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ABSTRACT

Potomac Electric Power Company (PEPCO) and Acres American incorporated {AAI)
have carried out a preliminary design study of water-compensated Compressed Air
Energy Storage (CAES) and Underground Pumped Hydroelectric (UPH) plants for
siting in geological conditions suitable for hard rock excavations. The work
was carried out over a period of three years and was sponsored by the U.S.
Department of Energy (DOE), the Electric Power Research Institute (EPRI) and
PEPCO. ’

The study was divided into five primary tasks as follows: -

° Establishment of design criteria and analysis of impact on power
system;

) Selection of site and establishment of site characteristics;

) Formulation of design approaches;

. Assessment of environmental and safety aspects; and

] Preparation of preliminary design of plant.

The salient aspects considered and the conclusions reached during the
consideration of the five primary tasks for both CAES and UPH are presented in
this Executive Summary, which forms Volume 1 of the series. of reports prepared
during the study. The investigations and analyses carried out, together with
the results and conclusions reached, are described in detail in Volumes 2
through 13 and ten appendices.
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PERSPECTIVE

PROJECT DESCRIPTION

This project, RP1081-1, is an integral part of the energy storage programs of EPRI
and the U.S. Department of Energy (DOE). It follows and expands upon studies
completed in 1976 that indicated that the most viable near-term utility energy
storage alternatives are (1) compressed-air energy storage (CAES) and (2) under-
ground pumped hydro (UPH). This project was initiated to determine the design
criteria and develop preliminary engineering designs for both of these storage
concepts where underground caverns are excavated out of competent rock. A compre-
hensive site-selection process identified a site suitable for either CAES or UPH
based on considerations of geology, distances of electrical transmission, access to
transportation, and environmental impact.

Cost estimates were prepared for each of the studied generation facilities based on
the design details and the projected construction schedules. Licensing and environ-
mental and safety aspects were also assessed.

This project included aAdetai1ed study of the potential impact of these energy
storage technologies on the power system of the Potomac Electric Power Company
(PEPCo) and a comparison of the system costs and benefits attributable to the
proposed plants with those obtainable from conventional oil-fired peaking facil-
jties. The study also identified R&D topics that could minimize capital as well as
operation and maintenance costs and could promote utility acceptance of the technol-
ogies investigated. '

PROJECT OBJECTIVES

The prime objective of this project was to develop sufficiently detailed engineering
designs for each of the facilities to establish several important factors:

1. Construction costs and schedules

2. Performance and operating characteristics



3. Potential construction and operating risks associated with UPH and
CAES technologies

4, Environmental, social, and licensing issues

The second objective of the study was.to determine the economic benefits that
could accrue to a specific utility system from these technologies, due to enhanced
flexibility in meeting electrical load demands. The results, although developed
for a specific system, are intended to be sufficiently generic for other utilities
to determine the potential benefits and costs appropriate to their systems.

PROJECT RESULTS

The proaect started in the fall of 1977 and was completed in mid-1980. Acres
American, Inc. (AAI), as the prime contractor, formulated the design criteria with
inputs of syStem and siting requirements from PEPCo, performed the detailed tech-
nical designs and evaluations of machinery and plant component configurations, and
produced the project reports. Supportive subcontract work by consulting special-
ists for the shafts, caverns, hoisting equipment, and other geotechnical aspects

" was led by AAI. Brown Boveri Corporation and Boving and Compény provided,
respectively, CAES and UPH machinery inputs.

The results are published as thirteen separately. bound topical reports and ten
appendices'that present the information developed in the principal tasks. A list
of the reports and appendices follows this Perspective.

These reports provide information, data, and methodology that utilities will find
valuable in evaluating peaking and intermediate options for generation expansion.
Specifically, the maJor products of this CAES and UPH pre11m1nary design prOJect

are as follows:

(] An evaluation was completed indicating that either technology offers
a technically feasible and economically attractive alternative.
PEPCo planning studies indicate a total savings (present unit) of
greater than gl billion for a 670 MW, 10 hr UPH or CAES plant when
compared with combustion turbines. A net savings of one million
bbls/yr of fuel o0il was projected.

e - A methodology was developed for site selection and'subsequently used
to select a site in the PEPCo system.

) The meéhan1ca1 machinery train for the CAES plant was designed and
costed utilizing state-of-the-art compressors, expansion turb1nes,
and supporting interstage coolers and recuperators.

. The two-drop concept (utilizing an intermediate reservoir) was
determined to be the current state-of-the-art option for UPH, making

vi



best use of the currently available single-stage reversible pump-
turbine technology while providing the hydraulic heads necessary for
economic viability and the power output regulations deemed necessary
by PEPCo. (It appears to be the des1red option by U.S. utilities
interested in pumped storage?)

° Cost estimates were prepared for CAES and UPH in sufficient detail so
as to provide reasonable confidence for the1r use in utility genera-
tion expansion system studies.

) A comprehens1ve technical guide was produced'that can be used by
utilities in the preparat1on and performance of their own site-
specific studies.

° Project components and systems requiring or benefiting from
additional R&D were identified, e.g., development of an ultrahigh-
head regulatable reversible pump turbine; development of a CAES
recuperator for high-pressure cycling systems; and improvements in
excavation and construction approaches for the subterranean facili-
ties to reduce construction time and costs and to increase confidence
in-the cost estimates. Again, these results are expected to expedite
utility decisions on CAES and UPH projects and to guide future R&D.

The conclusions to be derived by the industry from this project study are that both
UPH and CAES are near-term, practical, and economical peaking and/or intermediate
generation alternatives. The PEPCo studies showed that either technology would be.
economically viable for their system at this time, with final judgments and deci-
sions on selection to be based upon other system-specific parameters. Licensing of
the projects is unlikely to be a majof impediment because these technologies fmpact
the environment to a lesser degree than other alternatives.

Antonio Ferreira, Project Manager . Charles P. Demos
Energy Management and Utilization Division U.S. Department of Energy
Electric Power Research Institute
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SUMMARY

THE STUDY

Large scale enerqgy storage for electrical power systems has traditionally been
provided by hydroelectric pumped storage plants where potential energy is stored
by water pumped from a lower to an upper reservoir (both reservoirs being above
ground). These pumped storage plants require natural topographic features and
adequate sites for reservoirs, and in many instances have raised environmental
opposition. It has become increasingly difficult to secure the necessary
permits and Ticenses from the Federal Energy Regulatory Commission to allow
construction to proceed.

In the early 1970's, two alternative approaches to the provision of large scale
enerqgy storage came under review. The first followed hydroelectric pumped
storage practice but provided the potential head difference by locating the
lower reservoir, from which water was pumped, deep underground. The second
approach also involved an underground cavern, which was used to store air under
pressure. The compressed air stored during periods of reduced system demand
would be used as input to expansion turbines with added fuel energy provided by
0il or gas combustion.

By 1977 the concepts were sufficiently advanced to justify preliminary design
studies. While no pumped storage plant with an underground lower reservoir
(UPH) has been built, both the equipment and the facilities required are all
well supported by existing technology. Compressed air energy storage (CAES) is,
at this time, being proven in a facility located in West Germany which came into
service in 1979 using caverns leached in salt. Siting and system studies have
shown that both UPH and CAES provide potentially viable options for U.S. power
utilities.
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The study undertaken by Potomac Electric Power Company (PEPCO) for the Départ—
ment of Energy (DOE) and Electric Power Research Institute (EPRI) considered the
application of either concept to an actual system and site with hard rock forma-
tions deep underground suitable to accommodate the large excavated caverns. The
objective was to carry out sufficient engineering design to provide estimates of
cost, schedule and risk upon which a decision could be made to proceed to
construction. Acres American Incorporated (AAI) undertook the technical
studies, estimating and scheduling work as the architect/engineer. '

REPORTS

This Executive Summary forms Volume I of a series of thirteen reports which
document the results of the DOE/EPRI energy storage study. The other volumes

are:
° Volume 2, Project Design Criteria - UPH: This presents the
- criteria used in the development of the selected UPH plant
design;
) Volume 3, Project Design Criteria - CAES: This presents the
. Criteria used in the development of the selected CAES plant
design; ‘
° Volume 4, System Planning Studies: This presents the

methodology used in and the results obtained from the economic
evaluations of CAES and UPH pepformed for the PEPCO system;

° Volume 5, Site Selection: This documents the selection process

undertaken to identify and rank sites potentially suitable for
'CAES or UPH;

. Volume 6., Site Investigation - Shallow Drilling: This describes
.the results of the shallow drilling (up to 500 ft) program to
define the surficial geological conditions and the nature of the
overburden and of the bedrock at shallow depths;

° Volume 7, Site Investigation - Deep Drilling: This describes
the deep drilling and testing program. Maximum depth achieved,
measured vertically from the surface, was 2556 ft;

Y Volume 8, Design Approaches - UPH: This presents the alter-.
native arrangements considered for the UPH facility and tne
results of the studies performed to select a preferred arrange-
ment. Five appendices to this volume are bound separately as

follows:

-- Appendix A: “Upper Reservoir

-~ Appendix B: Shafts

-~ Appendix C: Heavy Hoist -

-- Appendix D: Power Plant (SSRPT-2 and MSRPT)
-~ Appendix E: Lower Reservoir

5-2



] Volume 9, Design Approaches - CAES: This presents the alterna-
tive designs considered for the CAES facility and the results of
the studies performed to select a preferred design approach.
Five appendices to this volume are bound separately as follows:

-- Appendix A: Air Storage System

-- Appendix B: Champagne Effect

-- Appendix C: Major Mechanical Equipment
-- Appendix D: Mechanical Systems

-- Appendix E: Electrical Systems -

. Volume 10, Environmental Studies: This presents the results of
a preliminary environmental assessment of the proposed CAES and
UPH facilities.

. Volume 11, Plant Design - UPH: This documents the plant design
of the preferred UPH arrangement, including cdnstruction schedule
and cost estimate.

° Volume 12, Plant Design - CAES: This documents the plant design
of the preferred CAES arrangement, including construction
schedule and cost estimate.

(] Volume 13, CAUPH Preliminary Licensing Documentation: This
provides a review of the regulatory and licensing considerations
for both the CAES and UPH facilities.

OUTPUT AND STORAGE CAPACITIES

Following system studies by PEPCO and a systematic siting study, a location for
either UPH or CAES facilities in the range of 1000 to 2000 MW was selected in
Maryland, close to Washington, D.C. and to PEPCO's 500 kV transmission sysfem.
Surveys and subsurface investigations carried out included exploration drilling
of several holes a few hundred ft deep and one to over 2500 ft. The gneiss
bedrock was found to be suitable for the underground caverns. These caverns
involve tunnels 85 ft high and 66 ft wide in rock, requiring only limited
permanent'roof support. The 1000 MW CAES plant capable of storing 10 million
kWh suitable for the PEPCO system would involve a cavern volume of about 800,000
yd3; the larger 2000 MW UPH plant for storage of 20 million kWh (the larger
capacity adopted to achieve the economy of scale) would involve excavation of
about 7.9 million yd3 to create the lower reservoir.

Design criteria were established for both UPH and CAES plants and the approach
to the design of facilities suitable for utility use was established in close
consultation with PEPCO. Environmental and safety aspects of the plants were
assessed. Preliminary designs, adequate for reliable estimates to be made of
cépita] costs and construction schedules, were prepared.

S-3



THE UPH PLANT

In the case of UPH it was recognized that the economics of development were
strongly influenced by the difference in level between the underground storaée
and the upper reservoir. For a simple single step UPH facility, previous pump-
turbine design experience suggests a difference in level or "head" of about 2000
ft; two steps (i.e. two power plants in series) with a small intermediate
ba]ancing reservoir allows 4000 ft to be developed. The studies, in fact, led
to the selection of 2500 ft per step (5000 ft total head) based on reliable
predictions of an appreciable. advance in reversible pump;turbine technology. Six
333 MW pumped storage units operating at 720 rpm were selected, three each in
the upper and lower power pTants, providing 2000 MW total capagity.

Other aspects of UPH which received particular desigh attention included several
éhafts required for access, equipment handling and the high pressure water con-
duits. Electrical systems were studied and an arrangement with transformation
~step-up to 500 kV undergrbdnd was adopted. Motor-generator designs were
examined and the high speed, ‘high powered units with water-cooled rotors and
stators were found to be within acceptable limits of technology. Static conver-
ter stafting equipmenit was recommended. In summary it was concluded that all
aspects of the UPH design could be covered without utilizing unproven praétices.

THE CAES PLANT

The CAES plant has precedent in the plant designed and under construction at
Huntorf, West Germany. During the study period, this plant became operational
and provided confirmation of the capability of the various elements of equip-
ment. In the PEPCO studies certain specific requirements differed from Huntorf
experience. First, CAES in hard rock caverns aT]ows-hydrau]ib compensation to
‘maintain near constant air pressure. This requires a surface compensating
reservoir, a water shaft and facilities arranged to avoid accidental release of
air bubbles through the hydraulic shaft system (leading to a phenomenon known as
the'"champaghe effect"). Second, the original Huntorf installation was designed
without particular recognition of ehergy economics approbriate to the increasing
cost trends in fuels. .The application of CAES to the PEPCO system involved
careful study of the benefits and costs of more advanced designs of heat

——
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recuperators, some involving application of new technology. In general, however,
the CAES designs adopted for the study were based on precedent experience.

COSTS AND SAVINGS

The UPH and CAES study established that either approach offered a technicaliy
feasible and economically attractive alternative. A 1000 MW CAES plant involved
a direct cost in mid-1979 dollars of $376/kW; a 2000 MW UPH facility involved a
direct cost in mid-1979 dollars of $416/kW. The CAES plant could be 11¢ensed
and built to commercial operation of the first unit in 8-3/4 years while the UPH
plant would require 11-3/4 years to commercial operation of the first unit. A
reduction of over $1 billion in system costs (cumulative present worth of mini-
mum revenue requirements) between the years 1990 and 2007 was predicted to
result from the incorporation of PEPCO's share (667 M) of either energy storage
plant into PEPCO's generation expansion plans compared with the use of an
equivalent capacity of combustion turbines. The savings in oil consumption were
estimated to be 1 to 2 million barrels per year in either case. From an envi-
ronmental standpoint either alternative would lead to impacts which are believed
to be acceptable.

- CONCLUSIONS

The conclusions reached from the study provide specific direction for the future
effort required to reach a point at which UPH and/or CAES plants may be adopted
by power utilities for additions to generating plant conétruction. Basically,
equipment. development should progress with the objective of achieving even
better capital cost and operating performance. In the case of UPH this involves
increasing operating head, preferably to a point where single step development
in the range of 4000 ft to 5000 ft can be achieved in a plant capable of load
regulation. A two-stage pump-turbine with controllable wicket gates offers
significant opportunity in this direction. In the case of CALS, recuperator
design for the high system pressures required deserves attention. Further study
of specific aspects of the hydraulically-compensated, hard rock cavity storage
systems would be beneficial to augment the operating experience being gained
year by year at Huntorf. For both UPH and CAES, the construction approaches to
the underground facilities demand further and continuing study with the aim at
reducing estimated costs while at the same time increasing confidence in the
estimates.
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It may -be concluded that UPH énd CAES offer attractive and economic . options to
power utilities. For those with access to locations over geologically suitable
rock masses and convenient to transmission routes, ‘the possibility exists that
siting problems for energy storage facilities experienced in the past will be
significantly lessened. A step has'beén taken tqwards'the introduction of a new
form of power generation which can wei] serve system needs of the future.
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Section 1

THE ALTERNATIVES FOR POWER SYSTEM ENERGY STORAGE

INTRODUCTION

During the past thirty years or more, power utilities have built thermal
generating plants with units of gradually increasing size. Outputs of
individual units in the 500 MW to 1300 MW range have been adopted as technology
advanced and the favorable economics of scale became evident. These large units
carry the base 1oad'with relatively high efficiency leaving the mid-range
cyclical loads to be supplied by older, smaller turbine generators with
predomiﬁantly oil-fired boiler plants.

Peak loads occqrring over ré]ative]y short periods are typically served by gas-
turbine and diesel-powered plant. In addition, conventional hydroelectric
plants and pumped storage hydroelectric plants have been installed to satisfy
some of fhe peaking and mid-range requirements.

Even with substantial mid-range and peaking capacity installed, it may often be
necessary to cycle large base load units to meet varying customer demand. Cyclic
operation of steam units, however, can result in increased maintenance costs and
shorter unit life due to thermal stressing and also increased fuel usage per
unit of energy produced due to less efficient operation on partial loads.

Energy storage is now being considered by many utilities as a means of reducing
the problems of unit cycling and equipment loading, of achieving significant
savings in oil consumption and in plant investment, and of allowing a more
effective use of thermal power generating plant. In the absence of effegtivé
load management control, energy storége allows a utility to use supply
management to achieve a relatively stable load on its large units as indicated
on Figure 1-1.
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Large scale energy storage has traditionally been provided by hydroelectric
pumped storage plants developing the potential head between surface reservoirs
at different topographic levels. However, few sites for large conventional
pumped storage hydroelectric plants are now available, and the siting of these
plants has proved to be increasingly difficult due to constraints on large '
man-made reservoirs in areas of environmental sensitivity. Where conventional
pumped storage sites are unavailable, utilities are considering new technologies
such as underground pumped hydro and, as.lately proven in a commercial
application at Huntorf, West Germany, compressed air energy storage.

The particular .study and preliminary designs dealt with in these reports cover
concepts for compressed air energy storage (CAES) and underground pumped hydro-
electric storage (UPH) facilities employing large-scale caverns and reservoirs
excavated in hard rock.

BENEFITS OF ENERGY STORAGE

For utilities having sufficient coal and nuclear generating capability and
presently using gas turbines and small oil-fired plants to meet peak power
requirements, underground hydroelectric storage (UPH) or compressed air energy
storage (CAES) can provide a means of reducing oil consumption. The potential
oilisavings are large enough that CAES concepts, which require supplemental
oil-firing during power generation, can still provide significant system-wide
economy in o0il use.

Enerqgy storage plants can improve the system's response to sudden load changes.
System load change or tripout of a large generating unit or transmission link
can be balanced by allowing enérgy storage plants either to absorb or generate
power as required. The quick response characteristic provides improved system
reliability. Energy storage plants can provide synchronous condenser service,
spinning reserve, and can operate in a variety of standby roles.

ENERGY STORAGE ALTERNATIVES STUDIED

Until recently, the only proven technology available for large-scale energy
storage was hydroelectric pumped storage. However, the difficulty of providing
large man-made surface reservoirs has led to the development of the UPH and CAES
concepts.



UPH, as presented in Figure 1-2, is basically similar to conventional pumped
hydroelectric storage. In both cases, energy is stored by pumping water from a
1ower level to an upper reservoir. The stored ehergy is then returned to ‘the
power system wheh the water is allowed to flow back through the hydraulic
turbine powering the generator. Use of an underground cavern excavated at depth
for the lower reservoir allows a degree of freedom in selecting the operating
head for pumping and generating. It usually offers the advantage of operation
at a considerably higher head than otherwise possible with pumped storage plants
relying on natural topography on the surface. The higher head allows a propor-
tional reduction in the volume of storage reservoirs. Enhanced siting opportun-
ities arise from the reduced. environmental impact offered by.location of facili-
ties underground and by the reduced volume of water handled.

CAES, as presented in Figure 1-3, is basically a split Brayton or "gas turbine",
.cycle using an underground reservoir for storage of air compressed .during
oeriods of off -peak system load demand. Power is then generated during peak
load per1ods by the released compressed air which is heated by 0il or gas firing
and then expanded through a combustion turbine. Like UPH, a CAES plant offers
enhanced siting opportun1t1es arising from the relatively compact site arrange-
ment wh1ch can be atta1ned.

While no UPH p]ant has yet been constructed, the hydrau11c system involved is
based on well proven designs, and there is 11tt1e concern regarding the applica-
bility of existing technology. A single 290 MW CAES plant has so far been
constructed utilizing two caverns solution-mined in a salt dome for air storage.
This plant has operated successfully for two years at Huntorf, West Germany, and
has demonstrated thefpracticability'of the technology involved.

"CRITERIA FOR ENERGY STORAGE

Centralized energy storage emp]oy1ng UPH or CAES design concepts is worthy of
consideration in electric utility system planning where the following criteria
exist:

° A relatively low system load factor or large differential between

minimum and maximum daily loads;
. Ava11ab1e coal-fired or nuclear base load pump1ng power,
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° A need for new generation due to load growth or retirement of old
plants; and

° A site with an acceptable geologic formation at depth and
reasonably close to major system transmission line routes.

These criteria apply in varying degrees to a number of electric utilities in the
United States, including the Potomac Electric Power Company (PEPCO). Prelimin-
ary generation planning studies carried out by PEPCO have shown that 670 MW of
energy storage installed in the 1990's could provide significant system economic
benefits. A siting study of the PEPCO service area and surrounding regions has
revealed suitable hard rock and a competent formation at depth for underground
enerqgy storage facilities. '

ENERGY STORAGE IN SYSTEM PLANNING

While many factors directly affect utiiity need to add to present generating
capability, the ultimate decision on what type of unit to add is based on
necessity and economics. ‘

When the requirement for power generation plant operation is less than a few
hundred hours per year (i.e. low capacity factor), combustion turbines with
their low capital costs appear attractive. At the other end of the capacity
factor scale, coal plants appear most attractive when they can be used in excess
of several thousands of hours per year.

From 500 to 3500 hours of operation per year at rated load (equivalent to capa-
city factors of 5 percent to 40 percent), energy storage plants and existing
oil-fired cycling units appear to be the economic choice. The portion of this
mid-range load which can be economically carried by an energy storage plant can
be significant. In the case of the CAES and UPH plants covered in the study,
capacity factors of approximately 21 percent and 16 percent respectively were
predicted by the PEPCO system planning studies.

PURPOSE OF STUDY

In 1976, when the Energy Research and Development Administration (now DOE) and
EPRI issued a request for proposals for the investigation of cnergy storage
concepts, it was felt that the technology needed for UPH and CAES was not yet at
a2 level at which any U.S. utility would make a commitment. leading to
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“construction without further study. The DOE/EPRI {nvestigationﬁ were therefore
structured to develop preliminary engineering designs to the degree which
decisions could be made with confidence based on a detailed assessment of the

following:
] Capital cost.and overall licensing and construction schedules;
° Performance and operating characteristics;
° Environmental impact and licensing issues;
° Potential risks associated with UPH and CAES technologies; and
. Benefits accruing to the utility system.

EXECUTION OF THE STUDY

In late 1977, PEPCO, with Acres American Incorporated (AAI) as engineering con-
sultant, began the detailed study of the CAES and UPH concepts based on under-
ground caverns excavated in hard rock.

Several potential sites for either a CAES or an UPH plant were located near the
PEPCO service area, with no one site showing a distinct technical advantage over
the others. Based on several non-technical issues, including ease of access for
preliminary investigations, a site near Sunshine, Maryland, was selected. While
the results of the site investigation program were not conclusive in establish-
ing the prime suitability of the site from a geotechnical viewpoint, reasonable
confidence in its potential remains.

Both CAES and UPH were found to be feasible and to be economically attractive
when applied to the. PEPCO system. Application of either concept provides for a
significant reduction in oil usage. No particular constraints were found
regarding either CAES or UPH from an environmental and licensing point of view.
It is believed that an‘exémption from the Fue1 Use Act legislation based on the
fuel mix provisions will permit o1l burning in a CAES plant designed for the
selected capacity factor. '

The UPH plant configuration developed during the study was based on a capacity
of 2000 MW with 10 hours of storage and on a two-step design, each involving
2500 ft head. The .CAES plant would have a capacity of 1000 MW with 10 hours of
storage with a No. 2 oil-fired turbine system. The difference in capacity
selected arises from the economy/scale effect which has a more marked influence
on the UPH plant. If PEPCO were to build ah UPH facility a proportion of its
capacity would be available for joint use on the Pennsylvania-New Jersey-
Maryland (PJM) power pool system.
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Direct capital costs in Ju]y 1979 dollars were estimated to be $375.5/kW for
CAES and $415.7/kW for UPH. The times required from start of construction to
commercial operation of the first unit were estimated to be 5 years and 8 years
respectively. The licensing process would require 3 years and 9 months in both

cases.
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Section 2

SITE SELECTION

INTRODUCTION

The region considered in this study for the selection of potential sites for a
CAES or UPH plant is shown on Figure 2-1. The northern boundary of the area
extended well beyond PEPCO's service area and was defined by Maryland's border
with Pennsylvania; the southern limit was the Maryland border with Virginia.
The eastern boundary was defined by the east edge of the Maryland Piedmont and
the western boundary by South Mountain (marking the west edge of the é]ue Ridge
Provinces).

While the topographic features of a site are of primary importance for conven-
tional pumped storage plants, they are of less concern for CAES and UPH. For
CAES and UPH site selection, the presence of a suitable host rock formation in
which to build caverns deep underground is of the utmost importance.

The site selection process was perfokmed to choose a common site for the study
of both UPH and CAES plants having an installed capacity of 1000 MW and energy
storage for 10 hours at full generating output. The site selection was not
repeated to evaluate the effects of a subsequent change which increased the
capacity of the UPH facility to 2000 MW, and the chosen site remained the basis
for the study of this alternative.

METHODOLOGY

The site selection process adopted for the study involved six distinct steps to

allow a systematic selection of a hard rock site suitable for both CAES and UPH.
The methodology presented in the Site Selection Flow Chart (Figure 2-2) utilized
the site specific technical and environmental conditions that have the greatest

impact on plant siting. The following primary activities were undertaken:
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(] Definition of the geologic, hydrologic, topographic, environ-
mental and nontechnical factors influencing the siting and
operation of a CAES or UPH facility;

° Development of technical, economic and environmental
considerations involved in the siting of a CAES and UPH
facility;

() Data collection, including a detailed literature review,

discussion with individuals familiar with the study area and a
preliminary reconnaissance to determine an area of study and
potential sites for CAES and UPH; and

) A comparative review and evaluation of potential sites based on
a series of weighted factors as defined by the siting
methodology and which relate to primary siting constraints
including geology, hydrology, topography, environmental and
economic considerations.

While rock quality and its suitability to accommodate large, deep shafts and
caverns of significant dimensions were of prime importance, several other tech-
nical and environmental criteria had a significant effect on the site selection.
These included the proximity of a site to existing transmission lines and the
difficulty and cost of acquiring property for CAES or UPH facilities, as well as
access for exploration.

The site selection process involved attributing cost penalty values to the
following technical and physical property factors associated with specific
siting blocks (i.e. zones capable of accommodating the proposed facilities)
within the potential siting areas (i.e. regions in which several siting blocks
were located):

Topography;

Site access roads;

Property acquisition;

Length of required water line for filling;

Distance to transmission system interconnection; and
Length of fuel pipeline. (CAES only).

Environmental factors were also given substantial importance in the site selec-
tion process for energy storage facilities. While the location of much of the
CAES and UPH facilities underground diminishes their environmental impact, it is
essential that due consideration be given to:
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() Terrestrial ecology;
. Aquatic ecology; '
] Historical and archaeological sites;
) Existing and planned land uses;
® Visual aesthetics;
° Transportation access;
° Noise; and
° Meteorology and air quality.
RESULTS

A detailed review of all the rock units within the region of study was made and
a total of seven.rock units, shown on Figure 2-3, were identified as being can-
didate siting areas. A gross screening process was carried out and those candi-
date siting areas (or portions thereof) that were considered unacceptable for
plant location because of environmental and/or socio-economic restraints were
eliminated. Of the remaining areas, the four most preferred potential siting
areas, all within the Sykesville Boulder Gneiss Formation, were identified and
then further subdivided into a total of seven 250-acre siting blocks. A1l of
these seven siting blocks were found to be both technically and environmentally
acceptable for the construction and operation of a CAES or an UPH facility, with

no one site showing distinct advantage over another.

One site was selected for further exploration based on the schedule of the
exploratory program and site accessibility. It is located at Sunshine, Mary-
land, southwest of the Triadelphia Reservoir in Montgomery County, approximately
20 miles north of Washington, D.C. and about 20 miles southwest of Baltimore,
Maryland. The site is on the Sykesville Boulder Gneiss Formation and covers
approximately 500 acres. It is bordered on the west by Route 97 and on the
south by Route 650. It has moderate relief with elevations ranging from 510 ft
MSL in the southwest to 375 ft MSL in the east and is crossed by a 500 kV trans-
mission line owned by PEPCO.

2-7



Section 3

SITE INVESTIGATION

GENERAL ?

' The site selected for the study is located in the Sykesville Boulder Gneiss
Formation, a medium-grained, highly foliated, anisotropic gneiss which outcrops
in several areas throughout the eastern Maryland Piedmont. Regional geologic
interpretation in the vicinity of the site suggests that the Sykesville Forma-
tion is underlain by the Wissachickon Formation, a highly schistose and. possibly
weaker rock than the Sykesville. The Wissachickon Formation is probably unsuit-
able for construction of a CAES or UPH facility.

To determine the suitability of the site as a potential location for a CAES or
UPH plant, two major investigation activities were undertaken. The first
covered topographic features and the shallow subsurface, and the second involved
further exploration to gain detailed information on the characteristics of the
rock formation at the depths required for the underground reservoirs for both
CAES and UPH.

During the first part of the site investigation, geologic mapping was per-
formed. Samples of the soil and rock were obtained and tested from ten
boreholes sunk to a depth of 100 ft and from two boreholes sunk to a depth of
500 ft. The second part of the investigation involved a deep drilling program
with continuous rock coring together with an in-hole testing program to
determine stress conditions and permeability levels and to provide a geophysical
log of the formation.

SHALLOW DRILLING RESULTS

The investigation showed that the bedrock at the site is overlain by residual
soils varying in thickness from 20 to 75 ft. These residual soils are in two
zones. The upper zone, generally ranging from 5 to 15 ft in thickness, consists
of a medium-grained, sandy silt and/or silty sand which grades into a lower zone
of saprolitic soil, generally ranging from 5 to 75 ft in thickness and consist-
ing of a totally decumposed granitic gneiss material. The lower soil zone forms
a gradational contact with the underlying bedrock.
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The upper 50 to 100 ft of bedrock is locally weathered and fractured. Below 100
ft the rock is of good-to-excel]ent'qua11ty. Unconfined rock strengths range
between 10,800 to 12,000 psi. This relatively low strength is attributed to the
rock's highly anisotropic strength characteristics introduced by the angular
orientation of thé fo]iation planes to the tested core. These measured
strengths are considered to represent the lower strength bounds, however, since
the ang]e of the foliation to the vert1ca] core axis of the samples was in the
cr1t1ca1 range (30- 50°)

The site groundwater table is a subdued replica of the surface topography with
depths to the water table ranging from 30 to 50 ft in the higher elevations to
near surface in the valley floors. Groundwater flows are generally restricted
to the upper soil horizons and to open fractures and joints within the bedrock.
Below the upper 100 ft of weathering, hydraulic conductivity ranges from

1075 to 107 cm/s.

DEEP DRILLING RESULTS

The actual depth to the Sykesvil]e/wissachitkon contact beneath the site is
unknown. Therefore, one of the primary objectives of the second part of the
site investigation program was to confirm the existence of the Sykesville Forma-
tion to the depth required for cavern construction (approximately 5000 ft below
ground surface for UPH and 2500 ft for CAES). ‘ ‘

The results of the deep drilling program established the presence of rock at the
required depth for CAES but did not establish the presence of suitable rock at
the required depths for UPH.

However, no evidence has so far been found to suggest that the Sykesville Forma-
tion does not exist at the depth'required for UPH. Three attempts were made to
drill to a depth of 5000 ft. 1In all cases, due to the anisotropic nature of the
rdck, severe deviation of the drill hole resulting in excessive torque on the
drill rods caused termination of drilling. A wide range of modern drilling
techniques and equipment were employed in an attempt to maintain hole vertical-
ity without success. This limited the drilling program to a maximum hole drill
length of 3274 ft where it was terminated at a 52° deviated angle from the
vertical. Adjusting for hole deviation, the total maximum vertical depth
drilled was 2556 ft.



From the cores taken, the rock quality was found to be high. Most fractures in
the core fell into two categories: smooth, planar, clean fractures along the
foliation; and slightly rough, irregular planes across the foliation (often
rehealed). The temperature at the bottom of the hole (2556 ft vertical dis-
tance) was measured as 73°F, giving a thermal gradient of approximately 1°F/100
ft. Permeability tests, using the water injection method, were performed using
both a single and double packer test zone. Analysis of the test data shows the
average hydraulic conductivity to be acceptable for CAES, with values of less
than 10-7 cm/s even in the more highly fractured zones. '

In situ stress determinations were made in three test zones in the borehole by
the hydrofracturing method. The results of the testing showed that, at depths
below 1300 ft, the maximum and minimum horizontal stresses were greater than the
overburden stress and increased with depth. Calculations showed the maximum
stress to be oriented in a NW-SE direction (consistent with 6ther available
geologic evidence), and this was then used as the basis for subsequent cavern
designs.
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Section 4

SYSTEM PLANNING STUDIES

GENERAL

With the identification of suitable sites for an energy storage facility within
or near the PEPCO service area, if was necessary to determine the contribution’
to the PEPCO electrical power system which could usefully be made by an energy
storage facility. A review of PEPCO's typical summer daily load profiles
(Figure 4-1) indicated that energy storage could be a beneficial addition to the
system. PEPCO's service area, primarily the Washington, D.C. metropolitan area,
is characterized by a low annual system load factor (47 percent in 1979)
reflecting the daytime energy consumption by governmental and commercial offices
and the lack of second- and third-shift industry. Although the PEPCO system
does not include any nuclear plants, the utility has a re]étive]y large
coal-fired base load generating capacity.

Previous studies indicated that PEPCO should consider energy storage as a part
of its future expansion plans. To evaluate and quantify the benefits associated
with CAES and UPH, a detailed system planning analysis was performed by PEPCO as
part of this study to determine: »

. When additional capacityIWOuld be required by PEPCO's load growth;

. To what extent energy storage can supply the system's needs; and
(] Whether energy storage would be an economic plant type for
PEPCO.
METHODOLOGY

A primary criterion applied by utilities for evaluating alternative generation
plans is the minimization of the total cost of power generation. PEPCO
evaluates capital project alternatives on the basis of the cumulative present
worth of the minimum annual revenue Eequirements (CPWMRR) over the life of the
projectf To determine this, a probabilistic production costing computer program
(PROMOD) is used in conjunction with a program for economic evaluation (ECON).
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System load growth projections made in late 1978, indicating that PEPCO's peak
demand will be approximately 4000 MW in 1980 and will grow to 6500 MW in 2008,
were used as the study basis for developing alternative expansion plans. These
utilized:

° Coal-fired and nuclear plant additions to the base load capacity;

and
o Combustion turbines, UPH or CAES to provide peaking power.

No requfrements were identified for any additional mid-range fossil-fueled
plants beyond those presently included in the PEPCO system or in construction.

Operating costs were based upon presently contracted and projected fuel prices,
with several price escalation rates used to determine the sensitivity of the
results to fuel costs. The sensitivity of the CPWMRR was also investigated for
changes in capital cost, unit forced outage rates, cost of capital and cycle
efficiency. The basic plant input data and the range gfxparameters considered

o

are shown on Tables 4-1 and 4-2.

RESULTS

The results of the analysis as presented on Tables 4-3 and 4-4 indicate that
both CAES and UPH provide a means for PEPCO to meet its future needs for elec-
tric generating capacity with significant savings in both required revenues and
0il consumption compared with the use of equivalent capacity combustion tur-
bines. The most economic approach for Both CAES and UPH involves ten hours of
storage with a total PEPCO-owned generating capacity of approximately 675 MW, .
with three equal increments coming into operation sequentially in 1990, 1993 and
1995. It was assumed for this study that each UPH increment would be 666 MW
with the PEPCO share approximately 1/3 of each.

The most favorable CAES-based expansion plan reduced the present worth of future
revenue requirements by $1,358,000,000 from that of the.most favorable combus-
tion turbine based expansion plan. The comparable revenue saving for UPH was
$1,246,000,000.

The reduction of o0il consumption in the PEPCO system due to energy Storage was
significant ahd nearly equal for both CAES and UPH. CAES was projected to save
19 million barrels over the period 1990 through 2007, in spite of the oil
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Parameter
Variable 0&M Costs
Fixed 0&M Costs
Turnaround efficiency,
kWh output
kWh input
Electric Energy Ratio
kWh input
kWh output
Fuel Heat Rate
Storage Energy

Generation Oufput,
MW/unit

Pianned'Outage Rate

Forced Outage Rate

 Table 4-1

PLANT INPUT DATA

CAES
0.25 mill1/kWh .(19809%)
$3.75/kW-yr (1980%)

0.75

4250 Btu/kWh

10-hour x Inst. Cap.

225

‘2 wk /yr

10%

UPH
0.16 mill/kWh (1980$)
$39.25/kW-yr (1980%)

&

0.72 ’

10-hours x Inst. Cap.

333/666*

4 wk/yr

.4%**

—_— ) . - A
* Two-step system, two 333 MW units operating in series.
** Combined outage rate

for two units in series operation.

o

$100/hr (19803%)
$7,200/yr (1980%)

12,800 Btu/kWh
) .

50
2 wk/yr
16% -



Table 4-2

RANGE OF PARAMETERS
FOR SENSITIVITY ANALYSIS

Parameter Range
Storage Capacity ) 5 to 13 hours
Capital Cost Base Est. to

1.1 x Base Est.

Minimum Acceptable

Return 10.78% to 12.5%
Fuel Cost Escalation, )

Coal 7% to 9%
Fuel Cost Escalation, ’

No. 2 0il ‘ 9% to 11%
Forced Outage Rate,

UPH : 4% to 8%
Forced Outage Rate, CAES 10% to 20%
UPH Cycle Efficiency . 68% to 72% -
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Table 4-3

: EVALUATION OF ALTERNATIVES BASED ON
CUMULATIVE PRESENT WORTH OF MINIMUM REVENUE REQUIREMENTS

(CPWMRR) g
_ INCREASE
3 CPWMRRL . OVER
PLAN NAME . DESCRIPTIONZ ($ x.10%)  CAES 31
CAES 31 225 MW - 1990, 1993, 1995 15,003 0
UPH 5 222 MW - 1990, 1993, 223 MW - 1995 15,115 112
UPH 6 444 MW - 1990, 223 MW - 1995 15,116 113
UPH 7 223 MW - 1990, 444 MW - 1993 15,116 113
CAES 34 225 MW - 1990, 1993, 1999. 16,058 1,055
UPH 8 333 MW - 1990, 1994, 334 MW - 2001 16,247 1,244
UPH 9 666 MW - 1990, - 334 MW - 2001 16,249 1,246
cT 21 300 MW - 1990, 1994 16,361 1,358
CAES 41 450 MW - 1990, 1995 : 16,377 1,374
CAES 42 225 MW - 1990, 1993, 1995, 1998 16,387 1,384
UPH 2 666 MW - 1990, - 334 MW - 1997 16,428 . 1,425
UPH 1 333 MW - 1990, 1994, 334 MW - 1997 16,433 1,430
UPH 3 334 MW - 1990, 666 MW - 1994 16,458 1,455
CT 31 300 MW - 1990, 1994, 1997 16,843 1,840
UPH 10 334 MW - 1990, 666 MW - 1998 17,688 2,685
CAES 43 225 MW - 1990, 1993, 1999, 2002 17,699 2,696
. CAES 56 225 MW - 1990, 1993, 1995, 2002, 2004 18,033 3,030
CT 42 300 MW - 1990, 1994, 2001 18,117 3,114
CAES 51 225 MW - 1990, 1993, 1995, 1998, 2000 18,120 3,117
CT 41 300 MW -~ 1990, 1994, 1997, 2000 18,552 3,549
CT 43 300 MW - 1990, 1994, 2001, 2004 19,868 4,865
UPH 4 444 MW - 1990, 1995, 445 MW - 2000 . - 23,565 8,562

loumutlative present worth of minimum revenue. requirements in millions of 1980
dollars.

A

2A1 energy storage alternatives include 10 hours of storage.
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Table 4-4

OF PEPCO SYSTEM FUEL AND ENERGY STORAGE PLANT USAGE

| ENERGY STORAGE | ENERGY STORAGE

I I
_ COAL, 10° TONS | NO. 6 OIL, 10° BBL ‘ M0. 2 OIL, 10° BAL 'GENERATION, GWH_[ CAPACITY FACTOR, %
Year | CAES3L UPHS5 CT21 | CAES31 UPHS5 CT2l | CAES31  UPH5 . CT.21 | CAES31 UPHS | CAES31 UPH 5
| l | | I
1990| 6,825 6,83 6,647 | 5349 5580 6,10 | 1,143 1,171 1,861 | 46 33| 86 19.2
191| 6,684 6,805 6,614 | 6,697 6,511 6,941 | 1,29 1,22 1,6 | 40 3® | 2.9 1.2
192| 6,88 6,93 6,726 | 6,419 6,546 7,09 | 1,289 1,315 1,582 | 473 7| 2.0 184
1983| 6,887 7,04 6,7% | 7,18 6,98 7,734 | 1,29 1,291 1,600 | &8 673 | 2.5 17.3
19%| 7,036 7,124 6,752 | 6,959 7,339 8,230 | 1,4%8 1,439 2,035 | 82 6| 2.1 151
19%| 7,086 7,232 6,95 | 7,613 7,778 8,108 | 1,409 . 14% 2,03 | L1290 &6 | 191 13.8
19%| 7,260 7,36 7,018 | 7,476 7,88 8,409 | 1,566 1,5% 2,8 | 1,13 87 | 197 14.8
197| 7,251 7,297 7,467 | 8,28 8,797 7,306 | 1,73 1,876 2,08 | 1,129 63| 191 1L5
198| 7,75 7,9 7,69 | 6,728 6,750 7,372 | 1,5% 1,650 2,15 | 1,1% &3 | 19.6 153
199| 7,860 7,95 7,810 | 7,08 7,737 7,297 | 1,79 1,793 2,24 | 1222 1| 27 1.2
2000 8,075 8,198 7,783 | 6,720 7,170 8,049 | 1,887 2,035  2,5% | 1,1% &2 | 2.2 148
2001 8,28 7,580 7,22 | 6,782 534 579 | 1,84 1,38 1,80 | 1,207 95| A9 167
02| 7,529 7,664 7,30 | 5,353 5,8% 6,675 | 1,435 1,48 1,91 | 1,177 93| 19.9 167
2003| 7,600 7,55 7,312 | 5,7% 518 6,13 | 1,705 1,521 1,92 | 1,287 04| 2.9 155
2004| 7,562 7,755 7,631 | 4,981 5,151 6,411 | 1,616 1,537 2,067 | 1,13 %l | 19.0 16.4
2005| 7,612 7,75% 7,512 | 5,603 6,021 6,878 | 1,738 1,715 2,197 | 1,238 98| 2.9 162
2006| 7,608 7,724 7,816 | 597 6,778 57% | 1,957 1,97 2,156 | 1,166 99| 19.7 159
2007| 8,135 8,521 8,213 | 5086 6,032 6,600 | 1,7% 1,876 2,25 | 1,090 959 | 19.3  16.4




requirement for CAES during power generation. This is a result of the higher
capacity factor obtained for CAES. UPH was projected to save 16 million over
the same period. 0il savings for both types of plants are expected to continue
at a rate of 2 million barrels per year thereafter.

The foregoing results reflect only the benefits obtained directly from the PEPCO
system. With operation of the CAES and UPH plants as part of the Pennsylvania-
Jersey-Maryland (PJM) system:
° The energy output obtained from both systems increases, with UPH-
showing a more significant increase from 75 percent of the CAES

output for service to the PEPCO system alone to 91 percent of the
CAES output en the PJM system; and

° Both systems are cost effective.

CONCLUSIONS

The analyses indicéte that either UPH or CAES can provide significant benefits
to the operation 6f the PEPCO system. Both produce reductions in revenue
requirements; both provide savings of oil-based fuels and allow increased
utilization of coal-fired (and‘nuclear) capacity; and both serve substantial
portions of PEPCO's peak energy needs.

Improved operating schedules and reduced maintenance due to reduced thermal
cycling of base load plants'were not evaluated as part of this analysis, but are
expected to provide added benefits arising from the installation of energy
storage facilities.

f
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Section 5

ENVIRONMENTAL ISSUES

GENERAL

A careful assessment of environmental issues which could arise from the con-
struction and operation of UPH or CAES facilities on the site near the rural
community of Sunshine in Montgomery County, Maryland, was made during this
study.

The approach adopted in the environmental assessment included a characterization
of the existing environment with emphasis on potentially sensitive areas, i.e.,
those components which are considered unique, vulnerable or valuable. Consider-
ation was then focused on those elements of the existing environment which would
have an impact on the proposed facilities or which would adversely interact with
them. This was followed by an assessment of environmental and public safety
concerns arising from the proposed facilities.

RESULTS

Features of the facilities and elements of the environment which have been
reviewed are summarized in Table 5-1 for UPH and in Table 5-2 for CAES. Compre-
hensive tabulations of the nature of environmental impacts have been compiled,
and those which have significance have been identified.

In the case of UPH, the impacts judged to be significant were the alteration or
loss of prime farmland and farmland of statewide importance, changes in the
existing land use, conflict with present surrounding land use, and changes in
the existing and planned zoning.

In the category of impacts arising from accidental events, the highly unlikely
release of water from the facility reservoirs into the Triadelphia Reservoir was
judged to be of high significance but amenable to reduction in risk by appropri-
ate design.
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TABLE 5-1

POTENTIAL INTERACTION BETWEEN THE UPH FACILITY
AND ELEMENTS OF THE ENVIRONMENT

UPH Facility Elements
Associated Actions?

Elements of the Environment

Meteorology
Air Quality

Active Geamorphic Processes

Noise and Vibration
Soil

Topography

Geologic Areas of Special Interest

Energy & Mineral Resources

Geology

Drainage & Surface Water Bodies
Surface Water Availability
Surface Water Quality

Surface Water Use

Aquifers

Groundwater Availsbility
Groundwater Quality
Groundwater Use

Terrestrial Vegetation
Terrestrial Wildlife

Special Status Terrestrial Species

Aquatic Fauna

Aquatic Habitats

Special Status Aquatic Species

Economy

Demography

Infrastructure
Land Use

Aesthetics
Cultural
Social

CONSTRUCTION

SITE DEVELOPMENT

Clearing, Grading, Near Surface Excavation,
Buildine Structures, Lay Down, Constructing Roads, etc

Excavation of Shatts and Underground Cavern

Disposal of Excavated Rock in Reservoir Dike and Stock Piles

Lining Reservoir with Asphalt

Ventilating Exhaust from Cavern

Discharge of Runoff

Use of Workers

SITE ACCESSIBILITY

Road Transportation of Personnel, Material, Equipment, and Services

OPERATION

HEAVY HOIST

Hoist Operation

UPPER RESERVOIR (Surface)

Impoundment of Heated Surface Water

Evaporation and Fogging

Icing Resulting From Fogging

Discharge of Heat

Initial Use of Surface Water to Fill

Intake of Water From Triadelphia Reservoir

Normal Daily Use of Surface Water

Impounding Water in Auxiliary Reservoir

Leakage

Dike Failure and Resulting Flooding (accident)®

POWER FACILITIES

Switchyard Operations

LOWER RESERVOIR (Underground)

Existence of Cavern

Major Cavern Collapse and Subsidence (.zcndenﬂh

Water Leakage

SHAFTS

Existence of Shafts

OTHER OPERATION

Use of Workers

Flow of Water to Lower Reservoir Through Penstock

Discharge of Runoff During Operation

Treatment of Waste Water Etfluent

Disposal of Solid Refuse and Sludges Otf-Site

Malfunction and Discharge of Untreated Waste Water (accident)?

SITE STRUCTURES AND ARRANGEMEN1

Existence of Upper Reservoir

Existence of Site Roadway System

Security Fencing

Existence of Rock Stockpiles

Existence of Heavy Hoist Headframe Building

Existence of Other Buildings

SITE ACCESSIBILITY

Road Transportation of Personnel and Services

2 Only those actions with po I envi are listed
b Very unlikely accident

@ Indicates potential interaction
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TABLE 5-2

POTENTIAL INTERACTION BETWEEN THE CAES FACILITY
AND ELEMENTS OF THE ENVIRONMENT

Elements of the Environment

CAES Facility Elements
Associated Actions?

| Aesources
Geologic Areas of Special Interest
Drainage & Surface Water Bodies
Surface Water Availability
Surface Water Quality
Surface Water Use

Aquifers

Special Status Terrestrial Species

Aquatic Fauna
Special Status Aquatic Species

Active Geomorphiz Processes
Economy

Soil
Groundwater Availability

Groundwater Quality

Noise and Vibration
Groundwater Use

Topography

Metearology

Air Quality
Geology

Energy & Min
Aquatic Habitats
Demography

CONSTRUCTION

SITE DEVELOPMENT

Clearing, Grading, Near Surface Excavation, Building Structures, | aydown
and Constructing Roads, etc.

Excavation of Shafts and Underground Cavern

Disposal of Excavated Rock in Reservoir Dike

Lining Reservoir Dike with Asphalt

Ventilating Exhaust for Cavern

Discharge of Runoff e e L J o0

Filling of Compensating Reservoir and Impoundment (] ®

Use of Workers CICIE)

SITE ACCESSIBILITY

Road Transportation of Personnel, Material, Equipment, & Services to Site

Fuel Oil Delivery by Pipeline

OPERATION [ ]

FUEL SYSTEM

Fuel il Delivery (see SITE ACCESSIBILITY)

Fuel Dil Unloading and Storage

Fuel 0il Treatment and Transferring by Pumping

High Pressure Fuel 0il Boost Pumping

Use of ASTM No. 2 Fuel Oil L]

Ab lly Large Spills (accident)® ® L JL) eo0ee oo

See WATER TREATMENT SYSTEM for Disposal of Waste & Normal Spills

SAFETY AND FIRE PROTECTION hd
]

Large Facility Fire (.

HIGH PRESSURE RECUPERATOR

TURBINE-MOTOR/GENERATOR SYSTEM d

Fuel C

Turbine Operation

Motor Dperation

Generator O peration

Exhaust L]

COMPRESSOR

Compress Air (Compressor Air Inlet System Operation)

INTERCOOLERS/AFTER COOLER & MOISTURE SEPARATORS A

Removes and Discharges Heat ®

Air Cooling Tower Fan Dperation

PLANT POWER SYSTEM

of G Setup Transt

WATER SUPPLY SYSTEM

Initial Fill of C ing Reservoir and |

Normal Daily Use of Surface Water

Normal Daily Use of G

Leakage

T ia R it Intake O i L]

WASTE TREATMENT SYSTEM L4 eoe (oo oo

Land Use
Aesthetics
Cultural
Social

Disposal of Sanitary Wastes by On-Site Septic System )

Disposal of Solid Refuse and Sludges Off-Site

Treatment of Waste Water Effluent [ ]

Discharge of Treated Waste Water to On-Site Stream 00
00

Maltunction and Discharge of d Waste Water (accident)?

# Only those actions with ial envir | are listed
b Very unlikely accident
@ Indicates potential interaction
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TABLE 5-2

POTENTIAL INTERACTION BETWEEN THE CAES FACILITY
AND ELEMENTS OF THE ENVIRONMENT (Continued)

CAES Facility Elements
Associated Actions?

Elements of the Environment

Meteorology
Air Quality

Noise and Vibration

Topography

Active Geomarphic Processes

Soil

Geology

Energy & Mineral Resources
Geologic Areas of Spec

Orainage & Surface Water Bodies

Surface Water Qu

Groundwater Ava

Groundwater Quality
Groundwater Use

n
tatus Terrestrial Species

Special Status Aquatic Species

Economy

Oemography
Aesthetics

SURFACE RESERVOIR (Compensating Reservoir, see also WATER SUPPLY
SYSTEM)

Impounding Heated Surface Water

Evaporating & Fogging

Icing Resulting From Fogging

Discharge of Heat

Leakage
Dike Failure and Resulting Flooding (accident)®

AIR AND WATER SHAFT

Existence of Shatt Cavity

UNDERGROUND CAVERN

Existence of Cavern

Air Leakage

Major Cavern Collapse and Subsidence (accident)®

PIPING SYSTEM

MISCELLANEOUS PLANT SERVICES

SWITCHYARD

Switchyard Operation

SITE STRUCTURES AND ARRANGEMENT

Existence of Turbo Machinery and Auxihary Buildings and Other Structures

Existence of Surface Reservoirs (Compensating and Impoundment)

Existence of Site Roadway System

Security Fencing

OTHER OPERATIONS

Use of Workers

Champagne Etfect (accident)®

SITE ACCESSIBILITY

Road Transportation of Personnel and Services

2 Only those actions with potential environmental interaction are listed
b Very unlikely accident

@ Indicates potential interaction
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These impaéts were also judged to be significant for CAES facilities. Some
additional issues and elements were evident for CAES systems; they included the
potential decrease in air quality arising from turbine exhaust NO, emissions
“and an increase in ambient noise levels from compressor air inlet and cooling
tower plant during operation.

In regard to cultural and historic resources, it has been noted that two struc-
tures listed in the Locational Atlas and Index of Historic Sites published by
the Maryland National Park and Planning Commission are located within the
boundaries of the site at Sunshine. These buildings will require evaluation by
the Planning Board to determine‘their suitabilty for inclusion in the historic
preservation master plan. Issue of a demolition or alteration permit could
involve a time delay while the historical value of the structure is ascertained.

Because the site is adjacent to the Triadelphia Reservoir, the plant's impact on
a variety of public recreational features nearby must be considered. The
Patuxent River, because of its scenic, recreational, and related resources, has
been designated a State Wild and Scenic River. This designation covers the
river and all of its tributaries but does not preclude construction of the
planned UPH or CAES facilities.

Two series of environmental impacts specifically associated with UPH and, to a
lesser extent because of smaller size, with CAES facilities are those pertaining
to the removal, stockpiling and the possible later handling and transportation
of large volumes of excavated rock, and those arising from somewhat elevated
temperatures of the water in the surface reservoirs. Special measures will
reduce the aesthetic impact of stockpiled rock, which will be limited to 40 to
85 ft above existing land surface with provisions for landscaping and run-off
control. Fogging at the water-air interface, due to higher-than-ambient water
temperatures which may be expected during about one-third of the winter
mornings, is expeéted to have only a limited impact on traffic movement and

other activities in the site area.
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Safety assessments identified safety hazards to the public in the vicinity of
the site. The consequences of potential hazards were examined using published
data, assesséd in some cases by comparison with existing and similar facilities
elsewhere. These assessments -identified features that represented‘potentfﬁ] hew
"and unusual risks and demonstrated that similar or greater risks associated with
‘other industrial or governmental facilities or natural features are common ly
accepted by the public. For UPH and CAES, the safety concerns addressed
included undefground cavern collapse and surface subsidence, site security,
upper reservoir failure and mechanical failure of plant equipment. '

Precautions applying to operational procedures and design have been proposed
which reddce the’risk of accidents .during plant opération to acceptable levels.
Natural effects such as earthquakes, faulting, probable maximum flood and severe
weather phenomena have been reviewed in relation to possible impact on the pro-
posed energy storage facilites. All impacts can be mitigated,by_design
provisions to acceptable 1evels.‘ ' '

CONCLUSTIONS

The environmental study has provided useful information relevant to the prelimi-
nary design of both UPH and CAES plants. In general, the proposed facilities do
not present any singular environmental impact that cannot be at least partially
mitigated. No impacts were~identjfied that were significantly more severe than

industrial development of any land area of comparable size.
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Section 6

LICENSING ISSUES

PRIMARY JURISDICTIONAL AGENCIES

Development of either a CAES or UPH plant at the Sunshine, Maryland site which
was selected for this study would require numerous regulatory approvals by
agencies of the Federal government, the State of Maryland and Montgomery County.
As indicated on Figure 6-1, virtually all aspects of the project are subject to
governmental review, including the overall need for the plant, its economic
justification and those areas affecting the environment, safety, water use, land
use, fuel use, building design and overall project feasibility. This analysis
documents the conditions as of early 1980. Since the regulatory process is
dynamic, it has already experienced moderate changes and will undoubtedly
continue to do so.

The most critical of the approvals for both UPH and CAES is likely to be the
Certificate of Public Convenience and Neceésity, issued by the Maryland Public
Service Commission (PSC). The process of issue of this certificate has been set
up by Maryland law as the primary vehicle for power plant siting approval. It
is a comprehenéive procedure which includes input from the involved state
agencies regarding electric power need, air quality, land use, socioeconomics
and other considerations to determine the suitability of the plant and requires
a two-year period from submittal of the application to certification. Most of
the major licensing issues surrounding the project, including that of establish-
ing need and those of siting considerations, would be addressed under this

regulatory process.
Other permits required by the State of Maryland would include its National

Pollution Discharge Elimination System (NPDES) permit, a waterways or dam con-
struction permit, water quality and other minor operating permits.
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At the Federal Tevel, both UPH and CAES plants would be subject to the U.S. Army
Corps of Engineers' dredge and fill permitting process. The CAES plant would
require a fuel mixture exemptioh from prohibitions under the Fuel Use Act,

which is administered by the DOE, and also air quality impact approval from the
Environmental Protectibn Agency (EPA). The UPH plant is expectéd‘to be subject
to the Federal Energy Regulatory Commission (FERC) hydropower licensing process,
~which would be the major Federal action governing the project. Since a
substantial proportion of the facility, including the lower reservoir, is
underground and deve]opment‘is not dependent on the alteration of any natural
water course, it is anticipated that this process will incur fewer problems than
‘arise with conventional hydroelectric pumped storage projects.

At the county level, both projects would be subject to sediment control plan
approval, well/septic systems permitting and the building permit process. Mont-
gomery County officials would be expected to participate in the PSC certifica-
tion process since land use issues will be addressed in that forum. '

MAJOR ISSUES

The major issues surrounding requlatory approval of the projects are expected to
lie primarily within the state 1eve1‘of interest. The Federal level of regula-
tion covers issues of a specific nature, none of which appears to be critical in
that ft'would require excessive policy consideration or intervention by outside
interests during permit processing. An exception is the FERC licensing require-
ment for UPH, which is a Federal authorization relating to water power develop-
ment on navigable streams and interstate commerce. The Federal processiﬁg
periods, including preparation of an environmental impact statement, are
expected to be shorter than the two-year PSC certification process, assuming no
adversary intervention which would dé]ayAthe process..

Major issues which will be addressed at the state and local regulatory level ére
primarily related to siting concerns and the demonstration of need for both the
capacity and type of generation. Based upon the-enviromental assessment
performed in this study, the qualitativefimpacts on current land use of either
the CAES or UPH plants will'be important considerations. h
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The existing zoning ordinances, the state scenic river system, prime farmland,
plant aesthetics and construction disturbance are possible elements of conflict
which will have to be considered by the PSC in light of the mitigating measures
proposed and of demonstrated plant benefits prior to issuance of the certifica-
tion.

A specific issue is the existence of two potential historic sites within the
project area. These sites are listed in a locational at]és of sites and would
require a negative determination of historic significance by the County Historic
Preservation Commission prior to site development. Should the structures be
found in fact to have significance, the project could be delayed while the
County Council takes action on alternative methods of preserving the hjstoric
values.

ASSESSMENT OF SIGNIFICANCE OF REGULATORY PROCESS ON SCHEDULE

" Many of the regulatory processes involved are affected by changes in regulations
or in organization within the administrative agencies. This study has con-
cluded however that, based on the current requirements, the expected licensing
period for either the UPH or CAES plants will be three years and nine months.
This includes more than one year of pre-application preparation and submittal of
application so that processing will occur in parallel as far as possible. This
schedule could, however, be extended by intervention of outside parties with
interest in the project. However, although there are issues of concern at this
time, no insurmountable obstacles to ultimate regulatory approval are-antici-
pated; in comparison to other generating plant alternatives to meet peaking
need, both UPH and CAES have a lower environmental impact and should be viewed
favorably by regulatory authorities.
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Section 7

CAES PLANT DESIGN

GENERAL

The CAES plant design developed during the study presents a detailed response to
the specific requirements imposed by PEPCO system needs and the features of the
selected site, including such items as:

° A generating capacity of approximately 1000 MW,

° A level of energy storage which would permit generation at full
output for a period of 10 hours;

. A 1:1 ratio between compressing and generating air flow;

) A "dry" type compressor intercooler/aftercooler system;

° A hard-rock mined, water-compensated storage cavern system;

. A 500 kV switchyard; and

. Fuel delivery by pipeline.

The plant design is based upon a Brown Boveri (BBC) turbine system and Sulzer
compressors which, for near-term applications, appear to present the most
attractive approach. BBC provided adVice, under subcontract, on the design of
CAES plant and equipment. o

This section presents the major aspects of the CAES plant design established
during the study including:

Enerqy storage/power generation systems;
Surface plant layout;

Air storage system;

Site development plan; and

Capital cost estimate.

The philosophy used in developing this design reflects conservatism in areas
where any technical uncertainties exist and utilizes standard utility practices
based on similar types of systems and structures wherever possible.
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ENERGY STORAGE/POWER GENERATION SYSTEMS
General

The air compreséion and power generation functions of the CAES plant will be
performed through a modification of the conventional Brayton or "gas turbine"
cycle. The air compression (energy storage) portion of the cycle will occur
during utility system off-peak periods, with the combustion and expansion (power
generation) portion of the cycle taking place at the time of peak demand.

Conventional gas turbine hardware and technology form the basis for the develob-
ment of CAES energy storage and. power generation systems. However, analysis
indicates that CAES systems operating at conventional gas turbine pressures of
150 to 200 psig are significantly less econqmica] than CAES systems operating at
greater pressures of 600 to 1000 psig. Modifications to convent ional gas
turbine systems or completely new turbomachinery designs will therefore be
required to produce an.econdmipaily attractive CAES system.

‘The air compression/power Qeneration system develbped by BBC for PEPCO combines
a compressor system design provided by Sulzer with BBC turbine and motor-
generator system design. Air mass flow rate through the compressor and turbine
systems is matched at.a 1:1 ratio in accordance with the planned operating cycle
established by PEPCO.

The energy storage and power generation systems are shown schematically on
Figure 7-1, and a brief description of each of the major components within these

systems follows.

Component Description

The design of the .energy storage/power generation system for PEPCO employs the
same “single train" concept as that currently operating in the CAES plant at
Huntorf, West Germany. In this concept, all of the turbomachinery operates on
one shaft {(suitably connected with clutches) driving, or driven by, a single
-motor-generator.
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The CAES turbine assembly will be composed of two separate turbines on a common
shaft assembly (as shown in Figure 7-2) with combustion chambers provided ahead
of each turbine section. The high-pressure turbine will follow standard steam

turbine design practice with seven stages of blading. The low-pressure turbine
will be a standard BBC GT-11 gas turbine which, together with the high-pressure
turbine, will deliver 231 MW of power to the electrical generator at design air
flow of 661.5 1b/s. '

A double-ended, hydrogen—coo]ed synchronous generator rated at 270.6 MVA will be
driven by the CAES turbine system. This generator will also operate in reverse

‘_ as a motor during the air compression cycle, providing 171 MW of drive power to

the compressors. Clutches at each end of the machine will allow the motor-
generator to engage or disengage the compressor or turbine systems as necessary
to perform the selected duty. In conjunction with a static inverter, the motor-
generator will allow variable frequency starting of the compressor system
without use of the turbine system, thereby incfeasing the life of the turbine
"hot end" parts.

Air compression will be accomplished by a three unit, series-f]dw compression
system. The axial Tow-pressure compressor is the Sulzer equivalent of the Brown
. Boveri GT-11 axial compréésor with adjuétab]e stator blades developed for indus-
trial applications. The medium-pressure compressor {operating at 3600 rpm) and
the high-pressure compressor’(operafiﬁg, through a step-up gearbox, at 6650 rpm)
will be horizontal, split-casing centrifugal designs similar to several units
designed for industrial applications. Intercoolers will be positioned at
various stages of the compression process to improve compression efficiency and
to protect the‘compressors from excessive temperatures.

The power generation system will also incorporate 'an exhaust gas recuperator
downstream of the low-pressure turbine which will act as a combustion air
preheater and thereby improve the overall efficiency of the CAES cycle by
approximately 8 percent. Of even more importance, however,Ais the ability of
"the recuperator to reduce the fuel .0i1 consumption during the CAES power
generatipn cycle by approximately 20 percent. '
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Performance

The performance of the CAES plant can best be expressed in terms of its "Round
Trip Heat Rate" (Btu-input/kWh-genérated) developed by summing the energy used
during compression to provide enough air to generate one kWh together with the
energy input in fuel during generation to produce that one kWh. A compa;ison of
the CAES plant performance and a modern, simple-cycle gas turbine is shown in
Figure 7-3. Because two-thirds of the energy making up the round trip heat rate
of a CAES plant is derived from non-o0il compression energy sources in the cycle,
the CAES plant also becomes a much more efficient user of fuel oil than conven-
tional gas turbines designed for comparable heat rates.

Operation

The CAES energy storage/power generation system must operate according to a'
daily cycle which includes both the compression and power generation operating
modes. The present operating schedule envisioned for PEPCO includes a 10-hour
period of compression and a 10-hour period of electric power generation, with 2
hours al]owed for each changeover from one operating mode to the other. Figure
7-4 illustrates the actual time required for a typical changeover sequence of
the CAES plant system. In emergency situations, this changeover sequence can be
performed more rapidly. :

Both the éompression and power generation systems will be designed to operate at
part-load conditions. The compression system can operate down to 75 percent of
full load with only about a 5 percent loss in compression efficiency. In the
power generation mode, the turbine can operate over a range of 10 percent to 100
percent of full rated load. 4

The power generation system developed for PEPCO will use ASTM No. 2 fuel oil as
the heat energy source. With this fuel, all current Federal and state regula-
tions for NO,, SOp, and particulates, as applied to the CAES configuration,

can be met. The CAES power generation system could also burn natural gas with a
minimum impact on equipment design and still remain well within environmental
constraints. Other fuels, including coal-derived liquids and synthetic gases,
would exhibit combustion characteristics in a CAES plant similar to those they
exhibit in a conventional gas turbine system. '
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SURFACE PLANT LAYOUT
General

Development of the surface plant layout was a compromise between the numerous
operational, design and construction requirements and the various environmental
and aesthetic concerns. The final site arrangement developed in the study
adopted what is considered to be an operationally sound and environmentally
acceptable design presenting the following benefits:

. Minimal visual impact;

° Convenient tie-in to the existing 500 kV transmission lines;

° Compact grouping of the turbomachinery buildings, switchyard and
ancillary systems to minimize the length of piping runs and electrical
connections; and

() Separation of the underground and surface constlruction
activities.

The major surface features shown in Figure 7-5 include:

Two turbomachinery buildings;

A 500 kV switchyard and transmission lines;

An 0il storage facility;

The water supply system and dry cooling towers; and
The compensating reservoir.

These are briefly discussed in the following section.

Turbomachinery Buildings

Each turbomachinery building will house two CAES units and their associated
mechanical and electrical auxiliaries. The buildings will be constructed with a
conventional rigid steel frame with insulated metal siding. Details of the
interior ol these buildings and the laynut of the turbomachinery are shown in
Figure 7-6.

Switchyard

The tie-in to the 500 kV transmission line will be made through overhead connec-
tions to the switchyard, which has a breaker-and-a-half configuration. The
air-insulated switchyard will utilize SFg gas-insulated switchgear and will be
basically similar in design to PEPCO's 500 kV switchyard at the Chalk Point
Generating Plant. Provisions will be included in the yard for:
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Four transmission lines to Mount Airy;
Four transmission lines to Brighton;
Four motor-generator circuits; and
Two station service. connections.

0il1 Storage

An oil-storage system consisting of three 110,000 barrel tanks of No. 2 fuel oil
will be provided in the northern corner of the site. Provisions for both pipe-
line and truck deliveries of 0il will also be included.

Water Supply and Cooling Towers

A water impoundment area has been iﬁcorporated into the plant design to allow
the on-site stream to provide consumptive water. Additionally, provisions will
be provided on the Triadelphia Reservoir for a backup water supply in the event
that area run-off proves to be insufficient during certain periods to meet the
plant's water requirements.

The secondary heat exchange for the compressor intercooler/aftercooler system
will be provided by the dry cooling towers located adjacent to the southeast
corner. of the turbomachinery buildings. These towers will also provide cooling
water for the other mechanical systems.

Surface Reservoir

The compensating water for the air storage system will be contained by the °

circular rockfill dike at the eastern corner of the site. This asphalt-lined
reservoir will provide a live water storage volume of 756,000 yd3 with a level
variation of 25 ft during operation. -

AIR STORAGE SYSTEM
General

Development of a reliable and economic storage system for high pressure air
(at 500 psig - 2000 psig) is essential to the implementation of CAES. Three
concepts for air storage, each based on a different type of geological forma-
tion, have been proposed. These are:
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. A cavity formed by solution mining a salt dome;
[ Porous media suitably confined by a caprock; and
. A mined cavern in a hard rock formation.

The air storage system developed during this study will use a hard rock mined
cavern for containment of the air. To reduce the required cavern volume, a
hydraulic compensation system will be used to maintain an essentially constant
air. storage pressure. This type of storage system will consist of three major
items: the underground storage cavern, the water shaft and the air shaft.

For the CAES plant design developed during this study a total cavern volume of
811,000 yd3 at a depth of approximately 2300 ft, using an approximate storage

pressure of 1000 psig, was selected.

Storage Cavern

The preliminary design of the underground storage cavern system as shown in
Figure 7-7 will consist of four parallel caverns interconnected at one end by
smaller tunnels, one for water collection and the other for air collection. The
main caverns will have transition sections to smaller tunnels to allow a
reduction in the dimensions of intersections to render these more stable. The
large caverns will be aligned in a direction which will utilize the geotechnical
characteristics of the rock mass to gain maximum structural integrity for the
cavern. The northwest-southeast direction appears to be most suitable based on
the limited information gathered to date from preliminary‘field investigations.

Varijous methods of cavern excavation were considered, including heading and
‘benching with conventional drilling and blasting techniques, mechanical excava-
tion, and mining methods. After the preliminary selection of the method of
heading and benching, a cost comparison of several cavern cross sections showed
a 50 ft wide by 106 ft high cavern to be the least costly due to the high per-
centage of bench excavation. However, an analysis based upon:

. A review of existing caverns;

° An empirical assessment of the rock mass; and

° A stress analysis which related the developed stresses around a
single cavern to the strength of the intact rock

indicated that a smaller 60 by 85 ft cavern was preferable to the higher cavern
as it allowed a reduction in the tensile stress zone in the lower side walls.
The 60 by 85 ft cross section was therefore selected as the basis for the study

design.
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Air and Water Shafts

A shaft arrangement involving a 4 ft internal diameter air pipe and a 13 ft
internal diameter water shaft has been selected as the preliminary désign
arrangement. During construction, the air shaft can be used for a portion of
the ventilation requirements as well as for emergency access. The remainder of
the construction activities will be provided through the water shaft. In the
operating mode, a 4 ft diameter air pipe will give a maximum air flow velocity
of approximately 45 ft/s with a pressure loss of about 5 psi. The maximum water
velocity will be 4 ft/s in the water shaft and 11 ft/s through the U-tube.*
During construction, the water shaft will be used for rock removal, personnel
access, ventilation and construction service. During operation, the water shaft
can be used as access for inspection and ‘maintenance of the caverns when the
caverns are depressurized. '

Tentatively, stainless steel has been selected for the construction of the

4 ft internal diameter air pipe. It is designed to be encased in concrete in
the manner adopted for hydroelectric penstocks. The 8 ft excavated diameter
provided will allow sufficient space for installation of the air pipe and
concrete liner. The pipe wall thickness varies as a function of depth and
ranges from 7/16 inch to 1 inch.

The water shaft will require a 12-inch concrete lining. Provision has been made
“for drain holes through the shaft 1ining so that in the dewatered condition the
Tining will not have to accommodate the external hydrostatic loads.

SITE DEVELOPMENT

The first stage of the four-unit CAES plant will include construction of a two-
unit plant together with facilities such as the underground cavern, air and
water shafts, compensating reservoir, as well as part of the switchyard, fuel
0il storage and water impoundment. The second stage will then include construc-
tion of a second two-unit plant and completion of the other facilities.

*The U-tube will provide a mechanism for maintaining a seal in the water to
avoid accidental release of the air from the cavern in the event of a phenomenon
related to air dissolution called the "Champagne Effect".
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Based on these requirements, the following phases for site development were
~established:
. PHASE I (0-24 months) - This phase will include site preparation,
mobilization, establishment of construction facilities, excava-

tion and construction of major foundations, construction of air
and water shaft, and excavation of the compensating reservoir;

° PHASE II (24 - 32 months) - This will include excavation and
completion of underground cavern and construction of major
structures and facilities;

0 PHASE III (32 - 60 months) - This will include installation of
mechanical and electrical equipment, pre-operation testing and
startup, and commercial operation of Units 1 and 2; and

] PHASE IV (84 - 144 months) - This will include construction of
Units 3 and 4 for commercial operation.

The site development plan was formulated from the detailed activities involved
in each construction phase to assure compliance with the project milestone and
overall schedules. An in-depth review was made to determine the compatibility
of rock production from cavern excavation with its utilization for construction
of other facilities. This was important in assuring the uninterrupted construc-
tion of the dikes for the compensating reservoir. Other construction activities
which utilize excavated rock were scheduled to proVide a balance between rock

production and utilization to minimize rock inventory.

CAPITAL COST ESTIMATE

The cost estimate for the four-unit plant (each unit rated at 231 MW) developed
in this study is site specific and based upon a location near Sunshine, Mary-
land. The cost estimate is in mid-1979 dollars and includes all costs associ-
ated with labor, equipment, material, fabrication, delivery and site preparation
work.

A summary of the capital cost estimate for the CAES plant is given in Table 7-1.
The total direct costs are $347.0 million, or $375.5 per kW. Of these totaTs,
the generator/compressor system makes up approximately 50 percent and the stor-
age system 16 percent of the cost. The indirect costs consisting of owner’
costs, engineering and construction management coéts with contingencies are
$156.3 milTion, bringing the total capital costs to $503.3 million or $544.7 per
kW.
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Table 7-1
SUMMARY OF CAPITAL COST ESTIMATE

CAES
Installed Capacity eeeee.e.. 924 MW

Storagé Capacity eeececeeee . 9,240.MWh
Estimate Based on Mid-1979 Costs

‘Item ' Amount, $ x 10°
Land, Site Access and MobiliZation eeeeceeeescsssos cevae 8.7
Surface Facilities evec... teetstecssnns esesssesccescenas 23.5
Storage SYSTEeM seceevecccccssossssnssoosasossansssocscacs 55.9
Generator/Compressor SyStem seeieesscceaccsces veesesrens 172.2
Balance of Mechanical Plant «....... cesssesesces cserceae 31.8
Switchyard ceoe.. ceetcerestrsessatsescrnas F S 32.5
Electrical P]anta......,... ..... essecersccns ceresssecaae 22.4

" Total Direct COStS eoue... S P 347.0 ($375.5/kW)
PEPCO Costs: (15% of Direct COStS) eeieesseess ceneeeeeees 52.1
Engineering Costs (5% of Direct CostS) eeeecees ceeeeens 17.4
Construction Management Costs (10% of Direct Costs) ceee 34.7
Contingencies (15% of Direct CoStS) eeeeccceccioons oo 52.1

TOTAL wevvveennneennnn ceeeees ieeeieeeneeeeeen Ceeenenann 503.3, ($544.7/kW)
NOTES:

(l)No provisions .have been made in this capital cost estimate for
escalation or interest during construction.

(2)The estimates were prepared using vendor-supplied equipmént cost
quotations where .possible or estimates based on the plant .design developed
during the study. In those areas where information was not sufficient to
produce a quantity take off, lump sum allowances were made based on similar
systems found in convent1ona1 therma] generat1ng plants.in the 900 to 1000 MW
size. , .

7-20



Section 8

UPH PLANT DESIGN

GENERAL

Underground pumped hydroelectric (UPH) energy storage plants follow the conven-
tional pumped storage principle of accumulating potential energy in the form of
water in an upper reservoir., However, in the case of UPH, the lower reservoir
consists of excavated caverns deep below the surface and, unlike a conventional
aboveground pumped hydroelectric plant where topographic considerations
generally restrict the choice of operating head (i.e. the difference in levels
between the water in the upper and lower reservoirs), the nominal operating head
for UPH can be chosen from a wide range. The UPH concept offers an approach to
the design of pumped storage facilities which can optimize the nominal operating
head .in relation to the pumping/generating equipment and to the size of the
underground caverns.

The economics of pumped storage plants in gene}al, and of UPH facilities in
particular, are influenced favorably by increasing the operating head. The
lower reservoir of the UPH p]ant'represents a relatively significant proportion
(about 30 percent) of the overall cost; reduction in its volume, arising from
higher nominal operating head, allows energy storage economy. The nominal
operating head can be developed in one or more “steps" each applied to an
individual pumping/generating plant; this can be a means of increasing overall
nominal operating head with consequent reduction in lower reservoir size.

The basic requirements stipulated by PEPCO for.an UPH energy storage plant
were:

. A generating capacity of 2000 MW;

° A level of energy storage which would permit generation at full

output for a period of 10 hours; and
. A plant capable of load following and regulation when generating.
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The study established a preference for a "two step" arrangement with each step
consisting of a 1000 MW plant operating at a nominal head of 2500 ft. This
enabled ‘an overall nominal operating head of 5000 ft to be adopted. Detailed .
plant design and capital cost estimates were then developed for the arrangémeht
shown in Figure 8-1. The facility is arranged to permit construction in two
Xphases, the first to provide 1333 MW of generating capacity and the second phase
to complete the remaining 667 MW of capacity. Two-thirds of the lower. reservoir’
will be excavated -during the first phase of construct1on with the remainder
being comp]eted during the second phase. -

This section presents the major aspects of the UPH plant design established
during the study including:

. Selection of pump-turbine arrangement;
'] Major components of the UPH facility inc]uding:

-- Surface facilities and upper reservo1r
-- Intake

-- Penstocks and shafts

-- Intermediate reservoir

--- Power generating/pumping facilities

-- Lower reservoir

-- Transformation .and power c1rcu1ts

-- Sw1tchyard

° Site development; and -
'3 Capital cost estimate.
SELECTION OF PUMP—TURBINE ARRANGEMENT

Comparison of Pump-Turbine Alternatives

At the outset of the study- practice overseas had accepted heads of 2000 ft for.'
single-stage revers1ble pump-turbines with normal prov1s1on for turbine load
regulation by means of wicket gates. Consideration was being given to pump-
turbines having more than one stage, with regu]afion provided on one or more
stages. The pract1ce of assigning pumped storage duty to non- regu]at1ng multi-
stage pump- turb1nes designed in .accordance with very high head pump practice and
accommodating heads of over 4000 ft with four- or five-stage machines has been
developed in Europe. Quite apart from the possibilities of improved qverall
economy arising from adoption of these re]atiVe]y new designs, the operating
head 1imits for single-stage revers1b1e pump- turb1nes have been steadily
trend1ng upwards.
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For initial selection purposes, cost comparisons of 2000 MW plants using single-
stage reversible pump-turbines in one step (SSRPT-1), single-stage reversible
pump-turbines in two steps (SSRPT-2), multi-stage reversible pump-turbines in
one step (MSRPT), uni-rotational separate pump-turbines with multi-stage pumps
and impulse turbines in one step (USPT), and two-stage reversible pump-turbines
with regulating capability in one step (TSRPT) were made. These showed that
SSRPT-2 at nominal head of 4600 ft (two steps of 2300 ft), MSRPT at nominal head
of 4600 ft and TSRPT at nominal head of 3400 ft were the most economic. The
costs for SSRPT-1 at nominal head of 2300 ft were higher because of the higher
volume of lower reservoir excavation involved. Plant designs based on uni-
rotational separate pump-turbines with Francis turbines and single-stage pumps
and on completely separate multi-stage pumps and motors and impulse turbines
with generators were also considered but were discarded because of cost.

At the time of this study, no TSRPT units had been built and therefore, because
of lack of design and operating experience with these units, they were not
considered further. Detailed investigation, including marginal cost-depth
studies, of the SSRPT-2 and MSRPT arrangements showed that the estimated costs
for both arrangements were essentially the same. The studies confirmed the
optimum nominal head for MSRPT as 4600 ft but indicated that the corresponding
head for SSRPT-2 is 5000 ft (two steps of 2500 ft). The SSRPT-2 arrangement was
preferred to MSRPT in this study because of its load following ability and
because of its greater flexibility. Although designs involve some extrapola-
tions from previous operating practice, it is felt that these lie well within
the limits of current technology.

High operating heads require adoption of high rotational'speed if efficiency
performance is to be sustained at normally accepted levels. The resultant
speeds for motor-generator designs are beyénd previously proven practice but are
not considered beyond present day design and manufacturing limitations. The »
high operating speeds favor the adoption of designs with water-cooled rotors and
stators, rather than the more conventional air-cooled units.

The PEPCO study was finally based on an SSRPT-2 arrangement with an overall
nominal head of 5000 ft. Each step consisted of three pump-turbine/motor-
generator sets, each of 333 MW rating and each operating at 720 rpm under a
nominal head of 2500 ft.
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However, the future prospects for development of reversible pump-turbine
equipment for heads considerably higher than hitherto achieved had a significant
impact on the performance of the study. It may Wel]-be that, before the time
comes to call for bids for pump-turbine and motor-generator equipment, equ{pment
will be available to allow the economic development of the UPH concept with
plant capable of operating in a single-step with heads of the order of 4000 to
5000 ft. ’

Operational Considerations.

The two-step pumped storage facility arrangement generally requires balanced
operation of an equal number of units in each of the power plants. The volume
of water contained between the operating level limits in the intermediate
reservoir allows some measure of unbalanced flow to or from this limited
storage. Therefore, three units in one plant could discharge, without compen-
sating operatio? in the other, for about 15 minutes; a]ternative]y, one unit
could operate alone for about 45 minutes. In the majority of situations, the
UPH plant would be started up either generating or pumfing as a two-unit block
of about 660 MW. Load control thrdugh wicket gate adjustment allows variation
over a reasonably wide band of station output. When pumping, the units demand
. blocks of power of about 690 MW in pairs (345 MW with unbalanced number of units
for short periods of up to 3/4 hour) with actual power determined by the opera-
ting head at any particular stage of upper reservoir filling.

Units will be started in the pumping cycle with the main motor-generator ]
supplied with power through a static converter system. Full station pumpidg
load can be applied in approximately thirty minutes.

Spherica1-type penstock valves located on the high pressure side of each pump-
turbine will be used to isolate the pump-turbines from the penstock system as
well as for emergency shutdown in the event of malfunction of the wicket gate
operating mechanism. ‘ ‘ .

Generator unit circuit breakers will be installed in the underground facilities

and power will be transmitted to'and from the transformer banks, motor-generator
units and the surface by SFg gas-insulated bus.
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A high degree of reliability will be required in all pumping/generating units
and supporting equipment located underground. Equal reliability will be
required in the shaft hoists which provide the only access to the deep under-
ground facilities. Special provisions will be made for security of operating
personnel below ground.

Normal operation of the pumped facilities will be effected from a system control
point remote from the site. A limited number of operating staff will provide
the necessary routine services in the underground power plants and at the
surface facilities.

Operation is planned to meet the high quality of performance and level of
availability called for by PEPCO. Following an initial start-up and proving
period, the SSRPT-2 facilities will perform at a high standard of .overall cycle
efficiency of about 76 percent and provide about 94 percent availability, if
planned outages are not taken into consideration. If both long-term and short-
term planned outages are included, availability is estimated to be about 83
percent. '

PUMPLD STORAGE PLANT LAYOUT
General

In UPH facilities, energy storage is achieved through transfer of water by
pumping from the lower underground reservoir to a natural or man-made impound-
ment on the surface. For the PEPCO study, the surface reservoir will be created
by a rockfill embankment and lined with asphalt. The hydraulic system will not
be dependent on any natural water course and will rely on a pumped water supply
for initial filling and water make-up from an existing nearbyefeservoir. A
single penstock will connect from the upper (surface) reservoir to the pump-
turbine units located in a powerhouse at the intermediate level. These units
will connect to an intermediate level reservoir from which another single
penstock will lead to the pump-turbine units located in a powerhouse at the
lower level. Three 333 MW pump-turbine/motor-generator units will be installed
in the intermediate powerhouse and three 333 MW units in the lower powerhouse.
Step-up transformation from generator voltage to 500 kV will be carried out
underground; galleries containing the required equipment will be located
directly above and in line with the powerhouse caverns. SFg gas-insulated bus
will provide the power circuit connection to the surface.
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Equipment must be designed and installed in such a way that all services can be
supplied through vertical shafts from the surface. Economies will be achieved
by the adoption of high unit speeds and compact designs.

The UPH facilities will rely substantially on subsurface construction, and the
various excavated powerhouses, reservoir and galleries will be accessible only
by vertical shafts from the surface. This fact has a substantial influence on
the design considerations for UPH as reflected in the following paragraphs. The
general arrangement of thekfaéi1ity is shown on Figure 8-1 and the site layout
on Figure 8-2.

Surface Facilities and Upper Reservoir

The arrangement of surface facilities and upper reservoir is shown in Figure
8-2. Buildings and structures provided for operational purposes include the
administration and control building, heavy hoist headframe, heavy hoist
machinery room, personnel hoist headframe, standby generator building,'station
service switchgear building, relay building, safety building, penstock and air
vent access buildings, the visitors center and security building. The major
feature of the surface works for an UPH plant will be the asphalt-lined earth
and rockfill embankment rising approximately 15 to 115 ft above the original
ground surface with outside slopes of 3:1 and a 20-ft wide roadway on its crest.
The inside reservoir surfaces of semicircular end embankments connected by
lTongitudinal tangent sections will have a slope of 2.5:1 with an asphaltic
concrete lining. Drainage will be provided by a system of pipes beneath the
reservoir floor leading to a 4.5 ft x 7.5 ft gallery running along the center
line from the northwest end to the intake structure. Initially the reservoir
will be filled with water by pumping from the Triadelphia Reservoir and this
supply will continue to be used in operation for makeup water requirements.

"Intake

The intake structure carrying water to the penstock system will be conventional-
ly formed and designed to deliver water to and draw water from the reservoir
with uniform velocities and minimum head losses. Intake gates and bulkhead
gates'which are provided to allow inspection and maintenance ofithe intake have
a vital function to perform in providing a high degree of security in control of
water flows to the underground facilities.

8-8



ROCck. STOCK PILE
EL. 5i5.0'

. A

. e

— LOWER CESEBVoIR CAVERNS

w e

a4

J - o \\
OIS N N AN AT o 0 W -
e ——t————— — e e e e P e -
i e I ~ N
|I /// \ ! .\\
LTt el e

LR . .

=R

N7

=
] g / 7 \

ROAD EL &2

e it e e S AN

| o— ALTE BNATE Access

o

RESERVOIR

EXISTING
RANSMISSION LINE
RYGHT OF WAY

1200

= .
SCALE IN FEET

NoTeES -
|. POCK STOCKPILES % ARY CoONSTRUSTION
AREA TOoBE LALDSCAPED 1o MM A 128

VISUAL MPACT .
2 UPPER RESERVOIR M?Autmrr Taae_'fow I3
LANDSCAPED To MINIMIZE VISUAL IMPACT. FLANTING
THE EMBANIKMEUT WILL B UNDERTAKEN WITH
DUE REGARD TO THE WATER SEEKING PROPERTH
OF,THE SELECTED SHRUBS.

8 SITE TOBE FULLY FEnCED.

s saas PROPERTY LINE
T ASPUALT PAVING (ROADS ¢ PARKING)
(=

PERSONNEL SUAFT
ADMIN. § CONTROL BLDG

12. DKV SWITCHGEAR BLDG

RELAY BLOG

SAFE’ :

s‘m’rgu bs"-‘zawce TRANSFORMERS
RoCK HOISTING/CcaBlE SIAFT
PENSTOCK -

PaRKING

UNCER GROUND POWER HOUSE.

UNDER GROUNID DRAFT TUBE COLLECTION TUMKEL
GATE HOUSE.

WATER TREATMENT FACILITIES
LINE PEAD-END STRUCTURE.

Figure 8-2

DEPARTMENT OF ENERGY
Tl ELECTRIC POWER RESEARCH INSTITUTE'

[ POTOMAC ELECTRIC POWER COMPANY
ENERGY STORAGE STUDY-UPH

SITE PLAN

A .F e JUNE 1960 e AS SHOWN

DR =X
| Eoctemad b T e [y

8-9



THIS PAGE
WAS INTENTIONALLY
LEFT BLANK



Penstocks and Shafts

In addition to the vertical penstock shaft leading from the upper reservoir
intake/outflow structure to the pumped storage plants below, four other shafts
will be constructed ranging in depth from 5000 to 5500 ft. Three of these
shafts will contain hoisting conveyances, SFg bus for main power transmission,
and control cables. The fourth, an air vent shaft, will allow atmospheric air
admission to and from the lower and intermediate reservoirs.

The only access to the operating facilities below ground will be by vertical
shaft. The need to maintain a high degree of integrity in shaft service,
therefore, has been reflected in the design of the shafts themselves and the

equipment with which they are furnished.

The heavy hoist, with its headframe located within the control and administra-
tion building, will be a drum-type hoist with two drum and drive units capable
of handling loads up to 200 tons capacity with variable speeds up to 250 ft/min.
The personnel hoist will also have its headframe located within the control and
administration building and will be a friction-type hoist with a double deck
conveyance capable of transporting up to 90 men or 20 tons of material at speeds
up to 1500 ft/min. In addition, each of the three shafts will have a drum-type
inspection hoist used for installation and subsequent inspection of the SFg

bus, as well as emergency access for personnel.

Shafts will be required to provide functions which may differ from construction
to operational phases. The major portion of rock removal will take place
through the shaft ultimately to be used for SFg bus and cables. The heavy
hoist shaft will provide ventilation air.

The vertical penstocks will have a diameter of 19 ft and be designed for a
maximum flow of 5400 ft3/s. Construction of these and other shafts required

for the facilities will be accomplished by sinking from the surface using con-
ventional drilling and blasting methods. The penstock walls will have rock bolt
support and have a permanent concrete lining provided with a drainage system.
The penstocks will turn to the horizontal at the powerhouse levels and concrete-
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lined manifolds will form three 11 ft diameter penstocks at each level. A 290
ft length of the penstocks upstream from the powerhouses will be lined with
2-3/4 inch thick high strength steel lines which have flanged connection pen-
stock valves upstream of the pump-turbine spiral cases.

Intermediate Reservoir

With the two-step arrangement, the nominal head on each of the two powerhouses
will be limited to 2500 ft. This will provide an intermediate reservoir at the
intermediate powerhouse level with a free hydraulic surface varying over a
limited range as required for operation. Details of the intermediate reservoir
are shown on Figures 8-3 and 8-4. The two-step facility will normally operate
with a balanced number of units in each powerhouse operating at a similar gate
opening and flow. This will provide balanced transfer of flow through the
intermediate reservoir. Nevertheless, the intermediate reservoir will have
sufficient capacity to accept a volume of "storage" equivalent to the full
discharge of three pump-turbine units operating for 15 minutes.

Power Generating/Pumping Facilities

The underground powerhouses located respectively at 2939 ft and 5403 ft below
the crest level of the surface reservoir (measured to the center line of the
pump-turbine distributor) will be essentially of identical layout and design.
Each will accommodate three 333 MW motor-generator units with associated pump-
turbines operating at 720 rpm and equipped with 64.6 inch diameter spherical
penstock valves, governors, and facilities for pump starting with a static
frequency converter. Provision will be made for depression of tailwater level
in the draft tubes by compressed air during starting. Provision will also be
made for bulkhead éate isolation of the 11.5 ft diameter concrete-lined draft
tube outlet tunnels to allow unit unwatering for inspection/maintenance. All
auxiliary systems normally required for pumped storage installations will be
provided with the special features necessa}y for operation deep underground.

Figure 8-5 shows an isometric of the lower power plant facility and its
associated shafts, tunnels and galleries. Figure 8-6 shows typical powerhouse
cross-sections and Figure 8-7 shows sections through the pump-turbine and motor-
generator. Generally speaking, a highly compact arrangement has been achieved,
economizing on underground excavation.
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Switchyard

The tie-in to the 500 kV transmission line will follow the arrangements adopted
for the CAES plant and will be made through overhead connections to the switch~
yard arranged in the breaker-and-a-half configuration. The air-insulated
switchyard will use Sl gas-insulated switchgear-and will be basically similar
to PEPCO's 500 kV facilities at the Chalk Point generating plant. Provisions
are made in the switchyard for: -

Four transmission lines to Mount Airy;

Four transmission lines to Brighton;

Three motor-generator circuits (500 kV bus); and
~ Two station service connections.

Lower Reservoir

General. The final component of the UPH facility is the lower reservoir, the
feature which introduces the "unconventional" nature of this concept of
hydroelectric pumped storage. Excavations of the equivalent volume of rock
removed for the proposed UPH lower reservoir have been made previously in a
variety of host rocks and integrity with time has been clearly established.
With the excavation of seven to eight million cubic yards of rock specifically
from the Tower reservoir in an UPH system, certain new requirements mainly
influenced by schedule will be introduced. It is clear, furthermore, that the
economic viability of the UPH concept will depend substantially on the ébi]ity
to excavate large volumes of rock from substantial depth on a rapid schedule.
The necessary level of performance appears to be well within reach of modern
construction practice.

Lower Reservoir Caverns. For the UPH plant, the potential energy will be stored

in the upper (surface) reservoir and the lower reservoir will provide simply a
holding basin from which water will be pumped at the beginning of a further
storage cycle. The lower reservoir will oberate at all times at near atmos-
pheric pressure with a free water surface. Details of the lower reservoir are
shown on Figures 8-3 and 8-4.
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The required excavation will be in the form of 12 tunnels of substantial cross
section (85 ft by 65 ft) interconnected by sma11er'air and water collector
tunnels at the extreme ends of the reservoir system. The excavation volume will
be 7,860,000 yd3, which will allow 2.3 percent for "safety" storage to prevent
overfilling of the lower reservoir, and a further 0.3'percent for freeboard.
Two-thirds of this volume will be provided for the first phase and the remainder
will be constructed to complete the plant in Phase 2. The main tunnels in the
lower reservoir will be oriented with their axes approximately perpendicular to
the strike of the rock foliation, since this will provide more desirable
conditions for rock support of the larger spans. The interconnectihg tunnels-
will be of smaller cross section and can be safely constructed with the less
desirable rock conditions in line with the strike of the rock folation. All of
the storage caverns within the Tower reservoir will have curved side walls to
reduce tensile stress zones. They wfl] be constructed at grades which allow
free drainage upon dewatering. Rock support will be provided by patterns of
rock bolts in the crown and walls of the tunnels augmented by mesh and shotcrete
as required. The final design will depend on future exploratory work and on
éxperienke gained in the development of the initial underground faciiities.

Provision will be made for isolation of any one third of the reservoir with
stoplogs to permit reservoir cavern inspection without disrupting plant opera-
“tion.

SITE DEVELOPMENT

The first phase of deve]opment for the two-step (SSRPT-2) UPH facility will be
planned to include construction of those works necessary to accommodate and
provide storage for four pumping/generating units:(two in an upper power plant
and two in a lower one) each of 333 MW capacity (thus providing a total first
phase installation of 1333 MW). A1l Shafts, penstocks and excavations for
operating plant facilities underground will be provided in the first phase.
However, the lower reservoir will only be excavated to two~thirds of its final
designed volume. The second phase of deVelopment will include the construction
of those works necessary to bring the total installed capacity up to 2000 MW.

Based on this requirement, the following stages for site development were
established:
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. STAGE I (0-45 months) - This will include site preparation,
mobilization, establishment of construction facilities,
construction of vertical penstock, air-vent shaft, heavy
hoist shaft, cable shaft and personnel shaft;

] STAGE II (45-75 months) - This will include construction of the
underground powerhouses, the upper reservoir and intake
structure and the intermediate reservoir. Excavation for the
lower reservoir will commence;

0 STAGE III (75-96 months) - This will include the completion of
the lower reservoir excavation and the installation of mechanical
and electrical equipment and commissioning of the first four
units; and

0 STAGE IV (108-180 months) - This phase will include completion
of the lower reservoir to its final designed volume and the
construction of the remaining two units.

The site development for the UPH facility was formulated from the detailed
activities involved in each construction phase to assure compliance with the
project milestone and overall schedules. An in-depth review was made to ensure
the compatibility of rock production from underground works with its potential
utilization on surface works. This is particularly important in consideration
of assuring uninterrupted construction of the main surface reservoir. It is
envisioned that a stockpile of rock will -accumulate during construction and

remain on site after completion.

CAPITAL COST ESTIMATE

The cost estimate for the six-unit plant (each unit rated at 333 MW) developed
in this study is site specific and based upon a location near Sunshine,
.Maryland. The cost estimate is based on price levels ruling for labor,
material, equipment and services in mid-1979.

A summary of the cost estimate is given in Table 8-1. The total direct costs
are $831.5 million or $415.7 per kW. It will be noted that the estimate for the
lower reservoir amounts to approximately 20 percent of the total diréct costs
and that the estimate for all the shafts required amounts to approximately 16
percent of the total direct costs. The indirect costs, consisting of owner
costs, engineering, and construction management costs with counlingencies, are
$375.1 million, bringing the total capital cost to $1205.6 million or $602.8 per
kW.
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- Table 8-1
SUMMARY OF CAPITAL COST ESTIMATE

UPH - SSRPT-2
Installed Capacity: 2000 MW
Storage Capacity: 20,000 MWh

Nominal Operating Head: 5000 ft
Estimate based on mid-1979 costs

Item Amount, $ x 106

Land and Site ACCESS seecsssecsncescosssnsnonnae © 6.2
Surface Structures c.eeeccecenss ceesscsssasessese 7.1
Upper Reservoir & Intake cecececsvscacescavcnsses 31.2
Intermediate Reservoir cceeeeses Cetesesscsnasnan 27.4
Lower ReServoir ceeeesceccscsccosonces ceesevenes 243.7
SHAfEts eeesesascecacossancasssscsssssscssssncnse 134.5
Miscellaneous Tunnels & Galleries ceceeeacecccase 63.6
Powerhouse Civil WOrkS eceeeceecccccccccccsascces 46.4
Pump-Turbines & Valves sevecedocecccsecocanes oos 56.8
MOtor-Generators ceeescesssccccccccsscsccnsssses 80.9
Transformers & Electrical Equipment cevevicenss . 62.3
Auxiliary Mechanical Equipment & HOists «eeeeess 42.3
Switchyard & TransmisSSion secececececocscavscnns 29.1
Total Direct COStS cocececsccccccscccnnace ceeres 831.5 ($415.7/kW)
PEPCO Costs (15% of Direct CoStS) ceceececse cees 124.7
Engineering Costs (5% of Direct Costs) .ecvessen 41.6
Construction Management Costs (10% of Direct

COStS) ceeens ctesessescesroesccsnscsessrne cene 83.1
Contingencies (15% of Direct CoStS) eoeseccccces 124.7
TOTAL seeveesscrcocesosssossescncacs cesssesovans 1205.6 ($602.8/kW)

NOTE: No provisions have been made in this capital cost estimate for .

escalation or interest during construction.
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Section 9

COMPARISON OF CAES AND UPH

Choosing a preferred concept (UPH or CAES) to meet the energy storage needs of a
power utility depends on several factors, including the existing generaltion mix,
the desired level of energy storayge, the rate of load growth, the extent of
interconnection, and several other factors specific to the utility or planning
group. This study has shown that there is no clear advantage of the UPH concept
over the CAES concept on the PEPCO system, or vice versa, and that the selection
of one or the other can only be made after a careful evaluation of all
alternatives within the context of constraints and opportunities particular to
the utility system.

On the more positive side, this study has demonstrated that both UPH and CAES
are viable forms of central energy storaye which, given the appropriate condi-
tions, can compete economically with other forms of peaking power such as
combustion turbines, cycling thermal plants, hydroelectric generation and
conventional hydroelectric pumped storage. Both UPH and CAES have been shown to
be technically feasible and to have appreciably lower environmenﬁa] impact than
conventional hydroelectric pumped storage relying on surface elevations for
reservoir location.

The principal common feature in the UPH and CAES concepts examined in this study
is the use of large underground caverns excavated in rock. Whether either of
these concepts could-be considered for a given service area or planning region
therefore depends on the presence of reasonably high quality rock at the appro-
priate depth. Fortunately, large areas of the U.S. are underlain by bodies of
suitable rock, the primary exceptions being in the southeastern (Florida) and
central-southern (Louisiana, Mississippi) regions. The economic attractiveness
of both UPH and CAES is likely to be eroded very rapidly if the rock is not of
high quality.
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UPH and CAES have several features in common, including the need for a
relatively small site area, the potential for locating the site near the load
center (given adequate geotechnical conditions), and the need for relatively
small quantities of initial fill and make-up water.

Some other éharacteristics of the CAES and UPH plants are appreciably different
and the more quantifiable of these are Tisted in Table 9-1. One of the most
significant differences is that, to obtain a competitive level of economy, the
minimum installed capacity for an UPH facility is in the order of 1200 to 1500
MW with 10 hours of energy storage. The comparable economy level for a CAES
facility is probably no more than 400 to 500 MW with 10 hodrs of storage. This
means that other factors being equal, an UPH plant will be less attractive to
_any small system that is unable to share with others the cost of construction,
the operation of a large facility, and the benefits.

However, if the system or interconnected pool is able to accept the larger UPH
capacities and plant output, then it can be seen that the system economy
improvements ber unit of installed capacity projected for both UPH and CAES are
essentially the same with respect both to revenue requirements and to oil
consumption savings.

The CAES system (in contrast tb UPH) consumes No. 2 fuel oil during the power
generation cycle and the implications of an oil-burning facility must be
considered, especially with regard to the sensitivity of overall plant ecbnpmy
to fuel cost. Both UPH and CAES accounted for about the same total fuel oil
(No. 6 and No. 2) savings in the PEPCO system studies,_which tended to mitigate
this concern. Nevertheless, CAES economics are very sensitive to No. 2 oil
relative costs and must be evaluated on a utility specific basis. to obtain full
appreciation of the phenomenon.

The smaller size and shallower depth of the CAES facilities lead to a reduction
“of some three years in the construction period required to bring the first units
on line compared with UPH. The pre-construction licensing and permitting
processes ére projected to require the same period of time for both types of
facilities. From the standpoint of the preliminary exploratory program, the
greater depth required for the UPH caverns may lead to additional problems and
additional costs. However, the rock in which the UPH caverns will be
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Table 9-1

COMPARISON OF COST, ECONOMY AND SCHEDULE

FOR CAES AND UPH

_ NOTE :

CAES installed generating capacity
UPH installed generating capacity

1.

3.

CoST

Direct Cost eeeeccene sssseessccacnca
Direct Cost/kW «co... sesssessessecan
ECONOMY

Revenue Improvement 1990-2007 ......
0i1 Savings 1990-2007 «....s
Annual 0il Saving After 2007 .......
SCHEDULE

Licensing ceeeeeeecesececocccsccnnas
Construction (Phase I only) ....... .

CAES

$347.0 x 10°

$376

$1358 x 10°
19 x 106 pb1
2 x 10° pbl

3.75 years
5 years

924 MW (675 MW required on PEPCO system)
2000 MW (667 MW required on PEPCO system)

uPH

$831.5 x 10°

$416

$1246 x 10°
16 x 106 pb1
2 x 100 pb1

3.75 years
8 years



constructed will be subjéct to less seVere operating requirements than would be
the case for the pfessurized CAES caverns. The potential for accelerated
deterioration of CAES rock caverns operating under repeated cycles of pressure
and temperature has caused concern. No significant problems are anticipated
with the kanges proposed in this study but should these ranges for one reason or
> another be substantially elevated or proionged, long-term'cavity stability might
be affected. :

The proposed operating cycle and machinery train selected for the CAES p]anf
provides considerable flexibility in plant operation, allowing unit output over
the full range from 10 to 110 percent of rated output and compression (equiva-
lent to pumping on UPH) input over a 75 to 105 percent range of motor power.
The UPH.facility is somewhat limited by the characteristics of the reversible
pump-turbines which function best between.about 50 to 105 percent of rated
output when generating, End can pump only at a fixed duty point depending on
head and requiring full motor output. The multi-unit station is able to follow
demand for steadily increasing generation by adjusting load on the several units
operating; when pumping, system power has to be picked up in blocks of unit
motor capacity. The reduced load following capability of the UPH plant,
however, is offset by its” ability to provide more rapid starting,'stopping and
mode changing as shown in Table 9-2. ‘

The smaller and. shallower cavern excavations and the shorter construction
schedule of the CAES facility provides poSsib]y a firmer basis for the projec-
tion of construction costs than do the very large and deep caverns required for
the UPH facility. Other considerations, however, impact greater confidence to
UPH facilities. For instance, the more extensive experiencé already gained in
the design and operation of high-head pump-turbines of the type required is
significant. There are, furthermore, still some uncertainties associated with
the design and operation of the compressed air storage caverns for CAES.

In summary, although CAES and UPH plants have distinct and different character-
istics, design features, construction requirements and operation modes, both
concepts are now viable and feasible for power utility use. The choice of which
alternative to select must be made on the basis of a careful evaluation of the
characteristics of each in relation to the required energy storage duty of a
particular system.
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Table 9-2
COMPARISON OF OPERATING CHARACTERISTICS

OF CAES AND UPH
(On a unit basis)

CAES

Operating Range:
- generating (% rated load) eeeveese 10 - 110%
- pumping (% motor input) ceececeoes 105 - 75%

“Cold Start" Time:

= generat]ng s 00000 0s0ss0 000000000 1000 min
5.5 min*
- pumpjng cesesescsssessssessscsss s 500min‘»
Full Generating from Spinning
RESErvVE sevesesrossnsassccsccssassns 6.0 min

Full Pumping to Full Generating ...... 24.0 min
14.5 min*

Rate of Change Of OULPUL eeeeeescessas 5% per min

*Emergency Loading Characteristics
**Pymp-Turbine Unwatered
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UPH

50 - 105%
100%

1.7 min

9.7 min

0.7 min*x*

7.7 min
2.0 min*

0 - 100%/10 s
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