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PACIFIC NORTHWEST LABORATORY 

Foreword 

Compressed a i r  energy storage (CAES) i s  a technique for  supplying 
e l ec t r i c  power t o  meet peak load requirements of e l ec t r i c  u t i l i t y  
systems. A CAES plant uses low-cost power from base load plants during 
off-peak periods to  compress a i r  i n  an underground reservoir -- an 
aquifer,  solution mined s a l t  cavity or  mined hard rock cavern. During 
subsequent daytime peak load periods, the compressed a i r  would be withdrawn 
from storage, heated, and expanded through turbines to  generate peak 
power. 

Studies have shown tha t  the CAES concept i s  technically feasible  
and, w i t h  a proper u t i l i t y  power generation mix i s  economically viable. 
Replacement of current o i l - f i red  gas turbine peaking units by CAES systems 
could r e su l t  in an annual savings of more than 100,000,000 barrels of 
o i l .  Already, a CAES plant i s  being operated by Nordwestdeutsche 
Kraftwerke AG. i n  Germany and other plants are being planned or considered 
by U.S. u t i l i t i e s .  

I'n view of the potential benefits the CAES concept of fers ,  the 
Department of Energy (DOE) has undertaken a comprehensive program i n  
order to  accelerate commercialization of t h i s  technology. The Pacific 
Northwest Laboratory (PNL) was selected by DOE as lead laboratory fo r  
the CAES Technology Program. A.s such, PNL i s  responsible fo r  assis t ing 
the DOE i n  planning, budgeting, contracting ,, managing, reporting , and. 
disseminating information. Under subcontract t o  PNL are  a number of 
companies, universit ies and consultants that  a re  responsible for  various 
research tasks w i t h i n  the Program. 

This report describes the resu l t s  of a study subcontracted by PNL 
to  Acres American, 1ncorporated.to perform a conceptual design and 
engineering study of adiabatic CAES w i t h  thermal energy storage. Adiabatic 
CAES i s  a cycle variation which eliminates a l l  hydrocarbon based fuel input 
within the CAES plant. The heat of compression i s  stored in thermal 
energy storage r.egei~eratot-s f o r  l a t e r  use i n  the CAES expansion cycle. 

This study i s  a part  of the "Second Generation CAES Systems" task 
of the CAES Technology Program. The general objective of the Second 
Generation task i s  t o  develop advanced CAES technologies that  would reduce 
or eliminate the dependence of CAES systems on petroleum fuels.  Other 
concepts receiving preliminary attention in t h i s  task are: 

. Adiabatic CAES ut i l iz ing  mined hard rock caverns for  compressed 
a i r  storaye 



. CAES u t i  1 i z i  ng coal - f i red f 1 uidi zed bed combustors ( F B C )  . CAES cycle integrated i n  a coal gasification plant 

. Solar assis ted CAES 

. Combined CAES and coal-fired steam plant. 

A t  the present time PNL i s  directing the limited research and 
development funding resources t o  advancement of CAES concepts u t i l iz ing  
thermal energy storage. The adiabatic concept appears to  be the most 
a t t r a c t i v e  candidate fo r  u t i l i t y  application i n  the near future.  I t  
is operationally viable, economically a t t r ac t ive  compared with competing 
concepts, and will require re la t ive ly  l i t t l e  develnpm~nt. hefore the 
construction of a plant can be undertaken. I t  i s  estimated tha t  a u t i l i t y  
could s t a r t  the design of a demonstration plant in 2 t o  3 years i f  
research regarding TES system design i s  undertaken i n  a timely manner. 

v i i i  



CONCEPTUAL DESIGN AND E N G I N E E R I N G  STUDY OF 
ADIABATIC CAES WITH THERMAL ENERGY STORAGE 

EXECUTIVE SUMMARY 

BACKGROUND 

Compressed a i r  energy s torage (CAES) i s  a  technology f o r  l a rge -sca le  cen- 
t r a l i z e d  s to rage  o f  o f f -peak  e l e c t r i c i t y  wherein su rp lus  power f r om t h e  
u t i l i t y  system i s  u t i l i z e d  t o  compress a i r  us i ng  motor generator  d r i v e n  
compressors. The compressed a i r  i s  s t o red  underground i n  an excavated hard 
r o c k  o r  s a l t  cavern, o r  i n  an a q u i f e r  fo rmat ion .  The compressor d ischarge 
must be cooled t o  p reven t  thermal damage t o  t h e  hos t  geo log i ca l  fo rmat ion ,  
was t i ng  cons ide rab le  u s e f u l  heat .  Du r i ng  t h e  genera t ion  mode, t h e  s to red  
a i r  i s  r e l eased  f r om t h e  cavern, heated w i t h  f u e l  i n  combustors, and then 
expanded i n  t u r b i n e s .  The t u r b i n e s  d r i v e  t h e  motor-generator  i n  t h e  gen- 
e r a t o r  mode, which supp l i es  peak ing and p o s s i b l y  i n te rmed ia te  e l e c t r i c  
power t o  t h e  u t i l i t y  system. 

T h i s  concept has been used i n  t h e  c o n s t r u c t i o n  o f  a  CAES p l a n t  by 
Nordwestdeutsche K ra f twe rke  AG ( a  West German u t  i 1 i t y )  a t  Hunto r f ,  near 
Oldenburg,,which has operated b e t t e r  than  expected s ince  1978. The Hun to r f  
equipment des ign has s i nce  been m o d i f i e d  f o r  a p p l i c a t i o n  t o  t h e  60 Her tz  
systems o f  U.S. u t i l i t i e s  and has been used as t h e  bas i s  o f  eng ineer ing  
s t u d i e s  f o r  t h e  M idd le  South U t i l i t i e s  and t h e  Potomac E l e c t r i c  Power 
Company (PEPCO) systems. 

A d i a b a t i c  CAES, t h e  sub jec t  o f  t h i s  r e p o r t ,  i s  a  c y c l e  v a r i a t i o n  which 
e l i m i n a t e s  a l l  hydrocarbon based f u e l  i n p u t  w i t h i n  t h e  CAES p ' lant .  I n -  
stead, t h e  hea t  o f  compression i s  reused i n  t h e  CAES expansion c y c l e  
th rough t h e  use o f  thermal energy s to rage  regenera to rs .  Th i s  approach was 
f i r s t  pa ten ted  i n  1972 and s t u d i e d  i n  some depth i n  an E l e c t r i c  Power 
Research I n s t i t u t e  (EPRI) funded e f f o r t  performed by  t h e  Cen t ra l  
E l e c t r i c i t y  Generat ing Board (CEGB) o f  England. The s tudy  concluded t h a t  
h i g h  temperature (1200 t o  1500°F) a d i a b a t i c  CAES cyc les  should o n l y  be 
cons idered  as l ong  t e rm  developments and recommended f u r t h e r  s tudy  o f  
h y b r i d  cyc les  which i nco rpo ra ted  f u e l  topping.  E a r l i e r  s t ud ies  had come t o  
s i m i l a r  conc lus ions .  However, a  subsequent s tudy  performed by t h e  MIT 
L i n c o l n  Labo ra to r y  i n  1979 concluded t h a t  a d i a b a t i c  CAES was economical l y  
c o m p e t i t i v e  i n  t h e  near te rm w i t h  o t h e r  forms o f  c e n t r a l i z e d  e l e c t r i c  
u t i l i t y  s torage.  The r e s u l t s  o f  t h e  MIT s tudy  r e f l e c t e d  a  number o f  
d i f f e r e n c e s  f rom prev ious  work, most n o t a b l y  t h e  e f f e c t s  o f  f u e l  e s c a l a t i o n  
i n  r ecen t  years.  Th i s  r e p o r t  covers a  conceptual  eng ineer ing  des ign and 
f e a s i b i l i t y  s tudy  based upon use o f  commerc ia l ly  a v a i l a b l e  machinery t o  
c o n s t r u c t  an a d i a b a t i c  CAES p l a n t  design, eva lua te  near te rm f e a s i b i l i t y  
and i d e n t i f y  des ign aspects which r e q u i r e  f u r t h e r  i n v e s t i g a t i o n .  



THE A D I A B A T I C  CAES CYCLE 

Comparison o f  t h e  bas ic  ad iabat ic  CAES concept t o  t he  o i l - f i r e d  p l a n t  
design revea ls  several  changes. The f u e l  supply and combustion systems 
and t h e  compressor i n t e r c o o l i n g  system o f  the  o i l - f i r e d  design are replaced 
b y  one o r  more thermal energy storage (TES) systems. Al lowable compressor 
e x i t  temperature d i c t a t e s  the  c y c l e  opera t ing  pressure, and e x i t  tempera- 
t u r e  and pressure are a f u n c t i o n  o f  compressor e f f i c i e n c y .  As no f u e l  i s  
used, h i g h  e f f i c i e n c y  combustion cannot be employed t o  make up f o r  compres- 
so r  and p i p i n g  losses as i s  the  case w i t h  the  combustion CAES cyc le .  
I n c o r p o r a t i o n  o f  a thermal s torage device i n  t h e  cyc le  a lso  adds 
unavoidable losses t o  the  system and would be expected t o  be more c a p i t a l  
i n t e n s i v e  than t h e  combustion and i n t e r c o o l i n g  system equ iva len ts  o f  the  
f u e l - f i r e d  cyc le .  

A1 though h igh  temperature heat s torage mater i  a1 s are avai 1 able, t he  
compressor heat source i s  l i m i t e d  t o  temperatures below 900°F by the  use o f  
commercial technology. Such temperatures are s u b s t a n t i a l l y  less than those 
used i n  the  f u e l - f i r e d  CAES expansion cyc le,  w i t h  the  r e s u l t  t h a t  both 
t u r b i n e  ou tput  and potent  i a1 cyc le  e f f i c i e n c y  are reduced. Performance o f  
t h e  thermal energy storage system i s  t he re fo re  very important,  and pressure 
drop, temperature v a r i a t i o n  and o v e r a l l  cost  should be minimized. 

Single,  double and t r i p l e  compression/thermal storage i n t e r c o o l i n g  stages 
a re  poss ib le .  Minimum c a p i t a l  cos t  was used i n  t h i s  s tudy t o  se lec t  the  
two-stage arrangement as t h e  design cyc le.  

THERMAL ENERGY STORAGE SYSTEM SELECTION 

Four bas i c  TES systems were reviewed f o r  t h e  ad iaba t i c  CAES a p p l i c a t i o n  
( i  e ,  d i r e c t  and i n d i r e c t  contact  sens ib le  heat storage, l a t e n t  heat 
storage, and thermochemical energy storage) and d i r e c t  contac t  sens ib le  
heat  s torage i n  pebbles o r  checkers was p r e f e r r e d  because of lower cos ts  
and g rea te r  c o m e r c i  a1 readiness. La ten t  heat and thermochemical energy 
s to rage systems are s t i l l  i n  t he  developmental stage, w h i l e  i n d i r e c t  
sens ib le  heat systems, which employ heat exchangers, were found t o  be 
undes i rab le  due t o  r e l a t i v e l y  h igh  c a p i t a l  cost  and low thermal performance 
( i  , e . ,  ~ f f e c t  i venes r )  . 

Extens ive  eva lua t ions  were c a r r i e d  out  f o r  d i r e c t  contac t  sens ib le  heat 
systems o f  t h e  pebble o r  checker bed types. Both ma te r ia l  p rope r t i es  and 
c o s t  were used t o  s e l e c t  t h e  most promis ing ma te r ia l s .  These were crushed 
rock, s i n t e r e d  i r o n  ox ide pebbles, and a f i r e c l a y  pebble commercial ly known 
as Denstonem, manufactured by the  Norton Company. Selected m a t e r i a l s  were 



modeled t o  s imu la te  performance i n  var ious  pebble bed arrangements us ing  
computer ized r o u t i n e s  p rov ided  by t h e  Massachusetts I n s t i t u t e  o f  Technology 
and t h e  Cen t ra l  E l e c t r i c i t y  Generat ing Board. The computer s i m u l a t i o n  
a c t i v i t i e s  a1 lowed development o f  a  TES system c o n f i g u r a t i o n  ' w i t h  accept- 
ab le  performance. With t he  f i n a l  des ign arrangement, average temperature 
drop between compressor e x i t  and t u r b i n e  i n l e t  temperatures was designed 
f o r  25"F, w i t h  pressure losses o f  a  few p s i  w i t h i n  t h e  s to rage  beds. 

The TES system was con ta ined  i n  underground hard  rock  caverns w i t h  t h e  rock  
f o rma t i ons  used f o r  pressure containment.  The heat  s to rage  m a t e r i a l s  were 
p laced  i n  s i l o s  cons t ruc ted  i n s i d e  o f  excavated caverns. 

TURBOMACHINERY SELECTION 

As t h e  s tudy  i nvo l ved  conceptual  des ign o f  a  p l a n t  based on commerc ia l ly  
a v a i l a b l e  machinery, subcon t rac t  arrangements were made w i t h  an i n d u s t r i a l  
equipment manufacturer  hav ing  p roduc t  l i n e s  t h a t  encompassed a l l  t h e  turbo-  
machinery requi rements.  The Dresser C la r k  D i v i s i o n  o f  Dresser I n d u s t r i e s  
c o l  1  aborated i n  bo th  t h e  development o f  c y c l e  parameters r e p r e s e n t a t i v e  o f  
a v a i l a b l e  technology and i d e n t i f i c a t i o n  o f  s u i t a b l e  machinery. 

A combinat ion o f  a x i a l  and c e n t r i f u g a l  compressors was se lec ted  f o r  t h e  
two-stage s tudy  c y c l e  f o l l o w i n g  ana l ys i s  o f  severa l  machinery arrangements. 
A x i a l  machinery was se lec ted  f o r  t h e  f i r s t  compression stage, w i t h  t h r e e  
machines requ i red .  Arrangements w i t h  two commerc ia l ly  a v a i l a b l e  machines 
i n  s e r i e s  were no t  capable o f  ach iev ing  des i r ed  ou tpu t  cond i t i ons ,  whereas 
a  two- in to-one arrangement was found t o  achieve des i r ed  e f f i c i e n c y  and e x i t  
c o n d i t i o n s .  B a r r e l  t ype  c e n t r i f u g a l s  were se lec ted  f o r  t h e  second stage of 
c'ompression. Casing and r o t o r  ma te r i  a1 m o d i f i c a t i o n s  are r e q u i r e d  f o r  t he  
h igh- temperature machines, bu t  these were cons idered w i t h i n  t h e  l i m i t s  o f  
p resen t  technology and t y p i c a l  o f  o rders  f o r  spec ia l  a p p l i c a t i o n s .  

The t u r b i n e  s e c t i o n  i nco rpo ra tes  a l l  a x i a l  machinery w i t h  a  tandem low 
pressure  t u r b i n e  arrangement. Machinery s e l e c t i o n s  were made on t h e  bas is  
o f  maximum e f f i c i e n c y .  As a  r e s u l t ,  t u r b i n e  s e c t i o n  f l o w  r a t e  was 
inc reased  over  t h a t  o f  t h e  compressor s e c t i o n  by  20 percen t  (650 t o  780 
l b s l s e c ) .  T h i s  reduced c learance  losses i n  t h e  h i g h  p ressure  t u rb i ne ,  
a l l o w i n g  p r e d i c t i o n  o f  85 percen t  e f f i c i e n c y  ( i s e n t r o p i c )  f o r  t h e  h i g h  
p ressure  machine and 88 percen t  f o r  each low pressure machine. 

PLANT PERFORMANCE 

The machinery s e l e c t  i ons  and thermal  s to rage  system c o n f i g u r a t i o n s  are 
p r o j e c t e d  t o  produce a  per  u n i t  power ou tpu t  o f  200 MW, w i t h  a  compressor 
i n p u t  power requi rement  o f  243 MW. P l a n t  ope ra t i on  r e q u i r e s  12 hours o f  
cha rg ing  t o  p rov ide  10  hours o f  ope ra t i on  i n  t h e  d ischarge  mode. I n c l u d i n g  



losses f o r  a  normal d a i l y  cyc le,  each k i l o w a t t  hour o f  output  requ i res  
approximate ly  1.48 k i l o w a t t  hours o f  input  energy. Ten hours o f  generat ion 
s to rage capac i t y  was se lec ted  f o r  t h i s  study t o  permi t  comparison o f  t he  
a d i a b a t i c  p l a n t  and PEPCO o i l - f i r e d  CAES p l a n t  (Acres, 1979). Since many 
u t i l i t i e s  do n o t  have 12 hours o f  charg ing t ime a v a i l a b l e  t o  p rov ide  the  
design storage capac i ty ,  t h i s  design c r i t e r i o n  would be mod i f ied  on a  
s i t e - s p e c i f i c  basis .  

P a r t  load opera t ion  capabi 1  i t y  i s  p ro jec ted  as 63 t o  104 percent  f l o w  f o r  
t h e  compressor t r a i n  (74 t o  105 percent  power i npu t )  and 0  t o  100 percent  
ou tpu t  f rom t h e  t u r b i n e  sec t ion  (20 t o  100 percent o f  design f low) .  
Seasonal v a r i a t i o n  i n  p l a n t  output  i s  u n l i k e l y  t o  be s i g n i f i c a n t ,  as i n l e t  
a i r  t o  t h e  compressors i s  preheated us ing  waste heat. 

PLANT LAYOUT 

A p l a n t  arrangement was developed based upon t h e  layout  developed f o r  the  
PEPCO p r e l i m i n a r y  eng ineer ing  f u e l - f i r e d  CAES design study. Drawings are 
i nc luded  i n  Sect ion  8  o f  t h i s  repo r t .  The most no t i ceab le  d i f f e rences  
between t h i s  arrangement and the  PEPCO design are t h e  absence o f  f u e l  
s to rage tanks and 1  arge a i  r -coo led  exchangers requ i red  f o r  the  convent ional  
design. The turbomachinery ha1 1  arrangement d i f f e r s  f rom the  PEPCO design 
i n  t h a t  t h e  c e n t r i f u g a l  compressors are d r i ven  by a  separate motor. As the  
c e n t r i f u g a l  t r a i n  occupies an area used t o  enclose compressor i n t e r c o o l e r s  
i n  t h e  f i r e d  design, no s i g n i f i c a n t  b u i l d i n g  changes were requi red.  

The arrangement o f  t he  underground f a c i l i t i e s  inc luded placement o f  the TES 
f a c i l i t i e s  a t  minimum depth. This minimizes the  length  o f  ho t  v e r t i c a l  
p i  p i n g  and, consequently, p ipe  thermal expansion. An a i r  sha f t  pressure 
vessel  cap was prov ided t o  a l low p ipe  growth wh i l e  ma in ta in ing  conta in-  
ment. 

The TES system was d i v i d e d  i n t o  p e b b l e - f i l l e d  s t e e l  cy l i nde rs .  Cy l inders  
are  s imp ly  added o r  subt rac ted  t o  vary  storage capac i ty .  Eleven c y l i n d e r s  
were requ i red  f o r  each o f  t he  low pressure and h igh  pressure TES systems. 
The c y l i n d e r s  are f r e e  standing w i t h i n  the  pressur ized TES caverns. 

CAPITAL AND OPERATING COSTS AND CONSTRUCTION SCHEDULE 

Capi t a1 cos t  est imates were prepared based upon p r e l  im inary  est imates 
prepared f o r  t h e  PEPCO study. D i r e c t  cos t  f o r  a  f o u r  u n i t  800 MW p l a n t  
( w i t h o u t  cont ingencies)  i s  est imated t o  be approximately $449 m i l l i o n  ( J u l y  
1980 d o l l a r s ) .  I n  comparison, t he  equ iva len t  cos t  o f  the  PEPCO study 
design was approximate ly  $380 m i l l  ion. It should be noted t h a t  t h e  



a d i a b a t i c  CAES es t imates  i n c l u d e  t h e  cos t  o f  one complete se t  o f  spare 
machine r o t o r s  and overhaul  p a r t s  ($14,000,000), an i t e m  no t  i nc l uded  i n  , 
PEPCO CAES study es t imates .  

Opera t ing  cos t s  were developed f o r  p l a n t  s t a f f  (an es t imated  68 persons f o r  
a  f u l l y  manned s t a t i o n ) ,  turbomachinery maintenance and genera l  p l a n t  main- 
tenance. These cos t s  were es t imated  a t  $4.OO/kW-yr f o r  f i x e d  i tems and 
0.28 mi l ls /kWh f o r  v a r i a b l e  i tems.  

A p r e l i m i n a r y  c o n s t r u c t i o n  schedule f o r  t h e  a d i a b a t i c  p l a n t  was a l so  pre-  
pared. The c o n s t r u c t i o n  o f  t h e  thermal  s to rage  system and deeper caverns 
was p r o j e c t e d  t o  add approx imate ly  one year  t o  t h e  p e r i o d  r e q u i r e d  f o r  con- 
s t r u c t i o n  o f  a  f u e l - f i r e d  p l a n t ,  f o r  a  t o t a l  o f  6 years.  As no f u e l  would 
be consumed a i r  emissions may be ' n e g l i g i b l e ,  and t h e  l i c e n s i n g  process 
would p robab ly  be s i m p l i f i e d  i n  comparison t o  f u e l - f i r e d  CAES. 

SYSTEM ECONOMICS 

An economic comparison was performed between a d i a b a t i c  CAES, t h e  under- 
ground pumped hydro (UPH) and o i l - f i r e d  CAES designs o f  t h e  PEPCO study, 
and combustion t u r b i n e s .  The e v a l u a t i o n  was performed on t h e  bas i s  o f  
l e v e l  i z e d  energy (p roduc t i on )  cos t  ana lys is ,  and was based upon f u e l  cos ts  
and e s c a l a t i o n  r a t e s  supp l i ed  by Bat te l le-PNL.  The r e s u l t s  suggested a  
s  i g n i f  i c a n t  economic advantage t o  ad i  abat i c  CAES when compared t o  combus- 
t i o n  t u rb i nes ,  y e t  o n l y  marg ina l  compet i t i veness  when compared t o  t h e  o i l -  
f i r e d  CAES , des ign depending on t h e  heat  s to rage  m a t e r i a l s  used. On t h e  
o t h e r  hand, a d i a b a t i c  CAES was no t  compe t i t i ve  w i t h  t h e  UPH des ign when 
o n l y  economic cons ide ra t i ons  were taken i n t o  account. The s e n s i t i v i t y  o f  
these  r e s u l t s  t o  reasonable changes i n  c a p i t a l  cos t  o r  charg ing  energy cos t  
were smal l .  Such var iances  o n l y  change t h e  r e 1  a t  i ve economic comparison 
between a d i a b a t i c  and o i l - f i r e d  CAES, f u r t h e r  , r e i n f o r c i n g  t h e  conc lus ion  
t h a t  these  techno log ies  compete w i t h  each o the r  on an economic bas is .  

A d i a b a t i c  CAES c y c l e  o p t i m i z a t i o n  s tud ies ,  based on t h e  thermal  l i m i t s  o f  
commerc ia l ly  avai  l a b l e  turbomachinery and system economics, i d e n t i f i e d  t h e  
two-stage c y c l e  as t h e  most des i r ab le .  With development o f  h i ghe r  tempera- 
t u r e  l i m i t s  f o r  compressors a  s i ng le - s tage  low pressure approach may a l so  
be acceptable.  E l i m i n a t i o n  o f  t h e  c e n t r i f u g a l  compressors and t h e  h i g h  
p ressure  t u r b i n e  would improve p l a n t  r e l i a b i l i t y ,  i nc rease  machinery e f f i -  
c iency,  and n o t i c e a b l y  lower t h e  r a t i o  of power i n p u t  t o  power ou tpu t .  For  
compressor e x i t  temperatures i n  t h e  range o f  1200-1400°F, t h e  l e v e l i z e d  
busbar cos t  o f  a  low pressure des ign may be rough l y  equ i va len t  t o  t h a t  o f  
t h e  h i g h  pressure des ign when o p e r a t i n g  between 15 and 25 percen t  c a p a c i t y  
f a c t o r .  

I f  t h e  a i r  s to rage  system cos t  cou ld  be f u r t h e r  reduced, perhaps through 
convers ion  o f  an e x i s t i n g  mine, l e v e l i z e d  busbar cos t s  approaching those o f  
a  comparably s i zed  UPH p l a n t  may be f e a s i b l e .  The disadvantage o f  
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increased capital cost with low pressure storage would be largely avoided 
by the use of an existing low cost storage cavity. The economics of the 
low pressure storage approach would become even more favorable for utili- 
ties with charging power costs greater than the 11.4 mills/kWh base value 
(1980 dollars), due to the more favorable performance of the low pressure 
cycle. The mine conversion approach using commercially available (low 
temperature) axial machinery can potentially bring single-stage cycle eco- 
nomics below combustion turbines and within range of the two-stage design. 
The identification of existing cavities capable of conversion to air stor- 
age at pressures of around 250 psi could therefore be important to moving 
adiabatic CAES technology towards commerci a1 ization. 

CONCLUSIONS 

Technical Feasibi 1 ity - The plant configuration developed in this concep- 
tual design study does not appear to include any design problems which 
would prohibit plant construction, however, a number of design areas re- 
quire more detailed investigation before detailed engineering can proceed. 

A number of uncertainties exist with thermal energy storage material 
properties and behavior in the conditions of the adiabatic CAES appl ica- 
tion. Unknown are such items as cyclic life, and particulate generation 
rate and size distribution for the various storage materials. Pebble bed 
containment vessel wall stresses due to thermal expansion are unknown, but 
do not appear to be severe or uncontrollable. Prediction of the exact 
behavior of such large quantities of materials in single containments is 
somewhat uncertain as comparably sized systems that operate under similar 
thermal conditions have never been built. Performance prediction is, how- 
ever, largely a function of how well air distribution within the bed can be 
predicted, and therefore depends upon construction features which ensure 
as-desi gned conditions. Part-load and part i al-cycl ing TES system behavior 
were not investigated to any depth in this study. Although no significant 
deviations are expected, behavior under such conditions must be defined to 
clarify operating procedures and limitations. 

Design of the high temperature air shafts received considerable attention 
during this study. The arrangement of the pipe to accommodate startup 
expansion is, of course, critical to successful containment of the stored 
air. The design approach selected should be adequate, and, although un- 
usual in construction, appears well within the capability of construction 
technology. 

The availability of suitable valves was investigated by both Acres and 
Dresser Clark and does not appear to be a problem at this stage. The large 
piping required in the low pressure plant sections will involve custom 
fabrication, but adequate facilities are available. 



The avai  l a b i  1 i t y  o f  turbomachinery based upon commerci a1 l y  o f f e r e d  designs 
appears good. Some m o d i f i c a t i o n  t o  s tandard product  designs would be r e -  
q u i r e d  t o  achieve t h e  temperature l i m i t s  proposed i n  t h i s  s tudy  (870°F 
max), b u t  no insuperab le  problems are a n t i c i p a t e d .  The use o f  temperatures 
above those proposed would requ i re ,  however, ex tens i ve  compressor redes ign  
o r  development o f  new designs. The des ign c o n f i g u r a t i o n  developed i n  t h i s  
s tudy  does i n c l u d e  a h i g h  horsepower gearbox i n  t h e  c e n t r i f u g a l  compressor 
t r a i n ,  which i s  a s t a t e - o f - t h e - a r t  component t h a t  would re .qu i re  design 
eva lua t i on .  Other compressor arrangements a re  p o s s i b l e  which cou ld  e l i m i n -  
a t e  t h i s  gearbox. 

P l a n t  o p e r a t i n g  c h a r a c t e r i s t i c s  need f u r t h e r  e v a l u a t i o n  and d e f i n i t i o n ,  
p a r t i c u l a r l y  i n  l i g h t  o f  u t i l i t y  system needs. The a d i a b a t i c  p l a n t  des ign 
does n o t  appear q u i t e  as f l e x i b l e  as combustion t u r b i n e s  o r  f u e l - f i r e d  
CAES, b u t  does appear capable o f  supp ly ing  peaking power i n  a load f o l l o w -  
i n g  mode. More d e t a i  l e d  e v a l u a t i o n  o f  TES system behavior  should i nc l ude  
d e f i n i t i o n  o f  any r e s t r i c t i o n s  on p a r t i a l  l oad  ope ra t i on  t h a t  may e x i s t .  
( A t  present ,  t h e  o n l y  problem foreseen i s  p o s s i b l e  heat  bu i l dup  i n  t h e  TES 
r e q u i r i n g  occas iona l  hea t  p u r g i n g  w i t h  a s h o r t  c o l d  a i r  charge per iod .  
T h i s  cou ld  be. a weekend maintenance procedure, i f  r e q u i r e d  a t  a1 1. ) 

The unusual l y  1 arge number o f  turbomachi ne ry  components f o r  t h e  conceptual  
design, r a i s i n g  some concerns rega rd ing  system r e l i a b i l i t y ,  i s  t h e  d i r e c t  
r e s u l t  o f  t h e  s tudy  requi rement  t o  use commerc ia l ly  a v a i l a b l e  designs and a 
l i m i t e d  e f f o r t  towards op t im ized  machinery s e l e c t i o n .  Ac tua l  machinery f o r  
an a d i a b a t i c  CAES p l a n t  would l i k e l y  i n v o l v e  fewer r o t a t i n g  components, 
w i t h  some development o f  new designs, r ega rd less  o f  whether supp l i ed  by 
Dresser, SulzerIBBC o r  any o the r  manufacturer .  Reduct ion o f  t h e  number o f  
machines would b e n e f i t  r e 1  i a b i  l i t y ,  should b e n e f i t  p l a n t  cos t  and phys i ca l  
l ayou t ,  appears w e l l  w i t h i n  t echno log i ca l  l i m i t s ,  and may be performed by 
t h e  manufacturers  themselves i f  a market i s  shown t o  e x i s t .  

The genera l  conc lus ion  o f  t h i s  conceptual  des ign s tudy i s  t h a t  no s i g n i f i -  
c a n t  b a r r i e r s  a re  foreseen t o  t e c h n i c a l  f e a s i b i l i t y ,  b u t  t h a t  p l a n t  r e l i a -  
b i l i t y ,  TES m a t e r i a l  p r o p e r t i e s ,  and system behav io r  need f u r t h e r  s tudy  
b e f o r e  t e c h n i c a l  f e a s i b i l i t y  i s  c e r t a i n .  

Economic F e a s i b i  1 i t y  - The l e v e l  i z e d  energy (p roduc t i on )  c o s t  e v a l u a t i o n  
showed t h a t  a d i a b a t i c  CAES i s  m a r g i n a l l y  c o m p e t i t i v e  w i t h  o i l - f i r e d  CAES. 
The economic e v a l u a t i o n  concluded t h a t  t h e  cos t  and durab i  1 i t y  o f  t h e  heat  
s to rage  m a t e r i a l s  f o r  t h e  TES are c r i t i c a l  t o  t he  v i a b i l i t y  o f  t h e  ad iabat -  
i c  concept.  Expensive heat  s to rage  m a t e r i a l s  t h a t  a re  l i k e l y  t o  l a s t  
longer  (such as w h i t e  c a s t  i r o n  b a l l s )  p l ace  a d i a b a t i c  CAES a t  an economic 
d isadvantage compared t o  o i l - f i r e d  CAES. On t h e  o t h e r  hand, r e l a t i v e l y  
inexpens ive  hea t  s to rage  m a t e r i a l s  such as I r o n  ox ide  pebbles 



g i v e  ad iaba t i c  CAES a cos t  advantage over t he  o i l - f i r e d  concept, but  the 
l o n g e v i t y  and r e l i a b i l i t y  o f  these cheaper ma te r i a l s  are more i n  doubt. I f  
severa l  replacements o f  TES m a t e r i a l s  are requ i red  over the  l i f e  o f  the 
p l a n t ,  then t h e  economic advantage of ad iabat ic  CAES w i t h  low cos t  TES 
m a t e r i a l s  cou ld  ' poss ib l y  be l o s t .  

Cons idera t ion  o f  f a c t o r s  o ther  than those incorporated i n  t he  l e v e l i z e d  
c o s t  ana lys i s  approach i n d i c a t e s  t h a t  ad iaba t i c  CAES cou ld  l i k e l y  on l y  
complement t h e  f u e l - f i r e d  design as an a i r  storage a l t e r n a t i v e .  The oper- 
a t i n g  c h a r a c t e r i s t i c s  o f  t he  f u e l - f i r e d  design ( l e s s  compressing load, 
g r e a t e r  genera t ion  capabi 1 i t y )  make i t  more compatible w i t h  the  1 im i ted  
a v a i l a b i l i t y  o f  charg ing power i n  many u t i l i t i e s ,  but  t he  independence from 
petro leum based f u e l s  i n  the  ad iaba t i c  design may become inc reas ing l y  
a t t r a c t i v e .  

RECOMMENDATIONS 

Acres recommends t h a t  f u r t h e r  development o f  t he  ad iaba t i c  CAES cyc le  be 
pursued through: 

(1 )  an i n t e n s i v e  t e s t i n g  program t o  determine f e a s i b i l t y  o f  low cost  heat 
s torage m a t e r i a l s .  

( 2 )  development o f  pebble bed design models t o  permi t  opt imal  design o f  
TES beds w i t h  regards t o  bed con f i gu ra t i on ,  thermal and mechanical 
s t r e s s  cond i t i ons ,  and thermal performance. 

( 3 )  rev iew o f  t he  general turbomachinery approach se lec ted  f o r  t h i s  study 
design by  an independent turbomachinery s p e c i a l i s t ,  w i t h  p a r t i c u l a r  
a t t e n t i o n  g iven t o  t h e  h igh  temperature compressors, t h e  problem o f  
b l a d i n g  eros ion /separa tor  e f f i c i e n c y  requirements, and system r e l i a -  
b i l i t y ,  by an independent turbomachinery s p e c i a l i s t .  

I f  t h e  above proves m a t e r i a l s  p r o p e r t i e s  are acceptable, t he  program should 
con t i nue  wi th:  

(4 )  p r e l i m i n a r y  design o f  a demonstrat ion p l a n t  based upon commercially 
ava i  l a b l e  equipment i n  assoc ia t ion  w i t h  an i n t e r e s t e d  u t i l i t y ,  and 

( 5 )  development o f  more advanced h igh  e f f i c i e n c y  a x i a l  comeressors capable 
of discharge temperatures i n  t he  range o f  1000 t o  1200 F or  h igher .  

x v i  
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1 - INTRODUCTION 

1.1 GENERAL 

Recent s tud ies  have shown t h a t  t h e  compressed a i r  energy s to rage  (CAES) 
concept,  which inc ludes  near- and mid-term techno log ies  f o r  c e n t r a l  s t a t i o n  
e l e c t r i c  u t i l i t y  a p p l i c a t i o n s ,  i s  t e c h n i c a l l y  f e a s i b l e  and economical l y  
v i a b l e .  The p resen t  s tudy  i s  a  p a r t  o f  t h e  Second Genera t ion  CAES Program 
which has an o v e r a l l  aim t o  develop and assess advanced CAES techno log ies  
t h a t  have minimal o r  no dependence on pet ro leum f u e l s .  

.The s tudy  has been p e r f  ormed under Subcontract  No. B-822.84-A-E , supported 
b y  t h e  U.S. Department of Energy (DOE) th rough t h e  P a c i f i c  Northwest 
Labo ra to r y  (PNL) operated f o r  DOE by  B a t t e l l e  Memorial I n s t i t u t e  under 
Pr ime Cont rac t  No. DE-AC06-76RLO 1830. 

1.2 OBJECTIVE OF STUDY 

The o b j e c t i v e  o f  t h e  s tudy  was t o  pe;form a  conceptual  eng ineer ing  design 
and e v a l u a t i o n  s tudy  t o  develop a  des ign f o r  an a d i a b a t i c  CAES system us ing  
water-compensated hard rock  caverns f o r  compressed a i r  s torage.  

BACKGROUND 

Compressed a i r  energy s to rage  (CAES) i s  a  technology f o r  l a rge -sca le  
c e n t r a l i z e d  s to rage  o f  o f f -peak  e l e c t r i c i t y  wherein su rp lus  power f rom t h e  
u t i l i t y  system i s  u t i l i z e d  t o  compress a i r  by d r i v i n g  compressors v i a  a  
motor-generator  o p e r a t i n g  i n  t h e  motor mode (F igu re  1 - l A ) .  The compressed 
a i r  i s  s t o red  underground i n  an excavated hard  roclc o r  s a l t  cavern, o r  i n  
an aqui ' fer  fo rmat ion .  Be fo re  d e l i v e r y  t o  storage, t h e  a i r  i s  coo led  t o  
p reven t  thermal damage t o  t h e  hos t  geo log i ca l  fo rmat ion .  Th i s  i nvo l ves  
r e j e c t i o n  o f  cons iderab le  u s e f u l  hea t  t o  t h e  environment a t  t h e  compressor 
coo le r s .  Du r i ng  t h e  genera t ion  mode, t h e  s to red  a i r  i s  re leased  f rom the  
cavern, heated w i t h  f u e l  i n  combustors, and then expanded i n  t u r b i n e s .  The 
t u r b i n e s  . d r i v e  t h e  motor-generator  i n  t h e  generator  mode, which supp l i es  
peak ing and p o s s i b l y  i n te rmed ia te  e l e c t r i c  power t o  t h e  u t i l i t y  system. 

T h i s  concept has been used i n  t h e  c o n s t r u c t i o n  o f  a CAES p l a n t  by 
Nordwestdeutsche K ra f twe rke  AG ( a  West German u t i l i t y )  a t  Hunto r f ,  near 
Oldenburg. The c o n s t r u c t i o n  and ope ra t i on  o f  t h e  Hun to r f  CAES p l a n t  was a  
m i l e s t o n e  achievement which demonstrated t h e  commercial ava i  l a b i  1  i t y  o f  



compressed a i r  storage. The Huntor f  equipment design has s ince been 
m o d i f i e d  f o r  a p p l i c a t i o n  t o  the  60 Hertz  systems o f  U.S.  u t i l i t i e s  and has 
been used as the  bas i s  o f  engineer ing s tud ies  f o r  t he  Middle South 
U t i l i t i e s  and the  Potomac E l e c t r i c  Power Company (PEPCO) systems. 

Although CAES promises dramatic reduc t ions  i n  t he  use o f  l i q u i d  o r  gas 
f u e l s  t o  produce peaking power when compared t o  combustion tu rb ines ,  there  
has been no dramatic rush  t o  i n s t a l l  these p l a n t s  i n  t h e  Un i ted  States.  
P a r t  o f  t h i s  hes i tancy  may be a t t r i b u t e d  t o  u t i l i t y  overcapaci ty  i n  many 
reg ions  and a t r a d i t i o n a l l y  caut ious approach t o  new technology. Poss ib le  
o t h e r  f a c t o r s  may be concerns regard ing  p r i c e  and a v a i l a b i l i t y  o f  gas or  
o i l  throughout t he  l i f e t i m e  o f  a CAES p lan t ,  the  U.S. na tu ra l  gas shortages 
o f  t h e  mid-sevent ies, t h e  Fuel Use Act o f  1978, deregu la t ion  o f  o i l  and 
gas, and the present  i n s t a b i l i t y  o f  t he  Middle East. Concerns regarding 
petro leum f u e l  supp l ies  have prompted the  study o f  numerous v a r i a t i o n s  
which i nvo l ve  s u b s t i t u t i o n  o f  indigenous f u e l s  i n t o  the  basic  CAES cyc le .  
These v a r i a t i o n s  have inc luded renewable energy concepts as we l l  as several 
f l u i d i z e d  bed and coa l  g a s i f i c a t i o n  CAES concepts. 

Ad iaba t i c  CAES, t h e  sub jec t  o f  t h i s  repo r t ,  i s  a d i f f e r e n t  approach which 
e l i m i n a t e s  a l l  hydrocarbon based fue l  i n p u t  w i t h i n  the  CAES p l a n t .  
Instead,  t he  heat o f  compression i s  reused i n  the  CAES expansion cyc le  
through the  use o f  thermal energy storage regenerators (F igure  l -1B) .  This  
approach was f i r s t  patented i n  1972 (Koutz) and s tud ied  i n  some depth i n  an 
E l e c t r i c  Power Research I n s t i t u t e  (EPRI) funded e f f o r t  performed by the  
Cen t ra l  E l e c t r i c i t y  Generat ing Board (CEGB) o f  England (Glendenning, 1979). 
The s tudy  concluded t h a t  h igh  temperature (1200 t o  1500°F) ad iabat ic  CAES 
cyc les  should o n l y  be considered as long term developments and recommended 
f u r t h e r  study o f  h y b r i d  cyc les  which incorpora ted  f u e l  topping. E a r l i e r  
s tud ies  performed by  o ther  researchers, i n c l u d i n g  Acres, had come t o  
s i m i l a r  conclus ions.  However, a subsequent s tudy performed by the  MIT 
L i n c o l n  Laboratory i n  1979 concluded t h a t  ad iaba t i c  CAES was economical l y  
compe t i t i ve  i n  t h e  near term w i t h  o the r  forms o f  c e n t r a l i z e d  e l e c t r i c  
u t i l i t y  storage. The r e s u l t s  o f  t he  M I T  s tudy r e f l e c t e d  a number o f  
d i f f e r e n c e s  f rom prev ious  work, most no tab l y  t he  e f f e c t s  o f  f u e l  esca la t i on  
i n  recent  years. 

1.4 PROJECT SCOPE 

The scope o f  t h i s  s tudy  inc luded t h e  development o f  an ad iaba t i c  CAES 
system r e q u i r i n g  no a d d i t i o n  o f  f u e l  f o r  f i r i n g  i n t o  o r  heat ing  o f  t u r b i n e  
f l u i d s .  The conceptual p l a n t  design was t o  f e a t u r e  underground containment 
f o r  thermal energy storage and water-compensated hard rock caverns f o r  h igh  
pressure a i r  storage. Other design c o n s t r a i n t s  inc luded the  se lec t  i o n  o f  
turbomachinery designs t h a t  would r e q u i r e  1 i t t  l e  development and would 
t h e r e f o r e  be a v a i l a b l e  f o r  near-term p l a n t  cons t ruc t i on  and demonstration. 
The design was t o  be based upon t h e  DOE/EPRI/PEPCO funded 231 MWIunit 
convent ional  CAES p l a n t  design prepared by Acres f o r  a s i t e  i n  Maryland. 



The r e q u i r e d  work e f f o r t  f o r  t h i s  Ad iaba t i c  CAES s tudy  was d i v i d e d  i n t o  s i x  
t asks  as f o l l ows :  

Task I - Review Thermal Energy Storage Technology 

Task I 1  - Review Turbomachinery System Technology 

Task I 1 1  - Cyc le Arrangement f o r  Conceptual Design 

Task I V  - Conceptual Design 

Task V - Eva lua t i on  o f  Costs and P l a n t  ,Economics 

Task V I  - F i n a l  Repor t  

1.5 PROJECT TEAM 

The Cent ra l  E l e c t r i c  Genera t ing  Board (CEGB) o f  t h e  Un i t ed  Kingdom and t he  
Massachusetts I n s t i t u t e  o f  Technology (MIT)/Energy Labo ra to r y  p rov ided  
ass is tance  t o  Acres i n  s e l e c t i o n ,  eva lua t ion ,  and des ign o f  t h e  thermal 
energy s to rage  system. NASA/Lewis Research Center p rov ided  peer rev iew 
e a r l y  i n  t he  p r o j e c t .  

The Dresser C la rk  D i v i s i o n  o f  Dresser I n d u s t r i e s  a s s i s t e d  Acres i n  t h e  
s e l e c t i o n  o f  a turbomachinery system and t h e  development o f  t h e  a d i a b a t i c  
CAES cycle.. 

1.6 ORGANIZATION OF REPORT 

T h i s  r e p o r t  i s  organized i n t o  t e n  sec t ions ,  w i t h  a breakdown by major 
t o p i c s  as f o l l o w s :  

Sect i o n  2 summarizes t h e  p r o j e c t ,  i t s  f i n d i n g s ,  and the  recomrrlenda- 
t i o n s  o f  t he  s tudy  team, 

Sec t ion  3 p resen ts  t h e  genera l  s tudy  assumptions. 

Sec t ion  4 p resen ts  t h e  development and o p t i m i z a t i o n  o f  t he  p l a n t  heat 
cyc le .  

Sec t i on  5 p resen ts  t he  s e l e c t i o n  and thermal des ign o f  t h e  thermal 
energy s to rage  system. 

Sec t ion  6 d iscusses the  s e l e c t i o n  o f  turbomachinery.  

Sec t ion  7 d iscusses es t imated  p l a n t  performance and o p e r a t i o n a l  
c a p a b i l i t y  and descr ibes  t h e  c o n t r o l  system concept. 



Sect ion  8  p resen ts  t h e  conceptual  design o f  t he  a d i a b a t i c  CAES p l a n t .  

Sec t i on  9 p resen ts  t h e  c o s t  es t imates  and t h e  economic e v a l u a t i o n  
r e s u l t s .  

Sec t i on  1 0  p resen ts  an assessment o f  t e c h n i c a l  and economic 
f e a s i b i l ' i t y ,  and con ta ins  a  d i scuss ion  o f  p a r t i c u l a r  areas i n  t h e  
p l a n t  des ign  r e q u i r i n g  f u r t h e r  development o r  i n v e s t i g a t i o n .  

As no ted  i n  Sec t i on  1.6, t h e  p r o j e c t  des ign i s  based upon c o n s t r u c t i o n  a t  a  
s p e c i f i c  s i t e  t o  meet t h e  needs o f  t h e  Potomac E l e c t r i c  Power Company 
(PEPCO) system. PEPCO has no t ,  however, d i r e c t l y  p a r t i c i p a t e d  i n  t h i s  
s tudy  and no endorsement r ega rd ing  t h e  r e s u l t s  o r  conc lus ions  has been 
expressed o r  i m p l i e d  by  PEPCO. 

Design o f  t h e  s u r f a c e  p l a n t  would be v e r y  s i m i l a r  f o r  o t h e r  u t i l i t y  
systems, and any changes r e q u i r e d  would most l i k e l y  be i n  des ign o f  t h e  
sw i tchyard .  T h i s  r e p o r t  does not, c o n t a i n  d e t a i l e d  d i cuss ions  o f  t h e  s i t e ,  
t h e  sw i t chya rd  design, o r  t h e  genera l  p l a n t  f a c i l i t i e s .  For d e t a i l e d  
i nformat  i o n  r e g a r d i n g  these  f ea tu res ,  t h e  reader  i s  r e f e r r e d  t o  t h e  
f o u r t e e n  volumes c o v e r i n g  CAES p l a n t  des ign aspects prepared f o r  t he  PEPCO 
o i  l - f i r e d  CAES p r e l  i m i n a r y  eng ineer ing  s tudy  (Acres, 1980).  These r e p o r t s  
a r e  ava i  l a b l e  f r om t h e  E l e c t r i c  Power Research I n s t i t u t e  ( r e fe rence  p r o j e c t  
number RP 1081-1). 
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2 - CONCLUSIONS AND RECOMMENDATIONS 

2.1 TECHNICAL FEASIBILITY 

The p l a n t  c o n f i g u r a t i o n  developed i n  t h i s  conceptual  des ign s tudy  does no t  
appear t o  i nc l ude  any des ign problems which would p r o h i b i t  p l a n t  const ruc-  
t ion .  However, a  number o f  des ign areas r e q u i r e  more d e t a i l e d  
i n v e s t i g a t i o n  be fo re  d e t a i  l e d  eng ineer ing  can proceed. 

A  number o f  u n c e r t a i n t i e s  e x i s t .  w i t h  thermal energy s to rage  ma te r i  a1 prop- 
e r t i e s  and behav io r  i n  t h e  c o n d i t i o n s  o f  t h e  a d i a b a t i c  CAES a p p l i c a t i o n .  
Unknown are such i tems as c y c l i c  l i f e  and p a r t i c u l a t e  genera t ion  r a t e  and 
s i z e  d i s t r i b u t i o n  f o r  t h e  va r i ous  s to rage  m a t e r i a l s .  Pebble bed 
containment vessel  w a l l  s t resses  due t o  thermal expansion are unknown, bu t  
do n o t  appear t o  be severe o r  u n c o n t r o l l a b l e .  P r e d i c t i o n  o f  t h e  exact  
behav io r  o f  such l a r g e  q u a n t i t i e s  o f  m a t e r i a l s  i n  s i n g l e  containments i s  
somewhat u n c e r t a i n  as comparably s i zed  systems t h a t  opera te  under s im i  1  a r  
therma l  c o n d i t i o n s  have never been b u i l t .  Performance p r e d i c t i o n  i s ,  
however, l a r g e l y  a  f u n c t i o n  o f  how w e l l  a i r  d i s t r i b u t i o n  w i t h i n  t h e  bed can 
be p red ic ted ,  and t h e r e f o r e  depends upon c o n s t r u c t i o n  f e a t u r e s  which ensure 
as-designed c o n d i t i o n s .  P a r t - l o a d  and p a r t i a l - c y c l i n g  TES system behavior  
were n o t  i n v e s t i g a t e d  t o  any depth i n  t h i s  s tudy.  A l though no s i g n i f i c a n t  
d e v i a t i o n s  are expected, behavior  under such c o n d i t i o n s  must be de f i ned  t o  
c  1  a r i f y  ope ra t i ng  procedures and 1  i m i t a t i o n s .  

Design o f  t h e  h i g h  temperature a i r  s h a f t s  r ece i ved  cons iderab le  a t t e n t i o n  
d u r i n g  t h i s  study. The arrangement o f  t h e  p i p e  t o  accommodate s t a r t u p  
expansion i s ,  o f  course, c r i t i c a l  t o  success fu l  containment o f  t h e  s to red  
a i r .  The des ign approach se lec ted  should be adequate and, a l though unusual 
i n  cons t ruc t i on ,  appears w e l l  w i t h i n  t h e  c a p a b i l i t y  o f  c o n s t r u c t i o n  
technology.  Other approaches may a l so  be f e a s i b l e  and more economic. 

The a v a i l a b i l i t y  o f  s u i t a b l e  va lves  was i n v e s t i g a t e d  by  bo th  Acres and 
Dresser  C la rk  and does n o t  appear t o  be a  problem a t  t h i s  stage. The l a r g e  
p i p i n g  r e q u i r e d  i n  t h e  low pressure p l a n t  sec t i ons  w i l l  i n v o l v e  custom 
f a b r i c a t i o n ,  b u t  adequate f a c i l i t i e s  are a v a i l a b l e .  

The avai  l a b i  1  i t y  o f  turbomachinery  based upon commerci a1 l y  o f f e r e d  designs 
appears good. Some m o d i f i c a t i o n  t o  s tandard p roduc t  designs would be re -  
q u i r e d  t o  achieve t h e  temperature l i m i t s  proposed i n  t h i s .  s tudy  (870°F 
max), bu t  no insuperab le  problems are a n t i c i p a t e d .  The use o f  temperatures 
above those  proposed would requ i re ,  however, ex tens i ve  compressor redes ign  
o r  development o f  new designs. The des ign c o n f i g u r a t i o n  developed i n  t h i s  
s tudy  does i n c l u d e  a  h i g h  horsepower gearbox i n  t h e  c e n t r i f u g a l  compressor 
t r a i n ,  which i s  a  s t a t e - o f - t h e - a r t  component t h a t  .would r e q u i r e  des ign 
eva lua t i on .  Other compressor arrangements are p o s s i b l e  which cou ld  e l i m i n -  
a t e  t h i s  gearbox. 



M a t e r i a l s  se lec t i on ,  p a r t i c u l a r l y  f o r  va lve t r i m  and TES containment wal ls ,  
w i l l  r e q u i r e  more in-depth rev iew than was poss ib le  i n  t h i s  study. 
Se lec t i ons  f o r  these two items w i l l  be a f fec ted  by TES m a t e r i a l  behavior.  
A l though the  TES containment was p r i ced  on t h e  bas is  o f  carbon s t e e l  p la te ,  
s e l e c t i o n  o f  a  300 s e r i e s  s t a i n l e s s  would increase costs bu t  would not  
s i g n i f i c a n t l y  a l t e r  t h e  economic analys is  r e s u l t s .  

P l a n t  ope ra t i ng  c h a r a c t e r i s t i c s  need f u r t h e r  eva lua t i on  and d e f i n i t i o n  
p a r t i c u l a r l y  i n  l i g h t  o f  u t i l i t y  system needs. The ad iabat ic  p l a n t  design 
may n o t  be q u i t e  as f l e x i b l e  as combustion tu rb ines  o r  f u e l - f i r e d  CAES, but 
does appear capable o f  supp ly ing  peaking power i n  a  load fo l l ow ing  mode. 
More d e t a i l e d  eva lua t i on  o f  TES system behavior should inc lude d e f i n i t i o n  
o f  any r e s t r i c t i o n s  on p a r t i a l  load opera t ion  t h a t  may e x i s t .  (A t  present,  
t h e  o n l y  problem foreseen i s  poss ib le  heat bu i l dup  i n  t he  TES r e q u i r i n g  
occas iona l  heat purg ing  w i t h  a  sho r t  co ld  a i r  charge per iod.  This  could be 
a  weekend maintenance procedure, i f  requ i red  a t  a l l  . )  P lan t  s t a r t u p  may be 
more r a p i d  than the  o i  1 - f i r e d  design and p o t e n t i a l l y  l ess  sub jec t  t o  s t a r t  
delays because o f  t h e  l ack  of a  combustion system. These aspects a lso 
r e q u i r e  f u r t h e r  study. 

The unusua l ly  l a r g e  number o f  turbomachinery components f o r  the  conceptual 
design, r a i s i n g  some concerns regard ing  system re1  i a b i  1 i t y ,  i s  the  d i r e c t  
r e s u l t  o f  the study requirement t o  use commercial ly a v a i l a b l e  designs and a  
l i m i t e d  e f f o r t  towards opt imized machinery se lec t i on .  Actual machinery f o r  
an ad iaba t i c  CAES p l a n t  would l i k e l y  i n v o l v e  fewer r o t a t i n g  components, 
w i t h  some development o f  new designs, regardless o f  whether supp l ied  by 
Dresser, SulzerIBBC o r  any o ther  manufacturer. Reduction o f  the  number o f  
machines would b e n e f i t  r e1  i a b i  1  i t y ,  should b e n e f i t  p l a n t  cost  ' and phys ica l  
layout ,  appears w e l l  w i t h i n  techno log ica l  l i m i t s ,  and may be performed by 
t h e  manufacturers themselves i f  a  market i s  shown t o  e x i s t .  

A l though not  d i r e c t l y  addressed i n  t h i s  study, t he re  appears t o  be a  . 
p o t e n t i a l  f o r  sho r te r  o v e r a l l  cons t ruc t i on  schedule than o i l -  f i r e d  CAES 
because no f u e l  i s  requ i red  and emissions are minimal. These b e n e f i t s  
should s i m p l i f y  and perhaps shorten the  l i c e n s i n g  process considerably.  

The general conc lus ion  o f  t h i s  conceptual design study i s  t h a t  no s i g n i f i -  
can t  b a r r i e r s  are foreseen t o  techn ica l  f e a s i b i l i t y ,  bu t  t h a t  p l a n t  r e l i a -  
b i l i t y ,  TES m a t e r i a l  p rope r t i es ,  and system behavior need f u r t h e r  study 
b e f o r e  t e c h n i c a l  f e a s i b i l i t y  i s  ce r ta in .  

ECONOMIC FEASIBILITY 

The l e v e l  i zed  energy cos t  eva lua t i on  showed t h a t  ad iaba t i c  CAES i s  margin- 
a l l y  compe t i t i ve  w i t h  o i l - f i r e d  CAES. The economic eva lua t i on  concluded 
t h a t  t h e  cost  and d u r a b i l i t y  o f  the  heat s torage m a t e r i a l s  f o r  the  TES are 
c r i t i c a l  t o  t h e  v i a b i l i t y  o f  the  ad iabat ic  concept. Expensive heat storage 



m a t e r i a l s  t h a t  are l i k e l y  t o  l a s t  longer  (such as w h i t e  cas t  i r o n  b a l l s )  
p l ace  a d i a b a t i c  CAES a t  an economic disadvantage compared t o  o i  1 - f  i r e d  
CAES. On t h e  o t h e r  hand, r e l a t i v e l y  inexpensive heat  s to rage  m a t e r i a l s  
such as i r o n  ox ide  pebbles g i v e  a d i a b a t i c  CAES a  cos t  advantage over t he  
o i l - f i r e d  concept, b u t  t h e  l o n g e v i t y  and r e l i a b i l i t y  o f .  these cheaper 
m a t e r i a l s  are more i n  doubt. I f  severa l  replacements o f  TES m a t e r i a l s  are 
r e q u i r e d  over t h e  l i f e  o f  t he  p l a n t ,  then t h e  economic advantage o f  adia- 
b a t i c  CAES w i t h  low cos t  TES m a t e r i a l s  could p o s s i b l y  be l o s t .  

Cons idera t ion  o f  f a c t o r s  o the r  than  those i nco rpo ra ted  i n  t h e  l e v e l i z e d  
c o s t  ana l ys i s  approach i n d i c a t e s  t h a t  a d i a b a t i c  CAES cou ld  1  i k e l y  comple- 
ment t h e  f u e l - f i r e d  des ign as an a i r  s to rage  a l t e r n a t i v e .  The ope ra t i ng  
c h a r a c t e r i s t i c s  o f  t h e  f u e l - f  i r e d  des ign ( l e s s  compressing load, g rea te r  
genera t ion  c a p a b i l i t y )  make i t  more compat ib le  w i t h  t he  l i m i t e d  a v a i l a b i -  
1  i t y  o f  charg ing  power i n  many u t i  1  i t  i es ,  bu t  t h e  independence f rom pe t ro -  
leum based f u e l s  i n  t h e  a d i a b a t i c  des ign may become i n c r e a s i n g l y  a t t r a c -  
t i ve .  

The economic e v a l u a t i o n  con ta ined  i n  Sec t ion  9 and t h e  s tud ies  performed i n  
t h e  Potomac E l e c t r i c  Power o i l - f i r e d  CAESIUPH p r o j e c t  found o i l - f i r e d  CAES 
and UPH t o  be s u b s t a n t i a l l y  more economic than  combustion t u r b i n e s .  Th i s  
r e s u l t  i s  s i g n i f i c a n t  as i t  i s  comnon t o  bo th  a  s imple l e v e l i z e d  cos t  
approach and an ope ra t i ona l  s i m u l a t i o n  w i t h i n  a  r e a l  system. Thus, 
economic f e a s i b i l i t y  o f  both t h e  b a s i c  o i l - f i r e d  CAES and t h e  UPH designs 
would appear t o  be f a i r l y  c e r t a i n .  

The a n a l y s i s  i n  Sec t ion  9 a l so  shows t h a t  t h e  conceptual  des ign of 
a d i a b a t i c  CAES as presented i n  t h i s  s tudy  appears t o  be c o m p e t i t i v e  w i t h  
t h e  o i  1 - f i r , ed  CAES des ign and more economic than combustion t u r b i n e s  on a  
l e v e l i z e d  c o s t  bas is .  The economic a n a l y s i s  f u r t h e r  i nd i ca tes ,  however, 
t h a t  t h e  two-stage a d i a b a t i c  CAES des ign i s  l e s s  economica l ly  a t t r a c t i v e  
t han  a  much l a r g e r  UPH p lan t ,  p r i m a r i l y  because o f  h i ghe r  c a p i t a l  cos t .  

A l though UPH i s  more economica l l y  a t t r a c t i v e  on a  s t r i c t l y  l e v e l i z e d  cos t  
b a s i s  than a d i a b a t i c  CAES ( o r  o i l - f i r e d  CAES), u t i l i t i e s  may s t i l l  p r e f e r  
CAES p l a n t s  even i f  it means h ighe r  power cos ts .  The major  disadvantages 
o f  t h e  UPH p l a n t  are t h e  much l a r g e r  -storage and gene ra t i ng  c a p a c i t i e s  
r e q u i r e d  f o r  t h e  system t o  be p r a c t i c a l .  The l a r g e  s i z e  o f  UPH p l a n t s  
p resen ts  two major  problems f o r  a  s i n g l e  u t i l i t y :  (1) i n s u f f i c i e n t  
cha rg ing  power a v a i l a b l e  t o  j u s t i f y  t h e  l a r g e  s to rage  c a p a c i t y  and (2 )  up- 
f r o n t  c a p i t a l  investments  would be cons ide rab l y  h igher ,  i n c r e a s i n g  economic 
r i s k s  f o r  i n s t a l l a t i o n  o f  t he  p l a n t .  CAES designs, on t h e  o t h e r  hand, have 
more f l e x i b i l i t y  i n  meet ing a  power u t i l i t y ' s  needs on a  sma l le r  sca le .  

The o p e r a t i n g  c h a r a c t e r i s t i c s  o f  t h e  a d i a b a t i c  CAES c y c l e  developed i n  t h i s  
s tudy  a re  such , t h a t  some u t i l i t i e s  which may be ab le  t o  u t i l i z e  t h e  o i l -  
f i r e d  CAES des ign may n o t  be candidates f o r  a d i a b a t i c  CAES i n s t a l  l a t i o n s .  
T h i s  l i m i t a t i o n ,  t h e  r a t i o  o f  charg ing  power demand t o  u n i t  ou tpu t ,  i s  



n e a r l y  t h e  same as both UPH and convent ional  pumped hydro, and the re fo re  i s  
n o t  considered a  ser ious  obstac le.  The conclus ion drawn i s  t h a t  some 
a p p l i c a t i o n s  may b e t t e r  s u i t  f u e l - f i r e d  designs, and o thers  w i l l  be 
s u i t a b l e  f o r  an ad iaba t i c  CAES design. 

As discussed i n  Sect ion 10.1.2, s p e c i f i c  s i t e s  may e x i s t  f o r  a p p l i c a t i o n  o f  
a  low pressure,. s ing le -s tage ad iaba t i c  CAES design. These would use 
abandoned mines as t h e  storage rese rvo i r ,  w i t h  p o t e n t i a l  l y  subs tant i  a1 
c a p i t a l  cos t  savings. 

2.3 GENERAL OBSERVATIONS 

Ad iaba t i c  CAES, f i r s t  patented i n  1972, o f f e r s  the  p o s s i b l i t y  o f  a  thermal 
s to rage t ype  peaking p l a n t  which operates w i thout  any d i r e c t  need f o r  o i  1  
o r  gas f u e l s .  I n  t h e  pe r iod  s h o r t l y  a f t e r  patent  issue, the  concept was 
n o t  ab le  t o  compete w i t h  e i t h e r  the  bas ic  o i  1 - f i r e d  CAES concept or, very 
l i k e l y ,  w i t h  combustion t u r b i n e s  f o r  app l i ca t i ons  i n  most U.S. u t i l i t i e s  
(based upon s tud ies  by Acres and CEGB). O i  1  p r i c e  esca la t i on  s ince  t h a t  
p e r i o d  has, however, been f a r  h igher  than many o f  t he  ''high" p r e d i c t i o n s  o f  
t h e  per iod .  

As a  r e s u l t ,  a d i a b a t i c  CAES (much t o  t h e  su rp r i se  o f  even those o f  us who 
have performed t h i s  s tudy)  i s  now approaching the  p o i n t  at which economics 
l ook  p o t e n t . i a l l y  favorab le .  Once t h i s  f i r s t  s tep i s  achieved, and n o t  
before,  new concepts general l y  rece i ve  f a r  more ser ious techn ica l  
s c r u t i n y .  

T h i s  s tudy  has been performed on a  conceptual design bas is  and has 
attempted t o  p roduce 'a  p l a n t  design which could p o t e n t i a l l y  be b u i l t  w i t h i n  
t h e  nex t  decade. A general conclus ion o f  t h i s  s tudy i s  t h a t  no 
insurmountable b a r r i e r s  are forseen regard ing  techn ica l  f e a s i b i l i t y .  
However, as mentioned above, t he re  are a  number o f  design areas which must 
be f u r t h e r  i n v e s t i g a t e d  before  design f e a s i b i  1  i t y  ( t e c h n i c a l  and economic) 
i s  c e r t a i n .  

By f a r ,  t h e  most ser ious  ad iaba t i c  CAES design u n c e r t a i n t i e s  l i e  w i t h  the  
thermal  s torage m a t e r i a l .  The thermal s torage system i s  the  key t o  the  
a d i a b a t i c  CAES p l a n t  concept, and t h e  o n l y  f e a t u r e  which makes i t  
p o t e n t i  a1 l y  more ' des i rab le  than the  f u e l - f  i r e d  design. Without a  ma te r i a l  
which can su rv i ve  the  ope ra t i ng  environment f o r  something approaching 6,000 
c y c l e s  w i t h  an acceptable ma te r i a l  a t t r i t i o n  ra te ,  and which produces a  
complete TES cos t  comparable t o  the Denstone o r  rock estimates, any o f  t he  
o t h e r  quest ions regard ing  p l a n t  d e s i g n  are l a r g e l y  i n s i g n i f i c a n t  by 
comparison. 



Turbomachinery des ign e f f o r t  i n  t h i s  s tudy  was i n t e n t i o n a l l y  l i m i t e d  t o  
c o n s i d e r a t i o n  o f  technology which cou ld  be a v a i l a b l e  i n  t h e  near term 
( i  .e., 1985).  Th i s  approach has served t o  b r i n g  a d i a b a t i c  CAES machinery 
requi rements i n t o  b e t t e r  perspec t i ve ,  w h i l e  h i g h l i g h t i n g  major d i f f e r e n c e s  
between a d i a b a t i c  CAES needs and t h e  des ign requi rements f o r  t h e  f u e l - f i r e d  
CAES design. The machinery s e l e c t i o n s  made f o r  t h i s  s tudy  represen t  
op t im i zed  s e l e c t i o n s  w i t h i n  t h e  combined c o n s t r a i n t  o f  Dresser C l a r k ' s  near 
t e rm  commercial equipment l i n e .  Dresser engineers were among t h e  f i r s t  t o  
r ecogn i ze  t h e  c o n t r o l  and r e l i a b i  1  i t y  problems assoc ia ted w i t h  e i g h t  l a r g e  
p ieces  of equipment ope ra t i ng  as a  s i n g l e  u n i t .  Al though no t  s p e c i f i c a l l y  
d iscussed w i t h i n  t h i s  r e p o r t ,  Dresser has examined some o f  t h e  requi rements 
o f  s imp le r  arrangements i n  l i g h t  o f  new machine development as ex tens ions  
o f  t h e i r  e x i s t i n g  p roduc t  l i n e .  The company appears e n t h u s i a s t i c  r ega rd ing  
a  commitment t o  bo th  a d i a b a t i c  and f u e l - f i r e d  CAES machinery development 
and supply.  However, development o f  new machinery by Dresser, Brown 
Bover i ,  o r  a n y . o t h e r  manufacturer  w i l l ,  w i t h o u t  doubt, o n l y  occur  once 
adequate thermal  s to rage  m a t e r i a l s  are i d e n t i f i e d  and an a d i a b a t i c  CAES 
market appears t o  e x i s t .  

T h i s  s tudy  has been l i m i t e d  t o  pure a d i a b a t i c  CAES. Preceeding work by 
CEGB , concluded t h a t  a  " h y b r i d  CAES" c y c l e  i n c o r p o r a t i n g  t h e  h i g h  
temperature compressor d ischarge  and thermal  s to rage  o f  t h e  a d i a b a t i c  
concept i n  combinat ion w i t h  t h e  t u r b i n e  s e c t i o n  o f  t h e  f u e l - f i r e d  c y c l e  
m igh t  prove more economic. That s tudy  was based upon f u e l  e s c a l a t i o n  r a t e  
assumptions which proved t o  be s i g n i f i c a n t l y  low l ong  be fo re  t h i s  s tudy  
began. 

However, d u r i n g  t h i s  l a t e s t  a d i a b a t i c  CAES e f f o r t ,  a  para1 l e l  conceptual  
des ign s tudy  has been performed f o r  t h e  CEGB recommended h y b r i d  cyc le .  
T h i s  c y c l e  o f f e r s  bo th  reduced dependence on . (and hence lessened 
v u l n e r a b i l i t y  t o  shortages o f )  f u e l  than  t h e  f u l l  f u e l - f i r e d  design, and 
r e t a i n s  t h e  f u l l  u n i t  ou tpu t  o f  t h e  l a t t e r .  Thermal s to rage  m a t e r i a l  
a v a i l a b i l i t y ,  however, i s  as key t o  t h e  h y b r i d  c y c l e  as i t i s  t o  t h e  pure 
a d i a b a t i c  design. If i t  i s  n o t  a v a i l a b l e ,  t h e  h y b r i d  des ign i s  no t  
f e a s i b l e  e i t h e r .  

RECOMMENDATIONS 

Acres recommends t h a t  f u r t h e r  development o f  t h e  a d i a b a t i c  CAES c y c l e  be 
pursued through: 

(1) an i n t e n s i v e  t e s t i n g  program t o  determine f e a s i b i l t y  o f  low cos t  heat 
s t o rage  m a t e r i a l s .  

( 2 )  development o f  pebble bed des ign models t o  pe rm i t  op t ima l  des ign o f  
TES beds w i t h  regards t o  bed c o n f i g u r a t i o n ,  thermal  and mechanical 
s t r e s s  cond i t i ons ,  and thermal  performance. 



(3 )  rev iew o f  t he  general turbomachinery approach selected f o r  t h i s  study 
design by an independent turbomachinery s p e c i a l i s t ,  w i t h  p a r t i c u l a r  
a t t e n t i o n  g iven t o  t h e  h igh  temperature compressors, t he  problem o f  
b l  ading eros ion /separa tor  e f f i c i e n c y  requirements, and system 
r e l i a b i l i t y .  

I f  t h e  above proves m a t e r i a l s  p r o p e r t i e s  are acceptable, the  program should 
con t i nue  wi th:  

( 4 )  p r e l  im ina ry  design of a demonstrat i o n  p l a n t  based upon comrnerci a1 l y  
a v a i l a b l e  equipment i n  assoc ia t ion  w i t h  an i n t e r e s t e d  u t i  1 i t y ,  and 

( 5 )  development o f  more advanced h igh  e f f i c i e n c y  ax i  a1 compressors capable . . 

o f  discharge temperatures i n  t he  range of 1000 t o  1200°F o r  h igher .  . . 





3 - STUDY ASSUMPTIONS 

Conceptual design o f  the  ad iabat ic  CAES system as presented i n  t h i s  study 
was based on the  f o l l o w i n g  assumptions and cons t ra in t s :  

- 10-hour storage capac i ty .  

- 4 u n i t  p l a n t  o f  maximum generat ing capac i ty .  

- P r o j e c t  fea tures  common w i t h  the  DOE/EPRI/PEPCO convent ional  CAES p l a n t  
design a t  t he  Maryland s i t e .  

- Compressed a i r  s torage i n  water-compensated, underground caverns exca- 
vated i n ,  g r a n i t i c  gneiss rock. 

- Only pure ad iaba t i c  CAES systems t o  be examined. 

- High pressure TES t o  be located underground. 

- Ut i 1 i z a t  i o n  o f  thermal storage types w i t h  proven re1  i abi 1  i t y .  

- Maximum compressor t r a i n  e x i t  temperatures w i t h i n  the  l i m i t s  o f  e x i s t i n g  
technology. 

- P lan t  design t o  incorpora te  machinery a v a i l a b l e  i n  t he  near term and 
r e q u i r i n g  l i t t l e  or  no development. 

- General p l a n t  arrangement t o  be adapted f rom the  DOE/EPRI/PEPCO conven- 
t i o n a l  CAES study. 

- Economic ana lys is  t o  be performed us ing  cos t  f a c t o r s  and l e v e l i z e d  
product ion  cos t  techniques cons i s ten t  w i t h  o ther  s tud ies  performed f o r  
and by B a t t e l l e  P a c i f i c  Northwest Laboratory. 





4 - CYCLE DEVELOPMENT 

4.1 INTRODUCTION 

The bas i c  concept behind l a rge -sca le  c e n t r a l i z e d  energy s to rage  i s  t o  s t o r e  
o f f - peak  energy f rom c o a l - f i r e d  and nuc lear  base load  c a p a c i t y  f o r  reuse 
d u r i n g  peak demand pe r i ods  and thereby:  

( 1 )  t a k e  advantage o f  t h e  s u b s t a n t i a l  c o s t  d i f f e r e n c e  between coa l  o r  
nuc lea r  f u e l  and t h e  p r i c e  o f  premium f u e l s  which are no rma l l y  used 
t o  produce peak energy. 

( 2 )  d i s p l a c e  premium f u e l  usage i n  t h e  u t i l i t y  system, and 

( 3 )  keep base l oad  u n i t s  c o n s t a n t l y  ope ra t i ng  i n  t h e i r  most e f f i c i e n t  
l o a d  range. 

Bo th  a d i a b a t i c  CAES and f u e l - f i r e d  CAES cyc les  appear capable o f  p r o v i d i n g  
these  goals .  However, s i g n i f i c a n t  des ign a l t e r n a t i v e s  e x i s t  f o r  each o f  
these  c y c l e  types.  

4.1.1 Convent ional  CAES - The "convent iona l "  CAES c y c l e  (F igu re  4-1A) i s  
i n  f a c t  a  h y b r i d  s to rage  design. Off-peak energy i s  used t o  com- 
p ress  a i r  f o r  s to rage  - i n  underground r e s e r v o i r s .  Since t h e  a i r  
s to rage  r e s e r v o i r  cannot accept h i g h  temperature a i r ,  t h e  compressor 
d ischarge  i s  coo led  t o  n e a r l y  ambient temperature.  However, as t he  
a i r  cannot subsequent ly  be expanded e f f i c i e n t l y  through t h e  power 
recove ry  t u r b i n e  f u e l  must be burned i n  t h e  d ischarge  mode t o  
r e p l a c e  t h e  d iscarded  hea t .  Al though t h i s  f u e l  i n p u t  i s  minimal,  
t h e  f u e l  requi rement  p reven ts .  t h e  convent iona l  CAES des ign f rom 
comple te ly  d i s p l a c i n g  t h e  premium f u e l  requi rements o f  combustion 
t u r b i n e  peak ing u n i t s  and ach iev ing  independence f rom premium f u e l s .  
Therefore,  the  p r n d ~ r c t  i o n  o f  peaking power remains s e n s i t i v e  t o  both 
t h e  c o s t  and e s c a l a t i o n  o f  f u e l s  ( a l t hough  f a r  l ess  s e n s i t i v e  than 
combustion t u r b i n e s )  as we1 1  as t o  t h e  a v a i l a b i l i t y  o f  these o r  
s u b s t i t u t e  f u e l s  i n  t h e  f u t u r e .  

The convent iona l  CAES compression t r a i n  i s  designed t o  r e q u i r e  m i n i -  
mum work i n p u t  through maximum use o f  compressor i n t e r c o o l i n g .  The 
l a r g e s t  a v a i l a b l e  machines are used t o  maximize f l o w  r a t e  and reduce 
u n i t  cos t s .  , These machine t r a i n s  represen t  commercial technology 
and incorporate:  normal thermal growth c learances and m a t e r i  a1 s  used 
i n  s tandard a i r  s e r v i c e  a p p l i c a t i o n s .  



Discharge p ressures  t o  s to rage  f o r  f u e l - f i r e d  CAES des igns t y p i c a l l y  
f a l l  between 600 and 1000 p s i a .  Pressure s e l e c t i o n s  s i g n i f i c a n t l y  
above o r  below t h i s  range do n o t  g e n e r a l l y  appear economic, except 
perhaps i n  t h e  case where a  s u i t a b l e  abandoned mine i s  a v a i l a b l e .  
Such p ressures  a re  r e 1  a t  i v e l y  common i n  compressor a p p l i c a t i o n s  f o r  
t h e  chemical  i n d u s t r i e s .  

The combina t ion  o f  maximum f l o w  r a t e s  and 1000 p s i a  d ischarge  pres-  
su re  do, however, c o n s t i t u t e  unusual des ign cond i t i ons .  S a t i s f a c -  
t i o n  o f  these  requi rements i n  a  s i n g l e  compressor t r a i n  ( t o  reduce 
p l a n t  comp lex i t y  and c o s t )  r e s u l t s  i n  an upper f l o w  l i m i t  o f  some 
700 pounds per  second. Several  machines are r e q u i r e d  i n  se r i es ,  as 
no one machine i s  capable o f  t h e  du ty .  

F i g u r e  4-2 p resen ts  t h e  process diagram f o r  t h e  machinery t r a i n  
des ign  developed i n  t h e  PEPCO s tudy  (Acres, 1980). The compressor 
t r a i n  i s  composed o f  one a x i a l  and two c e n t r i f u g a l  machines, w i t h  an 
a i r  f l o w  th rough these  u n i t s  o f  661 pounds per  second o r  some 
530,000 scfm. 

C e n t r i f u g a l  machines are u n s u i t a b l e  f o r  t h e  extrememly h i gh  i n i t i a l  
f l o w  volume, as seve ra l  machines would be r e q u i r e d . '  A x i a l s  are 
u n s u i t e d  f o r  t h e  h i g h  p ressure  d ischarge  c o n d i t i o n s  as t h e y  are 
b a s i c a l l y  high. volume low pressure  r a t i o  t ype  equipment. As a x i a l s  
do e x h i b i t  g r e a t e r  e f f i c i e n c y  than  c e n t r i f u g a l s ,  a1 1  a x i a l  t r a i n s  
have been proposed i n  t h e  pas t .  These were cons idered f e a s i b l e  bu t  
r e q u i r e d  a l l  new des igns t h a t  were more expensive than t h e  c e n t r i f -  
uga l  approach. 

The i n t e r c o o l e r / a f t e r c o o l e r  system f o r  t h i s  t r a i n  i s  a  major p l a n t  
system. The f u e l - f i r e d  c y c l e  c o o l i n g  system heat  l oad  n e a r l y  equals 
t h e  power i n p u t  t o  t h e  machinery. The c o o l i n g  system c a p a c i t y  i s  
t h e r e f o r e  1  arge and r e q u i r e s  ex tens i ve  equipment a t  s u b s t a n t i  a1 
cos t .  

Convent ional  CAES t u r b i n e  s e c t i o n  designs, as a  r e s u l t  o f  t h e  f u e l  
use requi rement ,  no rma l l y  i n c o r p o r a t e  m o d i f i e d  combustion t u r b i n e  
equipment. T h i s  technology p rov ides  h j g h  e C f i c i e n c y  machinery based 
upon des igns developed f o r  o p e r a t i o n  i n  temperatures g r e a t e r  than 
r e q u i r e d  by t h e  b a s i c  CAES c y c l e .  As a  r e s u l t ,  t h e  dependence upon 
premium f u e l  t o  r e p l a c e  d iscarded  heat  can be o f f s e t  somewhat 
t h rough  s e l e c t i o n  o f  an o p e r a t i n g  temperature which maximizes 
t u r b i n e  power a v a i l a b l e  f o r  peak use, thereby  m in im iz i ng  i n s t a l l e d  
c o s t  pe r  u n i t  o f  capac i t y .  

Development o f  peak ing gas t u r b i n e  and combustor designs f o r  coa l -  
d e r i v e d  f u e l s  and temperatures i n  t h e  range o f  2500 t o  3000°F may be 
f o l l o w e d  by i n c o r p o r a t i o n  o f  t h i s  technology i n  t h e  convent iona l  



CAES design. The use o f  i n c r e a s i n g l y  h i ghe r  temperatures w i l l ,  
however, s h i f t  t h e  c y c l e  emphasis away f rom t h e  bas ic  energy s torage 
f u n c t i o n .  

4.1.2 Ad iaba t i c  CAES - The a d i a b a t i c  CAES p l a n t  des ign approach u t i l i z e s  a  
d i f f e r e n t  pa th  i n  t h e  development o f  t h e  bas i c  CAES concept. The 
a d i a b a t i c  approach conver ts  t h e  convent iona l  CAES des ign i n t o  a  t r u e  
energy s to rage  cyc le .  

Ad iaba t i c  CAES invo lves ,  on a  very  genera l  bas is ,  t h e  same opera- 
t i o n a l  s teps as occur i n  f u e l - f i r e d  CAES. A i r  i s  compressed, 
cooled, s tored,  reheated and expanded ( F i g u r e  4-18).  There are, 
however, some major d i f f e r e n c e s  i n  t h e  method o f  per fo rming  each o f  
these  opera t ions ,  which are r e f l e c t e d  by t he  s i g n i f i c a n t l y  d i f f e r e n t  
o p e r a t i n g  requi rements and des ign o f  t h e  p l a n t  equipment. 

The i n t e n t  ' o f  t h e  a d i a b a t i c  c y c l e  i s  t o  make maximum use o f  charg ing  
energy. The compression process i s  performed w i t hou t  i n t e r c o o l i n g ,  
w i t h  compressor d ischarge  temperature l i m i t e d  by t h e  temperature 
c a p a b i l i t i e s  o f  t h e  compression equipment. The heat  con ta ined  i n  
t h e  d ischarged a i r  must be 'removed (as i n  t h e  f u e l - f i r e d  c y c l e )  t o  
reduce s to rage  volume and p r o t e c t  t h e  a i r  s to rage  r e s e r v o i r .  How- 
ever, r a t h e r  than  r e j e c t  t h i s  heat  t o  t he  atmosphere, as i n  t h e  con- 
v e n t i o n a l  cyc le ,  i t i s  t r a n s f e r r e d  t o  a  h i g h  c a p a c i t y  thermal s t o r -  
age m a t e r i a l  b e f o r e  t h e  a i r  i s  p laced  i n  s torage.  Th i s  thermal 
s to rage  system i s  l a t e r  used i n  p l ace  o f  f u e l  t o  rehea t  s to red  a i r  
be fo re  expansion i n  t h e  power recovery  t u r b i n e .  The thermal  s torage 
system t h e r e f o r e  rep laces  bo th  t h e  a f t e r c o o l e r  and combustor o f  t he  
convent iona l  cyc le .  

As i n  t h e  case o f  f u e l - f i r e d  CAES, bas i c  system economics r e q u i r e  
t h e  use o f  t h e  l a r g e s t  machinery a v a i l a b l e .  T h i s  requi rement  leads 
t o  compressor o p e r a t i n g  c o n d i t i o n s  which are more severe than  those 
o f  t h e  convent iona l  design. The i n i t i a l  compression process o f  both 
des igns i s  ve ry  s i m i l a r .  However, once ope ra t i ng  temperature ex- 
ceeds t h e  upper l i m i t s  o f  t h e  i n t e r c o o l e d  compressor t r a i n  design, a  
new s e t  o f  machinery des ign c o n s t r a i n t s  are invo lved .  

Temperature increases produce l a r g e r  vo lume t r i c  f l ows ,  r e s u l t i n g  i n  
a  need f o r  l a r g e r  machinery. Higher  temperatures t y p i c a l l y  l ead  t o  
lower  a l l owab le  s t resses  i n  t h e  b lades o f  an a x i a l  machine o r  im- 
p e l l e r s  o f  a  c e n t r i f u g a l  u n i t .  H igher  temperatures a l so  produce 
g r e a t e r  thermal  expansion i n  t h e  gas pa th  p a r t s .  The l ack  o f  i n t e r -  
c o o l  i n g  leads t o  g rea te r  power requi rements and 1  a rger  machine 
s h a f t s .  The combined need f o r  l a r g e r  c a p a c i t y  machinery and l a r g e r  
s h a f t s  produces g rea te r  b l  ade and impel l e r  d i  ameter, compounding the  
a l l owab le  s t r e s s  problem. Thus f o r  t h e  h i g h  temperature machinery, 
a d i a b a t i c  CAES compression equipment design o r  s e l e c t i o n  i s  l i k e l y  
t o  be n o t  i c e a b l y  d i f f e r e n t  f rom convent iona l  CAES machinery t r a i n s .  



The a d i a b a t i c  CAES t u r b i n e  ope ra t i ng  requi rements are a l so  s i g n i f i -  
c a n t l y  d i f f e r e n t  f r om those  o f  conven t iona l  CAES machines. As no 
combust i o n  i s  invo lved ,  t u r b i n e  ope ra t i ng  temperatures ( d e f i n e d  by 
compressor 1  irni t s  and thermal  s to rage  exchange e f f e c t i v e n e s s )  are 
l i k e l y  t o  be s u b s t a n t i a l l y  lower than e x i s t  i n  f u e l - f i r e d  c y c l e  
machinery.  Consequently, expected u n i t  power ou tpu t  f o r  t h e  same 
mass f l o w  r a t e  i s  n o t i c e a b l y  reduced. 

As f l o w  d e n s i t y  th rough  t h e  a d i a b a t i c  CAES t u r b i n e  i s  expected t o  be 
s i g n i f i c a n t l y  g r e a t e r  than  i n  a  combustion t u r b i n e ,  gas pa th  changes 
may be r e q u i r e d  i f  h igh  machine e f f i c i e n c y  i s  t o  be ma in ta ined  i n  a  
mod i f  i e d  combust i o n  machine. Combust i o n  p roduc ts  and h i g h  tempera- 
t ures a re  absent; t h e r e f o r e ,  advanced t u r b i n e  technology and c o s t l y  
b l ade  m a t e r i a l s  may be unnecessary. Cons t ruc t i on  o f  s u i t a b l e  
t u r b i n e  machinery  may t h e r e f o r e  be p o s s i b l e  by machinery suppl i e r s  
n ~ l t s i d c !  t h e  genera l  ca tegory  o f  gas t u r b i n e  manufactur ing.  

The impact o f  thermal  s to rage  system performance cou ld  be c r i t i c a l .  
Poor thermal  performance, i n  terms o f  a  l a r g e  l o s s  o f  temperature 
between charge and d ischarge,  d i r e c t l y  a f f e c t s  o v e r a l l  c y c l e  per-  
formance. Temperature recovery,  o r  e f f ec t i veness ,  should be as h i gh  
as i s  p r a c t i c a l .  I f  t h e  system e x h i b i t e d  a  t y p i c a l  i n d u s t r i a l  heat 
exchanger e f f e c t i v e n e s s  o f  0.8 (80 percen t  r ecove ry  o f  a v a i l a b l e  
tempera tu re )  w i t h  a  cha rg ing  temperature o f  1000°F, t u r b i n e  i n l e t  
temperature would be 1  i m i t e d  t o  some 820°F. I n c r e a s i n g  e f f e c t i v e -  
ness t o  95 pe rcen t  would inc rease  t u r b i n e  i n l e t  temperatures, i n -  
c r e a s i n g  power ou tpu t  by perhaps 4 percen t  and s to rage  c y c l e  e f f i -  
c i e n c y  by some 6 percen t .  Pressure losses  through t h e  s to rage  
exchanger have a  s i m i l a r  e f f e c t  on c y c l e  performance. 

4.1.3 General - Cyc le  development i nvo l ved  an i n v e s t i g a t i o n  o f  t h e  prob- 
m s o c i a t e d  w i t h  use o f  e x i s t i n g  machinery designs, as w e l l  as' 
an e v a l u a t i o n  o f  t h e  impact o f  thermal s to rage  system performance on 
o v e r a l l  c y c l e  performance. The use o f  e x i s t i n g  machinery designs 
was r e q u i r e d  by  t h e  scope o f  work. The i n t e n t  o f  t h i s  approach was 
t o  i d e n t i f y  whether such a  p l a n t  des ign appeared f e a s i b l e  f o r  near 
t e rm  demonstrat ion.  T h i s  would a l l o w  much more r a p i d  commercial iza- 
t i o n  compared t o  a d i a b a t i c  CAES designs r e q u i r i n g  ex tens i ve  machin- 
e r y  development. Cyc le  development began w i t h  a  comparison o f  v a r i -  
a t i o n s  on t h e  b a s i c  a d i a b a t i c  cyc le .  

BASIC CYCLE ARRANGEMENTS 

, The b a s i c  des ign  parameters o f  t h e  a d i a b a t i c  CAES p l a n t  developed i n  t h i s  
s tudy  were s e l e c t e d  t o  a l l o w  a  d i r e c t  comparison w i t h  t h e  p r e l i m i n a r y  
eng inee r i ng  des ign  prepared f o r  f u e l - f i r e d  CAES i n  t h e  recen t  PEPCOIDOEI 
EPRI s tudy  conducted by Acres. I n  summary these were: 



a u t i l i z e  t h e  hard rock  mined water compensated cavern s to rage  concept 

a design f o r  10 hours o f  s to rage  

a ' d e s i g n  f o r  f o u r  u n i t s  ,of  maximum s i z e  

I n i t i a l  i n v e s t i g a t i o n  i n d i c a t e d  t h a t  each u n i t  would 1  i k e l y  invo l ' ve  peak 
o p e r a t i n g  temperatures between 700 and 900°F and a i r  f l o w s  between 600 and 
800 pounds per  second. Cyc le  development commenced based on a  p r e l i m i n a r y  
o u t l e t  a i r  stream temperature l i m i t a t i o n  o f  850°F and t h r e e  bas i c  c y c l e  
con f i gu ra t i ons .  These are shown on F i g u r e  4-3. 

The s i n g l e  stage c y c l e  i nvo l ves  compression t o  a  d ischarge  p ressure  co r re -  
sponding t o  maximum a l lowab le  machine e x i t  temperature.  Th i s  may be poss i -  
b l e  w i t h  one machine f o r  temperatures up t o  850°F, b u t  i s  more l i k e l y  t o  
i n v o l v e  two machines ( a x i a l )  i n  s e r i e s  because o f  p ressure  r a t i o  and 
d i f f e r e n t !  a1 thermal  growth 1  i m i t a t i o n s .  H i  gher temperature machines have 
p r e v i o u s l y  been i d e n t i f i e d  as l ong  te rm development i tems (Glendenning, 
1979; and G i ramont i ,  1979).  Th i s  c y c l e  i s  t h e r e f o r e  l i m i t e d  t o  s to rage  
pressures o f  200 t o  230 p s i  depending upon machine e f f i c e n c y  a t  t h e  present  
t ime. 

The two-stage c y c l e  b u i  l d s  upon t h e  s i ng le - s tage  approach t o  inc rease  
o p e r a t i n g  pressures towards t h e  l e v e l  used i n  conven t iona l  CAES. I n  both 
f u e l - f i r e d  and a d i a b a t i c  concepts, h i ghe r  ope ra t i ng  pressures a l l o w  sub- 
s t a n t i a l  r e d u c t i o n  o f  r e q u i r e d  a i r  s to rage  cavern volume. T h i s  produces a  
s u b s t a n t i a l  c o s t  sav ing  which must be weighed aga ins t  increases i n  equip- 
ment c o s t  and c y c l e  losses. 

A  th ree-s tage  c y c l e  was a1 so considered. Th i s  approach f u r t h e r  reduces 
s to rage  volume, and p o t e n t i a l l y  cou ld  show r e l a t i v e l y  good o v e r a l l  c y c l e  
performance as a  r e s u l t  o f  t h e  i n t e r c o o l i n g  and m u l t i p l e  rehea t  e f f e c t s  o f  
t h r e e  thermal  s to rage  systems. F u l l  thermal  use o f  a  t h r e e  s tage c y c l e  
would, however, i n v o l v e  compression t o  pressures on t h e  o rde r  o f  5000 p s i  
and would r e q u i r e  ve ry  deep underground c o n s t r u c t  i o n  ( i  .e: , 12,000 f e e t ) ,  
unusual p i p i n g  and va l ve  designs, and extreme cas ing  des ign ' measures f o r  
t h e  turbomachinery.  P l a n t  e f f i c i e n c y  i s  a l so  l i k e l y  t o  be r e l a t i v e l y  poor, 
due t o  compounding o f  mechanical and gas pa th  lasses.  Therefore,  t h i s  
concept was excluded f rom f u r t h e r  cons ide ra t i on .  

S e l e c t i o n  o f  p l a n t  des ign pressure i n  t h e  recen t  PEPCU CAES s tudy  was based 
upon a  PEPCO c r i t e r i o n  o f  lowest  c a p i t a l  cos t ,  as l e v e l i z e d  c o s t  d i f f e r -  
ences between pressures were n e g l i g i b l e .  As d i f f e r e n c e s  between s i n g l e  and 
two-stage c y c l e  performance were n o t  expected t o  be g rea t ,  t h e  minimum 
c a p i t a l  c o s t  approach was a l s o  used i n  t h i s  s tudy  t o  s e l e c t  t h e  design 
cyc le .  

A  comparison o f  t h e  s i n g l e -  and two-stage cyc les  i n v o l v e s  a  t r a d e  o f f  
between c a p i t a l  c o s t  and p l a n t  ou tpu t .  The low pressure  s i ng le - s tage  
des ign  r e q u i r e s  an a i r  s to rage  system volume some f i v e  t imes  t h a t  o f  t h e  
two-stage cyc le ,  i n v o l v i n g  a  s u b s t a n t i a l  cos t  inc rease  o n l y  l i g h t l y  o f f s e t  
b y  e l  i m i n a t  i o n  o f  h i gh  pressure sec t  i o n  components. Two-stage performance 



w i t h  a d d i t i o n  o f  t h e  h i g h  p r e s s u r e ' t u r b i n e  and compressors t o  form the  
two-stage c y c l e  w i l l  r e f l e c t  increases i n  both p l a n t  output  and requ i red  
compressor power, and a  s l i g h t  reduc t i on  i n  cyc le  e f f i c i e n c y  would be 
expected. 

Overa l l ,  however, t he  two-stage c y c l e  approach was est imated t o  r e s u l t  i n  
s u b s t a n t i a l  n e t  savings i n  storage system costs, as we l l  as a  s i g n i f i c a n t  
inc rease i n  u n i t  ou tpu t .  The two-stage cyc le  was the re fo re  selected f o r  
f u r t h e r  study, w i t h  a  nominal s torage pressure o f  1200 ps ia .  

4.3 TURBOMACHINERY DESIGN PROBLEMS 

Several problems were i d e n t i f i e d  i n  t h e  a p p l i c a t i o n  o f  convent ional  
machinery designs t o  t h e  two-stage c y c l e  requirements., These problems were 
addressed through a  con t rac tua l  agreement w i t h  an i n d u s t r i a l  compressor and 
expander manufacturer to :  a) p rov ide  engineer ing assessment o f  machinery 
needs and 1  i m i t s ,  and b)  i d e n t i f y  rep resen ta t i ve  near-term machine pe r fo r -  
mance, se lec t i ons  and cost .  C lark  D i v i s i o n  o f  Dresser I ndus t r i es ,  loca ted  
i n  Olean, New York has prov ided those serv ices  t o  t h i s  study. Th is  sec t ion  
rev iews t h e  f i n d i n g s  o f  j o i n t  e f f o r t s  by  Acres and Dresser Clark t o  
i d e n t i f y  and address t h e  bas ic  problems o f  us ing  commercial ly a v a i l a b l e  
equipment t o  develop an ad iaba t i c  CAES machinery t r a i n .  

4.3.1 Compressor Design - The combination o f  h igh  e x i t  temperatures, h igh  
pressures and h igh  mass f l o w  r a t e s  requ i red  by the  ad iaba t i c  CAES 
c y c l e  present  a  unique design c o n d i t i o n  f o r  a  compressor. 
Consequently, machines express ly  designed f o r  t h i s  type o f  serv ice  
are  n o t  a t  present  commercial ly avai l ab le .  Near-term techn ica l  
f eas i  b i  1  i t y  o f  ad iaba t i c  CAES compressors t h e r e f  o re  depends upon the  
a b i l i t y  t o  mod i fy  e x i s t i n g  compressor designs t o  meet t he  needs o f  
t h e  ad iaba t i c  CAES app l i ca t i on .  

Conventional a p p l i c a t i o n s  f o r  a x i a l  and c e n t r i f u g a l  compressors 
r a r e l y  i n v o l v e  discharge temperatures greater  than 450 t o  500°F. 
The thermal  growth o f  r o t o r s  and blades (neg lec t i ng  ma te r ia l  
changes) which would be expected f o r  t he  ad iaba t i c  CAES compressors 
i s  n e a r l y  two and a  h a l f  t imes t h e  growth experienced w i t h  u n i t s  
b u i l t  f o r  more convent ional  serv ice.  Thus, generous t i p  and r o o t  
clearances must be al lowed t o  prevent  rubbing o f  t he  r o t o r s  o r  
blades against  seals  and diaphragms. Th is  problem i s  accentuated by 
p o t e n t i a l l y  uneven growth o f  the  casing and r o t o r  du r ing  s t a r t u p  o f  
t h e  machinery. The l a r g e r  c learance allowances requ i red  r e s u l t  i n  
po ten t  i a1 l y  g rea te r  t i p  losses and consequently lower and l ess  
c e r t a i n  stage e f f i c i e n c y .  Th i s  makes machine e f f i c i e n c y  p r e d i c t i o n  
more d i f f i c u l t .  O p t i m i s t i c  p r e d i c t i o n  o f  e f f i c i e n c y  du r ing  design 
cou ld  r e s u l t  i n  a  compressor discharge f l o w  r a t e  a t  design 
cond i t i ons  s i g n i f i c a n t l y  lower than expected. 



C e n t r i f u g a l  i m p e l l e r  growth over t h e  f u l l  temperature range i s  a l so  
seen t o  be p o t e n t i a l l y  t roublesome i n  Dresser C l a r k ' s  conven t iona l  
machine designs i n  t h a t  c o u p l i n g  o f  s h a f t  and i m p e l l e r  i nvo l ves  
shr inkage f i t s  and keys. Excessive growth combined w i t h  t h e  power 
t o  be t r a n s f e r r e d  cou ld  separate t h e  i m p e l l e r s  f rom t h e  sha f t ,  
seve re l y  damaging t h e  machine. Other r o t o r  assembly techniques 
which avo id  t h i s  problem are  used b y  Dresser i n  o t h e r  equipment 
1  ines .  Use o f  such approaches i s  p o s s i b l e  bu t  would r e q u i r e  devel -  
opment o f  compressor designs which are a t  p resen t  n o t  o f f e r e d  by 
Dresser Cl ark.  

As t h e  a d i a b a t i c  des ign i s  n o t  i n t e r coo led ,  ac tua l  f l o w  volume down- 
stream o f  t h e  f i r s t  stage a x i a l  increases over t h e  convent iona l  CAES 
des ign f o r  t h e  same mass f l o w  r a t e .  As downstream f l o w  volume i s  
increased, t h e  machine gas pa th  and consequent ly  cas ing  s i z e  grows, 
b u t  i n t e r n a l  p ressure  remains t h e  same. Casing temperature a l so  
increases.  The combined e f f e c t s  produce an i nc rease  i n  cas ing  
f o r c e s  and a r e d u c t i o n  i n  a l l owab le  cas ing  s t resses .  T h i s  c l e a r l y  
r e q u i r e s  a rev iew o f  t h e  cas ing  design, and cou ld  l ead  t o  use o f  
d i f f e r e n t  c o n s t r u c t  i o n  techniques and/or case m a t e r i a l s .  

The ex tens ion  o f  o p e r a t i n g  temperatures i n  c e n t r i f u g a l  machines t o  
h i g h e r  l e v e l s  t h e r e f o r e  g i ves  r i s e  t o  problems w i t h  growth o f  r o -  
t a t i n g  p a r t s  and w i t h  a l l owab le  s t resses  o f  m a t e r i a l s  a t  e l eva ted  
temperatures. These i n v o l v e  t h e  des ign o f  i n t e r s t a g e  sea l s  and 
diaphragms, s e l e c t i o n  o f  r o t o r  m a t e r i a l s ,  and i m p e l l e r  mount ing 
methods. A x i a l  machine designs are a l so  sub jec t  t o  these problems 
and a re  a f f e c t e d  p r i m a r i l y  i n  t h e  area o f  t i p  seal  and cas ing  
design. 

4.3.2 Turb ine  Design - The l i m i t a t i o n s  on e x i t  temperature assoc ia ted  w i t h  
t h e  compressor system r e s u l t '  i n  r e l a t i v e l y  low i n l e t  temperatures t o  
t h e  t u r b i n e  s e c t i o n  i n  t h e  u n f i r e d  CAES system. As t u r b i n e  tech-  
no logy  t y p i c a l l y  i s  capable o f  temperatures up t o  1400 t o  1500°F 
w i t h o u t  b lade  coo l ing ,  t h e  a n t i c i p a t e d  temperatures o f  800 t o  900°F 
were n o t  foreseen t o  p resen t  any d i f f i c u l t i e s  i n  t u r b i n e  s e c t i o n  
des ign  f o r  h i g h  temperature.  Excess ive ly  low temperatures a t  e x i t  
c o u l d  p resen t  a  problem, b u t  t h i s  can be c o n t r o l l e d  th rough proper  
s e l e c t i o n  o f  expansion r a t i o  t o  match ope ra t i ng  temperatures i f  t he  
thermal  s to rage  system performance can be def ined.  

The pressures i nvo l ved  i n  t h e  h i g h  p ressure  t u r b i n e  are h i ghe r  than 
no rma l l y  designed f o r  by  an i n d u s t r i a l  expander manufacturer  such as 
Dresser.  Wi thout  redes ign,  increased o p e r a t i n g  p ressure  i n  an 
e x i s t i n g  des ign would produce excess ive losses  through s h a f t  sea ls  
and cas ing  j o i n t s ,  and excess ive cas ing  s t resses .  

The thermal  energy s to rage  systems, assuming pebble bed dev ices were 
used, were foreseen t o  be sources o f  abras ive  dus t  p a r t i c l e s .  
Therefore,  e ros ion  o f  t u r b i n e  b l a d i n g  (as w e l l  as t h e  h i g h  pressure 
c e n t r i f u g a l  compressor i m p e l l e r s )  was i d e n t i f i e d  as a p o t e n t i a l l y  
s i g n i f i c a n t  problem assoc ia ted  w i t h  t h e  mechanical  des ign o f  t he  
t u r b i n e s .  



4.3.3 Other I tems 

4.3.3.1 Gearboxes - The gearbox s e l e c t i o n  f o r  t h e  f u e l - f i r e d  CAES p l a n t  
des ign and t h e  gearbox used i n  t he  Huntor f  p l a n t  invo lved  gear 
loads which approached t h e  l i m i t s  o f  gear technology. Power 
t ransmiss ion  loads requ i red  w i t h  h igh  f l o w  r a t e  compressors oper- 
a t i n g  a t  speeds g rea te r  than 3600 rpm were, there fo re ,  a lso con- 
s i de red  an i t e m  o f  concern i n  t h e  ad iaba t i c  CAES p l a n t  design. 
Whether h i g h  gearbox loads would be requ i red  f o r  t he  f i n a l  com- 
pressor ,  o r  whether a gearbox would be requ i red  a t  a l l ,  was 
unknown a t  t h e  beginning o f  t he  study. 

4.3.3.2 Clutches - No problems were foreseen t o  e x i s t  w i t h  c l u t c h  design. 
The power l e v e l s  and speeds invo lved w i t h  an ad iaba t i c  CAES u n i t  
were no t  considered l i k e l y  t o  exceed the  c a p a b i l i t y  o f  commer- 
c i a l l y  a v a i l a b l e  equipment. 

4.3.3.3 Motors and Motor-Generators - The motor lgenera tor  needs o f  t he  
a d i a b a t i c  CAES turbomachinery were considered t o  be very  s im i  1 a r  
t o  t h e  PEPCO s tudy  CAES p l a n t .  As no s i g n i f i c a n t  problems were 
foreseen by Brown Bover i  i n  producing these machines f o r  o i l - f i r e d  
CAES, none were a n t i c i p a t e d  w i t h  t he  machinery f o r  ad iaba t i c  CAES 
designs. 

4.3.3.4 c o n t r o l  Systems - Although t h e  bas i c  c o n t r o l  system design was 
recognized as be ing  important ,  d e t a i l e d  design o f  t he  system i s  
beyond t h e  scope o f  t h e  present  engineer ing development study. A 
problem which was o f  concern i n  t he  PEPCO study i s  the  r e l a t i o n -  
s h i p  o f  c o n t r o l  va lve  response t ime t o  overspeed o f  the  t u r b i n e s  
w i t h  load  r e j e c t i o n .  The Ad iaba t i c  CAES t u r b i n e  system does no t  
r e q u i r e  t h e  use o f  l a r g e  combustors as are found i n  t h e  Brown 
Bover i  C i red  CAES systems. I n  o i l  f i r e d  CAES the  combustors are a 
s i g n i f i c a n t  source o f  energy. Th is  must somehow be d i s s i p a t e d  o r  
c o n t r o l l e d  upon load r e j e c t i o n  t o  prevent  overspeed and u n i t  
t r i p .  

The a d i a b a t i c  CAES c y c l e  u t i l i z e s  TES systems t o  p rov ide  heated 
a i r  t o  t h e  t u r b i n e s .  TES systems have ve ry  l a r g e  volumes which 
pose a severe p o t e n t i a l  f o r  overspeed i f  t h e  a i r  supply  cannot be 
c u t  o f f  r a p i d l y .  Large r a p i d  ope ra t i ng  shu t -o f f  valves are there-  
f o r e  r e q u i r e d  a t  both h igh  and low pressure t u r b i n e  a i r  i n l e t s .  
Valves can, however, be l oca ted  so t h a t  t he re  i s  f a r  l ess  p i p i n g  
volume between t h e  c o n t r o l  va l ve  and the  ad iaba t i c  CAES t u r b i n e  
than i s  p o s s i b l e  i n  t h e  BBC o i l - f i r e d  design. 



The l a r g e  f low and h igh  pressures r e q u i r e d  f o r  CAES have r e s u l t e d  
i n  m u l t i s t a g e  m u l t i - u n i t  compressor t r a i n s  i n  a l l  o f  t h e  CAES 
des ign and c o n s t r u c t i o n  p r o j e c t s .  These arrangements t y p i c a l l y  
c o n s i s t  o f  a x i a l  machines f o r  compression up t o  150 t o  250 ps ia ,  
f o l l o w e d  by c e n t r i f u g a l  u n i t s  t o  achieve des ign s torage pressure.  
Se r i es  ope ra t i on  o f  these two machine types may cause some d i f f i -  
c u l t y  i n  match ing and l i m i t  o p e r a t i n g  f l e x i b i l i t y  o r  p a r t  load 
e f f i c i e n c y  o f  compressors depending on t h e  manufac tu re r ' s  design 
approach. For  example, Su lzer  a x i a l s  are nom ina l l y  50 percent  
r e a c t i o n  b l a d i n g  designs which when combined w i t h  t h e  c e n t r i f u g a l s  
i n  t h e  PEPCO study des ign produced a machinery t r a i n  which exhib-  
i t e d  a l i m i t e d  ope ra t i ng  s t a b i l i t y  range between des ign c o n d i t i o n  
and .surge. C la r k  a x i a l s  a re  100 percen t  r e a c t i o n  designs which 
a l l ow  s l i g h t l y  g rea te r  o p e r a t i n g  range when combined w i t h  c e n t r i f -  
uga ls  i n  s e r i e s .  The, a x i a l  compressor designs proposed f o r  U .  S. 
CAES p l a n t s  by  both Su lzer  B ro the rs  (Brown Bover i  CAES des ign)  and 
Dresser C la rk  i nco rpo ra te  v a r i a b l e  s t a t o r  vanes, which a i d  i n  com- 
p ressor  match ing a t  o f f - d e s i g n  c o n d i t i o n s .  

Such machinery t r a i n s  e x h i b i t  a c h a r a c t e r i  s t  i c a l  l y  steep pressure/  
f l o w  curve, as t h i s  i s  p r i m a r i l y  a f u n c t i o n  o f  t h e  number o f  oper- 
a t i n g  stages r e q u i r e d  and i s  l i t t l e  a f f e c t e d  by  temperature.  
Numerous stages would be r e q u i r e d  by any des igner /manufacturer .  
Therefore,  t h e  problems w i t h  surge margins must be faced w i t h  a l l  
CAES compressor system designs, and t h e  va lue  o f  a g iven  a x i a l  
des ign approach w i l l  depend upon t h e  responsiveness o f  t h e  surge 
c o n t r o l  system employed and t h e  resonance c h a r a c t e r i s t i c s  o f  t h e  
piping1TES system. T h i s  problem was recognized b u t  was n o t  
addressed i n  depth due t o  t h e  p r e l i m i n a r y  na tu re  o f  t h i s  s tudy.  

4.4 THERMAL ENERGY STORAGE PERFORMANCE 

The f u n c t i o n  o f  thermal energy s to rage  i n  t h e  c y c l e  i s  t o  p rov ide  bo th  com- 
p ressor  d ischarge  c o o l i n g  and t u r b i n e  a i r  preheat ing.  The use o f  thermal 
s to rage  t h e r e f o r e  e l i m i n a t e s  bo th  t h e  l a r g e  c o o l i n g  system and t h e  t u r b i n e  
combustors o f  t he  f u e l - f i r e d  design. A consequence o f  us i ng  t h i s  approach 
i s  t h a t  t h e  t u r b i n e  i n l e t  temperatures are l i m i t e d  by compressor d ischarge  
temperature.  As power ou tpu t  f o r  a g iven  t u r b i n e  f l o w  r a t e  ( s i z e )  i s  gen- 
e r a l  l y  increased w i t h  an inc rease  i n  i n l e t  temperature,  maximum recovery  o f  
compressor e x i t  temperature i s  des i r ab le .  Poor recovery  degrades perform- 
ance, as r e f l e c t e d  by c y c l e  E l e c t r i c  Energy R a t i o  (kwh in/kWh out; t h e  
i n v e r s e  o f  c y c l e  e f f i c i e n c y ) ,  and has a major  e f f e c t  on o v e r a l l  p l a n t  
economics. 



Several types of thermal energy storage systems were under cons idera t ion  
f o r  t h e  cyc le  design. Each exhi b i t s  d i f f e r e n t  thermal performance proper- 
t i e s .  P r i o r  t o  d e t a i l e d  cyc le  development, eva lua t i on  o f  the  ava i l ab le  
thermal  s torage system designs i n d i c a t e d  t h a t  a  d i r e c t  contact  sens ib le  
heat  t ype  exchanger was most s u i t a b l e  f o r  t he  p l a n t  design. D e t a i l s  re -  
ga rd ing  s e l e c t i o n  and development o f  t h i s  TES approach are documented i n  
Sec t i on  5 .  

The i n p u t  temperature t o  t h e  TES i s  v i r t u a l l y  constant  du r ing  the  charge' 
cyc le .  However, w i t h  the  d i r e c t  contact  design, the  TES o u t l e t  temperature 
d u r i n g  generat ion v a r i e s  as the  TES i s  discharged ( t h e  a i r  stream tempera- 
t u r e  begins t o  f a l l  o f f  towards t h e  end o f  t he  discharge per iod)  which 
produces a  v a r i a b l e  exchanger e f fec t i veness  over t he  cyc le .  Therefore, the 
o u t l e t  temperature o f  the  TES du r ing  generat ion was taken t o  be a  t ime mean 
average. A parameter known as End Temperature D i f f e rence  ( ATe) g ives 
t h e  d i f f e r e n c e  between TES inpu t  temperature du r ing  compression (compressor 
d ischarge temperature) and the  t ime mean average TES discharge a i r  stream 
temperature d u r i n g  generat ion.  

Pressure drop o f  t h e  process a i r  stream i n  passing through the  thermal 
s to rage device a l so  has a  s i g n i f i c a n t  e f f e c t  on c y c l e  performance. To 
m a i n t a i n  a  g iven t u r b i n e  pressure r a t i o ,  inc reas ing  pressure drop requ i res  
t h a t  compressor d ischarge pressure be increased. Th is  requ i res  greater  
work i npu t ,  and t h e r e f o r e  a1 so increases e l e c t r i c  energy r a t i o .  Excessive 
pressure loss  between t u r b i n e  stages i n  a  reheat thermal storage u n i t  re -  
s u l t s  i n  a  reduced t u r b i n e  pressure. range. This  r e s u l t s  i n  reduced t u r b i n e  
ou tpu t  and, as before, increases e l e c t r i c  energy r a t i o .  Factors which 
a f f e c t  pressure l oss  i n  a  d i r e c t  contac t  type exchanger are f l o w  channel . 
v e l o c i t y  (a' f u n c t i o n  o f  t he  r a t i o  o f  open passage area t o  storage mater ia l ;  
i .e., v o i d  r a t i o ) ,  s to rage device length  and the  s e v e r i t y  o f  d i r e c t i o n a l  
and v e l o c i t y  changes a t  entrance and ' e x i t  t o  t he  u n i t .  Remotely located 
u n i t s  may a lso show s u b s t a n t i a l  p i p i n g  losses. 

A range o f  app rop r ia te  end temperature d i f f e rences  was es tab l ished f o r  a  
p r e l i m i n a r y  c y c l e  s e n s i t i v i t y  i n v e s t i g a t i o n .  The i d e a l  case o f  ATe = 0°F 
was used as t h e  lower l i m i t  t o  p rov ide  a  comparison case f o r  t he  e f f e c t s  o f  
more r e a l i s t i c  TES performance values. Based on the  r e s u l t s  o f  i n i t i a l  
l i t e r a t u r e  rev iews and prev ious pebble bed TES modeling, end temperature 
d i f f e r e n c e  was a1 lowed t o  vary  from 10 t o  100°F depending on bed conf igura-  
t i o n  and m a t e r i a l  se lected.  

A range o f  expected TES pressure drops was a lso es tab l ished f o r  p re l im ina ry  
c y c l e  s e n s i t i v i t y  modeling. A comparison base was again es tab l ished us ing 
t h e  i d e a l  case where A P = 0 p s i .  Various est imates o f  pressure loss  i n  
t h e  TES systems ranged f rom a  f r a c t i o n  o f  1 p s i  t o  about 100 p s i .  The 
upper l i m i t  o f  pressure drop used f o r  p r e l i m i n a r y  modeling s e n s i t i v i t y  
analyses was 75 p s i .  

A more d e t a i l e d  d iscuss ion  o f  t h e  f a c t o r s  a f f e c t i n g  TES performance i s  
covered i n  Sect ion 5 o f  t h i s  repo r t .  



4.5 PRELIMINARY ANALYSIS CRITERIA 

The p r e v i o u s l y  d iscussed compressor and t u r b i n e  l i m i t a t  ions,  and TES .pre- 
l i m i n a r y  performance c r i t e r i a ,  formed t h e  bas i s  o f  t h e  model ing e f f o r t .  
The p r e l i m i n a r y  c y c l e  s e l e c t i o n  was based on these f i n d i n g s  u ' n t i l  conf i rmed 
b y  more r e f i n e d  data.  

E l e c t r i c  energy r a t i o  (EER) and u n i t  ou tpu t  power, were used i n  t he  p re l im -  
i nary  a n a l y s i s  t o  gauge re ' l  a t  i v e  c y c l e  performance. Th i s  combinat i o n  pro- 
v i des  a sound bas i s  f o r  c y c l e  performance comparisons, based upon t h e  
expected p e r f  ormance o f  t h e  turbomachi ne ry  and thermal  s to rage  system. 
Turbomachinery performance i n fo rma t  i o n  was suppl i e d  by Dresser C l  a rk  and 
cons i s ted  o f  a v a i l a b l e  p ressure  r a t i o s  and t y p i c a l  e f f i c i e n c i e s  f o r  t h e  
va r i ous  compressors and expanders. 

Tab le  4 -1  summarizes t h e  performance c r i t e r i a  used i n  t h e  i n i t i a l  model ing 
e f f o r t .  

4.6 BASIC CYCLE PERFORMANCE SENSITIVITY 

S p e c i f i c  o p e r a t i n g  performance of t h e  TES system was unknown a t  t h e  begin- 
n i n g  o f  t h e  p r o j e c t .  Therefore,  c y c l e  performance s e n s i t i v i t y  t o  s to rage  
pressure, TES 1 temperature swing, end temperature d i f f e r e n c e  ( $ Te) and 
bed stream. p ressure  l o s s  ( LP) was i nves t i ga ted .  

4.6.1 TES 1 Temperature Swing and Storage Pressure - The TES i n p u t  temper- 
a t u r e  was 1 i m i t e d  t o  approx7rnatel.y 850°F by compressor capabi 1 i t  i es .  
Also, t h e  average c o l d '  end temperature o f  T E S . ~  was assumed t o  be 
approx imate ly  120°F t o  ensure cavern ( r ock )  s t a b i l i t y .  As a r e s u l t ,  
o n l y  t h e  c o l d  end temperature o f  TES 1 c o u l d  be va r i ed .  Thus, e x i t  
temperature t o  t h e  second s tage o f  compression a f f e c t s  bo th  t h e  
TES 1 des ign  and t h e  o v e r a l l  c y c l e  performance. F i g u r e  4-4 i l l u s -  
t r a t e s  t h e  e f f e c t s  o f  i n t e r c o o l i n g  ( c o l d  end temperature o f  TES 1 )  
and f i n a l  d ischarge  p ressure  s e l e c t i o n  on c y c l e  performance. Curve 
PWR11000 and EER11000 can be used t o  demonstrate t h e  e f f e c t  o f  vary- 
i n g  i n t e r c o o l i n g  i n  a 1000 p s i  d ischarge  cyc le .  

As c e n t r i f u g a l  compressor i n l e t  temperature i s  increased, e x i t  tem- 
p e r a t u r e  t o  thermal s to rage  increases and temperature avai  1 ab le  f o r  
r e h e a t i n g  low pressure t u r b i n e  a i r  i n  t h e  d ischarge  c y c l e  increases.  
Thus t u r b i n e  power ou tpu t  increases ( cu rve  PWR11000). However, 
h i g h e r  compressor i n l e t  temperatures inc rease  t h e  i n p ~ ~ t  work re -  
qu i rement  i n  excess o f  t h e  . ga in  i n  t u r b i n e  power ou tpu t .  As a 
r e s u l t ,  t h e  r a t i o  o f  compressor i n p u t  energy t o  ' t u r b i n e  ou tpu t  
energy (EER) increases ( cu rve  EER11000) i n d i c a t i n g  lower  c y c l e  



e f f i c i e n c y .  A s i m i l a r  e f f e c t  occurs f o r  t h e  s to rage  pressures o f  
600 and 1200 p s i .  The 1200 p s i  case shows t h e  bes t  performance, as 
t h e  upper tempera tu re  l i m i t  o f  850°F r e q u i r e s  .extens ive i n t e r -  
coo l i ng ,  a l l o w i n g  more e f f i c i e n t  compression. Thus g rea te r  c y c l e  
e f f i c i e n c y  would be expected w i t h  c y c l e  pressures which pe rm i t  
maximum TES 1 tempera tu re  swing. 

A d ischarge  p ressure  of 1200 p s i a  appeared t o  be t h e  p r a c t i c a l  l i m i t  
based upon comrnerci a1 compressor capabi 1  i t  i e s  w i t h  i n  t h e  s p e c i f i e d  
f l o w  range f o r  a  two stage cyc le .  Therefore,  1200 p s i a  was se lec ted  
as t h e  des ign  p ressure  f o r  f u r t h e r  ana l ys i s .  

4.6.2 TES Pressure  Loss and End Temperature D i f f e r e n c e  - Based upon t h e  
1200 p s i a  des ign  pressure,  c y c l e  s e n s i t i v i t y  t o  TES o p e r a t i n g  char- 
a c t e r i s t i c s  was i n v e s t i g a t e d .  

F i r s t  examined were t h e  e f f e c t s  o f  end temperature d i f f e r e n c e  on 
c y c l e  performance. The r e s u l t s  o f  t h i s  ana lys is ,  shown i n  
F i g u r e  4-5, i n d i c a t e  t h a t  as t h e  end temperature d i f f e r e n c e  i s  

. reduced, t h e  c y c l e  ou tpu t  power increases and EER i s  improved. The 
magnitude o f  t h i s  e f f e c t  i s ,  however, r a t h e r  smal l ;  o n l y  an 8 
pe rcen t  drop i n  ou tpu t  power and a  9 pe rcen t  inc rease  i n  EER i s  seen 
when t h e  end temperature d i f f e r e n c e  o f  bo th  TES 1 and 2  inc reases  
f r o m  10  t o  100°F. 

The n e x t  s t e p  was t o  i n c l u d e  TES pressure drop v a r i a t i o n s  w i t h  t he  
end , te rnpera tu re  d i f f e r e n c e  v a r i a t i o n s  and no te  t h e  t o t a l  TES e f f e c t  
on c y c l e  performance. F igu res  4-6 and 4-7 i l l u s t r a t e  t h e  expected 
r e s u l t  t h a t  as p ressure  drop through t h e  TES increases, ou tpu t  power 
f a l l s  o f f  and EER increases.  It i s  impor tan t  t o  no te  t h a t  t h e  end 
temperature d i f f e r e n c e  and s i n g l e  pass p ressure  drop o f  bo th  TES 1 
and 2  have l i n e a r  e f f e c t s  on bo th  ou tpu t  power and EER. F i gu res  4-6 
and 4-7 show t h e  maximum e f f ec t  o f  bo th  p ressure  drop and end tem- 
p e r a t u r e  d i f f e r e n c e  a re  on t h e  o rde r  o f  12.5 percen t  f o r  ou tpu t  
power and 25 p e r c e n t  f o r  EER. 

The TES o p e r a t i n g  parameters, as shown here, have a  s i g n i f i c a n t l y  
g r e a t e r  e f f e c t  on EER than on o u t p u t  power. S i n c e . t h e  r e l a t i o n s h i p s  
a re  a l l  l i n e a r ,  t h e r e  i s  no optimum p o i n t  on t h e  bas i s  o f  perform- 
ance alone. The cos t  o f  t h e  machinery t r a i n  can be cons idered 
v i r t u a l l y  cons tan t  f o r  t h e  range o f  p ressure  examined, and t h e  
v a r i a t i o n  i n  end temperature d i f f e r e n c e  would n o t  s i g n i f i c a n t l y  
change t u r b i n e  c o n s t r u c t i o n  cos t .  Therefore,  bo th  p ressure  drop and 
end temperature d i f f e r e n c e  should be minimized. 



4.7 CYCLE OPTIMIZATION 

The compressor and t u r b i n e  sec t  i ons  were analyzed sepa ra te l y  t o  determine 
t h e i r  r e s p e c t i v e  optimum o p e r a t i n g  p o i n t s .  The r e s u l t s  o f  t h i s  ana l ys i s  
a re  presented i n  t h e  f o l l o w i n g  sec t ions .  

4.7.1 Compressor System Op t im i za t i on  - Compressor system o p t i m i z a t i o n  
began by i n v e s t i g a t i n g  compressor o p e r a t i n g  c o n d i t i o n s  r e q u i r e d  t o  
achieve t h e  des i r ed  d ischarqe  temperature.  F i q u r e  4-8 shows t h e  
r e 1  a t  i o n s h i p  between f i r s t  s t  age compressor i n i e t  temperature and 
d ischarge  pressure t o  de l  i v e r  850°F, based upon a  s i n g l e  compressor 
e f f i c i e n c y .  Second-stage c e n t r i f u g a l  compressor i n l e t  temperature 
requi rements f o r  1200 p s i  d ischarge  pressures are shown on 
F i g u r e  4-9, as a  f u n c t i o n  o f  f i r s t  stage d ischarge  pressures.  These 
curves were based upon a  TES pressure l o s s  o f  10 p s i .  

Compressor t r a i n  i n p u t  power c a l c u l a t i o n s  were performed f o r  a  s t o r -  
age p ressure  of 1200 p s i  based on d ischarge  temperatures o f  850°F 
and a i r  f l o w  r a t e s  o f  720 l b l s e c  per  t r a i n .  Resu l ts  (see F igu re  
4-10) show t h a t  t o t a l  compressor t r a i n  i n p u t  power i s  reduced as t he  
f i r s t  s tage d ischarge  p ressure  increases.  T h i s  i s  due t o  t h e  h i ghe r  
e f f i c i e n c i e s  o f  t h e  f i r s t  s tage a x i a l s  compared t o  t h e  c e n t r i f u g a l  
machines. Thus t h e  f i r s t  s tage should u t i l i z e  a l l  a x i a l  equipment 
t o  t h e  h i ghes t  pressures and temperatures poss ib le ,  up t o  t h e  p o i n t  
where use i s  l i m i t e d  by  e i t h e r  maximum a l l owab le  temperature o r  
pressure,  o r  by a  se r i ous  drop i n  machine e f f i c i e n c y .  

The a n a l y s i s  a l s o  cons idered t h e  use o f  i n l e t  a i r  p rehea t i ng  ahead 
o f  t h e  a x i a l  u n i t s  t o  m in im ize  t h e  pressure r a t i o s  requ i red .  A l -  
though power requi rements inc rease  per  pound o f  a i r  per  u n i t  pres-  
sure r i s e ,  o v e r a l l  power requi rements are reduced. The use o f  
h i g h e r  i n l e t  temperatures t o  t h e  second s tage compressors ( c e n t r i f -  
u g a l ~ )  narrows t h e  TES # 1  o p e r a t i n g  temperature swing and poten- 
t i a l l y  s i m p l i f i e s  i t s  design. However, as mentioned i n  Sec t ion  
4.5.1, maximum c y c l e  performance i s  achieved w i t h  a  maximum TES 1 
temperature swing. Other  f a c t o r s ,  'such as ensu r i ng  thermal 
e q u i l i b r i u m  o f  t h e  TES system, must be weighed t o  d e f i n e  t h e  i n l e t  
temperatures t o  t h e  c e n t r i f u g a l  u n i t s .  

4.7.2 Turb ine  T r a i n  O p t i m i z a t i o n  - Turb ine  t r a i n  o u t p u t  power was ca lcu-  
l a t e d  f o r  a  ranae o f  e x ~ a n d e r  Dressure s ~ l i t s  and TES ~ r o ~ e r t i e s .  

Q .  

With TES i n p u t  iemperat;res o f  'about 8 5 0 " ~  d u r i n g  compression and 
mass f l o w  r a t e s  o f  720 l b l s e c  per  t r a i n ,  TES p r o p e r t i e s  cons idered 
were s ing le -pass  p ressure  drop and end temperature d i f f e r e n c e .  
P r e l i m i n a r y  r e s u l t s  i n d i c a t e d  t h a t  f o r  any g iven  TES proper ty ,  t h e r e  



i s  a  p ressu re  s p l i t  between t h e  t u r b i n e s  which y i e l d s  a  maximum 
combined o u t p u t  power. F i g u r e  4-11 i l l u s t r a t e s  t h i s  r e s u l t  f o r  a  
1200 p s i a  s to rage  pressure. Th i s  f i g u r e  revea l s  t h a t  t h e  optimum 
h i g h  t u r b i n e  exhaust  p ressure  remains cons tan t  f o r  cons tan t  TES 
p ressu re  d rop  w i t h  va ry i ng  TES ou tpu t  temperatures.  Temperature 
changes a f f e c t  o n l y  t h e  ou tpu t  power, w h i l e  v a r y i n g  TES pressure  
l o s s  a f f e c t s  bo th  t h e  ou tpu t  power and, more impo r tan t l y ,  t h e  o p t i -  
mum pressure  s p l i t  between t u r b i n e s .  F i g u r e  4-11 a l s o  shows t h a t  as 
t h e  TES pressure  l o s s  increases,  t h e  optimum h i g h  p ressure  t u r b i n e  
exhaust  p ressure  a1 so increases.  

Comparison w i t h  t h e  zero l o s s  case (end temperature d i f f e r e n c e  and 
t h e  TES pressure  l o s s )  shows t h a t  about 90 pe rcen t  o f  i d e a l  power i s  
a v a i l a b l e  w i t h  4Te = 50°F and bP = 50 p s i .  Th i s  percentage 
decreases s l i g h t l y  w i t h  decreas ing s to rage  pressures.  

The r e s u l t s  i n d i c a t e d  t h a t  t h e  optimum h.p. t u r b i n e  exhaust pressure 
l i e s  i n  t h e  range o f  150 t o  250 p s i a  f o r  t h e  se lec ted  cyc le ,  which 
s e t  t h e  b a s i s  f o r  equipment s e l e c t i o n s .  



Table 4-1 

P r e l i m i n a r y  Ana lys is  C r i t e r i a  

Turbomachinery 

Flow 
Rate I n l e t  . O u t l e t  Ad i abat i c  

( 1 b/sec)  Temper a t  u re  Temperature E f f i c i e n c y  
per  t r a i n  ( " F') ( " 0  (% > 

Compressors 600 - 800 0 - 9 0 '  850 (max. ) 80 - 90 

Turbines 600 - 800 1'400 (max. ) --- 80 - 90 

Thermal Energy Storage Systems 

Flow Maximum Max imum End One Pass 
Rate I n l e t  O u t l e t  Temperature Pressure 

( l b / s e c )  Temperature Temperature D i f f e rence  Loss 
per  t r a i n  (OF) ("0 . Te (OF) ( p s i )  

TES 1 & 2 600 - 800 850 850 0-100 0-75 





L7 MW 
305 n 
11115% . 

C y c l e  Heat. a n d  Mass B a l a n c e  f o r  N o r m a l  O p e r a t i o n .  
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Cub Oil Cool'err : 3.5 MW 

CONVENTIONAL CAES PLANT STUDY CYCLE 
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HTCG 550264 
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Figure 4 -2  



B A S I C  CYCLE CONFIGURATIONS 

SINGLE S T A G E  T W O  STAGE 

CAVERN . 

THREE STAGE 

CAVERN 

FIGURE 4-3 





Figure  4-4 
Assumptions 

a 1 s t  s tage Compressor 
Pr = 16 : l  

i s e n t r o p i c  - 88% 

a 2nd stage Compressors 
a. 600 p s i .  storage 

P, = 3.1 

b. 1000 p s i .  s to rage 
Pr = 2.17 ea. ( 2  u n i t s  i n  se r i es )  

c. 1200 p s i .  s torage 
Pr = 2.33 ea. ( 2  u n i t s  i n  se r i es )  

i s e n t r o p i c  = 82% f o r  a l l  2nd stage u n i t s  
FLOW = 660 I b./sec. ( a l l  compressors) 

a Turbines 

a. High Pressure 
o u t l e t  press. = 5  p s i .  above 
TES.# l  charge pressure. 

i n l e t  Temp = TES #2 charge Temp - 50°F 

b. Low Pressure e x i t  press = 15 p s i .  
i n l e t  Temp = TES #1  charge Temp - 50°F 

i s e n t r o p i c  = 88% f o r  a l l  t u rb ines  

FLOW = 650.8 lb. /sec. f o r  a l l  t u rb ines  
(1% per  day cavern a i r  l oss )  

a Mechanical E f f i c i e n c i e s  f o r  a l l  Equipment = 100 
(power t r a n s f e r  losses neglected)  
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ON CYCLE PERFORMANCE 
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REQUIRED INLET TEMPERATURE TO FIRST STAGE 
COMPRESSOR TO DELIVER 850°F AIR VS. 

OUTLET PRESSURE OF FIRST STAGE COMPRESSOR 

F ~ ~ S T  STAGE COMPRESSOR OUTLET PRESSUFE 
(PSIA) 

I I~~BATTELLE PACIFIC NORTHWEST LABORAT 

CONCEPTUAL DESIGN A N 0  ' 11 ACMS 11 ENGNEmMG STUDIES-ADIABATIC c AES 
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STORAGE PRESSURE = 1,200 PSIA 
MASS FLOW = 660 LBS/ SEC 

REQUIRED COMBINED COMPRESSOR TRAIN 
INPUT POWER TO DELIVER 

850"AIR  TO BOTH ~ ~ ~ " 1 8 ' 2  

COMMENTS: 
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COMBINED TURBINE OUTPUT POWER VS 
H.P TURBINE EXHAUST PRESSURE (1,200 PSI STORAGE) 
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5 - THERMAL ENERGY STORAGE SYSTEM 

5.1 GENERAL 

The o b j e c t i v e .  o f  a d i a b a t i c  CAES i s  t o  a l l o w  e f f i c i e n t  power genera t ion  
w i t h o u t  t h e  o i l  consumption o f  conven t iona l  CAES. Th i s  goal i s  achieved by 
s t o r i n g  t h e  heat  generated d u r i n g  t h e  compression mode o f  ' t h e  CAES c y c l e  
and us ing  i t  f o r  r e h e a t i n g  a i r  d u r i n g  t h e  power p roduc t i on  mode. Thermal 
energy s to rage  (TES) regenera to rs  are used t o  f a c i l i t a t e  t h i s  heat  
exchange. These dev ices are composed o f  two major  components: ( 1 )  t h e  
f i l l  m a t e r i a l  t h a t  i s  t h e r m a l l y  cycled, and (2 )  t h e  containment system. 

T h i s  s e c t i o n  summarizes s tudy  a c t i v i t i e s  r e l a t e d  t o  de te rm ina t i on  o f  TES 
s i zes .  These a c t i v i t i e s  inc luded  rev iew and e v a l u a t i o n  o f :  

0. TES techno log ies  

TES f i l l  m a t e r i a l s  

0 ,  TES c o n f i g u r a t i o n s  

TES s izes .  

5.2 SYSTEM' ARRANGEMENT 

As descr ibed  i n  Sec t ion  4, an a d i a b a t i c  CAES c y c l e  w i t h  two TES regen- 
e r a t o r s  was se lec ted  f o r  conceptual  design. The f i r s t  TES regenera to r  
(TES 1 )  operates as t h e  i n t e r c o o l e r  between t h e  f i r s t  and second stages o f  
compression and as t h e  rehea te r  f o r  a i r  e n t e r i n g  t h e  low pressure t u r b i n e s .  
The second TE.S regenera to r  (TES 2 )  s to res  t h e  heat  generated i n  t h e  f i n a l  
compression stage f o r  rehea t  o f  h i g h  p ressure  t u r b i n e  i n l e t  a i r .  
F i g u r e  5-1  shows t h e  s i m p l i f i e d  cycle arrangement., 

5.3 OPERATING CONDITIONS 

The o p e r a t i n g  c o n d i t i o n s  used f o r  assessment o f  t h e  TES are presented i n  
Tab le  5-1. Equal a i r  mass f l o w  r a t e s  f o r  t h e  compressor and expander 
t r a i n s  were assumed based on p r e l i m i n a r y  turbomachinery  s p e c i f i c a t i o n s .  
Subsequent developments i n  turbomachinery des ign showed t h a t  increased f l o w  



r a t e s  th rough t h e  expander t r a i n  were p r e f e r r e d  t o  achieve des i r ed  e f f i -  
c i e n c y  i n  t h e  h i g h  p ressure  t u r b i n e s .  There fo re  a i r  mass f l o w  r a t e s  o f  650 
l b l s e c  per  u n i t  f o r  compression and 780 l b l s e c  f o r  expansion were adopted 
( see  Sec t i on  6 .2 ) .  As t h e  r e v i s e d  f l o w  c o n d i t i o n s  were developed too  l a t e  
i n  t h e  s tudy  t o  be i nco rpo ra ted  i n t o  t h e  computer s i m u l a t i o n  a c t i v i t i e s ,  
t h e  e f f e c t s  o f  t h e  change have been examined sepa ra te l y  and found t o  be 
r e l a t i v e l y  i n s i g n i f i c a n t .  Th i s  d i scuss ion  i s  con ta ined  i n  Sec t ion  5.7.6. 
The d i scuss ion  o f  TES s i z i n g  as con ta ined  i n  t h i s  s e c t i o n  i s  based l a r g e l y  
upon a n a l y s i s  per formed f o r  t h e  balanced (10-hour charge l lo -hour  d ischarge)  
cyc  1 e. 

The f i n a l  a d i a b a t i c  CAES c y c l e  showed o n l y  minor d e v i a t i o n  from t h e  o t h e r  
o p e r a t i n g  c o n d i t i o n s  g i v e n  i n  Tab le  5-1. The h o t  a i r  temperature t o  TES 1 
inc reased  t o  877°F w h i l e  t h e  c o l d  a i r  i n l e t  temperature dropped t o  438°F. 
The t e r m i n a l  a i r  temperatures f o r  TES 2 were unchanged and s to rage  pres-  
su res  changed o n l y  s l i g h t l y  as a r e s u l t  o f  f i n a l  adjustments t o  p l a n t  
p ressu re  drops. These changes, however, a f f e c t  TES s i z e  and performance 
neg l  i g i b l y .  The f i n a l  temperature ba lance throughout  t h e  c y c l e  was based 
on a cons tan t  compressor i n l e t  temperature of 90°F. 

Condensat i o n  o f  water  on TES s u r f  aces when s to rage  temperatures f a1 1  below 
t h e  dew p o i n t  was a p o t e n t i a l  o p e r a t i n g  c o n d i t i o n  o f  some concern. 
F i g u r e  5-2 i l l u s t r a t e s  t h e  r e l a t i o n s h i p  between water  dew p o i n t  tempera- 
t u r e ,  and t h e  r e l a t i v e  h u m i d i t y  and a i r  temperature a t  compressor i n l e t  f o r  
t h e  o p e r a t i n g  p ressures  o f  TES 1 and TES 2. The chosen compressor i n l e t  
temperatures correspond t o  t h e  y e a r l y  average a t  t h e  s i t e  (55°F) and t h e  
p robab le  maximum c o n d i t i o n  (90°F), s i nce  charg ing  i s  no rma l l y  c a r r i e d  o u t  
a t  n i g h t .  

F i g u r e  5-2 shows t h a t  a  minimum c o l d  a i r  r e t u r n  temperature o f  200°F i s  
r e q u i r e d  t o  a v o i d  condensat ion i n  TES 1, and t h i s  temperature would always 
be achieved under t h e  proposed c y c l e .  I n  c o n t r a s t ,  TES 2 w i l l  exper ience 
condensat ion under p r a c t i c a l l y  a1 1 combinat ions o f  c l  i m a t i c  c o n d i t i o n s  
because o f  t h e  low temperature (app rox ima te l y  10O0F o r  l e s s )  o f  t h e  a i r  
r e t u r n i n g  f r om t h e  cavern. 

5.4 TES CONCEPTS 

A rev iew  o f  TES concepts was performed t o  determine t h e  most app rop r i a te  
h e a t  s to rage  system f o r  a d i a b a t i c  CAES. Thermochemical , l a t e n t  heat,  and 
d i r e c t  and i n d i r e c t  s e n s i b l e  heat  s to rage  systems were reviewed. The two 
ma jo r  c r i t e r i a  used f o r  t h e  s e l e c t i o n  were (1 )  near- term a v a i l a b i l i t y ,  and 
( 2 )  low cost .  



5.4.1 Thermochemical Energy Storage - The s torage o f  energy i n  chemical 
bonds i nvo l ves  a  r e v e r s i b l e  process t h a t  combines an energy 
consuming (endothermic) o r  charg ing r e a c t  i o n  and an energy re1  eas ing 
(exo thermic )  o r  d i scha rg ing  r e a c t  ion .  Dur ing energy s torage,  heat 
i s  prov ided t o  d i s a s s o c i a t e  a  chemical compound i n t o  r e a c t a n t s  which 
a re  p h y s i c a l l y  separated and s to red .  To recover  the  s to red  energy, 
t h e  reac tan t s  are recombined i n  an exothermic r e a c t o r  and heat i s  
wi thdrawn f o r  use. The chemical product  o f  the  exothermic r e a c t i o n  
i s  then s to red  t o  awa i t  reuse by  t he  charg ing  process, which 
completes the  s torage cyc le .  

The major advantages o f  thermochemical systems over sens ib l e  and 
l a t e n t  heat systems f o r  an a d i a b a t i c  CAES a p p l i c a t i o n  are t he  
p o t e n t i a l  f o r :  

o h ighe r  energy s torage d e n s i t i e s ,  

ambient s torage temperatures (which can s i m p l i f y  con ta in -  
ment), and 

' o  low energy- re la ted  cos t s  (such as raw m a t e r i a l  and s torage 
tank  cos t s ) .  

Measured aga ins t  these advantages, however, are two predominant 
drawbacks : 

o low s t a t e  o f  development, and 

o h i g h  system complex i ty .  

Cu r ren t l y ,  thermochemical s t o rge  systems are t he  l e a s t  developed o f  
cand i d a t e  thermal energy s to rage  techno log ies .  

Mar and Bramle t te  p resen t  an e x c e l l e n t  overv iew o f  t he  c u r r e n t  
s t a t e - o f - t h e - a r t  and p rospec ts  f o r  t h i s  techno logy  (Mar and 
Bramle t te ,  1978). They conclude t h a t  s i g n i f i c a n t  research  and 
development i s  r e q u i r e d  i n  areas of chemistry,  heat  t r ans fe r ,  
m a t e r i a l s ,  chemical engineer ing,  and system ana l ys i s  be fo re  thermo- 
chemical  s to rage  systems w i l l  advance t o  t he  p o i n t  & e r e  f e a s i b i l i t y  
can be f a i r l y  assessed. For t h i s  reason, the  technology was no t  
cons idered a  v i a b l e  cand ida te  f o r  a d i a b a t i c  CAES. 

5.4.2 L a t e n t  Heat Storage - Storage o f  thermal energy as heat o f  f u s i o n  
has rece ived  cons iderab le  a t t e n t i o n  i n  r ecen t  .years. The s t o r w e  
method i s  a t t r a c t i v e  because t he  heat c a p a c i t y  -assoc ia ted w i t h  the 
phase change o f  many m a t e r i a l s  i s  o f t e n  g rea te r  than t he  s e t ~ s i b l e  
hea t  s torage c a p a c i t y  over a  g iven  s to rage  temperature range. 



S e l e c t  i o n  o f  phase change m a t e r i a l s  depends p r i m a r i l y  on me1 t i ng  
point., and heat  o f  f u s i o n  c h a r a c t e r i s t i c s ,  bu t  cons ide ra t  ions o f  
m a t e r i a l  s t a b i l i t y ,  nuc lea t i on ,  and i r r e v e r s i b i l  i t i e s  are j u s t  as 
impo r t  an t .  

Ma jo r  problems i d e n t i f i e d  w i t h  phase change systems inc lude :  

a l a c k  o f  m a t e r i a l  s t a b i l i t y  over  many success ive me1 t i n g l  
f r e e z i n g  cyc les ,  

a poor heat  t r a n s f e r  across heat exchanger sur faces because o f  
h i g h  f i l m  r e s i s t a n c e s  a t t r i b u t e d  t o  vo id  fo rmat ions  and 
adhesion o f  m a t e r i a l  t o  tube sur faces,  and 

a no proven l a r g e  sca le  commerci a1 appl i c a t  ions.  

Heat t r a n s f e r  and thermodynamic problems have p e r s i s t e d  i n  c u r r e n t  
r esea rch  programs such t h a t  t h e  energy s torage c a p a b i l i t y  o f  l a t e n t  
heat' systems i s  no t  s i g n i f i c a n t l y  more a t t r a c t i v e  than sens ib l e  heat 
systems. Because o f  unacceptable performance c h a r a c t e r i s t i c s  and 
p o t e n t i a l l y  h i g h  system costs ,  phase change systems are no t  planned 
i n  the  immediate f u t u r e  f o r  any l a r g e  TES a p p l i c a t i o n .  I n  general ,  
unreso lved  system problems prevented f u r t h e r  cons ide ra t i on  o f  t h i s  
t echno logy  f o r  heat  s torage i n  a d i a b a t i c  CAES. 

5.4.3 Sens ib l e  Heat Storage - Sens ib l e  heat  i s  t he  o l d e s t  and most 
advanced TES conceot  i n  terrns o f  d e v e l o ~ m e n t  and demonstrated f e a s i -  
b i l  i t y .  ~ u c c e s s f u ' l  sens ib l e  heat  systems have employed bo th  l i q u i d  
and s o l i d  m a t e r i a l s  as t he  s to rage  media. Gas, however, i s  an 
unacceptable heat  s to rage  medium because o f  i t s  low dens i t y .  

O f  the  t h r e e  energy s torage forms reviewed, sens ib l e  heat  s to rage  i s  
t h e  o n l y  TES o p t i o n  t h a t  i s  s u f f i c i e n t l y  developed f o r  c o n s i d e r a t i o n  
i n  l a rge ,  near- term commerci a1 appl  i c a t  ions .  Se lec t  i o n  o f  t he  
s to rage  medium depends on i t s  system c o m p a t i b i l i t y ,  performance 
c h a r a c t e r i s t i c s ,  a v a i l a b i l i t y ,  and o v e r a l l  cos t .  

Two bas l c  c o n f i g u r a t i o n s  are p o s s i b l e  f o r  sens ib l e  heat  s to rage  i n  
a d i a b a t i c  CAES: 

(1) I n d i r e c t  system - i n  which the  cyc led  compressed a i r  t r a n s f e r s  
hea t  t o  and f rom the  s to rage  medium ( o r  t o  and from an i n t e r -  
med ia te  heat  t r a n s f e r  f l u i d  coupled t o  t he  s torage medium) v i a  
a  heat exchanger. 

( 2 )  D i r e c t  con tac t  system - i n  which t he  cyc led  compressed a i r  
t r a n s f e r s  heat  d i r e c t l y  t o  and from a s o l i d  medium such as a. 
pebb le  bed o r  checker m a t r i x .  



F igu re  5-3 presents  some bas i c  arrangements f o r  sens ib l e  heat 
s to rage  systems t h a t  can be used f o r  a d i a b a t i c  CAES. 

I n  F i g u r e  5-3A, t h e  compressed a i r  f l o w s  th rough smal l  d iameter 
tubes embedded i n  s o l i d  s to rage  m a t e r i a l ,  o r  submerged i n  l i q u i d ,  
t r a n s f e r r i n g  heat  t o  and f rom t h e  s to rage  medium across t h e  tube 
s u r f  ace boundaries.  

F i g u r e  5-3B shows a  c o n f i g u r a t i o n  where a  f l u i d  i s  used as bo th  t h e  
heat  t r a n s p o r t  and s to rage  medium. I n  t h i s  system, t h e  f l u i d  cyc les  
f rom one s to rage  tank t o  another, pass ing each t i m e  through a  heat 
exchanger coupled t o  t h e  compressed a i r  duct .  Heat i s  t r a n s f e r r e d  
e i t h e r  t o  o r  f rom t h e  compressed a i r  by t h e  s to rage  f l u i d  depending 
on t h e  o p e r a t i n g  mode. Design and o p e r a t i o n  o f  t h e  system i s  
s i m p l i f i e d  because each containment tank serves t h e  s i n g u l a r  purpose 
o f  ho t  o r  c o l d  s torage.  

F i g u r e  5-3C shows a  system s i m i l a r  t o  F i g u r e  5-38 except t h a t  
containment o f  t h e  s t o r g e  medium i s  con f i ned  t o  one tank.  Succes- 
s f u l  o p e r a t i o n  o f  t h e  system depends on e s t a b l i s h i n g  a  s t a b l e  and 
r e l a t i v e l y  s h a r p l y  de f i ned  thermal g rad ien t  between t h e  h o t  and c o l d  
zones w i t h i n  t h e  s to rage  tank.  Th i s  sepa ra t i on  can be accomplished 
w i t h  s to rage  m a t e r i a l s  o f  low thermal  c o n d u c t i v i t y  and by c a r e f u l  
r e g u l a t i o n  o f  t h e  f l u i d  f l o w  such t h a t  t h e  t he rmoc l i ne  r e g i o n  
exper iences min imal  d i s t u rbance  as t h e  system i s  thermal l y  charged 
o r  discharged. Because o n l y  one tank i s  requ i red ,  t h i s  system i s  
cheaper t o  c o n s t r u c t  than  t h e  p rev ious  system, bu t  ope ra t i on  i s  
somewhat more complex. 

The s i n g l e  tank system.can a l so  be m o d i f i e d  t o  reduce s to rage  medium 
c o s t s  by d i s p l a c i n g  expensive s to rage  f l u i d  w i t h  s o l i d  m a t e r i a l  o f  
lower  c o s t  and h i g h e r  energy s to rage  d e n s i t y  ( . P x C) such as i r o n  
o x i d e  pebbles (Bu ro l l a ,  1979).  I n  t h i s  case, t h e  work ing  f l u i d  
f u n c t i o n s  p r i m a r i l y  as a  hea t  t r a n s f e r  medium between t h e  TES 
pebbles and t h e  c y c l e d  a i r .  

F i g u r e  5-3D shows a  s i m p l i f i e d ,  d i r e c t  con tac t  pebble bed regen- 
e r a t o r .  D i r e c t  con tac t  systems are  c h a r a c t e r i z e d  by s i m p l i c i t y  o f  
ope ra t  i o n  and h i g h  e f f e c t i v e n e s s  ( w i t h  va lues above 0.90 e a s i l y  
ach ievab le  f o r  pebble bed systems). 

5.4.3.1 D i r e c t  Contact  Systems - An economic comparison o f  d i r e c t  and 
i n d i r e c t  con tac t  s e n s i b l e  heat  s to rage  systems concluded t h a t  
d i r e c t  con tac t  systems were p r e f e r r e d  f o r  a d i a b a t i c  CAES. Th i s  
conc lus ion  was c o n s i s t e n t  w i t h  p rev ious  s t u d i e s  t h a t  examined 
methods o f  heat  s to rage  on systems w i t h  p ressu r i zed  gas as t h e  
work ing  f l u i d  (Glendenning, 1979; Hami l t on ,  June 1975; and Boeing, 
1978).  The advantages o f  d i r e c t  con tac t  systems over  i n d i r e c t  
systems are h i ghe r  heat  exchange e f f e c t i v e n e s s  y i e l d i n g  g rea te r  



r e t u r n  temperatures t o  t h e  t u rb i nes ,  l ess  system complex i t y ,  and 
lower  c a p i t a l  and o p e r a t i n g  cos ts .  The disadvantages o f  i n d i r e c t  
concepts  f o r  a d i a b a t i c  CAES are presented i n  t h e  nex t  sec t i on .  

For  t h i s  study, a  d i r e c t  con tac t  s e n s i b l e  heat  s to rage  system was 
s e l e c t e d  f o r  conceptual  des ign development. 

5.4.3.2 I n d i r e c t  Systems - I n d i r e c t  systems can draw from a wide v a r i e t y  
o f  hea t  t r a n s f e r  f l u i d s  f o r  thermal storaqe, bu t  a  rev iew o f  f l u i d  
mediums d i d  no t  i d e n t i f y  a  s a t i s f a c t o r y  m a t e r i a l  t h a t  cou ld  w i t h -  
s tand  t h e .  temperature swing o f  TES 2. A two-stage heat  s to rage  
system, however, cou ld  accommodate t h e  temperature 1 i m i t a t i o n s  o f  
m a t e r i a l s  by  d i v i d i n g  t h e  temperature swing i n t o  h i g h  and low 
tempera tu re  reg ions .  For example, s a l t s  cou ld  be used f o r  t h e  
h i g h  temperature s tage and o i l s  f o r  t h e  low temperature stage. 

Fo r  t h e  o p e r a t i n g  temperatures o f  TES 1, severa l  heat  t r a n s f e r  
f l u i d s  i n c l u d i n g  mo l ten  meta ls  and mo l ten  s a l t s  a re  p o s s i b l e  
s to rage  media. Mo l ten  s a l t s ,  however, a re  p r e f e r r e d  because of 
t h e i r  proven r e l i a b i l i t y ,  wide use, and g r e a t e r  sa fe t y .  A s i n g l e -  
s t age  mo l t en  s a l t  system i s  f e a s i b l e  f o r  TES 1 because t h e  c o l d  
a i r  i n l e t  temperature t o  t h e  TES i s  above t h e  minimum sa fe  oper- 
a t i n g  tempera tu re  f o r  a  number o f  e s t a b l i s h e d  s a l t  m i x tu res .  

The ma jo r  a t t r a c t i o n  o f  i n d i r e c t  TES systems i s  t h e  p o t e n t i a l  f o r  
r e d u c t  i o n  o f  containment c o s t  w i t h  nonpressur ized s torage.  Th i s  
advantage, however, must be weighed a g a i n s t .  t h e  disadvantages o f  
(I)  h i g h  heat  exchanger and s to rage  medium cos ts ,  and ( 2 )  reduced 
therma l  performance a t t r i b u t e d  t o  t h e  1 i m i t e d  e f f e c t i v e n e s s  (by 
c o s t )  o f  t h e  hea t  exchanger. For  t h e  bas i c  i n d i r e c t  s to rage  
arrangements shown i n  F i g u r e  5-3, system A can be r u l e d  ou t  when 
compared t o  t h e  o t h e r  systems on f i r s t  c o s t  a lone f o r  tube  
m a t e r i a l s  and welding, as shown by CEGR (Glendenning, 1979).  The 
f o l l o w i n g  s imp le  performance and c o s t  analyses show t h e  l i m i t a -  
t i o n s  o f  systems B and C f o r  a d i a b a t i c  CAES. 

Assuming equal thermal  c a p a c i t y  r a t e s  th rough t h e  heat  exchanger 
f o r  t h e  compressed a i r  and heat  t r a n s f e r  f l u i d  (which are t h e  
p robab le  op t ima l  f l o w  r a t e s ) ,  t h e  heat  exchanger area r e q u i r e d  f o r  
an i n d i r e c t  system can be expressed as (Kays and London, 1964; 
Glendenning, 1979) : 



where A = hea t  exchange area 

€ 0  = o v e r a l l  e f f e c t i v e n e s s  o f  the .  heat exchanger 

U = o v e r a l l  .heat t r a n s f e r  c o e f f i c i e n t  

W = therma l  c a p a c i t y  r a t e  (M x Cp) 

M = mass f l o w  r a t e  

Cp  = s p e c i f i c  heat  a t  cons tan t  p ressure  

The o v e r a l l  ( r o u n d t r i p )  e f f ec t i veness  o f  t h e  heat  exchanger f o r  
equal  thermal  c a p a c i t y  r a t e s  i s  de f i ned  by t h e  equa t ion  (Kays and 
London, 1964) : 

where T i ,  To = i n l e t  and o u t l e t  a i r  temperatures f o r  t h e  
charge p e r i o d  

t i ,  to = i n l e t  and o u t l e t  a i r  temperatures f o r  t h e  
d ischarge  p e r i o d  

S o l u t i o n s  t o  t h e  f i r s t  equa t i on  a re  graphed i n  F i g u r e  5-4 w i t h  
hea t  exchange area p resen ted  as a  f u n c t i o n  o f  o v e r a l l  heat  t r ans -  
f e r  c o e f f i c i e n t  and o v e r a l l  hea t  exchanger e f f e c t i v e n e s s  . The 
therma l  c a p a c i t y  r a t e  i s  taken  as t h e  product  o f  t h e  a i r  mass f l o w  
r a t e  (2600 l b l s e c )  and t h e  s p e c i f i c  heat  a t  mean a i r  temperature 
( s a y  0.25 B t u l l b  OF). Th i s  f i g u r e  shows t h e  extreme s e n s i t i v i t y  
o f  heat  exchanger s i z e  t o  e f f e c t i v e n e s s  a t  low heat  t r a n s f e r  
r a t e s ,  which i s  t o  be expected s i nce  s i z e  v a r i e s  as a  f u n c t i o n  o f  
E l  ( 1  - € 1 .  

F o r  a  compressed a i r  t o  mo l ten  s a l t  tube  3nd s h e l l  heat  exchanger, 
t h e  heat  t r a n s f e r  r a t e  can be anywhere f rom 5 t o  80  B t u l h r  ft2 OF 
depending on s p e c i f i c  o p e r a t i n g  c o n d i t i o n s  and des ign  f e a t u r e s .  
Es t imates  o f  heat t r a n s f e r  c o e f f i c i e n t s  f o r  systems w i t h  
compressed a i r  on t h e  tube  s i d e  and b r i n e  on t h e  s h e l l  s i d e  
t y p i c a l l y  range between 20 and 40 B t u l h r  f t 2  O F  (Per ry ,  1973).  
Assuming b r i n e  i s  somewhat s i m i l a r  t o  mo l ten  s a l t  i n  heat  t r a n s f e r  
c h a r a c t e r i s t i c s  and u s i n g  a  mean va lue  o f  30 B t u l h r  f t 2  OF f o r  
t h e  heat  t r a n s f e r  c o e f f i c i e n t ,  t h e  heat  exchanger s u r f  ace area 
needed t o  ach ieve a  r o u n d t r i p  e f f e c t i v e n e s s  o f  0.8 (which 
corresponds t o  a  one-way e f f e c t i v e n e s s  o f  0.89) i s  approx imate ly  
0.63 x 106 ft2. 



The t o t a l  c o s t  o f  t h  heat  exchanger f o r  t h i s  e f f e c t i v e n e s s  i s  8 es t ima ted  as $13 x  10 based on t h e  u n i t  cost. o f  $ 2 0 / f t 2 .  The 
c o s t  assumes s t a i n l e s s  s t e e l  cons t ruc t i on ,  which i s  p r e f e r r e d  f o r  
s a l t  systems o p e r a t i n g  above 700°F t o  achieve a  long s e r v i c e  1  i f e -  
t ime.  A  comparat i v e  s u r f  ace area r e q u i r e d  f o r  0.9 e f f e c t i v e n e s s  
i s  shown i n  F, igure 5-4. F i gu re  5-5 shows t h e  r e t u r n  temperature 
o f  t h e  compressed a i r  as a  f u n c t i o n  o f  o v e r a l l  heat  exchanger 
e f f e c t i v e n e s s  f o r  t h e  TES 1 and TES 2  cha rg ing  temperatures. 

Added t o  t h e  c o s t  o f  t h e  heat exchanger i s  a  s u b s t a n t i a l  i n v e s t -  
ment i n  heat  s t o rage  f l u i d .  Approx imate ly  80 m i  11 i o n  pounds o f  
s a l t  would be r e q u i r e d  f o r  TES 1, based upon a  s p e c i f i c  heat  o f  
0.37 B t u l l b  OF, 10 hours o f  s to rage  capac i t y ,  and 25 percen t  
excess s a l t  i n  t h e  system. The s to rage  volume f o r  t h i s  q u a n t i t y  
o f  s a l t  would be approx imate ly  708,000 f t3. Because t h e  i n l e t  
a i r  temperature t o  TES 1 i s  below t h e  minimum sa fe  o p e r a t i n g  
temperdture of draw sa ' l t  ( i . e . ,  48UaF), h i ghe r  grade s a l t s ' s u c h  as 
H ITEC o r  Par therm 290, which are acceptable a t  temperatures above 
350°F, would be r e q u i r e d  t o  p reven t  problems o f  s o l i d i f i c a t i o n  a t  
t h e  low end temperature The cos t  o f  Partherm 290 i s  $0.41/ lb  o r  
approx imate ly  $33 x  l o 6  f o r  t h e  q u a n t i t y  r e q u i r e d  (Radford, 
1980).  

Therefore,  t h e  combined c o s t  o f  t h e  heat  s to rage  f l u i d  and heat 
exchanger ( e x c l u d i n g  t h e  c o s t  o f  containment , p ip i ng ,  pumps, 
va lves,  and c o n t r o l s )  i s  r ough l y  $ 4 6 ~ 1 0 ~  f o r  one TES. For a  
two-stage i n d i r e c t  system these  cos t s  would be cons ide rab l y  
h i ghe r .  

A r e d u c t i o n  i n  expensive heat s to rage  f l u i d  can be achieved, f o r  
example, w i t h  t h e  displacement o f  s a l t  by i r o n  ox ide  pebbles 
(Bur01 1  a, 1979) .  Such m o d i f i c a t i o n s  can reduce t h e  s to rage  medium 
c o s t  somewhat, b u t  t h e  t o t a l  system cos t  s t i l l  hovers above d i r e c t  
c o n t a c t  systems, e s p e c i a l l y  when t h e  va lue  o f  reduced power ou tpu t  
as a  r e s u l t  o f  lower  r e t u r n  a i r  temperatures i s  c a p i t a l i z e d  over 
t h e  1  i f e  o f  t h e  p l a n t .  

A summary o f  va r i ous  i n d i r e c t  thermal  s to rage  systems screened f o r  
wa te r l s team and o rgan i c  f l u i d  s o l a r  t h e r n a l  r e c e i v e r  a p p l i c a t i o n s  
i s  p resen ted  by Cope1 and (Copeland, 1980).  

5.5 - TES M a t e r i a l s  

Thermal and p h y s i c a l  p r o p e r t i e s  and cos t s  were ob ta ined  f rom manufacturers  
and l i t e r a t u r e  sources f o r  a  number o f  p o t e n t i a l  TES media f o r  packed-bed 
regene ra to r s .  Tab le  5-2 p resen ts  t h e  spec i f  i c  heat, apparent dens i t y ,  
energy s to rage  dens i t y ,  and c o s t  f o r  some o f  t h e  s to rage  m a t e r i a l s  



reviewed. Apparent d e n s i t y  i s  d e f i n e d  here as t h e  mass o f  a  p a r t i c l e  per . 

u n i t  volume i n c l u d i n g  i n t e r n a l  p o r o s i t y .  The energy s to rage  d e n s i t y  i s  
s i m p l y  t h e  product  o f  t h e  apparent d e n s i t y  and t h e  s p e c i f i c  heat .  

5 .5 .1  S e l e c t i o n  C r i t e r i a  - Ope ra t i ng  c o n d i t i o n s  o f  t h e  TES r e q u i r e . h e a t  
s t o rage  m a t e r i a l s  t o  be ab le  to :  

0 w i t h s t  and temperatures up t o  approx imate ly  850°F, 

c y c l e  over  a  temperature range o f  approx imate ly  450°F f o r  TES 1 
and 730°F f o r  TES 2, 

0 r e s i s t  thermal  shock, 

0 wi ths tand  condensat ion and evapo ra t i on  o f  water  i n  TES 2, 

0 w i t h s t a n d  a n o x i d i z i n g  atmosphere, and 

w i t h s t a n d  e f f e c t s  of mechanical  s t resses .  

Because of t h e  novel  a p p l i c a t i o n  of t h e  TES i n  terms o f  i t s  l a r g e  
s i z e  and o p e r a t i n g  c o n d i t i o n s ,  i n fo rmat  i o n  was no t  w i d e l y  a v a i l a b l e  
t o  s u b s t a n t i a t e  t h e  performance capabi  1  i t y  o f  many p o t e n t i a l  s o l  i d  
TES media, p a r t i c u l a r l y  f o r  pebble  bed regenera to rs .  The o n l y  
m a t e r i a l s  i d e n t i f i e d  t h a t  c o u l d  p robab l y  be assured o f  r e 1  i a b l e  
performance over  a  l ong  o p e r a t i n g  l i f e t i m e  were p r o h i b i t i v e l y  expen- 
s i ve ,  h igh-grade m a t e r i a l s  such as chrome c a s t  i r o n  o r  alumina 
g r i ' nd ing  b a l l s .  However, f o r  t h i s  study, unques t ionab le  r e l i a b i l i t y  
was no t  a  p r e r e q u i s i t e  f o r  s e l e c t i o n  s i nce  many m a t e r i a l s  have what 
appear t o  be t h e  app rop r i a t e  p r o p e r t i e s  bu t  s imp ly  remain un tes ted  
under c o n d i t i o n s  s i m i l a r  t o  t h e  s u b j e c t  TES des ign.  

The TES o p e r a t i n g  c o n d i t i o n s  presented a  d i f f i c u l t  m a t e r i a l s  se lec -  
t i o n  problem because temperatures a re  t o o  low t o  j u s t i f y  . the  use o f  
expens ive r e f r a c t o r y  m a t e r i a l s ,  y e t  t h e y  are s u f f i c i e n t l y  h i gh  t h a t  
performance d a t a  i s  l a c k i n g  f o r  a  number o f  low cos t  m a t e r i a l s  no t  
t y p i c a l  l y  used under such thermal  c o n d i t i o n s .  M a t e r i  a1 s  w i t h  
i r r e v e r s i b l e  phase changes o r  s i m i l a r  d e l e t e r i o u s  c h a r a c t e r i s t i c s  
w i t h i n  t h e  temperature ranges o f  i n t e r e s t  were avoided because o f  
t h e i r  g r e a t e r  p o t e n t i a l  t o  spa1 1  and acce le ra te  bed degradat ion.  
Magnesite, f o r  example, per forms s a t i s f a c t o r i l y  a t  h i g h  tempera- 
t u res ,  bu t  tends t o  r e a c t  w i t h  water  a t  low temperatures (around 
500°F), caus ing  f i s s u r e s  i n  t h e  m a t e r i a l  t h a t  c o u l d  shor ten  bed 
1  i f e .  

Thermal shock may a l so  cause some m a t e r i a l s  t o  break under t h e  TES 
o p e r a t i n g  c o n d i t i o n s .  Glass marbles, f o r  example, t end  t o  break 
when r a p i d l y  coo led  because o f  t h e  h i g h  t e n s i l e  s t r esses  developed 
i n  t h e  o u t e r  she1 1  (Rayner, 1980) .  



The presence of condensed water  i n  TES 2, as d iscussed i n  
S e c t i o n  5-3, can acce le ra te  c o r r o s i o n  of some meta ls  and e l  im ina te  
many r e f r a c t o r y  m a t e r i a l s  f rom cons ide ra t i on .  One problem l i n k e d  t.o 
t h e  condensat i o n  o f  water i n  t h e  TES i s  t h e  d e p o s i t i o n  o f  ac ids f rom 
t h e  atmosphere on to  packed-bed sur faces.  The p o t e n t i a l  t h r e a t  o f  
atmospheric p o l l u t a n t s  t o  TES components i s  c u r r e n t l y  unknown. 

A major  requi rement  of TES m a t e r i a l s  i s  t h e i r  a b i l i t y  t o  w i t hs tand  
t h e  e f f e c t s '  caused by mechanical  s t resses .  These s t resses  can 
d e r i v e  f r om a t  l e a s t  t h r e e  sources: 

p ressure  caused by t h e  weight o f  t h e  s tacked bed, 

gas p ressure  on t h e  p a r t i c l e s ,  and 

e d i f f e r e n t  i a1 thermal  expansion betwee11 ' t t ,~e bed p a r t i c l e s  and 
t h e  conta inment  wa l l ,  and between t h e  bed p a r t i c l e s  them- 
se lves .  

The l a s t  source of s t r e s s  rep resen ts  t h e  l a r g e s t  unknown o f  t h e  
abov'e. I f  t h e  pebble m a t r i x  does no t  expand en masse i n  response t o  
s t r esses  induced by  heat ing,  se t t l emen t  may occur as t h e  containment 
w a l l  expands. When t h e  TES i s  cooled, c o n t r a c t i o n  o f  t h e  con ta in -  
ment w a l l  can induce s t resses  i n  t h e  m a t r i x  body and t h e  containment 
w a l l .  Over repea ted  h e a t i n g  and c o o l i n g  cyc les ,  a  p rog ress i ve  
r a t c h e t i n g  mechanism can be e s t a b l i s h e d  i f  t h e r e  i s  no s l i ppage  
between t h e  bed p a r t i c l e s .  Th i s  s i t u a t i o n  can lead t o  excess ive bed 
a t t r i t i o n  or, poss ilrly, f d i l u r e  uf t h e  containment s t r u c t u r e .  The 
l a t t e r  c o n d i t i o n  i s  o f  g r e a t  importance s i n c e  f a i l u r e  would be 
c a t a s t r o p h i c .  Un fo r t una te l y ,  v e r y  l i t t l e  i n f o r m a t i o n  i s  known, o r  
a t  l e a s t  recorded, on t h e  e f f e c t s  o f  mechanical l oad ing  i n  packed 
beds. I n  pebble bed wind t unne l  a p p l i c a t i o n s ,  however, t h i s  e f f e c t  
has n o t  been observed t o  be o f  major  s i g n i f i c a n c e  (L indah l ,  1980).  
To lessen t h e  e f f e c t s  o f  mechanical  s t resses,  m a t e r i a l s  w i t h  a  low 
c o e f f i c i e n t  of thermal  expansion, h i g h  wear and abras ion res i s tance ,  
smooth s u r f  ace, and h igh  s t r e n g t h  are p robab ly  des i r ab le .  

I n  a d d i t i o n  t o  s a t i s f y i n g  bas i c  c o n d i t i o n s  s e t  by t h e  o p e r a t i n g  
environment,  TES m a t e r i a l s  should a l so  have t h e  f o l l o w i n g  
qua1 i t  ies :  

h i g h d e n s i t y  

h i g h  spec i f i c  heat 

e good a v a i l a b i l i t y  

l o n g  s e r v i c e  l i f e ,  and 

. low cos t .  



M a t e r i a l s  w i t h  a  combinat ion o f  h i g h  d e n s i t y  and h i g h  s p e c i f i c  heat 
.are  d e s i r e d  t o  ach ieve minimum TES volumes. High thermal  conduc- 
t i v i t y  w i l l  a l s o  reduce t h e  TES volume, bu t  i t s  e f f e c t  i s  r e l a t i v e l y  
m inor .  A v a i l a b i l i t y  o f  m a t e r i a l s  i s  impor tan t ,  bu t  g i ven  a  
s u f f i c i e n t  l ead  t ime, as one would expect f o r  t h e  p l a n n i n g  and 
c o n s t r u c t  i o n  o f  an a d i a b a t i c  CAES f a c i . 1  i ty ,  supp ly  does no t  present  
an unreasonable b a r r i e r  f o r  any o f  t h e  major  m a t e r i a l s  reviewed. 
Because t r a n s p o r t a t i o n  c o s t s  are s i g n i f i c a n t ,  t h e  source o f  supp ly  
shou ld  p robab l y  be as c l o s e  t o  t h e  s i t e  .as poss ib l e .  

M a t e r i a l  1  i f e  i s  ex t reme ly  impor tan t  f o r  t h e  TES des ign  as r ep lace -  
ment cos t s  can be c r i t i c a l  t o  t h e  economic v i a b i l i t y  o f  a d i a b a t i c  
CAES. S i m i l a r l y ,  t h e  cand ida te  TES m a t e r i a l s  should  have low f i r s t  
cos t ,  s i nce  t h e  c o s t  o f  many m a t e r i a l s  can dominate t h e  t o t a l  
c a p i t a l  c o s t  o f  t h e  TES. 

5.5.2 P r e l i m i n a r y  S e l e c t i o n  - Tab le  5-3 p resen t s  a  p r e l i m i n a r y  r a n k i n g  o f  
s e l e c t e d  cand ida te  m a t e r i a l s  on t h e  bas i s  o f  m a t e r i a l  cos t ,  energy 
s to rage  dens i t y ,  minimum volume (see Sec t i on  5.7.5), m a t r i x  weight,  
and m a t r i x  cos t .  A l l  o f  t h e  m a t e r i a l s  l i s t ' ed  i n  t h i s  t a b l e  a re  
s p h e r i c a l  shaped rang ing  i n  d iameters  f r om  a  l i t t l e  l ess  than  112 
i n c h  t o  one inch.  

Heat t r a n s f e r  s a l t s  and o i l s  were e l i m i n a t e d  f r om f u r t h e r  cons ider -  
a t i o n  because o f  ( 1 )  m a t e r i a l  l i m i t a t i o n s  over  t h e  o p e r a t i n g  
tempera tu re  ranges o f  t h e  TES, and (2 )  t h e  need f o r  heat exchangers 
which reduce therma l  performance as d iscussed i n  Sec t i on  5.4.3.2. 

Checkers a re  s t ackab le  b r i c k s  made f o r  s t o rage  o f  heat .  These can 
be manufactured f r om a  v a r i e t y  o f  m a t e r i a l s  such as f i r e c l a y ,  
alumina, o r  magnesi te  and a re  w i d e l y  used i n  h o t  b l a s t  s t ove  
fu rnaces .  Checkers are c h a r a c t e r i z e d  by low su r f ace  area t o  volume 
r a t i o s  and low heat  t r a n s f e r  c o e f f i c i e n t s  when compared t o  pebbles, 
t h u s  r e q u i r i n g  much l a r g e r  TES volumes. A  314 i n c h  pebble has over  
f i v e  t imes  t h e  su r f ace  area t o  volume r a t i o  o f  t h e  1-112 i n c h  h o l e  
M&P checker  (manufactured by G. R .  S t e i n ) ,  which has one of t h e  
h i g h e s t  su r f ace  area t o  volumc r a t i o s  commerc ia l l y  a v a i l a b l e  
(Glendenning, 1979).  Improv ing  t h e  des ign  o f  checkers by i n c r e a s i n g  
t h e  number o f  ho l es  and reduc ing  t h e  h o l e  s i z e  has been suggested so 
as t o  inc rease  t h e  su r f ace  area t o  volume r a t i o  (Chew, March 1980) .  
Manu fac tu r i ng  problems and po ten t  i a1 l y  h i g h  checker cos ts ,  however, 
a re  b a r r i e r s  t o  development and implementat ion o f  these  improved 
checkers .  Consequently, commerc ia l l y  produced checkers were 
e l i m i n a t e d  f r om c o n s i d e r a t i o n  as a  hea t  s to rage  m a t e r i a l  f o r  
purposes o f  t h i s  s tudy.  

D e s p i t e  these  drawbacks, checkers a re  designed f o r  s t a c k i n g  and, 
t h e r e f o r e ,  have t h e  v e r y  d e s i r a b l e  f e a t u r e  o f  a  b u i l t - i n  al lowance 
f o r  thermal  expansion. Thus, improved des ign cou ld  b r i n g  checkers 
t o  t h e  f o r e f r o n t  o f  cand ida te  TES m a t e r i a l s  i n  t h e  f u t u r e .  



O f  t h e  m a t e r i a l s  reviewed. rock, s  i n t e r e d  i r o n  ox ide,  Denstone, 
t a b u l a r  alumina, and w h i t e  cas t  i r o n  were found p o t e n t i a l l y  s u i t a b l e  
as TES media. F u r t h e r  t e s t i n g ,  however, i s  r e q u i r e d  under t h e  TES 
o p e r a t i n g  c o n d i t i o n s  t o  c o n f i r m  s u i  t a b i  1  i t y ,  p a r t i c u l a r l y  f o r  rock 
and i r o n  o x i d e  pebbles. 

5 .5 .2 .1 G r a n i t e  - G r a n i t e  has t h e  a t t r a c t i o n  o f  ve ry  low cos t  and good 
l o c a l  ava i  l a b i  1  i t y .  Thermal and p h y s i c a l  p r o p e r t i e s  va ry  w i d e l y  
depending on t h e  source. Genera l ly ,  g r a n i t e  has an acceptable 
energy s to rage  dens i t y ,  good t o  e x c e l l e n t  hardness and s t reng th ,  
and low abso rp t i on  o f  mo is tu re .  Though l i t t l e  i s  known about t h e  
performance o f  g r a n i t e  under o p e r a t i n g  c o n d i t i o n s  s i m i  1  a r  t o  t h e .  
s u b j e c t  TES, some l a b o r a t o r y  exper iments have shown encouraging 
r e s u  1  t s  when c y c l e d  600 t imes  between 600°F and 1100°F (Bur01 1  a, 
1980).  Because o f  i t s  low cost,  g r a n i t e  i s  a  cand ida te  m a t e r i a l  
t h a t  commands f u r t h e r  t e s t i n g .  The p o s s i b i l i t y  o f  us i ng  excavated 
s i t e  r ock  i s  another i n c e n t i v e  f o r  se r i ous  c o n s i d e r a t i o n  o f  t h i s  
m a t e r i a l .  

5.5.2.2 I r o n  Oxide Pebbles - I r o n  ox ide  i s  t h e  m a t e r i a l  reduced i n  b l a s t  
fu rnaces  f o r  t h e  manufacture o f  i r o n  and s t e e l .  Through a  s i n t e r -  
i n g  and p e l l e t i z i n g  process, i r o n  ores such as t a c o n i t e ,  
magnet i te ,  and hema t i t e  a re  conver ted  t o  i r o n  ox ide  pebbles f o r  
easy s h i p p i n g  and e f f i c i e n t  p rocess ing  i n  t h e  b l a s t  furnace.  The 
m a j o r i t y  o f  i r o n  ox ide  pebbles range i n  s i z e  f r om 114 t o  518 
inches.  Pebble cornposit i o n  i s  approx imate ly  94 percent  Fe203 
and 5  pe rcen t  S i02 b y  weight .  

The i r o n  o x i d e  pebble has a  p o r o s i t y  o f  approx imate ly  20 t o  
22 percen t ,  bu t  water  p e n e t r a t i o n  i s  much lower (3 t o  5  pe rcen t )  
because o f  t h e  sma l l  pore  s i z e  (Domingquez, 1980).  I r o n  ox ide  
pebbles a re  u n a f f e c t e d  by o x i d a t i o n  o r  t h e  presence of water, but  
i t s  r e s i s t a n c e  t o  thermal  shock, and wear and abras ion  i n  t h e  TES 
environment i s  a major  unknown t h a t  r e q u i r e s  f u r t h e r  research.  A 
112 i n c h  pebble crushes under an average weight  o f  approx imate ly  
400 l b .  L i k e  rock, i r o n  ox ide  i s  a  p romis ing  m a t e r i a l  because o f  
i t s  r e l a t i v e l y  low cos t  and h igh  a v a i l a b i l i t y .  I t s  energy s to rage  
d e n s i t y  i s  s l i g h t l y  g r e a t e r  than  rock.  

5.5.2.3 Denstone Pebbles - Denstone, manufactured by Nor ton Company, i s  a  
. -- 
3 i r E T B ~ b l e  designed f o r  use as a  c a t a l y s t  bed support .  Th i s  
m a t e r i a l  r ep resen ts  a  s u b s t a n t i a l  i nc rease  i n  c o s t  f r om rock  and 
i r o n  ox ide.  Though Denstone has a  lower energy s to rage  d e n s i t y  
than  rock  o r  i r o n  ox ide,  cons ide rab le  o p e r a t i o n a l  exper ience 
e x i s t s  i n  environments s i m i l a r  t o  t h e  TES. Denstone i s  l i k e l y  t o  
w i t h s t a n d  t h e  TES o p e r a t i n g  temperatures and t h e  e f f e c t s  o f  
thermal  shock. It i s  r e p o r t e d  by Nor ton t o  have good r e s i s t a n c e  
t o  s p a l l i n g  and a t t r i t i o n ,  and e x h i b i t s  a  low abso rp t i on  o f  water 
( app rox ima te l y  0.4 pe rcen t  by we igh t ) .  The c o l d  c rush ing  s t r e n g t h  
o f  Denstone i s  s i m i l a r  t o  i r o n  ox ide.  The m a t e r i a l  i s  b e l i e v e d  t o  



r e s i s t  t he  e f f e c t s  o f  water condensat ion. To improve t h e  energy 
s to rage  c a p a b i l i t y  o f  Denstone, Norton i s  c u r r e n t l y  l o o k i n g  a t  
ways t o  inc rease  i t s  d e n s i t y  through compos i t iona l  modi f  i c a t i o n s  
(Vaccare i  1  lo ,  1980).  

5.5.2.4 Tabular  Alumina B a l l s  - Tabular  alumina b a l l s  ( s i n t e r e d  a lpha 
alumina) are composed o f  99 percen t  aluminum ox ide  (A1203). 
The m a t e r i a l  i s  marketed i n  s i zes  rang ing  f rom 118 t o  3.14 inches 
f o r  chemical r e a c t o r  and c a t a l y s t  beds. The p r o p e r t i e s  o f  alumina 
b a l l s  appear s u i t e d  f o r  t h e  PES environment.  The m a t e r i a l  r e s i s t s  
s p a l l i n g  and c o r r o s i o n  and o f f e r s  good r e s i s t a n c e  t o  thermal 
shock, h i g h  temperatures, and abrasion. The c o s t  o f  t a b u l a r  
alumina, however, i s  more than doubled t h a t  o f  Denstone, 'which i s  
a  major b a r r i e r  t o  i t s  use on a  l a r g e  sca le  as a  heat  s to rage  
medium. 

5.5.2.5 White Cast I r o n  Gr i nd ing  B a l l s  - Cast i r o n  appears i n  two bas i c  
forms (q ray  o r  wh i t e )  depending on t h e  carbon fo rmat ion .  I n  gray 
c a s t  i r o n -  t h e  carbon appears as g r a p h i t e  f l a k e s  t h a t  occupy 
approx imate ly  10 pe rcen t  o f  t h e  m a t r i x  volume. These f l a k e s  g i ve  
t h e  m a t e r i a l  i t s  c h a r a c t e r i s t i c  g ray  f r a c t u r e  and promote 
machinabi  li ty, bu t  t hey  a l s o  impa i r  t h e  c o n t i n u i t y  and lessen t he  
s t r e n g t h  o f  t h e  m a t r i x .  

I n  w h i t e  c a s t  i r o n  t h e  carbon i s  f i x e d  i n  t h e  form o f  i r o n  carb ide  
o r  cement i te  (Fe3C). The f i x e d  carbon g i ves  ' t h e  m a t e r i a l  h i gh  
compressive s t r eng th ,  hardness, and abras ion res i s tance ,  bu t  a1 so 
low t e n s i l e  s t r e n g t h  and impact r es i s tance .  White cas t  i r o n  i s  
t y p i c a l l y  used i n  a p p l i c a t i o n s  where r e s i s t a n c e  t o  wear i s  
d e s i r a b l e  and s e r v i c e  does no t  r e q u i r e  duct  i 1 i ty. 

White cas t  i r o n  i s  produced by proper  adjustment o f  t h e  chemical 
composi t ion.  The s i l i c o n  con ten t  i s  reduced t o  promote f o rma t i on  
o f  i r o n  carb ide ,  thus p roduc ing  w h i t e  i r o n .  Genera l l y ,  a l l o y i n g  
elements such as n i c k e l ,  chromium, and molybdenum are added t o  
s t a b i l i z e  t h e  carb ide,  inc rease  s t r eng th ,  and p r o v i d e  o the r  
spec i  a1 p r o p e r t i e s  depending on t h e  se rv i ce .  For example, wh i t e  
c a s t  i r o n  w i t h  a  h i g h  chromium con ten t  ("chrome" c a s t  i r o n )  i s  
o f t e n  used t o  combine e x c e l l e n t  wear r e s i s t a n c e  w i t h  o x i d a t i o n  and 
c o r r o s i o n  r e s i s t a n c e  a t  e l eva ted  temperatures. 

For  t h e  TES s e r v i c e  cond i t i ons ,  t h e  degree o f  a l l o y i n g  t h a t  would 
be necessary f o r  s a t i s f a c t o r y  performance i s  unce r ta i n .  The goal 
should be t o  m in im ize  t h e  q u a n t i t y  o f  a l l o y  m a t e r i a l  t o  h o l d  cos ts  
down, bu t  s t i l l  ach icve acceptable performance. Some a l l o y ,  
however, would p robab ly  be necessary t o  reduce t h e  e f f e c t  o f  
g r a p h i t i z a t i o n  t h a t  occurs i n  c a s t  i r o n s  above 800°F, 



O f  t h e  f i v e  m a t e r i a l s  descr ibed, crushed g r a n i t e ,  i r o n  ox ide,  and 
w h i t e  c a s t  i r o n  were se lec ted  f o r  d e t a i l e d  model ing t o  determine TES 
s i z e  requ i rements  and performance c h a r a c t e r i s t i c s .  G r a n i t e  and i r o n  
ox ide  were s e l e c t e d  because o f  t h e i r  low cos t ,  h i g h  avai  l a b i  1  i t y ,  
and reasonab le  energy s to rage  dens i t y .  White cas t  i r o n  was se lec ted  
because o f  i t s  h i g h  energy s to rage  dens i t y ,  and hardness and 
s t r e n g t h  q u a l i t i e s .  The s e l e c t i o n  o f  these t h r e e  m a t e r i a l s ,  how- 
ever,  i s  n o t  in tended t o  exc lude o t h e r  m a t e r i a l s  f r om f u t u r e  con- 
s i d e r a t i o n .  Denstone, f o r  example, i s  a l so  a  p romis ing  m a t e r i a l ,  
e s p e c i a l l y  w i t h  compos i t iona l  m o d i f i c a t i o n s  t h a t  cou ld  improve 
energy s to rage  c a p a b i l i t y .  

5.6 TES CONFIGURATIONS 

T h i s  s e c t i o n  d iscusses  t h e  b a s i c  arrangement se lec ted  f o r  containment o f  
t h e  pebb le  bed TES system. 

5.6.1 Sur face  Versus Underground Containment o f  t h e  TES - For t h e  PEPCO 
s i t e ,  TES conta inment  cou ld  be l oca ted  on t h e  su r f ace  us ing  s tee l ,  
pos t - t ens ioned  concrete,  o r  pos t - tens ioned  cas t  i r o n  p ressure  
vessels ;  o r  underground i n  excavated hard r o c k  caverns. One objec-  
t i v e  o f  t h i s  p r o j e c t  was t o  develop an underground TES containment 
system i f  s u i t a b l e  f o r  t h e  se lec ted  heat  s to rage  system. The i n t e n t  
was t o  p a r a l l e l  t h e  des ign o f  a  su r f ace  containment f o r  TES as p a r t  
o f  a  concep tua l  des ign o f  a  h y b r i d  CAES p l a n t  funded by EPRI ( U n i t e d  
Engineers and Cons t ruc to rs ,  1980).  

5.6.2 V e r t i c a l  Versus H o r i z o n t a l  Arrangement o f  t h e  TES - Two bas i c  
arrangements were perce ived  f o r  an underground TES - t h e  v e r t i c a l  
( o r  s t a c k )  des ign  and t h e  h o r i z o n t a l  (or s i  l o - i n - cave rn )  design. 
F i g u r e  5-6 p resen ts  t he  bas i c  arrangement o f  t h e  two concepts. The 
t e rm ino logy  r e f e r s  t o  t h e  arrangement o f  t h e  heat  s to rage  m a t e r i a l  
and i s  n o t  t o  be confused w i t h  t h e  d i r e c t i o n ,  o f  a i r  f l o w  th rough t h e  
bed, which i s  always v e r t i c a l  . - 

I n  t h e  v e r t i c a l  des ign t h e  a i r  access s h a f t  t o  t h e  a i r  s to rage  
cavern i s  used f o r  containment o f  t h e  hea t  s to rage  medium w i t h  
a p p r o p r i a t e  s t r u c t u r a l  rnodif i c a t  ions.  The v e r t i c a l  des ign imposes 
no r e s t r a i n t  on t h e  h e i g h t  o f  t h e  TES bed due t o  t h e  s t r u c t u r e  o f  
t h e  ha rd  rock  p ressure  containment.  The c ross -sec t i ona l  area o f  t h e  
bed can be reduced, w i t h  a  consequent inc rease  i n  bed he igh t ,  up t o  
t h e  l i m i t i n g  c o n d i t i o n  where t h e  pressure drop becomes unacceptable.  
The advantage o f  r educ ing  bed c ross -sec t i ona l  area i s  t h a t  t h e  bed 
volume can be reduced f o r  a  g iven  thermal  performance ( i  .e., g iven  
end temperature d i f f e r e n c e ,  see Sec t ion  5.7 . I ) ,  though t h i s  i s  



achieved a t  t h e  expense o f  some i nc rease  i n  thermal  breakthrough.  
The s tack  des ign  may a l s o  p r o v i d e  advantages i n  terms o f  mechanical  
des ign  and cos t ,  such as p o s s i b l e  reduced c o s t  o f  excavat ion,  
reduced span o f  bed suppor t  p l a t e ,  and f l e x i b i l i t y  t o  i n c o r p o r a t e  
des ign  mod i f  i c a t  i ons  such as i n t e rmed ia te  bed suppor t  p l a t e s .  

I n  t h e  h o r i z o n t a l  design, t h e  bed m a t r i x  i s  r e s t r a i n e d  i n  h e i g h t  and 
w i d t h  by a l l owab le  cavern dimensions. These a re  d i c t a t e d  by s t r e s s  
d i s t r i b u t i o n s  i n  t h e  cavern w a l l s .  The necessary TES volume must be 
ach ieved by  i n c r e a s i n g  t h e  bed c r o s s - s e c t i o n a l  area, t h a t  i s ,  t he  
l e n g t h  o f  t h e  cavern.  Un i fo rm d i s t r i b u t i o n  o f  a i r  over  t h e  bed 
approach area on bo th  charge and d ischarge  cyc l es  i s  a  more s i g n i f  i- 
c a n t  problem f o r  t h i s  arrangement. 

The c r i t i c a l  f a c t o r  t o  t h e  s e l e c t i o n  o f  t h e  v e r t i c a l  o r  h o r i z o n t a l  
des ign  i s  t h e  c o n s i d e r a t i o n  o f  bed p ressure  drop. F i g u r e  5-7 shows 
t h e  v a r i a t i o n  o f  bed p ressure  drop as a  f u n c t i o n  o f  bed approach 
a rea  f o r  seve ra l  m a t e r i a l s .  T h i s  f i g u r e  i n d i c a t e s  t h e  v a r i a t i o n  i n  
bed l e n g t h  f o r  t h e  v e r t i c a l  TES des ign.  The bed volume r e q u i r e d  f o r  
each m a t e r i a l  i s  based on t h e  nominal  minimum volume (see 
S e c t i o n  5.7.5), assuming complete u t i l i z a t i o n  o f  t h e  s to rage  
c a p a c i t y  o f  t h e  m a t e r i a l ,  p l u s  a  marg in  o f  10 percen t .  T h i s  margin 
has been found g e n e r a l l y  s u f f i c i e n t  t o  ensure a  h i g h  l e v e l  o f  
the rma l  performance f o r  smal l  d iameter  pebbles.  

The a c t u a l  bed volume r e q u i r e d  w i l l  depend on t h e  thermal  p e r f o r -  
mance des ign  and t h e  bed c r o s s - s e c t i o n a l  area, bu t  t h e  bed l eng th  
and hence p ressure  drop f o r  any g iven  approach area w i t h f n  t h e  range 
cons idered  w i l l  be i n  t h e  b a l l  park  o f  t h e  va lues shown. The bed 
approach area can, o f  course, be subd iv ided  t o  p r o v i d e  a  number o f  
beds i n  p a r a l l e l .  

The p ressure  drops o f  F i g u r e  5-6 were eva lua ted  f r om t h e  Ergun 
r e l a t i o n s h i p  w i t h  a  voidage o f  0.38. T h i s  r e l a t i o n s h i p  i s  w i d e l y  
used f o r  e s t i m a t i n g  p ressure  drops i n  packed-bed systems and i s  
g i v e n  by  t h e  f o l l o w i n g  equa t ion  (Ergun, 1952) : 

where: 
P = f r i c t i o n a l  p ressure  drop 
L = bed l e n g t h  
p = mean gas d e n s i t y  
V = approach gas v e l o c i t y  
d  = pebb le  diarr~eter. 
LI = mean gas v i s c o s i t y  
e  = voidage 



A t  h igh  mass f l u x ,  t he  f i r s t  term i n s i d e  the  bracket  ecomes small 9 and pressure drop va r ies  as a  func t i on  of (1 - e ) /e  . Thus, i f  
t h e  voidage were t o  f a l l  from 0.38 t o  0.2 due t o  the generat ion and 
r e t e n t i o n  of p a r t i c u l a t e s  i n  the  bed, t h e  pressure drop r i s e s -  by a  
f a c t o r  o f  8.9. Hence, i n  t h e  v e r t i c a l  design i t  would be necessary 
t o  e i t h e r  use a  l a r g e  s a f e t y  margin on pressure drop o r  u t i l i z e  
m a t e r i a l s  w i t h  which p a r t i c u l a t e  generat ion would l i k e l y  be minimal. 
From t h e  v iewpo in t  o f  p a r t i c l e  carry-over  t o  the  p i p i n g  and 
machinery, t he  1  a t t e r  course i s  obv ious ly  p re ferab le .  However, even 
w i t h  c a r e f u l  m a t e r i a l  s e l e c t i o n  and system design, i t  would s t i l l  be 
necessary t o  employ some s a f e t y  margin on pressure drop. 

A f t e r  comparison o f  v e r t i c a l  and h o r i z o n t a l  designs, the  h o r i z o n t a l  
TES was pre fer red ,  on balance, f o r  t h e  f o l l o w i n g  reasons: 

(1) The p e n a l t y  on bed volume w i t h  the  h o r i z o n t a l  d ~ s i g n  wac shnwn 
t o  be acceptable. Volume pena l t y  i n  t he  worst case (one inch  
c a s t  i r o n  pebbles) was est imated t o  be l ess  than 15 percent  
more m a t e r i a l  than t h a t  requ i red  o f  the  v e r t i c a l  design. 

(2) The pressure drop across the  TES bed would be h igher  w i t h  the  
v e r t i c a l  design. 

( 3 )  The v e r t i c a l  concept would be severely  penal ized by p a r t i c u l a t e  
generat ion, as pressure drop cou ld  esca la te  t o  many times the  
values shown i n  F igure  5-7. 

( 4 )  .Fo r  reasonable l e v e l s  o f  pressure drop, t he  bed approach area 
r e q u i r e d  f o r  t h e  v e r t i c a l  TES, wh i l e  much smal ler  than t h a t  f o r  
t h e  h o r i z o n t a l  design, i s  s t i l l  large.  Taking i n t o  account 
p o s s i b l e  esca la t i ons  i n  pressure drop, the  requ i red  bed 
approach area would have t o  be greater  than 3000 f t 2  f o r  
TES 2 and much l a r g e r  s t i l l  f o r  TES 1. 

(5 )  A number o f  p a r a l l e l  s h a f t s  would probably be necessary t o  
accommodate t h e  requ i red  approach area f o r  t he  v e r t i c a l . T E S ,  
l ead ing  t o  s i m i l a r  problems o f  a i r  f l o w  d i s t r i b u t i o n  encoun- 
t e r e d  i n  t h e  h o r i z o n t a l  TES. Excavat ion costs o f  m u l t i p l e  
s h a f t s  would a l so  be h igh  i n  u n i t  volume compared t o  h o r i z o n t a l  
caverns. 

5.6.3 Cavern Conf igura t ion  f o r  t h e  Hor i zon ta l  (Cavern) TES - Any o f  a  
number of rock cavern cross sec t ions  are ~ o s s i b l e  f o r  t h e  h o r i z o n t a l  
design o f  TES. I n  t h e  PEPCO study, four  a i r  storage cavern conf igu-  
r a t i o n s  were evaluated i n  d e t a i l  and these were reviewed f o r  t h e i r  
s u i t a b i l i t y  f o r  containment o f  TES. The c o n f i g u r a t i o n  w i t h  the  
h ighes t  c e i l i n g  was se lec ted  because i t  provided t h e  maximum 
v e r t i c a l  bed l eng th  f o r  t h e  TES and s u f f i c i e n t  head room f o r  



i n s t a l l a t i o n  of TES f a c i l i t i e s .  Th i s  cavern has o v e r a l l  dimensions 
o f  106 f e e t  h i g h  by 50 f e e t  wide and a r o o f  arch w i t h  a  r a d i u s  o f  
25 f e e t .  The w a l l s  o f  t h e  cavern are curved t o  improve s t r u c t u r a l  
s t a b i l i t y .  The h e i g h t  o f  t h e  pebble bed was desi.gned f o r  65 f e e t .  
The cavern can be o f  any l eng th  as r e q u i r e d  by t h e  thermal  des ign o f  
TES. O f  t h e  f o u r  cavern designs s tud ied,  t h i s  c o n f i g u r a t i o n  was 
a l s o  t h e  l e a s t  expensive t o  excavate. 

TES SIZING 

The major o b j e c t i v e s  o f  t h e  thermal  des ign o f  t h e  TES m a t r i x  are: 
( 1 )  h i g h  thermal  performance, ( 2 )  sma l l e r  mass o f  heat  s to rage  m a t e r i a l ,  
and (3 )  smal l  o v e r a l l  volume. These o b j e c t i v e s  can be achieved by: 

@ hea t  s to rage  m a t e r i a l s  w i t h  h i g h  energy s to rage  d e n s i t i e s ,  

@. h i g h  heat  t r a n s f e r  c o e f f i c i e n t s ,  

h i g h  su r f ace  area t o  volume r a t i o  o f  t h e  heat  s to rage  m a t e r i a l ,  
and 

low bed voidage. 

The genera l  r e l a t i o n s h i p  o f  these parameters t o  t h e  o v e r a l l .  TES volume i s  
i 11 u s t r a t e d  . by the' f o l  l ow ing  expressio'n, which was de r i ved  f rom express ions 
o f  heat  t r a n s f e r  c o e f f i c i e n t  and volume presented by CEGB (Glendenning, 
1979) : 

V = [cl $:' + T d +. c3 '1 P C  

where 
V = TES volume 
d = pebble d iameter  
G = a i r  mass f l u x  (e.g., I b / h r  f b2 )  
k = thermal  c o n d u c t i v i t y  
P = d e n s i t y  
C = s p e c i f i c  he.at I o f  TES m a t e r i a l  
e  = voidage 

C1 ,  C2, C3 = cons tan ts  dependeni on t h e  gas p r o p e r t i e s ,  charge/ 
d ischarge  t i m e  per iods ,  and des ign thermal  performance 

The TES volume i s  most i n f l uenced  by t h e  f i r s t  ( convec t i ve )  and t h i r d  (hea t  
c a p a c i t y )  terms o f  t h i s  expression, w h i l e  t h e  e f f e c t  o f  t h e  second ( w a l l  
r e s i s t a n c e )  t e rm  i s  ve ry  smal l  f o r  a1 1 cases. The voidage f o r  pebble bed 
systems i s  l a r g e l y  f i x e d  rega rd less  o f  t h e  pebble s i ze .  High surface area 



t o  volume r a t i o s  a re  achieved w i t h  smal l  d iameter  pebbles, which improve 
t h e  r a t e  o f  heat  t r a n s f e r  and t he reby  reduce TES volume. High heat t r ans -  
f e r  c o e f f i c i e n t s  a re  a l s o  achieved w i t h  h i gh  a i r  mass f l u x e s  through t h e  
bed, which can be inc reased  by reduc ing  bed c ross -sec t i ona l  area. The l a s t  
t e r m  o f  t h i s  express ion  i n d i c a t e s  t h e  advantage o f  us i ng  m a t e r i a l s  w i t h  
h i g h  energy s to rage  d e n s i t i e s  t o  achieve low volumes. 

The r e l a t i v e  e f f e c t s  on TES volume a t t r i b u t e d  t o  t h e  convec t i ve  and heat 
c a p a c i t y  terms depend on t h e  e x t e n t  t h a t  t h e  ac tua l  bed volume i s  s i zed  
above t h e  t r u e  minimum volume (see Sec t i on  5.7.5).  When t h e  bed i s  much 
overs ized ,  c o n v e c t i v e  e f f e c t s  dominate and r e d u c t i o n  i n  bed volume i s  
b e t t e r  achieved by  reduc ing  pebble s i z e  and i n c r e a s i n g  a i r  mass f l u x .  As 
t h e  TES volume approaches minimum volume, however, t h e  s e n s i t i v i t y  o f  t h e  

: volume t o  heat  t r a n s f e r  e f f e c t s  becomes l e s s  dominant as t h e  heat  s to rage  
m a t e r i a l  i s  worked nearer  t o  t h e  l i m i t ;  t h a t  i s ,  each pebble cyc les  over  a  
w i d e r  temperature range. Under t h i s  c o n d i t i o n  t h e  i n f l u e n c e  o f  t h e  heat 
c a p a c i t y  te rm on bed volume becomes g r e a t e r  than  t h e  convec t i ve  te rm and 
r e d u c t i o n s  i n  volume a r e  more e a s i l y  gained by i n c r e a s i n g  t h e  energy 
s to rage  d e n s i t y .  

5.7.1 TES Performance Parameters - The performance o f  t h e  TES ( i  .e. 
TES 2)  under d a i l y  t h e r m a l l y  c y c l i n q  c o n d i t i o n s  i s  i l l u s t r a t e d  i n  - - 
~ i g u r e  5-8 f o r  t h e  g r a n i t e  case s t d y  (Nash-Webber, 1980).  Th is  
f i g u r e  shows t h e  temperature v a r i a t i o n s  o f  t h e  a i r  a t  t h e  t o p  and 
bo t tom ends o f  t h e  TES f o r  a 12-hour c y c l e  s i m u l a t i o n  s t a r t i n g  f rom 
a  c o l d  bed. Each c y c l e  inc ludes  a  10-hour charge p e r i o d  and 10-hour 
dis,charge p e r i o d  w i t h  a  2-hour soak sepa ra t i ng  each per iod .  The 
tempera tu re  v a r i a t i o n s  near t h e  end o f  each charge and d ischarge  
p e r i o d  show t h e  breakthrough o f  t h e  temperature wave (thermoc 1  i n e )  . 
F i g u r e  5-8 a l s o  shows t h a t  e q u i l i b r i u m  (see below) i s  achieved a f t e r  
o n l y  a  few cyc les .  

As i l l u s t r a t e d  by t h i s  example, t h e  r e t u r n  temperature o f  t h e  a i r  i s  
t h e  same as t h e  cha rg ing  temperature f o r  approx imate ly  t h e  f i r s t  
h a l f  o r  more o f  t h e  d ischarge  p e r i o d  b e f o r e  thermal  breakthrough 
begins.  I f  des i red,  t h e  s t a r t  o f  thermal  breakthrough can be 
de layed by i n c r e a s i n g  t h e  a i r  mass f l u x  ( G )  th rough  t h e  bed, bu t  
o u t  l e t  tempera tu re  f l u c t u a t i o n  and p ressure  drop c o i n c i d e n t l y  
increase.  

Thermal des ign  o f  t h e  TES can be def ined b y  s p e c i f y i n g  t h e  end 
tempera tu re  d i f f e r e n c e  ( AT,) and t h e  temperature f l u c t u a t i o n  
( 6Tf) .  These parameters are c a l c u l a t e d  f o r  a  g iven  bed m a t r i x  
and s e t  o f  o p e r a t i n g  c o n d i t i o n s  by t h e  use o f  numer ica l  models. 

End tempera tu re  d i f f e r e n c e  i s  de f i ned  as t h e  d i f f e r e n c e  between t h e  
h o t  a i r  i n l e t  temperature d u r i n g  t h e  charge p e r i o d  and t h e  t i m e  mean 
h o t  a i r  o u t l e t  temperature over t h e  d ischarge  per iod .  S i m i l a r l y ,  on 
t h e  c o l d  end of t h e  bed, t h e  end temperature d i f f e r e n c e  i s  t h e  t ime  



mean a i r  o u t l e t  temperature d u r i n g  t h e  d ischarge  p e r i o d  minus t h e  
c o l d  a i r  i n l e t  temperature d u r i n g  t h e  d ischarge  pe r i od .  The temper- 
a t u r e  f l u c t u a t i o n  i s  t h e  t o t a l  temperature d i f f e r e n c e  o f  t h e  a i r  
o u t l e t  temperature between t h e  beg inn ing  and end o f  t h e  charge or  - 
d i s cha rge  pe r i ods .  F i g u r e  5-9 i l l u s t r a t e s  t h e  p h y s i c a l  i n t e r -  
p r e t a t i o n  o f  t hese  temperature terms. 

I f  t h e  t o t a l  mass f l o w  th rough  t h e  m a t r i x  i s  balanced f o r  t h e  charge 
and d ischarge  pe r i ods  and t h e  c o l d  a i r  r e t u r n  temperature f rom t h e  
a i r  cavern  i s  c o n t r o l l e d ,  then  a c o n d i t i o n  o f  e q u i l i b r i u m  can be 
e s t a b l i s h e d  f o r  o p e r a t i o n  o f  t h e  TES. E q u i l i b r i u m  e x i s t s  when t h e  
end temperature d i f f e r e n c e  and temperature f l u c t u a t i o n  f o r  t h e  ho t  
and c o l d  ends o f  t h e  bed are equal .  

E q u i l i b r i u m  TES c o n d i t i o n s  a re  achieved ve ry  r a p i d l y  f o r  most 
m a t e r i a l s  and o p e r a t i n g  cond i t i ons ,  w i t h  12 c y c l e s  g e n e r a l l y  be ing  
s u f f i c i e n t .  Balanced mass f lows ,  however, cannot always be achieved 
f o r  CAES a p p l i c a t i o n s  because o f  a i r  l o s t  th rough  leakage f rom t h e  
a i r  s to rage  cavern.  I n  t h i s  case, thermal  e q u i l i b r i u m  can be 
achieved, bu t  t h e  unbalanced mass f l o w  w i l l  c r e a t e  a  smal l  
d i f f e r e n c e  a t  t h e  ho t  and c o l d  ends o f  t h e  TES f o r  .the end tempera- 
t u r e  d i f f e r e n c e s  and temperature f l u c t u a t i o n s .  

End temperature d i f f e r e n c e  i s  a  v e r y  s e n s i t i v e  measure of TES 
therma l  performance and i s  u s e f u l  f o r  turbomachinery  des ign.  From 
t h e  v i ewpo in t  o f  heat  exchanger design, however, end temperature 
d i f f e r e n c e  does no t  adequate ly  de f i ne  TES thermal  performance. Th i s  
i s  .more a p p r o p r i a t e l y  g i ven  by t h e  e f f e c t i v e n e s s  ( E ), which i s  a  
measure o f  t h e  amount o f  c o o l i n g  ( o r  h e a t i n g )  done on t h e  a i r  by t h e  
TES, and i s  d e f i n e d  by t h e  f o l l o w i n g  equa t ion  (Glendenning, 1979):  

where 
T = h o t  a i r  i n l e t  temperature t o  t h e  TES d u r i n g  t h e  charge 

p e r i o d  
t = c o l d  a i r  i n l e t  temperature t o  t h e  TES d u r i n g  t h e  d ischarge  

p e r i o d  

Fo r  t h e  TES t o  opera te  e f f e c t i v e l y ,  t h e  ho t  a i r  ( w i t h  average 
tempera tu re  t + A T e )  t h a t  breaks th rough  t h e  TES a t  t h e  end of t h e  
charge c y c l e  must be coo led  t o  TES r e - e n t r y  temperature ( t ) .  Other-  
wise, t h e  bed w i l l  heat  up over  success ive cyc l es  and e q u i l i b r i u m  
w i l l  no t  be achieved. Therefore,  heat  must be removed f r om t h e  
system v i a  t h e  water  i n  t h e  a i r  s t o rage  cavern and re l eased  t o  t h e  
ambient environment a t  t h e  s u r f  ace. Some heat  l oss  t o  t h e  rock w i  11 
a l s o  occur.  



TES Models - Wi th  suppor t  from CEGB and MIT, two n~ode ls  were 
employed t o  s i z e  t h e  TES. The CEGB computer model ( c a l l e d  REGEN) 
was o r i g i n a l l y  developed by CEGB f o r  t h e  s tudy  o f  regenera to rs  and 
was r e v i s e d  f o r  t h e  CEGB s tudy  o f  a d i a b a t i c  CAES concepts us ing  
pebble bed TES arrangements. The program solves,  f o r  t h e  heat  
t r a n s f e r  equa t i on  between gas and s o l  i d  sur faces,  gas en tha lpy  
change th rough t h e  bed, and conduc t ion  i n t o  t he  s o l i d  m a t e r i a l .  
S t a r t i n g  f r om an a r b i t r a r y  i n i t i a l  temperature d i s t r i b u t i o n  i n  t h e  
m a t r i x ,  t h e  program c a l c u l a t e s  gas and s o l i d  temperatures through 
success ive  charge and d ischarge  per iods  u n t i l  t he  heat  l o s t  by t he  
gas i n  t h e  cha rg ing  p e r i o d  i s  w i t h i n  0.5 pe rcen t  o f  t h e  heat  gained 
b y  t h e  gas i n  t h e  d i scha rg ing  per iod .  The equat ions used assume 
( 1 )  no a x i a l  conduc t ion  o f  hea t  through t h e  bed m a t r i x  and ( 2 )  t h a t  ' 

tempera tu re  g r a d i e n t s  i n t o  t h e  s o l i d  m a t e r i a l  a re  so smal l  t h a t  
r a d i a l  thermal  c o n d u c t i v i t y  i s  e f f e c t i v e l y  i n f i n i t y .  Both assump- 
t i o n s  were found acceptable f o r  pebble bed regenera to rs .  

The CEGB program so lves  t h e  heat  t r a n s f e r  equat ions by a p r e d i c t o r -  
c o r r e c t o r  method w i t h  a  bas i c  t i m e  i n t e r v a l  s p e c i f i e d  i n  t h e  da ta  
i n p u t .  The program subd iv ides  t h e  bas i c  t ime  i n t e r v a l  by repeated 
h a l v i n g  u n t i l  success ive es t imates  of t h e  temperature a t  a  base t ime  
p o i n t  d i f f e r  by l e s s  than  one p a r t  i n  t e n  thousand. 

The MIT compute'r model was developed as a p a r t  o f  a  s e r i e s  o f  
s t u d i e s  per formed by  MIT on a d i a b a t i c  compressed a i r  energy s torage 
f o r  t h e  D i v i s i o n  o f  Energy Storage Systems o f  t h e  Department o f  
Energy. The computa t iona l  model and code used were b a s i c a l l y  those 
desc r i bed  by Hami 1 t o n  (Hami 1  ton,  August 1978), w i t h  c e r t a i n  co r rec -  
t i o n s  and changes, and minor  enhancements t o  improve runn ing  speed, 
and i n p u t / o u t p u t  capabi 1  i t i e s  (Nash-Webber, 1980). Two aux i  1  i a r y  
codes were w r i t t e n  t o  p l o t  t h e  ou tpu t  data.  

I n  a d d i t i o n  t o  b a s i c  convec t i ve  terms, t h e  MIT model i nc l udes  
r a d i a t i v e ,  conduc t i ve ,  and boundary heat  l o s s  terms i n  t h e  s o l i d  
phase equat ion,  and a hea t  s to rage  te rm i n  t h e  gas phase equat ion.  
T h i s  l a t t e r .  t e rm  measures t h e  e f f e c t  o f  p ressure  on t h e  thermal  
behav io r  o f  t h e  TES. For  comparat ive runs a t  40, 80, and 120 atmos- 
pheres, however, t h e  maximum observed change i n  t h e  p r e d i c t e d  
temperature p r o f i l e  a t  any s t a t i o n  due t o  pressure e f f e c t s  was l e s s  
t han  3°F (Nash-Webber, 1980).  

P r e l  i m i n a r y  compar i sons o f  t h e  thermal performance p r e d i c t e d  by t he  
CEGB and MIT models o f  t h e  TES showed a s i g n i f i c a n t  d i f f e r e n c e ,  w i t h  
t h e  MIT model p roduc ing  l a r g e r  va lues o f , e n d  temperature d i f f e r e n c e .  
F o r  example, f o r  a  datum case o f  0.75 i n c h  d iameter  c a s t  i r o n  
pebbles, t h e  MIT model gave a va lue  of ATe o f  59°F i n  comparison 
t o  t h e  CEGB r e s u l t  o f  18.3"F, a  d i f f e r e n c e  i n  heat  t r a n s f e r  e f f e c -  
t i v e n e s s  o f  t h e  TES o f  5.6 percen t .  P a r t  o f  t h e  source o f  t h i s  
d i f f e r e n c e  was subsequent ly  i d e n t i f i e d  as t h e  l i m i t e d  number o f  



l eng th  s teps be ing  employed i n  the  MIT model. I nc reas ing  t he  number 
o f  s teps f rom 30 t o  90 reduced t h e  MIT va lue  of AT, t o  38"F, 
l e a v i n g  a  d i f f e r e n c e  i n  e f f e c t i v e n e s s  o f  2.7 percen t  i n  comparison 
t o  t h e  CEGB model. F u r t h e r  i nc reas ing  t h e  number o f  l e n g t h  steps 
would reduce AT, by a  few degrees, bu t  leads t o  excess ive 
computer r u n n i n g - t i m e s .  The source o f  t h e  rema in ing  d i f f e r e n c e  
between t h e  models was uncer ta in ,  b u t  i t  i s  p o s s i b l y  due t o  d i f f e r -  
ences i n  t h e  r e s p e c t i v e  numer ica l  s o l u t i o n  schemes. I n v e s t i g a t i o n  
o f  t h i s  d i f f e r e n c e ,  however, was cons idered t o  be o u t s i d e  t h e  scope ' 

o f ,  and o f  l i m i t e d  s i g n i f i c a n c e  t o ,  t h e  p resen t  s tudy.  

For  des ign purposes, i t  was decided t o  employ t h e  MIT model, w i t h  
90 l e n g t h  steps, t o  determine t h e  general  r e l a t i o n s h i p  between bed 
volume and thermal performance f o r  t h e  cand ida te  bed m a t e r i a l s .  
When t h e  t a r g e t  bed performance was decided upon, t h e  CEGB model was 
r u n  and t h e  f i n a l  thermal performance quoted as t h e  mean o f  t h e  CEGB 
and MIT r e s u l t s .  

Some a d d i t i o n a l  t e s t s  were c a r r i e d  o u t  on t h e  MIT model t o  determine 
t h e  s i g n i f i c a n c e  o f  va r i ous  terms i n  t h e  bas i c  d i f f e r e n t i a l  equa- 
t i o n s .  The t e s t s  showed t h a t ,  even f o r  an extreme case, w i t h  cas t  
i r o n  pebbles and employing t h e  average c ross -sec t i ona l  area o f  the  
bed m a t e r i a l ,  l eng th -w ise  conduc t ion  o f  heat  would have t o  be 
inc reased  by a t  l e a s t  two o rders  o f  magnitude be fo re  i t  became 
s i g n i f i c a n t  i n  r e l a t i o n  t o  o t h e r  heat  t r a n s p o r t  terms. I n  add i t i on ,  
h a l v i n g  t h e  o p e r a t i o n a l  p ressure  i n d i c a t e d  t h a t  t h e  e f f e c t  o f  t he  
hea t  c a p a c i t y  term f o r  t h e  a i r  con ta ined  w i t h i n  t h e  m a t r i x  a t  any 
i n s t a n t ,  was smal l .  Whi le t h e  l a t t e r  t e s t  should be taken  f u r t h e r ,  
t h e . r e s u l t  suggested t h a t  t h e  MIT and CEGB programs were model ing 
t he , same  p h y s i c a l  s i t u a t i o n ,  even though t h e  CEGB model does no t  
c o n t a i n  t h e  a i r  heat  c a p a c i t y  term. 

5.7.3 Heat T rans fe r  C o e f f i c i e n t  - The heat  t r a n s f e r  c o e f f i c i e n t  used f o r  
s i z i n g  t h e  TES was recommended by CEGB based on a  survey performed 
b y  ~ e e k  t h a t  examined a  number - o f  heat  t r a n s f e r  c o e f f i c i e n t s  f o r  
randomly packed beds (Meek, 1962). The sexpression f o r  t h e  heat 
t r a n s f e r  c o e f f i c i e n t  used w i t h  bo th  t he  MIT and CEGB models was 
proposed by Oenton, e t  a l  (Denton, 1949),  and i s  expressed as: 

0.584 

where: 

h  = heat  t r a n s f e r  c o e f f i c i e n t  
p = gas d e n s i t y  

ce = s p e c i f i c  heat  o f  gas a t  cons tan t  pressure 
= gas v e l o c i t y  based on t h e  m a t r i x  approach area 

k  = thermal  c o n d u c t i v i t y  
d  = e q u i v a l e n t  s p h e r i c a l  d iameter o f  pebble 
p = dynamic gas v i s c o s i t y  



5.7.4 TES Desi n - F igures  5-10 through 5-12 i l l u s t r a t e ,  f o r  t he  th ree  
can 4 i a t e  ed ma te r ia l s ,  t he  r e l a t i o n s h i p  between end temperature 
d i f f e r e n c e  and mass f l u x  f o r  the cavern design o f  TES, w i t h  a f i x e d  
bed l eng th  o f  65 f e e t .  Also shown i s  t he  f l u c t u a t i o n  ( a T f )  i n  
a i r  o u t l e t  temperature. 

The data  presented i n  F igures 5-10 through 5-12 were der ived us ing 
t h e  MIT and CEGB models, w i t h  ho t  a i r  i n l e t  temperature (T) t o  the  
TES (charge pe r iod )  o f  830°F and c o l d  a i r  i n l e t  temperature ( t )  
(d ischarge pe r iod )  o f  100°F. For o ther  values o f  hot  and c o l d  i n l e t  
temperatures, A Te and A Tf can be der ived by s c a l i n g  t h e  values 
shown i n  p r o p o r t i o n  t o  (T - t ) .  This  procedure ignores the  second 
order  e f f e c t  o f  changes i n  phys i ca l  p r o p e r t i e s  w i t h  temperature. 
The a i r  and pebble p rope r t i es  used f o r  t h e  modeling e f f o r t  are 
presented i n  Table 5-4. 

From F igu res  5-10 through 5-12, t h e  bed c ross-sec t iona l  area, and . 
hence bed volume and mass o f  heat storage mater ia l ,  can be der ived 
f o r  any t a r g e t  thermal performance ( t a r g e t  ATe) and a given t o t a l  
mass f l o w  o f  a i r .  Table 5-5 shows the  bed dimensions, mass o f  
s torage ma te r ia l ,  and temperature f l u c t u a t i o n  taken as a mean o f  the  
MIT and CEGB model ing r e s u l t s  f o r  a value o f  ATe o f  25"F, a mass 
f low r a t e  of 2600 l b l sec ,  and a bed voidage o f  0.38. 

The bed dimensions presented i n  Table 5-5 were developed f o r  t he  
ope ra t i ng  c o n d i t i o n s  o f  TES 2 as s p e c i f i e d  i n  Table 5-1. These 
dimensions were adopted f o r  TES 1, t a k i n g  a th ree  percent pena l t y  i n  
volume and ga in ing  the  b e n e f i t s  o f  reduced end temperature d i f f e r -  
ence ( i  .e., A Te = 14°F) and reduced temperature f l u c t u a t i o n .  The 
d i f f e r e n c e s  i n  thermal design are a t t r i b u t a b l e  t o  the  smal ler  
temperature swing o f  TES 1 under the  same design bed e f fec t i veness  
o f  0.966. Though t h e  TES operate under v a s t l y  d i f f e r e n t  a i r  pres- 
sures, t h e  heat  t r a n s f e r  c o e f f i c i e n t  was t h e  same f o r  both cases 
because t h e  a i r  mass f l u x  ( P xV) was he ld  constant.  

I f  on ly  the  CEGB r e s u l t s  were used f o r  s i z i n g  the  TES beds, then the  
end temperature d i f f e r e n c e  and o u t l e t  temperature f l u c t u a t i o n  would 
be l ess  than those presented i n  Table 5-5, and the  temperature-t ime 
curves would be sharper f o r  t he  same mass f low (G) through the  beds. 
With i r o n  ox ide  pebbles, a i r  o u t l e t  temperature decrease would occur 
ma in l y  over t h e  l a s t  hour o f  t he  discharge per iod  r a t h e r  than the  
l a s t  t h r e e  hours o r  so as shown i n  F igure  5-8 (and F igure  6-8) which 
d i sp lays  sample ou tput  f rom the  MIT program. Such changes i n  end 
temperature d i f f e rence ,  temperature f l u c t u a t i o n ,  and temperature 
g rad ien t  improve thermal performance o f  the  TES. 



I f  the  CEGB computer r e s u l t s  were used as the  so le  bas is  f o r  thermal 
design and the end temperature d i f f e rence  o f  25°F was r e t a i n e d  as a  
design c r i t e r i o n ,  then h igher  a i r  mass f l ows  through the  TES would 
be achieved and approximate ly  15 percent  reduc t i on  i n '  TES volume f o r  
t h e  case o f  i r o n  ox ide  as shown i n  Table 5-5 would be r e a l i z e d .  
S i m i  1  ar volume reduct  ions  should be expected f o r  t he  case s tud ies  o f  
g r a n i t e  and cas t  i r o n .  The volume reduc t i ons  would be accompanied 
by  h igher  o u t l e t  temperature f l u c t u a t i o n s  as i n d i c a t e d  i n  F igures  
5-10 through 5-12, whi l e  t h e  sharper temperature- t  ime curves would 
be re ta ined .  Greater  temperature f l u c t u a t i o n  would be t o l e r a b l e  
because t h e  f a l l  i n  a i r  o u t l e t  temperature would be delayed such 
t h a t  t h e  t u r b i n e s  would see a  constant ,  h igh  a i r  temperature ou tput  
f rom t h e  TES over a  l a r g e r  p o r t i o n  o f  the  d ischarge per iod .  

5.7.5 True Minimum Volume - A use fu l  measure o f  t he  pena l t y  i n  bed volume 
associated w i t h  a  g iven m a t e r i a l  under g iven ope ra t i ng  cond i t i ons  i s  
the. comparison o f  t h e  ac tua l  bed volume w i t h  t h e  t r u e  minimum bed 
volume. 

The t r u e  minimum bed volume i s  de f ined as the  volume o f  bed requ i red  
if a l l  t h e  bed m a t e r i a l  f l u c t u a t e s  i n  temperature between T  and t 
w h i l e  t h e  a i r  passed through t h e  TES i n  t h e  charge p e r i o d  f a l l s  i n  
temperature f rom T t o  ( t  + A Te). True minimum volume i s  t o  be 
d i f f e r e n t i a t e d  f rom t h e  nominal minimum volume, which i s  o f t e n  
quoted and i s  t h e  volume o f  bed requ i red  i f  t h e  m a t e r i a l  f l u c t u a t e s  
i n  temperature between T  and t and t h e  a i r  passed through t h e  TES i n  
t h e  charge p e r i o d  f a l l s  i n  temperature f rom T t o  t. - Actual  bed 
volume can be smal le r  than t h e  nominal minimum volume bu t  must 
always be g rea te r  than t h e  t r u e  minimum value. True minimum volume 
i s  g iven by the  f o l l o w i n g  expression (Chew, A p r i  1 1980): 

M c  P 
P  

b T e  
True minimum volume = 

where: 
M = mass f l o w  r a t e  o f  a i r  i n  charge p e r i o d  

,cfJ 
= s p e c i f i c  heat o f  a i r  ( a t  constant  pressure)  
= charge p e r i o d  

p = d e n s i t y  o f  bed m a t e r i a l  
c = s p e c i f i c  heat o f  bed m a t e r i a l  
e  = bed voidage 

ATe = end temperature d i f f e r e n c e  
T  = h o t  a i r  i n l e t  temperature 
t = cold air i n l e t  temperature 

A comparison o f  design bed dimensions (see Table 5-5) t o  t h e  t r u e  
minimum volumes f o r  t h e  TES m a t e r i a l s  under t h e  design ope ra t i ng  



c o n d i t i o n s  i s  presented i n  the  f o l l o w i n g  l i s t  as the  r a t i o  o f  actual  
bed volume t o  t r u e  minimum volume: 

0.44" I r o n  Oxide = 1.10 
0.75" G r a n i t e  = 1.17 
1.00" Cast I r o n  = 1.29 

The comparison shows t h e  s i g n i f i c a n t  reduct  i o n  i n  bed volume t h a t  
can be achieved as a r e s u l t  o f  enhanced heat t r a n s f e r  r a t e s  w i t h  
sma l le r  diameter pebbles. Cast i r o n  pays a severe pena l t y  i n  bed 
volume because t h e  s e l e c t i o n  o f  smal ler  diameter b a l l s  would e n t a i l  
a  sharp r - i s e  i n  m a t e r i a l  cos t .  Computer runs, however, were not  
made t o  op t im ize  t h e  t r a d e o f f s  'between t h e  h igher  cos t  o f  smal l e r  
d iameter  b a l l s  and t h e  lower cos t  o f  reduced bed volume. 

5.7.6 A l t e r n a t i v e  Charge/Discharge Schemes - The TES s izes  developed i n  
Sec t ion  5.7.4 were der ived f rom computer s imu la t i on  o f  a balanced 
10-hour charge l lo -hour  d ischarge c y i l e .  A f t e r  complet ion o f  TES 
s i z i n g  a c t i v i t i e s ,  however, a i r  mass f l o w  r a t e s  through t h e  expander 
t r a i n  were increased f rom 650 l b l s e c  per  u n i t  t o  780 l b l s e c  t o  
improve e f f i c i e n c y  o f  t h e  h igh  pressure tu rb ines .  Consequently, t o  
m a i n t a i n  balanced a i r  f l ows  through the  TES based on the  same charge 
mass f l o w  r a t e  and t ime  p e r i o d  assumed f o r  t h e  10110 cycle,  t h e  
d ischarge p e r i o d  was reduced t o  8.3 hours. 

I f  t h e  same bed dimensions developed f o r  t h e  10/10 c y c l e  are 'used 
f o r .  t h e  10/8.3 cyc le ,  then t h e  a i r  mass f l u x  (G) on t h e  d ischarge 
p e r j o d  would increase approximately 20 percent  w i t h  a corresponding 
14  percent  increase i n  heat  t r a n s f e r  c o e f f i c i e n t  f o r  each heat 
s torage m a t e r i a l .  Est imates o f  t h e  net  e f f e c t  o f  t h i s  m o d i f i c a t i o n  
on TES thermal  performance i n d i c a t e  t h a t  o n l y  minor changes would 
occur i n  t h e  temperature f l u c t u a t i o n  ( l e s s  than 4'F) and end temper- 
a t u r e  d i f f e r e n c e  ( l e s s  than 0.5"F) f o r  t h e  case o f  g ran i te .  The 
t r u e  thermal  behavior  o f  t h e  1018.3 cycle,  however, should be deter-  
mined by computer s imula t ion .  

The t a r g e t  p l a n t  s i z e  f o r  t h e  ad iaba t i c  CAES study was 10 hours o f  
s to rage c a p a c i t y  f o r  f o u r  power genera t ing  u n i t s .  To achieve t h e  
necessary storage f o r  t h i s  generat ing capac i t y  w i t h  d ischarge mass 
f l o w  r a t e s  20 percent  h ighe r  than charge mass f l o w  ra tes ,  12 hours 
o f  charg ing t ime  were requ i red .  The extended charge pe r iod  was 
accomodated by  expanding t h e  bed approach area. Th is  expansion 
reduces a i r  mass f 1 ux through t h e  bed . ( by  17 percent )  and lowers the  
heat  t r a n s f e r  c o e f f i c i e n t  (by  13 percent ) ,  but  it prevents ex tens ive  
thermal  breakthrough o f  ho t  a i r  i n t o  t h e  storage cavern. Est imates 
o f  changes i n  thermal performance f o r  t h i s  m o d i f i c a t i o n  i n d i c a t e d  
t h a t  t h e y  are on t h e  same order  as t h e  1018.3 cyc le .  As w i t h  t h e  
1018.3 cyc le ,  t he  12/10 c y c l e  needs v e r i f i c a t i o n  by computer simula- 
t i o n  t o  f u l l y  descr ibe  t h e  behavior  o f  t h e  pebble beds w i t h  
unbalanced a i r  mass f l o w  ra tes .  T o t a l  mass f lows,  however, are i n  
equi  1 i br ium f o r  every  c y c l e  considered, d i scoun t ing  any a i r  losses 
f rom t h e  cavern. 



Table 5 - 1  

TES Opera t ing  Cond i t i ons  ( D a i l y  Cyc le )  

f o r  a  Fou r -Un i t  ~ l a n t ( a )  

I t e m  TES 1 TES 2 

Operat i n g  Pressure  (ps i a) 226 1215 

Hot A i r  I n l e t  Temperature 
Charge Cyc le  (OF) 

Co ld  A i r  I n l e t  Temperature 
. D ischarge  Cyc le  (OF) 

A i r  Mass Flow Rate per  U n i t  ( l b l s e c )  

T o t a l  A i r  Mass Flow Rate ( l b l s e c )  

ChargeIDischarge Time P e r i o d  ( h r )  

( a )  Compressor i n l e t  a i r  temperature equals  90°F. 



Table 5-2 

TES Mater i a1 P rope r t i es  

Apparent Spec i f  i c  Energy Cost 

M a t e r i a l  
 eat'" Dens i t y  ($/ ton,  D e n s i t y  

( l b / f t 3 )  ( B t u l  l b °F)  ( B t u / f t 3 ' ~ )  F.0 .B. ) Source 

G r a n i t e  168 

Q u a r t z i t e  165 

L imest one 156 

B a s a l t  185 

 irec clay 150 

Tabular  Alumina 218 

S l  ag 137 

I r o n  Oxide . 21 8 

Forged S t e e l  490 

R o c k v i l l e  and 
S t .  Cloud, Minn. ( b )  

Jasper, Minn. ( b )  

Bedford, Ind . (b )  

Dresser, Wis. ( b )  

1" - Denstone, 
Norton Re f rac to r i es  

314" - T162, A lcoa 

314" - Bethlehem S tee l  

Hannah M in i ng  Company 

1" - Gr ind ing  B a l l ,  
Coates S tee l  ' 

Gray Cast I r o n  442 0.130 57.5  510 1" - Gr ind ing  B a l l ,  
. h e r  i can  Maggotteaux 
Corp. 

White Cast I r o n  480 0.155 74.4 560 1" - Gr ind ing  B a l l ,  
Est  imated Cost 

Chrome Cast I r o n  480 0.155 74.4 > lo00  --- 

Partherm 290 113 0.370 41.8 810 Park Chemical ( s  i m i  1 ar  
t o  HITEC s a l t ,  operates 
above 325°F) 

Partherm 430 113 0.370 41.8 580 Park Chemical ( s i m i l a r  
t o  draw s a l t ,  operates 
above 480°F) 

F i r e c l a y  Checker 120 0.230 27.6 - - - G. R .  S t e i n  

( a )  S p e c i f i c  heats are es t imated  a t  550°F. 

( b )  Source o f  rock f o r  which thermophysical  p r o p e r t i e s  were known. 

References: Alcoa, 1976; L i nd ro th ,  1971; Norton, 1974; Metauro, 1980; Toulouk i an, 
1967; Domingquez, 1980; Engl ish,  1980; Huf faker ,  1980; Walters, 1980; 
Lowe, 1980; Jolwack i , 1980; Radford, 1980; Strassburger,  1969; Glendenning, 
1979; Tay lor ,  1980; ASM, 1978; Coastal, 1980. 

5-26 



Table 5-3 

Mate r ia l  

P re l  iminary Ranking o f  'some Po ten t ia l  HPdt Storage Mate r ia l s  (Normalized to '  I r o n  Ore Pebbles) 

Mate r ia l  
cost  

(F.O.B.) 

Energy 
S t  o r  age 
Density . 

True Tot a1 
M i n imum Bed Mat r i x  

(b)  (a ) (b )  kleight Vo 1 ume (e = 0.38). 

Tot a1 
Bed Ma t r i x  

Cost ( b )  

I r o n  Ore . 1.00 1-00 1 .OO 1.00 1.00 . 
6 3 ($45.0/ton) (45.8 ~ t u l f t ~ ' ~ )  (0.806 x 10 f t ) (54.5 x l o 3  tons) ($2.45 x l o 6 )  

Grani te Rock 0.16 0.91 1.10 0.85 0.13 

Dens t'one 8.67 0.77 1.33 0.91 7.91 
ul 
I 

IU Tabular Alumina 18.22 
V 

Gray Cast I r o n  11.33 1.26 0.80 

White Cast I r o n  12.44 ' 1.62 0.62 1.35 16.87 

Forged Stee l  11.29 1.39 0.72 1.61 18.24 

('1 Assumes an ef fect iveness o f  0.966. 

(b )  Tota l  volume, weight, and cost are based on t r ue  minimum volupe (see Section 5.7.5) and do not 
represent actual  sizes and costs as pred ic ted by numerical models. Mat r i x  costs exclude the  cost  o f  
;mater ia l  t ranspor ta t ion  (which can be s i g n i f i c a n t  depending on the distance t rave led and mode of  
t ranspor t )  and i n s t a l  l a t i o n .  



Table 5-4 

Datum Physical  Proper t ies  

The f o l l o w i n g  a i r  and ma te r i a l  propert  ies .eva luated at 550°F were used f o r  the 
modeling e f f o r t s  p e r f 0 r m e d . b ~  MIT and CEGB: 

A i r :  Dynamic v i s c o s i t y  = 0.0695 l b / f t  h r  

Thermal conduc t i v i t y  = 0.0255 B t u l h r  f t  O F  

Prandt 1  number = 0.6796 

Spec i f  i c  heat = 0.253 Btu / lb°F ( inc ludes 
( a t  const ant pressure) a1 lowances f o r  h igh pressure) 

Gas constant  = 53.34 f t  lb / lb "R  

Grani te:  S p e c i f i c  heat = 0.248 Btu / lb°F 

Dens i ty  = 168 1  b / f t 2  

Pebble diameter = 0.75 i n  

Void f r a c t i o n  . = 0.38 

I r o n  Oxide: Spec i f  i c  heat = 0.21 ~ t u / l b ~ ~  

Dens i t y  = 218 1  b l f t 3  

Pebble diameter = 0.44 i n  

Void f r a c t i o n  = 0.38 

White Cast I ron :  S p e c i f i c  heat . = 0.155 Btu / lb°F 

Dens i t y  = 480 l b / f t 3  

Pebble diameter = 1 i n  

Void f r a c t i o n  = 0.38 



Table 5-5 

TES Bed ~ i r n e n s  i ons (a )  

Pebb 1 e  Cross-sec t iona l  Bed Weight o f  Temperature 
M a t e r i a l  Area Vo 1 ume M a t e r i a l  F l u c t u a t i o n  

( i n c h  d i a . )  ( l o 3  f t 2 )  ( l o 6  f t 3 )  (10 3 tons )  (OF) 

0.75 Gran i te  15.9 1.04 54 .O 2  38 

0.44 I r o n  Oxide 13.7 0.89 60.1 282 

1.0 White Cast I r o n  9.81 0.64 94.9 198 

( a )  NOTES: - .  

- End temperature d i f f e r e n c e  i s  25°F. 
- Di f ference between h o t  and c o l d  i n l e t  temperatures i s  730°F. 
- Heat t rans fe r  e f fec t i veness  of TES i s  0.966. 
- Bed he igh t  i s  65 ft. 
- A i r  mass f low r a t e  i s  2600 lb/sec.  
- Bed dimensions are presented as a  mean o f  'CEGB and MIT computer 

s i m u l a t i o n  r e s u l t s .  I f  s o l e l y  CEGB r e s u l t s  were used f o r  s i z i n g  t h e  
TES, bed c ross -sec t i ona l  areas would be reduced approximate ly  15 percent  
below those values shown. , 
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AIR SPECIFIC HEAT= 0.253 Btu/Lbe°F 
AIR FLOW RATE = 2600 Lb/sec. 
U= H E A T  TRANSFER COEFFICIENT <= OVERALL EFFECTIVENESS 

f l G U R E  5-4 

HEAT EXCHANGE ' AREA 
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BASIC PEBBLE BED CONFIGURATIONS 



BED VOIDAGE = 0.38 

AIR MASS FLOW RATE = 2 6 0 0  Ib/ssc 

PEBBLE DIAMETER (IN): 

GRANITE = 0.75 
IRON ORE = 0.44 
CAST IRON = LOO 

OPERATtNG PRESSURE (psia): 

TES 1 = 2 2 6  
TES 2 = 1216 

MEAN OPERATING TEMPERATURE (*F): 

TES 1 = 6 3 5  
TES 2 = 465 

NUMBERS ON CURVES INDICATE BED 
LENGTH IN FEET 

3 2 APPROACH AREA (I0 f t  I 

I-&-\ - BATTELLE PACIFIC NORTHWEST LABmATOKT 

CONCEPTUAL DESIGN AND 

PRESSURE DROPS FOR TES ENGINEERING STUDIES-ADIABATIC c AES 
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TEMPERATURE PARAMETERS FOR EVALUATING PERFORMANCE 
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MASS FLOW. ( lb/f t *  hr) 

THERMAL DESIGN OF TES WITH GRANITE 
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PEBBLE DIAMETER = 0.44 in. 
BED HEIGHT = 65  f 1. 

DIFFERENCE IN HOT/COLD AIR 
INLET TEMPERATURE = 730e F 
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PEBBLE DIAMETER = 1.0 in. 
BED HEIGHT = 65 11. 

DIFFERENCE IN HOT'COLD AIR 
INLET TEMPERATURE = 730. F 
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6  - TURBOMACHINERY 

The turbomachinery  equipment s e l e c t  i o n  and performance e v a l u a t i o n  incorpo-  
r a t e d  t h e  r e s u l t s  o f  t h e  c y c l e  a n a l y s i s  and t h e  thermal energy s to rage  
system i n v e s t i g a t i o n s .  Th i s  s e c t i o n  descr ibes  t h e  machinery s e l e c t i o n s  and 
arrangement and d iscusses t h e  expected general  performance o f  t h e  equip- 
ment. 

COMPRESSOR SYSTEM SELECTION 

Machinery s e l e c t i o n s  f r om the  Dresser C la rk  product  l i n e s  were made on t he  
b a s i s  o f  t a r g e t s  shown i n  Table 4 -1  o f  Sec t ion  4  and a  nominal f i n a l  d e l i v -  
e r y  pressure of 1200 ps ia .  

6.1.1 A x i a l  Compressors - A f t e r  many i t e r a t i o n s  w i t h  va r i ous  compressor 
. bod ies ,  s e l e c t i o n s  f o r  t h e  f i r s t - s t a g e  machinery were made which 

gave d ischarge  c o n d i t i o n s  o f  870°F and-226 p s i a .  - ~ n a l ~ s i s  i n d i c a t e d  
t h a t  t h e  bes t  cho ice  f o r  compression f rom ambient pressure ( f i r s t  
s tage)  was t o  use two s ix teen-s tage  a x i a l  machines i n  p a r a l l e l  (AGr 
11/16) f o l l o w e d  by a  t h i r d  a x i a l  machine w i t h  f ou r t een  stages. 
Other  s e l e c t i o n s  r e s u l t e d  i n  lower u n i t  e f f i c i e n c i e s  o r  d ischarge  
c o n d i t i o n s  o u t s i d e  t h e  des i r ed  range. 

The t h i r d  a x i a l  body (AGr 11/14) i s  based upon a  s tandard machine, 
w i t h  a  s t rengthened cas ing  and mod i f i ed  s h a f t  sea ls .  Th i s  machine, 
which would opera te  between 494°F and t h e  870°F a x i a l  s e c t i o n  d i s -  
charge temperature,  i s  an e x i s t i n g  Dresser  des ign and would t en ta -  
t i v e l y  be heat  t r aced  f o r  p rehea t i ng  t o  a  nominal 494°F temperature 
b e f o r e  s t a r t - u p  o f  the  t r a i n .  Th i s  approach e l i m i n a t e s  most o f  t he  
concerns w i t h  extreme b l  ade growth, c learances and cas ing  expansion 
d u r i n g  s t a r t - u p .  The des ign o f  t h i s  machine would r e q u i r e  engineer-  
i n g  development f o r :  

( 1 )  S e l e c t i o n  o f  case m a t e r i a l s  f o r  h i g h  temperature and pressure.  

( 2 )  Review o f  s t resses  on a l l  r o t o r  and s t a t o r  b lad ing .  

( 3 )  S e l e c t i o n  o f  r o t o r  and s t a t o r  m a t e r i a l s  f o r  t h e  e l eva ted  
o p e r a t i n g  temperatures. 

The l a s t  s tage o f  a l l  AGr machines i s  a  r a d i a l  wheel. T h i s  design 
achieves a  r a p i d  change i n  f l o w  d i r e c t i o n  t o  t h e  e x i t  plenum, m i n i -  
mizes t h e  bea r i ng  span o f  t h e  r o t o r  ( improv ing  s t a b i l i t y )  and r e -  
duces c o n s t r u c t i o n  cos ts .  



6.1.2 C e n t r i f u g a l  Compressors - Cen t r i f uga l  u n i t s  are proposed e x c l u s i v e l y  
t o r  use a f t e r  t he  TES i n t e r c o o l i n g  step. Return a i r  f rom the TES, 
t r i m  cooled (see Sect ion 6.8) t o  236°F and 206 ps ia,  i s  compressed 
t o  46Z°F, 453 ps ia ,  us ing a  standard l i n e  v e r t i c a l l y  s p l i t  ( b a r r e l )  
machine. Th i s  model 848 B4 machine i s  a  four -s tage u n i t ,  d i r e c t l y  
coupled t o  a  3600 RPM synchronous motor. This  body exhausts t o  a  
model 747.5 B5, f i ve-stage v e r t i c a l  l y  sp l  i t  compressor opera t ing  a t  
5248 RPM. 

The 747.5 B5 machine i s  d r i ven  by a  step-up gearbox w i t h  a  power 
t r a n s f e r  o f  66 MW. The gearbox s e l e c t i o n  was obta ined f rom 
P h i l a d e l p h i a  Gear Corporat ion (King o f  Prussia, Pennsylvania).  The 
u n i t  i s  a  double h e l i c a l  design ra ted  f o r  90,000 horsepower w i t h  an 
AGMA s e r v i c e  f a c t o r  o f  1.5, ( s u i t a b l e  fo r  moderate shock loads under 
cont inuous ope ra t i on ) .  A1 though t h e  design i s  conceptual, i t  i s  
based upon a  number o f  ope ra t i ng  u n i t s  produced by Ph i l ade lph ia  
which have c r i t i c a l  parameters o f  p i t c h  l i n e  v e l o c i t y  and horsepower 
g rea te r  o r  equal . t o  t he  u n i t  quoted by Maag Gear f o r  t he  PEPCO 
p r o j e c t .  Ph i  1  adelphia has a l ready designed f o r  manufacture a  
s i m i l a r  gear box r a t e d  a t  90,000 HP w i t h  a  speed r a t i o  o f  1.2:l. 
Discussion o f  t he  gearbox design w i t h  Ph i l ade lph ia  i n d i c a t e s  t h a t  
t h e y  are f u l l y  con f i den t  t h a t  t he  u n i t  i s  w i t h i n  t h e i r  c a p a b i l i t y .  
T h i s  equipment i s  t h e r e f o r e  considered t o  r e q u i r e  d e t a i l e d  design 
rev iew should p r e l i m i n a r y  engineer ing design f o l l o w  t h i s  study and 
i nco rpo ra te  t h e  machinery s e l e c t i o n  presented. 

The 747.5 B5 machine w i l l  a lso  t e n t a t i v e l y  r e q u i r e  heat t r a c i n g  t o  
ma in ta in  a  minimum temperature o f  300°F o r  g rea ter  be fore  s t a r t i n g .  
Some eng ineer ing  design development w i l l  be requ i red  i n  the  areas o f  
i n t e r s t a g e  diaphragms, impe l l e r  t o  sha f t  attachment, and casing 
m a t e r i a l s .  

The exc lus i ve  s e l e c t i o n  o f  v e r t i c a l l y  s p l i t  ( b a r r e l )  cons t ruc t i on  i s  
be l i eved  t o  be a  conserva t ive  approach t o  t h e  c e n t r i f u g a l  compressor 
cas ing  design. Th i s  approach i s  based upon concerns t h a t  the tem- 
pe ra tu re  and pressure grad ien ts  invo lved would cause problems i n  
s e a l i n g  b o l t e d  f langes.  A d d i t i o n a l l y ,  h o r i z o n t a l l y  s p l i t  f a b r i c a t e d  
cas ing  designs would be more expensive t o  b u i l d .  Therefore, bo l ted  
f langes were e l im ina ted  f rom considerat ion.  

6.2 TURBINE SYSTEM SELECTION 

The t u r b i n e  s e l e c t i o n s  were developed somewhat d i f f e r e n t l y  f rom those o f  
t h e  compressor sec t ion .  The approach used r e f l e c t s  the  independent na ture  
o f  t h e  gas expander business i n  which each machine i s  v i r t u a l l y  a  custom 
design f o r  a  s p e c i f i c  app l i ca t i on .  Basic frame s izes  (cas ing  and s h a f t  



diameters,  bea r i ng  spans) are used by t h e  designer,  bu t  b lade he igh t ,  chord 
and p r o f i l e ,  number o f  stages, r o t o r  coo l i ng ,  ope ra t i ng  speed and pressure 
r a t i o  are a l l  t r e a t e d  as design v a r i a b l e s .  

Dresser  C l a r k ' s  bas i c  design, under 1  icense, f rom GHH Sterkrade A.G. o f  West 
Germany, i s  a  m u l t i p l e  stage a x i a l  f l o w  machine. Some 130 Dresser and GHH 
u n i t s  have been i n s t a l l e d  i n  a p p l i c a t i o n s  rang ing  f rom r e f i n e r y  t a i l  gas 
expansion t o  c losed  c y c l e  he l ium gas t u r b i n e s .  Dresser C la r k  a lso  b u i l d s  a  
m o d i f i e d  des ign f o r  f l u i d  c a t a l y t i c  c racker  gas expander serv ice ,  w i t h  
f e a t u r e s  s p e c i f i c a l l y  designed t o  accommodate a  f l o w  stream laden w i t h  
abras ive  p a r t i c l e s .  

The custom des ign ph i losophy  a l lowed development o f  a  p r e l i m i n a r y  design 
which maximized u n i t  e f f i c i e n c y  and ou tpu t ,  w i t h  minimum cos t  pena l t y .  

6.2.1 High Pressure Turb ine  - The des ign approach t o  t h e  h i g h  pressure 
expans i o n  t u r b i n e  was based upon a  d e s i r e  t o  max im i ze  , e f f i c i e n c y  and 
power ou tpu t  and min imize s u s c e p t i b i l i t y  t o  p a r t i c u l a t e  wear. E a r l y  
i n v e s t i g a t i o n  i n d i c a t e d  t h a t  t h e  use o f  r e l a t i v e l y .  low pressure 
r a t i o s  per  s tage o f  1.3 t o  1 .4 : l  was p r a c t i c a l ,  would n o t  r e s u l t  i n  
a  need f o r  more machines, and would h e l p  m in im ize  b lade  eros ion.  
H igher  p ressure  r a t i . o s  per  s tage and thus  fewer b lade  rows would 
r e s u l t  i n  unused s h a f t  l e n g t h  i n  t h e  frame s i z e  needed f o r  t h e  
i n i t i a l  des ign f l o w  r a t e  o f  650 l b s l s e c .  A t a r g e t  e f f i c i e n c y  range 
o f  84 t o  86 pe rcen t  was es tab l i shed ,  and development o f  a  gas ' p a t h  
des ign  proceeded. 

Ana l ys i s  o f  t h e  f l o w  pa th  o f  b l a d i n g  i n d i c a t e d  t h a t  t h e  i n i t i a l  
des ign  f l o w  r a t e  o f  650 l bs / sec  se lec ted  ( t o  match t h e  compressor 
f l o w  r a t e )  caused problems. The l a r g e  power o u t p u t  o f  t h e  u n i t  
r e q u i r e d  a  r e l a t i v e l y  l a r g e  d iameter  r o t o r  s h a f t  f o r  t h e  vo lume t r i c  
f l ow ,  w i t h  t h e  r e s u l t  t h a t  i n i t i a l  stage b lade  h e i g h t s  were ve ry  
s h o r t  and t i p  losses were h igh ,  y i e l d i n g  a  c a l c u l a t e d  machine e f f i -  
c i e n c y  i n  t h e  mid-70s, versus t h e  85 percen t  t a r g e t  f i g u r e .  . An 
a l t e r n a t e  approach o f  i n c r e a s i n g  f l o w  through t h e  t u r b i n e  s e c t i o n  t o  
780 lbs /sec  a l lowed increased b lade  he igh t .  Th i s  change pe rm i t s  t he  
85 percen t  e f f i c i e n c y  t a r g e t  t o  be achieved and was adopted as a  
des ign  bas i s .  

The h i g h  pressure machine s e l e c t i o n  i s  an 8-stage Dresser C la r k  
model GTHR 8  ( f rame 8 )  u n i t  w i t h  b l a d i n g  f rom t h e  sma l le r  frame 7  
machine. The des ign o f  t h e  machine casing, which would be f a b r i -  
ca ted  f rom s t e e l  p l a t e ,  i nvo l ves  a  double s h e l l  approach. Turb ine 
exhaust gas i s  used t o  p rov ide  an i n te rmed ia te  cas ing  p ressure  and 
t h u s  reduce t h e  des ign pressure d i f f e r e n t i a l  and t h i ckness  o f  t he  
cas ing  meta l .  Th i s  approach has been used by Dresser C la r k  and GHH 
as s tandard p r a c t i c e  and i s  used i n  t h e  Brown Bover i  CAES t u r b i n e  
des ign.  More severe pressure c o n d i t i o n s  have been encountered and 



solved us ing  spher i ca l  casings. The o v e r a l l  ex te rna l  dimensions o f  
t h e  H.P. t u r b i n e  casing are 10 f e e t  long by 6  fee t  diameter. 

Shaf t  sea ls  w i l l  l i k e l y  be o i l  f i l m  type buf fered by n i t rogen.  .This  
w i l l  p revent  f i r e s  o r  exp los ion  which would r e s u l t  f rom contac t  
between 1200 psi /800°F a i r  and l u b r i c a t i n g  o i l .  Laby r in th  seals are 
considered inadequate by themselves. 

6.2.2 Low Pressure Turb ine  - The t u r b i n e  f low r a t e  o f  780 l b s l s e c  requ i red  
t h e  use o f  two machines i n  p a r a l l e l ,  as the  f i n a l  exhaust volume 
exceeded t h e  c a p a b i l i t y  o f  t'he l a r g e s t  frame s i z e  ava i l ab le .  The 
GTHR 10 (frame 10) machines se lec ted  are the  l a r g e s t  ava i l ab le  from 
Dresser and represent  the next s i z e  beyond the  frame 8  h igh  pressure 
machine. Although the  frame 10 i s  an e x i s t i n g  design, none have 
been b u i l t  t o  date. The frame 10 i s  considered t o  be a  minor 
scale-up f rom t h e  frame 8  and no d i f f i c u l t i e s  are a n t i c i p a t e d  i n  
c o n s t r u c t i n g  t h e  l a r g e r  machines. Casings would be f a b r i c a t e d  from 
s t e e l  p l a t e  and would be strengthened over t he  e x i s t i n g  design. 

Flow volume through these machines, and consequently the  re1  a t i on -  
s h i p  o f  b lade h e i g h t s  t o  s h a f t  diameter, i s  s u f f i c i e n t  t o  a l low a  
machin? e f f i c i e n c y  o f  88 percent .  

6.3 GENERAL COMMENT ON MACHINERY SELECTIONS 

Dresser Clark has s ta ted  t h a t  t h e  machinery described above would be re -  
q u i r e d  i f  comnerc ia l l y  a v a i l a b l e  machinery were used, cons is ten t  w i t h  the  
scope o f  t h i s  study. However, were an ac tua l  order  involved, Dresser Clark 
has suggested t h a t  they  might  p r e f e r  t o  redesign t h e  compressor t r a i n ,  i n -  
c o r p o r a t i n g  more appropr ia te  c e n t r i f u g a l  compressor r o t o r  cons t ruc t i on  
methods. Machine se lec t i ons  would l i k e l y  change as we l l ,  i n c l u d i n g  
i n c o r p o r a t i o n  o f  t he  p a r a l l e l  bodies i n t o  s i n g l e  u n i t s  and development o f  a  
s i n g l e  s h a f t  design, r e s u l t i n g  i n  a  cheaper and sho r te r  machinery layout .  
Dresser f e e l s  t h a t  t h e  new frame s izes t h a t  would be needed are we13 w i t h i n  
t h e i r  c a p a b i l i t y .  These u n i t s  are no t  o f fe red  a t  present o n l y  because 
t h e r e  are no market a p p l i c a t i o n s  war ran t ing  t h e  design development on t h e i r  
p a r t .  

6.4 TURBOMACHINERY ARRANGEMENT 

A schematic arrangement of the machinery, along w i t h  general performance 
data, i s  shown in' F igu re  6-1 and Tables 6-1  and 6-2. Overal l ,  the arrange- 
ment i s  considered general l y  rep resen ta t i ve  o f  an ad iabat ic  CAES machinery 



t r a i n  us ing  commercial l y  . ava i  1  ab le  equipment. Other manufacturers  are 
l i k e l y  t o  have d i f f e r e n t  bu t  s i m i l a r  l i m i t a t i o n s  w i t h i n  t h e i r  machinery 
1  ines .  

6.5 COMPRESSOR SYSTEM GENERAL PERFORMANCE 

Performance curves based upon des ign i n l e t  c o n d i t i o n s  have been prepared 
f o r  t h e  a x i a l  sec t ion ,  c e n t r i f u g a l  sec t ion ,  and t o t a l  t r a i n  (F igures  6-2 
th rough 6 -4 ) .  Opera t ing  cond i t . i ons  are shown i n .  F i g u r e  6 -1  and 1 i s t e d  i n  
Tables 6 -1  and 6-2. Power r e q u i r e d  by  t h e  compressor system f rom t h e  
motor lgenera to r  w i t h  90°F ambient temperatures i s  237 MW. 

Comparison o f  F i g u r e  6-4 t o  t h e  compressor system curves o f  t h e  o i l - f i r e d  
CAES eng ineer ing  s tudy  performed f o r  PEPCO (Volume I X  o f  t h e  PEPCO r e p o r t  
s e r i e s )  suggests t h a t  t h e  a d i a b a t i c  CAES compressor t r a i n  would have a  
m a r g i n a l l y  wider  ope ra t i ng  range a t  des ign c o n d i t i o n s  than t h e  Su lzer  o i l -  
f i r e d  CAES (minimumlmaximum f l o w s  o f  631104 pe rcen t  versus 681102 pe rcen t ) .  
Surge a t  des ign f l o w  f o r  t h e  a d i a b a t i c  compressor t r a i n  i s  we1 1 above t h e  
maximum o p e r a t i n g  p ressure  s e t  by t h e  s to rage  ,compensating system, and 
compressor t r a i n  s t a b i  1  i t y  range i s  somewhat g rea te r  as a  r e s u l t .  R e l a t i v e  
compressor t r a i n  e f f i c i e n c y  a t  minimum compressor f l o w  i s  90 percen t  o f  
t r a i n  e f f i c i e n c y  a t  des ign o p e r a t i n g  c o n d i t i o n s .  

6.6 GENERAL COMPRESSOR SYSTEM OPERATING CONDITIONS 

The f i r s t  stage a x i a l  compressors were designed f o r  a  maximum n i g h t t i m e  
ambient temperature, based on NOAA weather data, o f  90°F. A t  t h i s  tempera- 
t u r e ,  a  TES 1 charge temperature o f  877°F was p r e d i c t e d  a t  a  p ressure  o f  , 

226 p s i a  f o r  t h e  low pressure compressor t r a i n .  

The second s tage compressors were p r o j e c t e d  t o  d e l i v e r  a i r  a t  830°F, 
1215 p s i a  t o  TES 2, f o r  c o o l i n g  t o  125°F and s to rage  i n  t h e  a i r  cavern. 
The 830°F d e l i v e r y  temperature was t h e  l i m i t  o f  t h e  p o s s i b l e  c e n t r i f u g a l  
compressor s e l e c t i o n s .  

Low pressure a i r  p i p i n g  was s i zed  t o  p rov ide  an a i r  stream v e l o c i t y  o f  125 
f t l s e c .  Th i s  v e l o c i t y  produces an es t imated  p ressure  l oss  o f  about 20 p s i  
between t h e  low and h i g h  pressure compressor . t r a i n s .  Th i s  i nc l uded  losses 
i n  p i p i ng ,  equipment, and TES 1. 

With an i n l e t  p ressure  o f  206 p s i ,  and t h e  above TES 2 i n l e t  cond i t i ons ,  a  
r e q u i r e d  second s tage compressor i n l e t  temperature o f  236°F was determined 



based on Dresser C l  ark machinery e f f i c i e n c i e s .  This temperature could be 
obta ined i n  one o f  two ways. TES 1 cou ld  be operated between 877°F and 
236"F, o r  i t  cou ld  be operated a t  a h igher  c o l d  end temperature w i t h  a t r i m  
c o o l e r  p r o v i d i n g  the  f u r t h e r  coo l i ng  requi red.  

6.7 TURBINE SYSTEM GENERAL PERFORMANCE 

Non-d imensional performance curves (F igures 6-5 and 6-6), f o r  the  ad iabat ic  
CAES frame 8 and 10 machines were prepared along w i t h  an o v e r a l l  
performance curve (F igu re  6-7) f o r  t h e  t u r b i n e  sec t i on  based upon the  
c o n d i t i o n s  o f  Tables 6 -1  and 6-2. F igure  6-5 presents the  e f f e c t  o f  
o p e r a t i n  pressure r a t i o  on ad iaba t i c  e f f i c i e n c y ,  r, , mass f l o w  parameter 
I d m 9  and power parameter HP/p J T  f o r  t he  h iqh  pressure 
( f rame 8 )  machine. F igu re  6-6 presents the  same in fo rma t ion  f o r  the  low 
pressure (frame 10)  machines. The t u r b i n e  sec t i on  i s  p ro jec ted  t o  operate 
f rom zero ou tput  a t  approximately 20 percent  f l o w  up t o  r a t e d  f l o w  and 
ou tpu t  w i t h  v i r t u a l l y  1 i nea r  c h a r a c t e r i s t i c s  (F igure  6-7) .  

The e f f e c t  o f  temperature f a l l - o f f  f rom thermal s torage i n  t he  l a t e r  stages 
o f  t h e  d ischarge c y c l e  appears t o  be r e l a t i v e l y  small (F igure  6-8) .  Output 
a t  i n l e t  temperatures 100°F below design i s  est imated t o  decrease by 16 MW 
o r  some 8 percent .  F igu re  6-8 represents t h e  o u t l e t  temperature f l u c t u a -  
t i o n  as p red i c ted  by t h e  MIT code w i t h  thermal breakthrough beginning 
approximate ly  i n  t h e  seventh hour o f  t he  TES discharge per iod.  With the  
CEGB computer code, thermal breakthrough was not  p red i c ted  t o  occur u n t i l  
t h e  l a s t  hour o f  t h e  TES discharge per iod.  

6.8 GENERAL TURBINE SYSTEM OPERATING CONDITIONS 

As discussed i n  Sect ion 6.2.1, t he  p r e l i m i n a r y  s e l e c t i o n  o f  equal compres- 
so r  and t u r b i n e  f l o w  r a t e s  l ed  t o  poor o v e r a l l  cyc le  performance because o f  
t u r b i n e  1 i m i t a t i o n s .  Therefore, t h e  expander t r a i n  was selected t o  operate 
w i t h  a mass f l o w  r a t e  o f  780 Ib l sec .  Consequently, t he  charge and d i s -  
charge times must d i f f e r  w i t h  t h e  r e s u l t  t h a t  a generat ion pe r iod  o f  
10 hours would r e q u i r e  t h e  charging pe r iod  t o  be a minimum o f  12 hours. 
These t imes would vary  somewhat w i t h  p a r t  load operat ion.  

The p l a n t  h i g h  pressure a i r  p i p i n g  was s ized t o  p rov ide  an a i r  stream 
v e l o c i t y  o f  100 f t l s e c .  Ca lcu la t i ons  o f  losses f rom storage t o  t h e  
t h r o t t l e  va lve  i n d i c a t e  a pressure l oss  o f  about 90 p s i .  Therefore, the 
h i g h  pressure expander t u r b i n e  operates a t  an i n l e t  pressure o f  1125 p s i .  



I n i t i a l l y ,  an 825°F i n l e t  temperature t o  t h e  h i g h  pressure expander was 
se lec ted  based on a  p rev ious  h i g h  pressure compressor d e l i v e r y  temperature 
o f  850°F and a  TES 2 end temperature d i f f e r e n c e  o f  25°F. Subsequent analy- 
s i s  i n d i c a t e d  t h a t  t h e  h i g h  pressure c e n t r i f u g a l  compressors were o n l y  
capable o f  830°F d e l i v e r y  temperature t o  TES 2 d u r i n g  compression. Conse- 
quen t l y ,  t h e  average i n l e t  c o n d i t i o n  t o  t h e  h i gh  pressure expander t u r b i n e s  
d u r i n g  genera t ion  was reduced t o  805°F. Th i s  temperature r e d u c t i o n  d i d  no t  
change expander s e l e c t i o n .  

The exhaust p ressure  f o r  t he  h i g h  pressure expander was se lec ted  a t  241 p s i  
t o  approx imate ly  match pressure s p l i t s  between compressors and expanders. 
T h i s  pressure, w i t h  t h e  app rop r i a te  losses i n  t he  p i p i ng ,  va lves  and TES 1, 
w i l l  p rov ide  an - i n l e t  pressure t o  t h e  low pressure expanders o f  225 p s i .  
Thus t h e  H.P. t u r b i n e  exhaust p ressure  n o t  o n l y  f a l l s  w i t h i n  t h e  optimum 
range, bu t  a l so  matches t he  compressor o p e r a t i n g  pressures t o  m in im ize  
des ign  pressure d i f f e r e n c e s  f o r  common low pressure  p i p i n g .  

Wi th  i n l e t  p ressure  and temperature o f  1125 p s i  and 825°F r e s p e c t i v e l y ,  and 
t h e  o u t l e t  p ressure  o f  241  p s i ,  t h e  exhaust temperature o f  t he  h i g h  pres- 
su re  expander ( d i c t a t e d  by e f f i c i e n c y )  w i l l  be 454°F. With t h i s  exhaust 
temperature,  t h e  c o l d  end temperature o f  TES 1 can be chosen. TES 1  can 
e i t h e r  coo l  t h e  a i r  stream, d u r i n g  compression, t o  236°F f o r  i n p u t  t o  t h e  
h i g h  pressure c e n t r i f u g a l  compressors o r  TES 1 can be operated w i t h  a  c o l d  
end temperature o f  454°F w i t h  t h e  a i r  f u r t h e r  coo led  by a  t r i m  coo le r  t o  
236°F. I f  t h e  c o l d  end temperature o f  TES 1 i s  s e t  a t  236"F, then t h e  h i gh  
p ressure  expander exhaust w i l l  have t o  be cooled by a  t r i m  coo le r  t o  main- 
t a i n  TES 1 s t a b i l i t y .  Therefore,  i n  e i t h e r  case, a  t r i m  coo le r  i s  r e q u i r e d  
f o r  TES and c y c l e  s t a b i l i t y .  The t r i m  c o o l e r  i s  l oca ted  between TES 1 and 
t h e  h i g h  p ressure  compressor. Thus, i t i s  u t i l i z e d  d u r i n g  t h e  compression 
c y c l e  as t h i s  reduces t h e  temperature swing o f  TES 1. Loca t i on  i n  t h e  com- 
p resso r  s e c t i o n  a l s o  p rov ides  a  s l i g h t  improvement i n  EER over  t h e  case 
w i t h  c o o l e r  l o c a t i o n  i n  t h e  t u r b i n e  sec t i on .  The maximum c o o l i n g  l oad  o f  
t h e  t r i m  c o o l e r  i s  approx imate ly  505 x  106 B tu /h r .  



Tab le  6 -1  

A x i a l  T r a i n  

W t .  F low #/Sec. 

Pin, p s i a  

Ixi t 

Pout, psis 

T o u t '  O F  - 

K Average 

Z Average 

A d i a b a t i c  E f f .  , % 

BHP 

T o t a l  BHP 

MW (power) 

R PM 

Compressors 

AGr 11/14 AGr 11/16 

Turb ines  

GTHR 10 GTHR 8 

390 . 780 



W t .  Flow #/Sec. 
(we t )  

Pin, p s i a  

K Average 

Z Average 

P o l y t r o p i c  E f f .  % 

BHP 

T o t a l  BHP 

MW (power) 

Table 6-2 

C e n t r i f u a a l  T r a i n  
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7  - PLANT PERFORMANCE, OPERATION, AND CONTROL 

T h i s  s e c t i o n  p resen ts  t h e  r e s u l t s  o f  t h e  p l a n t  performance eva lua t i on ,  
p r o j e c t e d  ope ra t i ng  procedures, and a  general  c o n t r o l  system concept.  

7.1 RATED CONDITIONS 

The p r o j e c t e d  o p e r a t i n g  c o n d i t i o n s  o f  t h e  a d i a b a t i c  CAES machinery d i f f e r  
s l i g h t l y  f rom the  c o n d i t i o n s  presented i n  Sec t ion  4. D i f f e r e n c e s  between 
o r i g i n a l  and updated r a t e d  c o n d i t i o n s  were caused by such changes as: t h e  
a d d i t i o n  o f  i n t a k e  a i r  preheaters ,  d i f f e r e n t  TES 1 t e r m i n a l  temperatures, 
lower  h i g h  pressure compressor d e l i v e r y  temperature,  i n c o r p o r a t i o n  of 
mechanical  and e l e c t r i c a l  losses, and e f f i c i e n c y  c o r r e c t i o n s  f o r  a i r  
p r o p e r t i e s  a t  e l eva ted  pressure.  

7.1.1 I n l e t  Cond i t i ons  - I n l e t  pressure equaled 14.2 p s i  due t o  a d d i t i o n a l  
-losses i n c u r r e d  i n  t h e  i n l e t  a i r  p rehea te r  (See Sec t i on  7.3, 
Of f -Design S e n s i t i v i t y . )  I n l e t  temperature i s  90°F. 

7.1..2 E f f i c i e n c y  - The process o f  machine s e l e c t i o n  i nvo l ved  a  p r e l i m i n a r y  
e v a l u a t i o n  o f  gas pa th  losses.  The ana l ys i s  i n d i c a t e d  t h a t  t h e  
e f , f i c i e n c y  assumptions o f  .the o r i g i n a l  a n a l y s i s  r e q u i r e d  s l i g h t  
rev . i s ions  t o  r ep resen t  t h e  f i n a l  machine s e l e c t i o n  performance 
c h a r a c t e r i s t i c s .  

Dresser Clark,. as we1 1 as many o the r  manufacturers,  normal l y  use t h e  
p r o p e r t i e s  o f  a i r  a t  low p ressure  i n  t h e  p r e d i c t i o n  o f  machine 
performance. Consequently, e f f i c i e n c i e s  based upon low pressure 
s p e c i f i c  heat  va lues are c a l c u l a t e d  f rom t e s t  s tand data.  

The Acres developed CAES model i n g  program i nco rpo ra tes  t h e  proper-  
t i e s  o f  a i r ,  c o r r e c t e d  f o r  pressure e f f e c t s  up t o  100 atmospheres, 
accord ing  t o  V asserman (Vasserman, 1966).  Dresser C l  a rk  m o d i f i e d  
t h e i r  performance p r e d i c t i o n  r o u t i n e s  t o  i n c o r p o r a t e  p ressure  
c o r r e c t k d  va lues be fo re  f i n a l  performance es t imates  were made f o r  
t h e  machinery. However, a t tempts t o  d u p l i c a t e  t h e  r e v i s e d  Dresser 
C l a r k  performance p r e d i c t i o n s  w i t h  t h e  Acres program revea led  
d isc repanc ies  which a re  a t t r i b u t e d  t o  d i f f e r e n c e s  i n  e i t h e r  a i r  
p r o p e r t y  values f o r  h i g h  pressure and temperature o r  t h e  curve  f i t s  
used i n  t h e  two computer code subrout ines,  o r  both.  D e t a i l e d  
i n v e s t i g a t i o n  and r e s o l u t i o n  o f  t h e  d i f f e r e n c e s  were f e l t  t o  be 
beyond t h e  scope o f  t h e  p resen t  s tudy.  There fo re  Acres ad jus ted  
i n p u t  machine e f f i c i e n c i e s  u n t i l  t h e  Dresser p r e d i c t i o n s  cou ld  be 
dup l i ca ted .  A  comparison o f  e f f i c i e n c y  values, as w e l l  as o t h e r  
e f f i c i e n c y  va lues used i n  t h e  a n a l y s i s  i s  presented below t o  
i l l u s t r a t e  t h e  d i f f e r e n c e s  invo lved:  



a For  t h e  compressor t r a i n :  

The i s e n t r o p i c  e f f i c i e n c y  d i f f e r e n c e s  were based on i n l e t  and o u t l e t  
c o n d i t i o n s  o f  t he  Dresser Clark design and the  Acres computer model. 

Machi ne E f f i c i e n c y  

A G r  11/16 - 0 Dresser = 86.0 percent  i s e n t r o p i c  

0 Acres = 83.5 percent  i s e n t r o p i c  

A G r  11/14 - Q Dresser = 87.7 percent  i s e n t r o p i c  

' Acres = 81.5 percent  

84884 - 0 Dresser = 79.8 percent  p o l y t r o p i c  
(//.5 percent  i s e n t r o p i c )  

' Acres = 76.5 percent  i s e n t r o p i c  

a For  t h e  expander t r a i n :  

The i s e n t r o p i c  e f f i c i e n c y  d i f f e r e n c e s  were based on i n l e t  and o u t l e t  
c o n d i t i o n s  o f  t h e  Dresser C la rk  design and t h e  Acres computer 
model. 

GTHR8 - ' Dresser = 85 percent  

' Acres = 85 percent  

GTHRlO - ' Dresser = 88 percent  

' Acres = 90 percent  

a Mechanical losses are est imated t o  be 0.9 percent .  E l e c t r i c a l  
losses  (based on t h e  PEPCO study)  were est imated a t  1.6 
percent .  

This problem i s  be l i eved  t o  be t h e  d i r e c t  r e s ~ r l t  n f  l i m i t e d  
a v a i l a b i l i t y  o f  and s c a t t e r  i n  da ta  f o r  h igh  pressure lh igh  
temperature a i r  p r o p e r t i e s .  Research i n t o  h igh  temperature and h i g h  
pressure thermophysical  p r o p e r t i e s  f o r  a i r  would be benef i c i  a1 f o r  
f u t u r e  CAES work. 

7.1.3 Thermal Energy Storge System Prope r t i es  - TES 1 was modeled w i t h  an 
end t e m ~ e r a t u r e  d i f f e r e n c e  o f  15'F. Th i s  was based on t h e  desiqn 
e f f e c t i v e n e s s  o f  0.966 and a  temperature swing o f  422°F. The pre;- 
sure  l o s s  through t h e  bed du r i ng  one pass was 5 p s i .  Th i s  inc ludes 
a  1.0 p s i  l oss  i n  t h e  bed, w i t h  entrance and e x i t  losses o f  3.0 and 
1.0 p s i  r e s p e c t i v e l y .  



TES 2  was operated w i t h  an end temperature d i f f e r e n c e  o f  25°F. Th is  
r e s u l t e d  f rom a  des ign e f f ec t i veness  of 0.966 and a  temperature 
swing o f  730°F. The once through p ressure  l oss  o f  4  p s i ,  cons i s ted  
o f  0.5 p s i  i n  t h e  bed i t s e l f  w i t h  ent rance and e x i t  losses o f  2.5 
and 0.5 p s i  r e s p e c t i v e l y .  

7.2 PERFORMANCE AT RATED CONDITIONS 

The performance o f  t h e  a d i a b a t i c  CAES p l a n t  was eva lua ted  through t he  
i n c o r p o r a t i o n  o f  machinery r e s u l t s  and t h e  e f f i c i e n c y  c o r r e c t i o n s  discussed 
i n  t h e  p rev ious  sec t i on .  Table 7 -1  i l l u s t r a t e s  t h e  f l o w  ( I b l s e c ) ,  tempera- 
t u r e  (OF), p ressure  ( p s i ) ,  and en tha lpy  ( B t u l l b )  a t  t h e  e x i t  o f  each 
component f o r  a  4 - u n i t  a d i a b a t i c  CAES p l a n t  a t  des ign c o n d i t i o n s .  The 
computer ou tpu t  summary shows i n p u t  and ou tpu t  power o f  t h e  compressor and 
expander t r a i n s ,  as w e l l  as e l e c t r i c  energy r a t i o .  S t a t e  p o i n t s  correspond 
t o  those shown i n  F i g u r e  7-1. As mentioned p rev ious l y ,  EER i s  t h e  r a t i o  o f  
e l e c t r i c  charg ing  energy t o  e l e c t r i c  energy ou t  and i s  t h e  r e c i p r o c a l  o f  
s to rage  c y c l e  e f f i c i e n c y  f o r  t h e  a d i a b a t i c  CAES cycl 'e. The " r o u n d t r i p "  
hea t  r a t e  (BtuIkWh) i s  an i n d i c a t i o n  o f  t o t a l  e f f i c i e n c y  o f  t h e  u t i l i t y  
base l oad  p l a n t - s t o r a g e  p l a n t  p a i r  f o r  comparison t o  heat  r a t e s  o f  o the r  
peak ing p l a n t  types.  

Wi th  an e l e c t r i c  energy r a t i o  o f  1.477, t h e  equ i va len t  des ign p o i n t  s torage 
p l a n t  e f f i c i e n c y  i s  68 percen t .  Round t r i p  heat  r a te ,  us ing  g r i d  supp l i ed  
cha rg ing  power a t  10,000 BtuIkWh i s  t h e r e f o r e  14,770 BtuIkWh. Th i s  i s  
e q u i v a l e n t  t o  a  combined genera t ion  c y c l e  thermodynamic e f f i c i e n c y  o f  23 
percen t .  

OFF-DESIGN SENSITIVITY 

Whi le t h e  performance o f  t he  c y c l e  a t  des ign p o i n t  i s  known, i t i s  o f  i n -  
t e r e s t  t o  eva lua te  t h e  c y c l e  performance a t  o t h e r  than des ign c o n d i t i o n s .  
The two c o n d i t i o n s  i n v e s t i g a t e d  were: 

TES temperature v a r i a t i o n .  

a Ambient t e m p e r a t u r e v a r i a t i o n ,  



7.3.1 TES Temperature V a r i a t i o n  - The d ischarge  temperature o f  t he  TES 
beds d u r i n q  qene ra t i on  i s  a  t ime  dependent f u n c t i o n  which e x h i b i t s  a  
r a p i d  f a l l - o ' i f  i n  t he  l a t t e r  hours o f  t h e  cyc le .  The graph o f  
temperature behav io r  i s  s i m i l a r  t o  t h e  graph o f  t u r b i n e  ou tpu t  power 
over  t h e  c y c l e  p e r i o d  presented i n  F igu re  7-2, as temperature 
d i r e c t l y  a f f e c t s  power ou tpu t .  Output power and e l e c t r i c  energy 
r a t i o  a re  e s s e n t i a l l y  cons tan t  f o r  a  major p o r t i o n  (6  hours based 
upon MIT r e s u l t s ,  8+ hours based upon CEGB r e s u l t s )  o f  t h e  
gene ra t i on  p e r i o d  i n  a  10-hour c y c l e  (Tab le  7-2) .  Af terwards,  
d e c l i n i n g  TES d e l i v e r y  temperatures a f f e c t  power ou tpu t ,  w i t h  a  
r e d u c t i o n  t o  about 88 pe rcen t  o f  f u l l  power a t  t he  f u l l y  d ischarged 
s t a t e  (Tab le  7-3) based upon t h e  MIT r e s u l t s .  CEGB performance 
p r e d i c t i o n s  would i n v o l v e  a g rea te r  power ou tpu t  r e d u c t i o n  a t  t h e  
end o f  t h e  cyc le .  

The temperature f a l l - o f f  a t  the ciid o f  t he  TES clisct~dr.yt! perSiud, and 
consequent d rop  i n  power ou tpu t ,  must occur  t o  ensure thermal  
s t a b i l i t y  o f  t h e  TES system. F a i l u r e  t o  c y c l e  t h e  TES system 
th rough t h e  f i n a l  hours o f  t h e  c y c l e  e v e n t u a l l y  prevents  charg ing  o f  
t h e  system as TES d ischarge  temperature t o  s to rage  w i  11 r i s e  beyond 
accep tab le  1 i m i t s  ( temperature breakthrough)  l ong  be fo re  t h e  a i r  
s t o rage  system i s  f u l l y  charged. 

7.3.2 Ambient Temperature V a r i a t i o n  - The d ischarge  temperature,  f l o w  and 
p ressu re  o f  a  g i ven  compressor t r a i n  a re  a f f e c t e d  by changes i n  
i n l e t  temperature 'and pressure.  As i n l e t  p ressure  can- genera l  ly be 
accommodated b y  adjustment o f  a x i  a1 compressor i n  l e t  vane s e t t i n g s  
w i t h  t h e  s e l e c t e d  machine t r a i n ,  o n l y  temperature e f f e c t s  were 
examined. 

Ope ra t i on  o f  t h e  compressor t r a i n  w i t h  45°F and 0°F ambient tempera- 
t u r e s  produce f i n a l  d ischarge  and e f f i c i e n c y  c o n d i t i o n s  as f o l l o w s :  

A x i a l  A x i a l  
D ischarge  Discharge A i  r E l e c t r i c  

Temperature Pressure Mass Flow Energy 
( O F )  (psis> ( l b s l s e c )  R a t i o  

45 degree F ,809.9 254 718 1.533 

U degree F 768.7 306 791 2.072 

These r e s u l t s  a re  a l so  presented i n  F igu res  7-3 th rough 7-5 and 
Tables 7-4 and 7-5. 

Ambient temperature changes w i l l  n o t  a f f e c t  e i t h e r  t h e  h i g h  pressure 
machinery  o r  TES 2 because t h e  i n l e t  temperature t o  t h e  h i gh  pres-  
su re  compressors can be c o n t r o l l e d  by t h e  t r i m  coo le r .  Hence, t h e  
i n p u t  temperature t o  t h e  h i g h  p ressure  expanders d u r i n g  genera t ion  
i s  f i x e d .  However, lower  ambient temperatures would i n v o l v e  
inc reased  mass f l o w  through t h e  a x i a l  machinery. T h i s  would 



i nc rease  compressor i n p u t  power s u b s t a n t i a l l y  f o r  t he  0°F cond i t i on .  
These volumes, when compressed, would be d e l i v e r e d  a t  a  h i ghe r  a x i a l  
s e c t i o n  d ischarge  pressure as a  r e s u l t  o f  c e n t r i f u g a l  s e c t i o n  f l o w  
r e s i s t a n c e  c h a r a c t e r i s t i c s .  C e n t r i f u g a l  sec t  i o n  d ischarge  pressure 
would be unchanged. Thus, ope ra t i on  o f  t h e  a x i a l  compressor t r a i n  
a t  low i n l e t  temperature c o n d i t i o n s  r e s u l t s  i n  d ischarge  pressures 
t o  t h e  TES 1 p i p i n g  which, a t  some 300 ps ia ,  are w e l l  above design 
pressure.  

These r e s u l t s  suggested t h a t  i n l e t  a i r  p rehea t ing  must be incorpo-  
r a t e d  i n t o  t h e  a d i a b a t i c  c y c l e  t o  ma in ta i n  i n l e t  temperature a t  90°F 
and o p e r a t i n g  pressures w i t h i n  system des ign l e v e l s .  Th i s  can be 
accomplished by i n c o r p o r a t i n g  p a r t  o f  t h e  t r i m  c o o l e r  heat exchange 
su r f ace  i n  t h e  i n t a k e  duct  t o  t h e  a x i a l  compressor, p r o v i d i n g  regen- 
e r a t i v e  preheat ing.  

7.4 PART-LOAD PERFORMANCE 

The a d i a b a t i c  CAES p l a n t ,  i n  concept, i s  designed f o r  u t i l i t y  load  f o l l o w -  t 

i n g  and l e v e l i n g .  Th i s  t ype  o f  d u t y  w i l l  r e q u i r e  p a r t - l o a d  ope ra t i on  o f  
t h e  p l a n t .  Assuming f u l l y  charged thermal  and a i r  s to rage  systems, the  
o u t p u t  power f r om t h e  expander t r a i n  can be r e g u l a t e d  by t h r o t t l i n g  the  
mass f l ow .  F i g u r e  7-6 shows t h e  r e l a t i o n s h i p  between mass f l o w  and ou tpu t  
power o f  t h e  expander t r a i n  w i t h  a  comparison between performance p red ic -  
t i o n s  f rom Dresser  C la r k  and t h e  ad jus ted  c o n d i t i o n s  shown i n  Tables 7-6 
and 7-7. 

I n  t h e  event t h a t  ' f u l l  power i s  n o t  a v a i l a b l e  f rom t h e  u t i l i t y  t ransmiss ion  
system d u r i n g  compression, t h e  compressor t r a i n  w i l l  a l so  r e q u i r e  t h r o t -  
t l i n g  o r  be unable t o  operate.  F i g u r e  7-7 shows t h a t  a i r  f l o w  can be mod- 
u l a t e d  t o  67 pe rcen t  o f  f u l l  l oad  f l o w  w h i l e  m a i n t a i n i n g  r e q u i r e d  d ischarge  
p ressure  and avo id i ng  surge. Opera t ing  e f f i c i e n c y  a t  minimum f l o w  drops t o  
9 1  percen t  o f  des ign p o i n t  e f f i c i e n c y .  

7.5 GENERAL PERFORMANCE COMPARISON 

System performance over  t h e  f u l l  c y c l e  i s  represented by t h e  des ign p o i n t  
r e s u l t  (Table 7 - l ) ,  as t h i s  represen ts  a  t ime  weighted average ope ra t i ng  
c o n d i t i o n .  Thus, es t imated  average e l e c t r i c  energy r a t i o  i s  1.477, equiva- 
l e n t  t o  a  s to rage  c y c l e  e f f i c i e n c y  of' 68 pe rcen t  a t  the .  generator  te rmin -  
a l s .  I f  a  charg ing  p l a n t  heat  r a t e  i s  assumed such t h a t  a  round t r i p  c y c l e  ' 
e f f i c i e n c y  f o r  f u e l - f i r e d  CAES can be determined, a d i a b a t i c  CAES, f u e l -  
f i r e d  CAES and UPH c y c l e  e f f i c i e n c y  can be compared. Based upon a  charg ing  
p l a n t  heat  r a t e  o f  10,000 Btu/kWh, t h e  f o l l o w i n g  r e s u l t s :  



Round Trip Heat Total Cycle 
Rate, BtuIkWh Efficiency 

a Underground Pumped Hydro 13,200 26% 

e Fuel-Fired CAES 11,600 30% 

The effect of the low temperature restrictions of the near-term cycle are 
clearly shown in the above results. Although improvement of cycle effi- 
ciency can be realized through reduction of component losses or modest 
increases in operating temperatures, a major increase in efficiency (i.e., 
from 68 to 78 percent) should not be expected. 

7.6 CONTROLS CONCEPT 

The control concept for the compressor/expander equipment trains is an 
extension'of that employed on equipment with fewer components but no less 
complex from the operating point of view. Controls must function to pro- 
vide for starting, operating, and stopping the equipment in a safe, 
reliable manner. The controls must monitor the rotating and accessory 
equipment, process equipment, process valves, and operating parameters to 
provide the operator and automatic control equipment the information 
essential 'for the proper modulation of sequential control functions. 
Detailed controls design would include consideration of the requirements 
peculiar to each component and the integration of these requirements into 
an overall control scheme. This section presents only an overview of the 
required controls and methods of operation. 

7.6.1 General - Drawing Figure 7-8 is a block diagram of the major equip- 
ment components and functional valve requirements. Approximate 
design pressure, flow, and temperature for each component is noted. 
This diagram is simplified for clarity and provides a basis for the 
following description. Anti-surge controls are not shown, nor is 
attention focused on the motor, motor/generator or clutch controls. 

7.6.2 System Operation - Generation Mode - For this description, the 
assumption is made that the air storage cavern is pressurized, and 
the thermal energy storage systems are charged. 



7.6.2.1 Component Cond i t i on  o r  P o s i t i o n  - P re -S ta r t  

( 1 )  A u x i l i a r y  systems o p e r a t i n g  ( l u b e  o i l )  and a l l  m o n i t o r i n g  
systems i n  o rder .  

( 2 )  Tu rn ing  gear (TG-2) o p e r a t i n g  

(3 )  C lu t ch  2  engaged 

( 4 )  C lu t ch  1 disengaged 

(5 )  M V - 1  on autospeed c o n t r o l  

( 6 )  B lock va lves  

a) BV-1 c l o s e d  
b )  BV-2 c losed  
c )  BV-3 open 

, d )  BV-4 c losed  
e )  BV-5 c l osed  

f )  BV-8 c l o s e d  
g )  60-1, BO-2, 80-3 open 
h)  ' .  80-4 open 

7.6.2.2 S t a r t  Sequence 

(1.) Close BO-4, open BV-2 

( 2 )  Open BV-1 

( 3 )  Righ t  p o r t i o n  o f  t r a i n  t u r n s  ( d r i v e n  by GTHR 8, 108110)-TG-2 
disengages and i s  de-energized. 

( 4 )  U n i t  acce le ra tes  t o  synchronous speed (3600 rpm) 

( 5 )  M V - 1  modulates expander f l o w  t o  r e g u l a t e  speed. 

( 6 )  Generator sw i t ch  gear, e x c i t a t i o n ,  e tc .  i n  o rde r  and 
synchron izer  c loses  breaker  t o  t h e  l i n e .  

S ta r t - up  o f  t h e  t u r b i n e  system i s  expected t o  be r e l a t i v e l y  
s imp le  w i t h i n  a  s h o r t  p e r i o d  a f t e r  compressor opera t ion .  A i r  a t  
e l eva ted  temperature w i  11 be avai  1  ab le  w i t h i n  seconds o f  s t a r t - up .  
However, if t h e  a i r  i n  t h e  p i p i n g  has coo led  s i g n i f i c a n t l y ,  
t u r b i n e  exhaust temperature and p o s s i b l y  i c e  f o rma t i on  w i l l  l i k e l y  
l i m i t  l oad ing  o f  t h e  t u r b i n e  f o r  t h e  t ime  r e q u i r e d  t o  t r a n s p o r t  
f u l l y  heated a i r  f rom t h e  TES caverns t o  t h e  t u r b i n e ,  est imated a t  
some .15 minutes a t  f u l l  f l o w  ra te ,  f o r  a  s i n a l e  t u r b i n e  u n i t .  
Acceptance o f  f u l l  l oad  should be v e r y  r a p i d  a f t e r  f u l l y  heated 
a i r  becomes a v a i l a b l e ,  as thermal  g r a d i e n t s  i n  t h e  machinery 
should be r e l a t i v e l y  low. 



7.6.2.3 Operat ion - M V - 1  i s  opened t o  accommodate l o a d '  requirements 
according t o  e l e c t r i c a l  output  ins t rumenta t ion .  

Dur ing  operat  ion, the  process and equipment items and parameters 
are moni tored t o  sense mal funct ions,  such as loss  o f  lube pres- 
sure, h igh  v i b r a t i o n s ,  valves out  o f  p o s i t  ion, h igh  temperatures, 
ou tpu t  cu r ren t  reversa l ,  e tc .  Dependent on the  mal func t ion  or  out 
o f  l i m i t  parameter, an alarm o r  alarm and shutdown would be auto- 
m a t i c a l  l y  i n i t i a t e d .  

'7.6.2.4 Shutdown - Normal 

(1) Decrease output  t o  minimum by means o f  MV-1. 

( 2 )  Upen generator  ou tpu t  breaker.  

( 3 )  Cool down as requi red.  

(4 )  Close BV-1 .  

( 5 )  A f t e r  coast  down c lose BV-2 and BV-3. 

(6 )  Energize t u r n i n g  gear TG-2. 

7.6.2.5 Shutdown - Abnormal - An abnormal Shutdown would be one i n i t i a t e d  
b.y a  mon i to r i ng  system sensing a  s i t u a t i o n  which would cause 
ex tens ive  equipment damage i f  operat  i o n  were sustained. One 
example would be loss  o f  l u b r i c a t i n g  o i l .  I n  such an event, an 
abnormal shutdown i n  the  most exped i t ious  manner takes place. 
This  cons i s t s  o f  c l o s i n g  the  expander c o n t r o l  and b lock valves 
(BV-1, BV-3, M V - 1  and valves no t  shown f o r  t he  low pressure 
expanders - GTHR-10) . The generator breaker should remain closed 
so t h a t  t h e  generator w i l l  a c t  as a brake. Upon sensing a  cu r ren t  
r e v e r s a l  s i g n i f y i n g  a  l oss  o f  d r i v i n g  torque, t he  generator 
breaker should be opened: 

An e l e c t r i , c a l  f a u l t  causing opening o f  t he  generator breaker i s  an 
abnormal c o n d i t i o n  r e q ~ ~ i r i n g  immedi a.t.e rernnval o f  t he  d r i v i n g  
to rque t o  prevent  excessive overspeed. Valve c losure  would be 
s i m i l a r  t o  t he  case above. However, a  comprehensive ana lys is  o f  
t he  system dynamics would be requ i red  t o  determine the  sequence o f  
ac t i ons  requ i red  e i t h e r  t o  keep the  u n i t  opera t ing  o r  t o  shut down 
t h e  u n i t  w i thou t  overspeed. Such an ana lys is  would enable f i n a l  
p i p i n g  and v a l v i n g  design. 



7.6.3 System Operat ion - Compression Mode - I n  the  compression mode, both 
comoressor t r a i n s  must operate. The low pressure t r a i n  i s  s t a r t e d  
as 'in the  generat ion mode by means o f  the  'expanders GTHR-10, 10 and 
8. The s ta r t -up  concept f o r  the  h igh  pressure t r a i n  i s  t o  use the  
bus connections and e x c i t a t i o n  o f  t he  motors o f  both t r a i n s  i n  a 
back-to-back runup o f  t he  compressor system. This approach i s  
unusual bu t  i s  feas ib le .  The method has been used i n  s t a r t i n g  
pumped storage u n i t s  and was used f o r  t he  f i r s t  s t a r t u p  o f  t he  
Huntor f  CAES p l a n t  compression system. Fur ther  ana lys is  i s  requ i red  
t o  con f i rm  s u i t a b i l i t y  o f  t h i s  approach f o r  d a i l y  use. The 
a1 t e r n a t i v e s  are use o f  e i t h e r  a s t a t i c  ( v a r i a b l e  frequency) 
s t a r t i n g  system o r  an a i r  s t a r t - u p  t u r b i n e  i n  t he  c e n t r i f u g a l  t r a i n  
(shown i n  ~ i g u r e  7-8) .  

When the  u n i t s  are up t o  speed, t he  d r i v e  motors are synchronized 
and the  expanders are disengaged by means o f  c l u t c h  2. As i n  t he  
generat ion mode, a1 1 a u x i l i a r y  equipment must be opera t ing  and a1 1 
s t a r t  i n h i b i t i n g  c i r c u i t r y  must be i n  order.  An advantage o f  us ing 
t h e  separate s ta r t -up  t u r b i n e  arrangement shown i s  such t h a t  e i t h e r  
t r a i n  may be operated independently f o r  t e s t  and check ou t  pur- 
poses. 

7.6.3.1 Pre-Star t  Cond i t ion  

(1) Compressor heat ing  system on and main ta in ing  requ i red  
p r e - s t a r t  temperature 

(2 )  ' Turn ing Gears (TG-1, TG-2) opera t ing .  

(3 )  Clutches 1 and 2 engaged. 

(4 )  M V - 1  on auto speed c o n t r o l .  

(5 )  S ta to r  vanes on AGr 11/16 compressors i n  s t a r t  pos i t i on .  

( 6 )  Block and b low-o f f  va lves se t .  

a) BV-1, BV-2, BV-4, BV-5, BV-8 c losed 
b )  BV-3 open 
c )  80-2, 80-3, 80-4 open 
d)  80-1 open ' 

e )  MV-2 on 3-speed c o n t r o l  
f )  BV-5 c losed 



7.6.3.2 Start Sequence 

(1) Close 80-4, BV-2 open 

(2) BV-1 open 

(3) Entire train rotates (driven by GTHR 8, 10 & 10) TG-1 & TG-2 
disengage and are de-energized. 

(4) Unit accelerates to synchronous speed and motors are 
synchronized. 

(5) Move AGr 11/16 stator vanes to minimum run position. 

(6) Close BV-1, BV-2, and BV-3. 

(7) Open 80-4. 

The low pressure train and high pressure train are now operating 
at reduced pressure with blow-off to atmosphere. At this time, 
the pressure in TES 1 is unknown, but depending on volume, etc., 
should be less than 225 psia and more than 100 psia. 

The high pressure train will be operating at or near design 
pressure ratio but at reduced pressure. 

7.6.3.3 L,oad Sequence 

(1) Open BV-8 (CV-2 may or may not open, dependent on pressure in 
TES 1) 

( 2 )  Open BV-4 (CV-3 will close) 

(3) Close BO-2 (Ratio across AGR 11/16 cnrnpressor rises) 

(4) Close BO-3 (Ratio across low pressure train rises) 

(5) Open BV-5 

(6) Close BO-1 (See note on auto control) 

Note: Anti-surge control action on valves is not shown. 

When the compressors are operating, automatic ant i-surge controls 
control 1 ing blow-off val ve(s) wi 1 1  maintain the compressors in the 
stable operating area. The above loading sequence i 1 1  ustrates the 
method of loading without complicating 'the explanations. At 
step (6) the valve BO-1 could not be closed for the overall 
compression ratio would be low due to the minimum run position of 



the  s t a t o r  vanes i n  t he  f i r s t  stage a x i a l  compressors. The 
compressor d ischarge pressure c a p a b i l i t y  would be less  than the  
pressure downstream o f  C8-1 and the  u n i t s  would be dead ended. 
With the  understanding t h a t  b low-o f f  i n  t he  app rop r ia te  stages 
would be au tomat i ca l l y  c o n t r o l l e d  t o  prevent  surge, t he  load ing  
sequence i s  cont inued. 

( 7 )  Open the  v a r i a b l e  s t a t o r  vanes on the  f i r s t  stage compressors 
f rom t h e  minimum r u n  p o s i t i o n .  

(8)  With t h e  opening o f  t he  vanes the  d ischarge pressure w i  11 
r i s e .  When the  d ischarge pressure exceeds t h a t  o f  TES 2, t he  
d ischarge check va lve  C V l l  w i l l  open and the  u n i t s  w i l l  be 
ope ra t i ng  i n  t h e  compression mode. 

7.6.3.4 Operat ion - With t h e  opening o f  t h e  s t a t o r  vanes i n  t h e  f i r s t  
s tage compressors and the  d ischarge check va l ve  (CV-I), t h e  charg- 
i n g  phase i s  ope ra t i ona l .  The system i s  d i scha rg ing  i n t o  a  system 
which should present  e s s e n t i a l l y  a  constant  res i s tance  due t o  the  
compensating r e s e r v o i r .  Volume f l o w  should remain cons tant  and 
mass f l o w  w i l l  va ry  w i t h  ambient temperature. Flow c o n t r o l  i s  
pe rm iss ib le  w i t h i n  t h e  o v e r a l l  ope ra t i ng  l i m i t s  ( e . ,  combined 
compressor and motor capabi 1  i t y )  . 

7.6.4 Shutdown - Normal - Abnormal o r  emergency s i t u a t i o n s  on e ' i t he r  
compression t r a i n  w i  11 cause a  t o t a l  compressor system shutdown 
( i  .e., bo th  t r a i n s ) .  

I n  t h e  event o f  a  ma l func t i on  shutdown, t he  o b j e c t  i s  t o  prevent  
compressor surge and t o  coast  down i n  an o r d e r l y  fashion.  To accom- 
p l i s h  t h i s ,  r a p i d  ven t i ng  o f  se lec ted  sec t ions  o f  t h e  system i s  
e s s e n t i a l .  O v e r r i d i n g  o f  t h e  automatic an t i -surge c o n t r o l s  upon 
r e c e i p t  o f  t he  shutdown s i g n a l  i s  normal t o  e f f e c t  r a p i d  blowdown. 
T o t a l  system and s e c t i o n a l  volumes d i c t a t e  the  va l ve  placement and 
s i z i n g  c r i t e r i a .  Upon complet ion o f  blowdown, t h e  e n t i r e  compres- 
s i o n  p i p i n g  system i s  de-pressurized, w i t h  t h e  except ion  o f  TES 1 
and TES 2, and t h e  s to rage cavern i s  b locked i n  by c l o s i n g  BV-5. 
Both t r a i n s  would be p laced on t u r n i n g  gear unless t h e  ma l func t i on  
was l oss  o f  lube o i l .  

7.6.5 Ant i-Surge Con t ro l s  - A x i a l  and c e n t r i f u g a l  compressors are sub jec t  
t o  a  phenomenon known as surge. Surge occurs when the  r e l a t i o n s h i p  
o f  f l o w  t o  pressure r i s e  d imin ishes  -such t h a t  compressor ope ra t i on  
e n t e r s  a  reg ion  o f  i n s t a b i l i t y .  Th i s  reg ion  l i e s  above and t o  t h e  
l e f t  o f  t he  surge l i n e  shown on t h e  compressor performance curve o f  
F i g u r e  7-7. Cont ro ls  are i nco rpo ra ted  t o  sense the  approach o f  
surge cond i t i ons ,  and b low-o f f  va lves are modulated t o  reduce t h e  



e f f e c t i v e  d ischarge res i s tance  o f  t he  compressor system. Minimum 
f l o w  i s  main ta ined such t h a t  t he  system opera t i ng  p o i n t  remains t o  
t h e  r i g h t  o f  t h e  surge l i n e .  

Flow i s  sensed by measuring t h e  i n l e t  pressure drop i n  t h e  a x i a l  
compressors and i n s e r t i n g  a  f low element i n  t h e  suc t i on  p i p i n g  o f  
t h e  c e n t r i f u g a l  compressors. Pressure r i s e  t r a n s m i t t e r s  are used t o  
measure t h e  pressure  r i s e  across t h e  machines. Ant i -surge c o n t r o l -  
l e r s  compute ope ra t i ng  r e l a t i o n s h i p s  and modulate t h e  b low-o f f  
valves, some o f  which are n o t  shown. 

7.6.6 P r o t e c t i v e  Ins t rumen ta t i on  - Ins t rumen ta t i on  i s  i n s t a l l e d  on each 
component t o  sense lube o i  1  pressures, bear ing  temperatures, v i  bra-  
t ion, and d ischarge temperatures. A1 arms i n d i c a t e  approach t o  out  
n f  1 imi t .  npe ra t  i n g  c n n d i t  ions ,  and gross d e v i a t i o n s  cause shutdown 
when machine i n t e g r i t y  i s  threatened. Operat ing c o n d i t i o n s  would be 
i n d i c a t e d  on an o v e r a l l  c o n t r o l  panel t o  permi t  mon i to r i ng  o f  
machine and t o t a l  system performance. P rov i s ions  f o r  i n t e r l o c k  and 
emergency shutdown caused by  cavern water l e v e l  alarms and o the r  
p l a n t  c o n d i t i o n s  would a lso  be incorpora ted  i n  t h e  c o n t r o l  system. 

7.6.7 Valves - Valves w i l l  be h y d r a u l i c a l l y  operated f o r  speed o f  opera- 
t i o n  where requ i red .  

7.6.8 I n i t i a l  P l a n t  S t a r t u p  - I n i t i a l  s t a r t - u p  presents some d i f f i c u l t i e s  
which must be addressed i n  t h e  p r e l i m i n a r y  eng ineer ing  phase. These 
stem f rom the  f a c t  t h a t  when t h e  p l a n t  i s  f i r s t  completed, t he re  i s  
no supp ly  o f  s t o r e d  a i r  i n  t h e  underground caverns which can be used 
t o  opera te  t h e  t u r b i n e s .  The design o f  t h e  o i  1 - f i r e d  system 
conce ivab ly  a1 lowed development o f  a  smal l  a i r  cushion through 
c a r e f u l  f i 11 fng  o f  t h e  lower r e s e r v o i r  w i t h  compensating water.  
T h i s  approach presented some r i s k  and c o n t r i b u t e d  t o  t h e  dec i s ion  t o  
i n c o r p o r a t e  a  s t a t i c  ( v a r i a b l e  frequency) s t a r t i n g  system i n t o  t h e  

* o i l - f i r e d  p l a n t  design. 

The development o f  a " s t a r t i n g  cushion" w i t h  t h e  ad iaba t i c  system i s  
n o t  poss ib le ,  as i t  would . i n v o l v e  pa r t i . a l  f l o o d i n g  o f  t h e  h igh  
pressure  TES cavern. P o t e n t i a l  op t i ons  are charg ing  o f  t he  cavern 
us ing  mobi l e  r e n t a l  h i g h  pressure compressors, i n s t a l  1  a t  i o n  o f  the  
s t a t i c  s t a r t i n g  system o r  use o f  an i s o l a t e d  t ransmiss ion  
back-to-back s t a r t  as employed a t  Huntor f .  

7.6.9 A d d i t i o n a l  Cons idera t ions  - The degree o f  automation i n  t h e  opera- 
t i o n  o f  compression o r  genera t ing  equipment may be smal l  o r  la rge .  
As stated,  t h e  c o n t r o l s  must f u n c t i o n  t o  p rov ide  f o r  s t a r t i n g ,  
opera t ion ,  and shutdown i n  a  sa fe  r e l i a b l e  manner. As a  minimum, 



t he  c o n t r o l s  must be automatic t o  p r o t e c t  the  equipment where r a p i d  
a c t i o n  i s  requ i red  and opera tor  response cannot be assured. Such i s  
t h e  case when equipment ma l func t i on  necess i ta tes  an abnormal 
shutdown. The s t a r t - s t o p  opera t ion  may be semi-automatic o r  f u l l y  
automatic.  I n  e i t h e r  event, t h e  sequence must be moni tored t o  
i n h i b i t  t h e  nex t  s tep  i f  a  prev ious one has no t  been s a t i s f i e d .  
Thus, opera tor  ac t i ons  w i l l  be i n h i b i t e d  i f  app l i ed  t o  an 
i napprop r i  a te  t ime  i n  the  sequence. D e t a i l e d  c o n t r o l s  design w i  11 
be a  s i g n i f i c a n t  e f f o r t  even though i t  w i l l  be accumulat ive f o r  each 
t r a i n  component and accessory equipment and systems. 



T a b l e  7 -1  

CAES PLANT THERMODYNAMIC ANALYSIS 
ACAES STUDY - BNL 

ACAES DESIGN POINT 

COMPRESSION 

COMPONENT NO. 1 2 3 4 5 6 7 8 9 10 
COMP. NAME l NLET COMPR PIPE COMPR PIPE VALVE PIPE HEATX PIPE VALVE 

FLOW, LB/S 2600.0 2600.0 2600.0 2600.0 2600.0 2600.0 2600.0 2600.0 2600.0 2600.0 
TEMP, F 90.0 494.6 494.6 877.9 877.9 877.9 877.9 455.0 455.0 455.0 
PRES, PSlA 14.2 78.0 77.8 221.3 220.7 220.7 221.2 216.2 214.1 214.1 
H, BTU/LB 131.5 229.5 229.8 327.5 327.5 327.5 327.5 219.6 219.6 219.6 

COMPONENT NO. 12 13 14 15 16 17 18 19 2 0 2 1 
COMP. NAME PIPE HEATX COMPR PIPE COMPR PIPE VALVE PIPE ' HEATX PIPE 

FLOW, LB/S 2600.0 2600.0 2600.0 2600.0 2600.0 2600.0 2600.0 2600.0 2600.0 2600.0 
TEMP, F 455.0 236.0 46 1.4 461.4 830.0 830.0 830.0 830.0 125.0 125.0 
PRES, PSlA 210.2 206.2 453.5 452.5 1216.3 1201.3 1201.2 1201.5 1209.5 1263.0 
H, BTU/LB 2 19.6 165.6 220.9 220.9 315.4 315.4 315.4 315.4 133.7 133.5 

GENERATION 

COMPONENTNO, 22 2 3 24 2 5 2 6 2 7 28 2 9 3 0 3 1 
COMP. NAME CAVRN HEATX PIPE HEATX PIPE VALVE PIPE PIPE VALVE TURBH 

V 

f-l FLOW, LB/S 3 120.0 3120.0 3120.0 3 120.0 3120.0 3120.0 3120.0 3 120.0 3 120.0 31 20.0 
* TEMP, F 125.0 100.0 100.0 80  5.0 805.0 80  5.0 805.0 805.0 805.0 437.9 

PRES, PSlA 1263.0 1263.0 1188.4 . 1184.4 1148.4 1148.3 1125.7 1125.2 11 10.6 237.9 
H, BTU/LB 133.5 126.9 127.3 308.8 308.8 308.8 308,9 308.9 308.9 21 5.3 

COMPONENT NO, 33 ' 3 4 3 5 3 6 37 3 8 39 4 0 4 1 
COMP. NAME VALVE PIPE HEATX PIPE VALVE P l PE PIPE VALVE T URB N 

FLOW, LB/S 3120.0 
TEMP, F 437.9 
PRES, PSlA 237.5 
H, BTU/NLB 215.3 

COMPRESSOR FOWER, MW 
1 276.61 
2 274.76 
3 156.07 
4 266.36 

TOTAL 973.7!T 

MOISTURE REMOVED, LB/S 
1 0.00 
2 0.00 

TURBINE POWER, MW 
1 300.26 
2 501.93 
3 0.00 
4 0.00 

SUMMARY: DAILY STORAGE CYCLE 

FUEL CONSUMPTION, LB/S 
1 0.00 
2 0.00 
3 0.00 
4 0.00 

TOTAL 0.06 

11 
PlPE 

3 2 
P lPE 

ELECTRIC ENERGY RATIO (KWHR IN/KWHR OUT) = 1.477 COMPRESSION TIME/GENERATION T I M E  = 1.22 
SPEC l F l C FUEL CONSUMPT I ON, BTU/KWI4R = 0.0 AIR FLOW TO STORAGE CAVERN, LB/S = 2600.0 
QIROUNDTRIPU HEAT RATE, BTU/KWHR = 14773.7 AIR FLOW FROM STORAGE CAVERN, LB/S = 3120,O 
HEAT ING VALUE OF FUEL, BTU/LB = 0.0 STORAGE PRESSURE, PSlA = 1263.0 
AIR STORED, M LB/DAY = 93,600 COMPRESSION T (ME, HRS = 10.00 
AIR LEAKAGE, MM LB/DAY = 1.310 



T a b l e  7 - 2  

C A E S  P L A N T  THERMODYNAMIC A N A L Y S I S  
ACAES STUDY - PNL  

D I S C H A R G E  B E G I N N I N G  

COMPRESSION 

COMPONENT NO. 1  
COMP. NAME I N L E l  

2  3  4  5  6  7  
COMPR P I P E  COMPR P I P E  V A L V E  P I P E  

8  9  1 0  
HEATX P I P E  V A L V E  

1 1  
P l P E  

FLOW, L B / S  2 6 0 0 . 0  
TEMP, F  90.0 
PRES,  P S l A  14 .2  
H ,  B T U / L B  1 3 1 . 5  

COMPONENT NO. 1 2  
COMP. NAME P I P E  

1 3  1 4  1 5  ! 6 1 7  1 8  
H E A T X  COM?R P I P E  COMPR P I P E  V A L V E  

1 9  2  0 2  1 
P I P E  HEAT X P I P E  

FLOW, L B / S  2 6 0 0 . 0  
TEMP, F  4 5 5 . 0  
PRES,  P S l A  2 1 0 . 2  
H ,  B T U / L B  2 1 9 . 6  

G E N E R A T I O N  

COMPONENT NO. 2 2  
COMP. NAME CAVRN 

2  3 2 4  2  5  2 6  2  7  2 8  
HEAT  X P I P E  H E A T X  P I P E  V A L V E  P I P E  

2 9  3  0 3  1  
P  l P E  V A L V E  T U R B N  

3  2  
P l P E  

w 
I .  FLOW, L B / S  
4 TEMP, F  

PRES,  P S l A  
H,  B T U / L B  

COMPONEiNT NO. 
COMP. NAME 

33 
V A L V E  

3 4  
P l P E  

3 5  
H E A T X  

3 6  
P l P E  

3 7  
V A L V E  

3 8  
P l P E  

3 9  
P l P E  

4 0  4  1  
V A L V E  T U R B N  

FLOW, L B / S  
TEMP, F  
P R E S ,  P S l A  
H, B T U f L B  

3  l 2 O!. 0 
8 7 7 . 0  
233,. 3 
3 2  7.2 

M O I S T U R E  REMOVED, L B / S  
1  0.00 
2 0.00 

T U R B I N E  POWER, MW 
1 3 0 6 . 4 5  
2 5 0 7 . 8 3  

FUEL  CONSUMPT I O N ,  L B / S  
1  0 . 0 0  
2  0 . 0 0  
3  0.00 
4 0 . 0 0  

T O T A L  0.00 

COMPRESSOR POWER, MW 
1 2 7 6 . 6 1  
2  2 7 4 . 7 6  
3  1 5 6 . 0 7  
4  2 6 6 . 3 6  

T O T A L  9 7 3 . 7 9  

3 0.00 
4 0.00 

T O T A L  0.00 

SUMMARY: D A I L Y  STORAGE C Y C L E  

E L E C T R I C  ENERGY R A T I O  (KWHR IN/KWHR O U T )  = 1 . 4 5 5  
S P E C I F I C  F U E L  CONSUMPTION,  BTU/KWHR = 0.0 
"ROUNDTR I PI1 HEAT RATE,  B T  U/KWHR = 1 4 5 5 4 . 5  
H E A T I N G  VALUE OF FUEL,  B T U / L B  = 0.0 
A I R  STORED, M L B / D A Y  = 9 3 , 6 0 0  
A I R  LEAKAGE,  MM L B / D A Y  = 1 . 3 1 0  

COMPRESSION T I M E / G E N E R A T I O N  T I M E  = 1 . 2 2  
A I R  FLOW TO STORAGE CAVERN,  L B / S  = 2 6 0 0 . 0  
A I R  FLOW FROM STORAGE CAVERN,  L B / S  = 3 1 2 0 . 0  
STORAGE PRESSURE,  P S l A  = 1 2 6 3 . 0  
COMPRESSION T I M E ,  HRS = 1 0 . 0 0  



T a b l e  7 - 3  

CAES PLANT THERMODYNAMIC ANALYSIS 
ACAES STUDY - PNL 
DISCHARGE ENDING 

COMPRESSION 

COMPONENT NO. 1 2 3 4 5 6 7 8 9 10 
COMP. NAME INLET COMPR PIPE COMPR PIPE VALVE PIPE HEATX PIPE VALVE 

FLOW, LB/S 2600.0 2600.0 260 0.0 2600.0 2600.'0 2600.0 2600.0 2600.0 2600.0 2600.0 
TEMP, F 90.0 494.6 494.6 877.9 877.9 877.9 877.9 455.0 455.0 455.0 
PRES, PSlA 14.2 78.0 77.8 221.3 220.7 220.7 221.2 216.2 214.1 21 4.1 
H, BTU/LB 131.5 229.8 229.8 327.5 327.5 327.5 327.5 219.6 219.6 219.6 

COMPONENT NO. 12 13 14 15 16 17 18 19 2 0 2 1 
COMP. NAME PIPE HEATX COMPR PIPE COMPR PIPE VALVE PIPE HEATX PIPE 

FLOW, LB/S 2600.0 2600.0 2600.0 2600.0 2600.0 2600.0 2600.0 2600.0 2600.0 2600.0 
TEMP, F 455.0 236.0 461.4 461.4 830.0 830.0 830.0 830.0 125.0 125.0 
PRES, PSlA 210.2 206.2 453.5 452.5 1216.3 1201.3 1201.2 121 3.5 1209.5 1263.0 
H, BTU/LB 219.6 165.6 220.9 220.9 315.4 315.4 315.4 315.4 133.7 133.5 

GENERAT l ON 

COMPONENT NO, 22 23 24 2 5 26 2 7 2 8 29 30 9 1 
COMP. NAME CAVRN HEAT X P l PE HEATX PIPE VALVE P IPE P IPE VALVE TURBN 

FLOW, LB/S 3 120.0 
I TEMP, F 
4 

125.0 
PRES, PSlA 1263.0 
H, BTU/LB 133.5 

COMPONENT NO,. 33 
COMP. NAME VALVE 

FLOW, LB/S 3120.0 
TEMP, F 250.7 
PRES, PSlA 238.6 
H, BTU/LB 169.1 

3120.0 
100.0 

1263.0 
126.9 

34 
P l P E  

3120.0 
250.7 
240.2 
169.1 

3120.0 
100.0 

1188.4 
127.3 

3 5 
HEATX 

3 120.0 
708.0 
235.2 
283.6 

3120.0 
548.0 

1145.4 
242.6 

3 8 
P l P E  

31 20.0 
708.0 
233.2 
283.6 

3120.0 
548.0 

1127.4 
242.6 

39 
P l P E  

3120.0 
708.0 
232.7 
283.6 

3120.0 
548.0 

1126.9 
24 2.6 

40 
VALVE 

3120.0 
708.0 
230.7 
283.6 

3120.0 3120.0 
54 8.0 250.7 

11 15.3 238.9 
242.6 169.1 

4 1 
TURBN 

3120.0 
151.1 

15.2 
146.1 

COMPRESSOR POWER, MW MOl STURE REMOVED, LB/S TURBINE POWER, MW FUEL CONSUMPTION, LB/S 
I 276.61 1 0.00 1 235.73 1 0.00 
2 274 . 76 2 0.00 2 441.23 2 0.00 
3 156.07 3 0.00 
4 266.36 4 0.00 

TOTAL 973.79 TOTAL 0.00 

3 0.00 
4 0.00 

TOTAL 676.95 

3 0.00 
4 0.00 

TOTAL 0.00 

SUMMARY: DAILY STORAGE CYCLE 

ELECTRIC ENERGY RATIO (KWHR IN/KWHR OUT) = 1.751 COMPRESSION TlME/GEflERATION TIME = 1.22 
SPEC l F LC FUEL CONSUMPT I ON, BTU/KWtiR = 0.0 AIR FLOW TO STORAGE CAVERN, LB/S = 2600.0 
"ROUNDTR I P "  HEAT RATE, BTU/KWHR = 17507.0 AIR FLOW FROM STORAGE CAVERN, LB/S = 3120.0 
HEAT ING VALUE OF FUEL, BTU/LB = 0.0 STORAGE PRESSURE, PSlA = 1263.0 
AIR STORED, M LB/DAY = 93,600 COMPRESSION TIME, HRS = 10.00 
AIR LEAKAGE, MM LB/DAY = 1.310 

1 1  
P lPE 

32 
P l P E  



T a b l e  7-4 

CAES PLANT THERMODYNAMIC ANALYSIS 
ACAES STUDY - PNL 

75 PERCENT DESIGN FLOW 

COMPRESS l ON 

COMPONENT NO. 1 2 3 4 5 6 7 8 9 10 I I 
COMP. NAME INLET COMPR P lPE COMPR P I P.E VALVE PIPE HEAT X PIPE VALVE PIPE 

FLOW, LE,/S 
TEMP, F 
PRES, PSlA 
H, BTU/LB 

COMPONENT NO. 
COMP. NAME 

FLOW, L&/S 
TEMP, F 
PRES, PSlA 
H, BTU/LB 

2600.0 
90.0 
14.2 

131.5 

12 
P lPE 

2600.0 
455.0 
2 10.2 
219.6 

2600.0 2600.0 
494.6 494-6  

78.0 77.8 
229.8 229-8  

13 14 
HEATX COMF R 

3600.0 2600.0 
236.0 46 1.4 
206.2 453.5 
165.6 220.9 

2600.0 
877.9 
22 1.3 
327.5 

15 
P lPE 

2600.0 
461.4 
452.5 
220.9 

2600.0 2600.0 
877.9 877.9 
220.7 220.7 
327.5 327.5 

16 17 
COMPR PIPE 

2600.0 2600.0 
830.0 830.0 

1216.3 1201.3 
315.4 315.4 

GENERATION 

2600.0 
877.9 
221.2 
327.5 

18 
VALVE 

2600.0 
830.0 

1201.2 
315.4 

2600.0 
455.0 
216.2 
219.6 

19 
P lPE 

2600.0 
830.0 

1213.5 
315.4 

2600.0 
455.0 
214.1 
219.6 

2 0 
HEAT X 

2600.0 
125.0 

1209.5 
133.7 

2600.0 2600.0 
455.0 455.0 
214.1 213.7 
219.6 219.6 

2 1 
P lPE 

2600.0 
125.0 

1263.0 
133.5 

COMPONENT NO. 22 2 3 24 25 . 2 6 27 2 8 29 3 0 3 1 3 2 
COMP. NAME CAVRN HEATX P I P E .  HEATX PIPE VALVE PIPE PIPE VALVE TURBN PIPE 

u FLOW, LB/S 2340.0 
TEMP, F 125.0 

u PRES, PSlA 1263.0 
H ,  BTU/LB 133.5 

COMPONENT NO. 33 
COMP. NP.ME VALVE 

34 
P lPE 

3 5 
HEAT X 

3 6 
P lPE 

37 
VALVE 

3 8 
P I P E ,  

39 
P lPE 

4 0 
VALVE 

4 1 
TURBN 

FLOW, LB/S 2340.0 
TEMP, F 440.4 
PRES, PSlA 179.2 
H, BTU/LB 216.1 

COMPRESSOR POWER, MW MOISTURE REMOVED, LB/S TURBINE POWER, MW FUEL CONSUMPTION, LB/S 
1 1 276.61 1 0.00 1 224.09 0.00 

2 274.76 2 0.00 2 346.51 2 0.00 
3 156.07 3 0.00 3 0.00 3 0.00 
4 266.36 4 0.00 4 0.00 4 0.00 

7- TOTAL 0.00 TOTAL 570.60 T O T A L  0;OO 

SUMMARY: DAILY STORAGE CYCLE 

ELECTRIC ENERGY RATIO (KYHR IN/KWHR OUT) = 1.558 COMPRESS ION T IME/GENERAT I ON T'IME = .9 1 
SPECIFIC FUEL CONSUMPTIOU, BTU/KWHR = 0.0 AIR FLOW T O  STORAGE CAVERN, LB/S = 2600.0 
IBROUNDTR I PIo HEAT RATE, BT U/KWHR = 15577.7 AIR FLOW FROM STORAGE CAVERN, LB/S = 2340.0 
HEATING VALUE OF FUEL, B;U/LB = 0.0 STORAGE PRESSURE, PSlA = 1263.0 
AIR STORED, M LB/DAY = 93,600 COMPRESSION TIME, HRS = 10.00 
AIR LEAKAGE, MM LB/DAY = 1.310 
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CAES PLANT THERMODYNAMIC ANALYSIS 
ACAES STUDY - PNL 

50 PERCENT DESIGN FLOW 

COMPRESS l ON 

COMPONENT NO. I 2 3 4 .  5 6 7 8 9 10 
COMP. NAME I MLET COMPR PIPE COMPR PIPE V A L V E  PIPE H E A T X  PIPE V A L V E  

FLOW, LB/S 2600.0 2600.0 2600.0 2600.0 , 2600b0 2600.0 2600.0 2600.0 2600.0 2600.0 
TEMP, F 90.0 494.6 494.6 877.9 877.9 877.9 877.9 455.0 455.0 455.0 
PRES, PSlA 14.2 78.0 77.8 221.3 220.7 220.7 221,2 216.2 214.1 214.1 
H, BTU/LB 131.5 229. 8 229.8 327.5 327.5 327.5 327.5 219.6 219.6 219.6 

COMPONENT NO. 12 13 I I 15 16 17 18 19 20 2 1 
COMP. NAME PIPE HEATX COMP R PIPE COMPR PIPE VALVE PIPE HEATX PIPE 

FLOW, LB/S 2600.0 2600.0 2600.0 2600.0 
TEMP, F 455.0 236.0 461.4 461.4 
PRES, PS lA 2 10.2 206.2 453.5 452.5 
H, BTU/LB 219.6 165.6 220.9 220.9 

COMPONENT NO. 22 
COMP. NAME CAVRN 

V 
FLOW, LB/S 1560.0 
TEMP, F 125.0 
PRES, PSlA 1263.0 
H, BTU/LB 133.5 

COMPONENT NO. 33 
COMP. NAME VALVE 

FLOW, LB/S 1560.0 
TEMP, F 444.0 
PRES, PSlA 122.1 
H, BTU/LB 217.1 

COMPRESSOR POWER, MW 
1 276.61 
2 274.76 
3 156.07 
4 266.36 

T O T A L  913.79 

23 24 25 
HEATX PIPE HEATX 

1560.0 1560.0 1560.0 
I O O o O  100.0 80 5.0 

1263.0 1193.9 1189.9 
126.9 127.2 308.8 

3 4 35 36 
PIPE HEATX PIPE 

1560.0 1560.0 1560.0 
444.0 862.0 862.0 
122.6 117.6 117.0 
217.1 323.2 323.2 

MOISTURE REMOVED, LB/S 
1 0.00 
2 0.00 
3 0.00 
4 0.00 

TOTAL 0.00- 

2600.0 2600.0 2600.0 
830.0 -830.0 830.0 

1216.3 1201.3 1209.2 
315.4 315.4 31 5.4 

GENERATION 

2 6 27 28 
PIPE VALVE PIPE 

1560.0 1560.0 1560.0 
805.0 80 5.0 805.0 

1164.2 1164.2 1158.6 
308.8 308.8 308.8 

3 7 3 8 3 9 
VALVE P l PE PIPE 

1560.0 1560.0 1560.0 
862.0 862.0 862.0 
117.0 116.6 8 16.1 
323.2 323.2 323.2 

TURBINE POWER, MW 
1 146.93 
2 196.93 
3 0.00 
4 0.00 

T i n T L  343.86 

29 30 
PIPE VALVE 

1560.0 1560.0 
80 5.0 805.0 

1158.1 550.0 
308.8 308.7 

40 4 1 
VALVE TURBN 

1560.0 1560.0 
862.0 375.4 
114. 1 15.2 
323.2 200.5 

FUEL CONSUMPT I ON, 
1 
2 

3 1 
TURBN 

3 0.00 
4 0.00 

TOTAL 0.00 

SUMMARY: DAILY STORAGE CYCLE 

ELECTRIC ENERGY RAT I 0  (KWHR IN/KWHR OUT) = 1.723 
SPECIFIC FUEL CONSUMPTION, BTU/KWHR = . 0.0 
"ROUNDTR I PI1 HEAT RATE, BT UIKWHR = 17233.0 
HEAT ING VALUE OF FUEL, BTU/LB = 0.0 
AIR STORED, M LB/DAY = 93,600 
A I R LEAKAGE, MM LB/DAY = 1.310 

COMPRESSION KIHE/GE4ERATION TIME = .6 1 
AIR FLOW T O  STORAGE CAVERN, LB/S = 2600.0 
AIR FLOW FROM STORAGE CAVERN, LB/S = 1560.0 
STORAGE PRESSURE, PSlA = 1263.0 
COMPRESSION 3 lME, H3S = 10.00 

1 I 
PlPE 



T a b l e  7 -6  

C A E S  PLANT THERMODYNAMIC A N A L Y S I S  
ACAES STUDY - PNL 

45  DEGREES AMBIENT 

COMPRESS ION 

COMPONENT NO. 1 2 3, 4 5 6 7 8 9 10 
COMP. NAME l NLET COMPR P IPE COMP R PIPE VALVE P IPE HEATX PIPE VALVE 

FLOW,LB/S 2872.0 2872.0 2872.0 2872.0 2872.0 . 2872.0 2872.0 2872.0 2872.0 2872.0 
TEMP, F 45.0 455.2 455.2 809.9 809.9 809.9 809.9 809.9 455.0 455.0 
PRES, PS lA  14.2 9 1.4 91.2 ' 254.0 226.0 22  5.3 225.9 225.9 220.9 21 8.6 
H, BTUILB 120.8 220.0 220.0 309.8 309.8 309.8 309.8 309.8 219.6 219.6 

COMPONENT NO. 12 
COMP. NAME P IPE 

FLOW, LB/S 2872.0 
TEMP, F 455.0 
PRES, PS lA  218.2 
H, BTU./LB 219.6 

COMPONENT NO. 23 
COMP. NAME CAVRN 

FLOW. LB/S 3120.0 
TEMP; F 125.0 

';' PRES, PS lA  1254.7 
-I 

a H~ 
BT U/LB 133.5 

COMPONENT NO. 34 
COMP. dAME VALVE 

FLOW,  LB/S 3120.0 
TEMP, T 445.2 
PRES, PSlA , 244.6 
H, BTUILB 217.1 

COMPRESSOR POWER, MW 
1 308.15 
2 279.26 
3 172.39 
4 294.32 

T A L 1054.12 

13 
HEATX 

2872.0 
455.0 
214.7 
219.6 

24 
HEATX 

3120.0 
100.0 

1254.7 
126.9 

3 5 
P I PE 

14 
COMPR 

2872.0 
236.0 
206.0 
165.6 

2 5 
P l P E  

3 120.0 
100.0 

1180.4 
127.3 

36 
HEATX 

15 
P l P E  

2872.0 
461.4 
452.9 
220.9 

2 6 
HEATX 

3120.0 
80  5.0 

1176.4 
308.8 

3 7 
P l P E  

MOl STURE REMOVED, LB/S 
1 0.00 
2 0.00 

- .  - 

4 0.00 
TOTAL 0.00 

16 ! 7 
COMPR PIPE 

2872.0 2872.0 
461.4 830.1 
451.9 121 5.0 
220.9 315.4 

GENERATION 

2 7 28 
P IPE  VALVE 

3120.0 3120.0 
805.0 805.0 

1140.5 1140.4 
308.9 308.9 

3 8 39 
VALVE P IPE 

I 8  
VALVE 

2872.0 
830.1 

1 J96.6 
315.4 

29 
P l P E  

3120.0 
8 0  5.0 

1117.7 
308.9 

4 0 
P l P E  

TURBINE POWER, MW 
1 294.51 
2 463.12 
3 0.00 
4 0.00 

TOTAL 1 5  1.63 

19 
P lPE  

2872.0 
830.1 

1196.5 
315.4 

3 0 
P l PE 

3 120.0 
80  5.0 

1117.2 
308.9 

4 1 
VALVE 

2 0 
HEATX 

2872.0 
830.1 

1206.6 
315.4 

3 1 
VALVE 

3120.0 
805.0 

1102.2 
308.9 

4 2 
T URB N 

2 1 
P lPE  

2872.0 
125.0 

1202.6 
133.7 

3 2 
TURBN 

3 120.0 
44 5.2 
245.1 
217.1 

FUEL CONSUMPTION, 1 0.00 LB/S 

2 0.00 
3 0.00 
4 0.00 

r n A L  0.00 

SUMMARY: DAILY STORAGE CYCLE 

ELECTRIC ENERGY RAT I 0  (KWHR IN/KWHR OUT) = 1.533 
SPEC l F l C  FUEL CONSUMPT ION, BTU/KWHR = 0.0 
*ROUNDTRIP" HEAT RATE, BTU/KWHR = 15329.0 
HEATING VALUE OF FUEL, BTU/LB = 0.0 

' AIR STORED, M LB/DAY = * * * * * *  
A I R  LEAKAGE, MM LB/DAY = 1.447 

COMPRESSION TIME/GENERATION TIME = 1.10 
AIR FLOW TO STORAGE CAVERN, LB/S = 2872.0 
AIR FLOW FROM STORAGE CAVERN, LB/S = 3120.0 
STORAGE PRESSURE. PSlA = 1254.7 
COMPRESSION TIME, HRS = 10.00 

1 1  
P lPE  

2 2 
P lPE  

3 3 
P I P E  



T a b l e  7-7 

CAES PLANT THERMODYNAMIC ANALYSIS 
ACAES STUDY - PNL 
0 DEGREES AMBIENT 

COMPRESSION 

COMPONENT NO. I 2 3 4 5 6 7 8 9 10 1 1  
COMP. NAME INLET COMPR PIPE COMPR PIPE VALVE PIPE HEATX PIPE VALVE PIPE 

FLOW, LB/S 3164.0 
TEMP, F -. 0 
PRES, PSlA 14.2 
H, BTU/LB 0.0 

COMPONENT NO. 12 
COMP. NAME PIPE 

FLOW, LB/S 3164.0 
T.EMP, F 455.0 
PRES, PSlA 217.8 
H, BTU/LB 2 19.6 

COMPOtlENT NO. 23 
COMP. NAME CAVRN 

FLOW, LB/S 3120.0 
U TEMP, F 125.0 ,!., PRES, PSlA 1246.4 
0 HI BTU/LB 133.5 

COMPONENT NO. 34 
COMP. NAME VALVE 

FLOW, LB/S 3120.0 
TEMP, F 445.2 
PRES, PSlA 242,8 
H, BTU/LB - 217.1 

3164.0 
4 12.4 
105.4 
209.3 

13 
HEATX 

3164.0 
455.0 
214.3 
219.6 

24 
HEATX 

3120.0 
100.0 

1246.4 
127.0 

3 5 
P lPE 

3120.0 
44 5.2 
243.8 
217.1 

3164.0 
412.4 
105.2 
209.3 

14 
COMPR 

3164.0 
236.0 
205.6 
165.6 

2 5 
P lPE 

3120.0 
100.0 

1172.6 
127.3 

36 
HEATX 

3120.0 
753.7 
238.9 
29 5.3 

3164.0 
768.7 
306.0 
299.2 

15 
P lPE 

3164.0 
461.4 
452.1 
220.9 

2 6 
HEATX 

3120.0 
805.0 

1168.6 
308.8 

37 
P lPE 

3120.0 
753.7 
237.7 
295.3 

COMPRESSOR POWER, MW MOISTURE REMOVED, LB/S 
1 716.61 1 0.00 
2 307.80 2 0.00 
3 189.92 3 0.00 
4 324.92 4 0.00 

TOT A L 1539.25 TOTAL 0.00 

16 ! 7 
COMP R PIPE 

GENERATION 

2 7 2 8 
PIPE VALVE 

38 39 
VALVE PIPE 

3164.0 
768-7 
225.2 
299.2 

18 
VALVE 

3164.0 
830-9 

11 92.6 
315.6 

29 
P lPE 

3120.0 
805.0 

1109.7 
308.9 

40 
P lPE 

3120.0 
753.7 
2360 4 
295.3 

3164.0 
768.7 
225.7 
299.2 

19 
PlPE 

3164.0 
830.9 

1192.5 
315.6 

3 0 
P lPE 

3120.0 
80 5.0 

1109.2 
308.9 

4 1 
VALVE 

3120.0 
753.7 
236.4 
29 5.3 

2872.0 
455.0 
220.7 
219.6 

2 0 
HEATX 

3164.0 
830.9 

1200.0 
315.6 

3 1 
VALVE 

3120.0 
805.0 

1094.2 
308.9 

4 2 
T URB N 

3120.0 
193.4 

15.2 
156.2 

2872.0 
455.0 
218.3 
219.6 

2 1 
PlPE 

3164.0 
125.0 

1196.0 
133.8 

3 2 
T URB N 

3120.0 
44 5.2 
243.3 
21 7.1 

TURBINE POWER, MW FUEL CONSUMPTION, LB/S 
1 294.5 1 1 0.00 
2 446.23 2 0.00 
3 0.00 
4 0.00 

TOTAL 740.77 
4 0.00 

TOTAL 0.00 

SUMMARY: DAILY STORAGE CYCLE 

ELECTRIC ENERGY RAT 10 (KWHR IN/EWHR OUT) = 2.078 
SPECIFIC FUEL CONSUMPTION, BTU/KWHR = 0.0 
"ROUNDTR I P '  HEAT RATE, BTU/KWHR = 2078 1 .O 
HEAT ING VALUE OF FUEL, BTU/LB = 0.0 
AIR STORED, M LB/DAY = u u + u u u  
AIR LEAKAGE, MM LB/DAY = 1 595 

C O M P R E S S I O N . T I N E / G E N E R A T I O N  TIME = 1 .OO 
AIR FLOW T O  STORAGE CAVERN, LB/S = 3164.0 
AIR FLOW FROM STORAGE CAVERN, LB/S = 3120.0 
STORAGE PRESSURE, PSlA = 1246.4 
COMPRESSION T I M E ,  HRS = 10.00 

2872.0 
455 .0  
218.3 
219.6 

2 2 
P DPE 

3164.0 
125.0 

1246.4 
133.5 

3 3 
P lPE 

3120.0 
44 5.2 
242.9 
21 7. 1 



C. a m -  
IC RU c m c n  
I D l W  

a-uim 
I,. YDrm1umn.1m 
rrs mau w e n  n m m  
U lOYUDOLsRUlm --- SO*T,WCII -.,G mltr 

--VID c m n A l * L * 1  

,I" m C l l U m  l C D i L W  UI 
UV Y C I v  a L I C I  VAL- 

I AIR SYSTEM FLOW DIAGRAM I 
FIGURE 7-1 



- - . . . . . -- - - - ?-=-=--..2.:= 

FULL LOAD PERFORMANCE OVER 
T H E  DISCHARGE PERIOD 

I 2 3 4 -  5 6 7 8 9 10 11 I2  
DISCHARGE TIME (HRS) 

7-22 

--- 

El 3ATTELLE PACIFIC NORTHWESf LABCRATOK7 

CONCEPTUAL DESIGN AND 
ENGNEERING STUDIES-ADIABATIC C AES 

!!'A -&- 
TCRES A ~ E R I C A ~  ~CORPORAIZ 

FIGURE 7-2 



- . .. .- .. --- .. - -. - -- A- -- - J 

TES 1 DELIVERY TEMPERATURE 
VS AMBIENT TEMPERATURE 

850 

C 

LL 
0 
Y 

W 
a 
3 
i- a 
u 
W 
a 
z 
W 
k- 

5 
0 z - - 800 
V) 

I 1 

I I 
I 

I 
I I i 

I ! 
! 

100 80 90 

W 
i- Y I 

i 
I 

j I 

I 
I 

I 

I 1 i 

I I I 
I 

I I 1 l m / :  I 

1 
I I 

i I 

750  

AMBIENT TEMPERATURE 
(OF 1 

. 
+ 

7-23 

I f 

I 
I 
I 

0 10 20 30 40 5 0  60 70 

I 

I 
! 
I 

i 
- 

bl BATTELLE PACIFIC NORTHWEST LABCRATW 

CONCEPTUAL DESIGN AND 
ENGINEERING sTuOIES-ADIABATIC C A€ S 

b4.I I-kL- ---------- 
T c f t r s  A ~ E R I C A P I  I H C O R P O R A T ~  

FIGURE 7-3 



a 

1 

,- 3 

REQUIRED COMPRESSOR POWER 
VS AMBIENT TEMPERATURE 

4 0 0  

' 

I 

I 
i ! 

aATTELLE PACIFIC NORTHWEST LABORATORV 

CONCEPTUAL DESIGN AN0 

1 

, ACRB A 

i 

ENGrvEERNG STumEs-AoIAeATIc c *Es  

I 
i 
I 

I 
1 

! 

i I 

! 
! ! 

, I I 

I I + ! 
I 

! 

- 
3 
H 

7-24 

I . 
\ i  

i 
I 

Y 

0: 
W 

300 8 
I- 
3 
n z 
a 
0 
V) 
cn 
W 
K 
0 

8 

200 

MI4 t 4 - L -  

0 
b 

10 20 30 40 SO 6 0  70 80 90  100 

AMBIENT TEMPERATURE 
(OF 1 

* 

FIGURE 7-4 

COMPRESSOR DESIGNED 
FOR 90°F INLET 

i l 
' !  

~cRE~GETI~~T~CORPORZS A 



A 

R 

AMBIENT TEMPERATURE VS TURBINE 
OUTPUT AND ELECTRIC ENERGY RATIO 

200- 

C 

3 
I - 
P: 
W 
3 1.95- 

2 > 
w 
a 

I- W 
3 Z 
a bl 
I- 
3 
0 
W z W 

190- J 
W 

3 
I- 

185- ELECTRIC 

150 

100- 1.40 

.y .c. 

0 10 20 30 40 SO 60 TO 80 90 160 

AMBIENT TEMPERATURE 
(OF) 

*l-iid aAT1ELt.E PACIFIC NORTHWEST LABCRATORY 

CONCEPTUAL DESIGN AND 
ENGINEERING STUDIES-ADl ABATlC C A E  S 

b 
7-25 

MA ---------- TCRES ~ ~ L R I C A I I  I)ICORPORATED 
FIGURE 7-5 



PART LOAD TURBINE 
PERFORMANCE 

200 

, , 

- 
150 

Cb 

9: 
W z 
e 
I- 
a 
a 

I00 
0 

!! 

50 

100 200 300 400 500 600 700 800 900 

i FLOW (LB/SEC.) 

NO.TE: A 97.5 O/o MECHANlCAL/ELECTRlCAL EFFICIENCY WAS INCORPORATED 
g 
6 

INTO DRESSER CLARK ESTIMATES TO FACILITATE THIS COMPARISION ' 

5 .  

. 

F'l 9ATTELl.E PACIFIC NORTHWEST LABCRATORY 

' CONCEPTUAL DES!GN AND 
ENGNEERNG STUDIES-ADIABATIC CAES 

rn 

7-26 
4.- 

M J &  ------------ FIGURE 7-6 
\CUES AMERICAN INCORPORATEDL - - - . . -. .- . . . . - - 



OVERALL COMPRESSOR SYSTEM 
PERFORMANCE CURVE 



NOTE : 

P - P5lA 
W - */5= 

T .  'F 

AIR FILTERS 

AIR STC%&E. 'UVERN 





8 - CONCEPTUAL PLANT D E S I G N  

T h i s  s e c t i o n  descr ibes  t h e  phys i ca l  and o p e r a t i o n a l  r e l a t i o n s h i p  o f  t he  
a d i a b a t i c  CAES p l a n t  components. 

PROCESS ARRANGEMENT. 

F i g u r e  8 -1  shows t h e  o p e r a t i n g  r e l a t i o n s h i p s  among t h e  major system groups 
i n c l u d i n g  t h e  compressor t r a i n ,  t u r b i n e  t r a i n ,  motor and motor lgenera to r ,  
a i r  storage, and thermal energy s torage.  

The compressor system inc ludes  t h e  a i r  i n t a k e  f i l t e r s ,  a i r  preheater ,  a x i a l  
compres,sors f o r  low pressure compression, and . c e n t r i f u g a l  compressors and 
gearbox f o r  h i g h  pressure compression. These i tems operate d u r i n g  per iods  
when e l e c t r i c a l  demand o f  t h e  u t i l i t y  system i s  low, t y p i c a l l y  a t  n i g h t .  

The expansion system inc ludes  t h e  h i g h  pressure and low pressure t u rb i nes ,  
and t u r b i n e  c o n t r o l  valves, and a i r  exhaust duc t i ng .  The t u r b i n e  sec t i on  
conver ts  t h e  energy s to red  by t h e  compressor s e c t i o n  i n t o  u s e f u l  e l e c t r i c  
power as r e q u i r e d  by t h e  u t i l i t y  t o  meet peak demands ( t y p i c a l l y  between 8 
am and 10  pm). 

The motor/generat.or system i nc l udes  t h e  motor lgenera to r ,  c lu tches ,  and 
motor  t o  d r i v e  t h e  h i g h  pressure compressors. The mo to r l gene ra to r  operates 
w i t h  e i t h e r  t h e  low pressure compressors o r  t h e  t u r b i n e s  through synchro- 
nous c l u t ches ,  and can a l so  opera te  as a  synchronous condenser. 

The a i r  s to rage 'sys tem inc ludes  t h e  a i r  s to rage  cavern, compensating .reser-  
v o i r ,  and water s h a f t .  The a i r  s to rage  caverns are p ressu r i zed  a t  a l l  
t imes  d u r i n g  p l a n t  ope ra t i on  and a re  l oca ted  underground i n  s o l i d  rock  
f o rma t i ons  . 
The thermal energy s to rage  system inc ludes  t h e  pebSle bed regenera to rs ,  a i r  
sha f t s ,  and TES c o o l i n g  system. A smal l  cont inuous f l o w  o f  c o o l i n g  a i r  i s  
r e q u i r e d  f o r  t h e  thermal  s to rage  system caverns and h i g h  temperature p i p e  
s h a f t s  t o  p reven t  overhea t ing  o f  t h e  rock  w a l l s .  Shown i n  t h e  c o o l i n g  
system i s  a  smal l  t u r b i n e  generator  which a l lows  some power recove ry  f rom 
t h e  t h r o t t l i n g  process r e q u i r e d  between TES 2 and TES 1. A pressure 
reduc ing  va l ve  i s  a l so  r e q u i r e d  f o l l o w i n g  t h e  expander, as a i r  e x i t  temper- 
a tu res  would be f a r  t o o  low i f  a l l  t h r o t t l i n g  i s  done i n  t h e  t u r b i n e .  The 
r e q u i r e d  va l ve  i s  n o t  shown i n  t h e  c y c l e  c o n f i g u r a t i o n .  

Major  ba lance-o f -p lan t  i tems i n c l u d e  t h e  t r i m  coo le r ,  mechanical separa- 
t o r s ,  e l e c t r i c a l  system and swi tchyard,  genera l  p l a n t  p i p i n g  and va lv ing ,  
and i ns t rumen ta t i on  and c o n t r o l  systems. 



SITE DEVELOPMENT 

The s i t e  used as the  design basis  o f  t h i s  study i s  the Sunshine s i t e  o f  the 
recen t  PEPCO p r e l  im ina ry  enginee'ring o i  1 - f  i r e d  CAES study. The 500 acre 
l o c a t i o n  s t radd les  an e x i s t i n g  500 kV t ransmiss ion l i n e  and l i e s  d i r e c t l y  
above a  fo rmat ion  o f  g r a n i t i c  gneiss s u i t a b l e  fo-r cons t ruc t i on  o f  hard rock 
caverns f o r  s torage o f  compressed a i r .  A d e t a i l e d  d e s c r i p t i o n  o f  the s i t e  
i s  presented i n  t h e  f i n a l  repo r t s  o f  the  PEPCO study (Acres, 1980). 

8.3 GENERAL PLANT ARRANGEMENT 

The s i t e  arrangement f o r  ad iaba t i c  CAE3 i s  presented i n  Figure 8-2. This  
arrangement. i s  s imi  1  a r  t o  the one developed f o r  the  o i  1 - f i r e d  CAES study, 
which i s  shown i n  F igure  8-3 f o r  comparison. The f u e l  o i l  storage and 
supp ly  system, c o o l i n g  system, recuperators,  and exhaust stacks o f  the  o i l -  
f i r e d  CAES p l a n t  are major equipment i tems no t  requ i red  f o r  the  ad iabat ic  
CAES p lan t .  The turbomachinery bu i l d ings ,  switchyard, a u x i l i a r y  bu i ld ings ,  
compensating r e s e r v o i r  and i n take  s t ruc tu re ,  and water impoundment areas 
a re  e s s e n t i a l l y  t h e  same design f o r  both p lan ts .  I n  case o f  p l a n t  power 
outage, a  smal l  f u e l  o i l  tank i s  prov ided t o  f u e l  a  standby generator.  

The h igh  pressure TES system i s  loca ted  underground i n  a  hard rock cavern 
ad jacent  t o  t h e  a i r  p ipe  t h a t  accesses t h e  a i r  cavern. The low pressure 
TES, which can be l oca ted  underground anywhere w i t h i n  ready access o f  
su r face  p l a n t  f a c i l i t i e s ,  i s  shown i n  t h i s  case as c lose  t o  the  turbo-  
machinery b u i l d i n g s  as poss ib le  t o  minimize p i p i n g  costs. 

The p l a n t  design developed f o r  t h e  PEPCO study was connected t o  the  main 
system on a  500 kV poo l  i n t e r t i e .  Th is  connect ion requ i red  a comparat ive ly  
expensive swi tchyard  and has been c a r r i e d  over i n  t h i s  s tudy t o  a l low 
d i r e c t  comparison o f  t he  two designs. 

8.4 SURFACE FACILITIES 

I'hi s  sec t i on  descr ibes t h e  major s u r f  ace f a c i  f i t  i e s  ' o f  the ad iabat ic  CAES 
p l a n t .  These f a c i l i t i e s  inc lude the  turbomachinery u n i t s ,  switchyard, 
compensat i n g  r e s e r v o i r ,  and water impoundment area. 

8.4.1 Power Block - The general arrangement o f  t he  turbomachinery b u i l d -  
ings i s  shown i n  F igure  8-4. Main items inc luded i n  t h i s  area are: 



0 Two main turbomachinery b u i l d i n g s  each s ized  f o r  two u n i t s  

0 Main c o n t r o l  and admin i s t ra t i on  b u i l d i n g  

U n i t  3  and 4  c o n t r o l  b u i l d i n g  

0 I n l e t  and exhaust a i r  ducts 

e . U n i t  t ransformers and 500 kV bus 

0 Main a i r  p i pe  runs 

8.4.2 Turbomachinery Arrangement - The t u r b i n e  b u i l d i n g  f o r  each CAES u n i t  
houses the  turbomachinery t r a i n ,  p i p i n g  systems, and mechanical and 
e l e c t r i c a l  auxi  1  i a r i e s .  - F igu re  8-5 shows a  t y p i c a l  turbomachinery 
arrangement f o r  one u n i t .  

The t u r b i n e  b u i l d i n g s  designed f o r  o i l - f i r e d  CAES are o f  s u f f i c i e n t  
s i z e  t o  house t h e  equipment o f  ad iaba t i c  CAES. Despi te  r e q u i r i n g  a  
more compl icated machinery t r a i n ,  ad iaba t i c  CAES does no t  r e q u i r e  
a d d i t i o n a l  b u i l d i n g  space. U n l i k e  the  PEPCO design, exhaust a i r  i s  
vented through the  s ide  o f  t he  b u i l d i n g  r a t h e r  than up a  s tack and 
t h e  i n t e r c o o l e r s  and a f te rcoo le rs ,  which occupy a  l a r g e  p o r t  i o n  o f  
t h e  b u i l d i n g  space f o r  t he  o i l - f i r e d  CAES design, are no t  needed. 

Foundat ion pedesta ls  support  each turbomachinery t r a i n .  Each 
bu i . l d i ng  i s  prov ided w i t h  cranes capable o f  s e r v i c i n g  a1 1  equipment 
and maintenance areas. 

8.4.3 Switchyard - As w i t h  t h e  o i l - f i r e d  CAES design, ad iaba t i c  CAES 
connects t o  t he  500 kV t ransmiss ion  system which passes through the 
s i t e .  Funct ions assigned t o  t h e  switchyard i nc lude  connect ion t o  
and p r o t e c t i o n  o f  t h e  500 kV t ransmiss ion system and t h e  i n t e r -  
connect ion w i t h  t he  motor lgenera tor  c i r c u i t s  and s t a t i o n  serv ice .  
The swi tchyard inc ludes:  

0 Prov i s ions  f o r  sw i tch ing  e i g h t  500 kV l i n e s ,  

a Four motor lgenerator  u n i t  500 kV t i e  l i n e s  

e Contro l  house and microwave tower 

8.4.4 Compensating Reservoi r  - The compensating r e s e r v o i r  i s  a  c i r c u l a r  
asphal t - 1  ined r.ockF1' 11' d i k e  cons t ruc ted  above l e v e l  ground. The 
r e s e r v o i r  has a  bottom diameter o f  approximately 1000 f e e t  and an 
embankment h e i g h t  o f  35 f e e t  i n c l u d i n g  a  l i v e  volume h e i g h t  o f  
25 f e e t ,  a  dead storage he igh t  o f  5  f e e t ,  and a  f reeboard he igh t  o f  



5 f e e t .  The i n t a k e  s t r u c t u r e  cons i s t s  o f  an i n take  tunnel ,  t rash-  
racks,  and gate s t r u c t u r e  w i t h  an 8 - f o o t  diameter s l u i c e  gate. 

8.4.5 Water Impoundment Area - A water impoundment area i s  incorporated 
i n t o  t h e  p l a n t  design t o  a l l ow  use o f  t he  on -s i t e  stream f o r  
consumptive water needs. The design cons is ts  o f  an asphalt-1 ined 
d ike,  w i t h  bottom s o i l  t r e a t e d  w i t h  ben ton i te  t o  minimize ground 
leakage. A b u i l d i n g  near t h e  dam houses the  waste treatment system 
and t h e  se rv i ce  and f i r e  water pumps. 

8.5 AIR STORAGE SYSTEM 

The compressed a i r  s torage system i s  a hydraul ical ly-compensated, hard-rock 
mined cavern f a c i l i t y  based on t h e  o i l - f i r e d  CAES design. The system 
c o n s i s t s  o f  a sur face compensating r e s e r v o i r  and i n take  s t ruc tu re ,  separate 
a i r  and water sha f t s ,  and an underground storage cavern. F igure  8-6 
presents  the  general arrangement o f  t h e  underground f a c i l i t i e s  i nc lud ing  
t h e  TES. Except f o r  design o f  t he  a i r  shaf t ,  a  l a r g e r  compensating reser -  
v o i r ,  and a l a r g e r  and deeper cavern, t he  ad iaba t i c  CAES a i r  storage system 
i s  i d e n t i c a l  t o  t h e  PEPCO study design. I n  t h i s  sec t i on  the  a i r  cavern and 
water s h a f t  designs are b r i e f l y  described. The a i r  sha f t  design i s  discus- 
sed i n  Sect ion 8.7.2. The sur face r e s e r v o i r  was described i n  the  prev ious 
sec t ion .  

8.5.1 A i r  Cavern - The underground cavern cons i s t s  o f  f o u r  p a r a l l e l  main 
tunne ls  t h a t  are j o ined  a t  each end by cross-connect ing tunnels.  
F igu re  8-2 shows t h e  c o n f i g u r a t i o n  p lan  o f  t he  a i r  cavern and 
F igu re  8-6 shows an e l e v a t i o n  view. The water sha f t  connects t o  one 
o f  t he  cross-connect ing tunnels,  and the  a i r  s h a f t  connects t o  the 
o ther .  The v e r t i c a l  cross sec t i on  o f  each main tunnel  i s  85 f e e t  
h i g h  and 6 0 f e e t  wide. The c e i l i n g s  are arched and the  w a l l s  are 
curved t o  improve s t r u c t u r a l  s t a b i l i t y .  The length  o f  each main. ' 
tunne l  i s  approximately 1400 f e e t .  The a i r  and water c o l l e c t o r  
t unne ls  are approximately 30 f e e t  wide by 40 f e e t  h igh  and 750 f e e t  
long, a lso  w i t h  arched c e i l i n g s  and curved wa l l s .  The mean depth o f  
t h e  cavern i s  approximately 2920 f e e t  below ground l e v e l .  The 
cavern i s  cons t ruc ted  w i t h  a 1:200 s lope t o  ensure drainage t o  the  
water s h a f t  sump. 

8.5.2 Water Shaf t  - The water s h a f t  i s  an excavated v e r t i c a l  s h a f t  15 f e e t  
i n  diameter, l i n e d  w i t h  concrete t o  a f i n i s h e d  diameter o f  13 f e e t .  
The s h a f t  i s  connected t o  t h e  upper compensating r e s e r v o i r  through 
an i n t a k e  tunne l  and t o  the  cavern through (1)  a h o r i z o n t a l  tunnel  
f o r  use du r ing  cons t ruc t i on  which w i l l  be blocked w i t h  a concrete 



bulkhead a t  t h e  end o f  t h e  c o n s t r u c t i o n  phase, and ( 2 )  a  U-tube 
ex tend ing  350 f e e t  below t h e  cavern, used f o r  water f l o w  i n  and ou t  
o f  t he  cavern d u r i n g  ope ra t i on  o f  t he  p l a n t .  The U-tube has an 
excavated d iameter  o f  10 f e e t  and i s  l i n e d  w i t h  concre te  t o  a  
f i n i s h e d  d iameter  o f  8 f e e t .  An 80 - foo t  deep by 8 - f o o t  diameter 
w e l l  i s  p rov ided  a t  t h e  bottom o f  t h e  U-tube t o  c o l l e c t  sediment 
f r om t h e  water.  

8.6 TES SYSTEM 

As descr ibed  i n  Sec t i on  4, two TES regenera to rs  a re  r e q u i r e d  f o r  t h e  se lec-  
t e d  a d i a b a t i c  CAES cyc le .  TES 1 i s  s t a t i o n e d  between t h e  f i r s t  and second 
stages o f  compression and expansion, and operates a t  low p ressure  (226 
p s i a ) .  TES 2 i s  s t a t i o n e d  between t h e  turbomachinery and t h e  a i r  s torage 
cavern, and operates a t  h i g h  pressure (1215 p s i a ) .  The c y c l e  arrangement 
i s  presented i n  F i g i r e  8-1. 

8.6.1 TES Cavern Depth - An e l e v a t i o n  view o f  t h e  genera l  underground 
arrangement o f  t h e  TES i s  shown i n  F igu re  8-6. TES 1 i s  accessed by 
two a i r  ducts  ex tend ing  f rom t h e  sur face  t o  a  mean cavern depth o f  
300 f e e t .  . TES 2  i s  l oca ted  1300 f e e t  below t h e  sur face  and i s  
accessed by t h e  a i r  duct  t h a t  extends f rom t h e  su r f ace  f a c i l i t i e s  t o  
t h e  a i r  s to rage  cavern. 

The TES cavern depths were se lec ted  such t h a t  t h e  weight  o f  t h e  rock 
overburden i s  s u f f i c i e n t  t o  counterbalance t h e  f o r c e s  o f  a i r  pres- 
sure w i t h i n  each TES. For sa fe  cavern design, a  minimum depth o f  
one f o o t  per  p s i  o f  pressure conf inement was assumed as a  reasonable 
g u i d e l i n e .  With t h i s  assumption, TES 2  c o u l d  be p laced  a t  any depth 
f r om approx imate ly  1250 f e e t  below t h e  su r f ace  down t o  t h e  a i r  
s to rage  cavern depth o f  2920 f e e t .  The optimum depth would be 
dependent on t h e  cos t  o f  TES cavern excavat ion,  TES c o n s t r u c t i o n  and 
maintenance, and h o t  and c o l d  a i r  access p i p i n g  des ign problems. 
For  t h i s  study, TES 2 i s  s i t u a t e d  a t  t h e  minimum depth t o  min imize 
t h e  thermal  expansion o f  t h e  h o t  a i r  p i p e  when t h e  system i s  brought 
f r om c o l d  s t a r t - u p  t o  ope ra t i ng  temperature.  F u r t h e r  d i scuss ion  o f  
t h e  h o t  a i r  p i p e  des ign i s  presented i n  Sec t ion  8.6.3. 

Because TES 1 i s  independent o f  t h e  a i r  s to rage  system, u n l i k e  
TES 2, s h a f t  placement should be as c l o s e  t o  t h e  su r f ace  p l a n t  
f a c i l i t i e s  as p o s s i b l e  t o  m in im ize  cos t .  TES placement should a lso  
be as c l o s e  t o  t h e  su r f ace  as poss ib le .  Deeper placement o f  TES 1 
would o n l y  inc rease  cos t s  i n  a l l  areas w i t h o u t  p r o v i d i n g  any 
subs tan t i ve  advantages. 



8.6.2 TES F i l l  M a t e r i a l  - As r e p o r t e d  i n  Sec t ion  5, a  rev iew o f  p o t e n t i a l  
m a t e r i a l s  concluded t h a t  f i v e  had p o t e n t i a l  as heat  s to rage  media - 
rock ,  s i n t e r e d  i r o n  ox ide,  f i r e c l a y  (Denstone), alumina, and wh i t e  
c a s t  i r o n .  O f  these  m a t e r i a l s ,  g r a n i t e ,  i r o n  ox ide,  and wh i t e  cas t  
i r o n  were s e l e c t e d  f o r  TES s i z i n g  a c t i v i t i e s .  O f  t h e  th ree ,  i r o n  
ox ide  was s e l e c t e d  f o r  thermal s to rage  conceptual  des ign and 
d e t a i  l e d  c o s t  assessment. Est imates o f  TES cos t s  f o r  o t h e r  
m a t e r i a l s  were e x t r a p o l a t e d  f rom t h i s  base1 i n e  case. 

8.6.3 TES Conta inment  Design - The major elements o f  t h e  TES containment 
des ign  a re  t h e  excavated rock  cavern, s h e l l  c o n f i q u r a t i o n ,  suppor t  
s t r u c t u r e ,  and a i r  d i s t r i b u t i o n  system. F i g u r e  8 - 7  p r e s e n t s .  t h e  
conceptual  des ign f o r  these elements. 

As d isc~rsser i  i n  Sec t ion  5.6.3, t.hp cavern conf igurat ' l :on selected was 
106 f e e t  h i g h  by  50 f e e t  wide w i t h  a  25 f o o t  r a d i u s  r o o f  arch. The 
h e i g h t  o f  t h e  bed f i l l  m a t e r i a l  was l i m i t e d  t o  65 f e e t  t o  m in im ize  
p ressu re  d rop  and. t o  p r o v i d e  ample room f o r  i n s t a l l a t i o n  o f  TES 
f a c i l i t i e s .  

The o b j e c t i v e  o f  t h e  underground TES des ign approach was t o  reduce 
t h e  c o s t  o f  t h e  p ressu r i zed  heat  s to rage  systems by us ing  hard rock  
f o r  p ressu re  conf inement r a t h e r  than t h i c k - w a l  l e d  pressure vessels  
l o c a t e d  on t h e  sur face .  To achieve t h i s  o b j e c t i v e ,  a  number o f  
conta inment  des ign a1 t e r n a t  i v e s  were developed w i t h  t h e  capabi 1  i t y  
o f  t r a n s m i t t i n g  t h e  p ressure  l oad  t o  t h e  rock  fo rmat ion .  

Each des ign  v a r i a t i o n  was g e n e r a l l y  c l a s s i f i e d  under one o f  two 
b a s i c  concepts .  The f i r s t  cons i s ted  o f  arrangements t h a t  p laced  t h e  
pebble bed containment s t r u c t u r e  s o l i d l y  aga ins t  t h e  rock  sur face  
such t h a t  a l l  h o r i z o n t a l  loads were t r a n s m i t t e d  through t h e  w a l l  t o  
t h e  r o c k  fo rmat ion .  The second cons i s ted  o f  s i l o - i n - c a v e r n  arrange- 
ments i n  which t h e  bed containment s t r u c t u r e  was surrounded by an 
annu la r  a i r  space. The a i r  space was p ressu r i zed  by a i r  b l e d  f rom 
t h e  a i r  cavern such t h a t  t h e  s t resses  induced on t h e  s i l o  w a l l s  were 
d e r i v e d  o n l y  f r om t h e  pebble load  and n o t  f r om the  a i r  pressure.  

V a r i a t i o n s  o f  t h e  former  concept were d iscarded  based on an ana l y t -  
i c a l  hea t  conduct i o n  a n a l y s i s  t h a t  showed an unavoidable temperature 
r i s e  i n  t h e  rock  sur round ing  TES components (Carslaw and Jaeger, 
1962; McAdams, 1954).  I n  p rev ious  s tud ies ,  s t r e s s  ana l ys i s  o f  
underground excava t ions  suggested t h a t  l o c a l  r o c k  temperatures 
should n o t  exceed 150°F f o r  sa fe  cavern des ign (Acres, 1980). The 
hea t  conduc t ion  a n a l y s i s  concluded t h a t  t h i s  temperature would be 
breached i n  a  r e l a t i v e l y  s h o r t  t i m e  i f  t h e  hea t  t r a n s f e r r e d  through 
t h e  w a l l s  o f  t h e  TES i s  n o t  removed f rom t h e  underground env i ron-  
ment. Overheat ing would occur  even f o r  a  s i t u a t i o n  o f  v e r y  h i g h  
therma l  r e s i s t a n c e  across t h e  boundary between t h e  heat  s to rage  
medium and t h e  r o c k  sur face.  



The second des ign concept a l lows  c o o l i n g  o f  t he  TES components us ing  
c o o l i n g  a i r  re leased  f rom t h e  a i r  cavern. Therefore,  t he  s i l o - i n -  
cavern arrangement was p re fe r red .  

A f t e r  i n v e s t i g a t i o n s  o f  va r i ous  arrangements, a  s t e e l  c y l i n d e r  
( s i l o )  c o n f i g u r a t i o n  was se lec ted  f o r  i t s  s i m p l i c i t y ,  i nhe ren t  
s t r u c t u r a l -  s t r e n g t h  and s t a b i  1  i t y .  The excavated cavern w id th  
l i m i t s  s i l o  d iameters  t o  approx imate ly  44 f e e t ,  which leaves a  
minimum annular a i r  space o f  t h r e e  f e e t  f o r  c o o l i n g  and c o n s t r u c t i o n  
purposes. With a  maximum bed he igh t  o f  65 f e e t  des ignated f o r  heat 
s to rage  pebbles, eleven s i l o s  i n  p a r a l l e l  are r e q u i r e d  f o r  each TES 
t o  p rov ide '  10 hours o f  gene ra t i ng  capac i t y .  To accommodate t he  
s i l o s ,  t h e  l e n g t h  o f  each TES cavern would be approx imate ly  
515 f e e t .  

The s i l o s  are f a b r i c a t e d  f rom one i n c h  carbon s t e e l  p l a t e  t o  
p r o v i d e  s u f f i c i e n t  met a1 f o r  bo th  s t r u c t u r a l  s t r e n g t h  and co r ros ion /  
e r o s i o n  losses.  Loss o f  meta l  would r e s u l t  f rom o x i d a t i o n  and 
p o s s i b l y  pebble abras ion .. Because TES temperatures r i s e  above 800°F 
d u r i n g  t h e  charge cyc le ,  mechanical  e f f e c t s  o f  creep and r u p t u r e  are 
major  concerns f o r  t h e  carbon s t e e l  cons t ruc t i on .  To ensure longer  
l i f e  o f  t h e  containment s t r u c t u r e ,  h i ghe r  grade s t e e l s  may be 
p r e f e r r e d  i n  p r e l i m i n a r y  design. 

The s i l o s  are enclosed a t  t h e  t o p  by an i n s u l a t e d  s t e e l  hood t h a t  
extends t h e  f u l l  l eng th  o f  t h e  s i l o  row. The hood i s  designed t o  
c o n t a i n  t he  h o t  a i r  and i s  mounted on a  s t r u c t u r a l  frame welded t o  
the .  t o p  o f  t h e  s i  10s. 

A  p e r f o r a t e d  s t e e l  duct  suspended f rom t h e  c e i l i n g  o f  t h e  hood i s  
proposed t o  d i s t r i b u t e  a i r  even ly  over t h e  bed approach area. The 
a i r  d i s t r i b u t i o n  duc t  i s  f l a n g e  connected t o  t h e  a i r  supply  p i pe  
t h a t  en te r s  t h e  TES s t r u c t u r e  through an end w a l l  o f  t h e  hood 
enc losure.  The duct  i s  un res t ra i ned  a t  t h e  o t h e r  end so t h a t  
thermal  s t resses  are minimized. Ac tua l  des ign o f  t h e  ductwork 
would l i k e l y  i n v o l v e  p h y s i c a l  model ing s tud ies .  A  cover p l a t e  
p e r f o r a t e d  w i t h i n  t h e  c y l i n d e r  boundaries spans t h e  l eng th  o f  t he  
s i l o  row t o  p reven t  leakage o f  h o t  a i r  i n t o  t h e  annular  space and t o  
a s s i s t  i n  t h e  d i s t r i b u t i o n  o f  a i r  through t h e  s i l o s .  

The bed f i l l  m a t e r i a l  r e s t s  on a  s t a i n l e s s  s t e e l  mesh, w i t h  a  g r i d  
s i z e  sma l le r  than t h e  genera l  sSze range o f  t h e  i r o n  ox ide  pebbles. 
The mesh i s  supported by a  s t a i n l e s s  s t e e l  g r a t e  w i t h  a  g r i d  spacing 
o f  approx imate ly  1-5/16 inches. The mesh, grate,  and s i l o s  are 
suppor ted on s t r u c t u r a l  s t e e l  beams mounted on a  concre te  founda- 
t i o n .  The beams are arranged leng thw ise  so as t o  f o rm  channels f o r  
a i r  t r a n s p o r t .  The suppor t  system i s  enclosed such t h a t  a i r  does 
n o t  escape t o  t h e  annular space. The t o t a l  TES s t r u c t u r e  (hood and 
s i l o s )  i s  wrapped w i t h  s i x  inches o f  open c e l l  i n s u l a t i o n  (such as 
Kaowool) and covered by  a  p r o t e c t i v e  aluminum j a c k e t .  F i g u r e  8-7 
shows t h e  arrangement o f  s i l o s  and hood system. 



Since t h e  a i r  space i s  p ressu r i zed  by t h e  c o o l i n g  a i r ,  t h e  pressure 
g r a d i e n t  across t h e  c y l i n d e r  w a l l s  i s  s l i g h t .  The s i l o s ,  i n  e f f e c t ,  
a re  s imp le  containment vesse ls  f o r  t h e  bed f i l l  w h i l e  t h e  TES 
caverns a re  p ressure  containment vesse 1 s  . Major  s t resses  developed 
on t h e  s i l o  w a l l s  d e r i v e  f r om t h e  l a t e r a l  f o r c e s  generated by t he  
we igh t  o f  t h e  packed bed and d i f f e r e n t i a l  thermal  expansion o f  t he  
bed p a r t i c l e s  upon h e a t i n g  and c o o l i n g .  I n f o r m a t i o n  i s  l i m i t e d  
r e g a r d i n g  packed-bed behav io r  under t h e r m a l l y  c y c l i n g  c o n d i t i o n s .  
Wi th  rega rd  t o  q u a n t i f y i n g  s t resses  induced on t h e  containment wa l l ,  
seve ra l  des ign  o p t i o n s  are a v a i l a b l e  t o  r e l i e v e  such s t resses .  For 
example, s t r esses  cou ld  be r e l i e v e d  by l owe r i ng  t h e  e f f e c t i v e  he igh t  
o f  t h e  bed w i t h  t h e  i n s e r t i o n  o f  i n t e rmed ia te  bed supports,  by us ing  
m a t e r i a l s  w i t h  low thermal expansion and hardness c h a r a c t e r i s t i c s ,  
o r  by s imp l y  i n c r e a s i n g  bed c ross -sec t i ona l  area such t h a t  t h e  bed 
h e i g h t  requ i rement  i s  reduced. The l a t t e r  approach should be 
d iscouraged because o f  t h e  increased bed volume t h a t  would be 
r e q u i r e d  and p o t e n t  i a1 cavern c o n s t r u c t i o n  1  i m i t a t i o n s .  

I n v e s t i g a t i o n  o f  TES m o i s t u r e  l o a d i n g  i n d i c a t e d  t h a t  condensat ion o f  
water  occurs  o n l y  i n  TES 2 f o r  t h e  i n l e t  a i r  temperature and humid- 
i t y  c o n d i t i o n s  found i n  t h e  c e n t r a l  Maryland area. Condensation 
occurs  p r i m a r i l y  d u r i n g  t h e  charg ing  c y c l e  when a i r  temperatures 
f a l l  below t h e  dew p o i n t  temperature.  Excess water p resen t  i n  t he  
bed d r a i n s  f r om t h e  bottom o f  t h e  s i l o  and down t o  t h e  a i r  s to rage  
caverns v i a  t h e  main a i r  p ipe.  Condensation w i l l  n o t  occur  i n  TES 1 
because work ing  temperatures are f a r  above t h e  dew p o i n t  temperature 
a t  a l l  t imes .  A sump and water removal system, however, should be 
p rov ided  a t  t h e  f l o o r  o f  t h e  TES 1 cavern t o  remove water t h a t  may 
c o l l e c t  t h e r e  f r om o t h e r  sources. 

8.6.4 A i r  P i p e  Design - The access p i p i n g  t o  t h e  underground TES presented 
a  cons ide rab le  des ign cha l lenge .  Two major  problems are o f  concern. 
F i r s t ,  t h e  excavated rock  s h a f t s  r e q u i r e  ~ r o t e c t i o n  f rom excess ive 
temperature r i s e .  Second, thermal growth o f  t h e  h o t  a i r  p ipes  as 
t h e  system hea ts  up must be accommodated. 

I n  a  hea t  t r a n s f e r  a n a l y s i s  s i m i l a r  t o  t h e  one performed f o r  t h e  TES 
caverns, i t  was concluded t h a t  heat  l o s t  f rom t h e  h o t  a i r  p ipes  must 
be removed f r om t h e  underground environment t o  p reven t  overhea t ing  
o f  t he  rock  fo rmat  Ions w i t h  t lrne. Vher.efur-e, d L;l~r.ee-,TuuL a r ~ r ~ u l  are 
a i r  space between t h e  p i p e  and t h e  rock  s h a f t  w a l l s  i s  p rov ided  f o r  
v e n t i l a t i o n  purposes. The a i r  space, as i n  t h e  cavern arrangement,' 
i s  p r e s s u r i z e d  and v e n t i l a t e d  by  a i r  b l e d  f rom t h e  a i r  s to rage  
cavern. The rock  w a l l s  are p ressure  g rou ted  t o  m in im ize  a i r  leak-  
age. To reduce hea t  loss,  t h e  h o t  a i r  p ipes  are wrapped w i t h  s i x  
inches o f  open-ce l led  i n s u l a t i o n  (such as Kaowool) and covered by a  
p r o t e c t i v e  aluminum jacke t .  



A pressure vessel ,  secu re l y  anchored i n  t h e  hard  rock,  i s  t he  
approach se lec ted  t o  cap each s h a f t  a t  t h e  sur face .  The vessels  
designed f o r  t h i s  purpose a re  s i m i l a r  i n  cross s e c t i o n  t o  
pet rochemica l  f r a c t i o n a t i n g  towers.  These vessels  are f a b r i c a t e d  
f r om 3-112 i n c h  carbon s t e e l  p l a t e  f o r  t h e  h i g h  pressure s h a f t  and 
2-112 i n c h  p l a t e  f o r  t h e  low pressure s h a f t .  

The second major problem o f  t h e  h o t  a i r  p i p e  des ign was thermal 
growth. The h o t  a i r  p i p e  t o  TES 2, f o r  example, expands approx i -  
ma te l y  e i g h t  f e e t  when heated f rom c o l d  s t a r t - u p  t o  ope ra t i ng  
temperature and would expand some s i x t e e n  f e e t  i f  t he  TES cavern was 
p laced  a t  maximum depth. Severa l  methods t o  accommodate p i pe  growth 
were eva lua ted  i n c l u d i n g  t h e  use o f  expansion loops arid var ious  
types  o f  expansion j o i n t s .  

The p r e f e r r e d  s o l u t i o n  was t o  anchor t h e  p i p e  a t  t h e  ent rance t o  
each TES and a l l o w  it t o  expand upward. A t  t h e  upper end, t h e  p i pe  
expands through s leeves welded t o  t h e  pressure caps. A  d r y  
1  u b r i c a t e d  sea l  between t h e  s leeve and p i p e  p reven ts  excess ive 
leakage o f  heated a i r  i n t o  t h e  p ressu r i zed  aiVlnular space. Th is  
arrangement i s  shown i n  F i g u r e  8-7. The o n l y  TES access p i p e  no t  
r e q u i r i n g  t h i s  des ign i s  t h e  p i p e  connec t ing  TES 2 w i t h  t h e  a i r  
s t o rage  cavern. Th i s  i s  a  t h i n  w a l l  duct  f i x e d  a t  t h e  TES cavern 
e x i t  and a l lowed t o  expand f r e e l y  downward i n t o  t h e  a i r  cavern. 

A  h i g h  q u a l i t y  s t a i n l e s s  s t e e l  (A240-XM19) was se lec ted  f o r  t h e  a i r  
p i p e  des ign based on a  p r e l i m i n a r y  ana l ys i s  o f  ope ra t i ng  cond i t i ons .  
Two c r i t e r i a  were used t o  determine th icknesses  o f  TES access pipes: 
(1) t h e  dead weight  o f  t h e  p ipe,  and (2 )  t h e  thermal  s t r e s s  r e s u l t -  
i n g  f r om a  des ign maximum temperature g r a d i e n t  o f  50°F across t he  
p i p e  w a l l .  Because o f  t h e  p ressu r i zed  annular  a i r  space, t h e  pres- 
su re  g r a d i e n t  across t h e  p i p e  w a l l  was assumed t o  be n e g l i g i b l e .  

A i r  s h a f t  p i p e  d iameters  were es t imated  based on a  rough t r a d e o f f  o f  
p ressure  drop and p l a n t  performance. The i n s i d e  p i p e  d iameters  and 
p i p e  th icknesses  se lected,  based on these  c r i t e r i a ,  are presented 
below: 

TES 1 E n t r y  P ipe  
(Charge Cycle) 

TES 1 E x i t  P i p e  
(Charge Cyc le)  

TES 2  E n t r y  P ipe  
(Charge Cycle) 

TES 2  E x i t  P i p e  
(Charge Cycle) 

I .D. Thickness 
( Inches)  ( Inches)  

43.7 112 ( t o p  500 f t )  
518 (m idd le  500 f t )  
314 (bo t tom 250 f t )  



The i r r e g u l a r  p i p e  s i zes  a re  acceptable because t h e  p ipes  exceed 
s tandard  s i z e s  f o r  s t a i n l e s s  s t e e l  and, t he re fo re ,  would be 
manufactured by s p e c i f i c a t i o n .  S t a i n l e s s  s t e e l s  are p r e f e r r e d  over  
carbon s t e e l s  f o r  p i p i n g  m a t e r i a l  i n  t h i s  a p p l i c a t i o n  because o f  t he  
p o t e n t i a l l y  c o r r o s i v e  c o n d i t i o n s .  Premature f a i l u r e  would be 
d i f f i c u l t  and expensive t o  remedy due t o  t h e  requi rement  t o  
dep ressu r i ze  and per fo rm replacement work i n  con f i ned  l o c a t i o n s .  
These l a r g e  p i p e  s i z e s  w i l l  r e q u i r e  s i g n i f i c a n t  design ana l ys i s  f o r  
t h e  su r f ace  runs  t o  e s t a s b l i s h  suppor t  and anchor designs. 

8.6.5 TES Coo l i ng  Systern - A c o o l i n g  system i s  r e q u i r e d  f o r  sa fe  ope ra t i on  
o f  t h e  TES. The system must coo l  any excurs ions  i n  cavern a i r  
tempera tu re  t o  p reven t  cavern damage and t o  ensure t h a t  t he  r e t u r n  
a i r  temperature i s  c o n s i s t e n t l y  lower than  t h e  a i r  cavern charge 
( e n t r y )  temperature t o  achieve e f f e c t i v e  TES opera t  ion .  The coo l  i n g  
system must a l s o  ma in ta i n  T'ES cavern and s h a f t  w a l l  temperatures 
w i t h i n  s a f e  l i m i t s  t o  avo id s h a f t  and TES cavern f a i l u r e s .  

I n  normal TES ope ra t i on ,  a  thermal  breakthrough occurs f o r  a  s h o r t  
p e r i o d  near t h e  end o f  t h e  charge c y c l e  such t h a t  e l eva ted  tempera- 
t u r e  a i r  dumps i n t o  t h e  a i r  cavern. Heat t r a n s f e r  c a l c u l a t i o n s ,  
however, show t h a t  t h e  n a t u r a l  c o n d i t i o n s  i n  t h e  water-compensated 
a i r  cavern s u f f i c i e n t l y  coo l  t h i s  a i r  such t h a t  a u x i l i a r y  c o o l i n g  i s  
n o t  r e q u i r e d .  Most o f  t h i s  heat  i s  e v e n t u a l l y  conveyed t o  t h e  
s u r f a c e  by t h e  compensating water and d i s s i p a t e d  t o  t h e  env i ron-  
ment. 

The . ' coo l i ng  system (see F i g u r e  8 -1  f o r  t h e  a i r  f l o w  arrangement) i s  
c r i t i c a l  t o  t h e  r e g u l a t i o n  o f  underground rock  w a l l  temperatures. 
The system opera tes  by con t i nuous l y  b l eed ing  coo l  a i r  f r om t h e  a i r  
s t o rage  cavern th rough t h e  annular  spaces sur round ing  t h e  a i r  p i p e  
and s i  10s o f  t h e  h i g h  p ressure  TES system. The c o o l i n g  a i r  removes 
hea t  conducted th rough t h e  w a l l s  o f  TES components such t h a t  rock  
su r f aces  do n o t  inc rease  i n  temperature above 150°F. The a i r  i s  
drawn th rough t h e  annular  space by a  t h r o t t l i n g  process a t  t h e  
sur face .  The a i r  i s  t h r o t t l e d  t o  t h e  TES 1 o p e r a t i n g  pressure and 
coo led  t o  approx imate ly  70°F. A i r  f l o w  requi rements through t h e  
e n t i r e  system are es t imated  a t  some 25 pounds per  second. 

The c ~ m b i n e d  t h r o t t l i n q  and c o o l i n q  a c t i v i t y  can be performed 
c o n v e n i e n t l y  i n  an a i r  expander p rov ided  t h a t  f l ows  are s u f f i c i e n t  
t o  j u s t i f y  t h e  c a p i t a l  expend i tu re .  P r e l i m i n a r y  c a l c u l a t i o n s  show 
t h a t  approx imate ly  one megawatt cou ld  be generated. F i gu re  8-1 
shows t h e  c o o l i n g  c i r c u i t  w i t h  a  two-stage expander exhaus t ing  t o  
t h e  atmosphere. F reez ing  problems i n  t h e  expander would be avoided 
b y  s p e c i f i c a t i o n  o f  a  low e f f i c i e n c y  des ign t o  ma in ta i n  e x i t  temper- 
a t u r e s  above i c e  f o rma t i on  l e v e l s .  



: .  8.6.6 P a r t i c l e  Carry-Over - The ca r r y -ove r  o f  p a r t i c l e s  f r om  t h e  TES 
d u r i n g  t h e  d ischarge  p e r i o d  i s  impor tan t  f rom two opposing p o i n t s  o f  
v iew. The concerns a re  f o r ,  f i r s t l y ,  t h e  s i z e  o f  p a r t i c l e s  t h a t  
p o t e n t i a l l y  can be t r a n s p o r t e d  through t h e  v a l v i n g  and i n t o  t h e  
t u r b i n e  and, secondly, t h e  accumulat ion o f  p a r t i c l e s  i n  t h e  bed t h a t  
w i l l  reduce bed voidage and inc rease  p ressure  drop. 

F i g u r e  8-8 p r o j e c t s  t h e  maximum s i z e  o f  s p h e r i c a l  p a r t i c l e s  t h a t  
w i l l  be t r a n s p o r t e d  c l e a r  o f  t h e  t o p  o f  t h e  bed as a  f u n c t i o n  o f  
v e l o c i t y  and p a r t i c l e  m a t e r i  a1 . P a r t i c l e s  l a r g e r  than those  shown 
can p e r c o l a t e  upwards th rough  t h e  bed, b u t  these  w i l l  e i t h e r  f a l l  
back on to  t h e  bed o r  hover near t h e  top .  Du r i ng  t h e  charge p e r i o d  
these  p a r t i c l e s  w i l l  r e e n t e r  t h e  bed. The e v a l u a t i o n  o f  p a r t i c l e  
s i z e  was based on S toke 's  law f o r  t h e  v i scous  f l o w  range and drag 
c o e f f i c i e n t s  g i ven  by Kay f o r  t h e  t u r b u l e n t  range (Kay, 1963).  

I r r e g u l a r i t y  o f  p a r t i c l e  shape w i l l  i nc rease  t h e  s i z e  o f  p a r t i c l e  
t h a t  w i l l  become e n t r a i n e d  i n  t h e  upward f l o w i n g  a i r  stream. I n f o r -  
ma t i on  suggests t h a t  f o r  a  s p h e r i c i t y  o f  0.6, which corresponds t o  
t h e  shape o f  sharp sand, t h e  maximum p a r t i c l e  ca r ry -over  s i z e  f o r  a  
g i ven  v e l o c i t y  and m a t e r i a l  w i l l  be increased by 70 pe rcen t  (Chew, 
Apr i 1 1980) . 
The da ta  shown i n  F i g u r e  8-8 i n d i c a t e s  t h a t ,  even f o r  low mass 
f l u x e s  on t h e  .o rder  o f  200 I b l h r  ft2, t h e  s i z e . o f  p a r t i c l e  c a r r i e d  
over  i s  s u f f i c i e n t l y  l a r g e  t h a t  gas c leanup cannot be avoided. The 
o n l y  p a r t i c l e  m a t e r i a l  f o r  which t h i s  may no t  be t r u e  i s  c a s t  i r o n .  
How.ever, t h e  m a j o r i t y  o f  p a r t i c l e s  generated i n  a  bed. o f  c a s t  i r o n  
pebbles w i l l  be i r o n  o x i d e  w i t h  a  d e n s i t y  and hence car ry -over  
behav io r  s i m i l a r  t o  t h e  i r o n  o r e  ( i r o n  ox i de )  demarcat ion shown i n  
t h e  graph. The use o f  low mass f l u x e s  t o  reduce p a r t i c l e  ca r ry -over  
i s  undes i rab le ,  however, as t h i s  ' l e a d s  t o  an inc rease  i n  bed volume 
requi rements  f o r  a  g iven  end temperature d i f f e r e n c e .  

The genera l  conc lus ions  concern ing  p a r t i c l e  ca r r y -ove r  and r e t e n t i o n  
are:  

0 P a r t i c l e  ca r r y -ove r  w i l l  remain a  problem even w i t h  t h e  lowest  
mass f l u x e s  be ing  considered. 

Upward t r a n s p o r t  and e j e c t i o n  o f  p a r t i c l e s  f rom t h e  bed w i l l  
p r o v i d e  o n l y  a  ve r y  l i m i t e d  s t a b i l i z a t i o n  o f  bed voidage and 
p ressure  drop. 

I f  t h e  bed i s  se l f - c l ean ing ,  t h i s  w i l l  come almost e n t i r e l y  f rom 
t h e  downwards t r a n s p o r t  o f  p a r t i c l e s  d u r i n g  t h e  charge pe r i od .  



8.7 MAJOR MECHANICAL COMPONENTS 

The major mechanical equipment covered in this section includes the turbo- 
machinery, air f i ltration equipment, piping and valves, cool ing systems and 
plant auxiliary systems. 

8.7.1 Turbomachinery - The arrangement of machinery for the adiabatic 
cycle is shown in Figure 8-5. Unlike the oil-fired machinery 
design, two separate compressor drives were required, with the 
result that the centrifugal units were arranged in parallel with the 
axial compressors. These are located in an area occupied by heat 
exchangers in the oil-fired intercooled PEPCO plant design. The 
length o f  rhe maln traln 1s appraxlmately 230 feet; tne centritugal 
train is approximately 90 feet. The heaviest item is the assembled 
motor-generator, at 679,000 lbs. The weight of each low-pressure 
axial compressor (AGr-16) is 325,000 lbs. The PEPCO building 
arrangement allows use of dual cranes for motor-generator stator 
lifts, with a combined capacity of 300 tons. This is also adequate 
for the adiabatic machiwry. 

8.7.2 Air Filtration Equipment - Compressor inlet air filtration is 
required, and is located within housings adjacent to the machinery 
hall. Inlet air ducts from these housings will be equipped with 
silencers and will eontain the compressor inlet air heaters 
described i n  Section 6.3. 

Large particulates entrained in the air stream exiting TES 1 and 
TES 2 during the plant generation mode and exiting TES 1 during the 
plant compression mode must be removed if the design life of the 
turbomachinery is to be achieved. Dresser Clark specified that the 
separators should be capable of removing 95 percent of the particu- 
lates above 10 microns with a total allowable concentration 
of 160 ppm. To sustain the high operating pressures of the systems, 
the separators would be enclosed in pressure vessels. Discussions 
with several equipment manufacturers revealed that these design 
specifications could be met. No particular separator design is 
shown in the arrangements, as selection of a specific manufacturer 
for this equipment was left for more detailed investigations 
following definition of actual service conditions. 

8.7.3 Piping and Valves - Stainless steel piping is used throughout the 
main air system based upon the high temperature, high pressure, and 
1 arge di ameter service requirements. ~ a i n  air 1 ines connecting the 
storage system to the plant were sized based on pressure drop 
criteria to meet cycle optimization requirements. 



A number o f  h i gh  temperature va lves i n  l a r g e  d iameters  f o r  h i g h  
pressures are r e q u i r e d  f o r  c o n t r o l  o f  t h e  machinery and s h u t o f f .  
Major  va l ve  avai  1  ab i  1  i t y  was i n v e s t i g a t e d  independent ly  by both 
Acres and Dresser C la rk .  Several  manufacturers  were i d e n t i f i e d  w i t h  
p o t e n t i a l l y  s u i t a b l e  products ,  and Acres and Dresser se lec ted  t h e  
same manufacturer  f o r  es t imates  o f  c o n t r o l  va lve  cos ts .  The va lves  
r e q u i r e d  are unusual (e.g., 20 inch, 1500 l b  . ANSI c l a s s  f a s t  
c l o s i n g ) ,  expensive, and i n v o l v e  s u b s t a n t i a l  l ead  t i m e  f o r  
f a b r i c a t i o n .  A d d i t i o n a l  i n v e s t i g a t i o n  o f  s e r v i c e  requirements,  
v a l v e  a v a i l a b i l i t y  and des ign rev iew i s  a n t i c i p a t e d  f o r  these 
c r i t i c a l  ope ra t i ng  i tems i n  f u t u r e  design e f f o r t s .  Th i s  i s  
c o n s i s t e n t  w i t h  t h e  d e t a i  1  des ign a c t i v i t i e s  norma l l y  seen f o r  any 
o t h e r  t ype  o f  l a r g e  power p r o j e c t .  

8.7.4 Coo l ing  Systems - Cycle o p t i m i z a t i o n  showed t h a t ,  f o r  t h e  ope ra t i ng  
c o n d i t i o n s  o f  t h e  turbomachinery,  heat  r e j e c t i o n  f rom th,e c y c l e  i s  
r e q u i r e d  t o  achie.ve e q u i l i b r i u m  ope ra t i on  f o r  TES 1 and s a t i s f a c t o r y  
performance o f  turbomachinery components. A  t r i m  c o o l e r  t o  r e j e c t  
t h i s  heat  i s  l oca ted  i n  t h e  compression system p i p i n g  f o l l o w i n g  
TES 1 ( F i g u r e  8-1) .  Th i s  l o c a t i o n  a l so  a l l ows  p rehea t i ng  o f  
compressor i n l e t  a i r .  

As d iscussed i n  Sec t ion  6.3, p rehea t i ng  compressor i n l e t  a i r  i s  
r e q u i r e d  t o  ma in ta i n  acceptable performance throughout  t h e  year.' I f  
i n l e t  a i r  temperatures were a l lowed t o  f l u c t u a t e  w i t h  t h e  seasons, 
w i n t e r  temperatures would r e s u l t  i n  unacceptable compressor d i s -  
charge c o n d i t i o n s .  Approx imate ly  one f o u r t h  o f  t h e  a i r  f l o w  through 
t h e  t r i m c o o l e r  must be d i v e r t e d  t o  t h e  a i r  p rehea te rs  ( p r i o r  t o  t h e  
second s tage o f  compression, see F i g u r e  8-1) t o  preheat i n l e t  a i r  t o  
t h e  90°F des ign p o i n t  a t  0°F ambient temperature.  

Heat exchange equipment i s  a l s o  r e q u i r e d  f o r  l u b r i c a t i n g  o i l  and 
genera to r  hydrogen coo l  ing.  The lube  o i  l l hydrogen system r e q u i r e -  
ments are r e l a t i v e l y  smal l  and can b e '  handled u s i n g  e i t h e r  
wet towers o r  a i r - c o o l e d  f i nned  tube u n i t s ,  w i t h  t he  l a t t e r  assumed 
f o r  t h e  c o s t  est imate.  

A i r - t o - a i r  f i nned  tube exchangers a re  proposed f o r  t h e  compressor 
i n l e t  a i r  hea te rs  and t r i m  c o o l e r  u n i t s .  The t r i m  c o o l e r s  w i l l  
r e q u i r e  m a n i f o l d i n g  o f  t h e  p r ima ry  a i r  p i p i ng ,  bu t  s u b s t a n t i  a1 l y  
fewer  u n i t s  are r e q u i r e d  compared t o  t h e  PEPCO d r y  c o o l i n g  system 
des ign.  The a i r  i n l e t  hea te rs  a re  s u f f i c i e n t l y  smal l  t o  a l l o w  
v e r t i c a l  mount ing i n  t h e  compressor i n l e t  duct .  

8.7.5 Mechanical A u x i l i a r i e s  - I n  general ,  t h e  mechanical a u x i l i a r y  
systems f o r  a d i a b a t i c  CAES are  s i m i l a r  t o  t he  systems developed f o r  
t h e  o i l - f i r e d  CAES p l a n t .  The major  d i f f e r e n c e  between t h e  two 
p l a n t s  i s  t h e  e l i m i n a t i o n  o f  most o f  t he  f u e l  o i l  system f o r  



a d i a b a t i c  CAES. ( A d i a b a t i c  CAES, however, r e q u i r e s  some f u e l  o i  1  
f o r  emergency gene ra to r s ) .  Other p l a n t  system requi rements,  such as 
t h e  water  supp ly  system, waste t rea tment  system, and f i r e  p r o t e c t i o n  
system, a re  v e r y  s i m i l a r  f o r  bo th  a d i a b a t i c  and o i l - f i r e d  CAES. 

ELECTRICAL SYSTEM 

The e l e c t r i c a l  system can be d i v i d e d  i n t o  two broad ca tegor ies :  

( 1 )  sw i t chya rd  (which was d iscussed i n  t h e  s e c t i o n  on su r f ace  f a c i l i t i e s )  
and 

( 2 )  genera l  s t a t i o n  se rv i ces .  

On t h e  whole, t h e  p l a n t  e l e c t r i c a l  system f o r  a d i a b a t i c  CAES i s  n e a r l y  
i d e n t i c a l  t o  t h e  system developed f o r  o i l - f i r e d  CAES. The major depar tu res  
o f  a d i a b a t i c  CAES f rom t h e  PEPCO s tudy  design r e s u l t  from: 

( 1 )  t h e  e l i m i n a t i o n  of c o o l i n g  system and f u e l  pump d r i ves ,  

( 2 )  r e d u c t i o n  o f  f a n  power f o r  t h e  p l a n t  c o o l i n g  systems, 

( 3 )  inc rease  o f  power t o  d r i v e  t h e  l a r g e r  compressors, and 

( 4 )  use o f  a separat.e c e n t r i f u g a l  compressor motor d r i v e .  

Generator  v o l t a g e  i s  13.8 kV versus t h e  18  kV o f  t h e  Brown Bover i  equip- 
ment, b u t  t h i s  has n o t  r e s u l t e d  i n  any major change i n  equipment r e q u i r e -  
ments. The separa te  motor  and motor-generator  do r e q u i r e  r e v i s i o n  t o  t h e  
bus arrangement and equipment needs, a1 t e r i n g  cos t s  somewhat f rom the  PEPCO 
s t u d y  es t imate .  

The use o f  a  separate motor t o  d r i v e  t h e  c e n t r i f u g a l  compressors prevents  
s t a r t i n g  these  machines d i r e c t l y  w i t h  t h e  t u r b i n e s .  Severa l  a1 t e r n a t i v e s  
a r e  foreseen. The drawings show a  separate s t a r t - u p  a i r  t u r b i n e  i n  t h e  
c e n t r i f u g a l  compressor t r a i n .  Other approaches t o  s t a r t - u p  i n c l u d e  use o f  
v a r i a b l e  f requency d r i v e s  ( s t a t i c  s t a r t e r s )  and back t o  back s t a r t - u p  o f  
t h e  motors and motor-generdtor-s . The use o f  a b a ~ I < . ~ t o - b a c k  
(cross-connected w ind ings)  approach i s  foreseen t o  be t h e  l e a s t  c o s t l y  o f  
t h e  t h r e e  a l t e r n a t i v e s  and i s  r e f l e c t e d  i n  t h e  cos t  est imate.  
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9  - COST AND SCHEDULE 

T h i s  s e c t i o n  p resen ts  t h e  conceptual  es t imates  f o r  c a p i t a l  and o p e r a t i n g  
cos t ,  a  p r e l i m i n a r y  p r o j e c t  schedule, l e v e l i z e d  p roduc t i on  cos t s  f o r  p l a n t  
o u t p u t  power, and a  d i scuss ion  o f  p l a n t  economics. 

CAPITAL COST ESTIMATE 

C a p i t a l  c o s t  es t imates  were developed f o r  t h e  conceptual  p l a n t  des ign 
(desc r i bed  i n  Sec t ion  8 )  based upon p r e l i m i n a r y  c o s t  es t imates  prepared 
d u r i n g  t h e  PEPCO study. Several  v a r i a t i o n s  i n  p l a n t  c a p a c i t y  and TES f i l l  
m a t e r i  a1 were examined. 

Tab le  9-1 p resen ts  t h e  es t imated  c o s t  o f  an 8.3 hour  s to rage  c a p a c i t y  
a d i a b a t i c  CAES p l a n t .  A i r  s to rage  i s  i n  excavated hard  rock  caverns w i t h '  
hea t  s to rage  i n  i r o n  ox ide  pebbles. The c o s t  es t ima te  f o r  a  10-hour 
a d i a b a t i c  p l a n t  are presented i n  Table 9-2 and comparat ive cos t s  f o r  t h e  
10-hour o i l - f i r e d  CAES des ign are presented i n  Table 9-3 under a  d i f f e r e n t  
code o f  accounts. I n  a l l  cases f o r  a d i a b a t i c  CAES, t h e  TES volume 
requi rements a re  based upon CEGB program r e s u l t s .  The changes i n  thermal  
energy s to rage  system c o s t  w i t h  a l t e r n a t i v e  m a t e r i a l s  ( i  e . ,  g r a n i t e ,  
Denstone, and cas t  i r o n )  are a l so  i n d i c a t e d  f o r  each p l a n t  capac i t y .  

A  genera l  breakdown o f  t h e  TES cos t s  f o r  t h e  8.3-hour p l a n t  des ign w i t h  
hea t  s to rage  i n  i r o n  ox ide  pebbles i s  .shown i n  Table 9-4. I n  t h e  cases o f  
g r a n i t e  and Denstone f i  11 ma te r i a l s ,  which a re  l ess  dense than i r o n  ox ide  
pebbles, t h e  bas i c  s t r u c t u r a l  des ign o f  t h e  f i  11 containment c y l i n d e r s  and 
suppor t  s t r u c t u r e s  f o r  t h e  i r o n  ox ide  system are  v a l i d  and were r e t a i n e d  
f o r  c o s t i n g  purposes. The bas i c  d i f f e r e n c e  i n  TES designs f o r  these f i l l  
m a t e r i a l s  was t h e  s i z e  o f  bed approach area r e q u i r e d  t o  achieve equ i va len t  
thermal  performance ( i  .e., end temperature d i f f e r e n c e )  f o r  t h e  g iven  bed 
depth. Cast i r o n  f i l l ,  however, would r e q u i r e  . s u b s t a n t i a l  m o d i f i c a t i o n s  t o  
t h e  TES containment des ign t o  accommodate t h e  much g r e a t e r  s t r u c t u r a l  
loads.  The TES c o s t  es t ima te  f o r  c a s t  i r o n  f i l l  t h e r e f o r e  represen ts  a  
rough cos t  e x t r a p o l a t i o n  o f  t h e  i r o n  ox ide  case, and r e f l e c t s  a  n e a r l y  
f o u r - f o l d  inc rease  i n  containment c o s t s  i n  a d d i t i o n  t o  a  s u b s t a n t i a l l y  
h i g h e r  f i l l  cos t .  

I n  Table 9-5, d i r e c t  c o s t  and t o t a l  c o s t  per  k i l o w a t t  o f  power generated 
a r e  compared f o r  a d i a b a t i c  CAES, f u e l - f i r e d  CAES, and underground pumped 
hydro  f a c i l i t i e s .  The s e n s i t i v i t y  o f  c a p i t a l  cos t s  t a  t h e  s e l e c t i o n  o f  
hea t  s to rage  m a t e r i a l s  f o r  a d i a b a t i c  CAES i s  apparent i n  t h i s  t a b l e .  



CONSTRUCTION SCHEDULE 

A  p r e l i m i n a r y  c o n s t r u c t i o n  schedule f o r  t h e  a d i a b a t i c  CAES p l a n t  i s  shown 
i n  F i g u r e  9-1. Cons t ruc t i on  o f  t h e  thermal energy s to rage  f a c i l i t i e s  
extends t h e  PEPCO s tudy  CAES p l a n t  c o n s t r u c t i o n  p e r i o d  by approx imate ly  one 
yea r .  

9.3 OPERATING COSTS 

P  1  an t  p a y r o l l  and maintenance expenses were es t imated  a t  $4.00/kW-year 
f i x e d  cos t s  and 0.28 mi l l s /kWh v a r i a b l e  cos t s  (1980 d o l l a r s )  f o r  a d i a b a t i c  
CAES. These o p e r a t i n g  c o s t s  were based upon es t imates  o f  p l a n t  s t a f f  (68 
persons)  and maintenance requirements,  which i nco rpo ra ted  i n fo rma t  i o n  
p r o v i d e d  by Dresser  C l a r k  t oge the r  w i t h  es t imates  o f  a d d i t i o n a l  r o u t i n e  
s e r v i c e s  r e q u i r e d  t o  keep t h e  p l a n t  on l i n e .  

9.4 LEVELIZED ENERGY COSTS 

L e v e l i z e d  annual busbar cos t s  were c a l c u l a t e d  us ing  t h e  methodology 
p resen ted  i n  t h e  EPRI Techn ica l  Assessment Guide (EPRI, 1978) and c o s t  
 assumption.^ prepared by B a t t e l l e  PNL f o r  CAES s t u d i e s  (Tab le  9-6).  The 
a n a l y s i s  assumed a  1990 s t a r t  o f  p l a n t  opera t ions .  The c a p i t a l  c o s t  
e s t i m a t e  f o r  t h e  completed p l a n t  i nco rpo ra ted  an i n d i r e c t  c o s t  m u l t i p l i e r  
o f  39 pe rcen t  on d i r e c t  cos t s  f o r  con t ingenc ies ,  engineer ing,  c o n s t r u c t i o n  
management, and u t i l i t y  cos t s .  

Tab le  9-7 compares t h e  r e s u l t s  o f  t h e  l e v e l i z e d  energy c o s t  ana l ys i s  f o r  
a d i a b a t i c  CAES, o i l - f i r e d  CAES, and combustion turbines for various 
c a p a c i t y  f a c t o r s  and a  u n i f o r m  p l a n t  l i f e  o f  30 years .  The r e s u l t s  
i n d i c a t e  t h a t  a d i a b a t i c  CAES i s  c o m p e t i t i v e  w i t h  o i l - f i r e d  CAES i f  low 
c o s t  m a t e r i a l s  a re  used f o r  heat  s torage.  

9.5 SENSITIVITY ANALYSIS 

A  number o f  s e n s i t i v i t y  t e s t s  were performed f o r  such f a c t o r s  as p l a n t  
1  i f e ,  TES f i  11 m a t e r i a l  s e l e c t i o n ,  s to rage  capac i ty ,  charg ing  energy cos t ,  
and c y c l e  arrangement. 



9.5.1 P l a n t  L i f e  : . A t  t h i s  stage o f  development, t he  ac tua l  l i f e  o f  an 
a d i a b a t i c  CAES p l a n t  i s  d i f f i c u l t  t o  p r o j e c t .  The underground 
f a c i l i t i e s  ( exc lud ing  TES) w i l l  c e r t a i n l y  o u t l a s t  t h e  sur face  
equipment. The c y c l i c  l i f e  o f  t h e  thermal s torage f i l l  m a t e r i a l  i s  
unce r ta i n .  The l i f e  o f  t h e  TES containment and underground p i p i n g  
w i  11 depend upon TES m a t e r i a l  behavior .  The mean t ime  between 
overhau ls  o f  t h e  turbomachinery,  s ince  no combustion i s  invo lved,  
may be much longer  than f o r  combustion t u r b i n e s  because o f  less  
severe thermal c y c l i n g  and gas pa th  co r ros ion  f a c t o r s .  Eros ion  l i f e  
o f  t h e  blades w i l l  depend p r i m a r i l y  upon t h e  range o f  p a r t i c u l a t e  
s i z e  generated by TES m a t e r i  a1 s  and p a r t i c l e  separa to r  e f f i c i e n c y .  
I t  i s  reasonable t o  suppose, t h e r e f o r e ,  t h a t ,  i f  s to rage  m a t e r i a l  
l i f e  i s  adequate, p a r t i c u l a t e  e ros ion  can be e f f e c t i v e l y  e l i m i n a t e d  
b y  h i g h  e f f i c i e n c y  separa t ion  and c y c l i c  f a t i g u e  i s  reduced by low 
temperature ope ra t i on  of r o t a t i n g  equipment, t h e  l i f e  o f  an adia- 
b a t i c  CAES p l a n t  may extend cons ide rab l y  beyond convent iona l  CAES 
assumptions. 

To r e f l e c t  t h i s  p o s s i b i l i t y ,  t h e  CAES p l a n t  l i f e  assumption o f  
25 years  was supplemented w i t h  a 50-year l i f e .  The r e s u l t s ,  as 
shown i n  Table 9-8, i n d i c a t e  approx imate ly  10 percen t  improvement i n  
l e v e l i z e d  energy cos t .  As l e v e l i z e d  c o s t  c a l c u l a t i o n s  i n v o l v e  
p resen t  wor th  ana lys is ,  comparisons o f  p l a n t s  w i t h  d i f f e r i n g  l i v e s  
must be eva lua ted  over a  common base per iod .  These c a l c u l a t i o n s  
were performed f o r  a  t e rm  o f  50 years  and i nc l ude  c a p i t a l  cos t  
adjustments t o  r e f l e c t  complete p l a n t  rep,lacement o f  mechanical 
components, i n c l u d i n g  TES, f o r  t h e  25-year p l a n t .  

An a n a l y s i s  was a l so  performed t o  assess t h e  impact o f  r e p l a c i n g  TES 
f i l l  m a t e r i a l s  every  1 0 y e a r s .  With an o p e r a t i n g  l i f e t i m e  o f  
30 years  used as a  bas i s  f o r  t h i s  ana lys is ,  two f i l l  replacements 
were requ i red .  The r e s u l t s  i n d i c a t e d  t h a t  t h e  l e v e l  i z e d  annual 
busbar cos t  o f  t h e  p l a n t  would be increased 6.1 m i l l s /kWh ( o r  
2.7 pe rcen t )  f o r  an annual c a p a c i t y  f a c t o r  o f  20 pe rcen t  f o r  an i r o n  
o x i d e  f i l l  TES desfgn. The a n a l y s i s  assumed t h a t  replacement 
a c t i v i t y  would t ake  s i x  months t o  access t h e  TES, r ep lace  t h e  f i l l ,  
and r e t u r n  t h e  p l a n t  t o  se rv i ce .  Dur ing  t h i s  per iod,  t h e  cos t  o f  
replacement power i n  t h e  fo rm o f  baseload e l e c t r i c i t y  was f a c t o r e d  
i n t o  t h e  cos t  o f  f i l l  replacement s i nce  t h e  a d i a b a t i c  CAES p l a n t  
would be rendered inoperab le .  I f  o n l y  combustion t u r b i n e s  were 
a v a i l a b l e  t o  generate t h i s  make-up power, then t h e  l e v e l i z e d  busbar 
c o s t s  would be increased 44.0 m i l  ls/kWh over  t h e  base case ( o r  
approx imate ly  30 pe rcen t )  a t  20 percen t  c a p a c i t y  f a c t o r .  The added 
c o s t  o f  f i l l  replacement would p robab ly  f a l l  somewhere between these 
twn ext-remes depending on t h e  genera t ion  mix  o f  make-up power 
a v a i l a b l e ,  i f  indeed i t  i s  a v a i l a b l e .  These es t imates  d i s rega rd  any 
l o s s  o f  power ou tpu t  as a  r e s u l t  o f  reduced thermal performance t h a t  
may be a t t r i b u t e d  t o  f i l l  degrada t ion  between replacement years.  
The genera l  conc lus ion  i s  t h a t  t h e  cos t  impact o f  TES f i l l  
replacement can be smal l  o r  ve ry  l a r g e  depending on t h e  s p e c i f i c  
c i rcumstances.  



t h a t  t h e  c o s t  impact o f  TES f i l l  replacement can be smal l  o r  ve ry  
l a r g e  depending on t h e  s p e c i f i c  c i rcumstances.  

9.5.2 F i l l  M a t e r i a l  and P l a n t  Storage Capac i ty  - The s e l e c t i o n  o f  f i l l  
m a t e r i a l  a f f e c t s  t h e  s i z e  o f  TES containment requ i red .  as d i f f e r e n t  
m a t e r i  a1 s  e x h i b i t  d i f f e r e n t  thermal  performance c h a r a c t e r i s t i c s .  
Account ing f o r  t hese  d i f f e r e n c e s ,  c a l c u l a t i o n s  were performed t o  
de te rmine  t h e  s e n s i t i v i t y  o f  l e v e l i z e d  cos t s  t o  changes i n  TES f i l l  
m a t e r i a l s  i n  p a r t i c u l a r  and c a p i t a l  cos t  v a r i a t i o n s  i n  genera l .  The 
e f f e c t  o f  f i l l  s e l e c t i o n  and s to rage  c a p a c i t y  on l e v e l i z e d  cos t s  are 
shown i n  Tab le  9-7 f o r  30-year a d i a b a t i c  CAES p l a n t s .  The t a b l e  
i n d i c a t e s  t h a t  a d i a b a t i c  CAES w i t h  t h e  lower c o s t  f i l l  m a t e r i a l s  
( i  .e., i r o n  o x i d e  and Denstone) appears c o m p e t i t i v e  w i t h  o i  l - f  i r e d  
CAES, b u t  t h a t  i t i s  m a r g i n a l l y  c o m p e t i t i v e  w i t h  t he  more expensive 
c a s t  i r o n  f i  l I .  

9.5.3 Charg ing Energy Cost - I n  t h e  PEPCO s tudy  o f  o i  l - f i r e d  CAES and UPH, 
t h e  c o s t  o f  c h a r g i n g  power was de f i ned  as 20.9 mi l l s /kWh (1980 
d o l l a r s )  as opposed t o  t h e  11.4 m i l  ls/kWh (1980 d o l l a r s )  assumed f o r  
t h e  l e v e l i z e d  c o s t  c a l c u l a t i o n s  o f  t h i s  study. Th i s  h i ghe r  charg ing  
power c o s t  was a l s o  examined f o r  t h e  case o f  10 hours o f  storage, 
i r o n - o x i d e  f i l l ,  and a  p l a n t  l i f e  o f  30 years .  With t h i s  f i g u r e ,  
l e v e l i z e d  energy c o s t  would i nc rease  by 129.8 mi l l s /kWh ( o r  58 
p e r c e n t )  f o r  20 pe rcen t  c a p a c i t y  f a c t o r ,  w h i l e  t h e  l e v e l  i z e d  cos t  o f  
o i  1  - f i r e d  CAES would inc rease  bb .8 m i  11 s/kWh ( o r  25 per-cer~ t )  . 
With t h e  11.4 mi l l / kWh base r a t e ,  l e v e l i z e d  cos t s  f o r  a d i a b a t i c  
CAES a r e  approx imate ly  14 pe rcen t  l e s s  than o i l - f i r e d  CAES, w h i l e  
a d i a b a t i c  CAES c o s t s  w i t h  t h e  h i ghe r  charg ing  power c o s t  are 
approx imate ly  8 pe rcen t  h i g h e r  than o i l - f i r e d  CAES a t  20 percen t  
c a p a c i t y  f a c t o r .  

L i k e  a d i a b a t i c  CAES, t h e  UPH p l a n t  des ign i s  a l so  v e r y  s e n s i t i v e  t o  
cha rg ing  power cos t s .  The l e v e l i z e d  cos t  of t h e  2000 MW PEPCO s tudy  
UPH p l a n t  des ign would inc rease  79.7 mi l l s /kWh ( o r  36 pe rcen t )  us i ng  
t h e  PEPCO c h a r g i n g  power r a t e .  For a d i a b a t i c  CAES (25 year  p l a n t  
1  i f e )  t h e  50-year l e v e l i z e d  c o s t  would inc rease  74.6 mi l ls /kWh (28 
p e r c e n t )  a t  20 pe rcen t  c a p a c i t y  f a c t o r .  

A c a l c u l a t i o n  was a l s o  performed t o  compare o i l - f i r e d  CAES w i t h  
a d i a b a t i c  CAES assuming equal e s c a l a t i o n  r a t e s  (7  pe rcen t )  f o r  o i  1  
and cha rg ing  energy. L e v e l i z e d  c o s t  o f  o i l - f i r e d  CAES a t  20 pe rcen t  
c a p a c i t y  f a c t o r  was reduced 22.8 mi 1  ls/kWh, o r  approx imate ly  9  pe r -  
c e n t  below t h e  va lue  presented i n  Table 9-7 w h i l e  no e f f e c t  was 
produced f o r  t h e  a d i a b a t i c  CAES r e s u l t s .  T h i s  c a l c u l a t i o n  suggested 
t h a t  t h e  c o s t  o f  o i l - f i r e d  CAES and a d i a b a t i c  CAES w i t h  Denstone 
f i l l  would be approx imate ly  equal i f  t h e  cos t  o f  baseload e l e c t r i -  
c i t y  was assumed t o  t r a c k  t h e  c o s t  o f  o i l  ( i  .e., w i t h  no e s c a l a t i o n  
r a t e  d i f f e r e n t i a l  assumed). 



T a b l e  9-1 
b 

'1 1-1 ESTIMATE 

CLIENT  
BATTELLE - PNL TYPE OF ESTIMATE C o n c e ~ t u d  

PROJECT Adiabatic-CAES in Hard Rock - 8.3 Hr. APPROVED BY 

JOB NUMBER P5629.00  
FILE NUMBER 

I I , 153  I 
SHEET 1 OF 4 
BY James DATE 9/80 I 
CHKD D r i g g ~  DATE 10/80 

REMARKS 

J u l y  1980 D o l l a r s  

6 7 . 0 2 .  03. F o r m  134A 



Table 9-2 

6 7 .  0 2 .  03.  F o r m  134A 

8 

JOB NUMBER P5629.00 
FILE NUMBER " . I 5 3  
SHEET OF 4 
BY James DATE 9/80 
CHKD D r i  ggs DATE 10180 

REMARKS 

July 1980 D o l l a r s  

ESTIMATE 

CLIENT  
BATTELLE - PNL TYPE OF ESTIMATE Conce~ tua l  

Adiabatic-CAES i n  Hard Rock - 10 Hr. APPROVED BY 

No. 

20. 

21. 

22. 

23. 

25. 

26. 
0 
I 
01 

23. 

23. 

23. 

PROJECT 

DESCRIPTION 

LAND AND LAND RIGHTS 

GENERATIONICOMPRESSION 
SYSTEM 

COMPRESSED A I R  STORAGE 

THERMAL ENERGY STORAGE - 
IRON OXIDE FILL 

ELECTRIC PLANT EQUIPMENT 

GENERAL PLANT FACILITIES 

DIRECT COST 

COSTIKW 

THERMAL ENERGY STORAGE - 
ROCK FILL 

THERMAL ENERGY STORAGE - 
DENSTONE FILL 

THERMAL ENERGY STORAGE - 
CAST I R O N  FILL 

UNIT QUANTllTY AMOUNT 

16,496,000 

230,249,000 

64,410,000 

59,749,000 

67,094,000 

10,572,000 

56,065,000 

108,556,000 

222,804,000 

TOTALS 

44.3,570,000 

56 1 



Table 9-3 

57. 0 2 .  0 3 .  F o r m  134A 

JOB NUMBER P5629.00 
FILE NUMBER II . I53 
SHEET 3 OF 4 
By James DATE 9/80 
CHKDDriggs ~ A T ~ 1 0 / 8 0  

REMARKS 

Ju ly  1979 Dol la rs  

ESTIMATE 

CLIENT  BATTELLE - PNL TYPE OF ESTIMATE Prel imi 

Adiabatic CAES i n  Hard Rock PROJECT APPROVED BY 

No. 

PO. 

20. 

30. 

40. 

50. 

60. 

70. 
w 

DESCRIPTION 

COMPARISON COST ESTIMATt: 

CONSTRUCTION PREPARATION 

SURFACE FACILITIES 

STORAGE SYSTEMS 

GENERATION/COMPRESSION 

MECHANICAL B.O.P. 

SWITCHYARD 

PLANT ELECTRICAL EQUIPMENT 
AND SYSTEMS 

SUBTOTAL 

10% ESCALATION 

DIRECT COST, 7!80 

QUANTITY 

- 924 MW/10 

UNIT 

tR FUEL 

6fiYJ' 
' IRED 

AMOUNT 

PEPCO CAES PLANT 

14,996,OOC 

16,007,OOC 

58,263,OOC 

172,580,OOC 

30,751,OOC 

37,814,OOC 

14,498,000 

34,491,000 

TOTALS 

344,909,000 

379,400,000 



Table 9-4 - . ... 

5 7 . 0 2 .  0 3 .  F o r m  134A 

JOB NUMBER P5629.00 
FILE NUMBER P5629.00.153 

SHEET 4 OF 4 
BY James DATE 9/80 
CHKD Driggs DATE 10180 

REMARKS 

Includes rock cavern 
excavation, s t r u c t u r a l  

ESTIMATE 

CLIENT  BATTELLE - PYL TYPE OF ESTIMATE Corceptual 

Ad iabat ic  CAES i n  Hard IRock APPROVED BY PROJECT 

support, s i l o  
f a b r i c a t i o n  

Storage Medium I r o n  ox ide  f i l l  

A i r  Shaf t  Construct i o n  Includes sha f t  excavation, 
a i r  s h a f t  p ip ing ,  and 
a i r  shaf t  caps. 

Sur f  ace P ip ing IVa lv ing  Excludes main c o n t r o l  

A u x i l i a r y  Equipment Inc ludes mechanical 
separators and 
inst rumentat  i on .  

TOTAL ACCOUNT 23 

TOTALS UNIT  
COST! QUANTITY No. 

23. - 

.1 

A MOUNT 

18,858,000 

DESCRI PTlON 

THERMAL ENERGY STORAGE 

Storage Vessel C o n s t r u c t i o ~  



Table 9-5 

~ d i a b a t i c  CAES (800 M W )  

Iron Oxide F i l l  

8 .3 hour s torage  

10 hour s to rage  

Grani te  F i l l  

8.3 hour s to rage  

10 hour s to rage  

Denstone F i l l  

8 .3  hour s to rage  

10 hour s t o r a g e .  

Cast Iron F i l l  

8 .3  hour s to rage  

1.0 hour s to rage  

Oil-Fired CAES (924 MW) 

10 hour s to rage  

UPH (2000 MW) 

10 hour s to rage  

Comparison of Capital  Costs 

1980 Total Cost* 

Direc t  Cost,  $000 $/kW 

All c o s t s  in J u l y  1980 Dollars  

* Present worth a t  10 percent  discount  r a t e .  



Table 9-6 

Economic Assumptions f o r  CAES Ana l ys i s  

Parameter U n i t s  

F i x e d  Charge Rate %/yr 

D iscount  Rate %/yr 

I n f  1 a t i o n  Rate %/yr 

E s c a l a t i o n  Rates 

Petro leum Fue l s  %/yr 

Coal %/yr 

n n w  lnad E lectricity %/yr 

C a p i t a l  tqu ipment /Cons t ruc t ion  %/yr 

Operat ions/Maintenance Costs %/yr 

Value 

18% 

10% 

6 % 

en erg.^ P r i c e s  - Jan. 1, 1980 

D i s t i l l a t e  #2 

Res idua l  011 

Co a 1 

Baseload E l e c t r i c i t y  

System L i f e t i m e  years 30 

S t a r t  o f  Opera t ions  

Base Year f o r  Cost Est imates 



TABLE 9-7 

Comparison o f  O i l - F i r e d  CAES, Ad iaba t i c  CAES, and Combustion Turb ines 

1990 Level  i zed  Busbar Cost (Mi 11 s/kWh) 

Ad iaba t i c  CAES ( b )  
Capac i ty  

Fac to r  O i l - F i r e d  CAES (a )  I r o n  Oxide F i l l  I r o n  Oxide F i l l  Denstone F i l l  Cast I r o n  F i l l  

378.2 410.6 492.3 

ig:) ( pe rcen t )  (10-hour s to rage)  (8.3-hour s torage)  (10-hour s torage)  (10-hour s torage)  (10-hour s torage)  Tu rb i  n  

10 369.9 368.3 446.4 

u3 
I 
A 
A 

( a )  924 MW output ,  30-year l i f e ,  water compensated hard rock a i r  caverns. 

( b )  800 MW output ,  30-year l i f e ,  water compensated hard  rock  a i r  caverns. 

( c )  50 MW output ,  30-year l i f e ,  300 $/kW c a p i t a l  cos t  (1990), 2.0 mi l ls /kWh v a r i a b l e  O&M, 140 mi l l s /kW-yr  f i x e d  O&M, 
12,000 BtuIkWh heat  r a t e  (1980 do1 l a r s ) .  



TABLE 9-8 

Comparison o f  Ad iaba t i c  CAES and UPH f o r  50-Year Per iod 

1990 Level i zed  Busbar Cost (Mi 11 s/kWh) 

Capac i ty  
Fac to r  U P H ( ~ )  Ad iabat ic  CAES (b  

2000 MW 1000 MW 
c )  

( pe rcen t )  25-Y ear ~ i f e '  50-year 

a) IU-hour s torage capaci ty ,  SO-year p l a m  l l f o  

b)  800 MW output,  10-hour s torage capaci ty ,  i r o n  ox ide  f i l l  

c )  Mechanical components are replaced a f t e r  25 years o f  opera t ion  t o  achieve 
50-year p l a n t  ope ra t i ng  per iod .  

d )  Mechanical components are assumed t o  l a s t  50 years before re t i r emen t .  
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10 - FEASIBILITY ASSESSMENT AND DEVELOPMENT NEEDS 

10.1 AREAS R E Q U I R I N G  FURTHER DEVELOPMENT 

The f o l l o w i n g  i s  a d i scuss ion  o f  a number o f  p l a n t  des ign aspects which 
should be i n v e s t i g a t e d  f u r t h e r  i f  more d e t a i l e d  eng ineer ing  e f f o r t s  are 
undertaken: 

10.1.1 TES Behavior - Although heat  s to rage  i n  l a r g e  pebble bed regener- 
a t o r s  remains t o  be demonstrated, a number o f  sma l l -sca le  vers ions  
used f o r  p rehea t i ng  a i r  i n  wind t unne l s  g i v e  credence t o  t he  
design. To assess t h e  f e a s i b i l i t y  o f  us i ng  pebbles f o r  l a rge -sca le  
regenera to rs ,  as proposed f o r  a d i a b a t i c  CAES i n  t h i s  and o the r  
s t u d i e s  (Hami 1 ton, 1978; CEGB, 1979), a pebble t e s t i n g .  program 
should be i n i t i a t e d .  

The goal  o f  t h e  program should be t h e  i d e n t i f i c a t i o n  (by  expe r i -  
mental  eva lua t i on )  o f  pebbles s u i t a b l e  f o r  t h e  bed c o n f i g u r a t i o n ,  
o p e r a t i n g  cond i t i ons ,  and m a t e r i a l  l i f e  expected o f  a near-term 
a d i a b a t i c  CAES f a c i l i t y .  Emphasis should be p laced  f i r s t  on t h e  
e v a l u a t i o n  o f  low cos t  pebbles (such as i r o n  ox ide  and var ious  
forms o f  r ock )  because o f  t h e  massive bed volumes requ i red .  
M a t e r i  a1 s should be t e s t e d  under thermal c y c l  i n g  c o n d i t i o n s  i n  
vesse ls  o f  s u f f i c i e n t  s i z e  and p r o p o r t i o n  t o  pe rm i t  accurate 
model ing o f  f u l l - s i z e  regenera to rs .  

The t e s t i n g  program should s e t  o u t  t o  accompl ish t h e  f o l l o w i n g  
o b j e c t i v e s :  

8 E s t a b l i s h  r a t e s  o f  pebble breakup and a t t r i t i o n  r e s u l t i n g  from 
pebble movement, thermal  shock, bed s t resses,  and t h e  presence 
o f  mois ture.  

Measure s t resses  induced on t h e  containment c y l i n d e r  by t h e  bed 
mass. 

8 Determine s i z e  d i s t r i b u t i o n  o f  e l u t r i a t e d  p a r t i c l e s  i n  r e l a t i o n  
t o  a i r  mass f l u x .  

8. Eva lua te  bed performance w i t h  va ry i ng  f l o w  r a t e .  

a Measure hed voidage. 

a Expe r imen ta l l y  v e r i f y  regenera tn r  models. 

Bed s t resses  w i l l  r e s u l t  f r om pebble loads which are dependent on 
t h e  h e i g h t  o f  t h e  packed bed and d i f f e r e n t i a l  thermal  expansion. 
An e m p i r i c a l  model should be developed t o  p r e d i c t  these bed 
s t resses  and pebble movements. Once hav ing  t h i s  model, c r i t e r i a  



f o r  the design o f  bed con f i gu ra t i ons ,  i n  accordance w i t h  s t ress  
l i m i t s  o f  the  se lec ted  storage media, can be developed based on 
exper imenta l  data.  With t h i s  capabi 1 i t y ,  a t r u e  optimum design f o r  
acceptable bed con f i gu ra t i on ,  TES thermal performance, and minimum 
volume can be achieved. 

Cycle Op t im iza t i on  - The two-stage design cyc le  selected i n  t h i s  
s t u d y  was opt imized on the  basis  o f  e x i s t i n g  equipment designs 
a v a i l a b l e  from the  C lark  D i v i s i o n  o f  Dresser I n d u s t r i e s .  The 
e x i s t i n g  equipment 1 i m i t a t i o n  o f  t he  s tudy  scope has, however 
proved t o  be a s i g n i f i c a n t  c o n s t r a i n t  i n  the development o f  a p l a n t  
design. Although the  compressor e x i t  temperature l i m i t s  i d e n t i f i e d  
a re  cons idered represent  a t  i v e  o f  commerci a1 products i n  the indus- 
t r y ,  they  are f a r  below the  c a p a b i l i t y  o f  the expander tu rb ines  
o f f e r e d  by Dresser C la rk  and t u r b i n e  i n l e t  temperatures t y p i c a l  o f  
t h e  gas t u r b i n e  i ndus t r y .  I f  the extreme o f  1400 t o  1500°F com- 
pressor  d ischarge temperatures are considered, t u r b i n e  output  
increases s u b s t a n t i a l  ly; w i thou t  e f f i c i e n c y  changes, a 50 percent  
increase would be expected on temperature considerat ions alone. 
Ac tua l  increase i n  output  would be dependent upon a number o f  o ther  
f a c t o r s .  As d e t a i l e d  ana lys is  o f  cyc les r e q u i r i n g  extensive com- 
pressor  development was, however, beyond the  scope o f  t h i s  study, a 
more d e t a i l e d  d iscuss ion  may be found i n  references (Glendenning, 
1979; Flynn, 1979; and Giramonti ,  1979). 

Cons idera t ion  o f  h igher  temperatures and correspondingly  h igher  
pressures i n  quest o f  h igher  e f f i c i e n c y  f o r  the two-stage cyc le  i s  
l i m i t e d  by economics, r i s k  ar~d t o c h t ~ i c a l  f e a s i b i l i t y ,  1 . 1 ~ ~  o f  a 
lwo-stage cyc le  w i t h  f u l l  TES i n t e r c o o l i n g  between 1000°F compres- 
s i o n  stages would l i k e l y  i nvo l ve  a storage pressure o f  some 2000 
p s i a .  The economic p r a c t i c a l i t y ,  much less the techn ica l  T'easi- 
b i l  i t y ,  o f  such a design must be questioned. 

Although such p i p i n g  system pressures are common t o  coal -f i r e d  
baseload steam p lan ts ,  the ad iaba t i c  CAES p l a n t  requ i res  long runs 
o f  l a r q e  diameter t h i c k  wa l l  p ipe  w i t h  the  r e s u l t  t h a t  such a 
p i p i n g  system would be c o s t l y .  Storage system depth would a lso 
increase from 2900 f e e t  t o  4800 f e e t  t o  accommodate the h igher  
pressures, and thermal expansion o f  the  a i r  s h a f t  p ipe would become 
a much g rea te r  problem. E l e c t r i c  energy r a t i o  would a lso be h igher  
(poo re r )  than f o r  t he  design system. Unless advances i n  compressor 
e f f i c i e n c y  are a lso  achieved i n  the  machinery design, c e n t r i f u g a l  
u n i t s  w i t h  i n h e r e n t l y  lower e f f i c i e n c y  would be requ i red  f o r  the  
h i g h  pressure compress ion. I n  summary, a n a l y t i c a l  considerat ions 
aside, p r a c t i c a l  l i m i t a t i o n s  on f a c i l i t y  cos t  and cons t ruc t i on  
f e a s i b i l i t y  would suggest t h a t  development o f  h igher  temperature 
cyc les  would e v e n t u a l l y  f o rce  the  use o f  a s i n g l e  a1 1-ax ia l  stage 
o f  compression. This  approach was recommended by Glendenning for  
long- term development. 



Ad iaba t i c  CAES c y c l e  o p t i m i z a t i o n  f o r  t h e  commerc ia l ly  a v a i l a b l e  
equipment used i n  t h i s  s tudy  i nco rpo ra ted  a  rough cos t  t r a d e o f f  
a n a l y s i s  which i d e n t i f i e d  t he  two-stage c y c l e  as t h e  most d e s i r -  
ab le  (Sec t i on  4.2) .  Re-examination o f  t h i s  s e l e c t i o n  i n  l i g h t  o f  
t h e  c o s t  assumptions s p e c i f i e d  by PNL i n d i c a t e d  t h a t  a  s ing le -s tage  
c y c l e  may a l so  be acceptable i f  i n i t i a l  c o s t  per  k i l o w a t t  i s  o f  
l e s s  va lue  than o v e r a l l  cos t .  The r e d u c t i o n  o f  ope ra t i ng  pressure 
f r om 1200 p s i a  t o  240 p s i a  would inc rease  p l a n t  c a p i t a l  cos t  by 
some $100 m i l l i o n ,  would double t h e  cos t  per  kW ( o u t p u t ) ,  and would 
reduce p l a n t  c a p a c i t y  f rom 800 t o  500 MW. However, e l i m i n a t i o n  o f  
t h e  c e n t r i f u g a l  compressors and t h e  h igh-pressure t u r b i n e  increases 
average machinery e f f i c i e n c y  t o  improve t h e  e l e c t r i c  energy r a t i o  
(EER) t o  1.38. Under these  c o n d i t i o n s  t h e  l e v e l i z e d  busbar cos t  o f  
t h e  low pressure des ign i s  r o u g h l y  e q u i v a l e n t  t o  t h a t  o f  t h e  
combustion t u r b i n e s  a t  20 percen t  c a p a c i t y  f a c t o r .  If t h e  a i r  
s to rage  system cos t  can be reduced, perhaps through convers ion o f  
an e x i s t i n g  mine, l e v e l i z e d  busbar cos t s  approaching a  comparably 
s i zed  two-stage p l a n t  may be f e a s i b l e .  The economics o f  t h e  low-- 
p ressure  s to rage  approach a1 so become more favorab le  f o r  u t  i 1 i t  i e s  
w i t h  charg ing  power cos t s  g rea te r  than  t h e  11.4 m i l  1  base va lue  due 
t o  t h e  more f a v o r a b l e  c y c l e  e f f i c i e n c y .  The i d e n t i f i c a t i o n  o f  
e x i s t i n g  c a v i t i e s  capable o f  convers ion t o  a i r  s to rage  a t  pressures 
o f  around 250 p s i  cou ld  t h e r e f o r e  be impor tan t  t o  moving a d i a b a t i c  
CAES technology towards commerci a1 i z a t  ion.  

I f  p l a n t  ou tpu t  i s  increased t o  700 MW ( w i t h  no c a p i t a l  c o s t  
change), which might  be expected w i t h  compressors capable o f  
temperatures o f  1400°F, l e v e l i z e d  cos t  f o r  t h e  s i n g l e  stage des ign 
i s  approx imate ly  280 mi l l s IkWh.  Th i s  i s  r o u g h l y  comparable t o  t h e  
two s tage c y c l e  w i t h  c a s t  i r o n  TES f i l l .  Development o f  a x i a l  
compressor designs f o r  h i g h  temperatures w i t h  e f f i c i e n c y  equal t o  
o r  b e t t e r  than  t h e  u n i t s  se lec ted  would t h e r e f o r e  b e n e f i t  t h e  
s i ng le - s tage  c y c l e  economics. The improvement i n  c y c l e  e f f i c i e n c y  
and t h e  inc reased  s to rage  pressure ( r e s u l t i n g  i n  s to rage  system 
excava t ion  c o s t  sav ings)  cou ld  s i g n i f i c a n t l y  reduce l e v e l  i z e d  
energy cos t  t o  t h e  p o i n t  where t h e  low pressure  c y c l e  i s  b e t t e r  
than  t h e  two s tage approach. Such a  temperature inc rease  may 
r e q u i r e  s u b s t a n t i a l  eng inee r i ng  development, b u t  should be 
i n v e s t i g a t e d  f u r t h e r  i f  o n l y  t o  q u a n t i f y  t h e  e f f o r t  r equ i red .  

10.1.3 Development o f  Dresser C la r k  Machinery f o r  Higher  Temperatures - 
Dresser C la r k  i d e n t i f i e d  t h e  main design f e a t u r e s  i n  t h e i r  machi- 
n e r y  t h a t  would r e q u i r e  eng ineer ing  redes ign  and deve1,opment f o r  
h i g h e r  temperature c y c l e  a p p l i c a t i o n s .  These are: 



10.1.3.1 A x i a l  Compressor L i m i t s  - A x i a l  compressor d ischarge  temperatures 
i n  t h e  range o f  90OUF t o  1400°F r e q u i r e :  

' 

( 1 )  t h e  use o f  a u s t e n i t i c  s t a i n l e s s  s t e e l s  f o r  cas ing  f a b r i c a -  
t ion;  

(2 )  l i m i t a t i o n  o f  cas ing  d iameter  t o  l e s s  than  100 inches t o  
remain i n  t h i s  a l l owab le  s t r e s s  l i m i t s ;  

( 3 )  inc reased  b lade  t i p  and sea l  c learances due . t o  d i f f e r e n c e s  
i n  r o t o r  and cas ing  thermal expansion ra tes ;  

( 4 )  a  r e v i s e d  method o f  attachment t o  t h e  s h a f t  f o r  t he  r a d i a l  
l a s t  s tage  o t h e r  than  s h r i n k  f i t ,  o r  replacement by two 
a x i a l  stages; 

( 5 )  r edes ign  o f  t h e  s t a t o r  hous ing i n  terms o f  mount ing method 
and m a t e r i a l s ,  most p robab ly  w i t h  t h e  techniques used, i n  
c o n s t r u c t i o n  o f  Dresser expander t u rb i nes ;  and 

( 6 )  e v a l u a t i o n  o f  t h e  need f o r  cooled r o t o r s ,  as used i n  some 
Dresser  expander t u r b i n e s .  

10.1.3.2 C e n t r i f u g a l  Compressors - C e n t r i f u g a l  compressor d ischarge  
temperatures i n  t h e  range o f  870°F t o  1400°F w i l l  r equ i re :  

. ( I )  t h e  use o f  a u s t e n i t i c  s t a i n l e s s  s t e e l s  f o r  cas ing  f a b r i c a -  
t ion; 

(2 )  heav ie r  w a l l  cas ings  than  f o r  t h e  same pressure  a t  lower 
tempera tu re  because o f  lower a1 lowable s t resses;  

( 3 )  inc reased  r o t o r  and seal  c learances,  w i t h  a t tendant  reduc- 
t i o n s  i n  e f f i c i e n c y ;  and 

( 4 )  subs tan t  i a1 redes ign  o f  machine r o t o r s  t o  i nco rpo ra te  
d i f f e r e n t  r o t o r  t o  s h a f t  attachment methods and d i f f e r e n t  
wheel m a t e r i  a1 s  . 

10.1.3.3 Expander Turb ines  

Expander t u r b i n e  i n l e t  temperature increases t o  1400°F, and t h e  
a t t endan t  p ressure  increases,  may i n v o l v e  use of: 

(1 )  s p h e r i c a l  cas ings  f o r  t h e  h i g h  p ressure  machines; and 

(2 )  s h a f t  sea l  m o d i f i c a t i o n s .  



10.1.4 Gearbox - The gearbox s e l e c t i o n ,  as discussed i n  Sec t ion  6, i s  a  
conceptual  des ign based upon ope ra t i ng  u n i t s  o f  s im i  1  a r  des ign but  
lower  capac i t y .  The manufacturer  appears c o n f i d e n t  t h a t  t h e  design 
i s  w e l l  w i t h i n  manufactur ing c a p a b i l i t y .  A d e t a i l e d  i n v e s t i g a t i o n  
o f  t h i s  u n i t  should be performed i f  use o f  t h e  present  p l a n t  design 
i s  cons idered f u r t h e r .  P i t c h  l i n e  v e l o c i t y  and t he  power t r a n s f e r  
i n v o l v e d  rank t h i s  gearbox des ign near t h e  l i m i t  o f  proven gearbox 
technology.  

10.1.5 P a r t i c u l a t e  Eros ion  - A i r  passage through t h e  TES and p i p i n g  system 
w i l l  p robab ly  r e s u l t  i n  p a r t i c u l a t e  car ryover  i n t o  t h e  t u r b i n e s  and 
c e n t r i f u g a l  compressors. Separators w i l l  be i nco rpo ra ted  f o r  
p a r t i c u l a t e  removal, bu t  i n e v i t a b l y  t h e r e  w i  11 be some percentage 
o f  ca r r yove r  t h a t  w i l l  reach t h e  s t a t i o n a r y  and moving b lades.  
Eros ion  o f  t h e  t u r b i n e  b l a d i n g  by s o l i d  p a r t i c l e s  t h a t  may be 
c a r r i e d  over f rom the  TES i s  t h e r e f o r e  a r e a l  p o s s i b i l i t y .  

The r a t e  o f  e r o s i v e  b lade wear i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  mass 
o f  t h e  p a r t i c l e s  and t o  t h e  square o f  t h e  p a r t i c l e  v e l o c i t y  
(Smeltzer,  1970). Hardness o f  t h e  p a r t i c l e  i s  a l so  thought  t o  
p l a y  a r o l e .  Expanders i n s t a l l e d  i n  r e f i n e r y  f l u i d  c a t a l y t i c  
c racke r  u n i t  (FCCU) s e r v i c e  p rov ide  most o f  t h e  exper ience w i t h  
p a r t i c u l a t e  b lade  eros ion.  

For  FCCU serv ice ,  t h e  accepted maximum p a r t i c l e  concen t ra t i on  i s  
160 ppm, and 95 percen t  o f  t h e  p a r t i c l e s  must be sma l l e r  than 
10. microns.  For these c o n d i t i o n s  a b lade l i f e  o f  40,000 hours  i s  
c o m o n l y  achieved (Dziewul s k i ,  1978).  However, process upsets, 
which sometimes d r a s t i c a l l y  inc rease  t h e  p a r t i c l e  concen t ra t i on  as 
w e l l  as mean p a r t i c l e  s ize ,  can s i g n i f i c a n t l y  reduce b lade l i f e .  

I n  o rde r  t o  achieve a 40,000 hour  b lade  l i f e ,  t h e  t u r b i n e  b l a d i n g  
must be designed f o r  low r e l a t i v e  v e l o c i t y ;  and c e r t a i n  des ign 
f e a t u r e s  are necessary t o  p r o t e c t  t h e  b lade  r o o t s .  Ch ie f  among 
these  a re  s teps i nco rpo ra ted  i n t o  t h e  hub and shroud immediate ly  
f o l l o w i n g  t h e  b lade  rows ( Je r i cha ,  1972; and Nabors, 1964)'. These 
s teps  a re  sometimes r e f e r r e d  t o  as s tumb l ing  s teps and t h e i r  func-  
t i o n  i s  t o  absorb t h e  energy o f  t h e  p a r t i c l e s  pass ing through t he  
b lade  c learances.  A number o f  machines w i t h  s tumb l ing  s teps have 
been i n s t a l l e d  i n  Europe i n  FCCU serv ice ,  one o f  which has sur- 
passed 40,000 hours o f  opera t ion .  Dresser C l a r k ' s  f i r s t  FCCU u n i t  
was undergoing s t a r t - u p  d u r i n g  t h i s  p r o j e c t .  

Stumbl ing s teps cause a r e d u c t i o n  o f  t u r b i n e  e f f i c i e n c y  o f  two t o  
t h r e e  percentage p o i n t s .  I f  shrouded blades were used, stumbl i n$  
s teps would n o t  be needed as t h e  p a r t i c l e s  would f o l l o w  t h e  gas 
f l o w  path.  With shrouds, t u r b i n e  e f f i c i e n c y  i s  one t o  two p o i n t s  
g r e a t e r  than t h e  same des ign w i t h o u t  shrouded b lades.  However, t he  
shrouded b lade  approach i s  s t i l l  under development and i s  as. y e t  



unproven. Therefore, i f  eros ive  p a r t i c l e s  i n  s u f f i c i e n t  q u a n t i t i e s  
a re  generated i n  t h e  TES beds, a  t u r b i n e  designed f o r  ad iabat ic  
CAES w i l l  l i k e l y  i nco rpo ra te  stumbl ing steps. Stumbling steps have 
n o t  been inc luded i n  the  proposed design so as t o  maximize 
e f f i c i e n c y ,  as p a r t i c l e  generat ion i n  t h e  TES beds i s  no t  known t o  
be o f  concern. 

A  comparison o f  Dresser 's  acceptable l i m i t s  on p a r t i c l e  concentra- 
t i o n  and s i z e  d i s t r i b u t i o n  t o  t h e  recommendations o f  researchers i n  
p ressur ized f l u i d i z e d  bed combustion t u r b i n e  deve.lopment i s  o f  
i n t e r e s t .  General E 1 e c t r i c . r e s e a r c h e r s  have proposed l i m i t s  o f  
100 ppm, w i t h  98 percent  removal o f  p a r t i c l e s  below 10 micron. 
These l i m i t s  are expected t o  a l low blade l i f e  (determined by 
f a i l u r e  o f  10  m i l  t h i c k  coat ings)  i n  a  PFB f i r e d  MS 7000 t u r b i n e  o f  
25,000 hours. 

However, Dresser 's  design l i m i t s  gas path v e l o c i t y  t o  cond i t i ons  
which are lower than convent ional  combustion turb.ine p rac t i ce .  
Through t h e  f i n a l  stage o f  t h e  low pressure t u r b i n e  ( a t  p i t c h  
d iameter)  e x i t  v e l o c i t y  i s  1080 fps ,  i n  compar ison ' to some 1300 f p s  
i n  the  l a s t  stage o f  the  GE MS 7000 t u r b i n e .  

Discussions w i t h  GE researchers (Gi 1  as, 1980) regard ing  both 
repo r ted  da ta  and GE i n t e r n a l  research has i nd i ca ted  t h a t  blade 
wear i s  be l i eved  t o  be sub jec t  t o  a  th resho ld  p a r t i c l e  s i z e  f o r  
g iven v e l o c i t i e s .  The data  which l e d  t o  the  p rev ious l y  c i t e d  GE 
proposed l i m i t s  was taker1 a t  1200 fps ,  drld stluwed d Lt~r -es t~u ld  
p a r t i c l e  s i z e  o f  9 microns f o r  f l y  ash p a r t i c l e s .  Reportedly, 
ongoing t e s t s  a t  t h e  Leatherhead (England) PFB combustor t e s t  
f a c i l i t y  appear t o  cor robora te  t h i s  r e l a t i o n s h i p ,  bu t  more work i s  
y e t  t o  be done. A t  present,  no c o r r e l a t i o n s  have been obta ined 
rega rd ing  p a r t i c l e  hardness, but  shape does not  appear s i g n i f i c a n t .  
A.1 though these r e s u l t s  are y e t  t o  be conf irmed w i t h  complet ion and 
ana lys i s  o f  t h e  t e s t s ,  some comparisons w i t h  the  Dresser Clark 
separa t ion  requirements and 1  i f e  p r o j e c t i o n s  are o f  i n t e r e s t .  

Assuming p a r t i c l e s  o f  equal size, an i r o n  oxide p a r t i c l e  would hav 
approximate ly  f o u r  t imes t h e  mass o f  one o f  f l y  ash (300 l b s l f t  5 
vs. 75). Thus, i f  th resho ld  s i z e  f o r  a  f l y  ash/PFB ash p a r t i c l e  i n  
t h e  GE t e s t s  i s  approximately 9  microns a t  1200 fps ,  t h resho ld  s i z e  
f o r  an i r o n  ox ide  p a r t i c l e  would be some 6 microns, based on 
p a r t i c l e  k i n e t i c  energy. Reducing v e l o c i t y  f rom 1200 t o  1000 fps 
would increase th resho ld  p a r t i c l e  s i z e  t o  some 8 microns. Use o f  
Denstone as TES f i l l  m a t e r i a l  would produce a  th resho ld  p a r t i c l e  
s i z e  f o r  t h e  GE machine a t  1200 f p s  o f  some 7 microns ( d e n s i t y  150 
l b s / f t 3 )  t o  meet a  design l i f e  o f  25,000 hours. 

Dresser C l  a r k ' s  expander design f o r  FCCU se rv i ce  ( w i t h  stumbl i n g  
steps)  i s  based upon a  c a t a l y s t  laden stream ( c a t a l y s t  s p e c i f i c  
g r a v i t y  o f  2.0, o r  125 l b s l f t 3  d e n s i t y )  w i t h  a  maximum upstream 



(separa to r  e x i t )  concen t ra t i on  of 160 ppm and no l e s s  than 95 
percen t  removal o f  a1 1  p a r t i c l e s  10 micron o r  g rea te r ,  t o  produce a  
b l ade  l i f e  o f  40,000 hours .  Thus, i r o n  ox ide  TES f i l l  would appear 
t o  necess i t a te  removal o f  some 90 t o  95 percen t  o f  a l l  p a r t i c l e s  8  
microns and l a r g e r ,  and Denstone would r e q u i r e  removal o f  p a r t i c l e s  
9  microns and l a r g e r .  

The Dresser des ign a l so  i nco rpo ra tes  .g rea te r  r e a c t i o n  i n  t h e  stage 
b l a d i n g  than i s  p r a c t i c e d  i n  combustion t u r b i n e  design, a l though 
t h i s  approach would l i k e l y  be used as w e l l  i n  t he  design o f  a  PFB 
f i r e d  combustion t u r b i n e .  F i f t y  percent  r e a c t i o n  a t  t h e  mean 
d iameter  i s  r e p o r t e d l y  a  c h a r a c t e r i s t i c  approach f o r  c a t  c racker  
expander serv ice ,  as t h e  reduced b lade t u r n i n g  angles and r e l a t i v e  
v e l o c i t i e s  .aid i n  e ros ion  c o n t r o l  ('Burton, 1980).  

Se rv i ce  l i f e  o f  t h e  t u r b i n e  sec t ion ,  t he re fo re ,  w i l l  be l a r g e l y  
s u b j e c t  t o  separa to r  removal e f f i c i e n c y .  It i s  impor tan t  t o  note, 
however, t h a t  t h e  a d i a b a t i c  CAES p l a n t ,  us i ng  a  20 perc'ent c a p a c i t y  
f a c t o r ,  would need a  major  overhaul  every  12 t o  14 years  w i t h  a  
25,000 hour  ope ra t i ng  l i f e ,  and 19 t o  22 years w i t h  a  40,000-hour 
1  i f e .  

The h igh-pressure c e n t r i f u g a l  compressors would a l so  be sub jec ted  
t o  p a r t i c u l a t e  laden a i r  f r om t h e  low pressure thermal s to rage  
system. The p e n a l t y  o f  excess ive e ros ion  i n  these u n i t s  would be 
i n a b i l i t y  t o  make d ischarge  pressure, w i t h  t h e  r e s u l t  t h a t  p l a n t  
o p e r a t i o n  wou1.d be imposs ib le .  Hardenable s t e e l s  cou ld  be used f o r  
r o t o r  f a b r i c a t i o n  i n  these  u n i t s  a t  added cos t ,  i n  a d d i t i o n  t o  
p a r t i c l e  separa to rs .  The Dresser C la rk  designs i n c o r p o r a t e  back- 
ward l ean ing  impel l e r  vanes, which should a i d  i n  reduc ing  erosion, 
and t h e i r  machines are commonly used i n  " d i r t y "  a i r  se rv i ce .  

p a r t i c l e  separa to r  performance (and consequent ly  des ign)  w i  11 
t h e r e f o r e  be impor tan t  i n  t h e  development o f  an a d i a b a t i c  CAES 
p l a n t  des ign i f  TES bed p a r t i c l e  genera t ion  i s  shown t o  be s i g n i f i -  
can t .  As discussed i n  Sec t ion  8, con tac t s  w i t h  separa to r  manu- 
f a c t u r e r s  i n d i c a t e d  t h a t  c o s t  was l i k e l y  t o  be t h e  l i m i t i n g  f a c t o r  
r a t h e r  than t e c h n i c a l  c a p a b i l i t y  i n  develop ing separa to r  designs 
f o r  a d i a b a t i c  CAES se rv i ce .  Before separa to rs  can be adequately 
designed and t h e  p o t e n t i a l  s e v e r i t y  o f  machinery e ros ion  can be 
i d e n t i f i e d ,  p o t e n t i a l  p a r t i c l e  genera t ion  f rom t h e  TES bed must 
f i r s t  be determined. 



APPLICATION TO UTILITY NEEDS 

The economic ana lys i s  presented i n  Sect ion 9  represents a  s i g n i f i c a n t l y  
d i f f e r e n t  approach f rom t h a t  taken i n  the  PEPCO/DOE/EPRI o i l - f i r e d  CAES and 
UPH study (Acres, 1980) wherein storage p l a n t  opera t ion  was s imulated w i th -  
i n  a  r e a l  system. The PEPCO study economic ana lys is  was based not  on l y  
upon cos t  f a c t o r s  n e a r l y  i d e n t i c a l  t o  those used i n  t h i s  l e v e l i z e d  cost  
ana lys i s ,  but  a lso  upon t h e  opera t ing  c h a r a c t e r i s t i c s  o f  both the  UPH and 
CAES p l a n t  designs and the  PEPCO system. 

The ana lys is  o f  o i l - f i r e d  CAES and UPH performed by PEPCO incorporated the 
charg ing  power requirements o f  each technology i n  a  s imu la t ion  t o  determine 
a v a i l a b l e  charging c a p a c i t y  f o r  each p l a n t  type. As a  reference, UPH 
r e q u i r e s  925 MW t o  operate one 666 MW u n i t  i n  t he  pumping mode and i s  
e s s e n t i a l l y  incapable o f  load va r ia t i on ;  f u e l - f i r e d  CAES requ i res  510 MW t o  
opera te  th ree  230 MW u n i t s  i n  t h e  compressing mode, w i t h  a  turndown 
c a p a b i l i t y  o f  25 percent .  

PEPCO i s  a  medium s i z e  u t i l i t y  (p ro jec ted  capac i t y  o f  more than 5000 MW i n  
1990) w i t h  a  load dominated by r e s i d e n t i a l  and o f f i c e  b u i l d i n g  customers. 
T h i s  r e s u l t s  i n  s i g n i f i c a n t  load v a r i a t i o n  between day and n i g h t .  Energy 
s to rage was i d e n t i f i e d  i n  past s tud ies  as a  p l a n t  type which could poten- 
t i a l l y  meet PEPCO's system needs f o r  peaking power w h i l e  improving base 
l o a d  p l a n t  u t i l i z a t i o n .  These f i n d i n g s  formed the  bas is  f o r  PEPCO's p a r t i -  
c i p a t i o n  i n  t h e  recent  study. 

When modelled as p a r t  of t he  PEPCO system, the  UPH p l a n t  was penal ized by 
t h e  l i m i t e d  a v a i l a b i l i t y  o f  low- c o s t  charg ing energy. Th is  s i g n i f i c a n t l y  
reduced the  c o n t r i b u t i o n  o f  the  UPH p l a n t  t o  the  PEPCO system r e l a t i v e  t o  
t h e  CAES p lan t .  Thus, a v a i l a b l e  charging capaci ty ,  cost  o f  charg ing power, 
and t h e  performance l i m i t a t i o n s  o f  t he  CAES and UPH p l a n t s  combined t o  
produce n e a r l y  equal r e 1  a t i v e  economy w i t h  opera t ion  o f  e i t h e r  design 
w i t h i n  the  PEPCO system. O i l - f i r e d  CAES was, however, s l i g h t l y  more 
economic and produced s l i g h t l y  g rea ter  o i l  savings. 

These r e s u l t s  were achieved desp i te  the  f a c t  t h a t  t he  PEPCO ana lys is  used a  
d i f f e r e n t i a l  e s c a l a t i o n  r a t e  between o i l  and coal  o f  2  percent (9 vs. 7)  
and h igher  c a p i t a l  cos ts  (as a  r e s u l t  o f  a  more severe esca la t i on  assump- 
t i o n )  than used i n  the  ana lys is  o f  Sect ion 9. Generat ion cos ts  f o r  CAES 
and. UPH were n e a r l y  equal a t  t h e  beginning o f  t he  analys is ,  but  escalated 
such t h a t  CAES opera t i on  was some 85 percent  more expensive than UPH a t  the  
end o f  the  study per iod.  Despi te t h i s  d i f f e rence ,  CAES p l a n t  usage 
remained high, and CAES p l a n t  ope ra t i on  requ i red  l ess  revenue t o  be 
c o l l e c t e d  f rom the  u t i l i t y  customers than w i t h  UPH. 

The ad iaba t i c  CAES p l a n t  design presented i n  t h i s  r e p o r t  would r e q u i r e  
approximate ly  974 MW t o  operate a l l  f o u r  u n i t s  o f  the 800 MW p l a n t  i n  the  
compressing mode. Th is  opera t ing  r e l a t i o n s h i p  i s  very s i m i l a r  t o  t h a t  o f  
t h e  UPH p l a n t  s imulated by  PEPCO. As a  r e s u l t ,  s imu la t i on  w i t h i n  the  PEPCO 
system would be expected t o  again r e s u l t  i n  o i l - f  i r e d  CAES being best able 
t o  meet PEPCO system needs over the  study per iod.  



I g n o r i n g  t h e  f a c t  t h a t  PEPCO's load growth p r o j e c t i o n s  have changed 
s i n c e  t h e  PEPCO ana l ys i s  was performed, s e l e c t i o n  o f  a  s tudy  p e r i o d  
which begins f i v e  o r  t e n  years  f u r t h e r  i n t o  t h e  f u t u r e  might  have 
changed t h e  r e s u l t s  obta ined.  The e f f e c t s  of d i s t i l l a t e  f u e l  and 
cha rg ing  power cos t  e s c a l a t i o n  r a t e  d i f f e r e n c e s  would be more 
no t i ceab le ,  t o  t h e  probable b e n e f i t  o f  bo th  UPH and a d i a b a t i c  CAES. 
S imu la t i on  w i t h i n  a  d i f f e r e n t  u t i  1  i t y  system would a l s o  1  i k e l y  
produce d i f f e r e n t  r e s u l t s .  

One conc lus ion  i s  t h a t  comparison of these  t h r e e  s to rage  p l a n t  
t ypes  us ing  t h e  l e v e l i z e d  c o s t  approach may be mis lead ing .  A 
second conc lus ion  might  be t h a t  favorab le  r e s u l t s  f o r  e i t h e r  
a d i a b a t i c  CAES w i t h  low cos t  heat  s to rage  m a t e r i a l s  o r  UPH r e q u i r e  
" i n s t a l l a t i o n "  i n  a  system which has more coa l  o r  nuc lea r  c a p a c i t y  
than  PEPCO, e i t h e r  through ove rcapac i t y  o r  through operat  i o n  w i t h i n  
a  l a r g e r  u t i l i t y  system. Thus, t he  r e s u l t s  o f  Sec t ion  9 i l l u s t r a t e  
t h a t  i n  genera l  a d i a b a t i c  CAES appears economica l l y  compe t i t i ve  
w i t h  o i l - f i r e d  CAES, b u t  t h a t  a  d i f f e r e n t  group o f  u t i l i t i e s  would 
be candidates f o r  a p p l i c a t i o n .  

As t h e  charge ld ischarge  c h a r a c t e r i s t i c s  o f  a d i a b a t i c  CAES and UPH 
a r e  s i m i l a r ,  and UPH p roduc t i on  cos t s  are somewhat lower, s e l e c t i o n  
o f  an a d i a b a t i c  CAES p l a n t  i n s t a l l a t i o n  over  a  UPH des ign must be 
based on l e s s  c l e a r  c u t  c r i t e r i a .  One major  d i f f e r e n c e  between 
these  two p l a n t  designs appears t o  be t h e  r e l a t i o n s h i p  o f  c a p i t a l  
c o s t  and optimum p l a n t  capac i t y .  Cost c h a r a c t e r i s t i c s  f o r  UPH 
suggest t h a t  optimum p l a n t  c a p a c i t y  l i e s  above 1200-1500 MW f o r  t h e  
PEPCO design arrangement. I f  p l a n t  c a p a c i t y  i s  reduced t o  t h e  
800'MWllO h r  a d i a b a t i c  CAES s ize ,  c a p i t a l  cos t s  are p r o j e c t e d  ' t o  be 
r o u g h l y  equal f o r  t h e  two p l a n t  designs. Expansion o f  t h e  a d i a b a t i c  
CAES des ign t o  2000 MW w i l l  l i k e l y  produce a  r e l a t i v e l y  smal l  
r e d u c t i o n  o f  cos t  per  u n i t  o f  capac i t y .  Th i s  i s  a  r e s u l t  o f  t h e  
d i f f e r e n c e  i n  c i v i l  and mechanical c o s t  d i s t r i b u t i o n s  between t h e  
two p l a n t  types,  as f a r  g r e a t e r  p r o p o r t i o n  o f  t h e  a d i a b a t i c  p l a n t  
c o s t  i s  t i e d  t o  t h e  mechanical equipment. A v e r y  l a r g e  p o r t i o n  o f  
t h e  UPH p l a n t  cos t  i s  t i e d  t o  t h e  access s h a f t s  and genera l  
underground c o n s t r u c t  i o n  f a c i  1  i t i e s ,  and t h e  impact o f  these cos ts  
i s  s u b s t a n t i a l l y  reduced by i nc reas ing  p l a n t  s i ze .  Thus, a  u t i l i t y  
o r  u t i l i t y  p a r t n e r s h i p  capable o f  suppo r t i ng  a  2000 MW p l a n t  would 
be more l i k e l y  i n t e r e s t e d  i n  a  pumped hydro design. 

However, t h e  f a c t  t h a t  such a l a r g e  p o r t i o n  o f  t h e  UPH cos t s  are 
t i e d  t o  underground c o n s t r u c t i o n  means t h a t  t h e  p l a n t  c o n s t r u c t  i o n  
i s  more vu lne rab le  t o  t h e  de lay  and c o s t  inc rease  r i s k s  which 
accompany deep underground cons t ruc t i on .  The UPH des ign a l s o  
i n v o l v e s  c o n s t r u c t i o n  a t  5000 f e e t  versus 3000 f e e t  f o r  t h e  
a d i a b a t i c  des ign proposed i n  t h i s  study, w i t h  UPH r e q u i r i n g  t h e  
excava t ion  o f  approx imate ly  f i v e  t imes  t h e  rock  volume o f  t h e  
a d i a b a t i c  CAES design. Few u t i l i t i e s  can a f f o r d  t o  s t a r t  
c o n s t r u c i t o n  e a r l y  t o  i n t e n t i o n a l l y  a l l ow  f o r  p o t e n t i a l  s i g n i f i c a n t  



de lays  and s t i l l  have c a p a c i t y  a v a i l a b l e  when needed. Also, w i t h  
base l i c e n s i n g  and c o n s t r u c t i o n  schedule o f  10 o r  11 years,  few 
u t i l i t i e s  can be t h a t  c e r t a i n  r ega rd ing  f u t u r e  peak ing c a p a c i t y  
needs t o  a l l o w  f o r  a  p o t e n t i a l  schedule inc rease  t o  12 t o  14  years.  
Such p o t e n t i a l  r i s k s  w i t h  t h e  UPH des ign would appear t o  make a  
somewhat b e t t e r  case f o r  an a d i a b a t i c  CAES approach. 
The a d i a b a t i c  CAES concept must f i r s t  be shown t o  be t e c h n i c a l l y  
sound r e g a r d i n g  a v a i l a b i l i t y  o f  TES m a t e r i a l s  and r e l i a b l e  equip- 
ment. 
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