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A -PARAMETRIC ANALYSIS. OF TURBOMACHINERY· OPTIONS 
FOR COMPRESSED AIR ENERGY STORAGE PLANTS 

C.~.s:~_ Kim*; · G ~-T~. Kartsounes** 

~----NOTICE-----, 

This report was prepared as an account ~f work 

sponsored by the United States Government. Ne;:::rt ~~ t 

United States nor the United States Depart . 
Energy nor any of their employees, nor any of then 
contra~tors, subcontractors, or their employees, makgales 
any warranty, express or implied, or assumes any le 
liability or responsibility for the accuracy, completeness 
or usefulness of any information, apparatus, product or 
process disclosed, or represents that its use would not 

infringe private1y owned rights. 

This: pape~ presents a parametric study of possible 

turbomachinery· options- for compressed air energy storage 

plants. The· plant is divided into the four subsystems: 

a turbine system~ compressor system, motor/generator, and 

'an underground air storage reservoir •. · The turbine system 

comprises a high-pressure turbine, a low-pressure turbine, 

two combustors, and. a recuperator .. The compressor system 

comprises· a low-pressure compressor, high-pressure compres-· 

sor, booster compressor,. intercoolers, and an aftercooler. 

A water-compensated mined cavern constitutes the under-

ground air-storage reservoir. 

Plant performance is presented. in terms of five 

parameters: specific. air flow rate, specific heat rate, 

specific storage volume, specific compression rate, and 

overall. plant· efficiency. 

The capital and operating costs of the plant as. a-

function of the turbomachinery options: are. presented. 

Design var:iables of· the- turbomachinery- are the reservoir 

pressure and inlet gas. temperatures- to the turbines •. 

Introduction 

Compressed air· ene.x:gy storage· (CAES) is a near-term technology for the 

load leveling· and peak shaving strategies. being_ considered. by electric utili-
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ties. Assessments of the technical and. economic feasibility of this storage 

system indicate that it: is economically competitive with conventional gas-

turbine peaker units. A. CAES plant has four subsystems. (see Fig. 1) : a tur-

bine system, compressor system,. motor/ generator,. and an underground air-storage 

reservoir. The. CAES concept is based on a split Brayton cycle with an accom-

panying. underground air reservoir. During periods of off-peak power demand, 

air. is compressed with base· plant power· and stored in the underground reser-

voir. For· power· generation,. the: air· is discharged through. a. combustion tur.-

bine during the peak demand period •. 

Because the storage· reservoir is. usually the most costly single campo-

nent in a CAES plant, its volume is a. sensitive design parameter. The volume 

required is affected by storage pressure and temperature, power level, and 

generation time; and. by the reservoir types, air quantity required by the tur-

bine system, and pressure ranges permitted. by the turbomachinery (turbines 

and compressors). Compressed air can be· stored underground in caverns or in 

the pore $pace of porous rock formations·. 

The: components of the subsystems of a CAES plant are deliileated here· 

from. precision. of reference: in the evaJ.uations presented in this report. The. 

turbine system consists· of a low-pressure gas turbine (LGT), a high-pressure 

gas turbine (HGT) , .. two· combustors, and a. recuperator (see Fig. 1) ~ The LGT is. 

a. turbine modified. from· a conventional gas-turbine peaker unit.. For proposed. 

CAES plants,. the HG'r· is. a. modified. steam: turbine operating. at·. gas temperatures. 

of about 1000°F •. Optimized designs for compressed~air· turbines .. that. operate 

at. high temperatures~ are· being· investigated.. The combustors: can. be· designs 

modified from conventionaL gas.-turbine· peaker units.. Preliminary studies in-· 

dicate· that· recuperators. can .. be· designed that are economically feasible for 

CAES application:.. These: differ from• conventional gas-turbine· peaker units· 

because> of the high-pressure air: leaving the reservoir. 
4'z. 
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!he- compressor· systelll' c:outains a. low-pressure·, high-pressure, and booster 

compressor:, .. intercoolers, and an afterc:ooler· (see Fi.g. 1) •. Interc:ooling is re­

qu:Lred. to aperate· the. c:ompres~ors= wi.thin· temperature. limits- tolerable for stan­

dard: materials.. An afterc:ooler: is used. to coo~ the air to avoid possible: ther-

. mal-stress- damage: to: the storage reservoir •. 

The performance· of a: CAES plant can. be characterized in. terms. of. four· 

spec:.ific parameters and: over~ plant effid.enc:y:· 

•· Specific:: air flow. is the· mass: f~ow: rate. of air supplied to 

the· eurbineo system: per kilowatt power generated. I't is the 

the turbines,. com-

pressors·,. and air-storage reservoir. 

Specific: heat. rate· is. directly proportional. to· fuel. consump­

tion and is· equal to the product of specific: fuel consumption 

and the lower· heating: value of the: fuel... It therefore. affects 

the operating cost of the turbines • 

. Specific storage volume·,_ the volume. of· reservoir· required per 

k:tlowatt of power generated~ is· dependent on the spec:i.fi.c: a:i.r. 

flow· l:Ue: and the. temperature of: stored. air·~ 

•· Specifi.c c:ompress:iou rate. is the. energy equivalent of the 

power· supplied to tha· compressors per kilowatt of. power gener.­

ated- This; parameter:· is:: the· amount:. of· off;..peak. energy required 

ta:.· operate: the compressors:. 

.. Overall plane effic::Lenc:y- is equal. to: the· total energy output:. 

from.:- the turbines d:f..'vi.ded. by the· sum: of the energy input= fr011t. 

the fuel. anci off-peak energy to' the_ compressor system· .. 

The: cost of: a CAES. plant: ~ be- characterized in. term&. of· capital.. c:_ost. 

and, operat:f.Dg. cost:. Cap~ta.I. c:ose includes the· d:f.rect c:ose of the a:i.r storage.. 



facility, the turbomachinery,. and balance of. plant, ·and the indirece cost due 

to a: contingency allowance,. engineering and. administration,. and escalation and 

interest during, const~ction.. The· operating cost of the plant includes the 

capital. charge, cost of fuel to the combustors, off-peak: electricity to the 

compressors,. and operation. and maintenance, costs. 

This: paper presents a: parametric study· of turbine systems for CAES 

plants. · The performance· and. cost of the· complete plant resulting from dif-

ferent·. turbomachinery options. are presented. The turbine· system design para-

meters.' considered are the reservoir. storage pressure and the· inlet gas tem-

peratures, to the LGT" and HGT.. The· LGT was,. based. on a 200-MW power output and. 

a nominal pressure ratio· of 16:1 •. Awater-compensated mined cavern· was chosen 

as the compressed air storage reservoir. 

Performance Evaluation 

Thermodynamic Analysis 

A. thermodynamic. analysis. was. carried out. on each subsystem of a CAES 

plant, and the· results were: combined to evaluate overall plant performance. 

Design parameters considered in the analysis include: air. storage pressure. 

and. inlet· gas. temperatures. to the· high-pressure· gas turbine (RGT) and low-
/ 

pressure· gas turbine (LGT). 

The following assumptions were. made. 

• The: gas flow is; steady and the· state· at each point in. the· 
control. volume: does' not vary-- with time·. 

• Differences: in. kinetic:. energy· and potential energy across' 
each component are negligible:. 

•· Heat: lo~s. to· the~ ambient from: each component is. negligible 
(adiabatic:. control.. volume) •. 

• The· gas. mixture behaves as- a. perfect. gas .. 

•· Natural. gas, is, the: fuel .. 

.. Complete combustion: is. achieved in. the combustors. 



Underground Air Storage System- The underground air storage reservoir 

considered is: a water-compensated cavern.. Therefore·, the pressure var.-ation 

in: the. cavern during: the operating cycle. is negligible. Two factors influence 

the· pressure variation. in. the· air· shaft: static head and friction. Variation. 

in: static-head pressure· is a: function. of' the air pressure. in the cavern. The 

pressure loss due to friction. is known .. as. a. function. of air: flow. rate but is 

considered. insignificant as compared with:. the variation in static-head. pressur.e. 

(See Appendix for details •. ) The. air: temperature of the. storage cavern (T
0

) was. 

assumed as. 120 °F (322 °K) and four d.ifferent air storage pr.essurea (p ) were 
0 

·considered in the analysis: 30,. SO, 70,. and 100 atlll. (3 x. 106, 5 x 106, 7 x:·. 106,. 

and 1 x:. to7·. Pa). 

Turbine System. · The turbine· system chosen. consists of two turbines 

(RGT and .. LGT) ,. two combustors, and. a. recuperator (Fig. 1) •. The selection of 

the turbine system evolved. from. the results of: a. prerlous. study [1]. The fol-

lowing. values: o.f system- paramete~ were considered:. 

Turbine. effic:Lencies:: ~G'I: -= rtaG'!" - 0.90,. 

Recuperator· effectiveness.:. e. •· 0. 8 ,, 

Temperatures: T' • 1000•·,. 1600~',. 2000°,. 2400°F. 
3 (8llo.. ~ ll44~·,. 1366.0 

,. 1589°K),. 

-r_s - 16oo• ,, 2oooo-·,.~ 2400°F. (ll44°,. 1366°, 1589°K), 

Pressures:. P's_ •16· atm:. (~.& x. 106 Pa) ,. anci 

• 
Power. output:: of LG'r~ WT..c:r - 200 MW .. 

Subscripts given: in:. the above:. parameters correspond to: the· components or: 

stations 1: .. Fig.. 1-. The: effidenc:ies:. of turbines· and. combustors. are based 

~ sta.ta-of-the-are values: of available- equipuzent: [ 21.. Recuperator- effec~ 

tiveness: is:. a. fimc't:laa: of the: heat exchanger specifications·- Because: the 

temperature: of the ta:let gas tO' the turbine& must. be kept: low en~gh to'. avoid · 

tbemaJ. damage, of the: turbine blades- anci vanes;,. cooling: air is required: for 

------------------··-------



bi.gher· inlet gas temperatures... The amoune- of cooling air required was deter-

mined. frOlll~ c:Lata presented in:. Ref. 2.. .. 

The, themcdyu.amic: analysis of the turbine system is~ given in deta:U.. in 

the Appendix. GOverning; equadmls: were. written. for each component.. Mass­

balance: equati.oa.s· were formulated. by considering, addi.tioa. of fuel. to the· co117.-

busters. and. cooling~ air to: the turbines.. Instead of momentum. equations,. 

equations that· represent. the pressure. variations' across: each. component were: 

used. Ene.rgy-bal ance equations; were: written. for·. the: recuperator,. the. turbines·,. 

and. the·. combustors... The· defini.t.:loa.s. of rec:uperator. effectiveness and. thermal:. 

efficiency of: turbines. were: also used. to. solve: the: equations. for energy bal.-

ance. 

The. equations for: mass,. momentum, and energy balances were solved by 

use of: a simulation computer program: ~th which the following. were calculated:· 

turbine outlet temperatures,,. T'4- and T6 ; recuperator. outlet temperatures:, T
2 

and. '!'7; and. fueL-a:i.r ratios for· the combustors·,. fl. and f2.. The rate of air 

flow: from·. the underground. storage: reservoir is· then obtained. from. the. energy-

balance equation.. for the LGT'. From: thesec results,. the power· output: of. H.G'r is: 

cal.c.ulated. Fin a 1 J y ,. the. total. output of the: turbine system,. spec:ifi.c a:i.r 

flow: rate,. and. spec:i.fic. heat rate are: cal.culated •. 

Compressor- System.. The study· was extended. to the. compressor system.: in 

order to comp;lete t:he, analysis·. of t:ha ~ plant.. The: compressor system; 
-- -- ------ - .. - .. ·- ----···- --··-- ·- .. -· . . . . .. 

selec:ted. comprises three: compressors· (!ow-pressure~ tc;.. high-pressure·,.. H.C'., and. 

booS1:er,.. BC),. three ilttercoolers,.. met aa. after:cooler as· shOWEt:: in: Fig .. l... The· · 

following parameters. were. assumed t~ be. ~ or· sped.f:ied: .. 

Ad:ta.bat:i.c:. eff~ciPDcy of .. compressors:: nRC. ~ nLC:: s nBC. • a·. 90;. 

Temperatures: 'rlJ. • 77°"?.',.. r 137 • !'15 - T'~T • 200°Y,. !'U· • 120°!';.. ~-d 

Pressures:: Pu. - L atm9 Pt~ - 16: atm .. 



The required output includes the: compressor outlet~ temperatures (T
12

, T14 , 

and. T
18

), from which the power. input to· the· compressors may be obtained. 

(See Appendix. for the detailed analysis.) 

The rate of· air flaw. into the compressor system was calculated from 

flow' from the. storage cavern into the· turbine system,. rlth the following 

. being: considered: loss. of. air in the. cavern;_ pressure drops across the 

intercoole~s; and aftercooler;. and the frictional loss in the cavern shaft •. 

The compressor.· outlet temperatures could then be calculated. by use of the 

adiabatic: efficiencies, of· the compressors.. By using these results·, the power 

inputs to the: compressors. could· be. calculated. with the energy-balance equa,­

tions. Specific. compression energy was then calculated.· using the ratio of. 

the· compressor power input· to the turbine system power output . .: 

Compressed Air Energy Storage Plant. By· using the resUlts from the 

analyses of the turbine system, tmderground. storage cavern,. and compressor 

system,. the overall performance of the. CAES plant. was evaluated. 

Results and Discussion 

Results of the parametric study· are presented. in terms of the five 

performance. parameters: specific air flow rate, specific storage volume, 

specific heat rate, specif.:ic: compression rate,. and overall plant efficiency. 

These: values. are. given as. a function of air St?rage pressure. and inlet. gas · 

temperatures, to. the:HG'r and:LGT. 

Specific: air flow• rate~ is, the flOw.· rate. of air coming out of the: cavern. 

per:· unit output of the turbine system~ It. is:: directly .proportional to· the tur­

bine. and compressor sizes,. and,. thus, is- an. important factor in determ.ining 

the cost· of the: above-grotmd~ facility.. A, plot of specific. air flow. rate 

against. the air. storage· pressure· at different turbine. inlet gas temperatures 

(.Fig:. 2) shows that the: air flow. rate ranges from 6.6-12·.0 lb/k.Wh: (3.0-5 .• 4. 



kg/kWh). for· the conditions: specified in. this study, .. and it: decreases as air 

storage· pressure increases·. Shown in Fig. 3~ are the: effects. of turbine. inlet 

gaa: temperature& on the: air flow rate at: the air. storage· pressure of 70 atm 

(7' x 10° Pa)·.. It em b.e: seen, that higher turbine· inlet. gas temperatures. re-

sult in smaller air flow: rate,. even- though. cooling. air is required •. 

Specific:: storage. volume,. the· required storage: cavern. volume· per unit 

work output,.. is directly related to the· cost of the; undergro1md facl.llt:y for 

a: CAES pJ.ant:. this. s.torage volume:· depend~ ott the. requti.eci specific air flow 

rate· as• well. as; on. cavern c:ondi.t:lous,. such as· pressure: and temperature. of 

stored ai.r.... Consequently,. resui.ts for· the specific:: storage volume show a: 

. trend· simi-1 ar to that. for the. specif:i.c: air flow.: . Figures· 4 and s·,. respec:.-. 

tively, show· the effects: of' air storage pressure. and. turbine: inlet gas tem-

peratures: on. the storage. volume... I't is seen that smaller storage volume. re-

sults: from. higher. a:tr. storage. pressure. or higher: turbine inlet gas tempera­

tur.es.. Specific. storage, volume·. in. this, study· ranges from 0.96 ft3/kWh (0.027 

Sped.fic. heat rata. i.s. a measure of premium-fuel usage. for: the c:ombus-

tors. per. tmi.t. power output of: the. system.. It varied: in: this, study· from 3770 

Btu/kWh. (3 .• 98 x: 106· .I/kWb.) to 4280: Btu/kWh (4.52. x 106 ~/kWh).. The effect of' 

storage: pressur~ ott the: heat. rate: is~ given: at d:tffer~t turbine: inlet· gas: 

temperatures; m Fig;- 6: higher storage: pressure: resul.ts: in: lower. heat: rate. 

i'igu:a T showa1 thae heat· rate. increases: as; the· .. tGT: inlet:· gas. temperature. 

' 
inc:raasas mci 1:hat the RG'r fn!ee gas' temperature, has: a; minor. effect on: the: 

heat: rate·. 

Spac:tfic c:01Dpresaioa: rat:e is the:: fuel.. equi-valent:. of the off:-peak: elee-

t:r±c:aL. enet::gT. input· to. the:: c:ompressor system: per uu:f.t power output· of 

ew:b:tua sys:em: as: dafinad. 1: E'q-.... CD·.4}. in. AppendiX;.. For. the: coudi.tious; of· 



this' study·,. the rate ranges frout 5280. But/kWh (5 .. 57 x 106 J /kWh) to 7790 Btu/ 

kWh ca·a.22: X 106 J/kWhl.. Figure: a shows that,. in general.,. compression· rate 

increases. slaw~y· with increasing, storage pressure.. Showu:. in: Fig •. 9 are the 

effects; of the:· turbine: inle-e. gas .. temperatures on the. compression. rate· at p • o. 

70' am (7 x 106 Pa) : . smaller compression rate i& required. by· higher turbine 

inlet gaa temperatures. 

The. overall .. plant effidency:t the:· ratio, of turbine.· power output to, the; 

S'UJil\ of the powel: input. ta the compressors. and the. power equivalent of fu~ 

energy,. ranges, fr011t 0.538~: •. 58L for: the: cond:l.d.oUS; specif:ied: in. this study· •. 

The effec:.ts ou. tha overall. plant effici:enc:y are. given in: Figs .•. 10. and. 1~ •. 

Fi~re. 10. shows the effec1:S o·f· storage pressures on: pl.a.nt efficiency: 

(a) for: T"3 :a T:S • 2400°F.' (15890X) or T1 • '!S •· 2000°'F.' (1366°K), plant effi­

ciency increases. with the storage pressure;. (b) for· T) s. r
5 

=· 1600°1:" (1144.°K), 

plant· efficiency· increases. up: to 70:· atm, (7 x: 10.6 Pa) and then· decreases as 

the storage pressure. further· increases;. and (c) for. Ti • l000°P' (8ll°K);, T5 • 

1600°F (1144°K),.. plant:. efficiency decreases. mcnotonica.ll.y with s~rage pres-

sure. 

The effects; of· turbine: inlet. gas temperatures: on plant efficiency are 

given. in Fig:. ll.. !t: shows. that higher plant effidenc:y· is· obtainable with 

higher· RG'r inlet:. gas; temperature.: !t. also: shows. that effic.iency increases: 

with. the LG'r inlet ~ temperature: for. T'lc - 2000°F.'' (l366:~K) or 2400°F.' (1589 °K) ,.. 

and: it has a ndnfmrnn· at about r 5 - 2000·4 Y. (1366.°K): for '!"
3

: - 1000°F• (81~ °K) or 

1600.·0 '!" (ll44-"K).. 

kODClldc: Analysis. 

Alt: econO!Di¢ a.Jldysi& of the. CAES. plant was- made t:~ show~ the: eff'ec:ts·. of 

the parameters· on:. capiJ:a.I. anci operating costa:.. The: analysis: was: based. on. the. 

resu:lts of the performance e.va.luation:-. desc:ribed in: the- sect:Lon Results. and:.· 

Disc:ussi.cm'- !a. order 1:~ provide- a. reasouahie basis.: for· the- economi.c:: analysis .• 



the. following· operating:. cycle: was;. ·chosett: 20-hr· nominal cavern storage· capa-

city and 2190:.-hr/yr generatiou. time. 

Capital. Cost 

Direct capital.. cost of: the- CAES- plant was divided into the following:. 

coat of underground.. a:f.r storage: cavern:. and water.-compensated reservoir,. cost 

of turbomac:hinery equipment'7' and.. baUz:ncs. oj ths: pZant::. 

The storage: cavern:. cost. inc~uded. the. coat of the· air· and: water shafts, 

c:avi.ty• development and. mobi u zati:an·,. anci: completion:. !he coat of the cdr 

and. water shafts was estimated. based. on the: cavern depth. which. was. determ:Lned 

by the- air storage pressure... 'the:. cost of the cavity· was; estimated based. on 

specific· storage volume with: a; 10%'. capacity· margin. Since the. storage cavern 

considered in the. ~alysis is water-compensated, the· cost. of the water reser-

voir was al.so intiuded. The:. storage-related . costs were based. on Ref. 3. 

Estimation. of the. turbomac:hinery· cost was. based. on Ref. 2. The cost. o.f 

the: low-pressure gas turbine wi.th: a cycie-pressure ratio of 16: l. was.. deter-
.. 

mined by the inlet gas; temperature and. the cost of the hi.gh-pressure gas tur'-

bine was- determined by both. the inlet gas. temperature. and a:f.r· storage pressure. 

Casts of the LC: and HC w:lth. the· overal.l.. compression: ratio of 1:16: ~ere· esd..-­

mated: frour the ail:. flov rate~ and. the. cost of Be· was. detend.ned by· the air flow 

rate and. a:f.r storage: pressure-. A. 2.5%: ~owance· was- g:iven: for the. ducting and. 

instal lad.~. of the: turbomacbinel:Y' ~pment ... 

'I.'l1e remainder: of' the plant: equipment,. wf1icll, intiudes; the'. clutches-,. 

power system,. land',. anci plane structure was; denoteci: as. the baZance of pU:mt:.. 

Tb..is equipment is. relati.'ve.ly :!nsensi:t:tve- to•. CAES. design:: parameters. and a 

fi:xect cost of $80/~ was used for the- ba.lance:· of plant: for ~ cases; of· tll±s: 



.. 

Total. capital cost of the plant· was: estimated from. the ctlrect capital 

cost considering: the' following: allowances:: 15%: .for contingency,. 10%. for 

eng~eerillg, and adm1n1 stration,. anci 30%: for escalation. and. interest during 

the. constJ:uc:tion. period ... 

Operating Cost: 

Operating: cost of tile CAES: p~t. consists.~ mainly of capital. charge, 

cost: of fUEU. ta: the comhustors:7" off:..peak electricity· to the compressors,. and. 

operation. and maintenance.. Al:mual.. capital. charge: was. estimated from: the· 

totaL c::ap:ita:l. cost based. on the· fixed capital. charge. rate· of. 18%: a. year .. 

Estimation of' the cost of: premium. fue~ was~ made by multiplying the: specific·. 

heat. rata by· the cost of No. 6 oil ($2.50/10 6' Btu).. Cost of the: off-peak.. 

electti:city to the compressors.. was. estimated from the spectiic. compression 

rate. and. the· electricity cost from: the base plant (15 mills/kWh) • A value of 

2 lllil.1s/'k.Wh was used. as the. cost of· operating. and maintenance for a.lL cases. 

Results and Discussion 

Results of the economic.: study are. given in. terms- of the two specific: 

costs:. capital cost ($/kWl and. operating: cost (m1 1 J s/kWh) •. 'Ihe values·. are · 

presented: as:- a:. function of· the storage: pressure. (p ) and turbine inlet tem­
o 

perature.s cr
3 

and:. T"
5

) .. 

CapiJ:a.l: cost of: a CA.ES. pl.an.t. varied from:: $285/kW to $406/kW for: the. 

range: o£. desi.gn parameters. spec:Ui.ed. in.. the: study. The: cost of: the under­

-g:01m&t smmge Cavem.' Was faUDii ... -tO\:-b. 'die li:f8hestemapaneue cost for. most ca.ses. 

raug;fng; fi:ozzt. ~6: of· the totaL capita!:. cost and. the-. cost of· the- ;tabomacfrin-
- .. 

err equipment. varl.acf frame !6-31%. of· the. total.. direct. capital.. cost... Figure lZ 

s~ that the cost of t:f18\ storage: ca.veJ:n: sharply decreases-· as: the storage 

pressure:. inc:reasesr. frOllt; 30' at: (.l. z; las: Pa). tl): 10·. atm;. (T ~- 10 6 ~a} anci then 



result in lower storage cost. In. addition,, this. figure illustrates that the: 

cos.t of turbomachinery is weakly ;lffected by storage pressure for the· two 

cases.:·. 'r3' = 1000°F (8l1°K) ;: 'rS = 1600.°F (ll44°K) and T3 = TS = 1600°F (1144°K). 

For· the. other. cases where T
3 

=-, TS = 2000°F (1366°K) or T·
3 

= T
5 

= 2400°F (1589°K) ,. 

the cost of turbomachinery increases. with increasing. storage, pr.essure. Also 

shown is. that, in general,. higher· turbine inlet temperatur.es result. in higher 

turbomachinery cost .. 

Total: capitd cost: is:. given in Fig. 13 as. a functi:on. of storage pressure 

for the· four· different combinations of inlet gas· temperatures· to the· HGT. and 

LGT'.. Capital. co.st s.harply decreases with increasing storage· pressure for all. 

the cases. up· to 70 atm (7 x 106 Pa) and either slowly decreases or increases 

thereafter. Higher turbine: inlet temperatures result .. in. lower capital cost 

at low storage pressures, for example 30 atm. (J x 106 Pa). However, at 

storage pressures. greater than: 70 atm (7 x 106 Pa), higher turbine inlet 

temperatures. result· in. higher capi.tal. cost. Among the cases. consi.dered. in 

the study, the design parameters that result in the~ lowest capi.tal cost are 

those:. when T
3 

= T
5 

= 1600°F (llt.4°K) and p
0 

=·roo atm. (1 x 107 Pa). 

Operating- cost of· the CAES plant is. gi.ven in Fig. 14 as· a. function of 

the design. parameters.. I.t .. ranges frout 44.8-55 . .5 mills/kWh for the speci.fi.ed 

desi.gn parameters... The. capitcll. charge was found to. be much. higher than the. 

cost of: fuel. or- electricity;: i.t: amounts:. to. 52-60%. of· the, total. operating· cost. 

Censequently ,. the operating:. cost. iit Fig,. 14· shows a: similar trend to that of· 

the: capi:td cost. The figure. shows. that: the· operating. cost. decreases- wi.:tft 

incr.easing;· air storage pressure. for all. the.: cases: cut T'
3 

:s: T
5 

= 2400°F (1589°K) ,_ 

which. has a mini.m.tult at about 70' atm=. (T x: 106 ) ~ It also·. shows:. that, among· the 

cases studied, .. the. lowest operating. cost. results: when. T3. = TS = 1600°F (1144 °K) 

fo~ p
0 
~ 58' atm: (5.8: x: 106 Pa}' and T

3
. =-· T

5 
=· 2400°Y (1589°K) for P(,. <. 58 atm: 

(5, • .8: x: 106. Pal .. 



r::.' ! - k' 

Figure 14- also illustrates that the. operating cost for·T
3

"" 1000°F 

(8ll°K) andTs·=· 1600°F (1144°K) is greater at any storage pressure than the 

other three cases. considered. This cost penalty· results frOllt the use of: a. 

1000°F (8ll°K) inlet temperature to the- HGT.:t which is similar to that· of a 

steam. turbine· •. 

Conclusions 

A. parametric. study of turbine· systems: for CAES plants: was. carried out. 

in this study:.. It considered the· effects. of· different turbine system design. 

parameters on performance. and capital. and operating costs of the plant. 

The. following performance. trends'. were observed: 

1... Specific: air flow; rate and storage volume decrease as 

p
0

, r
3

,. or. r
5 

increases. 

2. Specific .. heat rate decreases as p 
0 

or T 
5 

increases; but 

is relative.ly insensitive .. to. r3 .. 
3. Specific compression rate:t in general, slightly increases 

as p
0 

increases;. it decreases with: increasing· r
3
-or r

5
• 

4. In general, overall plant efficiency increases as. r
3 

in­

creases; is· only weakly affected by p 
0 

or T.S • 

. The results: on. the economic: study of the CAES plant. are summarized. as. 

follows: 

1.. (a} Capital. cost sharply decreases: as.. P~. increases .. 

for 30 ~. p0 .. <. 70.·· atm;. it. i.s;. weakly affected: by· 

P: for 70; <: p <· 100.: atm·. 
o·. -· O:.· -· 

(b). lligher T:'3, or r 5 results: in. slighrly: lower capital.. 

cost. at; lower p0 ,, hut. in: higher capital. cost at 

2... (a). Operating, cost: decr.eases with increasing p· for 
. . ~ 

~. . 

f::: 
.· 

.... _-:·:·· 

: ;· 



has a. minimum. at p =· 70 atm. 0 . 

(b) The turbine: system with, -r-
3 

.. t·
5 

= 2400°F results 

in: the lowest: operating cost for 30 5_ p 
0 

< 58 atm; 

T
3 

= t
5

_ ~ 1600°F (1144°K) results in. the lowest 

for. 58 ~ p o: 5_ 100 atm .. 

3'.. The turbine. system: with: t
3 

=, t
5 

= 1600.0 F. (1144-°K) and. p 
0 

= 

100 atmc results.:. in. the lowest: capital. and. operating cost •. 
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Nomenclature 

E~ Specific compression. rate as defined. in Eq. (D.4) 

f 1 Fuel-air· ratio for combustor 1. 

£2 Fuel-air ratio for combustor: 2 

h Enthalpy 

m. Mass: flow· rate 

m.' Specific. air flow- rate, a 

p· Pressure:. 

Q ,. · Spedfic:: heat rate' 

R: Gas· constant 

r· Coo!ins .. air-turbine. air.· rat:f.:o. 

T" Temperature, 

V.~ Specific: storage. volume, 

. 
W. Power input. or output. 



., . . . 
w COtllp! WBC. +· WLC + WHC .. 
W fue~ Fue~..:.energy· 

•· ·~ •· 
Wout WLGT. + WRGT' 

e Recuperator effectiveness. 

n Efficiency 

n Overal~ plant efficiency 
overall 

~- Lower heating value· of fuel~ 21~500 Btu/lb. (5.00~ x lOT J/kg) 

6Iir Off:-peak heat rate~. 10:,400 Btu/kWh (1.097 x 107 J/kWh) 

Apf Pressure loss, due: t~· friction 

. Ap Pressure. loss, due· to, static-head 
s. 

s·ubscripts 

Be: 

c 
1 

LG'r .. 

HC 

Lc: 

0=-19· 

Booster compressor 

Combustor 1 

Combustor 2' 

Cooling air for· HGT 

Cooling air· for LGT' 

Fual to combustor 1 

Fuel. to· combustor 2 

High-pressure gas: turbine. 

Low..opressure gas .. turbine· 

High-pressure· compressor. 

Low-pressure. compressor· 

Isentropic: process.· 

Correspond to, Fig·.. 1 
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A.. Analysis. of.' Air S.torage: Cavern.. 

Pressure·· variation. in:. the, air shaft. was considered to· be: influenced. by 

the two. factors:: static-head and friction. Variation in. static-head. pressure 

is a function of· the ai.r storage pressure. [3]: 

(A.l) 

where 6:p s: and p
0 

,. respectively,. denote· the variation in static-head pressure 

and the air storage:· pressure in atmospheres. Pressure loss due to friction, 

top f ,. is a function. of. the· air flow rate,. but it was about· 0 .15 atm for the 

conditions specified in this study. Therefore,. 

6pf =· 0.15 (A.2) 

Air. pressure at the· cavern·. outlet, pl' is .. related. to the air storage. pressure 

as. follows: 

P .. = p + "'" - fi.p l o. '"'t"s.. f (A.3) 

B;... Analysis· of' Turbine. Syst~ 

Governing: equations~ were .. ~tten:: for each component.. Mass-balance equa-

tiona were formulated. as< follows:-

. . + .. f 1113- -··mz ~ r. 

m4. -· ~~ +· ~rcL 

m~;; = m4. +·titfz: 

(B.l) 

(B.2) 

(B .• :3) 

(B·.4) 



m6: = m5 + ~re:2. 

~ .., m6 . 

(B.S) 

(B.6) 

In the above· equations,. m is. mass. flow: rate· and subscripts ~-T denote· the sta-

tions. as shown in Fig· •. l. The symbols f
1 

and. f
2
: a:z:e the fuel-air· ratios.· for 

Combustor 1 and, Combustor· 2,.. respectively; and .. re:1_ and: rcz· are· the ratios of 

cooling air: to. turbine. air for HGT· and LGT·, respectively •. 

Pressure losses. th:z:ough. the· piping: were not considered separately-but 

were incl.uded in those across. the. components.-. The decrease in gas pressure 

was, assumed. to~ be. 5%: across. the recuperator and: 6% across· the· combustors [3]. 

Thus,. 

p2 = 0.95 pl , 

P3 =· 0.94- Pz ' 

p5 = 0.94 p4 and 

(:S.7) 

(B .8) 

(B.9) 

p 
7 

=· 0 • 9 5 p 
6
_ • (B .10) 

Ene:z:gy.. balance equations were then written fo:z:· each component. For 

HGT and LGT:· 

*HGT =·· m3 <h3. - h4> + mc~<hc. - h4> ,. 

wLGT" ... ms(h5 - h6) +· Dl.cz_<hc - h6) • 

(B .. ll) 

(B.l2) 

.where WHG'r and WLGT are the. power outputs. of the· RGT and LGT,. and subscript c 

represents the cooling air.. Symbol h- denotes the· enthalpy at. different states .• 

For· Combustor 1: 

(:S.l3)· 

For Combustor z·: 

m4-h4- + mfz(hf2 + 6liJ = irs~s , 

where ABL. is- the lower heating. value of the: premium. fuel. 

For the recuperator:· 

(:S~l5) 



The following: definitions were also used to solve the energy-balance 

equations: 

Recuperator effectiveness:. 

(B.l6) 

Thermal efficiencies, of the turbines:. 

(B.l7) 

h - h 5 6 
'tGT· .,., h . - h . •· 

5 6s. 
(B •. l8) 

In. Eqs. (B.l7) and~ (B.l8), nHGT and nLGT are the: thermal. efficiencies of the 

HGT and LGT, respectively. Symbols h4s and h6s are the enthalpies of the 

turbine outlet gas when·. the expansion through the turbine is isentropic. 

The: mass, momentum,_ and energy balance· equations were solved simultan-

eously· by using. an. approximate method developed in Ref. 1. The following 

results were calculated: turbine· outlet temperatures, T4. and.T 6; recuperator 

outlet temperatures:,. T2 and T7; and ~uel-:-air ratios for the combustors, f 1 and 

f
2

., The rate. of air flow from· the· underground storage cavern is then obtained 

from: 

.(B .19) 

From; these~ results-9 , thee power· output of HGT' can: be· calculated. as·. follows: 

(B.20) 

The totU. power· output. of the· turbine· system, is: then:· 

.. .. •· 
W: ... w.:.GT +- W-ri....,... •· out ·-r. · · uu.~;: 

(B.21) 



. ' 

C. Analysis of Compressor; System:. 

The rate of. air- flow·· into· the: compressor system should match that from 

the storage cavern: into: the. turbine· system. A. loss. of .. 4% of the air flow in 

the cavern. was. assumed. [31-. The· rate of air flow. into the compressor. system 

Cm1J can. therefore: be related: to. the turbine· flow. rate Cm1) as:·. 

U,.l. =· I. 042. ~ (1. + re:1. +· re,2) cc.l) 
!f a negligible loss; of air in: the compressor system is· assumed:: 

•· .. .. . . . . . . m. =· m..-. =· m· = m =- m =· m. = m = m. = m ll . .u. . 13' . 14. 15' .1.6: 17 . .1.8 19 ... (C .2) 

The subscr.ipts: r.epresent. the stations: given in: Fig·. 1. 

The pressure drop. across. the intercooler or· aftercooler· was· ·assumed to 

be· 2%. Therefore:. 

pl3 - 0 ~98 pl2 , 

pl5 ·= 0.98 pl4 , 

P1T = 0 •98 P16 

Pt9 = 0 •. 98 p18 

and 

(C .3) 

(C .4) 

. (C •. 5) 

(C. 6) 

Since. the pressure of air entering·. the· cavern is higher. than that leaving by 

about 0.3· atm because of the fr.ictional. loss in the shaft,. then: 

pl9 = pl + 0 • 3· • (C •. 7) 

Adiabatic efficiencies. of the, compressors are defined as: 

, .. (C. 8) 

(c·.9} 

(C.lO) 

(C:.ll) 



The compressor outlet temperatures,. Tll, T·
14

, T16 ~ and T18 were. calcu-

•· 
lated from· Eqs. C.8 through C.ll •. The power. inputs into the compressors, WLC' 

WRC' WBC were- then. obtained as: follows:; 

wt.c ... ~l(hl2 - hu? 

WRC :0 ~ (hl4 - hl3) ,. 

The total power· input. to the compressor system. is: then:; 

D. Performance: Parameters: 

. (C.l2) 

(C.l3) 

(C .14) 

(C.lS) 

Spec:if.ic air flow rate,, storage volume, heat· rate, and compression rate. 

were obtained from the following equations: 

m.~ * ml(l + rcr + rcz>lwout 

V' = m' RT' /p s.· a o o 

Q' .... m.. ( f + f ) ML/W ,. and 
.1. 1 2 ~ out 

i' =· w t:R~/w 
c: comp -ri out 

(D.l) 

(D.2) 

(D.3) 

(D .4) 

where· R is gas .. constant,. 6HJ:.. is lower· beating value of premiuin fuel~ and 611a 

is the off-peak heat rate of the basca, plant including electrical and mechani-

cal losses •. 

The· eve~. Qlant eff±ciency (noverall~ was evaluated as, 

n· .. =· w Jew· + W. l· overall. out. comp-, fuel (D.S) 

where: wf. I is- the: rate of fuel. supply- tO' the combustors·,. and the charging, ue, 

time. of the· reservoir. was-, assumed: to~ equal. the- power-generation.. time' of· the· 

turbine system· ... 
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