, 3.12
Flow:

average, est imat ing,  2.  l3 to 2.14,  2.25
in  c losed  condu i t s ,  4 .17  to  4 .22 ,6 .11  to

6 . t 2
correlation techniques to obtain series,

2 . 1 4  t o  2 . 1 5
data for indirect estimation of .2.5 to 2.6
es t ima t ion  o f  ,2 .12  to  2 .25
frequency of high and low, 3.7 to 3.8
indirect estimation of, 2.13 to 2.25
measurement of  ,  2.1 I  to 2.13
monthly,  3.18 to 3.20
rules of thumb for estimating, 2.13 to

2 . t 4
sirnilarity of, 6.14
veloci ty  of ,  3.1 I  to 3.12

Flow data, processing, 2.28 to 2.32
Flow duration:

comput ing,  2.19 to 2.20
models of, 3.24 to 3.25
power and energy from, determining,

2 .29 .2 .30
Flow-durat ion curve,  2.3 to 2.4,2.29,2.30,

3 .2 ,  3 .8 ,  3 .9 ,3 .17  to  3 .27
analyses techniques for, 2.18 to 2.24
determination of, 3.27
flowchart for, 3.23
indirect methods of computing, 2.24 to

2 .25
Flow-duration curv€ at a site, 3.17 to 3.27

field investigation for, 3.17 to 3.18
meteorologic data on, 3.18 to 3.20
monthly runoff at, calculation of, meteo-

rologic 3.19, 3.20, 3.23 to 3.27
rainfall and evapotranspiration data and,

3.20
Flow regulation, benefits of, 8.3 to 8.4

INDEX I .5

Flow values. rules of thumb for determina-
t ion of .  2.3

Flowchart:
for flow-duration curve, 3.23
for  studies.  12.5

Fluid mechanics,  basic pr incip les ot '  6. )  to
6.8

Fluorescent lamps, 7.25
Foss i l  f ue l s .  f  . 9 .  l .  10 ,  l .  l 3
Foundat ions for  dams, 5.3 to 5 '5,  5.7 '  5.26

to  5 .27 .  5 .28
concrete dams, 5.26 to 5.27
earthfil l dams, 5.7
masonry dams, 5.28

Fox River at  Appleton,  Wisconsin,  1.9
Francis turbines.  6.38,  6.39,  6.44,6 '56
Freeboard of dams:

concrete dams, 5.26
ear th f i l l  dams ,  5 .14  to  5 .15

Frequency of  a l ternat ing current ,  7.19
Friction between dam and foundation, 5.26
Fula Rapids, Juba, Sudan, 12.52 to 12'60

background on, 12.52 to 12.54
benefits and costs of, 12.56 to 12.57
discussion of, 12.59 to 12.60
economic and financial analysis of. 12.57

to 12.59
plant characteristics, 12.55 to 12.56
site description of, 12.55

Gates ,  4 .4 ,  4 .5 ,  4 .22 ,  5 .30
energy losses at,4.22

Generators,  7 .16,  7.17
ef f ic iency of ,  4.10,  7.20 to 7.21
induct ion,  6.56 to 6.57,  7.22 to 7.23
magnetic fields used in, 7.16
output power, 7.20 to 7 .21
p€rmanent- magnet, 7 .23
selection of, parameters influencing, 7.21
slow- and high-speed, 7.24
synchronous,  7.21 to 7.22

Geologic investigations of site, 4.8 to 4.9
Government decision making:

in developing countries, 10.4
in United States (see United States)

Covernment economic regulation, failures
o f  , 9 . 2 4

Governors on turbines, 6-56
Gravel foundations, 5.3 to 5.4
G r a v i t y  d a m s , 5 . l , 5 . 2 3
Green Lake Dam on Vodopad River' near

Si tka,  Alaska,  1.3
Groin of earth dam, 5.19
Gross head, 2.5

definition of, 6.8
field measurement of 2.12

Guide to Hydrometeorological Practices,
2.6 to 2.7

Guide vanes, 6.32 to 6.33
G W F , 3 . 2 1 , 3 . 2 2
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f nstitutional factors. 12.9 to 12.12
in developing countr ies,  10.4
in United States (see United States)

In takes .  6 .31
In terec l  cns ls  l r .  

' l ( l

In ' rerest  rate.  i i .7
In te rna l  ra te  o f  re tu rn  ( IRR) ,  l l . l 2  to  l l . l 3
Inve r te rs ,  7 .17  to  7 .19
Investment cost ,  12.70
Iron-core devices, 7.25

Joukowsk i  fo i l s ,  6 .13
Juba, Sudan, Fula Rapids project at (see

Fula Rapids, Juba, Sudan)

Kapian turbine,  6.34,  6.4A, 6.48,  6.49,  6.53
Kinematic viscosity of water, 4.19
Kinetic energy and centrifugal-force poten-

t ia l  energy,  6.15
Kirchhof ls laws,  7.10 to 7.13
Kuta and Joukowski theorem, 6.13

Ladysmith, Wisconsin, Port Arthur Dam at
(see Port Arthur Dam, Ladysmith,
Wisconsin)

Less developed country (LDC) 1.13, 6.1
(See also Developing countries, rural

electrification in)
Liberia, 10.7
License application, checklist for data for,

2.33
Li fe-cycle costs (LCC),  l l . l3  to 11.14

in feasib i l i ty  studies,  l l .2 l  to 11.28
Li f t  and turbines,  6.12 to 6.13
Lighting load,7.25
Loads on dams, 5.23 to 5.25
Loan, conventional, 12.45
Low flow, 3.5 to 3.8
Low-head  hydro ,  1 .6 ,  4 .7 ,4 ,31

powerhouse layout for, 4.31
sites for, 4.7

Lower Scotts Flat (see Scotts Flat and
Lower Scotts Flat, Nevada County,
California)

Lucky Peak Reservoir, 2.27, 2.28

Magnetic circuit breaker, 7.17
Magnet ic c i rcui ts,  7.15 to 7.17
Maintenance and inspection:

of  earthf i l l  dams, 5.18 to 5.19
environmental impact of, 8.13 to 8.17
of rockfil l dams, 5.22

Manning equat ion,4. l8
Marine life and turbines, 8.13
Marketing conditions for power, 9.15 to

9 . t 9
Masonry dams, 5.2,  5.5,  5.27 to 5.28
Mathematical models, 2-15. t.22

(See also Models)
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Mbulu Hydro Project ,  Tanzania,  11.28 to
tL.29

Mechanical efficiency of 'turbines, 6.9
Mechanical energy conservation, 6.6
Mechanica! energy er-ehange, 6.5 to 6-8
r f ^ r : . , -  L ^ ^ , 1  L . , , 1 - ^  t  . '
l Y l t t l l u t t l - t t g a u  r t y u r v i  t . u

Memorandum of  understanding,  12.32
Mercury-vapor lamps, 7.25
Meteorologic data, flow-duration curve

from, 3.18 to 3.20
Meteorological considerations, 2.28
Micro hydro,  1.5 to 1.7
Min i  hyd ro ,  1 .5  to  1 .7 ,  2 .32 ,10 .2  to  10 .3

growing interest in, 10.2 to 10.3
hydrologic analysis for, 2.32
m i n i n g  a n d ,  l . l 5  t o  t . 1 6

Min ing  and  m in i  hyd ro ,  l . l 5  to  l . l 6
Mode is .  2 . i 5  i o  2 .18 ,  t . 22

of flow duration, 3.24 to 3.25
Momentum change, net forces due to, 4.24

to 4.25
Monthly f lows,  3.18 to 3.20
Monthly runof f ,  3.19,  3.20,  3.23 to 3.27
Moody  s tep -up  equa t ion ,6 . l 6  to  6 .17
Mora Canal Drop, near Boise, Idaho, l l.19

ro 11.20, 12.22to 12.33
background on,12.22
benefits and costs of ,12.25 to 12.32
development plan for, 12.32 to 12.33
discussion of, 12.33
financing, 12.28 to 12.31
plant characteristics on, 12.25
site description for, 12.27 to 12.24

Moto rs ,  l oads  on ,7 .25  to7 .27

National Electrical Code, 7.33
National Energy Act of 1978 (Title II of

PURPA) ,  9 .18  to  9 .19 ,9 .25
National Environmental Policy Act of 1969

(NEPA) ,  e . l l
National Register, 9. l3
National Trail System, 9.13
Natural monopoly, 9.15 to 9. l7
Navier-Stokes equations, 6.5
Nepal, 10.7
Net head, definition of, 6.8, 6.9
Net present value (NDV),  l l . l2
New Guinea,  Papua, 10.2,  f0.7,  10.8
Niagara falls project, 1.9
NOMINAL, 3.20 to 3.22
Normal annual precipitation (NAP), aver-

age flow and,2.25

Oi l ,  cos t  o f ,  l . 13
(See also Fossil Fuels)

Open  channe ls ,4 . l 0  to  4 .15
steady f low in,  4.10 to 4.14
unsteady f low in,  4.14 to 4.15

Operating costs, 10.2
Operating requirements for electrical

equ ipment ,  7 .30  to  7 .31

Hazardous locat ions.  2.3 |
Head:

categor ies of  hydroelectr ic  s i tes by.  1.6
r o  1 . 7

gross (see Gross he_ad)
F leq l i nc  l aqA  ' l  JAr v s v l  a . ! a

H i g h - h e a d  h y d r o ,  1 . 6 , 4 . 2  t o  4 . 6 , 4 . 3 0
powerhouse layout  for ,  4.30
s i te  s  fo r ,  4 .2  to  4 .6

H igh  wa te r ,  phys ica l  s igns  o f .3 . l 0
Historic Preservation Act, 9. | 3
Homes take  Dam,5 .2 l
Household appliances;

demand for electricity for. 10.l0
loads from, electrical, 2.28

Hutton's formula.  6.17
Hydraul ic  components,  6.31 ro 6.34
L I r ' , { - - , . 1 : ^  , t ^ - : ^ -  ^ - )  ^ - - r - - - : -  /  ^  1 -  .  ^ oI  r J s r  q u l t t -  t r s J t t s t l  d l r u  a l l a t y s l S .  . . , >  L o  q , z o

al lowable veloci t ies,  4.  l5
f low in c losed condui ts.  4.17 to 4.22
f low  over  sp i t lways  and  we i rs ,4 . l 5  ro

4 . t 7
steady flow in open channels and canals,

4 . 1 0  t o  4 . 1 4
unsteady f low in open channels,  4.14 to

4 . 1 5
Hydraul ic  ef f ic iency,  6.6,  6.15,  6.45
Hydraulic turbines (see Turbines)
Hydrocomp Simulation Program, 2. I 8
Hydroelectric development, l. l0 to I.l3

categories of project by head, 1.6 to 1.7
definitiohs of small, mini, and micro pro-

jec ts ,  1 .5  to  1 .7
in developing countries (see Developing

countries, rural electrification in)
domestic programs for, l.14
estimated probable, 1. l3

(See also United States)
historical perspective on, 1.7 to 1.9
planning, 1.24 to 1.26
promise of small hydropower, 1.2 to 1.5
world resources for, l. l0 to l. l3

Hydrofoils, 6.21
Hydrologic analysis, 2.1 to 2.33, 12.9,

12 .  t0
correlation techniques to obtain series of

flows, 2.14 to-2.15
data for, obtaining and evaluating (see

Data for hydrologic analysis)
est imat ing average f low,2.13 to 2.14
evaporation in,2.27 to 2.28
f ie ld measurement in,2. l l  to 2.13
flow-duration curye analyses techniques

in .  2 .18  to  2 .24
indirect estimation of flows at a site, 2.13

to 2.25
for mini hydro, 2.32
other meteorological considerations, 2.28
overview of techniques for, 2.2 to 2.4
presentation of data of . 2.32 to 2.33
reservoir volume-area-elevation relation-

ships,  determining,  2,26 to 2.27

Hydrologic analysis (Cont. ) :
s i te f low.data processing in,  2.28 to 2.32
stochast ic  and determinist ic  models in,

2 . 1 5  t o  2 . 1 8
types of  studies used in,  2.2 to 2.-z

L l . , l - ^ l ^ - : ^  ^ ^ - - . , + ^ . : ^ - ^  t  |  . ^  t  a 1
r f  y u f  \ r l u t s r L  l u l r t p u t a l { t u u 5 ,  J ,  I  L v  J . 1 t

f low-durat ion curve at  a s i te,  3.17 to 3.27
(See also Flow-duration curve at a

si te)
hydrologic cycle,  3.2 to 3.3
hydrologic processes,  3.2 to 3.8
introduct ion to,  3.1 to 3.2
peak discharge, 3.3 to 3.5

Hydrologic estimates, 3.2
Hydropower development (see Develop-

ment of hydropower projebts)
Hydropower insta l lat ion,  overal l  descr ip-

t ion of ,  6.3 i  to 6.34
Hydropower systems, int roduct ion to,  L l

ro 1.26
(See also specific types of syslents, for

example: Micro hydro; Mini hydro;
Small hydro)

Ice loads on dams, 5.24
Idaho:

Mora Canal Drop, near Boise (see Mora
Canal Drop, near Boise, Idaho)

Salmon River at  Whitebird,  2.21,2.23
Idaho Water Resources Research lnstitute

( IWRRI) study,  11.20 to 1I .21
Impedance ,  7 .12  to  7 .13 ,7  .29

de f in i t i on  o f  ,7 .12
of total load, 7.29

Impervious cores:
of  earthf i l l  dams, 5.5 to 5.8,  5.1 l
of rockfil l dams, 5.21 to 5.22

Impervious facings of rockfill dams, 5.19 to
5.2r

Impoundments, stream (sec Stream im-
poundments)

Impulse turbines,  6.34,  6.35 to 6.37,6.41 to
6 . U , 6 . 5 6

Impulse wheels (see Pelton wheels)
Incandescent lamps, 7.25
India,  10.3
Indian water rights, 9.4
Indones ia .  l . l 6  to  l . 19
Induction generators, 6.56 to 6.57 , 7.22 to

7.23
Induction motors, voltage and frequency

var iat ions on,7.26 to 7.27
lnductive reactance, 7.9
Inductors,  7.8 to 7.9
INECEL (lnstituto Ecuatoriano de Electri-

fication), 10.14
Inertia forces and centrifugal forces, 6.15
Inspection and maintenance (see Mainte-

nance and inspection)
Ins ta l l a t i on  cos ts ,  1 .13 ,  I . l 6
Instal led costs,  10.2
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Operat ing ru le curves,  2.26 tct  Z.Z7
Operational criteria. I2.g
Operations research. 2. I 5
Opt imiz ing models.  2.  l5
Organization for Economic Cooperation

and Developmenr (OECD) coun-
t r i es .  l .  I  I  ro  l .  I  2

Ossberger crossf low turbine.  6.36
Out le t  works  o f  dams.  5 .23 .  S .Z l
Overall efficiency of turbine. 6.9
Owner administrat ion costs.  12.70
Ownership,  9.2

Papua New Guinea,  10.2,  f0.7.  l0.g
Parametr ic  study,  I1.20 to IL2l
Peak  demand ,7 .Z7 ,7 ,Zg
Peak diseharge, -1.-? to 3.5
Peak flow. 3.2. 3.3

est imat ing,  3.3 to J.4
final value of, determining. 3.16
frorn watershed data,3. l2 to 3.13

Peak flow at a site:
calculating discharge from water level.

3 .1 I  t o  3 .  t 2
estimating, 3.9 to 3.16
e x c e s s  r a i n , 3 . 1 3 , 3 . 1 5  t o  3 . 1 6
factors determining. 3.4 to 3.5
f ie ld study of ,  3.9 io 3.10
flow time to move through watershed

a n d , 3 . 1 3  r o  3 . 1 4
histor ical  accounts of ,  3. l0 to 3.1 I
i n te rv iews  w i th  res iden ts  on ,3 . l 0  to

3 . 1 I
physical  s igns of  h igh water,  3.10
rain intensi ty,  est imat ing,  3.4,  3.14 to

3 .  t 5
from watershed data,  3.12 to 3.13

Pe l ton  whee ls ,  6 .17  to  6 . l g ,  6 .35  to  6 .37 .
6 ,43 ,6 .47  ro  6 .48

Pens tocks ,  4 .5  to  4 .6 ,  6 .31
anchorages of ,4.24 to 4.26
design of , 4.22 to 4.28
intake structures for, 4.27 to 4.2g
net forces due to pressure and momen-

tum changes on,  4.24 to 4.Zs
pressure rise and, 4.23
protective cost for, 4.26
submergence  o f  ,4 .27  to  4 .2g
supporting strucrure of , 4.24 to 4.26
surge tank and,4.24

People 's Republ ic  of  China,  l . l9  ro 1.20.
10 .4 ,  10 .7  to  10 .8

Permanent-magnet alternator, 7.23
Permanent-magnet generators. 7.23
Permits,  environmental  impact  and,  g. l7 to

8 .  t 8
Peru /ELECTROPERU,  I . l 5  ro  l . t 6 ,  r0 . t3

to  10 .14 ,  t2 .13  to  t2 .16
Phi l ippines,  10.  I  I  ro 10.  l3
Photovolra ic cel ls .  1.22
Pitting rate, 6.26 to 6.Zj

P lann ing ,  1 .24  to  t . 26 , l2 . l  t o  12 .2 ,  t2 .13
ro  12 .  t6

streamlining studies for developing coun-
t r i e s ,  1 2 . 1 3  t o  1 2 . 1 6

studies used in, l2.l to 12.2
Plant  eapaei ty,  opt !mal ,  !2.1-2
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Plant  s ize and populat ion densi ty,  l . l8  to
l .  l 9

Plant with storage capacity, 1.7
Polyphase circuits, 7. l4
Populat ion densi ty and plant  s ize,  l . l8  to

| .19
Port Arthur Dam, Ladysmith, Wisconsin,

12.16 to 12.22
background on, 12. 16 to 12.17
benef i ts  and costs of ,  12.  t8 to 12.20
discussion of  ,12.22
plant characteristies of , 12.17 to i2.i8
s i te descr ipt ion for ,  12.17

Potential evapotranspiration (PET), 3.20
Power, 7.20 to 7.21

demand for (see Demand)
developed by turbines ,  6.17,  6.21
est imat ing,  2.30
expected, 12.1 I
from flow and head data, determining,

2.28 to 2.30
market ing condi t ions for .  9.15 to 9.19
output ,  7.20 to 7.21
units of, 7.4 to 7.5

Power canal ,  4.2 to 4.5,  4.10 to 4.  14,  5.7
al lowable veloci t ies in,  4.15
steady flow in open channels of, 4.10 to

4 . t 4
s u r g e  i n , 4 . 1 4  t o  4 . 1 5
unsteady f low in open channels of ,  4.14

t o  4 . 1 5
Power capacity, 12.9 to 12.10
Power equation, 2.4 to 2.5
Power exceedance curve.  2.29 to 2.30
Power factor, 7.12
Power potential, calculation of, 4.9 to 4.10
Power purchase agreement, 12.45 to 12.46
Power t ransmission costs.  1.9
Powerhouses,  4.29 to 4.31,  8.  l3

environmental impact of, E.l3
for high-head hydro, 4.30
for low-head hydro, 4.3l

Precipitation:
average flow and average, 2.14
normal annual  (NAP),  2.25
normal or  mean, est imat ing,  2.8 to 2.9

Present value.  I l .9
Present worth.  l l .9
Present worth factors, 11.9, 12.78
Pressure change, net forces due to. 4.24 to

4.25
Pressure rise. 4.23
Pricing policies in developing countries, 10.8
Prior appropriation, 9.3
Project  analysis in feasib i l i ty  srudies,  l l .4

t o  l l . 7

Project identificarion. 12.8
Project implementation schedule and ex-

penditure patterns, lZ.Z, 12.3, lZ.6
Project layout, 12.8, 12.10, lZ.lz
Project l ife span, 11.7
Proiect  schedule.  12.  I i
Project site development (see Site develop-

ment)
Propel ler  turbines,  6.38 to 6.40
Property law, 9.3, 9.4
Protect ive equipment,  7.30 to 7.31
PSUB,  3 .2 t .3 .22
Publ ic  expendi tures,  9.19 to 9.23
Public goods, 9.20
Publ ic  resources,  9.6,9.20,  g.Z3
Pub l i c  u t i l i r i es ,  g . l 6  ro  9 . t8
Public Util it ies Regularory policies Acr

( P I J R P A ) o f  l Q 7 f l  I  q  o t 1  f  t  t <, v t  - . r r  - ) _ _ r , r , r J

t i r le I I  of,  9. lg to 9.t9, 9.25
t i t l e  IV  o f  , 9 .21

Public ut i l i ty commissions, 9.16
PURPA (see Public Urilities Regularory

Policies Act of 1978)

Radial flow rurbine, 6.6 to 6.8. 6.46
Rainfall:

flow calculations of, 3.20
intensity of,  3.4, 3.14 to 3.15
storm,  3 .13

Ranked flow technique, Z.l9
Reaction turbines, 6.34, 6.3g to 6.40,6.44

to 6.47
Reconnaissance studies,2.2, l2.l to 12.6
Rectangular channels, 4.1I to 4.12, 4.t4
Recti f iers (diodes), 7.17 to 7.19
Reservoir-related ecological impacts, g.4 to

E.7
Reservoir volume-area-elevation relation-

ships, 2.26 to 2.27
Reservoirs:

environmental impact of outlet of, g.l I
t o  E .13

trapezoidal basin, 8.4 to 8.7
Resistance to f low in conduits, 4.17 to 4.20
Resonance, T. l3
Reynolds number, 4.19
Riparianism, 9.3
R ip rap ,5 . l 5  t o  5 .17 ,5 .18  ro  5 .19 ,  S .30  ro

5 .3  r
Rockf i l l  dams,  5 .2 ,  5 . i ,  S. l9  to  S.Z3.  S.Zg

definit ion of, 5.19
impervious core of, S.Zl to S.Zz
impervious facings of, 5.19 to 5.21
inspection of, 5.22
outlet works of, 5,23
spillways of, 5.23

Root mean square (rms) value ,7.6 to
7.7

Rotating system (turbines), 6.57 to 6.59
Rule curves,2.26 lo  Z.Z7
Run-of-r iver plant, 1.7, 8.Zz
Runaway speed. 6.59, 7.30

INDEX I .9

R u n o f f , 3 . 8 . 3 . 1 3
coe f f i c ien t  o f  , 2 .14
month fy ,  3 .19 ,  3 .20 ,  3 .23  to  3 .27
volumes of .  3.8

Rur-aldeman-d stn:eture.  !0.8 to l0. l !
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in  developing countr ies (see Developing
countries, rural electrif ication in)

uncomfortable t ruths about,  10.15
Rural Electrif ication Administration

(REA).  9.  t6
Rural Energy Initiatives (REI), 9.21

Safety considerat ions,  7.31 to 7.33,  8.16
environmental  impact  and,  8.16

Salmon River at  Whitebird,  Idaho, 2,Zl  to
a a t
a , z )

Sand foundat ion,  5.4 to 5.5
S c a l e  e f f e c r s , 6 . t 6  r o  6 . 1 8 , 6 . 2 4
Scotts Flat and Lower Scotts Flat, Nevada

County, California, 12.33 to 12.52
background on,  12.33 to 12.34
benefits and costs of. 12.43 to 12.44
development plan for, 12.49 to 12.52
discussion of,12.52
economic and financial analysis of ,12.44

to 12.47
plant characteristics of, 12.36 to t2.44
site description for, 12.34 to 12.36

Sediment, environmental impact of, 8.16 to
E .  l 7

Seepage in earthf i l l  dams, 5.18
Se l l i ng  p r i ce ,  l l . l 5
Sequent ia l  f low analysis,  2.4,  2.30 to Z.3Z
Service condi t ions,  7.32
Shear stresses on dams, 5.25
Silicon control rectif iers (SCRs), 7.t8
Silt foundation, 5.4 to 5.5
S im i l i t ude  theory ,6 . l 3  to  6 .16
Simulat ion models.  2.  l5
Single-phase alternator, 7. l6
Single util ity approach, 10.6
Si te condi t ions.  12.8
Si te development,  4.1 to 4.32

capi ta l  costs of ,  4.31 to 4.32
configurations of site, 4.2 to 4.7
f low data in,  processing,2.28 to 2.32
geologic invest igat ions in,  4.8 to 4.9
for  h igh-head, 4.2 ro 4.6
hydraulic design and analysis in (see Hy-

draulic design and analysis)
fo r  l ow-head .4 .7
powerhouses in,  4.29 to 4.31
topographic surveys in,  4.7 to 4.8
tunne ls  i n ,  4 .6  to  4 .7 ,4 .8  to  4 .9
turbine set t ing in,  4.28 to 4.29

Si te-speci f ic  studies,  2.2
Sitka, Alaska, Creen Lake Dam on Vodo-

pad River,  near,  1.3
Skagway, Alaska,  West Creek (see West

Creek, Skagway, Alaska)
Slackwater pool ,  E.8
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Sl ip ,  7 .26
Small hydro:

advantages of ,  1.4 to I .5
al ternat ive energy sources conrparcd

r r r i t h  |  1n  a^  |  1Aw r r t r t  t . & v  t v  t ! & f

d iese f  genera lo rs  vs . ,  l . 2 l  t o  1 .22
overview of  exist ing insta l lat ions,  6.4 to

6 .5
promise of ,  1.2 to 1.5

Sodium-vapor lamps, 7.25
Soi ls :

ea r th  dam embankment ,  5 .8 ,  5 .9  to  5 . l l
moisture of, 3.26 to 3.27
pcak flow and, 3.4

Solar  cel ls .  t .22
Solid-rock foundations, 5.3
Sol id state devices.  7.17 to 7.19
Speci f ic  speed of  turbine,  6.18 to 6.19,  6.35
Sp i l fways ,  4 .4  to  4 .5 ,  4 . l 5  to  4 .17 ,  5 .28  to

5 . 3  |
of concrete dams, 5.27
of earthfil l dam, 5.18
env i ronmenta l  impac t  o f ,8 . l l  t o  8 .13
of rockfil l dams. 5.23
typical, 5.4

SSARR model ,  2.17 to 2.18
Stagedischarge-rating curve, 3.17 to 3.18
Standard deviat ion of  random ser ies,2. l0
Standard error of mean, 2.10
Stanford rWatershed Model, 2.18
Star connect ion,  7. l4
Start -up costs,  l l . l7
Steel facings on dams, 5.21
Stochast ic  models,2.15 to 2.18
Stop logs, 4.4, 5.30
Storage fraction, E.3
Storm rainfall, 3.13
Straflo turbine, 6.40
Stream impoundments, 8.3 to 8.1 |

environmental effects of, 8.8 to E. I I
rescrvoir-related ecological impacts of,

t .4 to t .7
Streamflow (see Flow)
Study flowchart, 12.5
Sudan, Fula Rapids Project, Juba (see Fula

Rapids, Juba, Sudan)
Supercavitation, 6.20
Surge in power canal ,  4.14 to 4.15
Surge tank,4.24
Swaziland Micro Hydro Project, l l.2l to

rr.28
Synchronous generators ,7.21 to 7 .22
Synchronous speed, 7.21
System design and case studies,  12. l  to

r2.75
case studies. 12.16 to 12.74
feasibility studies in, 12. I to 12.2, 12.6 to

r2.13
Fula Rapids Project, Sudan, 12.52 to

r2.ffi
Mora Canal Drop, Idaho , 12.22 to 12.33
planning studies in, 12.l to 12.2

System design and casc studies (Cont. \ :
Po r t  A r thu r  Dam.  Wiscons in ,  12 .16  to  I

12.22
reconnaissance studies. 12.1. 12.2 l t t

t L . o

fornia, 12-33 to 12.52
West Creek, Alaska, 12.60 to 12.'14
(See also specific projects tnentioned

ubove)
Sys tems  ana lys i s ,  2 .15
Systems approach,  2.15

Tailwater relationships, 2,27
Tanzania,  Mbulu Hydro Project  in,  11.28

r o  1 1 . 2 9
Temperature:

environmental impact of stream im-
poundment and changes in,  8.8,  8.  |  |

k inemat ic v iscosi ty of  water  and,  4. l9
penstock and variations in, 4.25

Tennessee Valley Authority (TVA), 9.6 to
9 . 8

T h a i l a n d ,  l 0 . l l  t o  1 0 . 1 3
Therma l  p lan ts ,  l l . l  t o  l l . 3
ThCvenin's impedance, 7.29
ThCvenin's voltage, 7.29
Thoma's s igma, 6.28 to 6.29
Timber facings on dams, 5.21
Time frame, l l .7
Topographic surveyst 4.7 to 4.8
Transformers.  7.17

efficiency of, 4.l0
loads on,  7.25 to 7.27
in magnet ic f ie ld,  7.15 to 7.16

Trapezoidal  channels,  4.13 to 4.15
Tube turbine units, 6.53
Tunnels,  4.6 to 4.9
Turbine set t ing,  4.28 to 4.29,6.31,  6.55 to

6 . 5 6
cavi tat ion and,  6.55 to 6.56

Turbines,  6.1 to 6.63
adjustable-blade, 6. 33
axial-flow propeller, 6.38 to 6.40
background material on, 6.5 to 6.31
Banki-Mitchel l ,  6.35,  6.37
bulb,  6.40,  6.53
categories of, 6.4
cav i ta t i on  o f  ,  4 .28  to  4 .29 ,6 .19  to  6 .31 ,

6 . 5 1 ,  6 . 6 2
classi f icat ion of ,  6.34 to 6.40,  6.62 to

6 .63
commercia l ly  avai lable,  6.51 to 6.54,

6 .63
crossflow, 6.44
Deiaz,6.40
development of  modern,  1.7 to 1.8,  6.2

to  6 .4
di f fusers of ,  f low in,  6.1I  to 6.12,6.33
efficiency and losses of, 4.10, 6.8 to

6 . 1 2 , 6 . 1 5 , 6 . 4 2  t o  6 . 4 3 ,  6 . 4 5 .  6 . 6 3 ,
7 .20

Turbines (Cont. l :
e leval ion/sea level ,  6.55 to 6.-56
emergency condi t ions of ,  6.59
energy losses in,  6.9 to 6.  |  |
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examples of  appl icat ions of ,  6.59 to 6.62
flow rate to, necessary maximum, 4.4
f lu id mechanics for ,  6.5 to 6.8
Francis,  6.38,  6.39,  6.44,6.56
generat ion of  c i rculat ion in,  6. l2 to 6. l3
governors on, 6.56
historical perspective on, 6.2 to 6.5
hydraulic structures and operational con-

siderations, 6.54 to 6.59
impu lse .  6 .34 ,  6 .35  to  6 .37 ,  6 .41  to  6 .44 ,

6 .56
(See aiso Peiton wheels)

impulse vs.  react ion,  6.41 to 6.51
integration with inlet and outlet works

of  ,  6.54 ro 6.55
introduction to, 6.1 to 6.2
Kaplan,  6.34,  6.40,  6.48,  6.49,  6.53
l i f t  a n d , 6 . 1 2  t o  6 . 1 3
load changes on, problems created by,

7 .3
marine life and, 8.13
mechanical energy exchange in, 6.5 to

6 . 8
operational conditions of, 6.63
Ossberger crossflow, 6.36
performance characteristics of, 6.41 to

6.54
performance comparison of different,

6.47 to 6.51
power developed by,  6.17,  6.Zl
present trends in, 6.54
propeller, 6.3E to 6.40
radial flow, 6.6 to 6.8, 6.46
react ion,  6.34,  6.38 to 6.40.  6.44 to 6.47
rotat ing system, 6.57 to 6.59
runaway speed of, 6.59
runners of, comparison of various, 6.46
scale ef fects on,  6.16 to 6.18,  6.24
similarity considerations, 6. l3 to 6.31,

6.62
simi l i tude theory and,  6.13 to 6.16
spec i f i c  speed  o f ,6 . l 8  to  6 .19 ,6 .35
speed regulation of, 6.56 to 6.59
Straflo, 6.40
suction specific speed of, 6.29 to 6.31
summary of , 6.62 to 6.63
tube,  6.-53
Turgo,  6.35 to 6.37,  6.43 to 6.44.  6.47 to

6.48
vibrat ion of  ,6.20

Turgo turbine,  6.35 to 6.37,6.43 to 6.44,
6.47 to 6.48

Turgo wheels, 6.47 to 6.48
Turnip Creek, California, 1.7

Undavi ,  Bol iv ia,  1.6
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external costs, treatment of, 9.9 to 9.15
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f inancing projects in,  l l .  l9  to 11.29
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(See also specific organiTations)

legal, regulatory, and institutional con-
text  in,  9.2 to 9.23

marketing conditions for power in, 9.15
to  9 .19

ownership of projects in, 9.2
policy trends in, 9.23 to 9.25
potential resources of, 9.1 to 9.2
property law in, 9.3,9.4
public expenditures of federal funds,

9.19 to 9.23
publ ic  resources,  9.6,  9.20,9.23
PURPA (see Public Util it ies Regulatory

Policies Act of 1978)
water rights, 9.3 to 9.4

U.S. Federal Power Permit, 2.32to2.33
U.S. Nat ional  Dam Safety Act  (1972),  5.28

to 5.29

Valves, energy losses at,4.22
Vanes,  guide,  6.32 to 6.33
Variable-speed constant-frequency systems

(vscF),  7.3
Vegetation and watershed loss, 3.16
Velocity:

coefficients of, 6.15
o f  f l ow ,3 . l l  t o  3 .12
in power canals, 4.15
simi lar i ty  of ,  6.14 to 6.15

Vibration of turbine. 6.20
Viscous effects, 6.5
Viscous energy Iosses in turbines,  6. l0
Vol tage,  7.19 to 7.20
Voltage fl icker, 7.28
Volumetr ic  ef f ic iency,  6.8 to 6.9,  6.16

of  turbine,  6.8 to 6.9
Vortex cavitation, 6.22

Water power (see entries beginning with
the term: Hydropower)

Water Resources Counci l  (WRC),  9.7,9.8
Water rights, 9.3 to 9.4
Watershed data:

calculation of peak flows from, 3.12 to
3 . 1 3
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