Er:ral EPRI EM-264

Project 225

ERDA E (11-1)-2501
Final Report
Volume Il

July 1976

An Assessment of Energy Storage
Systems Suitable for Use by Electric

Utilities



AN ASSESSMENT OF ENERGY STORAGE SYSTEMS
SUITABLE FOR USE BY ELECTRIC UTILITIES

EM-264
EPRI Project 225
ERDA E(11-1)-2501

Final Report

Volume 1

July 1976

Prepared by

Public Service Electric and Gas Company
Research and Development Department
Newark, New Jersey 07101

Prepared for

Electric Power Research Institute
3412 Hillview Avenue
Palo Alto, California 94304

and the
Energy Research and Development Administration
Office of Energy Conservation

Washington, DC 20545

Project Manager
Dr. Fritz Kalhammer



LEGAL NOTICE

This report was prepared pursuant to an act of Congress. Publi-
cations of the findings and recommendations herewith should not
be construed as representing either an approval or disapproval
by the Energy Research and Development Admin. The purpose of
this report is to provide information and alternatives for fur-
ther consideration by the Energy Research and Development Admin.
and other federal agencies.

Furthermore this report was prepared by GPU Service Corporation,
under subcontract to Public Service Electric and Gas Company
(PSE&G) on account of work sponsored in part by the Electric
Power Research Institute, Inc. which does not make any warranty
or representation with respect to the accuracy, maintenance or
usefulness of the information obtained in this report and does
not assume any liabilities with respect to the use of or for
damages resulting from the use of any information disclosed

in this report.



ABSTRACT

This volume provides an expanded treatment of the material on
conventional and underground pumped hydro found in Volume II
of this report.

Hydro pumped storage is a commercial reality. Many plants have
been built and their costs and characteristics are well known.
Nevertheless, there is a need for further research and study,
particularly with respect to underground pumped storage. The
possibility of using excavated caverns or abandoned mines as the
lower reservoir in a pumped storage system opens up opportunities
for use of higher heads and possibly larger capacities. It also
extends the area in which hydro pumped storage might be economi-
cally developed, and at the same time has environmental advantages.

This report describes the current state of development for both
conventional and underground pumped hydro and characterizes for
each typical, or expected, unit sizes, head, efficiency, charge/
discharge ratio, reliability and availability, storage capacity,
turnaround time, life, and siting potential.
Principal findings are that:

. Hydro pumped storage is a well developed, mature technology

. Where suitable sites are available for two surface reser-
voirs, no technical obstacles exist to impede implementation

. Underground reservoirs may extend the areas where hydro
pumped storage can be used

. Further development of high head equipment will be desirable
for use in high head underground plants
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FOREWORD

This is the third volume of the final report on "Assessment of
Energy Storage Systems Suitable for Use by Electric Utilities."
This third volume is a separate topical report on hydro pumped
storage and was prepared as part of a subtask by the GPU Service
Corporation under subcontract to Public Service Electric and Gas
Company.

The outline and coverage of this report were intended to provide
input to the main study (see Volumes land 2) and present data
and discussion in a form to permit comparison with other energy
storage technologies. Prepared during the first part of 1975 and
based on data available then, it has not been updated.

As all of the information contained within this volume could not
be incorporated into the main report and was not generally

available in the published literature, it was deemed appropriate
to publish this subtask report.

- Public Service Electric and Gas Company
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1. INTRODUCTION

Hydro pumped storage is distinguished from all other energy
storage methods suitable for utility application in that it has
already reached a mature state of development. Plants have been
built and their costs and characteristics are known; many more
are planned. The literature covering the technical, economic

and environmental aspects of pumped storage is extensive. (1) (2) (3)

Nevertheless, the use of pumped storage in the United States

has been limited. More storage could now be used to advantage;
and expected future loads, generation mixes and fuel costs point
to an expanded role for possibly several energy storage methods.
Consequently, further improvements in design and in construction
methods and extention of the range of suitable plant sites would
be of value to the electric utilities and to their customers.

There is need for further research and study, particularly with
respect to underground pumped storage. The possibility of using
excavated caverns as the lower reservoir in a pumped storage
system opens up opportunities for use of higher heads and possibly
larger capacities. It also extends the area in which hydro
pumped storage might be economically developed, and at the same
time it has environmental advantage. Although no plants using
underground storage have been built, their costs and characteris-
tics can be predicted (with such reliability as is inherent in
most cost estimates) on the basis of existing plants and of
excavation costs for other purposes.

1.1 DESCRIPTION AND PRESENT STATUS OF DEVELOPMENT

In a hydro pumped storage system, energy is stored by pumping
"water from a lower to a higher elevation. The energy is recovered
for utility use by passing the water from the higher to the lower
elevation through a hydro turbine driving an electric generator.
The two operations may be accomplished by using separate pumps

and turbines, which may be connected to separate electrical machines
or which may be connected to a single generator/motor. Pumping and
generation can also be accomplished with a reversible pump/turbine
connected to a generator/motor. It was the development of the
reversible unit, along with favorable economic conditions, that
contributed to the accelerated interest and development of pumped
storage in this country in the 1960's. The few older plants in

the United States and many more abroad had been developed with
separate pumps and turbines prior to that time.

The reservoirs needed for the pumped storage operation may be
natural bodies of water, reservoirs of existing hydro plants or
of water storage systems, specially constructed surface reservoirs,



an underground cavern, or combinations of these several storage
possibilities. The pumping-generating plant is connected to

the two reservoirs by appropriate waterways; these may be entirely
underground or partially on the surface. The powerhouse itself
may be either on the surface or underground; and underground
construction has sometimes been found economically and environ-
mentally desirable, even where the reservoirs are on the surface.

All hydro pumped storage plants in the United States, except
those built by Federal agencies, have been licensed by the
Federal Power Commission. At the end of 1974, its records show
the status of pumped storage development in the United States
to be as follows:

Number Reversigle

of Plants Cap. 10~ kW
In operation, Dec. 31, 1974 26 8.8
Under construction 10 5.0

Planned, as evidenced by
application to FPC for
project license or by
receipt of preliminary
permit 18 19.8

Total (excluding
duplications) 51 33.6

The capacity in service at the end of 1974 represents less than
2% of the total utility generating capacity; but even this is a
significant development, considering the geographical limita-
tions of this storage method and the limited role to date of
energy storage in the service of utility loads.

Most of the pumped storage capacity now in service can be classified
as "pure" pumped storage, i.e., units or plants built only for

the storage of off-peak energy and the delivery to utility systems
of energy from the same plant during on-peak periods. However,
several constructed plants have additional purposes, including ‘
the development of conventional hydroelectric output from natural
flow into the upper storage reservoir, storage of water primarily
- for use in downstream hydroelectric plants, storage for irrigation
or potable water supply, and the pumping and subsequent generation
incident to the diversion of water for irrigation or municipal
use. In fact, wherever there is need to store water or to move

it from one place to another, there may be an opportunity for
storage of hydro energy.

Plants have been built in the United States in sizes from a

few megawatts to more than 1000 MW; plants under study range to
more than 2000 MW. Developed heads have ranged from less than
100 feet to more than 1200 feet; and even higher heads are to be
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utilized in some of the planned plants. In general, the plants
with the smaller sizes or lower heads have been special purpose
plants. With perhaps a few exceptions. the modern "pure"
pumped storage plants have involved unit capacities of about
100 MW, or more, and heads above 300 feet.

The necessity of storing relatively large volumes of water in two
reservoirs, separated by several hundred feet of head, but not
too far apart in distance, requires topography that is not
everywhere available. Consequently, the developed and planned
pumped storages are confined to certain sections of the country.
However, the absence of pumped storage plants in certain areas is
not necessarily indicative of unfavorable topography, rather it
may indicate either the absence of economic need for a peaking
service or the supply of this service by conventional hydro
plants. It is estimated that hydro pumped storage, using above-
ground reservoirs, could be built, if needed and if economically
justified, to serve the peaking requirements of the systems
supplying about 70% of the total electric load in the United
Stated.

The possibility of using underground reservoirs extends the
geographical area in which pumped storage might be developed and
also extends the range of heads that might be utilized. Within
limits, the over-all cost of a plant using underground storage
will decrease as the head is increased. Therefore, since the
head for which the usual reversible unit might be bhuilt is
limited, the optimum development of underground pumped storage
may involve some different concepts, including the use of two
plants in series, separate pump and turbine units (as used
abroad for higher heads), or multistage reversible units.

1.2 ALTERNATIVE IMPLEMENTATIONS TO BE ANALYZED

There is but a single basic method of hydro energy storage, and
any differences in implementation are the result of differences
in site conditions, utility system load conditions, economic
factors, and the possibilities for multipurpose development.
However, for purposes of analysis and discussion it will be
convenient to consider two concepts: '

(1) Conventional hydro pumped storage, using two
above-ground reservoirs (but possibly including
an underground powerhouse); and

(2) Underground pumped storage, with one reservoir
located in an excavated cavern.

It is furthermore proposed that analysis and discussion be
limited to "pure" pumped storages in unit sizes above about
100 MW and heads above 300 feet. The existing and potential
pumped storages thus eliminated from further consideration are
those that depend on use of the plant facilities for other
special purposes and those smaller, low-head plants which will
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generally not be economic for utility applications. This elimina-
tion is not a recommendation against the use of such plants for
energy storage, but rather a practical recognition of the difficulty
of predicting their costs or characteristics without reference to
specific sites and specific applications. On the other hand, the
two classes of plants that will be considered can be analyzed,
discussed, and evaluated in a general manner. Even so, it is

still necessary to recognize the effects of size and head, as

well as generalized site conditions, on the per-unit costs of

pumped storage plants.

With respect to the conventional pumped storage, consideration
will be given only to the use of reversible pump/turbine units,
such as have been used in the larger existing plants. This
limits the head on these plants, with the present development of
such units, to less than 2000 feet. For underground pumped
storage, consideration will be given to all available methods of
developing even higher heads.

The discussions of pumped storage in the following Sections 2 and
3 have been organized in a form designed to facilitate comparisons
among all energy storage systems.

REFERENCES
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J. Krizek and Sandor C. Csallany, American Water Resources
Association, pp.557-572. ‘

(3) J. S. Schlimmelbusch, June 1971, "Pumped Storage, A Biblio-
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2. CONVENTIONAL HYDRO PUMPED STORAGE

In the case of hydro pumped storage with above-ground reservoirs,
there is an adequate body of information with respect to existing
and potential developments, technical characteristics and costs.
This information, as it relates to plants in the United States,
is reported and discussed in a series of appendices which cover:

Appendix A - Existing and Planned Pumped Storage

Projects
Appendix B - Availability of Future Pumped Storage
Sites
Appendix C - Pumped Storage - Technical Characteristics
Appendix D - Pumped Storage ~ Construction Costs
Appendix E - Pumped Storage - Operation and Maintenance

Expenses

The reported experience has been confined to plants in the United
States, not only because of the more readily available data
(generally in reports to the Federal Power Commission), but also
because it is believed that some of the costs and characteristics
of plants built abroad will not be applicable to United States
conditions. This is because of differences in site conditions,
utility system loads, fuel availability and cost, and in construc-
tion practices.

Because many characteristics and costs can be most conveniently
expressed on a per-unit basis (i.e., per unit of plant capacity),
it is necessary to make some preliminary comments on the operation
and rating of pumped storage plants.

During the generating portion of the operating cycle, the lower
reservoir is filled and the upper reservoir is emptied. The
difference in water surface elevation between the two reservoirs,
or gross head, is decreased. The change in head may cover a

wide range, and differences in head of 10 to 20% are not uncommon.
As the head decreases, so does the available plant capacity.
Unless there are hydraulic or electrical limitations that prevent
the use of the full turbine output at higher heads, the percentage
change in output is even greater than the change in head. (The
relationship of both generating capacity and pumping load to head .
is shown in Appendix C, Figure C-3.) This results from the fact
that the rate of water use, at full gate opening, also decreases
as the head decreases. There is therefore need to provide for
some consistency in the basis for rating the plant capacity.

Reports to the Federal Power Commission will usually show the
generating capacities available at both maximum and minimum heads.
However, the nominal capacity of the plant, for publicity purposes
or for inclusion in various listings of plant capacity, may be



reported by the owner as the maximum or the minimum or somewhere
in between. Some plant owners have followed the conservative
practice of rating the plant capacity at minimum head; and where
this is evident, such rating has been accepted for the purpose of
analyzing costs and characteristics. Where the nominal rating is
evidently based on a higher head, it has been ignored in this
report; and for consistency in comparison among the existing
plants, a rating has been adopted which gives 80% weight to the
minimum head and 20% weight to the maximum head. This arbitrary
average rating assures that the rated capacity will be available
for more than 80% of a daily operating cycle, and where operation
is on a weekly cycle, for an even greater percentage of time.
Thus the plant capacities used in this analysis differ from those
reported for other purposes.

During the generating portion of the cycle, the output of the
plant may be controlled at some level below the available output.
It will most often be the intent to operate at or near the most
efficient load point, which is a load less than the available
plant capacity at all heads. If desired, it would be possible to
operate continuously at or close to the rated capacity, but with
some sacrifice in efficiency. Departures from efficient loading
may be required for area load regulation and to provide maximum
available capacity under heavy load conditions or during shortages
of other generation.

During pumping, the lower reservoir is emptied and the upper
reservoir is filled; the gross head is increased. This results

in a change in input, but generally there is a small decrease in
pumping load as the head increases. This is the result of the
much larger water quantity that can be pumped at minimum head as
compared to that at maximum head. The input to the unit is not
ordinarily under the control of the operator, for once the unit
has been started as a pump, it is operated at or close to its most
efficient gate opening. Because the input, or pumping load, is
whatever it must be as the head varies, the average of the reported
loads at maximum and minimum heads has been used for purposes of
comparison to the rated output of the plant in the generating

mode of operation.

Because of the opposite effects of head on the water quantities
used during generation and on the guantities that can be pumped,
it is possible, by selection of the pump/turbine unit design, to
favor either one or the other. This permits a selection to be
made of the ratio of pumping load to generating capacity, which
will be discussed later as an important characteristic of any
storage method.

2.1 CHARACTERISTICS

Both technical characteristics and construction costs have been
based on the experience or expectations of the 11 selected plants
listed in Table 1, which are believed to be generally representative



of future pumped storage projects. The selection of these plants
is discussed in Appendix A. Several of their characteristics are
investigated in Appendix C, and for these, only summary conclusions
are reported below.

Table 1 SELECTED PUMPED STORAGE PROJECTS
FOR WHICH CHARACTERISTICS AND COSTS
HAVE BEEN ANALYZED

Plant
Initial Capacity Average Head
Plant Name Operation MW (a) Feet (b)
Taum Sauk 1963 350 809
Yards Creek 1965 330 723
Muddy Run 1967 855 386
Cabin Creek 1967 280 1159
Seneca (Kinzua) 1970 380 741
Northfield 1972 1000 772
Blenheim~Gilboa 1973 1030 1099
Ludington 1973 1675 328
Jocassee 1973 628 310
Bear Swamp 1974 540 725
Raccoon Mountain 1975 (c) 1370 968

Notes:
(a) Capacity may differ from amount reported by
owner or by FPC in order to provide consistency
in the basis of rating.

(b) Average of reported maximum and minimum heads.

(c) Initial operation has been delayed to 1978
by unanticipated construction difficulties.

2.1.1 Size and Head

The unit size suitable for utility application will generally

be larger than 100 MW; in fact, the reported planned units are
generally larger than 200 MW. Smaller units have, of course,

been built, and may continue to find application in special situa-
tions.

The reversible unit of maximum physical size thus far constructed
is the relatively low-head unit for Ludington; the maximum

capacity unit, for Raccoon Mountain, is 383 MW. Since conventional
hydroelectric units have been built in even larger sizes, it is



likely that still larger pumped storage units may be planned for
future plants. Although larger sizes tend toward lower per-~unit
(S/kW) costs, there are structural and mechanical reasons, as well
as operational and possibly economic reasons, for continued use

of units of moderate size. Because of the diverse site and system
conditions that influence the selection of an optimum size,
speculation as to the future maximum size is not likely to be
productive, rather the removal of limitations on large sizes is

a subject for research and development.

Plant size can be any multiple of unit size, and generally per-
unit costs will decrease with increase in the plant capacity.
From two to eight units have been installed in the selected group
of plants; and the largest one in service contains six units for
a total of 1675 MW. Total plant size is frequently limited by
the available reservoir capacity; and if this is not the limita-
tion, it will usually be the size that fits the utility system
needs, including possibly those of its neighbors.

The heads that have been found economical for development, in the
absence of special conditions, have been above 300 feet. The
maximum head utilized by a reversible unit in the United States
is now 1200 feet; but plants are planned that will utilize more
than 1600 feet. (A plant in Japan is now operating with a head
of 1640 feet.) The practical limit for a single-stage reversible
unit is probably an even higher head, and there is some opinion
that such units can be operated successfully at more than 2500
feet of head. For still higher heads, and particularly for
underground plants, it will be necessary to consider multistage
units, units in series, or separate pumps and turbines.

The development of reversible units for higher heads is probably
the major needed research and development activity related to
hydro pumped storage.

2.1.2 Efficiency

Demonstrated over-all efficiencies have increased from 66% to
75%; several projected efficiencies, not yet demonstrated, are
reported to be still higher. The improved efficiencies have
resulted from improvements in pump/turbine design and from more
liberal design of water passages to reduce energy losses and
increase plant capacity. This results from system economic
conditions that justify the higher expense of larger penstocks
and lower water velocities.

Because over-all efficiency is the product of the separate pump,
motor, generator, transformer (used twice), turbine, and water-
way (used twice) efficiencies, and because each efficiency is at

or close to its practical limit, there appears to be little
prospect for an over-all theoretical efficiency as high as 80%.
Furthermore, in actual operation best efficiency cannot be attained
because of variations in loading, starts and stops, requirements



for station service, and minor losses due to leakage and evapora-
tion. It appears therefore that 75% may be a practical upper
limit of operating efficiency, and the more likely efficiency
may be as low as the 70% demonstrated by several plants.

If efficiency is to be represented by a range, this range should
be 70 to 75%. For a single value, use 72%. Note that these
efficiencies do not cover transmission losses incurred during
delivery to or from the pumped storage plant, but can be assumed
to cover the step-up transformer losses.

2.1.3 Charge/Discharge Ratios

This particular ratio is measured by the relation of power input
(average pumping load in MW) to power output (rated capacity in
MW); and the selected plants (with one exception) show a range

in this ratio of 1.0 to 1.3. The importance of the ratio is

in its effect on available generating time. For example, if the
ratio of pumping load to rated capacity is 1.25 and the over-all
efficiency is 72%, then the duration of generation available from
one hour of pumping will be 0.9 hours (= 1.25 x 0.72).

These ratios are within the control of the plant designer and the
higher values of these ratios are obtainable only at some cost.
Where the lower ratios have been used, it appears that less

value has been placed on additional daily generating hours.
However, it appears to be generally and economically advantageous,
particularly where long durations of daily generation are required,
to increase the available generating time by increase in these
ratios in preference to, or in addition to an increase in reservoir
storage. Of course, the optimum design for any particular site
will depend on reservoir costs and other site related conditions.

There appear to be practical limits to these ratios. The lower
limit for the charge/discharge ratio might be 1, which means that
the pumping load is equal to the rated generating capacity; this
might be considered a balanced electrical design. A practical
upper limit is reached when the ratio equals about 1.35 to 1.4,
indicating that the average motor load is well in excess of the
rated generating capacity, but that the rate of water pumping is
about equal to the rate of water use. The reason for higher cost
is therefore evident, for in addition to the larger electrical
equipment, it is also necessary to have a somewhat larger hydraulic
unit to produce these higher ratios. Conversion efficiencies are
slightly lower for the higher charge/discharge ratios.

It is suggested that the charge/discharge ratio, as measured by
electrical input and output, be considered to be within the range
of 1 to 1.4. Consequently, the available duration of generation
from one hour of pumping will be within the range of 0.72 to 1.0,
based on the suggested average efficiency of 72%.



2.1.4 Reliability and Availability

Based on limited experience, and discounting very unfavorable
experience during a few early years of operation of several
pumped storage plants, it appears that the following factors may
reasonably represent the reliability and average availability of
future pumped storage units:

oe

(a) Forced outage rate 4

(b} Average annual maintenance,
scheduled outages and incidental
unplanned outages 5 weeks/yr.

(c) Average availability
(47/52 x 0.96) 87%

The factors (a) and (b) are equal or close to those used by the

Mid Atlantic Area Council area for planning purposes, and are

based on the operation of three pumped storage plants within this
area. The factor (c) is derived from (a) and (b), but is independ-
ently confirmed by the operating availability of pumped storage

as reported by the EEI Prime Movers Committee .

There is substantial opinion that pumped storage units can, and
eventually will show higher reliability and availability than is
suggested above. Since conventional hydro units have an average
forced outage rate below 1% and a maintenance time more like two
or three weeks per year, there is room for improvement in the
pumped storage factors. On the other hand, there is no doubt
that pumped storage units are subject to more severe strains
than conventional hydro units and have more opportunities for
breakdowns.

Reliability of any energy storage system is also affected by the
adequacy, or inadequacy of its limited energy to "firm up" its
capacity on the system load curve. Any unreliability that may
result from energy limitations decreases as the storage, in terms
of generating hours, is increased.

Some explanation of the above stated forced outage rates, both
for pumped storage units and for conventional hydro units, is
required, since they are higher than those reported by the EEI
Prime Movers Committee. The explanation lies in the forced outage
rate definition, which is not well suited to the determination of
such rates for peaking units. Because this definition relates
forced outage time to exposed time (operating time plus forced
outage time), the rates are very high for units that deliberately
have only limited operating time. For peaking units a lower and
more significant rate is obtained if the forced outage time is
reduced to the outage time occurring during the period of demand
for the operation of the unit.



The need for this adjustment of the forced outage rate was
recognized soon aft?f the first outage data were published for
combustion turbines(4). The subject has also been discussed in
an IEEE paper 3 , which recommends a formula to be used in the
adjustment of the forced outage rate. The adjusted rate is then
roughly that which would result were both outages and operating
time measured in whole days, with its status being determined by
its condition at the time of daily peak load. When forced outage
data were first recorded and analyzed nearly 40 years ago, the
records were kept on this daily basis.

If the adjustment formula is applied to the 1974 EEI data for
pumped storage units, the reported 12.97% forced outage rate is
reduced to 5.27%. This adjusted rate can be further discounted,
based on the fact that the EEI data contain a large proportion of
experience for immature units, i.e., units that have had high
outage rates while design and construction deficiencies were
being corrected.

The EEI rate for "operating availability," which is equal to
available hours (whether or not operated) divided by period hours,
needs no substantial adjustment. If forced outages are random as
to the times they occur on any day, this ratio is again roughly
equivalent to a count of the days that the unit is available
divided by the days in the year.

The stated forced outage rate of less than 1% for conventional
hydro units is not based on the very limited EEI data, but is
based on two reports, from much larger samples of hydro units,
showing respectively rates of about 0.5%(4) and 0.7%(5).

2.1.5 Extent and Duration of Energy Storage

The energy storages at the existing selected plants (with one
exception) are sufficient for about 6 to 24 hours of generation at
rated capacity. For a daily cycle of operation, 8 to 10 hours of
storage appears to be sufficient; any greater storage will
necessarily be operated on a weekly cycle. The Jocassee plant

has a storage equivalent to 94 hours in order to take advantage

of natural flow into the upper reservoir and to permit its use for
other purposes.

For future plants, the amount of storage measured in hours of
available generation is a variable to be determined by system
load conditions and economics.

Once the water has been pumped into the upper reservoir of a
pumped storage plant, it can be maintained as a stored energy
resource for a relatively long time. Losses from leakage and
evaporation are small and may even be offset by rainfall and local
runoff. Under unfavorable conditions, these losses are likely to
be less than 5% per month, assuming there is some reason for the
storage to be unused for such a long period.



Also, when the storage is used, almost all of it can be used--
only enough must be retained to fill the water passages and maintain
the normal minimum head on the plant.

2.1.6 Turn-around Time

A pumped storage plant, unlike some other storage devices, cannot
pass quickly from the pumping to the generating mode, or vice

versa. A definite time interval is required, because of mechanical
and hydraulic inertias, for decelerating the unit in one direction,
for switching and proper operation of auxiliaries, and for accelera-
tion in the opposite direction. Also because of limitations in
control facilities or in the mechanical and electrical arrangement
of the plant, it will frequently not be possible to "turn-around"
more than one unit at a time, or possibly two units if the total
number is as many as six or eight.

Typical turn-around and starting times are:

from pumping to full load generation.. 2 to 20 minutes

from generation to pumping............ 5 to 40 minutes
from shutdown to full load generation. 1 to 5 minutes
from shutdown to pumping.............. 3 to 30 minutes

These times might be applied, in series, to each unit in a plant.
Under normal conditions, the successive operation of each unit may
not be a real disadvantage, since changes in system load could
require even longer intervals between the initial operation of
each unit.

2.1.7 Load Regulating Ability

A pumped storage plant can follow load to a limited extent, but
generally the effect on efficiency and on maintenance requirements
will be considered prohibitive. Nevertheless, under some
conditions the advantages outweigh the penalties of such operation.
At least one and possibly two of the selected plants do operate

as load regulating units and the effect of this operation shows up
in very low over-all efficiencies.

Of course, some gross load regulation is accomplished by the .
starting and stopping of the units, either as pumps or generators;
but this is no more or less than can be accomplished by the starting
and stopping of other energy storage systems. Because of its

quick starting ability, a pumped storage unit at standstill may,

in some systems, be counted as operating reserve, in the

same manner as is combustion turbine capacity.

For purposes of this investigation, it is suggested that hydro

pumped storage be considered to provide load regulating service
only in unusual situations, with no regulation being consistent
with the use of the above suggested efficiency range.



2.1.8 Useful Life

Hydro units and plants are inherently long-lived property. Many
hydro plants are already 50 years old and some plants that are 70
years old are still operating with original equipment. Massive
structures, such as dams, dikes and tunnels seem to have an
almost indefinite life if adequately maintained, and there is
little difference in these as between hydro and pumped storage
plants.

Although pumped storage units are subject to more severe service
requirements than are conventional hydro units because of reversals
in direction of operation and more frequent starts and stops,
maintenance and interim replacements of breaker parts, generator
windings, bearings, etc. should give the pumped storage plant
equipment a comparably long life.

For accounting purposes, a number of pumped storage plant owners
are using an average life of 70 years as compared to 80 years for
hydro. Reports filed with the Federal Power Commission show a
range from about 50 to 75 years for pumped storage. For tax
purposes, IRS allows a life of 50 years for all hydro property.

For economic comparisons, the difference between 50 and 70 years
is of little significance, and the shorter life is therefore
recommended for the purposes of this investigation.

2.1.9 Other Characteristics

There are several other characteristics of storage systems in
general that are either not applicable to hydro pumped storage or
that can only be considered in qualitative terms. Among the former
are storage density and temperature range. Among the latter are
the following:

Maintainability ~ good, as evidenced by a reasonably
low cost per kW per year.

Simplicity - also good, but only relative to the
complexity of a modern fossil or nuclear plant.

Ease of expansion - poor, unless substantial expend-
itures are made in advance for larger reservoirs
and for ultimate expansion of the plant.

Compatibility with existing power generation - complete,
as evidenced by existing operations.

2.2 COSTS

2.2.1 Basis of Estimates

Because of the status of pumped storage development, estimates of
costs for both construction and operation can be based on experience.
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Construction cost data are available for 11 plants of the size

and head that are considered typical of future utility applications.
Representative operating experience is available for a smaller
number of plants. The cost data are available in Federal Power
Commission publications(G), in reports to the Federal Power
Commission, and from communications from the plant owners.

The individual plant cost data are reported and analyzed in two
appendices; only summary data on a per-unit basis ($/kW or $/kWh)
are reported below. All costs have been adjusted to January 1,
1974 cost levels.

2.2.2 Determinants of Plant Costs

Pumped storage plant costs are heavily dependent on the topography
and geology of the available sites and the requirements of the
utility load that is to be served. Only a small part of the total
cost is controlled by the designer on the basis of economic
trade-offs.

The site determines the head, the maximum size of the reservoirs,
the character and length of the required water passages, and the
character (surface or underground) and cost of the powerhouse
structures. System load requirements (and system energy costs)
determine the capacity that can be served by the available reservoir
size. The available head and the size of the units and of

the plant in turn are the principal determinants of the per-unit
costs of the plant, exclusive of the reservoirs. Within a reason-
able range of conditions, the per-unit cost of this balance of plant
decreases with increases in both size and head; and while reservoir
cost might also be expected to decrease with increase in head,

this is not always the case. Of all components of plant costs,
those for the storage reservoirs vary most widely, for they depend
directly on the topography and geology of the site and on the
possibility of using existing lakes or reservoirs for one or both
storages.

The designer of the plant controls its cost to a small extent.
Costs are, of course, affected by the reliability, maintainability,
and permanence that are built into the plant and by amenities

that are provided in connection with it. Important economic
decisions are involved in the selection of the pump/turbine and
the connected generator/motor, for as noted in 2.1.3, costs are
affected by the charge/discharge ratio. For example, to vary the
ratio as earlier suggested from 1 to 1.4 might add about $12/kW

to the plant costs. (This increase, however, may be more apparent
than real, for if the plant capacity is limited in system
operation by available energy, rather than by the physical

limit of turbine output, the cost per effective kW may be

actually reduced by the increase in pumping capacity.) Another
economic decision relates to the size of the waterways and the
resulting water velocities, which in turn affect the friction
losses and penstock overpressures.



Considering site differences and other variables, it is not
surprising that there is more than a two to one variation, even
after reduction to comparable conditions, among the per-unit costs
of the plants that have been built and which are here analyzed.
When reservoir costs are removed from the total costs, most of

the balance of plant costs can be explained by differences in

size and head. Nevertheless, there still remains some variation
that is probably explainable only in terms of specific local
conditions.

Because of these conditions, no parametric analysis of actual
costs has been attempted and for the purpose of this investigation
ranges of costs have been suggested. These ranges do not cover
either the lowest or the highest cost facilities, but are believed
to be representative of the cost conditions (as of January 1, 1974)
that might be experienced for future pumped storage plants.

2.2.3 Construction Costs

In view of the above discussion, it is desirable that reservoir
costs be considered apart from the balance of the plant costs.

This is also desirable for subsequent economic analysis, for
reservoir costs are closely equivalent to energy storage costs

that should be expressed in terms of $/kWh, while the balance of

the plant costs are essentially capacity or power related and are

to be expressed in terms of $/kW. Plant substation costs (not
ordinarily included in pumped storage plant accounts) are separately
stated (in $/kW) for comparability to the costs for interfaces
between other storage systems and utility system transmission.

It is proposed that pumped storage plant construction costs as
of January 1, 1974 be represented by the following ranges:

energy storage $2 to 10/kWh
balance of plant $100 to 150/kwW
plant substation $5 to 10/kw

2.2.4 Operating and Maintenance Costs

These costs have been found to be relatively small. They also
vary from plant to plant; but if extreme values are ignored, the
variation is not likely to be a significant factor in any economic
analysis. It is proposed that these costs, at January 1, 1974
wage and price levels, be represented by the following range of
costs or preferably by a single annual rate:

Operation and maintenance $1.40 to $1.80/kW/year
or $1.60/kW/year

It is expected that future expenses, except for escalation in
wage rates, should be even lower for two reasons. For the larger



plants, operating expenses per kW should be lower, because essen-
tially the same manpower is required for a small as for a larger
plant. For all plants, the maintenance expenses should be lower
after correction of design and construction deficiencies during
the early years of operation. However, there is little evidence
of these trends in the presently available data.

2.2.5 Other Costs

Other costs for pumped storage plants include those accounted

for as fixed charges which are related to the investment in plant,
and certain fees. For all non-federal plants to date, these

fees include the license fee payable to the Federal Power Commission
(about $0.10 per kW per year); and for those plants that make use

of an existing reservoir or of other facilities, there will usually
be a payment required for such use. Such payments are reported as
an operating expense, but have been excluded from the basis of the
above estimates, for it is difficult to generalize as to the
appropriate rates.

Because of the expected long life, salvage values or costs of
removal are not significant and are ordinarily covered by the
annual charge for depreciation. Start-up costs, as related to
initial plant operation, e.g., initial fill of the upper reservoir
by pumping, testing, training, etc. are included in construction
costs. Start-up costs, as related to daily starts, are covered
either by the over-all plant efficiency (water losses require
more pumping) or by 0O&M expenses. Costs for recreational
facilities, environmental requirements, or other amenities are
considered to be covered by the above proposed construction costs
or by annual expenses.

2.3 SAFETY AND ENVIRONMENTAL CONCERNS

2.3.1 safety

Because of the status of pumped storage development, the safety
problems are known and adequate protections against structural
failures and adverse occurrences have been developed. The principal
problem areas are as follows: ‘

(a) Safety during construction - closely regulated by
various state and federal agencies.

(b) Dam safety - subject to state and federal require-
ments for design, construction and periodic

inspection.
(c) Powerhouse flooding, particularly for an underground
powerhouse - flooding has occurred and protection

is obtained only by conservative design, special
unwatering arrangements and care in operation.



(d) Water surface fluctuation - rapidly varying water
surface elevations may be a hazard, if reservoirs
are open to public use.

(e) Operating hazards, usual to work near high-voltage
equipment, moving mechanical equipment, and water -
safe practices are enforced by the owner and
various state and federal agencies.

None of the above safety problems are a reason for not building or
operating a pumped storage plant. All the costs of adequate pro-
tection against them are included in the above recommended cost
ranges.

2.3.2 Environmental Concerns

Because of environmental objections, some proposed pumped

storages have been long delayed and some may never be built.

These projects have attracted the major attention, so far as the
general public is concerned. On the other hand, a number of plants
have been built or are under construction; and others are planned
to meet the evident need for this type of capacity. At least some
of these have already met the environmental test. Many more sites
are suitable for development and the environmental acceptability
of these must be weighed as each one is presented for licensing

to the Federal Power Commission (or other approval applicable to
federal projects).

An environmental impact report is now required as a part of

every Federal Power Commission license application. Although
these environmental assessments require consideration of energy
conservation, load flattening, and the possibility of no plant as
an alternative to the proposed pumped storage, in the context of
this investigation of alternative energy storage methods, the
no-plant alternative need not be considered.

The environmental impact of a proposed pumped storage must be
considered relative to the impact of other plants that can provide
the same service; these should be both pumped storages and other
types of generating capacity. Consequently, it doesn't necessarily
follow, because development of a pumped storage site has certain
adverse environmental impacts, that the site is environmentally
unacceptable. Rather its acceptability must be measured in relation
to other sites, to other types of capacity and to the benefits of
the proposed development. Such comparative assessments are
impossible and inappropriate in this report.

Because of the diverse conditions existing at sites suitable

for pumped storage development, it is difficult to generalize

‘as to the importance of various environmental impacts and as to
methods and costs of minimizing adverse effects. It is possible,
however, to list the environmental factors, the basis of objections
made to pumped storage, the possibilities of minimizing or elimina-
ting some objectionable conditions, the positive benefits of

pumped storage, and (in the next section) some research needs.
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The environmental factors that would be involved in a comparative
assessment of sites were outlined and discussed in the 1973 report
on "An Environmental Reconnaissance of Alternative Pumped Storage
Sites in New England"(7). It is there stated that:

"A comprehensive outline of environmental factors was
first drawn up showing . . . the elements of the
environment which would be affected by pumped storage
projects. . . . Ideas for this outline were obtained
from many similar outlines used in other studies and
environmental evaluation systems . . . . The outline,
in its final form, is shown below.

"I. WATER RESOURCES DISRUPTION
A. Hydrology

1. Surface Water
a. Drainage
b. Stream Flow
c. Evaporation
2. Groundwater

B. Quality

1. Surface Water
a. Sediment
b. Turbidity
c. Dissolved oxygen
d. Temperature
2. Groundwater

C. Plants and Animals

1. Plants
a. Habitat
b. Unigque flora
2. Animals
a. Resident
b. Migratory
c. Rare and endangered species

D. Wetlands
"II. LAND RESOURCES DISRUPTION
A. Plants
1. Habitat
2. Unique flora

3. Timberlands (ecological impact)

B. Animals

N
1

14



1. Rare and endangered species
2. Resident species
3. Migratory species

C. Aesthetics

1. Scenic land forms

2. Unique physical features

3. Land and vegetative patterns
4. Water

"IITI. SOCIAL RESOURCES DISRUPTION
A. Private Developments

1. Residences (including vacation homes)
2. Farms

3. Commercial

4., Industrial

5. Timberlands

B. Public Developments

l. Utilities
2. Transportation
a. Highways and roads
b. Railroads
3. Pacilities
a. Schools
b. Cemeteries
c. Other
4. Public Plans
a. Regional, state and local plans
b. National and state forests and parks
5. Other
a. Archaeological sites
b. Historical sites

C. Recreation

1. Water Related
a. Swimming
b. Boating
c. Fishing
2. Land Related
a. Hunting .
b. Hiking and camping
c. Other"

A listing of problem areas, which are the basis for objections
often made to pumped storage, puts some of the environmental factors
in a different context. Some of the objections can be overcome at
reasonable cost, some cannot.



(a) Use of land areas for reservoirs, otherwise to be
used for agriculture, recreation or left as
wilderness. Because of the relatively small
reservoirs and the nature of the sites, the
displacement of population is generally not a
major factor.

(b) Use of land for required transmission.
(c) Use of land for construction purposes.

(d) Temporary noise, dust, traffic, people problems,
etc. during construction.

(e) Aesthetic objections to structures, such as dikes,
transmission towers, and penstocks.

(f) Displacement of wildlife and damage to fish.

(g) Aesthetic and safety objections to fluctuating
water surfaces.

(h) Effects of exposed reservoir areas on water
temperatures.

(i) Possibly increased energy use due to cycle
efficiency.

(j) Relative irreversibility of the effects of the
project.

There is not much that can be done about some of these problems
beyond selection of the site for which these impacts are small.

For example, there will always be objections on the basis of

land use, and overcoming objections from one segment of the
population only leads to objections from others with different
interests. Also the irreversibility of the effects of the project,
if there are irreversible effects, must be given whatever weight
is appropriate.

Some of the undesirable conditions experienced during construction
can probably be minimized by better planning, scheduling, screening,
paving,Aetc., all at some small additional costs.

Some of the aesthetic objections can be overcome by planting or
screening the outside slopes of dikes and downstream slopes of
dams, by placing waterways and powerhouse underground (usually an
economic decision, if site conditions are favorable), and by care-
ful routing of transmission lines to minimize their impact. The
aesthetic and safety objection to fluctuating water surface
elevations may be minimized by use of low auxiliary dams to
maintain the water elevation in shallow arms of the reservoir
which, even if completely exposed by drawdown, would contribute

N
I

16



little to storage capacity. The resulting small ponds are then
better suited to recreation uses. This involves some additional
costs, which usually are small (at Muddy Run such an auxiliary
dam represented less than 1% of the project costs). Aesthetic
objections also tend to be countered by adequate provisions for
recreation, including a visitors' center, suitable landscaping
and other amenities.

Damage to fish is a site-related factor and the extent of the
problem is quite different for a plant on a major river or natural
lake as contrasted to one developed on a very small drainage

area. Where there was a prior existing major water body, it is
desirable that fish be kept from passing through the plant or that
it be conclusively demonstrated that such passage is not seriously
harmful. For a plant on a very small drainage, however, the pre-
plant fish may have been nonexistent. Consequently, although some
fish may here be damaged by plant operation, there is likely to

be a net increase in the fish population. Further work is needed
on various aspects of the fish problem, as noted in the next
section.

If the various environmental objections can be overcome and the
plant can be built, then the costs of various necessary features
can be assumed to be included either in the previously estimated
construction cost or in the annual expenses.

The alleged increased energy use due to cycle efficiency 1is

often an unjustified objection to pumped storage. A pumped storage
supplied with pumping energy from incremental loading of efficient
base-load units, i.e., units that would otherwise be only partially
loaded during off-peak hours, produces its energy at a heat rate

of about 12,000 to 14,000 Btu/kWh. This is the range of heat

rates for combustion turbines that could supply the same amount

and quality of peaking service. It is also the same or an even
better range of performance than can be expected from fossil-

fired cycling units, either older units adapted to this service

‘'or new units designed for the service. In cycling service such
units have much higher heat rates than are usually mentioned as

a basis of their design.

The argument favorable to pumped storage that can be based on
heat rate is further reenforced by consideration of the types

of fuel utilized by pumped storage and saved by its operation.

In general, a more abundant fuel will be substituted for one that
is scarce or more costly. This, of course, is one of the major
positive advantages of pumped storage.

Other direct benefits of pumped storage, additional to the
benefits and economies in its power supply use, may include
substantial contributions to recreation and, in some cases, other
incidental uses of . the stored water.

Recreational uses include camping, picnicking, fishing, hiking,
and where auxiliary ponds are provided, boating and swimming.
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Substantial additional uses of the stored water for other

purposes may, of course, result in the plant's being considered

no longer as a "pure" pumped storage; but some such uses can be
obtained without material increase in size or cost of the pumped
storage facilities and without interference with their intended
operations. Perhaps the most likely such use is in water supply,
where diversion is required from one watershed to another, or

some storage is required at a higher elevation. Generally, the
water quantities involved in such diversion or storage are far
smaller than those involved in the power operations. Another
potential water supply use is the delivery of make-up for a closed
cooling system of an associated thermal plant. Also, where the
pumped storage is located on a relatively small drainage area,

the plant operation can increase the quantity and quality (except
for temperature) of low flows by releases from storage, these
being generally required by the license or by state permits.

Under the same site.conditions, the storage may provide some flood
control benefits.

Even the addition of heat to the water, resulting from the dissipa-
tion of the losses involved in the operating cycle, may not be

all bad, for this may assure some open water for waterfowl use
during the winter season.

It is obvious that the benefits as well as the adverse environ-
mental impacts are site-related and can be evaluated only for
specific conditions. The New England report had this to say on
the subject:

"Early in the evaluation procedure the Task Force was
confronted with the question of the amount of attention
that should be paid to ways of mitigating, or ameliorating,
environmental damage at any site, and to the new, socially
valuable, outcomes that the project might be made to
produce. Every water resource project, including pumped
storage projects, destroys some things, modifies others,
and creates still others that are new. It is normally
possible, when trying to conceive in the mind's eye of

the way that a particular site would be affected, to think
of a very large number of small design and operating
variations that would change the amount of environmental
impact at and near the site. Of course in order to
evaluate a given site it is necessary to have some

general idea of the range of project design variations
that could be made at that site. At the same time,
however, it is important to avoid overemphasizing this
part of the evaluation procedure. If care is not
exercised here, a great deal of energy and speculation

can be devoted to thinking of ways that projects 'might'
be altered to avoid this or that environmental impact,

or to produce this or that new recreation or other
experience for people. It is then easy to begin making,
perhaps unconsciously, trade-offs between the environmental



damange that would occur and the newly produced
attributes of the project. While this analysis is
certainly needed when full-scale studies are undertaken
of individual sites, it can be a hindrance to evaluations
designed to identify the best set of candidate sites
solely from the standpoint of environmental impact.

"The approach taken in this study, therefore, was to
concentrate on the detrimental implications of each site.
This is not meant to suggest that all effects will
necessarily be detrimental or that there exist no ways
to offset detrimental effects to some extent. . . ."

2.4 RESEARCH AND DEVELOPMENT OPPORTUNITIES

There are limited but important opportunities for research and
development related to hydro pumped storage, including investiga-
tions of several basic problems that have wider application.
These opportunities are:

1. Extension of head range for reversible pump/turbine
units.

2. Investigation of metal fatigue in water with particu-
lar reference to the removal of structural and
mechanical limitations on larger unit sizes.

3. Reduction of tunnel and other underground excava-
tion costs.

4. Development of fish repulsion devices to keep fish
away from intakes.

5. Further investigations (different types and differ-
ent head ranges) of effect on fish of fluctuating
water surfaces and of passage through plant.

6. Analysis of thermal effects of hydraulic losses
and of extended reservoir areas on.downstream
releases in small streams.
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3. UNDERGROUND PUMPED STORAGE

Underground pumped storage, with one reservoir located in an
excavated cavern, differs from conventional pumped storage using
two surface reservoirs in a number of respects:

1.

Because there are now no constructed plants, all
costs must be estimated. However, because all
components of an underground pumped storage have
been constructed for other purposes, there is a
good basis for such estimates.

Because there is a powerful economic incentive to
use higher heads and thus reduce per-unit costs,
particularly the costs of the excavated reservoir,
single-stage reversible pump/turbine design will
be pushed beyond the limits of present experience
to perhaps heads of 2500 feet, or alternative unit
and plant arrangements will be utilized to develop
heads of 3000 to 5000 feet.

Because plant location depends primarily on the
availability of suitable underground conditions,

and to a less extent on surface conditions, the

area in which hydro pumped storage may be constructed
is extended. (See Appendix F.) Particularly
important is the possible availability of sites
closer to load centers and to sources of pumping
energy.

Because of these differences, underground pumped
storage probably involves additional safety problems,
fewer environmental problems, and a greater need for
research and development.

Except as suggested above, much of the discussion of conventional
pumped storage is equally applicable to underground pumped storage
and need not be repeated. Consequently, the similarities and ’
differences need only brief comment in the discussion of character-
istics and costs. Additional background materials, including the
support for the recommended ranges of construction costs, are more
fully discussed in the following appendices:

Appendix F - Sites for Underground Pumped Storage
Appendix G - Underground Construction Costs
Appendix H - Combined Hydro and Air Storage



3.1 CHARACTERISTICS

3.1.1 Size and Head

The unit size suitable for underground plants and for utility
application will generally keep pace with reversible unit size
for conventional pumped storage plants. However, because of
higher heads, units of the same capacity will be smaller in
physical size and of heavier construction.

There may be reasons, peculiar to underground pumped storage, for
limiting the maximum size of unit for a particular application.

For example, construction access to the underground powerhouse may
place a physical limit on size. Also, where plants are constructed
in series to utilize higher heads, the outage of a unit in one
plant will require an outage in the other. System load require-
ments and reliability of operation may recommend that the individual
unit size be limited, because of this double effect on system
capacity. Also, staged construction of the lower reservoir over

a long period of years may suggest the use of smaller units suita-
ble to the successive increases in reservoir capacity.

None of these reasons for smaller unit size is a reason for
smaller total plant size. 1In fact, to overcome certain high
fixed costs of going underground, an economic plant size will
usually be more than 1000 MW. Total plant size will be limited
either by system requirements or by the size of storage available
in the upper surface reservoir.

Because head is no longer limited by the topography of the site
and because costs generally decrease with an increase in head,
within a reasonable range, underground pumped storage will tend
to utilize the highest practicable and economical heads. The
use of higher heads will depend on:

1. The extension of the head range of single-stage
reversible units.

2. The use of single-stage reversible units located
in two plants in series, with a small intermediate
reservoir, as a buffer between them, located at the
draft tube exits of the upper plant.

3. The use of multistage reversible units, such as have
been recently built abroad in moderate sizes. It
is reported that designs have been developed for a
unit of 150 MW capacity at 3000 feet of head.

4. The use of separate high-head turbines and multi-
stage pumps. The separate turbine and pump would
be connected to a single generator/motor in such
fashion that the pump could be disconnected during
turbine operation, this being a configuration that
has been used extensively abroad.
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3.1.2 Efficiency

The previously suggested range of 70-75% appears to be attainable.
Relatively shorter water passages (length per unit of head) and
smaller percentage variations in head may tend to increase
efficiencies, but other unknowns may work in the opposite
direction. For example, there is some expert opinion that the
pump/turbine efficiency will decrease somewhat with an increase
in head beyond the limits of present practices (see Figure G-3).
Efficiencies may also differ, depending on the means employed to
utilize the higher heads.

3.1.3 Charge/Discharge Ratios

This ratio, as measured by electrical input and output, can again
be considered to be within the range of 1 to 1.4. Within this
range, the selected value should be reasonably related to the
energy storage capacity. If the storage is made relatively small,
say 6 kWh per kW, because of high excavation costs for the lower
reservoir and because this storage meets the needs of the system
load curve, there is no need for a high ratio, since this smaller
storage can be filled in an 8- to 10-hour pumping period.

However, if the storage is as much or more than the equivalent of
8 hours of generation and such generation is required by the system
load curve, then a higher ratio is desirable in order to permit
as much use of the storage on a daily basis as is possible.

3.1.4 Reliability and Availability

There is no reason to modify the previously made estimates,
although the first few plants in the early years of operation are
likely to have less than the expected availability.

3.1.5 Extent and Duration of Energy Storage

High costs of excavation are likely to limit most underground
plants to a storage suitable for operation on a daily basis, i.e.,
8 to 10 kWh per kWw.

Loss of energy from storage will not be significantly different,
since the upper reservoir, from which such losses must take place,
is still exposed to both leakage and evaporation. Minor losses may
result from leakage into the lower reservoir, since such leakage
must be pumped out.

3.1.6 Turn-around Time

No estimates are available that are different from the experienced
times for other pumped storage, except that, if separate turbines
and pumps are utilized, the turn-around time can be substantially
reduced, because the direction of unit rotation need not be re-
versed.



3.1.7 Load Regulating Ability, Useful Life, and
Other Characteristics

No changes are required in the previous discussion.
3.2 COSTs

3.2.1 Basis of Estimates

Estimates of costs have been prepared for several underground
pumped storage plants, including estimates for various pump/
turbine arrangements and reservoir construction procedures. One
such proposed plant has reached the Federal Power Commission
license application stage. Estimates for this plant have been
compared to a completely independent estimate for another under-
ground pumped storage and to the most nearly comparable estimates
for a conventional pumped storage with an underground powerhouse.
For the balance of plant, i.e., total plant excluding reservoirs
and substations, the comparisons show the estimates to be
reasonable.

Very little additional cost information is available in the
published material, but what is available supports the conclusion
that the balance of underground plant cost should be in the same
range as the balance for a conventional plant.(

In connection with these plant cost estimates, an extensive
investigation was made of underground excavation costs. This
covered the actual excavation experience for underground hydro
plants, including both tunnels and powerhouse caverns, also
cavern excavation incident to quarry and mine operations, as well
as the experience and opinions of several recognized experts.

3.2.2 Determinants of Plant Costs

The principal determinants of costs, as for conventional pumped
storage, are the available head and size of units. However,
unlike other pumped storage, head is not determined by the topog-
raphy of the available sites, rather it is determined by the depth
of competent rock that can encompass the lower reservoir . (or
reservoirs, if two plants are built in series to utilize a high
head), the limitations of the available hydraulic equipment, and
perhaps by economic limitations. As to the last factor, more
work remains to be done. '

Over a range of heads less than an optimum, total plant costs

will decrease with increased depth, although this is not true of
all components of plant cost. For example, there will probably

be a step increase in costs at the head for which a single-stage
reversible pump turbine can no longer be operated, and again at
twice this head. . Other costs, such as access shafts, high-voltage
cable, ventilation, and certain components of construction costs



obviously increase with depth. On the other hand, the size of

the lower reservoir for a given energy storage decreases directly
with depth; and because of the relatively high cost of excavation,
this decrease more than offsets other increases over a fairly wide
range of heads.

As indication of the importance of excavation, cost estimates have
been made for proposed projects in which excavation represents more
than 50% of the total project cost. For other projects where
excavation may be accomplished under particularly favorable cost
conditions, its estimated cost may be as low as 20% of the total
project. Most of this excavation is, of course, in the reservoir
cavern, where both volume and total cost decrease with depth.

Other excavation for the powerhouse cavern and water passages

may or may not decrease with depth, depending on the extent that
their cross sections also decrease.

The underground reservoir involves not only a large volume of
excavated material, but also a possibly long construction time
with the accumulation of large interest charges for funds used
during construction. These conditions suggest several steps to
minimize over-all project costs including, (a) sale of excavated
rock for concrete aggregate or fill, (b) provision of duplicate
hoist shafts to permit more rapid excavation, (c) extended work
schedules to permit greater use of hoists and other equipment, and
(d) construction of the cavern in several physically separated
sections, so that power facilities can be placed in service in
successive stages. The optimum construction procedures and schedules
will very likely depend on local conditions, including the expected
labor costs and productivity as well as the type of rock to be
excavated and its marketability.

In view of the local variability of these conditions, estimates

have been made for net costs of reservoir excavation varying from
about $3 to $10 per cubic yard (at approximate 1/1/74 cost levels),
before addition of necessary allowances for overheads, contingencies
-and interest during construction.

There could also be variations in the estimated costs for the
balance of plant, depending on head and type of unit. To develop
the maximum head possible at minimum cost with units that are’
presently available, conservative design would probably dictate -
the use of single-stage reversible pump/turbines installed in two
plants in series. This would permit the development of a total
head of about 3500 feet and the use of unit sizes (if not otherwise
limited) of about 300 MW. Although plant designs and cost esti-
mates have been made on this basis, and such estimates are related
to proven plant components, the use of plants in series is not
necessarily the optimum design for the future. Two plants in
series involve costs and operational problems that could be
avoided, if the same head were developed in a single plant.

If single-stage reversible units are developed, as expected, for
heads of up to 2500 feet (and particularly if underground

3-5



excavation costs are favorable, thus reducing the incentive to

use the maximum possible head), there may be little or no economic
advantage to the use of two plants in series. Also, if further
development of multistage reversible units permits the construction
of larger units for higher heads and gives reasonable expectation
of good reliability and low cost, then such units are also likely
to be preferred to two plants in series. Depending on the optimism
of the designer, an underground pumped storage that is being
planned today for operation in the late 80's, may reflect in its
plans either of these possibilities. No estimate of potential
savings in costs has been attempted, but for the purpose of this
investigation, the possibilities of savings are useful in indicating
the direction of and need for further reversible unit development.

Absent other differences from conventional pumped storage plants,
particularly those with an underground powerhouse, it might be
expected the balance of plant cost for an underground storage
plant would be in the lower range of the costs previously proposed,
this being in recognition of the high heads and larger capacities
that are desirable for underground construction. Partially off-
setting this tendency is the added cost of safety features
necessary to protect against flooding and high back pressures.

Also tending toward higher underground costs are the required
longer construction periods and consequent higher interest costs.

Based on review of the available information in Appendix G, it

is concluded that the balance of plant can be constructed at costs
(before allowances) in the same range as those proposed for a
conventional pumped storage; but that the necessary allowance for
contingencies and the higher interest cost result in higher total
estimates for the underground plant. The resulting range of
balance of plant costs can cover differences in head, size of
units and type of units and more specific estimates are not justi-
fied for the purposes of this study.

Plant substations should not be essentially different in cost
because they are underground; but there may be an additional cost,
to be accounted for as transmission cost, for the long runs of
high-voltage cable connecting the transformers to a surface
switching station. For the purpose of the reported estimates,
these costs are included in the substation.

3.2.3 Construction Costs

It is proposed that underground pumped storage plant costs as of
1/1/74 be represented by the following ranges:

energy storage $3 to $12/kwh
balance of plant $120 to $160/kW
plant substation ~ $10 to $15/kwW -



3.2.4 Operating and Maintenance Costs

There is no reason to believe these annual expenses will be
materially different from the experienced small expenses for
conventional pumped storage. The possibly higher costs for work
underground may be offset by the larger size of plant. It is
suggested that the estimate be a single rate of $1.60/kW/year.

3.2.5 Other Costs

These should be the same as for conventional pumped storage.

Of course, there need be no rental payment for use of the lower
reservoir; but it is possible that such a payment could be required
for use of an existing facility as the upper reservoir.

3.3 SAFETY AND ENVIRONMENTAL CONCERNS

3.3.1 safety

Safety problems will be increased because of the underground
construction and operation. Assuming proper design of the under-
ground reservoir system, there is no inherently greater risk of
flooding the underground powerhouse than there would be for a
structure with surface reservoirs. However, flooding has far
more serious consequences in terms of long durations of plant
shutdown, because there is no place to which water can drain, and
pumping to unwater the plant may take a long time. This is a
possibility that should be recognized in the design of the plant
and some means of minimizing the impact of flooding have been
considered. It is assumed that the costs of adequate protection
are included in the recommended cost ranges.

Another condition peculiar to underground storage is the
possibility, because of a mistake in operation, to subject

the underground storage cavern to the full hydrostatic head of
the project. This is not a problem for the cavern, but it is
‘a serious matter with respect to all structures and equipment
that would normally be subject only to the back pressure
associated with normal water surface elevations in the cavern.
The plant design must either allow for this condition or make
its occurrence impossible. In either case, a substantial addi-
tional cost may be involved, but it is assumed that this also is
covered by the recommended cost ranges.

The other safety problems of conventional pumped storage operatibn
remain, although some may be reduced in extent by the use of one
rather than two surface reservoirs.

3.3.2 Environmental Concerns

Reduction of adverse environmental effects is a strong, favorable
factor, for nearly all those possible adverse effects previously
mentioned for conventional pumped storage with two surface



reservoirs are reduced when one reservoir is underground. Two
new factors may need be considered. One is the disposal of
excavated rock, assuming it cannot be sold as rapidly as it is
produced, or cannot be fully utilized in dams or dikes required
for the surface reservoir. The other is the introduction of
relatively more heat into the water and a resulting higher
equilibrium temperature for the hydraulic system, because of
higher heads and smaller storage. This may increase the
temperature of water discharged from the surface reservoir; and if
the discharge is to a small stream, this may be objectionable

or unlawful. The heating is due to the fact that system losses,
approximately 40% of the daily generation, may have to be carried
away, to a large extent, by the water returned each day to the
surface reservoir.

3.4 RESEARCH AND DEVELOPMENT OPPORTUNITIES

The previously suggested list of opportunities for conventional
pumped storage needs to be extended. Several additional items
are evident from the above discussion; and others are explained
only in the Appendices, to which references are made in the
following list:

1. Development of multistage reversible pump/turbines.

2. Combined compressed air and water storage systems
(see App. H).

3. Optimization of construction procedures.

4. Inventory of areas suited to underground pumped
storage and air storage in excavated caverns
(see App. F).

5. Studies of rock mechanics and of locked-in stresses
as they affect limiting depths and location of
suitable sites (see App. F).

6. Optimization of head-cost relationships.

7. Heat balance and temperature effects, both under-
ground and in surface reservoirs.

REFERENCE

(1) J. G. Warnock and D. C. Willett, "Underground Reservoirs for
High-Head Pumped-Storage Stations," Water Power, March 1973,
pp. 81-87.



Appendix A

EXISTING AND PLANNED PUMPED STORAGE PROJECTS

Table A-1 lists the existing and planned pumped storage projects
in the United States, based primarily on information published
or assembled by the Federal Power Commission. The list is
divided into three parts, as follows:

Part A - plants in operation at the end of 1974.

Part B - plants under construction, including the
additional reversible unit capacity to be
installed in plants already in operation.

Part C - planned projects, as evidenced by issuance
of a Federal Power Commission license or
preliminary permit, by the filing of a license
application, or by other authorization.

The list shows the plant name, location, owner, capacity, head
and year of initial operation of the reversible capacity.
Capacities and heads are based on unit design data reported by
the Federal Power Commission, and these will differ slightly from
capacities and heads used elsewhere in this report in the analysis
of characteristics and costs.

In summary, this list shows the present status of pumped storage
capacity in the United States to be:

Number Reversible
of plants cap. 106 xw

In operation, Dec. 31, 1974 26 8.8
Under construction 10 5.0
Planned (as defined above) 18 19.8

Total (excl. duplications) 51 33.6

In addition, there are many proposed projects or projects under
consideration, the number depending on the source of the informa-
tion. These projects and the availability of additional sites
are discussed in Appendix B.

Data for some of the existing pumped storage plants will not be
useful in the prediction of characteristics and costs for future
pumped storage projects. Some of the existing plants are too
small, operate at too low a head, or serve various purposes
additional to the pumped storage of energy. Figures A-1 and A-2
are useful in the selection of those existing plants for which the
characteristics and cost data are likely to be representative of
future projects.
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In both diagrams, each pumped storage project is identified by its
unit capacity and head as reported in Table A-1l. Figure A-1 shows
the capacities and heads of the plants that are in operation or
under construction; Figure A-2 shows the same data (where known)
for planned projects.

Comparison of the two diagrams shows that, whereas the existing
plants exhibit a wide range of unit sizes and heads, the planned
projects are concentrated around a unit size of 250 MW and heads
above 1000 feet. Larger units are possible and may be proposed,
but the more moderate sizes will continue to have advantages in
operation. It is, of course, possible that units with smaller
capacities and lower heads will be utilized in future plants,
particularly after the more favorable sites are utilized or where
the development serves additional purposes.

Because there are an insufficient number of existing plants in the
narrow size and head ranges indicated by Figure A-2, characteristics
and cost data have been analyzed for those existing plants that have
units at or above 100 MW and heads at or above 300 feet. These
limits are shown on Figure A-~l. 1In the area above and to the right
of the dotted lines are located the principal "pure" pumped storage
units, and it is this area that is believed to be typical of future
projects. By "pure" pumped storage is meant those projects built
primarily to store off-peak energy and to deliver it during on-

peak periods. Many existing plants have additional purposes
including development of conventional hydroelectric power, storage
for use in downstream plants, storage for irrigation or water
supply, or diversion of water from one watershed to another. Most
of the special purpose or multipurpose plants are in the lower head
and lower capacity range.

Of the 15 plants plotted in the higher-capacity, higher-head range

of Figure A-1, 12 are considered to be "pure" pumped storage (or
essentially so) and thus useful in the analysis of future pumped
storage characteristics and costs. Eleven of these plants are

listed in Table A-2, Montezuma being excluded because of the expected
date for its completion. Note that the capacities and heads listed
here are different from those recorded in Table A-1. These changes
are necessary in order to provide some consistency among the data -
for the several plants. ‘

Reports to the Federal Power Commission will usually show the
generating capacity available at both maximum and minimum heads.
However, the nominal capacity of the plant, for publicity purposes
or for inclusion in various listings of plant capacity, may be
reported by the owner as the maximum or the minimum of somewhere
in between. Some plant owners have followed the conservative
practice of rating the plant capacity at minimum head; and where
this is evident, such rating has been accepted for the purpose of
analyzing costs and characteristics. Where the nominal rating is
evidently based on a higher head, it has been ignored; and for
consistency in comparison among the existing plants, a rating has
been adopted which gives 80% weight to the minimum head and 20%

A-4
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Table A-2 SELECTED PUMPED STORAGE PROJECTS
FOR WHICH CHARACTERISTICS AND COSTS HAVE BEEN ANALYZED

Initial Plant Capacity Average Head
Plant Name Operation Mw (a) feet (b)
Taum Sauk 1963 350 809
Yards Creek 1965 330 723
Muddy Run 1967 855 386
Cabin Creek 1967 280 1159
Seneca (Kinzua) 1970 380 741
Northfield 1972 1000 772
Blenheim-Gilboa 1973 1030 1099
Ludington 1973 1675 328
Jocassee 1973 628 310
Bear Swamp 1974 540 725
Raccoon Mountain 1975 (c) 1370 968

Notes:
(a) Capacity may differ from amount reported by owner or -
by FPC in order to provide consistency in the basis of
rating.

(b) Average of reported maximum and minimum heads.

(c) Initial operation has been delayed to 1978 by unant1c1pated
construction difficulties.



weight to the maximum head. This arbitrary average rating assures
that rated capacity will be available for more than 80% of a daily
operating cycle, and where operation is on a weekly cycle, for an
even greater percentage of time. Thus the plant capacities used
in this analysis differ from those reported for other purposes.

The heads shown in Table A-2 are the average for each plant of
its reported maximum and minimum head.



Appendix B

AVAILABILITY OF FUTURE PUMPED STORAGE SITES

The development of future pumped storages, utilizing surface
reservoirs, depends on the availability of suitable sites.
Suitable sites must have the required topographic and geological
characteristics, must not obviously involve the dislocation of
substantial existing uses of the site, and must be reasonably
close to the area in which the pumped storage capacity is to be
utilized. These physical characteristics are fairly readily
identifiable, and many site surveys have been based on these
several factors as revealed by maps and field reconnaissance.
Suitable sites also depend on their environmental acceptability,
which is a more difficult factor to assess; probably few site
surveys have given it the recognition that it requires.

Pumped Storage Sites in New England

A comprehensive survey of pumped storage sites, with consideration
of their environmental acceptability, has been made by the New
England River Basins Commission. Its report on "An Environmental
Reconnaissance of Alternative Pumped Storage Sites in New England"
was published in July 1973 1

A total of 52 sites were examined in this report; based only on
size criteria, 21 of these were eliminated from further considera-
tion. Of the remaining 31 sites, 17 were considered to have
obvious and unacceptable environmental impacts, leaving 14 sites
with suitable characteristics for pumped storage development.
These 14 sites have a maximum potential capacity in excess of
38,000 MW, based on 8 hours of storage. (A utility appraisal

of the same sites results in a total installed capacity approxi-
mately half as large - a still considerable potential.) The 14
sites were further examined and classified as follows; but as to
this classification it is stated that it "is not meant to imply
that the sites in the least impact category should be the only
ones considered in more detail”:

4 plants having the least amount of on-site
environmental impact 7,100 Mw

8 plants involving an intermediate amount of
environmental impact : 24,700

2 plants involving the greatest amount of
environmental impact 6,600

Although the report considers at length the "Environmental
Implications of Alternative Peaking Power Technologies," it
deliberately expresses no conclusions as to whether pumped storage
is or is not the preferred option for New England.

B-1



Estimates of Projected and Potential Pumped Storages

Several estimates of projected and potential pumped storages
on a nationwide basis have been published; these include the
following three items:

1.

In May 1974, the Federal Power Commission issued
a "Staff Report on the Role of Hydro-electric

Developments in the Nation's Power Supply. n(2)
This report includes estimates of projected
conventional hydro and of projected pumped
storage capacity. As to pumped storage, a
summary of Table 6 shows:
In operation, May 1974 - 8,119 MW
Under construction, May 1974 - 6,253
Project for Development by 1983 - 13,103
Other Sites Possible of
Development by 1993 - 13,715
Total 41,190

Of this total, about 7000 MW is additional to the plants
listed in Appendix A.

2.

In October 1974, Ebasco published a list of pumped
storage projects(3), including categories designated

as "Authorized or Proposed" and "Under Consideration."”

The listed plants in these categories, that are
additional to those already listed in Appendix A,
resulted in the following totals:

Proposed (additional to App.A) - 7,837 to 9,337 MW
Under consideration - 25,519 to 34,319
Total 33,356 to 43,656 MW

It is reasonable to believe that the listed projects
have had at least some environmental review, and that a
large number will ultimately be found to be environ-
mentally acceptable.

3.

In August 1974, Mr. J. J. Stout, Chief, Division of
Licensed Projects, FPC, presentéd a paper on
"Potential Pumped Stora?e Projects that Would Use
Existing Reservoirs. In Table 3, he lists 27
such projects that prov1de a total capacity of
60,065 MW; and concerning this Table, he makes the
following statement:

"The Commission's staff has made reconnaissance-
type studies for at least five times the number
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of potential projects using existing facilities

as are shown in Table 3. The projects selected

for the table are those considered to be among

the more favorable from the standpoint of physical
characteristics and possible environmental impacts.
Consideration was also given to probable costs,
although this type of information is inconclusive
in the absence of geologic and other data requiring
extensive investigations."

In the above three references, the plants listed for future develop-
ment in New England are respectively 2000, 7950 and 5480 MW. These
listed amounts should be compared with the earlier reported

estimate of 14 sites in New England with a total capacity in

excess of 19,000 Mw.

A map published by Ebasco (3) locates the 104 sites included in
its list (item 2 above) and is here identified as Figure B-1.
Reproduction of the map in black and white does not distinguish
the ownership of the projects, as does the original colored map.
This is not important, for the purpose is to show the areas in
which pumped storages have been built or are proposed for
construction. However, the absence of plants in certain areas
does not mean that plants could not be built there, if needed.
In some cases, at least, it simply means that the peak portion
of the load is already adequately served by conventional hydro
resources.

Regional Estimates of Potential Pumped Storages

In addition to the New England study, reported above, several
other investigations of potential pumped storages have been made
on a regional basis. Several of these have been published, the
results of a few others are available from unpublished sources,
and it is likely that there are many more such investigations that
are necessarily unreported.

Pacific Northwest - In January 1972, the North Pacific Division
Corps of Engineers prepared a report on "Pumped Storage Potential
of the Pacific Northwest."{(3) part 1 of this report covered an
inventory of sites in western Washington and Oregon and the
Columbia River Basin below Pasco. In the "Summary" of the 1972
report, it is stated:

"Pumped-storage, as a source of supplemental peaking
capacity, holds great promise in the Pacific Northwest.
As indicated by this survey, 242 sites exist in
western Washington, western Oregon, and along the
Columbia River below Pasco, Washington, each with the
capability of furnishing at least 1,000 megawatts of
capacity on a.daily-weekly operating cycle. These
sites represent a total capacity potential of more than
650,000 megawatts.
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"The region is blessed with an abundance of sites with
investment costs, based on a l4-hour equivalent full-
load operating requirement, in the range of $100 to
$130 per kilowatt (1971 basis) . . .

"From a purely economic standpoint, pumped-storage
development would be timed to follow the completion of
the present program of adding conventional units at
existing hydro plants. However, for practical reasons,
several pumped-storage plants may be constructed ahead

of this schedule. It is quite possible that some
conventional hydro will be delayed so that pumped-storage
can be added to the system sometime between 1978 and
1995.

"This study shows the total potential for pumped-storage
development with full realization that further study
will exclude many sites from future development. After
detailed studies are made, many sites included in this
inventory may eventually be found to be environmentally
unacceptable. In any event, pumped-storage potential
exceeds the need beyond the most 11beral estimates of
regional growth."

Pacific Southwest - The Federal Power Commission has published a
report (1975) on "Potential Pumped Storage Projects in the Pacific
Southwest," ) and the following statement is from the "Summary"
of this report:

"About 400 possible pumped storage sites were identified
from United States Geological Survey quadrangle maps
covering the States of California, Arizona, Utah, and
Nevada. Of this total, about 245 sites, or over 60
percent, were eliminated because they did not meet the
site selection criteria . . .

"The remaining 155 sites would have an ultimate installed
capacity of 341,100 megawatts, distributed by States as

follows:

Ultimate
No. of Installed
Sites Capacity

(MW)
California 56 - 144,200
Arizona 22 36,900
Nevada 20 44,400
Utah 57 115,600
Total 155. 341,100"

The site selection criteria did not include environmental effects,
but they did provide for elimination of sites located in special



designated areas such as national or state parks, wilderness or
primitive areas, and wild or scenic river reaches.

Because of the large number of available sites and their potentially
large capacities, it is necessary to find only that relatively few
are environmentally acceptable in order to meet the peaking capacity
needs of the area.

Susquehanna River Basin - In 1963 a study was made of potential
pumped storage sites in the Susquehanna River Basin in New York and
Pennsylvania, a relatively small area of about 27,000 square miles.
The results of the study have not been published.

The study started with an initial list of 326 sites, which was
first reduced to 60 and then to 25 on the basis of map studies and
preliminary estimates of cost. These 25 sites were then studied
in further detail, after field reconnaissance, and the cost of
estimates were revised. Finally, a list of 15 sites that met
certain cost and other criteria were recommended for further
investigation.

The criteria did not include environmental effects; but the
selection did take into account the possible involvement of

state lands and parks and required relocations of various kinds.
All the recommended projects were on very small drainage areas

(5 to 80 square miles), thus eliminating the problems associated
with use of a major stream. It is believed that at least some of
the sites would be found to be environmentally acceptable.

A preliminary permit has been issued by the Federal Power Commission
for study of one of the projects, Stony Creek, which is included
among the planned projects listed in Appendix A. The capacity
presently contemplated at this site is nearly double that assigned
to it in the 1963 study.

Excluding this one planned project, the capacity of the remaining
14 sites was estimated to be about 10,400 MW. It is likely that

a current survey would show an even larger potential capacity; and
development of only a small part of this capacity would meet the
needs of the area.

Vicinity of Washington, D.C. - Mr. E. T. Cox, Executive Vice
President of Potomac Electric Power Company (PEPCo), presented a
paper in August 1974 on "Pumped Storage Generation, Factors to be
Considered."(7) In it he referred to studies of available pumped
storage sites in an area 80 to 120 miles west and northwest of
Washington in parts of Maryland, Virginia and West Virginia. An
initial list of 100 potential sites was reduced to 19, and a field
survey of these was conducted as the basis of cost estimates,
assessment of construction problems and transmission routes, and
the evaluation of environmental impact. In the end, there were 10
acceptable sites, each of which had a potential capacity in excess
of 2000 MW. However, these sites were not close to the PEPCo




service area, and construction at these sites would have an unde-
sirable environmental impact due to the need for (long) transmission
lines. Therefore, in 1972, the company began an investigation of
nearby areas suitable for underground pumped storage.

Availability of Pumped Storage Capacity

The availability of many suitable pumped storage sites is well
established in certain areas, and the extent of their availability
can be reasonably inferred in other areas from general information
as to topography and the location of existing and proposed pumped
storages as well as conventional hydro plants. The environmental
acceptability of the sites is less certain.

Environmental factors are considered elsewhere in this report and

it is necessary to mention here only that environmental acceptability
must be measured in relative rather than in absolute terms. There

is some opinion that pumped storage, properly located, generally

has less adverse impact than any of the other usual forms of
generation. '

In spite of the obvious uncertainties, an attempt has been made to
estimate the extent to which suitable and acceptable pumped storage
capacity could be made available, if needed and if economically
justified, to meet the peaking capacity needs of various regions and
of the entire United States. This estimate is shown in Table B-1
and is related to the period at the end of this century.

The first column of Table B-1l lists by regions the installed
generating capacities at the end of 1974. This is a preliminary
list, copied from the "1975 Annual Statistical Report" of ELECTRICAL
WORLD. (8 This Report also shows installed capacities by states

and by type of capacity; furthermore, it lists planned additions

by regions and by types. These additional data were useful in
development of the estimates that are here described, but they need
not be recorded here. The listed 1974 capacities by regions have

" been used for two purposes:

1. They provide a weighting factor that permits an
estimate of the nationwide average availability of
pumped storage to meet peaking capacity requirements.

2. They serve as indication of future peaking require-
ments, which were here assumed to be about half the
amount of the present installed capacity. This is
based on future installations three or four times
as large as the present installations, with peaking
capacity being 10 to 15% of the expanded total.

The second column is an estimate of the probable availability of
suitable and acceptable sites for pumped storage that could provide
capacity to meet the requirements of the region, assuming pumped
storage were needed to the extent of about half the amount of
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Table B-1 ESTIMATED AVAILABILITY OF PUMPED STORAGE SITES

Installed Availability
Cap. 12-31-74 of Pumped Storage
106 kw(a) Sites - g(b)
New England 18.5 100
Middle Atlantic 66.1 60 - 80
East North Central 86.7 40 - 60
West North Central 34.06 40 - 60
South Atlantic 86.3 60 - 80
East South Central 42.1 80 - 100
West South Central 59.7 20 - 40
Mountain 24.7 100
Pacific 54.0 ' 100
Alaska & Hawaii 1.8 40 - 60
Total Capacity 474.5
Weighted Average Availability 60 - 75%

(a) Used as a factor for weighting estimated availability;
also 50% of these amounts are assumed to approximate
the future peaking capacity requirements of the region.

(b) Estimate of the probable portion of the peaking capacity
requirements that could be provided by pumped storage,
if such capacity were needed and economically justified,
at the end of the century.



capacity in the first column and assuming it were found economical
to install it. Admittedly, in such estimates the physical
availability of the sites can be forecast with greater certainty
than their environmental acceptability. However, there are certain
regions, New England for example, in which it appears likely that
100% of the peaking capacity needs could be met, if desired, by
installation of pumped storage. There are some areas, such as
Florida, where the availability of pumped storage (at least with
surface reservoirs) will be practically zero. For other areas,

the percentage availability can only be guessed within wide limits,
as indicated by the ranges shown for several regions.

Over-all, the availability of pumped storage is estimated to be
from 60 to 75% of the future peaking capacity needs of the United
States at the end of this century. This is not an estimate that
this much pumped storage will either be needed or be installed.
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Appendix C

PUMPED STORAGE - TECHNICAL CHARACTERISTICS

Table A-2 of Appendix A lists 11 selected plants for which
certain technical characteristics have been analyzed. These
characteristics, which are to be considered in this Appendix C,
are size, head, over-all conversion efficiency, charge/discharge
ratio, and energy storage. The basic data for the 11 plants are
shown in Table C-1; for data on unit sizes, reference should be
made to Table A-1.

Size and Head

A trend toward use of larger pump/turbine units is evident in
Figure C-1, which shows existing and proposed unit sizes versus
year of installation. Small units are omitted from this diagram,
and unit sizes are those listed in Table A-1. Planned projects
show a distinct preference for units with nominal capacities of
about 250 MW.

There is also a trend toward larger plant size, but this is more

a matter of site and system limitations than of individual unit
size. In the absence of special purposes of the project, it appears
likely that most pumped storages, developed for future utility

use, will have capacities larger than 500 MWw.

Plant heads are determined by the topography of the available
sites. Because costs generally decrease with an increase in head,
there is incentive to use as high heads as can be made available
with adequate energy storage capacity. Absent special purposes,
pumped storages for utility application are likely to have heads
in excess of 300 feet.

Conversion Efficiencies

Conversion efficiency can be determined for existing plants, on

the basis of actual experience, by dividing annual net generation
by pumping energy input. The reported energy amounts may be
metered as of either the high or low voltage side of the station
transformers, but the location of the metering is not usually
stated. Inclusion of the transformer losses in the conversion
efficiency calculation may lower this efficiency by about 1%.

The indicated range of actual efficiencies, however, is a somewhat
greater amount, so that the uncertainty as to metering is of little
consequence. '

A trend toward higher conversion efficiencies is evident in
Figure C-2. This trend is in part related to the design and
construction of bigger and better reversible units; but it is
also related to more liberal design (i.e., lower water velocities)
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for the penstocks, tunnels, etc. The head losses in the water
conduits can be estimated from the reported differences between
gross and net heads. Although these differences are reported
only for turbine operation, reasonable estimates can be made for
pump operation. The combined losses are also shown in percent of
gross head in Figure C-2 for comparison with the over-all effi-
ciencies. The trend is downward, reflecting the probability that
later designs have minimized losses in recognition of their
relatively higher costs in recent years.

Also shown in Figure C-2 are representative component efficiencies
of the generating-pumping cycle. The continuing products of all
the component efficiencies produce the over-all conversion effi-
ciencies equal to the extremes shown in the upper diagram.

Attention is directed to the final component, "Allowance for
operation under other than optimum conditions." This allowance,
which is here an estimated rate, covers both the condition of the
unit and also the duty assigned to the unit. Because of assigned
duty this final component might be as low as 70%. For example,

two of the selected 11 plants have demonstrated over-all efficiencies
in the order of 50%, because these plants have sacrificed
efficiency for load regulating ability. Because the unit cannot
continuously operate at or near its best efficiency when regulating
load, the over-all efficiency deteriorates. The experience of
these two plants has been omitted from the diagram, because it is
believed to be not typical of future pumped storage operation.

Based on the indicated trend of Figure C-2, it is expected that
future plants can be built and operated with over-all efficiencies
in the range of 70 to 75%.

Charge/Discharge Ratio

The charge/discharge ratio of a pumped storage unit or plant can
be measured as the ratio of power input (average pumping load in
MW) to power output (rated capacity in MW). Note that, whereas
the input is the actual average pumping load, which varies with
head, the output is stated in terms of rated capacity. This is
because it is preferable that the output, which can also vary
with head, be measured by some constant amount that is representa-
tive of the value of the plant capacity in system operation. For
consistency in comparisons among the plants a capacity rating has
here been adopted which gives 80% weight to capacity at minimum
head and only 20% .weight to capacity at maximum head, except in
those cases where the owner is believed to have rated its plant
capacity at minimum head.

The charge/discharge ratios, along with other data, are tabulated
in Table C-2. The selected plants, with one exception, show a
range in this ratio from 1.0 to 1.3. 1In another section of this
Appendix, it is suggested that a reasonable range to consider for
future units is 1.0 to 1.4. At a ratio of unity, the average
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*Not yet confirmed by experience.
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Table C-2 CHARGE/DISCHARGE RATIO
AND ENERGY STORAGE

Charge/Discharge Energy Storage
Ratio kWwh/kW of Plant
Plant Pump Load/Plant Cap. Capacity = Hours
Taum Sauk 1.07 7.7
Yarks Creek 1.30 8.8
Muddy Run 1.05 14.2
Cabin Creek 0.93 5.8
Seneca (Kinzua) 1.29 11.2
Northfield 1.00 8.5
Blenheim-Gilboa 1.13 11.6
Ludington 1.25 9.0
Jocassee 1.11 94.0
Bear Swamp 1.04 5.6
Raccoon Mountain 1.01 24.0
Suggested Range 1.0 to 1.4 (b) (a)

(a) A variable to be determined by system conditions.

(b) Ratio controlled by selection of pump/turbine; higher
ratio requires larger hydraulic and electrical equipment,
hence higher costs.



electrical input is in balance with the rated output; while at
a ratio of 1.4, the balance is between the rate of water delivery
in pumping and the rate of water use in generation.

The charge/discharge ratio is within the control of the plant
designer and the higher values are obtainable at some cost. The
higher values of this ratio permit a longer duration of generation
based on a limited pumping time. In fact, the duration of genera-
tion available from one hour of pumping is equal to this ratio
times the conversion efficiency.

Energy Storage

The energy storages at the existing selected plants are also

shown in Table C-2 in terms of hours of operation at rated
capacity available from use of the reported energy storage. The
maximum value in this list is the 94 hours shown for Jocassee; but
this is not typical of a "pure" pumped storage and is related to
the fact that there is a substantial natural inflow into the

upper Jocassee reservoir, and the reservoir serves additional
purposes.

For storages from about 6 to 9 hours, the predominant operation
could be on a daily cycle, although for very short durations of
daily generation, there will also be some drawdown and refill on
a weekly basis. For larger storages, operation on a weekly as
well as a daily cycle is inevitable. The 24-hour storage shown
for Raccoon Mountain is close to the practical limit of storage
for use on a weekly cycle.

The storages provided at existing plants are not necessarily
indicative of those to be provided in future plants. These are
variables to be determined by expected future system load
conditions and by economic studies. There is no need to recommend
a range of storage, based on the presently available experience.

Investigation of the Characteristics of a
Specific Pump/Turbine Installation

One of the characteristics that was investigated for the existing
pumped storage plants was the charge/discharge ratio. It was’
found to vary from 1.0 to 1.3. It is here determined that, when
and if economic conditions warrant, this ratio could be made even
larger. A high charge/discharge ratio and a consequently high
ratio of generating time to pumping time is desirable when the
daily generating duty approaches or éxceeds the number of hours of
operation that can be provided for by the daily off-peak period of

pumping.

An examination has been made of the characteristics of a specific
pump/turbine unit, proposed by a United States manufacturer for
installation at one of the selected plants. This unit is believed
to be fairly typical in its discharge, power and efficiency



characteristics of other units proposed and actually installed in
other pumped storage plants. These characteristics are summarized
in the curves shown on Figure C-3.

These curves are developed from the information supplied by the
pump/turbine manufacturer, all of which is on a net head basis for
the turbine and on a total dynamic head basis for the pump. Also,
the manufacturer's data are in terms of shaft horsepower. For
this presentation, the head has been converted to gross plant

head by adjusting for the penstock and discharge conduit losses;
and by the amount of these losses, gross head is greater than
turbine net head and is less than pump dynamic head. The losses for
both conditions are functions of the plant discharge. Also,

power has here been converted to electrical output or input, in
Mw, assuming an electrical efficiency of 98% for a generating and
for pumping operations.

Note that the curves cover a range of head from 650 to 870 feet,
which represents a far greater relative variation in head (about
30%) than would be found in the usual pumped storage plant.
Nevertheless, the proposed unit is capable of operation over this
range, with wide variations in discharge and in power, but
relatively less variation in efficiency. More usual variations
in head, similar to the one for which the unit was considered,
are in the range of 10 to 15%.

In the initial consideration of the curves, the dotted lines
should be ignored and attention should be directed only to the
solid lines, which define certain characteristics over the full
head range.

At the top of the diagram, discharge is shown as a function of
gross head for generation at maximum output, for generation at
most efficient loads and for pumping. Although output at a given
head can be varied by gate opening when the unit is generating,
input is ordinarily not similarly varied when the unit is pumping.
As a pump, the unit operates at a fixed gate opening that
provides for most efficient operation and optimum power and
discharge for a given head. At low heads, the pump discharge can
equal or exceed the turbine discharge. As heads increase, the
pump discharge falls, while the maximum turbine discharge rises.
Near the upper limit of the heads shown, the turbine discharge

is more than twice the pump discharge.

Since the ratio of available generating time to available pumping
time is the reciprocal of the ratio of generating discharge to
pump discharge, it is evident that the time ratio can be varied,
within the range of heads shown, from more than 1.0 to less than
0.5. PFor various other reasons, however, it may not be desirable
to operate at or near either end of this range.

Below the discharge curves are those for power,. either generation
or pumping load. Pumping load is highest at the lowest heads,
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because of the larger volumes delivered as discharge under these
conditions. Generation is highest at the highest heads. The
pumping load and generation are balanced, at about 200 MW at

770 feet gross head. If the ratio of generating time to pumping
time is not of great importance, it might be desirable to have
this particular unit operate in the range of heads where the power
output and input are nearly in balance.

Below the discharge curves are efficiency curves for the turbine
and pump. Although these are plotted against gross head, the
efficiencies are the same as those determined by the manufacturer,
i.e., without adjustment for water conduit and electrical losses.
Note that pump efficiencies are highest at low heads, and that
turbine efficiencies are highest at high heads.

At the bottom of the sheet are additional efficiency curves,

only the one of which for pump operation is shown in a solid line.
This pump efficiency curve is derived from the one above, but is
lower because of recognition given to water conduit losses and

to electrical losses. This is the over-all pumping efficiency
that is expected to be experienced in actual operation.
Corresponding over-all generating efficiency curves have been
omitted, except as shown by the dotted lines, which are still

to be discussed.

Here we have a pump/turbine unit capable of operation in some
fashion over a wide range of heads, wider than would be expected
in a usual pumped storage plant. Suppose (contrary to actual
possibilities) that we could select the range of heads for a
pumped storage plant in which this unit is to operate; these
selected ranges are as follows:

- 650 - 730 ft.
- 690 - 775 ft.
- 730 - 820 ft.
- 775 870 ft.

QWP

By design, the range of heads in each case is about the same
percentage (12.5) of the lower limit of the range. Certain
characteristics of the unit, operating in each range, are now to
be examined. '

As a first step, it is necessary to define how the generating
capacity of the unit is to be rated for each head range. A
convenient and conservative definition is a rating based on the
unit capability at minimum head. Such ratings for the several
ranges of head are shown by the horizontal dotted lines in the
power portion of the diagram. For each head range, as above
defined, the rated capacity of the unit will be:

A - 144.5 MW
B - 162.5
c - 180.5
b - 200.5



Note that the pumping load is substantially greater than the rated
capacity as a generator for A, B and C ranges and only in D does
the generating capacity rating sli§htly exceed the pumping load.
Considering the flatness of this pumping load versus head, up to
the point where it becomes less than the rated generating capacity,
it seems likely that a single size of electrical unit would be
required, regardless of the range of head in which the unit is

to operate. This obviously means that the costs per KW will be
higher for the small capacity ratings necessary in the lower head
ranges.

If it is assumed that the unit operates as a generator at its
rated capacity in each of the several indicated ranges of head,
then the discharges will be as shown by the dotted lines in the
upper part of the diagram. For the A range of heads, the turbine
discharge is less than the pump discharge, but for the other
ranges, it becomes progressively greater. This means that for

a given reservoir size and given off-peak pumping time, the unit
can generate for more hours in the A range than in the D range.
Perhaps this may be an offset to the above noted higher per kW
cost in the A range.

Finally, at the bottom of the diagram, there are shown the over-all
generating efficiencies for the several head ranges, assuming
again that the unit operates at the rated capacities.

There are now available in the diagram the data needed for deter-
mining various characteristic ratios for this unit when used in
several different ranges of head. However, in ordinary circum-
stances the head is not selected to fit the unit characteristics
that are desired. Rather the head is fixed by physical conditions,
the capacity of the unit (or plant) is fixed by load requirements
and available reservoir size, and the unit is selected to give

the desired relative characteristics that result in an optimized
design for the particular site and system conditions.

In other words, if the head available at a particular site were
that defined by the D range, it would be entirely possible to have
the relative characteristics exhibited in the A range. This would
require a pump/turbine designed for a higher head range than is
here shown, so that the D range is a lower rather than a higher
range of heads for that particular design of unit. Therefore, if
unit size and costs are for the present ignored, the relative
characteristics determined for a specific unit and the several
ranges of head can be considered as relative characteristics for °
several different units, all operating in a single range of heads.

These several relative characteristics can be summarized as
follows:



Ratios (averaged over head range)

unit conversion
design Qp/Qrp avg. MWp/rated Mwg efficiency
A 1.04 1.46 71.0%
B 0.91 1.26 72.5
C 0.78 1.07 72.8
D 0.64 0.90 72.0

As noted earlier, the ratio of available generating time to
available pumping time is the same as the ratio, Qp/QT. It is
also equal to the product of the conversion efficiency and the
charge/discharge ratio, average MWp/rated Mwg.

An alternative approach to the provision for a desired ratio of
generating time to pumping time for a given range of head must

be considered. To a large extent, the same variations in this
ratio (i.e., in the Qp/QT ratio) that can be obtained by change in
design can be obtained also by a change in the capacity rating
assigned to the unit. For example, if the actual range of head
available at the site were that corresponding to the C range
(730-820 ft.) in the original discussion, and the generating time
to pumping time ratio of the B range were desired, it would not

be necessary to change the design from that shown in the original
diagram. Alternatively, the capacity rating of the unit could be
reduced. Instead of the 180.5 MW rating earlier indicated for

the C range, the unit could be rated at something less than the
162.5 MW found for the B range. (This rating doesn't mean that
the unit could not generate at a higher rate whenever necessary,
and be credited in some fashion with this additional capability.)
The reduced rating in the C range has to be less than that availa-
ble in the B range, because the pumping discharge is less in the

C range, and it is the ratio, Qp/QT, that is to be preserved in
this alternative approach. This lower rating in the C range is
found to be about 147 MW, assuming there is no material change

in efficiencies as the result of the change in rating. Although
the desired result, in terms of generating time, is thus obtained,
it probably is obtained only at a higher cost per kW than would be
possible with the change in design.

Unit design A involves a higher cost per kW than unit design D.

The increase in generator size is obvious, because of the rela-
tively higher pumping load. The pump/turbine would also be larger
and operate at a higher speed. These differences in turn affect
various components of the structures and electrical equipment;

some parts and components would be larger and would cost more.

The cost consequence of the different designs of unit, primarily

to obtain different charge/discharge ratios, are further considered
in Appendix D.

The intent of this investigation is satisfied by the above summary
tabulation. This shows that the charge/discharge ratio (avg.
MWp/rated MWg) can be varied from less than unity to more than



1.4, which is a somewhat wider range than is exhibited in the
design of existing plants. The 1 to 1.4 range is suggested as
typical of future installations.

The summary also shows that some small sacrifice in efficiency

(as well as increased cost of equipment) must be incurred in order
to have the higher ratios. These differences in efficiency,
however, are only indicative and not absolute. The several
efficiencies were determined on the assumption that the unit
always operated at the rated generating capacity assigned for

each head range. This, of course, is not necessarily the best
operation or the likely operation. The unit could be operated, if
desired, at or near the most efficient output for each head range.
This would tend to raise all the efficiencies somewhat, but would
probably be more beneficial in the D range than in the A range.
Deviations from the desired loading would, on the other hand,

tend to lower the average efficiencies. Because of the flatter
efficiency curves (for variable loads) at higher heads and more
peaked curves at the lower heads, deviations from desired loads
would depress the efficiency in the A range more than in the D
range. It is likely, therefore, that the differences in efficiency
will be greater than are indicated in the summary table. Although
such differences may be important in the optimized design of a
specific plant, they need not be considered, and in fact are
necessarily unknown, in a generalized comparison of pumped storage
with other energy storage systems.






Appendix D

PUMPED STORAGE - CONSTRUCTION COSTS

The investigation of pumped storage construction costs has been
based primarily on the actual costs for selected pumped storage
plants, after certain necessary adjustments. Construction cost
data for these existing plants are recorded in Table D-1; these
costs have been obtained from reports filed with the Federal
Power Commission or by correspondence with the plant owner. The
estimated costs for future plants that are based on this ex-
perience have been confirmed by published estimates of future
plant costs.

The available data indicate wide variations in the unit costs
($/kW) of the existing plants. The major cause of these
variations is the time of construction; but resulting differences
in cost can be minimized by correction of the costs to a common
date (here January 1, 1974) and cost level. This adjustment has
been made, using the Handy-Whitman indices of cost for utility

plant construction . A January 1, 1974 index of cost is
intended to represent wage and material costs for a particular
type of construction as of that date. It is therefore necessary

to select a time, as well as an index, that reasonably represents
the average cost conditions during construction of each plant.

In the absence of any information concerning the actual con-
struction schedules, use was made of the July 1 index for the
year preceding the year of initial operation for each plant.

There are also variations in cost due to plant and unit sizes and
to differences in head, as well as those differences inherent

in other site conditions. Finally, there are large differences
due to the relative amounts of energy storage provided by the
plant reservoirs.

In the analysis of construction costs, the costs of dams and
reservoirs have been separated from the balance of plant costs.
This separation serves two purposes: (1) it partly eliminates
the major element of cost peculiar to the site and permits the
development of a more consistent relationship between the balance
of plant cost and size and head and (2) it provides a basis for
separate consideration of the capacity related costs and energy
related costs in economic comparisons.

It appears that the costs, as of Jaﬂuary 1, 1974, for plants
with capacities above 300 MW and heads above 300 feet might be
represented by the following ranges:

Energy related costs (storage) $2 to $10/kWh
Capacity related costs (balance of plant) $100 to $150/kW
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Components of Plant Cost

The distribution of pumped storage plant costs among the various
components, as these are defined by the Federal Power Commission
for accounting purposes, has been determined for the typical
(average) plant in Table D-1 to be approximately as follows:

Land and land rights 2%
Structures and improvements 15
Reservoirs and dams (storage costs) 28
Waterways 21
Turbines and generators 24
Accessory electrical equipment 6
Miscellaneous power plant equipment 2
Roads, railroads and bridges 2
Total production plant 100%

Not only do reservoirs and dams represent the largest of the above
listed components, but their costs are also subject to the widest
variations. This range has been from about 17 to 38%. Conse-
quently, as noted earlier, the separate treatment of the storage
costs leads to more consistency in the balance of the plant costs.

Note that, by the Federal Power Commission definition, the pumped
storage production plant does not include the plant step-up
substation. The substation is not included in the plant costs
discussed in this appendix, although it is usually included in
total project costs and in estimates for new projects. Substation
costs are generally in the range of $5 to $10/kW.

Project costs can also be broken down in another manner to reveal
the extent of certain classifications of cost that are spread over
the above listed components. These have also been determined for
the typical (average) plant in Table D-1 to be approximately as
follows:

o

Direct costs 6
Indirect construction costs 12

Engineering and supervision 8
Allowance for funds used
during construction 9
Other overhead costs 2
Total 1009

Storage Costs

It is assumed that the energy related storage costs are represented
only by the costs of dams and reservoirs, although it is possible
that some part of the land costs and other minor costs might be
properly assigned to storage. On the other hand, some of the
reservolir and dam costs are probably fixed and are not functions

of the amount of energy storage (e.g., cost of a spillway,

which depends on drainage area). Nevertheless, on the basis of
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the available information it seems likely that the best estimates
of energy storage costs can be obtained from the reported costs
of reservoirs and dams.

The storage costs in $/kWh, adjusted to January 1, 1974, are
plotted in Figure D-1. There are relatively wide variations in
storage costs, some of which can perhaps be explained by differences
in head; but an even larger part of the variation must be related

to site differences. Several of the selected plants required
construction of only a single reservoir; but to compensate for

this condition, storage costs have been plotted for each separate
reservoir as well as for each project.

It might be expected that the separate reservoir storage costs
would decrease with an increase in head, for a smaller quantity

of water must be stored to produce a given amount of energy. There
is some tendency in this direction, particularly if the two

storage costs for the highest head plant (1159 feet) are ignored.
The dotted lines show a reciprocal relationship between head and
energy storage costs.

It is evident that storage costs must be largely determined by

site conditions. Also, it is likely that less favorable sites

for reservoirs may be accepted in order to make use of higher heads.
In the study of pumped storage in the Susquehanna River Basin,
referred to in Appendix B, the costs of storage at 25 sites were
analyzed. These costs, which were generally in the $3 to $7/kWh
range after adjustment to January 1, 1974 conditions, actually
showed a slight tendency toward higher costs at higher heads.

This rising storage cost was more than offset, however, by the
decreasing cost of the balance of plant as the heads increased.
Consequently, it is not safe to assume that the storage costs for
surface reservoirs, in $/kWh, will always decrease with an increase
in head as shown by the dotted lines in Figure D-1.

Considering the effect of site differences, it is perhaps
‘reasonable to neglect some of the extremely high storage costs
for existing plants. Those that might be neglected are the two
plants with the smallest storage capacities (less than 6 hours),
these small storages being some indication of less favorable
sites. There is also no need to project costs as low as have
been estimated for the most favorable sites, particularly where
these have been developed with a single new reservoir.

In consideration of the above discussion, it is suggested that
estimated energy storage costs for future surface reservoirs be
considered to be not materially affected by plant size and head
and to lie generally in the range of $2 to $10/kWh.

Balance of Plant Costs

Balance of plant costs are plotted in Figure D-2. They vary
less widely than do storage costs, the range being more nearly
2 to 1 than 5 or more to 1. Also, there are evident relationships



between unit cost and plant size and plant head; costs decrease
with increases in both size and head. The relationship that
depends on size is probably more influenced by unit size than

by the number of units in a plant. However, for the small
available sample, where the site differences are large, the plot
against plant size exhibits more consistency than a plot against
unit size.

Differences in balance of plant costs also do depend on site
differences, other than head, particularly the length and nature
of the water passages and whether the plant is underground or on
the surface. Differences also result from the designer's choice
of the charge/discharge ratio, water velocities in the conduits,
and other options as to equipment and structures.

Before using the costs plotted in Figure D-2 as the basis of
estimates for future pumped storage costs, it is desirable to
eliminate from consideration several extreme values. It is believed
that the costs for Taum Sauk and Seneca cannot be considered as
typical of future costs. Taum Sauk was the first of the large
"pure" pumped storages, and Seneca involves several unusual features
that added to its cost. Also, they are both smaller in size

than the plants that are planned for future construction (see

Table A-1, Part C).

Seneca is located just downstream of a Federal multipurpose dam,
and its construction took place under cramped conditions. It
contains one 30-MW nonreversible unit in addition to the two
large reversible units, and the small unit discharges downstream
rather than into the lower reservoir. Also, one large unit is
equipped with special discharge conduits and valves so it too

can discharge downstream, as well as to the lower reservoir, thus
at times utilizing a substantially higher head for generation than
is required for pumping. It was possible to make reasonable
adjustments for these conditions in determining the reported
characteristics of the plant, but similar adjustments of cost are
more difficult and are unlikely to bring the costs in line with
other plants of like size and head.

It also appears reasonable to ignore the lowest costs estimated
for Raccoon Mountain, which is still under construction. (This
estimate was based on expected completion in 1975; now that
construction has been delayed, the cost will be increased as
compared to the original estimate.) Although plants may be built
at such costs under favorable conditions, it is not necessary to
assume the general avallablllty of such conditions to justlfy a
further economic interest in pumped storage.

With the balance of plant costs for eight of the 11 selected
plants falling within the approximate range of $100 to $140/kWw,
it appears reasonable to propose $100 to $150/kW as a range of
future costs (excluding storage and adjusted to January 1, 1974
cost levels).



The upper extension of this range to $150/kW is sufficient to
cover any additional adjustments of older plant costs that are not
provided for in the Handy-Whitman indices, which relate only

to labor and materials. A separate adjustment would be required
for the older plants because of increased interest rates and the
effect of this on the allowance for funds used during construction.
It is estimated this may be in the order of 3 to 5%. Also, it is
likely that new plants may have somewhat greater costs than older
plants to meet environmental and recreational needs. No estimate
has been made of such costs, but they are believed to be relatively
small.

Effect of Charge/Discharge Ratio

As noted earlier, balance of plant costs can be affected by the
choice of the charge/discharge ratios and by the water velocity
in the several required conduits.

No attempt has been made to estimate the effect of water velocity
on either cost or conversion efficiency, for these effects are
functions of head, length and character of waterways (tunnel and
type of rock, exposed penstock or penstocks, etc.) and perhaps
other site conditions. In any case, the effect on cost is not
likely to be large, for it results only from an incremental change
in less than 20% of the plant costs. Note that the trend toward
lower conduit losses, shown in Figure C-2, results not only from
change in velocity, but may also result simply from larger
conduits in larger plants or relatively shorter conduits (e.g.,
the lowest losses are reported for a low head plant).

The charge/discharge ratio may have a greater effect on costs, and
is expected to be the more important option in design, if additional
hours of daily operation are required of future plants. Reference
should be made to the discussion of the charge/discharge ratio in
Appendix C, where it is shown that this ratio may be varied over

a range from about 1.0 to 1.4. The higher ratio permits more

"hours of daily generation based on a limited pumping time, but

leads to slightly lower efficiencies and to higher plant costs.

To increase this ratio from 1.0 to 1.4 it is necessary to increase
the rating of the generator/motor, which will be determined by the
higher pumping load, and to increase the physical size of the pump/
turbine to deliver the larger quantity of water. The costs of
structures and of some equipment (e.g., cranes) will also increase.
At the outside, the increase in cost will be something less than
40% applied to about 40% (structures, some equipment, turbines

and generators) of the total plant costs; but because these are
incremental increases in cost, the more likely increment is
perhaps 20% of 40%. 1If the total plant cost is $150/kW, the
estimated cost of a change in ratio from 1.0 to 1.4 is more nearly
$12/kW, rather than $24/kW.

On this basis the adjustment of the cost of the selected plants
to an average charge/discharge ratio would involve individual

D-9



plant cost adjustments of less than about $5/kW. The suggested
range of plant cost is sufficiently large to cover such adjust-
ments.

The choice of a charge/discharge ratio is primarily an economic
decision related to site and system conditions. Where system
conditions require longer hours of generation and storage costs
are high, the selection of a higher ratio may have advantage
over a larger energy storage, particularly if the storage must
operate on a weekly cycle.

Published Estimates of Costs

If the above suggested ranges of cost are represented by their mid-
points, $6/kWh for storage and $125/kW for balance of plant, then
the total cost (excluding substation) of a plant with 10 hours of
storage would be $185/kW as of January 1, 1974. This is a useful

(possibly too high) number to compare with published estimates of
cost.

In a paper on pumped storage in the Pacific Northwest(z), the
following statements are pertinent to the discussion in this
appendix:

"The North Pacific Division office of the Corps of
Engineers began developing procedures for inventorying
and evaluating sites in 1967. 1In 1971 a report was
prepared and subsequently published by the Pacific
Northwest River Basins Commission. . . .

"General Plant Description. The inventory concentrated
on pumped-storage sites capable of operating on a weekly
cycle basis. It was assumed that the power plants would
be build (t) underground and would in most cases
employ reversible pump~generating units (separate pumps
and turbines would be used for sites developing in

- excess of 2,000 feet). It was also assumed that earth-
fill dams or dikes would be used for forming the
reservoirs and that concrete-lined penstocks would be
used. . . . :

"Head. Generating and pumping heads ranged from about
700 feet to over 3,000 feet with averages about 1,500
feet. Sites with heads less than 700 feet were found
to be quite costly and were usually rejected. . . .

"Generating Capacity. Because of the large number of
sites available in the region, it was decided to limit
the inventory to sites capable of developing at least
1,000 megawatts. The maximum capability is determined
by the amount of reservoir storage available. Some
sites were capable of developing as much as 10,000
megawatts, but the average was about 3,000 megawatts.




"Operating Pattern. It was assumed that pumped-storage
would operate on a weekly cycle, . . . it is necessary
to provide reservoir storage for about 14 hours of
equivalent full load generation. . . .

"Results of the Inventory. Although our inventory is
not complete at this time, some areas within our region
are complete. . . .

"A total of 242 pumped-storage sites were located in the
western sector, all having costs less then(than)

$185 per kilowatt (indexed to January 1974 cost levels).
. « . Out of 242 total sites, 160 sites appear to have
no conflict with special land use areas. . . .

Reference was made to this same site survey in Appendix B,
where a statement is quoted to the effect "The region is blessed
with an abundance of sites with investment costs . . . in the
range of $100 to $130 per kilowatt." These costs were on a 1971
basis, and when adjusted to 1974 they become about $130 to $170,
which is not inconsistent with the $185 upper limit on all sites.

An August 1973 estimate made for one of the "planned" plants
listed in Table A-1, and of which one of the General Public
Utilities companies is to be part owner, placed the cost of this
project at $161/kW. This included $30/kW for a 1l0-hour storage
and $131/kW for the balance of plant. Adjusted to January 1, 1974
levels, the total project cost would be about $170/kW.

Similar estimates could be reported for other plants, either under
construction or planned. Such estimates, however, would add little
of value, because they are not completely independent and are
therefore likely to be cumulative evidence of the same costs that
have been experienced at existing plants. In addition, adjustment
of estimates to a uniform cost level is difficult, because of
uncertainties as to how the estimated costs are related to time,
‘particularly in this present period of rapid cost escalation.

It is useful, however, to consider several published estimates
that relate costs to unit size and head. Several papers presented
at the August 1974 conference on Converting Existing Hydro-
Electric Dams & Reservoirs into Pump Storage Facilities prov1ded
such generalized estimates of costs. Two diagrams, Figures 3 and
7, from a paper(3) presented by representatives of Ebasco

Services and two, Figures 14 and 16, from a paper(4) from
International Engineering have here been identified as Figures

D-3 to D-6.

Figure D-3 shows powerhouse structures and pump/turbine and
generator/motor costs as a function of head at 1974 cost levels
for projected plant sites. It is not stated whether these are

the total related costs or only the direct costs; more than likely
they are the latter. 1In any case, they represent only about 50%
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of the plant cost, exclusive of storage. They do, however, show
those costs that are most affected by head, decreasing from about
$69/kW at 400 feet to $43/kW at 1200 feet.

Figure D-4 shows tunnel costs per foot as a function of head.
Again it is not clear whether these are direct or total costs,
but in any case the costs are low relative to actual costs of
waterways, since components such as intake structures and draft
tubes are not included. If the tunnel length is assumed to be,
for example, five times the head, the cost increases from about
$16/kW at 400 feet to $21/kW at 1200 feet.

Although Figures D-3 and D-4 relate to segments of plant that
account for about 80% of the total, exclusive of storage, there
are too many uncertainties involved to permit an independent
estimate of total plant cost. Nevertheless, it is evident that
plant costs should decline by $20/kW, more or less, with an
increase in head from 400 to 1200 feet.

Figure D-5 shows only equipment costs, but relates these to both
unit size and head. The tendency for plant costs to decrease
with increase in size and head, as indicated in Figure D-2, 1is
again confirmed. More important, this diagram indicates equip-
ment costs are levelizing for heads above 1000 feet (300 m.)

and that they may be approaching the limit of reduction for
increases in unit size.

Figure D-6 shows estimated total plant costs for very large

(1000 and 3000 MW) proposed installations and for very high heads,
extending from about 800 to 4000 feet. As might be expected,

and without regard to the date of the estimate, the range of

costs found in Figure D-6, about $80 to $160/kW, is below the mid-
range cost estimated in this appendix.

An additional diagram, Figure G-4, which is referred to in
connection with later discussion of underground pumped storage,
also shows the cost of plants with surface reservoirs decreasing
from about $200/kW at about 800 feet head (250 m.) to $150/kW at
1600 feet (500 m.). This diagram is more useful in the comparison
of costs for conventional and underground pumped storage than in
the indication of the absolute values of such costs.

Although the available estimates of costs for future plants
indicate that the previously suggested ranges as of January 1,
1974 are not unreasonable, consideration of these estimates
indicates that there can be wide variations in future costs,
depending on the optimism of the estimator and the assumptions
as to cost escalation.
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Appendix E

PUMPED STORAGE - OPERATION AND MAINTENANCE EXPENSES

Based on the operating experience of existing pumped storage
plants, O&M expenses have been found to average about $1.60/kW/
year, after adjustment to January 1, 1974 wage levels. Adjusted
averages for six large plants with more than three years of
operating experience have ranged from $1.14 to $2.52/kW/year.

If the extreme values are ignored, the range for four plants is
$1.38 to $1.81. Because these ranges are small in comparison

to the typical total annual costs per kW ($50-60) for a pumped
storage plant, no significant accuracy is sacrificed if the 0&M
expenses are represented by a single annual rate.

The data supporting this rate are summarized in the following
table. These expense data are obtained from Federal Power
Commission publications(l) and from company Form 1 reports filed
with the Federal Power Commission. All reported expenses have
been adjusted to January 1, 1974 wage levels by using a Bureau

of Labor Statistics record of hourly earnings for transportation
and public utility workers. Expenses per kW are also influenced
by the capacity used in their derivation. To make this as
consistent as possible, the capacity has been based 80% on
capability at minimum head and 20% oh capability at maximum head,
except where the owner rates the plant at minimum head capability.

The average expenses for each of the six plants with more than
three years of operation are arranged here in order of increasing
total expense. These are followed by the records of four plants
with less than three years of operation.

adjusted annual expenses

full S/KW/Year

years of capacity opera- mainte-
plant operation MW tion nance total
Yards Creek 9 330 '0.36 0.78 1.14
Cabin Creek 7 280 0.97 0.41 1.38
Taum Sauk 11 350 0.38 1.25 1.63
Smith Mountain 9 440 0.56 1.00 1.56
Muddy Run 7 856 0.66 1.15 1.81
Kinzua (Seneca) 4 380 1.09 1.43 2.52
Average (6 plants, unweighted) 0.67 1.00 1.67
Average (without Kinzua) 0.59 0.92 1.51



adjusted annual expenses

full S/KW/Year

years of capacity opera- mainte-
plant operation MW tion nance total
Blenheim-Gilboa 1 1030 0.19 0.12 0.31
Jocassee 1 312 0.52 0.07 0.59
Ludington 1 1675 0.35 0.46 0.81
Northfield 2 1000 0.86 0.32 1.18

The four reccrds have been given no weight in determination of

the recommended average O&M expenses. The longer records show that
Operation Expenses, after adjustment to January 1, 1974 wage levels,
are fairly constant over time. Consequently, the Operation Expenses
for the four recently completed plants may be representative of
future experience; and if so, they tend to confirm the experience

of the older plants. But the longer records also indicate that
Maintenance Expenses vary widely from year to year and are likely

to be subsequently higher than those experienced in the first year
or two of operation.

The record for Kinzua has also been given less than full weight

in the determination of the recommended average. This discounting
of Kinzua's hign cost is based on the short record and on its
known but unusual maintenance requirements. (The first and last
plants in the above list of six are both operated in the General
Public Utilities System. It is believed that the Yards Creek
experience is more likely to typical of future pumped storage
plant operations than is the Kinzua experience.)

Included in the above list of six plants is Smith Mountain, which
is not a pure pumped storage, because it combines reversible units
with a conventional hydro installation. Nevertheless, it was
considered to be a useful supplement to the relatively few data
otherwise available. Because the Smith Mountain experience 1is

so near the recommended average, no different average could be
proposed, even if the Smith Mountain experience were excluded.

Because the amounts involved are small, there is no need to
consider separately the average expenses for operation and for
maintenance; but several comments on these expenses are in order: -

1. Adjusted operation expenses for each plant have
been found to be fairly constant over time.

2. Operation expense can be considered to be a fixed
expense, i.e., independent of the amount or
duration of annual generation.

3. Operation expenses, per unit of capacity, might be
expected to decrease with an increase in plant
size; but such relation to size is not yet evident
in the above data. Other differences among plants



and company practices overshadow such a size
relationship, if any exists.

4. Adjusted maintenance expenses vary widely from
year to year (from about $0.10 to almost $4.00/kW).

5. Maintenance expenses are in part related to the
amount of annual generation, and to this extent
might be treated as a variable expense. The
probable division between the fixed and variable
portions has not been determined; and because of
the relatively small amount .0of this expense, such
a determination is not essential to the comparisons
with other systems.

6. Maintenance expenses can be expected to decrease
after correction of design and construction
deficiencies during the early years of operation;
but this trend presently shows in the record of
only one plant.

In the determination of the reported Operation Expenses, there
have been excluded for several plants the expenses reported as
"Water for Power"™ and "Rents," Accounts 536 and 540. However,
the amounts involved, on a per-kW, per-year basis, appear to be
large only for the Northfield plant. The excluded amounts are
believed to represent primarily the payments for use of an
existing lower reservoir. Such payments are properly included in
the economic evaluation of any specific installation, but they
are not indicative of probable 0&M Expenses at other sites.

The data supporting the above results and discussion are shown on
Table E-1.
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Appendix F

SITES FOR UNDERGROUND PUMPED STORAGE

The availability of sites for underground pumped storage depends
on the identification of suitable underground conditions, coupled
of course with a surface topography or land use conditions

which permit construction of a surface reservoir. Some sites may
be readily identified in connection with existing mine opera-
tions, but otherwise the location of good sites is likely to
involve a very extensive geological investigation. Several such
investigations have been made over limited areas.

Sites in New England

One such investigation that has reached the stage of publication
is a 1974 report to Northeast Utilities Service Company on
"Geological Survey of Potential Cavern Areas in New England."(l)
The "Abstract" of this report is as follows:

"The storage of compressed air and/or water in under-
ground caverns is being investigated in several countries
among alternatives for meeting peak power demands.

Cavern depth would be as much as 800 meters.

"Geological feasibility depends upon suitable bedrock.
Data for this New England study are derived from various
maps and reports of previous geological surveys and

from additional field reconnaissance. Over 1180 rock
formations have been identified and studied in the six-
state region. More attention has been paid to certain
parts of Connecticut and western Massachusetts, and

less attention to eastern Massachusetts, Maine, New
Hampshire, Rhode Island, and Vermont.

"Three levels of evaluation are used. Each formation
is examined according to a set of ten criteria at a
first stage, and 190 are ranked high enough to be dis-
cussed at a second stage. Some of those regarded as
most suitable are reconsidered in detail at a third
stage.

"About 90 formations are listed as equally favorable
pending further tests, and their positions are shown on
index maps. Most of them are uniform masses of rela-
tively undeformed granite. Although this type of rock
is considered most suitable, tunneling technology
developed in recent years would permit excavation of
caverns in some other materials, generally at greater
cost and risk. :



"Preceding the identification and ranking of the bedrock
units in this presentation is a review of existing
underground works and plans in New England and of rock
properties that affect them. The report ends with a
bibliography on the two interwoven subjects of crustal
geology in New England and geological aspects of removing
rock from subterranean depths.

"The objective of the survey is to assess only the suita-
bility of geological conditions for retaining compressed
air and/or water below ground. The conclusion reached

is as follows. The evidence is sufficient to indicate
that a number of rock formations in New England can be
considered to have characteristics favorable for possible
excavation of large underground caverns to be used for
storage purposes."

A map showing the location of suitable rock formations in New
England is identified as Figure F-1.

Suitable Areas for Underground Pumped Storage

Figure F-2, prepared by Dr. Bennett L. Smith, Consulting Geologist,
identifies potentially suitable areas for underground pumped
storage. Since the map covers the 48 states, these areas have been
identified and rated in relation to the major geological sub-
divisions of the country, which are fairly well defined geographi-
cally. Offsetting the advantage of such presentation is the fact
that, in certain provinces, there are areas which are highly
favorable as well as those which are unfavorable to the development
of underground storage. A map that differentiates between such
areas requires a detailed examination of local conditions, such as
has been made in New England, and quite likely in other localities.
Table F-1 provided additional explanation of the general geology

of each area and of the potential for underground storage.

Site Requirements

Harza Engineering Company has supplied the following comments in
response to an inquiry regarding site availability. These comments
include excerpts from a proposal made to the Research Committee of
the ASCE Power Division relative to the inventorying of sites for-
underground pumped storage. '

"In general, underground reservoirs must be in good rock
which is relatively free from residual tectonic stresses.
Many parts of the Rocky Mountains, for example, have
lots of rock that appears good, but the rock is under
heavy residual stress and contains unpredictable water-
bearing crushed zones. A lower reservoir in such rock
would be prohibitively expensive because of support
requirements.

! . +. In an underground pumped-storage plant

the major structures -- powerstations, lower

F-2



Figure F-1
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SUITABLE ROCK FORMATIONS FOR UNDERGROUND
PUMPED STORAGE

Soudrce: "“Geological Survey of Potential
Cavern Areas in New England," by O.C.
Farquhar, a Report to Northeast Utilities
Service Company, 1974, NTIS PB 250 107,
page 320.
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reservoir, water conduits, transformers -- are
underground. The larger is the head, the
smaller are the structures and the volume

of water required. Thus, in general and within
reasonable limits, the deeper the lower
reservoir can be beneath the ground surface

the greater are the plant's economy and benefit
and the less is its environmental impact.

'There are limits to the location of such
projects. The lower reservoir is a large
excavation and must be in rock that is
resistant to chemical and physical erosion

and structurally is sound so that it requires
minimum support or lining. The most favorable
areas are those where the Precambrian basement
rocks are within depths of 2,000 feet or less,
where geologic processes which shatter rock,
such as faulting, have not occurred or have been
of minimal intensity, and where aquifers lying
above the basement are not sufficiently
significant to preclude reasonable construction
water-control techniques.

'Inventorying the sites requires several steps.
The first is the development of reasonably
reliable contours for the top of Precambrian
rock. At the present time some State and
Federal geological agencies publish maps of
inferred elevations, but they are based on
fragmentary information and where maps meet

at state lines they sometimes disagree.

'There currently is underway a co-operative
program of gravimetric surveys between the U.S.
Geological Survey and some State geologic
agencies. Evidently the program has moved
slowly and spottily, so that large areas
remain to be covered and results have been
forthcoming very slowly. I 4o not know the
extent to which Federal research funds are
supporting the program. It appears, however,
that the specific objective of mapping the top
of Precambrian rock should be added to the
program and the program should be accelerated.

'The gravimetric survey requires confirmation
and calibration from boring data, which are
available in limited amounts. Deep borings

and seismic surveys are being made in various
locations in search for oil, geothermal energy,
etc., and arrangements should be made so that
as much as possible, data from these activities
will be available fo:* the program.



'An important factor in economic feasibility of
underground pumped-storage, even if suitable
rock is present, is the absence or presence of
high stresses locked into the rock by natural
causes before excavation. Such stresses, if
beyond such reasonable limit, would make the
lower reservoir prohibitive in cost. Thus,
after Precambrian contours are defined, the
next step would be identification of areas of
favorable rock stress.

'At present there is no way to predict stresses
other than by penetrating the rock and measuring
by various geophysical and physical means. The
measurements involve elasticity and deformation,
which are approximated or measured in various
ways. At depths suitable for underground
pumped-storage, such investigation is very
expensive because of the deep boring.'"

There is evident need for further work in this area.

REFERENCES

(1) 0. C. Farquhar, "Geological Survey of Potential Cavern
Areas in New England," a Report to Northeast Utilities Service
Company, 1974.



Appendix G

UNDERGROUND CONSTRUCTION COSTS

As for the conventional pumped storage, it is necessary to
consider separately the cost of storage and the balance of plant
costs. In fact, an additional reason applies to the costs for
underground plants, for here the separate estimates derive from
quite different basic sources. There are as yet no excavated
underground hydro reservoirs, so the estimated costs for these

are derived in part from experience in other industries. The
balance of plant, however, is not much different from that which
has already been built underground for use with surface reservoirs.

Differences in Balance of Plant Components

The general similarities in underground construction are evident
from a comparison of sections through an underground plant with
surface reservoirs and an underground plant with one underground
reservoir. Figure G-1 is a simplified cross section through the
Raccoon Mountain plant(l) and Figure G-2 is a cross section through
a proposed underground plant.

An obvious difference between the two underground plants is the
relatively shorter water conduits required for the one with an
underground reservoir, because the long and nearly horizontal
pressure and tailrace tunnels are there unnecessary. Also un-
necessary with the underground reservoir is the usual surge
chamber on the tailrace tunnel. These differences are very
favorable to the underground reservoir. Partially offsetting
this savings in tunnel and surge chamber costs is the fact that
access to the underground plant is more costly, when provided
by shafts rather than by tunnels.

Less obvious cost differences may result from measures taken to
protect the underground plant from flooding, because the consequences
of flooding are possibly more severe and of much longer duration
where the whole lower reservoir may have to be emptied by temporary
or emergency pumps before restoration of operation can be accom-
plished. Also it is necessary to protect against full head of the
project being imposed on the downstream side of the plant, or to
make such an event impossible of occurrence. These measures add

to the underground costs.

Another difference, not illustrated by the comparison of Figures
G-1 and G-2, is the difference in the powerhouse and equipment
layout when heads exceed those that can be served by a single-stage
reversible unit. For such heads, a decision may be made to

utilize separate turbines and pumps, as has been typical of
European practice for high head plants. In this case there is a
step increase in cost of equipment to serve_the higher heads, as
shown by the upper portion of Figure G-3.(2). A somewhat smaller

G-1
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step increase is also shown for multistage reversible units that
might be substituted for separate turbines and pumps. The head at
which these increases occur is now greater than the 400 meters
shown in this 1971 diagram. In any case, however, there is not
much variation in equipment costs in the high-head range, beyond
the point where this increase occurs.

Alternatively, the higher heads may be accommodated by use of single-
stage units in series. With this arrangement, equipment costs,

for example for 4000 feet of head, would be essentially the same

as for 2000 feet, but there would be added cost for the required
intermediate reservoir.

These differences (except for the possibility of plants in

series) are recognized in the "order-of-magnitude cost comparison"
shown in Figure G-4.(3) Attention is directed to the costs other
than those for the two reservoirs, the total of these other costs
being lower for the underground pumped storage plant. The major
differences shown in Figure G-4, as suggested by the above
discussion, are higher equipment costs for the higher heads of

the underground plant, but lower power station costs because of
decreased volume, also lower costs for the relatively shorter
penstocks, and elimination of the tailrace tunnel costs.

Other Elements of Estimated Costs

Before proceeding to further discussion of estimated costs for a
specific project, attention is directed to the importance of
allowances made for overheads, contingencies, and interest in
these estimates. Allowances are also made for price escalation,
but we need not consider these here, for all costs are to be
adjusted to a common basis, the cost levels of January 1, 1974.

In Appendix D it was found that the costs of a conventional
pumped storage might be classified as follows:

Direct costs 69%
Indirect construction costs i2
Engineering and supervision _ 8
Allowance for funds used during construction 9
Other overhead costs 2
Total 100¢%

For present purposes, we might equate 100% of cost to $100/kWw,
which is the lower 1limit of the suggested range of cost for
balance of plant, which in turn is related to experience for
larger plants and higher heads. The above breakdown can then be
rearranged in the following fashion for comparison with certain
estimated costs:

Construction costs $ 81/kW
Engineering, supervision

and other overheads 10 ( = 12.4% of 81)
Allowance for funds 9 (= 9.9% of 91)
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Current estimates for an underground plant might show quite
different allowances for the amounts to be added to construction
costs. The allowance for overheads and contingencies might be

as much as 25%; and the allowance for interest on funds used
during construction might be as much as 40%. If the construction
cost remains at $81/kW, the use of these higher allowances
results in a total estimate of $142/kW for the balance of an
underground plant, as compared to the $100/kW for a conventional
plant.

The added provision for contingencies, here about 12.5%, is a
conservative practice, particularly where some new problems may
be encountered in construction. Expert opinions will vary as to
what is a reasonable allowance. Note particularly that this is
not an allowance for changes in costs due to changes in labor
rates or price of materials; it is entirely an allowance for
unknown, but adverse factors. In subsequent discussion of
estimates, the allowance for overheads and contingencies will

be assumed to be in the range of 20 to 25% of the estimated
construction costs.

The allowance of 40% for interest is the result of the current high

interest rates and an extremely long construction time (the Mt.
Hope estimate used 38%). Neither of these factors is reflected
in the indicated interest allowance (about 10%) for conventional
plants. Those for which the required cost data were on file with
the Federal Power Commission were, with one exception, completed
before the period of high interest cost. Also, they do not
include the recent underground plants (with surface reservoirs),
for which the construction time is also long. A recent estimate
for such a plant, reflecting both the higher rates and longer
time, showed an allowance for interest of 24%. In subsequent
discussion of plants with underground storage, the allowance for
interest will be assumed to be in the range of 25 to 40% of the
construction costs plus overheads.

These assumptions mean that the combined added costs for over-

heads, contingencies and interest applicable to underground
construction lie in the range of about 50 to 75% (1.20 x 1.25 =
1.5 and 1.25 x 1.40 = 1.75), these rates being much larger than
the approximate 25% in the actual costs of constructed projects
(100/81 = 1.24).

Estimates for Mt. Hope Project

Application has been made by Jersey Central Power & Light Company
(a GPU subsidiary) for a Federal Power Commission license for

the Mt. Hope Project. The application is based on a 1000-MW
plant capacity, in four reversible units operating at about 2500
feet of head, with storage adegquate for 10 hours of operation.
The plant is to be -located in northern New Jersey at the site of
an existing shaft, previously used in iron ore mining. The
preliminary design and cost estimates for this project have been
prepared by Harza Engineering Company.
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A series of preliminary cost estimates for Mt. Hope were made in
1973, based on July 1972 costs. These show estimated costs for
construction of the balance of plant in the range of about $75

to $85/kW; these include $6/kW for land, it being considered
reasonable to include this relatively high land cost as compensa-
tion for the existing mine shaft. The highest cost is for con-
struction of an eight-unit plant (125 MW each) in four stages, this
higher cost being compensated by the shorter construction time for
each stage and a resulting lower interest cost (estimated for this
case at only 16%). Other variations in plant description and in
assumed costs of excavation of the powerhouse cavern were consid-
ered; but major uncertainties would be involved in any comparison
among them, particularly with respect to equipment costs for very
high heads.

Estimates were revised in 1975, based on March 1975 costs for the
purposes of the license application, but were again made on a

July 1972 basis for direct comparison with the 1973 work. The
cost estimated in 1975 on the basis of July 1972 costs and con-
sidered to be directly comparable with the 1973 estimates for
balance of plant is $78/kW. The cost estimated in 1975 is the
result of a different plant layout and the better understanding of
various problems that result from continued study of them. It

is very probable that the balance of plant cost would be lower for
a larger plant.

If the 1975 estimates, based on 1972 costs is stepped up to
January 1, 1974, the $78/kW becomes $90/kW. The comparable
estimate in the license application, based on March 1975 costs, is
$113/kW, but Harza notes that costs of major equipment were very
uncertain as of that date.

It is believed that the above estimate of balance of plant cost,
adjusted to January 1, 1974 levels, of $90/kW is conservatively
high. One entirely independent estimate for an underground plant
with larger capacity and higher head is substantially lower. Also,
another recent estimate by Harza for an underground plant with
surface reservoirs, is lower by about $5/kW, and this is not out
of line with the $80/kW, more or less, indicated by the experience
of the larger, higher head existing plants.

Recommended Range of Costs

Considering (1) the evidence of estimated costs, (2) the expert
opinion of Harza and Acres as to the comparability of the balance
of plant costs for underground construction, whether both reservoirs
are on the surface or one is underground, and (3) the fact that the
range of high heads and large capacities underground is likely to
have much less effect on costs than that encountered in the
selected list of existing plants, it is suggested that the
construction cost for the balance of plant might lie in the range
of $80 to $90/kW as of "January 1, 1974. These costs must be
increased by about 50 to 75% to cover the overheads, contingencies
and interest.



The recommended range of estimated costs should therefore be
about $120 to $160/kW.

Underground Storage Costs

The Mt. Hope estimates for construction costs of the storage
reservoirs, before the additions for overheads, contingencies
and interest, are approximately as follows:

July 1972 costs March 1975 costs
Upper reservoir $0.60/kWh $0.85/kwWh
Lower reservoir 2.30 3.30

These costs adjusted to January 1, 1974 would be roughly halfway
between the estimates. For comparability with existing reservoir
costs, they must be increased by some factor in the 50 to 70%
range. After such increase, the upper surface reservoir cost,
about $1.20/kW, is in line with the lower costs shown in

Figure D-1 for separate surface reservoirs, but without consider-
ation of the effect of the higher head available at Mt. Hope.

The adjusted cost for the lower Mt. Hope reservoir, between

$4 and $5/kWh, is in line with the higher cost in Figure D-1,

but again without consideration of head. It is only the cost of
the lower, or underground reservoir that needs to be further
examined.

The costs estimated for the Mt. Hope underground reservoir are
determined under generally favorable conditions. The rock is
good, there is expected to be a credit for the sale of excavated
material, and labor rates and productivity are based on the
expectation of a mining rather than a construction type opera-
tion. These are the major factors governing an estimate of cost
for excavation of a large underground cavern, with labor rates
and productivity being most important.

Costs are also greatly affected by the duration of the excavation
period, as evidenced by possible wide swings in the added interest
cost. As noted above, these varied from 16% for staged construc-
tion to 38% in the final estimate. It is evident that all means
of reducing the construction period need to be investigated.

The GPU Service Corporation and its consultants made an exten51ve
investigation of underground excavation and mining costs.

Actual costs were determined and analyzed for several large
mining operations and for major cavern excavations associated
with underground power plants. Estimates and advice were ob-
tained from several recognized experts.

For mining operations, the costs adjusted to January 1, 1974 are
generally in the range of $4 to $6 per cubic yard. For construc-
tion projects, with higher labor rates and lower productivity,
the range is $8 to $10 per cubic yard. For Mt. Hope, the rate



used, adjusted to January 1, 1974, is about $2.70 per cubic yard,
this being a net cost after credit for sale of the excavated
material to the operator of the existing quarry at the site.

Considering the wide range of these estimates and of the corres-
ponding conditions applicable to as yet unknown sites, it is not
unreasonable to consider a range of net costs from $3 to $10 per
cubic yard. These costs must be increased by 50 to 75% for
overheads, contingencies and interest. The resulting possible
range of the underground reservoir costs is shown in the upper
half of Figure G-5. The conversion from cost per cubic yard to
cost per kWh is based on a factor of 0.77 cy/kWh at 2500 feet of
head, including therein an allowance for 5% excess volume in the
lower reservoir. There are, of course, some elements of cost
for the lower reservoir which are not proportional to size,

but these are small and are neglected in this estimate.

Costs for the surface reservoir are also shown in the upper part
of Figure G-5. These are based on the assumption that they may
range from the costs indicated by the lower curve of Figure D-1,
extended to cover a higher range of heads, to an amount three
times as much, as shown by the upper curve.

The total costs for storage are shown in the lower half of
Figure G-5. All the favorable elements are combined to produce
the lower curve and all the unfavorable elements, to produce the
upper curve. If we consider that the likely head range is about
2500 to 4000 feet, and that, where excavation costs are high,
plants are not likely to be built for heads in the lower portion
of this range, it appears that storage costs can be reasonably
represented by a range of $3 to $12/kWh.
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Appendix H

COMBINED HYDRO AND AIR STORAGE

Because of the high cost of excavated underground storage space,
it is desirable that any excavated storage cavern be used as
intensively as possible for the storage of energy. For
underground hydro pumped storage, this means that the lower
reservoir cavern should generally be at the maximum practicable
depth. For air storage, it generally means a pressure greater
than that used in conventional combustion turbines. More in-
tensive use of the storage cavern can also be obtained by
combining the underground storage of water and compressed air
in a single storage space. Several combined hydro and air
storage schemes have been proposed(l)(z) in recent years, but
one of these contemplates combined use of only the surface
reservoir.

In connection with the planning for an underground pumped storage
at Mt. Hope, New Jersey, in 1972-73, an idea was developed for
combined storage of water and compressed air in its excavated
lower reservoir. This combination could approximately double the
energy density of the cavern storage space, the increment

related to compressed air being dependent on the selected storage
pressure. It appears that the likely air storage pressure will
be in the range of that employed in conventional combustion
turbines, and hence less than the optimum for a single-purpose
air storage system. Consequently, any use of the proposed
combined storage would probably develop from initial planning for
an underground hydro pumped storage, rather than from an interest
in a compressed air storade project.

The combined hydro and air storage that is described in this
appendix is covered by a patent (#3,939,356) that has been

- assigned to General Public Utilities Corporation. To explain
the advantages of the combined project, as related to both
economy and safety, it is desirable that the separate projects
be first described in a suitable parallel form.

Underground Hydro Pumped Storage

An .underground hydro pumped storage consists of the following
principal elements, as shown in the attached Figure H-1:

1. A surface reservoir with suitable outlet and control
structures.

2. A vertical conduit or penstock, branching at its lower
end, with valves on the branches at their connections
to the hydraulic units.

3. An excavated underground powerhouse with one or more
generating units. Each of these may be connected to

H-1
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either a reversible pump/turbine or to a separate pump
and turbine on a single shaft. The powerhouse will have
all the necessary. auxiliaries and will be connected to
the surface by one or more additional air shafts (not
shown) for access and electric transmission.

4. An excavated lower reservoir, connected to the hydraulic
units by suitable draft tubes. In order to provide the
required positive head on the turbines and pumps, or
pump/turbine combination, the lower reservoir would
normally be located above the level of the underground
powerhouse. For a high-head installation, such as would
usually be contemplated, the required submergence on
the pumps may be in the order of 200 feet.

5. A vent shaft to the surface, to permit movement of
air from and to the lower reservoir.

Such a facility would normally operate as generating plant Aduring
the heavy load hours of the day. Water from the surface reservoir
would pass through the penstock and turbines to the excavated lower
reservoir, and its energy would drive the electric generators.

Air would be forced out of the lower reservoir and exhaust to the
atmosphere.

During the off-peak or light load nighttime hours, the flow is
reversed. The electrical units are operated as motors to drive
the pumps, and water is taken from the lower excavated reservoir
and delivered to the surface reservoir. Air would be drawn down
the vent shaft and would replace the water in the lower reservoir.

Air Storage

A constant pressure air storage scheme consists of the following
principal elements, as shown in the attached Figure H-2:

1. A surface reservoir for water with suitable outlet and
control structures.

2. A vertical conduit connecting to the underside of the
excavated reservoir.

3. An excavated lower reservoir for air and water (note
that this would not have to be at the same low elevation
as the hydro pumped storage reservoir).

4. An air shaft to the surfacé.

5. A surface installation of the following parts of a
combustion turbine generating plant: compressor and
clutch, generator/motor, combustion-turbine and clutch,
fuel storage, and suitable valves, heat exchangers and
auxiliaries.



IOYHOLS YIV dISSTIdWOD ¢-H 2anbTd

2Inssaid I9pun paxols IT¥
Uy3TM ITOAISSSY vcsoumymwcb_

e | ettt <ottt

sanog 3ead-3J0 Ul sanoy yead-JIJQ Ul 2anssaid
umog - MOTd TV « dn - moTd Io93®eM ITY ureijutey 03
pesn Io3em JO peoH
sanol yead-uQp ur sanoy yesd-uQ Uul
dn - moTd Mﬂmb » umog - MOTJd JI93eM

IS S51SH 7= = = ==\
It -

2UTganL UOT3ISNQUOD
puy xossaadwod
0], UOT3O3UU0D




Such a facility would normally operate as a generating plant during
the heavy load hours of the day. Compressed air would be drawn
from storage, pass through a heat exchanger, and be mixed with

fuel in combustion chambers. The hot pressurized gas then drives
one or more combustion-turbines and exhausts through heat recovery
equipment (which heats the air from storage) to the atmosphere.

The combustion-turbine drives an electric generator, which is at
that time uncoupled from the compressor. As the air is withdrawn
from storage, an essentially constant pressure is maintained by

the hydraulic system, which delivers water to the lower reservoir.

During the off-peak or light load nighttime hours, the air and
water flows are reversed. The electric units are operated as
motors to drive the compressors, and air is delivered (with inter-
cooling and after-cooling) to the underground storage. The
compressed air displaces the water, which is returned to the
surface reservoir.

Combined Plants

From the above descriptions of the two plants, it is evident that
the water and air flows in both are in the same directions

during both on-peak and off-peak hours. This suggests the
combination of plants, with no change in facilities other than
that the air in the underground reservoir of the hydro plant will
now have to be under pressure. This can be arranged without
serious detriment to either plant.

Parts A and B, Figure H-3, show the relative elevations of the
underground reservoir for the separate hydro pumped storage and
for the combined plants.

For the separate plant, as noted earlier, the underground

reservoir must be above the underground powerhouse in order to
provide a large positive tailwater pressure on the turbine and a
high positive suction head on the pump. This is necessary to avoid
cavitation and to assure satisfactory operation of the high head
hydraulic units.

For the combined plant, the reservoir can be lowered and still:
provide the positive head on the hydraulic units, if the surface
of the water is pressurized. Consequently, there is here the
opportunity for storing the compressed air needed for the air
storage generation. It may be that the desired air pressure is
higher than is needed to provide the desired hydraulic condition;
but this is of little consequence, since compensation can be
provided by lowering the entire underground excavation (both
powerhouse and reservoir), in order to maintain the intended net
head on the pump=-turbines.

The operation of the plants is not changed by the combination,
except that both parts must operate at essentially the same
time.
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Cost Savings

The principal cost savings result from the fact that the two
plants can use the same excavated lower reservoir, the two shafts
that are required by each one, and the surface reservoir. Because
the combination of plants, based on a given storage volume, may
have a capacity from 50% to 100% greater than for the hydro plant
alone, a given generating capacity can be based on a smaller

lower reservoir. This means less excavation and a shorter
construction schedule, which in turn means less interest during
construction and less exposure to price escalation.

Safety Feature

It is noted in Figure H-1 and Figure H-3, Part A, that the lower
reservoir for the separate pumped storage would be at a higher
elevation than the generator room floor of the underground power=-
house. Any water leakage from the lower reservoir that results
from equipment malfunction, improper operations, or other cause,
will be into the powerhouse and will be drained to a sump. Sump
pumps of large capacity would be provided to return this leakage
to the lower reservoir, so that a reasonably safe operation is
expected,

If the sump pumps, however, are unable to handle an excessive
leakage, flooding will result. This has happened to an under-
ground plant, even though it had above-ground reservoirs. To a
plant with an underground reservoir, the problem may be even more
serious, for the flooded volume to be subsequently unwatered by
pumping is not only the powerhouse, but also the far larger
volume of the lower reservoir. The required high~-head pumping
with relatively small emergency pumps would take a long time.

The combined scheme cannot eliminate all possibility of flooding,
for even though the reservoir is below the generator room floor,
it is under air pressure, so that leakage from the lower reservoir
will be into the powerhouse area. Under normal conditions, this
leakage will be handled by the sump pumps.

However, if the sump pumps are unable to handle the leakage, there
is now a second line of defense. This is the rapid reduction of
air pressure by opening of appropriate relief valves and direct
discharge of air to the atmosphere. With reduction in pressure,
leakage from the lower reservoir would be reduced.

If flooding nevertheless results, in spite of sump pump operation
and reduced air pressure, it would be only a temporary flooding
and possibly far less severe. This is because all the water that
enters the powerhouse can now drain into the lower reservoir by
gravity, as soon as the air pressure drops to atmospheric. Work
on clean-up, drying out and repair can start immediately.
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