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PREFACE 

The electric utility industry and the national economy will benefit from 

the successful integration of economic large-scale energy storage capacity 

into utility networks. Energy storage permits the substitution of energy 

from native fossil or nucle4r fuels for energy that would otherwise be 

supplied by premium or strategic fuels. The development of new energy 

storage technologies will offer important 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 impact 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 fuels 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 project 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 following: 



I. Conceptual Design 

II. Preliminary Design, and Site Exploration 

III. Detailed Design and Site Development 

IV, Construction 

V. Check-out and Operation 

This phase II effort is based on the significant body of knowledge accumu­

lated in the already completed Phase !-Conceptual Design and other 

appraisals of compressed air energy storage technology. The overall goals 

of Phase II are to provide a detailed and coated 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 progr~m. The iOals 

are divided into the following five tasks: 

Task 1 Establish facilit.y design criteria 

Task 2 Examine selected site_s 

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 ~lectric utilities (consisting of Public Service Company 

of Indiana, In~.; 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 
1 
l 

which the air is expanded in a turbine. In this manner, 'essentially 

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 

the 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 oil 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 RyRtPm 

- 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 

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

9 Required Aquifer Storage Volume ..•....•. l2 x 10 SCF of air 

0 Compressed Air Injection Temperature .... lSO F 

Storage Pressure Range .•.••..•.....•.•.• 200 psi- 1000 psi 

Permeability Range •••.•...•.•••..•...... 750 md- 3000 md 
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The current literature of compressed air storage substantiates 

I the selection of these parameters as an initial design base for 

a CAES system 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 

thP. 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 piping 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 1.4. 

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 th~rmal cycles. The required heat cycle 

parameters are detailed below: 

Supplemental He~t Cycle Parameters 

External Pressure Loss Ratio .•.....••..••.•••••• 

Compression Cycle Equipment Air Discharge 
Temperature .••......••.••.....•....•.•..•..•. 

External Plant Air Temperature Loss .•••••••••••• 

Available Equipment Cooling Water Supply 
Temperature •.•......•..•....•.•.•.....•..•... 

Regenerator Minimum Cold End Average 
Temperature ..••........•..•....••......•.••.• 

Base 
Range 

Ta 

'T' 

T w 

Tave 

= 1.4 
= 1.2 - 1.8 

= 150°F 

= ln°F 

= 95°F 

= 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 costs coLtesponding 

to specific sites and storage pressures identified in Task 2 

were obtained by interpolation from the reference cases. 

In addition to piping system cost 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 development layout was also prepared for each storage 

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 ~ata sheets tor both a full scale plant 

and a demonstration plant comprised another aspect of the Task 1 

work effort. These data sheets provided 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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1.1 OBJECTIVE 

Section 1 

INTRODUCTION 

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 

specifications 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 necessary for 

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 air storage system. A postulated isometric 

view of the C~ES plant and associated well field is shown in Figure 

1-2.~ 
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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 analysis of the CAES system. This section describes 

the development of preliminary environmental impact data, sup­

plemental heat cycle parameters, and preliminary abov~-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 selec~ed heat 

cycle and machinery configurations. Included in this section are 

g~neral arrangement drawings, piping and instrumentation diagrams 

and electrical single line schematics for three typical CAES plants. 

Section 6 is the report conclusion. 
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FIGURE 1-2 
POSTULATED ISOMETRIC VIEW 

OF A CAES PLANT AND ASSOCIATED WELL FIELD 

PUBLIC SERVICE INDIANA 

CAES IN AQUIFER 
DO E NO. ET-78-C-01-2159 

SARGENT~ LUNDY 
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Section 2 

INITIAL DESIGN BASES 

2.1 GENERAL 

In conjunction with the Public Service Company of Indiana and 

Westinghouse,· Sargent & Lundy 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 Compressed 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 10 9 Standard Cubic Feet 
of air. 

Compressed Air Injection Tempera-

ture............................ 150°F 

Storage Pressure Range ............. 200 psi- 1000 psi 

Permeability Range ..............•.. 750 md- 3000 md 
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These criteria serve as input to Task 2 of the CAES work 

effort. Task 2, which pa~allels the Task 1 work effort, encom­

passes the actual site selection process and· the evaluation 6f 

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

The design parameters specified above are discussed in detail 

in the following subsections. 
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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 characteristics. 

The utility sponsors have specified a compression-generation 

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 sigqificant advantage in that the compressor and turbine 

components may be operated as a conventional gas turbine. The 

General Electric Ec0nomic 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 equal 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 

charged 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). 
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(3.} Since compressed air energy storage is a developing 

technology, the useful life of the storage system 

is not yet accurately known. In case of premature 

overall failure of the storage system, the ability 

to operate the plant as a conventional gas turbine 

unit (at ,diminished output} would reduce potential 

financia] risk to the utility. 

Further development of plant design parameters, then, has been 

based on the '~(J.udl c..:harging/diSCharging times required by the 

utility system and on equal flow-conducting capability, for turbine 

and generator. 
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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 has 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 (l), (~), (l). 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 

r~latively 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 may be lower than preferred, resulting in 

high formation resistance. The additional volume is then desirable 

to reduce air velocities, thereby reducing pressure losses (l). 

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 factors (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 because 

of increased capacity factor <l>. 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. 

2-6 



2.4 COMPRESSED AIR INJECTION TEMPERATURE 

The initial compressed air injection temperature for the proposed 

compressed air aquifer has been limited to 150°F. The precise 

effects of hot, compressed air, in situ, cannot be predicted 

in advance. However, available literature and current research 

on compressed air storage suggest that injection t~mp~raLures 

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. R. Lady, in an analysis of compressed air storage 

(!),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 re~ervoir: this is advantageouE 

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 limita~ions discussed 

(~) . 

Research pertinent to compressed air storage temperatpre 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 changes in 

compressive strength and Young's Modulus occurred 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 corditions. These preliminary results lend 

credibility to the specified aquifer injection temperature of 

150°F. Further research proposed 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 would 

be necessary. 
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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 con~iderations. 

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 

pressures 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 spectrum, 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. 
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The current literature of compressed air storage also confirms that 

the pressure limitations of 200 psi and 1000 psi bracket a. techni­

cally and economically feasible pressure range. The General 

Electric Phasa I Report, for example, cites storage pressures 

in the range of 200 psi to 1200 psi, and suggests that the 600 psi 

to 740 psi range may represent an overall optimum (~). The Con­

sultant Report on Feasibility of Compressed Air Energy Storage 

As A Peak Shaving Technique in California concludes that pres­

sures 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 

since these would tend to provide lower total plant development 

costs. 
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2.6 PERMEABILITY RANGE 

Permeability, frequently measured in terms of the millidarcy (rod), 

describes the flow of fluid through a porous media~ materials 

vary greatly in their resistance to fluid flow, and thus, in 

their permeability. 

The aquifer system for compressed air storage i~ 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 vugular or porous 

limestone and/or dolomites (!). 

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 are determined by this 

permeability. Pressure losses within the host 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 rod - 3000 rod 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 water flows 

- Potable water requirements 

- Air effluent flow. 

The plant criteria established at this point in Task l represented 

the first approximation only, and were subject to refinement in 

later stages of Task work. 
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3.1.2 ~quipment 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 generator 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 dimensions 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 ft 2 ). 

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· 
. 0 0 
ture rise of 40 F. The 40 F 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....................... 89,290 gpm 

Compresso.r after cooler wate·r flow....... • ... • • • • • . • 78,230 gpm 

Rotating equipment bearings & genera tor. . • . . . . . . • • 10,640 ._9..E.~ 

Total 178,160 qpm 

Using ;the result obtained for total cooling water flow, the required 

cooling ·tower make-up ·wat:e··r flow rate has been calculated at 7980 

gpm. This make-.up water flow replaces expected cooling towe.r 

losses ·due to ev:apor.a·.tion, drift, and blowdown as follows: 

Maximum expected cooling tower make-up water flow 

.Evapora·tive losses ......•...•••..••••.•...........• 5,700 gpm 

o·r i f:t • .••• ~- .. ,.. ·• .• :e :e ·• ( • •.•••.•.••••••.•.•••••.•••••.• ·• -· • ·• • • • • 180 g.pm 

B.lowdown<. . . . . . . . .. . . . .. . . . . . . . . . . . . . . • • • • • . . . . . . . . . . 2, 10 0 gpm 

Total 7,980 gpm 

The mak.e-up water flow rate is based on a maximum cycles of con­

centration of 3.5. 

Typ.ica1 over'all phy.s.i;cal dimensi-ons for a cooling tower of the 

duty described are appr.oximat·ely 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. !( Lhe modular concept io 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 Requirements 

Preliminary sizing of fuel sto~age 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 oil 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 6l7,380 

ft 2 . 

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 air 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 is 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 Reqqirements 

After review of typical plumbing designs for non-coal fired plants, 

the potable make-up and sewerage water requi~ement 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 lb/min. This value represents 

a summation of exhaust air flow and fuel flow. The exhaust air 

flow per five modules is approximately 234,900 lb/min, while 

the total fuP.l flnw rPqJlir~mt?nt 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 oil 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 

compressed 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 



·-------­-------

I 
MAI<EUP &. BLOWDOWNI 

PIPELINES -i 
I 
I 

I 
I 
I 
I 
I 

14 DAY MAKEUP WATER 
STORAGE RESERVOIR 

L _____ _ 
----~ t:l 

SARGENT~LUNDY 

COOLING TOWERS ___ ....,..pe::I 
t::l 

t:l 

FIGURE 3-1 
COMPRESSED AIR 

ENERGY STORAGE SYSTEM 
PRELIMINARY BLOCK DIAGRAM 

OIL STORAGE 
TANKS 

00 
00 

PUBLIC SERVICE INDIANA 

CAES IN AQUIFER 
DOE NO. ET-78-C-01-%159 



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 pressures, 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 ubtained 

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. In 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-dimensiona-l 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:. spec.if"ied boundary condi.tions, the analysis· 

determines a single welL's capacity to inject air into the aquifer 

and: to deliver it to th~ above-ground· piping system. Once the 

capacity of a single·. wel·l has been· found· in this manner, the 

·total number of wel'ls· needed is computed· according to the required 

turbine air mass flo.w rate .• 

'l'he turbine-' air maoo· flow rates cor-r e::;ponding. to 200 psi, 600 psi 

and· 1000 psi aquifer storage ~ressures have been approximaten by 

Wes t·inghous:ec and' are• tabulated be1ow. 

TABLE 3-1 

TURB:INE. AIR MASS· FLOW- RATES· 

s·torage· P:r:es·s·ure Turbine Air Mass F·low Rat.e, M 

P,s·i 1 hm/s.ec MMCF/hr 

200 3759 176.6 

600 3096- 145.5 

1000 2632 123:.7 

Table. T--2: Tis:ts the. welT. requi-rements:· for· the three typical storage 

pres.sures and· two permeabi·lj t:ies, based: on· the preliminary Wes.ting­

house.- single.:-welL simulat·i:on and the specified turbine flow· 
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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 system 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 

Pressure 
psi 

200 

600 

1000 

200 

600 

1000 

Permeability 

md 

750 

750 

750 

3000 

3000 

3000 

Flow 

MMCF/hr 

176.6 

145.5 

123.7 

176.6 

145.5 

123.7 

Approximate 

# of Wells 

500 

50 

35 

150 

20 

10 

Flow/Well 

MMCF/hr 

0.35 

2·. 90 

3.50 

1.18 

7.30 

12.4 

It should be noted that the well requirements specified in Table 3-2 · 

do not reflect in-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 the 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 for 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 psi, respectively, at a permeability of 750 md. Each 

figure presents a plan view of the proposed arran9ement of surface 

piping 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 been 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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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 withdrawai cycles. 

These pressure loss calculations have been used to eslablish 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 (!}. 

The flowing sand face pressure (the pressur~ at the bottom of 

the well} Ps, the reservoir pressure Pf' and the well head pressure 

P , are shown schematically in Figure 3-5. w 
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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, an additional turbulence term must be introduced into the 

flow equation to account for non-laminar flow characteristics (!). 

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 t:umli tlum:i. 

The pressure change 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. 
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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 case 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 f1ow 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 

resulting 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 s~mmarizes the selected air flow velocities for the three 

storage pressure cases, at a 750 rod permeability. 

Storage 

Pressure 

psi 

200 

600 

1000 

Table 3-3 

VELOCITIES OF FLOW IN AIR PIPELINES FOR THREE 

TYPICAL STORAGE PRESSURES 

Turbine Air 

Mass Flow 
Rate, Permeability No. of Wells 

M 

lbm/sec md 

3759 750 500 

3096 750 50 

2632 750 35 

Velocities of 

Flow in Pi2e 

fps 

13.3,100,200 

37.5,100,200 

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. 
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The compressor discharge pressure has been computed by st.arting 

with the aquifer storage pressure, arid then adding the pressure 

differentials through the aquifer, well, and pipelin'es 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 e·x.ternal pressure loss ratios developed for the typical 

storage pressures and . .flow velocities, a .pressure loss ratio range 

or 1. 2 to 1. 8 has been established for t·he CA.I!:l::; .system, ·with the 

base ratio estimated .at 1. 4. These data ha.ve been submi tt.ed to 

·the :Westinghouse Electric Corporation for :use in heat cycle and 

equipment design. 

3 .• 2 .. 6 . Preparation .of Prel,iminary Piping ·system Costs 

·Piping system cost estimates ·have been developed for ~the nln·e 

re.ference 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 i-n Table 3-3.. From .this information, 

an or.der .of magnitude cost estimate_, in current prices, has been 

pr.epared for e·ach of :the .n.ine reference •cases. I.ncluded in the 

piping cost est·imates are the costs of pipe, fittings, coating 

and wrapping, earthwork 7 field erection and welding. Valves and 

specialties for the piping, and instrumentation and controls~ 

have not been included. 
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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: 
Ta = 150°F 

External Plant Air Temperature Loss: 
T = 10°F 

Available Equipment Cooling Water Supply Temperature: 
Tw = 95°F 

Regenerator Minimum Cold End Average Temperature, (Flue Gas Exit 
Temp. + Expgnsion Cycle Equip. Inlet Temp.)/2: 
T = 205 F (note - stated temp. based on approximately 30% 

ave. of total regenerator surface at cold end being 
of corrosion resistant low alloy steel) 
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i.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. 
0 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; 

'1' (Flue Gas ~xit 'l'emp. + ~xpansion Cycle Equipment Inlet Temp.) 
ave = - -2 -

0 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 l1aving a sulphur 

content of 1% or less. Number 2 distillate fuel oil typically has a 

sulphur content ranging up to 0.7%. The Standard Oil 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 Temperature 

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 exchanger-cooling system study performed 

to determine the most economical combination of design factors 

based on equipment and operating costs, could result in a lower 

cooling water supply temperature. 
J 
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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. 
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c. 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 possib1e. 

The limit of 1 mile was selected to minimize the impact 

on. any· residential ar.eas. The limit of 200.0. feet was 

established for noise attentuation. 

d. The station is to be provided with a railroad s.pur: 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. 

I •. Where· practical, the: s.tati.on should be located adjacent 

to the air storage area so that structures and other 

facilities do not interfere with well placement. It 

should a·l.so be centered on the long axis of· the air storage. 

area. to minimize the length of air piping mains. 

2. Where possible, the station should be: located to minimize 

the length of the railroad spur. 

3. The length of road access from the nearest s,tate, fede-ra.l ,. 

or major county highway should be minimized. 

4. The length of the makeup and blowdown pipelin.es should 

be minimized. 
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5. No more than minor relocation of cross-county pipelin~s, 

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 availabl~ 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. 
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4.2 PREPARATION OF WATER SUPPLY DEVELOPMENT CRITERIA 

A set of water supply 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 14-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 

drainage area during the design drought peri~d 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 

Period 

Compression 
cycle 

Withdrawl 
cycle 

Other needs 
(Intermittent} 

Average total -
acre-ft per 
day 

Maximum rate­
gpm 

Approximate Flow 
Makeup Water Blowdown 

(gpm) (gpm} 

8,000 2,100 

480 125 

500 500 

18 6 

8,500 2,600 

4-5 

Duration 
(hours) 

10 

10 

20 



Water supply and blowdown flows for a station witl1 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 14-day pond or larger reservoir. For sites where a reservoir 

has been provided to impound natural runoff, computations of the 

reservoir volume should include allowances for seepage, natural 

evaporation, and downstream releases. If blowdown has been returned 

to a reservoir, the reservoir volume should be computed by subtrac­

ting the blowdown rate from the makeup rate. 
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4.3 DEVELOPMENT OF SITE SPECIFIC 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 

(psi) 

200 

600 

1000 

No. of Wells 

500 

50 

35 

Velocities.of Flow In 

The Pipe {fps) 

13.3,100,200 

37.5,100,200 

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 

pressure. 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 reference 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 wells in the reference condition. 

The site-specific humber 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 erection, welding, and testing. 

Valves and specialities for the piping were not included, and a 

3-foot burial depth was used for all piping. 
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4. 4 TRANSMISSION COSTS AND MECHANICAL EQUIPMEN'l' COSTS 

Data pertinent to the development of electrical transmission costs 

and mechanical equipment 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 sites 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 equipment compatible with nominal storage 

pressures of 200 psi, 600 psi and 1000 psi. In ~ask 2, the cost 

of mechanical equipment for each site has been interpolated from 

these base estimates, 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 ~our 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 or not to cool the turbine disc. The Sponsoring 

Utilities and Sargent & Lundy assisted Westinghouse in 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 regard~ng the develop­

ment of the compressed air storage bubble in potential Indiana 
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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. 
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5. 2 REVIEW OF WESTIN.GHOUSE COMPRESSOR-TUHI:HNE-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 aquifers have been developed by the Westinghouse Combu~­

tion Turbine Systems Division. These curves have been reviewed 

by Sargent & Lundy for technical compatibility. .The curves indi­

cated that the compressors in each case have constant air flow 

characteristics, this flow being approximately 770 lb/sec. 
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5. 3 EVALUATION AND SELECTION OF COMPRESSOR-TURBINE-GENERA'J'OH · 

MACHINERY CONFIGURATIONS 

An initial set of seventeen possible machinery configurations 

have been developed by Westinghouse, based upon variations of 

one, two, and three shaft configurations. Three pu~sible 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 levels, has the least capital cost and 

incorporates the least number of rotating components 

and auxiliary packages. The single shaft configuration, 

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. 
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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 u~· C:AES UTILITY SYSTEM STUDY DATA SHEF.'l'S 

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 

Cycle 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-l and 5-2 respectively. 

The unit data sheets have been prepared on the basis or information 

supplied by Westinghouse. Sargent & .Lundy also performed a de­

tailed survey of applicable gas turbine availability and 0. & M. 

cost data and verified the Westinghouse values. This survey in­

cluded an analysis of historic 0. & M. costs for fast starting 

peaking units. 
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TABLE 5-l 

Full Scale Plant 

CAES Unit Data Sheet 

Compressing Capacity {MW) 

Storage Energy (MWH's Compressing) 
Energy required to be generated elsewhere 
to fully charqe the reservoir 

Minimum Allowable Reservoir Level {%). 
% of total reservoir level 

Cycle Efficiency {%) 
Generation output/compressing input 

Annual Planned Maintenance Hours {Hrs) 

Heat Rate and Expected Availability Rates 

821.560 

8215.6 

90% 

141.1% 

1008.to 3739 

Capacity State {MW) 

1/2 Full Capacity 

579.500 

Full Capacity 

1159.000 

* Availability Rate {%) 

Heat Rate (BTU/KWHR) 

Forced Outage Rates 

Immature 
(%) 

35 to 59 

*** Fixed O&M Cost ($/week) 
*** Variable O&M Cost ($/week) 

** Mature 
(%) 

19 to 29 

*** Maintenance Outage Cost ($/week) 

* Expressed as follows: 

90% 

3,880 

71% to 81% 

3,880 

Time Required to Mature 
(Years) 

1 1/3 to 1 2/3 

10,876 

130,000 

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 
availability rates must add to 100~. 

1979 Dollars. 
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TABLE 5-2 

Demonstration Pl~nt 

CAES Unit Data Sheet 

Compressing Capacity (MW) 

Storage Energy (MWH~s Compressing) 
Energy required to be generated elsewhere 
to fully charge the reservoir 

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

Cycle Efficiency (%) 
Generation output/compressing input 

Annual Planned Maintenance Hours (Hrs) 

Heat Rate and Expected Availability Rates 

Capacity State (MW) 
* Availability Rate (%) 

Heat Rate (BTU/KWHR) 

Forced Outage Rates 

1/2 Full Capacity 

144.875 

95% 

4,050 

205.390 

2053.9 

90% 

141.1% 

1008 

Full Capacity 

289.750 

95% 

3,874 

Immature 
(%) 

** Mature 
(%) 

Time Required to Mature 
(Years) 

10 

*** Fixed O&M Cost ($/week) 
*** Variable O&M Cost ($/week) 

*** Maintenance Outage Cost ($/week) 

* Expressed as follows: 

5 1 2/3 

2,719 

32,500 

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 
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 this program to 

insure that the program is correct. First interpretation of 

the computer results by Westinghouse indicated that the compressed 

air leaving the aftercooler can be directly indected 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 heat 

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 dehydration. 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 and preliminary 

equipment.designs for ehe CAES ~lant in Task 1 1 S~rgcnt & Lundy 

proceeded 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 frpm 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. 

I 

The general arrangement drawings compatible with 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 oil, circulating water, 

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-l 

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. 

;I'able 5-3 

GENERAL ARRANGEMENTS AND PIPING AND INSTRUMENTATION 

DIAGRAMS FOR THREE TYPICAL CAES SYSTEMS 

Drawing 

Plant Development 

Main Floor Plan 

Ground Floor Plan 

Cross Section 

Main Air Piping 

Fuel Oil Piping 

Circulating, High Pressure & 

Low Pressure Service Water 

Treated, Potable & Demineralized 

Water 

Fi9ure No. 

1000 psl 600 psi 

case Case 

5-1 5-9 

5-2 5-10 

5-3 5-11 

5-4 5-12 

5-5 5-13 

5-6 5-14 

5-7 5-15 

5-8 5-16 

200 psi 

Case 

5-17 

5-18 

5-19 

5-20 

5-21 

5-23 

5-24 

5-25 

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-l, 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-

ducinq 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 
I 

balances for the selected storage pressure systems are presented 

in Volume 2 of this Task 1 report. 

Per the detailed Westinghouse performance analyses, the surface 
. I 

plant for the 1000 psi nominal standardized 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 and 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 percent 

of the tank volume in the unlikely event of a major spill. In 

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 provid~d. ThP ~nn psi CAES ~y~tQm 

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 

I to incorporation in plant general arrangement drawings. 

Main floor and ground floor plant arrangement drawings have 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 expeiience. These plant acces-

series 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 ~ssociated 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 accom­

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 drawn 

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

of 770 lb/sec and proceeds sequentially through the compressor-inter­

cooler stages, exiting to the aftercooler 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 enters 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 Intercoolers. The plant cycle for the 1000 psi CAES 

system (Figure 5-5) incorporates low pressure, intermediate pres-

sure, 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 lb/sec, passes 

through the low pressure axial compressor (pressure ratio = 5.090) 

where the temperature and pressure of the air are increased before 
~ ~ 

discharge to an fhtercooler circuit. The process air then reaches 

the intermediate pressure (IP) compressor (pressure ratio= 3.765) 

where the compressing/intercooling steps are repeated. Finally, 

the air is compressed 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 
Pressure Coolers 

200 PSI 

LP I/C 6 

A/C 4 

600 PSI 

LP I/C 6 

IP I/C 4 

A/C 2 

1000 PSI 

LP I/C 6 

IP I/C 4 

A/C 1 

LP = Low Pressure 
IP = Intermediate Pressure 

Diameter 
Ft. In. 

5 I - 3" 

51 - 2" 

5 I - 3" 

5 I - 2" 

5 I - 6" 

5 I - 311 

5 I - 2" 

5 I - 10" 

5-18 

Length (each) 
Ft. In. LB. 

38 1 - 0" 51,400 

38 1 - 0" 53,100 

38 1 - 0" 51,400 

38 1 - 0" 53,100 

16 1 - 0" 66,800 

38 1 - 0" 51,400 

38 1 - 0" 53,100 

30 1 - 0" 165,000 

I/C = Intercooler 
A/C = Aftercooler 



I 

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 shell side of the heat exchanger. The inter­

cooler tubes are commonly fabricated from Admiralty metal. 

For the three typical CAES systems, the volumetric 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 information, 

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 regenerator 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 tube sheets, all housed in 

an insulated, reinforced stainless steel casing. Effectivity of 

the regenerator is to be 85% for Task 1, based on an average 

recommended cold end temperature of 205°F. 

5.6.5 Fuel Oil System 

The fuel oil piping arrangement for the three typical CAES plants 

incorporates both a rail fill connection and a truck fiil connec­

tion. The fuel oil is pumped from the rail tank car or highway 

tank trucks to the four main storage tanks. Each fuel oil storage 

tank is provided with a weather hood and flame arrestor. Two 

100% capacity fuel oil 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 plarit 

operation. A ring header has also been included in the piping 

system design to allow for bypass of the tank farm in the event 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 oil 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. 
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5.6.6 .Circulating, High Pressure, and Low Pressure Service Water 

System 

The Task 1 circulating and service water system P&ID's for the 

1000 psi, .600 psi, and 200 psi storage ~ressure CAES plants are 

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

Each plant 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 also 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 oil coolers. Low pressure service water ·is also supplied 

to high head service water pumps for plant fire protection 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 Demi~eralized 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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water for NOx control. NOx emissions are reduced by use of water 

injection •. The water treatment system for each CAES unit has been 

sized to allow 1 pound of wate~ for each pound of fuel oil burned. 

This 1:1 water/fuel injection ratio has been suggested by the 

westinghouse Electric Corporation. The water treatment system 

also supplies filte~ed water to the unit's chilled water make-

up and potable water systems. 

The water treatment process basically consists of a pretreatment 

step and a demineraliiation procedure. Deep wells are the water 

~ource for the CAES plant, and thus filtration is the only type 

of pretreatment required. Filtration ensures removal of most 

·suspended solids and turbidity. Sand has been selected as the 

filter media, ·since sand is relatively inexpensive and yields 

effluent water of good quality. Accumulated suspended particles 

are removed from the sand filter by backwashing when high dif­

ferential pressure across the filter vessel is realized. 

Each CAES unit is supplied with its own filtration equipment 

and with~ filtered 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 water for both chilled 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 demineralizer 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 cation 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 required in the anion 

resin tank. 

Since ion-exchange is a reversible process, the demineralizer 

train can be regetierated as the resins become exhausted to dis­

solved solids. Regeneration is achieved by passing.a strong 

ac~d through the cation tank and caustic through the anion vessel 

to restore the 'resins to their original hydrogen and hydroxyl 

forms. Acid and caustic storage tanks, day tanks, and pumps, 

and a hot water tank have been provided for regeneration of the 

CAES demineralizer train. 

Two 100% capacity supply pumps are provided for each CAES uriit 

to deliver the demineralized water from a storage vessel to the 

unit·'s turbine combustors for use in NO control. 
X .· 
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5.6.8 Unit Equipment Requirements 

Based on Westinghouse submi ttal:s, 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, con~rol valves, compres­

.sors, air .condi.tionirtg .chille.r units, t·rave.lling screens and 

turbine turning gear required £or the Plant. 

In add it ion., the :e.q_u.i_.pment . needed .for .boo.t .strap ·start-.up .o:f :.a 

typical ·:cAES un.it . has ;:be.en :i temiz:e.d, ~as :.:shown :in .Table :S-5. 

1Ta o:l:e :;5 -::5 

~QU.IPMENT !RE.GU.I-RED "-FOR ~BOOT ~STRAP ::S.TART-UP ~.OF :ONE ~UNIT 

~Sy:s~t:em ·No. Ih;e.i.'·Mo±or ·.:co.i·nc.iden.t 'Non-{Coi nc iden t 

L. P • .:se.r,vice "<.W.a.ber ~~p.ump 

T.urb.i ne ma'i'n ~lub.e :-oiQ ~pump 

Weil .head :con.t:ro:l valve ·ope:r .• 

.. Fue:l ·:oil ·~pump 

~B.ld_g,. .v-.e:n.t i.lahi.on ;£:an:s 

.Ins·tr.ument air .compr.e:s-sor 

Air conditioning chtll:er .un~i± 

}Turning _ge.ar 

Turning gear oil pump 

Air side seal oil pump 

Turbine room sump _p.ump 

H2 ·s·ide s.e·al oil ·pump 

Fuel tank to bldg. transfer 

."1 

:1 

:6:5 

:1 

.2 

·:1 

1 

.1 

"1 

'1 

1 

"1 

1 

..'4.0:0 

200 

:? 

TOO 

~7.'5 

-~4'0 

·'4.0 

..3.0 

:Jo 

::2:0 

TO 

3 

~2.0 

-A:oo 

~2~0:0 

:ro:o 

.15:0 

'4.0 

-40 

:20 

1.0 

'3 

'963 hp 

.325 

..30 

30 

.-2.0 

;'405 .·h 
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5.7 PREPARATION OF ELECTRICAL SINGLE LINE DIAGRAMS 

A 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. In 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, 

Flyure 5-27 und Figure 5-28 showing the 138 kV yard and the 

345 kV yard 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 should 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. 

5-50 



SARGENT~LUNDY 
~====~ENGINEER. 

) 

.:. 

A~C """"'-.., IIAIM PIR TIWOSf I 

•<JB ,....,....""""' 
c 

) 

) 

') 

,.J.c t - ... 

) 

) 

34SKV .. 
• 
• 

138lV 

B ·~ ) 

.4-, : •<]: 
.. .....-

~ ) 

~OS-2 B 

A<(] UNIT AUX TIWISf 2 

.Xc ,...,...,...,... 

.A. ~ STATION AUX TRAIISf I •~ct Jl Jl 
MAIN PIR TIWOSf 2 

DIESEL 

•160V IllS SB 15lV NOII·SEG IllS I 

.A._l_ 
·~ f'T" - l) 

I •sov sus 2A 

FIGURE 5-25 

PRIMARY BUS SINGLE LINE 
UNITS 1-4 

5-51 

) 

) 

) 

.:. 
B 

• +c """'~...,MAIN P1R TIWISf 3 

•<JB ,._... __ 
c 

B 

A<(] UNIT AUX TIWISf 3 

.Xc ,...,..."""' 

) 

.LcL 
·~rr 

.:. 
B 

A+C IM.IN PIA TRAHSf 4 

s rv'V"'V"" ·<(] , 'I' 'I' ' 

c 

B 

•<(] \. .A. .&. ~ UNIT AUX TIWISf • 

Be "'""""""' .+c 

) I 410V BUS 4A 

lJ 

PUBLIC SERVICE INDIANA 

CAES IN AQUIFER 
DOE NO. ET-78-C-01-ZIS!l 



SARGENT I& LUNDY 

•II _I#_ _I#_ vJ..A./ 

llllY LINE T1l SWID CT'S 
CCPT FOR OVERALL OIFF. 

381 
Tl 

3,PT'S 
24.000-120~ . (~~~ 

·-+ ·;;:;-· 
c c • 

• 
SYM < 

·-t • c -tL 3-AI'T'S 

•;;y• ~20-120Y 
c 598 

Gl 

LOAD 
aJITIIIL 

':' 

6 

GENERA TOROOTOR I 
22lY 323.51227. 71t1A 

0.9Pf,:\~ofiJ'IH7 

~ 410Y AUJI, TIWISf .lA 

':' 

~160'1-~aOY/277Y 
1000/IJJllYA 

AAIFA 

~BOY IIJS lA 

. 
~i 

~BOY BUS 18 
~6 

2-PT'S Y 2-PT'S 
~BO-i20Y ~B0-120Y 

rl 6 H 

. .J ·<r ·<f·<i c c c c 

~ 
EXC.FUIIJRE 

4160V-480Y /271V 
I 000/1 333KVA 

AA/FA 

l...:======:J ENGINEERS 

TO SWIO CT'S 
FOR OVERALL OIFF, 

3-LA 

ti~XV 

TO SWIO CT'S 
FOR OVERALL 0 IFF. 

i 
I 

.I 

DEVICE 

21 
21 
32 
40 
46 
51 
SIN 

59A.B 
59/81 

60 
63 

61EF 
221 
250 

350UATI 

2n 
1200A 
10 SEC 

':' 

.L,£ 
1-PT 

J., ::[: 4200-120Y 

•£-•c ~ 

SYN 

3-CT'S 
2000-SA 

'6' ) 
t 

687,. 
UTI 3 

6 

3-CT'S 
2000-SA 

A~C 
<] 

687 
STI 

GEN.NEUT. 
GRQ, TRANSF, 

r----~---:-i:, 3-CT'S 
400·5A 

.:. 

~ STA.AUX.TRANSF.I 
138 GROY/79.8KY­

~ 4160 T/2100Y 
16.8/22.4/FUT 28WVA 

,...,.....,.... It/A I 65'C 

':' 

.;\£~2 
!-' ~ ~~ . ,, 1 

3-CT'S 
4000-SA 

SYN 

3-CT'S 
4000-SAII:'-------1---

'6' 
t) 

LS-I 
FUTURE 
UNIT 2-< 
CONN. 

3-CT'S 
~00-SA 

r-------1-. 3-CT'S 
100-SA 

DIES£L GEN. 
.~w 

o.sPF.3Ji1,6CIIZ 

FUTURE 
---'-------------1--~~4~16~0~Y~Bli~S~SB~------------.. --------~~~ 

3-CT'S .1-----------------' 
4000-SA 

4160V-480YI277V 
I 000/1 333KYA 

AAIFA 

4160V-480Y/277V 
1000/IJJJKVA 

U/FA 

FIGURE 5-26 
SINGLE LINE 

UNIT 

5-52 

DIAGRAM 
I 

I. ., 

38TGI 
381UI 
381TI 
65(11 
6SIY 

681UTI 
681STI 
Oi7DG 
68158 

.. .. 
RELAY SCHEDULE & DEVICE NUIIIER 

TYPE FUNCTIIJI 
G.E. liE ST. 

<0-11 DISTANCE 
CV-2 UNOERYOL1AGE RELAY 

GGP REVERSE POtiER RELAY 
lLF-1 LOSS IF FIELD RELAY 
coo NEGATIVE PHASE S£QUENCE RELAY 
co TilE OYERCURRENT RELAY 
co NEUTRAL TillE OYERCURRENT RELAY 

CV-8 OYERV!l. TAGE RELAY 
STY Y!l. TS I HERTZ 

CFVB Y!l. TAGE BALANCE RELAY 
SPA SUOOEN PRESSURE RELAY 
OGF FILED GRQJNO DETECTOR RELAY 
lDIO LOSS IF SYNCHAOIIISII 

51 LOSS IF SYNCHAOIIISII DETECTOR 
51 INSTANTANEOUS OYERCURRENT RELAY 

SA-l GENERATOR DIFFERENTIAL RELAY 
HU-4 GENERATOR - II'T DIFFERENTIAL RELAY 
HU-~ TRANSFORWER DIFFERENTIAL REL>.Y 
ITH INST. OYERCURRENT RELAY 
COY vtl. TAGE RESTRAINED OY';;.IJJRRENT REU.'; 
HU TRAHSFIJbi:R 0 I FFf:'~NTI Al RELAY 

HU-4 TRANSfeRER iit,.t"ERENTIAL RELAY 
SA-l TRANSF'-R DIFFERENTIAL RELAY 
us :~. utFFERENTIAL RELAY 

LEGEND 

SY11111 DESCRIPTICII 

0 AIIETER 

@ POIIER'FACTOR WETER 

0 Y!l.TWETER 

0 WATTWETER 

@ WAlTHOUR WETER 

@> VARIIETER 

@ VARNOUR WETER 

@ cuRRENT TRAII'..OUC(R 

~ Ylll TRANSDUCER 

@ VOLT AGE TRANSOOCER 

@ IUT TRANSDUCER 

@ FREQUENCY TRANSDUCER 

@ FREQUENCY REaJIDER 

<£! COII'IITER POINT 

~,. WINOOr TYPE 3121 C. T. 

jl! IINSTRUWENT OR CONTR!l. SWITCH 

-f- PHASE SHIFTING TRANSFIJ!WER 

DEVICE LIJCATICII DEVICE NO.PREFIX 

6 - WAIN CCJHRO.. BOARD I · 34S.OOOV 
[] - 4,160Y SrGR 2 - 1 3s.ooov 

3 - 2<t.OOOV 

• - 480V SWCR 4 - 13;soov 

* - DIESEL GEN. S - 6,9QOY 
6 - 1160V 

• - STATICII RELAY PNL. 1 - 2400V 
8 - 480V 

PUBLIC SERVICE INDIANA 

CAES IN AQUIFER 
UUE NO. ET-78-C-01-2159 



'I 
l·BCT'S 
2000-5A 

2000 

l·BCT'S 
2000-SA 

:ell 2000 l·BCT'S 
.-.lo .-.lo 2000·56. ' .ti 1200 s s 

3-AEh I I 

)--E] 10/IOA ""' HO 

225 

l·BCT'S 1:+ 30 0 
2000-SA 250 A 

1200 Bf 

l·BCT'S 1:+ 2000·5A 
!lQQ 

,\ 

I 

!. ~ • 
ii"=:; ; ., ; 
z~ 

t'4~ §i '~ 
~-

~::l 

SARGENT~ LUNDY 
l:======]ENGINEERS 

llBXV LINE 

.::_']r n·CCPO'S } 79.GXV· ~ GG.4/IISV l 
llBKV V. BUS ·GG.4/IISV LA'~ "' ~@ " . 0A 

J,, ,l, 7 ~~~~ 
• • 0 B 

T.C. 
CARR 

~0 0 
'I 

221-
y 

2 3-BCT'S -0g-· 0 
2000-SA 

221- 1200 

~0 
l l·ACT'S 

30 S 30 10/IOA ·I~ HlCT'S 

~~ ~0 
0 2000-SA s 

~~ 
2GB I .!:. -~ !lQQ 

)·APT'S HO 

YHO 0 66. '"'E:!:_ >-G ¢-¢ 267 225 
0 l_!'l s , .. B B l·BCT'S 

""' ·~,A-, ~0 •II-: 

0 A 2000-SA 

s • !lQQ 

""' 0 
•II-: l·BCT'S s I 2000-SA 

""' !lQQ 0 
s , .. 

HQ 

1 0 s . 
" 0 ~ A llBKV 

,___OR l4SKV 
BUS 

0 
VAR l·BCT'S 

VOl TACE 

PST 2000-SA 
0 2000 

w 

30 ~0 ·II-: 
l·BCT'S 
2000-SA 

0 s 1200 
0A,fi'B HO a &ti:UT 

>-G 225 

~ 
l-Rr.T·s 
2000-SA A 1200 

l·BCT'S 
2000-SA 

1200 

$ 0 0 
s . ~c s . 

HO HO f-Sj),l., 0 30 0 s , .. l s , .. 
HO HO 

30 ~0 
l 
0 '! 

s s l·BCT'S 
I '"it I 2000-SA 

""' 3¢ ..,. 
0 0 0 

2000 

s s s l·BCT'S . YHO . 
250 ° ""' 

¢-¢ 
""' 

2000·5A >-
fO 2000 

s 0 s 0 l·BCT'S 

1221· u 
, .. 

~ ~1"'11-: ?000-SA 

""' _:____: 1200 
I 

250 0 250 0 
HO ""' )-B --, 

279 22_:j 0 fO fO 
221-
4 

221 0 0 

~ 
l·BCT'S 

)·APT'S. cpO 221 2000-SA 
T T 1200 A 

~/IISV 0 0 0 267 267 267 
NT NTU N U 

B B l·BCT'S 
2000-SA .-t-, ·~, 

~~.Jf:f.:' 
2000 

,\ 

y X A. C 

.--L 3-~ 
79.6KV· r 

66. 4/IISV 
•66. ~/II ~v· 

FIGURE 5-27 

X ·~ 
~~~ 
~~' 

~~= 
~~w 

~~-

SINGLE 
345/138 kV 

LINE DIAGRAM 
SWITCHYARD 

5-53 

¢A· ¢8 
c CONT"O ON ES·S 

¢B· ¢C 

~/C INITIATE [lli}-~ /·ACT 

•T 
5/SA 

I-ACT 
' [0 ' 5/IA 
' 
' ' 

POL-CURR. 
~----, 

,-1' 
I 

' ol 
'I 

I 

I 
I 

I 

I 

I 

$ I.-ACT 
•II- 5/SA 

l·BCT'S 3-BCT'S l·BCT'S l·BCT'S 
2000-SA 2000-SA 2000-SA 2000·5A l -q? 

2000 2000 2000 1Q!!Q LA'S f 

~oJ" JJ '-0 ... 7 

l·BCT'S l·BCT'S ... I 

2000-SA 2000-SA @ .!1QQ .!1QQ ... 
0 ,. w 0 ~- of ... ~ 0 

251 B ... ~ 
VAR 

Gf PST 

A~C~ 
B 

0 ~ A<J 0 
A 

~ s c . 
0 HO 

s ... ~ 0 • .t s 'S" HO ... 
0 lH 

s ... l·WINOINC CT•S 0 
YAR 2000-SA s 

PST HO I 
•I ""' 30 345/llBKV 0 

I AUTOTRANSf. s s . 
I 345 CRO .. Y/138 CROY KV 

""' ""' s 0 
YAR 

~ 
30 ""' 287 ' 

I 4r 0 
YAR 

""' I 
I 

I 

I 

I 

I 

~ 

~ 
w 

a 
0 

§ 

RELAY SCHEDULE & DEVICE NUIOBER 

DEVICE TYPE 
fUNCTION 

C. E. WEST. 

21P CARRIER PHASE fAULT RELAY 
21NP CRO. 0 I RECTI ONAL OVERCURRENT RELAY 
21·1 ZOilE I PHASE fAULT RELAY 
21-2 PILOT TRIP PHASE 
21-l CARRIER START 
21-4 ZDilE 2 PHASE fAULT RELAY 
21 T 1/oii'EOAilCE RElAY TRAilSf.BACK·UP 
25 SYNCHRONIZING RELAY 

25X SYNCHRDr/IZitiC AUXILIARY RELAY 
21•r UllOERVOL T ACE RELAY 

27.TX AUXILIARY RELAY fOR UNOERVOl lACE 
SOBf BREAkER fAILURE RELAY 
sore fAULT DETECTOR OVERCURRENT RELAY 

51 OVERCURRENT RElAY 
67fl OUAL POL.CRO.PILOT 

67NT DUAL POL. CRO. BACK ·UP 
61/lTU DIRECTIONAL 0/C TP.:.,~st. BACK -UP 

68 OOT Of STE'P D~.A;k RELAY 
79 RECLOSIIIC RELAY 
85 I -·•RIER AUXILIARY RELAY 
87 

l 
TRANSfORWER nw:RENTIAL RELAY 

87B BUS :::rrt.RENTIAL RELAY 

LEGEND 

SYWBOL DESCRIPTION 

G) A~tT<R 

0 VOl TWETER 

0 WATTWETER 

@) VARWETER 

~ REC. VOLTWETER 

0 INDICATING LICHT 

G), SUPV. ·A/oil'S 

G)., SUI'V. -VOL I 

G). SUPV. ·WATT 

0VAR SUPV. ·VAR 

0 OSCILLOGRAPH 

,r! IIISTRUIIEIIT OR COIITROl sw . 

-f- PHASE SHIFTING TRANSFORI<ER 

J WANUAL OPER.OISC. 

:1--0 NOTOR OPER.OISC. 

HO HEADQUARTER 

""" JotAlN t.:UNIHUL I:SUAHU AI ~ lA. 
APT AUX. POT. TRANSf. 
ACT AUX. CURR. TRANSf. 
sc SURGE COUNTER 

NO. NOTES 

I. DEVICE PREFIX NOTES: 

PREFIX "I" APPLIES-DEVICE t/UWBER TO l45KV BUS OR LINE 

PREFIX "2" APPLIES DEVICE IIUI41ER TO llBKV BUS OR LitlE 

PREFIX "l" APPLIES DEVICE NUIEER TO 24KV BUS OR lii>E 

DEVICE LOCATIOII: 

DOOROO AT SWITCHYARO RLY.HOUSE 

NO- GENERAL NOTES 

I. SYIICHRDriiZIC RELAY APPLICATIONAS SHOWN 
fOR THE l45KV AND llBKV. SYSTE• ARE REPRESENTATIVE Otll Y 
ANO REflECT USE Of REGULAR SYNCHROIIIZIIlC RELAYS 
TYPE CVE OR EQUIVALENT ArlO SPECIAL CXS TYPE RELAYS 

2. fiNAl DETERMINATION Of THE C. T. TAPS THAT WAY BE 
REOUIREO WILL BE WADE LATER. 

3. LOCAL SYNCHROIIIZitiC PANEL CONNECTION AT SWYO • 
RELAY HOUSE Will BE SHOWN LATER, If REOUIREO. 

4. l4SKV BUS I ArlO BUS 2 SELECTED VOLUCE WOIIITORIIIC. 
AT THE •CB Will BE DETAILED LATER 

PUBLIC SERVICE INDIANA 

CAES IN AQUIFER 
DOE NO. ET-78-C-OI-ZIS9 

0 

i 
I 



345KV~LINE 13·CCPO'S:l· r~' 
199KV- -u...u 

3 9 66.4/IISV r! J 

I~.A @'S J -66.r4/IISV t,~~tl~~!;:;N---------~--j!I-C..345KV V.BUS 

WAVE ' ' ._____,:..:..__ __ _ 
17 TRAP ,+c ,+c 

0 

B 8CT/CRSIB 

BUS I 345KV 

3 

G{r; 
CS-268 

3-BCT'S cl----------p---J.-+--J.------, 
2~A 1'-;l• 

0~30 T-R \::._{---

3-BCT'S 
2000-SA 

2000 ~ 
>-B 

l·ACT•S -0i0i3 3 
~ogg~~~ ,~-_l',(,:.,.ffil""'--< 

2ooo ~~- I'* '"" ,:. 

0 
125 

121 ° ._ __ --1 p , 
'o 

3-APT'S 
~IISV 

1 B 

A~ cA~c 

185 

121 oj 
NP 

G~---~------~--==-~-~-----+-+~----4-------

~ 
~ 

s ~ .. 
'"" 0 

S I 

3'"" 

s ~ 
"" 

SA~~ G3-CCP0':45KV~LINE 2 

11....11-" I99KV-
-:;-...., 66.4/IISV 9 3 

345KV v.sus•--f!)~,----------s:sy;;;~;:A;::~Tg•::)' ;66.4 r/1115 @v I LA'~·· 

,-J.-, ,-J.-, -WAVE 

r---------1-----~---------------_. VTRAP 

CT/CR5188 °
8 

,!_ B 

J-CCPO'S T ""' 199KV- ~ A~C 

66.4/IISV Yr~~J X 8 
-66. 4/IISV • *I I 

SA· ,-4--c 
r;SA 

s };;~'--+--{•~c 0 

"' 

~~-N CS-26B 

~ 
0 

:l-R 

0 

,-------J---+-+--.------------1, 3-BCT'S L___do o 121 •If-' 202DJ~a·~A 
~ V HQ r p f-----~ fi'50l 

0 
~b k0o·:; ~ ~r-~--l-~_:o2=gl=~s:....~..J y 3-APT'S 

s VAR :o 121 66.4/IISV 0 B 
'"" " NP ~ 12S )- 179. 1 

0 B B ~30 T. 
s • ,/'1 ""' l-=--l-1-1--1, ~ogg~~~ 

s :.C. ~-t,cM 

3-BCT'S 
'-------~~----'Jl2000-5A 

2000 

s ~-.If 
"' 0 

S I 

HQ 
I 

"" s \0 

3 ~ ~c ' " c ~ HD .h. "" ·If-' 2000 I /i 
o 3-BCT'S 

s VAR 2000-SA EE----~:t-----~:---------, 
"' ~ 

0 ' 

s ::a f 

3-BCT'S 
,------------1l2DOD-5A 

2000 

125 
0 

0 

0 
VAR 

• 
3 

PST 
0 

0 
3-ACT'S 

3-BCT'S :;--il• I~IOA 30 Jo :"'u'y011. & 

2~~A ~~- s I s)-1_.-+-+--------l----------+---+---=~--_j 
IC:8 HO 

B----; 
3-BCT'S :-{I• ' ~o flsOl 0 
2~~~~A ~~~~~--_.-+--------+--------------~---, 

3-BCT'S 
,...-+--1------------'ill 2000-SA 

2000 

.------~,_,...,., ~ogg~~~ 
., 2000 

3-CCPO'S 
199KV-

66.4/IISV z"' 
-66.4/IISV ~~ 

> 

ISO 0 

FO 

121 ° 
I f-----+ 

121 ° 
4 f-----+ 

0 
16& 1---,0,.----+ 

3-API'S 

167 
o 66.4/IISV 

' "" s 0 
VAR 

"" 
ISO 0 

FD 

121 ° 
T 

167 ° 
NTU 

0 

SEL.SW. 

0 0 v 
U/V SENSOR ~ SEL. SW. fiS - N 

PST 

0 
VAR 

0 

t 
3-BCT'S 
2000-SA ~----'------'''------~ 

2000 

0A.08. & 30 3o3l·OA/CI~AS·I' 3-BCT'S 
L.:NE::::U:,:T ___ I-J---------J------j-j-J.-{ S S ·or: 2000-SA 

150 ° 
FD 

121 ° +-----1 I 

121 ° +-----1 4 

0 
~---0-1168 

.~ .h. *' lQQQ 
0 

125 >-B 
-----+----++-----..j 1 ~n o 31'0'---1---··111-::-"' ~0ggT ~; 

Bf A 2000 

'---------+-·-11f-:"" ~ogg~~~ 
2000 

~ogg~~~ If:--------~ 
2000 

3-BCT'S ,1----------, 
2~D~~~A ~ :;1 . 

;EJBG 
~ogg~~~ I 

2000 

3-BCT'S 
2000-SA 

2000 

0 

s ' 
110 

0 

167 ° 
NTU NT I~ 

B B 

3-APT'S 
~/IISV 

B B 

167 ° 
NT 

167 0 /"s 0 
NTU - w 

HO 

121 ° 0 I f----4-----j S VAR 

~ogg~~; fl.:.------l--+-l--1--, 

S VAR 

S L 0 

121 ° 
T 

150 ° 

·~, ,-t-, 
3~

0 GJ-o ~co 
I v '""0= fiSA·r;jC 

FD '----------' 

'"" 0 r;S-r;S 
S },-....::___::,.._ __ ---{ S VAA 

0 

"" "" 

,--L·~, 

Y 

y· ~Ely I SA 1 
y\....U '- X A ~ c 

3-C~ .--1-, ~~~~e:s 1 

3HQ 
s 0 

I 

"" 
0 . 
'"" 

2000 

66.4/IISV I 
BUS a 345KV -66. 4/IISV 

A~----~-+-+~------~----4-----------------------------~~~--------------------------_.----44--------------------------------------------------~-
E}---4-~4-~---+4---------------------------------------------------------------------~--------------------------------------------------------~ 
o}-----4-~4-------~4---------------------------------------------------------~~---------+---------------------------------------------------------- .. 

~30 
c~---+~--1~----~-------------------------------------------=~------------+-----------------------------------------------------------~----~ 

®- - -·-~------~--------------------------------------------------------------~ 

:;: 
~7 ~ ~ 

~~ ~ ~ 

SARGENT~ LUNDY 
l:======]ENGINEERS 

FIGURt: 5-28 
SINGLE LINE DIAGRAM 
345 kV SWITCHYARD 

5-54 

·~ /;: .. 
~ ~ ~ ~ 

: : : 
~ §; ~ 

RELAY SCHEDULE & DEVICE NUWBER 

21P CARRIER PHASE fAULT RLY 
21NP GRO.OIRECTIONAL OVERCURRENT RLY 
21-1 ZONE I PHASE fAULT RLY 
21-2 PILOT TRIP PHASE 
21-3 CARRIER START 
21-4 
21T 
25 

25X 
27MT 

27MTX 
SOBF 
SOFO 

51 
67N 

67NT 
67NTU 

68 
79 
05 

87 I 
~iB 

I I 

ZONE 2 PHASE fAULT RL Y 
IMPEDANCE RLY TRANSF .BACK-UP 
SYNCHRONIZING RLY 
SYNCHRDNI Z lNG AUXILIARY RL Y 
UNOERVOLT AGE RL Y 
AUX ILl ARY RL Y fOR UNOERVOL T AGE 
BREAKER fAILURE RLY 
fAULT DETECTOR DVERCURRENT RL Y 
OVERCURRENT RL Y 
DUAL POL. GRO. PI LOT 
DUAL POL. GRO. BACK -~r 
DIRECTIONAL 0.'. TRANSF .BA~::-UP 
OUT or ('::,- BLOCK RLY 
RECLOS I NG P.~ Y 

I 
CARRIER AUXILIARY RLY 
TRANSFOP,..~ ~lffERENTIAL RLY 

~~",DiffERENTIAL RLY 

LEGEND 

SYMBOL DESCRIPTION 

0 AMMETER 

0 VOLTMETER 

0 WATTMETER 

8 VARioETER 

~ REC. VOLTMETER 

0 INDICATING LIGHT 

G)1 SUPV. -AMPS 

0v SUPV. -VOLT 

0w SUPV. -WATT 

0vAR SUPV. -VAR 

0 OSCILlOGRAPH 

,.,' I NSTRIIMfNT (lR CONTROL SW. 

--f- PHASE SHIFTING TRANSFORMER 

01 d MANUAL OPER.OISC. 

OL_f.;\. M 0\::.1 I()TOR OPER.OISC. 

HO HEADQUARTER 
MCB MAIN CONTROL BOARD AT STA. 
APT AUX. POT. TRANSF. 
ACT AUX. CURR. TRANSF. 
SC SURGE COUNTER 

NO. NOTES 

I. DEVICE PREFIX NOTES: 

PHH IX "I" APPLIES OEV. NO. TO 345KV BUS OR LINE 

PREFIX "2" APPLIES OEV. NO. TO 138KV BUS DR LINE 

PREFIX "3" APPLIES OEV.' NO. TO 24KV BUS OR LINE 

DEVICE LOCATION: 

DooRQo AT SWITCHY ARC RL Y. HOUSE 

PUBLIC SERVICE INDIANA 

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



Section 6 

CONCLUSION 

CAES system design in T~ek 1 has proqressed from the establishment 

of basic design assumptions to selection of heat cycle and machinery 

configurations for three typical aquifer storage pres~ures. 

The Task 1 work effort culminated in the preparation qf general 

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 11 0ff-peak 11 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 aftercoolP.r 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 harl ~ lower power production ener~y 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 
11 0ff-peak 11 hours, for use during periods of high power demand. 

This report describes the work performed in identifying and evaluating candidate 
compressor 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 cycles 
were the location 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 tul·bine firing temperatures and energy cost ratios. 
Energy cost ratios consist of the ratios of the projected cost of 11 0ff-peak 11 

electric power used to drive the compressor train and the projected cost of the 
fuel oil 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 PSI 

Firing Temperature HPT /LPT Of 1500/UF 1500/1500 1500/1500 
Turbine Work- KWiLB/SEC* 218.5 331.1 375.7 
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 Outputs Reflect a 98% Generator Efficiency and Turbine Auxiliary load losses. 
•• Low Pressure Compressor Inlet Air Flow. 

Turbine Output 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: 

1 Low pressure compressor 

1 Low pressure intercooler 

1 Intermediate pressure compressor 

1 Intermediate pressure intercooler 

1 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 fo.'ll owing table. 
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Table S-2 

OPTIMIZED VS STANDARDIZED 
LOW PRESSURE MACHINERY COMPARISON 

200 PSI 600 PSI 

OPT STD OPT STD 

LP COMPRESSOR, p 3.380 //~.69ti/ 4.770 v /~696/ 
IP COMPRESSOR, p 2.400 - 3.390 ·; 3.765/ 

HP COMPRESSOR, p 2.400 I 3.685; 3.390 2.861 

LP TURBINE, p 10.700 'I 10.700/ 11.000 /11.000/ 

CHARGING POWER, 
KW/LB/SEC* 166.2 171.5 233.4 233.4 

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

NET LHV HEAT RATE, 
BTU/KWHR* 4075 4075 3915 3915 

1000 PSI 

OPT STD 

5.470 
1

/;s.a9~ 
4.050 '/ ,3.765; 

4.050 4.682 

11.000 '1,11.000 

266.7 267.5 

375.7 375.7 

3880 3880 

TOTAL POWER PRODUCTION ENERGY COST IN MILS/KWHR 

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

$2.50 
17.80 18.02 16.84 16.84 10 

$2.50 
25.40 25.85 23.88 23.89 20 

$5.00 35.59 36.04 33.67 33.68 20 

$7.50 
38.17 38.39 36.41 36.41 10 

$7.50 45.78 46.22 43.46 43.47 20 

$7.75 
77.23 78.56 72.63 72.66 60 

CROSSHATCHED BLOCKS IDENTIFY COMMON COMPONENTS. 

*REFLECTS MOTOR, GENERATOR AND AUXILIARY LOAD LOSSES. 

16.80 16.82 

23.90 23.94 

33.60 33.64 

36.20 36.22 

43.30 43.34 

72.67 72.79 

1\Y 1591) 

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 performa~ce or total energy cost penalty. The use of the standardized 
components was selected as the preferred CAES heat cycle for all three pressure 

levels. 
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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 PSI 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.~50 

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 

2.50 17.20 
10 

16.61 16.60 

2.50 
24.54 23.58 23.65 20 

5.00 34.40 33.22 33.20 
20 

7.50 36.93 35.89 35.70 10 

7.50 44.27 42.86 42.75 20 

7.75 74.61 71.71 71.91 60 

REFINED COMPONENT l:fFICIENCIES (W 1592) 

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. 
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MACHINERY CONFIGURATION 

Seventeen candidate machinery configurations, based upon variations of one, two 
and three shaft arrangements, were evaluated. All 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. 

PLAN 

---~---------------····..-·--------------------1 

ELEVATION 

Figure S-1. 1000 PSI System Machinery Outline 
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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. 

CAES AQUIFER INDEPENDENT GENERATOR 

CAES SYSTEM AQUIFER 
INDEPENDENT OPERATION 

200 PSI 600 PSI 1000 PSI 
1500/UF OF 1500/1500oF 1500/1500oF 

NET TURBINE 
OUTPUT, KW 69,070 88.436 00,535 

NET LHV HEAT 
RATE BTU/KWHR 11,465 10,940 10,925 

NOTES: 

-

CONVENTIONAL 
COMBUSTION 
TURBINE 

CONVENTIONAL 
COMBUSTION TURBINE 
W501 OPERATION 

APPROXIMATELY 20000F 

94,715 

10,660 

(~1!>!:14) 

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 COOL_ING TOWER FANS, LOW PRESSURE SERVICE 
WATER AND WATER PUMPING ELECTRICAL LOADS. 

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

1 Aquifer Dependent Power Production 

1 Aquifer Charging 

1 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 aquifer site 
evaluation performed in Task 2, 11 Characterize and Explore Potential Sites and 

! 

Prepare Site Research and Development Plan. 11 

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. 
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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 
the economic and technical feasibility of an aquifer based Compressed Air Energy 
Storage (CAES) plant. 

The specific objectives of this effort were: 

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

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

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

Concurrent with these Task 1 activities an aquifer site identificatiori 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 the 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 tas.k 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:· 

1 Site Ambient Parameters 
Pressure 
Temperature 
Relative Humidity 

1 Aquifer Dependent Parameters 

14.43 PSIA 
590F (dry bulb) 
60% 

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

The storage pressure range was based upon a preliminary review 
of the information available on candidate aquifers in the general 
region of the Illinois Basin in Tllinois 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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Selected External Plant Air Pressure Loss Ratios 

Base = 1.4 
Maximum= 1.8 
Minimum = 1.2 

External Plant Air Temperature Loss 

Aftercooler discharge - regenerator inlet = lOOF 

• 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 lqOOF 
Minimum regenerator average cold end temperature 2Q50F 
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 
( LIIV = 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 pr~ssure 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 intercooled reheat com­
bined cycle shown in Figure 3-2. 

The machinery arrangements shown in these figures are typical and do ndt identify 
a preferred arrangement. 

While the compression cycles are similar in each, the expansion (power generation) 
schemes are considerably different. The regenerative reheat cycle utilizes an air 
to gas heat exchanger 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 of 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 Westinghouse (Reference 1) have shown that 
the intercooled, reheat combined cycle has ~ higher total ener~y cost than t~e 
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Figure 3-1. Intercooled Regenerative Reheat Cycle for CAES Systems 
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Figure 3-2. Intercooled Reheat Combined Cycle for CAES Systems 
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intercooled, 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 5QOOF 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 15QOF and the 
return air to the expansion equipment is 14QOF, 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 2QQOF whereas the 
aquifer storage temperature defined in this compressed air energy study is 15QOF. 
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 
lower (15QOF) 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. 11 Compressed Air Energy Storage Turbo-Machinery, 11 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 

Fuel Cost, $/MM BTU 

Storage Pressure 
Site Elevation 
Regenerator Effectiveness 
Storage Pressure Loss 
Storage Air Temperature 

$2.50 $2.50 

Charging Cost, Mils/KWHR 10 20 

$5.00. 

20 

Turbine Inlet Total Power Production Temperature OF 

HPT ~.1000 RC 19. 51 27.47 39.03 
LPT 1500 RR 18.75 27.45 37.49 

HPT ~ 1300 RC 18.83 26.26 37.66 
LPT 1500 RR 18.06 26.14 36.13 

HPT 1500 RC 18.41 25.51 36.81 
LPT. ~ 1500 RR 17.65 25.36 35.31 

1000 PSI 
Sea Level 
75% 
l. 21 
2000F 

$7.50 

10 

Energy Cost 

42.62 
38.84 

41.62 
38.03 

41.02 
37.54 

$7.50 $7.50 

20 60 

- Mils/KWHR 

50.58 83.57 
47.54 83.35 

49.05 79.91 
46.11 79.43 

48.12 77.65 
45.25 77.07 

('!':! 15971 

HPT = High Pressure Turbine Inlet Temperature °F 
. 0 

LPT = Low Pressure Turbine Inlet Temperature F 
RR = Regenerative Reheat Cycle 
RC = Reheat - Combined Cycle 

., 
NOTE: The above total power production energy costs are as calculated and do not 

include any margin. 
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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 optim1ze 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 prP.ssure ratio was calculated for the following site 
parameters: 

Site Ambient Conditions 

Pressure 14.43 psia 
Temperature - 590F 

Intercooler Outlet femperatures 

950F 

105DF (bas.e) 
1150F 

Aftercooler Dis~harge 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: 

and 

where: 

m = 

cp = 

11 = 

p = 

PT = 

K = 

T = 

K 
(2(K-l)) 

(P ) 1/2 
T 

the changing mass flow rate 

the constant pressure specific 

compressor adiabatic efficiency 

compressor pressure ratio 

compressor tra.i n tota 1 pressure 

the specific heat ratio of air 

heat of air 

ratio 

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 whic~ 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 temperatur~ 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: sing·le 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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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: 

P HPC = 

where: 

PHPC 

p2AC = 

PL TOT = 

PATM = 

PLPC = 

p2AC x P L TOT 
PATM x P LPC 

high pressure compressor pressure ratio 

aftercooler discharge pressure, PSIA 

compressor train inlet and exit total pressure loss coefficient 

site ambient pressure, PSIA 

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 l in the low 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. All three 
groups of curves shown are for an aftercooler discharge pressure of 700 PSIA. 
Intercooler air discharge (HP compressor inlet) temperatures of 950F, l050F and 
ll50F were investigated. The optimum compressor pressure ratio is not significantly 
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sensitive to the HP compressor inlet temperature over the 2QOF 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 comprE~ssor 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 lOOF 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 low 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 low 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 compre~~P.rl 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 utili7ing 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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Figure 4-4. OptimJm LP Compressor Pressure Ratio and Total Work of Compression for a Compressor Train 
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COMPRESSOR TRAIN UTILIZING ONE INTERCOOLER 

Aftercooler Discharge Pressure, 

250 700 1150 

Low Pressure Compressor A/A 5.10 8.38 10.50 
Pressure Ratio A/C 6.36 10.65 13.37 

High Pressure Compressor A/A 3.68 6.27 8.06 
Pressure Ratio A/C 2.95 4.93 6.45 

Total Work of Compression A/A 164 238 276 
BTU/LB A/C 171 251 297 

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. 

PSIA 

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 
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schematic for such a compressor tr~in 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: 

K l/3 
m2cp2T2~lm3cp3T3~1 3{K-l) 

p 1 = ( ) (PT) 
mlcplT1~2mlcplT1~3 

_K_ 
m1 cp1 T 1 ~ 2 K-1 

p2 = ( ) p 1 m2cp2T 2~1 

where: 

m = the charging mass flow rate 

cp = the constant pressure specific heat of air 

~ = compressor adiabatic efficiency 

p = compressor pressure ratio 

PT = compressor train total pressure ratio 

K = 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 low pressure (LPC), compressors was used to 
yener-ate the data in Tables 4-1, 4-? and 4-3. The symbols used on the schematic 
in Fi~ure 4-6 apply to these tables. Each of the three tables is prepared for a 
different intercooler exit temperature. They identify the optimum pressure rdLio 
and resulting minimum work of compression for various combinations of compressor 
efficiencies at three aftercooler discharge pressures. 
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INTERCOOLER #1 INTERCOOLER #2 
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AIR STORAGE AQUIFER 
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Figure 4-6. Schematic of a CA~S Compressor Trair1 Utilizing Two Intercoolers 
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Table 4-1 

PRELIMINARY 
OP.TIMUM-PRESSURE RATIO SPLIT AND WORK OF COMPRESSION 

FOR A COMPRESSOR TRAIN UTILIZING TWO INTERCOOLERS 
950F INTERCOOLER OUTLET TEMPERATURE 

- .. -· ·- .. 

TliPC= TlHPC= 95°F P2AC = 250 PSIA P2AC = 700 PSIA P2AC = 1150 PSIA 
------ --- . --·- .. ··---- - -· -· ····- .. - .. .... 

1l LPC = .88 PLPC =3.4205 PLPC = 4.8209 PLPC = 5.6885 

1lJpc = .85 PJpc= 2.3887 .PIPC = 3.3664 PIPC = 3.9723 

1l HPC = . 85 pHPC = 2.3887 PHPC = 3.3664 PHPC = 3.9723 

WTOT = 155.66 Btu/Lb WTOT = 220.88 Btu/Lb wToT·= 254.76 Btu/Lb 
.. 

1l LPC = . 88 PLPC = 3.6712 PLPC = 5.1746 PLPC = 6.1058 

T/IPC = .85 piPC = 2.5638 PIPC = 3.6134 PIPC = 4.2637 

T/HPC = .80 PHPC = 2.0736 PHPC = 2.9226 PHPC = 3.4485 

WTOT = 1 58. 01 Btu/Lb WTOT = 224.91 Btu/Lb WTOT = 259.46 Bt~/Lb 

T/LPC = .88 PLPC = 4.2484 PLPC = 5.9882 PLPC = 7.0658 

T/IPC = . 80 PIPC = 2.3996 PIPC = 3.3821 PIPC = 3.9908 

T/HPC = .75 pHPC = 1.9144 PHPC ·= 2.6982 PHPC = 3.1838 

WTOT = 163.26 Btu/Lb WTOT = 233.31 Btu/Lb WTOT = 269.25 Btu/Lb 

11 LPC = . 85 PLPC = 4.2245 PLPC = 5.9544 PLPC = 7.0260 

11 IPC = .75 PIPC = 2.1494 PIPC = 3.0296 PIPC ;_ 3.5748 

T/HPC = .75 pHPC = 2.1494 PHPC = 3.0296 PHPC = 3. 5748 

WTOT = 169.65 Btu/Lb WTOT = 241.42 Btu/Lb WTOT = 278.54 Btu/Lb 
...... , --

NOTE: The above total work of compression values are as calculated and do not 
include any margins. 
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Table 4-2 

PRELIMINARY 
OPTIMUM PRESSURE RATIO SPLIT AND WORK OF COMPRESSION 

FOR A COMPRESSOR TRAIN UTILIZING TWO INTERCOOLERS 
1050F INTERCOOLER OUTLET TEMPERATURE 

TliPC= TlHPC= 105°F P2AC = 250 PSIA P2AC = 700 PSIA P2AC = 1150 PSIA 

11 LPC = .88 PLPC = 3.5695 PLPC = 5.0311 p LPC = 5. 9365 

11 I PC = .85 PIPC = 2.3384 PIPC = 3.2958 PIPC = 3.8890 

11 HPC. = .85 pHPC = 2.3384 PHPC = 3.2958 pHPC = 3.8890 

WTOT = 157.91 Btu/Lb WTOT = 223.34 Btu/Lb WTOT = 257.56 Btu/Lb 

11 LPC '= .. 88 PLPC = 3.8312 PLPC = 5.3998 pLPC = 6.3717 

11 IPC = .85 PIPe = 2.5098 PIPC = 3.5373 PIPe= 4.1741 

11 HPC = .80 PHPC = 2.0297 PHPC = 2.8610 p HPC = 3. 3755 

WTOT = 159.88 Btu/Lb WTOT = 227.35 Btu/Lb WTOT = 262.21 Btu/Lb 
··-

11 LPC = .88 PLPC = 4.4335 PLPC = 6.2488 PLPC = 7.3734 

11 I PC = .80 PIPC = 2.3489 PIPC = 3.3109 PIPC = 3.9064 

11 HPC = .75 PHPC = 1.8741 PHPC = 2.6413 pHPC = 3.1168 

WTOT = 165.44 Btu/Lb WTOT = 235.72 Btu/Lb WTOT = 272.31 Btu/Lb 
-

11 LPC = .85 PLPC = 4.4085 PLPC = 6.2137 PLPC = 7.3318 

11 I PC = .75 PIPC = 2.1040 Prpc = ~.9656 PIPC = 3.~995 

· 11 HPC = .75 P HPC = 2. 1 040 PHPC = 2.9656 PHPC = 3.4995 

WTOT = 171.31 Btu/Lb WTOT = 243.89 Btu/Lb WTOT = 281.51 Btu/Lb 

NOTE: The above total work of compression values are as calculated and do not 
inc 1 ude any rna rg ins . 1~ 1542

' 
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Table 4-3 

PRELIMINARY 
OPTIMUM PRESSURE RATIO SPLIT AND !~ORK OF COMPRESSION 

FOR A COMPRESSOR TRAIN UTILIZING TWO INTERCOOLERS 
ll50F INTERCOOLER OUTLET TEMPERATURE 

TliPC= TlHPC= 115°F P2AC = 250 PSIA P2AC = 700 PSIA P2AC = 1150 PSIA 

I -
17 LPC - .88 P LPC = 3. 7223 P LPC = . 5. 2463 PLPC = 6.1904 

I 
17 IPC = .85 P I PC = 2. 2898 P IPC = 3.2275 piPC = 3.8083 

17 HPC = .85 p HPC = 2. 2898 PHPC=3.2275 PHPC = 3.8083 

WTOT = 159.56 Btu/Lb WTOT = 225.80 Btu/Lb WTOT = 259.41 Btu/Lb 

17 LPC = .88 PLPC = 3.9951 PLPC = 5.6311 PLPC = 6.6444 

17 I PC = .85 P IPC = 2.4576 P I PC = 3. 4642 PIPC = 4.0877 

17 HPC = .80 P HPC = 1 . 9877 p HPC = 2. 8013 PHPC = 3.3054 

WTOT = 161.62 Btu/Lb WTOT = 229.76 Btu/Lb WTOT = 265.09 Btu/Lb 
.. 

17 LPC = .88 P LPC = 4.6233 PLPC = 6.5164 P LPC· = 7. 6891 

17 I PC = .80 p I PC = 2. 3003 fliPC = 3.2426 PIPC = 3.8261 

17 HPC = .75 p HPC = 1.8351 PHPC = 2.5862 PHPC = 3.0516 

WTOT = 166.85 Btu/Lb WTOT = 237.76 Btu/Lb WTOT = 274.95 Btu/Lb 

TJ I.PC = .85 P LPC = 4. 5973 PLPC = 6.4796 PLPC = 7.6456 

TJ I PC = .75 P IPC = 2.0605 piPC = 2.Y042 PIPC = 3.~268 

17 HPC = . 75 PHPC = 2.0605 PHPC = 2.9042 PHPC = 3.4266 

WTOT = 172.98 Btu/Lb WTOT = 246.42 Btu/Lb WTOT = 284.36 Btu/Lb 

NOTE: The above total work of compression values are as calculated and do not 
include any margins. ~~ 1 5431 

....---~·----...., 
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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 
efficienci~s 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: 

Tl LPC = 59 0F 
P IPC OUT = 1.01 

PATM = 14.43 PSIA PIC #2 = 1.02 

P LPC = l.Ol P HPC IN = l.Ol IN 

f1 LPC OUT = 1. 01 P HPC OUT = l. 01 

P IC #1 = 1.02 PAC = l. 02 

P IPC = l. 01 P TOT = l . 1265 IN 
11 DRIVE MOTOR = .95 

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 shou I d increase while the 1 ow p·r'essure 
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 ratid which th~t unit must achieve in order to produce a minimum work of 

compression system. 
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I. 
. Compressor 

Element . 

LPC, . n & P 

IPC, n & P 

HPC, n & P 

Total I:Jork 

LPC, n & P 

IPC, n & P 

HPC, n & P 

Total Work 

LPC, n & P 

IPC, n & P 

HPC, n & P 

Total vJork 

Table 4-4 

ESTIMATED DESIGN POINT 
. OPTIMUM PRESSURE RATIO SPLIT AND WORK OF COM-PRESSION 

. FOR A· COMPRESSOR TRAIN UTILIZING TWO INTERCOOLERS 
1050f INTERCOOLER OUTLET TEMPERATURE 

P 2Ac.=-~50 PSIA P2AC = 700 PSIA p 
2AC = 1150 PSIA 

.. 

n = .87 (A) 3.38 n = . .88 (A) 4.)7 n = .88 (A) 5.47 

n = . 86 (A) 2.40 n = .87 (A) 3.39 n .= .88 (A) 4.05 
\ 

n = .86 (A) 2.40 n = .87 (A) . 3. 39 n = .88 (A) 4.05 

WTOT = 157 Btu/Lb WTOT = 221 Btu/Lb Hi-or = 254 Btu/Lb 

n = .88 (A) 3.90 n = .R8 (A) 5.50 n = .88 (A) 6.40 

n = .87 (A) 2.62 n = .87 (A) 3.90 n = .88 (A) 4.73 

n = .77 (c) 1. 91 n = .77 (C) 2.55 n = .77 (C) 2.97 

WTOT = 161 Btu/Lb WTOT = 228 Btu/Lb WTOT = 262 Btu/Lb 

n = .88 (A) 4.50 n = .88 (A) 6.34 n = .88 (A) 7.48 

n = .77 (C) 2.08 n = .77 (C) 2.94 n = .77 (C) 3.47 

n·= .77 (c) 2.08 n = .77 (C) 2.94 n = .77 (C) 3.47 

\~TOT = 166 . Btu/Lb WTOT = 237 Btu/Lb \~TOT = 273 Btu/Lb 

(~1544) 

(A) = Axial Compressor 

(C) ~ Centrifugal Compressor 

NOTE: The above total work of compress1ur1 values arc as calculat~d and do not 
include any margins. 
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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 selection of the type of compressor, .the number of inter­
coolers, and the design 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-l. An equation maximizing the total turbine work produced by 
this type of cycle is derived in Appendix B and presented below: 

K l/2 

where: 

Ill = discharging mass flow rate 

cp = constant pressure specific heat of air 

11 = turbine adiabatic efficiency 

pl = the HP turbine pressure ratio 

PT = the tota 1 turbine pressure ratio 

K =·the ratio of, the specific heats of air 

T = turbine inlet temperature (OR) 

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

The above equation is also valid for a turbine cycle utilizing 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 turbi~e pressure ratios are s~n~ttive to turbine inlet temperdLUre 
combinations and to the turbine efficiencies. 
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Figure 5-l. Schematic of a CAES Turbine Train With Reheat 
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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 low 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 curves 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 must be noted that a CAES turbine train which produces the maximum 
amount of work is not necessarily the system with the lowest 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 lb/sec and all HP turbines 
with an inlet temperature of 15QOOF or less could be manufactured so as to 
require a cooling flow of 1.9% of the aquifer discharge flow. The turbine 
efficiency, ~, for these cases was found using the following formula. 
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rr = 

where: 

. 89 ( KK 1 ) 

1 - (~) 
1-K 

1 - (P) -K-

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 bf the turbine elements with a 215QOF inlet temperature both the turbine 
ui~k dnd blades must be cooled. The base efficiency and required cooling air 
flow for such a turbine was obtained from calculations made for the W501-D 
turbine at its base pressurP 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 hP rroportional 
to the efficiencies obtained from the above equation. 

Low pressure turbines with firing temperatures of 15QQOF or lower, assumed to 
require disk cooling, were considered in the following manner. The per'furrnance 
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 
15QQOF and/or the pressure ratio varied from the W501-AA base .pressure ratio; 
while the turbine efficiencies were as·sumed 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 ~NERGY 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 variable's 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 llOOOF to allow conventional cooling of the reheat combustor. The LP 
turbine exhaust temperature was limited to l2000F 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 2Q50f or 
higher. 

Within the limits of the above constrci'i nts Westinghouse performed a parametric 
study investigating all of the regenerative and regenerative/reheat turbine cycle 
variables initially selected for Task l 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 Oil Cost)+(Compr~ssor Work) (Surplus Electrical Power Cost) 
~ 1000 Turb1ne Work 

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

·Variable 

Heat Rate 

Fuel Oil Cost 

Compressor Work 

Turbine Work 

Surplus Electrical Power Cost 

Total Power Production Energy Cost 

BTU/KWHR 

$/Million BTU 

KW/Lb/Sec 

KW/Lb/Sec 

Mil s/KWHR 

Mils/KWHR 

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

Fuel Oil 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 17.0fi .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. 

(l) 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 

200 PSI 600 PSI 1000 PSI 
System Parameters 

1 I/C 2 I/C 1 I/C 2 I/C 1 I/C 2 I/C 

Aftercooler Discharge 250 250 700 700 1150 1150 Pressure, PSIA 

Intercoolei Outlet Air 105 105 105 105 105 105 Temperature, OF 

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 

(\JY 15901 

I/C = Intercooler 

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

(2) The reheat location 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. 

(3) Once all the proposed CAES cycles were analyzed using the above 
guidelines, the cases showing tile greatest potentiu.l were further 
analyzed. The 11 maximum work 11 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 Lur-bine work, the turbine output and thP. hP.nt rate decreased. 
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The effects on the total power production energy costs were more complex. For some 

CAES turbine cycles like 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 llOOOF 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 cyc~e 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 15.00-1-500 .cases. 

In thes.e turbine cycles, the optimum power production energy cost reheat location 
depended on the .. energy c.ost ratio. For such cases the data ·resulting from these 
investigations is .presente~d ·in Tables C-4.,, C-6, C-8, C-10, C-16 and C-18 of 
AppendiX c. In these .tabTes :the LP turbine pressure rati 0 is 1 i.sted in ·the ucASE" 

row. 

It should be noted ·that ·.th.e .energy cost rati·o - n:ot :th:e ma:gni:tud.e :of ~th.e v.ar.i.ous 
energy costs - is the most ·important factor to consider when optimizing a CAES 
cycle. The following tr.ends will occur as the .energy cost ratio is vari.ed. 

( 1 ) As the cost of the ·fuel re 1 at·i ve to the cost of :the surp 1 us 
e·lectri.ca·l .power incre.ases (as -the .energy cos:t -ratio in.creas.es) 
the cycles with lower heat rates .are favor..ed. 

(2) As the cost .of the ·surplus ~ele.ctrical power relative .to the cost 
of fuel increases (as the energy cost r.atio 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 press.ur.e 
ratio decreases the heat rate increases, the optimum LP tur.bine pressure ratio 
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-1~) and uncooled (these ·results 
are presented in ·Tables C- ll 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: 

Ener~y Cost Combinations Energy Cost Ratio 

$2.50-20 . 125 

$2.50-10 .250 

$7.50-20 . 375 

$7.50-10 .750 

In these figures the v~rious cycles were plotted in the order of increasing heat 
rate. Since the reheat turbine train cycles with a 21500F HP turbine inlet temper­
ature did not have favorable cost performance characteristics and were not 
or.iginal.ly included in 'the official list 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 location could not be used because of the llOOOF 
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 f~el relative to the cost of the surplus elec­
trical power increased (as the energy cost ratio increased), the 
cycles with a lower heat rate were favored (see the $7.50/10 
results). 
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(5) As the price of the surplus electrical power _relative to the cost 
of the fuel increased (as the energy cost ratio decreased), the 
CAES turbine cycles with more turbine work were favored (see the 
$2.50/20 results). 

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. 

Sys tern Nomina 1 Compressor Train Turbine Firing 
Storage Pressure, No. of Temperature 

PSI Intercoolers HPT/LPT OF 

200 2 1500/UNFIRED 

600 2 1500/1500 

1000 2 1500/1500 

1000 2 1500/2150 

During th~ 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, ur 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 
chnnges 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 
calculating 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 
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-· 
Table 6-2 

:YCLE COMPARISON SUMMARY 
200 PSI STORAGE PRESSURE 

REGENERATOR EFFECTIVITY 70% 

ONE INTERCOOLER 

UNCOOLED COOLED 

Firing Temperature HPT /LPT °F. 1500/UF 1500/UF 

Turbine Work - KW/LB/SEC ! 220 204 

Air Flow - LB/SEC/Machinery Set ! 450 BOO 

KW Per Machinery Set l 99,000 163,200 

M;;chinery Sets Per 1000 MWe (EXACT) 10.1 6.13 

Machinery Sets Per 1000 MWe (ACTUAL) I 10 6 

Units Per Machinery Set 

! 
! 

Turbines 2 2 

Compressors ; 2 2 

Coolers 2 2 

Gear Boxes 2 2 
-----···· 

Units Per 1000 MWe 
Turbines 20 12 

Compressors . ; 20 12 

Coolers 20 12 
I 

Gear Boxes i 20 12 
! t----Total Mils/KW HR i 

Fuel@ S/106 BTU/ELEC PWR 2.50/10 I 18.81 19.65 

Mils/KW HR 2.50/20 26.61 2B.04 
I .. 

5.00/20 I 37.61 39.29 

7.50/10 I 40.B1 42.15 

7.50/20 4B.61 50.55 

7.75/60 B0.93 B5.25 

-· 

TWO INTERCOOLERS 

UNCOOLED COOLED 

1500/UF 1500/UF 

220 204 

450 BOO 

99,000 163,200 

10.1 6.13 

10 6 

2 2 

3 3 

3 3 

3 3 

20 12 

30 1B 

30 I 1B 

30 1B 
-

1B.57 19.39 

26.13 27.53 

37.13 3B.7B 

40.57 41.B9 

4B.13 50.03 

79.49 B3.71 

I 
1~41451 

For u 1000 MWe Plant Operating 10 HR/Day, 6 Days/Week, 1 Mii/KW HR = $3.12 x 106/YR. 

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

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



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/Machinery Set 450 800 800 450 800 800 
KW Per Machinery Set 149,400 249,60G 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 (ACTUALi 7 4 4 7 4 4 

Units P:!r Machinery Set 

Turbines 2 2 2 2 2 2 
Compressors 2 I 2 2 3 3 3 
Coolers 2 2 2 3 3 3 
Gear Boxes 2 2 2 3 3 3 

Units Per 1000 MWe I 

! 
Turbines 14 ! 8 8 14 8 8 
Compressors 14 : 8 8 21 12 12 
Coolers 14 ' 8 8 21 12 12 
Gear Boxes 14 ! 8 8 21 12 12 

Total Mils/KW HR** : 

Fuel@ $/106 BTU/ELEC PWR 
I 

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 Mii/KW HR = $3.12 x 106/YR. (~41481 

.. For tne 1500/1500 cases, the turbine work i~ 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. 

I 

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



0'1 
I 

! 
IF iring Temperature HPT /LPT °F 

Turbin:! Work - KW/LB/SEC .. 

I Air Flow - LB/SEC/Machinery Set 

, KW Pe· Machinery Set 

Table 6-4 

CYCLE COMPARISON SUMMARY 
1000 PSI STORAGE PRESSURE 

REGENERATOR EFFECTIVITY 70% 

ONE INTERCOOLER TWO INTERCOOLERS 

UNCOOLED COOLED I UNCOOLED COOLED COOLED 

1500/1500 1500/2150 1500/1500 1500/2150 1500/1500 

371 402 371 402 344 

450 800 ' 450 800 800 

166,950 321,600 I 166,950 321,600 275,200 

\ !Machinery Sets Per 1000 MWe (EXACT) 5.99 3.11 5.99 3.11 3.63 

I !Machinery Sets Per 1000 MWe (ACTUALI 6 

·-i· 
3 6 3 4 

I 
Units Per Machinery Set L I 

Turbines 2 I 2 I 2 2 2 

Compressors 2 2 3 3 3 

Coolers 2 2 3 3 3 

Gear Boxes 2 2 3 3 3 

Units Per 1000 MWe 

Turbines 12 6 12 6 8 

Compressors 12 6 18 9 12 

Coolers 12 I 6 18 9 12 

Gear Boxes 12 i 6 18 9 12 
--- ---

i Total Mils/KW HR** 

Fue'l@ S/106 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 Mii/KW HR = $3.12 x 106/YR. 1~41511 
• 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 
CAES IN AQUIFER 
DOE NO. ET-78-COl-2159 
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lower 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 decreaiing 
the HP turbine inlet temperature while maintaining a 15000F LP turbine inlet temper­

ature. Both a compressor 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: 

Heat Rate = BTU of Fuel Enerqy In 
KWHR of Electrical Energy Out 

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

nfHERM' which is traditionally expressed as: 

= Useful Energy Out 
Energy In 

In the above equation the "useful energy out" term represents the generated elec­

tri ca 1 energy; and the "energy in" term represents - for conventi ona 1 power plants -
the energy of the fuel consumed to operate the plant. 

Th11s, 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 lowest 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 for a CAES system, nCAES' is 

expressed as: 

Turbine Energy Out 
nCAES = 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 lowest 
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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 oil 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 CAE'S cycles on the bas:-i s of the eight d.i fferent total power production 

energy costs presented in Append.ix C. The above method also has the advantag~ 

that once .. the projected energy costs aTe determined·~ it· wi 11 he a s1mpl e 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. mi 11 ion dollars; for a 1000 MW p 1 ant operat.i ng 10 hours p.er day, 

six days per week~ it was decided by the sponsoring utilities· that the optimized~ 

a 11 axi a 1 compressor trains· uti 1 i zing two i ntercool"e-rs, 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. Thee results of the study indicated that a turbine with 

a mass flow of approximateTy 770 lbs/sec and an inlet temperature of 15QOOF 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 

l. 9%, turbine mas.s flows of" ?TO 1 b I sec and with regenerator effer.t i viti P.s of R~%. 

The key heat cycle parameters: and the e.ight total power production energy costs for 

the selected cycles are shown· in Table 6-6. 

The sponsoring utilities sel~cted two heat cycles for· the 1000 psi system for·addi­

t.ional study. These two cyc.Tes were. the· T500/l5000F and the 1500/215QOF turbine 

6-18 



14.43 PSIA 
PATM 

150°F DRY BULB}-- T 
130°F WET BULB ~ . 2AC 

p2AC 

Ps P P P. We* 
PSI LPC IPC HPC KW/LB/SEC 

200 3.38 2.40 2.40 . 166.2 

600 4.77 3.39 3.39 233.4 

1000 5.47 4.05 4.05 266.7 

INTERCOOLER #?, 
0 105 F 

T1HPC 

AFTERCOOLER 

(~ 1510) 

*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 
Net Turbine Work - KW/LB/SEC* 
Air Flaw- LB/SEC/Machinery Set** 
KW Per Machinery Set* 
Machir:·ery Sets Per 1000 MWe (EXACT) 
Machir.ery Sets Per 1000 MWe (ACTUAL) 

Units Per Machinery Set 
Turbines 
Compressors 
Cooler Sets 

Units Per 1000 MWe 
Turbines 
Compressors 
Cooler Sets 

Total Power Production Energy Costs 
in Mii~./KW HR 

Fuel@ $/106 BTU/ELEC PWR 2.50/10 
in Mils/KW HR 2.50/20 

5.00/20 
7.50/10 
7.50/20 
7.75/60 

*These Outputs Reflect a 98% Generator Efficiency 
ulowv Pressure Compressor Inlet Air Flow 

1500/UF 
218.5 
770.0. 

168,245 
5.94 
6 

1 

3 
3 

6 
18 
18 

17.80 
25.40 
35.59 
38.17 
45.78 
77.23 

1500/1500 
331.1 
770.0 
254,950 
3.92 
4 

2 
3. 
3 

8 
12 
12 

16.84 
23.88 
33.67 
36.41 
43.46 
72.63 

1500/1500 
375.7 
770.0 
289,290 
3.46 
3 

2 
3 
3 

6 
9 
9 

16.80 
23.90 
33.60 
36.20 
43.30 
72.67 

1500/2150 
400.5 
770.0 

308,385 
3.24 
3 

2 
3 
3 

6 
9 
9 

16.99 
23~65 

33.97 
37.64 
44.30 

71.97 
(~1546) 

PUBLIC SERVICE INDIANA 
CAES IN AQUIFER 

The ~bove performance values are as calculated and do not include any margin. DOE NO. ET-78-C-01·2159 



NOTES: 

Table 6-6 
TOTAL POWER PRODUCTION ENERGY COSTS OF THE 
FOUR OPTIMIZED CANDIDATE CAES POWER PLANTS 

CASE 
TlHPT 
T2HPT 
T1LPT 
CAV LOS 
REG EFT 
COMP KW 
TURB KW 
H.R. 

1.00 . 2.00 3.00 4.00 
1500. 1500. 1500. 1500. 
1046. 1110. 948. 1105. 
1046. 1500. 1500. 2150. 

1.20 1.20 1.20 1.20 
.85 .85 .85 .85 

166.2 233.4 266.7 266.7 
218.5 331.1 375.7 400.5 
4075. 3915. 3880. 4130. 

FUEL COST = $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 9.79 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 = $4.25 PER 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" 17.0G MILS PEn KW-HR ENERGY COST RATIO- .2!l31 
20.38 19.58 19.40 20.65 
12.98 12.03 12.11 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 BTU 
ELECT COST= 20.00 MILS PER KW-HR ENERGY COST RATIO= .2500 
20.38 19.58 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 
4fi. 7A 43.46 43.30 44.30 

FUEL COST = $7.75 PER MILLION BTU 
ELECT COST= 80.00 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 
77.23 72.63 72.67 71.07 

(1) Case 1.00 has a nominal storage pressure of 200 PSI utilizing its 
optimized two intercooler compressor train, lSOQDF-UF turbine inlet 
temperature. · 

(2) Case 2.00 has a nomiMl storage pressure of 600 PSI utilizing its 
optimized two intercooler compressor train, 1503-1500°F turbine 
inlet temperature. 

(3) Case 3.00 has a nominal storage pressure of 1000 PSI utilizing its 
optimized two intercooler compressor train, 1500-lSOQDF turbine 
inlot timpvntur~. 

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

\ 

1\C! 15471 

The total Work of Compression, Turbine Output Power and Heat Rate values are 
as calculated and do not include any margin. 
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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 1500/150QOF cycle exhibits 
the lowest power production cost. The two cost ratios where the 1500/215QOF cycle 
has the lower total power production energy cost are those where the ratio of fuel 
oil/electric charging power cost is the lowest. These cost ratios are: 

Fuel Oil Cost 
$/Million BTU 

$2.50 

$7.75 

Electric Power Charging Cost 
Mils/KWHR 

20 mils 

60 mils 

Energy 
Cost Ratio 

.1250 

.1292 

As the cost of fuel oil with respect to electric pumping power increases, the 
1500/l5000F cycle has the lower power production cost. Since the present day 
energy cost rat~o for most utilities is already higher than the above ratios and 
the price of oil 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 1500/2150°F cycle. 

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

1. Less NOx 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 ratid 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 
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N 
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,I 
' 770.0 w 
:146.41 P 1. 

250 PSIA CHARGING PRESSI!JRE 
1500/UF °F TURBINE INLET TEMPEF:ATURE 

EXTERNAL PLANT AIR PRESSURE LOSS RATIO= 1.4 

OPTIMIZED LP SET 

770.0000W 
14.43 p 
59.0-51.5 (W.B.I 

1' 2B.639 H 

112.235 KN 
L.P. TURE. 
P= 6.596 

MOTOR/ 
GENERATOR 

JlilORPM 

179.120W 
15.007 p 
684.2 F 
185.778 H 

11105.0 F ,I · 
·I 48.~9 P 
I 305.5 F 
·: IC #1 88.443 H L~~ 
: 39.734 H ~) 170 000 W 

" i 135F- 95F 
76o'.4994 w ;· 
99.375 p 
1233.4 F 
333.010 H 

135 F 

95F 

1.4417W 
108.1 F 
105 F 
-326.4e H 

1
170.0 w 
111.39 p 

I 290.3 F 
84.730 H 

10 ORAON 

., 76E.5583 W 
•r 2SL.JS P 

fu
r~&~: 

135 F 
c 

95F 

MOTOR/ 
GENERATOR 

3600 RPM 

! 768.5583W 
j 250P 
I 150 F - 130 F (W.B.I 
~ 50.532 H 

TO STORAGE 

745.8968 w 
16;·.46 p 
15<•0 F 
408.845 H 

779.1020W 
14.43 p 

77.465 H · 
260.5 F n 

,c::=::.~ 

REGENERATOR 

~· 14.sow ~~ 
14.60 w :=!: 

B 

I
.! 768.5583 w 

1

173.19 p 
140 F 

I 48.116 H 
j: 

i 
FROM STORAGE 

Figure 6-9. 200 PSI Nominal Optimized System Heat and Material Balance 

COMPRESSED AIR ENERGY STORAGE (CAES) POWER PLANT ENERGY BALANCE 

INPUT 

1. ATMOSPHERIC AIR: 
2. LP COMPRESSOR POWER (@THE MOTOR TERMINALS): 
3. IP COMPRESSOR POWER (@THE MOTOR TERMINALS): 
4. HP COMPRESSOR POWER (@THE MOTOR TERMINALS): 
5. HP COMBUSTOR FUEL (LHV c 18,055 BTUILB): 
6. LP COMBUSTOR FUEL (LHV c 18,055 BTU/LB): 

TOTAL INPUT 

OUTPUT 

1. LP COMPRESSOR DRIVE MOTOR LOSS: 
2. IP COMPRESSOR DRIVE MOTOR LOSS: 
3. HP COMPRESSOR DRIVE MOTOR LOSS: · 
4. INTERCOOLER #1 REJECTION HEAT LOSS: 
5. INTERCOOLER #2 REJECTION HEAT LOSS: 
6. AFTERCOOLER REJECTION HEAT LOSS: 
7. AIR COOLER DRAIN LOSS: 
8. CAVITY HEAT LOSS: 
9. HP COMBUSTOR LOSS: 

10. LP COMBUSTOR LOSS: 
11. HP TURBINE POWER(@ GENERATOR TERMINALS): 
12. HP TURBINE ELECTRICAL LOSS: 
13. LP TURBINE POWER (@GENERATOR TERMINALSi: 
14. LP TURBINE ELECTRICAL LOSS: 
15. EXHAUST GAS LOSS: 

TOTAL OUTPUT 

PLANT PERFORMANCE 

TOTAL COMPRESSOR INPUT(@ MOTOR TERMINALS): 
TOTAL TURBINE OUTPUT(@ GENERATOR TERMINALS): 
AUX LOAD: 
NET TURBINE OUTPUT: 
NET LHV HEAT RATE: 

NOTES: 

. DTU/HR 

79,387,310 
174,500,575 
131,169,950 
130,914,940 
685,325,910 

0 

1.201 X 109 

BTUIHR 

8,726,030 
6,558,500 
6,545,750 

135,021,350 
129,914,805 
94,320,550 
-4,808,125 

6,684,610 
13,706,520 

0 
200,633,995 

4,094,570 
375,304,920 

7,659,285 
217,271,290 

1.202 X 1o9 

127,980 KW 
168,720 KW 

5011KW 
168,220KW 

4,075 BTU/KWHR 

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

2. THE ABOVE REFLECTS AN ENTHALPY BASE WHERE THE ENTHALPY OF -600F 
GAS EQUALS 0.0. 

LEGEND 

W- FLOW, LBS/SEC 
P -PRESSURE, PSI A 
F - TEMPERATURE, Of 
H - ENTHALPY, BTU/LB 
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0"1 
I 

N 
+==-

135 F 

95 F 

3.8900 'IV 
215.5 p 
105 F 
-~26.40 H 

65.5·P 
105 F 
39.734 w 

700 PSIA CHARGING PRESSURE 
1500/15000f TURBINE INLET TEMPERATURE 

EXTERNAL PLANT AIR PRESSURE LOSS RATIO= 1.4 
OPTIMIZED LP SET 

MOTOR/ 
GENERATOR 

3600RPM 

4.9176 W F 

781.4715 w 
15.007 p 
685.4 F 
186.430 H 

135 F 95 F 

770.000W 

7U9978W 
170.9 p 
11ol9.7 F 
297.987 H 

222.03 p 
373.2 F 
105.075 H 

MOTOR/ 
GENERATOR 

3600 RPM 

"A 

I 
747.4417 w I 
457.4 p ' 
1500 F I 
406.760 H 

TO DRAIN 10.4430 IN 

766.1110 w 
702.2 ,, 
150 F 
130 F IW.B.l 
50.39E' H y 

TO STORAGE 

781.4715 w 

~:a:~~ ~ 
79.083 H II 

REGENERATOR 

? r;.., r;. 
.I i \ ,'. 

:1 ;J ]! 

736.9988 w 
473.43 p 
603.6 F 
161.806 H 

A· 
14.5561 w -] 
14.5561 w :== 

JL 

766.1110W 
487.63 p 
140 F 
47.987 H 

FROM STORAGE 

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

COMPRESSED AIR ENERGY STORAGE (CAES) POWER PLANT ENERGY BALANCE 

INPUT 

1. ATMOSPHERIC AIR: 
2. LP COMPRESSOR POWER(@ THE MOTOR TERMINALS): 
3. IP COMPRESSOR POWER (@THE MOTOR TERMINALS): 
4 .. HP COMPRESSOR POWER(@ THE MOTOR TERMINALS):. 
5. HP COMBUSTOR FUEL (LHV • 18.055 BTU/LB): 
6. LP COMBUSTOR FUEL (LHV = 18,055 BTU/LBI:. 

TOTAL INPUT 

OUTPUT 

1. LP COMPRESSOR DRIVE MOTOR LOSS: 
2. IP COMPRESSOR DRIVE MOTOR LOSS: 
3. HP COMPRESSOR DRIVE MOTOR LOSS: 
4. INTERCOOLER #1 REJECTION HEAT LOSS: 
5. INTERCOOLER #2 REJECTION HEAT LOSS: 
6. AFTERCOOLER REJECTION HEAT LOSS: 
7. AIR COOLER DRAIN LOSS: 
8. CAVITY HEAT LOSS: 
9. 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 

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 
233,303,180. 
190,176,680 
189,192,975 
678,774,115 
319.634,165 

1.690 X 109 

BTU/HR 

11,665,160 
9,508,830 
9,459,650 

190,882,690 
195,118,335 
149,863,985 
-12,973,305 

6,644,020 
13,575,480 
6,392,685 

273,717,560 
5,586,075 

597.861,300 
12,201,250 

222,484,000 

1.692x 109 

179,690 KW 
255,430 KW 

500 KW 
254,930 KW 

3,915 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 -600f 
GAS EQUALS 0.0. 

LEGEND 

W- FLOW, LBS/SEC 
P - PRESSURE, PSIA 
F -TEMPERATURE, Of 
H - ENTHALPY, BTU/LB 
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770.00W 
304.2 p 
416.5 F 
115.762 H 

135 F 

95F 

4.8030W 
295.3 p 
105 F 
-926.40 H 

.007 w 
1149.3 p 
150 F 
-917.45 H 

TO DRAIN 

1150 PSIA CHARGING PRESSURE 
1500/15000F TURBINE INLET TEMPERATURE 

EXTERNAL PLANT AIR PRESSURE LOSS RATIO= 1.4 

OPTIMIZED LP SET 

135 F 95F 

765.19'' w 
1149.3 p 
150 F 
130 F (l¥.B.I 
50.349 -i 

nooow 
14.43P 
59 F- 51.5 F (W.B.) 
28.639 H 

179,070 KW 
0 11.0 

135 F 

" i] 
,: ,, • 

MOTOR/ 
GENERATOR 

3600 RPM 

6.8724W W 

MOTOR/ 
GENERATOR 

3600 RPM 

746.5130W 
748.7 p 
1500.0 F 
406.306 H 

10.3993 W F 

TO STORAGE 

761.D517 w 
170.9 p 
948.5 F 
254.167 H 

I 

782.4627 w 
14.43 p n 
272.4 F 
79.884 H I 

REGENERATOR 

·114.5387 w 
A ....., 
.._/ ' :j 14.5387 w 

j B 

765.191 w 
798.1 p 
140 F 
47.939 H 

FROM STORAGE 

COMPRESSED AIR ENERGY STORAGE (CAESI POWER PLANT ENERGY BALANCE 

INPUT 

1. ATMOSPHERIC AIR: 
2. LP COMPRESSOR POWER(@ THE MOTOR TERMINALS): 
3. IP COMPRESSOR POWER (@THE MOTOR TERMINALS): 
4. HP COMPRESSOR POWER(@ THE MOTOR TERMINALS): 
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. IP COMPRESSOR DRIVE MOTOR LOSS: 
3 HP COMPRESSOR DRIVE MOTOR LOSS: 
4. INTERCOOLER #1 REJECTION HEAT LOSS: 
5. INTERCOOLER #2 REJECTION HEAT LOSS: 
6. AFTERCOOLER REJECTION HEAT LOSS: 
7. AIR COOLER DRAIN LOSS: 
8. CAVITY HEAT LOSS: 
9. 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 

PLANT PERFORMANCE 

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

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 

1.904 X 109 

205,390 KW 
289,750 KW 

500 KW 
289,250 KW NET TURBINE OUTPUT:. 

NET LHV HEAT RATE: 3,880 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, Of 
H - ENTHALPY, BTU/LB 

IW15131. 

' . ........_ 

Figure 6-11. 1000 PSI (1500/15000~ Nominal Optimized System Heat and Material Balance 
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0"1 
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N 
0"1 

B5F 

95F 

·1.8030W 
195.3 p 
105 F 
-926.40 H 

.007W 
1149.3 p 
150 F 
-917.45 H 

TO ORA IN 

Figure 6-12. 

1150 PSIA CHARGING PRESSURE 
1500/2150 °F TURBINE INLET TEMPE'IATURE 

EXTERNAL PLANT AIR PRESSURE LOSS IIATIO = 1 .• 
OPTIMIZEO LP SET 

no.ow 
14.43 p 
59 F- 51.5 F IW.B.I 
28.639 H 

246.565 KW 
p- 18.0 

784.7808 w 
15.007 p 
799.2 F 

784.7808 w 
14.43 p 
389.4 F '\ 
108.400 H 

Z17.430 H 
.----' 

'• 765.197 w 
" 1172.3 p i: 417.1 .F 
)' 115.3:M H 

135 F 

95 F 

;• 

~ 

MOTOR/ 
GENERATOR 

3600 RPM 

663.8 w ~~ 

2150.0 F ; 
270.1 p •

1

· 

11.72:
1

~~1.7464W 

MOTOR/ 
GENERATOR 

3600 RPM 

2796P 
1105.3 F 
2951160 H 

1rA 

REGENERATOR 

(- .85 

619.3456 w 
774.9P 
700.3 F 
186.087 H 

A 

14.5387W ~ 

131.3068W 

76r>.1910W 
798.1 p 
140 F 
47.939 H 

TO STORAGE 
765.1910W 
1149.3 p 

FROM STORAGE 

150 F 
130 F 1w:B.I 
50.-H 

COMPRESSED AIR ENERGY STORAGE ICAESI POWER PLANT ENERGY BALANCE 

INPUT 

1. ATMOSPHERIC AIR' 
2. LP COMPRESSOR POWER Ill THE MOTOR TERMINALS!' 
3. IP COMPRESSOR POWER Ill THE MOTOR TERMINALS(' 
4. HP COMPRESSOR POWER Ill THE MOTOR TERMINALS!' 
5. HP COMBUSTOR FUEL ILHV • 18.()55 BTU/LBI' 

. 6. LP COMBUSTOR FUEL ILHV • 18,056 BTU/LBI' 

TOTAL INPUT 

OUTPUT 

1. LP COMPRESSOR DRIVE MOTOR LOSS' 
2. IP COMPRESSOR DRIVE MOTOR LOSS' 
3. HP COMPRESSOR DRIVE MOTOR LOSS' 
4. INTERCOOLER 1M REJECTION HEAT LOSS, 
5. INTERCOOLER ft2 REJECTION HEAT LOSS' 
6. AFTERCOOLER REJECTION HEAT LOSS' 
7. AIR COOLER DRAIN LOSS, 
8. CAVITY HEAT LOSS' 
9. HP COMBUSTOR LOSS' 

10. LP COMBUSTOR LOSS' 
11. HP TURBINE POWER Ill GENERATOR TERMINALS!, 
12. HP TURBINE ELECTRICAL LOSS' 
13. LP TURBINE POWER Ill GENERATOR TERMINALS), 
14. LP TURBINE ELECTRICAL LOSS' 
15. EXHAUST GAS LOSS' 

TOTAL OUTPUT 

PLANT PERFORMANCE 

TOTAL COMPRESSOR INPUT Ill MOTOR TERMINALS), 

TOTAL TURBINE OUTPUT Ill GENERATOR TERMINALS(, 
AUX LOAD' 
NET TURBINE OUTPUT, 
N.ET 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.G41.315 

6.627.780 
10,220,545 
15,245.540 

229.488.100 
4,683.430 

824.496.330 
16.826.455 

306,252.86J 

2.055 X 109 

205.39Q KW 

308,800 KW 
500 KW 

308.~KW 
4.130 BTU/KWHR 

1. THE ABOVE DATA REFLECTS AS CALCULATED PERFORMANCE. GUARANTEED 
PERFORMANCE WOULD INCLUDE MARGINS I NOT NECESSARILY THE SAME I 
FOR THE POWER INPUT AND OUTPUT. AND HEAT RATE. 

2. THE ABOVE REFLECTS AN ENTHALPY BASE WHERE THE ENTHALPY OF ~.()OF 
GAS EOUALS 0.0. 

LEGEND 

W - FlOW, LS/SEC 
P - PRESSURE. PSI A 
F -TEMPERATURE. °F 
H - ENTHALPY, BTU/LB 
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1000 PSI (1500/215QOF) Nominal Optimized System Heat and Material Balance 



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 al~o show th~ effect of the assumed lOOF storage air temperature drop. 

The machinery configuration depicted in this heat balance diagram does not repre­
: sent the Qpt1mum one shaft machinery layout. 

The fo 11 owing is a brief summary of the heat and materia 1 ba 1 ances presented in 
· Figures 6-9 through 6-~2: 

Nominal · :Compressor Turbine Cycle Cycle 
System · Train Firing Power Ratio, LHV 

Pressure, Number of Temperatures KW Charging Heat Rate, 
PSI Intercoolers HPT/LPT in OF Net KW Output BTU/KWHR 

200 2 1500/Unfi red .761 4075 

600 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, 
manufacturing and· inventory costs. As a result, when possible, the standardization 
of machinery is very desirable. ~Jestinghouse realized that there was a possibility 
of standardizing 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, compressor 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 t•eflect the effec~ of the auxiliary loads. 

The la~gest -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 th~ two that the optimized configuration contains. The increase in the 
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TO STORAGE 
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Figure 6-13. Common Components in Standardized Machinery Sets 
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Table 6-7 

OPTIMIZED VS STANDARDIZED 
LOW PRESSURE MACHINERY COMPARISON 

200 PSI 600 PSI 1000 PSI 

OPT STD OPT STD OPT STD 

LP COMPRESSOR, p 3.380 v /;~.~9~/ 4.770 
1 /,~.696L 5.470 '//- I_(_ ;5.090J 

IP COMPRESSOR, p 2.400 - 3.390 I 3.765/ 4.050 //3.765 

HP COMPRESSOR, p 2.400 l/ 3.685j 3.390 2.861 4.050 4.682 

LP TURBINE, p 10.700 'I 10.700/ 11.000 /11.000/ 11.000 '/1l.OOO 

CHARGING POWER, 
KW/LB/SEC* 166.2 171.5 233.4 233.4 266.7 267.5 --
NET OUTPUT PER 
MACHINERY SET, KW/LBISEC .. 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 

---
$2.50 1"/.80 18.02 16.84 16.84 .......,-a 

... --
$2.50 25.40 25.85 23.88 23.89 

20 
··-

$5.00 35.59 36.04 . 33.67 33.68 20 

$7.50 38.17 38.39 36.41 36.41 _1_0_ 

.. 
$7.50 45.78 46.22 43.46 43.47 

20 
.. 

$7.75 77.23 78.56 72.63 72.66 60 
---

CROSSHATCHED BLOCKS IDENTIFY COMMON COMPONENTS. 

*REFLECTS MOTOR, GENERATOR AND AUXILIARY LOAD LOSSES. 

16.80 16.82 

23.90 23.94 

33.60 33.64 

36.20 36.22 

43.30 43.34 

72.67 72.79 

I'{Y1548l 

The charging.power, turbine putput and heat rate values are as calculated 
and cto not include any mar~in. 

IW\ 
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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 
TlHPT 1500. 1500. 1500. 1500. 1500. 1500. 1500. 
T2HPT 1046. 1046. 1110. 1110. 948. 948. 1105. 
T1LPT 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 .85 ,85 .85 .85 
COMP KW 166.2 171.5 233.4 233.4 266.7 267.5 266.7 
TURB KW 21B.5 219.0 331.1 330.9 375.7 375.7 400.5 
H.R. 4075. 4075. 3915. 3915. 38BO. 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.B3 7.05 7.05 7.10 7.12 6.66 

TOTAL POWER PRODUCTION COSTS IN MILS PER KW-HR 
17.BO 1B.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 
15.22 15.66 14.10 14.10 14.20 14.24 13.32 
TOTAL POWER PRODUCTION COSTS IN MILS PER KW-HR 
25.40 25.85 23.88 23,ij~ 23.90 23.94 23.65 

FUEL COST = $4.25 PER MILLION BTU 
ELECT COST= 15.10 MILS PER KW-HR ENERGY COST Rt.TIO = .2815 
17.32 17.32 16.64 16.64 16.49 16.49 17.55 
11.49 11.82 10.64 10.65 10.72 10.75 10.06 
TOTAL POWER PRODUCTION COSTS IN MILS PER KW-HR 
28.81 29.14 27.28 27.29 27.21 21.24 27.61 

FUEL COST = $5.00 PEH MILLION STU 
ELECT COST= 17.06 MILS PER KW-HR ENERGY COST RATIO= .2931 
20.38 ?0.38 19,58 19.58 19.40 19.40 20.65 
12.98 13.36 12.03 12.03 12.11 12.15 11.36 
TOTAL POWER PRODUCTION COSTS IN MILS PER KW-HR 

' ~~ ~5 33.73 31.60 31.61 31.51 31.55 32.01 

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 7.12 6.66 
TOTAL POWER PRODUCTION COSTS IN MILS PER KW-HR 
38. 1 7 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 29.10 30.98 
15.22 15.66 14.10 14.10 14.20 14.24 13.32 
TOTAL POWER PRODUCTION COSTS IN MILS p~·H KW-HR 
45.78 46.22 43.46 43.47 43.30 43.34 44.30 

FUEL COST = $7.75 PER MILLION BTU 
ELECT COST= 60.00 MILS PER KW-HR . ENERGY COST RATIO= .1292 
31.58 31.58 30.34 30.34 30.07 30.07 32.01 
45.65 46.98 42.29 42.31 42.60 42.72 39.96 
TOTAL POW~H PHOUU(;'o'ION COST31N MILS rcn I<W-HR 
77.23 78.56 72.63 72.66 72.67 72.79 71.97 

NOHS: 

(l) Case l.U has nominal storage pressure of 200 PSI utilizing its optimized 
two intercooler compressor train. l500°F.uF turbine inlet temperature. 

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

{3} Case 2.0 has nominal storage prP.-;;sure of 600 PSI utilizing it~ optimized 
two i ntercoo 1 er compressor train, 1500-lSOODF turbine inlet temperature. 

(4) Case 2.1 has nominal storage pressure of 600 PSI utilizing the standard· 
i zed LP compressor set, a second intercooler and a customized HP com· 
11 r·e~:!.l.l•·· 1S00-15000F turbine inlet temperature. 

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

(6} Case 3.1 has nominal storage pressure of 1000 PSI utilizing the standard­
ized LP compre!:!:or set, a c;er.nnd intercooler and a customized HP com­
pre·ssor, 1500-lSOOOF turbine inlet temperature. 

(7) Case 4.0 has nominal storage pressure of 1000 PSI utilizing its optimized 
two intercooler compressor train, 1500-2150°F turllif•e inlet temperatura. (~15491 

The total Work of Compression, Turbine Output Power, and Heat Rate values 
are as calculated and do not 1nclude dny margin. 
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required co~p~essor work for the standardized 600 PSI system compressor train over 
the optimized tra·in 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 be_cause 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 cycle, 
the turbine mass flow rate 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 decrea~ed. 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 element 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 
generator efficiency increased from 98% to 98.5%. According to Philadelphia Gear 
Corporation, the gearbox efficiency will be 98.5%. Finally the projected com­
bustion efficiency increased from 98% to 99%. 



0"1 
I 
w 
N 

"135 F 

95 F 

57.J95 KW 
p= 3.685 

770.000W 
250.0 p 
150 F 
50.611 H 

250 PSIA CHARGING PRESSURE 
1500/UF°F TURBINE INLET TEMPERATURE 

EXTERNAL PLANT AIR PRESSURE LCSS RATIO= 1.4 
STANDARDIZED LP SET 

75,735 KW 
= 3.290 

7805669 w 
15.0 p 
683.9 F 
185.679 H 

780.5669W 
14.43 p 
260.5 H 
77.444 H 

~--... 

..--,==' 

TO STORAGE 

MOTOR/ 
GENERATOR 

3600 RPM 

765.9369 w 
49.9P 
104:.8F 
282.•l26 H 

740.7400W 
168.6 p 
602.3 F 
162.263 H 

A 
14.6300 w 

14.6300 w 
B 770.000 w 

173.6 p 
140 F 
48.192 H 

FROM STORAGE 

COMPRESSED AIR ENERGY STORAGE (CAESI POWER PLANT ENERGY BALANCE 

INPUT 

1. ATMOSPHERIC AIR: 
2. LP COMPRESSOR POWER(@ THE MOTOR TERMINALS): 
3. IP COMPRESSOR POWER (@THE MOTOR TERMINALS): 
4. HP COMPRESSOR POWER(@ THE MOTOR TERMINALS): 
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. IP COMPRESSOR DRIVE MOTOR LOSS: 
3. HP COMPRESSOR DRIVE MOTOR LOSS: 
4. INTERCOOLER #1 REJECTION HEAT LOSS: 
5. INTERCOO\.ER #2 REJECTION HEAT LOSS: 
6. AFTERCOOLER REJECTION HEAT LOSS: 
7. AIR COOLER DRAIN LOSS: 
8. CAVITY HEAT LOSS: 
9. 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 

PLANT PERFORMANCE 

BTU/HR 

79,387,310 
245,437,230 

0 
205,069,782 
686,827,365 . . . 0 

1.217 X 109 

BTU/HR 

12,271,860 
0 

10,253,490 
202,411,440 

0 
164,687,290 

0 
6,705.470 

13,736,545 
0 

323,806,415 
6,608,295 

253,242,310 
5,168,210 

217,620,805 

1.217 X 109 

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

132,030 KW 
169,115 KW 

500 KW 
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 -600F 
GAS EOUA LS 0.0. 

LEGEND 

W- FLOW, l.BS/SEC 
P- PRESSURE, PSI A 
F- TEMPERATURE, °F 
H- ENTHALPY, BTU/LB i'!Y15161 

Figure 6-14. 200 PSI Nominal Standardized System Heat and Material Balance 
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C) 
I 

w 
w 

58,225 KW 
p • 3.765 

770,000 w 

700 PSIA CHARGING PRESSURE 
1500/150o:>F TURBINE INLET TEMPERATURE 

EXTERNAL PLANT AIR PRESSURE LOSS RATIO= 1.4 
STANDARDIZED LP SET 

MOTOR/ 
GENERATOR 

3600 RPM 

263.1 p 135 F 95 F 

135 f 

95F 

398.9 F 
111.413 H 

105 F 
105 F 39.550 H 
-426.~0 H 

TO DRAIN 

765.728W 
702.3 p 
150 F 
50.375 H 

TO STORAGE 

MOTOR/ 
GENERATOR 

3600 RPM 

747.0685 w 
457.5 p 
15000F 
406.760 H 

781.0820 w 
15.0 p 
685.3 F 
186.430 H 

781.0820W 

14.43 p n 
268.7 F 
79.083 H 

....---~ 

761.6173 w 
170.9P 
1109.6 F 
297.970 H 

REGENERATOR 

( = .85 

736.6307 w 
473.52 p 
603.6 F 
161.806 H 

14.5488 w 
14.5488 w 

A 

B 

765.7284 w 
481.73 p 
140 F 
47.967 H 

FROM STORIIGE 

COMPRESSED AIR ENERGY STORAGE (CAES) POWER PLANT ENERGY BALANCE 

INPUT 

1. ATMOSPHERIC AIR: 
2. LP COMPRESSOR POWER (@THE MOTOR TERMINALS): 
3. IP COMPRESSOR POWER (@THE MOTOR TERMINALS): 
4. HP COMPRESSOR POWER(@ THE MOTOR TERMINALS): 
5. HP COMBUSTOR FUEL ILHV = 18,055 BTU/LB): 
6. LP COMBUSTOR FUEL (LHV = 18,055 BTU/LB): 

fOTALINPUT 

OUTPUT 

1. LP COMPRESSOR DRIVE MOTOR LOSS: 
2. IP COMPRESSOR DRIVE MOTOR LOSS: 
3. HP COMPRESSOR DRIVE MOTOR LOSS: 
4. INTERCOOLER #1 REJECTION HEAT LOSS: 
5. INTERCOOLER #2 REJECTION HEAT LOSS: 
6. AFTERCOOLER REJECTION HEAT LOSS: 
7. AIR COOLER DRAIN LOSS: 
8. CAVITY HEAT LOSS: 
9. 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 

PLANT PERFORMANCE 

TOTAL COMPRESSOR INPUT(@ THE MOTOR TERMINALS): 
TOTAL TURBINE OUTPUT(@ GENERATOR TERMINALS): 
AUX. LOAD: 
NET TURBINE OUTPUT: 
NET LHV HEAT RATE: 

NOTES: 

BTU/HR 

79,387,310 
245,437,230 
209,117,660 
158,639,500 
678,429,625 
319,523,670 

1.691 X 109 

BTU/HR 

12,271,860 
10,455,880 
7,931,975 

202,41 1,440 
214,611,985 
120,866,860 
- 14,245,955 

6,637,945 
13,568,595 
6,390,475 

273,627,375 
5,584,230 

597,563,350 
12,195,170 

222,372,595 

1.692 X 109 

179,710 KW 
255,320 KW 

500 KW 
254,820 KW 

3,915 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 EN'fHALPY BASE WHERE THE ENTHALPY OF -60°F 
GAS EQUALS 0.0. 

LEGEND 

W- FLOW, LBS/SEC 
P- PRESSURE, PSIA 
F- TEMPERATURE, Of 

H- ENTHALPY, BTU/LB 
(~1517) 

Figure 6-15. 600 PSI Nominal Standardized System Heat and Material Balance 
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135 F 

95 F 

255.4 p 

105 F 
-926.40 H 

58,225 KW 

p 0 3.765 

1150'PSIA CHARGING PRESSURE 
1500/1&00°F TURBINE INLET TEMPERATURE 

EXTERNAL PLANT AIR PRESSURE LOSS RATIO= 1.4 
STANDARDIZED LP SET 

MOTOR/ 
GENERATOR 

3600 RPM 

770.000 W 135 F 95 F 
263.1 p 
398.9 F 
111.413 H 

105 F 
39.550 H 

MOTOR/ 
GENERATOR 

3600 RPM 

TO )RAIN 

765.191 VI 5375 W 
, 149.3 p 1149.3 p 
150 F 150 F 
50.345 H -917.45 H 

TO STORAGE TO DRAIN 

782.4628 w 
15.0 p 
687.4 F 
187.~67 H 

782.4628 VI 

14.43 p ~ 
272.4 F 
79.884 H 

~~ 

,---....1 

761.0516W 
170.9 p 
948.5 F 
254.1641i 

REGENERATOR 

736.113E W 
774.9 p 
605.3 F 
162.077 H 

14.5386 w 

14.5386 w 

A 

B 

765.1909W 
798.1 p 
140 F 
47.939 H 

FROM STORAGE 

COMPRESSED AIR ENERGY STORAGE ICAES) POWER PLANT ENERGY BALANCE 

INPUT 

1. ATMOSPHERIC AIR: 
2. LP COMPRESSOR POWER (@THE MOTOR TERMINALS): 
3. IP COMPRESSOR POWER (@THE MOTOR TERMINALS): 
4. HP COMPRESSOR POWER(@ THE MOTOR TERMINALS): 
5. HP COMBUSTOR FUEL ILHV = 18,055 BTU/LB): 
6. LP COMBUSTOR FUEL ILHV = 18,055 BTUILBI: 

TOTAL INPUT 

OUTPUT 

1. LP COMPRESSOR DRIVE MOTOR LOSS: 
2. IP COMPRESSOR DRIVE MOTOR LOSS: 
3. HP COMPRESSOR DRIVE MOTOR LOSS: 
4. INTERCOOLER# 1 REJECTION HEAT LOSS: 
5. INTERCOOLER #2 REJECTION HEAT LOSS: 
6. AFTERCOOLER REJECTION HEAT LOSS: 
7. AIR COOLER DRAIN LOSS: 
8. CAVITY HEAT LOSS: 
9. HP COMBUSTOR LOSS: 

11l LP COMBUSTOR LOSS: 
11. HP TURBINE PO\"'ER (@GENERATOR TERMINALS): 
12. HP TURBINE ELECTRICAL LOSS: 
13. LPTURBINE POWER(@ GENERATOR TERMINALS): 
14. LP TURBINE ELECTRICAL LOSS: 
15. EXHAUST GAS LOSS: 

TOTAL OUTPUT 

PLANT PERFORMANCE 

TOTAL COMPRESSOR INPUT(@ THE MOTOR TERMINALS): 
TOTAL TURBINE OUTPUT I@ GENERATOR TERMINALS): 
AUX. LOAD: 
NET TURBINE OUTPUT: 

BTUIHR 

79,387,310 
245,437,230 
209,117,660. 
248,202,860 
675,933,700 
446,705.255 

1.905 X 109 

BTU/HR 

12,271,860 
10,455,880 
12.410,145 

202.411,440 
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 

NET LHV HEAT RATE: 3,880 BTU/KWHR 

NOTES: 

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

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

LEGEND 

W - FLOW, LBS/SEC 
P- PRESSURE, PSIA 
F- TEMPERATURE, °F 
H- ENTHALPY, BTUILB 1~151BI 

FigLre 6-16. 1000 PSI (1500/l500DF) Nominal Standardized System Heat and Material Balance 
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Ol 
I 
w 
<..T1 

no.ooeow 
257.5 F 
393.3 F 
110..02! H 

95F 

135 F 

no.oooow 
25o.O p 
150 F 
50.611 H 

TO STORAGE 

.Figure 6-17. 

250 PSIA CHARGING PRESSURE 
1SOOOF TURBINE INLET TEMPERATURE 
EXTERNAL PLANT AIR PRESSURE LOSS RATIO= 1.4 
REFINED STANDARDIZED LP SET 

nooooow 
14.43P 
59.0 F-51.5 F IW.B.I 
28.639 H 

130,655 KW/178,505 KW 

MOTOR/GENERATOR I::J~jt::::::j 
3600 RPM 

no.oooow 
69.9P 

770.0000W 
72.7 p 
404.3 F 
112.754 H 

105 F 
39.734 H 

95F 

135 F 

766.1682W 
168.9P 
1500 F 
408.856 H 

c 
10.7982 w 
118056 LHVI. 

780.7982 w 
14.43P 
249.0 F t 
74.653 H II 

755.3700W 
168.6P 
590.1 F 
159.180 H 

14.6300W 
A 

770.0000W 
17UP 
1«1 F 
48.192 H 

FROM STORAGE 

COMPRESSED AIR ENE.RGY STORAGE (CAESI POWER PLANT ENERGY BALANCE 

INPUT 

1. ATMOSPHERIC AIR: 
2. LP COMPRESSOR POWER(@ THE MOTOR TERMINALS): 
3. IP COMPRESSOR POWER (@THE MOTOR TERMINALS): 
4. HP COMPRESSOR POWER (@THE MOTOR TERMINALS): 
5. HP COMBUSTOR FUEL (LHV ~ 18,055 BTU/LB): 
6. LP COMBUSTOR FUEL (LHV ~ 18,055 BTU/LBI: 

TOTAL INPUT 

OUTPUT 

1. LP COMPRESSOR DRIVE MOTOR LOSS: 
2. IP COMPRESSOR DRIVE MOTOR LOSS: 
3. HPCOMPRESSOR 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: 
B. 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 OUTPUT(@ GENERATOR TERMINALS): 
AUX. LOAD: . 

NET TURBINE OUTPUT: 
NET LVH HEAT RATE: 

NOTES: 

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 
0 

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 

500KW 
178,005 KW 

3,945 BTU/KWHR 

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

w 
en 

765.728a- w 
7Z3.5 p 
330.9 F 
94.221 .. J 

j; 
I 

r7 ... 7 ... W 

1

255.4 p 
105 F 
39.550 H 

TO DRAIN 

13!1 F ... 
765,7284 w 
102.3 p 
150 F 
50.375 H 

TOSTORAOE 

Figure 6-18. 

700 PSIA CHARGING PRESSURE 
1500/1500DF TURBINE INLET TEMPEF:ATURE 
EXTERNAL PLANT AIR PRESSURE LC·SS RATIO= 1.4 
REFINED STANDARDIZED LP SET 

no.ooocw 
14.43 p 
59.0 F-!:1.5 F IWB.I 
28.639 .. 

MCII'OA/GENEAATOR 

3600 RPM 

n.oooo w no.oooo w 77D.OOOOW 
72.7 p 
404.3 F 

746.9590W 
457.5 p 
1500 F 
406.682 H 

761.5078 w 
170.9 p 
1110F 
297.895 H 

263.1 P I 69.9 P 
~,393.9 F 105 F 
. 11·,,413 H j 39.734 H 

I . 
1112.754 H 

... 
135 F 

1C.::.283w 
113,D55 LHVI 

4.8634 w 
t18,055 LHVI 

766.3712 w 
165.1 p 
1500 F 
409.923 H 

780.9200W 

14.43P ~ 
268.4 F 
79,009 H 

736.6307 w 
473.5 p 
603.4 F 
161,765 H 

14.5488 VII 
A 

14.5488 w 
• 

765.7284 w 
487.7 p 
140 F 
47.967 H 

FROM STORAGE 

COMPRESSED AIR ENERGY STORAGE (CAESI POWER PLANT ENERGY BALANCE 

INPUT 

1. ATMOSPHERIC AIR: 
2. LP COMPRESSOR POWER (Iii THE MOTOR TERM.INALS): 
.3. IP COMPRESSOR POWER (II THE MOTOR TERMINALS): 
4. HP COMPRESSOR POWER I@ THE MOTOR TERMINALS): 
5. HP COMBUSTOR FUEL (LHV = 18,055 BTUILB): 
6. LP COMBUSTOR FUEL (LHV • 18,055 BTU/LB): 

TOTAL INPUT 

OUTPUT 

1. LP COMPRESSOR DRIVE MOTOR LOSS: 
2. IP 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: 
B. 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 I@ GENERATOR TERMINALS): 
15. LP TURBINE ELECTRICAL LOSS: 
16. EXHAUST GAS LOSS: 

TOTAL OUTPUT 

PLANT PERFORMANCE 

TOTAL COMPRESSOR INPUT (II THE MOTOR TERMINALS): 
TOTAL TURBINE OUTPUT(@ GENERATOR TERMINALS): 
AUX. LOAD: 
NET TURBINE OUTPUT: 
NET LVH HEAT RATE: 

NOTES: 

BTU/HR 

79,387,310 
242,880,590 
206,939,350 
159,3n,670 
671,318,845 

.316,111,275 

1.676. 109 

BTU/HR 

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. 109 

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 
-SO"F GAS EQUALS 0.0. 
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•, 

l 
' 

765.'284 w I 
1184..1 p 
4S6.5 F 
125~H 

I 

r 
II ,, 
~~ 765.7284 w 
11255.4 p 

105 F ! 39.550 H 
I• 

TODJIIAIN 

'I 

I :1 ,, 

1
770.000 V"i ~t 770.000 w 

1 263.1 p ~ 69.9 p 
1'398.9 F · 105 F 

I! 111.413 h.: 39.734 H 

.6J75W 

L..::;;:J:::~~----, ::9.3P 
-917.45 H 

76!;,1909W 
1149,3P 
150 F 
50.345 H 

TO STORAGE 

TO DRAIN 

1150 PSIA CHARGING PRESSURE 
1500/1500°F TURBINE INLET TEMPERATURE 
EXTERNAL PLANT AIR PRESSURE LOSS RATIO= 1.4 
REFINED STANDARDIZED LP SET 

770.0000W 
72.7 p 
404.3 F 
112.754 H 

no.moow 
14,43P 
59.0 t=-51.5 F IW.B.I 
28.639 H 

MOTOR/GENERATOR 

3600 RPM 

746.4041 w 
748.7 p 
1500 F 
406.228 H 

10.2905W­
~ 18,055 LHVI 

c 

760.9427 w I 
170.9 p 

=:~:.H I 

I 
757.7418 w 
165.1 p 
1500 F 
410.813 H 

I 
I 

782.2805 w 
14.43 p n 
272.0 F 
79.800 H 

REGENERATOR 

f V36.1136 W 
I 714.9 P 

S05.1 F 
162.031 rt 

A 
14.5386 w 

14.5386 w 
• 

765.1909W 
798.1 p 
140F 
47.939 H 

FROM STORAGE 

COMPRESSED AIR ENERGY STORAGE (CAESI POWER PLANT ENERG~ 3ALANCE 

INPUT 

1. ATMOSPHERIC AIR: 
2. LP COMPRESSOR POWER(@ THE MOTOR TERMihALSI: 
3. .IP COMPRESSOR POWER (@THE MOTOR TERMINALS!: 
4. HP COMPRESSOR POWER(@ THE MOTOR TERMINALS!: 
5. HP COMBUSTOR FUEL (LHV = 18,055 BTU/LBI: 
6. LP COMBUSTOR FUEL (LHV = 18,055 BTU/LBI: 

TOTAL INPUT 

OUTPUT 

1. LP COMPRESSOR DRIVE MOTOR LOSS: 
2. IP COMPRESSOR DRIVE MOTOR LOSS: 
3. HP COMPRESSOR DRIVE MOTOR LOSS: 
4. HP COMPRESSOR GEAR LOSS: 
5. INTERCOOLER #1 REJECTION HE.~T LOSS: 
6. INTERCOOLER #2 REJECTION HE~T LOSS: 
7. AFTERCOOLER REJECTION HEAT LOSS: 
8. AIR COOLER DRAIN LOSS: 
9. CAVITY HEAT LOSS: 

10. HP COMBUSTOR LOSS: 
11. LP COMBUSTOR LOSS: 
12. HPTURBINE 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 OUTPUT(@ GENERATOR TERMINALS!: 
AUX. LOAD: 
NET TURBINE OUTPUT: 
NET LVH HEAT RATE: 

NOTES: 

BTU/HR 

79,387,310 
242.880,590 
206,939,350 
249,361,390 
668,861,920 
441,927,905 

1.889 X 109 

BTU/HR 

9,715,225 
8,277.575 
9,974,455 
3,590,805 

202,411,440 
214,611,985 
207,908,145 
-16,574,820 

6,627,780 
6,688,620 
4,419,280 

391,799,570 
5,876,995 

601,650,005 
9,162,185 

224,733,540 

1.891 X 109 

204,910 KW 
291,150 KW 

500 KW 
290,650 KW 

3,820 BTU/KWHR 

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

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

6-38 



Table 6-9 

CAES SYSTEM PERFORMANCE 
STANDARDIZED COMPONENTS 

(REFINED COMPONENT EFFICIENCIES) 

NOMINAL SYSTEM PRESSURE 

200 PSI 600 PSI 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 

TOTAL POWER PRODUCTION ENERGY COST IN MILS/KWHR 

FUEL@ $106 BTU 
ELEC. PWR. IN Ml LS/KWHR 

--

2.50 17.20 16.61 16.60 
10 

2.50 
24.54 23.58 23.65 

20 
-

5.00 34.40 33.22 33.20 
20 

. . .... -~- .. ,.--. -- -·~~---

7.50 
36.93 35.89 35.70 --;-o 

7.50 44.27 42.86 42.75 
20 

7.75 74.61 
60 

71.71 71.91 

REFINED COMPONENT EFFICIENCIES 

MOTORS 96% 
GENERATORS 98.5% 
GEARBOXES 98.5% 
t;UMBUSTION 99% 

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

I I~ 1550) 
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,. 

CASE 
T1HPT 
T2HPT 
T1LPT 
CAV LOS 
REG EFT 
COMPKW 
TURB'KW 
H.R. 

NOTES: 

Table 6-10 
TOTAL POWER PRODUCTION ENERGY COSTS OF THE 

REFINED VS THE STANDARDIZED CAES UNITS 

1.10 
1500. 

. 1046. 
1046. 

1.20 
.B5 

171.5 
219.0 
4075. 

1.20. 
1500. 
670. 
670. 
1.20 
.B5 

169.7. 
231.2 
3945. 

2.10 
1500. 
1110 .. 
1500. 
'1.20 

.85 
233.4 
330.9 
3915. 

. 2.20 
1500 . 
1110. 
1500. 

1.20 
.85 

231.9 
332.5 
3855. 

FUEL COST = $2.50 PER MILLION BTU 

3.10 
1500. 
948. 

1500. 
1.20 
.85 

267.5 
375.7 
3880. 

3.20 
1500. 
948. 

1500. 
1.20 
.85 

266.1 
377.5 
3820. 

ELECT COST= 10.00 MILS PER KW-HR ENERGY COST RATIO= .2500 
10.19 9.86 9.79 9.64 9.70 9.55 
7.83 7.34 7.05 6.97 7.12 7.05 

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 14.6B 14.10 13.95 14.24 14.10 
TOTAL POWER PRODUCTION COSTS IN MILS PER KW·HR 
25.85 24.[;4 23.89 23.58 23.94 23.65 

FUEL COST = $4.25 PER MILLION BTU 
ELECT COST= 15.10 MILS PER KW-HR ENERGY LOST 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 
29.14 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 32.25 31.61 31.17 31.55 ~1.13 

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 1!3.40 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 BTU 
ELECT COST= 10.00 MILS PER KW-HR ENERGY COST RATIO= .7500 
30.56 29.59 29.36 28.91 29.10 28.65 

7.83 7.34 7.05 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 t:OST = 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 • $7.75 PER MILLION BTU 
ELECT COST= 60.00 MILS PER KW-HR ENERGY COST RATIO= .1 :lli.! 
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 71.71 72.79 71.91 

(1} Case 1.1 has a nominal storage pressure of lOO PSI utilizin9 jus! the 
standardized one intercooler LP compressor set, 1500°F-UF turbine in­
let temperature. 

(2) Case 1.2 is exactly like case 1.1 except a single turbine and refined 
motor, generator and combustion efficiencies are incorporated. 

(3) Case 2.1 has a nominal storage pressure of 600 PSI ut11izing the stand­
drcliz.ed LP compressor set. il o;.econd intercooler and a customized HP 
compressor, 1500-ISQOOF tur!Jine inlet temperature. 

(4) Case 2.2 exactly like case 2.1 except refined motor. gearbox. generator 
.and combustion efficiencies are incorporated. 

(5) Case 3.1 ha~ a nominal o:;t.nrage pressure of 1000 PS1 utilizing the 
standardized LP compressor set, a second intercooler and a cuslumized 
HP compressor, 1500-1500°F turbine inlet temperature. 

(6). Case 3.2 is exactly l1ke case 3.1 e,.;cept refined motor, IJPtlrbox. gen­
erator and combustion efficiencies are incorporated. i'!Y 1551) 

The total Work of Compression, Net Turbine Output Power and Heat values are 
as calculated and do not include ~ny margins. 
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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-l, 7-2, 7-3, 7-4 and 7-5. The nominal 
power ra~ings 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-l. 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 turbine into one casing limits the number of possible 
200 psi system machinery configuration options. Configurations B-1 and B-2 are 
two shaft arrangements with sections of the compressor train driven by an inde­
pendent motor. 

In Figures 7-2 and 7··3, seve.n 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 a~p~ox­
imately 30:1. Machinery_configuration A-1, the single shaft layout, is again felt 
to be the least complex. In configurations B-1 and B-2, the HP compressor is 
driven by a separate 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. Configurations 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 anrl B-4, except that the separate motors and generators were 
combined into motor/generator units. 

7-l 



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 p·s i sys tern. 

MACHINERY CONFIGURATION A·1 

MW (NOMINAL) 
36 36 37 

nrM 5000 ~ 0 3600 

MACHINERY CONFIGURATION B·1 

MW (NOMINAL) . 
37 49 86 

RPM 3600 3600 3600 

M/(; 

MACHINERY CONFIGURATION B 2 

.MW (NOMINAL) 
49 49 X 2 

M/G 

49 122 ~ 2 

3600 3600 3600 

MIG 

X, 2 172 172 

3600 3600 3600 

.. - ....... .... ·-···-

172 172 

172 

3600 

36 

. 172 

3600 

~­
v-~ 

36 36 36 

5000 ~ 0 

36 37 73 

RPM 3600 3600 3600 3600 3600 5000 % 0 3600 3600 

[IJ Coupling 

CIJ Clutch 

250 PSIA CHARGING PRESSURE 
1500/UF°F TURBINE INLET TEMPERATURE 

(' Figure 7-1. 200 PSI Sys Lem Machinery Configurations 
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M.'G 

Machmery Conf•gurat1on A·l 

MW (NOMfNALJ ~)3 ~~ 53 6!> 171 X 1 

RPM 7500 X 0 3600 3600 3600 3600 

M'(; 

Machinery COntiguratmn 8 1 

MW (NOMINAL) 53 53 6fl 118 ;% 1 2111 !!2 179 

RPM 7500 % 360U 3600 3600 3600 3600 :1600 
0 

Machinery Conf•gura11011 B·2 

., 

/< MW (NOMJNALJ 53 6!:> 118 261 82 179 1 

RPM 36UU 3600. 3600 3600 3C.OO 3600 3600 

OJ Coupling 

700 PSIA CHARGING PRESSURE 
OJ clutch 1500/1500°F TURBINE INLET TEMPERATURE 

Figure 7-2. ·600 PSI System Machinery Configurations 

. 7-3 

261 

3600 

82 179. 

3600 3600 

53 

7500 

~d 

7600 

53 53 

z 3600 
)0 

53 53 

% 3600 
0 
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MW (NOMINAL) 
53 

RPM 7500 

Machinery Configuration B ·4 

MW (NOMINAL) 53 

RPM 3600 

Machinery Configuration C·1 

MW (NOMINAL I 53 

RPM 7500 

Machinerv CQnfiqurHtion C·:? 

MW (NOMINAL) 

RPM 

rn Coupliroy 

[I Clutch 

53 

3600 

53 

[Z JO 

53 

z 0 

M/G ~[~J-(J 
65 118 /< 9 179 179 53 53 53 

z 3600 ~oOO 3600 3600 3600 7500 :1600 
0 

M/G 

65 118 ~ 179 179 53 53 53 

3600 3600 3600 3600 3600 7500 z 0 
3600 

M/G 

65 118 X 9 
179 179 53 53 53 

3600 3600 3600 3600 3600 7500 [Z 3600 
)f 

· M/G 

65 118 X 9 179 "179 53 53 53 

3600 3600 3600 3600 z 7500 3600 
0 

700 PSIA CHARCliNG PRFSSl.JRF 
1500/1500°F TURBINE INLET TEMPERATURE 

82 82 

3600 3600 

82 82 

3600 3600 

l%' 2 
82 82 

3600 3600 361)0 

r% 2 82 82 

3600 3600 3600 

I'!Y43461 

Figure 7-3. 600 PSI System Machinery Configurations 
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Machinery Configuration A·1 

MW !NOMINAL) 

RPM 

Machinery Configuration 8·1 

MW INOMINALI 

RPM 

M~chin~rv CunfiQur~tiun 8·2 

MW INOMINALI 

RPM 

rn Coupling 

[] Clutch 

M/G 

61 61 62 72 195 X 296 296 

9500 ~ 0 3600 3600 3600 3600 3600 

MIG 

62 62 72 134 ~ 6 296 117 179 

rz: 9500 3600 3600 3600 3600 3600 3600 
0 

M/G 

62 72 134 ~ 6 296 117 179 

:lliOO 3600 3600 3600 3600 3600 3600 

1150 PSIA CHARGING PRESSURE 
1500/1500°F TURBINE INLET TEMPERATURE 

117 179 

3600 3600 

61 61 61 

z 9500 3600 
0 

61 61 61 

~~00 ~ u 3600 

1~4348) 

Figure 7-4. 1000 PSI System Machinery Configurations 
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Machinery Configuration B-3 

MW !NOMINAL! 62 

RPM 9500 

Machinery Configuration B-4 

MW !NOMINAL) 62 

RPM . 3600 

Machinery Configuration C-1 

MW (NOMINAL) 62 

RPM 9500 

Machinery Configuration C-2 

MW (NOMINAL) 

RPM 

ill Coupling 

[I Clutch 

62 

3600 

M/G 

62 72 134 ~ 9 179 179 61 61 

rz rz 3600 3600 3600 3600 3600 9500 
0 0 

M/G 

72 134 ~ 9 179 179 61 61 

~ 3600 3600 3600 3600 3600 9500 
0 

M/G 

179 179" 

3600 3600 

M/G 

72 134 ~ !) 179 179 61 61 

3600 . 3600 3600 3600 3600 9500 ~ JO 

1150 PSIA CHARGING PRESSURE 
1500/1500°F TURBINE INLET TEMPERATURE 

61 117 117 

3600 3600 3600 

61 117 117 

3600 3600 3600 

G1 ~ l 117 117 

3600 3600 3600 3600 

1~43491 

Fiyure 7-5. 1000 PSI Syste111 MadJinery CunfiyuraL·iuns 
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MACHINERY CONFIGURATION COMPARISON 

A compariso~ of the relative capital price of the major equipment items, the number 
of rotating components, ·the relative control complexity and the number of auxilia~ 
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 representative 

equipment vendors. 

200 PSI SYSTEM 

250 PSIA CHARGII\IG PRESSURE 

tV(: I r 1 PC "" r-w--CJ 
A-1 

~~ 
.. . . 

B-1 

CJ-rn-&G ~"'' "'" " 

B-2 

UJ 
u 

1-cr: 
UJ Z"­
> W...J 
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The following items were ·included in the price comparison: 

Compressors : · 
Turbines 
Motor5 
Generators · 

Motor/Generator. 
Gear Boxes 
Clutches/Disconnect Couplings 
Coolers 
Regenerators 

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 Pi~ing and Valves 
Electric Power Distribution and Control Equipment 
Permanent Couplings 
Inlet and Exhaust Ducting 
Stacks and Sound Treatment 
Installation Cost 
Development Cost 

SELECTED MACHINERY CONFIGURATIONS 

When all of the candidate confiqurations were reviewed, 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 price ~dvantage~ 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 generat~d for use in the preparation of plant layout drawings. These outline 
drawings ~nd estimat~d 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. 
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Section 8 

ELECTRICAL ROTATING EQUIPMENT APPLICATION 

GENERAL 

It is the purpose of this secti'on to review the electrical rotating machinery. 
requirements for the plcint configurations chosen in Section 7 and to provide 
preliminary recommendations 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-ge~erator with pumped storage features. The traditional 
combustion turbine-generator plant consists of a combustion turbine with self­
contained compressor which drives an electric generator. During normal operation, 
approximately 2/3.of 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 generator. The net electrical output of the plant would be about 
100 MW (less auxiliary loads) of electrical power. 

The CAES plani 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 q 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. 
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When electric power is required during periods of high power demand, the com­
press6r 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 ~btained from relatively inexpensive power available d~ring 
light power system loads .. · During peak load hours, the turbine is operated without 
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 of 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 configurations 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 oth~r 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-starting 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
tricdl 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 loads ranging from zero load 
through full load. 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 declutc~ed 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 lo9k 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 
( syncht'onous 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 wi 11 be emp 1 oy.ed. 
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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-l 

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) + + + 

STABILITY + 0 0 

OPERATION INDEPENDENT OF CAVERN + 0 0 

STARTUP SYSTEM COST + 0 

PRELIMINARY ELECTRIC MACHINERY DATA 

Studies conducted in Section 7 have selected the single shaft plant configuration 
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 ~nd that no large starting motors will be required: 

Table 8-2 

GENERATOR/MOTOR RATING REQUIREMENTS FOR CAES SINGLE SHAFT SYSTEMS 

Electric Nomina 1 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 170.5 Motor 204.9 Motor 
.... 
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APPLICATION OF SYNCHRONOUS GENERATOR/MOTOR TO CAES SYSTEM 

The CAES plant is a complex mechanical and tnermodynamic 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 require 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 11 0ff the shelf 11 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 acconunodated. 

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 
erator capability curve for the 329 MVA generator/motor (1000 psi system). 
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Table 8-3 

CANDIDATE GENERATORS FOR CAES SYSTEMS 

'' · System Ger1er-ator Desc1=i ption 
. -· 

200 PSI 193 MVA 18 K. V. Hydrogen - Indirectly Cooled 

- Sing.le Shaft .90 P.F. 3600 RPM Cooled Stator & Rotor 
: 

or 

Generator = 173 MW 193 MVA 20 K.V. Hydrogen Inner Cooled Stator 

Motor =· 125 MW . 90 P. F. 3600 RPM Hydrogen Iimer Cooled Rotor 

600 PSI 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 MW 

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 

Motor = 196 MW 

(~ 1595) 

for the other two generators i~ 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 system. 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.I.G. 63 

KV · 22 Hertz 60 RPM 3600 S.C.R. 0.58 

Full-Load Field Amperes at Rated Load 3062 

Fie 1 d Amperes. at Rated Voltage - Air Gap Line 1028 

Field Voltage at Rated Load 399 

Gen. + Exc. Inertia WR2 81000 LB-FT2 
--------------------------------

· Field Res. (750C) .1243 Exciter Rated KW 1430 

Saturation Curve No. 662755-A Exciter Rated Volt 425 

*X 174.2% xu . 26.4% d -· ql 
*X q -· 171.5% x2 24.3% 

*X' dv .. 28.8% xo 12.9% 

X'd; 32.7% *XQ 20.1% 

*X' qv 46.8% *r a .143% 

X' . 53.2% *T I 5.016 Sec ql do 
*Xu 24.4% *T I .557 Sec dv qo 

XII 26.6% *Tdo 
II .041 Sec di 

*Xu 24.2~ *T qo 
II .068.Sec qv 

·*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 of a synchronous generator as a motor presents no 
problems to the generator itself. Minor modifications to the voltage regulator 
are requirP.d 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 
capability 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 ~ill have 
to be modified slightly td include this feature: When final decisions are made 
concerning the modes in which the generator/motor will be operated, the standard 

·voltage regulator 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 during 
Task 3. 

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 MW. The net torque at the generator shaft input is 
approximately 101.& MW. The shaft between the generator and the exciter must 
carry 1.5 MW (the exciter 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 load 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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Figure 8-4. Generator and Exciter Footprint 
200 PSI CAES Plant 
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Figure 8-5. Generator and Exciter Footprint 
600 PSI and 1000 PSI CAES Plants 

8-17 

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



THIS PAGE 

WAS INTENTIONALLY 

LEFT BLANK 

~-



1.5 MW 

200 MW 

100 MW 200MW 

GENERATOR 

\ 
1.5 MW 101.5 MW 300MW 

STANDARD EQUIPMENT ARRANGEMENT 

300 MW GEN. 

OR 

200 MW MOTOR 

GENERATOR/ 
MOTOR 

\ 
200MW 300MW 

CAES EQUIPMENT ARRANGEMENT 

Figure a:..s. . Mec.:hcill i Cct 1 Design of CAES Exciter 
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GENERATOR THRUST BEARINGS 

The traditional gas turbine generator power plant incorporates a single thrust 
bearing in th~ ~rbine to ~ounteract 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 ~lutch between the generator and turbine will require that 
a thrust bearing be installed ih 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 removed from.natural driving frequencies. This ensures that the system will 
be free of oscillations and large mechanical stresses. 

The design of the CAES· plant will require a careful torsional analysis because of 
the many different-configurations in which the plant will be operated. The unique 
combination of components 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 MW 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 compressor 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 depending on the desired mode of plant 
operation .. It may also be desirable to operate the plant independ~nt of the 
underground storage reservoir .. In this mode, the turbine drives bpth 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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CONVENTIONAL COMBUSTION TURBINE PLANT- ONE OPERATIONAL MODE 

MOTOR/ 
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CHARGING MODE 

EXC. 

GENERATOR/ t-------1 
EXC. MOTOR . 

. COMBINED MODE 
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MOTOR 

GENERATING MODE 

CAES PLANT- THREE OPERATIONAL MODES . (~15281 

Figure 8-7. Tors1onal Ana..lysi:) of CAES Plant 
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CYCLIC DUTY 

It is presently an assumption of this study that the CAES plant will operate on a 
daily cycle consisting of 10 hours Charging (maximum charging) 2 hours off, 10 hours 
generating (full load),.and 2 hours off. Generators with ratings of 300 MW are 
not typi _ca lly subjected to such frequent no 1 o.ad to fu 11 load cycles. The high 
cyclic d'uty proposed for,the generator/motor in. the CAES plantwill require care­
ful mechanical design to ensure an adequate unit· lifetime (2 cycles/day - 6 days/ 
week - 30 years = 18,000 cycles). 

Major factors to be considered are:. 

(1) Mechanical Cycling 

(a) Rotating Members 

Mechanical Fracture Analysis 

(b) Material Selection for Rotating Parts 

(2) Thermal Cycling 

(a) .Rotor Coi"l Slip Layers 

(b) Matching 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. 

GENERAlUK 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. Thi5 will result in a lower than normal system inertia constant (H). This 
constant is influential in determining the electrical stability of the generator 
during a system disturbance. During an electrical system fault, cin::uit 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 acceleration. must be kept to a minimum since the 
ability of the generator 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 
limits 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 und 
10 hours per day compressing. 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 life 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 
throuqh a conventional unit step up transformer. ThP 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. Special 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. ~ 
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.The use of automatic synchronizers and special transformer designs should result 
in the successful operation of the unit transformer in the CAES plant. 

SUMMARY OF ELECTRICAL MACHINERY APPLICATION 

Preliminary. results 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 t~e 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 11 off the shelf 11 

since the electrical 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 technology 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 the1·modynnmic u.nd 
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 control 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 
largely as a conventional power plant, c·hanges previously noted in this report may 
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be desirable. Small changes to the voltage regulator which will provide several 
plant operating features such as power factor regulation in the motor mode will 
be considered. Automatic synchronizers are reconunended as standard equipment .. 
A standard package of Westinghouse protective relays is recommended in Table 8-5. 

In summary, the control 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.Diffetential 
Step-up Transformer Differential 
Unit Auxiliary Transformer Differential 
Unit Overall Differ~ntial 

Negative Sequence 
Generato.r Stator Gr.ound 
Generator Field Ground - Nonbrushless System 
Generator Loss-of-Field 
Excessive Volts/Hertz 
Loss of Synchronism 
Underfrequency (if. used) 
Unit Back-up · 

Westinghouse Relay Type 

SA-l 
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 

1. Minimum Excitation Limiter- MEL 
2. Maximum Excitation Limiter - MXL. 

3. Overexcitation Prcitection - OXP 
4. Volts/Hertz Limiter - HXL 
5 •. Generator Field Ground Detection on Brushless System - Sequencing 

Cu11Lr·ol and Indication 

Other 

1. Blown Diode Fuse· Indicators 
2 .. Exciter Field Ground Detection 
3. Exciter and Generator Coolant Temperature Monitoring and Alarms 
4. Bearing and Seal Oil Temperature, Flows, etc. 
5. Hydrogen Pressure, Purity, ·etc. 
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Section 9 

CAES.PART LOAD PERFORMANCE 

COMPRESSOR TRAIN CHARACTERISTIC CURVES 

Flow and discharge pressure characteristic curves for the nominal 200, 600 and 
1000 PSI storage systems optimized compressor trains utilizing two intercoolers 
were prepared for use. by Sargent & Lundy to determine the number. of wells required 
for each candidate aquifer site. The characteristic curves were based upon dry air 
at the conditions shown in,Figure 9-1. It was determined by the Westinghouse, 
CTSD turbomachinery design 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 lb. of dry air per 
. . 

second. The characteristic curves are shown on Figures 9-2, 9-3 and 9~4. 

CAES TURBINE TRAIN CHARACTERISTIC CURVES 

Off-design flow and pressure ch~racteristic 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 point regenerator mass flow rates 
a:e 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 INli:.HCUULI:R #2 

14.43 PSI A 590F 

PATM T1LPC 

DESIGN POINT 
PRESSURE RATIOS 

Ps 
PSI 

j:>LPC PI PC PHPC p2AC 
PSI A 

200 3.38 2.40 2.40 250 

600 4.77 ~ ~~~ :l.39 700 AFTERCOOLER 

1000 5.47 4.05 4.05 1150 

AQUIFER ~15571 

Figure 9-1. CAES Optimized Compressor Trains 
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600 PSIA SYSTEM 

TWO INTERCOOLER COMPRESSOR TRAIN 

FLOW VS. PRESSURE 
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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 load 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 pressure 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 
. I 

. heat rate as the turbine output power is reduced below the 100% design point. 
This is the result of reducing the discharge mass flow rate instead of turbine 

inlet temperatures. 

9-8 
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The above performance values are as calculated ·and do not include niargins. 
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Figure 9-10. 1000 PSIA System Pa~t Load Perfor~ance 

Table 9-1 

PART LOAD PERFORMANCE OF THE OPTIMIZED TURBINE TRAINS 

% Regenerator Heat Net Power Output 
Design Inlet Pressure, Rate, for Machinery Set, 
Load PSIA BTU/KWHR KW 

200 PSI System 100 *173.2 *4075 *'16H,220 
75 .140 4160 126,460 
50 106 4320 84,310 
25 70 4780 42,155 

600 PSI System 100 *487.6 *3915 *254 ,'930 
75 395 3980 191,115 
t>U 290 4100 127,410 
25 175 4350 63,705 

1000 PSI System 100 *796. 1 *3880 *289,250 
75 630 3920 216,938 
50 460 4020 144,625 
25 265 4260 72 '315 

*Indicates tu~bi~e ~rain design· point. 
The above performance values are as calculated and do not include margins. 
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Section 10 

CAES AQUIFER INDEPENDENT GENERATING OPERATION 

The CAES systems were analyzed as aquifer independent generators (see Figure 10-1) 
in the following manner. Since the turbine inlet temperatures will be maintained 
at their 1500°F 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 
the 2% pressure loss associated with the by-passed aftercooler will be eliminated, 
the required total compressor 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. 

Nomina 1 Storage Pressu1·e Off Design Point Efficiency 

200 . 950 TJ DP = .950 (. 875) = 83.1% 

600 . 925 TJ DP = .925 ( . 870) = 80.5% 

1000 . 940 '7 DP = .940 (. 880) = 82.n:, 

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 

l 0- l . 
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70STORAGE 
!ISOLATED) FROM STORAGE 

IISOLATEOI 

COMPRESSED AIR ENERGY STORAGE (CAES) POWER PLANT OPERATING 
AS AN AQUIFER INDEPENDENT GENERATOR ENERGY BALANCE 

INPUT 

1. ATMOSPHERIC AIR: 
2. HP COMBUSTOR FUEL (LHV = 18,055 BTU/LB): 
3. LP COMBUSTOR FUEL (LHV = 18,055 BTU/LB): 

TOTAL INPUT 

OUTPUT 

1. HP COMPRESSOR GEAR LOSS: 
2. INTERCOOLER #1 REJECTION HEAT LOSS: 
3. INTERCOOLER #2 REJECTION HEAT LOSS: 
4. AIR COOLER DRAIN LOSS: 
5. HP COMBUSTOR LOSS: 
6. LP COMBUSTOR LOSS: 
7. TOTAL TURBINE POWER(@ GENERATOR TERMINALS): 
8. TOTAL TURBINE ELECTRICAL LOSS: 
9. EXHAUST GAS LOSS: 

TOTAL OUTPUT 

PLANT PERFORMANCE 

TOTAL OUTPUT(@ GENERATOR TERMINALS): 
AUX. LOAD: 
NET TURBINE OUTPUT: 

BTU/HR 

79,387,310 
677,207,660 

0 

7.566 X 1o8 

BTU/HR 

0 
202,41 1 ,440 

0 
.o 

6,772,075 
0 

217,541,165 
3,312,810 

326,431,415 

7.565 X 108 

63,755 KW 
1,730 KW 

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 
-6QDF GAS EQUALS 0.0. 

I~ 1567) 

Figure 10-2. 200 PSI Nominal 
Heat And Material Balances 

Refined CAES System Utilized As An Aquifer Independent Generator 
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409.583H 

780.6143 w 
14.43 p n 
388.0 F 
108.144 H 

736.6307W 
473.& p 
628.0 F 
167.895 H 

765.72UW 
487.7 p 
291.3 F 
84.668H 

fiRCMSTORAGE 
(ISOLATEDI 

COMPRESSED AIR ENERGY STORAGE (CAESI POWER PLANT OPERATING 
AS AN AQUIFER INDEPENDENT·GENERATOR ENERGY BALANCE 

INPUT 

1. ATMOSPHERIC AIR: 
2. HP COMBUSTOR FUEL (LHV • 18,055 BTU/LBI: 
3. LP COMBUSTOR FUEL (LHV • 18,055 BTU/LBI: 

TOTAL INPUT 

OUTPUT 

1. HP COMPRESSOR GEAR LOSS: 
2. INTERCOOLER #1 REJECTION HEAT LOSS:. 
3. INTERCOOLER #2 REJECTION HEAT LOSS: 
4. AIR COOLER DRAIN LOSS: 
5. HP COMBUSTOR LOSS: 
6. LP COMBUSTOR LOSS: 
7. TOTAL TURBINE POWER(@ GENERATOR TERMINA"LSl: 
a TOTAL TURBINE ELECTRICAL LOSS: 
9. EXHAUST GAS LOSS: 

TOTAL OUTPUT 

PLANT PERFORMANCE 

TOTAL OUTPUT(@ GENERATOR TERMINALS): 
AUX.LOAO:. 
NET TURBINE OUTPUT: 
NET LHV HEAT RATE: 

NOTES: 

BTU/HR 

79,387,310 
653,381,390 

0 313,940,340 

1.047 X 109 

BTU/HR 

1.889,640 
202,411,440 
214,611,985 
-14,245,955 

6,533,615 
3.139,405 

325,279,575 . 
4,953,495 

303,907.510 

\048 X 109 

95,330 KW 
2,475 KW 

92.855 KW 
10.420 BTU/KWHR 

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 
-6JlOF GAS EQUALS 0.0. 

I'!J1568l 

Figure 10-3. 600 PSI Nominal Refined CAES System Utilized As An Aquifer Independent Generator 
Heat And Material Balances 
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76!o.7284W 
Sot-..3 P 
41'i.1 F 
1H.863 H 

TO STORAGE 
(ISOLATED) 

765.7284 w 
!; 256.4 p 
:' 105 F 

39.550H 

TO DRAIN 

; 

I 
I 
I 

1150 PSIA CHARGING P~ESSURE CAES UNIT ASAN 
AQUIFER INDEPENDENT GENERATOR USING OFF DESIGN 
HP COMPRESSOR. 1500.1500°F TURBINE INLET TEMPERATURE. 
UPDATED STANDARDIZED LP SET. 

771"-0000W 
14.UP 
59..) F-51.5 F tW.B.I 
28..539 H 

105,750 KW (GROSSI 
103,460 KW INETI 

GENERATOR 

3600 RPM 

l~no.oooo ~f no.oooow 

i 
i 

746.4443 w 7'60.9931 w 
748.7 p 170.9 p 2611P ls9.9P 

11398.9 F • 105 F 

I 770.0000W 
! 72.7 p 

404.3F 
112.754 H 

1500 F 952B F 

736.6308 w 
165.1 p 
1500 F 
-410.741 H !J111.413H 139.734H 

... 
135 F 

406.184 H 255.292 H 

9.8136W 
t1B,o55 LHVI 

782.2907 w~ 

14.43P n· 
489.2 F 
133.095 H 

738.6308W 
774,9P 
650.0 F 
173.5 H 

14.!)488 w 

14.5488W 

A 

765.7284W 
798.1 p 
415.1 F 
114.863 H 

FROM STORAG::i 
!ISOLATED I 

COMPRESSED AIR ENERGY STORAGE (CAESI POWER PLANT OPERATING 
AS AN AQUIFER INDEPENDENT GENERATOR ENERGY BALANCE 

INPUT 

1. ATMOSPHERIC AIR: 
2. HP COMBUSTOR FUEL (LHV • 18.055 STU/LBl: 
3. LP COMBUSTOR FUEL ILHV • 18,055 BTU/LBl: 

TOTAL INPUT 

·oUTPUT 

1. HP COMPRESSOR GEAR LOSS: 
2. INTERCOOLER #1 REJECTION HEAT LOSS: 
3. INTERCOOLER #2 REJECTION HEAT LOSS; 
4. AIR COOLER DRAIN LOSS: 
5. HP COMBUSTOR LOSS: 
6. LP COMBUSTOR LOSS: 
7. TOTAL TURBINE POWER (II GENERATOR TERMINALS): 
8. TOTAL TURBINE ELECTRICAL LOSS: 
9. EXHAUST GAS LOSS: 

TOTAL OUTPUT 

PLANT PERFORMANCE 

TOTAL OUTPUT Ill GENERATOR TERMINALS): 
AUX. LOAD: 
NET TURBINE OUTPUT: 
NET LHV HEAT RATE: 

NOTES: 

BTU/HR 

. 79.387.310 
637.864,375 
439,652.005 

1.156 ··109 

BTUIHR 

3,161,550 
202.411,440 
214.611.985 
-14,245.955 

6,378.645 
4,386,620 

360.834,100 
6,494.836 

374.928,330 

1.157. 109 

105,750 KW 
2,290 KW 

103,460 KW 
10,405 BTU/KWHR 

1. THE ABOVE DATA REFLECTS AS CA\.CULATED PERFORMANCE. GUARANTEED 
PERFORMANCE WOULD INCLUDE MARGINS (NOT NECESSARILY THE SAME I 
FOR THE POWER OUTPUT. AND HEAT RATE . 

2. THE ABOVE REFLECTS AN ENTHALPY BASE WHERE THE ENTHALPY OF 
-&O"F GAS EQUALS 0.0. 

(~15691 
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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 lSOOO in-let 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 lowest heat rate 
(the reciprocal of the thermal efficiency after appropriate unit changes) will have 
the lowest-total power production energy cost. 
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CAES AQUIFER INDEPENDENT GENERATOR 

CAES SYSTEM AQUIFER 
INDEPENDENT OPERATION 

200 PSI 600 PSI 1000 PSI 
1500/UF °F 1500/1500oF 1500/1500°F 

NET TURBINE 
OUTPUT, KW 59,070 88,435 98,535 

NET LHV HEAT 
RATE BTU/KWHR 11,465 10,940 10,925 

NOTES: 

CONVENTIONAL 
COMBUSTION TURBINE 

CONVENTIONAL 
COMBUSTION TURBINE 
W501 OPERATION 

APPROXIMATELY 2000°F 

94,715 

10,660 

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. 

I'(:! 15311 

Figure 10-5. CAES Aquifer Independent 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
liminary description of control system operation for various plant operating modes. 
The secondary result is a list 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: 

1 Aquifer Dependent Power Production (Mode A) 

1 Aquifer Charging (Mode B) 

1 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 like 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 1 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 leavin~ the regenerator 
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is uncontrolled, with a maximum of approximately 61QOF expected. The three 
possible aquifer pressure l.evels 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 61QOF 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 cont~oller 

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 l5QQOF. 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. 15QOOF, 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 lower load range. This becomes 
necessary when the turbine•s pressure ratio is too small to prevent excessive 
~ack-end (blading} temperature with rising inlet temperature. Both HP and LP 
exhaust temperature controllers will have fixed set-points at about llQQOF. 

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 . 
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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-AOT, and places the air throttle 
valve, FCV-AT, under speed/load control. The spe·ed reference is initially ramped 
ns a function of time. The speed/load controller's s1gna1 outpuL, SLCSO, r·i::.t!S 

from zero to control the opening of the air throttle va'lve and accelerate the 
turbine/g~nerator as scheduled. During the acceleration when the SLCSO reaches a 
preset value corresponding to a desired ignition a1r flow, the HP turbine's com­
bustors are fired. This is accomplished by the following sequencer operations: 

t Open the HP fuel overspeed trip valve. 

t Open the HP fuel isolation valve. 

t For liquid fuel, start the main fuel pump and activate the pressure 
controlled bypass valve. For either liquid or gas fuel, the HP 
th1·ottlc vo.lvc is initially held at its minimum lift position and 
acts as a fixed orifice to set ignition fuel flow for existing fuel 
supply pressure. 

t Change the speed/load controller's reference from a scheduled ramp 
to tracking turbine speed. This zeroes the controller's 1nput 
error and prevents any further rise in.controller output until 
after flame is sensed. 

t Chanqe the s.peed/load controller "high:select" input [3 from zero 
to "ignition air. 11 This prevents reduction in a1r flow to less 
than the ignition value unless the turbjne is tripped. 

t Change the HP temperature controller "high select" input B from 
zero 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 
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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 temperature 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 limit. 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 11 hold 11 of the HP inlet temperature 
reference ramping will occur if the HP exhaust temperature rises to llOOOF 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 ther.e will be 
mechanical requirements for rotor 11 Soaking 11 which will extend the cold startup 

time. 
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Synchronizing and Loading. The turbine/generator is placed "on-line" at minimum 
load by an automatic synchronizer or manually. Once "on-1 ine", 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 ov.erspeed 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~ ~nnn ~s LP fuel flow is sensed, it is brought under closed loop 
control at the "m1n1mum" sett1ny. 

• The LP turbine 1
S inlet temperature controller has its reference 

tr'dt:king d few dt:!gr-·ees below the Lf' tu1~bine inlet temperature, and 
this causes the controller output to remain out of control at its 
lower 1 imi t. 

• Fuel flow set-point is the high selected signal: "minimum" fuel 
at input B. 

The LP turbine 1 S exhaust temperature controller has its reference 
fixed at llOOoF, and this causes the controller 1 s output to remain 
out of control at its upper limit. 

The LP iqnition 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 multipl~ed by the air flow 
demand signal, SLCSO. Thus, the ignition fuel fl0w for the LP turbine is propor­
tional to the LP turbine 1 S air flow. Reliabl.e 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 

chan~ed from its tracking mode to ramping up to the rated temperature, 15000F. 

During operation in the lower load range, a "hold" of the LP inlet temperature 

reference ramping will occur if the LP exhaust temperature rises to llOOOF and 
causes the exhaust temperature controller to assume control. 

The turbine/generator is loaded and unloaded by manual or automatic control of the 

speed/load controller 1 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 pressure and temperature 
and of HP and LP combustors• outlet temperatures. 

Load -Drops. Rapid loss of generator 1 oad is caused by a: 

• Turbine trip 

• Generator trip 

• Electrical 1 i ne frequency rise 

• Electrical 1 i ne 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 11 ignition air .. setting of the 
high select•s input 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-AOT 
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 
being motorized. 

• HP combustors 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 compressors. However, 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 Production -- will now 
be discussed. 
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Prestart. Coupling CO is connected and Clutch CL is set to transmit positive and 
negative torques. Header stop valves FCV-C and FCV-0 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, ICl, 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 11 Start 11 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 
sequencer operations are the same as for the aquifer dependent mode, but the· 
ignition speed will be lower because the compressors ·will absorb considerable 
power even before ignition. The LP combustors will be fired automatically as soon 
as HP combustor 11 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. 
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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 turb~ne power output is gradually reduced until the full 
185 megawatts of compressor power is being supplied from the electrical line. The 
following control acti6ns are r~quired: 

1 Clutch CL is reset to transmit only positive torques. 

1 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. 

1 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/load control of the air 
throttle valve. The only difference in operation from the Aquifer Dependent Power 
Production mode is that the compressor will be absorbing considerable power and 
producing considerable air. The operator can choose to make the transition to 
Aquifer Independent Power .Production at any load. The following control actions 
are required: 

• 
• 

Valves FCV-C and FCV-D are closed to isolate the unit from the 
aquifer and make it a simple cycle unit. 

The air throttle 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 longer can be used to control the ~ir flow which instead 
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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. . 

t 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 limit 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 f6llowin~ an. increase in HP fuel flow. The speed/load 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 deiay 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 
11 problem areas .. listed are really suggestions as to future tasks. 

t Control Hardware. The signal processing functions shown on Figure 
11-2, the TURBINE CONTROL SCHEMATIC, can be performed by various 
combinations of solid state lo~ic and analo~ 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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t Combustrirs. 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. 

t 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 p)ant 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. 

., 1-1 ~ 
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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 turning gear required for the compressor train; 
the motor/generator, exciter, voltage regulator and protective relays required for 
the electric dynamo; the high and low pressure 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 cont~ol system; the mechanical skids, fuel packages, com­
pressor, generator and turbine piping skid, and the NOx 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, 11 Characterize and Explore Potential Sites and Prepare Site 
Research and Development Plan. 11 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: 

Dollars per Kilowatt 
( $ 1979) 

200 PSI System 600 PSI System 1000 PSI System 

190 150 165 

These price estimates were revised, based upon the selected heat cycles and machinery 
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 
noticing the much lower price of the 1000 PSI machinery in the revised estin1ate 
presented below. 

Dollars per Kilowatt 
($ 1979) 

200 PSI System 600 PSI System 1000 PSI System 

186 151 134 
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In determining the price per kilowatt, a 5% reduction or margin allowance was 

applied 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. All 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. lhis should be 
taken into consideration when utilizing these prices in the Task 1 utility benefits 
pricing runs to project plant economics. If possible, the initial pricing runs 
should also be used to identify target pric~s 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 wil I be prepared for this Phase (II) of the program. 

12-2 
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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 location(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: 

( l ) 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 
time 

(4) Constant compressor efficiencies 

(5) Frictionless flow 

(6) Dry, ideal air 

respect to 

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 aLP compressor followed by an 
intercooler then the HP compressor. The total work for this arrangement can be 

expressed as: 

WCompressor TOTAL = WCT = WLPC + WHPC 

( K- l ) 
K -l) 
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Figure A-1. Schematic of a CAES Compressor Train Utilizing One Intercooler 
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=~-by substituting P2 into the above equation one obtains: 
p 1 

( K- 1 ) 
K 

-1] 

The partial derivative of the above expression with respect to P1 is equal to: 

K-1 (K-1) (-K-) K- 1 -K- - l 
- (-)P 

K · 1 
1]2 

To find the va 1 ue of p 1 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: 

K 
m2cp2 T 2 n1 · (2(K-l)) 1/2 

p = ( ) ( PT) 1 m1cp1T1n2 

and 

p 2 = 
PT 
p 1 

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 HJ.O ·INTERCOOLERS ______ , ·--------

This configuration consists of three compressor stages and two intercoolers (see 
Figure A-2). The total 1-'JOrk fo.r this an"angement can be mathematically expressed 
as: 

w = w Compressor TOTAL CT 

(Kj(l) 
m1cp1T1(P1 - l) 

= 
17 l 

by letting 

one obtain:;: 

Using the method of Lagrance Multipliers 1 one can let f be equal to WCT and ·g be 
equal to the following equation: 

Next the following partial derivatives are found. 

at og )> 
B-1 

+ ,\ = 0 B c, p l +lA p 
2 p = 0 

a P l aPl 3 

af ag :> 8-l 
+ 'A = 0 B c2 p 2 +.A P l p3 = 0 

aP? tiP? ... L.. 

af ag > B-1 

ap3 
+I-

ap3 
= 0 B c3 P 3 +A pl p2 = 0 

1Kaplan, Wilfred, "Advanced Calculus," 2nd Ed., Reading, Massachusetts, 
Addision - Wesley, 1973. 

A-~ 

( l ) 

( 2) 

( 3) 

.. 



CONSTANT PRESSURE AIR 
STORAGE MEDIUM 

Schematic of a CAES Compressor ·Train Utilizing Two Intercoolers 
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and the following equation, g, is used: 

( 4) 

The above four equations.contain four unknowns: 

Solving for P 1. one obtains: 

c c 1/38 

pl = ( __Ll) (PT) 1/3 
cl cl 

solving for P 2 one obtains: l·. 

C 1/B 
p = (-1) pl 

2 c2 

and solving for P
3 

one obtains: 

. p 

P = T 
3 pl p 2 

replacing the constant c1, c2, c3 and B in the above equation one obtains: 

K 
3(K-l) 

(P ) 1/3. 
T 
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where: 

m = the charging mass flow rate 

cp = the constant pressure specific heat of-air 

11 = compressor adiabatiC· efficiency 

p = compressor pressure ratio 

PT =compressor train total pressur.e·r.atio 

K =-~~· the ratio~af specific heat of ajr 

T = compressor inlet-temperature, 1°R) 

and the subscripts 1, 2 and 3 -refer to· the LP,~IP:~'and:HP-compressor.,.respectively. 

A-7 
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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 restrictions. 

The following assumptions were made: 

(1) Constant with respect to time pressure ratios 

(2) Constant with respect to time mass flow rates 

(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, ide a 1 air 

The turbine configuration analyzed appears in Figure B-1. The total work tor this 

arrangement can be expressed as: 

where: 

K-1 
B = K 

B-1 



Figure B-1, 

HP COMBUSTER 

T I 
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LP COMBUSTOR 

LP TURBINE. 
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p2 I f/2 
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Schematic of a CAES Turbine Train with Reheat 
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Since Pl P 2 =pT; the above expression can be expressed as: 

The partial derivative of the above expression with respect to pl ·is equal to: 

-B 

m2cp2T2 112 (PT) 

B-1 

Tb find the value of pl required to produce the maximum turbine work, the above 
expression is set. equal to zero. After a few alg~braic simplification steps, the 

resulting expression for Pl is: 

where: 

m = 

cp = 

1l = 

pl = 

PT = 

K = 

t = 

mlcplTlnl 
... (m2cp2 T 21)2) 

K 
?(K-1) l/2 

the discharging mass flow rate 

the constant pressure specific heat of air 

turbine adiabatic efficiency 

HP turbine pressure ratio 

the total turbine pressure ratio 

cp the ratio of the specific heats of air cv' 

the inlet temperature to a turbine, (OR) 

and the subscripts 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. 

B-.3 



An equation for a special regenerator configuration - one not utilizing· a HP 

combustor - was also developed. In such a configuration, T1 will be equal toT . 
. 0 

T
0 

can be expressed as: 

To = T 1 = .. ( 11 reg [ { T2 +. f'l2 T 2 ( P 2 

where: 

K-1 
K - 1)} - T ]) + T s s 

f'l reg = the recuperator effectiveness 

To = th~ recuperator compressed air exit temperature, 

Tl = the HP turbine inlet temperature, (OR) 

12 = the LP tu Y'IJ i m: i ill t!L Lt!mpe)·atul·e; ( 0 1U 

T . 
s = the air .stora!le temperature, {OR) 

f'l' = the LP turbine efficiency 2 

p2 = the LP turbine pressure ratio 

K = ~~· the specific heat ratio of air 

(OR) 

Substituting the above expr.essiqn for T1 into the above maximum turbine work 

equation results in: 
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Appendix C 

CAES POWER PLANT TOT·AL POWER PRODUCTION ENERGY COST 

The total power production energy cost consists of the sum of the 11 0ff-peak 11 

electric power charging cost and the turbine fuel cost. Therefore, the optimum 
(lowest 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 aquifer. 

The data included in Appendix. C was generated from analyses using optimum (minimum 
work) axial compressor 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 vat·ious 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/l500°f runs, 
which were performed to find the u~Limum reheater loc~tion, 
where the case number reflects the LP turbine pressure ratio. 

TlHPT = High pressure turbine inlet temperature in Of. 

T2HPT = High pressure turbine exhaust temperature in Of. 

TlLPT = Low pressure turbine inlet temperature 1~ Of. 

CAV LOS = Storage pressur~ loss ratio from the artercooler 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). 
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REG EFT = Regenerator Effectiveness 

COMP KW = Work of compression in 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 combustors in 
units oJ do 11 a rs per mi 11 ion BTU. The term ELECT COST represents the cost of the . 
surplus electrical power utilized to charge the aquifer in units of mils per kilo­
watt hour. The ter·m ENERGY COST RATIO is equnl to the FUEL COST divided by the 

ELECT COST. 

Total power production energy costs 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 line 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) nrP varied in the calc~lations, and must be cunsidered 
when compat'ing the total power production cost at the various t.lll"hinP. firing 
temperatures. 
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The following is an index for the tables included in this Appendix. 

Aftercool ed . Number Discharge of Pressure, Intercoolers PSI A 

250 1 

250 2 

700 1 

700 1 

700 2 

700 2 

1150 1 

1150 1 

1150 2 

1150 2 

250 1 

250 2 

700 1 

700 ?. 

1150 1 

1150 1 

1150 2 

1150 2 

1150 1 and 2 

DATA INDEX CHART 

Cooled 
or 

Uncooled 
Disks 

Cooled 

Cooled 

Cooled 

Cooled 

Cooled 

Cooled 

Cooled-

Cooled 

Cooled 

Cooled 

Uncooled 

Uncooled 
-

Uncooled 

Uncooled 

Uncooled 

Uncooled 

Uncooled 

Uncooled 

Uncooled 

Remarks Table 
No. 

C-1 

C-2 

C-3 

1500/l?OOOF at Various C-4 
LPT Pressure Ratios 

C-5 

1500/l5000F at Various C-6 
LPT Pressure Ratios 

C-7 

1500/l5000F at Various C-8 
LPT Pressure Ratios 

C-9 

1500/l5000F at Various C-10 
LPT Pressure Ratios 

C-11 

C-12 
--

C-13 

C-14 
-- -

C-15 

1500/l5000F at Various C-16 
LPT Pressure Ratios 

C-17 

1500/l5000F at Various C- 18 
LPT Pressure Ratios 

Effect of High Pressure C-19 
Turbine Firing Temperature 

~~ 1570) 
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Table C-1 
Z50 PllA CHARGING PRESSURE, COOL[D LP TURBlNI DII~I , 1 lNT!RCOOLER,A•A 
DANIEL J, MAAINACCI, LONG RANGE DEVEOPHENT, A•TOJ , CUI) 59'5•JUJ 

CUE 1,10 l 1 ZO 1,10 1,50 1,oo 1,10 1,80 1,90 1,10 1,11 l,U 1,U 
TlMPT uoo, uoo, uoo, no, 2uo, 1500, uoo, uoo, uoo, UOOo uoo, uoo, 
TZMPT 1110, lOU, 1009, 4U 1 1271, l0U 1 tn5, 1044, lOU, lOU, lOST 1 un, 
T1LPT a uo. 1500, uoo, 1500, un, 10411, uoo, 1044, uoo, 1041, noo, 1S00 1 

CAV LDI 1,10 1,20 l,ZO 1,20 l,ZO 11 ZO 1,20 1,ZO 1,ao 1,20 ~~10 l, 50 
REG !n ,10 ,TO ,TO ,TO ,To ,TO ,eo ,eo ,90 ,90 ,eo ,eo 
CO"'P 0 111,5 111,S 111,5 111.'5 !11,!5 111,5 111,5 1Tl,S 111.5 111,5 111,5 1U,5 
TUAB 1(101 zoo,o 211,& zzo,o Z03 1 8 lJ9,S ZU,Z Ul,S 2011,0 Ul 1 o ZOI,8 zu,, 1n,o 
H1 R1 504t, ~~•aa, 4849, 4TU, 51'3· 41501, 4UJ 1 4Z'•· IIUo, 11o•o, 4551, sou. 

FUEL C08T • SZ,50 PER MILLION BTU 
Ei.ECT COST " 10,00 MILS PEA Kw•MA ENf.RGV COST RAllO • ii!SOO 
111,10 12e32 U,ll 11, 8l 12 1 U 11,n 11,18 10,T4 10,811 10,21 11, ]8 U,S7 
o1 58 T,40 T,11 8,111 T,1T 8,40 T,lll 8,40 T,U e,u1 -·'T .,04 

TUTAL PWWER PRODUCTIUN COSTS IN MILS PER KW•HR 
20,118 1•.u 1•,n 20,23 20,1!5 1fl,o5 u,oo 1',14 18,20 t&,o41 u,n 21,.1 

!fUEL COST • 12 1 50 P!~ MILLION BTU 
!I.ECT COST • i!0 1 00 MILS P!A KW•HA ENERGY COlT RATIO ' ,1UO 
1 41 t 1 0 12. sz sz,u tt,U u,•t~· tt,n 11,58 10,T4 to,8u 10,2] llt J8 U,ST 
11 1 I o 14.81 15,511 1e,83 1 ll,ll to,T• 14,83 10e8l tii 1 1Hi l&,e:s u,•5 18108 
TUTAL PO~ER PRUOUCTIUN COSTS IN MILS PER KI'I•~A 

21,2o 21,1] l7 ,o7 28,&5 27,11 28,011 ze,41 ZT,55 25,11' 2T 1 05 zs,u 30,&5 

FUEL CUST • 14 1 25 PER MILLION BTU 
ELECT COST 11!1 15 1 10 ~ILS PEA ~W•HR EN!IHiY COST IUTHJ_' ,281'5 
H,qe 20,,41 20,01 20,09 u,o7 1 •.u 19,1»9 u.z. 18,4J 11 ,u 19,)£1 i1,]& 
9,9] 11, 18 ll,T4 12,70 101 8,z tz,os tt.zo lit&q 11 1 j! l U,TO 1 o,n u,es 

Tl.lhL POWER PRODUCTIO~ COSTS IN Ml~S PER l(w•HR 
lJ, q I J2,U JZ,lll )2 1 80 32,89 31,80 3o,e• )0 1 95 i!9,oll lo,o• l,,81 JS,Oi! 

FUEl. COST • $5 1 00 P~k MILLION ijTU 
ELECT COST • 17 1 00 ~ILS PER KW•MR ENERGY COST RAT I 0 ' ,,Z9] 1 
21:!,21 24,ou 241,211 ZJ,oll n. •o Zl,50 i!J ,11. U,£18 21,&8 lO,IIIj 2i!,TS i'3,1J 
ll 1 2Z 12,0] 1l,Zo 14,35 u,n tu,u u,os 1£1 t )II u,u 141.15 11,90 15,43 
To!TAL PQwEQ PRODUCTION COSTS IN MILS ~ER KW•Io!A 
]fl,ll] ]7 ,l7 37,50 31,,, 38,19 l0,8J 35,sz 35,82 ]4,35 h,eo 34,b5 410 1 50 

FvEI. COST • i5,00 PE;:., ~ll.LION BTU 
ELECT CUST • 20 1 00 MILS PER KW•HR ENEI<GV COST RA TIU • I Z500 
i!t4,21 24,&11 211,24 i!],OII Z5,91.1 n,su 23 1 11 21.(18 21,&8 20,115 lZ 1 15 25113 
1 S1 I~ 111,81 .IS, 54 1b,8] 14,]] te,T9 14,83 1o,s1 111,85 1 b 1 8'3 1],9'5 18,08 
TUTAL PuwfR PROOUCTIUN COSTS IN ~lLS ~E~ !(weHR 

.41,17 ]fl,411 J' 1 7CI 110 1 11T 110,]0 H,zq n,•9 ]8,29 ]b,5] J1,28 lo,TO 413,22 

FUEL COST 11!1 $7 1 50 PER Hl~LION BTU 
ELECl CUST " 10 1 00 ~ILS PEA KW•HR ENERIIV COST RATIO I ,1500 
~~~ ,l1 lo,9e, lo,J7 35,40 ]8,94 lJ,TS ]11 1 75 li!eZZ 32,5Z Jo,u ]4,13 31 I TO 

o 1 58 7,410 7. 71 111,111 T,17 8,110 7,111 8,110 T ,liZ 8."' b,91 9,04 
TUTAL POWER PRODUCTION COSTS lN MILS PEA· KIOI•HN 

""·8' 414,]0 411,14 111,87 IU1 1 11 4l,15 lli,lll 110 1 oi! :SCJ,95 l9 109 41,10 41&,74 

FUEL COST • i7 1 50 PEA MILLION UTU 
ELECT COST •· 20 1 00 MILS PER KW•HR E~ERGY COST RATIO 11[1 1 J150 

. liZ 1 31 3b,qb lb,31 ]5,11b ]8,941 n, 75 34,T5 H,2z li 1 S2 30,&8 34,13 l7 1 TO 
lJ. 1 b 141,81 15,'541 U,83 u1n to, n I"· 83 U,81 14,85 l&,U u,•5 18,08 
TuT•L POwER PRUOUCTIUN COSTS IN MlLS PEA ICW•~R 

'53,117 51,10 Sl,'H S2,2CJ 51,28 50,55 49158 uq,Ol 117,JT 117,50 48,0T 55,T8 

FUEL CIJST • i7,75 PER MILLION BTU 
ELECT CUST • ,0,00 HILS PER ~W•HR ENEAGV CUST ~o~AT Iu • 1 1Ul 
U, TZ l8,l q JT ,'58 1o,ou 40 1 Zll Jll,88 n,q1 :U,H H,oo J1110 JS,U liS, •• 
)q 1 11T 1.141,412 4&,&3 50,48 4],00 so, 37 411,118 so,u 441,55 501418 1.11,84 541,1! 
TIJTAI. POWEP P~UOUCTIUN COSTS I~ MILS PER KW•HR 
83,20 ez,o 1 811 1 Z1 87,1i! 83,211 85,&!5 110,]9 lll,H 18,1 s az,u 71,10 'IJ,U 

I'!'Y 15711 
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Table C-2 
250 ~SIA CMAAGING PRESSUA[, COOLED L~ TUAIJNI OJIKI , i lNTfRCOOL!AI 
OANl!L J 8 ~ARlNACCI, LONG RANG[ OEVEO,M!NT, A•?OJ , CI1SJ SthJIU 

CAS£ l • 1 0 l,U 11 JO 1,50 a,•o 1,70 1,10 1,'0 1,10 l,ll leU l 1 U 
T1141'T 1500, uoo. uoo, S?O, IUO, uoo. 1100, 1500, uoo, 1500, uoo, uoo, 
T2HI'T Ill 0. 10•5, 10011, 4Ua 1277, 1044, 1ns, 10414, lO"'• l04J, uu. 11417, 
T1VT 2150, 1500, 1500, uoo, un, 1044, 1100, 101111, uoo, 104), 1100, uoo, 
CAY LOI 1,20 1,20 1,20 1,20 1,10 1,10 1,20 1,20 1,10 1,10 1,10 1,50 
•EG HT ,10 ,10 ,10 ,10 ,70 ,70 ,ao ,eo ,•o •• o ,10 ,ao 
COlli I' Klli 1••·i , ••• a 1U 1 Z 1Ua2 1U,a .... a 1 .. ,1 1U,I , ••• 1 1U,I , ••• 1 u•,a 
Tu•s ICW zoo,• au,• zzo.• IOJ.8 n•,J 104,1 Ul,J 204,0 U1,0 20J 1 1 an.• 1n,o 
H1 R1 5et4l, 4UII, un, 411211, ll•J, 4501, 4UJ, u••· UJO, 4090, "'''· son, 

I" VEL COST 1 12 1 50 I'ER MILLION ITU 
ELECT COST 1 10 1 00 HILS I'IA KW•HA !N!AGY COlT RATIO 1 ,asoo 
111,10 U,U u,u ll,U u,•l 11,25 lS,SI 10,14 10,14 10 1 21 ll,JII u,n 
o,18 '.u ., • !53 11,15 ••••• 1,14 1,1. I,U ?,10 a,u .. .,. ll,h 

TOTAL I'OW!A I'AODUCTION COlTS JN MILl ~(A I(WeHA 
20,118 ''·'0 19, .. u,•a u,•J u,u 11,n u,n 11,04 li,JI 11,14 u,u 

FVEL COST 11 12 1 50 I'ER MILLION iTU 
EI.!CT COST I 10,00 HILl I'[A K~·HR ENERGY COST UTlO •• uso 
111,10 u.u u,u ll, 82 u,u 11 125 11,58 l0 1 U l 0,84 to,n 11,J8 u,n 
li 1 15 14, J5 u. 01 so,:u u,n U 1 28 14,17 1•.z9 14,19 , •• u u.u u.u 
TLiTAL I'O~EA I'AooucTxo~ cosTs IN "ILl P!A I(WeHA 
Zb,8o 2.,b1 21,1. 28,13 z•,n 21,51 25,9• 21 1 01 zs,u z•.u 24,19 10,10 

'-· 
FUEL. COST • ,4,25 PE~ MILLION iTU 
ELECT COST II 15 1 10 MILS P[A ICW•HR !N!AGV CUST RATIO 1 1 2815 
Zl.•e 20,911 zo,ot 20,09 u,o1 19,U 19, .. ,.,,. . '18,413 11,18 19,)4 Z1,JII 

q •• 1 10,811 11,18 U,l1 10,49 12,29 10 1 15 u. 30 l o, 81 u.u lOoU U,lJ 
TUTAL POWER PAUDUCTION COSTS IN ~IL8 I'EA KW•HA 
U,'l 11,18 31,98 JZ.4 1 32,'5• 11,112 J0.54 10,5, 29,10 29,10 n,n 14,110 

I"UEL. Ci.JST • 55 1 00 PEN MIL~lON BTU 
EI.ECT COST 1 17 1 0et ~ILS PEA KW•HR ENERGY COST IUTIU • ,zn1 
Zt1,Z1 211 1 b4 u.2 .. 21,U zsl,, . u,so 2J,l7 21o 118 u,oa 20 1115 22,1!1 25,1J 
1u 1 R8 lZ,zq U,85 U,'t ll 1115 U,l!l U,h 11 1 90 12,28 1J,9l 11, 5J 111,n 
Ti.lT'l. PUWER PRODUCTION COSTS IN MILS PER IO••Io4R 
l'~,oq . 36,88 31,10 31,5'!5 31,81 u,n 35,11] 15,18 ll,9b 34,]6 l4,i!8 110,09 

I"UEL COST a 55 1 00 P~~ MILLION iTU 
El.ECT COST • 20,00 MlL.S PEA KW•HR [N[RGY CUlT IUTIO • 1 i!SOO 
2!1,21 24,04 24,24 i!l,oll 25,911 22 1 50 i!l,U i!1 1 U 21 1 08 ~0,4'5 za,n n,u 
12,15 SII,JS l'!5o01 1o,31 u,n 10,28 u,n 10,29 141,]Q ,., Jl u,sz 1'7,'!53 
TOTAL POWER PRODUCTION COSTS IN MILS PER KIOI•~A 

llu,lfo l8,CJ9 19,31 u,n 39,80 ]8,18 ]7 ,54 n. 11 10,01 h,h Jlt,ZT 41,6o 

FUEl. COST • 57 1 50 PER MILLION BTU 
EI.ECT COST • 10 1 00 MILS PER ICw•HA [N!RiiY COST IUTIO • ,1500 
116!,31 H,CJ, )b,]7 15,410 ]8,911 n,n u,n Uei!2 32.52 l0 1 U l4aU 31,10 

e 1 38 1,18 7. ')] 8,15 111'5 8,10 1,19 8,15 1,20 I! I l'J •• 70 8,10 
Ti.lTAL POwER PRODUCTION COSTS IN MILS PER I( WeHR 
ll!l,oCJ 114,11 113 1 CJO 41,112 4'5189 41,1!9 Ul 1 911 00,31 ]9,72 38,8l 11o,n lle,qo 

F LJEL. COST 11 17 1 50 PER ~ILL.lON STU 
!L!CT COST • ~0 1 00 MI~I P!R KW•~A ENI:IIGY con ~U TIO I , J15!) 
112,11 3o,9o ]b,l7 ]5,110 38,911 n.n u,n Uli!l u,u Jo,u u,u J7 I 'PO 
ll,'75 14,35 15,01 1,,]1 u,n lo,28 1 "· J1 so,z• 111,]9 Ulll u.sz u.u 
TUTAI. POWER PRODUCTION COSTS IN MIL8 PER l(lfj•HR 
55,01 51,31 Sl,U 51,11 52,84 50 IOJ n,u 48,51 41o 1CJI 11•,n 41,115 55,21 

FuEL. COST • S'7 1 75 PEA MILLION STU 
EI.!CT con • e0 1 00 MILS PER KW•HR ENERGY COST IUTIO ' ,uu 
113,12 38. 1 q 37,58 lo,llll uo,Z4 J4,1!B n,•t u,z9 JJ,oo u,1o 3!i • Z1 l8,1Jo 
]tl,2b 11],05 45,20 III\ 1 CJ] 411,118 1181 8} 11l 1 li 418188 u,u 118 1 9~ 40,55 52,'59 
TUTAL PUWER PRUOUCTIUN COSTS IN Ml1.8 PEA KW•Io4R 
81,CJ8 81,211 82,18 815,'!57 81,9l 8J,'Pl 1CJ,OJ Ul11 111,78 ao1u n,u '11,!4 
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Table C-3 
.100 PIIA CHARGING PRESSURE, COOLED LP TURBIN£ DtiKI , 1 INTUCQOL.Eit 
DANIEL J, MARlNACCI, LONG RANGE DEYEOP~ENT, A•'70l ' Clll) S'I•JIIJ 

CUE i 1 10 l,ll a,u 2,u 1,&11 1,11 2,1. a,u i,JO 1,40 1,10 1 1 .0 a,1o 
TlloiPT 1100, ssoo, uso. ua, au, auo, llSO, uoo, 1500, lS00 1 1400, uoo, uoo, 
UloiPT uo•, 1105, •n•, au, 4110, 1ns, 1 on, 174, 1012 1 uu. 101, .... IJI, 
TILPT 1100, auo. IOh, uoo, II SO, 1uo, uoo,· au, IIOO, uoo, 101, uoo, 1100, 
CAY LOI 1,10 1,10 a,ao 1,10 1,10 1,10 1,10 1,ao 1,10 1.10 1,10 1,10 1,10 
REG "T ,TO ,70 ,70 ,10 ,70 ,'PO 1 70 70 ,eo ,eo ,'PO 10 ,10 
COMP ICW '"'·' l44f,8 an,a l44f,8 u• ,a ...... u•,a u6,e '"'·' au,s l41t,8 ,..;,, u• ·• TUAS ICW :soa,. Jos,• Jll,S 243,1 ne,4 na,o ,..,,, IU •• us,a ,.,,, an,? 191,4 J00 1 1 
M1 A1 """· ,.,,o, ,,.., 4UI, !1111, uu, UJII, 1'!12. 41040. 4121, JtOI, 411.-P. 4JJI, 

'UEL CU8T '- 11 1 50 PER MILLION BTU 
ELECT COST • 10 1 00 MILS PER KW•MR ENERGY CUlT RAllO " ,noo 
10,1.18 11,4!1 10,IJ2 11,68 u ... 1i,1e 11,111 •,ee 10 ·' 0 10,U •,n &o,•a so,u 

ti 1 0if •·•o e,o2 10,21 e,n 1 •,u 7,24 ,,44 71 U •,n 10,00 e,n I,JO 
TOTAL POW!P PRODUCTION COSTS IN MILl PER KW•HR 
18,!8 18,35 ''·'J "·'' as,n 1t,ee U 1 0CJ u,u u.n ,,,., u.u ''·" ,,,u 
,UEL COST " 11 1 50 PER MILLION BTU 
ELECT COST 1 20 1 00 MILS PER KW•HR ENERGY COST RATJU 1!1 ,UIO 
10,118 11,41 lO,CJ2 11,U u ••• u.s• 11,811 CJ,88 10,10 10,U '·" 10,92 so,n 
U•,18 13,80 ,.,04 20,!11 ,.,741 13,43 141,418 u,u U,41l U,TO u,oo "·"' ••••• TUTAL POWER PRODUCTION COSTS IN MILl PEA ICW•HA 
Zo,bT 25 ,as zo,•s Jl,2J 2'. 70 h,SCJ ao,n ze, 10 25,55 llf 1 02 ,,,,. lT,h 27 ,·"" 

FUEl. CUST " 14 1 21 PER MILLION STU 
EI.ECT COST • 15 1 10 MII.S PER KW•HR ENERGY COn IUTIO " ,2eu 
11,81 U,4o U,So 19,8. 22,0,. U,37 Z0 1 14 h,IIO 17,17 "·'" s•,se 11,1. 18,41 
u,u 10,142 U,ll 15,51 u,ol4 10, u I0 1 1JJ 14,20 11,07 14,12 lSelO u,u u,s11 
TOTAl. POWER PRODUCTION COSTS IN MI1.8 PER KIII•HR 
]0,04 2CJ,8CJ JO,U J5,J7 ]4,07 U,51 Sl,OT u,os 28,84 u,u Jl,U u,zo ]0 1 CJ5 

FUEL COST • 15 1 00 PER MILLION BTU 
ELECT COST • 11 1 00 MII.S PER KIII•MR ENERGY COST RATIO ' ,ii!U1 
&!0,97 zz.•o ZI,U n,Jo n,•z ~o.u n.•• , •• h 20,20 20,o4 U,$1 ii!1,U as,•• 
u. 81 11,17 u,os 17,5] 14,28 11,u• u.n 1&,11 11 1 18 u,•s u.u 14,28 14,17 
TllTAL PUW~R PRODUCTION COSTS IN MILS PER KIII•HR 
.l'~, 77 341,&7 35,51 40,8CJ 40 1 ii!O JJ, 78 Je,o4 35,87 ]],J8 s.,•o J•,n U 1 11 l5,8J 

FUEl. cun • IS,OU ~EH MlLLlUN BTU 
ELECT COST • ii!0 1 00 MII.S PER KW•HR ENERGY con RAT IU II ,ii!'500 
zo,CJ7 22,CJO 21, 8J Z3,Jo n,•2 U,ll u,u U,h 2o,zo ao,u U,51 21,81 z1,oo 
11:1, 18 13,80 1&,04 ii!0,5'!i 1&,74 13,43 114,48 18,88 15,11& U 1 70 zo,oo lo,7,. lo,•t 
TLlTAL POWER PRODUCTION COSTS IN MILS PER KW•HR 
37,15 :so,1o 3'1',87 IIJ,CJt 4ii! 1 U n,n u,u ]8,04 JS,U n,u JlfeU 18,57 3Se27 

FUEL. CUST a 17 1 50 PfR MILLION BTU 
EL.ECT COST • 10 1 00 ~ILS PER KW•~R ENERGY COST HATIU •• 7'500 
11,4'5 34,35 32,75 35,04 l8,n 3',48 l5,5l 21f,o4 30,30 Jo,•o 29,28 Jl,75 JZ,IICJ 
&,o• &,90 e,oz 10,l7 8,37 o, 71 7,211 ,,414 1,13 CJ,JS 10,00 11,37 e,Jo 

·TdT AI. PUWER PROOUCflUN COSTS IN MILS PER KW•IoiR 
]9,'511 41,25 40,17 115,31 41,25 llo 1 ZO 412,17 JIJ,08 ]0 1 03 "0. J1 l.,i. 

"'· u 
4 o. a·o 

!I'UI!L COST • 57 1 50 PER MII.LION BTU 
ELECT CUST " 20 1 00 Mli.S PER KW•MR ENERIIY COST RATIO • ,J750 
31,'15 Jll,l5 H, 75 3'5,011 38,n JCJ,,.8 JS,Sl 2CJ ,u ]0 1 ]0 30,9o z•,zo JZ,TS Jl,49 
lo, 18 13,80 lo,04 Z0,55 to,741 11,43 14,48 18,88 15,40 18,70 20,00 1o, u 10,Il1 
TUTAL PO~ER PRODUCTION COSTS JN ~II.S PER t<w•HR 
47,fl4 '18,15 4&,,. 55,58 ss.•z 5ii!,CJ1 50,02 u,u 45,75 '" • e• 4 •••• 4CJ,4CJ 4CJ,l0 

f 
FUEl. COST • 17 1 75 PER MILLION BTU 
ELECT COST I oO,OO MILS PER KW•~R ENERGY COST HA TIO ' 1 lllfii! 
!l,So l5,4CJ 33,84 Jo,Zt 110,18 40,80 Jll,12 30 1 flJ u,:u Jl,t19 )0,24 U,h n,se 
48,51 111,41 118,11 u,e-11 '50,il CI0 1 2CJ 113,44 so,o'l ,..,n S.,ll U,Ol 50,22 41f 1 8l 
TIJTAI. POWER PRODUCTION COSTS IN Ml1.8 PER Kw•H~ 
81.0'5 70,90 as,cas CJT ,85 IJ0 1 110 81,0' 80,10 87,27 71,01 88,10 •o,n 84,07 n,u 

C-6 
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Table C-4 
·100 PIIA , 1!00•1900 ' , COOLED LPT OJIKI, a INT!RCOOLER, (hAJ 

ns•nn OANI!L J, MAAINACCI, LONG RANGE DEVEOPM!NT, h70J , (ill) 

CASE 
TlHPT 
UHJtT 
TlLJtT 
CAV LOI 
REG !n 
CO~P Kill 
TUAB l(lli 

H1 R1 

!,oo 
uoo, 
8511, 

1100, 
1,20 

,10 
~~~•.e 
us,o 
411U 1 

I"U!L 
ELECT 
11,17 
7,11] 

TUTAL 
1•,1o 

I"UEi. 
EL!CT 
11,17 
1!i,h 
TOTAL 
21,0] 

I"UEI,, 
ELECT 
11.1 1 U 
11,'1 
Tll TAL. 
3o,CJo 

FUEL 
EL.ECT 
li!,111 
15,53 
TUTAL. 
3'J,81 

FUEL. 
ELECT 
22,311 
ts,so 
T•-'T AL. 
l",i!(l 

F;JEL. 
EI.ECT 
:u. 51 
1,~1 

TI./T 4L. 
lll,llll 

I"UEL. 
Ei.ECT 
3.1,~1 
15,8o 
TiJT41. 
411, J1 

,.uEL. 
ELECT 
)11 1 bl 
111,58 
TUHL. 
82,20 

•• oo 1,00 8,00 •,oo 10,00 u,oo 
1500, uoo, uoo, l500, uoo, uoo, 
lt10 1 ••o, l001 1 10441, a on, 110', 

1!100, ll00 1 noo, uoo, uoo, uoo, 
a,2o 11 U 1,20 1,10 l 1 l0 l 1 i0 
,70 ,10 ,70 ,70 ,70 110 

241t,8 Zlllt,l 2U,I u•,e zn, 8 241f,8 
Jl !I •• us,o J111 1 4t JUel uo •• J08,o 
ll]lf4, IIUT, un, · 4lU, uao, 1Uif4 1 

CUlT • 12,!10 P~R MILLION BTU 
COST • 10 1 00 MILl PER KW•HR !NUiiY COST 

10,Ifl 10,111 lO,U 10 1 U 1o,n 10,41 
,,.1 T,IIJ 7,1fll a,oo 8,011 8,n 

POWER PRUOUCTlON COITI IN MILl PER KIII•HR 
u,•o u,n U,U u,u lfi,Sif 18,11 

COST " ~Z 1 SO PER MILLION BTU 
con • 20 1 00 MJLI P!R KW•MA EN!IIIQY COlT 

10 1 1f8 10,14 10,U 10 1 U 10,151 10 1 118 
U,BJ u,n 1o,OO 1o,oa h,U u,a• 

PO~ER PRODUCTIO~ COlTS JN MILS PER ICW•HR 
2o,IH 2o,7o lo,fll h,U h,U h 1 U 

COST • 111 1 21 PEN MILLION BTU 
can • 15,10 NJL.S PE~ ICW•HR ENERiiY CUST 
l8,U l8,11J u,n 18,07 u,u 11,82 
11,1J5 1 t." u,oo u,oe ll,tll u,zz 

POWER PRODUCTION COlTS IN MILl PER ICW•HR 
lO,U ]0 1 110 Jo,n 30,1!i Jo,oa 10,04 

COST • 15 1 00 ~ER MlL.LlON BTU 
COST • l1 1 0b MILl PER ICW•HR ENE:RGY COST 
ll, •1 ll. b8 U,11'5 u,zo 21,10 zo,u 
13,50 13 1 51 1J,55 t3 1 o5 u,u u,u 

POWER PRODUCTION COSTS IN ~IL.I PER !Cw•MR 
:55,117 l5 .z t 3'5,00 . 311, 1'1 u,u 14,17 

CUST I 15,00 PER ~IL.LIO~ ~TV 
CUST • 20 1 00 MlL8 PER K••MR !NERGY COST 
!1,,1 21,b8 21,115 21,lb 11,10 20,111 
t5,8J t5,8o 15,8' 1e,oo to,oe le,18 

POwER P~UDUCTION COSTS lN MII.S PE~ K~•HR 
17,80 31,5~ JT,3l l1,2o JT,18 JT,l! 

COST • ,1,50 PER MII.L.ION I!TU 
COST • 10 1 00 MlL.S P!A ~w•HA ENEAQY CUST 
32·'' 32,52. Jl,17 J1,8Q lt,o5 11,11~ 
7,91 1,•1 ?,lfll e,oo 8,011 a,o• 

PU~ER PRODUCTION COSTS IN MlL.S PEA ICW•HR 
uo,a1 110,115 40 1 11 1',8' 3•,•• J•,s11 

COST I 57,50 PE~ MII.L.ION I!TU 
COST 1 20 1 0u MIL.S PER Kw•MA ENERGY COST 
32•'' 32,52 12,11 Jt,eq lt,oS 11.~~~ 
15,81 15 1 8o 15,81f to,oo 1o,oe 1o,1B 

POWER PROOUCTlUN COSTS IN MIL.S PE~ Kw•MN 
48,1ij 48,)8 118,0& 47,89 111,711 41,&4 

uuo • ,noo 

IUTIO t ,uso 

RATIO • 1 Ull 

IUTIO • ,uu 

utxo • ,noo 

RATIO 1 ,noo 

RATIO I ,JTSO 

COST • 17,75 PER MILLION BTU 
COST 1 oO, 00 MILS PER KllieloiR ENERiiY COlT RATIO 1' ,1Ul 

311,05 JJ,e1 JJ,lll Ji 1 45 J2,71 Jl,~O 
117,48 47,51 41,.b 118,00 48,25 118,55 

PO~ER PRODUCTION COSTS IN MlL.S PER Kw•~R 
81,51 1!1,18 so,•t eo,•s eo,t~e a1,os ·~ 1 5 74 ' 
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Table C-5 
TOO PIIA CHA~GINQ PAISIU~l, COOLID L' TURBINI DliKI., a lNTI~COOLI~I 
OANllL J, ~ARINACCI, LONG ~ANGI OEV£0,MENT, A•TOJ , Cl11) s•s•JIIJ 

CAl£ 
TlH" 
T2H" 
TlL.PT 
C~V LOI 
REG !" 
COMP Klli 
TURB 1<111 
H1 A1 

f • 

"(ii) 

2,10 
11J00 1 
1104, 
uoo, 
1,20 

,10 
2n,a 
soa,• 
4194, 

'U!L 
I:LECT 
I0 1 U 

'·'· TOTAl. 
111,05 

'UEL 
ELECT 
10,48 
U,l2 
TIJTAL 
zs,u 

'UEL 
ELECT 
&7,U 
ll,l.ll 
TOTAL 
2<~,u 

,.UEL 
EL.ECT 
i0,47 
12,40 
TOTAL 
31,81 

'UEL 
ELECT 
20,47 
ts. u 
TLITAI. 
3o,o• 

FllEL 
HECT 
l1 1 liS 

7.5& 
T UTAL 
]'f 1 01 

FUEL. 
EL.ECT 
31,45 
15,12 
TI.JTAL 
40,1J7 

,.UEL 
ELECT 
li 1 50 
IIS 1 ]7 
TLITAL .,.,,n 

2,11 
&500 1 

II OS I 
iUIO, 

1,20 
,10 

i!:U,4 
3ot,• 
4SSO, 

a,u 
1110, 
10'0 1 

1 n•. 
1,i!O 

,10 
i!U,4 
J11 1 5 
4ho, 

a, u 
U2, 
i!U, 

uoo, 
1,20 

1 TO 
iJJ,4 
24J,1 
4o7i!, 

a,u 
au, 
414, 

auo, 
1,10 
,70 

iU,4 
i!U 1 4 
sus, 

COlT 1 12 1 10 P!R MILLION BTU 

2,11 
2110, 
10'1, 
auo, 

1til0 
,70 

ii3J,4 
na,o 
u.s. 

COST • 10,00 MILl PIR KW•HR !NERGY COlT 
11,41 1o,•a 11,o8 12,•o 1J,to 11,84 

fi 1 4S 7 1 1111 •,•o T1 12 .,27 .,77 
POWER PRODUCTION COITI IN MlLI 'ER KW•HR 

1T,•o 18,41 21,28 20,T8 14,44 t8,•t 

COlT 1 12,50 PER MILLION ITU 
COST I 20 1 00 MILl PER KW•HR ENERGY.COIT 

11e4S 10,•2 11 1 •8 1a.•• 13,1• 11,14 
12,90 14,qe 1•,2o 15,o4 12,ss 1J,SJ 

POWER PRODUCTION COSTS IN MlL8 P!R I<W•HR 
24,1§ as,•o Jo,ea 28,oo as,Tt as,J8 

COST ~ 14 1 i!~ PEA MILLION BTU 
COST 11 15 1 10 MILS PER KW•HR ENERGY COST 

11f,4o ta,se 1•,8• 22,o4 aJ,J7 2o,14 
9,74 1j,31 111,4' 11,81 .,47 10,22 

POWER PRODUCTION COlTS IN MlLI PER I<W•HR 
2•,20 i!9,87 34,JS JJ 1 84 J1 1 8S JO,JS 

COST w SS,OO PER MILLION ~TU 
COST • l7 1 0o MILS PER I<~•MR EN!RQY CUST 

22,90 21,83 Z3,Jo 25,•2 zo,J2 as,e.• 
11,00 12,78 1o,38 1J 1 JII 10,10 11,54 

POIIIEA PRODUCTION COlTS lN MILS PER ICW•HA 
JJ,9o J4.o1 J'•''~ 1•,zo 37,oJ JS,Z3 

COST • 15,00 PER MILLION BTU 
COST • 20 1 00 MILS P[~ Kw•MR EN!HGY COST 

22.90 21.83 a3olfl 2s.•2 h 1 U ZJ,o• 
12.'10 1llo'l8 1•.2o lS,flll u,n u.n 

POW!~ PR~DUCTION COSTS IN MILS PE~ I<W•MR 
35 1 80 lf1 1 Bl 42,5fl Q i .u 38,81 l1,U 

COST • 17 1 ~0 PEN MILLION ~TU 
COST 1 10 1 00 MILS PER Klli•MR ENERiiY CUST 

34,35 n.1s n.o4 u.n n,u n,n 
tl,4'5 7,4. •,oo 7,82 o,Z? o,n 

PUWER PRODUCTION COSTS IN. MlLS PER ICW•MR 
40,80 40,.i!4 114,011 4fl,71 115.70 4i!,JO 

CUST 11 S7 1 50 PER MILLION BTU 
CLlST • Z0 1 00 MILS PEA KW•HA ENERGY COST 

34,35 ]l,75 15 1 04 38,119 :n,u 35,53 
U,90 14,98 1•,2o u,u u.ss u,n 

PIJIIIER PRODUCTION COSTS IN MlLS PER KW•HR 
ll7,l5 4'7 '73 5'1,211 54,52 52 1 0] 411,07 

COST • 17 1 75 PEA MILLION STU 
COST I tt0 1 00 MILS PER I<III•MR EN,RGY COST 
J5,4, ]J,84 )0,21 '10,18 40,80 )0,72 
38,0' 114,95 SJ 1 5q 4o,•a J7,fl4 40,1)9 

POWER PRODUCTION COSTS IN MILS PER I<W•HR 
74,19 78,n ,3,80 ., ,1 0 18,44 n,u 

C-8 

2,20 
uoo, 
114, 
114, 
1,20 

,10 
an,4 
au,• nu, 

a,Jo 
uoo, 
usa, 
uoo, 
1,10 

,80 
· UJ 1 4 
UJ 1 2 
4040, 

RATIO ' ,ZSOO 
11,18 10,10 
e,u 1,u 

18,70 u,u 

RATIO • ,tiSO ,,18 10,10 
17,04 14,44 

n,u 24,J4 

RATIO • 1 2115 
lfi,BO 11e11 
u.u 10,90 

J0 1 U 28,07 

RATIO • 1 2U1 
l'eh 2Uel0 
u.os u.u 
J4,81 3i! 1 1J2 

HATIO ~ ,noo 
19,70 20,20 
u.u l"o4ll 

:11,40 34,04 

IUTIO • ,noo 
''··4 J0 1 30 
e,ea 7,22 

]8,110 37 .sz 

.RATIO • ,nso 
2•,o11 30 1 ]0 
17 ,o4 14,44 

47ei!8 44,74 

RATfO 1 1 tUi! 
JOe It) Ji. S1 
52,U U,JZ 

n,n T11 1 U 

2,40 
uoo, 
uu, 
uoo, 
1,10 
,eo 

au,4 
an,& 
4UI 1 

1o,u 
u,u 
27,80 

2o.u 
11,48 

Je,U 

.I0 1 fitl 

'·'" 
39,70 

J0 1 h 
l7,4B 

48,411 

Jt,lllf 
S2 1 4l 

14.42 

a,so 
11100,. 
. 101, 
aoa, 
1,10 

,10 
an,a 
an,? 
~·01i 

'·" •,n 

"· 10 

•.n u ••• 
JB,U 

''·51 u,n 
36,20 

Z9,2o 
•• 35 

JB,o1 

Zlleib 
l&,n 

47,45 

30,i4 . 
s •• o, 

8o,11 

a,•o 
noo, 
Ito, 

uoo, 
1,20 

,10 
231,4 
1'1,4 
4h?, 

i1,U 
l J, 3'1 

n,u 

21oU 
15 1 flll 

J1,48 

u,n 
7 .u 

110,57 

u,n 
u,o4 

48,311 

u,e4 
llfi 1 U 

80,77 

2, 70 
uoo, 
IU 1 

uoo, 
1,10 

,TO 
ns,a 
JOo,a 
4JU, 

l0 1 1J '·,. 
"•'' 

to,n 
lS,'U 

••• u 

Z1 1 fl~ 
u,u 
11,18 

J2,4. 
T 1 h 

40,25 

u,u 
u,u 
48,01 

:u,se 
4o,ss 

{, 
80,11 

PUBLIC SERVICE INDIANA 
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Table C-6 
100 PS!A , 1!00•1!00 ' , COOLiD LPT DIIKI, I INT!RCOOL!RI, (A•A•A) 
DANIEL J, MARINACCI• LONG RANGE D!V!OPMENT, A•YOI , (ill) Sti•Jill 

CAl! 
TlMPT 
T2MII'T 
TlLPT 
CAY 1.01 
REG I" 
COIIIP U 
TUAB KW 
M1 A1 

@) 

s,oo 
uoo, 
8511, 

uoo, 
1,ao 

,10 
233,11 
315,0 
41168. 

I"IJEL 
ELECT 
11,11 
7,41 

TUTAI. 
18,58 

l"ll£1. 
EI.!CT 
11,11 
14,8i! 
TUTAI. 
zs,n 

P'UEI. 
EI.ECT 
111,1111 
11,19 
TUTAI. 
30,18 

P'UfL 
ELECT 
2i! 1 JII 
ll,bll 
TUTAI. 
)11,98 

I"UEI. 
ELECT 
22,34 
su.az 
TUTAl. 
37,~~~ 

I"UEL. 
ELECT 
33,51 

7,111 
TuUI. 
40,112 

'UEL 
ELECT 
n.u 
1li 1 U 
TUT41. 
11!! 1U 

FUEL 
ELECT 
311 1 0l 
4'1,410 
TUUL. 
711,08 

•• oo 
noo, 
910, 

uoo, 
1,20 

,10 
Ul 1 4 
315,ft 
11)94, 

8,00 
uoo, 
aooa, 
uoo, 
1,20 

,70 
ZJJ 1 4 
Jl4,11 
4219, 

91 00 
lSOO, 
10114, 
lSOO, 
1,20 

,10 
Ul,4 
312,2 
uu. 

COST 1 11150 PEA MILLION 8TU 

10,00 
uoo, 
1011, 
uoo, 
l,iO 
,10 

an,4 
uo.• 
4210. 

11,00 
uoo, 
1109, 
uoo, 
a,ao 
,10 

Ul,4 
JOI,ft 
11194, 

COST I 10 1 00.MII.I PER KW•HA ENIRGY COlT RATIO 
10,t8 10,84 &0,72 tO,o3 to,ss 10,48 

•• zsoo 
,,,, 7,41 1,411 7,117 7,51 7,5. 

POWER PNODUCTION COITI IN MILl P!R KW•HR 
l8,31 11 1 25 18,15 18,10 l8 1 0o l8,05 

COST a.l2,50 PEA MILLION 8TU 
COST a 20 1 00 Mll.8 P!A KW•HR !N!AGY ·COIJ 

10,98 io 1 84 to,7a 10,o3 10,55 t0,48 
111 1 79 14 1 82 111 1 85 14 1115 15 1 03 1S 1 lZ 

POWER PRODUCTION C08T8 IN MII.S PE~ ICW•HR 
25,71 zs,oo 25,57 25 1 58 25,58 25,o1 

COST • 111 1 25 PER MII.I.ION BTU 
COST I l5 1 l0 MILS PEA KW•HA EN[RQY COST 

18,ft7 11.11) 11,23 18,07 17,114 11,82 
11,10 11,1' 11,21 11,211 11,~5 11,42 

POWER PRODUCTION COSTS IN Mil.& PER ICW•HR 
211 1 811 2,,o2 211.44 29,3o 29,28 29,24 

C~ST a 55 1 00 PER Mli.I.IUN BTU 
CUST I l7,0• MII.S PER KW•HR ENERGY COST 

21,111 21,•1 2&,45 21,2• 21,10 zo,97 
12,ot 12,o11 1z.•• &2,15 12,ea tz,•o 

POWER PRODUCTION COSTS IN Mll.l PEA KW•HA 
311 1 5~ )11 1)2 )4 111 )4 1 01 JS 1 92 33 187 

COST a 15 1 00 PEA MII.LION BTU 
COST • 20 1 00 MILS PER ICW•HR ENERiiY COlT 

21,117 U,oe i!t,4!5 21,20 21,10 20,117 
14,711 14,82 14.8~ 111,915 lS,OJ ss.u 

POWER PROU~CTION COlTS IN M1~8 PE~ KWe~R 
lo,h 10,50 3ft. i!9 u.u JO,U h,Oq 

CUST I 17 1 50 P!R Ml~LION ITU 
CUST a 10 1 00 M%~8 PER KW•HR ENERiiV COST 

32,9!1 u,sz U,17 u,n· u,u Jl 1 45 
1,311 7,41 1,4l 7,47 7,51 7,1Jft 

PO~!R PRODUCTION COSTS IN ~li.S '!~ KW•HR 
40.35 )11,9] 39.59 39,31 l9,17 39,01 

COST 1 17 1 50 PER Mli.LlUN ijTU 
COST 1 20 1 00 "li.S PER KW•MR !NERiiV CUST 

Ji! 195 U,'Jl :U,l7 u,n Jt ,OS 31,115 
14,82 14,8!5 14,95 15,0J 14,79 

PU~ER PROOUCTIUN COSTS IN ~11.8 PEA 
15,12 

KW•HR 
47,74 47,14 11'7,02 4o,B4 4o,os 4o,57 

COST • 17 175 PER MILLION ~TU 
tUST I ~0~00 MI~S '!A KW•MR ENERGY COST 

34,0$ 3J.o1 U 1 24 J2,95 U,1l u,so 
44. 3ft 44,45 44,54 44,85 115,08 11\I,J'/ 

POWER PRODUCTION COlTS IN Mll.l P!R KW•HR 
n,u 18 ,nfl· 71,78 n,8o 17,79 n,e? 

RATIO 1 , USO 

RATIO I eUU 

IUTIO • ,UOO 

RATIO , ,noo 

RATIO ' ,3150 

RATIO a ,UIIZ 

'!::' 15761 

C-9 PUBLIC SERVICE INDIANA 
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Table C-7 
11!0 CMARG1NG PRESSURE, COO~ED ~PT DISKS, 1 lNTERCODLE~, (4•A) 
DANII~ J, MARlNACCI, LONG RANGE OEVEO,MENT, A•?OJ , Clll) I'I•JZIJ 

CASE 
T1HPT 
•2MPT 
1~PT 

_AV LOS 
REG UT 
COMP Kill 
TURB Kill 
H1 A1 

@ 

J 1 01 
21!0, 
1102, 
2150, 

1,20 
,'70 

291.1 
1420 1 0 
118U 1 

'UEL 
ELECT 
1ii!,oo 

o,CJII 
TUUL 
ti:I,CJCJ 

FUEL 
EI.EC T 
u,o• 
l],81 
TuTAI. 
2s,•:s 

FUEL. 
ELECT 
2•J. 110 
10,117 
TUUL. 
Jo,•7 

FUEL. 
ELECT 
211,11 
1 \. 8] 
TUTAI. 
35,91.1 

F<IEL. 
E1.ECT 
i!ll,11 
11,81 
To..JTAL. 
]1,1l8 

FuEL 
EI.ECT 
]1),17 
o•'" 

TtJTAI. 
II l. 1 0 

FuEL. 
ELF.CT 
3~t,17 
1],87 
TUTAL 
5ll 1011 

FuEL 
EL.ECT 
]7 ,11 
111 1 112 
T•JT AI. 
71.1,119 

:s,oz 
2110, 
1105 1 
1500, 

1,20 
,70 

291.1 
181,1.1 
IIU8 1 

1 1 10 
uoo. 
110'!1, 
zuo. 

1,20 
,10 

ZCJ1, '7' 
4101,9 
UlO, 

3,20 
1500, 
830, 

1500, 
1,20 

,'70 
21'1,7 
n:s,z 
41lh, 

J,JO 
uoo, 

"''· 1100, 
1,20 

,70 
z•t.1 
:us •• 
tun. 

COST ~ 12,50 PER MI~~ION BTU 

J, 410 .,. 
JU, 

uso. 
leZO 

,70 
2'1,1 
no,o 
1151tfl, 

J 1 SO 
417J,· 
aoa, 

uoo. 
11 20 

,'70 
24t1,7 
2'71,41 
41U1 1 

COST ~ 10 1 00 MI~8 PER KIII•MR EN!AGY COST 
11,02 10 1 '7'7 10 1 19 10 1 ll5 11 1 411 10 1 55 
71 o5 '7' 1 2o e,zo a,oe e,JJ lO,lll 

PCJWER PRODUCTION COSTS IN MILS PER K••HR 
11,o1 lB,OJ 111 1 85 19 1 11 19 1 15 21,01 

COST • Sl 1 50 PER HI~LION BTU 
COST I 20 1 00 Ml~S PER KN•HR EN!AGY CU8T 

11 10Z 10 1 77 10 15CI 10 1 111 11 1 111 10 1 55 
15,30 11.1,s2 to,sz 11,37 1o,o7 20,95 

POwER PRUOUCTlO~ COlTS IN HILS PER Kw•MR 
zo,Ji! zs.zq 21,11 27,82 ze,oa 11,51 

COST • 111 1 25 PER MI~LIDN BTU 
COST 1!1 15 110 Ml~S PER KW•HR ENERGY COlT 

18,73 18,32 18,00 11,111 19,40 t'J',CJ41 
11,55 1~ 1 Qfl 1i! 1 117 11 111 12 1 58 15 112 

PCJ~ER PRODUCTION COSTS IN MILS PER KIII•MR 
30,Z8 Zll,28 30 1 111 J0,8'J' ·31 1 99 JJ,'J'o 

CUST • 15 1 00 PEiol MI~LION BTU 
CUST 1 1'7' 101:1 ~ILS PER KW•MR E~ERGY COST 

22,011 Zl,55 21,1e 2o,•o Z2 1 83 21,11 
13 1 05 12 1 3A 141 10q 111 1 82 111 1 22 1'7' 1 88 

POWER P~UDUCTIUN COSTS IN HlL~ PER ~W•MA 
1s,o• 11,•1 35,21 35,11 11,os 38,98 

CU8T 111 iS 1 00 P~R MILLION BTU 
CUST I 20 1 00 MIL.S PER KW•M~ EN!RGY CUST 

22,011 21,55 21, t8 zo,9o ii!2,8] 21, 11 
15,]0 111, 1;2 1fl,'32 11,31 1o, n 20,95 

PO~ER PRODUCTlU~ COSTS IN MILS PEA Ktll•to<R 
31,314 lo. ,)~ 17,70 l8,2o u,so IIZ,Oit 

CUST • ,7,50 PER MlL.LIO~ STU 
CCJST • 10,QO MILS PEg KW•MR ENERGY ti.JST 
]], 01:1 32,32 :u.n 31,]1.1 341,211 Jl,oo 
7,o5 'J',i!o e,2o B,o8 s,H . 10,118 

PU~E~ P~ODUCTlUN COSTS IN Mli.S P£~ 1(111eMR 
110,'7'1 39 1 58 I.IO,OJ 110,03 lli!,58 112,111 

COST • 57 1 50 PE~ ~I~LIU~ ~TU 

CUST ' l0 1 0v ~IL.S PE~ Kw•~R ENE~IiY CLJST 
ll,OG li!,ll 11, n 31 1 lil lli,U :J1 ... t. 
15130 111,52 1&,52 1'7,31 1&,0'7' 20,95 

POWER P~ODUCTlON COSTS ~~ M%1.1 PER l(iol•lollol 

118,311 11e,ea 118,29 118,'7'1 50 1 111 5i!,tt1 

COST 1!1 S7 1 1S PER MILLION ~TU 

COST • tt0 1 00 Ml~S PER KW•I-IR ENERGY COST 
:u,t& n,uo li,U u.J• J5. JCJ u • ., 1 
115,8CJ 113,55 IICJ,5t. 52.11 50,00 02 1 8& 

PU~ER PRODUCTIU~ COSTS 1~ ~lLS PEiol •w·~~ 
80,05 '7'0,95 82,3' ~"·"' 85,JCJ 9;,se 

C:-1 0 

s.u 
uso, 
1011t, 
10h 1 s.zo 

,10 
z•1.' 
Ul,l 
41lJO I 

J,?O 
: uoo. 

102 1 
eoz. 
1,ao 

,70 
ZCJ1,'7 
288,8 
J1"· 

RATIO 1 ,UOO 
lO,U 9,Sp 
1 1 541 10 1 10 

18,8'7'· 19,.0 

IUTlO ' 1 1250 
10 1 U •,SO 
11, 08 20, iiO 

n,111 a9,7o 

RATIO t ,Z81S 
l1e51 1tle15 
12,90 1Soi5 

J0 1 41'1 J1 1110 

A•TIO 11!1 1 i!931 
zo,os 19,00 
11.1,57 u.u 

3!i 1 Z2. Jtt,H 

iUTIU • ,noo 
zo,os 11f 1 00 
11,08 zo,zo 

n.n J9 1 ZO 

kATIO • 1 1SOO 
30,98 Z8,119 

8,511 10,10 

39,52 38,SCJ 

~A TIO • ,3150 
]0,98 28,119 
u,oe zo.zo 

1.18 1 0& ue,tt9 

~ATJO • ··1 ii!9ii! 
Ue01 29,111.1 
Sl,i!! t.0 1 1t1 

n,zo 9o,os 

J,IO 
1SOO, 
u• • 

1100, 
1,20 
,eo 

z•t. 1 
nz.e 
410' •• 

zo.u 
lit 1 Sl.l 

n.oz 

JO,U 
8 1 Z7 

J8,99 

)O,U 
1o,5" 

111,2o 

31,'711 
119,11i 

IU 'J., 
~~ 1577> 

J,•o 
1500 1 

102, 
eo2, 
1,20 
,eo 

z•1,7 
281,1 
J1SO, 

18.15 
1'7,21.1 

u,n 

11,15 
zo,u 
J8,9o 

28,12 
1 0. 11 

u.n 

l8,12 
zo.u 

118,33 

ZCJ,oo 
oo,u 

n,o• 

J,10 
&500, 
eu, 

uoo. 
1,20 
,•o 

2'&,'7 
JU,J 
nu. 

1 9 • .,., 
1o,!lo 

h,n 

ii!CJ,oo 
11,28 

J7 ·'" 

ji9,U 
10,5& 

llo 1 21 

lOofiS .. ,,.., 
ao,u 

J,l] 
uoo, 
U1 1 

uoo, 
11 50 
,eo 

291,1 
ll1.7 
41UJ, 

10 1 00 10 1 :U 
8,01 .,18 

18 • 0 1 .. '" • u 

it8,10 

1CJ,9CJ ZO,Itlt 
11t 1 0Z 18,11 

h 1 01 JCJ,OJ 

Z9,99 11 1 00 
8,01 11,18 

l8. 00 40,18 

2CJ 1 n 31 100 
1o,o2 18, J7 

11o,o1 IICJ,Jo 

JO,U JZ,Ol 
u,oe 51,10 

'7'9,05 11,1 J 
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Table C-8 
t ttO ltSU, 1500•1500 1' 1 COO~ED L'T DISKS, t INTUCOOLIR, ,, .. , 
DANl!L J, MA~INACCit ~ONQ RA~ij£ DEVEO,MINTt h70J I Cltt) !S9S•UIJ 

CAS[ 4,00 s,oo e.,oo 7,00 7,51 a,oo 9,00 to,oo u,oo u,oo 14,00 u,oo to,oo 17 ,oo 
T1HPT uoo. uoo. uoo. uoo. ISOO, 1SOO I uoo, l500 1 uoo, uoo, 1100, uoo, lSOO, 1500, 
'2HPT ou, ?ti!, 7U 1 808, no, 848, au, 9U, 94'7, 974, lOU, ton, 1070, ton, 
't~PT uoo, 1!500 1 1500, uoo, uoo, uoo, 1!500, uoo, 1500, uoo, uoo, uqo, uoo, 11J00 1 

~•v ~oa 1,20 1,ao 1,20 1,20 t,IO t,ao t,ao 11 20 1,10 1,20 1,10 1,20 1,20 1.ao 
REG !" ,10 ,?0 ,10 ,10 ,70 ,70 ,70 ,10 ,70 ,70 ,70 ,70 ,70 ,10 
COH, 1<1111 291,7 Zlfl 0 1 U1,7 291,., 29t, 1 n1,1 nt,7 Ut ,1 21Jl,., 291,1 nt,'P 191,1 Ul,1 291,7 
TURB 0 3 .. 5.3 349 0 9 nz,o ns,a 353,2 JU,Z 3sz,e. nz,o sso,1 )48,9 J44,9 J4S 1 4 )41,8 )40,1 
H1 R1 4~81, 4389, 4315, ue.o, use.. 421o, 4180, 41U, 4UI, 4102, 400ft, 401JO I 4039, 4022, 

I'UEL COST I 11,50 P!R MILLION ITU 
EL.EC T COST e 1o,oo MILl PER KW•HR ENERGY COST RATIO , ,atoo 
11,20 10,Qet 1o,n 10,U 1 o,n 10 1 54 10,45 10,:11 to.J1 10 1 2et 10,17 10,13 10 1 09 1o,oe. 
1!,45 1,34 8,29 8,2o 8,Zet 8,20 8,l'P 8,U e,n a,3e. 8,40 8,to 8,54 8,;a 

TOTAl. POIIIIIR PRODUCTION COSTS lN MILl '!A KIII•HR 
19,•5 11f,30 19,08 u. 91 18,15 18,80 18,12 l8 1 oft 18,04 u,u li,U u,u 18 1 U u,u 

FUEL COST e SZ 1 SO PER MIL~ION ITU 
E~ECT COST Ill 20 1 00 MILS PER KW•HR ENERGY COST RATIO I ,USO 
11,20 10 1 1fb 10,79 10,os 10,IIf 10,54 10,45 10 ,:n 10. Jl 10 1 2ft 10,17 10,13 10,09 1o,oo 
1tt 1 1fO 1o.u 1o,57 U,IJi! 1o,sz to,sa to,S4 10oiJ7 1o,u 1b,U 1C»,92 u.n 17,07 u,u 
TOTAL POWER PRODUCTION COSTS IN MILS PER 1\W•HA 
28,10 21,Cil4 21,:10 27,17 27,11 27,00 U,99 ao,li!i 2o,97 Zo 1 98 27,08 u.u 21,1o l1,U 

f'UEL COST 11 S4 1 25 PER MI~LION BTU 
EL.!CT COST 11 15110 MILS PER KW•HR ENERGY COST RATIO 11 ,lBU 
19,05 t8,o .. 18,]4 18,11 u.oo 17,92 11,1~ u,u u,n 17,44 u,u u.u 11,U 17,09 
ti!,?O u,s• u,st u,u U,417 12,41 U,4• 12,!11 u,u u.u 12,71 1z,n u,n u • •s 
TOTAL PUW[R PRODUCTION COSTS IN MILS PER I<III•HR 
31,80 :u,u )0,85 J0 1!8 ]0,111 Jo,l9 30,25 30 1 1! ]0 111 Jo,oo 30,0'5 JO ,04 30,041 J0,041 

FUEL. COST • 55 1 00 PEH ~IL.L.lON 8TU 
EL.ECT CUST a 17 10o MILS PER KW•~R ENERGY COST HATIO • ,ZU1 
2i!,ll1 21,'H !1,58 21,30 21,18 21,08 au,lfo 20,75 zo,u 20,'51 zo,n 20,25 20,18 20,11 
1 II I Ill 14 1ZZ 14,111 111,09 14,09 u,o• 141 11 14,14 14o21 14,20 14, 4] u. 49 14 1 Se 111,U 
TUTAL PO~ER PRODUCTION COSTS IN MlL.S PER I(W•HR 
3b,8ii! 10,15 35, 7Z 15,39 35,27 J5,17 35,0 l ]4,89 34,84 34,18 )4 • .,. ]4,74 ]4,74 ]II,'~ 

II'UEL COST • 55 100 PER MIL.LlON BTU 
EL.ECT ClJST 1J 20 100 MILS PEA Kw•MR E~iRGY COST IIA TIO ' ,2!100 
22,111 21, 9] 21,511 21,30 21 .u 21 101! 20.~0 zo,n 20,02 ao,s1 zo.u ao,u zo,u 20,11 
1o 1 90 1&.~7 to,57 to,sz 111,52 10,52 1et,54 to,!i7 1o,oo a,u 1o,•z 1~,99 11,01 17ol5 
TJUL PU~ER ~RODVCTlON CUlTS IN MILS PF.R I(W•tH~ 

3'1 110 J8,oo l8 ,15 J7 ,8i! 31,70 l1,oo 31,44 37,ll st,zq 3'1',23 l7 1 Z5 .H ,l41 J1,25 lT ,i!o 

FUEL. CUST a 57 1 50 PER MILLION 8TU 
EL.ECT CU8T a 10 1 00 Ml~S PER I(W•MR ENERGY COST IUTlO I! ,7500 
ll,b1 u.s• :U,J7 31,95 ]1,71 l1,U u,n u,u 30,94 ]0,17 30,50 J0,]8 30,27 ]0,17 

t!,ll5 8,311 8,29 8,211 8,2o 8,2o 8,27 8,29 8,H 8,10 8,4o e,so 8,54 8,'58 
TUTAL PuwER PRODUCTION COSTS IN MlL.S PER I(W•HR 
£&Z,oo 41 ,iz 410,o5 40,21 110,03 :19,88 39 1U 3',41 39,27 ]9 ,1 3 38,95 38,87 38,80 U,74 

FUEL cusr ' S7 1 50 PER MILLION BTU 
EI.ECT COST • 20 100 MIL.S PER KW•MR ENERGY COST RA'I 10 .. ,3150 
3l,b1 32,89 ]2, ]7 31,91J 3l,H 31,U U,l5 31, u ]0,94 J0,17 30,50 30,]8 30,27 JO,l7 
lo,CJO 1o,o7 to,57 1ft,52 1ft,5Z lo,52 1o,54 1o,57 to,oo lo,12 1o,u to,n 11,01 l?,U 
TUTAL. POWER PRODUCTION COSTS IN ~ILl PER 1\luHR 
50,51 41f,5ft 48,911 118,41 48,21f 48,14 41,81f 47,o9 47,oO 47,419 47,41 47. J1 47,]11t 47 1 U 

, I'UEL COST ' i7,7S PER MI~LtON STU 
EI.ECT cusr • &0 1 00 ~ll.S P!R Kw•MR ENiiiGY COST RAllt.l • ,uu 
111,11 J],98 31,44 ]], oz 32,83 :u, o8 3i!,39 ll,lil 31,91 u,n u. 51 3i. 39 31,27 .u.u 
so,e.~J so,oz 4q,7i qq,Sb 49,55 u9,5o II If 1 fl3 41f,11 419,q9 so,1e so ,1!5 50,91 5l,ll 51o4fl 
TUTAI. POWER PRODUCTION COSTS IN MILS PER KW•HR 

• 
85 1 4Z 81.1,00 83,17 82,58 ea,u 8i,i!J 8i, Ol u,e8 u,q! 81,90 8it,2ft 82,h u, 48 8l,U 
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Table C-9 
11!0 CHARGING PRESSURE, COOLED LPT DIIKir i INTEACOOI.!Itlr U•A•U 
DANIEL J, MAAINACCir LONG RANGE D!Y!O,M!NTr h?OJ I '''" •••·nn 
CUE 11 01 J,Ol :SelO :s,zo J,JO :1 1 40 :s,so :s,u J,70 J 1 10 J,U J,lO :s,u J,U 
TlHPT 2150, 2150, uoo, uoo, uoo, ..,,, 4U, iliO, 1100 1 uoo, uoo, uoo, 1100, uoo. 
•"'HPT 1102. 1105, uos, 830, ?!If, :sn, . 101, &Ol., 101, "'· 101, 118, an, •u, 

LPT 2110, 1500, 1110 1 uoo, uoo, 11!10, liOO, lOI•, 101, uoo, 101. l!IOO, 1100. 1!100, 
_ Y LU8 1.ao 1.2o 1,10 1,20 1,10 1,10 l,IO l,IO &,ao &,ao &,10 l 1 10 1a10 1a!O 
REG !I"T ,70 .70 ,70 ·'0 ,70 ·'0 .'10 ,10 ,70 ,eo ,eo ,CJO ,eo ,eo 
CO"'P KW ..... ., zu,7 1u.1 , ••• 7 z .. ,7 .... ., a••·' ,. •• 7 , •• ,1 1••·7 IU,7 .... 7 .... ., .... ., 
TURB KW IIZO 1 ft 381,4 401,., n:s.z ns.• no.o 171,4 J41,1 aee,a :su,e. 288,7 JII,:S JU,I :su,., 
H,R, 4822, 4408, 4]10, 4lh, 41 "· 4SU, 4211, 4U0 1 :J'19Cf. 110Cft 1 :sno, ,. ... nn. 41U 1 

I'UEL COST II llaSO PEA MILLION BTU 
ELECT COST II 10100 MILl P!~ KW•HR ENIAGY COlT RATIO • 1atoo 
u.oo 11.02 to.n 10159 10 1 li5 UIIH 101!55 1o,n CJ,SO 10,14 If I J'1 ., ,19 10,00 1o.u 
o,J4 o,99 o,o4 

7 ·" 
'1,94 '1102 .... '1,81 CJ,III 7,,. •lu '1 I S'1 ?,n 1,40 

TUTAL POWER PRODUCTION COSTS IN MILl ,ER KW•HR 
18,40 u.o1 17.111 18,14 lA 1 J9 U 1 011 zo.u lA 1 111 u~n u,ao ul., 1714. u,u u~n 

I'U!L. COST • 12 1 50 PEH MILLION BTU 
EI.!CT COST 1 20,00 MILS PEA KW•HA !N!RG't COlT RATIO • ,uso 
u~o• 11 '02 10,71 10159 10,45 111 Ill 10,15 lOt JJ 9aSO 1o,u .I :J1 •In 1o,oo 1o,n 
121o8 13 199 LJ 1 2'1 15,11 15,81 15,24 1CJ,U u.u t1,47 liJ,U 11,111 Ull'l lii 1 U u,n 
TUHL POWER PRODUCT10~ COSTS IN MIL.I PER KW•HR 
211,711 lS101 u,os 25,70 u,n ,.1 •• 1•,11 25,9! 27,117 n,JD 21110 n~n u,u l't,U 

FUEL COST 11!1 111 125 PEA MILLION BTU 
ELECT COST 11!1 15,10 MILS PEA KW•HA ENERGY COST RATIO " '111!1 
20 1 11CJ u.n 18,32 18,00 17110 19,110 17,U u~n 1.115 17 1 II 1 u,•ll u.u 1o,n 1 '7,U 
9,58 10,5tl 10,02 11,40 11,99 11151 111,4'1 l1t.,. u,n ll,lli u,n 11,113 11 ,oo 12,&8 

TLlTlL PUWE~ PRODUCTIU~ COSTS IN ~ILl P!R f<\jj•HR 
3010'7 29,29 28,311 Z9 ,41 llf,75 10,91 U,41 Z9 1JS 30 1 0if u,ea 2•,n 11,24 za,os JO,lli 

I'U!L COST • 15 1 00 P!R MlLLIO~ BTU 
!I.ECT C:OST • 1'7,0~ MIL.S P!~ KW•MA ENERiiY COST IIA TIO 11!1 ,2U1 
211,11 22,011 21,55 21,18 20,90 22,8] 21,11 zo.u 19,00 ~o,u 11,75 19, '71 u,n zo,oo 
10,82 11,9] 11,32 12,89 13,55 ll, 00 1&,35 u.u 1S,h u,•o u.u u,u u,so 14,3] 
TI.ITAL POWER PRODUCTlUN COSTS I~ MILS PER l<ii•HR 
lii,U 3],9'7 Jl,87 311,00 34 .u n,n J1,115 J],98 ]4,15 n,u ]11,'51 ulu U 1119 .111,91f 

Fu!L CU3T • S'S,OO PER MILI.li)N BTU 
ELECT COST • 20 1 00 MILS PER KW•H~ ENERGY COST RATIO , ,noo 
211,11 i!2,04 21,55 z 1, 18 zo,•o li 1 8l 21,11 zo,os 11f 1 00 20,48 18175 11f.7'7 19,99 zo,oo 
12,&8 13,99 13,27 15,11 15,88 15,211 U,1o 15,02 18,4'1 15,1l 18,48 15 a111 11i,o5 1& • .,. 
TLlT AL PUwER PRODUCTlO~ COSTS IN MILS PER KW•MN 
)o 1 tl0 Jo,o3 311,1!2 lb,i!B :s•,'1e l8,07 40,17 ]l:l,i!7 37,11'7 JS,oo 37,23 :14,91 34,04 

J7 ·"· 

FUEL COST 11!1 17 1 50 PER MILLION BTU 
EI.ECT COST • 10 10u MILS PER KW•HR ENERGY COST RATIO •• 7500 
l"e17 n.oo 12,12 11,77 31,311 311 1 211 u .... ]0,98 i!8,n Jo,u 28,12 Z9,oo 29,99 :u, 00 

a 1 3U o,99 b 1 all 7,55 7,911 71 U •.sa ., ,81 lf,i!4 '7a5D 9,JII 1, 5'1 7,]] 8,110 
TUTAL. POWER PRUOUCTlUN COSTS IN MILS PER Klo•HR 
112,51 40,i15 ]8,9b 31:1,32 39,28 111,811 111,24 u,n 31,13 JB,28 p,u l7 ,23 n,:u s•,n 

I'UEI. CUST • $7 1 50 PEH MILLION BTU 
EI.ECT COST • ~o.oo MILS P£R ~w·HN ENERiiY COST RA TlO I a3750 
Jo ,1'1 n,oo u,u U,71 31,Jii :14,24 31, .. ,IU 1 1f8 ze,u JO,?I i!8jU 2'11h n,•• Jt,on 
12 1 o8 13,99 11,27 15.11 15,88 15,211 19,1& 15e0l 18.4'1 15,12 18,41 1!,14 111 1 0!5 1o1n 
TUTAL POWER PRODUCTION COSTS IN MlL.S PEA KW•HII 
1111,85 117,05 4!,oO 11&,87 11'7,12 1191119 50,82 llo 1 oo llo,lf7 .115. 811 llo,•o 114,80 1111 1 U 111,.,. 

F•JEL COST • 17 1 75 PER MlLLIO~ BTU 
EI.ECT COST 11!1 o0 1 00 MII,S PEA ~W•HR ENERGY COST RA TIU " I UCJI 
3'1,37 Jli,lb ]3,110 u,n J2,J9 U,Jif U,7l ](',0\ 21f,4U ·Jl. '14 i~,o• :JO,U 30 I lfCJ u,oJ 
!8, 05 II l. 9& jlf I 8;! 115,U u,os 115, 7J 5'11119 llo,eo '55,112 45. J1 n1 1111 45 1 U 4:S 1 'tS so •. u 
Tl.lTAL PUWER PRODUCTION COSTS IN MILS P!A KW•HR 
75,11] 70,12 u,22 18 1 l II so, OJ 81,11 90,20 n,u 84,80 '77,11 84,!10 '10,01 74,911 82,111 
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Table C-10 
lUO IIIU, 1100•1!00 ,, CCU~ID LPT DISKS, I lNTUCOO~IRI, U•Ad) 
DANI!L J, MARINACCI• ~ON~ RANGE O!V!OPM!NT, A•?OJ , CllS) St!•JIIJ ... 

CAl! 4,00 s,oo •• oo 7,00 '·" e,oo ,,oo 10,00 u,oo u,oo u,oo 11 1 00 u,oo l7 ,oo 
T1 HII'T 1500, uoo, liDO, uoo, 1!00 1 uoo, 1100, 1100 1 uoo, uoo, 1100, UOQ, IS!lO, asoo, 
T2HPT us, 7U, 7U, eoe, no, au, 114, •u, '47, . .,... IOU, IOU, IOTO, son, 

1LIIT uoo, uoo, I tOO, 1100 1 uoo, 1100 1 1100, 1100 1 liOO, 1100, uoo, .soo, uoo, uoo, 
AV LOI 1,10 1,20 1,ao 1,10 1,20 11 10 11 10 a,ao 1,20 1,ao &,10 &,10 1,10 1,10 

REG rn ,10 ,70 ,10 ,10 ,10 ,70 ,10 ,'10 ,10 ,10 ,?0 ,'70 ,10 ,10 
COMP lUI zu,7 2U,'7 u.,, ,,..,., .... 7 .... , .... , , .. ,., , ... , IU,7 .... ., u•,7 ,..,., ,,..,., 
TUR8 U J41S 1 S sn,• nz,o ns,a sss,a ns ,a na,• na,o no,t su,• )44,. Jill ell 141 1 1 J410 ,1 
H1 R1 Ul1 1 4J8S, 4JU, 42•o, .. u •• "'"· 4110 1 osn, 41121, 4101, 40··· 4010, aon, 4021, 

'Ur;L COST • II,SO PER MI~LICN ITU 
!I.ECT con • 10 1 00 MILl PIR Kw•HR INIRGY COST RATIO • ,noo 
11,20 10 1h 1o,n 10,U to,t• 10,54 10,45 1o,n t0 1 Jl 1o,z• 10,17 1 o,u 1o,o• 10 1 0. 
7,1] ?,02 '7,18 7,!1! "·" '7,!1! 7,,. ?,sa 'I,U ?,U 7,n '·., 7,80 .,, ... 

TUTAL PO~!R PRODUCTION COlTS IN Ml~l P!R KW.HR 
u,•J u.s• U,J'7 u,ao 18,14 u,o• 18,01 u,•s 17,'1 u,•o u,•o u,n 1'7,1' 1'7,'0 

FUEL COST 1 12 1 50 PER MILLION BTU 
EL.ECT COST 1 20 1 0u MILS P!R Kw•~R !NERGYCOIT IUTlO 1 1 UIJO 
11,10 10,•11 to. n 10 1 U 1n,U 1 o,S4 10,4'5 10eJ7 1 u,u 1o,z• l0et'7 10 .u 1o,o• 10 10tt 
15,145 15,25 u,1• 15, 11 u,1o U 1 lt u,u u.a. llelll "·" u,n 1!,54 u,u 1S 1U 
TIJTAI. POWER P~ODUCTION COSTS IN MILS PER Klij•HR 
211,U 10,21 25,,11 15,'711 25, •• n,u as,s8 n, 51 n,ss .n,ss n,u n, •• liJ,70 25,'741 

'UEL COST • 111 125 PER MILI.lON BTU 
EL.ECT COST e 15 1 10 MILS PlA KW•HR ENERGY CIJST IUTIO • ,zus 
11i,05 18,.4 18,]4 18,11 u,oo "·'' l 1 I Jtl 17eU s?,u 11,114 .u. u u.u 1'7,15 17109 
11,&tt 11 151 11,44 11,41 11,40 11,410 ll,42 ll,l44 u.so l 1 154 u,u u,n 11,'79 11,841 
TUUL POWER PAUDUCTION COSTS IN ~ILl PrA KW•HR 
]•J 1 J1 ]0 ,1! ,,,78 2',51 21J,411 at,U 2',1• 2',08 u,oJ i8,u "·'· ae,u I&,U u,•l4 

FUEL COST e SS 100 PEA MILLION BTU 
EL.ECT CUST • 11,011 MILS PEA K~•HA !NE~IiY COST iUfiO • ,l9_J1 
U,iil 21,9:1 l1. 5!1 ll 1]0 u,u 21,01 zo,u zo,n ao,u 20,51 zo,n 20,15 ao,u zn,11 
11,18 u. 01 U,9J 1l,89 1a,ae u,n u,•o u,•J u,oo 1], 04 u.u 11,n u,n 1J,J8 
TuTAL. PUwEA PHOUUCTlU~ COSTS IN ~ILS PEA KW•MA 
35,'59 ]11,9] 111,51 111,19 ]14,00 u,n n,so n,u . n,u U 15tl n,n U,!IO u,n U,ii9 

fi'UI:;I. CUST • 15 100 'EN MILLION BTU 
EL.!CT COST • Z0 1 00 MIL.S PER Kw•HR EN!ACiY CUST RATIO • ,2500 
i!i,ll1 21,9] l1,58 21 ,]0 21,18 a1,os zo,•o 20,'75 zo,u 20,51 zo,n zo,n ao,u zo ,11 
15,145 15,25 151 l b I !1, 11 15,10 151 11 15,1] 15,111 15,141 u,z9 u,u u.u 15 1 U 15,b9 
TWTAL PO•EA PRODUCTION COSTS IN ~lLS PEA KIII•HR 
J1,8o 17,17 311,13 Jll,141 J~t,ze h,l, Jll, OJ n,•o 35,1111 n,8o n,eo n,n n,n 15,80 

F_,EI. CUST e 17 150 PER MILLION BTU 
E1.ECT Cll! T 1J 10 1 00 MILS PER Kw•HA fN!RG'f CUST RHIO •• 7500 
H 1 ol U,8CJ u,H J 1, '5 ]1,'17 ll,U ]1,JS Jt. 12 ]U,U J 0 • .,., lO,to JO,]II JO,Z7 ]0,1'7 
1,11 7,U 7,58 7,55 71 5IJ '7,55 7,511 7,58 '7,U 7 .u ?,n t,n '7,10 '7,816 

TuTAL POwER PRODUCTlU~ COSTS IN MlLI PER KIII•HR 
jj 1,31 140,51 JCJ,911 lCJ,SO n,sz 19,17 sa. •1 U,7o ]8,55 u, 41 u,n Jl,l4 U 101 U 1 01 

FUEL. CUST e 57 1 50 PER MILLION BTU 
ELECT COST • i!0 100 MILS P!A Kw•HR EI'IERIIY COST RATIO • .nsu 
]1, &I u,n li!,l7 31,95 11,77 u.u u,n u.u ]0,,4 l 0 • .,., JO,SO JO,JI JO,U so ,11 
15,115 15,25 1!5,111 15,11 15.10 IS, t 1 u,11 15,111 l!i,,24 ts,z• 15,,4'7 15,54 1S 1 U 1!1 1 U 
TUTAL PUwEA PAOOUCTlO~ COSTS IN MILl PER KIII•HR 
49,0tl ue, u 14'7,5i! 117,011 iitt,87 411, TJ 14t1,48 1611,28 lltt,1'7 4o,ott IIS 1h 45, •t 45,88 45,85 

'vEL COST • 17 175 PER MILLION BTU 
!L.ECT COST e 110 100 MILS PER Kw•M~ EN!AGY COST RATIO • 1 1.Zifl 
]II, 7J U,9a n,u n,oz ll,8J Ji!,U u,u 12,111 Jl,., u,n l1ttl 11.n 11,2'7 ]1,1'7 
4o,n 415,741 115,47 115, Jl 45, Jl 45, J2 

"'· u 
145,147 us, 7l 45. 8'7 4o,4IO .... u 4b,8J u,oo 

TUTAL PO~E~ PRODUCTlON COlTS IN MILS PER KIII•HR 
81,08 n,u 7i,CJ1 78,]Q '78,14 n,n '77,71 n,u 71 1U 11,11tt 77,,, n,oo 78,10 n,u 
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Table C-ll .. 

250 PIIA CHARGING PA!SSURt, UNCOOLID TURBINE Dl8K8, 1 INTERCOOLER, A•A 
DANIEL J, MARINACCI• LONG RANG[ DIVEOPMENT, A•70J , (US) !9SdUI 

CUE 11,10 11,20 ll,JO 11,40 11,10 11 1 flO ll,?O 11,80 11,90 11 • 1 0 
TlHPT uoo, uoo, e»07, uoo, 1'500, uoo, uoo, uoo, uoo, uoo. 
T2HPT tocto, 1010, n7. 104!, 109ft, 104'5, to•s, 1044. 1058 1 114tl, 
T1LPT 1500. 1!00, lSOO, 104!1, 1500, 10AS 1 1 soo, 1044, uoo, uoo, 
CAY LDI 1,20 1,20 1,20 1,20 1,20 1,20 ',20 1,10 '· 10 1,50 
RE!i HT ,'70 ,70 ,70 ,'70 ,eo ,80 ,90 ,cto ,so ,eo 
CO!o1P l(!rj 111,5 171,'5 111,5 171,! 111 1 5 171,1 111,5 &'71,!1 111,1 171,5 
TURB t<W 2118,0 2)6, '5 zu,• i!lct,'7 248,3 zs•,s 247 •• u•.a 204,0 iOl,o 
H1 A1 4'788, 41lct, 4o1o, 44101, 44.0. 111n, 41'10, J91l, IIJCJ'7, '1191, 

FUEL COST " 12 1 50 PEA MILLION BTU 
EL.ECT con • 10 1 00 ~ILS PEA t<W•MA INERGY CUST AATIU • ,noo 
11,117 11,80 ll,SJ 11,00 11,1o 10,114 l o, J5 ct,88 1u,n 11,118 
o •o 7,25 7,84 7,80 o,ct1 7,81 0. '2 7,82 o,so 8,4i 

TufAL POWIA PRODUCTION COSTS IN MIL.I PEA KW•HR 
11:1,81 u,os U,lo 18,81 18,07 18,25 11,27 11,10 11,411 20,410 

FUEL COST " SZ,SO PER MIL.LION STU 
ELECT con • 20 1 00 MIL.I PER KW•MR £NE:AGY COST RATIO ' ,1i50 
11,97 11,80 11,53 11,00 ll,lfl 10,414 1o,n 11,88 10,99 11,1111 
1l,1ct 111,'50 1'5,0'7 15,b1 u,e1 15,U U 1 811 15eb4 u.~~• u,e41 · 
TUTAL PO~!A PRUOUCTlON COSTS IN MILS PEA I(W•HR 
25. '7b 2b,l0 27,20 ib,U 24,98 Ztt,OT 24,19 i5 1 5Z 21,98 Z8 1 8Z 

FUEL COST • iii 1 ZS PEA MIL.LION BTU 
EI.ECT CUST 1 1'5,10 MILS PER KW•MR ENEFIGY COST RATIO " ,aus 
20,35 ZO,Oo 19,59 18, '70 18,98 11, n 17,59 1&,79 u,o• ao,10 
10,111 1o,cts 11,83 11,78 10,4] 11,80 10,115 11,81 9,81 u, '72 
TUTAL POWER PRUDUCTlUN COSTS IN ~ILS PER KW•HR 
30, h 31,00 31,~2 30,49 29,41 211,55 28,04 za,oo ;!8,50 :n,o8 

FuEL. COST 1!1 55 1 00 PER MILLION ~TU 

ELECT COST • 17,oo ~II.S PER Kw•MR ENERGY CUST RATIO 1 1 2'131 
23,91.1 23,o0 23,0'5 i!il,OO ZZ,33 lo.e8 i0,10 19,'Po Z1,99 l3,9o 
11,17 12,3'7 1lol7 13,31 11,'78 13,33 11,80 13 1 ]II 11,08 1 u,l1 
TOTAL PUWfR P~ODUCTION COSTS IN MILS PER l(~ij•HR 

35,'71 35,97 lo 1 42 15,U 34,11 l41,_Z 1 3Z,50 U 1 10 33,07 38,32 

FUEL COST 1 55 1 00 P~R MILLIO~ BTV 
EI.ECT COST • 20 1 00 MILS PER KW•HR ENERGY CUST RATIO I , 2'500 
23,~4 2],&0 23,05 22 1 00 22,33 &!0,88 20,70. 19, 7ft 21,n l3,9o 
u,n ~~.'50 15,0'7 15,&1 13,81 15 1 &2 11,841 15,&4 1Z 1 ctct to,84 
TUTAL POWEQ PRODUCTION COSTS IN MILS PER Klli•I-IR 
3'7,'73 38 ,I 0 38, '72 ]'7,&1 3&,11.1 3~,51 14,53 35,1.10 ~~~.~8 41(),80 

FuEL CUST • 1'7,50 PER MILLION BTU 
ELECT C iJST II 10 1 00 ~lLS PER KW•MR ENERGY COST RA TIU " ,'7500 
35,91 35,39 ]4,58 33,0 I J],4ct Jl,3Z 31,05 ZII,U Ji!,98 35,93 

b1 'i0 '7,25 7,84 7,80 .,91 7,81. o,U 7,82 c.,so 8,412 
T..!TAL Pu~ER PRUOUCTlON COSTS IN ~lLS PER KW•HR 
42,111 412,&1.1 4Z,41 40,81 40,40 Jet ,141 11,~1 ]'7 ,4o ]9,47 411,30 

F\JEL CUST • 5'7 1 50 PER MILLION ~TU 
EI.ECT cusr • 20 1 00 MILS PER KW•~R ENERGY COST RATIO , , :nso 
35,1JI 3'5,39 311,'58 33,0 i H,ilq lt,:U :u,os zq,u Jl,98 3'5, 9) 
11,79 14,50 u.u 15,&1 13,81 u,u 13,84 15,&4 12,9~ 1b,811 
TUTAL POWER PRODUCTION COSTS IN ~lLS PER I(W•~R 

49,70 11ct,aq SO,Z!i 48,bl 41'7,31 1.1o,qs 44,88 45,28 45,91 !12,78 

'UEL eusr • 17 1 75 PER MILLION STU 
ELECT CUST • b0 1 00 MILS PEFI KW•~R ENERGY CO~T RATIO • ,Uctl 
17,11 1$,';7 -n,n ]LI 0 11 34,o1 u,n u,oa JO,U J41,0i JT,13 
41,38 43,50 47,01 1.1&. 82 41,44 uo,n· 41,51 4o,ct3 38,97 50,53 

• TUHL. POWER PRUDUCTlUN COSTS IN MILS P!~ KW•MR 
111,11q 80,07 82,741 1:10,9] h,05 n,241 n,n 17,5! TJ,O! 81 1 oo 
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Table C-12 
250 PSIA CMAAGlNG PRIIIURE, ·UNCDOLID TURBINE DilKS, I INTUCUOI.£RI 
DANI!I. J, MAAINACCl• LONG RANG£ D!YEOPHENT, A•10J , CUI) 5t!S•UIJ 

CUE l1,1 0 1l 1 l0 u,Jo 11,40 Sl,IO u,u. u, 10 u,ao u,•o u,ao 
TtHPT uoo, uoo, eo?, uoo, 1100 1 uoo, uoo, 1!100, uoo, &500, 
T2HPT tOfle, 1010, ""· 1045, 10 .. , 1041 1 lOti, 1044, ICISI 1 uu. 
TlVT uoo, lSOO, 1100, l 01'1, lSOO, 1041, uoo, &044, &too, uoo, 
CAY LDI 1,20 1,20 a,ao l,U l,iO . s,ao a,ao 1,10 l,lO 11 10 

/ "f:G '" 
,10 ,10 r10 ,70 ,10 ,eo ,to ,to ,10 ,eo 

COMP KW 1o•,z 1U 1 1 1U,2 au,a , ••• z , .... 1 •••• 1U.a , ... , , .... 
TUAIS KW 2118,. ZU,I 218,11 "'·' au,s IU,I 141 ·' "'·' ,.,.,o IOJ,• 
H1 A1 4788, 471,, IIUO, 4401, 44U, 4111, 4140, Jtll, 41'7 1 "'". 

'U£1. COlT 1 IZ 1 SO PER HILLlON ITU 
EI.ECT COST " 10 1 00 HILl PER KW•HA !N£Aii\' COlT RATIO • ,n~o 
11,1f7 11,80 ll,SJ u.oo u. ,, 10,411 10,JI5 '~" 10, .. "·'' o1 &8 ?,OJ '·" ,,,. c,,?O 1,1J1 ··" 7,51 ti,IO ..,. 
TUUL POW[A PAOOUCTlON COITI IN MILl PEA KIIII•HA 
as,•• u,n 19 1 12 ''·" "·'· 18,01 u,os 11,4. ,., ·" ao,u 

'UEI. ' COST • 12 1 50 PEH MILLION BTU 
!I.ECT COST • 20 1 00 HILS P£A KW•HA ENERG\' COST RATIO I ,USO 
llo'1 11,80 11153 lll 00 ll i lb 10,4111 to,n '~" 101 .. 11,'1 
u~n 14,05 1111' 1511] 1J,Jt 11114 11 1 111 u ••• u.u ,.,:n 
TUTAL POwER PRODUCTION COSTS IN MILl P!A KW•HA 
25134 i!5,85 z•~11 ilfll 1U 24115 i!15t 21,.,. 25,04 U 151 18110 

I"U!L. COST 11 14 125 PER MILLION BTU 
fL.ECT CUST 11 1'5 1 10 MJI.S PEA· KW•HA !N!RGV COST RATIO • li!IU 
i.'lll3'5 i!0 1 0b 19,59 18, '70 u,u 17,n 17119 1•~" u ••• ao1u 
to 10t 1o,o1 11 14'7 11,42 10111 111111 10 .u 11,115 .1,1 u,n 
TUTAL PUW!A PRODUCTION COSTS IN MILl PEA KW•MR 
3U 1llll J0 1fll'7 11,011 Jolu 2111 oq 29111 2'7112 281 ill Z8 119 u,u 

,UEI. COST • S5 1 00 PEH MILLION BTU 
ELECT COST 11 17100 MILS PER KW•MR ENEAGV COST RATIO 1 1Zifl1 
i!l, lf4 231 f»t) i!J,05 li!IOO u.n aolaa zo,?o 1t,h 21,U n~•• 
11,110 II 1 CJ9 U 19& U,to 11,42 u.u 111114 UICJJ 10,711 13191 
TUUL POWER PROOUCTIO~ COSTS IN "''LS P!A KW•HR 
35135 ]'51 59 U,Ol J41CJ1 ]]115 JJ 1&o JZ,111 u,a• u,n n ,e~J 

I"Uf'l COST 11 SS,OO DlR ~ILLIDN BTU 
ELECT CUST • c0 100 MILS PEA ~W•HA !NEAGV COST RATIO " 1noo 
21,911 23,oo 23,05 u. 00 zz.]] zo,aa 20170 ttlh 211" 23 1 h 
13131 111,05 15119 15,13 131]9 IS 114 lJI Ill 15,1b li! I Sf u,n 
TUTAL PO~ER PRODUCTION COSTS IN Mli.S PEA K114•MR 
n~u · n. os J&.a4 11,1] 35172 h,OJ 311111 u1 •z H 158 110118 

FUEl. COST 11 17 150 PER MILLION BTU 
EI.ECT COST 11 10 100 MILS PER KW•MR ENERii\' COST RATIO • 1noo 
35,91 JSIH 34,58 n. o 1 ]]lilt ll1U Jll05 zq,u u.u n,,J 

o1o8 '710] 'I !19 71 5ft o,?o '7157 o11l 7158 b1]0 e,1o 
TUTAL pOwER PRO~UCTIO~ COSTS IN MILl PER KW•MR 
ll2 1e.o lli!,lli! IIC 1 17 11015'7_ 4011' U 190 n,n n,az ]9128 411110 

I"UEL. COST II $1 0 $0 ~E~ MILLION BTU 
fi.ECT i:UST 11 l0 100 MILS PER KW•HR E:NER!OiY Cl18T ~u TIll , ~nso 
J5 I CJ1 35,39 311158 n. o 1 ]] I 411 J11U 3110! ulu ulu n,u 
13131 14110'5 u~1• 15.13 u~n 15,111 1]1111 15,111 12,59 1f»IIJ 
TUTAL POwER PRODUCTION COSTS IN MILS PEA KW•HR 
49,28 4914'i 4tl h 4811] llbl88 llb,ll? 411.140 114180 115157 52 1 Zb 

'UEL. COST II 17 175 ~ER MILLION BTU 
ELECT cosT • o0 1 00 MILS PER ~W•HR ENEAiiVCOST RATIO • ,1292 
3'7111 'Jf.ll 57 n~n J4111 14,81 u~n u~ue J01bi! 311108 n,u 
40111 112o1f.l 4!5157 115138 uo," 115143 110123 45,119 J1117 48191 

• TUTAL POWER PROOUCTlON COSTS IN ~IL8 PEA KW•MR 
71122 18,111 81130 7914. 111,18 '71180 u,u 7b,l1 71111 80,ll 
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Table C-13 
700 PIIA CHARGING PAEIIURl, UNCDDL!D TU~IINE OIIKI, 1 INTERCOOLER, A•A 
OANI!L J, MARINACCI, LONG RANG£ OIVED,M!NT, 'A•?OJ , (111) S'l•llll 

CAli ll,10 12,20 12,10 12,40 12,10 12,.0 12,70 12,10 
T1HPT 1500 1 o•2 1 1500 1 1!00 1 1100 1 1400 1 1100 1 1100, 
T2MPT 1110 1 27' 1 171 1 lOSS, 12••• 101 1 11•, 1~1 1 
TILPT · 1100, 1100 1 171 1 1100 1 1100, 101 1 1100 1 1100 1 
CAY LOI 1,20 1,20 1,20 1,10 1,10 1,20 1,20 1,10 
~EG ''' ,10 ,10 ,1o ,eo ,ao ,10 ,10 ,1o 
COMP KW 2Qq 1 1 '24,,1 24.,1 14•,• 24.,1 14.,1 14.,8 24.,1 
Tu~e ~~ 111,1 a•4,a 214,1 J47,J a1•·• 2•1,1 sao,• saa,a 
H1 A, 41]2 1 4110 1 1'14, I'''• UOUI, Jao•, UZI., 4202, 

@ 

~uEL CUlT • SZ 1 SO PER MILLION ITU 
ELECT COST 1 10,00 MILS P!R KW•MR ENERGY COlT RATIO I 1 2100 
10,11 11,11 '•'' •,•2 10,10 •·•' 10,11 10••• 
?1S3 ,,41 11 77 71 20 1 1 71 '•'' 7~71 71 71 

TOTAL POWER PRODUCTION COITI IN MILS PER KW•HR 
17,17 20,81 11,1. 17,12 11,12 11,,. 11,10 11,41 

'UEL COST • 12,10 PER MILLION ITU 
ELECT COST • 20 1 00 MILl 'E~ KW•HR ENIAGY COlT HATJO 1 ,1110 
10,]3 11,]7 '·'' •••• 10,10 ••• 1 10,71 10··· 
11,07 11,91 17,14 14,]. 17,41 11,11 11,17 15,50 
TUTAL PO~ER PRODUCTION COSTS IN ~lLI P!R KW•HR 
2S 1 QO ]0 1 28 27,11 24 1 12 27 1 53 .21 1 21 lo,21 20,1• 

,UE~ COST ' 14 1 21 PEN MILLION ITU 
E~ECT COST 1 15 1 10 MILS PER KW•HR ENERGY COST RATIO I 1 2115 
11,so 1•,34 1o,•3 1•,11 17 1 18 1• 1 44 18,21 18 1 12 
11,18 14,27 1J,Z4 10,87 13,lo 14,01 11,11 11,10 
TUTAl POWER PRODUCTION COSTS IN MILl PEA KW•MR 
28,94 J3,o1 2•,88 21,11 JO,J4 Jo,u7 ''•'7 2•,aa 

,UEL COST • 15 1 00 PER MILLION BTU 
ELECT COST • 17 1 0b MILS PER KW•MN !N!RQY CUST RATIO • 1 2931 
20,bb 22,7!5 19,57 1•.a~ 20,21 1.,34 21,4] 21,31 
1z,as to,1l 14,•• 12,za 1~,e1 1,,as 11,21 1J,22 
TOTAL POWER PRUOUCTION COSTS IN ~ILl '!R KW•MR 
ll.52 18 1 88 34,5] 3l,1Z 1,,01 ·JI 1 l0 1~,71 1~ 1 54 

I"U!I;. COST • 65,00 PfR MILLION BTU 
E~ECT CuST • ZU 1 00 MILS PER KW•MR ENERGY COlT RATIO • ,2500 
20.110 22,75 19,57 19,ll~ 20,21 19,]~ 21,~J 21,11 
15,07 18,cn 17,54 14,]9 u.u 18,58 15,51 15,50 
T•lTAL POOlER PIWDUCTIUN CUSTS IN MlL.S PEA KhHR 
1!1.13 ill,oe l7. 11 Jil,.i!il l'P,llll n,u Jtl I 'f(l iet,ll 

,uE~ COST • $7 1 50 PER MILLION BTU 
!~ECT COST • 10 1 00 MILS PER K~•MR ENiRGV COST RATIO • 1 7500 
so,•• 14.12 29,30 211.,. JO,Jl l'I,OI U,14 u. lf7 

7.53 9,45 8,77 7,20 a, 11 •• 2. 7,78 7,15 
TUT&L POWER PRODUCTION COSTS tN MILS PEA KW•MR 
38,53 43.58 18,13 Jo,•tt n,OJ JB,Jl n,93 .59,72 

,-UE~ COST • 17,50 PER MILLION ITU 
E~ECT CUBT • ZO,OO Ml~8 PER KW•MR ENERGY COST RATIO t 1 1750 
3u.99 l4,1Z ii!9,JO U,7b so,u z•,oz U 1 14 u,•7 
15. 0.7 18,,1 17 ,su 111,3' 17 ,41:S 18,51 1!,57 15,50 
TuTAL POWER PRODUCTION COSTS IN MlL.I PER KW•HR 
llo.nb 53 1 0] 4b.90 44 ,lb 47 ,H 47 ,flO 47,71 4'7,47 

,UEL COST 1 17 1 75 PER MILLION BTU 
ELECT COST 1 bO,OO MI~S PER KW•HR ENERQV ~CIT RATJQ • 1 1292 
JZ,Ol JS,ib JO,ll 10,7• J1,l2 2 .... n,u n,n 
45,20 5b,72 5i,ltl 4),18 52,29 55," llo 1 70 IU,,Sl 
TUTAL POWER PRODUCTION COSTS IN ~lLS PER KW•HR 
71,13 '1,98 u,n n,•11 81,01 u,n .,.,,1 n,5u 
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Table C-14 
TOO PIIA CHANGING PRESIUR!, UNCOOLED TURIIN! DliKI, I INURCDOL.ERI, A•A 
DANIEL J, ~ARINACCl, LONG RANGE D!V!OPHEHT, A•TOJ , Clll) !'S•JIU 

CUE ll 110 u,zo U 1 JO U 1110 12,10 u,.a U 1TO u,eo 
T1HPT uoo, ou, 1500 1 lS00 1 uoo. uoo, lSOO, uoo, 
T2HPT lll 01 zn, en, lOU, u ... 101 1 Uo, •u. 
TlLPT uoo, 1500, en, uoo, uoo, loJ, uoo, asoo, 
CAY LOI 1,10 1,10 1,10 1,10 1,10 1,20 11 10 1,20 
ltEG !'1 ,10 ,70 1 TO ,ao ,to 110 ,10 1 TO 
COMP ICW UJ 1 4 ·iU14 au,4 UJ 111 ZU,Ii UJ,Ii UJ 1 11 2U,Ii 
TURB KW U1,S io4,2 284,8 J4T,J a .... 2u,e uo,• JU,Z 

"·"· 4131, liiJIJO, Jflli 1 , . .,. 11042, Jlot, u ... uu, 

I'UEL COST 1 12 1 50 PER MILLION ITU 
ELECT COST • 10 100 HILl PER KW•HR ENERGY COST RATIO 1 ,noo 
10 1JJ ll.l1 ct,7t ct,ti 10,10 •• .., . 10,11 10 1 U 
7,04 a,8l 1,1• o,Ta 8,14 e,ol T,U T,i!4 

TLlTAL. POWER PRODUCTION COSTS IN HILl PiA KW•HR 
l1,l7 20,21 17,91 1o,oli u,n u,n "·" u ,to 

'UEI. COST • 12,50 PER HIL.LION ITU 
EI.!CT COST I lO,OO HILl PER KW•HR IN!RGY COST RATIO 1 1 UIJO 
1 o ,n ll,lT t,Tt '·"' 10 1 l0 .. .., l 0. Tl l0 1 U 
14,08 17,01 u,Jt 13,411 16,28 u,n 14,IJIJ 111,48 
TUTAL. PUWEA PRODUCTION COSTS IN MILl PER KW•HR 
211,41 29,04 z•,11 iJ,Jo a•,n 27,01 n,zo 25,14• 

FUEL. CIJST • S4 1Z5 PER MILLION BTU 
EL.ECT con " 15 1 10 MIL.8 PER KW•HR ENERGY COST RATIO 1 1 211! 
17,511 19,34 1o.u 1b,81 17. t8 1.,44 U,l1 18, u 
10,b3 1],34 u.n 10,15 12,2, 11,11 11),98 10,,11 
TUTAL POwER PRODUCTION COST& IN ~ILS PER KW•HR 
2",1' 3l,b1 29,01 ZT I 01 Z',ll7 lt,55 2•,zo 2t,os 

FUEL CllST ' S5 100 PE~ MILLION BTU 
ELECT COST It 17 1 011 Ml1.5 PER KW•HR ENEIHIY CUST RA Tlu • .zu1 
lO,flb iii. 75 1t,H 19,8~ zo,u 19,]11 l1,113 Z1 1 ll 
1l,01 15,07 13,98 11,47 13,89 111,81 ll 1111 u,JO 
TllT6L. Pu~ER PRODUCTIUN COSTS IN MI~S PE~ "!Oj•f-IR 
li!,b7 37,82 33,55 Jl,J1 34,10 l11 11e 33,84 33,e7 

FuEL. CU8T • 11,00 PE~ ~~L~ION STU 
!LECT CUST a 20 100 MILS PER KW•HR ENER!iY CUST RATIU , ,noo 
zv,eb 22,75 19,57 1,,811 20,21 19,34 21,11] Z1,31 
1i.1,(}8 11 ,c7 1b,39 13,1111 to,ze 171 Jb 111,55 14,48 
TfJT AL POWER PROOUCTIO~ COSTS IN ~ILS PER KW•HR 
l"i711 40,111 J!i,llfl n.u h,llq h,?l 1!1,9'7 15,80 

FUEL COST • $7 1 50 P!R MIL.LION ~TU 
EL..ECT COST • 10 100 MI~I PER KW•MR ENEIHiV COST RATIO !I ,7500 
]O,~Q 34,12 l9,h zq • .,. 30,31 it I Oil 32,111 11,,7 

7,04 8,83 8,19 e,U 8,14 8,118 7,ZT . 7,211 
TuTAL PUwER PRODUCTION COSTS IN MILS PER KW•Hit 
.Jil,~l t.il,'h 11,55 h,IIB 38,115 J1,70 Jll,41 n,u 

FuEL. CUST A! $7 150 PER MI~LION ~TU 
f.L.!CT COST !I iQ,OO Mt~S P'R KW•HR ENERGY COST RATIO •• 3750 
3o,tt ]11,12 29,3b lt,h 30, J1 i9,0i U,14 J1,97 
111,08 17,b7 1o,39 13,411 u,za 17,3e 111,55 14,118 
TL.ITAL PU~ER PRODUCTION COSTS IN MILS PER KW•HR 
45,07 51,79 115,74 113,21 4c,oo 11o,u 4o,eq llb 1 111J 

FUEL. CUST " 17 175 PE~ Ml~L.ION 8tU 
EL.!CT COST • eO,OO MILS PER KW•HR ENERGY CUST RATIO 1 ,Uti 
li!,03 l'!,Zo )0,33 ]0,7& 31,32 zt,•a JJ,U u,oJ 
112,24 51,00 119,17 uo, 32 118,8!i sz, Of ll],b4 43,11!1 

• TUTAL PUWER PRODUCTION COSTS IN MILl PE~ KW•HR 
711,i0 ee,zo 79,150 11,08 80,18 U,07 10,85 7b,llt 

@ 
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Table C-15 
1110 'IIA CHAAGIN' PAEIIUA!, UNCOO~!D TURIINI DJIKI, 1 I~T!ACOOL!A, A•A 
OANIE~ J, MAAINACCI, LONG RANG! DEY!O,M!NT, A•?OJ I (i&IJ) IJ•IJ•JIIJ 

CAll! U,10 u,zo u,JO U,40 u,so u,.o U,7o u,eo u,•o 
TlH'l uoo, 501, uoo, uoo, uoo, uoo, ssoo, uoo, uoo, 
TZH'T a so, uz. 801, no, 101, .... I OJ, U4, ua, 
TlLI'T ssoo, ssoo, I OJ, uoo, I OJ, uoo, 101, uoo, uoo, 
CAY LOI 1,20 1,20 s,ao 1,10 1,10 1,10 1,10 11 10 11 10 
REG· I" ,10 ,10 ,10 ,eo ,10 •• o ,90 ,so ,eo 
COMII' IC., 291,7 i 4'1,7 ZCJ1,7 i'1,7 291,'7 1'1,1 2'1,7 19117 2'1 1 7 
TUAB Kill sn,s )01,1 110,9 ne,9 uo,e 111,4 Jl0,7 1'1~• 140,9 
H1 R1 4113, 41151, 17'79. 41019, IU41, uu, o)Oo9, IUS, eon, 

I'U!L. CUlT 1 11 1 50 P!R MILLION BTU 
EL.!CT COlT 1 10 1 00 ~~~~ PEA K~•HA INIAGY COlT RATIO., 1 1100 
10,411 10,18 9,U 1 o. 05 •,u 9, •• '·" 9,14 10,U 
.,,.9 ,,.8 9,11 7170 9,JCJ 7,71 9,J9 7,45 '·" TO AL POWER PRODUCTION COSTI IN ~ILl PER KW•HR 

18,ll zo,oo u~n 17,75 11,oCJ 11,11 "·" u,a9 u,u 

I'UEC COST 1 12 150 PEA MILLION ITU 
ELECT COST 1 10,00 MJLI PIR KW•HR !N!RGY COlT RATIO 1 ,SIIJO 
10141 10 ,)I 9,415 1 o, OS 91 J1 •••• 9,11 9,84 10,U 
151]8 111,31 U,7o 15 1 110 se,n li,U 18,'78 14,'10 11 1 11 
TUTAL POW!R PRODUCTION COSTS IN MILl P!R ICW•HA 
25,81 29,14 za1z1 i!5,U u,oe n,oa "·" 111,711 17,111 

I'UEL. COST 1 14 125 PEA MILLION ITU 
ELECT COST 1 15 110 MILl P!A ICW•HR EN[AGY COST RATIO 1 1 1115 
11 1n 17104 1C1 1UO 17108 11,83 U 14l 15159 1b,1l "111 
11, bl 141102 1411'1 11,03 14111 11 1U 141 u 11t Z5 u,92 
TUTAL POw~A PRODUCTION COITI IN MILl P!R IC-•HR 
2CI I 3'5 12127 Jo1U 28,11 30,00 za,oo n, 11 27 1 CI7 JO,U 

P'UEt. COST • i5 100 PEH MILLION ~TU 
ELECT COST 1 17 1 0o ~IL.S PEA ICW•HA ENERGY COST RATIO I 12CJJ1 
i!0 1 8o i!0 1 h 18,8, 20,09 u,u l Ifill 18,14 1 ll,U ·zo,n 
11,12 1o1SZ 1o,o1 13,14 1o,o1 11,15 1o,Oi! 12,71 1'1,t~O 

TUTAL POW!A PRODUCTION COSTS IN ~ILl P[R KW•HA 
H,CI8 17,25 ]4190 n,n J4 1 U U,'l7 . 14 110 u.u J4 1 8!J 

FuEL. CUST • $) 10U ~!H Mll..L.ION ~TU 
ELECT COST • 20 1 00 MIL.S PE~ ICW•HA ENERGY CUlT RATIO 1 ,2,00 
i!'l ,eo zo17, 18189 i!OI09 u,u Ulli! l& 1U 19 1 o7 20,1!1 
151]8 I'll? 18,70 15140 18,71 1514i! 18,78 14 1 CJO 17,11 
TUTAL POWER PRODUCTION COSTS IN Mlt.S PEA ~~·H~ 
]Diil4 40 1li! H,•e ]5149 l11:n J4 1 711 17,12 ]4,57 J1,JO 

II'UEL CUST • 17,50 PER MILLION ~TU 
ELECT CUST 1 10 1 00 MILl PEA KW•HA !NERGV COST RATIO I 1 7100 
31 1 ]0 31114 i!8,]'1 ]0 114 21,'3 ii8 1 97 2715Z i!ll,51 ]0 1 37 

71 oCI fi 1 CI8 9118 7,'70 ql ]If '1',71 Cf,JIJ 71'1'5 8,50 
TUTAL PU~ER PHUDUCTION COSTS IN MILS PER KW•HA 
]1! 1CIIJ 40182 ]1 l'l'i! ]7184 31,31 J&,U ]1,191 lo,9o ]8,9] 

'UEL COST • 17 150 PEH MILLION BTU 
ELE~T CUST I 20 1 00 MILS PiR KW•HA ENERGY COST AATlU 1 1 l7!1U 
11,30 ]1 1 1 4 28134 ]0114 i!1,93 28,97 27,52 i!9,51 ]0,37 
15,38 19,31 18, 'l'b 15,40 18117 15,U 18178 14,90 17,11 
TUTAL. POwER PRODUCTION COSTS IN MILS PER KW•HA 
4o 1 o8 50150 '17110 45,54 4o,7o '141. )9 4o,JO 44 1 1J1 4'1'148 

FUEL CUST • 17 1 75 PER MILLION ~TU 
EL!CT C0$T • ~0 1 00 MIL.S PER Kw•HA ENERGY COST RATIO I 1 1191 
Ji!l]4 ll,17 i!9,i!8 31114 Z&,h J919ii 28,43 ]0,411 )1,18 

• 4o 1 14 §8110 5&12' 46120 se.,u 4o,zo hiJ4 4U 1 '1'0 !il,J'I 
TUTAL POWER PROUUCTIUN COSTI IN MILS PER ICw•HR 
78148 «f0,27 85,57 7'1' 114 85,17 h 1 20 84117 '1'5,19 un 

• (~1585) 
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Table C-16 
llSO 'llA CMA~GtNG 'A!IIUA!,UNCDOL!D TU~BIN! DIIKI,liOO•tiOO, 1 JNTl~~ 
DANJ!L J 1 MARINACCI, LONG RANG! D!Y!D'"!NT, A•70J , (Ill) Stt•JIIJ 

CU! 
· TlM'T 
-a"" 

lL'T 
-AY LOI 
lUG rn 
C014P lUI 
TUAS ICW 
H1 Aa 

@ 

5,00 
uoo, 
7U, 

uoo, 
1,10 

,70 
a•1,1 
31.,2 
uoo, 

,UEL 
!I.!CT 
&o,Jo 

7,7!1 
TUTAL 
18,!52 

,UEL 
EI.ECT 
1017. 
15,51 
TuT&L. 
i!o 1lT 

,u!L 
EI.ECT 
l8 1 JO 
11,'11 
TOTAL 
]0 1 01 

'UEI. 
EL.ECT 
i! 1153 
u~n 
TtJT&L 
]11,10 

FU!I. 
EI.ECT 
i!1 1 SJ 
11,51 
TUT&I. 
37104 

FUEL. 
EI.ECT 
3i1! 129 
7,75 

TLJT&I. 
40105 

FlJEio 
EL.ECT 
:sz,z• 
u. 51 
TUTAL 
47,80 

'UEL 
ELEtT 
33,37 
4101 !JZ 
TOTAl,. 
71i,-,0 

•• oo 
1500, 

""· 1100, 
1.20 

,70 
Z'f1,7 
na,J 
42114. 

J,oo 
uoo, 
ao1, 

uoo, 
1. 20 

,70 
a•1,1 
J?' ,41 
•u•s, 

7151 
uoo, 
uo, 

uoo, 
l,zo 

,70 
lt1~7 
n•,:s 
un, 

1,00 
1500, 
u•, 

uoo, 
1,10 

,70 
ltl,7 
J?' ,J 
4&!!. 

t,oo 
lSOO, 
an, 

uoo, 
1,20 

,70 
U1,T 
na,• 
41UJ, 

10 1 00 
1500, 
t1 •• 

1100 1 
l 1 i0 
,10 

Ul,7 
JYI,l 
410t41, 

COST o 11 1 50 PEA MILLION ITU 
COST o 10 1 00 MII.S PIA KW•MA !N(~gy COlT 

lO,Itl lO,IIt lO,IIJ 10,Jt 10,Ja 10,14 
1,11 7,o• 7,•• '••• 1,10 7,71 

POWER PRODUCTION COITI IN MILl '!A KW•H~ 
11,31 18,11 18,11 11,01 18,01 17,t5 

COST 1 12,50 'EA MILLION ITU 
COST I 20,00 MILl P!R KW•MR INEAGY COST 

10 1 .1 10 1 419 10 1 11J 10 1 Jt 10,31 10,141 
15,41 15 1 18 1S,JI 11 1 J8 11 1 41 11,411 

POWER PRODUCTION COlTS IN MII.S PER KW•MR 
z.,Ol 2S 1 8CI 15,81 lS,11 Z5,7Z 25,1t• 

COST • S4~11 PER MILLION 6TU 
COST • 15 1 10 MILS PfA KW•~A ENERGY CUlT 

11,04 17,8J 17,71 tT 1 1tlt 17,51 17,40 
11,b41 11,.1 11,1t1 11,1t1 11,bl 11,•5 

POWER PROUUCTION COSTS IN MILS PER KW•MR 
2•~•8 ZCJ,44 z•.Js z•,21 z•,to z•.os 

COST w 1§ 1 00 PER MILI.ION 8TU 
CUST e 17 1 01t MII,.S PER KW•MR ENERGY CUST 

21,22 zo,t7 2o,so zo,78 20,•1 zo,47 
13,1& 1J,1i! 11 1 12 13 1 12 13,141 13 1 1. 

POwER PRODUCTION COSTS IN MILS PER KW•MR 
34 1 ]8 l4 1 01i 33 1 '8 J],tO JJ,1• JJ,•J 

CUST • iS 1 0U PE~ Mli.L.ION BTU 
cun • 20 100 MII.I PE~ KW•MR ENERGY CUlT 

Z11i!i! lOI'T zolu zo,n 20,.1 i!OIU 
151412 15138 151)8 15, J8 151 lj 1 U,IIJ 

POwER PRODUCTION COSTS IN MII.I PEA KW•MR 
J0 1o4 Jo 135 Jftli!ll 3ftl1b l•~oa n,•o 

CUST I 17 1 10 PER MILI.lON ~TU 
COST 1 10 1 0Q M~I.S PE~ KW•MR ENERGY COST 

31183 ll 14CI l1,l0 31,17 311, ., ]01 7l 
7,71 1,b. 71 CI9 7,,, 7,70 7, Tl 

PUWER PRODUCTION COSTS IN MILS PER IOI•MA 
]li 1511 ]9,15 38, •• 38,8CI J8 1U 38 1 4Z 

COST • $7 1 50 PER MILLION BTU 
COST • 20 1 00 MlLS PER Kw•MR (N!AGY COST 
Jl,8] u, lib 31, ]0 31117 Jo,,z 30,71 
15,4i! 15,38 15,38 15,18 15 1 1H 151113 

POWER ~RODUCTIQN COSTS IN ~li.S ~ER Kw•MA 
47,25 41t,84 4•,u Q•,n "'· :n "• I lCi 

CUST • 17 1 75 ~tR MILI.ION 8TU 
con • ~0,00 MILS PER KW•MR ENEifGY COST 
]2,89 lZ1!1 llll4 3i!,20 ) 1 1 t5 31,73 
4b,l1 411t,lJ 46,14 lllt,lll lllt,i!l u~t,n 

POWER PRODUCTION COSTS IN ~ILS PEA KWeMR 

"·a e. 78 1 1t4 78,118 u,n 78,18 78,02 
C-19 

u,oo 
uoo, 
ua, 

uoo, 
a,u 
,10 

ltl,T 
J,., .. 
41071, 

u,oo 
1100, 

'"'· 1100, 
1,10 

,70 

'''·' JTS 1 41 
4041t, 

RATIO 1 1 ill00 
to,u .to,u 
1,11 7,77 

17,tJ 17 ... 

RATIO • I uso 
10 1 18 lO,U 
u,u 11,54 

n,u. n,u 

RATIO 1 1 ZIU 
17,30 17,21 
u,1o u,n 
z•,oo za,•11 

RATIO 1 ,i!'ill 
ao,n zo,n 
u,u u,2• 

JJ 1 51 U,51 

RATIO • ,noo 
ao,n zo,z'5 
u,so 15,54 

l518S n,n 

fUTlO •• 7500 
l0 1 5J JQ,]7 
7,75 7, 71 

38,28 38114 

A&TIU ' 1 J750 
30,53 :so,n 
u,so 15. '541 

4o,Ol 45191 

RA TJO , , u•2 
J 1,55 u.n 
"'•50 11o,u 

78,05 78 ,o 1 

zo,ol 
15,71 

J!S,19 

Jo, u 
7,80 

J7,'7 

l0 1 U 
15,71 

IIS 1 U 

11,12 
47,14 

78,21t 

u,oo 
uoo, 
aoso, 
uoo, 
ltiO 
,n 

'''·' ,. ... 
4001, 

,.,00 
uoo. 
ana, uoo, 
a,ao 

,70 

"'·' JU 1 1 
J•aa. 

10,00 .,c,., 
11," u ••• 
zs,.,. Z5 1 U 

ZO,Ol u.u 
151Tt u~e• 

:n,.,, n,8o 

J0,01 ''·'1 
7,8" T,U 

:n ,•o :n ,84 

10,01 2'·'1 u,n 15,h 

11!5,19 45,17 

u.o 1 J0, 11H 
47,,. 417,51 

71,h "·"' 

••• u 
lSI'" 

n,u 

z•,u 
7,97 

l7,7t 

z•,u 
l!i. "4 

45 1 TO 

u,ez 
117,81 

T8 1 U 

u,oo 
uoo, 
uao, 
uoo, 
1,10 

,'70 
a•a.T 
JU,I 
JtU 1 

••• l 
a,oa 

1T I tJ. 

••.n 
lei oz 

JS,U 

a•. u 
8,01 

JT,75 

''· 74 UI,Oi 

115 1 h 

]0,7:5 
118,0it 

u,n 
!'(:! 15861 
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Table C-17 
1110 'IIA CHARGING PRISIURI, UNCOOLEO TURIINI 0111<1, I INT!RCOOLIRI,AAA 
OANIIL J, MARINACCI, LONG ~ANGI OIY!O,MINT, h70J , ( 11 Sl S'I•JIU 

CAll 
TlH'T 
UH'f 
TlVT 
CAY LOI 
IIIIEG !" 
COM' I(W 
TURI I(W 
H1 R, 

U 1 10 
uoo, 
uo, 

uoo, 
1,10 

,10. 
206,1 
sn,s 
411J, 

'UIL 
!I.ICT 
10 1 11) 
7,03 

TOTAL. 
t7 ,4. 

FUEL. 
!L.!CT 
10,43 
111 1 0b 
TUTAL.. 
211,10 

II'UEL 
EI.!CT 
11,TJ 
1U,o2 
TUTAL 
21!,35 

FUEL 
ELECT 
zo,llo 
1i 1 00 
TUTAL. 
JZ,&o 

FUEl. 
EL~CT 
20,8b 
11110& 
NUl. 
]41,.] 

FuEL 
EI.ECT 
]II]\) 

7,03 
TiJTAL. 
Jd,U 

II'UEL 
EI.EtT 
31 1 10 
1q,ot. 
TUT4L 
451 JO 

'U!L. 
EI.ECT 
H,l4 
U,l9 
TUTAI. 
74,53 

u,ao u,Jo U 1 410 U,IO u,•o U,10 
SOla uoo, tSoo, 1!100, tsoo, 1!100. 
uz, eOJ, . no, I OJ, ..... I OJ, 

1100, I OJ, uoo, lOS, liOO, lOS, 
',10 1,20 1,20 11 10 1,10 1,10 
,70 ,'70 ,eo ,10 ,•o ,•o 

2U 1 7 2&&,'7 u •• ., 2U,'7 u •• ., , ••• 1 
J01,J uo,9 sn,• 110,1 J11,4 110,7 
4U2, J'7'79. 4019, J1241, uu, , .. 9, 

COlT • 11,10 'IR MILL]ON BTU 
COST 1 10 1 00 MILS 'IR Kw•HA I!NI:Rih' COlT 

1 O,JI 9,111 10,01 9 1 Jl .... 9,17 
e,e1 1,11 7,04 1,11 1,01 e,n 

POW!R ,AOOUCTION COSTI IN MlL.I 'lA KW•HR 
St,U li,OJ u ,o• ''·" U,1l l7 I Jb 

COST I 12 1 10 PIA Mli.I.ION BTU 
COST I zo,oo MILl ,,A I<W•HR . IN[RiiY CUlT 

1 o, Jl •.n lO,OS 9,Jl •••• '·" 17,71 17,10 14,01 11,1b &4,1 0 11,11 
POWER PRODUCTION COSTS IN MIL.S PE:A KW•HA 
ze~o• Zo,bO lllllJ lb,41 U,h 2fi,J4 

COST 1 111 1 21 PEA Mli.L.ION iTU 
COST I 15,10 MJL.I PER KW•HR !t.~t:ltliY COlT 

,.,1." ••loo t 11 oe U 1 11J ,.,112 15,19 
13131 U 1 95 10,eJ u.•• 10 1 U 12,97 

POWlR PRODUCTION COITI IN HlL.I 'lA Kjij•HR 
31,01 29101 21,11 u,n u ,o• Z8,h 

CUST 1 15 1 00 PER MILLION BTU 
CUST • 17 1 0. MlL.S PER KW•HR ENERCiY CUST 
zo1h 18,8Q il0 10q t81U 19,32 18114 
151 11 1ll,o4 12101 14,&11 12 1 OJ l4 1 U 

PUwER P~ODUCTIUN COSTS IN ~ILl ,!A KIII•MR 
3S 18e n,n U1ll n,zo 11,]11 u,n 

COST • 15,00 PER HIL.LION BTU 
C~ST • 20,00 MILS PER KW•HR ENERQY COST 
20,1o 1e,eq zo,o• 111,•2 t9,JZ 18,14 
11111 l'P1lo 14,011 17,1& 141,10 17,11 

PO~ER PRODUCTION COSTS IN ~IL.I P!R ~"•HR 
18,117 J•,o5 34~11 35,78 JJ,42 35,52 

COST • 57 1 50 P~R MlL.L.ION ~TU 
COST 1 10 1 00 MILS PER ~~•HR EhERQY COST 

31 1141 28 1 34 30,14 21,93 211 1 Q7 27,52 
8185 1!158 7104 8158 7,05 8,59 

PUwfR PRODUCTION COSTS IN MILS PER KW•HA 
19 1 99 Jo,9Z l7,t8 Jo,51 Jb 1 0Z lo,lO 

CUST • S7 1 !i0 PE~ MILLION ~TU 
CQ$f • 20 1 00 MlL.S PER K••MR ENERGY CUST 

11 114 28,34 J0 1l4 27 1 93 211 1 97 27,52 
11,11 11,1o 111108 17,1o 111,10 11,11 

POWER PRUDUCT!UN COSTS IN MILS PER K~•H~ 
48 185 45 150 411 122 45 1 09 4] 1 07 114 1 &9 

u,eo. U,9o 
lS00 1 uoo, 
114, "'· uoo, 1100 1 

1e10 1,10 
,eo ,eo a.•. '7 zu,7 

J9l,. J410,9 
J9JI, 40419, 

RATIO • ,noo 
9,84 10,12 
o,81 7,82 

lii,U 17,95 

UTIO 1 1 1UO 
9,e4 10,12 
u.u u,n 

ZJ,4. 21,17 

RATIO 1 ,zau 
u.n 17,21 
10,29 11,112 

n,o1 ~t,OJ 

RATIO • ,29Jl 
19,01 zo,zs 
11,&2 u,n 
Jl 1 JO n~•o 

RA uo • ,noo 
19,o7 zo~n 
13,bi! 15,01 

n,Jo n,9o 

uuo ' ,noo 
29,51 30,37 

b,81 7,12 

RATIO 1 , J'750 
Z9 1 5l J0 1 J7. 
1J1U 1!i,o5 

COST 1 17 1 75 PER MILLION BTU 
COlT 1 •0 1 00 MlbS PF.R KW•HA fN~RCiY CUST RATIU I e1i'2 

32,17 29 128 11 1111 28,8& z•,Qll 28 1 43 S0,49 31 1 111 
5J,1Z 51 1 117 112 1211 51 1 49 42 110 !l,SZ 110,81 ~··'' 

PUW!R PRODUCTION COSTS IN MlL.I PER KW•HR 
8,,30 ao,h n,:s9 ao,J5 12,24 n,95 71,31 7.e.n ,~ 15871 
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Table C-18 
tUO 'IU CHARGING 'AEIIURI 1 UNCOOLID TURIINI DISKI,lSOO•liOO, I INTIRR 
DANUL J, MANINACCI, LONG RANG! DEYEO,M!NTt A•?OJ , CUI) ltS•JIIJ 

CUE s,oo •• oo 1,51 ?,00 a,oo t,oo 10,00 u,oo u,oo u,oo 11,00 "·00 l? ,oo u,oo 
TIHPT uoo, 1100, uoo, uoo, 1500, stoo, uoo, 1!i001 uoo, liOO, liOO, l$00, uoo, uoo, 

H'T ?U, ?U, no, 108, en, .... .... til, '"'· lOU, 1010, uu. tot&, lll0 1 

VT uoo, 1100, uoo, uoo, 1100, uoo, uoo, 1100, 1100, uoo, uoo, &100 1 &100, uoo, 
~·V LOI 1,20 s.u 1,10 1,10 11 10 1,10 &,10 1,10 1,10 &,10 ltiO a.u 1,10 1,1o 
IIIEG E'T ,?0 ,?O ,?0 ,?0 ,To ,10 ,10 ,10 ,10 ,?O ,70 ,10 ,,o ,10 
COMP K_, i!o.,? lU 1 '7 jJ ••• ., 2U,? , .. ,, ho,? , .. ,., .... ., .... , iiU 1 1 .... , .... , ,..,., .... ., 
TUitll Kill Jh 1 2 318,J J1t,J J?CJ,4 sn,J ne.• J11 1 l ,.,4 ,.,,,,. J11 1 J , .... JU ,I su,o JU 1 il 
H,R, 41011, 4244, 41U, 41'11, 4111, 4113 1 40U 1 4011, 404 • 40U, 400&, , .... ,,.,., , .... 

. . 

'UEL COlT 1 11110 PIA MILLION BTU 
!LECT COaT I 10,00 MILS PER Kw•HA EN!NGY COlT RATIO 1 ,noo 
10,10 IO,C.1 10,41 1o,n 10 1 1'1 1o,u t o,u 10,11 10, u 10,04 10,00 ... ., ,, ... ••• 1 

1 o• '7 10!i ?101 71 01 11 0] 71 01 ?,OS y,o• 1 ,It Tell .,,, 7121 7,2. ?,U 
TUTAL POWER PRODUCTION COITI lN MILl P!R Kllf•HIII 
u,eo ,.,, .. 1'7,40 u.u 17,42 u,n "·" u,a• U,IJ 11,22 u,u u,u 11 1 U 11,24 

FUEL COST 1 IZ,SO PER MILLION BTU 
ELECT con • 20 1 00 MILS PER KW•HR ENERGY COlT RATIO , ,1no 
101.,. to,u 10,41 10,4' lO,JI 1o,u 1o,zu 10,11 10eU 10,04 10.00 . ••• 1 ..... • •• 1 
14,11 14,10 l4,0C. u,u 14,01 14, o• 14,11 14,11 14,ll l4,J1 14 1 4S u,to u,n "'·" TUTAL POWER PRODUCTION COlTS IN MILl PER Klii•HR 
24,95 24,11 24,49 ii4 1SI 24. 4!1 14,40 U,l4 u,n 24,14 il4,41 Z4 I 411 u,n U,ll 24, .. 

,U!L COST 1 14 121 PER MILLION BTU 
ELECT COST • 11 1 10 ~ILl P!R KW•HR INiAG\' COST RATIO I ,Ul5 
18 1 ]0 li 10Ci u,n u,n u,oo U,!ll 1'7,40 U, JO 1'7,21 u,o? u. 01 ···" .... o u,n 
10,11 1o,o'!!l to,oz 10,U 1o,u l0 1U 1o,u 10,70 1o.n &o,n 10,'10 1o.•s It. 00 11,011 
TOUL POWER PRODUCTION COSTS IN MILl PER KW•Mff 
29,01 aa,u U,J'!!I 28,44 u,ae u,s• za, OS 2e,oo n,u 27,91 i11,U u, •o l? ,vo U,91 

II'U!I. COST 1 15100 PER MILI.ION STU 
Ei.ECT COST 1 t7 1 0o MILl P!R K~•~R f;N~RI',i\' CUST RATIO ' • ilfJ1 
21, '!!IJ 21.22 i!0,8o i0 1 1f1 20,78 io,u i!O,ij'7 ao,n 20,25 2o,oe 20,01 1','14 '"·" t9 1U 
u, l 0 U,03 11·'" u,oo u,oo u,oa U,OJ u,o• u.u u,u u.u u,n u.u u,n 
TLJUL PUWER PRODUCTION COSTS IN ~II.S PElf K~•MR 
Jl,bl :U,i!5 U,h JZ,If1 12,18 Ji,U :U,51 Ji!. 41'1 JZ,J'7 U 1 311 u,u Jl,Jl U,ll 32,32 

II'Ufl. COST ' S5 1 00 PER MILLION BTU 
ELECT CUlT • 20 1 00 MILS PEA KW•~R ENERii\' COST RAT Ill 1.1 ,251lO 
21,S3 21,22. 20 1 811 i!0 1 1f'7 20,11 20,01 20,4? 20,15 zo,n zo,oe 20,01 19,'1'1 11f,88 11f,IJ 
14. 11 lCI,lO; 14,011 1'1 1 011 lCI,O? u,o9 1'1,11 1'1,1'7 1'1 1 21 14,17 111,4] 1'1,50 u,n 14,.5 
TUTAI. ll'OWEP PPOllUCTION COSTS IN Mll.l PER KW•!-1,. 
]5. '7t n,u 34 1 U 1'5,03 ]'I."' 3'1,70 34,58 J4,5J ]4,4b 

JCi. "' 
lC1 1 4Ci 14."" :14,40 )4,4'7 

,-uEL COST ' S7 1 50 PER MILLION BTU 
ELECT COST 11 10 1 00 MILS PER KW•MA ENEAii\' COST RATIO 1.1 ,noo 
32,29 l1,8J 31 1 10 u, 4ft 11,17 30,92 JO,?l 30,SJ 10,]7 JO,U J0,01 n,•1 29,U 29,74 

7,09 1,05 1,03 'I OJ 7,03 ?,OS 1,05 1,0'1 1,11 1,18 7,22 7,2'!!1 T,z• T,U 
TUTAL POWER PRODUCTION COSTS IN M1L8 PEA KW•HR 
39,18 J8,88 l8,:U JB,n 31,20 

.n ·'' 
31,10 17,02 :n,u J7 ,JO n.n n,1o J7,l1 J1,0b 

f'l)EL CUST ' 17 1 50 PE~ MILLION BTU 
ELECT CUST ' 20 1 00 MILS PER KW•HR !NERii\' COST HAIIO • ,;uso 
u,z• 31,83 )1,30 31,411 31,11 )0 1'12 30,71 ]0 1Sl JO,J? 1o,u J0,01 i'·'1 z•,u Z9, u 
14,18 1'1 110 l4,0C. 1'1,011 1'1,01 1'1 1 09 1'1,11 14el7 14,21 u,n i4,41 u,5o 14,51 1'1,05 
TUTAL POWER PMUOUCTJON COSTS JN MILl PER KW•HR 
llo 1 ll7 lll 1 1fl 45,lo 45 I ~12 CjiJ 1 j!] '15,01 4Ci 1U ijC1 1 70 Ci4. !18 44,'19 414,4'1 '14,41 414,40 44,n 

,-uEL COST • 11 1 '75 PEA MILLION BTU 
EL.ECT COST ' &0 1 00 MILl P!R Kw•wR lNERGY CUlT RATIO • ,uu 
]),31 u.n ]2,34 J2,51 u,zo 11,95 u.u Ue55 11,]8 u.u u. 01 Jo,CJ1 JO,U Jo,n 
112,1'1 42,J1 Cli!, 18 4l,l' Ci2 1 i!O '12,21 42,JS Cli!,52 ll2,114 4],11 '13,30 '13,51 41,12 43,94 
TUTAL POWER PRODUCTION COSTS IN HILS PER KW•HR 
T'i,'H n,zo 111.n '"··· 7'1,'10 u,zz u,Ob 74 1 u7 1'1,02 u,u 74 1 SJ '"·"' 14 t !ICI u,u 
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Table C-19 
11!0 CHARGING PA!IIUA!, ~~~!CT 0, H, TURBINE 'lAlNG TEMP UNCOO~!D DIIKI 
DANIIL J, MAAJNACCI, ~ONG RANG!· D!Y!OPMENT, h?OJ , Cll!) !S'f!I•JatJ 

CASE ,11 .u ,lt .zz ,JI ,sz ,411 ·"' TIHPT 1500, ISOO, uoo, uoo, 1000, 1000. 41U, "~'· T21o4PT lllO, no, ?U, 7411, .sa, na, au, zu, 
TILPT 1500, suo, uoo, uoo, uoo, 1500, uoo, uoo, 
CAY LOI 1,20 1,20 1,ao 1,20 1,10 1,20 1,10 1,20 
lltEG !'T ,10 ,?0 ,10 ,70 ,70 ,10 ,70 ,?0 
COM' 1(111 291,7 au,? Zlf1,7 2U 0 7 z•1,1 .... ., 291 1 7 au,? 
TUA!I I(Jj 319, J n•,:s h0 1 1.1 J•o,~o~ sn,Y Jh,? sn.• JOJ,, 
lo4 1 A1 I.IIU, 1.111J, IUJS, 411JS, 1.10l9 1 4011f, 1.1011, 1.108!1, 

FUEL COST 1 12 1 50 'lA MILLION BTU 
ELECT COST 11 10 1 00 HILl Pe:A Kw•HA fNERGY COST MA TIO 1 ,noo 
10 1 11) I0,4J 10,34 10,311 so,o? 10,07 10 1 21 10,21 

1 e.• ?,OJ e,o• 7,40 •••• '·'' •• .a 8,11 
TllfAL PO~iR 'AODUCTION COlTS IN MILl P!A K~•HA 

18,12 11,11. IB,U 11,11.1 18,74 11,00 1•,u U 1 99 

I'UEL COST 1 12,50 PEA MILLION BTU 
!I.!CT con • 20 1 00 MII.S P[A KW•HA ENERGY cosr RATIO • ,sno 
10,43 10,41 10,111 10,14 10,07 10,07 10,21 1 01 ll 
u,u u.o~ 1o,111 111,80 u.u u.n tlf,lO u.n 
TUTAL PO~[R PROUUCTION COlTS IN MILS PER Klli•HR 
25,81 21.1,50 i!b,5i! i!S,ICI 27 1 110 l5,9i! 29 1 Cil l? ,17 

FUEL COST • SII 1 Z5 PER MILLION ~TU 
EL.ECT COST a 15 1 10 MILS PEA KW•HA ENERGY COST RATIO " ,2eu 
11,73 17.71 17,57 17,57 u.u u,u 17,h 17,U 
11,01 10,bi! u.zz u.u u,oa 11 1 9~ lCI 1 49 u,n 
TUTAL PuWER PRUOUCTION COlTS IN MILS PEA I(W•HA 
i!9,l5 28,35 Zlf 1 80 28,15 ]0,21 29,09 ll,h JO,U 

FUEL COST 1 S5 1 00 PER MILLION BTU 
EL.ECT COST a 17 1 00 MILS PIA KW•HA ENERGY COST RATIO I 1 2931 
20,8o 20,80 ZO,btl zo,u 20,15 ao.u 20,1.11 ao,u 
u.u 12,00 1],81 u.u 111,78 1],52 to,U 11.1,97 
TUTAL POWER PRODUCTION COSTS IN MILS PEA Kw•HA 
:U,98 Ji!,h 34,118 ll,JO Jll,'l] n,oo u,eo lS 1 CIO 

!fuEL COST 11 S5 1 00 PE~ ~!LLION BTU 
EL.ECT CUST • i!0 1 00 MIL.S PIR Kw•HR !N£RGY COST RATIO I 1 iSOO 
l0 0 8b 20,80 2u,~e zo,e8 20,15 ao,1s 20 1 11l 20 1 1.1l 
15, J8 u,·oo 1e,19 111,80 11,n 15,85 l9 1 ZO 17,55 
TUTAL POWER PRODUCTION COSTS IN MILS PER Klll•lo!R 
10,111 JII,9J 111,80 ]5,418 3Y ,118 l5 1 U :Sq,f12 J1,98 

I'UEL. COST • S7 1 50 PER MIL.LION BTU 
EL.ECT con • lU,OO MILS PER K~•HR ENERGY COlT RA rro ' ,7!100 
11,10 u. 30 31,01 u, 01 JO,U 30,U 30,U J0,.41 
7,o• 7,0] 8,o• 7,1.10 8, •• 7,92 9,~o 8,18 

TUTAL POWER PRODUCTION COSTS JN MlL8 PER I<W•HR 
311,99 18,33 ]9,11 ]8, 41 u,n l8 1 1Ci 110 1 l4 1",42 

FUEL COST 11 S7 1 50 PER MILLION BTU 
ELECT con , 20 1 00 MILS PER KW•HR !N!FIQY COST MATIO ' ,uso 
31,]0 ]1 1 10 11,01 llo 0 l 30,U Jo,u 30,1!14 J0 1 U 
15,38 ll.l,oo 1&,19 lCI 1 80 u,:n 15,85 19,20 17,5! 
Ttl TAL PUWER PAOOUCTIUN COSTS IN M:LS PER KW•HR 
llo,o8 Ci5 1 l& 47,20 115,82 47,55 111!1,07 119,811 48,19 

~UEI. COST II S7,75 PER MILLION BTU 
ELECT COST 11 oO,OO ~lLS P!R KW•HR !N!RGY CUIIT RATJO 1 1 1ZU 
ll,JII 32,311 32,05 u,n 31,23 ll,i] u,o• u,u - 110,111 1.12,19 u, 5o IICI 1 110 !1,99 117,5Ci 57,51f sz, &0' 
TOTAL POWER PRODUCTION COSTI IN MIL.S PER Kw•HA 
78,1.18 711 1 51 80,01 7b,U n,u '7tl,71 89. i!5 u,u II'J15891 
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Interim Report 

Economic Analysis of CAES in Aquifers 

Introduction 

This study examines the comparative economics of Compressed 

Air Energy Storage (CAES) and intermediate load coal-fired power 

plants during the 1980's and 1990's. The study is of a hypothetical 

system generally consisting of the combined sponsoring utilities• 

systems. For this report, two scenarios are investigated; both 

scenarios have a target generation mix of 65% base, 25% intermediate, 

and 10% peaking capacity. The first scenario includes installing new 

capacity at a ratio of 50% nuclear and 50% coal-fired to the base load 

pprtion of the target generation mix. CAES is evaluated by replacing 

an intermediate load coal-fired unit with the CAES unit. The second 

scenario examines an expansion program under which all new base load 

generation is nuclear capacity. Again, CAES is evaluated by replacing 

an intermediate load coal unit with the CAES unit. For each scenario, 

CAES is evaluated as a 290 MW demonstration unit installed in 1985 

with the site expanded to 1160 MW with the addition of 870 MW in 1990. 

Conclusions 

The conclusions that are presented below are based on 

conceptual data that has been supplied to the System Studies Group. 
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Future CAES studies might utilize more definitive data resulting in 

slightly different conclusions. 

1. The CAES alternative i~ more economical when compared 

to a fossil unit for a system ln which: 

a. All future base load capacity is nuclear and, 

b. The distillate fuel escalation rate is 

approximately the same as coal~ 

2. The CAES alternative is marginal when compared to a 

fossil unit fur the hypothetical system in which the 

escalation rate for oil is three percentage points 

higher than the coal escalation rat&~ 

3. The CAES facility for the hypothetical system becomes 

more attractive as the amount of nuclear capacity 

inoludcd in the expan~iur1 program is increased .. 

Basis of Analysis 

Future Unit Parameters 

The future unit parameters selected for use in this 

analysis are included in Exhibit 1. Generating unit types used 

in the study are consistent with unit sizes currently being 

projected by the utility sponsors. Smaller fossil units will be 

considered as participatory units of a larger size .. 
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The full and partial forced outage rates were 

determined by surveying the sponsors. Since flue gas 

desulfurization ( FGD) systems ar·e relatively new, there is not 

sufficient operating data available to use as a basis for future 

projections. Therefore, three assumptions were made: 

1. No "bypasses" would be operated, 

2. Redundant so2 removal equipment would be 

available, and 

3. so2 removal technology will advance with time. 

The latter two assumptions greatly reduce the impact of flue gas 

desulfurization equipment related forced outages. The full 

forced outage rates for nuclear, peaking, and non-scrubber fossil 

units are consistent with values used by the sponsors for 

existing units. 

Heat rate data was developed from data obtained from 

the utility sponsors. Nuclear unit heat rate data was provided 

by Commonwealth Edison due to its extensive experience in 

operating nuclear plants. This data is representative of similar 

type units being projected throughout the country. 

, All CAES unit specific data was supplied by Sargent and 

Lundy Engineers and Westinghouse Electric Corporation in partial 
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fulfillment of their involvement in the work effort for this CAES 

project. 

Capacity Addition Schedule 

The Capacity Addition Schedule shown in Exhibit 2 was 

developed by the CAES Systems Studies Group. This schedule is 

hasP.rl upon t.he oapaoity addition plan ur a hypothetical system 

supplying the combined projected load of the utility sponsors. 

The existing generating equipment for this hypothetical system 

consists of the equipment cur-rently owned and operated by the 

utility sponsors. The future additions to the system are based 

Oh meeting a targeted reserve margin of 18% and a generation mix 

(Exhibit 3) of 65% base capacity, 25% intermediate capacity, and 

10% peaking capacity. The generation mix used for the 

theoretical ~'~YSt.em is oonsistcnt with the mix of equipment 

currently in use and projected by the utility sponsors. 

Fuel Cost Projections 

Each sponsor was surveyed to determine a range of 

expected fuel costs and escalation rates during the study period. 

Based upon this information, estimates of price for the various 

fuel types and the associated escalation rates were made. Two 

distillate oil escalation rates are used as a sensitivity 

analysis beginning with the 1985 cost. The fuel costs and the 

escalation rates are provided in Exhibit 4. 

• 
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Capital Cost 

The capital costs utilized in the CAES system studies 

are presented in Exhibit 5. In the development of the capital 

costs, a literature search was made and a survey of the utility 

sponsors was conductedw Capital cost estimates were prepared 

through the use of the CONCEPT V computer code developed by Oak 

Ridge National Laboratory. In comparing the CONCEPT estimates to 

the survey results, it was observed that CONCEPT compared 

favorably with the survey results for the two-unit plant average 

for typical Midwestern locations of the 575 MW and 450 MW fossil 

units. However, the CONCEPT code consistently understated the 

two-unit plant average of the 1150 MW PWR nuclear units. 

Therefore, the CONCEPT estimates for the two fossil unit sizes 

were used as calculated while the nuclear plant costs are based 

on 110% of the CONCEPT estimate. The combustion turbine costs 

were developed from current estimates by the CAES utility 

sponsors. 

The cost of the 290 MW pilot CAES plant and the 1160 MW 

production CAES plant were developed by Sargent and Lundy 

Engineers. The estimates were not made for any specific site, 

but were representative of many sites presently being 

investigated. 

A capital escalation rate of 7.5% per year and an 

Allowance for Funds Used During Construction (AFDC) rate of 
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9% per year (compounded annually) were selected by the Study 

Group .. 

Operation and Maintenance 

ThP. operaHon and maintenance (O&M) oosts of future 

units are shown in Exhibit 6.. The O&M costs were prepared by 

surveying the utility sponsors and comparing the results to 

estimates determined from a literature sea·roh.. The fossil and 

nuclear estimates used in the CAES system studies were intended 

to be representative of the O&M cost proJected for new units in 

the Midwest- These costs are expressed as both fixed ($/MW/Week) 

and variable ($/MWH) quantities. The O&M cost for the GAES .unit 

was provided by Sargent and Lundy Engineers and Westinghouse 

Combustion Turbine Division~ A seven percent annual escalation 

rate on variable and fixed O&M costs was selected by the Systems 

Studies Group. 

fiDaDQ~ Parameters 

The financial pc!!t'aiileter·:s i..l:5t:~.l lu Lh~;: ::i Lutly ana.ly sis 

were developed by the CAES Systems St1:1dies Group .to be used in 

the comparison of revenue requirements of each alternative during 

the study period. "Revenue requirements include fixed costs .such 

as (a minimum) return on investment, depreciation, tax, etc., 

which result from having made an investment, and operating costs, 

such as fuel cost, operation and maintenance cost, etc .. , which 

• 
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result from the use of the investment" (EPRI Technical Assessment 

Guide, June 1978, PS866-RS). The minimum acceptable return (MAR) 

is the lowest amount that investors will accept to provide the 

funds needed to make an investment. The MAR is equal to the 

weighted cost of capital. For the purpose of this study, the 

economic comparison is the difference in revenue requirements of 

the two alternatives. 

Exhibit 7 presents the financial parameters of a 

hypothetical system developed by the CAES sponsors. The values 

assumed for the development of the parameters used in the 

financial calculations are shown in the same exhibit. The 

utilization of a fixed charge rate that includes tax preferences 

is consistent with the methods used by the majority of the CAES 

sponsors. The discount rate used is different from the MAR since 

tax effects are included in the discount rate. The value for the 

fixed charge rate in Exhibit 7 is consistent with the levelized 

annual fixed charge rate with tax preference as cited in EPRI 

Technical Assessment Guide, June, 1978 (PS866-RS). 

Energy Storage Sizing 

CAES installations must provide a system with 

dependable capacity in addition to the energy they supply. The 

dependability of any storage capacity is a function of the 

storage capability and the load characteristics of the particular 

utility system. Proper storage sizing is essential to the 
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dependability of CAES capacity and to the effective utilization 

of this capacity for supplying economical energy. Consequently, 

storage size has a direct bearing on the capacity and energy 

value of a CAES ins~allation. The storage size of the CAES 

facility is a function of the output energy provided by 

supplemental fuel consumption and may, therefore, be somewhat 

less than normally expected for other types of energy storage 

facilities with the same megawatt capacity. 

The storage sizing methodology dev-eloped by the Systems 

Studies Group is applied to a 1160 MW CAES project which is 

installed on the hypothetical system des~ribed earlier in this 

r·~J.Jur·L. This methodology is described in the Appendix. The 

results of the evaluation using this methodology indicate that 

the operational uncertainties (e.g. weather patterns) and the 

energy demands on the CAES faGility are the critic~l storage 

sizing criteria. Whether the uncertaint~ criterion or the energy 

demand requirements.dominate depends on the variables that are 
I 

selected to simulate the uncertainties associated with operating 

the CAES facility. 

The results of the CAES storage sizing evaluation 

indicate that a range of 26 to 36 hours is adequate to support 

the operation of the CAES facility. The risk of occasional 

inoperability due to storage limitations will increase with a 

smaller storage size. 

• 
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System Production Cost Modeling 

The PROMOD production cost program developed by Energy 

Management Associates (EMA), Atlanta, Georgia, was utilized for 

all production 0ost. analyse;,-. Modification of EMA•s Pumped 

Storage Module to model compressed air systems was performed by 

EMA under a previous contract with EPRI. 

Each sponsoring company provided the input for modeling 

it~ own oyotom. On~ year v~Jirlat.ion ca;,es were run to verify 

that each system was being correctly modeled. These individual 

cases were then merged with the two generation expansion progr<'1ms 

(Exhibit 2) to produce the base cases. 

A composite load profile was developed from each 

sponsor's typical year. Data was provided in the form of 8760 

hourly loads in EEl format. Monthly demand and energy estimates 

were provided by each member and were integrated to develop a 

composite demand and energy profile for the hypothetical system~ 

Sixteen years (1980-1995) of production cost estimates 

were obtained using PROMOD. Since the hypothetical system 

achieved its reserve criteria and targeted generation mix by 

1990, an analysis was made of the production cost trends in the 

six year period (1990-1995). These trends were then used to 

develop long term production costs through the year 2020. Using 

trended production costs resulted in savings in computer time 

while allowing for comparison of operating costs over a thirty 

year book life for the CAES facility~ 



- 10 -

Cycle Hours 

The operating cycle of the CAES unit is fixed by the 

definition of the weekday, weeknight, and weekend hours in 

PROMOD. The CA£S unit is modeled to generate during the weekday 

period and charge during the weeknight and weekend periods. 

Monthly ::H::!rt::$lt.ivities of start times were studied for 

every hour from 6:00 a.m. through 10:00 a.m. in order to 

determine an economical time for dispatch of the facility. For 

eaeh starting hour, the generating mode time was varied from 12 

to 16 hours. A six day CAES generation week and a weekly refill 

cycle was assumed. Exhibit 8 is a typical graph/or a typical 

month of the results of these t~uns. The dispatch period which 

resulted in the lowest total production cost was chosen to define 

each monthly operating cycle. The start times ranged from 6:00 

a.m. to 9:00 a.m. while the duration was either 15 or 16 hours, 
I 

leaving eight to nine hours for charging. 

Total Generation Cost Versus Capao1ty Factor 

To gain an insight into the attractiveness of the 

different forms of generation alternatives and, in particular, 

how CAES compares with other types of conventional generating 

units, curves which show total generation cost as a function of 

capacity factor were developed. Commonly known as screening 

curves, they are meaningful for one point in time only. 
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Screening curves are useful as a simple method for eliminating 

from further consideration those alternatives which are 

significantly less economical. They cannot be used as a 

substitute for a detailed revenue requirement analysis. 

The screening curves presented in Exhibit 9 are based 

on generic plant costs. The exhibit illustrates the total annual 

production and owning cost of five different types of generation 

alternatives for the year 1985. As can be seen from the exhibit, 

the CAES plant would be economically compeLitive with an 

intermediate fossil unit if its capacity factor is below 39%. 

Likewise, it would be more economical than a combustion turbine 

plant at a capacity factor above 11%. 

Results 

CAES Fuel Analysis 

The substitute of a CAES facility for an 

intermediate load coal fired plant results in a decrease in 

coal consumption and an increase in the oil burned. A 

summary of the amount of fuel consumed during the period of 

1990-1995 is shown in Exhibit 10. 

The increase in oil consumption is the result of 

the intermediate load coal fired plant which operates at 

approximately a 49% capacity factor being replaced by the 

CAES facility which operates near 20% capacity factor. 
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Revenue Requirement Results 

Exhibits 11 and 12 present the results of the 

revenue requirement analys.is for the period 1980 through 

2020 for both expansion oc·enario3 and both tll~Lillate fuel 

escalation sensitivities. Exhibit 11, the all nuclear base 

load capacity expansion scenario, indicates that for a 9% 

distillate escalation rate beginning in 1985, the CAES 

expansion alternative is more economical than the fossil 

alternative. ThP. rliff~r~nce in tot~l revenue rcquil!'ement 

rP.pr~s~nts a 0.112% savinga while the differenl:e lu 

production cost amounts to a 0.15% savings. For a 12% 

distillate escalation rate, there is an approximate 

breakeven in the total revenue requirements. 

In the 50% nuclear - snS nn~l bas~ load soenario, 

CAES does not appear to show any advantage over the 

competitive fossil unit. For both 9 and 12% distillate fuel 

escalation rates, production costs are higher than the base 

costs and the capital cost benefits for CAES are not 

sufficient to show an overall revenue requirement savings 

for the CAES alternative. 

System Studies Group 

JCB:djf 

I 
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Exhibit 1 

Future Unit Parameters 

Capacity State State Average 
Unit Type Forced Outage Rate Intermediate Base Availabilities · Heat Rate 

(%) (MW) (MW) (7.) ·(Btu/kWh) 

Fossil-Coal 13 450 575 Jl 10762 

405 518 22 10820 

360 460 13 11000 

306 390 21 11380 

Nuclear 8 1150 54 10518 

950 16 10722 

695 12 11213 

437 7 12437 

330 3 13505 

Peaking 15 50 85 13500 

CAES Parameters 

Demonstration Unit Full Size Planfl) 

Size 
· Module Compressor Size 
Module Generator Size 
Overall Cycle Efficiency 
Average Heat Rate: 
Forced Outage Rate 
Planned Maintenance Per Module 

(!)Including demonstration plant . 

290 M{.] 

205 MW 
290 MW 
141% 
3880 Btu/kWh 
5% 
6 Week/Year 

1160 MW 
205 MW 
290 MW 
1417. 
3880 Btu/kWh 
19% 
6 Week/Year 



Exhibit 2 

CAPACITY ,ADDITION SCHEDULE 
. ALL NUCLEAR BASE SCENARIO 

CAES Theoretical System 
1979-1995 

Capacity Addition Adjusted Capacity Adjusted Demand 
Year (Reductionl MW (~1Wl ~MWl % Reserve 

1979 36,336 28,792 26.2 

1980 102 p (19) DF 36,419 30,143 20.8 

1981 1048 BN (21) i 37,186 31,306 18.8 

1982 .1048 BN 38,714 32,230 20.1 
720 BF 

1983 1150 BN 40,514 33,742 20.0 
650 I 

1984 1350 I (15) BF 41,578 35,225 18.0 
(271) p 

1985 1350 I 43,328 36,724 18.0 
400 p 

1986 1150 BN 45,478 38,550 18.0 
450 I 
550 p 

1987 1150 BN 46,928 39,781 18.0 
300 p 

1988 2300 BN 49,228 41,595 18.4 

1989 1150 BN 51,128 43,329 18,0 
450 I 
300 p 

1990 1150 BN 53,278 45,150 18.0 
900 I 
100 p 

1991 2300 BN (520) I 55,508 47,029 18.0 
450 I 

1992 1150 BN 57,808 49,010 18.0 
900 I 
250 p 

1993 1150 BN (127) p 60,231 51,056 18.0 
900 I 
500 p 

1994 1150 BN 62,781 53,190 18.0 
900 I 
500 p 

1995 2300 BN 65,531 55,404 18.3 
4'50 I 

BN - Base Nuclear 
BF - Base Fossil 
I - Inte.nnediate 

.p - Peaking Oil 



Exhibit 2 (cont'd) 
CAPACITY ADDITION SCHEDULE 

50% COAL/50% ~CLEAR BASE SCENARIO 
CAES. The~re.tical System 

1979-1995 

Capacity Addition Adjusted Capacity Adjusted Demand 
Year .~Reduction~ MW ~MW) ~MW) 7o Reserve 

1979 36 ,'336 ZH,l'n 26.2 

',•,::f:l980 102 p (19) B 36,419 30,143 ' 20.8 

1981 1048 BN (21) p 37,186 31,306 18.8 

1982 1048 BN 38,714 32,230 20.1 
720 BF 

1983 1150 BN 40,514 33,742 20.0 
650 I 

1984 1350 I (15) B 41,578 35,225 18.0 
(271) p 

1985 1350 I 43,328 36,724 18.0 
400 p 

1986 1150 BF 45,478 38,550 18.0 
450 I 
350 l' 

... t 

1987 1150 BN 46,928 39,781 18.0 
300 p 

1988 1150 BF 49,228 41,595 18.4 
1150 BN 

1989 '1150 BF 51,128 43,329 18.0 
450 I 
300 p 

1990 1150 BN 53,278 4~. 1~0 18.0 
900 I 
100 i 

1991 1150 BF (520) I 55,508 47,029 18.0 
1150 BN 
450 I 

1992 1150 BF 57,808 49,010 18.0 
900 I 
250 p 

1993 1150 BN (127) p 60,231 51,056 18.0 
900 I 
500 p 

1994 1150 BF 62,781 53,190 18.0 
900 I 
500 p 

1995 1150 BN 65,531 55,404 ' 18.3 
1150 BF 
450 I 

BN - Base Nuclear I .., Intermediate 
..,,.. 

'T'I .... ~ ... r--·=~1 1> - 1><=- "\.-in a 



Exhibit 3 
PROJECTED GENEBATION .M!X 
CAES Theoretical System 

1979-1995 

!!!.!: Base· Intermediate Peak 
.·:i 

Total 

1979 23,749 (66't) . 8,058 (22'?;) . 4,029 (117.) 35,836 

1980 (19) 102 
23,730 (66%) 8,058 (22%) 4,131 (127.) . 35,919 . 

~ 

.1981 1,048 (21) 
24,778 (67%) 8,058 . (221.) 4~110 (117.). 36,946 

1982 1,768 . ,. 

26,546 (69%) 8,o5r (217.) 4,110 (11't) 38,714 

1983 1,150 650 
27,696 (68'7o) 8,708 (217.) 4,110 (10%) 40,514 

1984 (15) 1,350 (271) 
27,681 (67%) 10,058 (24%) 3,839 (97.) 41,578 

1985 1,350 400 
27,681 (64'7.) 11,408 (267.) 4,239 (10%) 43,328 

1986 1,150 450 550 
28,831 (63%) 11,858 (267.) 4,789 (11%) 45,478 

1987 1,150 300 
29,981 (64%) 11,858 (25%) 5,089 (11%) 46,928 

1988 2,300 
32,281 (66%) 11,858 (24%) 5,089 (10%) 49,228 

1989 1,150 450 300 
33,431 (65%) 12,308 (24%) 5,389 (117.) 51,128 

1990 1,150 900 100 
34,581 (65%) 13,208 (25%) 5,489 (10%) 53,278 

1991 2,300 (70) 
36,881 (66%) 13,138 (24%) 5,489 (10%) 55,508 

1992 1,150 900 250 
38,031 (66%) 14,038 (24%) 5,739 (10%) 57,808 

. 1993 1,150 900 373 
39,181 (65%) "14, 938 (25%) 6, 112. (10%) 50,231 

1994 1,150 900 500 
40,331 (64%) 15,838 (25%) 6,612 (117.) 62,781 

1995 2,300 450 
42,631 (65%) 16,288 (25%) 6,612 (10%) 65,531 

• 



Exhibit 4 

Fuel Cost Projection 

Fuel Type Cost {Januar~ 1 · 1985~ 
(¢/MBtu) 

Nuclea,r 94 

High sulfur Coal 200 

Low Sulfur Coal 300 

Distillate Oil 790 

NOTE: For the preliminary report, synthetic 
fuels and a corresponding escalation 
rate were not considered. 

Escalation 
(%) 

7 

9 

9 

9,12 
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Exhibit 5 

CAPITAL COSTS 

Ge~~~ting Un:i:_t:_ .:fype Installed Cost ($/kW) 

1150 MW PWR (Nuclear) 1117 

575 MW Base Fossil 1012 

450 ~~ Intermediate Fossil 1103 

50 MW Peaking 262 

290 MW CAES 88:Z 

870 MW CAES· 549 

Assumptions: 

1) Costs for nuclear and fossil units are based on a two unit average 

2) All costs are in 1985 dollars 

3) An escalation rate of 7.5%/Year is used 

4) An AFDC rate of 9% compounded annually is used 

5) The 870 MW CAES Facility is.the add on to·the 290 Demonstration 
facility 



Exhibit 6 

OPERATION AND MAINTENANCE COSTS 

Fixed 0/M Variable 0/M 
Generating Unit T~~e ($/MW/WK) ($/MWH) 

1150 Mlfl Pt~R {Nuclear) 295 .48 

575 MW Base Fossil 132 5.30 

450 MW Intermediate Fossil 170 5.30 

50 M\~ Peaking 0 8.65 

290 ~M CAES 15 2.95 

1160 M\11 CAES 15 2.95 

Assumptions: 

1) Escalation Rate of 7.0%/Year 

2) All costs are in 1985 dollars 

• 
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Exhibit 7 

LEVELIZED CARRYING CHARGE RATE 

Goal Capital Structure 

Ratio 

Debt 50% 

Preferred 10% 

Common 40% 

Assumptions 

Book Life (Yrs.) 

Tax Guideline Life (Yrs.) 

Composite Income Tax (%) 

Investment Tax Credit (%) 

Financing Costs (%) 

Other Taxes & Insurance (%) 

Decommissioning Allocation 
/ 

Levelized Fixed 
Charge Rate (to) 

Cost 

9.6% 4.80% -
10% 1.00% 

15% 6.00% 

MAR = ll.80% 

Fossil Nuclear 

30 30 

22.5 16 

48 48 

10 10 

12.6 11.8 

2.9 2.9 

0.3 

15.5 15.0 

2.30% = 2.50% 

1.00% 

6.00% 

9.50/o.!:l DiscouaL ntLe 

Comp. 
Comb. Air 

Turbine Storage 

30 30 

16 16 

48 48 

10 10 

11.8 11.8 

2.9 2.9 

14.7 14.7 



Exhibit 8 

I CAES Operating Hours 
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Exhibit 9 

Total Generating Costs Versus Capacity Factor 
(Screen'n~ Curyes) 

198 

"'-Nuc 1 ear 

Capacity Factor (%) 

~Intermediate Fossil 



MBtu 
(Nuclear) 

12% Escalation 

All Nuclear Base Load 7416 

Half Nuclear/Fossil Base Load 5243 

9% Escalation 

All Nuclear Base Load 7418 

Half Nuclear/Fossil Base Load 5243 

Exhibit 10 

Units of Fuel Consumed 1990-1995 
(Value x 106) 

Base Case - Total 
Tons BBLS BBLS 

(Coal) (116 Fuel Oil) (Distillates) 

409 79 68 

526 80 69 

409 79 67 

525 80 69 

CAES Case - Increase 
MBt·.1 Tons BBLS 3BLS 

(Nucl=ar) (Coal) U/6 Fuel Oil) (Di:;tillates) 

17 -7 5 8 

2 -5 3 8 

16 -7 5 9 

2 -4 3 9 
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Exhibit 11 

1980-2020 

Revenue Requirement Summary 
All Nuclear Base Scenario 

. 3 
·(1980 PrP.sent Wo~th Dollars x 10 ) 

Base Production Costs 
Capital Costs 

Total 

CAES Production Costs 
Capital Cost8 

Total 

Savings 
Percentage 

Base Production Costs 
Capital Costs 

Total 

CAES Production Costs 
Capital Costs 

Total 

Savings 
Percentage 

9% Distillate Escalatiuu 

Total Present Value 

. 183,933,800 . 
1,056,800 

184,990,600 

183,661,400 
579,800 

184,241,200 

749,400 
0.41% 

12% Distillate Escalation 

214,200,500 
1,056,800 

215,257,300 

214,558,100 
579,ROO 

215,137,900 

119,400 
0.06% 



Exhibit 12 

1980-2020 

Revenue Requirement Summary 
50% Coal/50% Nuclear Base Scenario 

(1980 Present Worth Dollars x 103) 

Base Production Costs 
Capital Costs 

TuLal 

CAES Production Costs 
Capital Costs 

Total 

Savings 
Percentage 

Base Production Costs 
Capital Costs 

Total 

CAES Production Costs 
Capital Costs 

Total 

Savings 
Percentage 

9% Distillate Escal~tion 

Total Present Value 

227,268,600 
1,056,800 

228,325,400 

229,002,500 
579,800 

229,582,200 

(1,256,800) 
(.55%) 

12% Distillate Escalation 

265,668,600 
1,056,800 

266' 725, 400 

26 8, 269,000 
579,800 

268,848,800 

(2,123,400) 
(. 80%) 



Appendix 

Storag~ Requiremento CAES Installations 

The storage requirements for a Compressed Air Energy Storage 

.(CAES) installation (defined as the number of hours of generation at 

rated capacity) is dependent on one or more of the following criteria: 

1. Storage required to assure the installation is 

considered dependable at its design capacity rating. 

2. Storage required to realize the economic benefits 

derived from shifting low cost "off peak" energy to "on 

peak" use. 

3. Storage required to provide sufficient operating 

flexibility to allow dispatch of the installation 

"today" when confronted with the uncertainty of the 

system need for CAES generation "tomorrow". 

The number of hours of "storage required" is a function of the CAES 

generate-to-recharge ratio, the particular utility system load shape 

and the characteristics of the generation system (generation mix, fuel 

type, etc.). 

The storage sizing methodology developed for this project is 

designed to properly size the storage of a CAES project so that the 

sequential daily energy requirement is supported and the project 

capacity is dependable. The methodology is applied to a 1160 MW (four 



- 2 -

290 MW units) CAES project which is installed on the hypothetical 

system described in the report. The existing composite system 

chronological load data used in this analysis was modified to reflect 

projected monthly peaks and energies for the years 1990 and 199~. 

Storage Sizing Methodology 

A methodology to determine the adequate storage for a CAES 

installation is presented. This methodology is comprised of the 

following independent evaluations: 

1. Dependable Capacity Evaluation 

2. Ener-gy Shifting Ev8luetion 

3. Uncertainty Evaluation 

From the results of these evaluations, the CAES storage requirement 

necessary to assure the proper integration of a CAES installation into 

c:t glvt:!u uLlli Ly system is determined. 

Dependable Capacity Evaluation - The amount of storage required 

to provide dependable facility capacity is analyzed with a 

technique referred to as the "weekly cuto:f.f level" method. This 

technique, as illustrated in Figure 1, assumes that the weekly 

generation requirements for all capacity sources available to a 

system are a function of the weekly peak load. The technique 

further assumes that the only constraints to recharging the 

storage of a CAES installation are the physical equipment 

limitations and the availability of recharging energy. In 



-

- 3 -

situations where alternative sources of generation are not 

available, economic dispatch is not considered a constraint since 

capacity needs are independent of economics. CAES is assumed to 

provide rated capacity for each week examined. Additional 

aspects of the technique that are applicable to each week 

examined are outlined below: 

- Aquifier storage will be fully charged by the time generation 

is required on Monday. 

- Existing energy limited facilities have priority with regard to 

recharging energy and peak load generation use. 

- The peak day of the week is used to establish the weekly 

capacity level that separates the energy supplied by limited 

energy facllities from the energy supplied from the unlimited 

energy plants, thus determining the daily generation requirements 

for the two types of facilities. The CAES capacity is always 

utilized at full-rated capacity on the peak day of the week. On 

other days it_may not be fully utilized. 

- Capacity which is not energy limited is assumed to be available 

for the entire week at the level established on the peak day. 

For each week evaluated, weekly cutoff levels establish 

the q~ily generation requirements-and the amount of total 

recharging energy available. Furthermore, by assigning priority 

·to existing limited energy facilities this technique assures that 
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existing limited energy capacity is utilized as designed, thus 

preventing the CAES capacity from being designed to serve the 

same·system load characteristics that prior limited energy 

capacity was installed to serve. This technique evaluates the 

storage requirements necessary to support the sequential daily 

CAES generation requirements (allowing for corresponding daily 

recharging) as parteof the overall weekly evaluation thus 

assuring that the resulting storage requirement will support the 

CAE$ generation neecjeci for ea~h rl<~y of the week. 

Energy-Shifting Evaluation 

A major function of the CAES installation is the 

shifting of lower cost "off peak" generated energy to serve "on 

peak" load. Although the economics of the system will determine 

the actual daily use of the CAES installation, the storage must 

be sized to accommodate reasonable expected daily duty cycles. 

These daily duty cycles are expressed in hours per day the CAES 

in,hllativ•i .i~ i:H:i:iumt!tl l.o :->t!I"'VP. 1 n::~r1. A1 though t-he amount or 

energy generated by the installation will vary from day to day 

depending on the system load shape, the number of hours the 

installation provides energy to serve load is constant (i~e., the 

duty cycle). Likewise the energy available for recharging will 

vary from day to day. Even though the CAES generation and 

recharging values are determined on a daily basis, the evaluation 
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assumes that a weekly operating cycle will be utilized when load 

conditions dictate. 

For the evaluation, the CAES installation is assigned a 

daily duty cycle and a period of weekly operation (i.e., Monday 

through Friday). The storage requirement necessary to support 

each week's CAES generation at the assigned duty cycle and period 

of operat.i nn i.s determined, . From the results of this 

determination, the storage requirement adequate to support the 

expected an~ual use of the CAES installation can be selected. 

Operating Uncertainty Evaluation 

The capacity and energy evaluations are based on an 

assumed perfect knowledge of future events. Furthermore, these 

evaluations are applied to "typical" weekly profiles which do not 

simulate abnormal and unusual situations that do occur in actual 

operating circumstances. Because the operator of a CAES 

installation does not have perfect knowledge of future events and 

since unusual situations do occur, the sizing of the CAES storage 

must accommodate uncertainties associated with "real world" 

operation. ·A formula to assist in. quantifying the size of the 

CAES storage that will make allowances for the operational 

uncertainties is presented below: 

FLD = Days of full load generation 

FLH = Hours per day of full load generation 



RCD = Day,s of recharging is available 

RCH = Hours per recharged day that recharging 

energy is available 

K = Recharge/generation ratio 

Storage = (FLD X FLH) - (RCD X RCH) X K 

Where: RCD = FLD -1 

The selection of values for the variables in this test must be 

based on operating experience and knowledge of system conditions 

that ct•eate such operating .uncertainties. 

Storage Sizing for 1160 MW CAES Project 

Assumptions 

The following assumptions are used to determine 

the storage size of a 1160 MW CAES project: 

1. CAES rated capacity is 1160 MW. This capacity is 

comprised of four 290 MW modular units. 

2. TI1~ ~u~~l electrical power required to obtain maximum 

hourly compression is equal to 205 MW per module, which 

in turn will support 290 MW per module (i.e., a 290 MW 

CAES unit will require the quantity of air equal to the 

electrical equivalent of one hour's compression at 205 

MW of electrical input). 
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3. Output to input ratio is 1.41 (i.e., for every unit of 

electrical input energy, the CAES installation can, 

w~th the aid of oil or synthetic fuel, output 1.41 

units of electical energy~) 

4. Storage is expressed in hours of installed capacity at 

full load generation~ 

5. The load curve for the hypothetical system in the 

evaluation is modified to assure that monthly peak 

loads and energies are consistent with projected 

values. 

6. The evaluation is for years 1990 and 1995. 

7. ·weekly cycle operation is assumed possible if needed so 

that weekend recharging may be utilized. 

8. Recharge/generate ratio (K) equals 1.0. · 

Capacity Evaluation 

The storage required to underwrite the rated 

capacity of a CAES installation is influenced by many 

factors not the least of which is the percentage of the 

total installed system capacity the installation represents. 

Since the 1160 MW of CAES capacity is less than 3% of the 

total installed capacity on the hypothetical system (and 

decreasing each year), the storage requirements resulting 
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from applying the weekly cutoff level technique to each week 

in the study period (See Graph 'I) are not surprising. These 

results indicate that rated capacity is assured with 100% 

confidence with storage of 9 hours, however, .the ultimate 

storage size is dependent on more than one criteria as the 

following evaluation will demonstrate. 

Energy Evaluation 

The storage to suppor.t the weekly CAES generation 

associated with duty cycles that range from 14 to 16 hours 
• -per day is determined. The period of generation for these 

daily cycles is defined as Monday through Friday. Results 

of the determination are illustrated by Graph II (1990) and 

Graph III (1995). The PROMOD production costing analysis 

indicates that a 20% annual capacity factor is expected for 

CAES operation in the early to mid~l990's. Operating 

experience of intermediate load plants indicates that a 

daily duty cycle of 15 hours per day is a reasonable 

expectation. On this basis, a storage size of about 26 

hours is indicated. 

Uncertainty Evaluation 

The results of the application of the formula are 

tabulated in Table 1. These results indicate that a storage 

size of 36 hours of generation at rated capacity will 
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provide adequate flexibility to assure continued operation 

for a wide range of variable combinations. 

Based on this analysis the storage size of the 1160 MW CAES 

project should be between 26. to 36 hours of rated capacity generation. 

This is based on the results of the three independent evaluations that 

comprise the storage sizing methodology. A storage capability in this 

range will provide adequate storage energy to satisfy the operational 

requirements of this CAES installation. 
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Illustration of Heekly Cutoff Level Hethodology 
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Uncertainty Eval~ation 

4 Days Uncertainty 

Hours-Daily Recharge 

3 Days Uncertainty 

Hours-Dailv Rech~~ 

9 8 7 9 8 7 

- 40.0 43.0 I - 32.0 34.0 

33.0 36.0 39.0 27.0 29;0 31.0 

29.0 32.0 35.0 211. 0 26.0 28.0 
.. 

25.0 28.0 31.0 21.0 23.0 25.0 

Total Hours of Storage 
(In Hours of Generation at Rate Capacity) 

Table I 

/ 
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