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PREFACE

The electric utility industry and the national economy will benefit from
the successful integration of economic large-scale enérgy storage capacity
into utility networks. Energy storage permits the substitution of energy
from native fossil or nuclear fuels for energy that would otherwise be
supplied by premium or strategic fuels. The development of new energy
storage technologies will offer ihportant economic advantages to the

utilities and expand national energy resources.

It is the corporate policy of the sponsoring utilities to actively support
the development of technology that will benefit the utility industry and,

in turn, the national interest. The identification of Compressed Air

Energy Storage (CAES) as one of the principal technologies worthy of develop-
ment is compatible with the sponsors' plans for future service expansion
~and the abundance of potential underground aquifer sites in the Indiana-
Illinois service area. A significant iméact of such an energy storage
facility is added flexibility in levelizing generation patterns of large
base-load generating stations. Through the use of energy storage techniques,
such as the Compressed, Air Energy Storage System, it may be possible to
reduce the use of premium fueis required by peaking and intermediate unit

capacity generation.

This report presents a specific research and development plan to investi-
gate the behavior and suitability of aquifers as CAES sites. This effort
"evaluates present uncertainties in the performance of the underground
energy storage subsystem and its impact on above-ground plant design and
cost. The broject is planned to provide the utility industry with a
quantitative basis for assessing confidence that financial commitment

to a demonstration plant may be justified and poses only acceptable risks.

This project is in conjunction-with the Department of Energy's and the
Electric Power Research Institute's second phase of a five-phase program
to determine the economic and technical feasibility of an aquifer base
compressed air energy storage facility. The five phases of the overall

development program are the fqllowing:



I. Conceptual Design
II. Preliminary Design and Site Exploration
III. Detailed Design and Site Development
IV, Construction

V. Check-out and Operation

This ph#se II effort is based on the significant body of knowledge accumu-
lated in the already completed Phase I-Conceptual Design and other
appraisals of compressed air energy storage technology. The overall goals
of Phase II are to provide a detailed and costed preliminary plant design,
the identification and selection of suitable and available aquifer sites,
and a risk analysis as criteria for a utility decision to proceed with
Phase III of the overall compressed air energy storage program. The goals

are divided into the following five tasks:

Task 1 Establish facility design criteria
Task 2° Examine selected sites
Task 3 Study system, subsystem, and component designs

Task 4 Make preliminary safety and environmental
assessment

Task 5 Prepare preliminary plant design

The work effort associated with these tasks is being provided by a
consortium of électric utilities (consisting of Public Service Company

of Indiana, Inc.; Central Illinois Public Service Company; Commonwealth
Research Company on behalf of Commonwealth Edison Company; Illinois Power
Company; and Union Electric Company), the Illinois State Geological Survey,
the Indiana Geological Survey, Sargent & Lundy Engineers, and Westinghouse

Electric Corporation.
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SUMMARY

Compressed air energy storage (CAES) has been identified as one

of the principal new energy storage technologies worthy of further
research and development. The CAES system stores mechanical energy
in the form of compressed air during off-peak hours, using power
supplied by a large, high-efficiency baseload power plant. At times
of high electrical demand, the compressed air is drawn from storage
and is heated in a combustor by the burning of fuel oil, after

which the air is expanded in a turbine. In this manner,zessentially
all of the turbine output can be applied to the generation of
electricity, unlike a conventional gas turbine which expends
approximately two-thirds of the turbine shaft power in driving

fhe air compressor. The separation of the compression and genera-
tion modes in the CAES system results in increased net generation
and greater premium fuel economy. The use of CAES systems to meet
the utilities' high electrical demand requirements is particularly

attractive in view of the reduced availability of premium fuels

such as o0il and natural gas.

This volume documents the Task 1 work performed by Sargent &
Lundy in establishing facility design criteria for a CAES system

with aquifer storage. For an overall perspective, the Sargent &
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Lundy work effort can be divided into four major categories:
- Determination of initial design bases
- Preliminary analysis of the CAES system

- Development of data for site-specific analysis of
the CAES system

- Detailed analysis of the CAES system for three selected
heat cycles.
The following discussion presents highlights of the work completed

and the results obtained under each major category.

INITIAL DESIGN BASES

Several design parameters were developed at the onset of the
CAES study to expedite selection of potential aquifer sites
(Task 2) and to provide a base for overall cycle and equipment

design. These initial design parameters are summarized below.

Design Parameters

Compre531on -Generation Cycle............lO hours of compression
and 10 hours of generation
per day, 6 days per week,
for a nominal 1000 Mw

plant
Required Aquifer Storage Volume.........l2 x 109 SCF of air
Compressed Air Injection Temperature....lSOoF
Storage Pressure RanNge€......seceeeees...200 psi - 1000 psi

Permeability Rang€....cseceeececccceesa.?750 md - 3000 md



The current literature of compressed air storage substantiates
the selection of these parameters as an initial design base for

a CAES éystem with aquifer storage.

PRELIMINARY ANALYSIS OF CAES SYSTEM

Preliminary surface plant data were established under Task 1

to facilitate Task 2 assessment of the environmental impact of

the CAES plant at potential sites. These data included initial
.estimates of compression-generation module dimensions and switch-
yard sizing, cooling water requirements, and fuel usage and storage
needs. In addition, plant waste water flows, potable water require-
ments, and air effluent flows were approximated. A conceptual
diagram of the entire CAES plant was prepared to provide a base

for development of refined plot plans as cycle and equipment

design progressed.

Typical storage pressure levels of 200 psi, 600 psi, and 1000

psi were selected as base criteria for further CAES system design
and analysis. A one-dimensional aquifer flow code developed

by Westinghouse was employed to determine the number of air in-
jection-withdrawal wells required at each storage pressure.

These preliminary well requirements were incorporated into an
above-ground air biping configuration for each selected storage

pressure.

Pressure losses through the aquifer porous media, wells, and
above-ground piping network were then computed for both storage-

charging and storage-discharging conditions at each pressure

S-3



level. Calculation of these system pressure losses permitted

the determination of the external pressure loss ratio, a parameter
critical to CAES heat cycle design. The external pressure loss
ratio is defined as the ratio of compressor discharge pressure

to turbine inlet pressure. A pressure loss ratio range of 1.2

to 1.8 was established for this CAES application, with the base

ratio estimated at 1l.4.

In addition to the external pressure loss ratio, several other

heat cycle parameters were developed as a part of the Task 1

work effort, for use by Westinghouse in the evaluation and optimiza-
tion of CAES system thermal cycles. The required hcat cycle

parameters are detailed below:

Supplemental Heat Cycle Parameters

External Pressure Loss Ratio......ee.ccevee...... Base = 1.4
Range = 1.2 - 1.8
Compression Cycle Equipment Air Discharge o
- Temperature.........cceeeenccecccennecncaa. Ty = 150°F
External Plant Air Temperature LOSS..,sseseeeane T = 1n°F
Available Equipment Cooling Water Supply o
Temperature....eese. s eeocrerasecssscsenscesroans Tw = 957F
Regenerator Minimum Cold End Average o
Temperature...oeeeeese ceececsesssesssssesessanse Tave = 205°F

DEVELOPMENT OF DATA FOR SITE-SPECIFIC ANALYSIS OF THE CAES SYSTEM
The piping networks developed for the three typical storage pres-
sures (200 psi, 600 psi, and 1000 psi) served as reference cases

for the preparation of order of magnitude piping cost estimates,
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in current prices. The piping requirements and c¢osts corresponding
to specific sites and storage pressures identified in Task 2

were obtained by interpolation from the reference cases.

In addition to piping system cosf estimates, several other criteria
were established under Task 1 to permit Task 2 assessment of candi-
date aquifer sites. These criteria included site development and
water supply development guidelines, as well as transmission and
mechanical equipment cost estimates. The site development criteria
provided a base for preparation of site development and plant access
costs in Task 2. The water supply development criteria detailed the
minimum requirements that must be met before the plant water system
can be termed dependable and adequate; these requirements were

used in Task 2 identification of the most economical water sources

at potential sites.

DETAILED ANALYSIS OF THE CAES SYSTEM FOR THREE SELECTED HEAT CYCLES
Comparison summaries for a total of fourteen possible heat cycles
were prepared by Westinghouse for nominal 200 psi, 600 psi, and
1000 psi storage pressure CAES systems. A single heat cycle
compatible with each storage pressure level was then selected.

In addition, the Sponsoring Utilities and subcontractors chose

a single-shaft arrangement as the preferred machinery configura-

tion for each CAES system.

Following the selection of the most viable heat cycle and equip-
ment designs, general plant arrangement and piping and instru-

mentation diagrams (P&ID's) were developed for the typical 200 psi,
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600 psi, and 1000 psi.systems. The general arrangement drawings
prepared for each case include grade and main floor plans and.

one cross—section. P&ID's for each nominal storage pressure

plant depict the compressed air cycle, fuel oil system, circulating
_water system, and demineralized and potable water system. A
property developmeht layout was also ?repared for each storége
pressure system. Electrical diagrams, applicable to all three
storage pressure cases, were developed to illustrate the basic

bus arrangement for the CAES plant, the station single line for

a CAES unit, and the CAES plant switchyard requirements.

Preparation of CAES unit data sheets for both a full scale plant
" and a demonstration plant comprised another aspect of the Task 1

work effort. These data sheets providéd the Sponsoring Utilities
'with information pertinent to development and evaluation of pro-

duction cost savings for a potential CAES plant.

An investigation of the effects of aftercooler discharge air
dehumidification was also initiated as part of the Task 1 detailed
CAES system analysis. The general consensus at the conclusion

of Task 1 was that some form of dehumidification would be required
to prevent reduction of airflow in the storage reservoir. Future
task work will continue to assess this problem and will establish

design parameters for selection of dehydration equipment.

Task 1 facility design criteria documented in this volume are
preliminary, and therefore are subject to refinement in subsequent

tasks of the CAES development program.
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‘Section 1

INTRODUCTION

1.1 OBJECTIVE

This report has been prepared for the Public Service Company of
Indiana, Inc. (PSI) in compliance with DOE Contract No. ET-78-C-01-2159
to document the results of work conducted for Phase II, Task 1 of

the Compressed Air Energy Storage (CAES) Development Program in

an Aquifer.

A primary objective of Task 1 was to establish design criteria
which define acceptable ranges of performance and operational
speéifications governing the overall plant design for a CAES
system. The criteria established under Task 1, in conjunction
with Task 2 results, provide the technical data neceéssary fdr

specific analysis of plant systems and subsystems in Task 3.

The results documented in this report complement the Westinghouse
Electric Corporation Task 1-Volume 2 work effort. Major responsi-
bilities of Sargent & Lundy under Task 1 included the development

of preliminary environmental impact data and supplemental heat cycle
parameters, the preparation of preliminary above-ground piping
networks and piping cost estimates, and the evaluation of plant

equipment for development of general arrangement drawings.
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Figure 1-1 provides a conceptual representation of the surface
plant for the compressed ai; storage system. A postulated isometric
view of the CAES plant and associated well field is shown in Figure

1-2.



1.2 REPORT ORGANIZATION

This volume of the Task 1 report is comprised of six major sections.
Section 1 includes the project objective and report organization.
Section 2 provides a discussion of the initial design parameters
developed as a base for CAES system design. Section 3 is devoted
to preliminary anaiysis of the CAES system. This section describes
the development of preliminary environmental impact data, sup-
plemental heat cycle parameters, and preliminary above-ground

air piping systems. Section 4 focuses on the preparation of

data relevant to site selection in Task 2. Section 5 presents

a more detailed analysis of the CAES system for selected heat

éycle and machinefy configurations. Included in this section are
general arrangement drawings, piping and instrumentatibn diagrams
and electrical single line schematics for three typical CAES plants.

Section 6 is the report conclusion.
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Section 2

INITIAL DESIGN BASES

2.1 GENERAL

In conjunction with the Public Service Company of Indiana and
Westihghouse,‘Sargent & Lunay has established a set of initial
design parameters to expedite the selection of potential aquifer
sites by the Illinois State Geological Survey (I.S.G.S.) and

the Indiana Geological Survey (I.G.S.). These preliminary criteria
also provide a basis for overall'cycle and equipment design for

the Cbmpressed Air Energy Storage System. The parameters identi-

fied are as follows:

Design Parameters:

Compression—-Generation Cycle....... 10 hours of compression and
. 10 hours of generation per
day, 6 days per week, for
production of a nominal 1000
Mw of electricity

Required Aquifer Storage Volume.... 12 x 109 Standard Cubic Feet

of air.
Compressed Air Injection Tempera-
BUFE.eevenenennnnns e 150°F
Storage Pressure Range............. 200 psi - 1000 psi
Permeability Range............ «eees 750 md - 3000 md




These criteria serve as input to Task 2 of the CAES work
effort. Task 2, which parallels the Task 1 work effort, encom-
passes the actual site selection process and the evaluation of

candidate aquifers, as described in the Task 2 Milestone Report.

The design parameters specified above are discussed in detail

in the following subsections.



2.2 . COMPRESSION-GENERATION CYCLE

The general consensus of the sponsoring utilities has been that

a nominal 1000 Mw compressed air storage plant having equal charging
-to generation times would best accommodate utility characteristicsf

The utility sponsors have specified a compression-generatioﬁ

cycle consisting of 10 hours of compression and 10 hours of genera-

tion per day, 6 days per week, as a Task 1 plant design criterion.

The plant design therefore assumes equal compression and generation
air flow rates. This matching of compressor and turbine flow
rate has a significant advantage in that the compressor and turbine
components may be operated as a conventional gas turbine. The

General Electric Economic and Technical Feasibility Study of

Compressed Air Storage (Phase I Report) summarizes the favorable

aspects of a system having equal flow-conducting capability:

(1.) The need for a large and expensive controller for
the synchronous motor generator during initial system
start¥up is eliminated if the compressor and turbine
have équal flow capacity. The system may be started
as a normal gas turbine; that is, a small starting
engine may be used to start the shaft turning, after
which the turbine can be used to accelerate the system

to synchronous speed.

(2.)' In the event that the aquifer can not be properly
chérged during the off-peak period due to an equipment
failure, the system can still be operated as a gas
turbine (although at reduced output, due to compressor

requirements).



(3.) Since compressed air energy storage is a developing
technology, the useful life of the storage system
is not yet accurately khown. In case of premature
overall failure of the storage system, theiability
to operate the plan£ as a conventional gas turbine
unit (at diminished output) would reduce potential

financiaJ‘risk to the utility.

Further deVelmeent of plant design parameters, then, has been
based on the wgual charging/discharging times required by the
utility system and on equal flow-conducting capability for turbine

and generator.



2.3 REQUIRED AQUIFER STORAGE VOLUME

It is estimated that.the potential aquifer must have sufficient
closure and volume for storage of approximately 12 billion standard
cubic feet of air. This is based on the estimated turbine air

mass flow required for production of 1000 Mwe by the surface

plant for a full 10 hours each day. Also, an air storage cushion
factor (ratio of stored air mass to mass withdrawn each day)

of 10 hés been applied.

A review of the current literature of compressed air storage
substantiates the use of a volume cushion factor of 10 as a reason-
ably conservative first estimate for a porous media plant configura-

tion (1), (2), (3). General Electric's Technical Feasibility

Study of Compressed Air Storage cites storage volumes of up

to 12 times the volume change throughout the cycle.

There are a number of advantages inherent in a large air storage
factor. A portion of the residual stored air mass may be regarded
as energy-in-reserve which can be utilized for power generation on
relativély short notice; this permits a more flexible system opera-
tion. The volume reserve is also necessary to reduce the pressure
'range between charged and discharged states to acceptable levels-(3).
In-situ permeability méy be lower than preferred, resulting in

high formation resistance. The additional volume is then desirable
to reduce air velocities, thereby reducing pressure losses (3).
Finally, a large reservoir is advantageous in the event of future

plant expansion beyond present estimates.
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A cushion factor of ten is felt to be a representative first
approximation. However the actual storage volume, and thus the
degree of conservatism in the buffer factor, will ultimately

depend on the characteristics of the available storage sites.

Other factors which will affect determination of a final storage
volume are the utility system's electric load demand curves and
plant capacity factor. Previous studies have shown that increased
storage reserve can result in higher capacity ftactors (3). How-
ever, as storage capacity continues to rise, capacity factor
eventually tends toward a limit. Also, since greater storage
capacity results in greater capital cost, the rise in capital
cost may offset the lower levelized power costs obtained becagse
of increased capacity factor (3). A sensitivity analysis, to
determine the overall economics of compressed air energy storage
to the utility, should play an important part in final selection

of an appropriate storage volume.



2.4 COMPRESSED AIR INJECTION TEMPERATURE

The initial compressed air injection temperature for fhe proposed
compressed air aquifer has been limited to 150°F. The precise
effects'of hot, compressed air, in situ, cannot be predicted

in advénce. However, available literature and current research
oh compressed air storage suggest that injection temperalures

in the vicinity of 150°F should result in minimal disturbance

to the mechanical integrity of the reservoir. It is desirable

to have the injection temperature as high as possible without

causing damage to the aquifer, caprock, or well case grouting.

D. L. Katz and E.vR. Lady, in an analysis of compressed air storage
(1), point out that potential flow problems within aquifers may
involve water blockage of capillaries in the porous media around
well bores and the accumulation of water in the bores. The injec-
tion temperature can become a factor in alleviation of these

water intrusion problems. The injected air warms the rock in

the vicinity of the bore and eliminates capillary problems at

that point. Katz postulates that acceptable injection temperatures

may lie in the range of 150°F-200°F.

The General Electric Feasibility Study of Compressed Air Storage

(Phase I Report) also offers a discussion of reservoir injection
temperature. According to the General Electric Feasibility Study,
a common approach has been to specify temperatures in the vicinity
of 125°F, with injection temperatures ranging up to 180°F for
several of the aquifers cited. Temperatures much in excess of

this range have the potential of causing fractures in the well
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case concrete lining and grouting within the aquifer system.

The imposed temperature limitations also serve to limit the trans-
fer of heat to the water in the lower reservoir; this is advantageous
in reducing evaporative losses. In addition, the General Electric
Report has suggested that cementation due to mineral deposition,

and oxidation of minerals in the groundwater may complicate opera-
tion of aquifers at temperatures exceeding the limitations discussed

(2).

Research pertinent to compressed air storage temperature limita-
tions has also been conducted by H. J. Pincus, University of
Wisconsin-Milwaukee. These investigations focused on the physical
properties of various sandstone and limestone rock specimens,
upon subjection to dry heated air. No systematic chahges in
compressive strength and Young's Modulus occurfed for sandstone
reservoir rock at compressed air temperatures approximating 200°F
and 80 psi differential pressure. The compressive strength and
Young's Modulus for the Bedford limestone specimens were lowered
somewhat under these conditions. These preliminary results lend
credibility to the specified aquifer injection temperature of
150°F. Further research proposea by Pincus would evaluate the
effects on rock specimens of cyclic air ventilation at higher

temperatures and pressures and at varying humidities of air.

The Pincus studies have not yet examined the effects of heated
air on shale caprock specimens. Potential damage to caprock
from thermal excursions include drying and cracking and thermal

stress cracking. However, D. L. Ayers, in association with
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Westinghouse Fluid Systems Laboratory, anticipates that a caprock
which is sufficiently thick (greater than 20 feet) and which

is in intimate contact with structure above and below it, will
withstand expected storage temperatures of approximately 200°F.
This type of caprock might also have ultimate potential for storage
at higher temperatures, in the event that this becomes economically
attractive in the future. Of course, before attempting cycling
over wider temperature ranges, a careful examination of the rock
mechanics of the particular host formation being considered woﬁld

be necessary.



2.5 STORAGE PRESSURE RANGE

The aquifer discovery pressure is a very important characteristic,
since this pressure dictates the maximum allowable storage pressure.
An air storage pressure which lies within the range of 200 psi -
1000 psi is considered acceptable for the proposed compressed

air storage system; this range is based on the expected pressure

capability of the turbo-machinery and on economic considerations.

The lower limit of 200 psi was selected to provide a match with
the inlet pressure of the combustor/turbine sections of currently
available gas turbines. The lowest inlet pressure deemed practi-
cal by Westinghouse was 10 atmospheres. Then, a minimum of 50 psi
pressure loss between storage and turbine inlet yields a minimum
workable storage pressure of approximately 200 psi. Preliminary
Westinghouse calculations indicate that at lower air storage
pressﬁres an unreasonably large number of wells are required

to service the turbines; consequently, lower storage pressures

are not cost effective.

At the upper end of the pressure specfrum, the maximum high pres-
sure turbine inlet pressure used for preliminary calculations

by Westinghouse Fluid Systems Laboratory was 750 psi. With allow-
ance for gathering line, well, and aquifer losses, the maximum
storage pressure has been set at 1000 psi. The economics of
compression become unfavorable as pressures continue to increase

" above this point.



The current literature of compressed air storage alsé confirms that
the preséure limitations of 200 psi and 1000 psi bracket a. techni-
cally and economically feasible pressure range. The General
Electric Phase I Report, for example, cites storage bressures

in the range of 200 psi to 1200 psi, and suggests that the 600 psi
to 740 psi range may fepresent an overall optimum  (2). The Con-

sultant Report on Feasibility of Compressed Air Energy Storage

As A Peak Shaving Technique in California concludes that pres-

suieé-in the range of 600 psi to 1000 psi appear to be most attrac-

tive.

Within the 200 psi - 1000 psi design criterion specified for
this CAES application, the higher storage pressures are preferable
gince these would tend to provide lower total plant development

costs.



2.6 PERMEABILITY RANGE

Permeability, frequently measured in terms of the millidarcy (md),
describes the flow of fluid through a porous media; materials
vary greatly in their resistance to fluid flow, and thus, in

their permcability.

The aquifer system for compressed air‘s;orage is comprised of

an underground porous media storage reservoir on the top of
which rests an impermeable, air-retaining caprock. A layer of
water confines the air from below. The porous media storage
volume usually consists of sandstone rock or of wvugular or porous

limestone and/dr dolomites - (1).

The permeability of the aquifer storage media must be great enough
to allow delivery of air to the wells at the mass flow rate re--
quired by the turbine. The number of wells necessary and the
‘extent of the air distribution system ar? determined by this |
permeability. Pressure losses witkin thelhost formation increase
considerably at low permeabilities, so that a greater number

of wells are required to achieve air deliverability to the turbine.
At high permeabilities, the minimized aquifer pressure losses

will result in a reduction in number of surface air gathering

lines and in compression cost.

It is recognized that there are only a limited number of aquifer
sites suitable for compressed air storage, and that available
permeabilities may not always be optimal. However, as a preliminary
guideline, a permeability range of 750 md - 3000 md is suggested

for selection of potential aquifer sites.
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Section 3
DESIGN CRITERIA--PRELIMINARY ANALYSIS OF COMPRESSED AIR ENERGY

STORAGE (CAES) SYSTEM

3;1 DEVELOPMENT OF DATA FOR PRELIMINARY ENVIRONMENTAL IMPACT STUDY

3.1.1 General

Preliminary surface plant data for the compressed air energy storage
system have been prepared for use in the Task 2 assessment of
environmental impact of the plant at potential sites. The parameters

developed include the following:

- Compressor-turbine-generator equipment dimensions and
switchyard sizing

~ Cooling water requirements and cooling tower dimensions
- Fuel usage and fuel storage requirements
- Waste watef flows
- Potable water requirements
- Air effluent flow.
The plant critéria established at this point in Task 1 represented

the first approximation only, and were subject to refinement in

later stages of Task work,



3.1.2 Equipment Dimensions & Switchyard Sizing

As an initial estimate, Westinghouse advised that each turbine-
compressor-generator module for the CAES system will be capable

of 200 MWe output. Therefore, a total of five (5) modules was
postulated for a 1000 MWe station. Each module includes one

175 Mwe generator and one 25 Mwe denerator acting in combination;
the 175 Mwe generator is assumed to start first in each case.

The overall length by width dimensions for each module, inclusive
of all necessary equipment, were estimated by Westinghouse as

120 feet x 150 feet. For conservatism in the overall plant layout,
these diménsions were modified to 140 feet x 150 feet. The number
of modules ultimately required for the CAES plant will depend

on detailed Task 1 analysis of potential heat cycle and machinery

configurations by Westinghouse and Sargent & Lundy.

The overall area required for the main compressor-turbine-generator

building was approximated at 700 feet by 180 feet.

It was also estimated that the compressed air storage plant could be
serviced by a switchyard having an overall area of 350 feet x 400

feet, (140,000 ft2).

3.1.3 Preliminary Cooling Water Requirements & Cooling Tower

Dimensions

A preliminary assessment of cooling water needs for a nominal

1000 Mw CAES plant has indicated a total cooling water flow require-
ment of 178,160 gpm. This initial flow estimate is based on

heat rejected from the compressor intercoolers and aftercoolers,
rotating equipment bearings, and motor generators, with a tempera -
ture rise of 400F. The 400F temperature rise has been suggested
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by heat exchanger manufacturers. State temperatures at the inter-
coolers and aftercoolers were based on preliminary Westinghouse
estimates, and an intercooler approach of 10°F applied. Maximum

temperature of available cooling water was set at 95°F.

. The preliminary cooling water requirements for the CAES plant

are itemized below.

Cooling water requirements (preliminary)

Compressor intercooler water........... cecescsccecs. 89,290 gpm
Compressor aftercooler water floW.....cveeewsseceess 78,230 gpm
Rotating equipment bearings & generator......... .._10,640 gpm

Total 178,160 gpm

1

Using the result obtained for total cooling water flow, the required
cooling tower make-up water flow rate has been calculated at 7980
gpm. This make-up water flow replaces expected cooling tower

losses due to evaporation, drift, and blowdown as follows:

Maximum expected cooling tower make-up water flow

Evaporative 1lO0SSeS...cceeecresccccscoscssssas ceeees 5,700 gpm
D’rif:t..'..‘.-."'-.»I«‘.f.‘.f..’....Q-l.l...~.'l....'.....’.40'..<...I. 180 g'pm

B.lowdown*n.ooo-oo-oooo‘o-ooo-oo---..ooooootooooocoo.u 2,100 gpm

Total 7,980 gpm

The make-up water flow rate is based on a maximum cycles of con-

centration of 3.5.

Typical overall physical dimensions for a cooling tower of the
duty described are approximately 324 feet x 73 feet (length x
width). These dimensions are based upon use of a single cooling
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tower having nine cells. If the modular concept is applied to
the cooling tower system, a total of five cooling towers having

two cells each would be required.

3.1.4 'Fuel Usage and Fuel Storage Requiremeénts

Preliminary sizing of fuel storage facilities has been based

on a 60-day fuel reserve for the compressed air plant, when operating
at a nominal fuel consumption rate of 5289 Btu/Kw-hr, and on

a 10 hour per day cycle, 6 days per week. Using a high heating

Value for distillate fuel oil of 141,000 Btu/gal, the total burn

rate required for production of 1000 Mwe is 625 gpm. On these

bases, approximately 19,291,000 gallons of reserve fuel 0il are

- required.

A workable storage scheme, therefore, consists of four, 140 foot
diameter tanks of 110,000 barrels capacity each. Berms of square
configuration with a 6 foot height and a rise-to-run ratio of

1:2 are required for the storage tanks. The berm for each tank
must be of sufficient capacity to retain 100% of the tank volume
in the event of catastropic failure of the tank. Based on these
data, the total fuel storage area enclosed by the berms must

be of square configuration with a total overall area of 617,380

£e2,

3.1.5 Waste Water Flows

Total waste water flow from the nominal 1000 Mw CAES plant is
estimated at 2530 gpm; included in this total are contributions
from cooling tower blowdown, the compressor aftercooler drain,

and the plant cleaning floor drains. Cooling tower blowdown
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has already been estimated at 2100 gpm. The compressor after-
cooler drain flow consists of the total water rejected in the
processing of éir from 14.7 psia and 60% relative humidity at

60°F to 1165 psia and 100% relative humidity at 150°F; an esti-
mated flow of 130 gpm ié rejected during this process. Waste

flow from the plant floor drains is on an intermittent basis only,

but is estimated at 300 gpm.

3.1.6 Potable Water Requirements

After review of typical plumbing designs for non-coal fired plants,
the potable make-up and sewerage water requirement for the proposed
compressed air storage plant has been estimated at 35 gallons

per day per person. Assuming 40 employees, a total flow of 1400

gal/day, or 1 gpm, i3 required.

3.1.7 Air Effluent Flow

Preliminary calculations suggest a total effluent air flow from

the 1000 Mw CAES plant of 239,590 1lb/min. This value represents
a summation of exhaust air flow and fuel flow. The exhaust air

flow pér five modules is approximately 234,900 1b/min, while

the total fuel flow reqnirement is 4,690 lb/min.

'Atmospheric pollutant releases from compressed air storage plant
operation should be comparable to typical gas turbine emissions.
Actual emissions of sulfides and oxides of nitrogen (NOX) are

a function of the fuel o0il burned and will be determined during

refinement of the CAES plant design.
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3.1.8 Preliminary Plant Block Diagram

The space requirements developed in the preceding sections have
been incorporated into a general block diagram of the entire
compreésed air energy storage site (Figure 3-1). This conceptual
diagram, along with the design parameters established, initiated
the Task 2 environmental impact study. The preliminary block
diagram also provided a base for development of refined plot plans

as cycle and equipment design data became available.

3-6



| |
—
| | 14 DAY MAKEUP WATER | OIL STORAGE
| | STORAGE RESERVOIR— TANKS
| I
— . = | _
MAKEUP & BLOWDOWNI
|
PlPELINES————.: ~ OlO
o | = (:5)U§ILS
1 ! o |
: - ___ — T

N
COOLING TOWERS — w1 Tk e
= / SWITC HYARD
o |

FIGURE 3-1
COMPRESSED AIR
N PUBLIC SERVICE INDIANA
SARGENT&LUNDYU ENERGY STORAGE SYSTEM CAES IN AQUIFER
|l ————— encineeRs PRELIMINARY BLOCK DIAGRAM , DOE NO, ET-78—C—01-21859




3.2 DEVELOPMENT OF PRELIMINARY ABOVE~-GROUND* AIR PIPING SYSTEMS
3.2.1 General

A representative air piping network has been established for
each of three typical aquifer pressufes, based on the estimated
number of wells required to service the generating plant at each
pressure. System pressure drops, external pressure loss ratios,
and piping system costs have been determined at three feasible
flow velocities for each piping network. The results oubtained
provide a set of reference conditions for development of site

specific piping and well costs in later stages of Task 1 (Section 4.3).

3.2.2 Number of Wells Required At Three Typical Storage Pressures

Typical aquifer storage pressures of 200 psi, 600 psi, and 1000 psi,
at permeabilities of both 750 md and 3,000 md, have been considered
in development of preliminary piping networks. The number of

wells necessary to charge or discharge the plant at each storage
pressure and permeability has been estimated by D. L. Ayers,
Westinghouse Fluid Systems Laboratory. This initial determination
of required number of wells employed the simplified one-dimen-

sional aquifer flow code developed by Westinghouse.

*The term "above-ground air piping" used throughout this report
refers to the pipelines which transport air between the well-
heads and CAES plant. This piping is to be distinguished from
the wells themselves. 1In actuality, the "above-ground" piping
may be buried for aesthetic reasons; also, for conservatism in
the preparation of piping cost estimates, burial of these pipe-
lines has been assumed.
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The one-dimensional flow code is a single well simulation, which
uses a simple.cylindrical aquifer model to analyze air reservoir-
well performance. No account is taken of interference from adjacent
wells or of piping frictional losses and well losses. The flow
model seeks the finite difference solution to the transient com-
pressible flow equation which governs the flow in the reservoir
and single. well.. For specified boundary conditions, the analysis-
determines a single well's capacity to inject air into fhe aquifer
and: to deliver it to the above-ground piping system. Once the
capacity of a single: well has been found in: this manner, the

total number of wells  needed is computed according to the required

turbine air mass flow rate.

The turbine air masso flow rates corresponding. to 200 psi, 600 psi
and 1000 psi aquifer  storage pressures have been approximated by

Westinghouse:aﬁd‘are>tabulated below.

TABLE 3-1

TURBINE. AIR MASS- FLOW RATES:

Storage: Pressure Turbine Air Mass Flow Rate, M
psi | 1hm/sec MMCF/hr
200 3759 176.6
600 3096 145.5
1000 . 2632 123.7

Table. 3-2. I'ists the well: requirements: for the three typical storage
pressures and two permeabilities, based on the preliminary Westing-
house: single-well. simulation and the specified turbine flow

3-9



rates. A 12 inch well diameter has been used in all cases, and
the discovery pressure has been taken as the storage pressure.

Per the CAES éystem design, the compressor and turbine have been
assumed to share the same air-piping and well system. The results
shown in Table 3-2 have also been based on the specified plant
duty cycle, which consists of 10 hours of compression at night

and 10 hours of generation during the day for a 1000 Mw plant.

TABLE 3-2

WELL REQUIREMENTS AT THREE TYPICAL STORAGE PRESSURES

Storage Permeability Flow Approximate Flow/Well
Pressure $ of Wells
psi md MMCF/hr MMCF/hr
200 750 176.6 500 0.35
600 750 145.5 50 2.90
1000 750 123.7 A 35 3.50
200 3000 176.6 150 1.18
600 3000 145.5 20 7.30
1000 3000 123.7 10 12.4

It should be noted that the well requirements specified in Table 3-2 .
do not reflectAin-situ well requirements at the given storage
pressures. In-fact, actual well requirements may increase signifi-
cantly if the effects of multiple well operation and frictional
losses are considered. The actual number of wells needed at a
specific site is expected to be a function of the areal configura-
tion of the reservoir, pressure loss ratio, pipeline design, and

" aquifer depth, as well as several other factors. Determination
of site specific well requirements is discussed in greater depth‘
in the Task 2 Milestone Report.
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The well requirements presented in Table 3-2, however, do provide

a base for thé development of a set of preliminary piping networks
and piping system cost estimates. From these reference cost figures
a relative comparison of piping costs for the potential aquifer

/sites has been prepared, as discussed in Section 4.3.

3.2.3 Preliminary Piping Networks for Three Typical Storage Pressures

The preliminary well requirements defined in Table 3-2 have been incor-
porated into'ah above-ground air piping configuration fpr each typical
storage pressure. Figures 3-2, 3-3 and 3-4 illustrate the arrangement
of wells and the piping network for aquifer storage pressures of 200,
600 and 1000 péi, respectively, at a permeability of 750 md. Each
figure presenté a plan view of the proposed arrangement of surtace
éiping and wells. The CAES plant has been positioned at the center

of each well field configuration for purposes of preliminary analysis.
The Task 3 work effort will establish the most practical location for
the CAES plant with respect to the well field and other plant struc-
tures, based on characteristics of the storage site selected. Figures
3-2, 3-3 and 3-4 show only the pipeline configuration for a single
quadrant because of the radial symmetry of the piping network about
the centralized plant. The spacing between adjacent wells has been

taken as 400 feet in all cases.

Although similar piping networks have also béen developed for

the 3000 md permeability case, the results have not been included
here. It is true that a permeability of this magnitude would

" constitute a. highly desirable aquifer characteristic. As indicated
in Table 3-2, well requirements are significantly reduced at 3000 md;
consequently, above-ground piping configurations are simplified.
However, a cursory inspection of potential aquifer sites throughout
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NOTE: SPACING BETWEEN ADJACENT WELLS IS 400 FEET.
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NOTE: SPACING BETWEEN ADJACENT WELLS 1S 400 FEET.

FIGURE 3-4
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Indiana and Illinois has suggested that laboratory determined aquifer
permeabilities in these geographic areas will be well below the 3000
md level. To simplify the discussion, therefore, only results appli-

cable to the more relevant 750 md permeability case have been included.

3.2.4 Determination of System Pressure Losses

Pressure losses through the aquifer, wells, and above-ground pipelines
have been determined for the 200 psi, 600 psi, and 1000 psi storage
pressure conditions, for both the compression and withdrawal cycles.
These pressuré loss calculations have been used to establish an

acceptable range for the external pressure loss ratio.

The pressure loss calculations completed for each typical storage

pressure may be summarized as follows:

- Determination of the pressure drop between the bottom
of the well and the porous bed comprising the storage media.

- Determination of the pressure change in the well bore.

- Determination of the pressure loss in the field lines
which transport air to and from the surface plant, for
three feasible pipe air flow velocities.

3.2.4.1 Calculation of Pressure Losses In The Aquifer and Well.

Determination of the pressure drops through the aquifer and well
bore, at the three typical storage pressures, required the calcula-
tion of the flowing sand face pressure and well head pressure

for each case, per the procedures delineated by Katz & Lady (l).

The flowing sand face pressure (the pressure at the bottom of
the well) PS, the reservoir pressure Pf, and the well head pressure
Pw’ are shown schematically in Figure 3-5.
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As discussed by Katz and Lady, air entering the well bore at the
bottom of the well flows radially through the porous media. The
basic relation between the flow rate and pressure drop through the
porous media can be obtained by integration of Darcy's Law. However,
since turbulence occurs at the porous media adjacent to the well
bore, én»additional turbulence term must be iﬁtroduced into the

flow equation to account for non-laminar flow characteristics (1).
Determination of flowing sand face pressures for the three typical
storage conditions, then, has been based on solution of the differ-

ential flow equation describing turbulent flow.

Calculation of the pressure drop in the well bore is somewhat

more involved, since the frictional losses between the flowing

air and wall must be considered, in addition to the static vertical
head between the top and bottom of the well. As documented in

Katz and Lady's Compressed Air Storage, a simplified equation

has been developed by Cullender & Brinckley for the determination
of well head pressure, which combines the static head and friction
loss terms. This simplified equation has been used to calculate
the well head pressures at the 200 psi, 600 psi, and 1000 psi

storage pressure conditivas.

The pressure changé through the aquifer storage media is just
the difference between the storage pressure and the flowing sand
face pressure, while the pressure change in the well bore is the
difference between the flowing sand face and well head pressures.
These pressure differentials have been determined for the 200
psi, 600 psi, and 1000 psi storage systems, for both compression

and withdrawal cycles.



3.2.4.2 Calculation of Pressure Losses In Above-Ground Air Piping.
The pipeline pressure loss calculations for the 200 psi, 600 psi,
and 1000 psi CAES systems have been based on the typical piping

" ‘networks developed for each pressure in Section 3.2.3. There

is a tradeoff between increased pumping cost and decreased piping
cost as the pipeline pressure drop is increased. Therefore, at
each storage pressure, three different pipe air flow velocities
have been considered in order to bracket reasonable combinations

of piping costs and pumping power costs.

To determine the pipe sizes for the selected velocities at each
pressure, the air mass flow rate required for production of 1000

Mw at that particular pressure level has been used (Table 3-3).

The piping for each pressure caée was first sized to obtain the
same velocity in the above-ground piping as in the underground
wells. This velocity is termed the "well-bore velocity". Since
12-inch diameter wells have been used at all storage pressures,
the well-bore velocity for each pressure case corresponded to

the velocity of flow in a 12-inch inner diameter (I.D.) pipe.

The well bore velocity provided a lowest case velocity and an

" upper limit.on pipe size at each storage pressure. To obtain

a lower limit on pipe size at each pressure, the pipe diameters
fesulting in a 200 fps air velocity within the above-ground piping
were calculated. An intermediate velocity of 100 fps has also
been considered.
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Table 3-3 summarizes the selected air flow velocities for the three

storage pressure cases, at a 750 md permeability.

Table 3-3
VELOCITIES OF FLOW IN AIR PIPELINES FOR THREE

TYPICAL STORAGE PRESSURES

Turbine Air '~ Velocities of
Mass Flow . Flow in Pipe
Storage Rate, Permeability No. of Wells
Pressure M
psi lbm/sec md fps
200 3759 750 500 13.3,100,200
600 3096 750 50 37.5,100,200
1000 2632 750 35 25.1,100,200

According to procedures described by Katz and Lady, a Weymouth
type equation for calculation of pressure drop in horizontal pipes
has been applied to determine the piping network pressure losses
for the nine cases specified above. Pressure losses have been
calculated for both the compression and generation operating modes

for each case.

The calculated network pressure drops completed the information

required for the determination of external pressure loss ratios.

3.2.5 The External Pressure Loss Ratio

The external pressure loss ratio is defined as the ratio of compressor
discharge pressure to turbine inlet pressure (Pc/Pt). This ratio has
been determined for each storage pressure and velocity shown in

Table 3-3.



The compressor discharge pressure has been computed by starting
with the aquifer storage pressure, and then adding the pressure
differentials through the aquifer, well, and pipelines for ‘the
compression cycle. Similarly, the turbine inlet pressure has been
determined by starting with the aquifer storage pressure and sub-

tracting the calculated pressure losses between aquifer and turbine.

Based on the'external pressure loss ratios developed for the typical
storage pressures and flow velocities, a pressure loss ratio range
of 1.2 to 1.8 has been established for theée CAES system, with the
base raéio estimated at 1.4. These data have been submitted to

the Westinghouse Electric Cerporafion for use in heat cycle and

equipment design.

3.2.6 -Preparation of Preliminary Piping System Costs

Piping system cost estimates have been developed for ‘the nine

reference conditions outlined in Table 3-3.

To establish these cost estimates, the pipe wall thickness, pipe
lengths, and required number of fittings have been computed for
the typical pipeline networks (Figures 3-2, 3-3 & 3-4) at ‘the
flow velocitieS‘specified in Table 3-3. From this information,
an order of magnitude cost estimate, in current prices, has been
prepared for each of the nine reference :cases. 1Included in the
piping cost estimates are the costs of pipe, fittings, coating
and wrapping, eérthwork, field erection and welding. Valves and
specialties for the piping, and instrumentation and controls,

have not been included.



The cost estimates developed for the reference cases provide a

base for site-specific piping cost analysis (Section 4.3).
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3.3 . DEVELOPMENT OF SUPPLEMENTAL HEAT CYCLE PARAMETERS

3.3.1 General

As a part of the Task 1 work effort, Sargent & Lundy has provided
the Westinghouse Electric Corporation with a set of required heat
cycle parameters, to be used in the development of curves for

the evaluation and optimization of heat cycles. These supplemental
heat cycle parameters are summarized in Table 3-4. In addition
to the external pressure loss ratio and compression cycle equip-
ment discharge temperature previously determined, the required
parameters include the maximum temperature drop for above-ground
piping, the cooling water supply temperature, and the regenerator
minimum cold end temperature. These additional parameters are

discussed briefly in the following subsections.

Table 3-4
TABULATION OF SUPPLEMENTAL HEAT CYCLE PARAMETERS
External plant Air Pressure Loss Ratio (Compression Cycle Equipment

Discharge Pressure/Expansion Cycle Equipment Inlet Pressure):
a. Base 1.40

- b. Range 1.20 to 1.80
Compression Cycle Equipment Air Discharge Temperature:
T_ = 150°F
a
Externaé Plant Air Temperature Loss:
T =10"F
Availabée Equipment Cooling Water Supply Temperature:
T = 95°F
w

Regenerator Minimum Cold End Average Temperature, (Flue Gas Exit
Temp. + Expgnsion Cycle Equip. Inlet Temp.)/2:
Tave = 205 F (note - stated temp. based on approximately 30%
: of total regenerator surface at cold end being
of corrosion resistant low alloy steel)
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3.3.2 Maximum Temperature Drop For Above-Ground Piping

In order to impose worst case conditions (and thus to maximize
temperature drop), the determination of maximum temperature loss

in the above-ground air piping has been based on the'use of unin-
sulated pipe subjected to weather conditions of 10°F with a 15 mph
wind. The pipe routing corresponding to the 500 well, 200 psi

CAES system (Figure 3-2) has been applied to this calculation.

In addition, the specified air injection temperature of 150°F has
been used. As indicated in Table 3-4, these conditions resulted

in a maximum expected temperature drop of 10°F for the above-~ground

pipelines.

This temperature drop could be reduced by approximately 2°F with the
addition of 1-1/2 inches of standard calcium silicate insulation.
Burial of the air pipelines would also reduce the maximum expected

temperature drop.

3.3.3 Regenerator Minimum Average Cold End Temperature

The regenerator minimum average cold-end temperature, Tave' is

defined as follows:

T, ye = (Flue Gas Exit l'emp. + Expansion Cycle Equipment Inlet Temp.)
2

Tave has been set at 205°F, for purposes of heat cycle and equipment
design. The 205°F temperature is based on approximately 30% of
the total regenerator surface at the cold end being of corrosion

resistant low alloy steel. The CE Process Equipment Guide for

Cold-End Temperature and Material Selection substantiates this

choice of minimum cold-end temperature.
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The 205°F temperature criterion applies to fuels having a sulphur
content of 1% or less. Number 2 distillate fuel o0il typically has a
sulphur confent ranging up to 0.7%. The Standard 0il Company of
Indiana also has confirmed the availability of fuel oil with a

sulphur content of 1% or less.

3.3.4 Cooling Water Supply Temgérature

A maximum expected cooling water supply temperature of 95°F was
supplied to the Westinghouse Electric Corporation for the develop-
ment of curves needed in the evaluation and optimization of heat
cycles. This 95°F temperature selection has been based on past
experience and is a conservative value; i.e., for a specific site
and heat cycle, a heat ekchanger-cooling system study performed

to determine the most economical combination of design factors
bésed on equipment and operating costs, éould reshlt in a lower

cooling water supply temperaturev



Section 4
DESIGN CRITERIA -- SITE SPECIFIC ANALYSIS OF COMPRESSED AIR

ENERGY STORAGE (CAES) SYSTEM

4.1 PREPARATION OF SITE DEVELOPMENT CRITERIA
The site development and plant access criteria established in
this section are used in the Task 2 evaluation of potential aquifer

sites.

For economic reasons, the station should be located near the geologic
formation to be used for the CAES facility. The proposed location

of the station area must be selected to meet certain minimum require-
ments. In addition, certain preferred conditions should also

be considered when selecting the station location.

The following minimum requirements for site location have been

established:

a. Adequate land must be available for the 'initial station

and possible expansion.

b. The elevation of the station area must be higher than
the 100-year flood elevation of any adjacent river, creek,
or creek tributary, or higher than the maximum pool eleva-

tion of an adjacent lake.



The station area property line must be at least 1 mile
from the limits of the nearest town of reasonable size,
and further away if possible.. The mechanical equipment
building and cooling tower areas must be at least 2000
feet from the property line, and further away'if possible.
The limit of 1 mile was selected to minimize the impact
on. any residential areas. The limit of 2000 feet was

established for noise attentuation.

The station is to be provided with a railroad spur and

an asphalt-paved access road.

In addition, the following criteria for locating the station are

to be considered in the evaluation of potential sites.

1.

Where practical, the station should be located adjacent

to the air storage area so that structures and other
facilities do not interfere with well placement. It

should also be centered on the long axis of the air storage.

area to minimize the length of air piping mains.

Where possible, the station should be located to minimize
the length of the railroad spur.

The length of road access from the nearest state, federal,.

or major county highway should be minimized.

The length of the makeup and blowdown pipelines should

be minimized.



5. No more than minor relocation of cross-county pipelines,
transmission lines, and primary state and federal highways
should be required. Relocation of structures and secondary

roads should be minimized.

6. The station area should be located on relatively level
land to minimize earthwork and drainage requirements.
Where the terrain of the area is hilly, the station should
be located on the most level area available that best
satisfies the minimum requirements and the other preferred

conditions,.

Estimates of site development and plant access costs have been
prepared as a part of the Task 2 work effort, based on the criteria
outlined above. These cost estimates are documented in the Task 2

Milestone Report.



4.2 PREPARATION OF WATER SUPPLY DEVELOPMENT CRITERIA

A set of water suppiy development requirements for the nominal

1000 Mw CAES plant has been defined in Task 1 for inclusion in

the Task 2 site evaluation. These requirements provide a basis

for identification of the most economical water sources at potential

site locations.

The water supply system for the station must be capable of providing
an adequate, dependable supply of water. The following minimum
criteria must be met by the system before it can be considered

dependable and adequate:

1. The system must have a dependable water source, which is
defined as one or more points of supply that can provide

the station with a minimum of 18 acre-feet of water per day.

2. The 18 acre-feet of water per day must be supplied also
during the design drought period, which is a period of
low rainfall (and correspondingly low area runoff and

low river flow) with a recurrence of once in 100 years.

3. If the water supply is provided by pumping from a river
that historical records show may be considered a dependable
source, a pond with l4-day's water supply must be provided
near the station to supply water in the event of a pipeline

or pump malfunction.

4. If the water supply is provided by pumping from a river
not considered a dependable source, a storage reservoir

near the plant is required that has sufficient capacity
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to supply water to the station for the maximum period
during the design drought when water cannot be withdrawn

from the river.

5. If the water supply is provided by constructing a dam
and impounding natural runoff, it must be sized so that
the volume of storage plus runoff available from the

i drainage area during the design dtought period is suffi-

cient to provide for station requirements, seepage, evapora-
tion, and downstream releases from the reservoir. The
reservoir at maximum pool elevation must not encroach
on the spillpoint area such that it impairs the installa-

tion of wells.

The preliminary water flow requirements for the nominal 1000 Mw

station are summarized in Table 4-1.

Table 4-1
MAKEUP WATER REQUIREMENTS AND BLOWDOWN FOR

A NOMINAL 1000 MW CAES PLANT

Approximate Flow

. Makeup Water Blowdown Duration
Period (gpm) (gpm) (hours)

Compression 8,000 2,100 10
cycle '
Withdrawl . 480 125 10
cycle :
Other needs 500 | 500 20
({Intermittent) . .
Average total -
acre-ft per
day 18 6

Maximum rate-
gpm 8,500 2,600



Water supply and blowdown flows for a station with a capacity
of less than 1000 Mw may be determined by reducing the require-
ments by the ratio of the station capacity in megawatts to 1000

Mw.

For sites supplied by pumping from a river, the quantity of water
pumped should be increased to replace evaporation and seepage losses
in the l4-day pond or larger reservoir. For sites‘whére a reservoir
has been provided to impound natural runoff, computations of the
reservoir volume should include allowances for seepage, natural
evaporation, and downstream releaseé. If blowdown has been returned
to a reservoir, the reservoir volume should be computed by subtrac-

ting the blowdown rate from the makeup rate.



4.3 DEVELOPMENT OF SITE SPECIFI'C PIPING COSTS

The preliminary cost estimates for the cases of three typical aquifer
storage pressures at selected velocities (Section 3.2.8) have been
correlated to the specific aquifer sites identified in Task 2.
Correlation of the general estimates to the specific sites required

a multi-stage procedure because of the interdependence of storage
pressure, external pressure loss ratio, air flow velocity, and

Pipe size.

The costs for the actual sites were determined by interpolating
between the costs for the typical reference cases. For convenience,

the reference cases are reiterated below:

Storage Pressure No. of Wells Velocities .of Flow In
(psi) The Pipe (fps)
200 500 13.3,100,200
600 , | 50 37.5,100,200
1000 35 25.1,100,200

Because the proposed sites have discovery pressures between the
upper limit of 1000 psi and the lower limit of 200 psi, a family

of curves was first developed to relate discovery pressure, velocity
of flow, and cost of piping. The costs of piping for the nine
reference cases were used to prepare these curves. From the curves
a-single table of base conditions was derived relating discovery
pressure in increments of 100 psi between 200 and 1000 psi, the

cost of piping at each pressure and the number of wells at each
pressute; The velocity of flow and the number of wells at pressures

of 300, 400, 500, 700, 800 and 900 psi were interpolated from the
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velocities and numbers of wells required for the reference conditions.
The estimate of the cost of piping at each site was obtained by

first using the discovery pressure at the site to determine the

cost of piping for the number of wells in the réference condition.
Then the total cost was derived by multiplying this cost times

the ratio of the number of wells required at the site to the number

of ﬁells in the reference condition.

The site-specific number of wells was obtained from Task 2 computer
analyses of the aquifer system, as documented in the Task 2 Milestone

Report.

The cost of piping included the cost of pipe, fittings} coating
and wrapping, earthwork, and field erecfion, welding, and testing.
Valves and specialities for the piping were not included, and a

3-foot burial depth was used for all piping.

4-8



4.4 TRANSMISSION COSTS AND MECHANICAL EQUIPMENYT COSTS‘

Data pertinent to the development of electrical transmission costs

and mechanical equipmenf costs have been gathered as a part of the
Task 1 work effort. These data have been incorporated into the Task 2
site suitability comparison, as explained in the Task 2 Milestone

Report.

For the potential siteé identified in Task 2, the Public Service
Company of Indiana, Inc. (PSI) provided the capital costs for 345 Kv
transmission lines between the station at each site and the nearest
network lines. These capital cost estimates did not include the
cost of transmission losses, but an estimate of the equivalent
capital investment (ECI) cost of these losses has been established

in Task 2.

The Westinghouse Electric Corporation provided the differential

costing for mechanical eéuipment compatible with nominal storage
pressures of 200 psi, 600 psi and 1000 psi. In Task 2, the cost
of mechanical equipment for each site has been interpolated from
these base estimatés, according to the compressor rating required

for the site.
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Section 5
DESIGN CRITERIA -- DETAILED ANALYSIS OF COMPRESSED AIR ENERGY

STORAGE (CAES) SYSTEM FOR THREE SELECTED HEAT CYCLES

5.1 SELECTION OF THREE OUT OF FOURTEEN FEASIBLE HEAT CYCLES

FOR DETAILED ANALYSIS AND MACHINERY DESIGN

Heat cycle comparison summaries have been prepared by the Westing-
house Electric Corporation for nominal 200 psi, 600 psi, and

1000 psi storage pressure CAES systems. A total of fourteen
feasible cycles were investigated, including four cycles compatible
with a 200 psi storage pressure aquifer, six cycles compatible

with a 600 psi storage pressure aquifer, and four cycles compatible
with a 1000 psi storage pressure aquifer. Westinghouse developed
the fourteen cycles by analyzing the various practical combinations
of number of intercoolers, stage firing temperatures, and choice

of whether dr not to cool the turbine disc. The Sponsoring
1Utilities and Sargent & Lundy assisted Westinghouse iﬁ selecting

a single heat cycle compatible with each storage pressure.

The low permeabilities of Indiana and Illinois aquifers make
the 200 psi CAES system appear increasingly unattractive. Para-
metric studies performed by Sargent & Lundy regarding the develop-

ment of the compressed air storage bubble in potential Indiana



and Illinois aquifers have indicated that very long times are

required for air bubble development at low storage pressures.

However, the 200 psi heat cycle has been retained in the CAES

system analysis. Since the 200 psi cycle may be applicable to
aquifer storage in other regions of the country, an analysis

of a 200 psi CAES system is of generic value.



5.2 REVIEW OF WESTINGHOUSE COMPRESSOR-TURBINE-GENERATOR FLOW-

PRESSURE CURVES FOR COMPATIBILITY

Curves representing the compressor-turbine-generator flow char-
acteristics for typical 200 psi, 600 psi, and 1000 psi storage
pressure aguifers‘have been developed by the Westinghouse Combus-
tion Turbine Systems Division. These curves have been reviewed
by Sargent & Lundy for technical compatibility. The curves indi-
cated tﬁat the compressors in each case have constant air flow

characteristics, this'flow being approximately 770 1lb/sec.
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5.3 EVALUATION AND SELECTION OF COMPRESSOR-TURBINE-GENERA'T'OR -

MACHINERY CONFIGURATIONS

An initial set of seventeen éossible machinery configurations

have been developed by Westinghouse, based upon_vériatiOHS‘of

one, two, and three shaft configurations. "Three poussible configura-
tions were prepared for a 200 psi CAES system; seven candidate
machinery configurations were prepared for the 600 psi system;

and seven 1000 psi system machinery configurations were established.

At a Mechanical Equipment Review meeting, the following criteria
were then developed for final selection of the recommended machinery

configuration at each pressure level:

1. 'Only single shaft configurations are to be evaluated
further at each system pressure level (200 psi, 600
psi, 1000 psi). As compared to the two and three shaft
configurations, the single shaft configuration, for
all pressure levelé, has the least capital cost and
incorporates the least number of rotating components
and auxiliary packages. The single shaft configdration,

then, provides a mechanically simple set.

2. Hardware is to be standardized to reduce development,

design, manufacturing, and inventory costs.

Final selection of:appropriate machinery configurations was then
simplified since only one single shaft design had been developed

for each pressure level.

5-4



The decision to standardize hardware enabled Westinghouse to
proceed with standardization of the low pressure and intermediate
pressure compressors and intercoolers as well as the low pressure

turbine for the nominal 200 psi, 600 psi, and 1000 psi systems.
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5.4 PREPARATION OF CAES UTILITY SYSTEM STUDY DATA SHEETS

Upon request of the Utilities System Studies Committee, Sargent &
Lundy has completed CAES Unit Data Sheets for both a full scale
1000 Mw plant and a demonstration plant. These sheets provide
information relevant to development and evaluation of production
cost savings for a potential CAES plant. The completed sheets

contain the following data:

Compressing Capacity

Storage Energy

Minimum Available Reservoir Level
Cyclé Efficiency

Annual Planned Maintenance Hours
Heat Rate

Expected Availability Rate

Forced Outage Rate

Fixed and Variable Operating and Maintenance (0. & M.) Costs

The CAES Unit Data Sheets for the full scale and demonstration

plants are included as Tables 5-1 and 5-2 respectively.

The unit data sheets have been prepared on the basis of infurmation
supplied by Westinghouse. Sargent & Lundy also performed a de-
tailed survey of applicable gas turbine availability and O. & M.
cost data and verified the Westinghouse values. This survey in-
cluded an analysis of historic O. & M. costs for fast starting

peaking units.
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TABLE 5-1

Full Scale Plant

CAES Unit Data Sheet

Compressing Capacity (MW) 821.560
Storage Enerqgy (MWH's Compressing)

Energy required to be generated elsewhere :

to fully charge the reservoir 8215.6

Minimum Allowable Reservoir Level (%)
% of total reservoir level 90%

Cycle Efficiency (%)

Generation output/compressing 1nput . A 141.1%
Annual Planned Maintenance Hours (Hrs) 1008 - to 3739

Heat Rate and Expected Availability Rates

1/2 Full Capacity Full Capacity
Capacity State (MW) 579.500 1159.000
*
Availability Rate (%) 90% 71% to B8l%
Heat Rate (BTU/KWHR) 3,880 . 3,880
Forced Outage Rates
* %
Immature Mature Time Required to Mature
(%) (%) (Years)
35 to 59 19 to 29 . 11/3 to 1 2/3
* % k
Fixed OsM Cost ($/week) 10,876
* % %k
Variable O&M Cost ($/week) . 130,000

- * k&
Maintenance Outage Cost ($/week)

—_—
Expressed as follows:

Number of hours unit could operate at this capacity level
8760 Hours - Planned Maintenance Hours

* %
Expressed as follows:

Forced Outage Hours
8760 Hours — Planned Maintenance Hours

Note - The sum of the mature forced outage rate and the
ava11ab111ty rates must add to 100%.

* %
1979 Dollars.
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TABLE 5-2

Demonstration Plant

CAES Unit Data Sheet

Compressing Capacity (MW) ‘ 205.390

Storage Energy (MWH's Compressing)
Energy required to be generated elsewhere

to fully charge the reservoir 2053.9
Minimum Allowable Reservoir Level (%)

% of total reservoir level 90%
Cycle Efficiency (%) .

Generation output/compressing input 141.1%
Annual Planned Maintenance Hours (Hrs) 1008

Heat Rate and Expected Availability Rates

1/2 Full Capacity Full Capacity
Capacity State (MW) 144.875 289.750
*
Availability Rate (%) 95% 95%
Heat Rate (BTU/KWHR) 4,050 ' 3,874
Forced Outage Rates
* %
Immature Mature Time Required to Mature
(%) (%) , (Years)
10 5 ‘ 1 2/3
» *x k% : . .
Fixed O&M Cost ($/week) ‘ 2,719
* % %k
Variable O&M Cost ($/week) 32,500

* % %
Maintenance Outage Cost ($/week)
—_—
Expressed as follows:

Number of hours unit could operate at this capacity level
8760 Hours - Planned Maintenance Hours

* % .
Expressed as follows:

Forced Outage Hours
8760 Hours - Planned Malintenance Hours

Note - The sum of the mature forced outage rate and the
availability rates must add to 100%.

* %
1979 Dollars.
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5.5 INVESTIGATION OF EFFECTS OF INJECTION AIR DEHUMIDIFICATION
The compressed air leaving the aftercooler in a CAES plant is
near saturation and any cooling of the air will cause‘some liquid
to condense. The amount of condensation will depend on the air
specific humidity, amount of pressure drop and heat loss in the
manifold system and the difference between the reservoir and

the injected air temperatures. This condensed liquid can cause
pluggage of the porous volume, reducing permeability and thus

reducing airflow.

Westinghouse used the Wiles computer code from Battelle Laboratory to
determine whether the air leaving the aftercooler could be directly
injected into the reservoir without subcooling. Westinghouse

made a number of computer runs with the Wiles computer code after
checking the mathematics and documentation of £his program to

insure that the program is correct. First interpretation of

the computer results by Westinghouse indicated that the compressed
air leaving the aftercboler can be directly inijected into the
reservoir without subcooling. The maximum calculated reduction

in the porous volume for airflow was less than 7 percent, occurring

during the first 60 hours of operation.

Review of the Westinghouse results on the reservoir dehumidifica-
tion by Dr. D. L. Katz indicated that the pressure drop and heét
loss in the manifold system should be included in the Westinghouse
.calculations. These considerations will produce a greater impact
on the porous volume, reducing permeability. Dr. Katz recommends
some level of dehydration be included in a CAES plant, but he

was unable to suggest any specific level of dehydratidn. Dr. Katz

recommends a 20°F to 50°F dew point depression.
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These initial differences of opinion were resolved in further dis-
cussions between Westinghouse, Sargent & Lundy and Dr. Katz.

The consensus was that the lack of dehydration after the after-
cooler will cause reduced airflow into the reservoir and in Task 3,
a method will be determined to verify this. Also in Task 3,

the design parameters for sizing the dehydration equipment will

be chosen along with selection of this hardware.
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5.6 DEVELOPMENT OF GENERAL ARRANGEMENT DRAWINGS AND PIPING AND

INSTRUMENTATION DIAGRAMS (P&ID's)

5.6.1 General Discussion

After selection of the most suitable heat cycle aﬁd preliminary
equipment .designs fto¢ the CAES plant in Task 1, Sargent & Lundy
proceedea with the development of general plant arrangement
drawings and piping and instrumentation diagrams. Representative
drawings have been developed for typical 200 psi, 600 psi, and
1000 psi CAES systems. These general arrangements and P&ID's
provide a design base for further development of plant systems

and subsystems under Task 3.

CAES system design in Task 1, then, has progressed from prepara-
tion of a simple plant block diagram in Section 3.1.8, to completion
of general arrangements and P&ID's for three typical storage pres-

sure plants.

4

The general arrangement drawings compatible wfth each of the
three storage pressures consist of grade and main floor plans
and one cross section. A property development layout has also
been provided in each case. Four piping and instrumentation
diagrams have been developed for each typical storage pressure
plant: one each for compressed air, fuel o0il, circulating watef,

and demineralized and potable water.

The general arrangements and piping and instrumentation drawings
for the 1000 psi storage pressure case are presented in Figures 5-1

through 5-8; Figures 5-9 through 5-16 comprise the required drawing
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set for the 600 psi storage pressure plant; and, finally, Figures 5-17

through 5-24 represent the 200 psi storage pressure level.

For easy reference, the drawings prepared for each of the typical

CAES systems are summarized in Table 5-3.

Table 5-3

GENERAL ARRANGEMENTS AND PIPING AND INSTRUMENTATION

DIAGRAMS FOR THREE TYPICAL CAES SYSTEMS

Figure No.

Drawing
1000 psi

Plant Developﬁent" ' 5-1
Main Floor Plan _ ‘5—2
Ground Floor Plan 5-3
Cross Section 5-4
Main Air Piping 5-5
Fuel 0il Piping | 5-6
Circulating, High Pressure &

Low Pressure Service Water 5=7
Treated, Potable & Demineralized

Water 5-8

600 psi
Case

5-9

5-10
5-11
5-12
5-13
5-14

5-15

5-16

200 psi
_Case

5-17
5-18
5-19
5-20
5-21
5-23

The following subsections offer a brief discussion of various aspects

of CAES plant arrangement and operation for the three storage

pressure systems, with reference to applicable general arrange-

ments drawings and P&ID's.
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5.6.2 Overall Description of CAES Surface Plant

The proposed surface plant layouts for the 1000 psi, 600 psi,
and 200 psi CAES systems are shown in Figures 5-1, 5-9, and 5-17
respectively. Plant facilities are represented by blocks on
these plant development drawings; plant access roads and rail

spurs have also been shown.

The CAES plant at each storage pressure must be capable of pro-
ducing a nominal 1000 Mw of electricity. As a first approximation,
five 200 Mw compression/generation units were postulated for

the CAES plant design. With the detailed performance analyses
completed by Westinghouse, the actual required number and capacity
of units for the nominal 1000 Mw plant were established at each

of the selected storage pressure levels. Heat and material
balances for the selected storagé pressure systems are presented

in Volume 2 of this Task 1 report.

Per the detailed Westinghouse performance analyses, the surface
plant for the 1000 psi nominal sténdardized system is comprised

of four 290 Mw capacity compression/generation modules. The

four units are arranged in a row, in a "head to tail" fashion.

To maintain the modular concept, four cooling towers of three
cells each have been provided. This is based on the total cooling
water'flow requirement of 178,160 gpm for a nominal 1000 Mw plant
(Section 3), and on a total flow per cell of 20,000 gpm. The

four 290 Mw units share a common fuel storage énd delivery system.
Four fuel oil storage tanks have been provided, according to

fuel storage requirements detailed in Section 3.1.4. Each fuel
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storage tank is surrounded by a berm which retains 100 pércent
of the tank volume in the unlikely event of a major spill. 1In
addition, a single switchyard has been located adjacent to the

turbo machinery plant building, to service the entire plant complex.

The general surface plant layouts for the 600 psi and’200 psi stor-
age pressure plants are similar to the 1000 psi case. The total
plant cooling water and fuel storage requirements are approximately
the same in all cases. However, the four compression/generation
modules for the 600 psi storage pressure plant each have a capac-
ity of 255 Mw, per Westinghouse design; four cooling towers of
three cells each have been provided. The 200 psi CAES system
requires six turbine/compressor modules of 178 Mw each. To
maintain the modular concept, six cooling towers, with two cells

per tower, have been included for the 200 psi system.

5.6.3 CAES Plant Arrangement

The general arrangement drawings and piping diagrams for the
three typical CAES plants present the system design for a single
unit only. Subsequent units follow essentially the same design

and therefore are not shown on the drawings.

The Westinghouse Electric Corporation supplied diagrams to indicate
the preliminary equipment outlines for the compressor-turbine-
generator machinery compatible with the 200 psi, 600 psi, and

1000 psi aquifer storage pressures. Outlines of the associated
regenerators, aftercoolers, and intercoolers were also received,

as well as drawings of a typical gas turbine air filter house,
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inlet silencer, exhaust stack, and exhaust silencer. All equip- .
ment outline drawings were carefully reviewed and evaluated prior

to incorporation in plant general arrangement drawings.

Main floor and ground floor plant arrangement drawings ha&e been pre-
pared to show the relative placement of the various plant components,
for the 1000 psi, 600 psi, and 200 psi CAES systems. For each
storage pressure system, the turbine/compressor units include

all the necessary turbo-machinery, heat exchangers, valves, and
auxilliaries required tor compression of air and generation of

electricity.

As indicated on the main floor plan drawing for each proposed

CAES system, one control room has been provided to service two
units; this arrangement reflects the Task 1 control room philosophy
of the Sponsoring Utilities. The control room houses the master
control board for each unit as well as data log typers. The

shift supervisor's office work space has also been located within
the control room. The administration offices, locker, washroom and

other service facilities are adjacent to the main control room.

The accessories required for the turbomachinery lubrication system;
including oil filtering and treatment equipment, have been esti-
mated on the basis of past design experience. Thése plant acces-
sories have been incorporated into the ground floor general arrange-
ment drawings, along with the necessary water treatment facilities

and other plant auxiliaries.

The overall height of the main turbo-machinery building and of
the associated auxiliary building are shown in the general arrange-
ment cross—sectional view. The cross-sectional plant view is
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essentially the same for the three storage pressure plants.

The turbo machinery building is of sufficient height to éccom-
modate an 85 ton turbine room crane. Turbine room crane minimum
hook height above the main floor has been confirmed by the Westing-
house Electric Corporation at 33'-0". The turbo machinery building
has also been sized to accommodate the turbo machinery dismantling

set down area required by Westinghouse.

5.6.4 CAES Air System

‘The units comprising the CAES plant are designed for operation
in either compression, generation, or aquifer independent modes.
Figures 5-5, 5-13, and 5-21, illustrate the main air pipe routing

for the 1000 psi, 600 psi, and 200 psi CAES systems, respectively.

During the compression phase for all three systems, air is dfawn

into the compressor train adjacent to the motor generator at a rate

of 770 1lb/sec and proceeds sequentially through the compressor-inter-
cooler stages, exiting to the aftéicooler and aquifer storage facilities

at the end of the compressor train.

In the generation mode for the three typical CAES systems, air
from the aquifer storage reservoir entérs a regenerator and passes
through the turbine-combustor system. The unit design provides
for combustion prior to both the high-pressure and low-pressure
turbines. From the low pressure turbine, air passes through

the regenerator and out the stack. The regenerator, then, has
been incorporated into the plant cycle to recover turbine exhaust

heat, thereby increasing turbine cycle efficiency.
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Since the plant design assumes equal compression and generation
air flow rates, an aquifer storage bypass has been provided
to allow operation of the unit as a conventional gas turbine

in the event that the storage system is incapacitated.

The compression/intercooler system and the regenerator for the

CAES plant cycle are described briefly in the following paragraphs.

5.6.4.1 1Intercoolers. The plant cycle for the 1000 psi CAES

system (Figure 5-5) incorporates low pressure, intermediate pres-
sufe, and high pressure compression with two intercooling stages
and a single aftercooling stage. Based on manufacturers' recom-
mendations, six low pressure intercoolers and four intermediate
pressure intercoolers have been provided. Entering air, at a
pressure of 14.7 psi and at a flow rate of 770 1lb/sec, passes
through the low pressure axial compressor (pressure ratio = 5.090)
where the temperature and pressure of the air are increased before
dischargé to a; intercooler circuit. %he process air then reéches
the intermediate pressure (IP) compressor (pressure ratio = 3.765)
where the compressing/intercooling steps are repeated. Finally,
the air is compréssed again in the high pressure (HP) compressor

(pressure ratio = 4.682) before entering the aftercooler and

' aquifer storage.

The compression cycle sequence for the 600 psi CAES system is
analogous to the 1000 psi case; however, the 600 psi cycle includes
two aftercoolers (Figure 5-13). The low pressure (200 psi) CAES
system (Figure 5-21) requires only two compression stages and
therefore only one intercooler circuit; four aftercoolers are
provided for this case, per manufacturers' recommendations.
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The intercooler requirements for the 200 psi, 600 psi, and 1000

psi CAES units are summarized in Table 5-4.

Table 5-4
INTERCOOLER AND AFTERCOOLER REQUIREMENTS FOR THREE TYPICAL

CAES SYSTEMS

Nominal Number Cooler Size Filled Weight
System ' of Diameter Length : (each)
Pressure Coolers Ft. 1In. Ft. In. LB.
200 PST

LP 1/C 6 5' - 3" 38' - 0" 51,400
A/C 4 5* - 2" 38' - 0O" 53,100
600 PSI

LP I/C 6 5' - 3" 38' - 0o" 51,400
IP I/C 4 5' - 2" 38' - 0" 53,100
A/C 2 5' - 6" 16' - O" 66,800
1000 PSI

LP I/C 6 5' - 3" 38' - 0" 51,400
IP 1/C 4 5' - 2" 3g' - 0O" 53,100
A/C 1 5' - 10" 30' - O" 165,000
LP = Low Pressure‘ I/C = Intercooler

IP = Intermediate Pressure A/C = Aftercooler
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The incorporation of staged compression with intercooling signi-

ficantly reduces the power required to compress air.

The intercoolers proposed for the CAES system are conventional
shell and tube type heat exchangers, designed to remove the inter-
stage heat of compression. Cooling water flowing through the
tubes in a two-pass arrangement cools the process air which is
confined to the sheil side of the heat éxchanger. The inter-

cooler tubes are commonly fabricated from Admiralty metal.

For the fhree typical CAES systems, the volumetrig air flows at
each external connection to the compressor and turbine set were
calculated by using the state points defined in the Westinghouse
Nominal Standardized Heat and Material Balances. This informatioﬁ,
in conjunction with a maximum 200 fps air velocity suggested

by equipment manufacturers, permitted calculation of the air inlet
and outlet connection sizes for intercoolers and aftercoolers.
These sizes are detailed on the air piping diagrams for each CAES

system.

5.6.4.2 Regenerator. Incoming air from storage passes through

the regenerator tubes, where it is heated for the combustion

process by hot turbine exhaust gas flow.

The regenerator for the CAES plant cycle is expected to be of
approximately the same size for 200 psi, 600 psi, and 1000 psi
CAES systems. The regenérator for each CAES unit would consist of

seven building block components connected in parallel to provide a
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complete regenerator. Each regenerator.would be constructed of
integrally finned self-cleaning stainless steel tubing welded into
5 inch thick Type 304 stainless steel £ube sheets, all houéed in
an insulated, reinforced stainless steel casing. Effectivity of
the regeherato: is to be 85% for Task 1, based on an average

recommended cold end temperature of 205°F.

5.6.5 Fuel 0il System

The fuel o0il piping arrangement for the three typical CAES plants
incorporates both a rail £fill connection and a truck f£ill connec-
tion. The fuel o0il is pumped from the rail tank car or highway

tank trucks to the four main storage tanks. Each fuel o0il storage
tank is provided with a weather hood and flame arrestor. Two

100% capacity fuel o0il unloading pumps, arranged in parallel, service
the four tanks. Isolation valves have been provided on each side

of the unloading pumps. This permits pump maintenance during plant
operation. A ring header has also been included in the piping

system design to allow for bypass of the tank farm in the evént of

tank failure.

From the main storage tank, fuel is delivered to the day tank for
each CAES unit. Two 100% capacity fuel oil transfer pumps, with

isolation valves on each side of the pumps, are provided.

Fuel is then supplied to the turbine fuel o0il system of each
CAES unit by redundant sets of high pressure and low pressure
fuel oil pumps. Excess fuel from the unit's fuel oil combustor

drains is returned to the day tank to complete the fuel cycle.



5.6.6 Circulating, High Pressure, and Low Pressure Service Water

sttem

The TaskAl circulating and service water system P&ID's for the
1000 psi, 600 psi, and 200 psi storage pressure CAES plants are

shown in Figureé 5-7, 5-15 and 5-24, respectively.

Each plént design- includes two 50% capacity circulating water
pumps per turbine-compressor unit. These pumps supply water
from the cooling tower basin of each unit to the intercooler

-and aftercooler circuits.

Each unit alsd includes two 100% capacity low pressure service

water pumps and two 100% capacity service water strainers. The

low pressure service water provides cooling for the generator
hydrogen coolers, exciter coolers, turbine oil coolers, and hydrogen
seal 0il coolers. Low pressure service water is also supplied

to high head service water pumps for plant fire protectioh‘and

other miscellaneous plant needs.

Water leaving the intercoolers, aftercoolers and low pressure
' service water.drains is returned to the cooling tower by way
of the circulating water return line, to complete the cooling

cycle.

- Sizings for all major interconnecting pipe routings have been

determined and- are shown on the water system P&ID's.

5.6.7 Demineralized Water Treatment System

A demineralized water treatment system has been included in the
unit design for the typical 1000 psi, 600 psi, and 200 psi CAES
systems (Figures 5-8, 5-16, 5-25) to provide distilled quality
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watef for NOX control. NOx emissions are reduced by use of water
injection.  The wétef treatment sysfem for each CAES unit has been
sized to allow 1 pound of water for each pound of fuel oil burned.
This 1:1 water/fuei injection ratib has been suggested by the
Weéfinghouse Electric Corporation. The water tﬁeétment system
also supplies filtered water to the unit's chil;ed water make-

up and potable water systems.

The water treatment'process basically cohsists of a pretreatment
étep'and a demineraliZation procedure. Deep wells are the water
source for the CAES planf, and thus filtration is the only type
of pretreatment required. Filtration ensures removal of most
‘suépended solids and Eu:bidity. Sénd has been selected as the
'filter media;-sinée sand is relatively inexpénsive and yields
effluent water of good quality. AccumulatedAsuspended particles
are removed from the sand filter by'packwashing when high dif-

ferential pressure across the filter vessel is realized.

Each CAES unit is squliea with its own filtration equipment

and with a filéered water storage. tank. Water from the filtered
water'storage'tank is delivered to the unit's chilled ‘water make-

up system, potable water system, and demineralization system. |
Two 100% capacity filtered water supply pumps, '‘arranged in parallel,
provide waterAfor both chiiled water make-up needs and potable water
production. A salt saturator, hypochlorite feed tanks, and sodium
zeolite softeners are included for production of potable water.

‘The potable water is stored in a domestic.storage tank for each

CAES unit.
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Delivery of filtered water to the unit's demineralizer equipment

is by means of two 100% capacity démiﬁeralizer supply pumps.
Demineralization removes_dissolved solids by an ion exchange
process. Cation resin, which has exchangeable hydrogen ions
attached to a negatively charged polymer structure, is used to
remove such ions as calcium, magnesium and sodium from the influent
water. Similarly, anion resin, which consists of hydroxide ions
bonded to a positively charged polymeric structure, removes

impurities such as sulfides, chlorides, and alkalinity.

The demineralizer train for each CAES unit is comprised - of a

weak acid catidn tank, a strong acid cation tank, an anion tank,
and a mixed bed tank. A decarbonator vessel has also been provided
to further remove alkalinity by a mechanical'procedure; this
reduces the amount of costly anion resin fequired in the anion

resin tank.

Since ion—éxchange is a reversible process, the demineralizer
ﬁrain can be regenerated as the resins become exhausted to dis-
. solved solids. Regeneration is achieved by passing.a strong
_gcid through the cation tank and caustic through the anion vessel
to réstoré the'regins to théir origiﬁallhydrogen and hydroxyl
' formé. .Acid and caustic storage tanks, day tanks{ and»pﬁmps,

and a hot water tank have been provided fbr_regeneration of the

.CAES demineralizer train.

Two 100% capaéity supply pumps are provided for each CAES unit
to deliver the demineralized water from a storage vessel to the
unit's turbine combustors for use in NO, control.
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5.6.8 Unit Equipment Requirements

Based on Westinghouse submittalss, preliminary equipment and
associated motor requirements have been developed for the CAES
plant. Operating parameters have been defined for the various
unit pumps, motors, cooling tower fans, control valvés, compres-
sors, air cqnditioning;chiller units, travelling screens and

turbine turning gear required for ‘the plant.
In addition, the:equipment needed for boot :strap -start-up .of :a

typical ‘CAES unit .has :been .itemized, -as :shown :in Table 5-5.

“Table :5=5

EQUIPMENT :REQUTRED “FOR :BOOT :STRAP *START-UP ‘OF [ONE "UNIT

iSystem ‘No. ‘:hp/Motor ;Coincident>'Non%Coincident
L.P. :service water spump 1 -400 400
Turbine main “lube -0iil :pump A 200 200
WeIl.heaﬂ:cdntrdl'valye'open. ‘65 ) | 325
"Fuel 0il -pump 1 100 T100
Bldg.. wentilation fans 2 Y 53 .15h
Instrument air compressor ‘ -Tl 40 40
Air conditioning chiller unit 1 40 40
‘Turning gear 1 30 A 30
Turning gear oil pump | 1 30 30
Air side seal o0il pump 1 20 .20
Turbine room sump pump - 1 10 10
Hz'side seal oil pump 1 3 | 3
Fuel tank to bldg. transfer 1 - . 20 o =20
963 hp ‘405 ‘h_
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5.7 PREPARATION OF ELECTRICAL SINGLE LINE DIAGRAMS

EA set of preliminary electrical single line diagrams have been
developed as part of the Task 1 work effort. These diagrams are
.based on estimated auxiliary loads developed by Westinghouse and
Sargent & Lundy; on an assumed switchyard consisting of 1-138 kV
line for Unit 1 and the addition of 2-345 kV lines as Units, 2; 3
and 4 are constructed; and on direction from the Sponsoring

Utilities after a review of a number of single line sketches.

Figure 5-25 shows the basic bus arrangement for a four unit CAES
plant. Since the prime purpose of this installation is peaking
duty, a single 4 kV bus per unit has been assumed. 1In order to
provide back-up for each bus, provisions for electrically tieing

all units together with the 4 kV reserve bus have been included.

Figure 5-26 shows the basic station single line for Unit 1.
Units 2, 3 and 4 would esentially follow the same design and

therefore single lines for these units have not been included.

Since the switchyard has been assumed to have two voltage levels,
Fiyure 5-27 and Figure 5-28 showing the 138 kV yard and the

345 kv yérd respectively have been developed. References on Figure
5-28 showing connections to Units 2, 3 and 4 will be cross

referenced on the respective station single line drawings.

It shoula be noted that the single line design has progressed as
far as possible based on the information available and reasonable

assumptions in many areas where information has not been developed
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or is specifically site related. Details of the design will be
reviewed and finalized as information becomes available as a

result of decisions and design progress in subsequent Task work.
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Section 6

CONCLUSION

CAES system design in Task 1 has proqressed from the establishment
of basic design assumptions to selection of heat cycle and machinery
configurations for three typical aquifer storage pressures.

The Task 1 work effort culminated in the preparation Qf genefal
arrangement drawings, piping schematics, and electrical single

line diagrams for the three typical CAES systems. Task 3 will
optimize the preliminary plant designs developed by Sargent & Lundy

and Westinghouse under Task 1 for plant sites selected in Task 2.
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ABSTRACT

This study develops combustion turbine heat cycles and machinery configurations
for use with aquifer air storage systems by an electric utility. Air is com-
pressed in these systems, by utilizing "off-peak" electric power available from
base load plants, and stored underground in an aquifer. During subsequent
periods, when intermediate or peaking combustion turbines would normally be
employed, the stored air is extracted from the aquifer and serves as an air
supply for fired combustion turbine generating units.

Heat cycles are optimized, for nominal storage pressure levels of 200, 600 and
1000 psi, on the basis of minimum power production energy cost. The use of
standardized (common) machinery for the low and intermediate pressure components
in all three pressure level systems was investigated.

Variations of intercooled compression cycles and regenerative reheat cycles were
the basis for the candidate cycles selected for evaluation. Thermal energy
storage was not a consideration in this study. Heat was rejected from the inter-.
coolers and the aftercooler in the compression cycle to cooling towers in the
balance of plant systems. An aquifer air injection temperature of 1500F was
selected for this study. The use of a combustion turbine and steam combined
cycle was investigated and it was found that the intercooled, regenerative reheat
cycle had a Tower power production energy cost than the combined cycle in a CAES
application where the stored air temperature was 2000F or less.

The performance of the CAES compressor and turbine machinery, when operating as
a generating unit independent of the aquifer system, was calculated and determined
to be competitive with conventional combustion turbine generating units at the

higher system pressure levels,
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SUMMARY

Compressed Air Energy Storage (CAES) is a technique being investigated by the
electric utility industry, for storing energy from base load power plants during
"off-peak" hours, for use during periods of high power demand.

This report describes the work performed in identifying and evaluating candidate
coﬁpressor and combustion turbine systems for use in a CAES application utilizing
aquifer air storage systems. Three system pressure levels were analyzed in this
study as the basis for developing optimized heat cycles and machinery configurations.

HEAT CYCLE SELECTION

Compressor trains utilizing one and two intercoolers were optimized for minimum
work. The primary considerations in the optimization of the compression cvcles
were the Tocation and number of intercoolers, the resulting compressor pressure
ratios and predicted compressor efficiencies.

Reheat, regenerative turbine cycles were optimized on the basis of the reheat com-
bustor location, turbine firing temperatures and predicted turbine efficiencies.

The optimum compressor trains utilizing one and two intercoolers were combined
with optimized turbine cycles and the performance of the overall CAES power plants
were evaluated at various turbine firing temperatures and energy cost ratios.
Energy cost ratios consist of the ratios of the projected cost of "off-peak"
electric power used to drive the compressor train and the projected cost of the
fuel 01l consumed by the turbine train combustors. The initially selected opti-
mized CAES cycles are summarized in the following table.
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Table S-1

SELECTED OPTIMIZED CYCLE SUMMARY
TWO INTERCOOLER CYCLE
REGENERATOR EFFECTIVITY 85%

Nominal Storage Pressure
200 PSI 600 PSI 1000 PS!
Firing Temperature HPT/LPT OF 1500/UF | 1500/1500 1500/1500
Turbine Work — KW/LB/SEC* 2185 331.1 375.7
Air Flow — LB/SEC/Machinery Set** 770.0 770.0 770.0
KW Per Machinery Set* 168,250 254,950 289,300
Machinery Sets Per 1000 MWe (EXACT) 5.94 3.92 3.46
Machinery Sets Per 1000 MWe (ACTUAL) 6 4 3
Total Power Production Energy Costs
in Mils/KW HR
Fuel @ $/106 BTU/ELEC PWR 2.50/10 17.80 16.84 16.80
in Mils/KW HR 2.50/20 25.40 23.88 23.90
5.00/20 35.59 33.67 33.60
7.50/10 38.17 36.41 36.20
7.50/20 45.78 43.46 43.30
7.75/60 77.23 72.63 72.67

*These Qutputs Reflect a 98% Generator Efficiency and Turbine Auxiliary load losses.
**Low Pressure Compressor Inlet Air Flow.

Turbine Qutput Power values are as calculated and do not.include any margin.

COMPONENT STANDARDIZATION .

Standardization of hardware is very effective in reducing development, design,
manufacturing and inventory costs. A study was performed to determine the per-
formance penalty which might be incurred by standardizing as many components as
possible in the low and intermediate pressure range of all three of the nominal
pressure level systems. Common, or standardized, components in the 200, 600 and
1000 PSI nominal pressure systems consist of:

0 Low pressure compressor

° Low pressure intercooler

) Intermediate pressure compressor

° Intermediate pressure intercooler
0 Low pressure turbine and combustor.

A comparison of the performance and total energy cost of cycles utilizing optimized
and standardized components is shown on the following table.



Table S-2

OPTIMIZED VS STANDARDIZED j
LOW PRESSURE MACHINERY COMPARISON |

’

200 pS| 600 PS| 1000 PSI
oPT STD oPT STD oPT STD
777 777 777
LP COMPRESSOR, o 3.380 [/, 5.000/] 770 [/ é698/ s.a70 [ /,6.000/
1P COMPRESSOR, o 2400 | - 3.390 '/, 3765/ a.050 {/,3.765
7 7 7
HP COMPRESSOR, p 2400 [/,3685/ 3390 | 2861 | 4050 | as82
7 7 —7 77 777
LP TURBINE, o 10.700 [ /16,700 /] 11.000 | /11,000 // 11.000 | /11,000,
CHARGING POWER,
KW/LB/SEC* 1662 | 1715 [2334 | 2334 | 2667 | 2675

NET OUTPUT PER
MACHINERY SET, KW/LB/SEC. |218.5 219.0 331.1 330.9 375.7 375.7

NET LHV HEAT RATE, )
BTU/KWHR* . 4075 4075 3915 3915 3880 3880

TOTAL POWER PRODUCTION ENERGY COST IN MILS/KWHR

FUEL @ $/106 BTU
ELEC. PWR. IN MILS/KWHR

$%-05° 1780 | 1802 | 1684 | 1684 | 16580 | 16.82
$22-§’° 2540 | 2585 | 2388 | 2389 | 2390 | 2394
.$_§03‘l 3559 | 3604 | 3367 | 3368 | 3360 | 33.64
32-5’0 1817 | 3839 | 3641 | 3641 3620 | 36.22 -
i7z-§>_° w578 | 4622 | 4346 | 4347 | 4330 | 4336
$235 77.23 | 7856 7263 | 7266 | 7267 | 7279

CROSSHATCHED BLOCKS IDENTIFY COMMON COMPONENTS. wisor)
*REFLECTS MOTOR, GENERATOR AND AUXILIARY LOAD LOSSES.

The charging power, turbine output and heat rate values are as
calculated and do not include any margin.

In the 200 PSI standardized system, a single intercooler compressor train is com-
pared with the optimized two intercooler train, thus eliminating the intermediate

compressor in that system.

This comparison shows that the use of standardized components does not impose a
significant performance or total energy cost penalty. The use of the standardized
components was selected as the preferred CAES heat cycle for all three pressure

levels,

PUBLIC SERVICE INDIANA
CAES IN AQUIFER
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The final estimate for the CAES system performance is presented in Table S-3.
These results differ from the above standardized results because the efficiencies
“or the motors, generators, gearboxes and combustors were refined.

Table S-3

CAES SYSTEM PERFORMANCE
STANDARDIZED COMPONENTS
(REFINED COMPONENT EFFICIENCIES)

NOMINAL SYSTEM PRESSURE

200 PS| 600 PSI 1000 PSI
TOTAL COMPRESSOR INPUT
AT MOTOR TERMINALS, KW 130,653 178,540 204,910
TOTAL TURBINE OUTPUT AT
GENERATOR TERMINALS, KW 178,505 256,555 291,150
AUXILIARY LOAD, KW 500 500 500
NET TURBINE OUTPUT, KW 178,005 256,055 290,650
NET LHV HEAT RATE
BTU/KWHR 3,945 3,855 " 3,820

TOTAL POWER PRODUCTION ENERGY COST IN MILS/KWHR

FUEL @ $106 BTU
ELEC. PWR. IN MILS/KWHR

250 17.20 16.61 16.60
10
250 24.54 23.58 23.65
20
5.00 34.40 33.22 33.20
20
% 36.93 35.89 35.70
750 44,27 42.86 42.75
20
7.75
60 74.61 71.71 71.91
REFINED COMPONENT CFFICIENCIES (W1592)
MOTORS 96%
GENERATORS  98.5%
GEARBOXES 98.5%

COMBUSTION 99%

Work of compression, output power and heat rate values are as calculated and do not
include any margin.

PUBLIC SERVICE INDIANA
CAES IN AQUIFER
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MACHINERY CONFIGURATION

Seventeen candidate machinery configurations, based upon variations of one, two
and three shaft arrangements, were evaluated. Al1 three arrangements were tech-
nically feasible. On the basis of the relative capital cost of the major equip-
ment and overall system complexity, the single shaft arrangement was selected as
the preferred configuration. A preliminary outline drawing of the rotating
equipment in the 1000 PSI system machinery set is shown.

-COUPLING

: L @ :xcn:vm . _ﬁo{nmm - :=:-==::;‘:\#l! ..'!’Nam_: |

AXIAL
Nlexnayst

LP.

T I GEAR

PLAN

HP.C. INLET £ LP.C. INLET ¢ LRC.INLEY COUPLING : MOTOR/GEN, YURNIN({ € G.T.INLET

‘ﬂg”“; ) ENPNRN
| - e

TURNING
GEAR

16107

ELEVATION (W 1593)

Figure S-1. 1000 PSI System Machinery Qutline

: ' PUBLIC SERVICE INDIANA
. CAES IN AQUIFER ,
DOE NO. ET-78-C-01-2169
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PART LOAD AND AQUIFER INDEPENDENT OPERATION

Flow and discharge pressure characteristic curves for the compressor trains were
prepared as an input to the preliminary evaluation of the candidate aquifer sites.

The operation of the selected CAES cycles as aquifer independent generators was .
analyzed and these results are shown on the following table.

. M/G T T Q [ 1
C C
CAES AQUIFER INDEPENDENT GENERATOR CONVENTIONAL
COMBUSTION
TURBINE
CAES SYSTEM AQUIFER CONVENTIONAL
INDEPENDENT OPERATION COMBUSTION TURBINE

W501 OPERATION

200 PsI 600 PSI 1000 PS!

o]
1500/UF OF | 1500/15000F | 1500/15000F | APPROXIMATELY 2000°F

NET TURBINE

OUTPUT, KW 69,070 88,436 98,535 94,715
‘NET LHV HEAT
RATE BTU/KWHR 11,465 10,940 10,925 10,660
(W 1594)
NOTES:

1. THE CAES SYSTEM AQUIFER INDEPENDENT PLANT PERFORMANCE INCLUDES MARGINS TO ALLOW
COMPARISON WITH TYPICAL PUBLISHED PERFORMANCE DATA FOR A W501 COMBUSTION TURBINE.

2. AN ALLOWANCE HAS BEEN MADE IN THE CAES AQUIFER INDEPENDENT PLANT PERFORMANCE
(POWER OUTPUT AND HEAT RATE) FOR THE COOLING TOWER FANS, LOW PRESSURE SERVICE
WATER AND WATER PUMPING ELECTRICAL LOADS.

3. RATINGS ARE AT BASE LOAD OPERATION, 14.43 PSIA AND 59°F.

PUBLIC SERVICE INDIANA
CAES IN AQUIFER
DOE NO. ET-78-C-01-2159
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CONTROL SYSTEM PHILOSOPHY

A control system description was prepared together with a main air control
schematic. Three modes of operation of the CAES plant are outlined.

) Aquifer Dependent Power Production
° Aquifer Charging

° Aquifer Independent Power Production

Control areas which may require special attention during subsequent phases of the
system design, when detailed characteristics of the mechanical and electrical
rotating equipment are defined, were identified.

CAES PRICE ESTIMATES

Equipment price estimates were prepared in Task 1 to support the dquifer site
evaluation performed in Task 2, "Characterize and Explore Potentia] Sites and
Prepare Site Research and Development Plan."

These price estimates are preliminary since they are based upon the design
criteria generated in Task 1, and as such they are subject to refinement as the '
physical definition of the machinery is undertaken in subsequent tasks in this
program. This should be taken into consideration when utilizing these estimates
in the .Task 1 System Studies projection of plant economics. If possible, these
initial studies should also be used to identify target prices which could then be
guides in developing the preliminary design of the machinery.

S-/



Section 1

INTRODUCTION

This volume describes the work performed by the Westinghouse Electric Corporation
“in completing Task 1 of a five task study with an overall objective of determining
theAeconomic and technical feasibility of an aquifer based Compressed Air Energy

Storage (CAES) plant. |

The specific objectives of this effort were:

° Identification of preferred heat cycles for compressor and turbine
systems applicable to an aquifer based CAES plant.

0 Preparing system performance and cost estimates for use in evaluat-
ing potential aquifer sites.

° Providing major equipment definition for the preparation of
conceptual plant designs.

Concurrent with these Task 1 activities an aquifer site identification and
selection process was performed by Sargent & Lundy Engineers (Task 2). A
partial objective of this work was the definition of the physical properties

of available aquifers. To permit the selection of the preferred heat cycles

and the definition of the system performance in Task 1, prior to the selection
of the aquifer, a range of aquifer characteristics was defined early in the task
which encompassed the known characteristics of potential sites.

Three nominal system pressure levels (200, 600 and 1000 psi) were identified and
compressor and turbine cycles were optimized for each pressure level. The use of
standardized components in the low and intermediate pressure sections of all three
of fhe optimized cycles was investigated. The results of this work is presented

in this volume.

Subsequently, in Task 3, the criteria and characteristics of the aquifer site
selected in Task 2 will be integrated with the results of Task 1 and specific
design approaches for the CAES systems, subsystems and components will be

formulated.
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Section 2

SITE AND HEAT CYCLE PARAMETERS

SITE DEPENDENT PARAMETERS

The selection of the air storage aquifer site was conducted in parallel with the
identification of the general design criteria for an aquifer based. Compressed Air
Energy Storage (CAES) plant. These general design criteria will be used as the
basis for formulating the site specific design criteria in a subsequent task of
this phase of the compressed air storage development program. The site specific
design criteria will utilize the general design criteria developed herein and the
specific characteristics of the selected aquifer site. The site dependent
parameters used throughout this report to develop the general design criteria are
the following: -

° Site Ambient Parameters

Pressure 14.43 PSIA
Temperature 590F (dry bulb)
Relative Humidity 60%

0 Aquifer Dependent Parameters

The aquifer dependent parameters listed relate to the storage
pressure of the selected aquifer which in turn affects the well
and piping air pressure 10ssS.

The storagé pressure range was based upon a preliminary review
of the information available on candidate aquifers in the general
region of the IT1linois Basin in T11inois and Indiana.

The well and piping pressure losses are expressed in the External
Plant Air Pressure Loss Ratio. This ratio is defined as the com-
pression equipment discharge pressure divided by the regenerator
inlet pressure. ‘

Selected Nominal System Pressures
200 PSIA

600 PSIA
1000 PSIA
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Se]ected External Plant Air Pressure Loss Ratios

Base = 1.4
Maximum = 1.8
Minimum = 1.2

External Plant Air Temperature Loss
Aftercooler discharge - regenerator ih]et = 100F
Heat Cycle Parameters
The development and evaluation of the heat cycles required that the
range or limiting values of certain parameters be established.

These values are:

- Heat Cycle Development

Cooling water supply temperature 950F
Cooling water maximum temperature rise 400F
Maximum aquifer air injection temperature 1500F

Minimum regenerator average cold end temperature 2050F

The average cold end temperature is equal to the sum of the
regenerator exit stack temperature and the expansion cycle
inlet temperature divided by two.

Heat Cycle Evaluation

The evaluation of candidate heat cycles requires that a range of
predicted liquid fuel costs and electric pumping power costs be

. established for use in determining the total power production
energy cost for each cycle. The following combinations of liquid
fuel and electric pumping power costs were used in the evaluation.

Liquid Fuel Cost

$ per 106 Btu 2.50 2.50 5.00 7.50 7.50 7.75
(LHV = 18,055 BTU/LB)

Electric Power Pumping

Mils per kwh 10 20 20 10 20 60
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Section 3

CANDIDATE HEAT CYCLES

GENERAL

"The heat cycles investigated were limited to those which represent current tech-
nology or near term engineering modifications thereof. In order to minimize the.
work of compression and remain within pressure ratio limits of current single
stage compressor technology, all of the cycles investigated included intercooling
with the compressor pressure ratio split adjusted to produce minimum compression
cycle work. In addition, aftercooling was utilized to reduce the aquifer air
injection temperature.

Two basic thermodynamic cycles were initially considered; the intercooled
regenerative reheat cycle shown in Figure 3-1, and the 1ntercoo]ed reheat com-
bined cycle shown in Figure 3-2.

The machinery arrangements shown in these figures are typical and do not identify
a preferred arrangement.

While the compression cycles are similar in each, the expansion (power generation)
schemesAare considerably different. The regenerative reheat cycle utilizes an air
to gas heat exchangér to recover heat from the low pressure turbine exhaust;

while the reheat combined cycle employs a steam generator and turbine for heat
recovery and power generation. Since the air returning from storage will be

1400F as it enters the regenerator, the regenerative cycle is capable of recover-
ing a greater amount 6f heat from the exhaust gas than in the normal combustion
turbine application. As will be shown (Table 3-1) the intercooled regenerative
reheat cycle is the more efficient method of improving the cycle heat recovery
than is heat recovery through steam generation in a combined cycle.

CANDIDATE CYCLE COMPARISON

Cycle analyses previously performed by westihghouse (Reference 1) have shown that
the intercooled, rchcat combined cycle has a higher total energy cost than the
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intercoo]ed,'regenerative reheat cycle, in a compressed air energy storage
application where the stored air is 2000F or less. The combined cycle does not
>ecome better than the regenerative system until air storage temperature reaches
the 5000F range.

The performance of the two cycles was compared on the basis of the total power
production energy cost; that is, the cost of the electric power required by the
compressors and the cost of the fuel burned in the turbines during power generation.
The original analysis performed in reference 1 was updated by inserting the
electric pumping power and fuel cost combinations selected for the Task 1 phase

of the program. The results of this performance comparison are shown on Table 3-1.

Since the air storage temperature established for the project is 1500F and the
return air to the expansion equipment is 1400F, these analyses are applicable.
Cycle analyses were also performed in Reference 1 at 700 psi and little difference
was noted with regard'to the optimum thermodynamic cycle.

CANDIDATE CYCLE SELECTION

In all of the combinations of turbine inlet temperature and electric power/fuel
cost ratios shown on Table 3-1, the total power production energy cost of the
regenerative reheat cycle was less than that of the combined cycle.

The storage air temperature in the Reference 1 calculations was 2000F whereas the
aquifer storage temperature defined in this compressed air energy study is 1500F,
Since the exhaust heat recovery performance of the regenerative reheat cycle
improves as .the storage air temperature decreases, the comparison in Table 3-1 is
conservative in that the regenerative reheat cycle advantage will increase at the
Tower (1500F) air storage temperature.

In view of these results the regenerative reheat cycle was selected for further
development in this study. ' '

REFERENCES

1. P.A. Berman. "Compressed Air Energy Storage Turbo-Machinery," London,
England. Gas Turbine Conference & Products Show, ASME Publication 78-GT-97,

1978.
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Table 3-1

TOTAL. POWER PRODUCTION ENERGY COST COMPARISON FOR REGENERATIVE
"REHEAT AND REHEAT COMBINED CYCLES

Storage Pressure 1000 PSI

Site Elevation Sea Level

Regenerator Effectiveness 75%

Storage Pressure Loss 1.21

Storage Air Temperature 2000F
Fuel Cost, $/MM BTU $2.50 $2.50 $5.00  $7.50 - $7.50  $7.50
Charging Cost, Mi]s/KwHR 10 20 20 10 20 60

Turbine Inlet
| Temperature OF

Total Power Production Energy Cost - Mils/KWHR

LPT = Low Pressure Turbine Inlet Temperature % RC

HPT .. 1000 RC ]19.51 27.47 39.03 42.62 50.58 83.57
LPT ~ 1500 RR [18.75 27.45 37.49  38.84 47.54 83.35
HPT 5 1300 RC [18.83 26.26 37.66 41.62 49.05  79.91
LPT 7 1500 RR [18.06 26.14 36.13 38.03 46.11 79.43
HPT 1500 RC |18.41 25.51 36.81 41.02 48.12 77.65
LPT *~ 1500 RR }17.65 25.36 35.31 37.54 45,25 . 77.07
(W 1597)
HPT = High Pressure Turbine Inlet Temperature °F RR = Regenerative Reheat Cycle

Reheat - Combined Cycle

NOTE: The above total power production energy costs are‘as calculated and do not
include any margin.

PUBLIC SERVICE INDIANA
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Section 4

COMPRESSION CYCLE OPTIMIZATION

To achieve the system performance required for an economically viable CAES system
it is necessary to optimize both the compression and expansion thermal cycles.

In the compression cycle, intercooling must be considered. The selection of the
number and location of intercoolers defines the pressure ratio of each compressor
element in the system. It was necessary, therefore, to develop a technique for
identifying the optimum compressor pressure ratio for each of the three aquifer
pressures and the related intercooler outlet temperatures selected for the Task 1
analyses. Equations were developed to directly calculate the optimum compressor
train pressure ratio split, for one and two stages of intercooling, which results
in the minimum required compressor work. The derivation of these equations is
contained in Appendix A of this report; however, the compressor train pressure
ratio optimizing equations are presented in the main body of this text.

The optimum compressor pressure ratio was calculated for the following site

parameters:

Site Ambient Conditions

Pressure - 14.43 psia
Temperature - 590F

Intercooler Outlet lemperatures

950F
1050F (base)
1150F

Aftercooler Discharge Pressures

250 PSIA
750 PSIA
1150 PSIA
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A CAES COMPRESSOR TRAIN UTILIZING ONE INTERCOOLER

The equation used to calculate the optimum pressure ratio split for a compressor
train utilizing one intercooler shown in Figure 4-1 is presented below:

M,CP,T oM (2(Kf1))
2772 271 ‘ 1/2
1= Qo Ton (°g)
16P11m2
and
P
b, =T
&
where:

m = the changing mass flow rate

cp = the constant pressure specific heat of air
n = compressor adiabatic efficiency
p = compressor pressure ratio

P; = compressor train total pressure ratio
K = the specific heat ratio of air

T

compressor inlet temperature, (OR)

and the subscripts 1 and 2 refer to the LP and HP compressor, respectively.

The detailed derivation of the above equation which: determines the optimum inter-
cooler location that allows the charging of an aquifer with a minimum of compressor
work is presented in Appendix A.

Since a constant aftercooler air discharge temperature is maintained, the place-
ment of the intercooler does not effect the turbine cycle. Thus by minimizing

the total compressor work by the proper placement. of the intercooler, the charging
compression cycle can be optimized independent of the turbine cycle.

Data generated from the above equation, for a single stage of intercooling is
plotted on Figure 4-2 for three aftercooler discharge pressures. All points on
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Figure 4-1. Schematic of a CAES Compressor Train Utilizing One Intercooler
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P2aC = 1150 PSIA

P2Ac = 700 PSIA

= 250 PSIA
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these curves represent the optimum pressure ratio split which leads to the minimum
work of compression. At a given high pressure compressor (HPC) efficiency and low
pressure compressor (LPC) efficiency, the low pressure compressor pressure ratio
is read directly from the curve. The high pressure compressor pressure ratio

can be calculated from the following equation:

o A 1

HPC
PATM x P LPC
where:
pHPC = high pressure compressor pressure ratio
PZAC = aftercooler discharge pressure, PSIA

PL TOT = compressor train inlet and exit total pressure loss coefficient

PATM site ambient pressure, PSIA

PLPC low pressure compressor pressure ratio

Projected compressor efficiencies were estimated based on Westinghouse machinery
experience, which when applied to the curves on Figure 4-2 identified the optimum
(minimum work) compressor pressure ratio split between the high and low pressure
compressors. It is obvious from the curves that the optimum compressor pressure
ratio split is strongly influenced by the component efficiencies. An increase in
the efficiency of one compressor body increases the pressure ratio which that
component must achieve in order to provide a minimum work of compression system.

A second observation is that the maximum pressure ratio required in any of the
optimized systems is approximately 15 to 1 in the Tow pressure unit. Such pressure
ratios are obtainable with present day state of the art axial compressors.

Figure 4-3 is a curve showing the effect of the intercooler outlet temperature on
the optimum compressor pressure ratio for a system having one stage of intercool-
ing. The data plotted was generated by utilizing the single intercooler, optimum
pressure ratio equation presented above and derived in Appendix A. A1l three

groups of curves shown are for an aftercooler discharge pressure of 700 PSIA.
Intercooler air discharge (HP compressor inlet) temperatures of 950F, 1050F and
1150F were investigated. The optimum compressor pressure ratio is not significantly
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sensitive to the HP compressor inlet temperature over the 200F variation shown.
The curves also show that as the intercooler outlet air temperature decreases,
the high pressure compressor pressure ratio should increase in order to maintain
an optimized (minimum work) system. In actual operation, with an axial LP com-
pressor, the pressure ratio across the high pressure compressor will increase as
its inlet air temperature decreases. This behavior would tend to automatically
maintain an optimized compressor system should the intercooler air discharge
temperature vary due to changes in the cooling water supply temperature.

The analyses for a compressor train utilizing one intercooler are summarized on
Figure 4-4. This figure displays the low pressure compressor (LPC) pressure ratio
and the total work of compression as functions of the low pressure compressor and
high pressure compressor efficiencies and three aftercooler exit pressures. The
data presented in Figure 4-4 reflects a high pressure compressor (HPC) inlet
temperature of 1050F resulting from an assumed 100F intercooler design point
approach temperature.

The two different types of machines that can be used in a large flow rate, high
discharge pressure compressor train utilizing a single intercooler are axial or
centrifugal units. The Tow pressure compressor, operating essentially at the
constant site ambient inlet conditions should be an axial flow unit because of
the inherently higher (than centrifugal) efficiency of this type of compressor.
Also the wide availability of such Tow pressure turbomachinery is a definite
plus. Either an axial or a centrifugal unit could be utilized for the high
pressure compressor since each has advantages at these operating conditions.

A centrifugal unit would be lower in efficiency, but would be more suited for
ducting the compressed air to and from aircoolers. However, an axial unit would
be more efficient which is a paramount consideration.

Initially both axial and centrifugal HP compressors were analyzed. As stated
above, Figure 4-4 displays the correlation between the optimum LP compressor
pressure ratio, and the resulting total work of compression required by com-
pressor trains utilizing a single intercooler at the three selected design
point aftercooler exit pressures. The optimized compressor pressure ratios
and the resulting minimum total work of compression extracted from Figures 4-3
and 4-4 for the initially estimated compressor efficiencies are shown below.
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NOTE: The above total work of compression are as calculated and do not include any margins.

Figure 4-4. Optimum LP Compressor Pressure Ratio and Total Work of Compression for a Compressor Train
Utilizing One Intercooler
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COMPRESSOR TRAIN UTILIZING ONE INTERCOOLER

Aftercooler Discharge Pressure, PSIA

250 700 1150
Low Pressure Compressor A/A 5.10 8.38 10.50
Pressure Ratio A/C 6.36 10.65 13487
High Pressure Compressor A/A 3.68 6.27 8.06
Pressure Ratio A/C 2.9 4,93 6.45
Total Work of Compression A/A 164 238 276
BTU/LB A/C 17 251 297

A/A - A compressor train utilizing a LP and HP axial compressor.

A/C - A compressor train utilizing a LP axial compressor and a HP
centrifugal compressor.

NOTE: The above total work of compression are as calculated and
do not contain any margins.

A CAES COMPRESSOR TRAIN UTILIZING TWO INTERCOOLERS

The effect of intercooling is to reduce the total work of compression. The greater
the amount of intercooling, the greater the reduction in the compressor work.
Additional intercoolers, however, add to the initial plant cost in the form of

heat exchangers, pumps, piping and compressor casings, and to the operating cost
because the added complexity will cause higher maintenance costs.

In Figure 4-5 the first year savings is shown for various pumping costs, as a
function of the reduction in compressor power required to charge an aquifer. The
curves are based upon an aquifer charging rate of 800 Lb/Sec for approximately

9 hours/day for 365 days/year. These curves indicate how relatively modest reduc-
tions in the required compressor power result in significant operating cost savings.

The attainment of this charging power reduction is more easily realized at the
higher aquifer injection pressures than at the lower, because of the greater

amount of heat generated in reaching the higher pressure levels.

The derivation for the equation for calculating the optimum intercooler location
for a compressor train utilizing two intercoolers is presented in Appendix A. The

4-9
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schematic for such a compressor train which consists of three compressor bodies
and two intercoolers is presented in Figure 4-6. The equation resulting from the
above derivation is presented below:
MoCP,TonaMaCp,T 3(K§1) /3
2°P2'2MmM3P3' 3™

Py = ( ) (o)
1 m]cp]T]nzm]cp]T]n3 T

m]cp]T]n2 K-1

he)
|

p

2 m2cp2T2n] 1

where:

m = the charging mass flow rate

cp = the constant pressure specific heat of air
n = compressor adiabatic efficiency
P = compressor pressure ratio

P = compressor train total pressure ratio

~
"

the specific heat ratio of air
‘T = compressor inlet temperature (OR)

and the subscripts 1, 2, and.3 refer to the LP, IP and HP compressor, respectively.

The above equation for a compressor train utilizing two intercoolers, which defines
the optimum (minimum work) compressor pressure ratios for the high pressure (HPC),
intermediate pressure (IPC) and Tow pressure (LPC), compressors was used to
yenerate the data in Tables 4-1, 4-? and 4-3, The symbols used on the schematic

in Figure 4-6 apply to these tables. Each of the three tables is prepared for a
different intercooler exit temperature. They identify the optimum pressure ralio
and resulting minimum work of compression for various combinations of compressor
efficiencies at three aftercooler discharge pressures.
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Table 4-1

PREL IMINARY
OPTIMUM .PRESSURE RATIO SPLIT AND WORK OF COMPRESSION
FOR A COMPRESSOR TRAIN UTILIZING TWO INTERCOOLERS
950F INTERCOOLER OUTLET TEMPERATURE

T1pc™ T]HPC=. 950F Ponc = 250APSIA ' Popc = 700 PSIA Popc = 1150 PSIA
n pc = -88 Ppc = 34205 P pc = 4-8209 P pc = 5.6885
11pc = -85 " | pypc = 2.3887 Pipc = 3.3664 Prpc = 3-9723
Tupe = -85 Pupe T 2.3887 Pupc = 3-3664 Pupc = 3.9723
Wror = 155.66 Btu/Lb Wror = 220.88 Btu/Lb Wrgr = 254.76 Btu/Lb
T pc = -88 Ppc = 3.6712 Plpc = 5.1746 PLpc = 6.1058
ipe = -85 prpc = 2-5638 Prpc = 3-6134 Prpc = 4.2637
nypc = -80 Pupc = 2-0736 Pupe = 2-9226 Pupc = 3.4485
WTOT = 158.01 Btu/Lb wTOT = 224.91 Btu/Lb WTOT = 259.46 th/Lb
n pc = -88 P pc = 4.2484 P pc = 5.9882 P pc = 7-0658
n1pc T .80 Pipc T 2.3996 Pipc = 3.3821 Prpc = 3.9908
Thpe = .75 Pupe = 1-9144 Pupc = 2.6982 pHPé = 3.1838
wTOT = 163.26 Btu/Lb Wpgp = 233.31 Btu/Lb Wror = 269.25 Btu/Lb
Mpc = -85 .pLPC = 4,2245 ‘pLPC = 5.9544 P pc = 7-0260
Mpe = .75 Prpc = 2.1494 Pipc = 3.0296 Prpe - 3.5748
Type = .75 Pupc © 2.1494 Pupc = 3.0296 Pupc © 3.5748
Wegr = 169.65 Btu/Lb Wpor = 241.42 Btu/Lb Wrgp = 278.54 Btu/Lb
NOTE; Th;‘aone total work of compression values are as calculated and do not
include any margins., w1san)
PUBLIC SERVICE INDIANA
CAES IN AQUIFER
@ ‘ - DOE NO. ET-78-C-01-2159




Table 4-2

PRELIMINARY
OPTIMUM PRESSURE RATIO SPLIT AND WORK OF COMPRESSION
FOR A COMPRESSOR TRAIN UTILIZING TWO INTERCOOLERS
1050F INTERCOOLER OUTLET TEMPERATURE

= =‘ o = - = =
Ti1pc™ Toupe= 105%F | Pypc = 250 PSIA Pppc = 700 PSIA Popc = 1150 PSIA
T pe = -88 P pe = 3.5695 P pe = 5-0311 P pe = 59365
nipc = -85 ppc = 2-3384 Prpc = 3-2958 o1pc = 3.8890
Tupc = -85 Pypc = 2.3384 pupe = 3:2958 pypc = 3-8890
Mror = 157.91 Btu/Lb | Wpor = 223.34 Btu/Lb| Moo = 257.56 Btu/Lb |
Tipg'= -88 o pg = 3.8312 Pl pc = 5-3998 o pc = 6.3717
"1pc = -85 pipc = 25098 P1pc = 3.5373 prpe = 41741
Tupe = -80 Pupc = 2-0297 Pupc = 2.8610 Pypc = 3-3755
Wror = 159.88 Btu/Lb | Wpop = 227.35 Btu/Lb| Wpgr = 262.21 Btu/Lb
M pc = -88 P pc = 44335 P pe = 6.2488 o pc = 7.3734
" ipc = -80 bpc = 2.3489 prpc = 33109 prpc = 3.9064
Type = - 70 Pupc = 1.8741 Pypc = 2.6413 Pupc = 3.1168
Wrop = 165.44 Btu/Lb | Wpor = 235.72 Btu/Lb | Wpop = 272.31 Btu/Lb
ipe T -8 o pc = 4-4085 ppc = 6.2137 P pc = 7.3318
7 pc = -75 prpc = 2.1040 prpc = 2.9656 bIpc = 3.1995
Mpgr = 171.31 Btu/Lb | oo = 243.89 Btu/Lb | Wpor = 281.51 Btu/Lb

NOTE: The above total work of compression values are as calculated and do not
include any margins.

PUBLIC SERVICE INDIANA
: CAES IN AQUIFER
DOE NO. ET-78-C-01-2159
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Table 4-3

: ' PRELIMINARY
OPTIMUM PRESSURE RATIO SPLIT AND WORK OF COMPRESSION
FOR A COMPRESSOR TRAIN UTILIZING TWO INTERCOOLERS
1150F INTERCOOLER OUTLET TEMPERATURE
I :
Ty1pc™ Tyupe™ 1159F| Popc = 250 PSIA Popc = 700 PSIA Popc = 1150 PSIA
I"LPC = .88 PLpc = 3.7223 P pc = 5.2463 PLpc = 6-1904
Tipc = -85 Pipc = 2-2898 #1pc = 3-2275 pipc = 3-8083
Tupc = -85 Pupc = 2-2898 Pupc = 3-2275 Pupc = 3.8083
Wror = 159756 Btu/Lb Wrgp = 225.80 Btu/Lb waT = 259.41 Btu/Lb
" pc = -88 Plpc = 3.9951 P pc = 5.6311 Pl pc = 6.6444
Tipc = -85 P ipc = 2-4576 pipe = 3.4642 Pipc = 4.0877
Type = -80 Pupc = 1.9877 Pypc = 2-8013 Pupc = 3-3054
Wrgp = 161.62 Btu/Lb| Wrqgp = 229.76 Btu/Lb| Wrnr = 265.09 Btu/Lb
mpc = -88 Plpc = 4.6233 P pc = 6.5164 P pc. = 7.6891
m1pc = -80 pipc = 2-3003 Pipc = 3.2426 Pipc = 3.8261
Tupe = -75 Pypc = 1-8351 Pupc = 2-5862 Pupc = 3.0516
Wrgr = 166.85 Btu/Lb | Weqp = 237.76 Btu/Lb| Wpop = 274.95 Btu/Lb
M pc = -85 b pe = 4.5973 P pc = 6.4796 o pe = 76456
Tipc = -7 Pipc = 2-0605 pipc T 2-9042 P ipc = 31268
Type = 75 Pupc = 2-0605 Pupc = 2-9042 Pupc = 3.4266
Wpopr = 172.98 Btu/Lb| Wrqr = 246.42 Btu/Lb| Wrop = 284.36 Btu/Lb
NOTE: The above total work of compression values are as calculated and do not

@

inciude any margins.

(W1543)

PUBLIC SERVICE INDIANA
CAES IN AQUIFER :
DOE NO, ET-78-C-01-2159




The above tables were prepared to provide an overview of this sytem, at a broad
range of compressor efficiencies, to identify trends and to establish pressure
ratios which were used as a first approximation in determining the estimated
efficiencies and resulting pressUre ratios shown on Table 4-4.° The data presented
in this table uses optimized pressure ratios generated from the above equation for
a compressor train utilizing two intercoolers. The selected design point axial
compressor efficiencies were based.upon Westinghouse estimates. The centrifugal
design point efficiencies were extracted from performance information supplied by
the Dressor-Clark Compressor Division.

The calculations shown on Tables 4-1, 4-2, 4-3 and 4-4 utilize the following site
and system parameters:

Type T 9OF ‘e oo 71O
Pyy = 14.43 PSIA ° e a0 - 1.02
pepe iy T 1O “wery T 1O

” pc our = 1O Pwpc oot - -0
by =102 b e = 1.02
prpe oy = 1-01 b 10T = 1.1265

" DRIVE MOTOR ~ *%°

As was the case with the compressor train utilizing a single intercooler the above
tables show that the work of compression is not significantly affected by the 200F
variation of the intercooler air outlet temperatures. As the intercooler outlet
temperatures decrease, the tables show that the pressure ratios across the high
and intermediate pressure compressors should increase while the Tow pressure
compressor pressure ratio should decrease in order to maintain an optimized
system. In actual operation the high and intermediate pressure compressors will
increase their pressure ratios with decreasing inlet temperature, thus tending to
automatically maintain the optimized condition as cooling water supply temperatures
fluctuate. ' '

The data also shows that an increase in efficiency of one unit increases the

pressure ratio which that unit must achieve in order to produce a minimum work of
compression system.
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Table 4-4

ESTIMATED DESIGN POINT

QPTIMUM PRESSURE RATIO-SPLIT AND WORK OF COMPRESSION »

FOR A COMPRESSOR TRAIN UTILIZING TWO INTERCOOLERS

T050F INTERCOOLER OUTLET TEMPERATURE

. NOTE:

(C) = Centrifugal Compressar

include any margins.

®

“Compressor | Py, = 250 PSIA Py = 700 PSIA Ponr o

Flement | 20T 2C 2AC = 1150 PSIA
LPC, " n & p n=.87 (A) 3.38 n=..88 (A) 4.77 n = .88 (A) 5.47
IPC, n &op n=.86 (A) 2.40 ‘n = .87 (A) 3.39 n=.88 (A) 4.05
HPC, n &p | n = .86 (A) 2.40 n = .87 (A) 3.39 n=.88 (A) 4.05
Total Hork | Wor = 157 Btu/lb | Wygr = 221 ‘Btu/Lb | Hgr = 254 Btu/Lb
LPC, n&o | n=.8 (A) 3.90 n=.88 (A) 5.50 n=.88 (A) 6.40
IPC, n &p n = .87 (A) 2.62 n = .87 (A) 3.90 n=.8 (A) 4.73
HPC, n & p n=.77 (C) 1.91 n=.77 (C) 2.55 n= .77 (C) 2.97
Total Work | Wror = 161 Btu/Lb | Wp o = 228 Btu/lb | Wr,o = 262 Btu/Lb
LPC, n & p n= .88 (A) 4.50 n=.88 (A) 6.34 n=.88 (A) 7.48
IPC, nd&p | n=.77(C) 2.08 n= .77 (C) 2.94 n=.77 (C) 3.47
HPC, n & o n= .77 (C) 2.08 n=.77(C) 2.94 | n=.77(C) 3.47
Total Work | W = 166 Btu/Lb | Wpor = 237 Btw/Lb | Mpor = 273 Btu/ib

W 1544)
(A) = Axial Compressor

The above total work of compression values arc as calculated and do not

PUBLIC SERVICE INDIANA
CAES IN AQUIFER
DOE NO. ET-78-C-01-2159




When compared with the performance of a compressor train utilizing one intercooler,
the compressor system with two intercoolers has a definite advantage because of the
significant reduction in the required compressor power to charge an aquifer.

The discussion of the se]ect1on of the type of compressor ‘the number of inter-

coolers, and the des1gn point intercooler exit temperature is contained in
Section 6.
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Section 5

CAES TURBINE TRAIN OPTIMIZATION

The schematic of a reheated CAES turbine expansion cycle with a regenerator is
shown on Figure 5-1. An equation maximizing the total turbine work produced by
this type of cycle is derived in Appendix B and presented below:

K
m]cp.|T1n-I 2(K-1)

1/2

=z (— (p)
1 mchzTZn2 ‘ T

where:

m = discharging mass flow rate

cp = constant pressure specific heat of air
n = turbine adiabatic'efficiency

Py = the HP turbine pressure ratio

py = the total turbine pressure ratio

K =-the ratio of the specific heats of air
T = turbine inlet temperature (OR)

and the subscripts 1 and 2 refer to the HP and LP turbine, respectively.

The above equation is also valid for a turbine cycle utj]izing a heat .storage
device instead of a regenerator or for a two stage turbine cycle not utilizing
either. In Appendix B the equation is also modified for the case where the high
pressure combustor is not utilized.

Figure 5-2 is a plot of data generated from this equation which shows, for given
total turbine pressure ratios, the low pressure turbine pressure ratio required
for maximum total work for three combinations of turbine efficiencies and four
combinations of turbine inlet temperatures. The above data indicates that the
optimum turbine pressure ratios are sensitive to turbine inlet temperdlure
combinations and to the turbine efficiencies.
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The curves indicate that as the efficiency of one of the turbines increases the
‘required pressure.ratio of that turbine must increase to maintain a maximum work
system. By using projected turbine efficiencies, the curves presented in Figure
5-2 identify the turbine pressure ratios required for a maximum turbine work
system. ‘ '

With respect to turbine inlet temperature, Figure 5-2 indicates that as the ratio
of the low pressure turbine inlet temperature to the high pressure turbine inlet
temperature increases, the required Tow pressure turbine pressure ratio must
increase to maintain a maximum turbine work cycle. In actual operation, the
system would automatically tend to adjust in the required direction.

The cufves also show that the maximum pressure ratio required by any of the maximum
turbine work systems is less than 15 to 1. This requirement does not exceed the
present state of the art for turbo-machinery.

However, it musf be noted that a CAES turbine train which produces the maximum
amount of work is not necessarily the system with the Towest power production
energy costs. Unlike the charging cycle, a CAES discharge cycle can not be opti-
mized simply by independently maximizing the total turbine output. The optimum
reheat location—the turbine pressure ratio split, which leads to the minimum total
power production cost—had to be determined by parametric performance studies
where the LP turbine pressure ratio was varied. A complete discussion of this
optimizing analysis is presented in Section 6.

To be able to perform the CAES turbine cycle parametric study the amount of cooling
air flow and the value of the corresponding turbine efficiency were needed for all
of the turbine elements analyzed. For the uncooled turbine disk cases, which
included all of the high pressure (HP) turbines, except those with a 21500F HP
turbine inlet temperature, and all of the uncooled low pressure (LP) turbines,

the cooling air flow per turbine was initially assumed to be 2% of the aquifer
discharge flow. Later, Westinghouse performed a study which indicated large LP
turbines with a mass flow rate of approximately 770 1b/sec and all HP turbines
with an inlet temperature of 15000F or less could be manufactured so as to

require a cooling flow of 1.9% of the aquifer discharge flow, The turbine
efficiency, n, for these cases was found using the following formula.



8
1.03

1- (=)
" 1=K

1- (o) K

where:

n = the turbine efficiency
p.= Turbine pressure ratio
K = Cp/Cv the ratio of the specific heats (based on the turbine inlet

temperature)

‘For all of the turbine elements with a 21509F inlet temperature both the turbine
disk dnd blades must be cooled. The base efficiency and reguired cooling air
flow for such a turbhine was obtained from calculations made for the W501-D
turbine at its base pressure ratio. The cooling flow was assumed to remain
constant as the turbine pressure ratio was varied. The turbine efficiencies for
pressure ratios other than the base pressure ratio were assumed to he proportional
to the efficiencies obtained from the above equation.

Low pressure turbines with firing temperatures of 15000F or Tlower, assumed to
require disk cooling, were considered in the following manner. The performance
of the W501-AA was used to establish the base efficiency at its base pressure "
ratio, and the corresponding disk cooling flow. The required cooling flow was
assumed to remain constant as the turbine inlet temperature decreased below
15000F and/or the pressure ratio varied from the W501-AA base pressure ratio;
while the turbine efficiencies were assumed to vary in proportion to the efficien-
cies predicted by the above equation.

Data resulting from the Westinghouse CAES performance parametric study was used
to plot Figure 5-3 which is designed to determine the power production energy
cost saving realized by utilizing a more effective regenerator. For a given
CAES cycle, as the regenerator effectivity is increased, the only term that
changes magnitude in the power production energy cost equation (explained in full
detail in Section 6) is the heat rate. The effect on the total power production
energy cost resulting from a given change of a regenerator effectivity, can be
determined by calculating the net difference in the resulting heat rates and
multiplying that value by the cost of the fuel burned.
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Section 6

HEAT CYCLE SELECTION

TOTAL POWER PRODUCTION ENERGY COST COMPARISON

In this section the process used to reduce the initial group of proposed cycles to
the selected three CAES heat cycles is documented.

Constraints on certain variables were necessary to insure that the cycles analyzed
would be feasible using present day technology. As a result the inlet temperature
to the LP (reheat) combustor, which is the HP turbine exhaust temperature, was
limited to 11000F to allow conventional cooling of the reheat combustor. The LP
turbine exhaust temperature was limited to 12000F due to mechanical considerations
for the last stage of blading and the exhaust manifold.

The last constraint deals with the regenerator which is assumed to be manufactured
with approximately 30% of the total cold end surface being corrosion resistant low
alloy steel. The regenerator minimum cold end average temperature (flue gas exit
temperature + expansion cycle equipment inlet temperature /2) had to be 205°F or
higher.

Within the limits of the above constraints Westinghouse performed a parametric
study investigating all of the regenerative and regenerative/reheat turbine cycle
variables initially selected for Task 1 work. During the parametric study a number
of other variables which warranted consideration were also investigated.

For reasons discussed later in this section, Westinghouse evaluated all of the
investigated CAES cycles on the basis of total power production energy costs.

The equation used to calculate the total power production energy cost for the CAES
power cycle was:

(Heat Rate) x (Fuel]gag Cost)*_<Compressor work) (Surplus Electrical Power Cost)

Turbine Work

= Total Power Production Energy Costs
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where the following units apply:

‘Variable Units
Heat Rate BTU/KWHR
Fuel 011 Cost $/Million BTU
Compressor Work KW/Lb/Sec
Turbine Work KW/Lb/Sec
Surplus Electrical Power Cost Mils/KWHR
Total Power Production Energy Cost Mils/KWHR x

The results presented in Appendix C reflect the total power production energy costs
for the following eight energy cost combinations (which resuit in seven different
energy cost ratios):

Fuel 0i1 Cost
$/Million BTU

(Based on a LHV of Surplus Electrical Power Cost
18,055 BTU/Lb) Mils/KWHR Energy Cost Ratio
2.50 10 .2500
2.50 20 .1250
4,25 15.10 .2815
5.00 _ 17.06 .2931
5.00 20 .2500
7.50 10 .7500
7.50 ‘ 20 .3750
7.75 : 60 .1292

Key cycle parameters for the various CAES cycles investigated are also presented

in the Appendix C tables. The first three pages of Appendix C contain a general

description of the nomenclature, units, etc. used in the tables plus a Data Index
Chart summarizing the tables presented.

During the parametric study the following guidelines were used.

(1) Optimum (minimum work) axial compressor trains utilizing one or two
intercoolers were assumed to pressurize the aquifer. (See Table 6-1.)
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Table 6-1
MINIMUM WORK (OPTIMIZED) AXIAL COMPRESSOR TRAINS

System Parameters

200 PSI 600 PSI 1000 PSI

11/C 2 1/C 11/C 2 1/C 1 1/C 2 1/C

Aftercooler Discharge
Pressure, PSIA 250 250 700 700 1150 1150

Intercooler Outlet Air _
Temperature, OF 105 105 105 105 105 105

LP Compressor

Pressure Ratio/ 5.09 3.38 8.43 4.77 10.80 5.47

Efficiency, % : 88 87 88 88 88 88
IP Compressor

Pressure Ratio/ - 2.40 - 3.39 - 4.05

Efficiency, % - 86 - 87 - 88
HP Compressor

Pressure Ratio/ 3.69 2.40 6.23 3.39 7.99 4.05

Efficiency, % 87.5 86 88 87 88 88

Total Work of
Compression, KW/LB/SEC 171.4 166.2 249.8 233.4 291.7 266.7

(W 15901

I/C = Intercooler

The total Work of Compression values are as calculated and do not include any

margins.

The reheat Tocation needed to produce maximum turbine work was known,
due to prior CAES cycle analyses, to be near the optimum reheat
location, therefore initially the maximum work reheat location was
employed. The maximum work reheat location was calculated using

the equation presented in Section 5.

Once all the proposed CAES cycles were analyzed using the above
guidelines, the cases showing the greatest potential were further
analyzed. The "maximum work" reheat location used in these high
potential cases was fine tuned to determine the LP turbine pressure
ratios that produced the lowest possible total power production
energy costs.

When the LP turbine pressure ratio was increased above the ratio required to pro-
duce the maximum Lurbine work, the turbine output and the heat rate decreased.-

6-3



The effects on the total power production energy costs were more complex. For some
CAES turbine cycles Tike the 1500-2150, 2150-1500, and the 2150-2150 cases, the
power production energy cost optimum reheat location was not physically feasible
because of the 11000F HP turbine exhaust temperature limitation. In other cases,
all of the energy cost combinations investigated, required the same reheat location
for optimum total power production energy costs. For the above mentioned cases.,
just the data for the cycle with the best possible performance is included in the
tables found in Appendix C. Thus, data reflecting different reheat location was
only presented for the 1500-1500 cases.

In these turbine cycles, the optimum power production energy cost reheat location
depended on the energy cost ratio. For such cases the data -resulting from these
investigations is .presented -in Tables C-4, C-6, C-8, C-10, C-16 and C-18 of
Appendix C. In these tables -the LP turbine pressure ratio is listed in -the "CASE"
row.

It should be noted ‘that :the energy cost ratio — not :the magnitude .of ithe various
energy costs — is the most -important factor to consider when optimizing a CAES
cycle. The following trends will occur as ‘the energy cost ratio is varied.

(1) As the cost of the -fuel relative to the cost of ‘the surplus .

electrical power increases (as the energy cost ratio "increases)
the cycles with lower heat rates .are favored.

(2) As the cost .of the -surplus :electrical power relative to the cost
of fuel increases (as the energy cost ratio decreases) the CAES
turbine with more turbine work is favored.

The above trends are valid not only for the vanes turbine inlet temperature cases
studied, but also for comparing the CAES turbine trains where the reheat location
is varied from the maximum work location to determine the optimum power produc-
tion energy cost LP turbine pressure ratio. Since as the LP turbine pressure
ratio decreases the heat rate increases, the optimum LP turbine pressure ratﬁol

will always be equal to or greater than the ratio required to produce maximum
turbine work.

During the parametric study, Westinghouse investigated trains utilizing both cooled
(these results are presented in Tables C-1 through C-T0) and uncooled (these ‘results
are presented in Tables C-11 through C-19) turbine elements. Generally, the un-
cooled turbine trains offered better performance.
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Designed to present an overview of all the results of the Westinghouse parametric
study, Figures 6-1 through 6-6 illustrate the total power production energy cost
of the best performers of the various CAES cycles investigated. Since some of the
energy cost combinations had equal or nearly equal energy cost ratios, only the
following four cost combinations were included in the above figures:

Energy Cost Combinations : Energy Cost Ratio
$2.50-20 s
$2.50-10 . : .250
$7.50-20 | .375
$7.50-10 : .750

In these figures the various cycles were plotted in the order of increasing heat
rate. Since the reheat turbine train cycles with a 21509F HP turbine inlet temper-
ature did not have favorable cost performance characteristics and were not
Originaljy included in the official Tist of the various cycles to be investigated
during the parametric study, their results were not included in the above figures
(although their results are presented in Appendix C). The cycles with the lowest
total power production energy costs are indicated by squares enclosing the turbine
inlet temperatures. '

Figures 6-1 through 6-6 graphically illustrate the following points:

(1) The use of a second intercooler in the compressor trains signifi-
‘cantly reduced the total power production energy cost of the
three CAES systems, especially when the price of the surplus
electrical energy was high. Also, the savings realized by using
the second intercooler increased as the storage pressure
increased.

(2) Except for the 200 PSIA nominal storage pressure case where the
optimum reheat Tocation could not be used because of the 11000F
HP turbine exhaust temperature limitation, the reheat CAES cycles
were overall better power production energy cost performers than
the cycles not utilizing reheat.

(3) Except for the 200 PSIA storage pressure case which could not
properly utilize reheat, the overall best power production
energy cost cycles did not correspond to the cycles with the
lowest heat rate.

(4) As the price of the fuel relative to the cost of the surplus elec-
trical power increased (as the energy cost ratio increased), the
cycles with a Tower heat rate were favored (see the $7.50/10
results). = '
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(5) As the pr1ce of the surp]us electrical power relative to the cost
of the fuel increased (as the energy cost ratio decreased), the
CAES turbine cycles with more turb1ne work were favored (see the
$2.50/20 resu]ts)

The cooled and uncooled cycles having the lowest total energy cost for both one
and two intercooler trains, at each pressure level, are summarized on Tables 6-2
through 6-4. Based on the results presented in these tables, the following cycles
were initially selected for further evaluation.

System Nominal Compressor Train Turbine Firing
Storage Pressure, No. of . Temperature
PST - : Intercoolers HPT/LPT OF
200 - 4 2 1500/ UNFIRED
600 ' 2 1500/1500
1000 _ 2 1500/1500
1000 | 2 150072150

During the parametric study the 1500-15000F HP-LP turbine inlet temperature cases
were rerun at storage pressure loss ratios, from the aftercooler discharge to the
aquifer, or from the aquifer to regenerator inlet, of 1.1 to 1.5. In these calcu-
lations a storage pressure loss ratio of 1.1 is equivalent to a system storage
pressure loss ratio of (1.1 x 1.1) 1.21. The base storage pressure loss ratio
used in the majority of the calculations was 1.20. Since varying the storage
pressure loss ratio effects both the turbine output and the heat rate, the effect
of increasing the storage pressure loss ratio appears as an increase in the total
power production energy cost as indicated in the Appendix C tables.

Data resulting from the parametric study was also used to plot Figure 6-7 (pre-
sented earlier in Section 5) which is designed to determine the power production
energy cost saving realized by utilizing a more effective regenerator. For a
given CAES cycle, as the regenerator effectivity is increased, the only term that
changes magnitude in the power production energy cost equation is the heat rate.
The effect caused by a change in the regenerator effectivity can be determined by
calcu]afing the net difference in the resulting heat rates and multiplying that
value by the cost of the fuel burned.

As stated earlier, the following trends were observed in Figure 6-7. The steeper
the curves in Figure 6-7, the lower the LP turbine exhaust temperature and the



Table 6-Z

CYCLE COMPARISON SUMMARY

200 PST STORAGE PRESSURE
REGENERATOR EFFECTIVITY 70%

tl-y

ONE INTERCOOLER TWO INTERCOOLERS
UNCOOLED COOLED UNCOOLED COOLED
Firing Temperature HPT/LPT °F 1500/UF 1500/UF 1500/UF 1500/UF
Turbine Work — KW/LB/SEC 220 204 220 204
Air Flow — LB/SEC/Machinery Set 450 800 450 800
KW Per Machinery Set 99,000 163,200 99,000 163,200
Mazchinery Sets Per 1000 MWe (EXACT) 10.1 6.13 10.1 6.13
Machinery Sets Per 1000 MWe (ACTUAL) 10 6 10 6
Units Per Machinery Set
Turbines 2 2 2 2
Compressors ' 2 2 3 3
Coolers 2 2 3 3
Gear Boxes 2 2 3 3
Units Per 1000 MWe '
Turbines - 20 12 20 12
Compressors o 20 12 30 18
Coolers : 20 12 30 18
Gear Boxes : 20 12 30 18
Total Mils/KW HR i
Fuel @ $/10% BTU/ELEC PWR 2.50/10 , 18.81 19.65 18.57 19.39
Mils/KW HR 2.50/20 .[ 26.61 28.04 26.13 27.53
5.00/20 I 37.61 39.29 37.13 38.78
7.50/10 40.81 42.15 40.57 41.89
7.50/20 438,61 50.55 48.13 50.03
7.75/60 80.93 85.25 79.49 83.71
(wa14s)

For u 1000 MWe Plant Operating 10 HR/Day, 6 Days/Week, 1 Mit/KW HR = $3.12 x 10%/vR.

PUBLIC SERVICE INDIANA
CAES IN AQUIFER
DOE NO. ET-78-C-01-2159

@ NOTE:

The above performance values are as calculated and do not include any margins.
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Table 6-3

CYCLE COMPARISON SUMMARY

600 PSI STORAGE PRESSURE
REGENERATOR EFFECTIVITY 70%

ONE INTERCOOLER

TWO INTERCOOLERS

UNCOOLED COOLED COOLED UNCOOLED COOLED COOLED
Firing Temperature HPT/LPT °F 1500/1500 1500/1500 1500/2150 1500/1500 1500/1500 1500/2150
Turbine Work — KW/LB/SEC* 332 312 362 332 312 362
Air Flow — LB/SEC/Mzchinery Set 450 800 800 450 800 800
KW Per Machinery Set 149,400 249 606G 289,600 149,400 249,600 289,600
Machinery Sets Per 1000 MWe (EXACT) 6.69 4.01 3.45 6.69 4.01 3.45
Machinery Sets Per 1000 MWe (ACTUAL j 7 4 4 7 4 4
Units P2r Machinery Set
Turbines 2 2 2 2 2 2
Compressors 2 2 2 3 3 3
Coolers 2 2 2 3 3 3
‘Gear Boxes 2 2 2 3 3 3
Units Per 1000 MWe ;
Turbines 14 i 8 8 14 8 8
Compressors 14 8 8 21 12 12
Coolers 14 e 8 8 21 12 12
Gear Boxes 14 [ 8 8 21 12 12
Total Mils/KW HR** i
Fuel @ $/106 BTU/ELEC PWR 2.50/10 17.87 18.58 18.35 17.37 18.05 17.90
Mils/KW HR 2.50/20 25.40 26.61 25.25 24.41 25.57 24.35
5.00/20 35.73 37.15 36.70 34.74 36.09 35.80
7.50/10 38.53 39.54 41.25 38.03 39.01 40.80
7.50/20 46.06 47.64 48.15 45.07 46.57 47.25
7.75/60 77.23 80.91 76.90 74.26 77.78 74.19

For a 1000 MWe Plant Operating 10 HR/Day, 6 Days/Week, 1 Mil/KW HR = $3.12 x 108/YR.

*For tne 1500/1500 cases, the turbine work i based on an average of the optimum reheat location results.

(w4148)

**For the 1500/1500 cases, the abave power production energy costs reflect the fine tuned optimum reheat location for each of

the fuel cost combinations.

NOTE:

The above performance values are as calculated and do not include any margins.

PUBLIC SERVICE INDIANA
CAES IN AQUIFER '
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Table 6-4

CYCLE COMPARISON SUMMARY ”

1000 PSI STORAGE PRESSURE
REGENERATOR EFFECTIVITY 70%

G1-9

ONE INTERCOOLER TWO INTERCOOLERS
UNCOOLED | COOLED UNCOOLED | COOLED COOLED
Firing Temperature HPT/LPT °F 1500/1500 1500/2150 1500/1500 1500/2150 1500/1500
Turbinz Work — KW/LB/SEC* 371 402 371 402 344
Air Flow — LB/SEC/Machinery Set 450 800 450 800 800
. KW Pe- Machinery Set 166,950 321,600 166,950 321,600 275,200
i. Machinery Sets Per 1000 MWe (EXACT) 5.99 3.1 5.99 3N 3.63
l Machinery Sets Per 1000 MWe (ACTUAL) 6 3 6 3 4
Units Per Machinery Set
* Turbines 2 2 2 2 2
. Compressors 2 2 3 3 3
3 Coolers 2 2 3 3 3
i Gear Boxes 2 2 3 3 3
Units Per 1000 MWe
Turbines 12 6 12 6 8
i Compressors 12 6 18 9 12
| Coolers 12 6 18 9 12
Gear Boxes 12 6 18 9 12
Total Mils/KW HR**
Fuel @ $/108 BTU/ELEC >WR  2.50/10 17.89 18.03 17.22 17.41 17.89
Mils/KW HR 2.50/20 25.66 25.29 24.34 24.05 25.53
5.00/20 35.79 36.06 34.44 34.82 35.79
7.50/10 37.75 39.58 37.06 38.96 38.01
7.50/20 45.76 46.84 44.39 45.60 45.85
7.75/60 78.02 —~76.95 74.02 73.22 77.63
For a 1000 MWe Plant Operating 10 HR/Day, 6 Days/Week, 1 Mil/KW HR = $3.12 x 105/YR. Wwais1)

*For the 1500/1500 cases, the turbine work is based on an average of the optimum reheat location results.
**For the 1500/1500 cases, the above power production energy costs reflect the fine tuned optimum reheat location for each of

the fuel cost combinations.

NOTE: The above performance values are as calculated and do not include any margins.

PUBLIC SERVICE INDIANA
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Tower the return on a more effective (more expensive) regenerator will be. Since
all three curves in Figure 6-7 show substantial potential for reducing the power
production energy cost, it was later decided that an 85% effective regenerator was
justified.

The results presented in Table C-18 of Appendix C reflect the effects of decreasing
the HP turbine inlet temperature while maintaining a 15000F LP turbine inlet temper-
ature. Both a combressor train utilizing a single intercooler (the .11, .21, .31
and .41 cases) and a compressor train utilizing two intercoolers (cases .12, .22,
.32 and .42) were investigated. As can be seen, as the HP firing temperature was
decreased, the heat rate decreased but the total power production energy cost for
all of the energy cost combinations increased. Thus, based on these results, it is
obvious that a CAES system can not be optimized by considering only the heat rate.

At first, the above results seem to contradict the heat rate definition, since for
most power plant cycles the heat rate, which is expressed as:

BTU of Fuel Eneray In
KWHR of Electrical Energy Out

Heat Rate =

is the reciprocal (after appropriate unit changes) of a cycle's thermal efficiency,

MHERM? which is traditionally expressed as:

_ Useful Energy Out

" THERM Energy In

In the above equation the "useful energy out" term represents the generated elec-
trical energy; and the "energy in" term represents - for conventional power plants -
the energy of the tuel consumed to operate the plant.

Thus, for conventional power plants the cycle with the minimum heat rate corresponds
to the cycle with the maximum thermal efficiency which in turn reflects the cycle
that produces electrical power at the Towest possible total power production energy
costs. For a CAES power plant, however, the "energy in" term must include not only
the fuel energy, but also the energy utilized in the form of compressor work to
pressurize the aquifer. Thus the thermal efficiency fbr a CAES system, TCAES is
expressed as;

- Turbine Energy Out
MCAES ~ Fuel Energy In + Compressor Work Energy In

which is not the reciprocal of the (CAES) heat rate. However, maximizing the CAES
thermal efficiency will not guarantee that the resulting cycle will have the Towest

t



total power production energy cost unless the cost — per given unit — of fuel
energy and the surplus electrical energy used to drive the compressors are equal.
The above energy costs are equal when the price of fuel o0il is $5.00 per million
BTU and the price of surplus electrical power is 17.06 mils per KWHR resulting in
an energy cost ratio of .2931. Since the energy cost ratio is calculated by
dividing the fuel cost with units of dollars per million BTU by the surplus elec-
trical power cost with units of mils per KWHR, any energy cost combination such
as $2.50/8.53 with an energy cost ratio of .2931 will represent a combination
where the price — per given unit — of fuel and surplus electrical energy are
equal.

Since all of the proposed energy cost combinations did not have equal fuel and.
surplus electrical power energy costs, Westinghouse evaluated all of the investi-
gated CAES cycles on the basis of the eight different total power production
energy costs presented in Appendix C. The above method also has the advantage
that once. the projected energy costs are determined, it will be a simple matter
to determine the power generation cost competitiveness. of- the candidate CAES cycles.

Since a reduction in the operating cost of one mil per KWHR is equal to an annual
saving of 3.12. million dollars: for a 1000 MW plant operating 10 hours per day,

six days per week, it was decided by the sponsoring utilities that the optimized,
all axial compressor trains utilizing two intercoolers, should be used for further
analysis. A summary of the above compressor trains are-presented in Figure 6-8.

Westinghouse next performed. a. study to determine: the minimum required cooling flow
for a W501 size turbine. The results of the study indicated that a turbine with

a mass flow of approximateTly 770 1bs/sec and an inlet temperature of 15000F would
require a cooling flow of 1.9%.

Table 6-5, Selected Cycle Summary, displays six total power production energy costs
and machine capacities for the selected cycles with LP turbine cooling flows of
1.9%, turbine mass flows of' 770 1b/sec and with regenerator effectivities of 85%,
The key heat cycle parameters: and the eight total power production energy costs for
the selected cycles are shown in Table 6-6.

The sponsoring utilities selected two heat cycles for the 1000 psi system for addi-
tional study. These two cycles were. the-1500/15000F and the 1500/2150°F turbine
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. p
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1000{5.47)4.05[4.05| 266.7
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*THE TOTAL WORK OF COMPRESSION VALUES ARE AS CALCULATED AND DO NOT INCLUDE
ANY MARGIN.

Figure 6-8. CAES Compression Cycle Selection
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Table 6-5

INITIALLY SELECTED OPTIMIZED CYCLE SUMMARY

TWO INTERCOOLER CYCLE
REGENERATOR EFFECTIVITY 85%

Nominal Storage Pressure ,
200 PSI 600 PSI 1000 PSI
Firing Temperature HPT/LPT OF 1500/UF | 1500/1500 1500/1500 1500/2150
‘Net Turbine Work — KW/LB/SEC* 218.5 331.1 375.7 400.5
Air Flaw — LB/SEC/Machinery Set** 7700 770.0 770.0 770.0 -
KW Per Machinery Set* 168,245 254,950 289,290 308,385
Machirery Sets Per 1000 MWe (EXACT) 5.94 3.92 3.46 3.24
Machirery Sets Per 1000 MWe (ACTUAL) 6 4 3 3
Units Per Machinery Set _
Turbines 1 2 2 2
Compressors 3 3. 3 3
Cooler Sets 3 3 3 3
Units Per 1000 MWe
Turbines 6 8 6 6
Compressors 18 12 9 9
Coaler Sets 18 12 9 9
Total Power Production Energy Costs
in Mile/KW HR
Fuel @ $/105 BTU/ELEC PWR 2.50/10 17.80 16.84 16.80 16.99
in Mils/KW HR 2.50/20 25.40 23.88 23.90 23.65
5.00/20 35.59 33.67 33.60 33.97
7.50/10 38.17 36.41 36.20 37.64
7.50/20 45,78 43.46 43.30 44.30
7.75/60 77.23 72.63 72.67 71.97

*These Outputs Reflect a 98% Generator Efficiency

“*Low Pressure Compressor Inlet Air Flow

The above performance values are as calculated and do not include any margin.

(W 1546)
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Table 6-6
TOTAL POWER PRODUCTION ENERGY COSTS OF THE :

FOUR OPTIMIZED CANDIDATE CAES POWER PLANTS |
CASE 1.00 - 2.00 3.00 4.00
TIHPT 1500. 1500. 1500. - 1500.
T2HPT 1046. 110. 948. 1105,
TILPT 1046. 1500. 1500. 2150.
CAV LOS 1.20 1.20 1.20 1.20
REG EFT .85 .85 .85 .85
COMP KW 166.2 2334 266.7 266.7
TURB KW 2185 331.1 375.7 400.5
H.R. 4075. ° 3915 3880. 4130.
FUEL COST =3$2.50 PER MILLION BTU
ELECT COST = 10.00 MILS PER KW-HR ENERGY COST RATIO =.2500
10.19 9.79 9.70 10.33
7.61 7.05 7.10 6.66

TOTAL POWER PRODUCTION ENERGY COSTS IN MILS PER KW-HR
17.80 16.84 16.80 16.99 ’

FUEL COST =$2.50 PER MILLION BTU

ELECT COST = 20.00 MILS PER KW-HR ENERGY COST RATIO =.1250
10.19 979 9.70 10.33

15.22 14.10 14.20 13.32 .

TOTAL POWER PRODUCTION ENERGY COSTS IN MILS PER KW-HR

25.40 23.88 23.90 23.65

FUEL COST =$4.25PER MILLION BTU

ELECT COST = 15.10 MILS PER KW-HR ENERGY COST RATIO =.2815
17.32 16.64 16.49 17.55

11.49 10.64 10.72 10.06 .

TOTAL POWER PRODUCTION ENERGY COSTS IN MILS PER KW-HR

28.81 27.28 27.21 27.61

FUEL COST =$5.00 PER MILLION BTU

ELECT COST = 17.06 MILS PER KW-HR ENERGY COST RATIO - .2021
20.38 19.58 19.40 20.65
12.98 12.03 121 11.36

TOTAL POWER PRODUCTION ENERGY COSTS IN MILS PER KW-HR
33.35 31.60 31.51 32.01

FUEL COST - $6.00 PER MILLION BTV

ELECT COST = 20.00 MILS PER KW-HR ENERGY COST RATIO = .2500
2038 1958 19.40 20.65

15.22 14.10 14.20 13.32

TOTAL POWER PRODUCTION ENERGY COSTS IN MILS PER KW-HR

35.59 33.67 33.60 33.97

FUEL COST =$7.50 PER MILLION BTU

ELECT COST = 10.00 MILS PER KW-HR ENERGY COST RATIO = 7500
30.56 29.36 29.10 30.98
7.61 7.05 7.10 6.66

TOTAL POWER PRODUCTION ENERGY COSTS IN MILS PER KW-HR
38.17 36.41 36.20 37.64

FUEL COST =$7.50 PER MILLION BTU

ELECT COST = 20.00 MILS PER KW-HR ENERGY COST RATIO = .3750
30.56 29.36 29,10 30.98

15,22 14.10 14.20 13.32

TOTAL POWER PRODUCTION ENERGY COSTS IN MILS PER KW-HR

45.78 43.46 43.30 44,30

FUEL COST =$7.75 PER MILLION BTU

ELECT COST = 60.00 MILS PER KW-HR ENERGY COST RATIO = .1292
31.58 30.34 30.07 32.01

45,65 42.29 42.60 39.96

TOTAL POWER PRODUCTION ENERGY COSTS IN MILS PER KW-HR

77.20 72.63 12,67 .07

NOTES :

(1) Case 1.00 has a nomina) storage pressure of 200 PSI utilizing its
optimized two intercooler compressor train, 15000F-UF turbine inlet
temperature . '

{2) Case 2.00 has a nominal storage pressure of 600 PSI utilizing its
optimized two intercooler compressor train, 1508-1500°F turbine
inlet temperature.

{3) Case 3.00 has a nomina) storage pressure of 1000 PSI utilizing its
optimized two intercooler compressor train, 1500-15000F turbine
inlat temperature.

(4) Case 4.00 has a nominal storage pressure of 1000 PSI utilizing its
optimized two intercooler compressor train, 1500-15000F turbine
inlet temperature.

W 1547)

The total Work of Compression, Turbine Output Power and Heat Rate values are
as calculated and do not include any margin.

PUBLIC SERVICE INDIANA
CAES IN AQUIFER
DOE NO. ET-78-C-01-2159
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inlet temperature cycles shown as Case 3 and Case 4 in Table 6-6. At all fuel
oil/electric power pumping cost ratios except two the 1500/15000F cycle exhibits
the lowest power production cost. The two cost ratios where the 1500/21500F cycle
has the Tower total power production energy cost are those where the ratio of fuel
oil/electric charging power cost is the lTowest. These cost ratios are:

Fuel 011 Cost Electric Power Charging Cost Energy
$/Million BTU Mils/KWHR Cost Ratio
C$2.50 - 20 mils 1250
$7.75 60 mils .1292

As the cost of fuel oil with respect to electric pumping power increases, the
1500/15000F cycle has the lower power production cost. Since the present day
energy cost ratio for most utilities is already higher than the above ratios and
the price of 0il is expected to increase at a faster rate than the cost of nuclear
fuel or coal, which is expected to generate the surplus electric charging power,
the. 1500/15000F cycle was selected over the 1500/21500F cycle. |

The 1500/15000F cycle also offers the following advantages over the 1500/21500F
cycle:

1. Less NOy production.
2. A substantial reduction in cooling air requirements.

3. The lower firing temperature will decrease thermal stresses in the
turbine.

4,  The HP turbine exit temperature is lower, since the optimum HP turbine
pressure ratio is increased, allowing conventional cooling of the LP
combustor.

5. The low pressure turbine may utilize a standard combustion turbine
expander for the 200, 600 and 1000 psi systems.

OPTIMIZED CAES CYCLE HEAT AND MATERIAL BALANCE FLOW DIAGRAMS

Heat and material balances for the four optimized candidate CAES heat cycles initially
selected for further evaluation are presented in Figures 6-9 through 6-12. The
1500/21500F, 1000 PSI nominal storage pressure cycle presented in Figure 6-12 was
eliminated for reasons discussed above. The first three diagrams reflect the turbine
train performance realized by utilizing a 1.9% per turbine cooling flow, and the effect

6-22
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250 PSIA CHARGING PRESSURE
1500/UF °F TURBINE INLET TEMPEFATURE
EXTERNAL PLANT AIR PRESSURE LOSS RATIO =14

OPTIMIZED LP SET

770.0000 W

112,235 KNV

779.1020 W
14.43P

260.5 F
77.465 H :

779.120 W
14.43P L.P. TURE. 15.007 P
v 58.0-51.5 (W.8.) P-6.596 6842 F
B.639 H -
36,520 KW s 185.778 H
P=2.40 g
1.P. COMP.
MOTOR/ L.P.
! GENERATOR ':E TURB,
, 770.0W 3600 RPM
!| 46.31P
| 108.0F -
139734 Hﬂ ? 770 000 W
J R )
i 3055 F
g iC #1|88.443 H
Mm™ )
" 762. N
’ 13mF L Lege gg;::s:w:
12334 F
770.0 W 333010H
111.39P
290.3F 35,450 KW
B4.730 H £=240
L S
% F i #2 J— CENERATOR
768.5583 W
108.12p 3600 RPM
105 F
1.4417W 39.672 H " i
1081 F 4 76E.5583 W 748068 W |
1 25¢.38 P 162.46 P
105 F ‘2904 F 150 F
-326.40 H l 84.622 408.845 H
H c J
H135 F
Ac 105438 W
—}+ o5 F
| 768.5583 W
| 250P
10 DRAIN

Figure 6-9.

50532 H

L 150 F - 130 F (w.B.}

TO STORAGE

REGENERATOR

1
602.6 F |
162.346 H

lx 768.5583 W

173.19p

190F
48.116 H

4

FROM STORAGE

200 PST Nominal Optimized System Heat and Material Balance

COMPRESSED AIR ENERGY STORAGE (CAES) POWER PLANT ENERGY BALANCE

NOTES:

INPUT _BTU/HR

1. ATMOSPHERIC AIR: 79,387,310
- 2. LP COMPRESSOR POWER (@ THE MOTOR TERMINALS): 174,500,575

3. IP COMPRESSOR POWER (@ THE MOTOR TERMINALS): 131,169,950

4. HP COMPRESSOR POWER (@ THE MOTOR TERMINALS): 130,914,940

5. HP COMBUSTOR FUEL (LHV = 18,055 BTU/LB): 685,325,910

6. LP COMBUSTOR FUEL (LHV = 18,055 BTU/LB): . 0
TOTAL INPUT 1.201 x 109
OUTPUT BTU/HR

1. LP COMPRESSOR DRIVE MOTOR LOSS: 8,726,030

2. 1P COMPRESSOR DRIVE MOTOR LOSS: 6,558,500

3. HP COMPRESSOR DRIVE MOTOR LOSS: 6,546,750

4. INTERCOOLER #1 REJECTION HEAT LOSS: 135,021,350

5. INTERCOOLER #2 REJECTION HEAT LOSS: 129,914,805

6. AFTERCOOLER REJECTION HEAT LOSS: 94,320,550

7. AIR COOLER DRAIN LOSS: -4,808,125

8. CAVITY HEAT LOSS: 6,684,610

9. HP COMBUSTOR LOSS: 13,706,520
10. LP COMBUSTOR LOSS: 0
11. HP TURBINE POWER (@ GENERATOR TERMINALS): 200,633,995
12. HP TURBINE ELECTRICAL LOSS: . 4,094 570
13. LP TURBINE POWER (@ GENERATOR TERMINALS): 375,304,920
14. LP TURBINE ELECTRICAL LOSS: 7,659,285
15, EXHAUST GAS LOSS: 217,271,290
TOTAL OUTPUT 1.202 x 109
PLANT PERFORMANCE
TOTAL COMPRESSOR INPUT {@ MOTOR TERMINALS): 127,980 Kw
TOTAL TURBINE QUTPUT (@ GENERATOR TERMINALS): 168,720 KW
AUX LOAD: 500 KW
NET TURBINE OUTPUT: 168,220 KW
NET LHV HEAT RATE: 4,075 BTU/KWHR

1. THE ABOVE DATA REFLECTS AS CALCULATED PERFORMANCE. GUARANTEED
PERFORMANCE WOULD INCLUDE MARGINS (NOT NECESSARILY THE SAME)

FOR THE POWER INPUT AND OUTPUT, AND HEAT RATE.

2. THE ABOVE REFLECTS AN ENTHALPY BASE WHERE THE ENTHALPY OF -60°F

GAS EQUALS 0.0.

LEGEND

W — FLOW, LBS/SEC

P — PRESSURE, PSIA

f — TEMPERATURE, °F
H — ENTHALPY, BTU/LB

W1511)

PUBLIC SERVICE INDIANA
CAES IN AQUIFER
DOE NO. ET-78-C-01-2159
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700 PSIA CHARGING PRESSURE
1500/1500°F TURBINE INLET TEMPERATURE
EXTERNAL PLANT AIR PRESSURE LOSE RATIO =14

7814715 W
OPTIMIZED LP SET 14.43P
were A
79.083H ||
$70.0000 W 7814715 w
52,950 KW :4.43P 15.0'07 P
p=3.390 1 5::,2;; -H51.5 F(W.8) 685.4 F
e Te 186.430 H
] REGENERATOR
oo 3
1.P. COMP. 64,955 KW MOTOR/ Lp iR /;
~—~—— Lp.compr. B GENERATOR :E:’= Tora k S
p=4.770 1600 RPM Y
770.000 W A
65.5P
105 F 770,00 W 766.9154 W T_ £=.85
39.738 W 68.2P 165.1P 173,790 KW
IBAS F 1500 F p=110
1C 1] 10E595 H 410.035 H
~ c ‘ 736.9988 W
! L4 49176 W F 473.43P
135 F 95 F 761.9978 W 6036 F
770.000 W 1709 P 161.806 H
222.03P 1109.7 F
3732 F 297.987 H
105.075 H "
52,675 KW A
135 F S p=3.3%
Ic 81,855 KW A
MOTOR/ .
95 FH{o#2 [ et B GENERaTOR |E+— wPr.Turs. 14,5561 W 2=
2155p conp. FL 3600 RPM i 145561 W =
3.8900 W :
2155P 105 F | '
105 F 39.566 H 747.4417 W'
-626.40 H W 766.1100W a574pP |,
716.2P 1500 F | 766.1110 W
3737F 406.760 H 487.63P
1 103738 H 190 ¢
TO DRAIN 1135 - 7987 H
act | F 10.4430W F
—1H95F
766.1110 W
702.2°
150 F 't
130 F (W.B.)
£0.39 H ¥ FROM STORAGE
TO STORAGE

Figure 6-10. 600 PSI Nominal Optimized System Heat and Material Balance

COMPRESSED AIR ENERGY STORAGE (CAES) POWER PLANT ENERGY BALANCE

INPUT . BTU/HR

1. ATMOSPHERIC AIR: . 79,387,310

2. LP COMPRESSOR POWER (@ THE MOTOR TERMINALS): 233,303,180

3. IP COMPRESSOR POWER (@ THE MOTOR TERMINALS}): 190,176,680

4. HP COMPRESSOR POWER (@ THE MOTOR TERMINALS): . 189,192,975

5. HP COMBUSTOR FUEL {LHV = 18,065 BTU/LB): 678,774,115

6. LP COMBUSTOR FUEL {LHV = 18,055 BTU/LB):’ ... 319634,165
TOTAL INPUT 1.690 x 109
OUTPUT BTU/HR

1. LP COMPRESSOR DRIVE MOTOR LOSS: : 11,665,160

2. |P COMPRESSOR DRIVE MOTOR LOSS: : 9,508,830

3. HP COMPRESSOR DRIVE MOTOR LOSS: 9,459,650

4. INTERCOOLER #1 REJECTION HEAT LOSS: 190,882,690

5. INTERCOOLER #2 REJECTION HEAT LOSS: - 195,118,335

6. AFTERCOOLER REJECTION HEAT LOSS: 149,863,985

7. AIR COOLER DRAIN LOSS: -12,973,305

8. CAVITY HEAT LOSS: 6,644,020

9. HP COMBUSTOR LOSS: 13,575,480
10. LP COMBUSTOR LOSS: 6,392,685
11. HP TURBINE POWER (@ GENERATOR TERMINALS): 273,717 560

12. HP TURBINE ELECTRICAL LOSS: 5586,075

13. LP TURBINE POWER (@ GENERATOR TERMINALS): 597,861,300
14. LP TURBINE ELECTRICAL LOSS: ) 12,201,250
15. EXHAUST GAS LOSS: ' 222,484,000
TOTAL OUTPUT 1.692 x 109
PLANT PERFORMANCE
TOTAL COMPRESSOR INPUT (@ MOTOR TERMINALS): 179,690 KW
TOTAL TURBINE OUTPUT (@ GENERATOR TERMINALS): 265,430 KW
AUX LOAD 500 KW
NET TURBINE OUTPUT: 254,930 KW
NET LHV HEAT RATE: 3915 BTU/KWHR

NOTES:

1. THE ABOVE DATA REFLECTS AS CALCULATED PERFORMANCE. GUARANTEED
PERFORMANCE WOULD INCLLUDE MARGINS (NOT NECESSARILY THE SAME)
FOR THE POWER INPUT AND OUTPUT, AND HEAT RATE.

2. THE ABOVE REFLECTS AN ENTHALPY BASE WHERE THE ENTHALPY OF -60°F
GAS EQUALS 0.0.

LEGEND

W — FLOW, LBS/SEC

P — PRESSURE, PSIA

F —TEMPERATURE, °F
H — ENTHALPY BTU/LB

W 1512)

CAES IN AQUIFER

PUBLIC SERVICE INDIANA
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1150 PSIA CHARGING pRESSURE
1500/1500°F TURBINE INLET TEMPERATURE

EXTERNAL PLANT AIR PRESSURE LOSS RATIO = 1.4 1224-;",27 w
OPTIMIZED LP SET 2724 F
79884 H |
61,570 KW 77000 W 1824621 W
P = 4.050 14.43P 179,070 KW 15.007 P
1 69 F -51.5 F (WB.) =110 687.4F
28639 H O vwg  187.266H
+ REGENERATOR
~ y
¥ |
1.5. COMP 72,155 <W LP //‘- A //-\
; MOTOR/ P. . \
P. COMP. =E:t= Lo
o uer0 GENERATOR TURe. AN ANY
P / ‘\j ‘.‘/;
|770.oon w ! 3500 RPM (/ o
lsap ; e
Yros.0 F W 770.00W 7679241 W ; :
i39.73a 1 78.2P 165.1 P 1361137 w
! || az3zF 1500.0 F 77497
! IC #1] 117.456 H 410938 H 605.3 F
R \ 162,077 H
1 770.00W T 1L 6.8724wW F 7610517 W "
3042p 135F 95F 1709 P i
4165 F 485 F
115.762 H 61,190 KW 254167 H
\c #2
A4
135 F 10 AL—""
P ) MoToR/ =Eﬁ W.P.TURB . A
765.197 W GENERATOR T 145387 W =
2953 P ! )
4.8030 W 1950 F 3600 RPM 4185387 W 2=
295.3p 39538 H b ! 8
105 F i 765,107 w 7465130 W {[ 116,595 KW :
-926.40 H ! 11723 7487 P p=a382 ,
a170F rogoddy i
| 115334 H - i
135 £ )
007 W AC f_L ’ c }:::—__
11493 4795 F 103993 W F
150 F 765.19: W 765.191 W
-917.45H 14937 i 798.1P
150 F il 140 F
130 F (WB) 47.933H
50,345 'S
TO DRAIN TO STORAGE FROM STORAGE

Fi\gfure 6-11. 1000 PSI (1500/15000F) Nominal Optimized System Heat and Material Balance

OUNHWN

COMPRESSED AIR ENERGY STORAGE (CAES) POWER PLANT ENERGY BALANCE

INPUT

ATMOSPHERIC AiIR:

LP COMPRESSOR POWER (@ THE MOTOR TERMINALS):
. 1P COMPRESSOR POWER (@ THE MOTOR TERMINALS):
. HP COMPRESSOR POWER (€ THE MOTOR TERMINALS):
HP COMBUSTOR FUEL (LHV = 18,055 BTU/LB):

. LP COMBUSTOR FUEL {LHV = 18,055 BTU/LB):.

TOTAL INPUT ’

OUTPUT

. LP COMPRESSOR DRIVE MOTOR LOSS:

. 1P COMPRESSOR DRIVE MOTOR LOSS:

HP COMPRESSOR DRIVE MOTOR LOSS:

. INTERCOOLER #1 REJECTION HEAT LOSS:
INTERCOOLER #2 REJECTION HEAT LOSS: .

. AFTERCOOLER REJECTION HEAT LOSS:

. AIR COOLER DRAIN LOSS:

. CAVITY HEAT LOSS:

. HP COMBUSTOR LOSS:

10. LP COMBUSTOR LOSS:

11, HP TURBINE POWER {® GENERATOR TERMINALS):
12. HP TURBINE ELECTRICAL LOSS:

13. LP TURBINE POWER (@ GENERATOR TERMINALS):
14. LP TURBINE ELECTRICAL LOSS:

15. EXHAUST GAS LOSS:

TOTAL OUTPUT

CONONDWN

PLANT PERFORMANCE

TOTAL COMPRESSOR INPUT (@ MOTOR TERMINALS):
TOTAL TURBINE OUTPUT (@ GENERATOR TERMINALS):
AUX LOAD:

NET TURBINE OUTPUT:.

NET LHV HEAT RATE:

NOTES:

1. THE ABOVE DATA REFLECTS AS CALCULATED PERFORMANCE. GUARANTEED

BTU/HR

79,387,310
259,159,640
221,148,950
219,783,480
675,933,700
446,692,255

1.902 x 109

BTU/HR

12,957,990
11,057,445
10,989,175
215,445,385
227,994,770
179,050,005
-16,041,315
6,627,780
13,518,675
8,933,845
389,875,325
7,956,640
598,797,895
12,220,365
225,022,500

1.804 x 10°

205,390 Kw
289,750 KW
500 Kw
289,250 Kw
3,880 BYU/KWHR

PERFORMANCE WOULD INCLUDE MARGINS (NOT NECESSARILY THE SAME)

FOR THE POWER INPUT AND OUTPUT, AND HEAT RATE.

2. THE ABOVE REFLECTS AN ENTHALPY BASE WHERE THE ENTHALPY OF -60°F

GAS EQUALS 0.0.

LEGEND

W — FLOW, LBS/SEC

P — PRESSURE, PSIA

F — TEMPERATURE, °F
H — ENTHALPY, 8TU/LB

PUBLIC SERVICE INDIANA
CAES IN AQUIFER
DOE NO. ET-78-C-01-2159
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1150 PSIA CHARGING PRESSURE
1500/2150 °F TURBINE INLET TEMPEATURE

EXTERNAL PLANT AIR PRESSURE LOSS RATIO = 1.4 784.7808 W
OPTIMIZED LP SET uaze
3894 F \
108.400 H
7700 W
: 18.43P
4 Wo 784
59 F -51.5F (W.B.) i?ﬁgso'( 3 oz:“: w
28.639 H : -
__ 81570 KW v 39 799.2 F
P =4.050 i Ye 217.430 H
. REGENERATOR
f A
L.P. COMP 72,155 KW MOTOR/ LP. u A
LP. ;:2;“')’- GENERATOR =E TURB. p .
177000 W p=s. 3600 RPM : i
d15.080 i €= 85
jlos.0F \ 770.00 W 6538 W i
;BTN | 7misie z701P | 619.3456 W
| 4233 F 21500F 17890
i 1C#1]117.656 H 609135 H | 7003 F
™ } = 186.087 H
M T nI2NIWE 641.7464 W
135 F 95F 2796 P
770.00 W 11053 F
3042P 295 950 H
::::3:2 " 5';’:"05';‘” va
135 FH o p a4 "
MOTO! A
seré 765197 W GENERATOR == orea0 KW R
2953p 33’.',., 3600 RPM H.2. TURS. 145387 W ;.:—]
' . = 2,671
1050 F ‘ ! £ 8 131.3068 W
1.8030 W 39,538 H y 765197 W " 1
2953 vy 1723P sz720mw |
g jamE 7749P 7661910 W
105 F 1t 415334 H 1500.0 F 798.
-926.40 H -' asssim T
. | J 10F
4
c §—- 135 F . 7939 H
007 W .l D
11493 7.8622W F
150 F '
-917.45H
H L
TO DRAIN TO STORAGE FROM STORAGE
765.1910 W
1493 P
150 F
130 F (WB.)
50.345 H

Figure 6-12.

1000 PSI (1500/21500F) Nominal Optimized System Heat

COMPRESSED AIR ENERGY STORAGE (CAES) POWER PLANT ENERGY BALANCE

INPUT
. ATMOSPHERIC AlR:

HP COMBUSTOR FUEL {LHV « 18,065 BTU/LB):
. LP COMBUSTOR FUEL {LHV = 18,055 BTU/LB):

TOTAL INPUT

PO wN

LP COMPRESSOR POWER (‘9 THE MOTOR TERMINALS):
IP COMPRESSOR POWER {@ THE MOTOR TERMINALS):
HP COMPRESSOR POWER (@ THE MOTOR TERMINALS):

OUTPUT

. LP COMPRESSOA DAIVE MOTOR LOSS:

1P COMPRESSOR DRIVE MOTOR LOSS:

HP COMPRESSOR DRIVE MOTOR LOSS:
INTERCOOLER #1 REJECTION HEAT LOSS:
INTERCOOLER #2 REJECTION HEAT LOSS:
AFTERCOOLER REJECTION HEAT LOSS:

AIR COOLER DRAIN LOSS:

. CAVITY HEAT LOSS:

. HP COMBUSTOR LOSS:

10. LP COMBUSTOR LOSS:

11. HP TURBINE POWER (@ GENERATOR TERMINALS):
12. HP TURBINE ELECTRICAL LOSS:

13. LP TURBINE POWER (@ GENERATOR TERMINALS):
14. LP TURBINE ELECTRICAL LOSS:

15. EXHAUST GAS LOSS:

TOTAL QUTPUT

PENONA LN

PLANT PERFORMANCE

TOTAL COMPRESSOR INPUT (@ MOTOR TERMINALS):
TOTAL TURBINE OUTPUT (@ GENERATOR TERMINALS):
AUX LOAD:

NET TURBINE OUTPUT:

NET LHV HEAT RATE:

NOTES:

BTU/HR
79,387,310

-259,158,640

221,148 950
219,783,480

- 511,027,275

762,277,045
2,053 x 109

BTU/HR

12,957,930
11,057,450
10,989,175
215,445,385
227,994,770
179,050,005
-16,041,315
6.627.780
10,220 545
15,245,540
229 488,100
4,683,430
824,496,330
16,826,455
306,252 869
2,055 x 10%

205,393 KW

308,890 KW

500 Kw

308,390 KW
4,130 BTU/KWHR

1. THE ABOVE DATA REFLECTS AS CALCULATED PERFORMANCE. GUARANTEED
PERFORMANCE WOULD INCLUDE MARGINS (NOT NECESSARILY THE SAME)

FOR THE POWER INPUT AND OUTPUT, AND HEAT RATE.

2 THE ABOVE REFLECTS AN ENTHALPY BASE WHERE THE ENTHALPY OF -60°F

GAS EQUALS 0.0.

LEGEND

W - FLOW, LB/SEC

P — PRESSURE, PSIA

F — TEMPERATURE, °F
H — ENTHALPY, BTU/LB

(w1514)

PUBLIC SERVICE INDIANA
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of a 1.2 pressure loss ratio for the compressed air entering the aquifer, and a 1.2
pressure loss ratio for the compressed stored air exiting the aquifer. The
heat balances aléo.show the effect of the assumed 100F storage air temperature drop.

The machinery configuration depicted in this heat balance diagram does not repre-
. sent the optimum‘one shaft machinery layout.

The following is a brief summary of the heat and material balances presented in
“Figures 6-9 through 6-12: o

Nominal - - ‘V;Compressok - Turbine Cycle ' Cycle

System Train ' Firing . Power Ratio, LHY
Pressure, ° Number of - Temperatures KW Charging Heat Rate,
PSI Intercoolers = HPT/LPT in OF Net KW Output BTU/KWHR
200 2 1500/ Unfired 761 4075
600 S 2 1500/1500 .705 3915
-1000 2 1500/1500 .710 3880
1000 2 1500/2150 666 4130

COMPONENT STANDARDIZATION

Standardization of ‘hardware is very effective in reducing development, design,
manufacturihg and  inventory costs. As a result, when possible, the standardization
of machinery is very'desirable. Westinghouse realized that there was a possibility
of standardﬁzing‘the LP and IP compressors and intercoolers, and the LP turbine for
the 200, 600 and 1000 PSI systems. (The standardized IP compressor serves as the
200 PSI system HP compressor.) The possible components that can be standardized
~are crosshatched in Figure 6-13. The specific changes in the compressor pressure
-ratios, compressbr input power, turbine output power, heat rate and total power
production energy cost between the optimized and the standardized machinery‘con-
figurations are presented in Table 6-7. As can be seen, the maximum change in the
total power production energy costs is 3.17%, .01% and .28% for the 200, 600 and
1000 PSI'systems, respectively. For a more extensive breakdown of the power pro-
duction energy costs consult Table 6-8. It should be pointed out that the above
two lables reflect the effect of the auxiliary loads.

" The largest .increase (3.17%) in the required compressor power occurred in the 200
PSI system because in the standardized layout there is only one intercooler

instead of the two that the optimized configuration contains. The increase in the

6-=27
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Figure 6-13. . Common Compdnents in Standardized Machinery Sets
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~ OPTIMIZED VS STANDARDIZED

Table 6-7

LOW PRESSURE MACHINERY COMPARISON

200 PS| 600 PSI 1000 PSI
oPT STD OPT STD OPT STD
77777 777 77
LP COMPRESSOR, o 3380 [/, 5.000/ 4770 [/ 5000/ 5.470 [/ ,5.000/
{P COMPRESSOR, p 2400 | - 3390 [ /,3765/] a.050 [/, 3.765
{ 77T
HP COMPRESSOR, p 2400 [/, 3685/ 3390 | 2861 | 4050 | 4682
4 77 77T 77T 77
LP TURBINE, p 10.700 [ /10,700 /| 11.000 [ /11,000 4 11.000 |'/11.000
CHARGING POWER,
KW/LB/SEC* 1662 | 1715 | 2334 | 2334 | 2667 | 2675
NET OUTPUT PER
MACHINERY SET, KW/LBSEC*| 2185 | 2190 | 3311 | 3309 | 3757 | 37537
NET LHV HEAT RATE, '
BTU/KWHR* 4075 4075 3915 3915 3880 3880

TOTAL POWER PRODUCTI'ON ENERGY COST IN MILS/KWHR

FUEL @ $/105BTU
ELEC. PWR. IN MILS/KWHR

$";-(;5° 17.80 18.02 16.84 1684 | 16.80 16.82
%050 25.40 | 2585 | 2388 | 2389 | 2390 | 23.94
_";526_00_ 3559 | 36.04 |.3367 | 3368 | 3360 | 3364
_sz_'g’l | 13817 | 3839 | 36.41 36.41 36.20 | 36.22
52-050. ) 45.78 46.22 | 43.46 43.47 43.30 43.34
_$%73 | 77.23 | 78.56 7263 | 7266 | 7267 | 72.79
(W1548)

CROSSHATCHED BLOCKS IDENTIFY COMMON COMPONENTS.
*REFLECTS MOTOR, GENERATOR AND AUXILIARY LOAD LOSSES.

The charging power, turbine output and heat rate values are as calculated
and do not include any margin.

PUBLIC SERVICE INDIANA
CAES IN AQUIFER
DOE NO. ET-78-C-01-2159
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Table 6-8

TOTAL POWER PRODUCTION ENERGY COSTS OF THE
OPTIMIZED VS THE STANDARDIZED CAES UNITS

CASE ’ 1.00 1.10 2.00 2.10 3.00 3.10 4.00

TIHPT 1500. 1500. 1500. 1500. 1500. 1500. 1500.
T2HPT 1046. 1046. 1110. 110. 948. 948. 1105.
TILPT 1046. 1046. - 1500. 1500. 1500. 1500. 2150.
CAV LOS 1.20 1.20 1.20 1.20 1.20 1.20 1.20
REG EFT .85 .85 .85 .89 ,85 .85 .85
COMP Kw 166.2 1718 233.4 233.4 266.7 267.5 266.7
TURB KW . 2185 219.0 3311 330.9 375.7 375.7 400.5
H.R. 4075. 4075. 3915. 3915. . 3880. 3880. 4130.
FUEL COST =$2.50 PER MILLION BTU
ELECT COST = 10.00 MILS PER KW-HR ENERGY COST RATIO = .2500
10.19 10.19 9.79 9.79 9.70 9.70 10.33
7.61 7.83 7.05 7.0 7.10 712 6.66

TOTAL POWER PRODUCTION COSTS IN MILS PER KW-HR
17.80 18.02 16.84 16.84 16.80 16.82 16.99

" FUEL COST =$2.50 PER MILLION BTU

ELECT COST = 20.00 MILS PER KW-HR ENERGY COST RATIO =.1250

10.19 10.19 9.79 9.79 9.70 9.70 10.33
1522 ~ 15.66 14.10 14.10 14.20 14.24 13.32
TOTAL POWER PRODUCTION COSTS IN MILS PER KW-HR

26.40 25.85 23.88 23.89 23.90 23.94 23.65

FUEL COST =$4.25PER MILLION BTU

ELECT COST = 15.10 MILS PER KW-HR ENERGY COST RATIO = .2815

17.32 17.32 16.64 16.64 16.49 16.49 17.65
11.49 11.82 10.64 10.65 10.72 10.76 10.06
TOTAL POWER PRODUCTION COSTS IN MILS PER KW-HR

28.81 29.14 27.28 27.29 270 27.24 27.81

FUEL COST =$5.00 PER MILLION BTU

ELECT COST = 17.06 MILS PER KW-HR ENERGY COST RATIO =.2931

20.38 20.38 19,58 19.58 19.40 19.40 20.65
1298 13.36 12,03 12.03 1211 12.15 11.36
TOTAL POWER PRODUCTION COSTS IN MILS PER KW-HR

. 3335 33.73 31.60 3161 31.51 31.55 32.00

FUEL COST = $5.00 PER MILLION BTU

ELECT COST = 20.00 MILS PER KW-HR ENERGY COST RATIO = .2500

20.38 20.38 19.58 19.58 19.40 19.40 20.65
15.22 15.66 14,10 14.10 14.20 14.24 13.32
TOTAL POWER PRODUCTION COSTS IN MILS PER KW-HR

35.59 36.04 33.67 33.68 33.60 33.64 33.97

FUEL COST =§7.50 PER MILLION BTU

ELECT COST = 10.00 MILS PER KW-HR ENERGY COST RATIO = .7500

30.56 30.56 29.36 29.36 29.10 29.10 30.98
7.61 7.83 7.05 7.05 7.10 712 6.66

TOTAL POWER PRODUCTION COSTS IN MILS PER KW-HR

38.17 38.39 36.41 36.41 36.20 36.22 37.64

FUEL COST = $7.50 PER MILLION BTU

ELECT COST = 20.00 MILS PER KW-HR ENERGY COST RATIO = .3750

30.56 30.56 29.36 29.36 29.10 2%.10 30.98

15,22 15.66 14.10 14.10 14.20 14.24 13.32 °

TOTAL POWER PRODUCTION COSTS IN MILS PER KW-HR
4578 46.22 43.46 43.47 43.30 43.34 44.30

FUEL COST =$7.75PER MILLION BTU

N . ELECT COST = 60.00 MILS PER KW-HR " ENERGY COST RATIO = 1292

31,58 31,58 30.34 30.34 30.07 30.07 3201
45.65 46.98 42.29 42.31 42.60 42.72 39.96
TOTAL POWER PRODULTION COSTS IN MILS PEN KW-HR

77.23 78.56 72.63 72.66 72.67 72.79 71.97

NOTES :

(1) Case 1.0 has nominal storage pressure of 200 PSI utilizing its optimized
two intercooler compressor train, 15000F.UF turhine inlet temperature.

{2) Case 1.1 has nominal storage pressure of 200 PSI utilizing just the
standardized one intercooler LP compressor set, 1500°F-UF turbine inlet
temperature. :

(3) -Case 2.0 has nominal storage pressure of 600 PSI utilizing ity optimized
two intercooler compressor train, 1500-15000F turbine iniet temperature,

(4) Case 2.1 has nominal storage pressure of 600 PSI utilizing the standard-
ized LP compressor set, a second intercooler and a customized HP com-
préssor, 1500-18007F turbine inlet temperature,

{5) Case 3.0 has nominal storage pressure of 1000 PSI utilizing its optimized
two intercooler compressor train, 1500-15000F turbine inlet temperature.

(6) Case 3.1 has nominal storage pressure of 1000 PSI utilizing the standard-
ized LD comprescor set, a second intercooler and a customized HP com-
pressor, 1500-15000F turbine inlet temperature.

{7) Case 4.0 has nominal storage pressure of 1000 PSI utilizing its optimized
two intercooler compressor train, 1500-21800F turbine inlet temperature.

(W 1549)

The total Work of Compression, Turbine Qutput Power, and Heat Rate values

are as calculated and do not include any wmargin.
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requiréd compressor erk for the standardized 600 PSI‘system compressor train over
the optimized train‘is very slight (.01%). The compressor power increase for the
standardized 1000 PSI system was .28%.

In the 200 PSI system the turbine train output increased a small amount in the
standardized cycle because in the standardized one intercooler 200 PSI system
there is less condensation during the charging cycle. Since the CAES cycle calcu-
lations are based on equal aquifer injection and extraction mass flow rates; and
since the aquifer injection mass flow rate in the standardized cycle is slightly
greater (for the same LP compressor inlet air flow) than in the optimized cyc]e,‘
the turbine mass f]ow‘rafe.in the standardized cycle is also slightly greater.
This results in the increase in the net output in the standardized machinery set
indicated in Tables 6-7 and 6-8. There is more condensation of the atmospheric
moisture in the standardized 600 PSI system compressor train, thus the turbine
train output is decreased. There is no appreciable difference in the amount of
condensation in the 1000 PSI system. - '

Since the use of the standardized equipment does not significantly increase the
total power production energy cost, the Utility Sponsors agreed that standardized
components should be utilized.

- The 200, 600 and 1000 PSI systems heat and material balances for the standardized
configurations are presented in Figures 6-14, 6-15 and 6-16, respectively. It should
be noted that these figures do not reflect the actual, physical machinery layouts.

On the above heat balances, the aircooler heat injection and drain losses have been
revised since the last publication.

The next set of heat and material balances presented in Figures 6-17, 6-18 and 6-19
reflect the refined performance projections for the motor efficiency, gearbox effi-
ciency, generator efficiency and combustion efficiency; plus the 200 PSI system was
analyzed with a single g]ement turbine train thus it required only 1.9% of the
total inlet flow.for cooling air instead of 3.8% reflected in the earlier heat
balances. The new motor efficiency was updated from 95% to 96%. The projected
génerator efficiency increased from 98% to 98.5%. According to Philadelphia Gear
Corporation, the gearbox efficiency‘wi11 be 98.5%. Finally the projected com-
bustion efficiency increased from 98% to 99%.
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250 PSIA CHARGING PRESSURE
1500/UF °F TURBINE INLET TEMPERATURE
EXTERNAL PLANT AIR PRESSURE LCSS RATIO = 1.4

STANDARDIZED LP SET

770.000 W
- 14.43P 7
59.0 F-51.5 (WB) F 75=' 33:92“'
28.639 H )
68,335 KW
LP. MOTOR/ :E
COMP. GENERATOR
770.000W | P =50% 3600 RPM
72.721°P
404.3F
112754 H
135 F H
1.C.|
#1
9BF 770.000 W
69.9P
105 F A
39734 4 3600 RPM
57,095 KW SEN HP.
p=3685 4 770.000 W RPM TURB.
2575 P
393.3F 13;3069 w
110.022 H .9 P
135 £ 1500 F
AC {: 408.840 H c
770.000 W 95 F 10.5669 W
250.0 P 566 F
150 F
50.611 H
TO STORAGE

Figure 6-14. 200 PSI Nominal Standardized System Heat and Material Ba]abnce

780.5669 W
18.43°p
260.5 H
77484 H
7805669 W
150P
6839 F
- 183.679 H
8 4 AEGENERATOR
KW
L.p.
TURE
|| €= 85 L]
740.7400 W
765.9369w | 1686 P
49.9°P 6023 F
1082.8 162.263 H
282926 H
96,835 KW i
P =3.266 A
14,6300 W <=
14,6300 W &
B | 770.000 w
1736 P
180 F
las.wz H
r

FROM STORAGE

COMPRESSED AIR ENERGY STORAGE (CAES) POWER PLANT ENERGY BALANCE

INPUT BTU/HR
1. ATMOSPHERIC AIR: . 79,387,310
2. LP COMPRESSOR POWER (@ THE MOTOR TERMINALS): 245,437,230
3. IP COMPRESSOR POWER (@ THE MOTOR TERMINALS): 0
4. HP COMPRESSOR POWER (@ THE MOTOR TERMINALS): 205,069,782
5. HP COMBUSTOR FUEL (LHV = 18,055 BTU/LB): 686,827,365
6. LP COMBUSTOR FUEL (LHV = 18,055 BTU/LS): o 0

TOTAL INPUT ’ 1.217 x 109
" ouTPUT BTU/HR

1. LP COMPRESSOR DRIVE MOTOR LOSS: 12,271,860 '
2. |p COMPRESSOR DRIVE MOTOR LOSS: -0
3. HP COMPRESSOR DRIVE MOTOR LOSS: 10,253,490
4. INTERCOOLER #1 REJECTION HEAT LOSS: 202,411,440
5. INTERCOOLER #2 REJECTION HEAT LOSS: . . 0
6. AFTERCOOLER REJECTION HEAT LOSS: . 164,687,290
7. AIR COOLER DRAIN LOSS: 0
8. CAVITY HEAT LOSS: 6,705,470
9. HP COMBUSTOR LOSS: 13,736,545

10. LP COMBUSTOR LOSS: 0

11. HP TURBINE POWER (@ GENERATOﬁ TERMINALS): 323,806,415

12. HP TURBINE ELECTRICAL LOSS: 6,608,295

13. LP TURBINE POWER (@ GENERATOR TERMINALS): 253,242,310

14, LP TURBINE ELECTRICAL LOSS: . 5,168,210

15. EXHAUST GAS LOSS: . 217,620,805
TOTAL QUTPUT 1.217 x 109
PLANT PERFORMANCE

TOTAL COMPRESSOR INPUT (@ THE MOTOR TERMINALS): 132,030 KW
TOTAL TURBINE OUTPUT (@ GENERATOR TERMINALS}): 169,115 Kw
AUX. LOAD: . 500 KW
NET TURBINE OUTPUT: 168,615 KW

NET LHV HEAT RATE: 4,075 BTU/KWHR

NOTES:

1. THE ABOVE DATA REFLECTS AS CALCULATED PERFORMANCE., GUARANTEED
PERFORMANCE WOULD INCLUDE MARGINS (NOT NECESSARILY THE SAME)
FOR THE POWER INPUT AND OUTPUT, AND HEAT RATE.

2. THE ABOVE REFLECTS AN ENTHALPY BASE WHERE THE ENTHALPY OF -60°F
GAS EQUALS 0.0.

LEGEND

W — FLOW, LBS/SEC
P — PRESSURE, PSIA
F — TEMPERATURE, °F

H- ENTHALPY, BTU/LB (W1516)

PUBLIC SERVICE INDIANA
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700 PS1A CHARGING PRESSURE
1500/1500°F TURBINE INLET TEMPERATURE

EXTEANAL PLANT AIR PRESSURE LOSS RATIO = 1.4 Z:L'g‘;m w COMPRESSED AIR ENERGY STORAGE (CAES) POWER PLANT ENERGY BALANCE
STANDARDIZED LP SET 268.7 F n .
79.083 H INPUT BTU/HR
1. ATMOSPHERIC AIR: 79,387,310
2. LP COMPRESSOR POWER (@ THE MOTOR TERMINALS): 245,437,230
3. 1P COMPRESSOR POWER (@ THE MOTOR TERMINALS): 209,117,660
4. HP COMPRESSOR POWER (@ THE MOTOR TERMINALS): - 158,639,500
58,225 KW 770.000 W 781.0820 W 5. HP COMBUSTOR FUEL {LHV = 18,055 BTU/LB): _ 678,420,625
p = 3765 18.43p 15.0 P 6. LP COMBUSTOR FUEL (LHV = 18,055 BTU/LB): 319,523,670
' 1' 59.0F-515 W8.) b TOTAL INPUT ' 1691 x 109
28.639 H Yo 1esesH ;
REGENERATOR . OuTPUT o : BTU/HR
773,705 Kkw 1. LP COMPRESSOR DRIVE MOTOR LOSS: 12,271,860
1.P. COMP. 68,335 KW ) 2. 1P COMPRESSOR DRIVE MOTOR LOSS: 10,455,880
L.7. comp. LB MOTOR/ F_E:t: TURB 3. HP COMPRESSOR DRIVE MOTOR LOSS: 7931975
P =5.090 GENERATOR p =11 0 4. INTERCOOLER #1 REJECTION HEAT LOSS: 202,411,440
779,000 W ’ 5. INTERCOOLER #2 REJECTION HEAT LOSS: 214,611,985
69.9 P 3600 RPM 6. AFTERCOOLER REJECTION HEAT LOSS: 120,866,860
105 F €=.85 7. AIR COOLER DRAIN LOSS: . -14,245.955
39.734 H 270,000 v 7665332 W — — 8. CAVITY HEAT LOSS: 6,637,945
165.1 P 736.6307 W
“27p . 1800F . 47752p 9, HP COMBUSTOR LOSS: 13568,595
4043 F 410,035 H 6036 F 10. LP COMBUSTOR LOSS: 6,380,475
ic#1] 112754 + - 161,806 H 11. HP TURBINE POWER (@ GENERATOR TERMINALS): 273,627,375
Tos) c ‘ : 12. HP TURBINE ELECTRICAL LOSS: 5,584,230
1 770,000 w T 49159 W 7616173 W 13. LP TURBINE POWER (@ GENERATOR TERMINALS): 597,563,350
e 135 F B F 13097 . 14, LP TURBINE ELECTRICAL LOSS: ‘ 12,195,170
2989 F 106 F 15. EXHAUST GAS LOSS: 222.372,59%
X A 1. 109
M.413H 48173 KW 297970 H TOTAL QUTPUT 692 x 10
A PLANT PERFORMANCE
BSFEH i C MOTOR/ 81,830 KW ﬂ TOTAL COMPRESSOR INPUT (@ THE MOTOR TERMINALS): 179,710 KW
% F HS#2 GENERaTOR == wr.TuRS. A TOYAL TURBINE OUTPUT (@ GENERATOR TERMINALS): ) 255,320 KW
- 765.728 W p <2678 14.5488 W AUX. LOAD: 500 KW
4.2715W 255.4 P NET TURBINE OUTPUT: 254,820 KW
255.4P . 105 F 3600 RPM 145488 W h NET LHV HEAT RATE: 3.915 BTU/KWHR
105 F 32550 H 47.0685 W
-426.30 H begii a5r5P NOTES:
T0 ,;:,A,N 330.8 F ‘5°°°6F 1. THE ABOVE DATA REFLECTS AS CALCULATED PERFORMANCE. GUARANTEED
94.221 H 406.760 W PERFORMANCE WOULD INCLUDE MARGINS (NOT NECESSARILY THE SAME) FOR
THE POWER INPUT AND OUTPUT, AND HEAT RATE.
W kil ( c\ " 2. THE ABOVE REFLECTS AN ENTHALPY BASE WHERE THE ENTHALPY OF -60°F
H 95 F 104377 W GAS EQUALS 0.0.
765728 W : 765.7284 W
; 487.73 P
7023 P pyidtd LEGEND
;303;5 H 47.967 H W — FLOW, LBS/SEC
- L P — PRESSURE, PSIA
_ w
TO STORAGE FROM STORAGE F — TEMPERATURE, °F . w1517}

H—- ENTHALPY, BTU/LB

Figure 6-15. 600 PSI Nominal Standardized System Heat and Material Balance
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1150 PSIA CHARGING PRESSURE

- 1500/1500°F TURBINE INLET TEMPERATURE

782.4628 W
EXTERNAL PLANT AIR PRESSURE LOSS RATIO = 1.4 1443
STANDARDIZED LP SET 2724 F
79.884 H
58,225 K\ 770.000 W Z:zo";fm w
14.43P 179,070 KN ol E
59.0 F-51.5 (W.B.) P - 1ic At
28.639 H I s 2
' REGENERATOR
68,335 K MOTOR! ~
L.P. COMP. :t: Y
GENERATOR FE TURB.
3600 RPM
£=.85
767.9242 W -
;;9,‘0,,0) w 165.1 F 7361136 W
043 F 1500 F 77497
iTwa] 003F 410.933 H 6053 F
— 2 . ‘ 162,077 4
770.000W 142 ¢ 55 ¢ 6.8726 W 761.0516 W
263.1P ;:‘g:
3989F :
111,413 H 69,105 KW 254164 H
135 F e A I/
: MOTOR/
95 F o #2 =] —F3—— nr turs.
765.7284 W GENERATOR 14.5386 W
42716 W 2554 P
:g:: 3 o5 £ 3600 RPM 14.5386 W <
39550 H 7465130 W || 11658
-926.40 H 765.7284 W Lpradied f':’ I
1184.9 P 150C F p=a.
TO JRAIN 4565 F 406.306 H
125.087 H
T3 F
ac: c ‘
L S5 F 10.3903W
765.191 W 5375 W . 765.1909 W
1149.3p 11493 P Zgg.l P
150 F 150 F
50.345 H 91745 H ] 47.930H
L
TOSTORAGE TO DRAIN FROM STORAGE

Figufe 6-16.

~

COMPRESSED AIR ENERGY STORAGE (CAES) POWER PLANT ENERGY BALANCE

INPUT

. ATMOSPHERIC AIR:

. LP COMPRESSOR POWER (@ THE MOTOR TERMINALS:
P COMPRESSOR POWER (@ THE MOTOR TERMINALS):
. HP COMPRESSOR POWER (@ THE MOTOR TERMINALS):
. HP COMBUSTOR FUEL {LHV = 18,055 BTU/LB):

. LP COMBUSTOR FUEL (LHV = 18,055 BTU/LB):

TOTAL INPUT

DO WN -

OUTPUT

. LP COMPRESSOR DRIVE MOTOR LOSS:

. IP COMPRESSOR DRIVE MOTOR LOSS:

. HP COMPRESSOR DRIVE MOTOR LOSS:
INTERCOOLER #1 REJECTION HEAT LOSS:
INTERCOOLER #2 REJECTION HEAT LOSS:
AFTERCOOLER REJECTION HEAT LOSS:

. AIR COOLER DRAIN LOSS:

. CAVITY HEAT LOSS:

. HP COMBUSTOR LOSS:

10 LP COMBUSTOR LOSS:

11. HP TURBINE POWER (@ GENERATOR TERMINALS):
12. HP TURBINE ELECTRICAL LOSS:

13. LPTURBINE POWER {@ GENERATOR TERMINALS):
14. LP TURBINE ELECTRICAL LOSS:

15. EXHAUST GAS LOSS:

TOTAL QUTPUT

CRNOUBWN =

PLANT PERFORMANCE

TOTAL COMPRESSOR INPUT (@ THE MOTOR TERMINALS):
TOTAL TURBINE QUTPUT (@ GENERATOR TERMINALS):
AUX. LOAD:

NET TURBINE OUTPUT:

NET LHV HEAT RATE:

NOTES:

BTU/HR

79,387,310
245,437,230
209,117,660 .
248,202,860
675,933,700
446,705,255

1.905x 109

BTU/HR

12,271,860
10,455,880
12,410,145
202,411,840
214,611,985
207,908,145
-16,574,820
6,627,780
13,518,675
8,934,105
389,883,720
7,956,810
598,797,965
12,220,370
225,022,530

1.906 x 109

205,958 KW
289,750 KW
500 KW
289,250 KW
3,880 BTU/KWHR

1. THE ABOVE DATA REFLECTS AS CALCULATED PERFORMANCE. GUARANTEED
PERFORMANCE WOULD INCLUDE MARGINS (NOT NECESSARILY THE SAME)

FOR THE POWER INPUT AND OUTPUT, AND HEAT RATE.

2. THE ABOVE REFLECTS AN ENTHALPY BASE WHERE THE ENTHALPY OF -609F

GAS EQUALS 0.0.

LEGEND

W — FLOW, LBS/SEC
P — PRESSURE, PSIA
F — TEMPERATURE, °F
H—- ENTHALPY, BTU/LB

1000 PSI (1500/15000F) Nominal Standardized System Heat and Material Balance

(w1518}
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250 PSIA CHARGING PRESSURE

1500°F TURBINE INLET TEMPERATURE
EXTERNAL PLANT AIR PRESSURE LOSS RATIC = 1.4
REFINED STANDARDIZED LP SET

770 0000 W

14.43°P

58.0 F-51.5 F (w.8.)
28639 M

57,086 KW

—P~3685

IR -

HP,

=

3600 RPM

130,655 KW/178,505 KW

MOTOR/GENERATOR i:: TURB.

1

1
770.0000 W 770.0000W || 770.0000 W

2575F 69.9 P 72270
3333 F 106 F 4043 F
110022 H 38.734 H 112754 H

95 | |- 95 ¢
F Ec§ ——|c§
135 F 135 F

770.0000 W
250.0 P
150 F
50611 H

v

TO STORAGE

766.1682 W T
168.9 P

1500 F
408.856 H

i L

118066 LMV}

181,225 KW
P=10.8241

780.7982 W

144397
249.0F
74653 H

780.7982 W
150P
669.5 F
182010 H

beed

REGENERATOR

755.3700 W
168.6 P
590.1 f
159.180 H

N

14,6300 W —]

770.0000 W
1736 P
140 F
48.192 H

4

h

FROM STORAGE

Figure 6-17. 200 PSI Nominal Refined Standardized System Heat and

INPUT
ATMOSPHERIC AIR:

HP COMBUSTOR FUEL (LHV = 18,055 BTU/LB):
LP COMBUSTOR FUEL {LHV = 18,055 BTU/LB):

TOTAL INPUT

N

OUTPUT

. LP COMPRESSOR DRIVE MOTOR LOSS:

IP COMPRESSOR DRIVE MOTOR LOSS:

HP COMPRESSOR DRIVE MOTOR LOSS:

. HP COMPRESSOR GEAR LOSS:

. INTERCOOLER #1 REJECTION HEAT LOSS:

. INTERCOOLER #2 REJECTION HEAT LOSS:

. AFTERCOOLER REJECTION HEAT LOSS:

AIR COOLER DRAIN LOSS:

. CAVITY HEAT LOSS:

10. HP COMBUSTOR LOSS:

11. LP COMBUSTOR LDSS:

120 HP TURBINE POWER (@ GENERATOR TERMINALS):
13. HP TURBINE ELECTRICAL LOSS:

14. LP TURBINE POWER (@ GENERATOR TERMINALS):
15. LP TURBINE ELECTRICAL LOSS:

16. EXHAUST GAS LOSS:

TOTAL OUTPUT

GPNOOPWN

PLANT PERFORMANCE

TOTAL COMPRESSOR INPUT (@ THE MOTOR TERMINALS):
TOTAL TURBINE OUTPUT (@ GENERATOR TERMINALS):
AUX. LOAD:

NET TURBINE OUTPUT:

NET LVH HEAT RATE:

NOTES:

LP COMPRESSOR POWER (@ THE MOTOR TERMINALS): .
IP COMPRESSOR POWER (@ THE MOTOR TERMINALS):
HP COMPRESSOR POWER (@ THE MOTOR TERMINALS):

" COMPRESSED AIR ENERGY STORAGE (CAES) POWER PLANT ENERGY BALANCE

BTU/HR

79,387,310
242,880,590
0
202,933,640
701,861,405
0

1.227 x 109

BTU/HR

9,715,225
0
8,117,345
. 0
202,411,440
. 0
164,687,290
I
6,705,470
7,018,615

0

0

0
609,084,550
9,275,400
209,840,140

1.227 x 109

130,655 KW
178,505 KW
500 KW
178,005 KW
3,945 BTU/KWHR

1. THE ABOVE DATA REFLECTS AS CALCULATED PERFORMANCE. GUARANTEED
PERFORMANCE WOULD INCLUDE MARGINS (NOT NECESSARILY THE SAME)

FOR THE POWER INPUT AND OUTPUT, AND HEAT RATE.

2 THE ABOVE REFLECTS AN ENTHALPY BASE WHERE THE ENTHALPY OF

~60°F GAS EQUALS 0.0.

Material Balance

Ww1s19)
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9¢-9

700 PSIA CHARGING PRESSURE
1500/15009F TURBINE INLET TEMPEF.ATURE

EXTERNAL PLANT AIR PRESSURE LCSS RATIO = 1.4

REFINED STANDARDIZED LP SET

7809200 W
14,439
2684 F
79.009 H
. 770,000C W
14.43p 178,650 KW
59.0 F-£1.5 F (W8 p=118
58,225 KW 2639 F 8
p-3.765 Ya REGENERATOR
43,170 KW ’b
P 2881 68335 KW 178,540 KW/256 555 KW 81,815 KW L.
1.F. COMP, ;.v. COMP. MOTOR/GENERATOR =E:¥= ’;’;:7';& TURB.
= 5.080 -2
W '\ 3600 RPM
comp, \
€= 85
780.5200 W
BOP
6852 F
186.339 H
!
765.728s W 785.728aW  [[772.0000 w|| 770.0000 W || 770.0000 W 746.95%0W || 781.5078 W 766.3712 W 736.6307 W
7235°P 554P 263.1 P 69.9° 727P 4575P 1709°P 165.1 P 4735°P
3308 £ 105 F 398.8 F 105 F 4043 F 1500 F M0 F 1500 £ 6034 F
94.221 H 39.550 H {111,413 H 1 39.73a 112,754 1 406682 H || 297.895 H 403.923 H 161,765 H
=
4.8834 W
118,055 LHV)
A
14.5489 W ==
c)
28w C.3283 W
%949 (13,055 LHV)
105 F 05 14,5488 W =3
-926.40H {135 F 955 B
TO DRAIN
3BF
o5 F
765.7284 W 765.7284 W
702.3p ag7p
150 F 120 F
50.375 H 47.967 H
TO STORAGE

Figure 6-18.

4

h

FROM STORAGE

COMP;‘ESSED AIR ENERGY STORAGE {CAES) POWER PLANT ENERGY BALANCE

INPUT

ATMOSPHERIC AtR:

LP COMPRESSOR POWER (@ THE MOTOR TERMINALS):

HP COMPRESSOR POWER (@ THE MOTOR TERMINALS):

1
2
3. IP COMPRESSOR POWER (@ THE MOTOR TERMINALS}:
4,
5.

HP COMBUSTOR FUEL (LHV = 18,055 BTU/LB}:
6. LP COMBUSTOR FUEL {LHV = 18,055 BTU/LB):

TOTAL INPUT

OUTPUT

1. LP COMPRESSOR DRIVE MOTOR LOSS:

2 1P COMPRESSOR DRIVE MOTOR LOSS:

3. HP COMPRESSOR DRIVE MOTOR LOSS:

4. HP COMPRESSOR GEAR LOSS:

5, INTERCOOLER #1 REJECTION HEAT LOSS:

6. INTERCOOLER #2 REJECTION HEAT LOSS:

7. AFTERCOOLER REJECTION HEAT LOSS:

8. AIR COOLER DRAIN LOSS:

9. CAVITY HEAT LOSS:
10. HP COMBUSTOR LOSS:
11. LP COMBUSTOR LOSS:

12 HP TURBINE POWER (@ GENERATOR TERMINALS}:
13. HP TURBINE ELECTRICAL LOSS: :
14. LP TURBINE POWER (@ GENERATOR TERMINALS):
15 LP TURBINE ELECTRICAL LOSS:

16 EXHAUST GAS LOSS:

TOTAL OUTPUT

PLANT PERFORMANCE

TOTAL COMPRESSOR INPUT (@ THE MOTOR TERMINALS):

TOTAL TURBINE QUTPUT (@ GENERATOR TERMINALS):
AUX. LOAD:

NET TURBINE QUTPUT:

NET LVH HEAT RATE:

NOTES:

BTU/HR

79,387,310
242,880,530
206,939,350
159,377,670
671,318,845

.316,111,275

1.676 x 10°
BTU/MR

9,715,225
8,277,575
6,375,105
2,295,040

202,411,440

214,611,985

120,866,860

-14,245,955
6,637,945
6,713,190
3,161,115

274,974,550
4,187,430

600,431,495
9,143,630

222,118,950

1.678 x 10°

178,540 KW
256,555 KW
500 KW
256,055 KW
3,855 BTU/KWHR

1. THE ABOVE DATA REFLECTS AS CALCULATED PERFORMANCE. GUARANTEED
PERFORMANCE WOULD INCLUDE MARGINS (NOT NECESSARILY THE SAME)

FOR THE POWER INPUT AND OUTPUT, AND HEAT RATE.

2. THE ABOVE REFLECTS AN ENTHALPY BASE WHERE THE ENTHALPY OF

-60°F GAS EQUALS 0.0.

(W 1520)
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et SRR §

1150 PS1IA CHARGING PRESSURE :

1500/1500°F TURBINE INLET TEMPERATURE '
EXTERNAL PLANT AIR PRESSURE LOSS RATIO = 1.4 -

REFINED STANDARDIZED LP SET

58,225 KW
p = 3.065
69,105 KW L/‘
pacs2  py \P.
P %: comp.
HP, '< V\‘
COMP.
IN)
‘ N
!
1
| | ;I
b i
) 1 [
765.7284 W 765.7284W  [1770.000 v | 770.000 W
1841 P 255.4P 263.1P  !69.9P
436.5 ¢ 105 F ‘388.9F . 106 F
12589 H 39.550 H MABH 139734 H
. il
i
i
I
Ic #2 e—
42216 W
2554 p
{ wse
-926.40H ) 135F o5k

TO DRAIN

TO STORAGE

Figure 6-19,

782.2805 W
14.43p
220 F n
79.800 H
770.0000 W
14,039 179,010 kKW
59.0 F-51.5 F (W.8.) p=110
28829 H B
1[‘//‘ REGENERATOR
204,910 KW/291,150 kW 116575 KW o
MOTOR/GENERATOR FE:;:‘ HP.TURB. F——1 yuRs.
3600 APM - 4.382 (
’\ e
7822805 W > —
150P
687.2F
187.164 H Il .
770.0000 W 706,404V Wi| 760.9427 W 7577818 W I‘ V38,1136 W
7299 7487 P 1708 1B5.1 P [ 7890
4043 F 1500 £ 8483 F 1500 F 505.1 F
112754 1 406,228 4 || 254.083 W 410813 H 162,031 A
%O,
67901 W -
{18,055 LHV)
A
. 14.5386 W
o c>
) .
+18.055 LHV) 1a.5%85 W =]
8
765.1909 W
7981 P
190 F
47939 W
i
FROM STORAGE

COMPRESSED AIR ENERGY STORAGE (CAES) POWER PLANT ENERGY 3AL‘ANCE

NOTES:

1. THE ABOVE DATA REFLECTS AS CALCULATED PERFORMANCE. GUARANTEED
PERFORMANCE WOULD INCLUDE MARGINS {NOT NECESSARILY THE SAME)

FOR THE POWER INPUT AND OUTPUT, AND HEAT RATE,

INPUT BTU/MR

1. ATMOSPHERIC AlR: 79,387,310

2 LP COMPRESSOR POWER (@ THE MOTOR TERMINALS): 242,880,590

3."IP COMPRESSOR POWER (@ THE MOTOR TERMINALS): 206,939,350

4. HP COMPRESSOR POWER (@ THE MOTOR TERMINALS): 249,361,380

5. HP COMBUSTOR FUEL (LHV = 18,055 BTU/LB): 668,861,920

6. LP COMBUSTOR FUEL (LHV = 18,055 BTU/LB): 441,927,905
TOTAL INPUT 1.889 x 109
OUTPUT BTU/HR

1. LP COMPRESSOR DRIVE MOTOR LOSS: 9,715,225

2 1P COMPRESSOR DRIVE MOTOR LOSS: '8,2717575

3 HP COMPRESSOR DRIVE MOTOR LOSS: 9,974,455

4. HP COMPRESSOR GEAR LOSS: 3,590,805

5. INTERCOOLER #1 REJECTION HEAT LOSS: 202,411,440

6. INTERCOOLER #2 REJECTION HEAT LOSS: 214,611,985

7. AFTERCOOLER REJECTION HEAT LOSS: 207,908,145

8. AIR COOLER DRAIN LOSS: 16,574,820

9. CAVITY HEAT LOSS: 6,627,780
10. HP COMBUSTOR LOSS: 6,688,620
11. LP COMBUSTOR LOSS: 4,419,280
12 HP TURBINE POWER (@ GENERATOR TERMINALS): 391,799,570
13. HP TURBINE ELECTRICAL LOSS: 5,876,995
14. LP TURBINE POWER (@ GENERATOR TERMINALS): 601,650,005
15. LP TURBINE ELECTRICAL LOSS: 9,162,185
16. EXHAUST GAS LOSS: 224,733,540
TOTAL OUTPUT 1.891 x 109
PLANT PERFORMANCE
TOTAL COMPRESSOR INPUT (@ THE MOTOR TERMINALS): 204,910 KW
TOTAL TURBINE OUTPUT (@ GENERATOR TERMINALS): 291,150 KW
AUX. LOAD: 500 KW
NET TURBINE QUTPUT: - 290,650 KW
NET LVH HEAT RATE: 3,820 BTU/KWHR

2. THE ABOVE REFLECTS AN ENTHALPY BASE WHERE THE ENTHALPY OF

-60°F GAS EQUALS 0.0.

W 1521)
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The results of the above changes can be observed by inspecting Tables 6-9 and
6-10, which display the standardized versus the refined standardized power
production energy costs.

‘The single shaft configurations presented in the above figures closely reflect the:

‘actual optimum hardware layouts with the exception that the compressor inlet and
outlets have been switched to improve the schematic clarity.
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Table 6-9

CAES SYSTEM PERFORMANCE
STANDARDIZED COMPONENTS

(REFINED COMPONENT EFFICIENCIES)

NOMINAL SYSTEM PRESSURE

200 PSI 600 PSIi 1000 PsI
TOTAL COMPRESSOR INPUT
AT MOTOR TERMINALS, KW 130,655 178,540 204,910
TOTAL TURBINE OUTPUT AT
GENERATOR TERMINALS, KW 178,505 256,555 291,150
AUXILIARY LOAD, KW 500 500 500
NET TURBINE OUTPUT, KW 178,005 256,055 290,650
NET LHV HEAT RATE
BTU/KWHR 3,945 3,855 3,820

FUEL @ $106 BTU
ELEC. PWR. IN MILS/KWHR

TOTAL POWER PRODUCTION ENERGY COST IN MILS/KWHR

250 17.20 16.61 16.60
10 :
2.50

e 24.54 23.58 23.65
5.00 34.40 33.22 33.20
20

'7i_?>9 36.93 35.89 35.70
7.50 44.27 42.88 42.75
20

7.75

L 4.61 71.71 71.91
- 74.6

REFINED COMPONENT EFFICIENCIES

MOTORS
GENERATORS
GEARBOXES
" CUMBUSTION

96%

98.5%
98.5%

99%

Work of Compression, Output Power and Heat Rate values are as

calculated qnd do not include any margin.

@A | ~ 6-39
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| Table 6-10

TOTAL POWER PRODUCTION ENERGY COSTS OF THE
‘REFINED VS THE STANDARDIZED CAES UNITS

1.10 1.20. 2.10 - 220 3.10 3.20

CASE

TIHPT 1500. 1500. 1500. 1500. 1500. 1500.

T2HPT " 1046. 670. 1110. . 1110. 948, 948,

TILPT 1046. 670. 1500. 1500. 1500. 1500.

CAV LOS 1.20 1.20 1.20 1.20 1.20 1.20

REG EFT . .85 .85 .85 .85 .85 .85

COMPKW = 1715 169.7 . 233.4 2319 267.5 266.1

TURB'KW 219.0 231.2 330.9 3325 375.7 3775 ,
H.R. 4075. - 3945. 3916, 3855. 3880. 3820.

FUEL COST =$2.50 PER MILLION BTU

ELECT COST = 10.00 MILS PER KW-HR ENERGY COST RATIO = .2500
10.19 9.86 9.79 9.64 9.70 9.65
7.83 7.34 7.05 6.97 7.12 7.06 '

TOTAL POWER PRODUCTION COSTS IN MILS PER KW-HR
18.02 17.20 16.84 16.61 16.82 16.60

FUEL COST =$2.50 PER MILLION BTU

ELECT COST = 20.00 MILS PER KW-HR ENERGY COST RATIO = .1250

10.19 9.86 9.79 9.64 9.70 9.55
15.66 14.68 14.10 13.95 14.24 14.10
TOTAL POWER PRODUCTION COSTS IN MILS PER KW-HR

25.85 24.54 23.88 23.58 23.94 23.65

FUEL COST = $4.25 PER MILLION BTU

ELECT COST = 15.10 MILS PER KW-HR ENERGY COST RATIO = .2815

17.32 16.77 16.64 16.38 16.49 16.24
11.82 11.08 10.65 10.53 10.75 10.65
TOTAL POWER PRODUCTION COSTS IN MILS PER KW-HR

20.14 27.85 27.29 26.91 27.24 26.88

FUEL COST =$5.00 PER MILLION BTU

ELECT COST = 17.06 MILS PER KW-HR ENERGY COST RATIO = .2931

20.38 19.73 19.58 19.28 19.40 19.10
13.36 12.52 12.03 11.90 12.15 12.03
TOTAL POWER PRODUCTION COSTS IN MILS PER KW-HR

33.73 32.2% 31.61 31.17 31.55 3113

FUEL COST = $5.00 PER MILLION BTU

ELECT COST = 20.00 MILS PER KW-HR ENERGY COST RATIO = .2500

20.38 19.73 19.58 19.28 10.40 19.10
15.66 14.68 14.10 13.95 14.24 14.10
TOTAL POWER PRODUCTION COSTS IN MILS PER KW-HR

36.04 34.40 33.68 33.22 33.64 33.20

FUEL COST =$7.50 PER MILLION 8TU

ELECT COST = 10.00 MILS PER KW-HR ENERGY COST RATIO = .7600

30.56 29,59 29.36 28.91 29.10 28.65
7.83 7.34 7.0 6.97 7.12 7.05

TOTAL POWER PRODUCTION COSTS IN MILS PER KW-HR

38.39 36.93 36.41 35.89 36.22 35.70

FUEL COST =$7.50 PER MILLION BTU

ELECT COST = 20.00 MILS PCR KW-HR ENERGY COST RATIO = .3750

30.56 29.59 29.36 28.91 29.10 28.65
15.66 14.68 14.10 13.95 14.24 14.10
TOTAL POWER PRODUCTION COSTS IN MILS PER KW-HR

46.22 44.27 43.47 42.86 43.34 42.75

FUEL COST = 57.75 PER MILLION RTLI

ELECT COST = 60.00 MILS PER KW-HR ENERGY COSY RATIO =.1292

31.58 30.57 30.34 29.88 30.07 29.61
46.98 44.04 42.31 41.84 42.72 42,30
TOTAL POWER PRODUCTION COSTS IN MILS PER KW-HR

78.56 74.61 72.66 7.7 72.79 71.91

~

NOTES :

(1}

(2)
(3)

(4)
(5}

(6).

Case 1.1 has 3 nominal storage pressure of 200 PSI utilizing just the
standardized one intercooler LP compressor set, 1500°F-UF turbine in-
let temperature.

Case 1.2 is exactly like case 1.1 except a single turbine and refined
motor, generator and combustion efficiencies are incorporated.

Case 2.1 has a nominal storage pressure of 600 PSI utilizing the stand-
ardized LP compressor set, a second intercooler and a customized HP
compressor, 1500-15000F turbine inlet temperature.

Case 2.2 exactly like case 2.1 except refined motor, gearbox, generator

.and combustion efficiencies are incorporated.

Case 3.1 has a nominal storage pressure of 1000 PSt utilizing the
standardized LP compressor set, a second intercooler and a custumized
HP compressor, 1500-1500°F turbine inlet temperature.

Case 3.2 is exactly tike case 3.1 except refined motor, gearhox, gen-
erator and combustion efficiencies are incorporated.

(W 1551)

The total Work of Compression, Net Turbine Output Power and Heat values are
as calculated and do not include any margins.

6-40

PUBLIC SERVICE INDIANA
CAES IN AQUIFER
DOE NO, ET-78-C-01-2159




- Section 7

'MACHINERY CONFIGURATION SELECTION

DESCRIPTION OF CANDIDATE CONFIGURATIONS

Seventeen candidate machinery configurations were initially identified for
“evaluation. The selection of these candidates was based upon variations of one,
two and three shaft configurations with a gearbox limitation of 70 megawatts.
The candidates are shown on Figures 7-1, 7-2, 7-3, 7-4 and 7-5. The nomina}
power ratings shown on these figures reflect the power requirements of the
equipment items shown on the optimized‘heat and material balances in Section 6
of this report. .

Three configurations for the 200 psi system are presented in Figure 7-1. The
first configuration A-1, a single shaft layout, is the least complicated.

Since there is no reheat and the pressure ratio of the turbine is modest, 10.7:1
for the 200 psi system, the turbine train would consist of one element. This
combination of the HP and LP turbfne into one casing limits the number of possible
200 psi System machinery configuration 6ptions. Configurations B-1 and B-2 are
two shaft arrangements with sections of the compressorAtrain driven by an inde-
pendent motor. h ' ‘

In Figures 7-2 and 7-3, seven machinery configurations for the 600 psi system are
presented. There are more possible configurations for this storage pressure
because of the reheat and the greater overall turbine pressure ratio of approx-
imately 30:1. Machinery_configuration A-1, the single shaft layout, is again felt
to be the least cbmp]ex. In configurations B-1 and B-2, the HP compressor is
driven by a_sepafate motor. The difference between configurations B-1 and B-2 is
the speed of the IP compressor. In configuration B-1 a high speed IP compressor
and a speed step up gear is used as opposed to the 3600 rpm IP compressor shown
in B-2. Conf1gurat1ons B-3 and B-4 differ from B-1 and B-2 respectively by the
HP turbines which drive separate generators. Configurations C-1 and C-2 are like
configurations B-3 and B-4, except that the separate motors and generators were
combined intg motof/generator units.

7-1



Seven candidate 1000 psi system machinery configurations are presented in Figures
7-4 and 7-5. The candidate arrangements for this storage pressure are the same

as for.the 600 psi system.

HPC -~
) 1PC LPC —{D—— MIG TURB

~d

MACHINERY CONFIGURATION A1

122

MW (NOMINA ' -
(NOMINAL) 36 36 37 49 122 172 172 72

nPm 5000
5000 3600 { 3600 3600 3600 3600 3600 3600

\

]
b IPC LPC —[D-— MIG —m— "TURB HPC
\ . \ ’ m

MACHINERY CONFIGURATION B-1

86
w MINAL )
MW (NO ’ 37 49 86 172 172 172 36 36 36
, _ 5000
RPM )
3600 | [3600 [ 3600 3600 3600 3600 5000 | 3600

LPC MiG TUKB N\ PC b— ™
mils N

MACHINERY CONFIGURATION B 2

49
a9 a9 12 | 2 172 36 36 3 73
5000
RPM 3600 | 3600 | 3600 3600 3600 _ 5000 3600 | 3600 | | 3600

ml Coupling -
250 PSIA CHARGING PRESSURE
m Clutch 1500/UF°F TURBINE INLET TEMPERATURE

-MW {(NOMINAL)

wa3a2)

Figure 7-1. 200 PSI SysLlem Machinery Configurations
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LPC —m——— MG HPT | LPT
Machinery Configuration A-1
5 17
MW (NOMINAL) 53 53 53 65 m 261 261 82 179 -
7500
RPM 7500 3600 | 3600 3600 3600 3600 3600 3600 3600
IPC

Machinery Configuration B 1

MG _m_ HPT LPT

BiE

ey

Machinery Configuration 8-

"/
/

MG —-| | }-—' HPT

118
MW (NOMINAL) 53 63 65 118 261 261 82 179 83 63 53
7500, 7500,
RPM 7500 3600 3600 3600 3600 3600 3600 7500 3600
600 360
// — " -~ N

HPC

1
MW (NOMINAL) 53 65 118 8 261 261 82 179 b3 53 53
7500,
RPM 360V 3600 3600 3800 3600 3600 3600 7600 4600 3600

Coupling

=—

Clutch

700 PSIA CHARGING PRESSURE

1500/1500°F TURBINE INLET TEMPERATURE

Figure 7-2. -600 PSI System Machinery Configurations
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IPC

Machiery &Jlaligulali;;ll 03 -

we T

[\
&/

[

' 18
MW (NOMINAL) 53 | 53 | 65 [ 118 el 19 | 179 53 | 53 | 53 82 82
7500 7500
RPM 7500 3600 | 3600 3600 3600 | 3600 7500 3600 3s00 | 3600
2600 4600
IPC LPC —{D——‘ M/G _@-— LPT HPC G HPT
\ \ \ M
Machinery Configuration B-4
MW (NOMINAL) 53 65 | 118 179 | 179 |79 53 | 53 | 83 82 82
7500
RPM 3600 3600 | 3600 3600 3600 | 3600 7500| 4 |3600 3600 | 3600

U

_EEL(/”/ . HPC
| PC »——i l l\— M/G ’—-@—- LPT ~
\\J \4
Machinery Configuration C-1
118 53
MW (NOMINAL) 53 | 83 | 65 118 179 179 179 53 53 53 %2 82| 82
7500, 7500,
RPM 7500 3600 3600 3600 3600 | 3600 7500 3600 | 3600 | 3600 | 3600
3600 3600)
. / / HFC e
1PC LPC —{]}— - M/G -—m—— LPT M/G HPT
Machinery Confiquration C-2
118 53
MW INOMINAL) 53 65 | 118 179 | 179 | 179 53 [ 53 | 53 | /g, 82 | B2
(7500,
RPM 3600 3600 3600 3600 3600 7500 4600 3600 | 3600 } 3600 3600
(w4346}
Coupling
[D 700 PSIA CHARGING PRESSLIRF

B

Clutch

1500/1500°F TURBINE INLET TEMPERATURE

Figure 7-3. 600 PSI System Machinery Configurations
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Machinery Configuration A-1

195
MW (NOMINAL} " 61 61 62 72 195 296 296 117 179
9500
RPM 9500 3600 | 3600 3600 3600 3600 3600 3600 3600
-1
HPT LPT HPC
M/G
M
Machinery Configuration B-1
134
MW (NOMINAL} 62 62 72 134 296 296 117 179 61 61 61
9500, 9500
RPM 9500 3600 3600 3600 3600 3600 3600 9500 | 3600
3600 3600
1PC LPC HPT LPT HPC
M
Machinery Counfiguration B-2
134
MW (NOMINAL} 62 72 134 296 296 117 179 61 61 61
9500,
RPM 3600 3600 | 3600 3600 3600 3600 3600 9500 40U 3600
wa348)
m Coupling ]
1150 PSIA CHARGING PRESSURE
m Clutch - 1500/1500°F TURBINE INLET TEMPERATURE

Figure 7-4. 1000 PSI System Machincry Configurations

PUBLIC SERVICE INDIANA
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7-5




LPT HPC HPT
W s
\1 M
Machinery Configuration B-3
134
MW (NOMINAL} 62 62 72 134 179 179 179 61 61 | 61 117 117
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Machinery Configuration C-1
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Figure 7-5. 1000 PSI System Machinery Configuralions
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MACHINERY - CONFIGURATION COMPARISON

A comparison of the relative capital price of the major equipment items, the number

of rotating components, the relative control complexity and the

number of auxiliary

equipment packages required (when they impact the comparison) is shown on Figures
7-6, 7-7 and 7-8 for the 200 psi, 600 psi and 1000 psi system pressure levels.

Budgetary'pricing of the turbines and compressors for this comparison was based
on the preliminary sizing'of these units in terms of RPM, number of stages, and
first and last stage hub and blade tip diameters. Motor, generator, and motor/

generator costs were based on the required power of these units

determined from

the heat and material balances. Budgetary price estimates for the gearboxes,

clutches/couplings, coolers and regenerators were obtained from

equipment vendors.
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Figurc 7-6. 200 PSI System Machinery Configuration Comparison

(W 4993)

PUBLIC SERVICE INDIANA
CAES IN AQUIFER
DOE NO. ET-78-C-01-2159

® .




-
2 4
- u £ w =
. . = cw oxw E
600 PSI SYSTEM s lg: c2% | 38 | 8%« 28
. ! = e w = w = a4 =
700 PSIA CHARGING PRESSURE 28&F oS ] gge &%
- 2355 | 353 | 355 | 333 | &
TS wo 200 24« g QOouw o«
1.000 9 4 10 1
1.110 1 6 1.0 3
1121 10 6 10 2
1.216 12 7 1.2 7
1.227 1 7 1.2 6
1128 13 6 1.2 5
1.140 12 6 12 4

(W 4994)

Figure 7-7.' 600 PSI Syétem Machinery Configuration Comparison

@

PUBLIC SERVICE INDIANA
"CAES IN AQUIFER
DOE NO, ET-78-C-01-2159




w
! Q >
= w B u o> [ :
2 ou o] [7] = |
1000 PSI SYSTEM 5 -é:; =22 [ 3% | 9X¢ 3¢
- cow w - -
1150 PSIA CHARGING PRESSURE FSEr 278 m3Z £z o p- 3 2
SRR 233% | 555 | 339 | 832 | %3
EEwo Ze0 Z2a s o0& ocx
1.000 9 . a 1.0 1
1111 1 6 1.0 3 :
1.124 10’ 6 1.0 2 i
1.207 12 7 12 7
1.222 1 7 1.2 6
1.127 13 6 1.2 5
(13) HPT
1141 12 6 1.2 4

{W4995)

F}igu-re' 7-8, 1000 P'S'I4ASy‘stem‘Ma<_:h1'nery Configuration Comparisun

o I PUBLIC SERVICE INDIANA
) - , ‘ : , CAES IN AQUIFER
: - S 79 DOE NO. ET-78-C-01-2159




The following items were -included in the price comparison:

' Compressoréﬁ-

" Turbines
Motors
Genérators'

. Motor/Generator
Gear Boxes
Clutches/Disconnect Coup]ings
Coolers
Regenerétors
Basic Control System
Auxiliary Packages

* Among the price-items that were not included in the comparison since they were
considered to be common to all configurations to the degree that they did not
impact the evaluation:

Main Air Piping and Valves
Electric Power Distribution and Control Equjpment
Permanent Coup]ing§
InTet and Exhaust Ducting
~ Stacks and Sound Treatment
Installation Cost
Deve]opmeht Cost

SELECTED MACHINERY CONFIGURATIONS

When all of the candidate confiqurations were reviéwed, the single shaft concept
was selected as the basis for the layout of the Task 1 equipment trains for each
of the three pressure levels being studied. In addition to the apparent equipment
capital pricefédvantage; the single shaft configuration is also judged to be the
most desirable from an operational viewpoint with respect to start up and
synchronization.

~ Machinery outline drawings and estimates of the weight of the major components
were generated for use in the preparation of plant layout drawings. These outline
drawings and estimated weights, shown on Figures 7-9, 7-10 and 7-11, utilize the
-standardized, as opposed to the optimized, components developed in Section 6 of
this report. C ‘
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Section 8

: ELECTRICAL ROTATING EQUIPMENT APPLICATION

GENERAL

ItAis the purpose of this_séction to review the electrical rotating mabhinery‘
requirements for the plant configuratidns chosen in Section 7 and to provide
preliminary regomméndations concerning the feasibility and relative advantages
‘of these configurations from an electric machinery standpoint.

‘The Compressed Air. Energy Storage (CAES) plant, Figure 8-1, will function as a
basic combustion turbine-generator with pumped storagé features. The traditional
combustion turbine—geherato} plant consists of a combustion turbine with self-
contained compressor whi;h drives an electric generator. During normal operation,
approximately 2/310f the mechanical output of the turbine is consumed in driving
its own compressor. This leaves 1/3 of the turbine energy available as shaft
power to run the generator. A typical gas turbine plant might have a 300 MW
combustion turbine which would drive an integral 200 MW compressor and produce
100 MW net mechanical output. This mechanical output would run a 100 MW synchro-
_ nous electrical genérétor. The net electrical output of the plant would be about
100 MW (less auxiliary loads) of electrical power.
The CAES p1ant has altered this equipment configuration to allow increased elec-
trical output. In the CAES plant, the combustion turbine with its integral
compressor is separated into its two distinct pieces of equipment. The compressor
~or turbine can be selectively removed from the drive train, and a compressed air
storage reservoir is added. The plant can then be operated in the following
manner.

With the turbine decoupled from the system, the synchronous generator is operated
as a synchronous motor driving the compressor which fills the compressed air
storage reservoir. In this manner energy is stored during periods of low system
power demand. - '

. 8-1
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When electric power is required during periods of high power demand, the com-
pressor is decoupled from the power plant. The turbine then draws its air from-
the storage reservoir, adds fuel and burns this mixture in a conventional manner.
Turbine output power is used to drive a synchronous generator and deliver elec-
trical power to the power system. Using this CAES equipment arrangement,
compressor work is obtained from relatively inexpensive power available during
light power system loads. During peak load hours, the turbine is operated withdut
the associated compressor load and, the more expensive gas turbine fuel can be
used to produce electrical energy and not used to power the compressor.

An additional advantage lies in the ratings of the various pieces bf equipment.
In a conventional combustion turbine-generator plant a 300 MW turbine drives a
200 MW compressor and a 100 MW generator. Using.the CAES plant concept, the same
300 MW turbine, free from the normal compressor load, would drive a 300 MW gen-
erator in the generating mode. The turbine can thus drive a generator of
approximately three times its standard generator rating. In the pumping mode,
the 300 MW generator/motor is used as a motor to drive a 200 MW compressor which
recharges the storage reservoir.

ELECTRICAL FEASIBILITY OF PROPOSED MACHINERY CONFIGURATIONS

The three machinery configurations shown on Figure 8-2 were investigated.

Preliminary screening of the three confiqurations concluded that all three are
feasible from an electrical viewpoint and presented no overwhelming electrical
design problems. Present technology will allow the design and operation of the
electrical equipment in each configuration. Some plant designs were preferred
over others. System A is the least complex and expensive system from an electrical
equipment standpoint.

Again from an electrical standpoint, System B is the least economical in that the
high pressure generator and high pressure motor would be essentially identical in
design and could, therefore, be combined into the single unit shown in System C.
The two most viable systems from an electrical design viewpoint were, therefore,
Systems A and C. ' ' '

Specific comments regarding the feasibility of each system are now presented.
The assumed plant rating. was 300 MW, which approximates the turbine power output

’
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in the 1000 psi storage system;’ Although other ratings are being considered to
accommodate the characteristics of the storage reservoir, comments made concerning
the 300 MW system are applicable to these other plant ratings.

SINGLE SHAFT CONFIGURATION - SYSTEM A

System A is the most desirable system from the electrical standpoint in that it
contains the fewest number of components. A hydrogen cooled generator rated at
300 MW can be built with present technology and can also serve as a synchronous
motor with a maximum rating of approximately 300 MW. The generator/motor will not
be se1f—starf1ng since the rotor damper circuits could not withstand the severe
eddy current heating induced during such a startup.. In all three systems, a
separate starting motor would be required unless the turbine were used to start
the unit from standstill. System A is capable of operating independently of the
underground storage, at the reduced electrical power output of approximately 100
MW. This system is the least expensive of the three as well as requiring less
instrumentation than the other two more complex systems.

THREE SHAFT CONFIGURATION - SYSTEM B

System B is the least desirable of the three systems from an electrical equipment
standpoint. With the high pressure equipment in the range of 30 MW or above,
startup will be difficult. Self-starting motors have been built in the range of
60,000 HP, but ‘these are slow speed salient pole devices which would greatly com-
plicate the gearbox requirements for the compressor drive. System B would thus

require an expensive starting package.

As a practical matter, the high pressure motor and generator would be designed as
synchronous devices, virtually identical in construction. Considerable savings
would be achieved by combining these two devices into a single machine as in
System C. System B with its separate motor and generator is the most expensive
and complex of the three systems.

TWO SHAFT CONFIGURATION - SYSTEM C

System C is designed to provide separation of low pressure and high pressure equip-
ment. Since the generator cannot operate at speeds greater than 3600 RPM, a speed
increasing gear is required as shown. System C, from an electrical equipment
viewpoint, is however more expensive than System A.
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DUTY CYCLES

As a Task 1 assumption the CAES plant will be dispatched in a manner similar to
that of a conventional combustion gas turbine generator (full-load whenever
generating). The units would normally operate at rated capability approximately

20 hours a day, 6 days a week. Under these assumptions the electric machinery in

a CAES plant would undergo as many as 500 to 600 starts per year (250 to 300 starts
as a generator and an equal number of starts as a motor to recharge the aquifer).
The effects of this thermal cycling on the electrical equipment must be carefully
considered in order to assure that the machinery has an acceptable operating life.
At present, gas turbine generators are designed to withstand 500 starts per year
for 30 to 40 years. This duty cycle is quite comparable to the duty cycle expected
for the CAES plant. It is expected that electrical equipment in the CAES plant

can be successfully designed to meet this cyclic duty. An accurate determination
of the CAES dispatch schedule is, however, necessary if the electrical equipment

is to be designed to meet the realistic thermal cycling duty. If the plant is
started several times a day, to trim multi-peak load curves, the number of thermal
cycles could well exceed the 500 to 600 cycles per year presently assumed. This
increased cycling must be accounted for in the design of the equipment. In addi-
tion, a detailed knowledge of the dispatch schedule will be needed to determine the
true economic value of the CAES plant. This detailed data will be supplied by the
Sponsoring Utilities and will be incorporated into the detailed design of the elec-
trical equipment. ‘

PART LOAD OPERATION

The possibility of varied compressed air conditions in the storage reservoir (low
reservoir pressure for example) may add special constraints to the design of the
turbines if they are to operate under these conditions. These special consider-
ations do not carry over into the design of the electric machinery. A generator
can easily operate over a continuous range of MW Toads ranging from zero load
through full Toad. Therefore, although "off load" operation may be of concern to
the turbine designer, it presents no special problems to the generator/motor
designer. It is anticipated that the generator/motor designs for the CAES plant
will have traditional characteristics with regard to MW and MVAR capability. As
with gas turbine generators, maximum unit rating will be affected by the ambient
temperatures of the generator cooling fluid (air or water).

One special case of "off load" capability for the electrical equipment is the
ability of the generator to function as a synchronous condenser, supplying only
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reactive power to the system. In this mode the generator is brought to synchronous
speed and declutched from the turbine. The desirability of incorporating this func-
tion will depend on the utilities system requirements.

STABILITY

Since the generators selected for the CAES plant will employ relatively standard
designs no unusual stability problems are anticipated due to generator reactances.
No unusual problems are presented by the design of a two generator plant such as
shown in configurations B and C of Figure 8-2. The unusual equipment configuration
will, however, require a close look at system stability in all three CAES plant
configurations. In the generator mode, the compressor is decoupled from the
turbine-generator combination and the total inertia of the rotating equipment is
therefore less than in a conventional turbine generator drive train. The situation
will be studied in detail in Tasks 3 and 5 of this program. Once the site selec-
tion is made and power system characteristics are known, a transient and dynamic
stability analysis will be conducted to ensure the satisfactory performance of the
system.

STARTUP

The question of how the rotating equipment is started was considered. Under present
assumptions the plant will be brought to standstill twice a day for changeover to
the alternate operational mode. When the plant is started a method must be found

by which the rotating equipment can be brought to synchronous speed. Several
methods were considered:

1. Use of generator/motor as a starting motor.

2. Use of generator/motor as a starting motor with other power plants
(synchronous starts).

3. Use of auxiliary starting motors.
4, Use of turbine with aquifer air to start plant.

5. Use of exciter as starting motor.
At present, Method 4, use of turbine with aquifer air to start plant, appears the

most inexpensive and practical. The present assumption of this study is that this
method will be employed.
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SUMMARY OF PLANT CONFIGURATION STUDY

Given the availability of clutches and gearboxes of appropriate ratings, all three
proposed systems are feasible from an electrical standpoint. The three systems
have certain advantages and disadvantages relative to each other.

System A (single shaft system) is the least complex and expensive. System B is
the most expensive and contains expensive duplication of equipment since the high
pressure generator and motor would be almost identical in construction and would
not operate at the same time. Thus, System B would most likely be discarded in
favor of System C. System C, however, is more complex and expensive than System A.

Table 8-1 shows the relative ranking of the three proposed plants with respect to
the application of the electrical machinery.

Table 8-1

COMPARISON OF ELECTRICAL EQUIPMENT IN THREE CAES SYSTEM CONFIGURATIONS
RATINGS: +, 0, - SHOW RELATIVE ADVANTAGES

PARAMETER SYSTEM A SYSTEM B SYSTEM C
COST + - 0
SIMPLICITY + - 0

- OFF LOAD OPERATION (ELECTRICAL) S+ + +
STABILITY ' + 0 0
OPERATION INDEPENDENT OF CAVERN + 0 0
STARTUP SYSTEM COST + - 7 0

PRELIMINARY ELECTRIC MACHINERY DATA

Studies conducted in Section 7 have selected the single shaft plant confiquration
for further development. The rotating electric machinery consists of a single
synchronous machine that functions as both a generator and motor. This section

of the report explores in some detail the design and application requirements of
this synchronous machine. As will be concluded, a relatively standard synchronous
generator can be used in the CAES plant. Areas where modifications may be required:
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are identified and will be studied in detail in Task 5. It is felt that the few
required modifications can be readily accomplished using existing technology.

Although a single plant configuration has been selected for study, some uncer-
tainty exists in the characteristics of the underground air storage site.
Accordingly, three plant ratings were developed based on nominal storage pressures
of:

200 PSI
600 PSI
1000 PSI

Plants designed for these different pressures have different output ratings and
equipment design. Choosing the optimum equipment design was the subject of a
comprehensive study performed by the Westinghouse Combustion Turbine Systems
Division. The impact of this study on the electric machinery design lies chiefly
in the different generator/motor ratings required for the three different plants
“as shown in Table 8-2.

The rotating machinery studied in this task is limited to the synchronous
generator/motor. It is assumed at this time that the turbine will be used to
accelerate the electric machinery to synchronous speed in all plant operating
modes and that no large starting motors will be required.

Table 8-2
GENERATOR/MOTOR RATING REQUIREMENTS FOR CAES SINGLE SHAFT SYSTEMS

Electric Nominal Storage Pressure
Machinery
Rating (MW) 200 PSI 600 PSI 1000 PSI
Generator/Motor ' 178.5 Gen. ) _ 256.6 Gen. 291.1 Gen.
130.7 Motor 178.5 Motor 204.9 Motor




APPLICATION OF SYNCHRONOUS GENERATOR/MOTOR TO CAES SYSTEM

The CAES plant is a complex mechanical and thermodynamic system. Design of tur-
bines, compressors, regenerators, and intercoolers must be carefully done to
assure high plant efficiency and reliability. The design of the rotating electric
machinery is much less complex. In effect, it doesn!t matter what system of
machinery drives the generator as long as mechanical power is provided to its
input shaft at an appropriate RPM. Likewise, the synchronous machine can operate
as a motor to drive any reasonable mechanical load once it has been accelerated

to its nominal speed and coupled to this load.

As previously stated, the synchronous generator can function well as a synchronous
motor with only a slight decline in its maximum rating. Fortunately, the relative
ratings of the turbine and compressors in the CAES plant requiré the motor load
(Compressors) to be only 70% of the generator output rating. A single synchronous
generator/motor with sufficient generator capability will readily serve as a
synchronous motor at 70% load.

In selecting synchronous generators for the three plant ratings, an attempt was
made to use standard "off the shelf" generator designs when possible to minimize
uncertainty in the plant's performance characteristics and to insure high plant
reliability. |

Given the generator output and motor output requirements of the three different
storage pressure plant designs, synchronous generator/motors haVe been chosen as.
described in Table 8-3. The generator/motors chosen represent designs that are
economical and efficient at the given specified ratings. Voltages are the

standard voltage for each rating. A step up transformer will be required to'link
the generator with the transmission system. At present, no definite plant site

or transmission voltage has been selected. It is assumed that a standard generator
voltage will be acceptable. If compelling reasons emerge, non-standard generator
voltages can be accommodated.

Generator reactances, time constants, and output capability characteristics of the
generators are typical of generators with these.ratings and no unusual requirements
are expected. If plant siting considerations should require special generator
characteristics, these can be incorporated as they would be for conventional
generating plants. Table 8-4 and Figure 8-3 display the stability data and gen-
erator capability curve for the 329 MVA generator/motor (1000 psi system). Data
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| Table 8-3
~ CANDIDATE GENERATORS FOR CAES SYSTEMS |

" System o | | ~ Generator Description |
200 PST | | 193 MuA 18 K.V. Hydrogen - Indirectly Cooled
-'Sing]e:Shaft B ’-.QO'P.F. 3600 RPM Cooled Stator & Rotor -
| o ' | or |
Generator =173 MW | 193 MVA 20 K.V. Hydrogen Innef Cooled Stator
Motor =125 M{ | .90 P.F. 3600 RPM Hydrogen Inner Cooled Rotor
600 PSI R | 290 MVA 22 K.V: Hydrogen Inner Cooled Stator
- Single. Shaft | .90 P.F. 3600 RPM Hydrogen Inner Cooled Rotor
Generator = 261 MW ; | |
Motor = 171 M
1000'PSI | 329 MVA- 22 K. V. Hydrogen Inner Cooled Stator
- Single Shaft .90 P.F. 3600 RPM Hydrogen Inner Cooled Rotor
Generator = 296 MW
Mofor = 196 MW

(W 1595)

for the other two generators is also conventional and is not included in this
report.. Basic footprint sketches for the generator/exciter combinations have been
identified. These footprint drawings are included as Figures 8-4 and 8-5.
Generator footprints for the 600 psi and 1000 psi systems are the same.

Two possible .generators have.been shown for the 200 psi éystem. While both are
hydrogen cooled, one is indirectly cooled and the other is inner cooled. A
final selection will be made in Task 3 if the 200 psi system is selected as the
~demonstration plant. ‘
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| . Table 8-4 |
" GENERATOR/MOTOR STABILITY DATA - 1000 PSI CAES SYSTEM

Gen. Rating: . KVA 329,000" P.F. 0.90 P.S.1.G. 63

KV . 22 . Hertz 60 RPM 3600 S.C.R. __ 0.58
Full-Load Field Amperes’ét Rated Load . 3062

Field Amperes at Rated Voltage - Air Gap Line_ _ 1028

Field Voltage at Rated Load | 399
*Gen. + Exc. Inertia WR® 81000 LB-FT?
" Field Res. (750C) 1243 ' Exciter Rated KW __ 1430
‘Saturation Curve No. 662755-A Exciter Rated Volt 425
Xy _ 174.2% X 26.. 4%

g _ . 17152 o X, 24.3%

Xy 28.8% Xy 12.9%
X' 45 32.7% . : *X g 20.1%

X o ‘.88 *r . 143%

X' i 53.2% T 5.016 Sec
gy 24.4% oo’ .557 Sec
X ' 26.6% - Ty .041 Sec
oy - 24.2% Moo .068 Sec

-*Data of particular importance in stability studies.

DESIGN CONSIDERATIONS UNIQUE TO ELECTRICAL. MACHINERY FOR THE CAES PLANT

Three relatively standard generators have been identified for use in the CAES
plants. While the CAES application presents no major problems for the rotating
electric machinery, there are several design considerations which present unique
requirements. While each area can be solved with existing technology, special

considerations will be given to these areas as described below.
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REGULATOR FOR GENERATOR/MOTOR

‘As discussed, the . operation 6f a synchronous generator as a motor presents no
pfob]ems to the generator itself. Minor modifications to the vo]tége regulator
are required to allow it to control the generator in its motor mode. When the

| plant is operated in the motor/compreSsor mode it might be desirable, depending
on the plant site and power system, to control the plant power factor. If this
capabi]ity is desired, a power factor regulator feature must be added to the
voltage regulator. = This is a minor addition. It may be desirable to operate the
synchronous machine as a synchronous condenser (neither a generator nor a motor
-but as a source of reactive power). If this is desired, the regulator will have
_ to be modified slightly to include this feature. When final decisions are made
concerning the modes in which the generator/motor will be operated, the standard
’vd]tage regu]ator design can be easily altered to include the desired modes of
operation.

EXCITER.
Field current will be supplied to the generator/motor by a standard rotating
“"brushless exciter. Static excitation could be provided if requested. The unique
arrangement of rotating machinery in the CAES plant will require mechanical modifi-

cations of the standard exciter design. The final analysis will be performed dufing
Task 3. - . o A

In a standard equipment arrangement, Figure 8-6, the 300 MW turbine is connected
~directly to the 200 MW integral compressor and the shaft between the two is
designed to transmit 300 M. The net torque at the generator shaft input is
approximately 101.5 MW. The shaft between the generator and the exciter must
~carry 1.5 MW (the excitér load) and the exciter shaft and rotor body must be
designed to carry only the exciter power of approximately 1.5 MW.

The exciter rotor in the CAES arrangement must carry much more mechanical power
than it carries in a conventional plant design. As shown in Figure 8-6, the
exciter rotor must carry the full Toad of the compressor (approximately 200 MW
for the 1000 psi system). The CAES exciter rotor must, therefore, be redesigned
to carry this increased load. |
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GENERATOR THRUST BEARINGS

The traditional gas turbine generator power plant incorporates a single thrust
bearing in the turbine to counteract the axial forces placed on the rotating
machinery by the generator and turbine. Use of a single thrust bearing in the

. CAES plant will not be sufficient since in the motor mode the turbine will be
decoupled from the generator. - A thrust bearing will be incorporated in the com-
pressor, but axial play in both the special coupling between the generator and
compressor, and in the clutch between the generator and turbine will require that
a thrust bearing be installed in the generator. While this is not generally done
in a generator, it is felt that solution of this problem is well within the realm
of present-technology.

TORSIONAL ANALYSIS

When designing large complex systems of rotating machinery, care is taken to ensure
that no problems are encountered with torsional resonance of either the individual
components or the systems as a whole. Individual components (such as the generator,
turbine or couplings) are designed to tune the system to natural frequencies which
are far removéd from natural driving frequencies. This ensures that the system will
be free of oscillations and large mechanical stresses.

The design of the CAES plant wi]] require a careful torsional analysis because of
the many different configurations in which the plant will be operated. The unique
combination of ﬁombonents which form the CAES plant will be described using the
300 MW, 1000 PSI system as an example. In a normal gas turbine plant, 300 M{ gas
turbine would be used to drive an integral 200 MW compressor. The net power

(100 MW) would be used to drive a 100 MW generator. In the CAES system, the basic
turbine and cémpressor are used with a 300 MW generator which was originally de-
signed to operate with a steam turbine. In addition, the compressor or turbine
~will be decoupled from the generator/motor depénding on the desired mode of plant
operation. : It may also be desirable to operate the plant independent of the
underground storage reservoir.. In this mode, the turbine drives both the com-
pressor and generator and the net electrical output of the plant is 100 MW. The
rotating equipment -of the CAES plant will be operated in three different modes as
~shown on Figure 8-7. The equipment must be carefully designed to ensure that
satisfactory torsional performance is achieved in each mode. Critical frequencies
for each mode will Be considered in developing the startup procedures for each
mode.
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CYCLIC DuTY

It is presently an assdmption of this study that the CAES plant will operate on a
daily cycle consisting of 10 hodrs charging (maximum charging) 2 hours off, 10 hours
generating (full 1oad),‘and 2 hours off. Generators with ratings. of 300 MW are

‘ not,fypfca11y sUbjected to such frequent no load to full load cycles. The high
cyclic dhty propoéed for«the generator/motor in the CAES plant will require care-
ful mechanical design to ensure an adequate un1t lifetime (2 cycles/day - 6 days/
week - 30 years = 18,000 cyc1es)

Major factors to be considered are:
(1) Mechanica] Cycling |
(a) Rotating Members
| Mechanical Fracture Ana]ysfs
(5) Material Selection for Rotafing Parts
(2) Thermal Cycling i
(a) .Rotor"Coi1 Slip Layers

(b): Match1ng Radial and Axial Expansion of Stator Winding and
Bracing Components.

Westinghouse has designed synchronous generators with ratings of 300 to 400 MW for
peaking duty. Development of generators for the CAES plant is well within the
capability of existing technology and experience and should present no serious
problems. ‘

GENERATUR STABILITY

When operated in the generating mode, the CAES gas turbine will drive the generator
~and the compressors will be decoupled from the system. The inertia of the com-
pressors as well as their normal load will thus be absent from the mechanical sys-
tem. This will result in'a lower than normal system inertia constant (H). This
constant is influential in determining the electrical stability of the generator
during d system disturbance. During an electrical system fault, circuit breakers
disconnect the generator from the transmission system. During this time the
turbine continues to produce rated mechanical power while the generator load is
reduced to zero. The turbine power, therefore, is consumed accelerating the mass
of the rotating equipment. This acce1eratidnlmust be kept to a minimum since the
ability of the generatbr to remain stably connected to the system when the circuit
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breakers reclose depends on the generator remaining close to synchronous speed.
The more inertia there is in the system, the less acceleration will occur during
the fault and the higher are the chances of the generator returning to the sys-
tem and maintaining its electrical stability. The removal of the compressor load
and inertia from the normal plant configuration will reduce the electrical
stability of the CAES plant. The exact extent of this reduction will be studied
in detail in Task 5 of the CAES program. Determination of the CAES stability
Timits will be made when the plant site is identified and characteristics of the
transmission system to which it will be connected are known. At that time the
critical fault clearing time for the CAES plant can be determined and the need
for special provisions required to produce acceptable stability performance can
be determined.

SYNCHRONIZING

It is projected that the CAES plant will operate 10 hours per day generating and
10 hours per day compreésing. To accomplish this changeover, the plant will be
disconnected from the power system, reconfigured, and resynchronized with the
power system. Two generator/motor synchronizations per day will occur and must
be cautiously done since synchronizations can result in electromechanical shocks
to the generator and unit step up transformer. In order to minimize long term
damage to the rotating machinery and other electrical equipment, the synchroniza-
tion must be done as precisely as possible. It is recommended that automatic
synchronizers which are readily available be used for CAES plant. Plant operators
generally prefer to synchronize manually; however, this may lead to a large
number of severe shocks to the system over the 1ife of the plant. It is sug-
gested that the use of automatic synchronizers be considered for this new type

of plant.

UNIT TRANSFORMER DESIGN

It is anticipated the CAES generator/motor will be connected to the power system
through a conventional unit step up transformer. The higgest concern in the
application of this transformer is the electromechanical shocks it will be exposed
to through improper synchronizations. Use of the automatic synchronizer will mini-
mize this problem. Sbecial design methods and materials have been developed by
transformer manufacturers to deal with application problems of this matter. Trans-
formers have been designed with extra bracing and provisions for periodic retighten-

ing of the support structures. ﬂ
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The use oflautomatic synchrbnizers and special transformer designs should result
in the successful operation of the unit transformer in the CAES plant.

SUMMARY OF ELECTRICAL MACHINERY APPLICATION

Pre]iminary.re§h1ts of Task 1 concluded that the single shaft plant configuration
was the most desirable.. Three plant designs were developed using different storage
pressures which covered the practical range of pressures likely to be used. This
section of the report has-identified specific synchronous generator/motor designs
for each of the three plant designs. The designs are largely "off the shelf"

since the e]ecfrica] machinery requirements of the unique CAES plant are relatively
conventional. .

Some application requirements imposed on the electric machinery are, however,
worthy of special attention. These areas have been identified and discussed. It
is felt that all areas are solvable using existing téchno]ogy and relatively minor
modifications to the exiSting equipment and systems. Detailed development of these
areas will be undertaken in Tasks 3 and 5, when more detailed information is avail-
able concerning the plant design, plant site location, and system interaction
constraints.

ELECTRIC MACHINERY CONTROL/INSTRUMENTATION

The selection of the single shaft CAES plant configuration has greatly simplified
the control and instrumentation requirements for the electric machinery. Several
plant configurations originally proposed utilized multiple generators and motors.
Control of these multiple units would have required a complex system to control

the startup and shutdown sequences, and to coordinate the operation of the multiple
units in a way which ensured operation consistent with Lhe thermodynamic and
storage requirements of the plant. |

The selection of.a single shaft system (one synchronous generator/motor) and the
decision to start this system using the gas turbine and aquifer air has minimized
the problem of designing the control and instrumentation system. The electric
machinery contfo] system will now be very similar to that in a conventional gas
turbine plant.

Although the control system for the rotating electric machinery will be controlled
1arge1y as a conventional power plant, changes previously noted in this report may
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be desirable. Small changes to the voltage regulator which will pfovide several
plant operating features such as power factor regulation in the motor mode will
be considered. Automatic synchfonfzers are recommended as standard equipment. .
A standard package of Westinghouse protective relays is recommended in Table 8-5.

In summary, the contfo] and instrumentation for the single shaft CAES plant will

closely resemble the procedures and equipment used in a conventional gas turbine
power plant.- '
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Table 8-5

RECOMMENDED PROTECTIVE RELAYING FOR CAES TURBINE GENERATOR

- Function

Generator Differential .

Step-up Transformer Differential

Unit Auxiliary Transformer Differential - -
Unit Overall Differential

Negative Sequence '

Generator Stator Grouhd,

Generator Field Ground - Nonbrushless System
Generator Loss-of-Field '
Excessive Volts/Hertz

Loss of Synchronism

Underfrequency (if used)

Unit Back-up

Westinghouse Ré]ay Type

SA-1
HU or HU-1

" HU or HU-1

HU-1

COG (Future - SOQ)'
Cv-8

DGF _

KLF or KLF-1

SV plus Timer
SDBU-1 or SDBU-2

KF or SDF-1

KD-11 or COV

Protective Features in Excitation Switchgear

Minimum Excitation Limiter - MEL
Maximum Excitation Limiter - MXL'
Overexcitation Protection - OXP

Volts/Hertz Limiter - HXL -

G W NN -

Cunlrol and Indication

Other

." Blown Djode Fuse Indicators
. Exciter Field Ground Detection

[ A s S A

Hydrogen Pressure, Purity, ‘etc.

@ o L 8-26

-Bearing and Seal 0il Temperature, Flows, etc.

.. Generator Field Ground Detection on Brushless System - Sequencing

Exciter and Generator Coolant Temperature Monitoring and Alarms

(W 1596)
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Section 9

CAES 'PART LOAD PERFORMANCE

COMPRESSOR TRAIN CHARACTERISTIC CURVES.

Flow and discharge préssure characteristic curves for the nominal 200, 600 and

1000 PSI storage systemé optimized compreésor trains utilizing two intercoolers
‘were prepared'for use by Sargent & Lundy to determine the number of we]]é required
for each candidate aquifer'site} The charaéteristic curves were based upon dry air
at the conditions shown in Figure 9-1. It was determined by the Westinghouse,

CTSD tufbomachinery‘desigh-group, that the part load performance of the standard-
ized compressor trains would be essentially the same as the optimized trains.

The design point air flow for all compressor trains was 770 1b. of dry air per
second. The charactekistic curves are shown on Figures 9-2, 9-3 and 9-4.

CAES TURBINE TRAIN CHARACTERISTIC CURVES

0ff-design flow and pressure characteristic curves were prepared for the 200, 600
and 1000 PSI nominal storage'pressure optimized turbine trains. These curves are
shown on Figures 9-5- 9-6 and 9-7. The design poiht regenerator mass flow rates

are equal to the aftercooler compressed air discharge design point mass flow rates
less the turbine cooling air flows. The regenerator inlet pressure is based upon

INTERCOOLER #1 INTERCUULER #2

14.43PSIA  59°F 1050F 1050F
Patm |, Tiee Tinec T1ipe

DESIGN POINT

PRESSURE RATIOS N HP COMPRESSOR

LP
COMPRESSOR

T .
COMPRESSOR P wpc

Prc

Ps | p P P Paac
tec| Piec | Prpc
PSI PSIA

200 | 3.38 | 2.40 | 240 | 250
600 | 477 [23a [ 333 | 700 AFTERCOOLER
1000 | 5.47 [4.05 [ 4.05 [ 1150

Taac

P2ac

AQUIFER W 1557

" . Figure 9-1. CAES Optimized Conmreésor Trains

IR
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600 PSIA SYSTEM TURBINE FLOW CHARACTERISTICS
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1000 PSIA SYSTEM TURBINE FLOW CHARACTERISTICS
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an external plant air pressure loss ratio of 1.4 from the aftercooler discharge

to the regenerator inlet. Since the refined standardized turbine trains are almost

identical to the optimized turbine trains, the above curves are appropriate for
either. |

CAES TURBINE TRAIN PART LOAD PERFORMANCE

The part']oad performance of the 200, 600 and 1000 PSI nominal storage pressure
CAES turbine trains is illustrated on Figures 9-8, 9-9 and 9-10. Net turbine out-
puts, net LHV heat rates and regenerator inlet pressures are plotted as a function -
of the turbine train regenerator mass flow rate. Selected off-design data points
are presented in Table 9-1.

The CAES turbine train off-design performance was calculated in the following
manner. The turbine inlet temperatures were maintained and turbine element effi-
ciencies were initially held constant. The HP turbine inlet pressufe was decreased
to a preselected value while the HP and LP turbine pressure ratios and discharge
mass flow rates were varied until the off-design Stodola Flow Coefficient matched
the design point Stodola number. The turbine element efficiencies were then
adjusted to account for the off-design conditions.- The above matching procedure
was then repeated with the adjusted turbine efficiencies.

As can be seen from the data presented above, there is a small increase in the
“heat rate as the turbine output power is redu;ed below the 100% design point.
This is the result of reducing the discharge mass flow rate instead of turbine

inlet temperatures.

9-8



150
¢
»
a
T
- 5000 g
3 - 2 100
g w
5‘ 100 | x x
z P 5
= o0 o
2 : 2
o wi 2
2 g 4500 - &
= o .
g - E 50 t+
3 ¢ s
- 50 I- % . uz"
. : w
. @ -
w
o W
400?
0 { . 1 | 1 1 1
. /\f 300 400 500 600 700 . 800
' REGENERATOR FLOW RATE, LB/SEC W 1564
Figure 9-8. 200 PSIA System Part Load Performance
250 A
5500 .
400 [
200 [ “
?
a
CB000 o 300 [
o o
= =)
s z 2
— 150 - % w
o : 5 o .
£ 5 :
o o w200 -
S 2 E
g < 4500 = =
= [+ 9 g
g 100 |~ : :
w
. T 5.
Z 100 -
w
) [T]
<
50 4000 F &
0 g {\ﬁl 1 1 1 1 1 4
C 200 300 400 500 600 " 700 800

Figure 9-9.

REGENERATOR FLOW RATE, LB/SEC W 1565)

600 PSIA System Part l.nad Performance

The above performahce values are as calculated and do not include margins.
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Table 9-1

(W 1566)

PART LOAD PERFORMANCE OF THE OPTIMIZED TURBINE TRAINS

%

Deéign

Load

200 PSI System 100
75
50
25

600 PSI System . =~ 100
| ; o5

50

25

1000 PSI System - 100
o : 75
50
25

Regenerator Heat
Inlet Pressure, - Rate,
- PSIA BTU/KWHR
*173.2 *4075
140 4160
106 4320
70 4780
*487.6 *3915
395 3980
290 4100
175 4350
*¥796.1 *3880
630 3920
460 4020
265 4260

*Indicates turbine Lrain design point.
The above performance values are as calculated and do not include margins.

@

9-10

Net Power Output
for Machinery Set,
KW

*168,220
126,460
84,310
42,155

*254,930
191,115
127,410

- 63,705

*289,250
216,938
144,625

- 72,315
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.Section 10

CAES AQUIFER INDEPENDENT GENERATING OPERATION

The CAES systems were analyzed as aquifer independent generafors (see Figure 10-1)
in the fo11ow1ng'manner. Since the turbine inlet temperatures will be maintained
at their 15000F design point conditions and the axial compressor trains maintain
~constant mass flow rate as the discharge- pressure is varied, the turbine inlet
pressure will, due to Stodola law, remain at the design point conditions. However,
" since the system storage pressure loss ratio will be reduced from 44% to 5% and
.'fhe 2% pressure loss associated with the by-passed aftercooler will be eliminated,
the required total compressbr train pressure ratio will be substantially lower

. than the design point pressure ratio unless a throttle valve is employed. It was
determined that the use of a throttle to maintain the design point compressor
discharge pressure would be very inefficient. During the compressor train part
load performance noted above, only the HP compressor would be affected. It

was determined that the HP compressors would choke at approximately 80% of their
design point discharge pressure. As a result, some throttling was assumed to be
performed in the tie over pipe to maintain 80% of the design point discharge
pressure and to aid in controlling the unit during aquifer independent generators
operation. For reasons stated above, the LP and IP compressors efficiencies
remain at their design points. The following HP compressors 80% part load effi-
ciencies were determined.

Nominal Storage Pressure ‘Off Design Paint Efficiency
200 | 1950 7 pp = 950 (.875) = 83.1%
600 - L9257 5, = .925 (.870) = 80.5%
1000 .940 m pp = 940 (.880) = 82.7%

The heat and material balances for the 200, 600 and 1000 PSI refined standardized
CAES systems operating as intercooled, regenerative, reheated aquifer independent
generators are presented in Figures 10-2, 10-3 and 10-4. Thus, the CAES turbo-
machinery could be utilized as an efficient generating unit prior to the completion

10-1.
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250 PSIA CHARGING PRESSURE CAES UNIT AS AN
AQUIFER INDEPENDENT GENERATOR USING OFF DESIGN

Up

DATED STANDARDIZED LP SET.

HP COMFRESSOR. 1500°F TURBINE INLET TEMPERATURE

780.4196 W

1443 P
4184 F
116.188 H

770.0000 W
1a43p : 181,250 KW
1l 59.0 F-51.5 (WB) F p-'maza\
' 28639 H a :
w
498': f’g’ég REGENERATOR
(L/\ 63,755 KW (GROSS)
c 68,335 KW 62,025 KW (NET)
H.p. comp. | -4 Lr. come. GENERATOR i:‘: TURB.
= 5,080 ‘
\ p=50 3600 RPM
€=.85
780.4196 W —
15.0 P
671.8F
182,471 H
770.0000 KW| 770.0000w || 772.0000 w 1
206.0 P 69.9P 27p
348 F 105 ¢ 4.3F 322;3:9 w Z::~:7P°° w
99.064 H 39.73a M 112,754 -
34 2754 H 1500 F 6234 F
408.463 H 167.562 H
A
14,6300 W
L 1 85F C>
1c Q 104180 W
}— 135 ¢ (18055 LHV)
770.0000 W
. 17360
3488 F
-~ - 99.064 H
— —

a

AC

l

TO STORAGE
1ISOLATED}

Figure 10-2. 200 PSI Nominal Refined CAES S

Heat And Material Balances

'l

a

FROM STORAGE
{1SOLATED)

COND UL WN -

COMPRESSED AIR ENERGY STORAGE {CAES) POWER PLANT OPERATING
AS AN AQUIFER INDEPENDENT GENERATOR ENERGY BALANCE

INPUT . BTU/HR
1. ATMOSPHERIC AIR: 79,387,310
2. HP COMBUSTOR FUEL (LHV = 18,055 BTU/LB): ‘ -677,207.660
3. LP COMBUSTOR FUEL (LHV = 18,055 BTU/LB): - 0
TOTAL INPUT : : 7.566 x 108
OUTPUT : "BTU/HR
. HP COMPRESSOR GEAR LOSS: ’ 0
. INTERCOOLER #1 REJECTION HEAT LOSS: 202,411,440
. INTERCOOLER #2 REJECTION HEAT LOSS: 0
AIR COOLER DRAIN LOSS: . 0
HP COMBUSTOR LOSS: . 6,772,075
LP COMBUSTOR LOSS: ()
. TOTAL TURBINE POWER (@ GENERATOR TERMINALS): 217,541,165
TOTAL TURBINE ELECTRICAL LOSS: 3,312,810
. EXHAUST GAS LOSS: . . 326,431,415
TOTAL OUTPUT . 7.565 x 108

PLANT PERFORMANCE

TOTAL OUTPUT (@ GENERATOR TERMINALS): 63,755 Kw

AUX, LOAD: 1,730 KW

NET TURBINE OQUTPUT: N 62,025 KW

NET LHV HEAT RATE: 10,920 BTU/KWHR
NOTES:

1. THE ABOVE DATA REFLECTS AS CALCULATED PERFORMANCE. GUARANTEED
PERFORMANCE WOULD INCLUDE MARGINS (NOT NECESSARILY THE SAME)
FOR THE POWER OUTPUT, AND HEAT RATE.

2. THE ABOVE REFLECTS AN ENTHALPY BASE WHERE THE ENTHALPY OF
-60°F GAS EQUALS 0.0,

W 1567}

ystem Utilized As An Aquifer Independent Generator
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700 PSIA CHARGING PRESSURE CAES UNIT AS AN

AQUIFER INDEPENDENT GENERATOR USING OFF DESIGN

HP COMPRESSOR. 1500-1500°F TURBINE INLET TEMPERATURE.
UPDATED STANDARCZED LP SET.

7605143 W COMPRESSED AIR ENERGY STORAGE (CAES) POWER PLANT OPERATING

ooy 44 n AS AN AQUIFER INDEPENDENT -GENERATOR ENERGY BALANCE
108.144 H
INPUT : ) BTU/MR
- 1. ATMOSPHERIC AIR: ' Lo 79,387,310 N
2. HP COMBUSTOR FUEL (LHV = 18,055 BTU/LB): 653,361,390
3. LP COMBUSTOR FUEL {LHV = 18,055 BTU/LB): . 313,940,340
7700000 W - 9'
1823 P 178,505 KW TOTAL INPUT 1.047 x 10°
59C F-51.6IWRIF p=11.0 . :
58,225 kW €3 H 8 . OuTPUT - : BTU/MR
p=3.765 W[A/‘ REGENERATOR : ]
26,370 KW 46,330 KW (GROS3) 1. HP COMPRESSOR GEAR LOSS: 1,889,840
p-2289 [ 92,855 KW (NET) 81,760 KW ‘e 2. INTERCOOLER #1 REJECTION HEAT LOSS:. 202,411,840
i l‘/j 1.p. COMP. GENERATOR = p. urs. =1y 3. INTERCOOLER #2 REJECTION HEAT LOSS: ) 21461985 .
e, 3500 RPM p- 267 4. AIR COOLER DRAIN LOSS: . 14,245,955
comp. \‘ — 5. HP COMBUSTOR LOSS: . . 6,633,615 .
—— €-.85 6. LP COMBUSTOR LOSS: 3,139,405
. 7808143 W 7. TOTAL TURBINE POWER (@ GENERATOR TERMINALS): 325,279,575 -
887.4 F 8. TOTAL TURBINE ELECTRICAL LOSS: © 4,953,495
i : . 188,775 1 9. EXHAUST GAS LOSS: . 303,807,510
i : TOTAL OUTPUT ’ 1048 x 108
7657280 W :}nmm w |[170.0000w| 7700000 w || 770.0000 W 746.6866 W || 761.2355 W 766.0655 W 36,6307 W PLANT PERFORMANCE i
8788 ¢ 2554 P 263.1 P 68.9 P 7279 4575P 1708 P 185.1 P 4735P : .
203.3F 105 F 388.0 F 105 F 4043 F 1600 F 1120 F 00 F 6280 F TOTAL OUTPUT (@ GENERATOR TERMINALS): 95,330 KW
84560 H 39.650 H 111,413 1387381 (112754 H 408.357 H 208320 W 409.583 H 167.895 # AUX. LOAD: | 2,475 KW
I | j NET TURBINE QUTPUT: ) 92,855 KW
] l ; ) . c : NET LHV HEAT RATE: . 10,420 BTU/KWHR
H § . B
48300 W .
! N (18055 LHV) . a NOTES: . .
! . 145488 W =] 1. THE ABOVE DATA REFLECTS AS CALCULATED PERFORMANCE. GUARANTEED
— i : . PERFORMANCE WOULD INCLUDE MARGINS (NOT NECESSARILY THE SAME)
P #2 L ;,c + 95F c FOR THE POWER OUTPUT, AND HEAT RATE. )
26.4P s et 2 THE ABOVE REFLECTS AN ENTHALPY BASE WHERE THE ENTHALPY OF
196 F 145488 W 3= -60°F GAS EQUALS 0.0.
826.40H | 135F B5F B
765.7284 W
TO DRAIN 8170
213F
84.568 H
TOSYORAGE A
{1ISQLATED) FROM STORAGE
{ISOLATED}

Figure 10-3. 600

Heat And Material

(W 1568)

PSI Nominal Fefined CAES System Utilized As An Aquifer Independent Generator
Balances
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1150 PSIA CHARGING PRESSURE CAES UNIT AS AN

AQUIFER INDEPENDENT GENERATOR USING OFF DESIGN
HP COMPRESSOR. 1500-1500°F TURBINE INLET TEMPERATURE.
UPDATED STANDARDIZED LP SET.

22007 W COMPRESSED AIR ENERGY STORAGE (CAES) POWER PLANT OPERATING
phoyds AS AN AQUIFER INDEPENDENT GENERATOR ENERGY BALANCE
133085 H
- . ~ INPUT BTU/HR
- 1. ATMOSPHERIC AIR: ' 79,387,310
2. HP COMBUSTOR FUEL (LHV = 18,055 BTU/LB): 637,864,375
" 3. LP COMBUSTOR FUEL (LHV = 18,055 BTU/LB): 438,652.005
1443 P 179,060 KW TOTAL INPUT ’ 1.156 x'109
$93 F-51.5 F {(W.B.) o p=11.0
— ;M " OUTPUT BTU/HR
D 2785 ’ Ya REGENERATOR
1. HP COMPRESSOR GEAR LOSS: 3,161,550
105,750 KW (GROSS) g 4
b 68,335 kW 103,450 KW (NET) 116,630 KW w 2 INTERCOOLER #1 REJECTION HEAT LOSS: 202,411,840
1.P. COMP. L.P. CoMP. GENERATOR =1 HP-TURE. [—] 1R, 3. INTERCOOLER #2 REJECTION HEAT LOSS; 214,611,985
{‘ p=s.090 3500 APM s ‘4, AIR COOLER DRAIN LOSS: 14,245,955
comp. : '\ 5. HP COMBUSTOR LOSS: 6,378,645
! | ‘ > ce 85 6. LP COMBUSTOR LOSS: 4,386,520
i k ! - 1822007 W 7. TOTAL TURBINE POWER (@ GENERATOR TERMINALS): 360,834,100
; \ | ol 8. TOTAL TURBINE ELECTRICAL LOSS: 5,494,835
’ H b 183278 H 9. EXHAUST GAS LOSS: 374,828,330
‘ ! | TOTAL QUTPUT 1.157 x 109
| [ \ PLANT PERFORMANCE
7657204 W N 765.7284 W 770.0000 770.0000 W } 770.0000 W 746.4443 W|| 7609901 W 736.6308 W 736.6308 W i
oieys irear reeg S g | e Te83 0 aoae 1510 gt TOTAL OUTPUT (@ GENERATOR TERMINALS): 105,750 KW
114883 H : 38550 H 11,4131 1387384 12754 1 406.184 1 || 255.202 1 410741 W 1735 H AUX. LOAD: 2,230 KW
A | : NET TURBINE OUTPUT: 103,460 KW
____(9 NET LHV HEAT RATE: 10,405 BTU/KWHR
i 67407 W .
' (18,055 LHV) A NOTES:
145468 W o= 1. THE ABOVE DATA REFLECTS AS CALCULATED PERFORMANCE. GUARANTEED
- PERFORMANCE WOULD INCLUDE MARGINS (NOT NECESSARILY THE SAME)
! e 5 F c FOR THE POWER OUTPUT, AND HEAT RATE.
35 F 8.8136 W 2. THE ABOVE REFLECTS AN ENTHALPY BASE WHERE THE ENTHALPY OF
118,055 LHv) 14,8488 W 2= -60°F GAS EQUALS 0.0.
[:]
765.7284 W
TODRAIN 3.1 P
4151 F
114863 H
p
N
TO STORAGE -
(ISOLATED) FROM STORAGT
HISOLATED)
& w1569)
- . 0 . . . T
Figure 10-4. 1000 PSI Nominal Refined CAES System Utilized As An Aquifer Independent Generator
Heat And Material Balances , '
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of the air storage system or whenever the storage system was not operational.

Figure 10-5 presents a comparison of the CAES turbomachinery operating as an aquifer

independent combustion turbine generator and a conventional W501 combustion turbine.

As can be observed, the 15000 inlet temperature, 1000 psi system performance is
comparable with a much higher firing temperature conventional combustion turbine.

" Since no input electrical energy is utilized, the unit with the Towest heat rate

(the reciprocal of the thermal efficiency after appropriate unit changes) will have

the Towest total power production energy cost.
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M/G T T GHc

CONVENTIONAL
CAES AQUIFER INDEPENDENT GENERATOR COMBUSTION TURBINE

CONVENTIONAL
COMBUSTION TURBINE
W501 OPERATION

CAES SYSTEM AQUIFER
INDEPENDENT OPERATION

200 PS! 600 PSi 1000 PSI

o
1500/UF ©F 1500/1500°F | 1500/1500°F APPROXIMATELY 2000°F

NET TURBINE ,

OUTPUT, KW 59,070 88,435 98,535 - 94715
NET LHV HEAT ' _

RATE BTU/KWHR 11,465 10,940 10,925 10,660
NOTES:

1. THE CAES SYSTEM AQUIFER INDEPENDENT PLANT PERFORMANCE INCLUDES MARGINS TO
ALLOW COMPARISON WITH TYPICAL PUBLISHED PERFORMANCE DATA FOR A W501 COMBUSTION
TURBINE.

2. AN ALLOWANCE HAS BEEN MADE IN THE CAES AQUIFER INDEPENDENT PLANT PERFURMANCE
(POWER OUTPUT AND HEAT RATE) FOR THE COOLING TOWER FANS, LOW PRESSURE SERVICE
WATER AND WATER PUMPING ELECTRICAL LOADS. : W 1531}

3. RATINGS ARE AT BASE LOAD OPERATION, 14.43 PSIA AND 59°F,

Figure 10-5. CAES Aquifer IndependenAt and Conventional Combustion Turbine Operation
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Section 11

CONTROL SYSTEM PHILOSOPHY

GENERAL

The Compressed Air Energy Storage power plant includes control system requirements
like those of both a conventional reheat steam plant and a regenerative open cycle
combustion turbine generator. These requirements have been evaluated using known
and assumed equipment characteristics. The primary result of this study is a pre-
lTiminary description of control system operation for various plant operating modes.
The secondary result is a 1ist of problem areas which may require special attention
during later phases of plant development.

DESCRIPTION OF CONTROL SYSTEM OPERATION

The three modes of operation are:
° Aquifer Dependent Power Production (Mode A)
(] Aquifer Charging (Mode B)

° Aquifer Independent Power Production (Mode C)

Each mode will be discussed as it affects control system design. In discussion
of all modes, reference is made to Figure 11-1, the MAIN AIR CONTROL SCHEMATIC,'
which shows the air system values. In discussion of the power making modes, :
reference is made to. Figure 11-2, the TURBINE CONTROL SCHEMATIC.

Aquifer Dependent Power Production

The CAES turbine with its HP and LP combustion systems will normally be operated
very much 1ike a reheat steam turbine. Air supplied to the HP turbine comes from
the aquifer header system which has its pressure held fairly constant by valves

and controls provided separately from the combustion turbine's control system.

This header, similar to a pressure controlled steam header, provides air to the

HP turbine via the regenerator. The temperature of the air leaving the regenerator
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is uncontrolled, with a maximum of approximately 6100F expected. The three
possible aquifer pressure levels being considered would result in regenerator
inlet pressures of about 175, 500 or 800 PSIA. '

The inlet stop (overspeed trip) valve, FCV-AOT, and the control (throttle) valve,

- FCV-AT, are located downstream of the large volume regenerator to provide overspeed
~ protection after electrical load dumps. These valves will be sized with some
margin to pass 770 pounds/sec. of air at 6100F and at the selected supply preSSure;
Both valve actuators will be designed having normal steam turbine valve response:
trip closing in 0.15 seconds. The control valve will be designed to open in 2.5
to 5 seconds and the stop valve in about 20 seconds.

The turbine air throttle valve is under control of a speed/load controller which
provides closed loop megawatt/frequency droop governor action. This controller
provides speed control during startup and load dumps. On-line, it causes the
turbine-output power to respond linearly to line frequency error. '

For each combustor system (HP and LP), fuel flow is set by the low-selected output
of two temperature controllers: turbine inlet and turbine exhaust. Both HP and
LP inlet temperatures will be measured using dual element thermocouples in each
combustor. Past experience indicates that Type K thermocouples can be developed
to provide reliable operation at 15000F. Multiple dual thermocouples will also

be used to measure exhaust temperatures. The inlet temperature controllers provide
the same function as do throttle or reheat steam temperature controllers with a
reheat steam turbine. Both inlet controllers' normal set-points are. 15000F, but
for startup, their set-points will initially be lower and then will be ramped up
at a rate compatible with transient thermal stress limitations of the turbine.

For each of the HP and LP turbines, the exhaust temperature controller's output
may be low-selected and control fuel flow in the Tower load range. This becomes
necessary when the turbine's pressure ratio is too small to prevent excessive
back-end (blading) temperature with rising inlet temperature. Both HP and LP
exhaust temperature controllers will have fixed set-points at about 11000F.

Variations of air flow and fuel flow, in response to the speed/load controller and
the HP and LP temperature controllers, will cause measured variable interactions.
These undesirable effects will be minimized by using the speed/load controller
~signal output, SLCSO, as the input to multipliers which will automatically vary
the gain of HP and LP fuel control loops in proportion to air flow.



The operation and sequencing required for starting up, loading, and shutting down
the turbine/generator in this mode: Aquifer Dependent Power Production, will now
be discussed.

Prestart. Coupling CO is disconnected and the compressors are placed on turning
gear. Clutch CL is set to transmit positive and negative torque. Header stop
valve, FCV-D, is opened, and header stop valve, FCV-C, and simple cycle aquifer
bypass valve, FCV-AB, both remain closed.

Startup to Self-sustaining. The "Start" switch is pushed and the automatic sequence

control opens the air overspeed trip valve, FCV-AQOT, and places the air throttle
valve, FCV-AT, under speed/load control. The speed reference is initially ramped
as a function of time. The speed/load controller's $1gnal outpul, SLCSO, rises
from zero to control the opening of the air throttle valve and accelerate the
turbine/generator as scheduled. During the acceleration when the SLCSO reaches a
preset value corresponding to a desired ignition afr flow, the HP turbine's com-
bustors are fired. This is accomplished by the following sequencer operations:

() Open the HP fuel overspeed trip valve.
] Open the HP fuel isolation valve.

() For liquid fuel, start the main fuel pump and activate the pressure
controlled bypass valve. For either liquid or gas fuel, the HP
throttle valve is initially held at its minimum 1ift position and
acts as a fixed orifice to set ignition fuel flow for existing fuel
supply pressure.

(] Change the speed/load controiler's reference from a scheduled ramp
to tracking turbine speed. This zeroes the controller's input
error and prevents any further rise in.controller output until
after flame is sensed.

) Change the speed/load controller "high:select" input B from zero
to "ignition air." This prevents reduction in air flow to less
than the ignition value unless the turbine is tripped.

° Change the HP temperature controller "high select" input B from
zerg to "minimum" HP fuel setting.

The HP ignition trial period will be about thirty seconds. As soon as flame is
sensed, the HP fuel flow will be brought under closed loop control at its minimum
~setting, slightly greater than that at ignition. The flow rate and temperature
of the HP combustor's output will be such as to cause the turbine to accelerate
along an uncontrolled speed-versus-time curve involving two time constants. The



first time constant involves rotor inertia and turbine/generator net torque versus
speed (damping). The second time constant involves the heat capacitance and heat
transfer coefficient of the regenerator, and slows the rise in température of the
air entering the combustor. The fuel and air flow rates selected for HP combustor
'ignition will be as small as possible for reliable ignition. They must be small
enough that, after ignition and initiation of closed loop fuel control, the uncon-
trolled speed will rise to a maximum that is less than 3600 RPM. If these two
requirements (reliable ignition and maximum speed) are mutually exclusive, it will
be necessary to increase the fuel flow until flame is sensed and then cut it back
to the minimum for reliable combustion.

During the uncontrolled speed rise, the acceleration rate will be measured, and
when it drops to a preset rate, the speed reference will revert from tracking the
turbine speed to following the scheduled ramp. This will provide bumpless transfer
to speed/load control, and the air throttle valve will resume its controlled open-
ing to accelerate the unit to 3600 RPM as scheduled.

From the push of the Start switch, the HP combustor outlet thermocouples are moni-
tored and used for flame detection. The thermocouples are also used to determine
the average inlet temperature to the HP turbine. Initially, however, the HP
turbine's inlet temperature controller has its reference tracking a few degrees
below the uncontrolled HP turbine inlet temperature and this causes the controller
output to remain out of control at its lower 1imit. When the speed/load controller
resumes control as described above, the temperature controller's reference is
changed from its tracking mode to ramping up to the rated temperature, 15000F.
During startup and lower load operation, a "hold" of the HP inlet temperature
reference ramping will occur if the HP exhaust temperature rises to 11000F and
causes the exhaust temperature controller to assume control.

The turbine/generator, with no compressor load, will normally reach synchronous
speed in about five minutes. In addition to the analog speed/load and temperature
controls described above, there will be alarm and trip functions to protect against
overtemperature, gas/metal temperature mismatch, vibration, and such other contin-
gencies requiring monitoring and control. It is possible that there will be
mechanical requirements for rotor "soaking”" which will extend the cold startup

time.



Synchronizing and Loading. The turbine/generator is placed "on-1ine" at minimum

load by an automatic synchronizer or manually. Once "on-line", the sequence logic
will normally initiate firing of the LP combustors unless the operator chooses
manual LP combustor control. In either case, the following sequence of operations
is accomplished automatically to fire the LP combustors:

° Open the LP fuel overspeed trip valve.
° Open the LP fuel isolation valve.

(For either liquid or gas fuel, the LP throttle valve is initially
held at its closed position.)

° Change the LP temperature controller "high select" input B from
zero to "minimum" LP fuel setting.

) A< <soon as LP fuel flow is sensed, it is brought under closed loop
control at the "minimum" settiny.

. The LLP turbine's inlet temperature controller has its reference
tracking a few degrees below the LP turbine inlet tcmperature, and
this causes the controller output to remain out of control at its
lower 1limit.

° Fuel flow set-point is the high selected signal: "minimum" fuel
at input B.

The LP turbine's exhaust temperature controller has its reference
fixed at 11000F, and this causes the controller's output to remain
out of control at its upper Timit.

The LP ignition trial period will be about thirty.seconds. The fuel flow, during
the ignition period until flame is sensed, increases from zero to the controlled
flow rate determined by the LP minimum fuel setting multiplied by the air flow
demand signal, SLCSO. Thus, the ignition fuel flew for the LP turbine is propor-
tional to the LP turbine's air flow. Reliable ignition should be possible over a
wide range of starting and loading conditions.

As soon as flame is sensed, the LP inlet temperature controller has its reference
changed from its tracking mode to ramping up to the rated temperature, 15000F.
During operation in the Tower Toad range, a "hold" of the LP inlet temperature
reference ramping will occur if the LP exhaust temperature rises to 11000F and
causes the exhaust temperature controller to assume control.

The turbine/generator is loaded and unloaded by manual or automatic control of the

speed/Toad controller's reference. For constant line frequency, closed loop mega-
watt control makes the generator output linearly proportional to the reference
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setting and independent of the regenerator's outlet pressuEe and temperature

and of HP and LP combustors' outlet temperatures.

Load -Drops.

Rapid loss of genérator load is caused by a:

Turbiné trip

Generator trip

Electrical line frequency rise

E]ectricai line short circuit fault.

While it is beyond the scope of this work to design all the control system's

functions for the various situations listed, the following ideas are pertinent:

Normal response of the speed/load controller to load loss will be
limited to reducing air flow to the "ignition air" setting of the

A high select's 1nput B.

A generator trip-will necessitate a shut- off of LP fuel.

A turbine trip may be necessitated by a generator trip if air mass
storage and turbine speed are both excessive.

A turbine trip causes shutoff of all fuel and closing of FCV-AQOT
and FCV-AT. The turbine will be motorized if the generator is
not tripped.

Turbine cooling air flow’ may be required when the turbine is
be1ng motorized.

HP combustnrs can be refired at any turbine speed and whether or
not the generator is tripped.

Clutch CL is held engaged at all times for the power making mode,
thereby utilizing turbine windage to decelerate the motor/generator
after any overspeed transient.

Aquifer Charging and Aquifer Independent Power Production

The motor/generator, acting as a motor, uses off-peak electrical power to drive

the compressoks. waever, the motor depends on the combustion turbine to bring

it to synchronous speed and the aquifer must supply starting air until the unit

becomes self-sustaining both for the aquifer charging and aquifer independent

power production modes. It is expected that it is necessary to fire the LP com-

bustors in order to reach synch}onous speed. The control requirements for these

modes -- Aquifer Charging and Aquifer Independent Power Product1on -- will now

be discussed.



Prestart. Coupling CO is connected and Clutch CL is set to transmit positive and
negative torques. Header stop valves FCV-C and FCV-D are opened along with simple
cycle aquifer bypass valve, FCV-AB. Compressor bleed valves FCV-BLP, FCV-BIP, and
FCV-BHP are opened to the atmosphere under automatic sequencer control. The LP
compressor's inlet guide vanes are in a scheduled position to prevent compressor
surge during startup. The cooling water control valves for air coolers, IC1, IC2,
and AC are under temperature control ready to open automatically to maintain
cooler air discharge temperatures at their required values.

Startup to Synchronous Speed. The "Start" switch is pushed and the automatic se-

quence control opens the air overspeed valve, FCV-AOT, and places the air throttle
valve, FCV-AT, under speed/load control. The speed reference is initially ramped
as a function of time. The speed/load controller's signal output, SLCSO, rises
from zero to control the opening of the turbine's air throttle valve, FCV-AT, and
accelerates the turbine/generator as scheduled.

During the acceleration when the SLCSO reaches a preset value corresponding to the
desired ignition air flow, the HP turbine's combustors are fired. The necessary
sequenéer-operations are the same as for the aquifer dependent mbde, but the
ignition speed will be lower because the compressors 'will absorb considerable
power eve;—E;¥bre ignition. The LP combustors will be fired automatically as soon
as HP combustor "flame-on" is verified and without waiting until after the unit is
put on-line. Compressor power absorption will quickly reduce the uncontrolled
acceleration rate to the scheduled rate and thereby initiate the further increase
of air and fuel flows as described for the aquifer dependent mode.

As the unit nears synchronous speed, the sequencer will automatically initiate any
required repositioning of the inlet guide vanes and close the three bleed valves.
Bleed valve sequencing will involve first closing FCV-BLP and verifying its closure,
then closing FCV-BIP and verifying its closure, and finally closing FCV-BHP and
verifying its closure. As these valves are closed and the inlet guide vanes move

to their proper position, the HP compressor's discharge pressure will rise to the
pressure of the aquifer air header, and air will begin to flow through FCV-C and
FCV-AB. The unit is now self-sustaining, and from this point on, the control
sequence depends on whether the operator has chosen to start for Aquifer Charging
or for Aquifer Independent Power Production. '



Self-sustaining to Aquifer Charging. The transition from turbine drive to motor

drive of the compressors requires that the motor/generator be placed on-line at
near zero load. Then the turbine power output is gradually reduced until the full
185 megawatts of.compressor power is being supplied from the electrical line. The
following control actions are required:

() Clutch CL is reset to transmit only positive torques.

° The speed/load controller's reference is ramped down, decreasing the
air flow. When the net power output of the turbine reaches zero,
clutch CL automatically disconnects the turbine from the motor/
generator and the turbine begins to slow below synchronous speed.
The air flow and fuel flow at the point of turbine disconnect are
not yet known, but air flow will not be reduced below the minimum
for stable combustion. If this minimum is reached before the
clutch disconnects, the LP combustor fuel will be tripped off and
then, if necessary, the HP inlet temperature controller will have
its reference ramped down.

° When the turbine speed decreases to an underfrequency set-point,
the turbine is automatically tripped. Both air and fuel flows are
shut off by step closing of the overspeed trip, isolation, and
throttle valves. The turbine decelerates to turning gear speed
without the blading being cooled as it would in a simple cycle unit.
If regenerator depressurization is desired, valves FCV-AB and FCV-D
can be closed by the operator.

Self-sustaining to Aquifer Independent Power Production. The unit is self-sustain-

ing as soon as the HP compressor's discharge air flow matches the flow through air
throttle valve, FCV-AT. While this may occur before the compressor bleed valves
are closed, it does not seem necessary to isolate the unit from the aquifer before
reaching synchronous speed. Therefore, to reduce control system complexity,. the
unit will be synchronized and partially loaded under speed/l1oad control of the air
throttle valve. The only difference in operation from the Aquifer Dependent Pdwer
Production mode is that the compréssor will be absorbing considerable power and
producing considerable air. The operator can choose to make the transition to
Aguifer Independent PoWeriProductibn at any load. The following control actions
are reqdired:

] Va]ves'FCV-C and FCV-D are closed to isolate the unit from the
aquifer and make it a simple cycle unit.

e - The air throttie valve, FCV-AT is removed from speed/load control

‘ and ramped to its full open position. This reduces the regenerator
and HP compressor discharge pressures, and increases the thermo-
dynamic cycle efficiency. In this simple cycle mode, the throttle
valve no Tonger can be used to control the air flow which instead



is determined by the compressor train's characteristics including
the effects of LP ambient pressure and temperature, inlet guide
vane position and intercooler outlet air temperatures and
pressures.

() Control of the HP and LP fuel flows is transferred from variable
gain temperature control to speed/load control. The speed/load
controller's output is low-selected with the outputs of the HP and
LP inlet and exhaust temperature controllers which provide temper-
ature high 1imit control. The MODE SEL. blocks, shown on Figure
11-2, the TURBINE CONTROL SCHEMATIC, includes the logical controls
to transfer control from the MODE A inputs to the MODE C inputs
bumplessly.

Completion of the transition to MODE C control results in the regenerator's mass
and energy storages being included in the speed/load control loop dynamics. The
effect of the regenerator is to delay the rise in HP turbine inlet pressure and
flow following an.increase in HP fuel flow. The speed/1oad controller will tend
to offset this delay by transiently increasing fuel flow so that the delay in
increase of regenerator outlet temperatUre is compensated by extra HP combustor
fuel, and the delay in increase of HP turbine flow (and to a lesser extent power)
is compensated by extra flow into, and power from the LP turbine.

POSSIBLE PROBLEM AREAS:-

The following initial list of control problem areas which may require special
attention during later phases of plant development is offered to stimulate think-
ing. Obviously, as the design of the plant proceeds, many problems will be per-
ceived and solved in the ordinary course of control system design. Therefore, the
"problem areas" Tisted are really suggestions as to future tasks.

() Control Hardware. The signal processing functions shown on Figure
11-2, the TURBINE CONTROL SCHEMATIC, can be performed by various
combinations of solid state logic and analog components, relay
sequencers, and microprocessor based control and information sys-
tems. While the existing Westinghouse POWERLOGIC turbine control
system could be extended to include the additional functions
required by the more complex CAES system, there would seem to be
good reasons to consider the application of redundant digital control.

(] Final Control Elements. The size and transient response require-
ments of the air control valves points to the application of
electro-hydraulic actuators operating with 2000 psig supply sys-
tems. This technology, already in common use with steam turbines,
might also need to be extended to the fuel control systems to
achieve compatible control responses.
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Combustors. Combustors, designed to operate with large air and fuel
turndown ratios, must be mated with suitable reliable temperature
and fuel-flow sensors and such purge and atomizing systems-as are
required to achieve very high levels of starting reliability.

Plant Dynamics. The complex nature of the plant with its multiple

compressors, turbines, combustors and fuel system, regenerator, and
motor/generator makes desirable the development of a computer model
for dynamic simulation of the plant with its controls. This simula-
tion would include the steady state and transient characteristics

of the compressors, air coolers, air bleed valves, air throttle
valve, combustors, turbines, and regenerator as they are determined
by the equipment designers. It would provide the means for evaluat-
ing startup and loading requirements of equipment and controls.

Electrical Network and Mechanical Equipment Dynamics. The charac-
teristics of the electrical network and the system load curve will
affect the design of the CAES plants' controls as regards the needs
for fast valving and response to any Area Generation Controller.
Also, the rate of plant loading and unloading and the operating
cycle for aquifer charging and aquifer dependent power production
will affect the needs for hot standby control and equipment condi-
tion monitoring. Included here are the possible needs for hot
standby heating of turbine casings, and for monitoring of differ-
ential expansion, eccentricity, and various metal temperatures.
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Section 12
EQUIPMENT PRICE ESTIMATES

Budgetary price estimates which included the projected price for the LP, IP and HP
compressors, gearbox, couplings and furning_gear required for the compressor train;
the motor/generator, exciter, voltage regulator and protective relays required for
the electric dynamo; the high and low preséure turbine, clutch and turning gear
required for the turbine train; the control panel, sequencer, sensors, throttle
and overspeed trip valves, compressor surge valves and the simple cycle shut-off
valve required for the control system; the mechanical skids, fuel packages, com-
pressor, generator and turbine piping skid, and the NO, water injection equipment
required for the Mechanical Support Equipment; the intercoolers; the aftercoolers;
the inlet filters and silencers; the exhaust silencers and stacks; and the
regenerators were prepared in Task 1 to support the aquifer site evaluation per-
formed in Task 2, "Characterize and Explore Potential Sites and Prepare Site
Research and Development Plan." Early in the program, prior to the selection of
the preferred heat cycles, it was necessary that a gross estimate be made as an
input to the site ranking and evaluation being performed concurrently in Task 2.
These estimates, for each of the nominal pressure levels, were:

200 PST System 600 PSI System 1000 PSI System

Dollars per Kilowatt 190 150 165
($ 1979) :

These price estimates were revised, based upon the selected heat cyc]és and mabhinery
- configurations, and the use of standardized components in the low and intermediate

pressure sections of each system. In the initial estimate the effect of the

higher pressure, in the 1000 PSI system, on the cost of the equipment was over-

emphasized., This is apparent by noting that the above price trend changed and by

noticfng the much lower price of the 1000 PSI machinery in the revised estinate

presented below.

200 PSI System 600 PSI System 1000 PSI System

Dollars per Kilowatt 186 151 134

T" | ($ 1979) - -
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In determining the price per kilowatt, a 5% reduction or margin allowance was
dpplied to the net turbine output calculated from the heat and material balances.
No allowance was taken for the balance of plant power requirements.

These estimates do not include installation and field support costs, interconnect-
ing main air and water piping and ducting, or the Phase III design and development
costs. A1l estimated~prices are in 1979 dollars. The above prices do not include
transportation, or, taxes normally imposed upon the sale of this type of equipment.
The standard warranty on material applies.

These prices are preliminary since they are based upon the design criteria generated
in Task 1, and as such they are subject to refinement as the physical definition of
the machinery is undertaken in subsequent tasks in this program. 1lhis should be
taken into consideration when utilizing these prices in the Task 1 utility benefits
pricing runs to project p]ént economics. If possible, the initial pricing runs
should also be used to identify target prices which could then be guides in
developing the preliminary design of the machinery.

After the identification of the aquifer characteristics in Task 2, the final
machinery configuration will be selected in Task 3 for the remaining work to be

performed in this Phase of the program.

In Task 5 the preliminary design of the Task 3 configuration will be performed
and a final price estimate will be prepared for this Phase (II) of the program.

12-2



Appendix A
THE OPTIMUM COMPRESSOR TRAIN PRESSURE RATIO SPLIT

In order to minimize the total compressor work (and therefore charging cost) required

to charge the air storage aquifer of a CAES system, the compressor train inter-
cooler(s) should be placed at an optimum Tocation(s). The equations resulting from
this -analysis allow the direct calculation of the pressure ratio required by each
compressor for the most efficient charging process.

The following assumptions were made:
(1) Pressure ratios that are constant with respect to time
(2) Mass flow rates that are constant with respect to time

(3) Intercooler(s) exit temperature(s) that is constant with respect to
time

(4) Constant compressor efficiencies
(5) Frictionless flow

(6) Dry, ideal air

The following analysis is broken up into two parts. The first section deals with
a compressor train, using one intercooler while the second part handles a compressor

train utilizing two intercoolers.

THE OPTIMUM PRESSURE RATIO SPLIT FOR A COMPRESSOR TRAIN UTILIZING ONE INTERCOOLER

This configuration (see Figure A-1) consists of a LP compressor followed by an
interqoo]er then the HP compressor. The total work for this arrangement can be

expressed as:

wCompressor TOTAL ~
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Figure A-1. Schematic of a CAES Compressor Train Utilizing One Intercooler
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p
by substituting P2 =;f£— into the above equation one obtains:
1 .

K-1
K-1 P ( K )
=) =5
- mcpy Ty (P] -1) . mycpy T [ ° -1]
CT n 5

The partial derivative of the above expression with respect to P is equal to:

(b -1 K1
m 1. &) ¢ m T, p T S
cT _ M a L MeP2 T2 f1

K-1
=) -1
K K

To find the value of P required to permit the minimum compressor train work, the
above expression is set equal to zero. After a few algebraic simplification steps,

the resulting expression is:

mep T - ZUCTY) g2
o MRt ™
17 GyepgT, (Pr)
1P ™
and
p
p2: _1;
P
where:
m = the charging mass flow rate

cp = the constant pressure specific heat of air

n = compressor adiabatic efficiency

p = compressor pressure ratio
PT = total compressor train pressure ratio
T = compressor inlet temperature (OR)

K = specific heat ratio of air

and the subscripts 1 and 2 refer to the LP and HP compressor, respectively.
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THE OPTIMUM PRESSURE RATIO SPLIT FOR A COMPRESSOR.TRAIN -UTILIZING TWQ -INTERCOOLERS

This configuration consists of three compressor stages and two intercoolers (see

Figure A-2). The total work for this arrangement can be mathematically expressed
as:
Compressor TOTAL - "¢ = Wipc * Wipc * Yhpg
K- - K-1
, i &
M T o T maerpTo(% 1 MyepsTsley R
9 o, g
by letting
_ m,cp,T m,Cp,T Mmacpola
N = (Kﬁl) and GQ%T—l—l; L, = -ZT—Z—Z‘ C, = q” -
1 "2 3
one obtains:
_ B B B
Ner =GP -G r G -G 3y - G

1

Using the method of Lagrance Multipliers' one can let f be equal

equal to the following equation:

P Pp Py =Py = 0.

Next the following partial derivatives are found.
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1
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©
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Addision - Wesley, 1973.
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Fiq@re A-2. Schematic of a CAES Compressor Train Utilizing Two Intercoolers
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and the following equation, g, is used:

The above four equations.contain four unknowns:

P and \ .

P15 Pos 3

Solving for £y. 0ne obtains:

1/3B

replacing the constant C], C2, C3 and B in the above equation one obtains:

K
3(K=T)
o, = (2P2l2 1"5P3T3M, (o) 13
1 m]cp]T] 2m]cp]T]n3 T
K_
K-
2 m2cp2T2n] ]
D=pT
3 Py Py



where:

m = the charging mass flow rate

cp = the constant pressure specific heat of-air
n = compressor adiabatic-efficiency

P = compressor pressure ratio

= compressor train total pressure-ratio
K =,%%, the ratio~of specific heat of air

‘T = compressor inlet temperature, (9R)

and the subscripts 1, 2 and 3 refer to the LP,.IPxand‘HP-compressor,. respectively.



.Appendix B

THE PRESSURE RATIO SPLIT REQUIRED BY A REHEATED
CAES COMBUSTION TURBINE TO PRODUCE MAXIMUM WORK

In order to maximize the total turbine work produced by a CAES system, given fixed
turbine efficiencies, firing temperatures, mass flow rates and total pressure ratio,
the reheat has an optimum location. The equation resulting from this analysis
allows the direct calculation of the pressure ratio required by each turbine to
produce the maximum total turbine work possible under the above Eestrictions.

The following assumptions were made:
(1) Constant with respect to time pressure ratios
(2) Constant with respect to time mass flow ratgs
(3) Fuel mass not automatically added to the total mass flow rate
(4) Constant with respect to time combustor exit temperatures -
(5) Constant turbine efficiencies
(6) Frictionless flow

(7) Dry, ideal air

The turbine configuration analyzed appears in Figure B-1. The total work tor this

arrangement can be expressed as:

= Wer = Wpy + W

Wrurbine Total - Wit = Wrp W

-B -B
= m]cp]T]n](1 - Py ) + m2cp2T2n2(1 - Py )

where:
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Figure B-1, Schematic of a CAES Turbine Train with Reheat
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Since o, p, = P, the above expression can be expressed as:
172 T :

4 g T oo -B

wTT = m-ICp]T-I'ﬂ]- (1 - (p])-B) + m2Cp2T2ﬂ2 (1 - (_p{') )

The partial derivative of the above expression with respect to pq-is ‘equal to:

- R R -B B-1
55, - MepTymBley) - maep,Tomy (g) B (ey)

To find the value of 1 required to produce the maximum turbine work, fhe above
expression is set equal to zero. _After a few algebraic simplification steps, the

resulting expression for p].is:

2(K-1)
m]cp]T]nl

p. =

where:
m = the discharging mass flow rate

the constant pressure specific heat of air

(2}
©
1}

n = turbine adiabatic efficiency
Py = HP- turbine pressure ratio

= the total turbine pressure ratio

K = g%, the ratio of the specific heats of air-

T the inlet temperature to a turbine, (OR)

and the subscripts 1 and 2 refer to the HP and LP turbine, respectively.

The above equation is also valid for a turbine configuration utilizing a heat storage
device instead of a recuperator, or a two stage turbine not utilizing either.
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An equation for a special regenerator configuratfon — one not uti]izing'a_HP
combustor — was also developed. In such a configuration, T] will be equal to To'
T, can be expressed as: ‘

_ - K
To=T ( reg L {T2 ¥ n2T2 (p2- So- b - Ts]) * s
where A '
"reg = the recuperator effectiveness
T0 = the rechperator compressed air exit temperature, (OR)
T, = the HP turbine inlet temperature, (OR)

r2 = the LP turbiﬁe inlel lemperature, (OR)

Ty = the air,stbraqe temperature, (OR)

n, = the LP turbine efficiency

Py = the LP turbine pressure ratio ~ | ‘
K = 25 the specific heat ratio of air

Substituting the above expression for T, into the above maximum turbine work
equation results in: '

PR <m L8Py 1 (e [ETy # 0,7, (5, =1} - TD) Ts])
T MpCPMoT2
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Appendix C
CAES POWER PLANT TOTAL POWER PRODUCTION ENERGY COST

The total power production'energy cost consists of the sum of the "off-peak"
electric power charging cost and the turbine fuel cost. Therefore, the optimum
(Towest total power production energy cost) CAES cycle is dependent on the turbine
heat rate, the work of compression and the relative cost of the turbine fuel with
respect to the off-peak electrical power used to charge the aquiferl

The data included in Appendix.C was generated from analyses using optimum (minimum
work) axial compréssor trains, utilizing one and two intercoolers, and regenerative
and regenerative reheat turbine cycles. During the initial investigations the
reheat turbine trains were analyzed with the reheat combustor placed to produce
maximum turbine work which from earlier studies was known to be near the .optimum
reheater location.

The total power production energy costs presented were calculated at various turbine
inlet temperature combinations, reheater locations, regenerator effectiveness,

storage pressure loss ratios and fuel/off-peak electrical energy cost ratios.

Appendix C Table Legend:

. CASF = Identifies sequential runs, except on the 1500/1500°F runs,
: which were performed to find the uplimum reheater location,
where the case number reflects the LP turbine pressure ratio.

TIHPT = High pfessure turbine inlet temperature in OF.
T2HPT = High pressure.turbine exhaust temperature in OF.
‘TlLPT = Low préssure turbine inlet temperature in OF.
CAV LOS = Storagé pressure loss ratio from the aftercooler exit to the

aquifer inlet or from the aquifer exit to the regenerator inlet.
. Therefore, a CAV LOS of 1.20 represents a system storage
pressure loss ratio of 1.44 (1.20 x 1.20).



REG EFT = Regenerator Effectiveness

COMP KW = Work of compression_jn KW/LB/SEC.

TURB KW = High Pressure + Low Pressure Turbine Net Work Output in KW/LB/SEC.
H.R. ='Heat rate in BTU/KWHR based on a fuel oil #2 lower heating

value of 18,055 BTU/LB.

The cost calculations are arranged in order of increasing total poWer production
energy costs.

The term FUEL COST represents the cost of the fuel oil burned in the combustoré in
units of dollars per million BTU. The term ELECT COST represents the cost of fhe,
surplus electrical power utilized to charge the aquifer in units of mils per kilo-
watt hour. The term ENERGY COST RATIQ is equal ta the FUEL COST divided by the
ELECT COST.

Total power production energylcosts are calculated for eight energy cost combina-
tions. The first line of calculations for each energy cost group is the turbine
fuel costs in MILS per generated KWHR, and the second line of calculations is the
compressor charging power cost in MILS per generated KWHR. The third 1ine of calcu-
lations in the total power production energy cost which is the sum of the above

two values and of course has the units of MILS per generated KWHR.

It should be noted tHat the CAV LOS (storage pressure loss ratio) and the REG EFT
(regenerator effectiveness) are varied in the calculations, and must be cunsidered
when comparing thé total power production cost at the various turhine firing
temperatures.
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The following is an index for the tables included in this Appendix.

DATA INDEX CHART

Aftercooled . Cooled .
Discharge Nug?er or . Remarks . Table
Pressure, Intercoolers | Uncooled o : No.
PSIA Disks v
250 1 Cooled C-1
250 2 Cooled ' , Cc-2
700 1 Cooled - _ c-3
700 1 : Cooled ]500/1500°F at Various C-4
: LPT Pressure Ratios
700 2 Cooled : C-5
700 2 Cooled 1500/15000F at Various - C-6
LPT Pressure Ratios
1150 1 Cooled - Cc-7
1150 1 Cooled 1500/15000F at Various C-8
LPT Pressure Ratios
1150 2 Cooled C-9
1150 2 Cooled 1500/15000F at Various Cc-10
LPT Pressure Ratios
250 1 Uncooled C-11
1250 2 Uncooled * Cc-12
700 1 Uncooled _ C-13
700 -7 Uncooled C-14
1150 1 Uncooled c-15
1150 1 Uncooled 1500/15000F at Various C-16
LPT Pressure Ratios
1150 2. liIncooled C-17
1150 -2 Uncooled 1500/15000F at Various ' Cc-18
LPT Pressure Ratios
1150 1 and 2 Uncooled Effect of High Pressure C-19
Turbine Firing Temperature

W 1570)
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Table C-1

250 P314 CHARGING PRESSURE, COOLED LP TURBINE DISKS , | INTERCOODLER, AwA
DANIEL J, MARINACCI, LONG RANGE DEVEDPMENT, Ae703 , (21%) 595=328)

CASE
TIHPT
T2HPT
TILPT
CAV LO8
REG EFY
COMP Kw
TURB Xw
WoR,

1,10 1,20 1,30 1,50 1,80 3,70 1,80 1,90 1,10 1,11 $,12 1,13
1360, 1800, 1300, 70, 23%0, 1800, 1500, 1500, 1500, 1500, 1500, 19300,
1110, 1098, 1009, 4e4, 1277, 1044, 1095, 1044, 1094, 1043, 1037, 1147,
2130, 1500, 1%00, 1800, 1277, 1044, 1300, 1044, 1500, 1043, 1500, 1500,

1,230 1,20 1,20 1,20 1,20 1,20 1,20 1,20 1,20 1,20 1,10 1,50

.70 W70 70 070 70 70 .80 .80 090 90 .80 80
1718 171,5 171,% 171,93 71,5 §71,5 171,% 171,95 171,85 171,5 171,85 171,5
260,6 231,06 220,6 203,8 239,83 204,2 233,3 204,0 231,0 203,86 245,9 189,6

Sout, 4928, 4849, uY28, 193, 4S0i, 4633, 4296, U336, U090, 4351, 8027,

FUEL CO8T = $2,50 PER MILLION BTV . .

ELECTY COST » 10,00 MILS PER KweMR ENERGY- COST RATIQ = ,2%00

14,10 12,32 12,12 11,82 12,98 11,28 11,58 10,74 10,84 10,23 11,38 12,57
6,98 T 40 7,77 8,81 T, 17 8,40 T4y 8,40 T,42 8,41 6,97 9,04

TUTAL PUWER PRODUCTIUN COSTS IN MILS PER KweMR

20,68 19,72 19,89 20,23 20,1% 19,65 19,00 19,14 18,20 18,64 18,383 21,6)

.
PUEL COST = 32,50 PER MILLION BTU

ELECT COST » 20,00 MILS PER KWeWR ENERGY CO8T RATIO = ,1390 .

14,10 12,32 12,12 11,82 12,98 11,25 11,58 10,74 10,84 10,33 11,38 12,57
13,16 14,81 15,50 16,83 14,33 16,79 14,83 16,81 14,85 16,83 13,95 18,08
TUTAL POWER PRODUCTIUN COSTY IN MILS PER KWeMR

27,26 27,13 271,67 28,65 27,31 28,04 Q26,41 27,55 25,69 27,05 25,32 30,65

FUEL CUSY = 34,25 PER MILLION 8TV
ELECT CUST m 15,10 MILS PER kweHR ENERGY COST RAT]O 8 ,2819

23,98 20,94 20,61 20,09 22,07 19,13 19,09 18,26 18,43 17,38 19,34 21,36
9,93 11,18 11,74 12,70 10,82 12,68 11,20 12,69 11,21 12,70 10,53 13,65
TUTAL POWER PRODUCTIUN CDS8TS IN MILS PER KwenR

33,91 32,12 32,34 32,80 32,89 31,80 30,89 30,95 29,64 30,09 29,87 3%,02

PUEL COST m $5,00 PER MILLION BTU

ELECT COST & 17,06 MIL3 PER KwenR ENERGY COUST RATID w (2931

28,21 24,66 24,24 23,6¢ 23,9 22,50 23,17 21,48 21,68 20,45 22,75 25,13
11,22 12,63 13,26 14,33 12,23 10,32 12,65 14,34 12,67 14,33 11,90 15,43
TuUTAlL PUOWER PRODUCTION CNSTS (N MILS PER KXwekR

39,43 37,27 37,50 37,99 38,19 36,83 35,82 35.82 34,35 34,80 34,68 40,%6

FUEL CUST ® $5,00 PER MILLION BTU

ELECT CUST » 20,00 MILS PER KweMR ENERGY COST RATIU ®» ,2500 .
28,21 24,64 24,24 23,64 25,96 22,5V 23,17 21,48 21,68 Q0,49 22,75 25,13
13,16 14,81 15,54 16,83 14,33 16,79 14,83 16,81 14,85 16,83 13,95 18,08
TUTAL PUWER PRODUCTIUN COST8 IN MILS PER KweHR

C41,37 39,44 39,79 40,47 40,30 39,29 37,99 38,29 36,53 37,28 3Je,T70 43,22

FUEL COST = 37,50 PER MILLION BTY

ELECT CUST ®» 10,00 MILS PER xwenR ENERGY CUST RATIQO w ,7500

4¢,31 36,96 36,37 35,46 38,94 33,75 34,75 32,22 32,52 30,68 34,13 37,70
0,58  T,40 7,77 A4l 7,17 8,40 7,41 B 40 7,42 8,41 6,9 9,04
TUTAL PUOWER PRUDUCTION CUSTS IN MIL8 PER KweHR

44,R9 44,36 44,14 43, BY 4,1l 42,15 W3, le 4U,62 39,98 39,09 41,10 U6, T4

PUEL CUST s $7,50 PER MILLION BTU
ELECT CUST ».20,00 MILS PER KwemR ENERGY CUST RATIO m L3750

42,31 36,9 36,37 35,46 38,94 3V, 7S 34,75 32,22 32,52 50,68 34,13 37,70

13,16 14,81 15,54 16,83 14,33 16,79 14,83 16,81 14,85 16,83 13,9% 18,08
TUTAL PUWER PRUDUCTIUN COSTS [N MILS PER KWeHR
55,47 S1,76 51,91 52,29 53,28 50,55 49,58 49,03 @7,37 47,50 48,07 55,78

FUEL CUBT ® $7,7S PER MILLIQN BTU :
ELECT CUST & 60,00 MILS PER KweHR ENERBGY CUST WATIu = 1292

43,72 38,19 37,58 36,64 40,24 34,88 35,9} 33,29 33,60 31,70 35,27 38,96
39,47 40,42 46,63 50,48 43,00 S0,37 4U,4B S0,43 44,55 50,68 41,84 Su,28
T0TAL POWER PRUDUCTIUN CO3TS IN MIL3 PER KwehWR

83,20 82,63 84,21 87,12 83,24 85,25 80,39 83,72 78,18 82,18 77,10 93,21

C-4 PUBLIC SERVICE INDIANA
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250 PSIA CHARGING PRESSURE, COOLED LP TUR

Table C-2

OINE DI8KS , 2 INTERCOOLERS

DANIEL J, MARINACCI, LONG RANGE DEVEOPMENT, A=703 , (215) 595328}

CASE
TINPY
T2nPY
TiLPY
CAV LOS
REG EFT
COMP Kw
TURB Xw
MR,

1410
1500,
1140,
2180,

1,20

W70
100,2
260,90
Se41,

FUEL
ELECT
14,10
6,38
TOTAL
20,48

FUEL

ELECT
14,10
12,75
TUTAL
26,86

FVEL
ELECTY
23,98
9,03
TUTAL
33,01

FUEL
ELECT
28,21
1u, A8
TUTAL
39,09

FUEL

ELECT
24,21
12,75
TUTAL
4v,96

FUEL
ELECT
42,31
0,38
TUTAL
4,69

FUEL

gLecT
42,31
12,758
TuTal
55,07

FUEL

ELECT
43,72
38,26
TuTAL

81,98

1,20 1,30 1,50 1,60 1,70 1,80
1500, 1300, 370, &21%50, 1800, 1%00,
1098, 1009, 4ed4, 1277, 1044, 100§,
1800, 1500, 1%00, 1277, 1044, 1800,

1,20 1,20 1,20 1,20 3,20 1,20

W70 W70 .70 W70 W70 30
106,2 106,2 166,32 166,22 166,32 166,2
231,06 220,86 203,8 239,3 204,232 231,3
4928, 4B49, 4728, 8163, 4s0i, ae3},

COST » $2,%0 PER MILLION BTU .

COST & 10,00 MILS PER KWeNR ENERGY CQ8T
12,32 12,12 11,82 12,9 14,29 (1,98
To18 7,83 8,15 6,9 8,14 7,19

POWER PRODUCTION COBTS IN MILS PER KWenR
19,50 19,66 19,98 19,93 19,30 148,77

COST m 82,50 PER MILLION 8TV

COST & 20,00 MILS PER KweHR ENERGY CUST
12,32 12,12 11,82 12,98 11,2% 14,88
14,35 15,07 16,31 13,89 16,28 14,37

POWER PRODUCTION COSTS IN MILS PER KweHR

COST » 34,25 PER MILLION BTV

COST w 15,10 MILS PER KWeHR ENERGY CUST
20,94 20,61 20,09 22,07 19,13 19,49
10,84 11,38 12,31 10,49 12,29 10,88

POWER PRUDUCTIUN COSTS IN MILS PER KWeNR
31,78 31,98 32,41 32,56 31,42 30,54

CUST @ $5,00 PER MILLION BTU
COST & 17,06 MILS PER KweHR ENERGY COST
20,64 24,24 23,64 28,96 22,50 23,17
12,24 12,85 13,91 11,85 13,80 12,26
PUWER PRODUCTIUN COSTS IN MILS PER KweWR
36,88 37,10 37,58 37,81 36,39 35,43

CUST & §5,00 PER MILLION BTU

COST ® 20,00 MILS PER KWeHR ENERGY CUST
24,04 24,24 23,64 25,9 22,50 23,17
14,35 1%,07 16,31 13,89 16,28 14,37

POWER PRODUCTIUN COSTS IN MILS PER KweHR
38,99 39,31 39,9% 39,86 38,78 137,54

COST & $7,50 PER MILLION 8TY
CO3Y m 10,00 MILS PER KweMR ENERGY COST
36,96 36,37 35,46 38,94 33,75 34,78
Tel8 7,33 8,185 6,98 8,14 7,19
PUWER PRODUCTIUN COSTS IN MILS PER KweHR
44,13 43,90 43,62 45,89 41,89 4i,%

CUST ®» 37,%0 PER MILLION 8TU

CO8T ® 20,00 MILE PER Kumu@ ENERGY CAONT
36,96 36,37 35,46 38,94 33,75 34,78
$4,39 15,07 $6,31 13,89 16,28 14,37

POWER PRODUCTION COSTS IN MIL8 PER KWuKR
51,31 S1,43 S1,77 %2,84 S0,03 49,12

CUSYT n $7,75 PER MILLION 8TV

COST m 00,00 MILS PER XWeHR ENERGY CUST
38,19 37,58 36,64 40,24 3I4,88 39,914
63,05 45,20 48,93 4f,.,68 48,83 ul,le

PUWER PRUDUCTIUN GOSTS IN MILS PER KWeHR
81,24 82,78 8%,.37 81,92 83,71 79,03

C-5

1,90
1500,
1044,
1064,

1,20

80
l...‘
2064,0
4296,

RATIO
10,74
8,18

10,89

RATIO
10,74
10,29

27,03

RATIO
18,26
12,30

30.56

RATIU
21,48
13,90

35,38

RATIO
21,48
16,29

37, M

TT1010 1,11
18500, 1500,
1094, 1043,
1800, 1043,

1,80 1,20
90 + 90
166,232 1e6,2
23150 203.8
4336, 4090,

" ,2300

10,8¢ 10,23
7,20 8,18
18,04 18,38

3 432%0
10,84 10,33
16,39 16,31
25,23 26,833

o ,2815 -
18,43 17,38
10,87 12,314
29,30 29,70

L .29,1 -
21,68 20,48
12,38 13,91
33,96 34,36

s ,2500
21,08 20,45
14,39 16,31

36,07 36,7

RATIO ® ,7500 .
32,52 30,68

J2.22
8,18

40,37

39,72 38,83

RATIO » , 3750
32,52 30,68
14,39 16,3t

32,22
16,29

48,51

46,91 46,99

RATIO 9 1292
33,60 31,70
43,18 48,9}

33,29
48,88

82,17

76,78 80,6}

1,12
1500,
1087,
100,

1,10

' 80
166,2
M
ussy,

11,38
6,78

11,38
13,52

24,89

19,34
10,24

29,9598

22,78
11,53

34,28

22,78
13,52

36,27

34,413
6,76

40,89

34,13
13,82

47,08

35,27
40,59

78,82

1,13
1500,
1167,
1500,

1,90

.80
166,2
189, 6
soav,

12,37
8,76

11,33

12,57
17,83

30,410

21,36
13.23

34,60

25,1)
14,99

40,09

3,13
17,53

42,60

37,70
8,76

T

37,70
17,53

$%,23

38,9
52,59

91,54

PUBLIC SERVICE INDIANA
CAES IN AQUIFER
DOE NO. ET-78-C-01-2159
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Tab1

e C-3

700 PSIA CHARGING PREBSURE, CUOLED LP TURBINE DISKE , | INTERCQOLER
DANIEL J, MARINACCI, LONG RANGE DEVEQPMENT, A=703

cASE
TINPT
T2HPY
TILPY
CAV LOS
REG EFPY
COMP Kw
TURB Kw
MR,

2,10
1500,
1109,
1900,

1,20

.70
249 ,8
308,6
4194,

FUEL
ELECT
10,48
8,09
TOTAL
18,98

FUEL

ELECT
10,48
16,18
TUTAL
20,67

FUEL

ELECT
17,82
12,22
TUTAL
30,04

FUgL

ELECT
20,97
13,84
TUTAL

34,77

FUEL

ELECT
20,97
16,18
TUTAL
37,15

FUEL

ELECT

31,48
8,09

TATAL

39,54

" FUEL

ELECT
31,45
16,18
TuTaL
ur,e4

FUEL

ELECT
32,50
48,59
TUTAL
81,08

2,11 2,12 2,13 2,14
1500, 219%0, 622, 863,
1108, 109e, %2, a14,
21%0, 1096, 1500, 2180,

1,20 1,20 1,20 1,80

70 o 70 70 70
29,8 09,8 49,8 2u9,8
J61,9 311,55 243,11 298,4
4880, 4jJos, d4deva, 9188,

CUST & 32,50 PER MILLION BTU

CO8T 8 10,00 MILS PER KWeHR
11,45 10,92 11,68 12,96
6,90 8,02 10,27 8,37 !

2,18
2150,
1098,
2180,

1,20

W70
249,68
372,0
$2053,

ENERGY CUST

13,16
6,71

s (213) 893e3328)

2,16
2150,
1072,

1500,

1,80
.70
269,8
344,9
4v3e,

11,84

POWER PRODUCTION CO8TS IN MILS PER KWenWR

18,35

18,93 21,98 21,33

COST & 32,50 PER MILLION BTU
COST 8 20,00 MILS PER KWeWR

19,088

ENERGY COST

19,09

11,45 10,92 11,68 12,96 13,16 11,84

13,80 16,04 20,59 16,74 13,03 14,48
PUWER PRODUCTIUN COST® IN MILS PER KWeHR

25,25 26,95 32,23 29,70 26,59 26,33

CUST m §4,29 PER MILLION BTU
COST m 15,10 MILS PER KWeHR

19,48
10042

18,96
12,11

19,86
15,51

22,04
12,064

ENERGY €097

32.37
10,14

204,14
10,93

PUWER PRODUCTION COSTS IN MILS PER KweHR

29,89

30,67

35,37

34,87

COST = $%,00 PER MILLION BTU
CUST ® 17,06 MILS PER kKWekR
28,92 36,32 23,69

22,90
11,77

21,83
13,68

23,38
17,53

14,28

32,51

ENERGY CUST

11,46

31,07

12,38

PUKER PRODUCTION CO3TS IN MILS PER KWeHR

34,67

35,51

40,89

40,20

CUST ® 35,00 PEN MILLIUN BTY
COST & 20,00 MILS PER KWeHR
25,92 26,32 23,69

22,90
13,80

21,83
16,04

23,36
20,58

16,74

37,78

ENERGY COST

13,43

36,04

14,48

PUWER PRODUCTIUN COSTS IN MILS PER KWeHR

36,70

37,87

43,91

42,08

CUST ® 87,30 PER MILLION BTU
COST = 10,00 MILS PER wwWeMR

34,35
6,90

32,75
8,02

35,04
10,27

38,89
8,37

39,78

ENERGY COS8T

39,48
6,71

38,17

35,93
T.24

PUWER PRODUCTIUN COSTS IN MILS PER KweHR

41,25

40,77

45,31

47,25

COST = §$7,50 PER MILLION BTU
CO3T m 20,00 MILS8 PER KWeHR

34,35
13,80

32,79
16,04

33,04
20,55

38,89
16,74

46,20

ENERGY COST

39,48
13,43

62,77

35,83
14,48

POWER PROOUCTION COSTS IN MILS PER KWeHR

48,15

48,79

55.55

$5.62

CO8T = §7,75 PER MILLION BTUY
CO8T ®» 60,00 MILS PER KwWeMR

38,49
41,4}

33,84
48,11

36,21
61,64

40,18
50,21

52,91

ENERGY COST

40,80
40,29

50,02

36,72
us, 44

POWER PRODUCTION CO8TS IN MILS PER KwaHR

76,90

81,95

97,85

90,40

81,09

BO,16
C-6

2420
1500,
074,
874,
1,20

70
26,8
264,60

RATIO
9,88
9,44

19,33

RATIO
9,88
18,80

28,76

RATIO
16,80
14426

31,08

RATIO
19,76
16,11

35,87

RATIQ
19,78
18,88

38,64

RATIU
29,64
9,44

39,08

RATIO
29,64
18,88

u8,52

RATIO » 1292

30,03
S6,b64

67,27

2,30
1500,
1082,
1800,

1,10

280
249,8
323,2
4040,

» ,2500
10,10
T.73

17,83

L] .ilso
10,10
13,46

25,55

8 L2815
17,47
11,67

28,84

8 ,2934%
20,20
13,18

33,38

5 42500
20,20
15,46

35,65

= 7500
30,30
7.73

34,03

8 (3750
30,30
15,46

45,75

31,31
46,37

77,067

2,40
1800,
12604,
1500,

1,80

2
249,8
267,14
4128,

10,32
9,35

19,07

10,32
18,70

49,02

17,54
14,12

31,07

20,64
15,9%

36,60

20,64
18,70

39,34

30,96
9,38

40,31

30,90
18,70

49,66

31,99
S6,11

88,10

2,50
1400,
002,
802,
1,80

2u9,8

249,7
3001,

9,75
10,00

19,76

9.78
‘20,00

29,76

16,58
15,10

31,08

19,51
17,06

36,57

19,51
20,00

39,51

29,26
10,00

39,36

29,26
20,00

49,26

30,24
60,014

90,28

10.92
8,37

10,92
16,74

27,606

18,56
12,64

31,20

21,83
14,28

36,11

21,83
16,74

318,57

32,78
8,37

41,12

32,75
16,74

49,49

33,84
50,22

84,07

10,83

19,13

10,83
10,61

27,44

18,41
12,54

30,95

21,66
14,17

35,83

21,466
16,64

318,27

32,49
8,30

40,80

32,49
16,61

49,10

PUBLIC SERVICE INDIANA
CAES IN AQUIFER
DOE NO. ET-78-C-01-2158
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Table C-4

Y00 PSIA , 150021500 F , COOLED LPT OI8KS, 1 INTERCOOLER, (AeaA)
DANIEL J, "‘QINACClo LONG RANGE DEVEOPMENT, Ae?0} , (213) 593=328)

CASE %,00 6,00 7,00 8,00 9,00 10,00 11,00
TIHPT 1500, 1800, 1800, 1800, 1800, 1%00, 1800,
T2HPY 884, 910, 960, 1003, 1044, 1078, 1109,

TILPY 1500, 1%00, 1%00, 1500, 1%00, 3800, 1500,
CAV LOS - 1,20 1,20 1,20 1,20 1,20 1,20 3,20
REG EFTY 10 JJO G 70 JJO 470 0,70
COMP KW 249,8 249,8 209,8 249,8 249,8 2u9,8 249,8
TURB kW 315,0 315,6 315,0 314,64 312,2 310,06 308,6
HoR, 4ue8, 4394, 4337, G289, 4252, 4220, 4194,

FUEL CUST @ 32,50 PER MILLION BTU :

ELECT CUST m 10,00 MILS PER KWeHR ENERGY COST RATIO @ 2500
11,17 10,98 10,84 10,72 10,063 10,58 10,48 :
T.93 7,91 7,93 7,94 8,00 8,04 8,09

TUTAL POWER PRUDUCTION COSTS IN MIL3 PER KweHR

19,10 18,90 18,77 18,67 18,03 18,59 18,58

FUEL COST = 82,30 PER MILLION 8TV ’

ELECT CUST & 20,00 MIL8 PER KweNR ENERGY CO8T RATIO & ,i2%0
11447 10,98 10,84 10,72 10,63 10,55 10,48 .
15,86 18,83 185,86 15,89 16,00 16,08 16,18

TOTAL POWER PRODUCYION COSTS IN MILS PER KweHR

27,03 26,81 26,70 Q26,61 26,03 26,63 26,67

FUEL CUST ® 84,25 PER MILLION BTV )
ELECT COST = 15,10 MILS PER KweHR ENERGY CUST RATIO s 2818
18,99 18,67 18,43 18,23 18,07 17,94 17,82
11,97 11,95 11,97 12,00 12,08 12,14 12,22
TUTal POWER PRODUCTION COST8 IN MILS PER KWweNR
30,96 30,62 30,40 30,23 30,15 30,08 30,04

-~

FUEL CUST ® 85,00 PER MILLION BTV

ELECT COST ® 17,06 MILS PER KWeMR ENERGY COST RATIO s ,2931%
22,34 21,97 21,68 21,45 21,26 21,10 20,97

15,53 13,50 13,53 13,55 13,65 13,72 13,81

TUTAL POWER PRODUCTION COSTS IN MILS PER KWaMR

39,87 35,47 35,21 35,00 34,91 34,82 34,77

FUEL CUST & 35,00 PER MILLION BTY

ELECT CUST & 20,00 MIL8 PER KWeNR ENERGY CUST RATIO m ,2500
22,34 21,97 24,08 21,45 21,26 21,10 20,97

15,86 15,83 15,86 15,89 16,00 16,08 106,18

TuTal PUWER PRODUCTION CO8TS IN MILS PER KweMR

3p,20 37,80 37,54 37,33 37,26 37,18 37,18

FUEL CGST ® $7,50 PER MILLION BTU
ELECT COST m 10,00 MILS PER KweNR ENERGY CUST RATIO @ 7800
33,51 32,98 32,32 32,17 31,89 31,68 3,49

7,93 1,91 7,93 7,94 8,00 B,04 8,09

TIITAL PUWER PRUDUCTION COSTS IN MILS PER KweHR

41,04 GD,BY 40,45 40,11 39,89 39,89 39,54

PUEL COST m $7,50 PER MILLION BTU
ELECT COST & 20,00 MILS PER kweMR ENERGY COST RATIO 8 ,3750
35,91 32,98 32,52 32,17 31,89 31,88 31,48

15,86 15,83 15,86 15,89 16,00 16,08 16,18

TiUTAL POWER PRQOUCTIUN COSTS IN MILS PER KwelR

49,37 48,78 48,38 48,06 47,89 4T,T4 47,64

FUEL CUST ® 87,79 PER MILLION BYU :

ELECT COST ® 60,00 MILS PER KwewR ENERGY COS8T RATIO & ,1292
34,62 34,08 33,01 33,24 32,95 32,71 32,90

47,58 47,48 47,57 47,60 48,00 48,25 48,55

TUTAL PUWER PRODUCTIOUN COSTS IN MILS PER KweHR )
82,20 81,53 84,18 80,91 80,93 80,96 81,05 W1574)

C-7 PUBLIC SERVICE INDIANA
CAES IN AQUIFER
DOE NO, ET-78-C-01-2150




Table C-5

700 PSIA CNARGING PRESSURE, COUL!D LP TURBINE 0J8K8 , @ INTERCOOLERS
DANJEL J, MARINACCI, LONG RANGE DEVEQPMENT, A=703 , (31%) 3595+328}

CASE
TINPY
T2NPY
TiLPY
CAY LOS
REG EFT
COMP KW
TURB Kn
HeR,

2,10
1500,
1109,
1800,

1,20

.70
2}3.“
308,46
4194,

FUEL
ELECT
10,48
7.56
TOTAL
18,08

FUEL

ELECY
10,48
15,12
TITAL
2!.61

FUEL

ELECT
17,82
11,42
TOTAL
29,24

FUEL

ELECT
20,97
12,90
TOTAL
33,87

FUEL

ELECT
20,97
15,12
TUTAL
30,09

FUEL
ELECT
31,45
7.56
TUTAL
39,01

FUEL

ELECY
31,48
15,12
TUTAL
46,87

FUEL

ELECTY
32,50
45,37
TOTAL
77,87

e, &, 12 2,13 2,14 &,19 2,16
1500, 21%0, edé, 863, a21%0, 21%0,
1108, 10%e, 2%2, 414, 1098, 1078,
21%0, 109¢, %00, 21%0, 21%0, 1500,

1.30 1.20 1.20 . ‘.‘o 1‘30 t.‘o

70 o 70 70 70 70 70
233,4 233,40 233, 4 233, 4 233,44 2334
361,9 311,85 243,1 298,44 372,0 344,90
4980, 4366, UoT2, 5188, 8268, 4T3E,

COST & 32,50 PER MILLION BTV

COST m 10,00 MILS PER KWeHR ENERGY CO8T
11,48 10,92 11,68 12,96 13,16 11,84
6,45 7,49 9,60 7,82 6,27 t.??

POwER PRDDUCT!ON CODYI xN MILS PER KWeHR
17,90 $8,41 21,28 20,78 19,44 18,61

COST & 32,50 PER MILLION BTV
CUST & 20,00 MILS PER KWeMR ENERGY CUST

11448 10,92 11,08 12,96 13,16 11,84

12,90 14,98 19,20 15,64 12,59 13,53
PONER PROOUCTIUN COSTB IN MILS P!R KN-HR
24,35 29,90 30,88 28,60 2%,71 25,)8

COST » 84,25 PER MILLION BTU
COST & 15,10 MILS PER KweHR ENERGY COAT
19,46 18,56 19,86 22,04 12.37 20,14
9.74 11,31 14,49 11,81 W47 10,22
PONER PRUDUCT!ON cosTs N nst PER KWeHR
29,20 29,87 34,33 33,84 31,85 30,38

COST ® $5,00 PER MILLION BTV

COST 8 17,00 MILS PER KwWeHR ENERGY Cu8Y
22,90 21,83 23,36 2%,92 26,32 23,89
11,00 12,78 16,38 13,34. 10,70 11,94

POWER PRDDUCTION COS8TS IN MILS PER KWeHR
33,90 34,61 39,74 39,26 37,03 35,23

CUST ® 35,00 PER MILLION BTU

COST m 20,00 MILS PER KweMR ENERGY COST
22,90 21,83 23,36 25,92 26,32 23,69
12,90 14,98 19,20 15,64 12,55 13,953

PUNER PRUDUCTION COSTS IN MILS PER KN-HR
35,80 36,82 42,56 41,56 38,87 37,22

CUST = 87,50 PER MILLION BTU

COST @ 10,00 MILS PER kKweMR ENERGY CUST
34,35 32,75 35,04 38,89 39,48 35,93
6,48 7,49 9,60 7.82 6,27 6,77

PUWER PRODUCTION CUSTS IN MILS PER KweHR
40,80 40,24 YU, 66 Ub,TY 45,76 42,30

CUST a 87,350 PER MILLION BTU

CUST 8 20,00 MILS PER KweHR ENERGY CQ8T
34,39 32,75 35,04 38,89 39,48 35,53
12,90 14,98 19,20 15,60 12,55 13,53

PUWER PRUDUCTION COSTS IN MJLS PER KweHR
47,25 47,73 S4,24 S%4,5¢ 52,03 49,07

CUST = 87,75 PER MILLION BTU

COST & 60,00 MILS PER KWeHR ENERGY COST
35,49 33,84 36,21 40,18 40,80 36,72
38,69 44,95 87,59 46,92 37,64 40, 59

PUWEn PRODUCTIUN cosvs IN MILS PER xu.un
T4, 19 78,79 93,80 487,10 78,44 T3

C-8

2,20
1500,
874,
’r4,
1,20
070
33,4
264,60
3982,

RATIO
9,88
8,82

18,70

RATIO
9,88
$17,64

27,52

RATIO
16,80
13,32

30,12

RATIO
19,76
15,08

34,81

RATIO
19,76
17,04

37,40

RATIQ
29,604
8,82

38,46

.RATIO

29,64

l7.6“

47,28

RATIO
30,03
52,93

83,55

2,30
1500,
1052,
1500,

1,40

: .90
233,40
333,2
4040,

s ,2%00
10,10
Ted2

17,32

" ,13%0
10,10
14,44

24,54

s ,2019
17417
10,90

28,07

a ,2931
20,30
12,32

32,82

. ,2500
20,20
14,44

!“.ba

s ,7500
30,30
Te22

37,52

s L3780
30,30
14,44

44, T4

. 1292
31,81
03,32

T4,63

2,40
1500,
1364,
1900,

1,50

233,4
2067,1

41ae,

10,32
8,74

19,00

10,32
17,68

27,80

17,54
13,19

30,74

20,064
14,9}

35,5%

20,064
17,48

38,12

30,906
8,74

39,70

30,96
17,48

48, 4y

31,99
$2,43

84,42

2,30

1400, -

‘862,
80a,
1,80

233,4
49,7
3904,

9,78
4,38

19,10

9,7%
18,69

28,44

10,58
14,11

:o..’

19,51
18,94

35,48

19,51
18,69

38,20

29,26
9,35

38,61

29,126
18,69

47,95

30,84

56,07
86,31

2,00
1500,
816,
1300,
1,20
a433,4
298¢
4367,

10,92
7.02

18,%4

10,92
15,64

d6,%6

18,56
11,81

30,37

1,83
13,34

3%,18

21,83
15,64

37,48

32,75
7.82

“0.57

32,75
15,64

48,39

33,84
46,93

80,77

2,70
1300,
832,
1500,
1,20
|7°
233,4
300,8
4332,

10,83
Ta70

18,%9

10,83
18,52

26,35

18,41

11,7
30,12

R1,06
13,24

34,90

21,66
19,92

37,18

38,49
776

40,29

32,49
15,52

48,01

33,58
46,55

go,12

PUBLIC SERVICE INDIANA
CAES IN AQUIFER
DOE NO. ET-78-C-01-2159




- Table C-6

700.PSIA ¢ 150001800 F , COOLED LPT DISKS,
OANIEL J, MARINACCI, LONG RANGE DEVEOPMENT,

3 INTERCOOLERS, (AeAwAr)
s (218) 99%«328)

A=703

CASE 5,00 6,00 7,00 8,00 ' 9,00 10,00 11,00
TINPT 1500, 1%00, 1800, 1500, 1800, 1%00, 1500,
T2HPT 884, 910, 960, 1002, 1044, 1078, 1109,

TILPY 1800,

CAV LO8 1,20

REQ &FY o 70
COMP xw 233,4
TURB KW 315,0
MR, 4ue8,

FUEL

ELECT COST w 10,00 MILS PER KWeMR - ENERGY CO8TY
11,17 10,98 10,84 30,72 10,63 10,53 10,48
T bl 7439 Toll 7,42 Te47 7,51 7.56

TUTal POWER PRODUCTION COSTS IN MILS PER KWeMR -

18,58

FUEL

1500, 1900, 1500, 1800, 1500, 1300,
1,20 1,20 1,20 1,20 1,30 1,20
WJJO 70 70 70 0 70
233,64 333,04 233,04 2334 233,4 233,
315,6 318,0 31d,4 312,2 310,6 308,6
4394, 4337, 4289, aas2, G220, 4194,

COST & 82,50 PER MILLION BTV

18,38 18,29 18,19 18,10 18,06 18,08

COST #.32,50 PER MILLION 8TU

ELECT COST » 20,00 MILS PER KweHR ENERGY CUST
11,17 10,98 10,84 10,73 10,63 10,99 10,48
14,82 14,79 14,82 14,8% 14,95 185,03 18,12
TUTAL POWER PRODUCTION COSTS IN MILS PER KwaMR
25,99 25,77 25,66 25,37 25,58 @2%,58 29,61
FUEL, COUST = $4,23 PER MILLION BTU

ELECT COST a 15,10 MILS PER KweMR ENERGY CO8Y
18,99 18,67 18,43 18,23 18,07 17,94 17,82

11,19
TUTAL
30,18

FUEL

ELECT
22,34
12,64
TUTAL
34,98

FVEL
ELECT
22,34
14,82
TUTAL
37,10

FUEL
ELECT
33,51¢
7,41
TUTAL
40,92

FUEL

ELECT
33,581
14,82
TUTal
48,33

FUEL
ELECT
34,062
Udg ud
TuTal
79,08

11,16 11,19 11,21 11,29 11,38 11,62
POWER PRODUCTION COSTS IN MIL8 PER KweHR
29,84 29,82 29,44 29,36 29,28 29,24

CUST & §5,00 PER MILLION BTU
CUST & 17,00 MILS PER KWeNR ENERGY COST
21,97 21,68 21,49 21,26 21,10 20,97
12,61 12,64 12,66 12,7% 12,82 12,90
POWER PRODUCTION COSTS IN MILS PER KWeHR
34,58 34,32 34,11 34,01 33,92 33,87

CUST ® 85,00 PER MILLION BTYU

COST ® 20,00 MILS PER Kw=HR ENERGY CO3T.

21,97 21,68 21,45 21,26 21,10 20,97
14,79 14,82 14,88 14,95 15,03 18,12
PUOWER PRODUGTION GOSTS IN MILS PER KWeHR
36,76 36,30 36,29 36,21 3b,13 36,00

CUST 3 87,50 PER MILLION BTU
CUST a $0,00 MILB PER KWeWR  ENERGY COST
32,95 32,52 32417 31,89 31,65 31,45
7439 7,41 7,42 T4 7,51 7,36
POWER PRODUCTION COSTS IN MILS PER KweHR
40,35 39,93 39,59 39,37 39,17 39,0}

COST ®» $7,50 PER MILLIUN 8TU

CGST & 20,00 MILS PER KWeHR ENERGY CUST
32.9% 32,32 32,17 31,89 31,65 31,45
14,79 14,82 14,8% 14,95 15,03 18,12

PUWER PRODUCTIUN COSTS IN MILS PER KWeHR
47,74 47,34 47,02 46,84 46,68 46,97

COST m» §7,75 PER MILLION BTU

CUST & 50,00 MILY PER KWeHR ENERGY COST
34,05 33,61 33,24 32,95 32,71 32,50
GU,36 UU,4S 44,56 4u,88 4s,08 us. 37
POWER PRUDUCTION COSTS IN MILS PER KWeMR
78,42 78,06 77,78 TYV,BO0 77,79 77,87

RATIO

RATIO

RATIQ

RATIO

RATIO

RATIO

RATIO

RATIO

+ 2500

112%0

2819

2931

02500

,7500

03750

1292

W1576)

c-9

PUBLIC SERVICE INDIANA
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Table C-7

11%0 CHARGING PRESSURE, COOLED LPT DISKS, 1 INTERCOOLER,
DANIEL J, MARINACCI, LONG RANGE DEVEOPMENT, Ae703 , (21%) 5953283

CASE
TiHPY
“2uPY
{LPT
-AV LOS
REG EFT
COMP Kw
TURB Kw
H.“.

}.01
219%0,
1102,
21%0,

1,20

70
291,7
420,40
“822,

FUEL
ELECT

12,06

6,%
TUTAL
18,99

FUEL

ELECT
12,06
13,87
TUTAL
25,93

FUEL
ELECT
Qu, 469
10,47
TOTAL
30,97

FUEL

ELECT
24,11
11,83
TUTAL
3§,94

FUEL

ELECT
24,11
13,87
TUTAL
37,98

FUEL
ELECT
Jo,i7
6,94
TJTAL
43,10

FUEL
ELECT
3o, 17
13,87
TUTAL
50,04

FUEL
ELECT
37,37
Y.
TUTAL
74,99

3,02 3,10 3,20 3,30 3,40 3,50
21%0, 1500, 1500, 1300, 75, 473,
1109, 1109, 830, 739, 347, 202,
1s00, 21%0, 1500, 1%00, 2180, 1%00,

1,20 1,20 1,20 1,20 1,20 1,20

70 W70 10 70 70 W70
291,7 291,7 291,717 291,7 291,717 291,7
381,4 401,9 353,2 335,9 380,0 278,4
4408, 4310, G236, 4179, 4Ses, 4221,

COST 5 $2,%0 PER MILLION BTV

COST = 10,00 MILS PER KWeMR ENERGY CUAST
11402 10477 10,59 10,45 11,41 10,95
7468 T.26 8,26 8,068 8,33 10,48

PU“ER PRUDUCTIUN 20378 IN MILS PER Kh-HR
18,67 18,03 18,88 19,13 19,75 21,03

COST ®» $2,%0 PER MILLION BTU

CUST 8 20,00 MILS PER KWeHR ENERGY CuS8T
11,02 10,77 10,59 10,48 11,41 10,55
18,30 14,952 16,%2 17,37 16,67 20,9%

POWER PRUDUCTION COSTS IN MILS PER XweHR
26,32 @%,39 7,11 27,82 28,08 31,51

COST & $4,25 PER MILLION BTU

CUST = 15,10 MILS PER KWeMR ENERGY COST
18,73 18,32 18,00 17,76 19,40 17,94
11,59 10,96 12,47 13,11 12,58 19,82

PUWER PROODUCTIUN COSTS IN MILS PER KweHR
30,28 29,28 30,47 30,87 31,99 33,76

CUST s $5,00 PER MILLION BTV

CUST & 17,06 MILS PER KwekR ENERGY CUST
22,04 21,55 21,18 0,90 22,83 2f,11
13,05 12,38 14,09 14,82 14,22 17,88

POWER PRUODUCTIUN COSTS IN MILS PER XWekR
35,09 33,93 35,27 3S,71 37,08 3a,98

CUST = $5,00 PER MILLION BTU ) .
CUST ® 20,00 MILS PER KWeMR ENERGY COUST
22,04 21,95 21,18 20,90 22,83 21,1}
15,30 14,52 16,82 17,37 16,67 20,98
POWER PRODUCTIUN COSTS IN MILS PER KwepR
37,34 36,06 17,70 38,26 39,50 42,06

CUST ® $7,3%0 PER MILLION BTU

CUST ® 10,00 MILS PER KwewWR ENERGY CUST
33,06 32,32 31,77 31,34 34,24 31,006
7,65 7.20 8,26 8,08 8,33 110,48

PUWER PRODUCTIUN COSTS IN MILS PER KwekR
40,71 39,58 40,03 40,03 42,58 42,14

CO8T & $7,50 PER MILLION BTU

COST 8 20,00 MILS PER KwehR ENERLY CUST
33,00 32,32 31,77 31,34 34,24 31,66
185,30 14,52 16,%2 17,37 16,67 20,99

POWER PRUDUCTIUN COSTS IN MILS PER KiwshkR
48,36 4,84 WB,29 48,71 50,91 52,81

cO8T m 87,75 PER MILLION BTV

COST » 60,00 MILS PER KWeHR ENERGY COST

34,16 33,40 32,83 32,39 35,39 J2,7¢
48,89 43,55 69,56 S2,11 50,00 2,88
PUWER PRODUCTIUN COSTS IN MILS PER xwaHR

80,05 76,95 82,39 A4,49 85,39 95,58

Cr]O

(A=A)

3,00
2150,
1016,
1010,

1,20

70

291,7

341,89
4130,

RATIO
10,33
8,%4

18,87

RATIO
10,33
17,08

27,41

RATIQ
17.58
12,90

30,49

'

RATIQ
20,465
14,57

35,22

RATIU
20,065
17,08

37,73

RATIO
30,98
8,54

39,352

RATIO
30,98
17,08

48,08

RATIO
32,01
81,29

83,26

3,70
11800,
802,
802,
1,20
70
2910’
208,8
3799,

s ,2%00
9,50
10,10

19,60

» ,12%0
9,%0
20,20

29,70

s 20818
16,19
15,295

31,40

19,00
17,23

36,23

L} .ZSOO
19,00
20,20

39,20

8 47500
28,49
10,10

38,59

s ,37%0
26,49
20,20

48,69

s 1292
29,44
60,61

90,08

3,80
1500,
829,
1800,
1,20

.80
2% ,?7
3%2,8
“o9e,

10,24
8,27

18,51

10,24
16,54

26,78

17,41
12,49

29,89

20,48
14411

34,99

20,48
16,54

31,02

Jo.72
8,27

38,99

30,72
16,54

47,26

31,74
49,02

81,38
W1577

3,90 3,10 3,12
1500, 1500, 1800,
802, 828, 883,
802, 1300, 1%00,
1,20 1,20 3,10
.80 090 .80
291,7 291,71 91,7
268,7 333,3 364,2-
3750, 3984, 3999,

9.)7 9.09 10.00
10,18 8,28 8,04

19,48 18,16 18,01

9,37 9,89 10,00
20,21 16,5 16,02

29,88 26,44 26,02

15,94 16,81 16,99
15,26 12,90 12,10

31,20 29,31 29,09

18,75 19,77 19,99
17,20 14,12 13,87

35,99 33,90 33,66

18,78 19,77 19,99
20,21 16,5 106,02

38,96 36,33 3,01

28,12 29,66 29,99
10,11 8,28 8,01

38,283 37,94 38,00

28,12 29,66 29,99
20,21 16,86 16,02

48,33 46,21 us,01

29,06 30,65 . 30,99
60,63 49,67 u8,00

89,69 80,32 79,08

3,13
1500,
981,
1500,
1,50

291 7
37
“lll.

10,33
9.15

‘19,82

10,33
18,37

28,70

17,56
13,87

331,43

20,66
15,67

Jo, 33

20,606
18,37

39,03

31,00
9,18

40,18

31,00
18,37

49,30

. 32,03

58,10
87,13

PUBLIC SERVICE INDIANA
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Table C-8

150021500 F, COOLED LPY DISKS, { INTERCOOLER, (A=A)

DANIEL J, MARINACCI, LONG RANGE DEVEOPMENT, A=703 , (213) 395338}

1190 P814,

CASE 4,00
TiHPY 1500,
‘2HPT 653,
"1LPY 1500,
CAV LOS 1,20
REG &rY 70
COMP KW 291,7
TURB KW 34S,3
MR, 448,

FUEL

ELECT
11.20

8,48
TOTAL
19,45

FUEL

ELECT
11,20
16,90
TOTaAL
28,10

FUEL

ELECT
19,08
12,76
TATAL
31,80

FUEL

ELECT
22,41
14,4}
TUvTAL
36,82

FUEL

ELECT
22,4l
{o,90
TJUTAL
39,30

FUEL
ELECT
33,61
8,08
TUTAL
42,06

FUEL

ELECT
33,61
16,90
TUTAL
Sv,51

FUEL

ELECY
34,73
50,69
TUTAL

5,00 6,00 7,00 7,51 8,00 9,00
1800, 1%00, 11500, 1500, 1S00, 1300,
718, 763, 808, 830, 848, - 884,
1800, 1500, 1%00, 1500, 1500, 1500,
1,20 1,20 .20 1.20 1,30 1,20
W70 « 70 W 70 70 W 70 o 70
291,77 291,77 291,7 @94,7 @91,7 291,7
3“909 352.0 353.3 353.2 353.2 3’2.6
4389, 4315, 4200, 4236, 4d2ie, 4180,

COSY & $3,%0 PER MILLION BTY

COST & 10,00 MILS PER KweNR ENERGY COST
10,96 10,79 10,65 10,59 10,54 10,49
8,34 8,29 8,26 8,26 8,206 8,27

POWER PRODUCTION COSTS IN MILY PER KweNR
19,30 19,08 18,91 18,85 18,80 18,72

COST 8 32,30 PER MILLION BTU

COST ® 20,00 MILS PER KWeMR ENERGY COST
10,96 10,79 10,65 10,89 10,54 10,45
16,67 16,57 16,82 16,52 16,52 16,54

POWER PRODUCTION COSTS IN MILS PER KWeHR
27.64 27,36 27,17 27,11 27,06 26,99

COST ® 34,25 PER MILLION BTU

COST m» 15,10 MILS PER KWeNR ENERGY GOST
18,64 18,34 18,11 18,00 17,92 17,78
12459 12,51 12,47 12,47 12,47 12,49

PUWER PRODUCTION COSTS IN MILS PER KweHR
31,22 30,85 30,%8 30,47 30,39 30,25

COST ® $5,00 PER MILLION BTU
CUST ® 17,06 MILS PER KWeHR ENERGY COST
21,93 21,98 21,30 21,18 21,08 20,90
14,22 14410 16,09 14,09 14,09 14,1t
PUWER PRODUCTION COSTS IN MILS PER KweHR
36,15 35,72 35,39 35,27 3S,17 35,01

COST =» §5,00 PER MILLION BTU

CUST & 20,00 MILS PER KweMR ENERGY COS8TY
21,93 21,58 21,30 21,18 21,08 20,90
16,67 16,57 16,52 16,52 16,52 16,54

POWER PRODUGCYION CUSTS IN MILS PFR KWeHR
38,60 38,15 37,82 37,70 37,60 37,44

CuST » $7,%0 PER MILLION 8TU
CUST & 10,00 MILS PER KWeMR ENERGY CO8Y
32,89 32,37 31,98 31,77 31,62 31,35
8,34 8,29 8,26 8,26 8,26 8,27
PUWER PRUDUCTIUN COSTS IN MILS PER KweHR
41,82 40,63 40,21 40,03 39,88 39,82

CUST » 87,30 PER MILLION BTV

CUST & 20,00 MILS PER KWeHR ENERGY COST
32.89 32,37 31,95 31,77 31,62 31,35
16,87 16,57 16,52 16,92 16,52 16,54

POWER PRODUCTIUN CD8TS IN MILS PER KweHR
49,%6 48,94 4B, 4T 48,29 48,14 47,89

€OST 8 87,75 PER MILLION 8TU

CUST & 20,00 MILS PER KwenR ENERGY COST
33,98 33,44 33,02 32,83 32,68 32,39
80,02 49,72 49,56 49,55 49,56 49,63

POWER PRODYCTION COSTS IN MIL8 PER KwehR
84,00 83,17 82,58 82,38 82,23 82,02

c-N

10,00
1500,
915,
1500,
1,20
.10
291,7
3%52,0
4149,

RATIO
10,37
8,29

18,66

RATIO0
10.37
16,87

26,99

RATIO
17,63
12,51

30,18

RATIO
20.75
14,14

34,89

RATIO
20,79
16,97

37,32

RATIO
31412
8,29

39,44

RATIO
31413
16,57

47,69

RATIN
32,108
49,72

8‘.66

11,00
1500,
97,
1500,
1,20
.70
291,7
350,1
4129,

s 22500
10,31
8,33

18,64

» 412%0
10,34
10,066

26,97

. L2818
17,53
12,58

30,11

u 42931
20,02
14,21

34,84

" ,2900
20,62
16,66

37,29

. (7300
30,94
8,33

39,27

8 3750
30,94
§6,66

47,060

s 1292
31,97
49,99

81,95

12,00
1300,
974,
1500,
1,20

[}
91,7

348,9
4g02,

10,26
8,38

10,26
16,72

26,98

17,44
12,62

30,06

20,81
14,26

34,78

20,451
16,72

37,23

30,77
8,36

39,13

30,77
16,72

47,49

31,79
50,16

81,96

W1s78)

14,00
1900,
1027,
1800,
1480
70
291,7
344,9
doee,

10,17
8,46

18,62

10,17
16,92

27,08

17,28
12,77

30,05

20,33
14,43

34,76

20,33
16,92

37,25

30,50
8,46

38,95

30,50
16,92

47,41

31,91
50,75

82,26

18,00
1800,
1049,
1500,

1,20
91,7
343,46
4080,

10,13
8.50

18,62

10,13
16,99

27,12

17,21
12,83

30,04

20,28
14,49

34,74

80,2%
16,99

37,84

30,38
8,50

38,87

30,38
16,99

41,3

31,39
50,97

82,36

16,00
1500,
1070,
1500,
1,20
70
291,7
341,8
4039,

10,09
8,54

18,62

10,09
17,07

27,16

17419
12,89

30,04

20,18
14,58

34,74

20,48
17,07

37,25

30,27
8,54

38,80

30,27
17,07

47,34

31,27
51,21

82,48

17,00
1800,
1089,
1800,
1.20
.10
291,7
340,14
4oda,

10,06
8,58

18,63

10,06
17,15

‘27.21

17,09
12,99

30,04

20,11
14,63

34,74

20,11
17,18

3’.26

30,17
8,%8

38,74

30,17
17,189

47,32

31,17
Sied6

82,63
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1180 CHARGING PRESIURE, COOLED LPY DI8KS, 2
ODANIEL J, MARINACCI, LONG RANGE DEVEOPMENT,

CASE 3,00 3,02 3,10 3,20 3,30
TIWPT 2150, 210, iS00, 1500, 1300,
“~HpT 1102, 1105, 1105, 830, 759,

LPT 2i1%0, 1%00, @1%0, 1%00, 1900,
SV L0 1,20 1,20 1,30 1,20 .20
REG EFT .70 270 o 70 .70 +70
COMP KW 206,77 266,77 264,77 266,77 266,7
TURB KW 420,060 381,4 40i,9 3%3,2 .33%,9
MR, 4822, 4408, 4310, 4ale, 41y,

FUEL COSY o 32,50 PER MILLION BYU
ELECY COST 3 10,00 MILS PER KWeHR
12,06 31,02 10,77 10,89 10,45
6,34 6,99 6,64 7,59 7,94

Table C-9
INTERCOOLERS,

Ae703
3,40

3,50

70
266,7
278,4
4a2s,

ENERGY CO8T

11,41
T.62

10,35
9,98

TUTAL POWER PRODUCTION COSTS IN MILS PER KWsHR

18,40 18,01 17,41 18,14 18,39

FUEL COST m 32,50 PER MILLION BTU
ELECT COST & 20,00 MILS PER KWeHR
12,08 13,99 13,27 15,11 15,88

19,04

20,13

ENERGY CO8Y

11,41
15,24

10,58
19,16

TuTaL POWER PRODUCTION CO8TS IN MILS PER KWeHR
24,74 25,01 264,05 25,70 26,33 26,66 29,7}

FUEL CUST = 84,295 PER MILLION BTV
ELECT CUSYT » 15,10 MILS PER KWeHR
20,49 18,73 18,32 18,00 17,76

9,%8 10,56 10,02 11,40 13,99

ENERGY COS8T

19,40
11,51

17,94
14,47

TUTAL PUWER PRODUCTIUN CO8T8 IN MILS PER KWehR

30,07 29,29 28,34 29,41 29,75

FUEL COST s 35,00 PER MILLION 8TU
ELECT CUST =m 17,06 MILS PER KWweMR
24,11 22,04 21,55 21,18 20,90
10,82 11,93 11,32 12,89 13,%5

30,94

32,41

ENERGY COST

22,83
13,00

21,11
16,35

TUTAL POWER PROODUCTIUN CNSTS IN MILI PER KwaeHR

34,93 33,97 32,87 34,06 34,44

FUEL CUST = $%,00 PER MILLION BTU
ELECT COST & 20,00 MILS PER KwWeNR
24 11 22,04 21,95 21,18 20,90
12,68 13,99 13,27 15,11 19,88

35,83

37,4S

ENERGY CO8T

22,83
15,24

21,11
19,16

TUTAL PUWER PRODUCTION COSTS IN MIL3 PER KwehR

30,80 36,03 34,82 36,28 3Ie,78

FUEL COST m $7,30 PER MILLION BTU

ELECT COST ® 10,00 MILS PER KWehR
3,17 33,06 32,32 31,77 34,34
0,34 6,99 6,64 7,55 7,94

38,07

40,27

ENERGY COS7

34,24
7,62

31,06
9,98

TUTAL PUWER PRUDUCTIUN COSTS IN MIL8 PER KweHR

42,51 40,05 38,96 39,32 139,28

FUEL CUST = 37,30 PER MILLION BTU
ELECT COST = 20,00 MILS PER KweHR
30,17 33,06 32,32 31,77 3,34
12,68 13,99 13,27 15,11 15,88

41,86

uy, 24

ENERGY €OQST

34,26
15,24

31,606
19,16

TUTAL PUWER PRODUCTION CDSTS IN MIL3 PER KweHR

48,85 47,05 48,60 46,87 47,22

FUEL C€OST & 87,75 PER MILLION BTV
' ELECT COST » 60,00 MILS PER KWeMR

38,08 45,90 39,82 45,32 47,069

49,49

$0,82

ENERGY CO8T
37,37 34,16 33,40 32,83 32,39 15,39 132,74

HS."!

$7,49

TuTal PUWER PRODUCTION COBTS IN MIL8 PER KWeMR

75,03 Te,12 T3, 22 78,14 80,03

81,11

90,20
c-12

(AeAeA)
s (213) 998<328)

3,00
a1%0,
1016,
1016,

1,20

W70
206,7
361,83
4130,

RATIO
10,33
7.81

18,14

RATIO
10,33
15462

25,99

RATIO
17,58
11,79

29,35

RATIO
13,32

33,98

RAT10
20,65
15,02

36,27

RATIO
30,98
7.81

38,79

RATIO
30,98
15,62

4o,060

RATIQ
32,01
46,86

78,87

3,70
1800,
802,
so2,
1,20
2606,7
288.8
3799,

s ,2%00
9,50
9,24

18,73

s 1250
9,50
l‘.“’

27,97

. ,2818
16,15
13,99

30,09

" ,2931
19,00
18,76

34,75

s ,2800
18,47

s ,7500
28,49
9,20

37,73

s 43750
28,40
18,47

46,97

n J1292
29,44
55,42

84,86

3,80

1500,
829,
1500,
1,80
80
266,7
3%2,6
4096,

10,24
7:56

17,80

10,24
18,12

25,306

17,41
11,42

28,82

20,U8
12,90

33,38

20,48
15,12

35,60

Jo,72
7.56

Ja,28

Jo,T2
18,12

45,84

ITL
45,37

77,114

(W1579)

3,90
18500,
802,
802,
1,20

‘266,7

268,71
3750,

9.37
2,24

18,01

’. ,’
18,48

27,8¢

15,94
13,99

29,89

18,75
15,76

34,51

18,75
18,48

37.23

28,12
9,24

37,36

28;12
18,48

46,00

29,06
$8,44

84,%0

9,89
7,97

17,46

9,80
185,14

2%,03

16,81
11,43

28,24

19,77
12,92

32,69

19,77
15,14

34,94

29,66
7.97

37,23

29,66
15,14

44,80

30,68
48,42

76,07

3,12
1800,
883,
1800,
1140
480
268,7
364, 2
3999,

10,00
733

17,32

10,00
14,69

24,09

16,99
11,06

26,09

19,99
12,90

32,49

19,99
{4,098

34,04

29,99
7.33

37,3

29,99
14,68

44,64

30,99
43,99

74,94

3,13
1500,
%1,
1800,
1,950
.80
266,7
317,77

10.33
8,40

18,73

10,33

16,79

27,13

17,56
12,68

30,24

20,66
14,33

34,99

20,66
16,79

37,46

31,00
8,40

39,39

31,00
16,79

47,79

32,03
0,38

82,41
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1150 P8IA, 1950001900 F, COULED LPT DI8KS, 2

cAse
TIHPY
TeWPY
inrer
AV LO8
REG EFY
COMP KW
TURE KW
"ORI

4,00
1500,
o33,
1500,
1.!0
.70
06,7
348,3
4481,

PUEL

ELECT

11,20
7,73

Table C-10

(AeAwA)
s (219) 39%«328)

INTERCOOLERS,
A=703
6,00 9,00
1500, 1500,
sus, 884,
1500, 1900,
1,20 1,20
70 70
206,7 266,7
353,23 3%2,6
4216, 4180,

ENERGY COSTY

10,54
7,58

10,48
7,56

DANIEL J, MARINACCI, LONG RANGE DEVEOPMENT,
$.00 6,00 7.00 T7.51
1300, 1%00, 1300, 1500,
712, 763, 808, 830,
1%00, 1900, 1300, 1900,
1,20 1,20 1,20 1,80
W70 070 70 70
266,77 266,77 266,77 266,7
349,9 3%2,0 3%3,2 1%3,2
4388, 4319, 4260, 4ade,
COST » 32,50 PER MILLION BTV
CO8T & 10,00 MILS PER KweMR
10,96 10,79 10,63 10,5¢
T.62 7.%8 7.%5% 7,58
POWER PRODUCTION COSTS IN MILS PER KWeHR

TuTaL
18,93

FUEL

ELECT
11,20
195,48
TOTAL
20,68

FUEL

ELECY
19,08
11,006
TUTAL
39,71

FUEL

ELECT
22,41
13,18
TuTAL
35,59

FUEQ

ELECT
22,41
15,48
TUTAL
37,86

FUEL
ELECT
33,061
7,73
TuTal
41,33

FUEL

ELECT
33,61
19,45
TuTaL
49,06

FUEL

ELECT
34,73
46,38
TUTAL
81,08

18,59

COST o 32,50 PER MILLION BTV

18,37

18,20

18,14

CUST & 20,00 MILS PER KWeMR

10,96
15,298

10,79
18,16

10,068
15,11

10,959
15,10

18,09

ENERGY cOBT

$0,54
15,11

18,01

10,49
19,13

POWER PRODUCTION COSY8 IN MILS PER KWweHR
25,69 25,63 25,58

260,21

CO8T » $4,25 PER MILLION BTU

25,94

25,76

COST » 15,10 MILS PER KWeMR

ENERGY €UST

18464 18,34 18,11 18,00 17,92 17,76
11,51 11,44 11,41 11,40 11,40 11,42
POWER PRUDUCTION COSTS IN MILS PER KwaR
30,1% 29,78 29,851 29,41 29,32 29,19

CO3T » §5,00 PER MILLION BTU

CUST 8 17,006 MILS PER KWeHMR
21,18 31,08 20,90

21,93
13,01

21,98
12,93

21,30
12,89

12,88

ENERGY. CO8Y

12,89

12,90

PUWER PRODUCTIUN COST8 IN MILS PER KWeWR
34,93 34,51 34,19 34,06 33,97 33,80

CUST » 385,00 PER MILLION BTV

COST » 20,00 MIL8 PER KweHR

21,93
15,2%

21,58
1S,10

21,30

19,11

21,18
15,10

ENERGY CUST

31.05
15,11

20,90
15,13

PUwER PRODUCTIUN COSTS IN MILY PER KweHR

37,17

CUST » §7,%0 PER MILLION BTV

36,73

36,41

36,28

CUST = 10,00 MILS PER KiweHR

36,19

ENERGY CUSY

36,03

32,89 32,37 31,95 31,77 31,63 31,38
T.62 7,98 758§ 7,58 7,39 7,56
POWER PRODUCTIUN COSTS IN MILS PER KweWKR
40,51 39,94 39,50 39,32 39,17 138,91

CusST s $7,50 PER MILLION BTV

CUST & 20,00 MILS PER KweHR

32,89
15,25

32,37
18416

31,99
15,114

31,77
18,10

ENERGY COAT

31,02
15,14

31,38
18,13

PUWER PRODUCTION COS8TS IN MIL8 PER AwenWR

48,13

COST » $7,75 PER MILLION BTU

47,52

47,06

46,87

COST & 60,00 MILS PER KweNR

33,98
45,74

33,44
48,47

33,02
45,32

32,83
4s.31

46,73

ENERGY COSTY

32,08
4s,32

up,u8

32,30
48,38

POWER PRODUCTION CO8TS IN MILS8 PER KWeHR

79,72

78,91

78,34

76,14

77,99

17,78
C-13

10,00
1500,

918,
1500,

. 1420

o 70
206,7
358,0
4149,

RATIO
10,37
7.58

17,9%

RATIO
10,37
15,160

25,53

RATIO
17,03
13,44

29,08

RATIO
20,78
12,93

33,68

RATIO & ,2500

20,479
18,16

35,%0

RATIO
31412
7,58

RATIU m ,3750

3,12
15,16

46,28

RATIO ® ,1292

32,16
45,47

77,03

11,00

1800,
%y,
1500,
1,80
70
260,7
350,1¢
4128,

9 2500
10,34
T.62

17,93

n L3390
10,31
19,24

29,59

» ,2018
17,53
11,90

29,03

s L2931
20,062
13,00

33,62

20,62
15,24

35,86

s ,7500
30,96
7.62

}G.SS

30,94
15,24

4o,17

31,97
48,78

77,68

12,00
1500,

1,20
70
866,7
348,9
402,

10,26
T.068

17,90

104206
19,29

25,59

17,44

11,54

28,98

20,51
13,04

33,506

20,514
15,29

35,80

30,77
7,68

38,61

30,77
15,29

31,79
ws,87

77,00

[WRE-T]

14,00
1900,
1027,
1500,

1,20

W70
266,7
344, ¢
40es,

10,17
T.73

17,90

10,87
19,47

25,63

17,28

11,68
28,96

20,33
13,19

33,53

20,33
18,47

39,080

30,50
7,73

38,23

30,80
18,47

45,96

31,81
40,40

77,92

15,00
1500,
1049,
1800,
1,20
.70
266,7
343,4
4080,

104,13
Te7?

17,09

10,13
18,54

17,21
11,73

28,94

20,28
13,25

33,%0

20,28
15.50

l’.,’

30,38
.77

38,14

30,38
19,%¢

48,91

31,39
46,61

78,00

16,00
1500,
1070,
1800,
1,20
70
266,7
34s,8

@038,

10,09
7.80

17,09

10,09
18,61

3!.70

17,18
11,79

28,9

20,18
13,32

33,49

20,18
19,61

35,79

30,27
7,80

38,07

30,27
15,01

45,88

31,27
Ue,83

78,410

17,00
1800,
1089,
1800,
1,20
.70
266,7
340,1
4022,

10,06
7.84

17,90

10,00
15,69

25,74

17,09
11,84

28,9

20,11
13,38

38,49

20,11
15,69

35,80

30,17
T.84

30,04

30,47
15,69

48,85

31,17
47,00

78,23

PUBLIC SERVICE INDIANA
CAES IN AQUIFER
OOE NO, ET-78-C-01-2158




Table C-11

‘250 PSIA CHARGING PRESSURE, UNCOOLED TURBINE DJ8KS, { INTERCUOLER, A=A

DANIEL J, MARINACCI, LONG RANGE DEVEQPMENT, Ae®70}

CASE
TIHPT
Ta2MPY
TILPY
CAV {08
REG EFTY
COMP KW
TURB KW
H,R,

11,10
1090,
1,20
470
171,%
248,68
488,

FUEL
ELECT
11.97

ruf.
16,87

FUEL

ELECT
11,97
13,79
TuTaL
25,76

FUEL

ELECT
20,35
10441
TuTAL
30,76

FUEL

ELECT
23,94
11,17
TUTAL
35,71

FUEL

ELECT
23,94
13,79
TUTAL
37,73

FUEL
ELECT
35,91

TJTAL
42,8}

FUEL

ELECTY
39,91
13,79
TUTAL
49,70

FUEL

ELECT
17,11
41,38
TUTAL
78,49

s (219) 35953283

11,20 11,30 11,40 11,50 131,60 111,70 111,80 11,90 11,10
1300, 607, 1%00, 1800, 1%00, 1800, 500, 14800, 1500,
1010, 497, 1048, 1096, 1048, 1098, 1044, 10858, 1148,
1800, 1%00, 1049, %00, 1045, 1%00, 11044, 1500, 1500,
1.20 1,20 1,20 1,80 1,20 1,80 $420 1,10 1,50
70 W70 o170 .80 80 ¢ 90 90 »80 ¢80
171,5 178,55 171,93 171,95 171,99 178,55 171,55 171,5 171,5
236,35 218,9 219,7 208,3 219,35 247,9 219,2 264,0 203,0
4749, 4610, 4401, 4466, GITY, 4iu0, 3981, U3eT, 479%,
C08Y & 32,50 PER MILLION BYU
CO8T » 10,00 MILS PER KWwHR ENERGY CUST RATIU ® ,2500
ll 80 11,93 11,00 11,16 10,644 10,35 9,88 10,99 11,98
29 7.84 7.80 6,98 T.84 6,92 7,82 6,50 8,42
Pougn PRODUCT!ON cosrs zN MILS p:a KWeHR
19,0% 19,36 18,81 18,07 18,23 17,27 17,70 17,49 20,40
COST » 82,90 PER MILLION BTU
COST & 20,00 MILS PER KwWeHR . ENERGY COST RATIO » 1250
11,80 11,53 11,00 11,16 10,44 10,35 9,88 10,99 1,98
14,30 18,67 18,61 13,81 15,62 13,84 15,64 123,99 16,84
PONER PRUDUCTION COSTS IN MILS PER KWeHR
26,30 27,20 26,61 24,98 26,07 24,19 5,92 e),%8 28,82
CUST ® $4,25 PER MILLION BTU
CUST » 15,10 MILS PER XWeHR ENERGY COS8T RATIO a ,28815
20,06 19,89 18,70 18,98 17,78 17,59 16,79 18,69 20,¥¢
10,95 11,83 11,78 10,43 11,80 10,45 111,81 9,81 12,72
POWER PRUDUCTIUN COSTS IN MILS PER KWeHR ,
31,00 31,42 30,49 29,41 29,55 28,04 28,60 28,50 33,08
COST = §5,00 PER MILLION BTV '
COSY m 17,06 MILS PER KweHR ENERGY CUST RATIO ® 293¢
23,60 23,05 22,00 22,33 20,88 20,70 19476 21,99 23,9
12,37 13,37 13,3t 11,78 13,33 11,80 13,34 11,08 14,37
PUWER PROPUCTION COSTS IN MILS PER KwenR
35,97 36,42 35,32 34,11 34,21 32,50 33,10 33,07 38,32
COST & $%,00 PER MILLION BTY
COST = 20,00 MILS PER KWeHR ENERGY CUST RATIO s ,2%00
23,60 23,08 22,00 22,33 20,88 20,70. 19,76 21,99 23,96
14,%0 18,67 18,61 13,81 15,62 13,84 §S,64 12,99 14,84
POWER PRODUCTIUN COSTS IN MIL3 PER KWeHR
38,10 38,72 37,6t 36,14 36,51 34,53 35,40 34,98 40,80
CUST ® 87,50 PER MILLION BYU
cuST w 10,00 MILS PER KWeMR ENERGY COST RATIU ®» 47500
35,39 34,58 33,01 33,49 §1,32 31,05 29,63 32,98 135,93
7,25 7.84 7.80 6,91 7.81. 6,92 7.82 6,50 8,42
PUWER PRODUCTION COSTS IN MILS PER XKwuHR
42,64 42,41 40,81 40,40 39,14 37,97 37,46 39,47 44,36
CusT = $7,%0 PER MILLION BTU
CUST & 20,00 MILY PER KWeMR ENERGY CUST RATIU w ,3750
33,39 34,%8 33,00 33,49 31,32 31,05 29,63 32,98 33,93
16,50 195,67 15,61 13,81 18,02 13,84 15,64 12,99 16,84
POWER PROODUCTION COSTS IN MIL3 PER KWwsHR
49,89 Su,3% 48,61 47,31 46,99 44,88 45,28 US,97 952,78
CuST = 37,75 PER MILLION BTU
CUST & 60,00 MILS PER KwWweHR ENERGY CUST RATIO & ,1292
16,57 35,73 34,11 34,61 32,37 32,08 30,03 Ju,08 37,13
43,50 47,01 46,82 4l,u4 U6,BT 41,51 46,93 38,97 50,53
PUWER PRODUCTIUN €0STS IN MILI PER KWseMR
80,07 82,74 80,93 76,05 79,24 73,39 77,58 73,08 87,66
c-14 PUBLIC SERVICE INDIANA

CAES IN AQUIFER
DOE NO. ET-78-C-01-2159
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Table C-12°

250 PS1A CHARGING PRESSURE, UNCOOLED TURBINE DI8KS, 3 INTERCUOLERS
DANIEL J, MARINACCI, LONG RANGE DEVEQOPMENT, Ae703 , (21%) 395338}

CASE 11,10
TINPT 1500,
T2HPY 1096,
TILPT 1800,
CAV LOS 1,20

REG EFY 70

COMP KW 06,2
TURB KW 248,6
HoR, 4788,

rugL
ELECT
11,97

6,68
TUTAL
18,66

FUEL

ELECT
11,97
13,37
TuTal
25,34

FUEL

ELECTY
20,35
10,09
TUTAL
30,44

FUEL

ELECT
23,94
11,460
TUTAL
35,35

Fufl

ELECY
23,9%
13,37
TUTAL
37,M

FUEL
ELECT
35,94
b,68
TuTAL
42,80

FUEL
ELECT
35,94
13,37
TuTAL
49,28

FUEL

ELECT
37,18
40,1t
TUTAL
77,22

CAES IN AQUIFER
DOE NO. ET-78-C-01-2159

11,20 11,30 11,40 11,50 11,00 31,70 11,80 13,90 141,10
1300. 607. "oo. 1500. "oo. 3500. t!OO. 1’00. ‘!00.
1010, 497, 1048, 109, 1048, 1099, $044, 1088, 1146,
1800, 1%00, 1048, $%00, 34048, 18300, 1044, 1900, 1500,
1,20 1,20 1,20 1,80 1,20 1,80 1,80 1,10 1,30
W70 o710 W70 .80 + 80 2 90 090 .80 080
166,32 166,2 166,22 166,2 166,32 166,32 166,2 106,2 166,2
236,93 218,9 19,7 248,3 219,% 247,9 219,23 204,0 30),0
4719, U4el0, 4uoy, 4a6e, U177, 4140, 39%1, 4J97, 4791,
COST » $2,%0 PER MILLION BTV
COST » 10,00 MIL8 PER KWeHR ENERGY COST RATIO & ,2%00
11,80 11,53 11,00 1§,16 10,44 10,38 9,08 10,99 11,98
7,03 7.59 7,85 6,70 7,37 6,711 758 8,30 8,16
POWER PRODUCTIUN COSTS IN MILS PER KWepR
18,83 19,12 18,87 17,86 18,01 17,05 17,46 17,239 20,14
CUST » 32,%0 PER MILLION BTV
COST 3 20,00 MIL8 PER KWeMR ENERGY COST RATIO w 1330
11,80 13,53 11,00 11,16 10,44 10,38 9,08 10,99 11,98
14,05 18,19 15,13 13,39 15,10 13,41 15,46 123,59 16,3}
POWER PRUDUCTION COSTS IN MILS PER KWeWR
25,85 26,71 36,13 24,85 @%5,5% 23,76 25,04 23,58 8,30
COST m 34,25 PER MILLION BTU
COST m 15,10 MILS PER KweMR ENERGY CUST RATIO ® ,2818
20,08 19,%9 18,70 18,98 17,78 17,59 16,79 18,69 20,36
10,61 11,47 11,42 10,11 11,43 10,13 11,49 9,51 123,33
PUWER PRODUCTION COSTS IN MILS PER KWeHR
30,67 31,06 30,12 29,09 29,18 27,72 28,24 28,19 32,69
CUST & 35,00 PER MILLION BTV :
COST m 17,06 MILS PER KwaHR ENERGY CUST RATIO » L2931
23,60 23,05 22,00 22,33 20,88 20,70 19,76 21,99 23,9
11,99 12,96 312,90 11,42 12,92 11,40 12,93 10,74 13,93
PUWER PRODUCTION COSTS IN MILS PER KWekR
35,59 36,01 34,91 33,785 33,80 32,14 32,69 32,73 137,88
COST m $5,00 RER MILLION BTY
CUST B 20,00 MILS PER KweMR ENERGY COUST RATIO & ,2500
23,60 23,05 22,00 22,33 20,88 20,70 19,76 21,99 23,%
14,08 15,19 15,13 13,39 15,14 13,41 15,16 12,59 16,33
PUMER PRODUCTION COSTS IN MILS PER KweHR
37,65 38,34 37,13 38,72 36,03 34,t1 4,92 34,%8 40,28
COST & 37,80 PER MILLION 8TV
COST w 10,00 MILS PER KWeNR ENERGY CUST RATIO » ,78500
35,39 34,58 33,01 33,49 31,32 31,05 29,63 32,98 135,93
7,03 7,59 T.56 6,70 7,57 6,71 7,58 6,30 8,16
POWER PRODUCTION COSTS IN MILS PER KWeHR
42,42 42,17 40,57 40,19 38,90 37,78 137,22 39,28 44,10
CUST a 87,50 PER MILLION BTV
CUST » 20,00 MILS PER KweMR ENERGY CO8Y RATIO s ,3750
35,39 34,58 33,01 33,49 33,33 33,085 29,63 32,98 35,93
14,05 13,19 18,13 13,39 1S,14 13,41 15,46 12,99 16,33
POWER PRUDUCTION CO8T8 IN MILS PER KWeHR
49 .45 49,76 U813 u46,88 46, 4T 44,46 44,80 45,57 52,26
COST = 87,75 PER MILLION BTU '
LOUST m 60,00 MILS PER KWeHR ENERGY CO8T RATIO m» L1292
"36,57 38,73 34,11 34,81 32,37 32,08 30,62 34,08 37,1)
2,16 US,57 48,38 40,17 WS, 43 060,23 45,49 37,77 48,98
POWER PRODUCTION C0OSTS IN MIL3 PER KwaMR
78,74 81,30 79,49 74,78 TT,80 72,32 76,11 71,88 B6,1}
C-15 PUBLIC SERVICE INDIANA
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Table C-13

700 PSIA CHARGING PREBSURE, UNCOOLED TURBINE DI8KS, 1 INTERCUOLER, A=A
DANIEL J, MARINACCI, LONG RANGE DEVEOPMENT, :A=703 , (313) 593328}

CasE
TINPT
T2HPY
THLPY
CAv LOS
REG EPY
COMP KW
TURB KXW
HORO

12,10
1500,
1110,

1,20
W70
249,8
333,58
4132,

FUEL
ELECT
10.33

?
rotae
17,87

PUEL
ELECT

" 10,33

19,07
TOTAL
25.“0

FUEL

ELECT
17,56
11,38
TUTAL
28,94

FUEL

ELECY
20,66
18,85
TOTAL
33,52

FUEL

ELECT
2U, 66
15,07
TUTaL
38,73

FUEL
ELECT
30,99
7.53
TUTAL
38,53

FUEL

ELECT
30,99
15,07
TuTal
46,06

FUEL

ELECT
32,03
45,20
TUTAL
77,23

12,20 123,30 12,40 12,90 12,60 12,70 12,80
662, 1%00, 1%00, 1%00, 400, 1800, 1300,
279, 878, 1083, 1266, 803, 81e, 833,
1500, 873, %00, 1800, 803, 1300, 18500,
1420 1,20 3,10 1,80 1,20 1,30 1,30
.70 270 .80 .80 W10 W70 o 70
249,88 U9, 8 U990 209,88 49,0 249,88 249,08
204,32 284,8 3UT .3 286,6 268,88 320,99 I22,2
4880, 3914, 3969, 4042, 3869, U286, U262,
CUST w 32,50 PER MILLION BTV
CUST » 10,00 MILS PER KWeNR ENERGY COS8T RATIO 22800
11,37 9,79 9,92 10,10 0,67 10,71 10,66
9,45 8,77 7, ‘20 8,71 9.:9 7,78 7,78
POWER PRODUCTION COSTS IN MIL8 PER KWeNR
20,83 18,56 17,12 18,82 18,% 18,350 18,41
CUST m» 32,30 PER MILLION BTV
COST a 20,00 MILS PER KWekR ENERGY COST RATIO s ,135%0
11437 9,79 9,82 10,10 9,67 10,71 10,00
18,91 17,850 14,39 17,43 18,98 18,57 18,50
POWER PRODUCTIUN cosvo IN ML PER KWaMR
30,28 27,33 24,32 27,83 .28,2% 206,28 25,16
COST » 34,25 PER MILLION BYV
COST » 15,10 MILS PER KwekR ENERGY COSY RATIO 8 ,2018
19,34 16,63 16,87 17,18 16,44 18,2t 18,12
14,27 13,24 10,87 13,46 14,03 11,78 11,70
POWER PRODUCTION COSTS IN MILS PER KWeHR
33,61 29,88 27,73 30,34 30,47 29,97 29,82
COST » $5,00 PER MILLION BTY :
COST » 17,06 MILS PER KwenR ENERGY CUST RATIO & ,293%
22,75 19,87 19,84 20,21 19,34 21,43 21,31
16,13 14,96 12,28 14,87 15,83 13,28 13,22
POWER PRUDUCTION COSTS IN MILS PER KWaNR
38,88 34,53 32,12 3%,08 ‘38,20 34,71 34,54
COST w §5,00 PER MILLION BTY
CUST ® 20,00 MILY PER KWeHR ENERGY COST RATIO » ,2500
22,75 19,57 19,84 20,21 19,34 21,43 21,31
18,91 17,54 14,39 17,43 18,58 15,57 15,50
POWER PRUDUCTIUN COSTS IN MILS PER KWeMR
il,86 37,11 Ba,es 37,84 37,95 36,99 3e,81 .
CUST = $7,50 PER MILLIUN BTY
COST 8 10,00 MILS PER KweMR ENERGY COST RATIO ®» ,7500
34,12 29,36 29,76 30,31 29,02 32,14 31,97
9,45 8,77 T, 20 8,71 9,29 7,78 7,78
PUWER PROODUCTION COSTS IN MILS PER KWeWR
43,38 38,13 36,96 39,03 38,31 39,93 39,72
COST s 37,50 PER MILLION BTY
COST m 20,00 MILS PER KWeMR ENERGY COUST RATIO » 3750
34,12 29,36 29,76 30,31 29,02 32,14 31,97
18,91 17,54 14,39 17,43 18,58 18,57 15,%0
PUWER PRUDUCTION COSTS IN MILS PER KWeHR
§3,03 46,90 44,16 47,74 47,60 47,71 47,47
CUST = 37,75 PER MILLION 8TV
CUST w 60,00 MIL8 PER KWeHR ENERGY COS8T RATIQ w ,1292
38,26 30,33 30,7e 31,32 39,98 33,21 33,03
56,72 52,62 43,18 52,29 59,75 46,70 46,31
POWER PRODUCTION COSTS IN MILS PER KWeHR
91,98 82,95 73,94 83,01 83,73 79,91 79,54
C-16 PUBLIC SERVICE INDIANA

CAES IN AQUIFER
DOE NO. ET-78-C-01-2159
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Table C-14

700 PSIA CHARGING PRESSURE, UNCOOLED TURBINE OI8K8, @ INTERCOOLERS, A=A
DANIEL J, MARINACCI, LONG RANGE DEVEOPHMENT, AeT03 , (215) 593=338)

CASE
TIWPY
T2HPY
TiLPTY
CAV LOS
REG EFY
COMP KW
TURB Kw
”ORO

14,10
1500,
1110,
1800,
‘.ao
«70
233,4
334,89
4132,

PUEL

ELECY
10,33
TOTAL
17,37

FUEL

ELECT
10,33
14,08
TUTAL
20,41

FUEL

ELECT
17,56
10,63
TUTAL
28,19

FUEL

ELECT
20,606
12,01
TUTAL
32,67

FUEL

ELECT
204,00
14,08
TOTAL
Ju, T4

FUEL
ELECT
30,99
7,04
TuvtaL
38,03

FLEL

ELECT
30,99
14,08
TUTAL
4S,07

FUEL
ELECT
32,03
42,24
TUTAL
74,36

12,20 13,30 12,40 12,30 12,60
062, 1%00, %S00, 1500, 1400,
279, 87S, 1083, 1266, 803,

1s00, 873, 1%00, 1500, 803,
1,20 1,20 1,10 1,30 1,20

.70 .70 .80 ,80 10

‘233,4 233,4 233,4 233,64 333,4

64,2 284,8 347,3 286,06 268,80

4S80, 3914, 399, 4042, 3869,

COST & 32,50 PER MILLION BTU

COST & 10,00 MILS PER KweNR ENERGY COSY

11,37 9,79 9,02 10,10 9,67
8,83 8,19 $,72 B,i4 8,68
POWER PRODUCTION COSTS IN MILS PER
20,21 17,98 16,64 18,2