




TECHNICAL AND ECONOMIC FEASIBILITY 
ANALYSIS OF THE NO-FUEL COMPRESSED 
AIR ENERGY STORAGE CONCEPT 

by  
D. K. K r e i d  

May 1976 

BATTELLE 
P a c i f i c  Nor thwest  Labo ra to r i es  
Rich land,  Washington 99352 



EXECUTIVE SUMMARY 

The goal  o f  t h e  work r e p o r t e d  here was t o  assess t he  t e c h n i c a l  and 

economic f e a s i b i l i t y  o f  t h e  "no - fue l "  Compressed A i r  Energy Storage (CAES) 

concept  f o r  l o a d  l e v e l i n g  a p p l i c a t i o n s  i n  t h e  e l e c t r i c  u t i l i t y  i n d u s t r y .  

The need f o r  l o a d  l e v e l i n g  i s  becoming acu te  due t o  t h e  g rowth  i n  energy 

use, t h e  i n c r e a s i n g  c o s t  o f  gene ra t i ng  f a c i l i t i e s  and t h e  i n c r e a s i n g  depend- 

ence on n u c l e a r  power. The growing dependence on gas and o i l - f i r e d  t u r b i n e  

genera to rs  f o r  peak ing d u t y  i s  a l s o  o f  g r e a t  concern because o f  t h e  i nc reas -  

i n g  c o s t  and d w i n d l i n g  supp ly  o f  s u i t a b l e  f u e l s .  Consequently, t h e  no - fue l  

CAES concept  i s  doub ly  a t t r a c t i v e  f o r  u t i l i t y  a p p l i c a t i o n s  because i t  i s  

p o t e n t i a l l y  capable o f  p r o v i d i n g  l o a d  l e v e l i n g  w h i l e  r educ ing  t h e  need f o r  

t u r b i n e  f u e l .  

A  d e t a i l e d  thermodynamic and economic a n a l y s i s  of  t h e  no - fue l  CAES 

concept  has been performed t o  assess t h e  p o t e n t i a l  v i a b i l i t y  o f  t h i s  

techn ique  f o r  u t i  1  i ty p e a k i h  app l  i c a t i o n s .  The p r ima ry  conc l  us ions  o f  t h e  

a n a l y s i s  may be s t a t e d  as f o l l o w s :  . The no - fue l  CAES c y c l e  i s  p o t e n t i a l l y  capable o f  a  l e v e l  o f  

per fo r~ i iance  comparable t o  t h a t  ach ieved by pumped hydro 

f a c i l  i t i e s .  

. No insurmountable t e c h n i c a l  problems have been i d e n t i f i e d  

which would r u l e  o u t  i t s  -implementation. 

. The no- fue l  CAES concept  does n o t  appear t o  be economica l l y  

c o m p e t i t i v e  w i t h  conven t i ona l  CAES systems f o r  c o n d i t i o n s  

f o reseeab le  a t  t h i s  t ime .  

The economic compet i t i veness  o f  t h e  CAES concept  depends on a  ba lance 

between f u e l  c o s t s  and c a p i t a l  cos ts .  Fuel c o s t  sav ings  achieved by sub- 

s t i t u t i o n  o f  e l e c t r i c a l  energy f o r  t u r b i n e  f u e l  i n  t h e  compressors i s  

balanced a g a i n s t  a d d i t i o n a l  c a p i t a l  c o s t s  f o r  t h e  s t o r a g e  f a c i l  i t i e s .  I n  

t h e  no- fue l  CAES concept,  t h e  t u r b i n e  f u e l  i s  comp le te l y  e l i m i n a t e d  b u t  

inc reased  c a p i t a l  c o s t s  f a r  outweigh p o t e n t i a l  sav ings i n  f u e l .  There fo re ,  



a1 though t h e  no - fue l  concept  appears t e c h n i c a l l y  f e a s i b l e ,  i t  i s  u n l i k e l y  

t o  f i n d  commercial acceptance. 

There a r e  a  number of secondary conc lus ions  which a r i s e  f rom t h e  s tudy  

which deserve ment ion.  Concerning t h e  s u i t a b i l i t y  o f  a v a i l a b l e  r e s e r v o i r s  

f o r  hea t  s torage,  we conc lude as f o l l o w s .  

The a q u i f e r  appears t o  be t h e  o n l y  s t o r a g e  r e s e r v o i r  which c o u l d  

be used w i t h  d i r e c t  h o t  a i r  i n j e c t i o n .  

Mined caverns ( i n  r o c k  o r  s a l t )  o r  a q u i f e r s  would be s u i t a b l e  f o r  

low tempera tu re  a i r  s t o rage  i n  c o n j u n c t i o n  w i t h  a  r e g e n e r a t i v e  

h e a t  s t o r a g e  dev ice .  

F i n a l l y ,  two conc lus ions  may be drawn f rom t h e  economic a n a l y s i s  which 

p o t e n t i a l l y  have a  d i r e c t  b e a r i n g  on t h e  des ign  and o p e r a t i o n  o f  conven t i ona l  

sys tems . 
Storage of t h e  hea t  of compression i n  an a q u i f e r  r e s e r v o i r  

does n o t  appear economica l l y  advantageous. 

Sen t -ou t  power cos t s  a r e  v i r t u a l l y  independent  o f  t h e  t u r b i n e  

i n l e t  tempera tu re .  T h i s  means t h a t  i t  m i g h t  be economica l l y  

advantageous t o  ope ra te  CAES systems a t  a  l owe r  h e a t  r a t e  t han  

has been suggested i n  p rev ious  s t u d i e s .  
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TECHNICAL AND ECONOMIC FEASIBILITY ANALYSIS OF THE 

NO-FUEL COMPRESSED AIR ENERGY STORAGE CONCEPT 

1.0 INTRODUCTION 

T h i s  r e p o r t  w i l l  d i scuss  an a n a l y s i s  o f  t h e  f e a s i b i l i t y  o f  t h e  " n o - o i l "  

Con.~pressed A i r  Energy S to rage  (CAES) concept.  The work was performed a t  

B a t t e l l e ,  P a c i f i c  Nor thwest  L a b o r a t o r i e s  under t h e  sponsorsh ip  o f  t h e  

Energy Research and Development A d w i n i s t r a t i o n .  The purpose o f  t h i s  

document i s  t o  convey t h e  f i n a l  r e s u l t s ,  conc lus ions  and recormendat ions 

t o  t h e  sponsor and t h e  p u b l i c  a t  l a r g e .  

H i s t o r i c a l l y ,  t h e  e l e c t r i c  u t i l i t y  i n d u s t r y  has a t tempted  t o  expand i n  

phase w i t h  t h e  growth i n  energy use w h i l e  s u p p l y i n g  power a t  t h e  l owes t  

p o s s i b l e  cos t .  T h i s  e v o l u t i o n a r y  process has l e d  t o  t h e  development o f  

ve ry  l a r g e  and s o p h i s t i c a t e d  nuc lea r  and f o s s i l - f i r e d  steam gene ra t i ng  

f a c i l  i t i e s ,  which, f o r  t e c h n i c a l  and economic reasons, must be opera ted  as 

n e a r l y  as p o s s i b l e  t o  s teady -s ta te ,  peak c a p a c i t y  c o n d i t i o n s .  To meet t h e  

d a i l y  and seasonal f l u c t u a t i o n s  i n  demand, t h e  i n d u s t r y  has become i n c r e a s -  

i n g l y  dependent on gas t u r b i n e  powered "peak ing"  genera to rs .  I n  s p i t e  o f  

t h e  h i g h e r  f u e l  cos t s ,  gas t u r b i n e s  have, u n t i  1  r e c e n t l y ,  p rov ided  t h e  b e s t  

a v a i l a b l e  source o f  peak ing power and, i n  some areas, have even become 

respons ib l e  f o r  a  s i g n i f i c a n t  p o r t i o n  o f  t h e  mid-range and base l o a d  c a p a c i t y .  

Exponent ia l  g rowth  i n  wor ldw ide  energy use, accentuated and drama- 

t i z e d  by t h e  r e c e n t  M idd le  Eas t  o i l  embargo, has r e s u l t e d  i n  c h a o t i c  changes 

i n  t h e  p r i c i n g  s t r u c t u r e  f o r  energy and r e l a t e d  p roduc ts .  Consequent ly,  

p r ime t u r b i n e  f u e l s  such as n a t u r a l  gas and o - i l  have become ve ry  expensive 

and t h e i r  supp ly  i s  becoming i n c r e a s i n g l y  u n c e r t a i n .  These f a c t o r s ,  coupled 

w i t h  t h e  growing nuc lea r  base, a r e  f o r c i n g  u t i l i t i e s  t o  seek ways f o r  b e t t e r  

u t i  1  i z i n g  t h e i r  base- loaded f a c i l  i t i e s  and more economical means f o r  p r o v i d -  

i n g  peaking. As a  r e s u l t ,  energy s t o r a g e  i s  an i n c r e a s i n g l y  i m p o r t a n t  

element i n  t h e  p l ann ing  o f  t h e  u t i l i t y  i n d u s t r y .  



I f  s u i t a b l e  f a c i l i t i e s  were a v a i l a b l e  f o r  s h o r t  t e r n  s to rage ,  excess 

g e n e r a t i o n  c a p a c i t y ,  c u r r e n t l y  i d l e  a t  n i g h t  and on weekends, c o u l d  be used 

t o  "charge up" t h e  s to rage  p l a n t .  The excess demand d u r i n g  t h e  wo rk i ng  day 

c o u l d  t hen  be supplemented by regene ra t i ng  energy f rom s to rage .  The poten- 

t i a l  b e n e f i  c i a 1  e f f e c t s  o f  s t o rage  a r e  t w o f o l d :  

dependence on pr ime t u r b i n e  f u e l s  f o r  peak ing i s  reduced 

base p l a n t  f a c i l i t i e s  a r e  more e f f i c i e n t l y  u t i l  i zed .  

As a  consequence o f  t h e  c o n s i d e r a t i o n s  o u t l i n e d  above, numerous l a r g e -  

s c a l e  energy s to rage  concepts s u i t a b l e  f o r  u t i l i t y  use have been suggested 

and a r e  c u r r e n t l y  r e c e i v i n g  se r i ous  c o n s i d e r a t i o n .  Promis ing  cand ida tes  

i n c l u d e  thermal  s to rage  i n  va r i ous  media, f l ywhee l s ,  e l e c t r o l y s i s ,  b a t t e r i e s ,  

pumped hydro and compressed a i r  energy s to rage  (CAES) . O f  these, o n l y  

pumped hydro i s  c u r r e n t l y  i n  use on a  l a r g e  s c a l e  a l t hough  CAES i s  undergoing 

r a p i d  devel  opment. 



2.0 BACKGROUND 

Underground r e s e r v o i r s  f o r  s t o r i n g  corr~pressed a i r  u t i  1  i z e d  f o r  pneu- 

m a t i c  equipment o p e r a t i o n  have been eniployed f o r  Illany yea rs  by t h e  m in ing  

i n d u s t r y .  I n  a d d i t i o n ,  underground r e s e r v o i r s  have been r o u t i n e l y  employed 

f o r  a t  l e a s t  twenty  yea rs  t o  s t o r e  n a t u r a l  gas and o t h e r  pe t ro leum d e r i v a -  

t i v e s .  As e a r l y  as t h e  l a t e  1940s, v a r i o u s  i n v e s t i g a t o r s  began s t u d y i n g  

t h e  concept  of  underground compressed a i r  s t o rage  f o r  l o a d  l e v e l i n g  a p p l i c -  

a t i o n s  i n  t h e  u t i l i t y  i n d u s t r y .  Recent yea rs  have w i tnessed  a  ve ry  s e r i o u s  

developmental e f f o r t  i n  CAES techno logy  ev idenced by t h e  c o n s t r u c t i o n  o f  

t h e  w o r l d ' s  f i r s t  demons t ra t ion  f a c i l  i t y  now underway i n  ~ e r m a n ~ " )  and t h e  

apparent  i n t e n t i o n  o f  t h e  Energy Research and Development A d m i n i s t r a t i o n  

(ERDA) and t h e  E l e c t r i c  Power Research I n s t i t u t e  (EPRI) t o  sponsor develop- 

ment o f  one o r  Illore demons t ra t ion  f a c i l i t i e s  i n  t h e  U. S. 

2.1 THE CONVENTIONAL CAES CONCEPT 

A  number o f  r e c e n t  r ev i ew  a r t i c l e s  and t e c h n o l o g i c a l  assessments (2 -4 )  

desc r i be  v a r i o u s  aspec ts  o f  CAES i n  d e t a i l .  The p r i n c i p l e s  upon which 

CAES i s  based a r e  summarized by t h e  pressure-volume and t h e  f l o w  diagrams 

i n  F i g u r e  1. Corresponding s t a t e  p o i n t s  a r e  i n d i c a t e d  on bo th  diagrams t o  

a i d  i n  t r a c i n g  t h e  va r i ous  processes. Dur ing  t h e  s to rage  phase, t h e  t u r b i n e  

i s  uncoupled and t h e  motor -genera to r  s e t  i s  opera ted  as a  motor  t o  d r i v e  

t he  compressor pumping a i r  i n t o  an underground r e s e r v o i r .  The compressor 

thus p rov ides  a  conven ien t  means f o r  l o a d  dumping, w h i l e  s imu l t aneous l y  

charg ing  up t h e  r e s e r v o i r .  

The r e s e r v o i r  must be s u f f i c i e n t l y  l a r g e  t o  c o n t a i n  t h e  r e q u i r e d  a i r  

mass w i t h  minimum leaks  and env i ronmenta l  impact .  O f  seve ra l  r e s e r v o i r  

a l t e r n a t i v e s ,  t h e  p r i n c i p l e  cand ida tes  a r e  a q u i f e r s  and mined caverns i n  

r ock  and i n  s a l t .  I f  necessary,  p ressu re  compensation may be added by 

h y d r a u l i c  c o u p l i n g  t o  a  s u r f a c e  r e s e r v o i r .  ( 2 -4 )  

Du r i ng  t h e  gene ra t i on  phase, compressed a i  r w i  thdrawn f r om s to rage  

operates t h e  gas t u r b i n e  connected t o  t h e  gene ra to r  se t ,  g e n e r a t i n g  e l e c t r i c  

power. S ince  t h e  compressor n o r m a l l y  r e q u i r e s  a lmos t  t w o - t h i r d s  o f  t h e  



COMPRESS 

I A I R  STORAGE RESERVOIR 1 

SPEC1 FI C VOLUME V - ( Ib )  

FIGURE 1. F u e l - F i r e d  CAES System Flow 
Diagram and Thermodynamic Cyc le  

t u r b i n e  ou tpu t ,  t h e  e l e c t r i c a l  energy produced by a  t u r b i n e  o f  a g i ven  s i z e  

a t  a  g i v e n  f u e l  consumption r a t e  may be more than  doubled. For  example, a  

t u r b i n e  f a c i l i t y  nom ina l l y  des igned f o r  50 MW o u t p u t  a t  a  h e a t  r a t e  o f  

11,000 Btu/kWh can produce about  110 MW a t  5000 Btu/kklh i n  t h e  CAES system. ( 2 )  

A1 though t h e  ove ' r a l l  e f f i c i e n c y  o f  t h e  conve rs i on  process i s  reduced, t h e  

sav ings i n  t u r b i n e  f u e l  can be s u f f i c i e n t  t o  o f f s e t  a d d i t i o n a l  c o s t s  f o r  t he  

s to rage  f a c i  1  i t y  and compressor power. 

For  d i s c u s s i o n  purposes, t h e  CAES system i n  F i g u r e  1  i s  termed "conven- 

t i o n a l  ", which imp1 i e s  s t o r a g e  a t  ambient temperature w i t h  t u r b i n e s  f i r e d  

t o  temperatures r e p r e s e n t a t i v e  o f  t h e  p resen t  t e c h n o l o g i c a l  l i m i t .  'The 



primary 1 imi ta t ions of the conventional CAES concept a re  the continued, 

a1 be i t  reduced, dependence on turbine fuel and inefficiency due to energy 

losses in the compressor coolers. The fuel problem i s  of par t icular  con- 

cern because recent developments in the petroleum industry r a i se  serious 

questions concerning how long oi l  and natural gas will be available fo r  

power generation applications.  Therefore, i t  seems advisable to  assess the 

potential sui tabi l  i t y  of a1 ternate  fuels for  CAES and/or the possib-il i ty  of 

el iminating the need for  turbine fuel a1 together. 

2 . 2  NO-OIL CAES CONCEPTS 

In 1 ight of the above, two concepts may be incl uded under the t i t l e  

"no-oil" CAES. These are:  

"no-fuel" systems, in which the heat of compression i s  the 

sole source of energy for  the turbine 

"a1 ternate-fuel " systems empl oying conventional CAES systems 

b u t  unconventional fuel s .  

Much of the technology needed fo r  generating l iquid and gaseous fuel 

from coal and other resources i s  currently available or under develop- 

ment. (5 ' 6 )  The use of such fuels  should require no major modifications of 

the conventional CAES technology described i n  Section 2 . 1 .  Long-range fuel 

ava i lab i l i ty  should not be a problem in view of enormous known coal reserves 

in the U .  S.  The problems in a1 ternate  fuel production are  by no means 

t r i v i a l ,  b u t  i t  would seem tha t  the problems in the no-fuel concept a re  

more fundamental and l e s s  well-defined. Consequently, t h i s  analysis addresses 

the no-fuel concept f i r s t ,  leaving the problems involved in a1 ternate  fuel 

devel opnient fo r  future study. 

2.3 NO-FUEL CAES CONCEPT 

An adiabatic no-fuel CAES system i s  represented by Figure 2 .  This 

system d i f f e r s  from the conventional CAES system of Figure 1 in two import- 

ant  respects : 



t h e  compressor coo le rs  a re  e l i m i n a t e d  so t h a t  t h e  heat  of 

compression i s  re ta ined;  

t he  t u r b i n e  combustion chamber i s  e l i m i n a t e d  and no f u e l  i s  

u t i l i z e d .  

As shown i n  F igu re  2, t h e  heat  o f  compression i s  s to red  i n  a  regenera tor ,  

separate f rom t h e  ambient a i r  I n  some cases i t  may be 

poss ib le  t o  s t o r e  t h e  h o t  a i r  d i r e c t l y  i n  a s i n g l e  r e s e r v o i r ,  thereby e l im-  

i n a t i n g  the  regenerator .  The s t a t e  p o i n t s  i n  F igure  2b correspond t o  those 

i n d i c a t e d  i n  F igure  2a, making i t  easy t o  t r a c e  t h e  t h e o r e t i c a l  thermodynamic 

cyc le .  For  s i m p l i c i t y ,  a l l  processes a re  assumed r e v e r s i b l e  i n  t he  diagram. 

MOTOR 
GENERATOR 

COMPRESSOR 

I 

A I R  STORAGE RESERVOIR 

SPECIF IC  VOLUME V 
(2b) 

FIGURE 2. No-Fuel CAES System Flow Diagram 
and Thermodynamic Cycl e  



The peak temperature t o 1  e rab l  e  by t h e  regene ra to r  and/or r e s e r v o i r  

w i l l  determine a  l i m i t i n g  compression r a t i o  above which i n t e r c o o l i n g  would 

have t o  be p rov ided .  Thus, i f  h i g h  p ressure  o p e r a t i o n  i s  des i red ,  a  

p a r t i a l l y  coo led  CAES system such as t h a t  i l l u s t r a t e d  i n  F i g u r e  3a n i igh t  

be u t i l i z e d .  However, t o  compensate f o r  hea t  l o s s  i n  t h e  i n t e r c o o l e r ,  t h e  

a i r  f l o w i n g  f rom t h e  r e s e r v o i r  must be heated o r  t h r o t t l e d  t o  assure p roper  

t u r b i n e  i n l e t  c o n d i t i o n s  w i t h  a  n e t  l o s s  i n  system e f f i c i e n c y  and ou tpu t .  

A l t e r n a t i v e l y ,  two-stage s to rage  w i t h  r ehea t  m i g h t  be employed where a l l  

compression energy c o u l d  be s t o r e d  and subsequent ly  r ec l a imed  t o  regenera te  

power. The l a t t e r  i s  c u r r e n t l y  be ing  and w i l l  r e c e i v e  no 

a d d i t i o n a l  a t t e n t i o n  i n  t h i s  i n v e s t i g a t i o n .  

COMPRESSOR 
COMBUSTION CHAMBER 

SPECIFIC VOLUME V 
(3b) 

FIGURE 3. Nonad iaba t i c  "Hybr id "  CAES System 
F l  ow Diagram and Thermodynamic Cycl e  



3.0 THERMODYNAMIC ANALYSIS 

3.1 THE ADIABATIC, NO-FUEL CAES CYCLE 

For a n a l y s i s  purposes, t h e  s imp le  Brayton c y c l e  model o f  F igu re  2  w i l l  

be employed. I d e a l  gas behavior  i s  assumed and a l l  t r a n s p o r t  p r o p e r t i e s  

a r e  assumed cons tan t .  Compressor and t u r b i n e  performances w i l l  be charac- 

t e r i z e d  by t h e  s tandard i s e n t r o p i c  e f f i c i e n c i e s  

- - i s e n t r o p i c  compression work 
'c ac tua l  compressor work 

and 

- - ac tua l  t u r b i n e  work 
't i s e n t r o p i c  t u r b i n e  work 

where s t a t e  p o i n t s  a r e  d e f i n e d  i n  F igu re  2. S ta tes  2 '  and 5 '  a re  t h e  

t h e o r e t i c a l  s t a t e s  reached by i s e n t r o p i c  processes f rom the  ac tua l  i n i t i a l  

s t a t e  t o  t h e  a c t u a l  f i n a l  pressure. The motor-generator  s e t  e f f i c i e n c y  

must, i n  general ,  be d e f i n e d  d i f f e r e n t l y  f o r  each ope ra t i ona l  f u n c t i o n :  

- - motor s h a f t  o u t p u t  
'm e l e c t r i c a l  i n p u t  

and 

- - genera tor  e l  e c t r i c a l  o u t p u t  ' g  s h a f t  i n p u t  



The performance of the  reservoir  and associated piping will  be specif ied 

by a pressure recovery f ac to r ,  

- - turbine i n l e t  pressure 
6 p  compressor out1 e t  pressure 

by a temperature recovery f ac to r ,  

- temperature d i f f e r en t i a l  a t  turbine i n l e t  
'T - temperature d i f f e r en t i a l  a t  compressor o u t l e t  

and by a mass recovery f ac to r ,  

- - mass expanded in turbine 
% mass injected by compressor 

In equation ( 6 ) ,  To i s  the  ambient temperature so t ha t  6 T ,  i n  e f f e c t ,  meas- 

ures how well the  avai lable  energy ( r e l a t i v e  to  the  environment) i s  retained 
in  storage.  

Final ly ,  t o  character ize  the  perforniance of the CAES f a c i l i t y  a s  a whole, 
an "energy s torage e f f ic iency" ,  'Isy i s  defined as 

- - el ec t r i ca l  energy generated from storage 
's e l e c t r i c a l  energy input t o  the compressor motor 

In the  analysis ,  a l l  component performance parameters a r e  assumed con- 

s t a n t  when, in  pract ice ,  s i gn i f i can t  va r i ab i l i t y  can be expected during a 
typical  dai ly  cycle. In par t i cu la r ,  the reservoir  charge and discharge 

pressures and temperatures will vary considerably during each cycle ,  as  will  



6 and 6T. A l l  values employed must t h e r e f o r e  be considered as averages 
P 

rep resen t i ng  t y p i c a l  o p e r a t i n g  c o n d i t i o n s .  

It should a l s o  be no ted  t h a t  t h e  s to rage e f f i c i e n c y  as de f i ned  here i s  

complete ly  adequate t o  c h a r a c t e r i z e  no- fue l  CAES systems, b u t  would be 

inadequate f o r  convent iona l  CAES systems s ince  t h e  e f f e c t s  o f  f u e l  a d d i t i o n  

would n o t  be p r o p e r l y  accounted f o r .  A t  t h i s  t ime,  t h e r e  i s  no g e n e r a l l y  

approved d e f i n i t i o n  f o r  a "s to rage e f f i c i e n c y "  f o r  convent ional  CAES systems 

a1 though severa l  d e f i  n i  t i o n s  have been suggested. ( 1  -4)  

I n  t h e  charg ing  phase o f  t he  cyc le ,  t h e  compressor operates a t  a 

nominal compression r a t i o ,  rc = P2/P1, which must be s u f f i c i e n t  t o  over-  

come t h e  back-pressure a t  t h e  r e s e r v o i r  i n l e t .  For  an a q u i f e r  o r  an uncom- 

pensated  mined c a v i t y ,  t h e  p ressure  w i l l  r i s e  as t h e  r e s e r v o i r  i s  charged, 

which r e q u i r e s  t h e  compressor t o  a d j u s t  t o  a v a r i a b l e  back-pressure. A l t e r -  

n a t i v e l y ,  t h e  compressor c o u l d  be s i z e d  f o r  t h e  maximum c y c l e  pressure and 

the  o u t l e t  t h r o t t l e d  t o  achieve a cons tan t  compression r a t i o  as t h e  rese r -  

v o i r  f i l l s .  For  t h e  ana l ys i s ,  rc w i l l  be t r e a t e d  as a cons tan t  and any 

t h r o t t l i n g  r e q u i r e d  w i l l  be absorbed i n t o  t h e  pressure recovery f a c t o r  6 
P '  

Assuming an i s e n t r o p i c  process, t h e  end s t a t e s  o f  t he  compression 

process a r e  r e l a t e d  by 

where, f o r  an i d e a l  d ia tom ic  gas, y = 1.4 and q = ~ - l / y  = 0.286. 

Dur ing t h e  power gene ra t i on  phase, t h e  d e l i v e r y  pressure a t  t he  w e l l  

head w i  11 a l s o  decrease as t h e  r e s e r v o i r  d ischarges (un less  hydraul  i c  com- 

pensat ion i s  employed). To opera te  t h e  t u r b i n e  a t  a cons tan t  expansion 

r a t i o ,  i t  may thus be d e s i r a b l e  t o  design t h e  t u r b i n e  f o r  t h e  minimum 

d e l i v e r y  pressure and t h r o t t l e  t h e  i n l e t  when necessary. Again, t h e  t u r b i n e  

expansion r a t i o  rt = P5/P4 i s  t r e a t e d  as a cons tan t  and t h r o t t l i n g  losses  

a re  absorbed i n t o  6 as they  were f o r  t h e  compressor. 
P 

The end s t a t e s  f o r  an i s e n t r o p i c  expansion process a r e  r e l a t e d  by 



From equation ( 5 ) ,  

where the i n l e t  and out le t  pressures PI  and P5 are  assumed ambient. 

From equations (8 ) ,  (9), and ( l o ) ,  the storage efficiency may be written 
as 

and then, from equations (5), (6), and ( 7 ) ,  

Finally, the overall thermodynamic efficiency for  power generated from s tor -  
age i s  the product of the base plant efficiency n b  and the storage efficiency 

' s 

' t h  = 'S 'b ( 1  4) 

Ten different  eff iciencies  and recovery parameters required t o  specify 
the performance of various components and systems related to  the "simple" 
no-fuel CAES cycle are  defined. For reference, these a re  summarized in 
Table 1 along with the numerical values employed. For the analysis,  i t  i s  
assumed tha t  the reservoir and pipes do not leak, so that  6, = 1 .  A detai led 

thermal hydraulic analysis of the reservoir response i s  beyond the scope of 

th i s  work; thus, 6 and d T  were treated as independent variables for  a range 
P 

of "expected" val ues. 



TABLE 1. Performance Parameters U t i l  i z e d  i n  t h e  Ana lys is  
o f  t h e  No-Fuel and Hyb r id  CAES Cycles 

System o r  
Con~ponent 

compressor 

Performance 
Parameter 

Value(s)  
Employed 

0.9 

Equat ion 
Number Svmbol 

i s e n t r o p i c  
e f  f i c i  ency 

t u r b i n e  i s e n t r o p i  c  
e f f i c i e n c y  

motor e f f i c i e n c y  

e f  f i c i  ency genera tor  

r e s e r v o i r  pressure 
recovery  f a c t o r  

r e s e r v o i r  temperature 
recovery  f a c t o r  

r e s e r v o i r  mass recovery  
f a c t o r  

CAES 
f a c i l  i ty 

s to rage  
e f f i c i e n c y  'Is 

base p l a n t  
fac i  1  i ty 

t o t a l  
system 

convers ion 
e f f i c i e n c y  

convers ion  
e f f i c i e n c y  ' I th 

Reviewing equat ion  (13)  f o r  , t h r e e  conc lus ions  can immediate ly  be drawn: 

'Is i s  an i n c r e a s i n g  f u n c t i o n  o f  rc. 

The dependence o f  qs on qc, 6 and rc d imin ishes  w i t h  
P 

i ncreas i  ng rc. 

The maximum p o s s i b l e  s to rage e f f i c i e n c y  i s  g i ven  

approx imate ly  by 

6 6 .  ('Is'max 5 'Ig 'Im 'It m T 

If, f o r  example, qg = = 0.95, qt - - % = = 0.9, 6m = 1  and 

'I b = 0.38, the  maximum s torage e f f i c i e n c y  i s  73 percent  and t h e  maximum 

thermodynamic e f f i c i e n c y  i s  28 percent .  However, t o  achieve and ma in ta in  



t h i s  1 eve1 o f  performance, t h e  s t o r a g e  f a c i  1 i t y  and tu rbomach inery  would  have 

t o  be v e r y  c a r e f u l l y  des igned and f a b r i c a t e d  and a v e r y  s o p h i s t i c a t e d  system 

f o r  m o n i t o r i n g  and c o n t r o l  would be r e q u i  red.  

F i gu res  4, 5 ,  and 6 i l l u s t r a t e  t h e  e f f e c t s  o f  v a r i o u s  des ign  parameters  

on system performance. F i g u r e  4 shows t h e  compressor o u t l e t  t empe ra tu re  f o r  

a d i a b a t i c  compression w i t h  an i n l e t  c o n d i t i o n  o f  60°F and a compressor e f f i -  

c i e n c y  o f  90 pe rcen t .  The maximum a l l o w a b l e  p ressu re  r a t i o  f o r  a d i a b a t i c  

compression may be de te rmined  f r om F i g u r e  4 i f  t h e  tempera tu re  l i m i t  o f  t h e  

r e s e r v o i  r system can f i r s t  be s p e c i f i e d .  

COMPRESSION RATIO rc 

FIGURE 4. Compressor Out1 e t  Temperature f o r  
an A d i a b a t i c  Compression Process 



F igu re  5 i l l u s t r a t e s  t h e  s p e c i f i c  mass f l o w  i n  lb,,,/kWh and i t s  

r e c i p r o c a l ,  t h e  s p e c i f i c  work f o r  t h e  compressor and t h e  t u r b i n e .  The com- 

pressor  l i n e  g i ves  t h e  amount o f  mass t r a n s f e r r e d  t o  s to rage f o r  a g i ven  

e l e c t r i c a l  energy i n p u t  and t h e  t u r b i n e  l i n e  g i ves  t h e  t o t a l  mass d i s -  

p laced by t h e  t u r b i n e  f o r  a g i ven  energy ou tpu t .  Given t h e  compressor 

power and r u n  t i m e  and t h e  peaking power requ i red ,  F igu re  5 may then be 

used t o  determine how long  t h e  peaking p l a n t  may be operated. I n  p r a c t i c e ,  

t h e  r e l a t i v e  s i z i n g  o f  t h e  compressor and t u r b i n e  w i l l  depend on t h e  u t i l i t y  

needs, t he  magnitude and d u r a t i o n  o f  demand peaks and va l l eys ,  and t h e  mix 

o f  genera t ing  f a c i l  i t i e s  i n  p lace.  There are, however, c e r t a i n  considera-  

t i o n s  which cause design fea tu res  and problems p e c u l i a r  t o  t h e  no- fue l  CAES 

concepts. For example, i n  t h e  convent iona l  CAES system, i t  i s  p r a c t i c a l  

t o  s i z e  t h e  compressor so t h a t  t h e  turb ine-compressor  system can be r u n  

as a u n i t  i n  emergencies. Th is ,  o f  course, i s  n o t  p o s s i b l e  w i t h  a no- fue l  

system. 

I 
- I 

- 

- 
- 

---- 
a 

COMPRESSOR - 
I I I I 

PRESSURE RATIO rc OR rt 

FIGURE 5. Turb ine and Corr~pressor S p e c i f i c  Mass Flow 
i n  an Ad iabat ic ,  No-Fuel CAES System 



F i g u r e  6  i l l u s t r a t e s  t h e  e f f e c t s  o f  hea t  and p ressure  l o s s  on t h e  system 

performance. For  t h e  c a l  c u l  a t i o n s  , t h e  ~ i i o to r -gene ra to r  e f f i c i e n c i e s  a r e  

assumed t o  be 95 pe rcen t  and compressor and t u r b i n e  e f f i c i e n c i e s  a r e  assumed 

t o  be 90 percen t ;  b o t h  approx imate c u r r e n t  s t a t e - o f - t h e - a r t .  As can be 

seen from F i g u r e  6, t h e  r a t e  o f  i nc rease  o f  ns w i t h  rc i s  s l i g h t  f o r  compres- 

s i o n  r a t i o s  g r e a t e r  than  about  10-15. There i s ,  t h e r e f o r e ,  l i t t l e  i n c e n t i v e  

t o  des ign  f o r  h i g h e r  pressures un less  o t h e r  cons ide ra t i ons  r e q u i r e  i t .  A t  

l ow  pressures,  qs f a l l s  o f f  ve ry  s t e e p l y  w i t h  rc, so very  low pressure  opera- 

t i o n  i s  c e r t a i n l y  t o  be avoided. 

FIGURE 6. Storage E f f i c i e n c y  f o r  an A d i a b a t i c ,  
No-Fuel CAES System 



Heat losses  i n  s to rage  r e s u l t  i n  l owe r  temperatures a t  t h e  t u r b i n e  

i n l e t  (6T < 1  ) which, i n  t u r n ,  cause an approx imate ly  p r o p o r t i o n a l  reduc-  

t i o n  i n  t h e  e f f i c i e n c y ,  ~ 1 ~ .  I n  a d d i t i o n ,  t h e  l owe r  temperature a t  t he  

t u r b i n e  i n l e t  can, i n  some cases, r e s u l t  i n  a  sub-ambient exhaust  tempera- 

t u r e  i f  t h e  t o t a l  a v a i l a b l e  expansion r a t i o  i s  u t i l i z e d .  Th i s  can l e a d  t o  

t h e  f o rma t i on  o f  i c e  i n  t h e  low pressure  s tages o f  t h e  t u r b i n e ,  a  cond i -  

t i o n  n o t  no rma l l y  t o l e r a t e d  i n  gas t u r b i n e s .  Consequently, t h e  i n l e t  f l o w  

must be " cond i t i oned "  i n  t h i s  case by h e a t i n g  o r  t h r o t t l i n g  t o  assure 

above-ambient temperature a t  t h e  o u t l e t .  Th is  f u r t h e r  co r r~p l i ca tes  t h e  

des ign  and d e t r a c t s  f rom t h e  sys te~n  performance. I t  i s  t he re fo re  doub ly  

impo r tan t  t o  m in im ize  hea t  losses  i n  a  n o - f u e l  CAES system. 

F igu re  6 shows t h e  p ressure  losses  i n  t h e  system (6 < 1 )  t o  have a  
P  

much l e s s  d e l e t e r i o u s  e f f e c t  on t h e  e f f i c i e n c y  than  hea t  losses .  I n  f a c t ,  

i f  hea t  l osses  a r e  severe, a d d i t i o n a l  t h r o t t l i n g  may even be r e q u i r e d ,  as 

d iscussed  above. A l though unnecessary p ressure  losses  a r e  t o  be avoided,  

i t  i s  apparent  t h a t  s i g n i f i c a n t  p ressure  l osses  c o u l d  no rma l l y  be t o l e r a t e d  

w i t h o u t  g r e a t l y  a f f e c t i n g  t h e  o v e r a l l  system performance. 

3.2 THE NONADIABATIC NO-FUEL CYCLE 

As ment ioned b r i e f l y  i n  t h e  i n t r o d u c t i o n ,  i n  some cases i t  may p rove  

t e c h n i c a l l y  o r  economica l l y  advantageous t o  des ign  a  no - fue l  CAES system 

t o  u t i l i z e  ve ry  h i g h  s to rage  pressures f o r  which a d i a b a t i c  compression 

would y i e l d  a  compressor o u t l e t  temperature i n  excess o f  the  des ign  l i n i i t  

( see  F igu re  4 ) .  For example, a q u i f e r  systems must ope ra te  a t  a  mean p res-  

su re  equal t o  t h e  h y d r o s t a t i c  head a t  t h e  depth o f  t h e  permeable bed. 

There fo re ,  t h e  p ressure  d i c t a t e d  by t h e  a q u i f e r  a t  hand must be used. 

A l t e r n a t i v e l y ,  i t  may be advantageous t o  des ign  a  mined cavern f o r  ve ry  

h i g h  pressures t o  reduce t h e  amount o f  m a t e r i a l  which must be e x t r a c t e d .  

For  e i t h e r  a p p l i c a t i o n ,  some fo rm o f  compressor c o o l i n g  must be employed, 

perhaps by an arrangement such as t h a t  i l l u s t r a t e d  i n  F i g u r e  3. 

A  number of s i g n i f i c a n t  conc lus ions  rega rd ing  t h e  des ign  o f  t h e  system 

i n  F i g u r e  3  can be deduced f rom t h e  p ressure-vo l  ume diagram (3b ) .  S ince  

t h e  o b j e c t  o f  t h e  compression i s  t o  reach  s t a t e  p o i n t  "4 "  w i t h  t h e  minimum 



work, i n t e r c o o l i n g  r a t h e r  than  a f t e r c o o l i n g  i s  r equ i red ,  and t h e  f i r s t  s t age  

compression r a t i o  shou ld  be min imized.  These a s s e r t i o n s  a r e  e v i d e n t  by 

observ ing  t h a t  t h e  compressor work i s  reduced by any change which moves t h e  

compression process l i n e  t o  t h e  l e f t  i n  F i g u r e  3b. I n  a d d i t i o n ,  if t h e  gas 

i s  d e l i v e r e d  t o  t h e  t u r b i n e  a t  c o n d i t i o n s  near t h e  s t a t e  denoted by  "4" (no 

p ressure  l o s s  i n  t h e  r e s e r v o i r ) ,  f u l l  expansion t o  a tmospher ic  p ressure  w i l l  

r e s u l t  i n  a  sub-ambient o u t l e t  temperature,  as d iscussed  above. To p r e v e n t  

t h i s  f rom happening, t h e  i n l e t  gas can be heated t o  s t a t e  5H, t h e  i n l e t  

t h r o t t l e d  t o  s t a t e  5T o r  t h e  o u t l e t  t h r o t t l e d .  I n  a  no - fue l  system, i n l e t  

h e a t i n g  would have t o  be done e l e c t r i c a l l y  by d i r e c t  r e s i s t a n c e  h e a t i n g  o r  by  

o f f - peak  r e s i s t a n c e  hea t i ng  o f  a  r e g e n e r a t i v e  dev ice .  I n  e i t h e r  case, t h e  

e l e c t r i c  energy r e q u i r e d  would u l t i m a t e l y  s u b t r a c t  f rom t h e  n e t  o u t p u t  o f  t h e  

system. The t h r o t t l i n g  process would be s i m p l e r  t o  accompl ish,  b u t  v a r i a -  

t i o n  o f  t h e  i n 1  e t  c o n d i t i o n s  would r e q u i r e  v a r i a b l e  t h r o t t l  i ng ,  making main- 

tenance o f  cons tan t  t u r b i n e  i n l e t  c o n d i t i o n s  d i f f i c u l  t. I n  p r a c t i c e ,  i t  

may prove advantageous t o  use a  combina t ion  o f  h e a t i n g  and t h r o t t l i n g  f o r  

i n l  e t  c o n t r o l  . 

F igu re  7 i l l u s t r a t e s  t h e  e f f e c t  o f  t h e  i n t e r c o o l e r  on t h e  s to rage  e f f i -  

c iency ,  assuming t h e  t u r b i n e  i n l e t  i s  t h r o t t l e d  t o  s t a t e  5A t o  p reven t  t u r -  

b i n e  " i c i n g " .  For t h e  c a l c u l a t i o n ,  t h e  component e f f i c i e n c i e s  a r e  assumed 

t h e  same as i n  Table 1, t h e  i n l e t  and i n t e r s t a g e  temperatures a r e  60°F and 

t h e  second s tage  compression r a t i o  rC2 i s  1 0 : l .  These va lues r o u g h l y  r ep re -  

s e n t  what m i g h t  conce i vab l y  be accompl ished w i t h  c u r r e n t l y  a v a i l a b l e  equ ip -  

ment of  U. S. manufacture w i t h o u t  ma jo r  redes ign .  For  t h e  a n a l y s i s ,  t h e  

f i r s t  s tage  compression r a t i o  i s  v a r i a b l e ,  b u t  t h e  second s tage  compression 

r a t i o  i s  h e l d  cons tan t .  The i n t e r s t a g e  temperature i s  cons tan t  a t  60°F; 

hence, t h e  r e q u i r e d  amount o f  c o o l i n g  inc reases  as rc inc reases ,  b u t  t h e  

second s tage  o u t l e t  temperature T3 remains cons tan t  a t  abou t  600°F. The 

da ta  f o r  rc < 10 (where no i n t e r c o o l  i n g  i s  needed) a r e  n o t  shown i n  F i g u r e  7 

because these  da ta  appear i n  more d e t a i l  i n  F i gu re  6. 

The curves o f  F i gu re  7 show t h a t  t h e  s t o r a g e  e f f i c i e n c y  reaches a  maxi-  

mum somewhere near rc = 10, depending on t h e  values of  6 and 6T  employed. 
P 

As t h e  compression r a t i o  rc increases,  decreases due t o  t h e  i n c r e a s i n g  s  
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l o s s  o f  hea t  i n  t h e  i n t e r c o o l e r s .  Fo r  losses  i n  t h e  r e s e r v o i r ,  n, i s  
- 

reduced rough l y  i n  p r o p o r t i o n  w i t h  t h e  temperature recovery  f a c t o r  ST,  

as was found f o r  t h e  a d i a b a t i c  no - f ue l  cyc le .  However, excep t  a t  low 

va lues o f  r,, pressure  losses  i n  s to rage  (6  c 1 )  have v i r t u a l l y  no 
P  

e f f e c t  on nS f o r  t h e  range o f  va lues  cons idered.  Th i s  i s  so because t h e  

c a l c u l a t i o n s  a r e  based on a  model which assumes t h a t  t h r o t t l i n g  occurs a t  

t h e  t u r b i n e  i n l e t  t o  assure an exhaust  temperature a t  o r  above t h e  ambient.  

Thus, i t  makes no d i f f e r e n c e  whether  t h e  r e q u i r e d  p ressure  d rop  occurs i n  

t h e  s to rage  system, a t  an i n l e t  t h r o t t l i n g  va l ve  o r  i n  a  combina t ion  of 

t h e  two. 

F i n a l l y ,  i t  seems probab le  t h a t  a  no- fue l  CAES system i n tended  f o r  

h i g h  p ressure  appl  i c a t i o n s  i s  doomed t o  low s to rage  e f f i c i e n c i e s  un less  

sollie means can be dev ised  f o r  s t o rage  and subsequent reuse o f  t h e  hea t  



e x t r a c t e d  i n  t h e  i n t e r c o o l e r s .  A l though  t h e  l a t t e r  p o s s i b i l i t y  i s  b e i n g  

i n v e s t i g a t e d  ,(8) i t  i s  ques t i onab l  e  whether  t h e  economics c o u l d  e v e r  be 

s u f f i c i e n t  t o  make such a  system a t t r a c t i v e  f o r  u t i l i t y  s t o r a g e  uses. The 

b e s t  a l t e r n a t i v e  appears t o  be development o f  a p p l i c a t i o n s  employ ing compres- 

s i o n  r a t i o s  o f  abou t  10:1, which r e q u i r e  1  i t t l e  o r  no c o o l i n g .  

3.3 THE HYBRID CAES CONCEPT 

To proceed w i t h  t h e  c o s t  a n a l y s i s  f o r  t h e  no - f ue l  CAES concept ,  a  

" h y b r i d "  system u t i l i z i n g  p a r t i a l l y  coo led  compressors w i t h  s t o r a g e  a t  i n t e r -  

med ia te  tempera tu res  and low tempera tu re  t u r b i n e s  f i r e d  a t  i n t e r m e d i a t e  h e a t  

r a t e s  w i l l  be de f i ned .  A  c o s t  e q u a t i o n  f o r  t h i s  h y b r i d  system as a  f u n c t i o n  

o f  t h e  s t o r a g e  tempera tu re  TS and t h e  f i r i n g  tempera tu re  Tf w i l l  be e s t a b l i s h e d  

and t hen  e x t r a p o l a t e d  t o  o b t a i n  an e s t i m a t e  o f  c o s t s  f o r  n o - f u e l  systems. 

F i r s t ,  t h e  thermodynamic performance o f  t h e  h y b r i d  system w i l l  be ana lyzed  

because c e r t a i n  f e a t u r e s  o f  t h i s  concept  a re ,  i n  t h e i r  own r i g h t ,  s i g n i f i -  

c a n t  t o  t h e  genera l  concep t  o f  CAES techno logy .  

I n  S e c t i o n  2.4, ns was shown as a  ve r y  s l o w l y  i n c r e a s i n g  f u n c t i o n  o f  

rc f o r  compression r a t i o s  g r e a t e r  than  abou t  10. From d i s c u s s i o n s  w i t h  

manufac tu re rs ,  compressor ou t1  e t  temperatures o f  about  600°F ( f o r  an a d i a b a t i c  

compression r a t i o  o f  abou t  10)  r e p r e s e n t  t h e  approx imate l i m i t  o f  endurance 

f o r  c u r r e n t  r o t a r y  compressors w i t h  reasonab le  m o d i f i c a t i o n s .  By c o o l i n g ,  

h i g h e r  compression r a t i o s  can be ach ieved  q u i t e  s imp ly ,  b u t  t h e  h e a t  l o s t  i n  

t h e  process s u b t r a c t s  from t h e  system performance, as i l l u s t r a t e d  by F i g u r e  

7. I n t e r e s t i n g l y ,  gas t u r b i n e s  o f  U. S. manufacture a l s o  t y p i c a l l y  o p e r a t e  

a t  compression and expans ion r a t i o s  o f  about  10 t o  12. 

The above f a c t o r s  i n d i c a t e  t h a t  o p e r a t i o n  a t  ve r y  h i g h  p ressures  i s  

p robab l y  o f  ques t i onab l  e  va l  ue f o r  n o - f u e l  CAES systems. The re fo re ,  t h e  

p resen t  a n a l y s i s  i s  l i m i t e d  t o  a  f i x e d  p ressu re  r a t i o  r e p r e s e n t a t i v e  o f  

c u r r e n t  t echno logy  f o r  which c o s t  da ta  a r e  a v a i l a b l e .  E f f o r t s  a r e  concen- 

t r a t e d  on t h e  more fundamental  aspec ts  o f  v a r i a b l e  h e a t  r a t e  and s t o r a g e  

temperature.  If f u r t h e r  developments i n d i c a t e  t h a t  s i g n i f i c a n t  ga ins  m i g h t  

be ach ieved by go ing  t o  h i g h e r  pressures,  t h a t  s u b j e c t  can a l s o  be  d e a l t  

w i t h  by an e x t e n s i o n  o f  t h e  p resen t  a n a l y s i s .  



The h y b r i d  CAES system may be represented  by e i t h e r  F igu re  1  o r  

F igu re  3, depending on whether t h e  c o o l i n g  i s  accomplished i n  an a f t e r -  

coo le r ,  an i n t e r c o o l e r  o r  both. For s i m p l i c i t y ,  t h e  c y c l e  i s  descr ibed 

i n  terms o f  F igure  1, a l though a  system such as t h a t  i n  F igu re  3 would be 

more e f f i c i e n t .  For t he  d iscuss ion ,  the  compressor out1 e t  temperature T3 

and the  s to rage temperature TS a r e  v a r i a b l e s  because o f  the  va ry ing  amounts 

o f  c o o l i n g  prov ided.  I n  a d d i t i o n ,  t h e  t u r b i n e  i n l e t  temperature T4 i s  

v a r i a b l e  because o f  t h e  v a r i a b l e  t u r b i n e  heat  r a t e .  By d e f i n i t i o n ,  t he  

t u r b i n e  heat  r a t e  i s  g i ven  by 

hea t  energy i n  as f u e l  
't = s h a f t  work o u t p u t  

where qh i s  t h e  e f f i c i e n c y  o f  t h e  combustor, assumed as 1.0. A C o e f f i -  

c i e n t  o f  Performance (COP) i s  then de f i ned  as 

t u r b i n e  work o u t p u t  
= power i n p u t  t o  compressor 

The COP as de f i ned  above has been c a l l e d  a  s to rage e f f i c i e n c y  i n  some 

r e p o r t s .  However, t h i s  i s  m is lead ing  because t h e  i n p u t  does n o t  e x p l i c i t l y  

i n c l u d e  the  heat  i n p u t  i n  t h e  combustor and, as a  consequence, COP can be 

g r e a t e r  than 1.0. When Qt i s  zero, COP i s  t h e  same as t h e  s to rage e f f i -  

c iency qS f o r  the  no- fue l  system. 

'The o v e r a l l  thermodynami c  e f f i c i e n c y  f o r  power produced from s to rage 

may be g i ven  by 

- - t u r b i n e  work o u t p u t  
' t h  t o t a l  energy i n p u t  



where q b  i s  the thermodynamic efficiency of the base plant producing the 

e l e c t r i c i t y  which drives the compressor. The overall heat r a t e  for  power 
produced from storage i s  jus t  the inverse of nth, or  

- 341 3 
Q t h  - [K] 

The ef f ic ienc ies  of a l l  system components are  the same as in Table 1 .  

The analysis assumes a compression r a t i o  of 18, an expansion r a t i o  of 

12 and storage temperature in the range from ambient t o  700°F. From pre- 
vious analyses of aquifers for  CAES applications ( l O y l l ) ,  a pressure loss of 

s ix  atmospheres due t o  injection and withdrawal i s  r e a l i s t i c  or possibly 
s l ight ly  opt imist ic ,  depending on the flow rates  assumed. The expansion 

r a t i o  i s  representative of current equipment designs(2) and the peak tem- 

perature i s  only s l igh t ly  higher than estimated current compressor capabil- 
i t i e s .  Other pertinent design data are l i s t e d  in Tables 1 and 2 .  

In Figure 8, the resu l t s  for  the turbine heat r a t e  Qt and overall 

system heat r a t e  Q t h  are shown as  a function of the storage temperature TS 

and for  turbine i n l e t  or  f i r ing  temperatures Tf of 100°F and 700°F. Depend- 
ing on the i n l e t  temperature, the potential savings in heat r a t e  for  700°F 
storage (as  compared to 100°F storage) varies from over 3500 [B tu /kWh]  a t  
Tf = 700°F to  about 2000 [ B t u / k W h ]  a t  Tf = 100°F. For the no-fuel system 
(where TS = Tf = 700°F) the overall heat r a t e  i s  Q t h  = 13,800 [B tu /kWh]  

corresponding to an overall thermodynamic efficiency of 25 percent. 

For storage a t  700°F and f i r ing  a t  1950°F (conventional CAES with heat 
s torage) ,  Qt = 4000, Q t h  = 10,500 corresponding to  an overall conversion 
efficiency of 33 percent. I t  i s  s igni f icant  tha t  conventional technology 

with ambient storage u t i l iz ing  exhaust gas heat recovery could produce 

essent ia l ly  the same overall efficiency, although more turbine fuel would 

be consumed. Exhaust heat recovery i s  not possible with CAES systems u t i l i z -  

ing hot storage because the gas i s  hot when i t  leaves the reservoir.  



Symbo 1 

TABLE 2. Design Data Used to Analyze 
the Hybrid CAES Cycle 

Item Description Value Reference 
ambi ent temperature 60" F 

compressor i n l e t  temperature 60°F 

compressor out1 e t  temperature variable 

reservoir i n l e t  temperature vari abl e 

reservoir out1 e t  temperature variabl e 

turbi ne i n 1  e t  terr~perature vari abl e 
f i r i n g  te~r~perature assumed 1950" F 
for  the "conventional " 
CAES system 
storage temperature assumed for  125°F 
the "conventional" CAES system 

ambient pressure 1 atm 

compression r a t io  = P2/P1 18 

expansion r a t i o  = P4/P5 1 2  

bubble cushion factor  = 

cycle volume 
total  volume 
daily use 
annual use 

turbine run time/comp. run time 

aquifer storage capacity 1 bio[%] (10911 912)  

well flow r a t e  a t  nominal (1091 1 J 2 )  
design conditions 

density of rock 

porosity of rock 0.18 (1 3) 

spec i f ic  heat of rock 



FIGURE 8. Turb ine  Heat Rate and Overa l l  
Heat Rate f o r  a Simple "Hybr id"  
CAES System 



4.0 ECONOMIC ANALYSIS 

4.1 COST ANALYSIS RATIONALE 

Several  analyses of  t h e  economic f eas i  b i  1  i ty  o f  "conven t iona l  " CAES 

systems a r e  a v a i l  a b l e  (2 -4 ) .  A r e p r e s e n t a t i v e  sampl ing o f  t h e  r e s u l t s  o f  

these  i n v e s t i g a t i o n s  r e v e a l s  s i g n i f i c a n t  d i f f e r e n c e s  o f  o p i n i o n  r e g a r d i n g  

t h e  cos t s  o f  v a r i o u s  system components and t h e  r e s u l t a n t  power cos t s ,  

d e s p i t e  t h e  f a c t  t h a t  these  " conven t i ona l "  systems a r e  based on techno logy  

e s s e n t i a l l y  a v a i l  a b l e  today w i t h  o n l y  m inor  ~ i i o d i f i c a t i o n s .  There fo re ,  t h e  

p resen t  c o s t  a n a l y s i s  i s  approx imate and somewhat s p e c u l a t i v e  s i n c e  t h e  

no- fue l  CAES systems share a l l  o f  t h e  problems o f  t h e  convent iona l  CAES 

concept  i n  a d d i t i o n  t o  s p e c i a l  des ign  requi rements f o r  t h e  turbomachinery  

and s t o r a g e  f a c i l i t i e s .  

There a r e  two i m p o r t a n t  d i f f e r e n c e s  i n  t h e  des ign  o f  t h e  t u rbo -  

machinery r e q u i r e d  f o r  a  no - f ue l  CAES system as compared w i t h  c u r r e n t l y  

a v a i l a b l e  equipment. F i r s t ,  t h e  compressor must be des igned t o  ope ra te  

a d i a b a t i c a l l y  a t  o u t l e t  temperatures o f  600°F o r  h i g h e r .  From d i s c u s s i o n s  

w i t h  manufacturers ,  compressor o u t l e t  temperatures o f  t h i s  magnitude m i g h t  

be achieved b u t  h i g h e r  temperatures would c e r t a i n l y  r e q u i r e  ma jo r  r edes ign  

o f  a v a i l a b l e  equipment. None o f  t h e  manufac tu re rs  con tac ted  was a b l e  t o  

g i v e  c o s t  es t imates  f o r  compressors o f  t h e  r e q u i r e d  type. 

The no-fuel  CAES system t u r b i n e  must ope ra te  w i t h  i n l e t  temperatures 

a t  o r  near  t h e  compressor o u t l e t  tempera tu re  which i s  cons ide rab l y  l owe r  

than  even t h e  most c o n s e r v a t i v e  c u r r e n t  des ign.  Lower temperatures shou ld  

g r e a t l y  reduce t h e  need f o r  e x o t i c  m a t e r i a l s  and complex des igns now 

r e q u i r e d  f o r  t h e  h i g h  i n l e t  temperatures c u r r e n t l y  employed. However, 

t h e  p h y s i c a l  s i z e  o f  t h e  system would i nc rease  and t h e  aerody-namic des ign  

would have t o  be s i g n i f i c a n t l y  a1 te red .  It i s  u n l i k e l y  t h a t  c u r r e n t  t u r -  

b ines  cou ld  be s u i t a b l y  mod i f i ed  t o  ope ra te  e f f i c i e n t l y  a t  t h e  r e q u i r e d  

i n l e t  temperatures. Again, none o f  t h e  t u r b i n e  manufac tu re rs  con tac ted  

would ven tu re  even a rough e s t i m a t e  o f  t h e  c o s t  o f  a  s u i t a b l e  t u r b i n e  f o r  

no - f ue l  CAES app l  i c a t i o n s .  



Second, t h e  s to rage  f a c i l i t y  f o r  a  no- fue l  CAES system would be sub- 

j e c t e d  t o  much h i g h e r  temperatures t han  c u r r e n t l y  be1 i eved  p r a c t i c a l .  I n  

f a c t ,  p rev ious  analyses o f  CAES systems") i n d i c a t e  t h a t  thermal  s t r e s s  i n  

r o c k  caverns and p l a s t i c  f l o w  i n  s a l t  caverns v i r t u a l l y  r u l e  o u t  e i t h e r  as 

a  p o t e n t i  a1 h i g h  tempera tu re  s to rage  r e s e r v o i r .  Regenerat ive hea t  s to rage  

dev ices (such as pebb le  beds, f u s i b l e  s a l t s ,  e t c . )  m i g h t  be used t o  s t o r e  

hea t  s e p a r a t e l y  f rom t h e  a i r  i n  c o n j u n c t i o n  w i t h  a  s u i t a b l e  r e s e r v o i r ,  ( 7  8) 
b u t  t h a t  s u b j e c t  w i l l  n o t  be d e a l t  w i t h  here. 

The a q u i f e r  i s  t h e  o n l y  a l t e r n a t i v e  c u r r e n t l y  appear ing a t t r a c t i v e  f o r  

d i r e c t  h o t  a i r  s t o rage  f o r  CAES app l  i c a t i o n s ( ' "  0-12). For temperatures 

approaching 700°F, t h e r e  i s  1  i t t l e  reason t o  expec t  p h y s i c a l  o r  chemical  

processes which m i g h t  damage the  a q u i f e r  i t s e l f .  From exper ience  w i t h  geo- 

thermal  power systems, p i p i n g  and we1 1  comple t ion  procedures would be more 

complex and c o s t l y ,  b u t  manageable. U n f o r t u n a t e l y ,  l i m i t a t i o n s  i n h e r e n t  i n  

t h e  p resen t  work have n o t  p e r m i t t e d  a  s tudy  o f  s u f f i c i e n t  depth t o  document 

t h e  a c t u a l  c a p a b i l i t i e s  and performance which can be expected f rom a q u i f e r s  

i n  t h i s  a p p l i c a t i o n .  For  t h i s  reason, a  d e t a i l e d  a n a l y s i s  o f  t h e  f l u i d  

mechanics, thermodynamics and economics o f  h o t  a i r  s t o rage  i n  a q u i f e r s  i s  

t h e  t o p  p r i o r i t y  i t e m  i n  t h e  p l ann ing  f o r  f u t u r e  work i n  CAES a t  t h e  P a c i f i c  

Nor thwest  Labo ra to r y  (PNL) . 

4.2 CAPITAL COST EQUATIONS 

The des ign  and u l t i m a t e  c o s t  o f  most p r ima ry  CAES system corr~ponents 

w i l l  be d i r e c t l y  a f f e c t e d  by changes i n  t h e  s to rage  and t u r b i n e  i n l e t  tem- 

pera tu res .  Th i s  s tudy  a t tempted  t o  model each component's c o s t  dependence 

by e s t a b l i s h i n g  a  c o s t  s c a l i n g  equa t i on  o f  t h e  fo rm 

where Cio i s  t h e  i n s t a l l e d  u n i t  c o s t  i n  [$ f o r  component "i" i n  t h e  con- 

v e n t i o n a l  CAES system (based on t he  convent iona l  s t o rage  and t u r b i n e  i n l e t  

temperatures TSo and T  , r e s p e c t i v e l y ) .  The Cio may be determined f rom 

r e c e n t  1  i t e r a t u r e ,  (2 -4 fobu t  mi and ni a r e  determined by a  combina t ion  o f  



a n a l y s i s  and in fo rmed guess. I f  mi and ni a r e  c o r r e c t l y  determined, t h e  

model shou ld  p r o v i d e  a  reasonab ly  good i n d i c a t i o n  o f  t h e  c o s t  t r ends  f o r  

t h e  h y b r i d  system. However, t h e  magnitude o f  c o s t s  t hus  p r e d i c t e d  shou ld  

n o t  be taken  t o o  s e r i o u s l y  f o r  c o n d i t i o n s  f a r  removed f rom t h e  r e f e r e n c e  

c o n d i t i o n s ,  ( i .  e., f o r  t h e  no- fue l  system).  

The c o s t  equa t ions  u t i l i z e d  f o r  t h e  v a r i o u s  system components a r e  

s u m a r i z e d  i n  Tab le  3; t h e  d e f i n i t i o n s  and numer ica l  va lues o f  t h e  parameters 

were g i ven  i n  Tables 1  and 2. Relevant  c o s t  da ta  a r e  summarized i n  Tab le  

4. The d e t a i l e d  development and d i s c u s s i o n  o f  these  equat ions  i s  i n c l u d e d  

i n  t h e  appendices where t h e  sources o f  t h e  da ta  a r e  i d e n t i f i e d .  Some o f  

these es t imates  a r e  based on r e l a t i v e l y  r e 1  i a b l e  data,  some were deduced 

by a n a l y s i s  and some a r e  p r i m a r i l y  b e s t  judgment guesses. ( a  > 
The c a p i t a l  c o s t s  c o n s i s t  o f  t h r e e  p r i n c i p a l  components: 

r o t a t i n g  machinery,  C, 

s t o rage  f a c i l i t i e s ,  Cs 

ba lance  o f  p l a n t ,  C 
b  P 

The r o t a t i n g  machinery c o s t ,  i n  d o l l a r s  p e r  kW o f  i n s t a l l e d  capac i t y ,  i s  

t h e  sum o f  c o s t s  a t t r i b u t a b l e  t o  genera to rs ,  t u r b i n e s ,  compressors and 

compressor c o o l i n g  apparatus. 

Cnn = C + Ct + Cc f Cca 
g  (20 

The i n s t a l  l e d  c o s t s  o f  t h e  s to rage  f a c i l  i t i e s  i n  [&I i s  t h e  sum o f  t h e  

cos t s  f o r  l e a s e  o f  s t o rage  r i g h t s  ( o r  o u t r i g h t  purchase),  bubb le  develop- 

ment and we1 1  development, i n c l u d i n g  t he  f l o w  c o l l e c t i o n  p ipes  and mani- 

f o l  ds . 

( a )  It i s  expected t h a t  readers who a r e  e x p e r t  i n  t h e  many d i v e r s e  
areas of  techno logy  upon which t h i s  work touches may f i n d  f a u l t  
w i t h  some of these  es t ima tes .  Indeed, c o n s t r u c t i v e  c r i t i c i s m  o f  
t h e  da ta  and assumptions i s  i n v i t e d  and w i l l  be g r a t e f u l l y  rece ived .  
A p r ima ry  goal  i n  f u t u r e  e f f o r t s  a t  PNL w i l l  be t h e  re f i nemen t  o f  
t he  models and economic da ta  base. 



TABLE 3. Cost Equat ions U t i l i z e d  t o  Analyze 
t h e  Hyb r id  CAES Cycle 

I, CAPITAL COST EQUATIONS 

R o T A T 1 ~ G  = GENERATOR + T U R B I N E  + COMPRESSOR + :::::::US IIACHINERY 

'RM = 'GO + 'T + 'C + 'C1 [h] 
2 )  STORAGE = AQUIFER + BUBBLE + WELL DEVELOPMENT 

SYSTEM LEASE DEVELOPMENT 8 PIPING - - 

+ E L E C T R I C A L  + P O L L U T I O N  + 3, = B U I L D I N G S  + ROADS + yiEiER 
OF P L A N T  CONTROL 

, I I I I I , , , , I I  

CBP = CBO (ASSUMED CONSTANT) 

= R O T A T ~ N G  + STORAGE + BALANCE 
M A C H I N E R Y  ~ r A i I L I T I E S O F  PLANT 

CCAP = CRM + Cs + CBP KN 

11, SENT-OUT POWER COSTS 
. 1) F I X E D  = F I X  R I N T E R E S T  AND C A P I T A L  

CHARGES :iN::fR8E:, ATF x E S C A L A T I O N  I N V E S T M E N T  

2 )  FUEL = CHARGING + TURBINE 
COSTS POWER COST FUEL COST 

REPLACEMENT + T A X E S  + , , , , , , 3, opERAT1oN a = S E R V I C E S  AND LABOR + M A I N T E N A N C E  

4) T O T A L  SENT-OUT = F I X E D  + F U E L  + O P E R A T I O N  & 
ENERGY COSTS CHARGES COSTS M A I N T E N A N C E  



,TABLE 4. F inanc ia l  Data Used i n  t h e  
Ana lys is  o f  t he  CAES Systems 

Symbol 

b  

I t em D e s c r i p t i o n  

nuc lear  f u e l  cos ts  

Value Reference 

(2,151 0.43[ ,$ ] 
10 Btu  

2.00 [ 6$ ] 
10 B tu  

t u r b i n e  f u e l  cos ts  

purchased power c o s t  

4 . 0 0 [  acre  $ yr  ] storage lease cos t  

we1 1  cos ts  f o r  nominal 
design cond i t i ons  

p i p i n g  cos ts  f o r  nominal 
design condi ti ons 

generator  cos ts  ( i n c l  udes 
con t ro l s ,  f i x t u r e s  and 
accessor ies o f  the  t u r b i n e  
generator  f a c i  1  i t y )  

t u r b i n e  cos ts  f o r  nominal 
design cond i t i ons  

compressor cos ts  f o r  nominal 
design c o n d i t i o n s  

balance o f  p l a n t  

FCR f i x e d  charge r a t e  

i n t e r e s t  charge r a t e  

i n f l a t i o n  e s c a l a t i o n  r a t e  

c o n s t r u c t i o n  t ime 



It i s  assumed here  t h a t  t h e  s to rage  f a c i l i t y  i s  leased.  Bubble develop- 

ment i n c l u d e s  charges f o r  pumping t h e  a i r  i n t o  t h e  ground t o  b u i l d  t h e  

e q u i l i b r i u m  bubble,  p l u s  t h e  c o s t  o f  h e a t  r e q u i r e d  t o  hea t  t h e  r o c k  near  

t h e  we1 1  head s u f f i c i e n t l y  t o  m a i n t a i n  c o n s t a n t  temperature f o r  a  t y p i c a l  

c y c l  e. 

Balance o f  p l a n t  cos ts ,  
CbP 

, i n c l u d e  many i tems which must be p a i d  f o r  

i n  e s t a b l i s h i n g  t h e  f a c i l i t y .  rhese c o s t s  a r e  assumed independent  o f  t h e  

p a r t i c u l a r  des ign  e~npl oyed. Examples o f  i tems covered i n  t h i s  ca tegory  

i n c l u d e  purchase o f  t h e  s i t e ,  roads, sewer and water ,  b u i l d i n g s ,  t rans fo rmers ,  

s w i t c h i n g  yards ,  f u e l  s to rage ,  p o l l u t i o n  c o n t r o l  apparatus, e t c .  The va lue  

o f  Cbp f o r  t h i s  a n a l y s i s  i s  based on References 2 and 9. 

T o t a l  c a p i t a l  c o s t s  a r e  g i ven  by 

- 
'cap - 'rm + c , + c  bp y ( 2 2 )  

which, f o r  t he  conven t i ona l  CAES, comes o u t  t o  about  88 [h] based on t h e  

a n a l y s i s  i n  Reference 2. 

The busbar  power cos t s  a r e  computed by sun~ming charges f o r  f u e l ,  c a p i t a l ,  

o p e r a t i o n  and maintenance. The f u e l  charges i n c l u d e  cos t s  f o r  t u r b i n e  f u e l  

and f o r  e l e c t r i c a l  energy consumed by t h e  compressors. Because t h e  s t o r a g e  

p l a n t  i s  b u i l t  t o  u t i l i z e  excess c a p a c i t y  i n  t h e  base p l a n t ,  o n l y  r e p l a c e -  

ment f u e l  c o s t s  a r e  i n c l u d e d  f o r  t h e  cha rg ing  power. Fuel cos t s  i n  

[GI a r e  t hen  g i v e n  by 

The f u e l  c o s t s  c f t  and c fb  a r e  g i v e n  i n  Table 4 and qb i s  g i v e n  i n  Tab le  1. 
B t u  Qt i s  t h e  t u r b i n e  h e a t  r a t e  i n  Im] and ((Wc/Wt) i s  t h e  compressor power 

i n p u t  o r  " hea t  r a t e "  i n  [$] based on t h e  t u r b i n e  o u t p u t .  I n  p r a c t i c e ,  i t  

m i g h t  be more reasonable t o  i n s i s t  t h a t  c fb  be inc reased  somewhat t o  r e f l e c t  

c o s t s  o f  p roduc ing  t h e  cha rg ing  power, b u t  t h i s  a n a l y s i s  f o l l o w s  p rev ious  

p r a c t i c e  and charges o n l y  rep lacement  c o s t .  

To f i g u r e  f i x e d  charges a t t r i b u t a b l e  t o  c a p i t a l ,  c o s t s  o f  i n t e r e s t  and 

e s c a l a t i o n  d u r i n g  c o n s t r u c t i o n  o f  Ii = 10% and I, = 6% a r e  i n c l u d e d  assuming 



c o n s t r u c t i o n  over  a  p e r i o d  Y = 3  years .  Us ing a  f i x e d  charge r a t e  (FCR) o f  

18% and an annual use (Ua) o f  2000 [ h r l y r ] ,  t h e  f i x e d  charges a r e  g i ven  

approx imate ly  by 

Opera t ion  and maintenance charges shou ld  p robab l y  r e f l e c t  t h e  com- 

p l e x i t y  of t h e  machinery.  However, O&M c o s t s  a r e  r e l a t i v e l y  sma l l ,  so 

any e f f e c t s  due t o  v a r i a t i o n  o f  O&M charges w i l l  n o t  be impo r tan t .  There- 

f o r e ,  a  cons tan t  va lue  i s  assumed f o r  O&M r e f l e c t i n g  p a s t  exper ience  w i t h  

gas t u r b i n e  equipment. An O&M charge o f  3.6 [GI as recommended by 

~ n s w o r t h ( ~ )  i s  used here. 

F i n a l l y ,  t h e  t o t a l  busbar power c o s t s  a re  represen ted  by t h e  equa t i on  

The f i r s t  two terms i n  t h i s  equa t i on  depend on t h e  p a r t i c u l a r  c y c l e  chosen, 

i . e . ,  t h e  compression and expansion r a t i o s ,  t h e  s to rage  temperature,  t h e  

t u r b i n e  i n l e t  temperature,  t h e  l osses  i n  s torage,  and t h e  component 

e f f i c i e n c i e s .  The main v a r i a b l e s  f o r  t h e  a n a l y s i s  a r e  TS and Tf b u t  o t h e r  

parameters s ~ ~ c h  as w e l l  de l  i v e r a b i l i t y ,  f u e l  c o s t s  and d u t y  c y c l e  a r e  a l s o  

t r e a t e d  as v a r i a b l e s  . 

4.3 ECONOMIC ANALYSIS RESULTS 

Power c o s t s  p r e d i c t e d  by t h e  h y b r i d  model f o r  t h e  nominal des ign  w i t h  

v a r i a b l e  s to rage  temperature TS and f i r i n g  temperature Tf a r e  ill u s t r a t e d  

i n  F igures  9-12. F i r s t ,  f r om F i g u r e  9, power c o s t s  decrease w i t h  i nc reas -  

i n g  Tf o r  decreas ing  Ts. However, c o s t s  a r e  r e l a t i v e l y  i n s e n s i t i v e  t o  Tf, 

e s p e c i a l l y  a t  lower  va lues o f  TS. T h i s  suggests l i t t l e  i n c e n t i v e  t o  d r i v e  

t h e  t u r b i n e s  a t  h i g h  f i r i n g  t e r n p e r a t ~ ~ r e s  ( i . e . ,  h i g h  h e a t  r a t e )  s i n c e  ve ry  

l i t t l e  c o s t  g a i n  can be achieved. I n  f a c t ,  i f  t h e  inc reased  equipment l i f e  

and reduced maintenance c o s t s  c o u l d  be more a c c u r a t e l y  s p e c i f i e d ,  i t  i s  

conce ivab le  t h a t  l owe r  f i r i n g  temperatures m i g h t  r e s u l t  i n  lower  cos t s .  

Reducing f i r i n g  temperatures (and thus  h e a t  r a t e s )  t o  l e v e l s  below c u r r e n t  



TURBl NE INLET TEMPERATURE Tf 

FIGURE 9 .  Hybrid CAES System Power Costs: 
Storage Temperature Effects 

practice certainly deserves more study independently of i t s  direct applica- 
tion t o  no-fuel systems. 

The reasons for the cost insensitivity on Tf are i l lustrated by the 

cost breakdowns in Figures 10 through 12 .  From Figure 10, considering f i r s t  

the bar charts corresponding t o  100°F storage, decreasing costs for compressor 

power and capital charges are offset by increasing turbine fuel costs. A 

similar progression occurs for TS = 700°F, b u t  cost variations do n o t  com- 

pensate as well, giving greater sensitivity t o  Tf a t  higher storage tempera- 

tures. Figure 10 shows t h a t  costs are dominated by the capital fixed charges. 

Figures 11  and 1 2  i l lus t ra te  the installed costs for the capital equip- 
ment. Costs for the rotating machinery and  balance of plant dominate the 

capital costs, especially a t  low storage temperatures where storage costs 



FIGURE 10. Hybrid CAES System 
Power Costs Distribution 

are  almost negligible. The greatly increased cost of the storage f ac i l -  

i t i e s  a t  higher storage temperature i s  due to  the greater volume which 

must be pumped up and heated t o  operating conditions and increased costs 
for  pipe, insulation, seals  and well completion. Storage costs increase 

with decreasing f i r ing  temperature because the turbine specif ic  output 
decreases. This in t u r n  requires a larger  volume flow ra t e ,  a larger 

storage volume, and resul tan t  higher storage costs.  

Figure 9 i l l u s t r a t e s  tha t  power costs increase with Ts b u t  tha t  the 

r a t e  of increase i s  not severe because of counterbalancing cost variations 

as described i n  the previous paragraph. The large increase in costs 

between Ts = 500°F and 700°F i s  due to  the assumption tha t  a to t a l ly  new 

and more cost ly  compressor design would be required a t  about Ts = 600°F. 
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FIGURE 11. H y b r i d  CAES System C a p i t a l  Costs D i s t r i b u t i o n  

Up t o  Ts = 600, r e l a t i v e l y  m inor  changes were assumed adequate and t h e  

h i g h e r  temperatures were assumed accommodated by l a r g e r  compressors w i t h  

l e s s  c o o l i n g  apparatus.  The concept  o f  a  s t e p  change a t  some l i m i t i n g  temp- 

e r a t u r e  (600°F i n  t h e  a n a l y s i s )  i s  i l l u s t r a t e d  by F i g u r e  9  b u t  t h e  magni tude 

o f  t h e  inc reased  c o s t  and t h e  a c t u a l  temperature a t  which i t  occurs  a r e  

s p e c u l a t i v e  and shou ld  n o t  be taken  l i t e r a l l y .  

A number o f  d e t a i l s  and assumptions made i n  a r r i v i q g  a t  t h e  da ta  i l l u s -  

t r a t e d  i n  F igu res  9-12 r e q u i r e  emphasis. F i r s t ,  t h e  a n a l y s i s  assumes an 

a q u i f e r  i s  used f o r  s to rage ,  and c o s t s  determined a r e  s t r o n g l y  i n f l u e n c e d  

by  t h i s  assumption. I f  ano ther  r e s e r v o i r  were used i n  c o n j u n c t i o n  w i t h  a  

regene ra to r ,  t o t a l  l y  d i f f e r e n t  cos t s  m igh t  be ob ta ined ;  i t  i s  n o t  c l e a r  how 

t h e  r e s u l t s  o r  conc lus ions  would be a1 t e r e d .  
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F I G U R E  12. Hybrid CAES System Storage Costs Distr ibution 

Second, the costs  included f o r  bubble development a re  t he  major cos t s  

f o r  the s torage system. Costs of pumping the  a i r  i n to  the  ground were 

included, plus a charge fo r  heat required t o  heat up  the  rock containing 
one da i l y  cycle volume of a i r .  This is  perhaps an a rb i t r a ry  choice b u t  

i t  i s  ce r t a in ly  not necessary t o  heat u p  the  e n t i r e  rese rvo i r  volume s ince  

the area near the  well a c t s  as a very e f f ec t i ve  regenerator.  The heat-up 

of the  reservoir  a s  an i n i t i a l  capi ta l  cos t  was included when, i n  f a c t ,  
i t  would be accrued as an operating cos t  during the f i r s t  several years of 

operation when higher average heat r a t e s  would be required.  This was done 

primarily f o r  convenience, b u t  inclusion of heat-up costs  as a cap i ta l  

expenditure i s  defensible  i n  i t s  own r i gh t .  

The data i n  Figure 13 were calcula ted t o  assess  the e f f e c t s  of the 

aquifer  pemeabil i t y  on power cos t s .  The parameter u t i l i z ed  i s  the  well 



TURB l NE l NLET TEMPERATURE Tf [OF]  

FIGURE 13. Effect of Well Deliverabili ty 
(or  Aquifer Permeabi 1 i t y )  on 
Power Costs 

deliverabil i t y  mwo [lki:r] where the numbers correspond t o  the flow r a t e  

which would e x i s t  a t  the nominal storage pressure Pso ,  pressure drop ~p~~ 

and storage temperature TSo. Assuming the well design i s  such tha t  the 
pressure drop i s  primarily in the aquifer,  the values of in Figure 13 

,- r 
correspond to increased aquifer pemeabil i ty  where 0.5 x 10' to  2.0 x 10' 

correspond approximately t o  0.5 to  2.0 Darcy. For storage a t  l0OoF, 

the  cost reduction obtained with higher de l iverabi l i ty  i s  not great  because 

storage costs a re  such a small f ract ion of total  costs for  these conditions. 

A t  700°F, storage costs a re  a larger f ract ion of the total  so tha t  cost 

reductions due to increased permeability are  more s igni f icant .  



Figures  14 and 15 i l l u s t r a t e  how r e l a t i v e  fue l  c o s t s  a f f e c t  t h e  

ana l ys i s .  From F i g u r e  14, f o r  s t o rage  a t  100°F and a  t u r b i n e  f u e l  c o s t  o f  
$ m i  1  2 [rn] , d o u b l i n g  t h e  c o s t  o f  n u c l e a r  f u e l  f r om 0.43 [GI t o  0.86 [rn] 

causes an i nc rease  o f  about  3  t o  5  [%] i n  power cos t s .  However, c o s t s  
- 

remain q u i t e  i n s e n s i t i v e  t o  changes i n  t h e  t u r b i n e  f i r i n g  temperature.  A t  

t u r b i n e  f u e l  and 0.86 [A] f o r  n u c l e a r  f u e l ,  cos t s  a r e  

h i g h e r  than  t h e  f i r s t  case w i t h  about  t h e  same s e n s i t i v i t y  

on Tf. However, w i t h  t u r b i n e  f u e l  a t  4  [&I and n u c l e a r  f u e l  a t  0.86 

[&I t h e  s l ope  o f  t h e  c o s t  cu rve  i s  posit i ;e which means power cos t s  a r e  

a c t u a l  1  y descreased by decreas i  ng Tf ( o r  equ i  va l  e n t l  y by decreas ing  t h e  

t u r b i n e  hea t  r a t e ) .  I n  any case, o p e r a t i o n  o f  t h e  t u r b i n e s  a t  low i n l e t  

temperatures appears q u i t e  a t t r a c t i v e  p a r t i c u l a r l y  when c o l d  s to rage  i s  

empl oyed. 
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FIGURE 15. Ef fects  of R e l a t i v e  Costs f o r  
T u r b i n e  Fuel  and Nuc lear  Fuel 
f o r  700°F S to rage  

F i g u r e  15  p resen ts  t h e  r e s u l t s  o f  t h e  a n a l y s i s  f o r  power c o s t s  as a  

f u n c t i o n  o f  r e l a t i v e  f u e l  c o s t s  f o r  a  s t o r a g e  tempera tu re  o f  700°F. As 

no ted  above, t o t a l  busbar  c o s t s  a r e  h i g h e r  a t  t h e  h i g h e r  tempera tu re  f o r  any 

p a r t i c u l a r  comb ina t ion  o f  f u e l  cos t s .  As shown i n  F i g u r e  15, t h e  power c o s t s  

a r e  l o w e s t  and t h e  s e n s i t i v i t y  t o  f i r i n g  tempera tu re  i s  h i g h e s t  f o r  t h e  l o w e r  

t u r b i n e  f ue l  c o s t  va lue .  The conc lus i on  i s  t h a t  no - f ue l  CAES does n o t  appear  
$ economic a t  2 [rn] f o r  t u r b i n e  f u e l  s i n c e  c o s t s  decrease w i t h  i n c r e a s i n g  

Tf' 
$ A t  4  and 700°F s to rage ,  t o t a l  c o s t s  a r e  h i g h e r  b u t  t h e  dependence 

o f  t h e  power c o s t s  on Tf i s  much reduced. For  example, a t  4  [A] f o r  t u r b i n e  

9 f u e l  and 0.43 [rn] f o r  n u c l e a r  f u e l ,  t h e  d i f f e r e n c e  i n  c o s t  f o r  power 



generated by a no-fuel CAES ( i  .e. where Tf = TS = 700°F) and a hybrid 

f i red a t  1900°F i s  only about 6 [GI . This i s  suf f ic ien t ly  close to  

tentat ively conclude t h a t  no-fuel CAES can be competitive with a conven- 

t ional ,  fueled CAES employing storage a t  the same temperature i f  the costs 

for  turbine fuel and nuclear fuel d i f f e r  by about an order of magnitude. 

However, the analysis a lso shows tha t  power i s  produced fo r  l eas t  cost 

using conventional CAES with cold storage. Therefore, no-fuel CAES does 
not appear economical ly  a t t r ac t ive  unless special circumstances jus t i fy  

i t s  use or i f  turbine fuel costs increase s ignif icant ly beyond what i s  

considered here. 

Finally, the e f fec ts  of a1 tering the duty cycle or annual use factor  

are  shown in Figure 16. Costs increase quite s ignif icant ly with reduced 

use due to the high proportion of capital  costs to fuel costs.  I t  i s  thus 

important to  design fo r  as much use as  possible within the constraints 

peculiar to peaking duty. 
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5.0 CONCLUSIONS AND RECOMMENDATIONS 

5.1 CONCLUSIONS 

The p r i n c i p a l  goal  o f  t h i s  s tudy  was t o  e v a l u a t e  t h e  t e c h n i c a l  and 

economic f e a s i b i l i t y  o f  no - f ue l  CAES concepts f o r  u t i l i t y  peaking a p p l i c a -  

t i o n s .  The p r ima ry  conc lus ions  may be summarized as f o l l o w s :  

The a n a l y s i s  uncovered no insurmountable problems t o  p r e c l  ude 

t h e  t e c h n i c a l  f e a s i b i l i t y  o f  t h e  no - fue l  CAES concept.  

The r e s u l t s  o f  t h e  economic a n a l y s i s  a r e  s u f f i c i e n t l y  un favo rab le  

t o  conc lude t h a t  no - f ue l  CAES techno logy  c o u l d  n o t  compete w i t h  

conven t iona l  CAES o r  s tandard  gas t u r b i n e  peak ing f a c i l i t i e s  f o r  

c o n d i t i o n s  f o reseeab le  a t  t h i s  t ime.  

A  number o f  secondary conc lus ions  may be i n f e r r e d  f rom t h e  a n a l y s i s  

r e s u l t s .  Wh i le  n o t  e x c l u s i v e l y  r e l e v a n t  t o  no - f ue l  systems, t hey  a r e  

s u f f i c i e n t l y  i n t e r e s t i n g  t o  m e r i t  f u r t h e r  comment. These a re :  

E f f i c i e n t  s t o rage  o f  t h e  hea t  o f  compression i s  e s s e n t i a l  t o  

t h e  f e a s i b i l  i t y  o f  t h e  no - fue l  CAES concept.  

The o n l y  a v a i l a b l e  s to rage  r e s e r v o i r  capable o f  d i r e c t  h i g h  tem- 

p e r a t u r e  s to rage  o f  compressed a i r  appears t o  be t h e  a q u i f e r .  

Other  s to rage  ~ i i e d i a  s u i t a b l e  f o r  a n ~ b i e n t  s t o rage  o n l y  would 

have t o  be used i n  c o n j u n c t i o n  w i t h  a  r e g e n e r a t i v e  hea t  

s to rage  dev ice .  

A l though t h e  c o s t  d i f f e r e n c e  i s  i n s u f f i c i e n t  t o  be conc lus i ve ,  

t h e  economics o f  h i g h  tempera tu re  s to rage  i n d i c a t e  t h a t  f u e l  

c o s t  r e d u c t i o n s  p o t e n t i a l  l y  ach ievab le  by s to rage  o f  t h e  hea t  

of compression a r e  more t han  o f f s e t  by i nc reased  c a p i t a l  cos t s  

f o r  t h e  compressors and s to rage  f a c i l i t i e s .  There fo re ,  s t o rage  

of  t h e  hea t  of compression, a l t hough  energy conse rva t i ve  i n  t h e  

o v e r a l l  sense, appears t o  be economical l y  coun te rp roduc t i ve .  



. Because t h e  o v e r a l l  c o s t  i s  c a p i t a l  i n t e n s i v e ,  t he  sent -ou t  cos ts  

f o r  power produced from storage were very nea r l y  i n s e n s i t i v e  t o  

t h e  t u r b i n e  i n l e t  temperature ( o r  heat r a t e ) .  Th is  suggests 

t h a t  i t  may be p r a c t i c a l  t o  operate convent ional ,  o i l  o r  gas- 

f i r e d  CAES f a c i l i t i e s  a t  heat  r a t e s  s i g n i f i c a n t l y  reduced from 

p r e v i o ~ ~ s  assumed va l  ues, ach iev ing  t u r b i n e  f u e l  savings, reduced 

111ai ntenance and increased t u r b i  ne 1  i fe .  

5.2 RECOMMENDATIONS 

The pr imary c o n t r i b u t i o n  o f  t he  work repo r ted  here w i l l  probably be the  

i d e n t i f i c a t i o n  o f  some key problems i n  no- fue l  CAES, as opposed t o  t h e  ac tua l  

numerical  r e s u l t s  produced by t h e  ana lys i s .  'Therefore, t he  r e s u l t s  and con- 

c l u s i o n s  presented here should be t r e a t e d  as t h e  f i r s t  i t e r a t i o n  i n  t h e  con- 

t i n u i n g  a n a l y s i s  o f  t he  broader s u b j e c t  o f  advanced CAES concepts and n o t  as 

t h e  f i n a l  answer on t h e  f e a s i b i l i t y  o f  no- fuel  CAES technology. C r i t i c a l  

t o p i c s  touched on i n  t h i s  study, bu t  which deserve a  more d e t a i l e d  ana lys i s ,  

a re  shown below i n  approximate o rde r  o f  s i g n i f i c a n c e .  

. Considerable re f inement  o f  cos t  data i s  requ i red ,  e s p e c i a l l y  f o r  

t u rb ines  and compressors. Toward t h i s  end, c lose  coopera t ion  w i t h  

t h e  manufacturers w i l l  be essen t i a l  s i nce  s i g n i f i c a n t  design modi- 

f i c a t i o n s  may be requ i red .  

Dynamic models o f  t he  thermodynamics, f l u i d  mechanics and economics 

o f  ambient and h igh  temperature a i r  s torage i n  a q u i f e r s  should be 

developed. The rese rvo i  r c y c l  i c  response i s  p a r t i c u l  a r l y  i rnpor tant  

because i t  bears h e a v i l y  on the  design o f  t h e  su r face  f a c i l i t y  and 

t h e  way i n  which t h e  system can be i n t e r f a c e d  w i t h  t h e  e x i s t i n g  

p roduc t i on  f a c i  1  i t i e s .  

. D e t a i l e d  models o f  t h e  thermodynamics, f l u i d  mechanics and economics 

o f  regenera t i ve  heat s torage devices f o r  CAES appl i c a t i o n s  should 

be devel oped. 

F i e l d  t e s t s  o f  t h e  dynamic response o f  an ac tua l  a q u i f e r  should be 

performed as soon as poss ib le .  



Utilization o f  alternative fuels for CAES applications should 

be investigated. In particular, gasified coal would seem 

to be a prime candidate. 

Utilization of CAES technology for solar and wind power 

applications should be investigated. 
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APPENDIX A 

ROTATING MACHINERY COSTS 

A. 1  TURBINE COST EQUATION 

The c o s t  of the  t u r b i n e  i n  [$I i s  a  f u n c t i o n  o f  the  s i z e  o f  t he  

machine and the degree of s o p h i s i i c a t i o n  r e q u i r e d  i n  t h e  design. Both 

f a c t o r s  a re  a f f ec ted  by t h e  f i r - i n g  temperature so t h a t  t h e  ac tua l  cos t  

dependence on Tf i s  d i f f i c u l t  t o  p r e d i c t .  To assess these e f fec t s ,  we 
B tu  s t a r t  w i t h  t h e  equat ion  f o r  t h e  t u r b i n e  s p e c i f i c  work [%I , 

We then cons ider  t he  r a t i o  o f  t he  t u r b i n e  works f o r  two tu rb ines  f i r e d  a t  

TI and T2 f o r  t h e  same e f f i c i e n c y ,  p ressure  r a t i o  and power ou tpu t :  

i l W t l  1.0 = - 
m2Wt2 

From t h e  i d e a l  gas law, plTl = p2T2 and we o b t a i n  

vl Al = V2A2 = volume f l  owrate (A-3) 

I n  conclus ion,  t he  same vo lume t r i c  f l o w r a t e  i s  r e q u i r e d  t o  produce 

equal power a t  d i f f e r e n t  t u r b i n e  i n 1  e t  temperatures. We w i l l  f u r t h e r  

assume t h a t  t he  aerodynamic design o f  t he  two t u r b i n e s  i s  s i m i l a r  and 

t h a t  t he  Mach numbers i n  t h e  corresponding t u r b i n e  passages a r e  equal.  

The phys i ca l  s i z e  o f  t he  two machines, r e l a t e d  by t h e  r a t i o  o f  the  f l o w  

areas, i s  then g i ven  approx imate ly  by 



To es t ima te  the  c o s t  o f  t h e  tu ' rb ine,  we w i  11 assume t h a t  cos ts  a r e  pro- 

p o r t i o n a l  t o  t h e  area r a t i o .  The c o s t  equat ion may be expressed approx i -  

mate ly  by 

where Cto i s  t h e  t u r b i n e  c o s t  i n  [h] f o r  a  t u r b i n e  designed t o  opera te  a t  

t he  re fe rence  ternperature T f o  For f i r i n g  temperatures s i g n i f i c a n t l y  lower  

than T foy  equat ion  ( A - 5 )  probably  overest imates cos ts  because i t  does n o t  

a t tempt  t o  account f o r  c o s t  savings which would accrue due t o  the  use o f  l e s s  

s o p h i s t i c a t e d  m a t e r i a l s  and design. Un fo r tuna te l y ,  t h e  da ta  r e q u i r e d  t o  

i n c l u d e  these cons ide ra t i ons  i n  t h e  c o s t  a n a l y s i s  cou ld  n o t  be ob ta ined.  

A. 2 COMPRESSOR COSTS 

The cos t  o f  compressors f o r  a  g i ven  power ou tpu t  and pressure r a t i o  w i l l  

a l s o  depend on Tf and T  The compressor i n s t a l l e d  c o s t  i n  terms o f  volume 
s; 6 1 

displacement capac i t y ,  
[ft5/ h r  

, shou ld  be r e l a t i v e l y  independent o f  t h e  

o u t l e t  temperature up t o  some maximum temperature Tm, beyond which cos ts  

would i nc rease  because o f  spec ia l  h i g h  temperature design m o d i f i c a t i o n s .  

[ $ ] should i nc rease  i n  pro- The i n s t a l l e d  c o s t  i n  terms o f  mass f l o w  Cm ~b/hr 
p o r t i o n  t o  t h e  o u t l e t  temperature because t h e  s p e c i f i c  volume v  inc reases  

w i t h  TS, r e q u i r i n g  a  l a r g e r  cross s e c t i o n a l  area f o r  t h e  same mass f l o w  r a t e .  

To represent  t h i s  e f f e c t  we w i l l  assume t h a t  t h e  compressor cos ts  may be 

g iven  by 

Th i s  says t h a t  the  c o s t  o f  t h e  compressor increases p r o p o r t i o n a l l y  w i t h  TS 

due t o  t h e  inc rease i n  t he  s i z e  o f  t h e  machine. 

I t  i s  more d i f f i c u l t  t o  model t h e  c o s t  dependence due t o  needed changes 

i n  design and m a t e r i a l s  which would be r e q u i r e d  f o r  h i g h  temperature opera- 

t i o n .  To model these e f f e c t s ,  we w i l l  m u l t i p l y  Cm by a  s c a l i n g  f a c t o r  g i ven  
/T- \m 

by Ytl which g i ves  i nc reas ing  cos ts  w i t h  i nc reas ing  o u t l e t  temperature Ts. 



TSo i s  t h e  re fe rence  s to rage temperature a t  which c o s t  data a re  evaluated 

from t h e  l i t e r a t u r e .  

I t  i s  reasonable t o  assume t h a t  inc reased o u t l e t  temperatures can be 

achieved s imp ly  by reduc ing  t h e  amount o f  coo l i ng ;  t h i s  procedure would 

e n t a i l  no a d d i t i o n a l  cos ts .  However, a t  some t h r e s h o l d  temperature T,, no 

f u r t h e r  r e d u c t i o n  i n  c o o l i n g  cou ld  be accomplished w i t h o u t  damage t o  t he  

compressor o r  o t h e r  ope ra t i ona l  problems. Thus, t o  go above Tm would 

r e q u i r e  a  new design r e s u l t i n g  i n  a  s u b s t a n t i a l  c o s t  increase.  

To represent  these e f f e c t s ,  we d e f i n e  t h e  s c a l i n g  f a c t o r  as a  d iscon-  

t inuous  f u n c t i o n  by d e f i n i n g  m i n  t he  f o l l o w i n g  manner: 

For the  ana l ys i s ,  we have used Tm = 600°F = 1060°R and a  l i n e a r  c o s t  

dependence, m = 1. Accord ing t o  manufacturers contacted,  compressor o u t l e t  

temperatures approaching'500°F t o  600°F m igh t  be f e a s i b l e  w i t h  p resent  equip- 

ment w i t h o u t  major  m o d i f i c a t i o n ,  b u t  no hard data i s  a v a i l a b l e  t o  document 

t h i s  asse r t i on .  S i m i l a r l y ,  t h e  l i n e a r  c o s t  dependence (m = 1 )  and the  s tep  

c o s t  increment  a t  600°F ( rough l y  a  f a c t o r  o f  two) a r e  o n l y  guesses and 

should n o t  be taken l i t e r a l l y .  A t  any r a t e ,  these e f f e c t s  do n o t  occur  

u n t i l  Ts exceeds 600°F. For  most o f  t h e  c o n d i t i o n s  considered i n  t h i s  work, 

increased compressor cos ts  a r e  due t o  s i z e  increases r e l a t e d  t o  v a r i a t i o n s  

i n  Ts and Tf. 

We may now w r i t e  

We now express t h i s  c o s t  i n  terms o f  t u r b i n e  capac i t y .  

(2 "li) m 
where t h e  s u b s c r i p t s  i and o  here  denote i n p u t  and ou tpu t  q u a n t i t i e s .  



S p e c i f i c a t i o n  o f  t h e  r e l a t i v e  power r a t i o  Pc/Pt r e q u i r e s  some very  

s i g n i f i c a n t  assumptions i n  terms o f  p l a n t  des ign and ope ra t i on .  I t  i s  

apparent  t h a t  t h e  na tu re  o f  t h e  u t i l i t y  demand curve w i l l  have a  d e f i n i t e  

impact on t h e  design o f  t h e  system. Normal ly  t h e r e  would be pe r i ods  o f  

excess capac i ty ,  des ignated by T,, when t h e  compressors cou ld  be run.  These 

run  t imes ( o r  du ty  c y c l e s )  and t h e  power l e v e l s  r e q u i r e d  i n  each phase o f  

ope ra t i on  u l t i m a t e l y  determine t h e  r e l a t i v e  power r e q u i r e d  i n  t h e  t u r b i n e  

and compressor. A  c y c l e  mass balance r e q u i r e s  

The power r a t i o  i s  then  g i ven  by 

I t  i s  n o t  c l e a r  how one m igh t  bes t  s p e c i f y  t h e  equipment r a t i n g  and/or du ty  

cyc les  f o r  d i f f e r e n t  va lues o f  Tf and TS. For t h e  present  a n a l y s i s ,  we w i l l  

a r b i t r a r i l y  assume t h a t  t he  u t i l i t y  chooses t o  operate f o r  equal t imes, 

T = T = T,  and t h a t  t hey  a r e  s a t i s f i e d  w i t h  whatever degree o f  l o a d  l e v e l -  
C 

i n g  t h i s  p rov ides .  From equat ions (A-8) and (A-11), we may now w r i t e  

F i n a l l y ,  s u b s t i t u t i n g  f o r  W t  i n  terms o f  Tf [equat ion  (A-1) ]  and Cm i n  terms 

o f  TS [equat ion  (A-8) ]  we o b t a i n  
1  +m 

cc = c C0 (L) TSO (2) 
where C o  represents  t h e  i n s t a l  1  ed c o s t  i n  [&I f o r  t h e  convent iona l  system 

w i t h  a  f i r i n g  temperature Tfo and s to rage temperature TSo. 

The compressor c o o l i n g  apparatus represents  a  c o s t  which should be 

i nc luded  because a  r e d u c t i o n  i n  c o o l i n g  cos ts  w i t h  i n c r e a s i n g  s to rage  tem- 

p e r a t u r e  represents  c o s t  sav ings t o  p o t e n t i a l l y  o f f s e t  inc reased cos ts  i n  

o t h e r  areas. We w i l l  r ep resen t  c o o l i n g  cos ts  by an equat ion  s i m i l a r  t o  t h a t  

employed f o r  t h e  compressors s ince  the  amount o f  c o o l i n g  equipment inc reases  



i n  p r o p o r t i o n  t o  t h e  mass f l o w  t imes the  temperature change requ i red .  Thus, 

making t h e  same assumptions as f o r  t h e  compressor cos ts ,  t h e  c o o l i n g  cos ts  

a r e  approximated by 

where Cclo i s  t h e  c o o l e r  cos ts  i n  [b] f o r  t he  convent ional  design. T4 i s  

t h e  conipressor out1 e t  temperature assuming , f o r  simp1 i c i  ty, t h a t  a1 1  cool  - 
i n g  occurs i n  an a f t e r c o o l e r .  

As i n  t he  case o f  t u r b i n e  cos ts ,  we can expect  t o  p r e d i c t  cos ts  f a i r l y  

w e l l  f o r  ope ra t i on  near the  re fe rence  c o n d i t i o n s  Tfo and T,,. However, t h e  

means t o  account f o r  t he  cos ts  o f  needed design changes a re  approximate a t  

bes t  and a r e  thus  s u i t a b l e  f o r  model ing c o s t  t rends  on l y .  

A.3 GENERATOR COSTS 

There i s  no reason t o  b e l i e v e  t h a t  t h e  genera tor  c o s t  would vary  w i t h  

Ts o r  Tfy so we may t r e a t  i t  as a  cons tan t .  We w i l l  i n c l u d e  the  spec ia l  

cos ts  f o r  c l u t c h i n g  and c o n t r o l s  w i t h  t h e  generators because t h a t  p o r t i o n  

o f  the c o s t  should a l s o  be constant .  

A.4 COST BREAKDOWN 

We have a l ready  es tab l  i shed est imates f o r  t h e  exponents i n  t he  c o s t  

s c a l i n g  equat ions; i t  remains t o  e s t a b l i s h  c o s t  breakdowns f o r  t h e  equip- 

ment associated w i t h  t h e  convent ional  CAES. As a  s t a r t i n q  p o i n t  we w i l l  - .  
use an i n s t a l  l e d  c o s t  o f  approx imate ly  88 [ I  f o r  t he  tu rb ine-genera tor  

package as es tab l i shed  i n  Reference 2. O f  t h i s ,  25 [h] w i l l  be a t t r i b -  

u ted  t o  t h e  generator ,  c o n t r o l s ,  accessor ies,  c l u t ches ,  e tc . ,  a l l  o f  which 

a re  independent o f  t h e  s to raqe and t u r b i n e  i n l e t  temperatures. We a l l o c a t e  
- $ 8 38 [rn] t o  t h e  tu rb ines ,  19 [rn] t o  t he  compressors and 6 [h] t o  cool i n g  

apparatus. Th i s  r e l a t i v e  c o s t  breakdown i s  based p r i m a r i l y  on advanced 

gas t u r b i n e  i n f o r m a t i o n  i n  Reference 9. Moderate v a r i a t i o n s  i n  t h i s  break- 

down may be made w i t h o u t  s i g n i f i c a n t l y  a l t e r i n g  t h e  r e s u l t s  o f  t he  c o s t  

ana l ys i s .  
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B.l  AQUIFER COSTS 

The t o t a l  c o s t  o f  t h e  w e l l s  w i l l  be t h e  produc t  o f  t h e  c o s t  per  w e l l ,  

Cwy t imes t h e  number o f  we l l s ,  Nw. The number o f  w e l l s  may be g iven  by 

Equat ion (A-1) g ives  Wt  i n  terms o f  t h e  f i r i n g  temperature Tf b u t  we must 

es t ima te  t h e  f l o w  per w e l l  f o r  d i f f e r e n t  va lues o f  s to rage temperature Ts. 

There a r e  e s s e n t i a l l y  two f l o w  res is tances ,  t h e  p i p e  r e s i s t a n c e  and 

t h e  a q u i f e r  res i s tance .  Therefore,  t h e  t o t a l  pressure drop i s  g i ven  by 

The f i r s t  term i s  t h e  usual p i p e  f l o w  equat ion  and t h e  second i s  Darcy 's  

law. 1% i s  t h e  inass f l o w  r a t e ,  11 i s  t h e  v i s c o s i t y ,  K t h e  p e r m e a b i l i t y  
P  

and (L/A), i s  t h e  r a t i o  o f  " e f f e c t i v e  va lues"  o f  t h e  f l o w  pa th  l e n g t h  and 

f l o w  area i n  t h e  a q u i f e r .  The a q u i f e r  pressure drop w i l l  no rma l l y  be much 

l a r g e r  than t h a t  i n  t h e  p ipes  f o r  t h i s  a p p l i c a t i o n  so t h a t  we w i l l  n e g l e c t  

t h e  f i r s t  term. We may assume t h a t  t h e  w e l l  i s  designed f o r  a  g i ven  ~p 

and t h a t  K (A) i s  cons tan t .  For a  gas, t he  v i s c o s i t y  v a r i e s  w i t h  T  as 
P  L a  

(L7 
!'s = 'so Tso 

where q  % 1.66 f o r  a i r  a t  t he  r e l e v a n t  pressure and temperature. ( 1  4 )  

F i n a l l y ,  t h e  mass f l o w  r a t e  i n  t h e  a q u i f e r  may be g i ven  by 



where mwo i s  t h e  mass f l o w  r a t e  a t  t h e  re ference temperature TSo. Th i s  

r e s u l t  i s  i n  good agreement w i t h  Ayers ' r e s u l t s  f o r  a i r  f l o w  i n  an 

a q u i f e r .  

We may now g i v e  t h e  number o f  we1 1  s  as 

We w i l l  assume t h a t  t h e  c o s t  p e r  w e l l  increases i n  p r o p o r t i o n  w i t h  t h e  

abso lu te  temperature because o f  var ious  problems associated w i t h  h igh  tem- 

pe ra tu re  we1 1  compl e t i o n .  

Experience w i t h  geothermal w e l l s  shows t h a t  cos ts  f o r  complet ing t h e  w e l l s  

increases rough ly  i n  p r o p o r t i o n  t o  t h e  s to rage temperature. ( I 7 )  For t h i s  

ana lys i s ,  we w i l l  thus  use p  % 1, a l though t h i s  may be somewhat low. (1 6) 

The parameter Cwo i s  t h e  c o s t  per  w e l l  f o r  complet ion a t  t h e  ambient r e f e r -  

ence c o n d i t i o n  Tso. We w i l l  assume t h a t  t h e  c o s t  o f  su r face  p ipes and 

mani fo ld C i s  a l s o  p r o p o r t i o n a l  t o  t h e  number o f  w e l l s  so t h a t  t h e  t o t a l  
P  

costs o f  we1 1  s  and p i p i n g  may be g iven by t h e i r  sum t imes t h e  number o f  

w e l l s ,  o r  

Cwp " (Cw + Cp) Nw 

From equat ions (A-1) and (5-4) through (0-7) we then o b t a i n  

where C i s  t h e  t o t a l  c o s t  f o r  w e l l s  and p i p i n g  f o r  ope ra t i on  a t  t h e  
WPO 

re ference c o n d i t i o n s  TSo and Tfo, expressed as 

The w e l l  cos ts  are, o f  course, h i g h l y  dependent on t h e  s i z e  and depth 

o f  t he  we l l s ,  t h e  na tu re  of t h e  s t r a t a  penetrated,  t he  geographic l o c a t i o n  

and o the r  f ac to rs  t o o  numerous t o  mention. For  c a l c u l a t i o n ,  we w i l l  use 



t he  data generated i n  Reference 2; t he  cond i t i ons  assumed i n  t h a t  work a r e  

s i m i l a r  t o  those o f  t h e  present  a n a l y s i s .  The ac tua l  va lue employed i s  

$100,000 per w e l l  i n c l u d i n g  p ipes and connect ives.  

6.2 BUBBLE DEVELOPMENT 

We must i n c l u d e  c a p i t a l  charges f o r  energy consumed t o  develop t h e  

e q u i l i b r i u m  a i r  bubble. Th i s  w i l l  i n c l u d e  cos ts  f o r  pumping t h e  r e q u i r e d  

a i r  i n t o  t h e  ground p lus  heat  t o  b r i n g  t h e  rock  up t o  t h e  e q u i l i b r i u m  

c o n d i t i o n .  The amount o f  a i r  cyc led  per  day per kW o f  c a p a c i t y  i s  g i ven  

by 

AMs [w] = ~[&l 
W t [MI lb, 

where r i s  t h e  d a i l y  du ty  i n  [k]. 
day 

Assuming a  cushion f a c t o r  kb ft t h e  maximum s to red  volume per  kW [ f t ' iday  

o f  capac i t y  i s  

The energy requ i red  t o  b u i l d  t h e  e q u i l i b r i u m  bubble i s  then 

I n  a d d i t i o n ,  a  cons iderab le  q u a n t i t y  o f  hea t  must be supp l i ed  t o  b r i n g  

t h e  rock  up t o  t h e  e q u i l i b r i u m  temperature, and should be i nc luded  i n  t h e  

development cos t .  I n  p r a c t i c e ,  t h i s  energy w i l l  be p a i d  f o r  i n  t h e  form 

of h ighe r  t u r b i n e  heat  r a t e s  d u r i n g  t h e  f i r s t  yea rs  o f  ope ra t i on  and n o t  

as an i n i t i a l  expense. Nevertheless, we w i  11 i n c l u d e  t h e  c o s t  o f  t h e  

i n i t i a l  heat  charge as an i n i t i a l  c a p i t a l  expendi ture.  

I t  i s  n o t  necessary t o  heat  up the  e n t i r e  a q u i f e r  because t h e  r e g i o n  

around each w e l l  ac t s  as a  regenera tor  s t o r i n g  up heat  du r i ng  t h e  charge 



phase and r e l e a s i n g  hea t  on d ischarge .  Wi thou t  a  thorough a n a l y s i s  of  t h e  

problem, i t  i s  imposs ib l e  t o  s t a t e  p r e c i s e l y  how much hea t  must be s u p p l i e d  

t o  h e a t  t h e  r o c k  i n  o r d e r  t o  o b t a i n  t h e  " e q u i l i b r i u m "  o p e r a t i o n  p o i n t .  For 

t h e  a n a l y s i s ,  we a r b i t r a r i l y  assume t h a t  a  volume o f  r o c k  aVr s u f f i c i e n t  t o  

c o n t a i n  one d a i l y  c y c l e  volume o f  a i r  AV, must be heated t o  a  "mean s t o r a g e  

temperature"  g i ven  by 

where To i s  t h e  ambient r o c k  temperature.  The r e q u i r e d  r o c k  mass i s  t hen  

where E~ and p, a r e  t h e  p o r o s i t y  and d e n s i t y  o f  t h e  rock .  The bubb le  d e n s i t y  

T  +T 

s  w i l l  be c a l c u l a t e d  a t  t h e  mean s to rage  temperature - O . The hea t  add i -  2 

t i o n  r e q u i r e d  f o r  bubb le  development i s  

Assuming purchased power cos t s  of  ce  and fue l  c o s t s  of  c f t  

we o b t a i n  t h e  t o t a l  bubb le  development c o s t  as t h e  sum o f  pumping and hea t -  

i n g  cos t s ,  

8.3 LAND COSTS 

A  c e r t a i n  amount o f  l a n d  must be purchased f o r  c o n s t r u c t i o n  o f  t h e  su r -  

f a c e  f a c i l i t i e s .  T h i s  c o s t  w i l l  be r e l a t i v e l y  sma l l  and w i l l  be assumed t o  

be p a r t  o f  t h e  ba lance  o f  p l a n t  cos t s .  The s to rage  volume can be 1  eased o r  

purchased; i n  e i t h e r  case, a1 t e r n a t i v e  uses such as fa rming  may be con t inued .  

We w i l l  assume t h e  l a n d  i s  l eased  a t  a  c o s t  o f  csl = 4 [acre $ yr ] . The 



l ease  c o s t  i s  g i ven  by 

I n  equat ions (8-17), Vs i s  t he  s to rage capac i t y  o f  t he  a q u i f e r  i n  

which depends on t h e  th ickness  and p o r o s i t y  o f  t he  s to rage zone. The 

d e n s i t y  pS i s  p r o p o r t i o n a l  t o  l / T s  by t h e  i d e a l  gas law and Wt  i s  propor-  

t i o n a l  t o  Tf by equat ion  (A-1 ) .  Thus, equat ions (8-16) and (8-17) can be 
-. -F 

I s  I f expressed d i r e c t l y  as f u n c t i o n s  o f  (-) and, (r), s i m i l a r  t o  equat ions 
Tso f 0 

(A-5) and (A-6); however, t h e r e  i s  no need t o  do so a t  t h i s  t ime. Values 

used f o r  t h e  var ious  design parameters i n  t h e  above equat ions a re  summarized 

i n  Table 2 i n  t h e  main t e x t .  Cost equat ions a r e  summarized i n  Table 3 and 

p e r t i n e n t  f i n a n c i a l  data a r e  found i n  Table 4. 

Where poss ib le ,  data sources a r e  i d e n t i f i e d  i n  t h e  tab les .  However, 

many o f  the cos ts  a r e  based on l i t t l e  more than educated guesses. We thus  

re-emphasize t h e  need f o r  c a u t i o n  i n  i n t e r p r e t i n g  these r e s u l t s  f o r  con- 

d i t i o n s  f a r  removed f rom t h e  nominal des ign from which cos ts  were est imated.  
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NOMENCLATURE 

A  
2 

c ross -sec t i ona l  area, f l o w  area [ f t  ] 

a  sound speed = [ f t l s e c ]  

Cbd bubble development cos ts  [b] 
C b ~  

balance o f  p l a n t  cos ts  [&I 
r 6  7 

Cc compressor i n s t a l  1  ed cos ts  lh] 
'cap t o t a l  i n s t a l  l e d  cos ts  [&] 
C c l  ' cool  i n g  f a c i l i t y  i n s t a l l e d  cos ts  [b] 

genera tor  i n s t a l  1  ed cos t ,  i n c l u d i n g  c lu t ches  

and accessor ies [&] 
CI s to rage lease cos ts  [&I 

$ 
Cm compressor c o s t  per  c a p a c i t y  [rn] 
t t u r b i n e  i n s t a l l e d  c o s t  [h] 

C w ~  
c o s t  o f  we1 1s and p i p i n g  [&I 

Cb c o s t  o f  base p l a n t  (nuc lea r )  f u e l  [&I 
m i  1  

e  c o s t  o f  purchased e l e c t r i c  power [rn] 
- 

Cf t cos t  o f  t u r b i n e  f u e l  [A] 
1  lease cos ts  

C 
B t u  $ s p e c i f i c  heat  o f  t h e  a i r  [rn], c o s t  of p i p i n g  [well] 

P 

c s p e c i f i c  heat  o f  t he  rock  [fi] 
Pr 

C 
W 

c o s t  o f  we1 1  s  - [we! 1  I 
D c h a r a c t e r i s t i c  f l o w  d iameter  Eft] 

E  energy [ ~ t u l  o r  [kwh] 



NOMENCLATURE ( Cont inued) 

FCR 

Q t h  

f i x e d  charge r a t e  [kl 
f r i c t i o n  f a c t o r  

B t u  e n t h a l p y  o f  t h e  a i r  

c o s t  e s c a l a t i o n  by i n f l a t i o n  d u r i n g  c o n s t r u c t i o n  [k] 
i n t e r e s t  d u r i  ng c o n s t r u c t i o n  [h] 
permeabi 1  i ty  o f  t h e  a q u i f e r  [Darcy] 

bubble cush ion  f a c t o r  

r a t i o  o f  compressor r u n  t i m e  t o  t u r b i n e  r u n  t ime  

c h a r a c t e r i s t i c  f l o w  1  ength [ ft] 

s p e c i f i c  mass f l o w  o f  t h e  compressor [&I 
t o t a l  mass o f  a i r  s t o r e d  [ l b ]  

mass c y c l e d  p e r  day 
day 

s p e c i f i c  mass f l o w  o f  t u r b i n e  [&I 
mass f low r a t e  [k] 

1  b / h r  mass d e l i v e r a b i l  i t y  o f  a  w e l l  [well] 

number o f  we1 1  s  

a d i a b a t i c  c o e f f i c i e n t  = ( y - l ) / y ,  exponent i n  a  c o s t  equa t i on  

s u b s c r i p t  o  denotes p r o p e r t i e s  o f  t h e  "nominal "  des ign  f o r  

ambient  s t o r a g e  and f i r e d  h i g h  tempera tu re  t u r b i n e s  

p ressu re  [?I, power [ ~ W I  

an exponent i n  a  c o s t  equa t i on  

B  t u  t u r b i n e  hea t  r a t e  Ern] 
B  t u  o v e r a l l  hea t  r a t e  



NOMENCLATURE (Con t i  nued ) 

an exponent i n  a  c o s t  equa t i on  

compression r a t i o  

t u r b i n e  expansion r a t i o  

tempera tu re  [ O R ]  o r  [OF] 

t u r b i n e  i n l e t  o r  f i r i n g  temperature [ O R ]  

maximum a1 1  owabl e  tempera tu re  f o r  a d i a b a t i c  compression [ O R ]  

de l  i very  tempera tu re  f rom s to rage  [ O R ]  

annual use f a c t o r  [F] 
v e l o c i t y  [ f t / sec ]  

kwh s p e c i f i c  work o f  t h e  compressor 

kW h  s p e c i f i c  work o f  t h e  t u r b i n e  

work [Btu]  o r  [kwh] 

t ime  of c o n s t r u c t i o n  [yr] 

s p e c i f i c  hea t  r a t i o  f o r  i d e a l  gas 

mass recovery  f a c t o r  

p ressu re  recove ry  f a c t o r  

temperature recove ry  f a c t o r  

dynamic v i s c o s i t y  [ l b m / f t  sec]  

k i nema t i c  v i s c o s i t y  [ f t L / sec ]  

d e n s i t y  [I bm/f t3] 
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