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ThiStpaper’presénts a parametric study of possible
turbomachinery options for compressed air energy storage
plants. The plant is divided into the four subsystems:

a turbine éystem; 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'compfessor, intercoolers, and.an aftercooler.
A water-compensated mined cavern constitutes the under-
ground air-storage regervoir.

! 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 variahles of the turbomachinery are the reservoir
pressure and inlet gas temperatures to the turbines.

Introduction.

Compressed air energy storage (CAES) is a near-term techmology 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 é split Brayton cycle with an accom-
panying underground air reservoir. During'ﬁeriods of off-peak power demand,
air is compfessed with base plant power and stored in the underground reser-
voir; For power generation, the air is discharged through a combustion tur-
bine during ﬁhe peak demand period.

Because the storagéAreservoir is. usually the most costly single compo-~-
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 tiﬁe; and. by the reservoir types, air quantity fequired 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 space of porous rock formations.

The: components of the subsystems of a CAES plant are delineated here
from. precision of reference: in the evaluations presented in this report. The
turbine system consists of a low-pressure gas turbine (LGT), avhigh-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 HGI‘is.aAmodified‘steam:turbine:opera;ing;at:gasatemperatures
of about 1000°F.. Optimized designs for compressed-air turbines. that operate
at high temperatufes, are being investigated. The combustors: can be designs
modffied from conventional. gas-turbine peaker units. Preliminar# studies in-
dicate that recuperators can. be designed that are economically feasible for
CAES application.. Tﬁese differ'from:conventional,gas-turhine;peaker'unitéi

because: of the high-pressure air leaving the reservoir.
‘.
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The: compressor system contains a. low-pressuré, high-préssure, and booster
c'ompres,sor;‘, intercoolers, and an aftercooler (see Fig. 1). Intercooiing' is re-
quired to operate the compressors within température..‘ limits tolerable for stan=- -
dard materials. An aftercooler is used to coel the air to avoid possible ther-

‘mal-streés‘- damage to the storage féservoir- |

The. perfomanc‘e» of a CAES,. plant »‘cuan;,‘be chafacterized in terms of four
specific parameters énd: overall plant efficiency:

> Specific air flow is the mass flow rate of air supplied to

the: turbine: system per kilowatt power gemerated. It is the
major factor in determining the size of the turbines, com—
pressérs,. ahd. ai:-storage- reservoir.

. Spécif‘ic heat rate is directly proportional to fuel consump-
tion a.nd is equal to the product of specific fuel consu;npt:ion
and thev lowef heat:ing; value of the: fuél... It therefore affects.l
the: operating cost of ﬁhe turbinpes.

» Specific storage volume, the volume of reservoir i‘equired per

kilowatt. of power generated, is dependent om the specific air
flow rate and the temperature of stored air.

~ Specific compression rate is the energy equivalent of thé.
power supplied to,: the: compressors per kilowatt of power gener—
ated. This parameter is the amount of off-peak energy required
to operate: the compressors. |

- Overall plént. efficiency is équal to the totél energy output.
from the turbines divided: by the sum of the énergy input from
the fuel and dff-péak energy to: the compressor system..

The: cost of a CAES plant can be characterized in terms of capital cost

and. operating cost. Capital cost includes the direct cost of the air storage



facility, the turbomachinery,. and balance of plant, and the indirect cost due
to. a contingency allowance, engineering and administration, and escalation .and
interest during construction. The-operating-cost of the plant includes the
capital‘charge,.cost:of'fuelAto the combustors, off—peaﬁ:electricity'to the
compréssors, and. operation and maintenance costs.

This paper presents a parametric study'ofnturbine-systems for CAES
plants. The'performance-andncost,of the complete plant resulting from dif-
ferent:tnrbomachinery 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 waa;oased.on a 200-MW power output and
a nominal pressure ratiO'of'LG:l, A.watef-nompensated mined cavern was chosen
as the compressed air storage teservcir.

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.conaidered:in the analysis include: air storage pressure.
and.inlet‘gas-temperatures.to'the‘high-oressure~gas.turbino‘(HGT) 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 loss to the ambient from: each component is negligible
(adiabatic control.volume)

* ‘The gas mixture behaveSxasvaaperfECttgas;
> 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 variation

in the cavern ;:Iuring 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 pressure.
(See Appendix for details.) The air temperature of the sii:orage cavern (Té) was.
assumed. as. 120°F (322°K) and four different air storage pressures (p'o) were
‘considered in the analysis: 30, 50, 70, and 100 atm (3 x 105, 5 x 10%, 7 x 108,
and 1 107"Pa) .

Turbine System. - 'I.'he turbine system chosen consists of two turbines

(HGT and 'LGT), two combustors, and a recuperator (Fig. 1). The selection of
the turbine system evolved from the results of a previous..'study [1]. The .f'ol-
lowing values of sjstem; parameters were considered:

Turbine efficiencies: Yo ™ "oeT = 0.90,.

Recuperator- effectiveness: & = 0.8,

Temperatures: '3'3 = 1000%, 1600%, 20007, 2400°F
(811*, 1144°, 1366°, 1589°K),.

T'S |
Pressures: P; = 16 atm (1.6 % 108 pa),. and

= 1600%, 2000°, 2400°F (1144°, 1366°, 1589°K),

Power output of LGT: ";t.c'r = 200 M.
Sub_sczipts, given in the above parameters correspond to the components or
stat:ions' ix Fig. 1. The efficiencies of tu:bi.nes and combustors are: baséd,
o state.—of—ché—a-rt' values of available equipment [2]. Recuperator effec—
tiveness: is a function of the: heat exchanger specifications. Because the
temperature: of the inlet gas to- the turbines must be kept low encugh to: aveid -

thermal damage: of the: turbine Blades and: vanes, cooling air is required for



higher: inlet gas temperatures. The amount of cooling air required was deter-
- mined from: data presmtgd in Ref. 2.

The thermodynamic analysis of the turbine system is. given in detail in
the Appendix. Governing equations were written for each component. Mass—
balance equations were f‘o-rnnxlated. by cﬁnsidering addition of fuel to the com=-
bustors. and. cooling air to the tﬁrbines:.; Instead of momentum equations,
equations that represent the pressure. v.ariations: across each component were:
used. Energy-balance: equations were: wri:tén-. for the récuperatot, the turbines,
and. the: combustors. The definitions of recuperator effeﬁtiveness: and. thermal
efficiency of turbines were alsc used to solve the equations: for energy bal-—
ance. o

The. e.q.uaﬁions for mass, momentum, and emergy balances were solved by |
use of a siinulation- computer program with which the following were calculated:
turbine outlet temperatures, 1’4 and Ts ; recuperator outlet temperatures, '1'2
and. 1‘7;‘ and fuel-air ratios for the combustors, f]’. and fz. The rate of air
 flow from the underground storage reservoir is then obtained from the energy-
balance equation for the LGT. From these results, the power output of HGT is:
calculated. Finally, the total output of the turbine system, specific air
flow rate, and specific heat rate are calculated.

Compressor” System. The study was extended. to the. compressor system in

order to: complete the analysis of the CAES plant. The compresscor system:

selected. comprises three couptesaoréfl(léﬁ—préémire; LC, high—pressure-,. HC, and.
booster, BC), three intercoclers, and an. aftercooler as showm inx Fig. 1. The
following parameters were agsumed to be known or specified.

Adfabatic efficiency of compressors: "ge = "o ™ e

Temperatures: rll = 77°F, 1’13; = TIS' - TZLT = 200°F, '1']_9 = 120°F; and

= O".SO‘;.

Pressures: Py ™ L atm, Pip ™ 16 atm.



The required output:inciudes the compressor outlet. temperatures (le; Tlé’
and.TiS),‘from which the power input to: the compressors may be obtained.
(See: Appendix for the detailed analysis.)

The: rate of’a;r flow into the compressor system was calculated from

flow from the storage cavern into the turbine system, with the following

.being considered: 1loss. of air in the. cavern; pressure drops across the

intercoolers: 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, underground storage cavern, and compressor
system, the overall performance of the,CAES'plant,ﬁas evaluated.

Results and Discussion

Results of the~parametricjstudy‘are presented in terms of the five
performance parameters: specific air flow rate, specific storage volume,
specific heat-rate,'speéific compression rate, and overall plant efficiency.
These values are given a$=a~function of air storage pressure and inlet gas -
temperatures. to- the: HGT and’ LGT..

Specific aix'flmmfratesisvthezfldm'rate.ofiaiz,;oming out of the cavern.
per unit output of the tufbine-system; It.isadifectly.proportional to. the tur-
bine and compressor sizes, and, thus, is an important factor in: determining
the: cost of the: above-ground 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/kWh (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
gas: temperatures on. the  air flow rate at the air storage pressure of 70 atm
(7 x 106 Pa). It can be seen that higher turbine inlet gas temperatures. re=—
sult in smalie: air row:‘ rate,' even. though cooling air isArequired'.,

Specific storage volume, the required st-orage.-v cavern. volume per unit
work output, is directly related to the cost of the underground facility for -
a CAES plant. This storage volume depends. on the required specific air flow
rate as well as on cavern conditions, such as: pressure and temperature. of

stored air.. Comnsequently, results for the specific storage volume show a

.trend similar to that for the specific air flow. Figures 4 and 5, respec=

tively, show the effects: of air storage pressure and. turbine inlet gas tem—
peratures on the storage volume. It is seen that smaller storage volume re-—
sﬁlts from higher air storage pressure or higher turbine inlet gas tempera=— |
tures. Specific storage volume. in t:hisl study ranges. from 0.96 f£t3/kWh (0.027
n3/WWh) to 5.84 ££3/kWh (0.162 m3/kWh).

Speci.fic. heat rate is a measure of premium—~fuel usage. for the combus—
tors per unit pdwe:‘ output of the system. It varied in this study from 3770
Btu/kWh (3.98 = 108 J/KWh) to 4280 Btu/kWh (4.52 x 106 I/kWh). The effect of
storage: pressure: on the heat rate: is: givem at different turbine: inlet gas:
temperatures: in: Fig. 6z higher storage pressure results in lower heat rate.
Figure 7 shows that heat rate increases as the.LGT inlet gas temperature
increases and that the: HGT fnlet gas: temperature: has a minor effect on the
heat rate. |

Specific compresaiom: rate is the: fuel equivalent of the off-peak elec—

——t a————— A= —— s —s e — = e e

' ::ical energy input to the: c.ampre_ssot éyst:am per umit po;aer output of

turbine gsystem as: defined in Eq..(D.4) in Appendix. For the coanditioms: of



this: study, the rate ranges from 5280 But/kWh (5.57 x 106 .J’-/kWh) to 7790 Btu/
kWh (8.22 x 10° J/kWh). Figure 8 shows: that, in general, compression rate
increases slowly with increasing stofage pressure. Shown in Fig. 9 are the
effects of the turbine inlet gas temperatures on the compression rate at P, =
70 atm (7 x 108 Ea.)«.:' smaller compression rate is reﬁuired. by higher turbine

inlet gas temperatures.
The: overall. plant efficiency, the ratio. of turbine power ocutput to: the:

sum of the power input to the compressors. and the power equivalent of fuel

energy, ranges from 0.538-0.581 for the: conditions specified in this study.

The effects on the overall plant eff’ici’engy are given in Figs. 10 and ll.
Figure 10 shows the effects of storage pressures om plant efficiency:

(a) for T. =T = 2400°F (1589°K) or T, = T‘S = 2000°F (1366°K), plant effi-

3 5 3
ciency increases with the storage pressure; (b) for 1"3 = TS = 1600°F (1144°K),
plant efficiency increases up to 70 atm. (7 x 108 Pa) and then decreases as
the storage pressure further increases; and (c) for Ty = 1000°F (811°K); Tg =
1600°F (1144°K), plant efficiency decreases monotcnically‘ with storage pres-—
sure.

The effects of turbine inlet gas temperatures: on plant efficiency are
givem im Fig. ll. It shows: that higher plant efficiency is obtainable with
higher' HGT inlet gas temperature. It also shows; that efficiency increases
with the LGT inlet gas temperature for T3 = 2000°F (1366°K) or 2400°F (1589°K),

and it has a ainimm at about '1'5'* 2000°F (1366°K): for 'L'"3, = 1000°F* (811°K) or
1600°F (1144°K).

Economic Analysis.

An economic analysis. of the CAES plant was made: to show the effects of
the parameters om capital and operating costs. The analysis was based on. the

results of the performance evaluation described in the section Results. and:

Discugsiow. Im order to provide a reasonable basis: for the economic amalysis,



the following operating cycle: was -chosem: 20-hr nominal cavern storage capa—
city and 2190-hr/yr generation time.

- Capital Cost

Direct capital cost of the CAES planﬁ was. divided into the following:
coat of underground air storage cavern and water-compensated reservoir, cost
of turbomachinery equipment, and balance of the plant.

The storage cavern cost included the cost of the air and water shafts,
éavity-, development and mobilization, and completion. The cost of the air
and water shafts was estimated based on the cavern depth which was. determined
by the air storage pressure. The cost of the cavity was: estimated based on
specific sﬁorage volume with a 10Z capacity margi:i.. Since the storage cavern
considergd in the analysis is water-compensated, the cost of the water reser-
volr was also included. The storage-related . costs were based on Ref. 3.

Estimation of the turbomachinery cost was based -on. Ref 2. The cost. of
the low-pressure gas turbine with a cycle-pressure ratic of 16:1 was deter-—
mined by the inlet gas: tempéraﬁure and. cﬁe cost of the high-pressure gas tur-
bine was determined by both the inlet gas temperature and air storage pressure.
Costs of the LC and HC with the overall compressiom ratio of 1l:16 Vére: esti--
mated from the air flow rate, and the cost of BC was determined by the air flow
rate and air storage pressure- A 257 allowance was: given: for the: ducting and
installation of the tu:bomac.hinerr eq_uipment-

m remainder of the plant equipment, which includes: the: clutches,
métor/'g,ene:ator;.. recuperator, combustors, fuel storage, coclers,. ele.ct:ical.
power system, land, and plant structure was: demoted as the balance of plant..
This equipment is relatively insensi:ive to: CAES design parameters and a
fixed cost of $80/kW was: used for the balance of plant for all cases of this

study.




Total capital cost of the plant was estimated from the direct capital
cost considering the following allowances: 15% for contingency, 10Z for
_engineering: and administration, and 30Z for escalation and interest during -
the. construction period..

Opeiatingjost:
Operating cost of the CAES: plant consists mainly of capital charge,

cost of fuel to the combustors, off-peak electricity to the compressors, and
aperation and maintenance. Annual capital charge was. estimated from the
total capital cost based on the fixed capital charge rate of 187 a year.
Estimation of the cost of premium fuel was. made by multiplying the specific
heat rate by the cost of No. 6 oil ($2.50/10% Btu). Cost of the off-peak
electricity ta the compressors. was. estimated from the specific compression
rate and the electricity cost from the base plant (15 mills/kWh). A value of
2 mills/kWh was used as the cost of operating and maintenance. for all cases.

- Results and Discussion

Results of the economic: study are given in. terms of the two specific
costs: capital cost (§/kW) and operating cost. (mills/kWﬁ) . The values are
presented as a function. of the storage: pressure. (po) and turbine inlet tem—
peratures ('1'3. and 1’5) -

Capital cost of a CAES plant varied from: $285/kW to $406/kW for the.
range: of design parameters specified in. the study. The: cost: of the. undex:-
‘grownd storage cavern was found to be the b.tghest component cost for most cases _
ranging from 26-46% of the total capital cost and the cost of the turbomachin-
e.fy equipment: va:ie.ct fram 16=31%7 of the total direct capital cost. Figure 12
shows: that the cost oﬁvtha storage cavern sharply decreases as the storage
pressure increases from: 30 atm (3 x 105 Pa) to 70 atm (7 x 105.Pa) and: them

glowly decreages thersaftar, and that higher turbine inlet gas t:emperamres‘w



result in lower storage cost. In additiom, this figure illustrates that the
cost of turbomachinery is weakly affected by storage pressure for the two.

cases:. T3_= 1000°F (811°K);: TS = 1600°F (1144°K) and T, = T5‘=~l600°F (1144°K) .

3
‘ FOr'the-;other;cases’.where»’l'3 =fTS = 2000°F (1366°K) or-T3A==T5 = 2400°F (1589°K),
the: cost of turbomachinery increases with increasing storage pressure. Also.
shown is. that, in general, higher turbine inlet temperatures resﬁlt.in higher
turbomachinery cost.
Total capital cost is given in Fig. 13 as;a.functionfof.storage~pressure
for the four different combinations of inlet gas temperatures to the HGT and
LGT. Capital.cost;sharply decreases.withAincre#sing storage pressure for all
the cases up to 70 atm (7 x 10% Pa) and either slowly decreases or increases
thereafter. Higher turbine:iniet.temperatures result. in lower capital cost
at low storage pressures, for example 30 atmx(3‘x lds Pa). However, at
storage pressures. greater thanm 70 atm (7 x ;05 Pa), higher turbine inlet
temperatures.result'in higher'capital,cost. Among the,cases.éonsidered.in
the study, the design parameters that result in the lowest capital cost aré
those when T3 =-Ts
Operating cost of the CAES plant is given in Fig. 14 as a function of

= 1600°F (1144°K) and p_ = '100 atm. (1 x 107 Pa).

the design parameters. It ranges from 44.8-55.5 mills/kWh for the specified
design parameters.. The capital charge was found to be much:higher'than the
cost of“fuel‘or-electri;ity; it amounts to 52-60Z of the. total operating cost.
Consequently, the: operating. cost im Fig. 14 shows arsimixar trend to that. of
the: capital cost. The figure shows. that the operating cost. decreases with

increasing air storage-pressure.for'all.the:cases:ﬁut'Té =:T5 = 2400°F (1589°K),.

which has a minimum at about 70 atm: (7 x 108). Tt also. shows that, among the

cases-studied,.the;lowest~operating:costAtésults:when,T3.='I‘ = 1600°F (1144°K)

5

fb;‘pbﬁzl‘SS‘atmr(5.8:x:105 Pa) and‘T3.=wT5l=‘2400°F’(1589’K) for pb‘<-58 atm

(5.8 x 105 Pa).



Figure 14 also {llustrates that the operating cost for'T3 = 1000°F

>6811°K) and;T5h='1600°F'(1144?K) is greater at any storage pressure than the
other three cases considered. This cost penalty results from the use of a
1000°F (811°K) inlet temperature to the HGT, which is,similar to that of a .
steam. turbine.

Conclusions:

A parametric study of :urbine~$y8tems:for'CAES plants;was.carried out.
in this study.. It considered ;he‘effects.of'different turbine system design.
parameters on performance. and capital énd:operating costs of the plant.

The.following;pefformanceAtrendsawe:e*observed:

I.. Specific air flow rate and storage volume decrease as

Pyr T3,.or:T5 increases.

2. Specific. heat rate decreases as p, or T incréases; but

S

is relatively ihsensitive;to.Té.
3.. Specific compression rate, in general, slightly increases:

as Po increases;. it decreases»with increasing'Tswor TS.
4, 1In general, overall plant efficiency increases as.T3 in-
creases; 1s only weakly affected by P, °F TS.
.The results on the economic:study-of‘theACAES'plant.are summarized as
follows:
1. (a) Capital cost sharply dec:eases:aS»pB.increases=
for 3Q ﬁ;pbh<,70*amn; it is weakly affected by
P for- 70 < P, < 100: atm..
®). Highe:~T3;or‘T§>results:in:slightly;lower‘capital
cost. at; lower Py but in higher capital cost at
higher p .

2. (a) Operating cost decreases with increaSingapbifOr

R



all the: cases. but '1'3 = '1’5

= 2400°F (1589°K), which
" has a minimum at Py = 70 atnm. ‘

(b) The turbine: system with: Ty=Tg = 2400°F results

in the lowest operating cost for 30 < P, < 58 atm;

'I.‘3 =T, = 1600°F (1144°K) results in the lowest

5
for 58 < p_ < 100 atm.

3. The turbine system with T, = 1:'5' = 1600°F (1144°K) and p_ =

3
100 atm: results in the lpwest: capital and operating cost..
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Nomenclature
éé Specif,i‘c ‘compr;'essiom rate as defined in Eq. (15.4)
fl‘ Fuel—air ratio for combustor 1 |
fz, Fuel—gir. ratio for combustor 2
h Enthalpy
m. MaA.ss:. flow rate
; Specific air flow rate -
P Pressure:
Q" - Specific heat rate.
Iﬁ Gas: constant
r Cooling afir-turbine air ratio:
Temperature:
; Specific: storage. volume
W Power ‘in.put: or output _




e

conmp:

£ 2]

fuel

L3t

out:

>

n

novetall,~

8
bpe

Subscripts

BC

LGT .
HC

LC

0-19

W+ W+ W

BC. LC HC

Fuel_energy

Wier * Waer

Recuperator effectiveness

Efficiency

Overall plant efficiency

Lower heating value of fuel, Zi,SOO*Btullb (5.001 x l07'J/kg)
Off-peak heat rate, 10,400 Btu/kWh (1.097 x 107 J/kWh)

Pressure loss due to friction

Pressure loss due to: static-head.

Booster compressor
Combustor 1

Combustor 2
Cooling air for HGT
Cooling air for LGT
Fuel.to»comﬁustor'l
FuélAto:combustor 2
High-pressure gas: turbine
Loﬁépressure gas. turbine
High-pressure compressor
Low-pressure compressor
Isentropic process:

Correspond: to: Fig. L
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Appendig’
A, Analys:‘l.s-: of Air Storage Cavern
| Pressure variation in.the  air shaft was considered~to'be:influenced.by

the two factorss static-head and friction. Variation in static-head pressure
is a function of the air storage'pressure:[3]:v » |

fp_ = p, [1 - exp(-0.0011L p )1,- (A.1)
where ApsTand P> re;pectively, denote-the‘variation in static-head pressure
and the air storage pressure in atmospheres. Pressure loss due to frictiom,
Apf, is a functiom. of the‘air'fIOW'rate, but it was about 0.15 atm for the
conditions specified in this study. Therefore, |

Apf_=“0.15 . (A.2)
Air pressure at the cavern: outlet, Pys is related to the air storage,preséure
as. follows:

- Pp TPt lpg = lpp - | (A.3)

B. Analysis of Turbine System:-
Governing:equations;wereawrittenﬁfbtreach‘component; Mass-balance- equa~

tions were formulated as: followas

ey | @1
li‘3_ = thz + u'llfl (B.2)
Iﬁ& = 1:'13.“_ +- xﬁir'cl. (B-.3)

B = @ + o £y (B.4)



g = @ + Wy Te, (8.5)

i7.-=ﬁ5 . (B.6)
In the above equations, m is. mass. flow: rate and subscripts. 1-7 denote the sta-
1 5. are the fuel-air ratios for

'~ Combustor 1 and. Combustor 2, respectively; and-..r'cI and:rcz.are~the.ratios'of

tions. as shown in Fig. 1. The symbols £, and £

cooling air to turbine air for HGT and LGT, respectively.
Pressure losses through the piping were not considered separately but
were included in those across. the components. The decrease in gas pressure

was. assumed. to: be. 5% across. the recuperator and 67 across the: combustors [3].

Thus,,.
P, = 0.95p, , o | o (3.7)
Py =-O.9I4rp2 R , (B.8)
Pg = 0.94 P, » and - : (8.9)
p7.=-0.95 Pg * : | (3.10)

Energy balance equations were then written for each compoment. For

HGT and LGT:

i =& (Al - ; - (B.11)
Maer = B3(By = B,) + ey (B, =By |
Vior = Bs(hs = Bg) e, (B, = he) o | (8.12)

.where:ﬁﬁGT and ﬁL . are the. power outputs of the HGT and LGT, and subscript ¢

GT
represents the cooling air. Symbol h denotes the enthalpy at different states.
For Combustor l:

ik, + @ (hgy + 0H) = dhy (3.13)
For Combustor. 2:

bk, +dg, (e, + 0F) = @hg | (B.14)
where:AHt is the lower heating value of the premium fuel.

For the recuperator::

fiy (B = by} = (g = b)) - (B.15)



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

Recuperator effectiveness:

h, - h, .
KZ".._ﬁ’l" . ’ ' (B.16)
6 1

es
Thermal efficiencies of the turbines:

h, — h :
3 4 , .

- - o (B.17)
Taer hy = h, :

he = b '

"LeT By - b "

In Eqs. (B.17) and (B.18),. "HGT and nLGT_arefthezthermal,efficiencies.of the
HGT and LGT, respectively. Symbols h&s and h6s are theventhalpies 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
resultg were calculated: turbine‘ogtlet'temperatures, Té_and.T6; recuperator
outlet temperatures, TZ and.T7; and.guel?air ratios for the combustors, fl.an4

f The rate of air flow from the underground storage cavern is thep~obcained

2':
from:.

. C Wer . (B.19)

" (l.+-fi.+ f23+'rc1?(h5"'h5? +-rc2§hc:.ﬂh6)

'From these results, the: power output of HGT camr be calculated as. follows:
Woor = By [T+ £)(hy = h) + v (Be-—h)I . (B.20)

The total power output. of the turbine system: is then:

Woue = Yror T ¥agr - (B.21)



C. Analysis éf Compressor. System:

The. rate of air flow into the compressor system should match that from.
the.storage.caﬁern:into:the turbine system. A loss of .4%Z of the air flow in
the cavern was. assumed [3].. The rate of air flow into the compressor system
(ﬁll) can. therefore be related to- the turbine flow rate (ﬁl):as:
| ﬁ114='1‘042'ﬁ1 (l.+*r¢l’+»r¢2? . | (¢.1)
If a negligible loss: of air in the Compressor system is assumed:

flyy =y =y iy, g =y =y, g =y (.2)
The subscripts: represent. the' stations: given in Fig. 1.

The»ptessure:drop-across.the-intercooler,or'aftercooler-was“assuméd to

be 2%. Therefore:

P13 =0.98 py, | - (c.3)
pis'=0.98 D, , | (C.4)
Py7 = 0.98 py, , and .(C-S)
P1g = 098D - ' I (.6

Since the pressuré of air entering the cavern is higher than that leaving by
about: 0.3 atm because of the frictional loss in the shaft, then:

Adiabatic efficiencies: of the. compressors are defined as:

h., -h .
12s 11l (C.8)

e T T——
e T TRy, - By

rTm:=;‘L-'+s¢_’_*_’1_3.
" h1¢ - h131 :

T e Y
k- hlé:'hls.,

I - 4
8cz " Th - B

(c.9)
, andi | (c.10)

(c.11)




‘The,compreSSOt outlet temperatures,. Tiz’ Ti4’ T16’ and T18 were calcu-

lated from Eqs. C.8 through C.l1ll. The power inputs. into the compressors, ﬁicr

WHC’ WBcAwe:e;theniobtained.as:follows:
Lo = By1(hyp = Byy) | . (c.12)
e = TPy = Byy) (.13
Wae = Wger * Wgp = By1(hyg —Byg Fhyg m i) - (€

The total power input to the compressor system is then:

o Wa. - - ‘ _ {C.15)

¥eomp = "ro ¥ Vae

D. Petformance:?arameters

Specific air flow rate, storage volume, heat rate, and compression rate

were obtained from the following equations:

@ # @y (L + 1oy + rCZ)/v}out , (0.1)
Ve = By RT /e, (D.2)
Q' =y (5 + €N/, and | (.3)
éé ='ﬁcomp AHH/ﬁout : (D.4)

where R is gas- constant, AHtﬁis,lower-heating value of premium fuel, and AHH
is the off-peak heat rate of the base plant including electrical and mechani-

cal losses..

The  overall plant efficiency (noverall) was evaluated as,

nbverallJ=:Wéut/(wéompz+.w%uel} - (D.5)
whérezﬁ%uel is the: rate of fuel supply- to- the combustors, and the: charging,

time of the reservoir was assumed to. equal the power-generation time: of the

turbine system..
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