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ABSTRACT 

Potomac E l e c t r i c  Power Co~npany (PEPCO) and Acres American I nco rpo ra ted  (AAI ) 

have c a r r i e d  o u t  a  p r e l i m i n a r y  des ign  study o f  water-compensated Compressed A i r  

Energy Storage (CAES) and Underground Pumped H y d r o e l e c t r i c  (UPH) p l a n t s  f o r  

s i t i n g  i n  geo log i ca l  c o n d i t i o n s  s u i t a b l e  f o r  ha rd  rock  excavat ions.  The work 

was c a r r i e d  ou t  over a  p e r i o d  o f  t h r e e  yea rs  and was sponsored by t h e  U.S. 

Department o f  Energy (DOE), t h e  E l e c t r i c  Power Research I n s t i t u t e  (EPRI) and 

PEPCO. 

The study was d i v i d e d  i n t o  f i v e  p r imary  t a s k s  as f o l l o w s :  

Estab l ishment  o f  des ign c r i t e r i a  and a n a l y s i s  o f  impact on power 
system; 

0 S e l e c t i o n  o f  s i t e  and es tab l i shment  o f  s i t e  c h a r a c t e r i s t i c s ;  

Formu la t ion  o f  des ign  approaches; 

Asse.ssment o f  env i ronmenta l  and s a f e t y  aspects ;  and 

P repa ra t i on  o f  p r e l i m i n a r y  des ign o f  p l an t .  

The s a l i e n t  aspects  cons idered  and t h e  conc lus ions  reached d u r i n g  t h e  

c o n s i d e r a t i o n  o f  t h e  f i v e  p r imary  t a s k s  f o r  b o t h  CAES and UPH a r e  p resen ted  i n  

t h i s  Execu t i ve  Summary, which forms Volume 1 o f  t h e  s e r i e s .  o f  r e p o r t s  prepared 

d u r i n g  t h e  s tudy.  The i n v c s t i g a t i o n s  and analyses c a r r i e d  ou t ,  t o g e t h e r  w i t h  

t h e  r e s u l t s  and conc lus ions  reached, a re  desc r i bed  i n  d e t a i l  i n  Volumes 2 

th rough  13 and t e n  appendices. 
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PERSPECTIVE 

PROJECT DESCRIPTION 

This' project, RP1081-1, is an integral part of the energy storage programs of EPRI 

and the U.S. Department of Energy (DOE). It follows and expands upon studies 

completed in 1976 that indicated that the most viable near-term utll i ty energy 
storage alternatives are (1) compressed-air energy storage (CAES) and (2) under- 

ground pumped hydro (UPH). This project was initiated to determine the design 

criteria and develop preliminary engineering designs for both of these storage 

concepts where underground caverns are excavated out of competent rock. A compre- 

hensive site-selection process identified a site suitable for either CAES or UPH 

based on considerations of geology, distances of electrical transmission, access to 

transportation, and environmental impact. 

Cost estimates were prepared for each of the studied generation facilities based on 

the design details and the projected construction schedules. Licensing and environ- 

mental and safety aspects were also assessed. 

This project included a detailed study of the potential impact of these energy 

storage technologies on the power system of the Potomac Electric Power Company 

(PEPCo) and a comparison of the system costs and benefits attributable to the 

proposed plants with those obtainable from conventional oil-fired peaking facil- 

ities. The study also identified R&D topics that could minimize capital as well as 

operation and maintenance costs and could promote utility acceptance of the technol- 

ogies investigated. 

PROJECT OBJECTIVES 

The prime objective of this project was to develop sufficiently detailed engineering 

designs for each of the facilities to establish several important factors: 

1. Construction costs and schedules 

2. Performance and operating characteristics 



3. P o t e n t i a l  cons t ruc t i on  and opera t ing  r i s k s  associated w i t h  UPH and 
CAES technologies 

4. Environmental, soc ia l ,  and l i c e n s i n g  issues 

The second o b j e c t i v e  o f  t h e  study was- to  determine t h e  economic bene f i t s  t h a t  

cou ld  accrue t o  a  s p e c i f i c  u t i l i t y  system from these technologies, due t o  enhanced 

f l e x i  b i  1  i t y  i n  meeting e l e c t r i c a l  load demands. The r e s u l t s ,  a1 though developed 

f o r  a  s p e c i f i c  system, are  intended t o  be s u f f i c i e n t l y  gener ic f o r  o ther  u t i l i t i e s  

t o  determine t h e  p o t e n t i a l  b e n e f i t s  and costs appropr ia te  t o  t h e i r  systems. 

PROJECT RESULTS 

The p r o j e c t  s t a r t e d  i n  t h e  f a l l  o f  1977 and was completed i n  mid-1980. Acres 

American, Inc.  (AAI), as the  prime cont rac tor ,  formulated t h e  design c r i t e r i a  w i t h  

i npu ts  o f  system and s i t i n g  requirements f rom PEPCo, performed the d e t a i l e d  tech- 

n i c a l  designs and eva luat ions  o f  machinery and p l a n t  component conf igura t ions ,  and 

produced t h e  p r o j e c t  repor ts .  Support ive subcontract work by  consu l t i ng  spec ia l -  

i s t s  f o r  t he  shaf ts ,  caverns, h o i s t i n g  equipment, and o ther  geotechnical aspects 

was l e d  by  A A I .  Brown Bover i  Corporat ion and Boving and Company provided, 

respect ive- ly ,  CAES and UPH machinery inputs .  

The r e s u l t s  are publ ished as t h i r t e e n  separately. bound t o p i c a l  repo r t s  and ten  

appendices t h a t  present  t h e  in format ion  developed i n  t h e  p r i n c i p a l .  tasks. A  l i s t  

o f  t he  rep0rt.s and appendices f o l  lows t h i s  Perspective. 

These r e p o r t s  prov ide informat ion,  data, and methodology t h a t  u t i l i t i e s  w i l l  f i n d  

va luab le  i n  eva lua t i ng  peaking and in termedia te  opt ions  f o r  generation expansion. 

S p e c i f i c a l l y ,  t h e  major products o f  t h i s  CAES and UPH p re l im ina ry  design p r o j e c t  

a re  as fo l lows:  

An eva lua t i on  was completed i n d i c a t i n g  t h a t  e i t h e r  technology o f f e r s  
a  techn ica l  l y  f e a s i b l e  and economical l y  a t t r a c t i v e  a l te rna t i ve .  
PEPCo p lann in  studies.  i n d i c a t e  a  t o t a l  savings (present  u n i t )  o f  
g reater  than ! 1 b i l l i o n  f o r  a  670 MW, 10 h r  UPH o r  CAES p l a n t  when 
compared w i t h  combustion' turb ines.  A  n e t  savings o f  one m i l l i o n  
bb ls / y r  o f  f u e l  o i  1  was projected.  

A methodology was developed f o r  s i t e  s e l e c t i o n  and subsequently used 
t o  s e l e c t  a  s i t e  i n  t h e  PEPCo system. 

The mechanical machinery t r a i n  f o r  t h e  CAES p l a n t  was designed and 
costed u t i l i z i n g  s ta te -o f - the -a r t  compressors, expansion turbines,  
and suppor t ing  i n t e r s t a g e  coo lers  and recuperators. 

The two-drop concept ( u t i l i z i n g  an intermediate r e s e r v o i r )  was 
determined t o  be t h e  cu r ren t  s ta te-o f - the-ar t  op t i on  f o r  UPH, making 



best use of the currently avai lable single-stage reversible pump- 
turbine technology while providing the hydraulic heads necessary for 
economic viability and the power output regulations deemed necessary 
by PEPCo. (It appears to be,the desired option by U.S. utilities 
interested in pumped storage.) 

Cost estimates were prepared for CAES and UPH in sufficient detail so 
as to provide reasonable confidence for their use in utility genera- 
tion expansion system studies. 

A comprehensive technical guide was produ'ced that can be used by 
utilities in the preparation and performance of their own site- 
specific studies. 

Project components and systems requiring or benefiting from 
additional R&D were identified, e.g., development of an ultrahigh- 
head regulatable reversible pump turbine; development of a CAES 
recuperator for high-pressure cycling systems; and improvements in 
excavation and construction approaches for the subterranean facili- 
ties to reduce construction time and costs and to increase confidence 
in"'the cost estimates. Again, these results are expected to expedite 
utility decisions on CAES and UPH projects and to guide future R&D. 

The conclusions to be derived by the industry from this project study are that both 

UPH and CAES are near-term, practical, and economical peaking and/or intermediate 

generation alternatives. The PEPCo studies showed that either technology would be 

economically viable for their system at this time, with final judgments and deci- 
sions on selection to be based upon other system-specific parameters. Licensing of 

the projects is unlikely to be a major impediment because these technologies impact 

the environment to a lesser degree than other alternatives. 

Antonio Ferreira, Project Manager 
Energy Management and Utilization Division 
Electric Power Research Institute 

Charles P. Demos 
U.S. Department of Energy 
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SUMMARY 

THE STUDY 

Large  s c a l e  energy s to rage  f o r  e l e c t r i c a l  power systems has t r a d i t i o n a l l y  been 

p rov i ded  by h y d r o e l e c t r i c  pumped s to rage  p l a n t s  where p o t e n t i  a1 energy i s  s t o r e d  

by water pumped f r o m  a  lower  t o  an upper r e s e r v o i r  ( b o t h  r e s e r v o i r s  be i ng  above 

ground). These pumped s to rage  p l a n t s  r e q u i r e  n a t u r a l  topograph ic  f e a t u r e s  and 

adequate s i t e s  f o r  r e s e r v o i r s ,  and i n  many i ns tances  have r a i s e d  env i ronmenta l  

oppos i t i on .  It has become i n c r e a s i n g l y  d i f f i c u l t  t o  secure t h e  necessary 

pe rm i t s  and l i c e n s e s  f r o m  t h e  Federa l  Energy Regu la to ry  Commission t o  a l l o w  

c o n s t r u c t i o n  t o  proceed. 

I n  t h e  e a r l y  19701s,  two a l t e r n a t i v e  approaches t o  t h e  p r o v i s i o n  o f  l a r g e  s c a l e  

energy s to rage  came under rev iew.  The f i r s t  f o l  1  owed h y d r o e l e c t r i c  pumped 

s t o rage  p r a c t i c e  b u t  p rov i ded  t h e  p o t e n t i a l  head d i f f e r e n c e  by l o c a t i n g  t h e  

lower  r e s e r v o i r ,  f rom which water was pumped, deep underground. The second 

approach a l s o  i n v o l v e d  an underground cavern, which was used t o  s t o r e  a i r  under 

pressure. The compressed a i r  s t o r e d  d u r i n g  pe r i ods  o f  reduced system demand 

would be used as i n p u t  t o  expansion t u r b i n e s  w i t h  added f u e l  energy p rov i ded  by 

o i l  o r  gas combustion. 

By 1977 t h e  concepts were s u f f i c i e n t l y  advanced t o  j u s t i f y  p r e l i m i n a r y  des i gn  

s tud ies .  Whi le  no pumped s to rage  p l a n t  w i t h  an underground lower  r e s e r v o i r  

(UPH) has been b u i l t ,  bo th  t h e  equipment and t h e  f a c i l i t i e s  r e q u i r e d  a r e  a l  'I 

we1 'I suppor ted by e x i s t i  ng techno1 ogy. Compressed a i r  energy s t o rage  (CAES) i s ,  

a t  t h i s  t ime ,  be i ng  proven i n  a  f a c i l i t y  l o c a t e d  i n  West Germany which came i n t o  

s e r v i c e  i n  1879 u s i n g  caverns leached i n  s a l t .  S i t i n g  and system s t u d i e s  have 

shown t h a t  bo th  UPH and CAES p rov i de  p o t e n t i a l l y  v i a b l e  o p t i o n s  f o r  U.S. power 

u t i l i t i e s .  



The study under taken by Potomac E l e c t r i c  Power Company (PEPCO) f o r  t h e  Depart-  

ment o f  Energy (DOE) and E l e c t r i c  Power Research I n s t i t u t e  (EPRI ) considered t h e  

a p p l i c a t i o n  o f  e i t h e r  concept t o  an ac tua l  system and s i t e  w i t h  hard rock  forma- 

t i o n s  deep underground s u i t a b l e  t o  accommodate t h e  l a r g e  excavated caverns. The 

o b j e c t i v e  was t o  c a r r y  ou t  s u f f i c i e n t  eng ineer ing  design t o  p rov ide  est imates o f  

cos t ,  schedule and r i s k  upon which a  d e c i s i o n  cou ld  be made t o  proceed t o  

cons t ruc t i on .  Acres American Incorpora ted  (AAI )  undertook t h e  t e c h n i c a l  

s t u d i e s ,  e s t i m a t i n g  and schedu l ing  work as t h e  a rch i t ec t j eng inee r .  

REPORTS 

T h i s  Execu t i ve  Summary forms Volume I of  a  s e r i e s  o f  t h i r t e e n  r e p o r t s  which 

document t he  r e s u l t s  o f  t h e  DOEjEPRI energy storage study. The o ther  vo l  umes 

are:  

Volume 2, P r o j e c t  Design C r i t e r i a  - UPH: Th i s  p resents  t he  
c r i t e r i a  used i n  t h e  development o f  t h e  se lec ted  UPH p l a n t  
design; 

Volume 3, P r o j e c t  Design C r i t e r i a  - CAES: Th i s  presents t he  
- c r i t e r i a  used i n  t h e  deveTopment o f  the  se lec ted  CAES pTant 

design;  

volume 4, System P lann ing  S tud ies :  Th i s  presents t he  
methodology used i n  and t h e  r e s u l t s  obta ined-  f rom t h e  economic 
eva lua t i ons  o f  CAES and UPH performed f o r  t h e  PEPCO system; 

Volume 5, S i t e  Se lec t i on :  T h i s  documents t h e  se lec t i on '  process 
under taken t o  i d e n t i f y  and rank  s i t e s  p o t e n t i a l l y  su i tab l 'e  f o r  

XAES o r  UPH; 

Volume 6, S i t e  I n v e s t i g a t i o n  - Shal low D r i l l i n g :  Th is  descr ibes 
. the r e s u l t s  o f  t h e  shal low d r i  11 i n g  (up t o  50.0 ft] program t o  
d e f i n e  t h e  s u r f i c i a l  geo log i ca l  c o n d i t i o n s  and t h e  na tu re  o f  t h e  
overburden and o f  t h e  bedrock at '  sha l low depths; 

Volume 7, S i t e  I n v e s t i g a t i o n  - Deep D r i l l i n g :  Th i s  descr ibes 
t h e  deep d r i  11 i ng and t e s t i n g  program. Maximum depth achieved, 
measured v e r t i c a l l y  f rom t h e  sur face,  was 2556 f t ;  

Volume 8, Design Approaches - UPH: Th i s  presents t h e  a l t e r -  
n a t i v e  arrangements considered f o r  t n e  UPH f a c i  1 i t y  and t n e  
r e s u l t s  o f  t h e  s tud ies  performed t o  s e l e c t  a  p r e f e r r e d  arrange-  
ment. F i v e  appendices t o  t h i s  volume a r e  bound separa te ly  as 
f o l l o w s :  

-- Appendix A: Upper Reservo i r  
- -  Appendix B: Shaf ts  
-- Appendix C :  Heavy H o i s t  
- -  Appendix D: Power P l a n t  (SSRPT-2 and MSRPT) 
-- Appendix E: Lower Reservo i r  



e VoJume 9, Design Approaches - CAES: T h i s  p resen t s  t h e  a l t e r n a -  
t i v e  des igns cons idered  f o r  t h e  CAES f a c i l i t y  and t h e  r e s u l t s  o f  
t h e  s t u d i e s  performed t o  s e l e c t  a p r e f e r r e d  des ign  approach. 
F i v e  appendices t o  t h i s  volume a re  bound sepa ra te l y  as f o l l o w s :  

-- Appendix A: A i r  Storage System 
--  Appendix B: Champagne E f f e c t  
-- Appendix C:  Major  Mechanical  Equipment 
- -  Appendix D: Mechanical  Systems 
-- Appendix E :  E l e c t r i c a l  Systems 

Volume 10, Envi ronmenta l  S tud i es :  T h i s  p resen ts  t h e  r e s u l t s  o f  
a p r e l  i m i  na ry  env i ronmenta l  assessment o f  t h e  proposed CAES arid 
UPH f a c i l i t i e s .  

Volume 11, P l a n t  Design - UPH: T h i s  documents t h e  p l a n t  des ign  
of t h e  p5,eferred UPH arrangement, i n c l  ud i  ng cu ' r~s t ruc t  i o n  schedule 
and c o s t  est imate.  

Volume 12, P l a n t  Desipn - CAES: T h i s  documents t h e  p l a n t  des ign  
o f  t h e  p r e f e r r e d  CAES arrangement, i n c l  udi,ng c o n s t r u c t i o n  
schedule and c o s t  est imate.  

Volume 13, CAUPH P r e l i m i n a r y  1.icensing Documentat ion: T h i s  
p rov ides  a r ev i ew  o f  t h e  r e g u l a t o r y  and 1 i c e n s i  ng c o n s i d e r a t i o n s  
f o r  b o t h  t h e  CAES and UPH f a c i l i t i e s .  

OUTPUT AND STORAGE CAPACITIES 

F o l l o w i n g  system s t u d i e s  by PEPCO and a sys temat i c  s i t i n g  s tudy,  a l o c a t i o n  f o r  

e i t h e r  UPH o r  CAES f a c i l i t i e s  i n  t h e  range o f  1000 t o  2000 MW was se l ec ted  i n  

Maryland, c l o s e  t o  Washington, D,C. and t o  PEPCO1s 500 kV t r a n s m i s s i o n  system. 

Surveys and subsur face i n v e s t i g a t i o n s  c a r r i e d  ou t  i n c l  uded e x p l o r a t i o n  d r i  11 i ng 

o f  severa l  ho l es  a few hundred f t  deep and one t o  over 2500 ft. The gne iss  

bedrock was found t o  be s u i t a b l e  f o r  t h e  underground caverns. These caverns 

i n v o l v e  t u n n e l s  85 f t  h i g h  and 66 f t  wide i n  r ock ,  r e q . u i r i n g  o n l y  1 i m i t e d  

permanent r o o f  suppor t .  The 1000 MW CAES p l a n t  capable o f  s t o r i n g  1 0  m i l l  i o n  

kwh s u i t a b l e  f o r  t h e  PEPCO system would i n v o l v e  a cavern  volume o f  about 800,000 

yd3; t h e  l a r g e r  2000 MW UPH p l a n t  f o r ,  s to rage  o f  20 m i l l i o n  kwh ( t h e  l a r g e r  

c a p a c i t y  adopted t o  ach ieve t h e  economy o f  s c a l e )  would i n v o l v e  excava t ion  o f  

about 7.9. mi 11 i o n  yd3 t o  c r e a t e  t h e  1 ower r e s e r v o i r .  

Design c r i t e r i a  were e s t a b l i s h e d  f o r  b o t h  UPH and CAES p l a n t s  and t h e  approach 

t o  t h e  des ign  o f  f a c i l i t i e s  s u i t a b l e  f o r  u t i l i t y  use was e s t a b l i s h e d  i n  c l o s e  

consul  t a t i o n  w i t h  PEPCO. Envi ronmenta l  and s a f e t y  aspects  o f  t h e  p l a n t s  were 

assessed. P r e l i m i n a r y  des igns,  adequate f o r  r e 1  i a b l e  es t ima tes  t o  be made o f  

c a p i t a l  cos t s  and c o n s t r u c t i o n  schedules, were prepared. 



THE UPH PLANT 

I n  t h e  case o f  UPH i t  was recognized t h a t  t h e  economics o f  deve1.opment were 

s t r o n g l y  i n f l uenced  by the  d i f f e r e n c e  i n  l e v e l  between the  underground storage 

and t h e  upper r ,eservoi r .  For a  simple s i n g l e  step UPH f a c i l i t y ,  previous pump- 

t u r b i n e  design experience suggests a  d i f f e r e n c e  i n  l e v e l  o r  "head" o f  about 2000 

ft; two steps ( i .e. two power p lan ts  i n  ' se r i es )  w i t h  a  small in te rmedia te  

ba lanc ing  r e s e r v o i r  a l l ows  4000 ft t o  be developed. The studies,  i n  f a c t ,  l e d  

t o  t h e  s e l e c t i o n  o f  2500 f t  per s tep  ( 5 0 0 0 . f t  t o t a l  head) based on r e l i a b l e  

p r e d i c t i o n s  o f  an appreciable. advance i n .  r e v e r s i b l e  pump-turbine technology. S i x  

333 MW pumped s torage u n i t s  opera t ing  a t  720 rpm were selected, t h ree  each i n  

t h e  upper and lower power pl'ants, p rov id ing  2000 MW t o t a l  capa$ty. 

Other aspects o f  UPH whi'ch rece ived p a r t i c u l a r  design a t t e n t i o n  inc luded several  

s h a f t s  r e q u i r e d  f o r  access, equipment handl ing and the  h igh  pressure water con- 

du i  t s .  E l e c t r i c a l  systems were s tud ied  and an arrangement w.i.th t rans format ion  

step-up t o  500 k  V undergro"nd was adopted. ~ o t d r - g e n e r a t o r  desi  cjns were 

examined and t h e  h igh  speed, .h igh powered u n i t s  w i t h  water-cooled r o t o r s  and 

s t a t o r s  were found t o  be w i t h i n  acceptable l i m i t s  o f  technology. S t a t i c  conver- 

t e r  s t a r t i n g  equipmerit was recommended. 1 n  summary i t  was concluded t h a t  a l l  
' 

aspects o f  t h e  UPH design cou ld  be covered w i thout  u t i l i z i n g  unpr.oven prac t ices .  

THE CAES PLANT 

The CAES pl.ant has precedent i n  the. p l a n t  designed and under cons t r " c t i on  a t  

Huntor f ,  West Germany. Dur ing the  study period, t h i s  p lan t  became opera t iona l  

and prov ided con f i rma t ion  o f  t he  c a p a b i l i t y  o f  t h e  var ious elements o f  equip- 

ment. I n  t h e  PEPCO s tud ies  c e r t a i n  s p e c i f i c  requirements d i f f e r e d  f rom Huntor f  

experience. F i r s t ,  CAES i n  hard rock caverns a1 lows hydraul  i,c compensation t o  

.ma in ta in  near chnstant  air pressure. This requ i res  a  sur face compensating 

r e s e r v o i r ,  a  water s h a f t  and f a c i l i t i e s  arranged t o  avo id  acc identa l  re lease  o f  

a i r  bubbles through t h e  hyd rau l i c  sha f t  system ( l ead ing  t o  a  phenomenon known as 

t h e  "champagne e f f e c t " ) .  Second, t h e  o r i g i n a l  Huntor f  i n s t a l  l a t i o n  was designed 

w i thou t  p a r t i c u l a r  r e c o g n i t i o n  o f  energy economics appropr ia te  t o  t h e  i nc reas ing  

cos t  t r ends  i n  f ue l s .  The a p p l i c a t i o n  of CAES t o  t h e  PEPCO system invo lved 

c a r e f u l  study o f  t h e  b e n e f i t s  and costs o f  more advanced designs o f  heat 



recuperators,  some i n v o l v i n g  a p p l i c a t i o n  of new technology. In ,  general, however, 

t h e  CAES designs adopted f o r  t h e  study were based on precedent experience. 

COSTS AND SAVINGS 

The UPH and CAES study es tab l i shed t h a t  e i t h e r  approach o f f e r e d  a  t e c h n i c a l l y  

f e a s i b l e  and economical ly a t t r a c t i v e  a1 te rna t i ve .  A 1000 MW CAES p lan t  i n v o l  ved 

a  d i r e c t  cost  i n  mid-1979 d o l l a r s  o f  $376/kW; a  2000 MW UPH f a c i l i t y  invo lved a  

d i r e c t  cos t  i r i  mid-1979 d o l l a r s  o f  $416/kW. The CAES p l a n t  cou ld  be l i censed 

and b u i l t  t o  commercial opera t ion  o f  t h e  f i r s t  u n i t  i n  8-3/4 years  wh i l e  t h e  UPH 

p l a n t  would r e q u i r e  11-3/4 years t o  commercial opera t ion  o f  t he  f i r s t  u n i t .  A 

r e d u c t i v n  o f  over $1 b i l l i o n  i n  system cos ts  (cumula t ive  present  worth o f  m in i -  

mum revenue requi rements)  between the  yea rs  1990 and 2007 was p red i c ted  t o  

r e s u l t  f rom t h e  i nco rpo ra t i on  o f  PEPCO's share (667 MW) o f  e ' i ther  energy s to rage 

p lan t  i n t o  PEPCO's generat ion expansion p lans compared w i t h  t h e  use o f  an 

equ iva len t  capac i ty  o f  combustion tu rb ines .  The savings i n  o i l  co,nsumption were 

est imated t o  be 1 t o  2  m i l l  i o n  b a r r e l s  per year  i n  e i t h e r  case. From an env i -  

ronmental s tandpoint  e i t h e r  a l t e r n a t i v e  would l ead  t o  impacts which are  be1 ieved 

t o  be acceptable. 

CONCLUSIONS 

The conclus ions reached from t h e  study prov ide  s p e c i f i c  d i r e c t i o n  f o r  t h e  f u t u r e  

e f f o r t  r e q u i r e d  t o  reach a  po in t  a t  which UPH and/or CAES p l a n t s  may be adopted 

by power u t i l i t i e s  f o r  add i t i ons  t o  generat ing p l a n t  cons t ruc t ion .  Bas i ca l l y ,  

equipment. development should progress w i t h  t he  o b j e c t i v e  o f  achiev ing even 

b e t t e r  c a p i t a l  cos t  and opera t ing  performance. I n  t h e  case o f  UPH t h i s  invo lves  

inc reas ing  opera t ing  head, p re fe rab ly  t o  a  po in t  where s i n g l e  s tep  development 

i n  t h e  range o f  4000 f t  t o  5000 f t  can be achieved i n  a  p l a n t  capable o f  l oad  

regu la t i on .  A  two-stage pump-turbine w i t h  c o n t r o l l a b l e  wicket  gates o f f e r s  

s i  g n l f  l c a n t  oppo r tun i t y  i n  t h i s  d i r e c t i o n .  I n  t h e  case o f  CAES, recupera tor  

design f o r  t h e  h igh  system pressures r e q u i r e d  deserves a t t e n t i o n .  Fur ther  s tudy 

o f  s p e c i f i c  aspects o f  t he  hydraul i c a l  ly-compensated, ha rd  rock c a v i t y  s to rage 

systems would be b e n e f i c i a l  t o  augment t h e  opera t ing  experience being gained 

year  by year  a t  Huntor f .  For both UPH and CAES, t h e  c o n s t r u c t i o n  approaches t o  

t h e  underground f a c i l i t i e s  demand f u r t h e r  and con t i nu ing  study w i t h  t he  aim a t  

reduc ing  est imated cos ts  w h i l e  a t  t h e  same t ime  i nc reas ing  conf idence i n  t h e  

est imates. 



It may be concluded t h a t  UPH and CAES o f f e r  a t t r a c t i v e  and economic opt ions  t o  

power u t i l i t i e s .  For those w i t h  access t o  l oca t i ons  over geo log i ca l l y  s u i t a b l e  

rock  masses and convenient  t o  t ransmission routes,  ' the p o s s i b i l i t y  e x i s t s  t h a t  

s i t i n g  problems f o r  energy storage f a c i . l i t i e s  experienced i n  t h e  past  w i l l  be 

s i g n i f i c a n t l y  lessened. A  s tep  has been taken towards t h e  i n t r o d u c t i o n  o f  a  new 

form o f  power genera t ion  which can we l l  serve system needs o f  t he  fu ture .  



Sect ion 1 

THE ALTERNATIVES FOR POWER SYSTEM ENERGY STORAGE 

INTRODUCTION 

Dur ing  t h e  past  t h i r t y  years or more, power u t i l i t i e s  have b u i l t  thermal 

generat ing p ldn ts  w i t h  u n i t s  o f  g radua l ly  increas ing  size. Outputs o f  

i n d i v i d u a l  u n i t s  i n  t h e  500 MW t o  1300 MW range have been adopted as technology 

advanced and t h e  favorab le  economics o f  sca le  became evident. These l a r g e  u n i t s  

ca r r y  t he  base load w i t h  r e l a t i v e l y  h igh  e f f i c i e n c y  l eav ing  the  mid-range 

c y c l i c a l  loads t o  be suppl i e d . b y  o lder ,  smal ler  t u r b i n e  generators w i t h  

predominantly o i l  - f i r e d  b o i l e r  p lants.  

Peak loads occur r ing  over re1  a t i  ve ly shor t  per iods are t y p i c a l l y  served by gas- 

t u r b i n e  and diesel-powered plant.  I n  add i t ion ,  conventional hyd roe lec t r i c  

p l a n t s  and pumped storage hyd roe lec t r i c  p lan ts  have been i n s t a l l e d  t o  s a t i s f y  

some o f  t he  peaking and mid-range requirements. 

Even w i t h  subs tan t i a l  mid-range and peaking capac i ty  i n s t a l l e d ,  i t  may o f ten  be 

necessary t o  cyc le  l a rge  base 1  oad u n i t s  t o  meet vary ing  customer demand. Cycl i c 

opera t ion  o f  steam u n i t s ,  however, can r e s u l t  i n  i ncreased maintenance cos ts  and 

shor te r  u n i t  l i f e  due t o  thermal s t ress ing  and a l so  increased f u e l  usage per 

u n i t  o f  energy produced due t o  less  e f f i c i e n t  opera t ion  on p a r t i a l  loads. 

Energy storage i s  now being considered by many u t i l i t i e s  as a  means o f  reduc ing  

t h e  problems o f  u n i t  cyc l  i n g  and equi pment loading, o f  achieving s i g n i f i c a n t  

savings i n  o i l  consumption and i n  p lan t  investment, and o f  a l l ow ing  a  more 

e f f e c t i v e  use o f  thermal power generat ing p lan t .  I n  t h e  absence o f  e f f e c t i v e  

load management con t ro l ,  energy storage al lows a  u t i l i t y  t o  use supply 

management t o  achieve a  r e l a t i v e l y  s tab le  load on i t s  l a r g e  u n i t s  as i nd i ca ted  

on F igure  1-1. 
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Large scale energy storage has t r a d i t i o n a l l y  been provided by hyd roe lec t r i c  

pumped storage p lan ts  developing t h e  p o t e n t i a l  head between sur face r e s e r v o i r s  

a t  d i f f e r e n t  topographic l eve l s .  However, few s i t e s  f o r  l a r g e  conventional 

pumped storage hyd roe lec t r i c  p lan ts  are now ava i lab le ,  and t h e  s i t i n g  o f  these 

p l a n t s  has proved t o  be i nc reas ing l y  d i f f i c u l t  due t o  c o n s t r a i n t s  on l a r g e  

man-made r e s e r v o i r s  i n  areas o f  environmental s e n s i t i v i t y .  Where convent ional  

pumped storage s i t e s  are unavai lable,  u t i l i t i e s  are cons ider ing  new technologies 

such as underground pumped hydro and, as l a t e l y  proven i n  a  commercial 

a p p l i c a t i o n  a t  Huntor f ,  West Germany, compressed a i r  energy storage. 

The p a r t i c u l a r  ,study and p re l im ina ry  designs d e a l t  w i t h  i n  these r e p o r t s  cover 

concepts f o r  compressed a i r  energy storage (CAES) and underground pumped hydro- 

e l e c t r i c  storage (UPH) f a c i l  i t i e s  employing la rge-sca le  caverns and r e s e r v o i r s  

excavated i n  hard rock. 

BENEFITS OF ENERGY STORAGE 

For u t i l i t i e s  having s u f f i c i e n t  coal and nuclear  generat ing c a p a b i l i t y  and 

present ly  us ing gas tu rb ines  and small o i l - f i r e d  p lan ts  t o  meet peak power 

requirements, underground h y d r o e l e c t r i c  storage (UPH) or compressed a i r  energy 

storage (CAES) can provide a  means o f  reducing o i l  consumption. The p o t e n t i a l  
, 

o i l  savings are l a rge  enough t h a t  CAES concepts, which r e q u i r e  supplemental 

o i  1 - f i r i  ng dur ing  power generat ion, can s t i l l  p rov ide  s i g n i f i c a n t  system-wide 

economy i n  o i l  use. 

Energy storage p l a n t s  can improve t h e  system's response t o  sudden l oad  changes. 

System load change or t r i p o u t  o f  a  l a rge  generat ing u n i t  or t ransmission l i n k  

can be balanced by a l l ow ing  energy storage p lan ts  e i t h e r  t o  absorb or  generate 

power as required.  The quick response c h a r a c t e r i s t i c  provides improved system 

re1  i a b i  1  i t y .  Energy storage p lan ts  can provide synchronous condenser serv ice,  

spinning reserve, and can operate i n  a v a r i e t y  o f  standby ro les .  

ENERGY STORAGE ALTERNATIVES STUDIED 

U n t i l  r ecen t l y ,  t he  only proven technology a v a i l a b l e  f o r  la rge-sca le  energy 

storage was hyd roe lec t r i c  pumped storage. However, t h e  d i f f i c u l t y  o f  p rov id ing  

l a r g e  man-made sur face r e s e r v o i r s  has l e d  t o  t he  development o f  t h e  UPH and CAES 

concepts. 



UPH, as p resen ted  i n  F i g u r e  1-2, i s  b a s i c a l l y  s i m i l a r  t o  conven t iona l  pumped 

h y d r o e l e c t r i c  s to rage .  I n  b o t h  cases, energy i s  s t o r e d  by pumping water f r om  a 

lower  l e v e l  t o  an upper r e s e r v o i r .  The s t o red  energy i s  t hen  r e t u r n e d  t o  t h e  

power system when t h e  water  i s  a1 lowed t o  f l o w  back th rough  t h e  h y d r a u l i c  

t u r b i n e  power ing t h e  generator .  Use o f  an underground cavern  excavated a t  depth 

f o r  t h e  lower  r e s e r v o i r  a l l o w s  a degree o f  f reedom i n  s e l e c t i n g  t h e  opera t ing ,  

head f o r  pumping and genera t ing .  It u s u a l l y  o f f e r s  t h e  advantage of o p e r a t i o n  

a t  a  c o n s i d e r a b l y  h i ghe r  head than  o the rw i se  p o s s i b l e  w i t h  pumped s to rage  p l a n t s  

r e l y i n g  on n a t u r a l  topography on t h e  sur face.  The h i ghe r  head a l l ows  a p ropor -  

t i o n a l  r e d u c t i o n  i n  t h e  volume o f  s t o rage  r e s e r v o i r s .  Enhanced s i t i n g  oppor tun-  

i t i e s  a r i s e  f r o m  t h e  reduced  env i ronmenta l  impact  o f fe red  by l o c a t i o n  o f  f a c i l i -  

t i e s  underground and by t h e  reduced volume o f  water handled. 

CAES, as p resen ted  i n  F i g u r e  1-3, i s  b a s i c a l l y  a  s p l i t  B ray ton  o r  "gas t u r b i n e " .  

c y c l e  u s i n g  an underground r e s e r v o i r  f o r  s t o rage  o f  a i r  compressed . du r i ng  

p e r i o d s  o f  o f f -peak  system l o a d  demand. Power i s  t hen  generated d u r i n g  peak 

l o a d  p e r i o d s  by t h e  r e l e a s e d  compressed a i r  which i s  heated by o i l  o r  gas f i r i n g  

and t h e n  expanded t h rough  a combust ion t u r b i n e .  L i k e  UPH, a CAES p l a n t  o f f e r s  

enhanced s i t i n g  ' o p p o r t u n i t i e s  a r i s i n g  f rom t h e  r e l a t i v e l y  compact s i t e  ar range-  

ment wh ich  can be a t t a i ned .  

W h i l e  no UPH p l a n t  has y e t  been cons t ruc ted ,  t h e  h y d r a u l i c  system i n v o l v e d  i s  

based on w e l l  proven des igns,  and t h e r e  i s  l i t t l e  concern r e g a r d i n g  t h e  a p p l i c a -  

b i l i t y  o f  e x i s t i n g  technology.  A s i n g l e  290 MW CAES p l a n t  has so f a r  been 

c o n s t r u c t e d  u t i l i z i n g  two  caverns so l u t i on -m ined  i n  a  s a l t  dome f o r  a i r  s torage.  

T h i s  p l a n t  has opera ted  s u c c e s s f u l l y  f o r  two y e a r s  a t  Hun to r f ,  West Germany, and 

has demonstrated thi-'practicability o f  t h e  technology invo lved .  
\ 

'CRITERIA FOR ENERGY STORAGE 

C e n t r a l i z e d  energy s t o r a g e  employ ing UPH o r  CAES des i gn  concepts  i s  wor thy o f  

c o n s i d e r a t i o n  i n  e l e c t r i c  u t i l i t y  system p l ann ing  where t h e  f o l l o w i n g  c r i t e r i a  

e x i s t :  

A r e l a . t i v e l y  l-ow system l o a d  f ac to r  o r  l a r g e  d i f f e r e n t i a l  between 
minimum and maxi.mum d a i  l y  1  oads; 
A v a i l a b l e  c o a l - f i r k d  o r  nuc lear  base l o a d  -pumping power; 
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8 A need- f o r  new gene ra t i on  due t o  l o a d  growth o r  r e t i r e m e n t  o f  o l d  
p l a n t s ;  and 

8 A s i t e  w i t h  an accep tab le  geo log i c  f o r m a t i o n  a t  depth and 
reasonab ly  c l o s e  t o  major system t r ansm iss i on  1  i ne rou tes .  

These c r i t e r i a  apply  i n  va r y i ng  degrees t o  a  number o f  e l e c t r i c  u t i l i t i e s  i n  t h e  

U n i t e d  S ta tes ,  i n c l  ud ing  t h e  Potomac E l e c t r i c  Power Company (PEPCO). P r e l  im in -  

a r y  gene ra t i on  p l ann ing  s t u d i e s  c a r r i e d  ou t  by PEPCO have shown t h a t  670 MW o f  

energy s t o rage  i n s t a l  1  ed i n  t h e  1990 's  c o u l d  p r o v i d e  s i g n i f i c a n t  system economic 

b e n e f i t s .  A  s i t i n g  study o f  t h e  PEPCO s e r v i c e  area and sur round ing  r eg i ons  has 

r e v e a l e d  s u i t a b l e  ha rd  r ock  and a  competent f o rma t i on  a t  depth f o r  underground 

energy s t o rage  f a c i l i t i e s .  

ENERGY STORAGE I N  SYSTEM PLANNING 

Wh i l e  many f a c t o r s  d i r e c t l y  a f f e c t  u t i l i t y  need t o  add t o  p resen t  gene ra t i ng  

c a p a b i l i t y ,  t h e  u l t i m a t e  d e c i s i o n  on what t ype  o f  u n i t  t o  add i s  based on 

n e c e s s i t y  and economics. 

When t h e  requ i rement  f o r  power gene ra t i on  p l a n t  o p e r a t i o n  i s  l e s s  t han  a  few 

hundred hours per year  (i.e. low capac i t y  f a c t o r ) ,  combust ion t u r b i n e s  w i t h  

t h e i r  l ow c a p i t a l  c o s t s  appear a t t r a c t i v e .  At t h e  o the r  end o f  t h e  c a p a c i t y  

f a c t o r  sca le ,  c o a l  p l a n t s  appear most a t t r a c t i v e  when they  can be used i n  excess 

o f  severa l  thousands o f  hours per year.  

From 500 t o  3500 hours  o f  o p e r a t i o n  per  yea r  a t  r a t e d  l o a d  ( e q u i v a l e n t  t o  capa- 

c i t y  f a c t o r s  o f  5 percen t  t o  40 percen t ) ,  energy s t o rage  p l a n t s  and e x i s t i n g  

o i l - f i r e d  c y c l i n g  u n i t s  appear t o  be t h e  economic choice. The p o r t i o n  o f  t h i s  

mid-range l o a d  which can be economica l l y  c a r r i e d  by an energy s t o rage  p l a n t  can 

be s i g n i f i c a n t .  I n  t h e  case o f  t h e  CAES and U.PH p l a n t s  covered i n  t h e  s tudy,  

c a p a c i t y  f a c t o r s  o f  approx imate ly  2 1  percen t  and 16  percen t  r e s p e c t i v e l y  were 

p r e d i c t e d  by t h e  PEPCO s y s t e ~ r ~  p l ann ing  s tud ies .  

PURPOSE OF STUDY 

I n  1976, when t h e  Energy Research and Development A d m i n i s t r a t i o n  (now DOE) and 

EPRI issued a r.equest fot- proposals  f o r  t h e  i n v e s t i g a t i o n  o f  energy s t o rage  

concepts,  i t  was f e l t  t h a t  t h e  technology needed f o r  UPH and CAES was no t  y e t  a t  

a 1  eve1 a t  which any U. S. u t i  1  i ty would make a cnrnmit.ment l e a d i n g  t o  



- 

c o n s t r u c t i o n  w i t h o u t  f u r t h e r  study. The DOEIEPRI inves t iga t ion ;  were the re fo re  

s t r u c t u r e d  t o  develop p re l im ina ry  engineer ing designs t o  t he  degree which 

dec i s ions  cou ld  be made w i t h  confidence based on a  d e t a i l e d  assessment o f  t h e  

f o l l o w i n g :  

8 Cap i ta l  c o s t .  and o v e r a l l  1  i cens ing  and cons t ruc t i on  schedules; 
8 Performance and opera t ing  c h a r a c t e r i s t i c s ;  
8 Environmental impact and l i c e n s i n g  issues; 
8 P o t e n t i a l  r i s k s  associated w i t h  UPH and CAES technologies;  and 
8 B e n e f i t s  accru ing  t o  t h e  u t i l i t y  system. 

- 
EXECUTION- OF THE STUDY -. 
I n  l a t e  1977, PEPCO, w i t h  Acres American Incorpora ted (AAI) as engineer ing con- 

s u l t a n t ,  began t h e  d e t a i l e d  study o f  t h e  CAES and UPH concepts based on under- 

ground caverns excavated i n  hard rock. 

Several p o t e n t i a l  s i t e s  f o r  e i t h e r  a  CAES o r  an UPH p l a n t  were loca ted near t h e  

PEPCO se rv i ce  area, w i t h  no one s i t e  showing a  d i s t i n c t  techn ica l  advantage over 

t h e  others.  Based on several  non-technical issues, i n c l u d i n g  ease o f  access f o r  

p r e l  iminary i n v e s t i g a t i o n s ,  a  s i t e  near Sunshine, Mary1 and, was selected. While 

t h e  r e s u l t s  o f  t h e  s i t e  i n v e s t i g a t i o n  program were not  conclusive i n  es tab l i sh -  

i n g  the  prime s u i t a b i l i t y  o f  t h e  s i t e  from a  geotechnical viewpoint,  reasonable 

conf idence i n  i t s  p o t e n t i  a1 remains. 
I 

Both  CAES and UPH were found t o  be f e a s i b l e  and t o  be economical ly a t t r a c t i v e  

when app l i ed  t o  the .  PEPCO system. Appl i c a t i o n  o f  e i t h e r  concept provides f o r  a  
' 

s i g n i f i c a n t  r e d u c t i o n  i n  o i l  usage. No p a r t i c u l a r  c o n s t r a i n t s  were found 

rega rd ing  e i t h e r  CAES o r  UPH from an environmental and l i c e n s i n g  p o i n t  o f  view. 

It i s  be1 ieved t h a t  an exemption from t h e  Fuel Use Act l e g i s l a t i o n  based on t h e  

f u e l  mix p rov i s ions  w i l l  permi t  o i l  .burning i n  a  CAES p lan t  designed f o r  t h e  

se lec ted  capac i ty  factor .  

The UPH p l a n t  c o n f i g u r a t i o n  developed du r ing  t h e  study was based on a  capac i ty  

o f  2000 MW w i t h  10 hours o f  storage and on a  two-step design, each i n v o l v i n g  

2500 f t  head. The CAES p l a n t  would have a  capac i ty  o f  1000 MW w i t h  10 hours o f  

s torage w i t h  a  No. 2  o i l - f i r e d  t u r b i n e  system. The d i f f e r e n c e  i n  capac i ty  

se lec ted  a r i ses  f rom t h e  economylscale e f f e c t  which has a  more marked i n f l uence  

on t h e  UPH plant .  I f  PEPCO were t o  b u i l d  an UPH f a c i l i t y  a  p ropo r t i on  o f  i t s  

capac i t y  would be a v a i l a b l e  f o r  j o i n t  use on t h e  Pennsyl vania-New Jersey- 

Maryland (PJM) power pool system. 



D i r e c t  c a p i t a l  c o s t s  i n  J u l y  1979 d o l l a r s  were es t ima ted  t o  be $375.5/kW f o r  

CAES and $415.7/kW f o r  UPH. The t imes  r e q u i r e d  f rom s t a r t  o f  c o n s t r u c t i o n  t o  

commercial o p e r a t i o n  of t h e  f i r s t  u n i t  were es t ima ted  t o  be 5 y e a r s  and 8 y e a r s  

r e s p e c t i v e l y .  The l i c e n s i n g  process would r e q u i r e  3  y e a r s  and 9  months i n  b o t h  

cases. 



~ e c t ' i o n  2  

SITE SELECTION 

I NTRODUCTION 

The r e g i o n  cons idered  i n  t h i s  study f o r  t h e  s e l e c t i o n  o f  p o t e n t i a l  s i t e s  f o r  a  

CAES o r  UPH p l a n t  i s  shown on F i gu re  2-1. The no r t he rn  boundary o f  t h e  area 

extended we1 1  beyond PEPCO ' s  s e r v i c e  area and was d e f i n e d  by Mary l  and ' s  border  

w i t h  Pennsy lvania;  t h e  southern 1  i m i t  was t h e  Maryl  and border  w i t h  V i r g i n i a .  

The eas te rn  boundary was d e f i n e d  by t h e  eas t  edge o f  t h e  Mary land Piedmont and 

t h e  western boundary by South Mountain (mark ing t h e  west edge o f  t h e  B lue  Ridge 

P r o v i  nces) . 

Wh i l e  t h e  t opog raph i c  f e a t u r e s  o f  a  s i t e  a r e  o f  p r imary  impor tance f o r  conven- 

t i o n a l  pumped s t o rage  p l an t s ,  t hey  a re  o f  l e s s  concern f o r  CAES and UPH. For  

CAES and UPH s i t e  s e l e c t i o n ,  t h e  presence o f  a  s u i t a b l e  hos t  r ock  f o r m a t i o n  i n  

which t o  b u i l d  caverns deep underground i s  o f  t h e  utmost importance. 

The s i t e  s e l e c t i o n  process was performed t o  choose a  common s i t e . f o r  t h e  s tudy  

o f  b o t h  UPH and CAES p l a n t s  hav ing  an i n s t a l l e d  capac i t y  o f  1000 MW and energy 

s t o rage  f o r  10 hours  a t  f u l l  gene ra t i ng  ou tpu t .  The s i t e  s e l e c t i o n  was n o t  

repea ted  t o  eva l ua te  t h e  e f f e c t s  o f  a  subsequent change which inc reased  t h e  

c a p a c i t y  o f  t h e  UPH f a c i 1 i t . y  t o  2000 MW, and t h e  chosen s i t e  remained t h e  bas i s  

f o r  t h e  s tudy o f  t h i s  a l t e r n a t i v e .  

ME THOOOLOGY 

The s i t e  s e l e c t i o n  process adopted f o r  t h e  s tudy i n v o l v e d  s i x  d i s t i n c t  s teps  t o  

a l l o w  a  sys temat i c  s e l e c t i o n  o f  a  ha rd  rock  s i t e  s u i t a b l e  f o r  b o t h  CAES and UPH. 

The methodology p resen ted  i n  t h e  S i t e  S e l e c t i o n  F low Char t  ( F i g u r e  2-2) u t i l i z e d  

t h e  s i t e  s p e c i f i c  t e c h n i c a l  and env i ronmenta l  c o n d i t i o n s  t h a t  have t h e  g r e a t e s t  

impact  on p l a n t  s i t i n g .  The f o l l  owing p r imary  a c t i v i t i e s  were undertaken: 





' STEP 1 

STEP 2 

STEP 3 

STEP 4 

STEP 5 

'STEP 6 

Figure 2 - 2 Site selection Flow Chart 

1 

ESTABLISH PLANT * 

CHARACTERISTICS 

1 
DEFINE REGION OF  STUDY 

- 

1 
A 

1 

DELINEATE CANDIDATE 
SITING AREAS 

i 

1 
b 

IDENTIFY AND RANK 
POTENTIAL SITING AREAS 

1 
IDENTIFY AND RANK 

- SITING BLOCK 

J 
s 

FINAL SITE SELECTION 



a D e f i n i t i o n  o f  t h e  geo log ic ,  hyd ro l og i c ,  topograph ic ,  env i r on -  
mental and non techn ica l  f a c t o r s  i n f l u e n c i n g  t h e  s i t i n g  and 
ope ra t i on  o f  a  CAE5 o r  UPH f a c i l i t y ;  

Devel opment o f  t e c h n i c a l ,  economic and env i ronmenta l  
c o n s i d e r a t i o n s  i n v o l v e d  i n  t h e  s i t i n g  o f  a  CAES and UPH 
f a c i l  i t .y; 

@ Data c o l l e c t i o n ,  i n c l u d i n g  a  d e t a i l e d  l i t e r a t u r e  rev iew,  
d i s cuss i on  w i t h  i n d i v i d u a l s  f a m i l i a r  w i t h  t h e  s tudy area and a  
p r e l i m i n a r y  reconnaissance t o  de te rmine  an area o f  s tudy and 
p o t e n t i a l  s i t e s  f o r  CAES and UPH; and 

A compara t i ve  r e v i e w  and e v a l u a t i o n  o f  p o t e n t i a l  s i t e s  based on 
a  s e r i e s  o f  weighted f a c t o r s  as d e f i n e d  by t h e  s i t i n g  
methodology and which r e l a t e  t o  p r imary  s i t i n g  c o n s t r a i n t s  
i n c l u d i n g  geology, hydro logy,  topography, env i ronmenta l  and 
economic cons idera t ions .  

Wh i l e  r ock  q u a l i t y  and i t s  s u i t a b i l i t y  t o  accommodate l a r g e ,  deep s h a f t s  and 

caverns o f  s i g n i f i c a n t  dimensions were o f  pr ime importance, severa l  o t h e r  t ech -  

n i c a l  and env i ronmenta l  c r i t e r i a  had a  s i g n i f i c a n t  e f f e c t  on t h e  s i t e  s e l e c t i o n .  

These i nc l uded  t h e  p r o x i m i t y  o f  a  s i t e  t o  e x i s t i n g  t r ansm iss i on  l i n e s  and t h e  

d i f f i c u l t y  and c o s t  o f  a c q u i r i n g  p rope r t y  f o r  CAES o r  UPH f a c i l i t i e s ,  as w e l l  as 

access f o r  exp l o ra t i on .  

The s i t e  s e l e c t i o n  process i n v o l v e d  a t t r i b u t i n g  c o s t  p e n a l t y  va lues t o  t h e  

f o l l  owing t e c h n i c a l  and phys i ca l  p rope r t y  f a c t o r s  assoc i a t ed  w i t h  s p e c i f i c  

s i t i n g  b l ocks  ( i  .e. zones capable o f  accommodating t h e  proposed f a c i  1 i t i e s )  

w i t h i n  t h e  p o t e n t i a l  s i t i n g  areas (i.e. r e g i o n s  i n  which severa l  s i t i n g  b l o c k s  

wcrc 1  ocated)  : 

Topography; 
S i t e  access roads ;  
P rope r t y  a c q u i s i t i o n ;  
Length o f  r e q u i r e d  water l i n e  f n r  f i l l i n g ;  

@ D i s t ance  t o  t r ansm iss i on  system i n t e r c o n n e c t i o n ;  and 
L e r ~ y t h  o f  f u e l  p i p e l i n e  (CAES on l y ) .  

Environmental  f a c t o r s  were a l s o  g i ven  s u b s t a n t i a l  impor tance i n  t h e  s i t e  se l ec -  

. t i o n  process f o r  energy s to rage  f a c i l i t i e s .  Wh i le  t h e  l o c a t i o n  o f  much o f  t h e  

CAES and UPH f a c i l i t i e s  underground d im in i shes  t h e i r  env i ronmenta l  impact,  i t  i s  

e s s e n t i a l  t h a t  due c o n s i d e r a t i o n  be g i ven  t o :  
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~ e r r e s t r i  a1 ecology ; 
Aquat i c  eco logy;  
Hi s t o r i  c a l  and a r chaeo log i ca l  s i t e s ;  
E x i s t i n g  and planned 1 and uses; 
V isua l  a e s t h e t i c s ;  
T r a n s p o r t a t i o n  access; 
Noise; and 
Meteorology and a i r  qua1 i ty .  

RESULTS 

A d e t a i l e d  r ev i ew  o f  a l l  t h e  rock  u n i t s  w i t h i n  t h e  r e g i o n  o f  s tudy was made and 

a t o t a l  o f  seven . r ock  u n i t s ,  shown on F i g u r e  2-3, were i d e n t i f i e d  as be i ng  can- 

d i d a t e  s i t i n g  areas. A gross sc reen ing  process was c a r r i e d  o u t  and t hose  cand i -  

da te  s i t i n g  areas (o r  p o r t i o n s  t h e r e o f )  t h a t  were cons idered  unacceptable f o r  

p l a n t  l o c a t i o n  because o f  env i ronmenta l  and/or socio-economic r e s t r a i n t s  were 

e l  iminated. O f  t h e  rema in ing  areas, t h e  f o u r  most p r e f e r r e d  p o t e n t i a l  s i t i n g  

areas, a1 1 w i t h i n  t h e  Sykesv i l  l e  Boulder  Gneiss Formation, were i d e n t i f i e d  and 

t hen  f u r t h e r  subd iv ided  i n t o  a t o t a l  o f  seven 250-acre s i t i n g  b locks.  All o f  

these  seven s i t i n g  b l ocks  were found t o  be bo th  t e c h n i c a l l y  and env i r onmen ta l l y  

accep tab le  f o r  t h e  c o n s t r u c t i o n  and ope ra t i on  o f  a CAES or an UPH f a c i l i t y ,  w i t h  

no one s i t e  showing d i s t i n c t  advantage over  another.  

One s i t e  was se l ec ted  f o r  f u r t h e r  e x p l o r a t i o n  based on t h e  schedule o f  t h e  

e x p l o r a t o r y  program and s i t e  a c c e s s i b i l i t y .  I t i s  l o c a t e d  a t  Sunshine, Mary- 

land,  southwest o f  t h e  T r i a d e l p h i a  Reservo i r  i n  Montgomery Coun.ty, approx imate ly  

20 m i l e s  n o r t h  o f  Washington, D.C. and about 20 m i l e s  southwest o f  Ba l t imo re ,  

Maryland. The s i t e  i s  on t h e  S y k e s v i l l e  Boulder  Gneiss Format ion and covers 

approx imate ly  500 acres. It i s  bordered on t h e  west by Route 97 and on t h e  

south by Route 650. It has moderate r e 1  i e f  w i t h  e l e v a t i o n s  r a n g i n g  f r o m  510 f t  

MSL i n  t h e  southwest t o  375 f t  MSL i n  t h e  eas t  and i s  crossed by a 500 kV t r a n s -  

m iss ion  1 i n e  owned by PEPCO. 



Sect ion 3 

SITE INVESTIGATION. 

\ 

GENERAL 

The s i t e  se lec ted f o r  t he  study i s  loca ted i n  t h e  S,ykesvi l le  Boulder Gneiss 

Formation, a  medi um-grained, h igh l y  f o l  ia ted ,  an i so t rop i c  gneiss which outcrops 

i n  several  areas throughout t h e  eastern Maryland Piedmont. Regional geologic 

i n t e r p r e t a t i o n  i n  t he  v i c i n i t y  o f  t h e  s i t e  suggests t h a t  t h e  Sykesvi l l e  Forma- 

t i o n  i s  unde r la in  'by t h e  Wissachickon Formation, a  h igh l y  sch is tose and. possi b l y  

weaker rock than the  Sykesvi 1  le .  The Wissachickon Formation i s  probably unsui t -  

ab le  f o r  cons t ruc t i on  o f  a  CAES or  UPH f a c i l i t y .  

To determine the  s u i t a b i l i t y  o f  t he  s i t e  as a  p o t e n t i a l  l o c a t i o n  f o r  a  CAES o r  

UPH p lan t ,  two major i n v e s t i g a t i o n  a c t i v i t i e s  were undertaken. The f i r s t  

covered topographic fea tures  and t h e  shal low subsurface, and the  second invo lved 

f u r t h e r  exp lo ra t i on  t o  gain d e t a i l e d  i n fo rma t ion  on t h e  c h a r a c t e r i s t i c s  o f  t h e  

rock format ion a t  the  depths requ i red  f o r  t h e  underground r e s e r v o i r s  f o r  bo th  

CAES and UPH. 

Dur ing  t h e  f i r s t  p a r t  o f  t h e  s i t e  i nves t i ga t i on ,  geologic mapping was per- 

formed. Samples o f  t h e  s o i l  and rock were obtained and tes ted  from t e n  

boreholes sunk t o  a  depth o f  100 f t  and from two boreholes sunk t o  a  depth o f  

500 ft. The second p a r t  o f  t h e  i n v e s t i g a t i o n  invo lved a  deep d r i l l i n g  program 

w i t h  continuous rock c o r i n g  together  w i t h  an i n -ho le  t e s t i n g  program t o  

determine s t ress  cond i t ions  and permeab i l i t y  l e v e l s  and t o  provide a  geophysical 

l o g  o f  t h e  formation. 

SHALLOW DRILLING RESULTS 

The i n v e s t i g a t i o n  showed t h a t  t he  bedrock a t  t he  s i t e  i s  o v e r l a i n  by r e s i d u a l  

s o i l s  vary ing  i n  th ickness from 20 t o  75 ft. These res idua l  s o i l s  are i n  two 

zones. The upper zone, genera l ly  rang ing  from 5  t o  15 f t  i n  th ickness,  cons is ts  

o f  a  medium-grained, sandy s i l t  and/or s i l t y  sand which grades i n t o  a  lower zone 

o f  s a p r o l i t i c  s o i l ,  genera l ly  rang ing  from 5 t o  75 f t i n  th ickness and cons i s t -  

i n g  o f  a  t o t a l l y  hecornposed g r a n i t i c  gneiss mater ia l ,  The lower s o i l  zone forms 

a  gradat iona l  contact  w i t h  t he  under ly ing  bedrock. 

3-1 



The upper 50, t o  100 f t  o f  bedrock i s  l o c a l l y  weathered and f ractured.  Below. 100 

f t  t h e  rock i s  o f  good-to-excel lent  qua1 i t y .  Unconfined rock st rengths range 

between 10,800 t o  12,000 ps i .  This r e l a t i v e l y  low s t reng th  i s  a t t r i b u t e d  t o  t h e  

r o c k ' s  h igh ly .  a n i s o t r o p i c  s t reng th  c h a r a c t e r i s t i c s  in t roduced by the  angular 

o r i e n t a t i o n  o f  t h e  f o l i a t i o n  planes t o  t he  t e s t e d  c0r.e. These measured 

s t reng ths  are considered t o  represent  t h e  1  ower s t reng th  bounds, however, s i nce  

t h e  ang le  o f  t h e  f o l i a t i o n  t o  t he  v e r t i c a l  core ax i s  o f  t he  samples was i n  t h e  

c r i t i c a l  range (30-50'). 

The s i t e  groundwater t a b l e  i s  a  subdued r e p l i c a  o f  t he  sur face topography w i t h  

depths t o  the  water t a b l e  rang ing  from 30 t o  50 ft i n  t h e  h igher e levat ions  t o  

near sur face i n  t h e  v a l l e y  f l o o r s .  Groundwater f lows are general ly  r e s t r i c t e d  

t o  t h e  upper s o i l  hor izons and t o  open f r a c t u r e s  and j o i n t s  w i t h i n  t h e  bedrock. 

Below t h e  upper 100 ft o f  weathering, hydraul i c  conduc t i v i t y  ranges from 

10-5 t o  10-7 cm/s. 

DEEP DRILLING RESULTS . 

The ac tua l  depth t o  t h e  Sykesvi l le /Wissachickon contac t  beneath t h e  s i t e  i s  

unknown.   here fore, one o f  t h e  primary ob jec t i ves  o f  t h e  second p a r t  o f  t h e  

s i t e  i n v e s t i g a t i o n  was t o  con f i rm  t h e  ex is tence o f  t h e  S y k e s v i l l e   orm ma- 
t i o n  t o  t he  depth r e q u i r e d  f o r  cavern cons t ruc t i on  (approximately 5000 ft bel'ow 

ground sur face f o r  UPH and 2500 ft f o r  CAES). 

The r e s u l t s  o f  t h e  deep d r i l l  i n g  program es tab l ished the  presence o f  rock a t  t h e  

r e q u i r e d  depth f o r  CAES b u t  d i d  not  e s t a b l i s h  t h e  presence o f  s u i t a b l e  rock a t  

t h e  r e q u i r e d  depths f o r  UPH. 

However, no evidence has so f a r  been found t o  suggest t h a t  t h e  Sykesv i l l e  Forma- 

t i o n  does not e x i s t  a t  t h e  dep th ' requ i red  f o r  U'PH. Three attempts were made t o  

d r i l l  t o  a  depth o f  5000 ft. I n  a l l  cases, due t o  t h e  an i so t rop i c  nature o f  t he  

rock ,  severe d e v i a t i o n  o f  t he  d r i l l  hole r e s u l t i n g  i n  excessive torque on t h e  

d r i  11 rods  caused te rm ina t i on  o f  d r i l l i n g .  A wide range o f  modern d r i l l i n g  

techniq,ues and equi pment were employed i n  an attempt t o  main ta in  hole v e r t i c a l  - 
i t y  w i thou t  success. Th is  1  i m i t e d  t h e  d r i l l i n g  program t o  a  maximum h o l e  d r i l l  

l e n g t h  o f  3274 ft where i t  was terminated a t  a  52' dev ia ted  angle from t h e  

v e r t i c a l .  Ad jus t i ng  f o r  h o l e  deviat ion,  t h e  t o t a l  maximum v e r t i c a l  depth 

d r i l l e d  was 2556 ft. 



From t h e  cores  taken, t h e  r o c k  q u a l i t y  was found t o  be high. Most f r a c t u r e s  i n  

t h e  co re  f e l l  i n t o  two ca tego r i es :  smooth, p lanar ,  c l e a n  f r a c t u r e s  a long  t h e  

f o l i a t i o n ;  and s l i g h t l y  rough, i r r e g u l a r  p lanes,  ac ross  t h e  f o l i a t i o n  ( o f t e n  

rehea led) .  The temperature a t  t h e  bot tom o f  t h e  h o l e  (2556 ft v e r t i c a l  d i s -  

tance)  was measured as 73"F, g i v i n g  a the rma l  g r a d i e n t  o f  approx imate ly  1°F/lOO 

ft. Permeabi l  i t y  t e s t s ,  u s i n g  t h e  water i n j e c t i o n  method, were performed u s i n g  

bo th  a  s i n g l e  and double packer t e s t  zone. A n a l y s i s  o f  t h e  t e s t  da ta  shows t h e  

average h y d r a u l i c  c o n d u c t i v i t y  t o  be accep tab le  f o r  CAES, w i t h  va lues o f  l e s s  

t h a n  cm/s even I n  t h e  more h i g h l y  f r a c t u r e d  zones. 

I n  s i t u  s t r e s s  de te rm ina t i ons  were made i n  t h r e e  t e s t  zones i n  t h e  boreho le  by 

t h e  h y d r o f r a c t u r i n g  method. The r e s u l t s  o f  t h e  t e s t i n g  showed t h a t ,  a t  depths 

below 1300 ft, t h e  maximum and minimum h o r i z o n t a l  s t r esses  were g rea te r  t han  t h e  

overburden s t r e s s  and inc reased  w i t h  depth. C a l c u l a t i o n s  showed t h e  maximum 

s t r e s s  t o  be o r i e n t e d  i n  a  NW-SE d i r e c t i o n  ( c o n s i s t e n t  w i t h  o t he r  a v a i l a b l e  

geo log i c  ev idence) ,  and t h i s  was t h e n  used as t h e  b a s i s  f o r  subsequent cavern 

designs. 



Sec t i on  4 

SYSTEM PLANNING STUDIES 

GENERAL 

Wi th  t h e  i d e n t i f i c a t i o n  o f  s u i t a b l e  s i t e s  f o r  an energy s t o rage  f a c i l i t y  w i t h i n  

ur near t h e  PEPCO s e r v i c e  area, i t  was necessary t o  determine t h e  c o n t r i b u t i o n  

t o  t h e  PEPCO e l e c t r i c a l  power system which c o u l d  u s e f u l  l y  be made by an energy 

s to rage  f a c i l i t y .  A  r ev i ew  o f  PEPCO's t y p i c a l  summer d a i l y  l o a d  p r o f i l e s  

[ F i g u r e  4-1) i n d i c a t e d  t h a t  energy s t o rage  c o u l d  be a  b e n e f i c i a l  a d d i t i o n  t o  t h e  

system. PEPCO's s e r v i c e  area, p r i m a r i l y  t h e  Washington, D.C. m e t r o p o l i t a n  area,  

i s  c h a r a c t e r i z e d  by a  low annual system l o a d  f a c t o r  (47 pe r cen t  i n  1979) 

r e f l e c t i n g  t h e  dayt ime energy consumption by governmental and commercial o f f i c e s  

and t h e  l a c k  o f  second- and t h i r d - s h i f t  i ndus t r y .  A l though t h e  PEPCO system 

does no t  i n c l u d e  any nuc lear  p l an t s ,  t h e  u t i l i t y  has a  r e l a t i v e l y  l a r g e  

coa l  - f i r e d  base l o a d  gene ra t i ng  capac i t y .  

Prev ious s t u d i e s  i n d i c a t e d  t h a t  PEPCO shou ld  cons ider  energy s t o rage  as a  p a r t  

o f  i t s  f u t u r e  expansion p lans.  To e v a l u a t e  and q u a n t i f y  t h e  b e n e f i t s  assoc i a t ed  

w i t h  CAES and UPH, a  d e t a i l e d  system p l ann ing  a n a l y s i s  was per formed by PEPCO as 

p a r t  o f  t h i s  s tudy t o  determine:  

When a d d i t i o n a l  capac i t y  would be r e q u i r e d  by PEPCO's l o a d  growth; 
To what ex ten t  energy s to rage  can supply  t h e  system's  needs; and 
Whether energy s t o rage  would be an economic p l a n t  t y p e  f o r  
PEPCO. 

METHODOLOGY 

A pr imary  c r i t e r i o n  a p p l i e d  by u t i l i t i e s  f o r  e v a l i l a t i n g  a l t e r n a t i v e  gene ra t i on  

p lans  i s  t h e  m in im i za t i on  o f  t h e  t o t a l  c o s t  o f  power generat ion.  PEPCO 

eva lua tes  c a p i t a l  p r o j e c t  a1 t e r n a t i v e s  on t h e  b a s i s  o f  t h e  cumu la t i ve  p resen t  

wor th  of t h e  minimum annual revenue requ i rements  (CPWMRR) over t h e  l i f e  o f  t h e  

p r o j e c t .  To de te rmine  t h i s ,  a  p r o b a b i l i s t i c  p roduc t i on  c o s t i n g  computer program 

(PROMOD) i s  used i n  c o n j u n c t i o n  w i t h  a  program f o r  economic e v a l u a t i o n  (ECON). 
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Figure 4-1 summer' Daily.load' Stiape . 

(1988 - 2006) 



System l o a d  growth p r o j e c t i o n s  made i n  l a t e  1978, i n d i c a t i n g  t h a t  PEPCO's peak 

demand w i l l  be approx imate ly  4000 MW i n  1980 and w i l l  grow t o  6500 MW i n  2008, 

were used as t h e  study b a s i s  f o r  deve lop ing  a1 t e r n a t i v e  expansion plans. These 

u t i l i z e d :  

e C o a l - f i r e d  and nuc lear  p l a n t  a d d i t i o n s  t o  t h e  base l o a d  capac i t y ;  
and 
Combustion t u r b i n e s ,  UPH o r  CAES t o  p rov i de  peak ing power. 

No requi rements were i d e n t i f i e d  f o r  any a d d i t i o n a l  mid-range f o s s i  1 - f u e l e d  

p l a n t s  beyond those  p r e s e n t l y  i n c l u d e d  i n  t h e  PEPCO system or  i n  cons t r uc t i on .  

Opera t ing  c o s t s  were based upon p r e s e n t l y  c o n t r a c t e d  and p r o j e c t e d  f u e l  p r i c e s ,  

w i t h  severa l  p r i c e  e s c a l a t i o n  r a t e s  used t o  de te rmine  t h e  s e n s i t i v i t y  o f  t h e  

r e s u l t s  t o  f u e l  costs .  The s e n s i t i v i t y  o f  t h e  CPWMRR was a l s o  i n v e s t i g a t e d  f o r  

changes i n  c a p i t a l  cos t ,  u n i t  f o r c e d  outage r a t e s ,  c o s t  o f  c a p i t a l  and c y c l e  

e f f i c i e n c y .  The b a s i c  p l a n t  i n p u t  da ta  and t h e  range  of,,parameters cons idered  
%/J 

a r e  shown on Tables 4 -1  and 4-2. 

RESULTS 

The r e s u l t s  o f  t h e  a n a l y s i s  as p resen ted  on Tables 4-3 and 4-4 i n d i c a t e  t h a t  

bo th  CAES and UPH p rov i de  a  'means f o r  PEPCO t o  meet i t s  f u t u r e  needs f o r  e l e c -  

t r i c  gene ra t i ng  c a p a c i t y  w i t h  s i g n i f i c a n t  sav ings  i n  b o t h  r e q u i r e d  revenues and 

o i  1  consumption compared w i t h  t h e  use o f  e q u i v a l e n t  capac i t y  combust ion t u r -  

b ines.  The most economic approach f o r  i o t h  CHES and UPH i n v o l v e s  t e n  hours o f  

s to rage  w i t h  a  t o t a l  PEPCO-owned gene ra t i ng  capac i t y  o f  approx imate ly  675 MW, . 
w i t h  t h r e e  equal increments coming i n t o  o p e r a t i o n  s e q u e n t i a l l y  i n  1990, 1993 and 

1995. It was assumed f o r  t h i s  s tudy t h a t  each UPH increment  would be 666 MW 

w i t h  t h e  PEPCO share approx imate ly  113 o f  each. 

The most f a v o r a b l e  CAES-based expansion p l a n  reduced t h e  p resen t  wor th  o f  f u t u r e  

revenue r e q i ~ i r e m e n t s  by $1,358,000,000 f r o m  t h a t  o f  t h e  most f a v o r a b l e  combus- 

t i o n  t u r b i n e  based expansion plan. The comparable revenue sav i ng  f o r  UPH was 

$1,246,000,000. 

The r e d u c t i o n  o f  o i l  consumption i n  t h e  PEPCO system due t o  energy s t o rage  wds 

s i g n i f i c a n t  and n e a r l y  equal f o r  bo th  CAES and UPH. CAES was p r o j e c t e d  t o  save 

19 m i l l i o n  b a r r e l s  over  t h e  p e r i o d  1990 t h rough  2007, i n  s p i t e  o f  t h e  o i l  



I .  Table 4-1 
/ 

PLANT INPUT DATA 

Parameter CAE S UPH - CT - 

Var iab le  O&M Costs 0.25 m i l  l/kWh (19808) 0.16 m i l  1 /kwh (19809) $100/hr (19809) 

F ixed O&M cos ts  $3.75/kW-yr (19808,) $39.25/kW-yr (19809) 87,2001yr (1980$) 
L 

Turnaround e f f i c i e n c y ,  - - 
kwh output  -- - 
kwh i npu t  

E l e c t r i c  Energy Ra t i o  
kwh i npu t  0.75 
kwh output  

Fuei  Heat Rate 4250 Btu/kWb 

Storage Energy 
/ 

10-hour x Ins t .  Cap. 1'0-hours x Ins t .  Cap. --- 

Generat ion Output, 
MWIuni t 225 333/666* 50 

Planned .Outage Rate 2 wklyr  4 wk ly r  2 wk ly r  

Forced Outage Rate 

\ * Two-step system, two 333 MW u n i t s  ope ra t i ng  i n  ser ies.  
** Combined outage r a t e  f o r  two u n i t s  i n  seri.es operat ion.  



Parameter 

Storage Capaci ty  

C a p i t a l  Cost 

Minimum Acceptable 
Re tu rn  

RANGE OF PARAMETERS 
FOR SENSITIVITY ANALYSIS 

Fuel Cost Esca la t i on ,  
Coal 

Range 

5 t o  13 hours  

Base Est. t o  
1.1 x Base Es t .  

Fuel Cost Esca la t i on ,  
No. 2 O i l  9% t o  11% 

Forced Outage Rate, 
UPH 

Forced Outage Rate, CAES 10% t o  20% 

UPH Cyc le  E f  f i c i  ency 68% t o  72% 



Table 4-3 

EVALUATION OF ALTERNATIVES BASED ON 
CUMULATIVE PRESENT WORTH OF MINIMUM REVENUE REQUIREMENTS 

(CPWMRR) 

INCREASE 
C P W M R R ~  OVER 

PLAN NAME  DESCRIPTION^ ($ x l o 6 )  CAES 31 

CAES 3 1  

UPH 5 

JPH 6 

UPH 7 

CAES 34 

UPH 8 

UPH 9 

CT 21 

CAES 41 

CAES 42 

UPH 2 

UPH 1 

UPH 3 

CT 31  

UPH 10 

CAES 43 

CAES 56 

CT' 42 

CAES 51 225 MW - 1990, 1993, 1995, 1998, 2000 18,120 3,117 

CT 41  300 MW - 1990, 1994, 1997, 2000 18,552 3,549 

CT 43 300 MW - .  1990, 1994, 2001, 2004 19,868 4,865 

UPH 4 -444  MW - 1990, 1995, 445 MW - 2000 23,565 . . 8,562 

l ~ u r r ~ u l a t i v e  p r e s e n t ' w o r t h  o f  minimum reve?ue requi rements i n  m i l  1 ions  o f  1980 
do1 1 ars. 

2 ~ 1  1 energy s to rage a l t e r n a t i v e s  i n c l u d e  10 hours o f  storage. 



T a b l e  4-4 

COMPARISON OF PEPCO SYSTEM FUEL AND ENERGY STORAGE PLANT USAGE 

I I 1 ) ENERGY STW 1 ENERGY STW 

Year 

I I I I I 
19so( 6,825 6,863 6,647 1 5 , 3 4 9  5,580 6,150 1 1 , 1 4 3  1,171 1,461 1 466 3 7 3 )  23.6 19.2 

19911 6,684 6,805 6,614 1 6,697 6,511 6,941 1 1,296 1,262 1,546 ( 470 3 5 3 )  23.9' 18.2 

19921 6,886 6,934 6,726 1 6,419 6,546 7,199 1 1,269 1,315 1,582 ( 473 357 1 24.0 18.4 

19931 6,887 7,094 6,756 1 7,163 6,958 7,734 I 1,294 1,291 1,691 1 828 6 7 3 1  20.5 17.3 

P 1!3941 7,036 7,124 6,752 1 6,959 7,339 8,230 1 1,498 1,439 2,035 1 832 5 8 6 1  21.1 15.1 
I 
4 1995) 7,086 7,232 6,935 1 7,613 7,778 8,108 1 1,409 1,494 2,073 1 1,129 8 0 6 1  19.: 13.8 

19961 7,260 7,386 7,018 ( 7,476 7,868 8,409 1 1,566 1,554 2,258 1 1,163 8 6 7 1  19.7 14.8 
1997 1 7,251 7,297 7,467 1 8,228 8,797 7,306 1 1,732 1,876 2,088 1 1,129 673 1 19.1 11.5 

19981 7,775 7,973 7,609 1 6,728 6,750 7,372 1 1,554 1,650 2,155 1 1,156 893 ( 19.6 15.3 

19991 7,860 7,925 7,810 1 7,063 7,737 7,297 1 1,792 1,793 2,224 1 1,222 831 ( 20.7 14.2 

20111 8,075 8,198 7,763 1 6,720 7,170 8,049 1 1,887 2,035 2,5% 1 1,194 8 6 2 1  20.2 14.8 

20011 8,268 7 . W  7,282 1 6,782 5,341 5,791 1 1,8W 1,358 1,800 1 1,297 9 7 5 1  Zl.9 16.7 

2 0 2 1  7,529 7,664 7,380 1 5,353 5,856 6,675 1 1,435 1,408 1,951 1 1,177 9 7 3 1  19.9 16.7 

2(03( 7,601 7,555 7,312 1 5,7% 5,183 6,136 1 1,705 1,521 1,952 1 1,237 S W 1  20.9 15.5 

20341, 7,562 7,755 7,631 1 4,931 5,151 6,411 ( 1,616 1,537 2,057 ( 1,123 % 1 I  19.0 16.4 

20051 7,612 7,754 7,512 1 5,6M 6,021 6,878 1 1,738 1,715 2,197 1 1,238 9181  20.9 16.2 

2(1361 7,698 7,724 7,816 1 5,937 6,778 5,754 1 1,957 1,997 2,156 1 1,165 929 1 19.7 15.9 

2007) 8,135 8,521 8,213 5 , 0 4 6  6,032 6,609 1 1 , 7 5 6  1,876 2,255 1 1,140 959 1 19.3 16.4 

PO. 2 OIL, lo3 BBL 

W S 3 1  UPH5 .CT.21 

mnL , lo3 TONS 

W S  31 UPH 5 CT21 

NO. 6 OIL, lo3 BBL 

CAES 31 UPH 5 CT 21 

GENERATION, GhH 

W S 3 1  UPH5 

CAPACITY FACTOR, % 

W S 3 1  UPH5 



requirement f o r  CAES d u r i n g  power generation. Th is  i s  a  r e s u l t  o f  t h e  h igher  

capac i t y .  f a c t o r .  ob ta i  ned f o r  CAES. UPH was p ro jec ted  t o  save 16 mi 11 i o n  over 

t h e  same period. O i l  savings f o r  both types o f  p lan ts  are expected t o  cont inue 

a t  a  r a t e  o f  2 m i l l  i o n  b a r r e l s  per year t he rea f te r .  . 

The fo rego ing r e s u l t s  r e f l e c t  only t h e  bene f i t s  obta ined d i r e c t l y  from the  PEPCO 

system. With opera t ion  o f  t h e  CAES and UPH p lan ts  as p a r t  o f  t h e  Pennsylvania- 

Jersey-Mary1 and '(PJM) system: 

The energy output  obtained from both systems increases, w i t h  UPH. 
showing a  more s i g n i f i c a n t  increase from 75  percent o f  the  CAES 
output  f o r  s e r v i c e  t o  t h e  PEPCO system alone t o  91 percent o f  t he  
CAES output  on t h e  PJM system; and 

Both systems are cos t  e f f e c t i v e .  

CONCLUSIONS 

The analyses i n d i c e t e  t h a t  e i t h e r  UPH o r  CA'ES can pr.ovide s i g n i f i c a n t  b e n e f i t s  

t o  t h e  ope ra t i on  o f  t h e  PEPCO system. Both produce reduct ions  i n  revenue 

requirements; bo th  p rov ide  savings o f  o i l -based f u e l s  and a l l o w  increased 

u t i l  i z a t i o n  o f  c o a l - f i r e d  (and nuclear') capac i ty ;  and both serve subs tan t i a l  

p o r t i o n s  o f  PEPCO's peak energy needs. 

Improved operat i ng schedul es and reduced mai ntenance due t o  reduced thermal 

c y c l i n g  ' o f  base load p l a n t s  were not  evaluated as p a r t  o f  t h i s  ana lys is ,  bu t  are 

expected t o  prov ide  added b e n e f i t s  a r i s i n g  from t h e  i n s t a l l a t i o n  o f  energy 

storage f a c i l i t i e s .  



Section 5 

ENVIRONMENTAL ISSUES 

GENERAL 

A careful assessment o f  environmental issues which could ar ise from the con- 

s t ruct ion and operation o f  UPH or CAES f a c i l i t i e s  on the s i t e  near the r u r a l  

community o f  Sunshine i n  Montgomery County, Maryland, was made during t h i s  
'm 

The approach adopted i n  the environmental assessment included a characterization 

o f  the ex is t ing environment with emphasis on potenti a1 ly sensit ive areas, i .e., 

those components which are considered unique, vulnerable or valuable. Cons4der;-, 

a t ion was then focused on those elements o f  the ex is t ing environment which would 

have an impact on the proposed f a c i l i t i e s  or which would adversely in teract  wi th 

them. This was followed by an assessment o f  environmental and public safety 

concerns ar is ing  from the proposed f a c i l i t i e s .  

RESULTS 

Features o f  the f a c i l i t i e s  and elements o f  the environment which have been 

reviewed are sumnarized i n  Table 5-1 f o r  UPH and i n  Table 5-2 f o r  CAES. Compre- 

hensi ve tabu1 a t  i ons o f  the nature o f  environmental impacts have been compi 1 ed, 

and those which have signif icance have been ident i f ied. 

I n  the case o f  UPH, the impacts judged t o  be s ign i f i can t  were the a l te ra t ion  or 

loss o f  prime farmland and farmland o f  statewide importance, changes i n  the 

ex is t ing land use, c o n f l i c t  wi th present surrounding land use, and changes i n  

the ex is t ing and planned zoning. 

I n  the category o f  impacts ar is ing  from accidental events, the hlghly ur i l ikely 

release o f  water from the f a c i l i t y  reservoirs i n t o  the Triadelphia Reservoir was 

judged t o  be o f  high signif icance but amenable t o  reduction i n  r i s k  by appropri- 

ate design. 



TABLE 5 -  1 

POTENTIAL INTERACTION BETWEEN THE UPH FACILITY 
AND ELEMENTS OF THE ENVIRONMENT 

UPH F a c i l ~ t y  E lements  
A s s o c ~ a t e d  A c t ~ o n s '  

* Only those action% ~ 8 t h  pntrntul mnronmmtal Interacteon a n  1nt.d 
Vary unltksly arctdent 

I n d r a m  potmlsl onurwtton 



TABLE 5 - 2 

POTENTIAL INTERACTION BETWEEN THE CAES FACILITY 
AND ELEMENTS OF THE ENVIRONMENT 

CAES Facility Elnneno 
Associated Anion# 



TABLE 5 - 2 

POTENTIAL INTERACTION BETWEEN THE CAES FACILITY 
AND ELEMENTS OF THE ENVIRONMENT (Continued) 

Elements of the Environment I 
CAES Facil~ty Elements 

Associated Actions. 

ensating Re~rroir. see also 

* Only *or artmm w'th potenl~ml cnvaonmealrl tnlarrt~on r e  lorl*d 

' Very unltkely accidmt 

Induatn polenlul mrrJCllOn 



These impacts were a l s o  judged t o  be s i g n i f i c a n t . f o r  CAES f a c i l i t i e s .  Some 

a d d i t i o n a l  i s sues  and elements were ev i den t  f o r  CAES systems; t hey  i n c l u d e d  t h e  

p o t e n t i a l  decrease i n  a i r  qua1 i t y  a r i s i n g  f r o m  t u r b i n e  exhaust  NOx emiss ions 

and an i nc rease  i n  ambient no i se  l e v e l s  f r om  compressor a i r  i n l e t  and c o o l i n g  

tower p l a n t  d u r i n g  opera t ion .  

I n  r e g a r d  t o  c u l t u r a l  and h i s t o r i c  resources,  i t  has been no ted  t h a t  two s t r u c -  

t u r e s  l i s t e d  i n  t h e  L o c a t i o n a l  A t l a s  and Index  o f  H i s t o r i c  S i t e s  pub l i shed  by 

t h e  Mary land Na t i ona l  Park and P lann ing  Commission a re  l o c a t e d  w i t h i n  t h e  

boundar ies o f  t h e  s i t e  a t  Sunshine. These b u i l d i n g s  w i l l  r e q u i r e  e v a l u a t i o n  by 

t h e  P lann ing  Board t o  determine t h e i r  s u i t a b i l t y  f o r  i n c l u s i o n  i-n t h e  h i s t o r i c  

p r e s e r v a t i o n  master plan. I ssue  o f  a  demo1 i t i o n  o r  a l t e r a t i o n  pe rm i t  c o u l d  

i n v o l v e  a  t i m e  de lay  w h i l e  t h e  h i s t o r i c a l  va l ue  o f  t h e  s t r u c t u r e  i s  ascer ta ined .  

Because t h e  s i t e  i s  ad jacen t  t o  t h e  T r i a d e l p h i a  Reservo i r ,  t h e  p l a n t ' s  impact on 

a  v a r i e t y  o f  p u b l i c  r e c r e a t i o n a l  f e a t u r e s  nearby must be considered. The 

Patuxent  River ,  because o f  i t s  scenic ,  r e c r e a t i o n a l ,  and r e l a t e d  resources,  has 

been des igna ted  a  S t a t e  W i l d  and Scenic  River .  Th i s  des i gna t i on  covers t h e  

r i v e r  and a l l  o f  i t s  t r i b u t a r i e s  b u t  does no t  p rec lude  c o n s t r u c t i o n  o f  t h e  

planned UPH o r  CAES f a c i l i t i e s .  

Two s e r i e s  o f  env i ronmenta l  impacts s p e c i f i c a l l y  assoc i a t ed  w i t h  UPH and, t o  a  

l e s s e r  e x t e n t  because o f  sma l le r  s i z e ,  w i t h  CAES f a c i l i t i e s  a r e  t hose  p e r t a i n i n g  

t o  t h e  removal,  s t o c k p i l i n g  and t h e  p o s s i b l e  l a t e r  h a n d l i n g  and t r a n s p o r t a t i o n  

o f  l a r g e  volumes o f  excavated rock ,  and t hose  a r i s i n g  f r om  somewhat e l eva ted  

temperatures o f  t h e  water  i n  t h e  s u r f a c e  r e s e r v o i r s .  Spec ia l  measures w i l l  

reduce t h e  a e s t h e t i c  impact o f  s t o c k p i l e d  r ock ,  which w i l l  be 1  i m i t e d  t o  40 t o  

85 f t  above e x i s t i n g  l a n d  su r f ace  w i t h  p r o v i s i o n s  f o r  landscap ing  and r u n - o f f  

c o n t r o l .  Fogging a t  t h e  wa te r -a i r  i n t e r f a c e ,  due t o  h igher- than-ambient  water  

temperatures which may be expected d u r i n g  about o n e - t h i r d  o f  t h e  w i n t e r  

mornings, i s  expected t o  have o n l y  a l i m i t e d  impact on t r a f f i c  movement and 

o t h e r  a c t i v i t i e s  i n  t h e  s i t e  area. 



Sa fe t y  assessments i d e n t i f i e d  s a f e t y  hazards t o  .the p u b l i c  i n  t h e  v i c i n i t y  o f  

t h e  s i t e .  The consequences o f  potent . ia1 hazards were examined us i ng  pub1 i shed 

data,  assessed i n  some cases by comparison w i t h  e x i s t i n g  and s i m i l a r  f a c i l i t i e s  
\ .  

e l  sewhere. These assessments - i d e n t i f i e d  f e a t u r e s  t h a t  represented '  p o t e n t i a l  new 

and unusual  r i s k s  and demonstrated t h a t  s i m i l a r  o r  g rea te r  r i s k s  assoc i a t ed  w i t h  

. o t he r  i n d u s t r i a l  o r  governmental  f a c i l i t i e s  o r  n a t u r a l  f e a t u r e s  a r e  commonly 

accep ted  by t h e  p u b l i c .  For  UPH and CAES, t h e  s a f e t y  concerns addressed 

i n c l u d e d  underground cavern  c o l l a p s e  and su r f ace  subsidence, s i t e  s e c u r i t y ,  

upper r e s e r v o i r  f a i  1 u r e  and mechanical f a i  1 u re  o f  p l a n t  equipment. 

P recau t i ons  a p p l y i  ng t o  o p e r a t i o n a l  procedures and design' have been proposed 

which reduce  t h e  r i s k  o f  acc i den t s  .du r ing  p l a n t  o p e r a t i o n  t o  accep tab le  l e v e l  s. 

Na tu ra l  e f f e c t s  such as earthquakes, f a u l t i n g ,  p robab le  maximum f l o o d  and severe 

weather phenomena have been revi.ewed i n  r e l a t i o n  t o  p o s s i b l e  impact  on t h e  p ro -  

posed energy s t o r a g e  f a c i  1 i tes .  A1 1 impacts  can be m i t i g a t e d .  by des ign  
. , p r o v i s i o n s  t o  accep tab le  1 eve ls .  

CONCLUSIONS 

The env i ronmenta l .  s tudy has p rov i ded  u s e f u l  i n f o r m a t i o n  r e l e v a n t  t o  t h e  p r e l i m i -  

na ry  des i gn  o f  b o t h  UPH and CAES p l an t s .  I n  genera l ,  t h e  proposed f a c i l i t i e s  do 

n o t  p resen t  any s i n g u l a r  env i ronmenta l  impact  t h a t  cannot  -be a t  l e a s t  p a r t i a l l y '  

m i t i g a t e d .  No impacts  were i d e n t i f i e d  t h a t  were s i g n i f i c a n t l y  more severe t han  

i n d u s t r i a l  development o f  any l a n d  area o f  comparable s ize.  



Sec t i on  6 

LICENSING ISSUES 

PRIMARY JURISDICTIONAL AGENCIES 

Development o f  e i t h e r  a  CAES.or UPH p l a n t  a t  t h e  Sunshine, Mary land s i t e  which 

was se l ec ted  f o r  t h i s  study would r e q u i r e  numerous r e g u l a t o r y  approva ls  by 

agencies o f  t h e  Federal  government, t h e  S t a t e  o f  Mary land and Montgomery County. 

As i n d i c a t e d  on F i g u r e  6-1, v i r t u a l l y  a l l  aspects  o f  t h e  p r o j e c t  a r e  sub jec t  t o  

governmental rev iew,  i n c l u d i n g  t h e  o v e r a l l  need f o r  t h e  p l a n t ,  i t s  economic 

j u s t i f i c a t i o n  and those  areas a f f e c t i n g  t h e  environment,  sa fe t y , .wa te r  use, l a n d  

use, f u e l  use, b u i l d i n g  des ign  and o v e r a l l  p r o j e c t  f e a s i b i l i t y .  T h i s  a n a l y s i s  

documents t h e  c o n d i t i o n s  as o f  e a r l y  1980. Since t h e  r e g u l a t o r y  process i s  

dynamic, i t  has a l ready  exper ienced moderate changes and w i l l  undoubtedly  

con t i nue  t o  do so. 

The most c r i t i c a l  o f  t h e  approva ls  f o r  bo th  UPH and CAES i s  1  i k e l y  t o  be t h e  

C e r t i f i c a t e  o f  Publ i c  Convenience and ~ e c e s s i t ~ ,  i ssued  by t h e  Mary land Publ i c  

Se rv i ce  Commission (PSC). The process o f  i s sue  o f  t h i s  c e r t i f i c a t e  has been s e t  

up by Maryland law as t h e  p r imary  v e h i c l e  f o r  power p l a n t  s i t i n g  approval .  It 

i s  a  comprehensive procedure which " includes i n p u t  f rom t h e  i n v o l v e d  s t a t e  

agencies r e g a r d i n g  e l e c t r i c  power need, a i r  qua1 i t y ,  l a n d  use, socioeconomics 

and o t h e r  cons i de ra t i ons  t o  determine t h e  s u i t a b i l i t y  o f  t h e  p l a n t  and r e q u i r e s  

a  two-year p e r i o d  f rom subm i t t a l  o f  t h e  a p p l i c a t i o n  t o  c e r t i f i c a t i o n .  Most o f  

t h e  major  l i c e n s i n g  i ssues  sur round ing  t h e  p r o j e c t ,  i n c l u d i n g  t h a t  o f  e s t a b l i s h -  

i ng need and those  o f  s i t i n g  cons i de ra t i ons ,  would be addressed under t h i s  

r e g u l a t o r y  process. 

Other  p e r m i t s  r e q u i r e d  by t h e  S ta te  o f  Mary land would i n c l u d e  i t s  N a t i o n a l  

Pol l u t i o n  Discharge E l  i m i n a t i o n  System (NPDES) permi t ,  a  waterways o r  dam con- 

s t r u c t i o n  pe rm i t ,  wa te r  q u a l i t y  and o t h e r  m inor  o p e r a t i n g  permi ts .  



At t h e  Federa l  l e v e l ,  b o t h  UPH and CAES p l a n t s  would be sub jec t  t o  t h e  U. S. Army 

Corps o f  Engineers '  dredge and fill p e r m i t t i n g  process. The CAES p l a n t  would 

r e q u i r e  a  f u e l  m i x t u r e  exemption f rom p r o h i b i t i o n s  under t h e  Fuel Use Act, 

which i s  admin is te red  by t h e  DOE, and a l s o  a i r  q u a l i t y  impact approval f rom t h e  

Environmental P r o t e c t i o n  Agency (EPA). The UPH p l a n t  i s  expected t o  be sub jec t  

t o  t h e  Federa l  Energy Regulatory Commission (FERC) hydropower l i c e n s i n g  process, 

which would be t h e  major  Federal a c t i o n  govern ing t h e  p ro jec t .  Since a  

s u b s t a n t i a l  p r o p o r t i o n  o f  t h e  f a c i  1  i t y ,  i n c l u d i n g  t he  1  ower r e s e r v o i r ,  i s  

underground and development i s  not  dependent on t h e  a l t e r a t i o n  o f  any na tu ra l  

water course, i t i s  a n t i c i p a t e d  t h a t  t h i s  process w i l l  i n c u r  fewer problems than  

a r i s e  w i t h  convent iona l  h y d r o e l e c t r i c  pumped s to rage p ro jec t s .  

At t h e  county l e v e l ,  bo th  p r o j e c t s  would be sub jec t  t o  sediment c o n t r o l  p l a n  

approval ,  w e l l / s e p t i c  systems p e r m i t t i n g  and t h e  b u i l d i n g  permi t  process. Mont- 

gomery County o f f i c i a l s  would be expected t o  p a r t i c i p a t e  i n  t h e  PSC c e r t - i f ' i c a -  

t i o n  process s i n c e  l a n d  use issues  w i l l  be addressed i n  t h a t  forum. 

MAJOR ISSUES 

The major i ssues  sur round ing  r e g u l a t o r y  approval o f  t h e  p r o j e c t s  a re  expected t o  

l i e  p r i m a r i l y  - w i t h i n  t h e  s t a t e  l e v e l  o f  i n t e r e s t .  The Federal l e v e l  o f  r e g u l a -  

t i o n  covers i ssues  o f  a  s p e c i f i c  na tu re ,  none o f  which appears t o  be  c r i t i c a l  i n  

t h a t  i; would r e q u i r e  excessive pol  i c y .  cons ide ra t i on  or  i n t e r v e n t i o n  by o u t s i d e  

i n t e r e s t s  d u r i n g  pe rm i t  processing. An except ion  i s  t h e  FERC 1  i cens ing  r e q u i r e -  

ment f o r  UPH, which i s  a  Federal a u t h o r i z a t i o n  r e l a t i n g  t o  water power develop- 

ment on nav igab le  streams and i n t e r s t a t e  commerce. The Federal processing 

per iods ,  i n c l u d i n g  p repa ra t i on  o f  an environmental impact statement, a re  

expected t o  b e t s h o r t e r  than  t h e  two-year PSC c e r t i f i c a t i o n  process, assuming no 

adversary i n t e r v e n t i o n  which would delay t h e  process. 

Major  issues which w i l l  be addressed a t  t h e  s t a t e  and l o c a l  r e g u l a t o r y  l e v e l  a re  

p r i m a r i l y  r e l a t e d  t o  s i t i n g  concerns and t h e  demonstrat ion o f  need f o r  both t h e  

c a p a c i t y  and t y p e  o f  generat ion.  Based upon t h e  enviromental assessment 

performed i n  t h i s  study, t h e  q u a l i t a t i v e  impacts on c u r r e n t  l and  use o f  e i t h e r  

t h e  CAES o r  UPH p l a n t s  w i l l  be impor tan t  cons idera t ions .  
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The e x i s t i n g  zoning ordinances, t h e  s t a t e  scenic  r i v e r  system, pr ime farmland, 

p l a n t  aes the t i cs  and c o n s t r u c t i o n  d is tu rbance are poss ib l e  elements o f  c o n f l  i c t  

which w i l l  have t o  be considered by t h e  PSC i n  l i g h t  o f  t h e  m i t i g a t i n g  measures 

proposed and o f  demonstrated p l a n t  b e n e f i t s  p r i o r  t o  issuance o f  t h e  c e r t i f i c a -  

t i o n .  

A  s l ~ e c ' i f i c  i ssue  i s  t h e  ex is tence  o f  two p o t e n t i a l  h i s t o r i c  s i t e s  w i t h i n  t h e  

p r o j e c t  area. These s i t e s  a re  l i s t e d  i n  a  l o c a t i o n a l  a t l a s  o f  s i t e s  and would 

r e q u i r e  a  negat ive  de te rmina t ion  o f  h i s t o r i c  s i g n i f i c a n c e  by t h e  County Hi s t o r i c  

Preserva t ion  Commission p r i o r  t o  s i t e  development. Should t h e  s t r u c t u r e s  be 

found i n  f a c t  t o  have s i g n i f i c a n c e ,  t h e  p r o j e c t  cou ld  be delayed w h i l e  t h e  

C0unt.y Counci 1  takes a c t i o n  on a1 t e r n a t i v e  methods o f  p r e s c r v i  ng t h e  h i s t o r i c  

va l  ues. 

ASSESSMENT OF SIGNIFICANCE OF REGULATORY PROCESS ON SCHEDULE 

Many o f  t h e  r e g u l a t o r y  processes i nvo l ved  a re  a f f e c t e d  by changes i n  r e g u l a t i o n s  

o r  i n  o rgan i za t i on  w i t h i n  t h e  a d m i n i s t r a t i v e  agencies. Th i s  s tudy has con- 

c luded however t h a t ,  based on t h e  cu r ren t  requirements, t h e  expected l i c e n s i n g  

p e r i o d  f o r  e i t h e r  t h e  UPH o r  CAES p l a n t s  w i l l  be t h r e e  yea rs  and n ine  months. 

This inc ludes  more than  one year  o f  p r e - a p p l i c a t i o n  p repa ra t i on  and submi t t a l  o f  

a p p l i c a t i o n  so t h a t  processing w i l l  occur i n  p a r a l l e l  as f a r  as possib le.  Th i s  

s,chedule could,  however, be extended by i n t e r v e n t i o n  o f  ou t s i de  p a r t i e s  w i t h  

i n t e r e s t  i n  t h e  p ro jec t .  However, a l though t h e r e  a r e  i ssues  o f  concern a t  t h i s  

t ime, no insurmountable obstac les t o  u l t i m a t e  r e g u l a t o r y  approval a re  . a n t i c i  - 
pated; i n  comparison t o  o ther  genera t ing  p l a n t  a l t e r n a t i v e s  t o  meet peaking 

need, bo th  UPH and CAES have a  lower environmental impact and should be viewed 

favo rab l y  by r e g u l a t o r y  a u t h o r i t i e s .  



Sec t i on  7 

CAES PLANT DESIGN 

The CAES p l a n t  . des i gn  developed d u r i n g  t h e  s tudy p resen ts  a  d e t a i l e d  response t o  

t h e  s p e c i f i c  requ i rements  imposed by PEPCO system needs and t h e  f e a t u r e s  o f  t h e  

s e l e c t e d  s i t e ,  i n c l u d i n g  such i tems as: 

e A gene ra t i ng  capac i t y  o f  ' app rox ima te l y  1000 MW; 
r A l e v e l  o f  energy s to rage  which would pe rm i t  gene ra t i on  a t  f u l l  

ou tpu t  f o r  a  p e r i o d  o f  10 hours; 
r A 1:1 r a t i o  between compressing and gene ra t i ng  a i r  f l ow ;  
r A "d r y "  t y p e  compressor i n t e r c o o l e r / a f t e r c o o l e r  system; 

A  hard-rock mined, water-compensated s to rage  cavern system; 
r A 500 kV sw i tchyard ;  and 
r Fue l  d e l i v e r y  by p i p e l i n e .  

The p l a n t  des ign  i s  based upon a  Brown Bove r i  (BBC) t u r b i n e  sys ten~  and Su l ze r  

compressors which, f o r  near- term a p p l i c a t i o n s ,  appear t o  p resen t  t h e  most 

a t t r a c t i v e  approach. BBC p rov i ded  adv ice,  under subcon t rac t ,  on t h e  des ign  o f  
. . 

CAES p l a n t  and equ i  pment. 

Th i s  s e c t i o n  p resen ts  t h e  major  aspects  o f  t h e  CAES p l a n t  des ign  e s t a b l i s h e d  

d u r i n g  t h e  s tudy i n c l  ud i  ng: 

r Energy s toragelpower  gene ra t i on  systems; 
r Surface p l a n t  l a you t ;  

A i r  s t o rage  system; 
8 S i t e  development p lan ;  and 
r C a p i t a l  c o s t  est imate.  

The ph i  losophy used i n  deve lop ing  t h i s  des ign  r e f l e c t s  conserva t i sm i n  areas 

where any t e c h n i c a l  u n c e r t a i n t i e s  e x i s t  and u t i l i z e s  s tandard  u t i l i t y  p r a c t i c e s  

based on s i m i l a r  t ypes  o f  systems and s t r u c t u r e s  wherever poss ib le .  



ENERGY STORAGE/POWER GENERATION SYSTEMS 

Genera 1 

The a i r  compression and power generat ion f u n c t i o n s  o f  t h e  CAES p l a n t  w i l l  be 

performed th rough a m o d i f i c a t i o n  o f  t h e  convent ional  Brayton o r  "gas t u r b i n e "  

cyc le.  The a i r  compression (energy storage) p o r t i o n  o f  t h e  c y c l e  w i l l  occur 

d u r i n g  u t i l i t y  system off-peak per iods,  w i t h  t h 6  combustion and expansion (power 

genera t ion)  p o r t i o n  o f  t h e  c y c l e  t a k i n g  p lace  a t  t h e  t ime  o f  peak demand. 

Conventional gas t u r b i n e  hardware and technology form t h e  bas is  f o r  t he  develop- 

ment o f  CAES energy s to rage and power genera t ion  systems. However, ana l ys i s  

i n d i c a t e s  t h a t  CAES systems opera t ing  a t  convent ional  gas t u r b i n e  pressures o f  

150 t o  200 p s i g  a re  s i g n i f i c a n t l y  l ess  economical than CAES systems opera t ing  a t  

g rea te r  pressures o f  600 t o  1000 psig. Mod i f i ca t i ons  t o  convent ional  gas 

t u r b i n e  systems or complete ly  new turbomachinery designs w i  11 t h e r e f o r e  be 

r e q u i r e d  t o  produce an economical ly a t t r a c t i v e  CAES system. 

.The a i r  compression/power genera t i  on system developed by BBC f o r  PEPCO combines 

a compressor system design provided by Sulzer w i t h  BBC t u r b i n e  and motor- 

genera tor  system design. A i r  mass f l o w  r a t e  through t h e  compressor and t u r b i n e  

systems i s  matched a t . a  1:l r a t i o  i n  accordance w i t h  t h e  planned opera t ing  c y c l e  

e s t a b l i s h e d  by PEPCO. 
. . 

The energy s to rage and power generat ion systems are  shown schemat ica l ly  on 

F i g u r e  7-1, and a b r i e f  d e s c r i p t i o n  o f  each o f  t h e  major components w i t h i n  these 

systems fo l l ows .  

Component D e s c r i p t i o n  
. . 

The design o f  t h e  -energy storagelpower genera t i  on system . f o r  PEPCO employs the  

same " s i n g l e  t r a i n "  concept as t h a t  c u r r e n t l y  opera t ing  i n  t he  CAES p lan t .  a t  

Huntor f ,  West Germany. I n  t h i s  concep t , ' a l l  of t h e  turbomachinery operates on 

one s h a f t  ( s u i t a b l y  connected w i th  c l u t ches )  d r i v i n g ,  o r  d r i v e n  by, a s i n g l e  

-motor-generator. 
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The CAES t u r b i n e  assembly w i  11 be composed o f  two separate tu rb ines  on a  common- 

s h a f t  assembly (as shown i n  F igure  7-2) w i t h  combustion chambers provided ahead 

o f  each t u r b i n e  sect ion. The high-pressure t u r b i n e  w i  11 f o l l o w  standard steam 

t u r b i n e  design p r a c t i c e  w i t h  seven stages o f  blading. The low-pressure t u r b i  ne 

w i l l  be a  standard BBC GT-11 gas t u r b i n e  which, together  w i t h  t h e  h igh-pressure 

tu rb ine ,  w i l l  d e l i v e r  231 MW o f  power t o  t he  e l e c t r i c a l  generator a t  design a i r  

f l o w  o f  661.5 l b / s .  

A  double-ended, hydrogen-cooled synchronous generator r a t e d  a t  270.6 MVA w i l l  be 

d r i v e n  by the  CAES t u r b i n e  system. This generator w i l l  a l so  operate i n  reverse  

as a  motor d u r i n g  t h e  a i r  compression cycle, p rov id ing  171 MW o f  d r i v e  power t o  

t h e  compressors. Clutches a t  each end of t he  machine w i l l  a l low the  motor- 

generator  t o  engage or  disengage t h e  compressor or t u r b i n e  systems as necessary 

t o  per form t h e  se lec ted duty. I n  con junc t ion  w i t h  a  s t a t i c  i nve r te r ,  t he  motor- 

generator  w i  11 a1 low v a r i a b l e  frequency s t a r t i n g  o f  t h e  compressor system 

w i thou t  use. o f  t h e  t u r b i n e  system, thereby increas ing  the  l i f e  o f  t he  t u r b i n e  

"ho t  end" par ts.  

A i r  compression w i l l  be accomplished by a  th ree  u n i t ,  se r i es - f l ow  compression 

system. The a x i a l  low-pressure compressor i s  t h e  Sulzer equ iva len t  o f  t he  Brown 

Bover i  GT-11 a x i a l  compressor w i t h  ad jus tab le  s t a t o r  blades developed f o r  indus- 

t r i a l  app l i ca t i ons .  The medi um-pressur.e compressor (opera t ing  a t  3600 rpm) and 

t h e  high-pressur-e compressor - (operat ing,  through a  step-up gearbox, a t  '6650 rpm) 

w i  11 be ho r i zon ta l ,  sp l  i t - c a s i n g  c e n t r i f u g a l  designs s i m i l a r  t o -  several u n i t s  

designed f o r  i n d u s t r i a l  appl i ca t i ons .  I n t e r c o o l e r s  w i  11 be pos i  tion.ed a t  

var ious  stages o f  t h e  compression process t o  improve compression e f f i c i e n c y  and 

t o  p r o t e c t  t h e  compressors f rom excessive temperatures. 

The power generat ion system . w i l l  a1,so incorpora te  'an exhaust gas recuperator  

downstream o f  t h e  low-pressure t u r b i n e  which w i l l  ac t  as a  combustion a i r  

preheater and thereby improve the  o v e r a l l  e f f i c i e n c y  o f  t h e  CAES cyc le  by 

approximately 8 percent. O f  even more importance, however, i s  t h e  a b i l i t y  o f  

t h e  recupera tor  t o  reduce t h e  f u e l  o i l  consumption dur ing  t h e  CAES power 

genera t i  on c y c l e  by approximately 20 percent. 
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Performance 

The performance o f  t h e  CAES p l a n t  can best  be expressed i n  terms o f  i t s  "Round 

T r i p  Heat Rate" (Btu-inputlkwh-generated) developed by summing the  energy used 

d u r i n g  compression t o  p rov ide  enough a i r  t o  generate one kwh together w i t h  t he  

energy i npu t  i n  f u e l  du r i ng  generat ion t o  produce t h a t  one kwh. A  comparison of 

t h e  CAES p l a n t  performance and a  modern, s imple-cycle gas t u r b i n e  i s  shown i n  

F igu re  7-3. Because t w o - t h i r d s  o f  t h e  energy making up the  round t r i p  heat r a t e  

o f  a  CAES p l a n t  i s  de r i ved  f rom non-o i l  compression energy sources i n  t h e  cycle,  

t h e  CAES p lan t  a l so  becomes a  much more e f f i c i e n t  user o f  f u e l  o i l  than conven- 

t i o n a l  gas t u r b i n e s  designed f o r  comparable heat rates.  

Operat ion 

The CAES energy storagelpower generat ion system must operate according t o  a  

d a i l y  c y c l e  which inc ludes both  the  compression and power generat ion opera t ing  

modes. The present  ope ra t i ng  schedule envis ioned f o r  PEPCO inc ludes a  10-hour 

pe r i od  o f  compression and a  10-hour pe r i od  o f  e l e c t r i c  power generat ion, w i t h  2  

hours a l lowed f o r  each changeover f rom one operating mode t o  t h e  other. F igure  

7-4 i l l u s t r a t e s  t h e  ac tua l  t ime requ i red  f o r  a  t y p i c a l  changeover sequence o f  

t h e  CAES p l a n t  system. I n  emergency s i t u a t i o n s ,  t h i s  changeover sequence can be 

performed more r a p i d l y .  

Both t h e  compression and power generat ion systems w i l l  be designed t o  operate a t  

p a r t - l o a d  cond i t ions .  The compression system can operate down t o  75 percent o f  

f u l l  l o a d  w i t h  on ly  about a  5 percent l oss  i n  compression e f f i c i e n c y .  I n  t h e  

power generat ion mode., t h e  t u r b i n e  can operate over a  range o f  10 percent t o  100 

percent  o f  f u l l  r a t e d  load. 

The power generat ion system developed f o r  PEPCO w i l l  use ASTM No. 2  f u e l  o i l  as 

t h e  heat energy source. With t h i s  f u e l ,  a l l  cu r ren t  Federal and s t a t e  regu la-  

t i o n s  f o r  NOxy  SO2, and p a r t i c u l a t e s ,  as app l i ed  t o  t h e  CAES con f i gu ra t i on ,  

can be met. The CAES power generat ion system could a l so  burn na tu ra l  gas w i t h  a  

minimum impact on equipment design and s t i  11 remain we1 1  w i t h i n  environmental 

cons t ra in t s .  Other f ue l s ,  i n c l u d i n g  coa l -der ived l i q u i d s  and syn the t i c  gases, 

.would exh i  b i t  combustion c h a r a c t e r i s t i c s  i n  a  CAES p l a n t  s i m i l a r  t o  those they 

exh i ,b i t  i n  a  convent ional  gas t u r b i n e  system. 
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SURFACE PLANT LAYOUT 

General 

Development o f  t h e  sur face  p l a n t  l ayou t  was a  compromise between t h e  numerous 

opera t iona l ,  design and cons t ruc t i on  requirements and t h e  var ious environmental 

and aes the t i c  concerns. The f i n a l  s i t e  arrangement developed i n  t h e  study 

adopted what i s  considered t o  be an o p e r a t i o n a l l y  sound and envi ronmental ly  

acceptable design present ing  t h e  f o l  low ing  bene f i t s :  

Minimal v i sua l  impact; 
Convenient t i e - i n  t o  t h e  e x i s t i n g  500 kV t ransmiss ion  l i n e s ;  
Compact grouping o f  t h e  turbomachinery bu i l d i ngs ,  swi tchyard and 
a n c i l l a r y  systems t o  minimize t h e  l eng th  o f  p i p i n g  runs  and e l e c t r i c a l  
connect ions ; and 

0 Separat ion o f  t he  underground and sur face  constr.uct ion 
a c t i v i t i e s .  

The major sur face  fea tu res  shown i n  F igure  7-5 inc lude:  

Twoturbomachinery bu i l d i ngs ;  
A  500 kV swi tchyard  and t ransmiss ion  l i n e s ;  
An o i l  s torage f a c i l i t y ;  
The water supply system and d ry  c o o l i n g  towers; and 
The compensating rese rvo i r .  

These are b r i e f l y  discussed i n  t he  f o l l  owing sect ion.  

Turbomachinery B u i l d i n g s  

Each turbomachinery b u i l d i n g  w i l l  house two CAES u n i t s  and t h e i r  associated 

mechanical and e l e c t r i c a l  a u x i l i a r i e s .  The b u i l d i n g s  w i l l  be cons t ruc ted  w i t h  a  

convent ional  r i g i d  s t e e l  frdnie w i t h  i nsu la ted  metal s id ing.  D e t a i l s  o f  t he  

I n t e r i u r .  o r  these b u i l d i n g s  and the  l a y n ~ ~ t .  o f  t h e  turbomachinery are shown i n  

F igu re  7-6. 

Swi tchyard  

The t i e - i n  t o  t h e  500 kV t ransmiss ion  l i n e  w i l l  be made through overhead connec- 

t i o n s  t o  t he  switchyard, which has a  breaker-and-a-half  con f igura t ion .  The 

a i r - i n w l a t e d  switch.yard w i l l  u t i l i z e  SF6 gas- insu la ted  switchgear and w i l l  be 

b a s i c a l l y  s i m i l a r  i n  design t o  PEPCO's 500 kV swi tchyard a t  t h e  Chalk Po in t  

Generat ing Plant .  Prov is ions  w i l l  be inc luded i n  t h e  y a r d  f o r :  



. Four t ransmiss ion  l i n e s  t o  Mount Ai ry;  
Four t ransmiss ion  l i n e s  t o  Brighton; 
Four motor-generator c i r c u i t s ;  and 

@ Two s t a t i o n  se rv i ce .  connections. 

O i l  Storage 

An o i l - s t o r a g e  system c o n s i s t i n g  o f  t h ree  110,000 b a r r e l  tanks o f  No. 2 f u e l  o i l  

w i l l  be provided i n  t h e  nor thern  corner o f  t h e  s i t e .  Prov is ions  f o r  both p ipe-  

l i n e  pnd t ruck  d e l i v e r i e s  o f  o i l  w i l l  a l so  be included. 

Water Supply and Cool i ng Towers 

A water impoundment area has been incorpora ted i n t o  the  p l a n t  design t o  a l l o w  

t h e  o n - s i t e  stream t o  prov ide  consumptive water. Add i t i ona l l y ,  p rov is ions  w i  11 

be prov ided on t h e  T r i a d e l p h i a  Reservoi r  f o r  a  backup water supply i n  t h e  event 

t h a t  area r u n - o f f  proves t o  be i n s u f f i c i e n t  dur ing  c e r t a i n  per iods t o  meet t h e  

p l a n t ' s  water requirements. 

The secondary heat  exchange f o r  t h e  compressor i n te rcoo le r /a f t e rcoo le r  system 

w i l l  be provided by t h e  dry  coo l i ng  towers loca ted adjacent t o  t h e  southeast 

corner. o f  t h e  turbomachinery bu i ld ings .  These towers w i l l  a l so  provide coo l i ng  

water f o r  t h e  o ther  mechanical systems. 

Surface Reservoi r  

The compensating water f o r  t h e  a i r ' s t o r a g e  system wi l .1 be conta ined by t h e  ' 

c i r c u l a r  r o c k f i l l  d i k e  a t  t h e  eastern corner o f  t h e  s i t e .  This aspha l t - l i ned  

r e s e r v o i r  w i l l  p rov ide  a  l i v e  water s torage volume ,o f  756,000 yd3 w i t h  a  l e v e l  

v a r i a t i o n  o f  25 ft du r ing  operat ion. 

AIR STORAGE SYSTEM 

General 

Development o f  a r e l i a b l e  and economic storage system f o r  h igh  pressure a i r  

( a t  500 p s i g  - 2000 p s i g )  i s  essen t i a l  t o  t h e  implementat ion o f  CAES. Three 

concepts f o r  a i r  storage, each based on a  d i f f e r e n t  t ype  o f  geo log ica l  forma- 

t i o n ,  have been proposed. These are: 



A c a v i t y  formed by s o l u t i o n  min ing a s a l t  dome; 
o Porous media s u i t a b l y  conf ined by a caprock; and 

A mined cavern i n  a hard rock formation. 

  he a i r  storage system developed du r i ng  t h i s  study w i l l  use a hard rock  mined 

cavern f o r  containment o f  t h e  a i r .  To reduce the  r e q u i r e d  cavern volume, a 

hyd rau l i c  compensation system w i l l  be used t o  ma in ta in  an e s s e n t i a l l y  constant  

a i r .  s torage pressure. ThSs type o f  s torage system w i l l  cons i s t  o f  t h ree  major 

i tems: the  underground storage cavern, t he  water sha f t  and the  a i r  shaf t .  

For t h e  CAES p l a n t  design developed du r i ng  t h i s  study a t o t a l  cavern volurrle o f  

811,000 yd3 a t  a depth o f  approximately 2300 ft, us ing  an approximate storage 

pressure o f  1000 psig, was selected. 

Storage Cavern 

The p re l im ina ry  design o f  t h e  underground storage cavern system as shown i n  

F igure  7-7 w i l l  cons i s t  o f  f ou r  p a r a l l e l  caverns in te rconnected  a t  one end by 

smal ler  tunne ls ,  one f o r  water c o l l e c t i o n  and the  other  f o r  a i r  c o l l e c t i o n .  The 

main caverns w i l l  have t r a n s i t i o n  sec t ions  t o  smaller t unne l s  t o  a l l o w  a 

reduc t i on  i n  t h e  dimensions o f  i n t e r s e c t i o n s  t o  render these more stable.  The 

l a r g e  caverns w i l l  be a l i gned  i n  a d i r e c t i o n  which w i l l  u t i l i z e  t h e  geotechnical  

c h a r a c t e r i s t i c s  o f  t h e  rock mass t o  gain maximum s t r u c t u r a l  i n t e g r i t y  f o r  t h e  

cavern. The northwest-southeast d i r e c t i o n  appears t o  be most s u i t a b l e  based on 

t h e  l i m i t e d  i n fo rma t i on  gathered t o  date from p re l im ina ry  f i e l d  i nves t i ga t i ons .  

Various methods o f  cavern excavat ion were considered, i n c l  uding heading and 

'benching w i t h  conventional d r i l l  i n g  and b l a s t i n g  techniques, mechanical excava- 

t i o n ,  and min ing methods. A f t e r  t h c  p re l im ina ry  s e l e c t i o n  o f  t h e  method o f  

heading and benching, a cos t  comparison of several  cavern cross sec t ions  showed 

a 50 f t wide by 106 ft h igh  cavern t o  be the  l e a s t  c o s t l y  due t o  t h e  h igh per -  

centage o f  bench excavation. However, an ana l ys i s  based upon: 

0 A rev iew o f  e x i s t i n g  caverns; 
Arl e ~ ~ r p i i - i c a l  assessment o f  t h e  rock  mass; and 
A s t ress  ana l ys i s  which r e l a t e d  t h e  developed st resses around a 
s i n g l e  cavern t o  t h e  s t reng th  o f  t h e  i n t a c t  rock  

i n d i c a t e d  t h a t  a smal ler  60 by 85 f t  cavern was p re fe rab le  t o  t h e  h igher  cavern 

as i t  al lowed a reduc t i on  i n  t h e  t e n s i l e  s t r e s s  zone i n  t h e  lower s i de  wa l ls .  

The 60 by 85 ft cross sec t i on  was t h e r e f o r e  se lec ted  as t h e  bas is  f o r  t he  study 

design. 



A i r  and Water Shaf ts  

A  s h a f t  arrangement i n v o l v i n g  a  4 f t  i n t e r n a l  diameter a i r  p ipe  and a  13 f t  

i n t e r n a l  diameter water s h a f t  has been selected as t h e  p re l im ina ry  design 

arrangement. Du r ing  const ruc t ion ,  t h e  a i r  sha f t  can be used f o r  a  p o r t i o n  o f  

t h e  v e n t i l a t i o n  requirements as we l l  as f o r  emergency access. The remainder o f  

t h e  c o n s t r u c t i o n  a c t i v i t i e s  w i l l  be provided through t h e  water shaft.  I n  t h e  

ope ra t i ng  mode, a  4 ft diameter a i r  p ipe  w i l l  g i ve  a  maximum a i r  f l o w  v e l o c i t y  

o f  approximately 45 f t / s  w i t h  a  pressure l oss  o f  about 5 ps i .  The maximum water 

v e l o c i t y  w i l l  be 4 f t / s  i n  t h e  water sha f t  and 11 f t / s  through t h e  U-tube.* 

Dur ing  const ruc t ion ,  t h e  water sha f t  w i l l  be used f o r  rock removal, personnel 

access, v e n t i l a t i o n  and cons t ruc t i on  service. During operat ion, the  water s h a f t  

can be used as access f o r  i nspec t i on  and.maintenance o f  t he  caverns when t h e  

caverns are depressurized. 

T e n t a t i v e l y  , s t a i n 1  ess s t e e l  has been selected f o r  t he  cons t ruc t i on  o f  t h e  

4 f t i n t e r n a l  diameter a i r  pipe. It i s  designed t o  be encased i n  concrete i n  

t h e  manner adopted f o r  h y d r o e l e c t r i c  penstocks. The 8 f t  excavated diametkr 

p rov ided w i l l  a l l o w  s u f f i c i e n t  space f o r  i n s t a l l a t i o n  o f  t h e  a i r  p ipe  and 

concre te  l i n e r .  The p i p e  w a l l  th ickness var ies  as a  f u n c t i o n  o f  depth and - 
ranges f rom 7/16 i n c h  t o  1  ,inch. 

The water sha f t  w i l l  r e q u i r e  a  12-inch concrete l i n i n g .  P rov i s ion  has been made 

f o r  d r a i n  holes through t h e  sha f t  l i n i n g  so t h a t  i n  t he  dewatered cond i t i on  t h e  

1  i n i n g  w i  11 no t  have t o  accommodate the  ex terna l  h y d r o s t a t i c  loads. 

SITE DEVELOPMENT 

The f i r s t  stage o f  t h e  f o u r - u n i t  CAES p lan t  w i l l  i nc lude  cons t ruc t i on  o f  a  two- 

u n i t  p l a n t  together w i t h  f a c i l i t i e s  such as the  underground cavern, a i r  and 

water sha f t s ,  compensating r e s e r v o i r ,  as we l l  as p a r t  o f  t he  switchyard, f u e l  

o i l  s torage and water impoundment. The second stage w i l l  then inc lude construc-  

t i o n  o f  a second two-un i t  p l a n t  and complet ion o f  t h e  other  f a c i l i t i e s .  

*The U-tube w i l l  p rov ide  a  mechanism f o r . m a i n t a i n i n g  a  seal i n  t h e  water t o  
avo id  acc identa l  re lease  of t h e  a i r  from t h e  cavern i n  t he  event o f  a  phenomenon 
r e l a t e d  t o  a i r  d i s s o l u t i o n  c a l l e d  t h e  "Champagne E f fec t " .  
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Based on these requirements, t h e  f o l l o w i n g  phases f o r  s i t e  development were 

es tab l  ished:  

PHASE I (0-24 months) - Th i s  phase w i l l  i n c l u d e  s i t e  p repara t ion ,  
mob i l i za t i on ,  establ ishment  o f  c o n s t r u c t i o n  f a c i l i t i e s ,  excava- 
t i o n  and c o n s t r u c t i o n  o f  major foundat ions ,  c o n s t r u c t i o n  o f  a i r  
and water sha f t ,  and excavat ion o f  t h e  compensating r e s e r v o i r ;  

PHASE I 1  (24 - 32 months) - T h i s  w i l l  i n c l u d e  excavat ion  and 
complet ion o f  underground cavern and c o n s t r u c t i o n  o f  major 
s t r u c t u r e s  and f a c i l  i t i e s ;  

o PHASE I 1 1  ( 3 2 -  60months)  - T h i s  w i l l  i n c l u d e  i n s t a l l a t i o n  o f  
mechanical and e l e c t r i c a l  equipment, p re -opera t ion  t e s t i n g  and 
st.artup, and commercial ope ra t i on  o f  U n i t s  1 and 2; and 

PHASE I V  (84 - 144 months) - This  w i l l  i n c l ude  c o n s t r u c t i o n  o f  
Uri i.Ls 3  arid 4  fu r  coli~ii~er.c,i a1 oper.a,l;i orl. 

The s i t e  development p lan  was formulated f rom t h e  d e t a i l e d  a c t i v i t i e s  i nvo l ved  

i n  each c o n s t r u c t i o n  phase t o  assure compliance w i t h  t h e  p r o j e c t  m i les tone and 

o v e r a l l  schedules. An in-depth rev iew was made t o  determine t he  c o m p a t i b i l i t y  

o f  rock  p roduc t ion  f rom cavern excavat ion w i t h  i t s  u t i  1  i z a t i o n  f o r  c o n s t r u c t i o n  

o f  o ther  f a c i l  i t i e s .  This was impor tan t  i n  assu r i ng  t h e  un in te r rup ted  cons t ruc-  

t i o n  o f  t h e  d i kes  f o r  t h e  compensating r e s e r v o i r .  Other c o n s t r u c t i o n  a c t i v i t i e s  

which u t i l i z e  excavated rock  were scheduled t o  p rov ide  a  balance between rock  

p roduc t ion  and u t i l i z a t i o n  t o  min imize rock  inventory .  

CAPITAL COST ESTIMATE 

The cos t  es t imate  f o r  t h e  f o u r - u n i t  p l a n t  (each u n i t  r a t e d  a t  231 MW) developed 

i n  t h i s  study i s  s i t e  s p e c i f i c  and based upon a  l o c a t i o n  near Sunshine, Mary- 

land. The cos t  es t imate  i s  i n  mid-1979 d o l l a r s  and inc ludes  a l l  cos ts  associ -  

a ted w i t h  1  abor, equipment, 'mater ia l ,  f a b r i c a t i o n ,  d e l i v e r y  and s i t e  p repa ra t i on  

work. 

, A  summary o f  t h e  c a p i t a l  c o s t  est imate f o r  t h e  CAES p l a n t  i s  g iven  i n  Table 7-1. 

The t o t a l  d i r e c t  cos ts  a r e  $347.0 m i l l i o n ,  o r  $375.5 per kW. O f  these t o t a l s ,  

t h e  generator/compressor system makes up approx imate ly  50 percent  and t h e  s t o r -  

age system 16 percent  o f  t h e  cost.. The i n d i r e c t  cos ts  c o n s i s t i n g  o f  owner' 

costs ,  eng ineer ing  and cons t ruc t i on .  management cos ts  w i t h  con t ingenc ies  a re  

$156.3 mi l l . i on ,  b r i n g i n g  t h e  t o t a l  c a p i t a l  cos ts  t o  $503.3 m . i l l i o n  o r  $544.7 per 

kW. 



Table 7-1 

SUMMARY OF CAPITAL COST 'ESTIMATE 
CAE S 

........ I n s t a l  l e d  Capacity 924 MW ............ Storage Capaci ty  9,240. MWh 
Est imate Based. on M i  d-1979 Costs 

Amount, $ x 10 
6 

Land, S i t e  Access.and M o b i l i z a t i o n  ..................... 8.7 
Sur face F a c i l i t i e s  ...................................... 23.5 
Storage System ........................................... 55.9 
Generator/Compressor System ............................. 1.72.2 
Balance o f  Mechanical P l a n t  .............. .. ............ 31.8 
Swi tchyard .............................................. 32.5 
~ l e c t r i c - a 1  Plant:. .............. ... ....................... 22.4 

T o t a l  D i r e c t  Costs ..................................... 347.0 ($375.5/kW) 

PEPCO Costs (15% o f   irek kt Costs) 52.1 - ...................... 
Eng ineer ing  Costs (5% o f  D i r e c t  Costs)  ................. 17.4 
Cons t ruc t i on  Management Costs (10% o f  D i r e c t  Costs) .... 34.7 
Cont ingencies (15% o f  D i r e c t  Costs) .................... 52.1 

TOTAL .................................................... 503.3. ($544.7/kW) 

' 5 '  

NOTES: 

 NO p r o v i s i o n s  .have been made i n  t h i s  c a p i t a l  cos t  es t ima te  f o r  
e s c a l a t i o n  o r  i n t e r e s t  du r i ng  cons t ruc t ion .  

 he est imates  were prepared us ing  vendor-suppl ied equipment cos t  
quo ta t i ons  where,..possible or  es t imates  based on t he  p l a n t  .design developed 
d u r i n g  t h e  study. I n  those  areas where i n fo rma t i on  was no t  s u f f i c i e n t  t o  
produce a q u a n t i t y  t ake  o f f ,  1 ump sum a1 lowances were made based on s i m i l a r  
systems found i n  convent ional  thermal genera t ing  p l a n t s  i n  t h e  900 t o  1000 MW 
size. 



Sec t i on  8 

UPH PLANT DESIGN 

GENERAL 

Underground pumped h y d r o e l e c t r i c  (UPH) energy s t o rage  p l  an t s  f o l  1  ow t h e  conven- 

t i o n a l  pumped s t o rage  p r i n c i p l e  o f  accumula t ing  p o t e n t i a l  energy i n  t h e  fo rm o f  

wa te r  i n  an upper r e s e r v o i r .  However, i n  t h e  case. o f  UPH, t h e  lower  r e s e r v o i r  

c o n s l s t s  o f  excavated caverns deep below t h e  su r f ace  and, u n l i k e  a  conven t iona l  

aboveground pumped h y d r o e l e c t r i c  p l a n t  where topograph ic  cons i de ra t i ons  

gene ra l l y  r e s t r i c t  t h e  cho ice  o f  o p e r a t i n g  head ( i  .e. t h e  d i f f e r e n c e  i n  l e v e l s  

between t h e  water  i n  t h e  upper and lower  r e s e r v o i r s ) ,  t h e  nominal o p e r a t i n g  head 

f o r  UPH can be chosen f rom a  wide range. The UPH concept o f f e r s  an approach t o  

t h e  des ign  o f  pumped s to rage  f a c i l  i t i e s  which can . op t im i ze  t h e  'nominal o p e r a t i n g  

head . i n  r e l a t i o n  t o  t h e  pumping/generat ing equipment and t o  t h e  s i z e  o f  t h e  

underground caverns. 

The economics o f  pumped s t o r a g e  p l a n t s  i n  genera l ,  and o f  UPH f a c i l i t i e s  i n  

p a r t i c u l a r ,  a re  i n f l u e n c e d  f a v o r a b l y  by i n c r e a s i n g  t h e  o p e r a t i n g  head. The 

. lower  r e s e r v o i r  o f  t h e  UPH p l a n t  r ep resen t s  a  r e l a t i v e l y  s i g n i f i c a n t  p r o p o r t i o n  

(about 3 0  pe r cen t )  o f  t h e  o v e r a l l  c o s t ;  r e d u c t i o n  i n  i t s  volume, a r i s i n g  f r om  

h i ghe r  nominal o p e r a t i n g  head, a1 lows energy s t o rage  economy. The nominal 

o p e r a t i n g  head can be developed i n  one o r  more "s teps"  each a p p l i e d  t o  an 

i n d i v i d u a l  pumpi ng /genera t i  ng p l a n t ;  t h i s  can be a  means o f  i n c r e a s i n g  o v e r a l l  

nominal o p e r a t i n g  head w i t h  consequent r e d u c t i o n  i n  lower  r e s e r v o i r  s i ze .  

The b a s i c  requ i rements  s t i p u l a t e d  by PEPCO f o r  . an  UPH energy s t o rage  p l a n t  

were : 

a A gene ra t i ng  c a p a c i t y  o f  2000 MW; 
a A l e v e l  o f  energy s to rage  which would permi t  gene ra t i on  a t  f u l l  

ou tpu t  f o r  a  p e r i o d  o f  10 hours;  and 
a A p l a n t  capable o f  l oad  f o l l o w i n g  and r e g u l a t i o n  when generat ing.  



The study es tab l i shed  a  preference f o r  a  "two step" arrangement w i t h  each step 

c o n s i s t i n g  o f  a- . I000 MW p l a n t  operat ing a t  a  nominal head o f  2500 ft. This 

enabled .an o v e r a l l  nomi'nal operat img head o f  5000 f t  t o  be adopted. De ta i l ed  . ' 

p l a n t  design and c a p i t a l  cos t  est imates were. then developed for  t h e  arrangement 

shown i n  F igure  8-1. The f a c i l i t y  i s  .arranged t o .  permi t  cons t ruc t i on  i n  two 

'phases, t h e  f i r s t  t o  p rov ide  1333 MW o f  generat ing capac i ty  and the  second phase 
_I 

t o  complete t h e  remaining 667 MW o f  capaci ty .  TWO-th i rds  o f  t he  lower. r e s e r v o i r  

w i l l  be excavated - d u r i n g  t h e  f i r s t  phase o f  cons t ruc t i on  w i t h  t he  remainder 

be ing  completed du r ing  t h e  second phase. . .  

This sec t i on  presents t h e  major aspects o f  t h e  UPH p l a n t  design es tab l ished 

d u r i n g  t h e  study inc1,uding: . . 

Se lec t i on  o f  pump-turbi ne arrangement; 
Major components o f  t h e  UPH f a c i l i t y  i n c l u d i n g :  

-- Surface f a c i l i t i e s  and upper r e s e r v o i r  
-- In take  
-- Penstocks and shaf ts  
-- In termedia te  r e s e r v o i r  
--- Power generating/pumping f a c i l i t i e s  
-- Lower r e s e r v o i r  
-- Transformat ion and power c i r c u i t s  
-- Swi tchyard  

S i t e  development; a.nd 
a '  Cap i ta l  ,cost  est imate. 

, SELECTION OF PUMP-TURBINE ARRANGEMENT 
A 

Comparison o f  Pump-Turbine A l t e r n a t i v e s  

At  t h e  outse t  o f  t h e  study, p r a c t i c e  overseas had accepted heads o f  2000 f t  f o r  

s ing le-s tage r e v e r s i b l e  pump-turbines w i t h  normal p r o v i s i o n  f o r  t u r b i n e  l oad  

r e g u l a t i o n  by means o f  w icket  gates. Considerat ion was being g iven t o  pump- 

t u r b i n e s  having more than one stage, w i t h  r e g u l a t i o n  provided on one or more 

stages. The p r a c t i c e  o f  assigning ,pumped stor'age duty t o  non-regul a t i  ng mu1 ti- 

stage pump-turbines designed i n  accordance w i t h  very h igh  head pump p r a c t i c e  and 

accommodating heads o f  over 4000 f t  w i t h  f ou r -  o r  f i ve -s tage  machines has been 

developed i n  Europe. Q u i t e  apart  from the p o s s i b i l i t i e s  o f  improved o v e r a l l  

economy a r i  s i ng  from adopt ion o f  these re1 a t i  ve ly new designs, t h e  opera t ing  

head 1  i m i t s  f o r  s ing le-s tage r e v e r s i b l e  pump-turbines have been s t e a d i l y  

t r e n d i n g  upwards. 
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For i n i t i a l  s e l e c t i o n  purposes, c o s t  comparisons o f  2000 MW p l a n t s  u s i n g  s i n g l e -  

s tage r e v e r s i b l e  pump-turbines i n  one s t e p  (SSRPT-I), s i n g l e - s t a g e  r e v e r s i b l e  

pump-turbines i n  two s teps  (SSRPT-2) , mu1 t i - s t a g e  r e v e r s i b l e  pump-turbi  nes i n  

one s t e p  (MSRPT), u n i - r o t a t i o n a l  separa te  pump-turbines w i t h  m u l t i - s t a g e  pumps 

and impulse t u r b i n e s  i n  one s t ep  (USPT), and two-stage r e v e r s i b l e  pump-turbines 

w i t h  r e g u l a t i n g  c a p a b i l i t y  i n  one s t e p  (TSRPT) were made. These showed t h a t  

SSRPT-2 a t  nominal head o f  4600 f t  ( two  s teps o f  2300 f t ) ,  MSRPT a t  nominal head 

o f  4600 ft and TSRPT a t  nominal head o f  3400 ft were t h e  most economic. The 

c o s t s  f o r  SSRPT-1 a t  nominal head o f  2300 f t  were h i ghe r  because o f  t h e  h i ghe r  

volume o f  lower r e s e r v o i r  excava t ion  invo lved .  P l a n t  des igns based on u n i -  

r o t a t i o n a l  separa te  pump-turbines w i t h  F ranc i s  t u r b i n e s  and s i ng l e - s t age  pumps 

and on comple te ly  separa te  mu1 t i  -s tage pumps and motors and impulse t u r b i n e s  

w i t h  genera to rs  were a1 so cons idered  b u t  were d iscarded  because o f  cost.  

At t h e  t i m e  o f  t h i s  study, no TSRPT u n i t s  had been b u i l t  and t h e r e f o r e ,  because 

o f  l a ck  o f  des ign  and o p e r a t i n g  exper ience w i t h  t hese  u n i t s ,  t hey  were n o t  

cons idered  f u r t h e r .  D e t a i l e d  i n v e s t i g a t i o n ,  i n c l u d i n g  marg ina l  cos t -dep th  

s t ud i es ,  o f  t h e  SSRPT-2 and MSRPT arrangements showed t h a t  t h e  es t ima ted  c o s t s  

f o r  bo th  arrangements were e s s e n t i a l l y  t h e  same. The s tud ies .  con f i rmed t h e  

optimum nominal head f o r  MSRPT as 4600 f t  bu t  i n d i c a t e d  t h a t  t h e  co r respond ing  

head f o r  SSRPT-2 i s  5000 f t  (two s teps o f  2500 f t ) .  The SSRPT-2 arrangement was 

p r e f e r r e d  t o  MSRPT i n  t h i s  s tudy because o f  i t s  l oad  f o l l o w i n g  a b i l i t y  and 

because o f  i t s  g rea te r  f l  e x i  b i  1 i t y .  A1 though des igns i n.vol ve some e x t r a p o l  a- 

' t i o n s  f r o m  p rev i ous  o p e r a t i n g  p r a c t i c e ,  i t  i s  f e l t  t h a t  t hese  l i e  w e l l  w i t h i n  . 

t h e  1 i m i  t s  o f  c u r r e n t  techno1 ogy. 

Hi gh ope ra t i ng  heads r e q u i r e  adop t ion  o f  h i g h  r o t a t i o n a l  speed i f  e f f i c i e n c y  

performance i s  t o  be sus ta i ned  a t  no rma l l y  accepted l e v e l s .  The r e s u l t a n t  

speeds f o r  motor-generator  des igns a re  beyond p r e v i o u s l y  proven p r a c t i c e  b u t  a r e  

no t  cons idered  beyond p resen t  day des ign and manufac tu r ing  l i m i t a t i o n s .  The 

h i g h  o p e r a t i n g  speeds f a v o r  t h e  adop t i on  o f  des igns w i t h  wa te r -coo led  r o t o r s  and 

s t a t o r s ,  r a t h e r  t han  t h e  more conven t iona l  a i r - c o o l e d  u n i t s .  

The PEPCO study was f i n a l l y  based on an SSRPT-2 arrangement w i t h  an o v e r a l l  

nominal head o f  5000 ft. Each s t ep  cons i s t ed  o f  t h r e e  pump-turb ine lmotor-  

genera to r  se t s ,  each o f  333 MW r a t i n g  and each o p e r a t i n g  a t  720 rpm under a 

nominal head o f  2500 ft. 



However, t he  f u t u r e  prospects f o r  development o f  r e v e r s i b l e  pump-turbine 

equipment f o r  heads considerably h igher than h i t h e r t o  achieved had a  s i g n i f i c a n t  

impact on t h e  performance o f  t he  study. It may w e l l .  be t h a t ,  before t h e  t ime  

comes t o  c a l l  f o r  b ids  f o r  pump-turbine and motor-generator equipment, equi'pment 

w i l l  be a v a i l  ab le  t o  a1 low the  economjc development of t h e  UPH concept w i t h  

p l a n t  capable o f  ope ra t i ng  in. a  s ing le-s tep  w i t h  heads o f  t h e  order o f  4000 t o  

5000 ft. 

Operat ional  cons ide ra t i ons .  

The two-step pumped s torage f a c i l i t y  arrangement genera l ly  requ i res  balanced 

ope ra t i on  o f  an equal number o f  u n i t s  i n  each o f  t h e  power p lants.  The volume 

o f  water conta ined between t h e  opera t ing  l e v e l  l i m i t s  i n  t h e  in te rmedia te  

r e s e r v o i r  a l lows some measure o f  unbalanced f l o w  t o  or  f rom t h i s  l i m i t e d  

storage. Therefore, t h r e e  u n i t s  i n  one p l a n t  cou ld  discharge, w i thout  compen- 

s a t i n g  opera t ion  i n  t h e  o ther ,  f o r  about 15 minutes; a l t e r n a t i v e l y ,  one u n i t  

cou ld  operate alone fo r  about 45 minutes. I n  t h e  m a j o r i t y  o f  s i t u a t i o n s ,  t h e  

UPH p l a n t  would be s t a r t e d  up e i t h e r  generat ing or pumping as a  two-uni t  b lock 

o f  about 660 MW. Load c o n t r o l  through wicket  gate adjustment a l lows v a r i a t i o n  

over a  reasonably wide band o f  s t a t i o n  output. When pumping, t h e  u n i t s  demand 

b locks  of power o f  about 690 MW i n  p a i r s  (345 MW w i t h  unbalanced number o f  u n i t s  

f o r  sho r t  per iods o f  up t o  314 hour)  w i t h  ac tua l  power determined by the  opera- 

t i n g  head a t  any p a r t i c u l a r  stage o f  upper r e s e r v o i r  f i l  l i ng .  

Un i t s  w i l l  be s t a r t e d  i n  t h e  pumping cyc le  w i t h  t he  main motor-generator 

supp l i ed  w i t h  power through a  s t a t i c  converter  system. F u l l  s t a t i o n  pumping 

l oad  can be app l i ed  i n  approximately t h i r t y  minutes. 

Spher ica l - type penstock valves loca ted on t h e  h igh  pressure s ide  o f  each pump- 

t u r b i n e  w i l l  be used t o  i s o l a t e  t h e  pump-turbines from t h e  penstock system as 

we l l  as f o r  emergency shutdown i n  t h e  event' of ma l func t ion  o f  t h e  w icket  gate 

ope ra t i ng  mechani sm. 

Generator u n i t  c i r c u i t  breakers w i l l  be i n s t a l  l e d  i n  t h e  underground f a c i l  i t i e s  

and power w i  11 be t r a n s m i t t e d  t o  and from t h e  t ransformer banks, motor-generator 

u n i t s  and t h e  sur face by SF6 gas- insulated bus. 



A  h i g h  degree o f  r e 1  i a b i l  i t y  w i l l  be r e q u i r e d  i n  a l l  pumping/generat ing u n i t s  

- and suppo r t i ng  equipment l o c a t e d  underground. Equal r e 1  i a b i l  i t y  wi 11 be 

r e q u i r e d  i n  t h e  s h a f t  h o i s t s  which p r o v i d e  t h e  on l y  access t o  t h e  deep under- 

ground f a c i l i t i e s .  Specia l  p r o v i s i o n s  w i l l  be made f o r  s e c u r i t y  o f  o p e r a t i n g  

personnel be1 ow ground. 

Normal ope ra t i on  o f  t h e  pumped f a c i l i t i e s  w i l l  be e f f e c t e d  from a  system c o n t r o l  

p o i n t  remote f rom t h e  s i t e .  A l i m i t e d  number o f  o p e r a t i n g  s t a f f  w i l l  p r o v i d e  

t h e  necessary r o u t i n e  se r v i ces  i n  t h e  underground power p l a n t s  and a t  t h e  

su r f ace  f a c i l i t i e s .  

Opera t ion  i s  p lanned t o  meet t'he h i g h  q u a l i t y  o f  performance and l e v e l  o f  

a v a i l a b i l i t y  c a l l e d  f o r  by PEPCO. Fo l l ow ing  an i n i t i a l  s t a r t - u p  and p r o v i n g  

per iod ,  t h e  SSRPT-2 f a c i l i t i e s  w i l l  pe r f o rm  a t  a  h i g h  s tandard  o f  . o v e r a l l  c y c l e  

e f f i c i e n c y  o f  about 76 percen t  and p r o v i d e  about  94 percen t  a v a i l a b i l i t y ,  i f  

p lanned outages a r e  no t  t aken  i n t o  cons i de ra t i on .  I f  b o t h  long- te rm and s h o r t -  

t e rm  planned outages a re  inc luded ,  a v a i l a b i l i t y  i s  es t ima ted  t o  be about 83 

percent .  

PUMPCD STORAGE PLANT LAYOUT 

General  

I n  UPH f a c i l i t i e s ,  energy s to rage  i s  ach ieved th rough  t r a n s f e r  o f  water by 

pumping f rom t h e  lower underground r e s e r v o i r  t o  a  n a t u r a l  o r  man-made impound- 

ment on t h e  sur face.  For t h e  PEPCO s tudy,  t h e  su r f ace  r e s e r v o i r  w i l l  be c rea ted  

by a  ' r o c k f i l l  embankment and l i n e d  w i t h  aspha l t .  The h y d r a u l i c  system w i l l  n o t  

be dependent on any n a t u r a l  water course and w i l l  r e l y  on a  pumped water  supp ly  
?. 

f o r  i n i t i a l  f i l l i n g  and water make-up f rom an e x i s t i n g  nearby r e s e r v o i r .  A  

s i n g l e  penstock w i l l  connect f rom t h e  upper ( su r f ace )  r e s e r v o i r  t o  t h e  pump- 

t u r b i n e  u n i t s  l o c a t e d  i n  a  powerhouse a t  t h e  i n t e r m e d i a t e  l e v e l .  These u n i t s  , 

w i l l  connect t o  an i n t e r m e d i a t e  l e v e l  r e s e r v o i r  f r om  wh ich  ano ther  s i n g l e  

penstock w i l l  l e a d  t o  t h e  pump-turbine u n i t s  l o c a t e d  i n  a  powerhouse a t  t h e  

lower  l e ve l .  Three 333 MW pump-turbine/motor-generator u n i t s  w i l l  be i n s t a l l e d  

i n  t h e  i n t e rmed ia te  powerhouse and t h r e e  333 MW u n i t s  i n  t h e  lower  powerhouse. 

Step-up t r a n s f o r m a t i o n  f rom genera to r  v o l t a g e  to 500 kV w i l l  be car.r..ied o u t  

underground; ga l  1  e r i e s  c o n t a i n i n g  t h e  r e q u i r e d  equipment wi  11 be l o c a t e d  

d i r e c t l y  above and i n  1  i r e  w i t h  t h e  powerhouse caverns. SF6 gas- insu l  a t ed  bus 

w i l l  p rov i de  t h e  power c i r c u i t  connec t ion  t o  t h e  sur face.  



Equipment must be designed and i n s t a l l e d  i n  such a  way t h a t  a l l  serv ices  can be 

supp l i ed  through v e r t i c a l  sha f t s  from t h e  surface. Economies w i l l  be achieved 

by t h e  adopt ion o f  h igh  u n i t  speeds and compact designs. 

The UPH f a c i l i t i e s  w i l l  r e l y  s u b s t a n t i a l l y  on subsurface const ruc t ion ,  and t h e  

var ious  excavated powerhouses, r e s e r v o i r  and gal 1  e r i  es w i  11 be accessib le only 

by v e r t i c a l  s h a f t s  from t h e  surface. This f a c t  has a  subs tan t i a l  i n f l uence  on 

t h e  design cons idera t ions  f o r  UPH as r e f l e c t e d  i n  t h e  f o l l o w i n g  paragraphs. The 

general arrangement o f  t h e  f a c i l i t y  i s  shown on F igu re  8-1 and t h e  s i t e  layout  

on F igu re  8-2. 

Surface Faci  1  i t i  es and Upper Reservoir 

The arrangement o f  sur face f a c i l i t i e s  and upper r e s e r v o i r  i s  shown i n  F igure  

8-2. Bu i l d ings  and s t r u c t u r e s  provided f o r  opera t iona l  purposes inc lude t h e  

a d m i n i s t r a t i o n  and c o n t r o l  bu i l d ing ,  heavy h o i s t  headframe, heavy h o i s t  

machinery room, personnel h o i s t  headframe, standby generator bu i l d ing ,  s t a t i o n  

s e r v i c e  switchgear b u i l d i n g ,  r e l a y  bu i l d ing ,  sa fe t y  bu i l d ing ,  penstock and a i r  

vent access bu i l d ings ,  t h e  v i s i t o r s  center  and s e c u r i t y  bu i l d ing .  The major 

f e a t u r e  o f  t he  sur face works f o r  an UPH p l a n t  w i l l  be t h e  aspha l t - l i ned  e a r t h  

and r o c k f i l l  embankment r i s i n g  approximately 1 5  t o  115  ft above the  o r i g i n a l  

ground sur face w i t h  ou ts ide  slopes o f  3 : l  and a  2 0 - f t  wide roadway on i t s  c res t .  

The i n s i d e  r e s e r v o i r  sur faces o f  semic i rcu la r  end embankments connected by 

l o n g i t u d i n a l  tangent  sec t ions  w i l l  have a  s lope o f  2.5: l  w i t h  an aspha l t i c  

concrete l i n i n g .  Drainage w i l l  be provided by a  system o f  pipes beneath t h e  

r e s e r v o i r  f l o o r  l ead ing  t o  a  4.5 ft x  7.5 ft g a l l e r y  running along the  center  

l i n e  f rom the  northwest end t o  the i n take  s t ruc ture .  I n i t i a l l y  t h e  r e s e r v o i r  

w i l l  be f i l l e d  w i t h  water by pumping from t h e  T r i ade lph ia  Reservoir and t h i s  

supply w i l l  cont inue t o  be used i n  operat ion f o r  makeup water requirements. 

--, 

I n t a k e  

The l n t a k e  s t r u c t u r e  c a r r y i n g  water t o  t h e  penstock system w i  11 be convent ional-  

l y  formed and designed t o  d e l i v e r  water t o  and draw water from t h e  r e s e r v o i r  

w i t h  un i fo rm v e l o c i t i e s  and minimum head losses. I n take  gates and bulkhead 

gates which are provided t o  a l l o w  inspec t i on  and maintenance of '  t he  i n take  have 

a  v i t a l  f unc t i on  t o  per form i n  p rov id ing  a h igh  degree o f  s e c u r i t y  i n  c o n t r o l  o f  

water f lows t o  t h e  underground f a c i l i t i e s .  
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Penstocks and Shafts 

I n  addit ion t o  the ver t i ca l  penstock shaft  leading from the upper reservoir  

intake/outflow structure t o  the pumped storage plants below, four other shafts 

w i l l  be constructed ranging i n  depth from 5000 t o  5500 ft. Three o f  these 

shafts w i  11 contain hois t ing conveyances, SF6 bus f o r  main power transmission, 

and control cables. The fourth, an a i r  vent shaft, w i l l  allow atmospheric a i r  

admission t o  and from the lawer and intermediate reservoirs. 

The only access t o  the operating f a c i l i t i e s  below ground w i l l  be by ver t i ca l  

shaft. The need t o  maintain a high degree of i n teg r i t y  i n  shaft service, 

therefore, has been ref lected i n  the design of the shafts themselves and the 

equipment with which they are furnished. 

The heavy hoist, with i t s  headframe located wi th in the control and administra- 

t i o n  building, w i l l  be a drum-type hois t  with two drum and dr ive uni ts  capable 

o f  handling loads up t o  200 tons capacity with variable speeds up t o  250 ft lmin. 

The personnel hois t  w i l l  also have i t s  headframe located wi th in the control and 

administration bui lding and w i l l  be a f r ic t ion- type hois t  with a double deck 

conveyance capable o f  transporting up t o  90 men or 20 tons o f  material a t  speeds 

up t o  1500 ft/min. I n  addition, each o f  the three shafts w i l l  have a drum-type 

i nspection hois t  used f o r  i ns ta l  1 at ion and subsequent inspection o f  the SF6 

bus, as well as emergency access f o r  personnel. 
- --=OF-, , *: -- 
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Shafts w i l l  be required t o  provide functions which may d i f f e r  from construction 

t o  operational phases. The major port ion o f  rock removal w i l l  take place 

through the shaft ul t imately t o  be used fo r  SF6 bus and cables. The heavy 

hoist  shaft w i l l  provide vent i la t ion air .  

The ver t ica l  penstocks w i l l  have a diameter o f  19 ft and be designed f o r  a 

maximum flow of 5400 ft3/s. Construction o f  these and other shafts required 

fo r  the f a c i l i t i e s  w i l l  be accomplished by sinking from the surface using con- 

ventional d r i l l i n g  and b last ing methods. The penstock wal ls w i l l  have rock bo l t  

support and have a permanent concrete l i n i n g  provided wi th a drainage system. 

The penstocks w i l l  t u rn  t o  the horizontal a t  the powerhouse levels  and concrete- 



l i n e d  manifolds w i l l  form three 11 ft diameter penstocks a t  each level .  A 290 

f t  leng th  o f  t h e  penstocks upstream from the powerhouses w i  11 be 1 ined w i t h  

2-3/4 inch  t h i c k  h igh s t rength s tee l  l i n e s  which have flanged connection pen- 

stock valves upstream o f  the  pump-turbine sp i r a l  cases. 

Intermediate Reservoir 

With t he  two-step arrangement, the nominal head on each o f  the  two powerhouses 

w i l l  be 1 imi ted t o  2500 ft. This w i l l  provide an intermediate reservo i r  a t  t he  

intermediate powerhouse l eve l  w i th  a f r ee  hydrau l ic  surface varying over a 

1 i m i  t ed  range as requi red f o r  operation. De ta i l s  o f  the intermediate reservo i r  

are shown on Figures 8-3 and 8-4. The two-step f a c i l i t y  w i l l  normally operate 

w i th  a balanced number o f  u n i t s  i n  each powerhouse operating a t  a s im i la r  gate 

opening and flow. This w i l l  provide balanced t rans fe r  o f  f l ow through the 

intermediate reservo i r .  Nevertheless, the  i ntermediate reservo i r  w i  11 have 

s u f f i c i e n t  capaci ty t o  accept a volume o f  "storage" equivalent t o  the f u l l  

discharge o f  three pump-turbine un i t s  operating f o r  15 minutes. 

Power Generating/Pumpinq F a c i l i t i e s  

The underground powerhouses located respect ive ly  a t  2939 ft and 5403 ft below 

the  c res t  1 eve1 o f  the  surface reservo i r  (measured t o  the center 1 ine  o f  the 

pump-turbine d i s t r i b u t o r )  w i  11 be essen t ia l l y  o f  i den t i ca l  layout and design. 

Each w i l l  accommodate three 333 MW motor-generator un i t s  wi th  associated pump- 

turb ines operating a t  720 rpm and equipped w i t h  64.6 inch  diameter spherical 

penstock valves, governors, and f a c i l i t i e s  f o r  pump s t a r t i n g  w i th  a s t a t i c  

frequency converter. Provis ion w i  11 be made f o r  depression o f  t a i  lwater leve l  

i n  the  d r a f t  tubes by compressed a i r  dur ing s tar t ing.  Provis ion w i l l  a lso be 

made f o r  bulkhead gate i s o l a t i o n  o f  the 11.5 ft diameter concrete-l ined d r a f t  

tube ou t l e t  tunnels t o  a1 low un i t  unwatering f o r  inspection/maintenance. A1 1 

aux i l  i a r y  systems normally requi red f o r  pumped storage i n s t a l  l a t i ons  w i  11 be 

provided wi th  the special features necessary f o r  operation deep underground. 

Figure 8-5 shows an isometr ic  o f  the lower power p lant  f a c i l i t y  and i t s  

associated shafts, tunnels and ga l ler ies .  Figure 8-6 shows t yp i ca l  powerhouse 

cross-sections and Figure 8-7 shows sections through the pump-turbine and motor- 

generator. Generally speaking, a h igh ly  compact arrangement has been achieved, 

economizing on underground excavation. 
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Swi t c h y a r d  

The t i e - i n  t o  t h e  500 kV t r a n s m i s s i o n  l i n e  w i l l  f o l l o w  t h e  arrangements adopted 

f o r  t h e  CAES p l a n t  and w i l l  be made th rough  overhead connect ions t o  t h e  sw i t ch -  

y a r d  ar ranged i n  t h e  b reaker -and-a -ha l f  c o n f i g u r a t i o n .  The a i r - i n s u l a t e d  

sw i t chya rd  w i l l  use STb gas - i nsu l a t ed  swi t chgear .and  w i l l  be b a s i c a l l y  s i m i l a r  

t o  PEPCO's 500 kV f a c i l i t i e s  a t  t h e  Chalk P o i n t  gene ra t i ng  p l an t .  P r o v i s i o n s  

a r e  made i n  t h e  sw i t chya rd  f o r :  

a Four t r ansm iss i on  1  i nes  t o  Mount A i r y ;  
a Four t r ansm iss i on  l i n e s  t o  B r i gh ton ;  
a Three motor-generator  c i r c u i t s  (500 kV bus) ;  and 
a . Two s t a t i o n  s e r v i c e  connect ions. 

Lower Rese rvo i r  

General. The f i n a l  component o f  t h e  UPH f a c i l i t y  i s  t h e  lower  r e s e r v o i r ,  t h e  

f e a t u r e  which i n t r oduces  t h e  "unconvent ional  " na tu re  o f  t h i s  concept o f  

h y d r o e l e c t r i c  pumped storage. Excava t ions  o f  t h e  e q u i v a l e n t  volume o f  r o c k  

removed f o r  t h e  proposed UPH lower r e s e r v o i r  have been made p r e v i o u s l y  i n  a  

v a r i e t y  o f  h o s t  r ocks  and i n t e g r i t y  w i t h  t i m e  has been c l e a r l y  es tab l i shed .  

Wi th  t h e  excava t ion  o f  seven t o  e i g h t  m i l l i o n  cub i c  ya rds  o f  r ock  s p e c i f i c a l l y  

f r o m  t h e  lower  r e s e r v o i r  i n  an UPH system, c e r t a i n  new requ i rements  ma in ly  

i n f l u e n c e d  by schedule w i l l  be in t roduced .  It i s  c l e a r ,  fu r the rmore ,  t h a t  t h e  

economic v i a b i l i t y  o f  t h e  UPH concept w i l l  depend s u b s t a n t i a l l y  on t h e  a b i l i t y  

t o  excavate l a r g e  volumes o f  r ock  f r om  s u b s t a n t i a l  depth on a  r a p i d  schedule. 

The necessary l e v e l  o f  performance appears t o  be w e l l  w i t h i n  r each  o f  modern 

c o n s t r u c t  i o n  p rac t i ce .  

Lower Rese rvo i r  Caverns. For t h e  UPH p l a n t ,  t h e  p o t e n t i a l  energy wi 11 be s t o r e d  

i n  t h e  upper ( su r f ace )  r e s e r v o i r  and t h e  lower  r e s e r v o i r  w i l l  p r o v i d e  s imp ly  a  

h o l d i n g  b a s i n  f r om  which water  w i l l  be pumped a t  t h e  beg inn i ng  o f  a  f u r t h e r  

s t o rage  cyc le .  The lower  r e s e r v o i r  w i l l  opera te  a t  a l l  t imes  a t  near atmos- 

p h e r i c  p ressure  w i t h  a  f r e e  water sur face.  D e t a i l s  o f  t h e  lower  r e s e r v o i r  a r e  

shown on F i gu res  8-3 and 8-4. 



The r e q u i r e d  excavat ion w i l l  be i n  the. form o f  12 tunne ls  o f  subs tan t i a l  cross 

s e c t i o n  (85 ft by 65 f t )  in terconnected by smal ler  a i r  and water c o l l e c t o r  

t u n n e l s  a t  t h e  extreme ends o f  t h e  r e s e r v o i r  system. The excavation volume w i l l  

be 7,860;000 yd3, which w i l l  a l low 2.3 percent  f o r  "sa fe ty"  storage t o  prevent 

o v e r f i l l i n g  o f  t h e  lower r e s e r v o i r ,  and a  f u r t h e r  0.3' percent fo r  freeboard. 

Two-th i rds o f  t h i s  volume w i l l  be provided fo r  t h e  f i r s t  phase and t h e  remainder 

w i l l  be const ruc ted t o  complete the  p lan t  i n  Phase 2. The main tunnels i n  t h e  

lower r e s e r v o i r  w i  11 be o r i en ted  w i t h  t h e i r  axes approximately perpendicular  t o  

t h e  s t r i k e  o f  t h e  rock f o l i a t i o n ,  s ince t h i s  w i l l  prov ide more d e s i ~ a b l e  

cond i t i ons  f o r  rock support  of t h e  1  arger spans. The in te rconnect ing  tunnel  s  

w i l l  be o f  smal ler  c ross  sec t i on  and can be sa fe l y  constructed w i t h  t h e  l e s s  

d e s i r a b l e  rock  cond i t i ons  i n  l i n e  w i t h  t he  s t r i k e  o f  t h e  rock f o l a t i o n .  A1 1  o f  

t h e  storage caverns w i t h i n  t h e  lower r e s e r v o i r  w i l l  have curved s ide  wa l l s  t o  

reduce t e n s i l e  s t ress  zones. They w i l l  be const ruc ted a t  grades whi.ch a1 low 

f r e e  drainage upon dewatering. Rock support w i l l  be provided by pat te rns  o f  

rock  b o l t s  i n  t h e  crown and wa l l s  o f  t h e  tunne ls  augmented by mesh and shotc re te  

as requ i red .  The f i n a l  design w i l l  depend on f u t u r e  exp lora tory  work and on 

experience gained i n  t h e  development o f  t h e  i n i t i a l  underground f a c i  1  i t i e s .  

P rov i s ion  w i l l  be made f o r  i s o l a t i o n  o f  any one t h i r d  o f  t h e  rese rvo i r  w i t h  

s top logs  t o  permi t  r e s e r v o i r  cavern i nspec t i on  w i thout  d i s r u p t i n g  p l a n t  opera- 

t i o n .  

SITE DEVELOPMENT 

The f i r s t  phase o f  development f o r  t h e  two-step (SSRPT-2) UPH f a c i l i t y  w i l l  be 

planned t o  i n c l u d e  cons t ruc t i on  o f  those works necessary t o  accommodate and 

p rov ide  storage f o r  f o u r  purnpi ng lgenera t i  ng u n i t s .  ( two i n  an upper power p l a n t  

and two i n  a  lower one) each o f  333 MW capac i ty  ( thus p rov id ing  a  t o t a l  f i r s t  

phase i n s t a l l a t i o n  o f  1333 MW). A1 1  shaf ts ,  penstocks and excavations f o r  

ope ra t i ng  p lan t  f a c i l  i t i e s  underground w i l l  be provided i n  t he  f i r s t  phase. 

However, the  lower r e s e r v o i r  w i l l  on ly  be excavatcd t o  two - th i rds  o f  i t s  f i n a l  

designed volume. The second phase o f  development w i  11 i nc lude  t h e  cons t ruc t i on  

o f  those works necessary t o  b r i n g  t h e  t o t a l  i n s t a l l e d  capaci ty  up t o  2000 MW. 

Based on t h i s  requirement, t h e  f o l l o w i n g  stages f o r  s i t e  development were 

es tab l  jshed: 



a STAGE I (0-45 months) - T h i s  w i l l  i n c l u d e  s i t e  p repa ra t i on ,  
m o b i l i z a t i o n ,  es tab l i shment  o f  c o n s t r u c t i o n  f a c i l i t i e s ,  
c o n s t r u c t i o n '  o f  v e r t i c a l  penstock, a i r - v e n t  sha f t ,  heavy 
h o i s t  s h a f t ,  c a b l e  s h a f t  and personnel  s h a f t ;  

STAGE I 1  (45-75 months) - T h i s  w i l l  i n c l u d e  c o n s t r u c t i o n  o f  t h e  
underground powerhouses, t h e  upper r e s e r v o i r  and i n t a k e  
s t r u c t u r e  and t h e  i n t e rmed ia te  r e s e r v o i r .  Excava t ion  f o r  t h e  
1  ower r e s e r v o i r  wi 11 commence; 

STAGE I 1 1  (75-96 months) - T h i s  wi 11 i n c l u d e  t h e  comple t ion  o f  
t h e  lower  r e s e r v o i r  excava t ion  and t h e  i n s t a l l a t i o n  o f  mechanical  
and e l e c t r i c a l  equipment and commissioning o f  t h e  f i r s t  f o u r  
u n i t s ;  and 

a STAGE I V  (108-180 months) - T h i s  phase w i l l  i n c l u d e  comple t ion  
o f  t h e  lower  r e s e r v o i r  t o  i t s  f i n a l  designed volume and t h e  
c o n s t r u c t i o n  o f  t h e  rema in ing  two u n i t s .  

The s i t e  development f o r  t h e  UPH f a c i l i t y  was f o rmu la ted  f rom t h e  d e t a i l e d  

a c t i v i t i e s  i n v o l v e d  i n  each c o n s t r u c t i o n  phase t o  assure compl iance w i t h  t h e  

p r o j e c t  m i l es tone  and o v e r a l l  schedules. An i n -dep th  r ev i ew  was made t o  ensure 

t h e  compati b i  1  i t y  o f  rock  p roduc t i on  f rom underground works w i t h  i t s  p o t e n t i a l  

u t i l  i z a t i o n  on su r f ace  works. Th is  i s  p a r t i c u l a r l y  impo r t an t  i n  c o n s i d e r a t i o n  

o f  a s s u r i n g  u n i n t e r r u p t e d  c o n s t r u c t i o n  o f  t h e  main su r f ace  r e s e r v o i r .  It i s  

env is ioned  t h a t  a  s t o c k p i l e  o f  rock w i l l  accumulate d u r i n g  c o n s t r u c t i o n  arld 

remain on s i t e  a f t e r  complet ion.  

CAPITAL COST ESTIMATE 

The c o s t  es t ima te  f o r  t h e  s i x - u n i t  p l a n t  (each u n i t  r a t e d  a t  333 MW) developed 

i n  t h i s  s tudy i s  s i t e  s p e c i f i c  and based upon a  locats 'on near Sunshine, 

.Maryland. The c o s t  e s t i m a t e  i s  based on p r i c e  l e v e l s  r u l i n g  f o r  l a b o r ,  

m a t e r i a l  , equi  prr~ent and se r v i ces  i n  mid-1979. . . 

A summary o f  t h e  c o s t  es t ima te  i s  g i ven  i n  Tab le  8-1. The t o t a l  d i r e c t  c o s t s  

a r e  $831.5 m i l l i o n  o r  $415.7 per kW. It w i l l  be no ted  t h a t  t h e  es t ima te  f o r  t h e  

lower  r e s e r v o i r  amounts t o  app rox ima te l y . 20  pe r cen t  o f  t h e  t o t a l  d i r e c t  c o s t s  

and t h a t  t h e  es t ima te  f o r  a l l  t h e  s h a f t s  r e q u i r e d  amounts t o  approx imate ly  16 

percen t  o f  t h e  t o t a l  d i r e c t  costs .  The i n d i r e c t  cos ts ,  c o n s i s t i n g  o f  owner 

cos ts ,  eng ineer ing ,  and c o n s t r u c t i o n  nianagement c o s t s  w l l t ~  cur11 i r ~ y t r ~ ~ c i e s ,  arc 
$375.1 m i l l i o n ,  b r i n g i n g  t h e  t o t a l  c a p i t a l  c o s t  t o  $1205.6 m i l l i o n  o r  $602.8 pe r  

kW. 



Table 8 - 1  

I t e m  . 

SUMMARY OF CAPITAL COST ESTIMATE 
UPH . SSRPT-2 

I n s t a l  l e d  Capaci ty :  2000 MW 
S to rage  Capaci ty :  20. 000 MWh 
Nominal Ope ra t i ng  Head: 5000 f t  
Es t ima te  based on mid-1979 c o s t s  

Amount. $ x 10 6' 

Land and S i t e  Access .............. ; ............ 
Sur face  S t r u c t u r e s  ............................. ....................... Upper Rese rvo i r  & I n t a k e  
I n t e r m e d i a t e  Rese rvo i r  ......................... 
Lower Rese rvo i r  ................................ 
S h a f t s  ......................................... 
Misce l laneous  Tunnels & Gal 1  e r  i es .............. 
Powerhouse C i v i l  Works .......................... 
Pump-Turbines & Valves .......................... 
Motor-Generators  ............................... 
Transformers & E l e c t r i c a l  Equi pment ............ 
A u x i l i a r y  Mechanical  Equipment & H o i s t s  ........ 
Swi tchyard  & Transmiss ion ...................... 
T o t a l  D i r e c t  Costs ............................. 831.5 ($415.7/kW) 

PEPCO Costs  (15% o f  D i r e c t  Costs)  .............. 124.7 
Eng inee r i ng  Costs  (5% o f  D i r e c t  Costs)  ......... 41.6 
C o n s t r u c t i o n  Management Costs (10% o f  D i r e c t  

Costs)  ....................................... 83.1 
Cont ingenc ies  (15% o f  D i r e c t  Costs)  ............ 124.7 

TOTAL .......................................... 1205.6 ($602.8/kW) 

NOTE: No p r o v i s i o n s  have been made i n  t h i s  c a p i t a l  c o s t  es t ima te  f o r  
e s c a l a t i o n  o r  i n t e r e s t  d u r i n g  c o n s t r u c t i o n  . 



Sec t i on  9 

COMPARISON OF CAES AND UPH 

Choosing a  p r e f e r r e d  concept (UPH-or CAES) t o  meet t h e  energy s t o rage  needs o f  a  

power u t i l i t y  depends on seve ra l  f ac to r s ,  i n c l u d i n g  t h e  e x i s t i n g  gene ra t i on  mix, 

t h e  d e s i r e d  l e v e l  o f  energy s toraye,  t h e  r a t e  o f  l o a d  growth, t h e  e x t e n t  of 

i n t e r c o n n e c t i o n ,  and severa l  o t he r  f a c t o r s  s p e c i f i c  t o  t h e  u t i  1 i t y  o r  p l a n n i n g  

group. Th is  s tudy has shown' t h a t  t h e r e  i s  no c l e a r  advantage o f  t h e  UPH concept 

over  t h e  CAES concept  on t h e  PEPCO system, o r  v i c e  versa, and t h a t  t h e  s e l e c t i o n  

o f  one o r  t h e  o the r  can o n l y  be made a f t e r  a  c a r e f u l  e v a l u a t i o n  o f  a l l  

a1 t e r n a t i v e s  w i t h i n  t h e  con tex t  o f  c o n s t r a i n t s  and o p p o r t u n i t i e s  p a r t i c u l a r  t o  

t h e  u t i l i t y  system. 

On t h e  more p o s i t i v e  s ide ,  t h i s  s tudy has demonstrated t h a t  bo th  UPH and CAES 

a re  v i a b l e  forms o f  c e n t r a l  energy s t o raye  which, g iven  t h e  a p p r o p r i a t e  cond i -  

t i o n s ,  can compete economica l l y  w i t h  o t h e r  forms o f  peak ing power such as 

combust ion t u r b i n e s ,  c y c l  i ng thermal  p l an t s ,  h y d r o e l e c t r i c  gene ra t i on  and 

conven t i ona l  h y d r o e l e c t r i c  pumped storage. Bo th  UPH and CAES have been shown t o  

be t e c h n i c a l l y  f e a s i b l e  and t o  have app rec i ab l y  lower  env i ronmenta l  impact t h a n  

conven t iona l  h y d r o e l e c t r i c  pumped s to rage  r e l y i n g  on s u r f a c e  e l e v a t i o n s  f o r  

r e s e r v o i r  1  ocat ion.  

The p r i n c i p a l  common f e a t u r e  i n t h e  UPH and CAES concepts  examined i n  t h i s  s tudy 

i s  t h e  use o f  l a r g e  underground caverns excavated i n  rock .  Whether e i t h e r  o f  

these  concepts c o u l d - b e  cons idered  f o r  a  g i v e n  s e r v i c e  a rea  o r  p l a n n i n g  r e g i o n  

t h e r e f o r e  depends on t h e  presence o f  reasonably  h i g h  q u a l i t y  r ock  a t  t h e  appro- 

p r i a t e  depth. Fo r t una te l y ,  l a r g e  areas o f  t h e  U.S. a r e  u n d e r l a i n  by bod ies  o f  

s u i t a b l e  r ock ,  t h e  p r imary  excep t ions  be i ng  i n  t h e  sou theas te rn  ( F l o r i d a )  and 

e e n t r a l - s o u t h e r n  (bou i  s ians ,  M i s s i s s i p p i )  req ions .  The economic a t t r a c t i v e n e s s  

o f  b o t h  UPH and CAES i s  1  i k e l y  t o  be eroded very  r a p i d l y  i f  t h e  r ock  i s  no t  o f  

h i g h  qua1 i t y .  



UPH and CAES have several  fea tures  i n  common, i n c l u d i n g  t h e  need f o r  a  

r e l a t i v e l y  small s i t e  area, the  p o t e n t i a l  f o r  l o c a t i n g  t h e  s i t e  near t h e  l oad  

center  (g iven adequate geotechnical cond i t i ons )  , and t h e  need f o r  re1  a t i v e l y  

small  q u a n t i t i e s  o f  i n i t i a l  f i l l  and make-up water. 

Some o ther  c h a r a c t e r i s t i c s  o f  t h e  CAES and UPH p l a n t s  are appreciably d i f f e r e n t  

and t h e  more q u a n t i f i a b l e  o f  these are l i s t e d  i n  Tab1 e  9-1. One o f  t h e  most 

s i g n i f i c a n t  d i f f e r e n c e s  i s  t ha t ,  t o  ob ta in  a  compet i t i ve  l e v e l  o f  economy, t h e  

minimum i n s t a l l e d  capac i ty  f o r  an UPH f a c i l i t y  i s  i n  t h e  order o f  1200 t o  1500 

MW w i t h  10 hours o f  energy storage. The comparable economy l e v e l  f o r  a  CAES 

f a c i l i t y  i s  probably no more than 400 t o  500 MW w i t h  10 hours o f  storage. This 

means t h a t  o the r  f a c t o r s  being equal, an UPH p l a n t  w i  11 be l e s s  a t t r a c t i v e  .to 

any small system t h a t  i s  unable t o  share w i t h  o thers  t h e  cos t  o f  cons t ruc t ion ,  

t h e  opera t ion  o f  a  l a r g e  f a c i l i t y ,  and t h e  benef i ts .  

However, i f  t h e  system or in terconnected pool i s  ab le  t o  accept t he  l a r g e r  UPH 

c a p a c i t i e s  and p l a n t  output ,  then i t  can be seen t h a t  t h e  system economy 

improvements per u n i t  o f  i n s t a l l e d  capaci ty  p ro jec ted  f o r  bo th  UPH and CAES a r e  

e s s e n t i a l l y  t h e  same w i t h  respect  both t o  revenue requirements and t o  o i l  

consumption sav i  ngs. 

The CAES system ( i n  con t ras t  t o  UPH) consumes No. 2 f u e l  o i l  dur ing  t h e  power 

genera t ion  cyc le  and t h e  imp1 %cat ions o f  an o i  1-burning f a c i  1  i t y  must be 

considered, espec ia l  l y  w i t h  regard t o  t h e  s e n s i t i v i t y  o f  o v e r a l l  p l a n t  economy 

t o  f u e l  cost. Both UPH and  CAES accounted f o r  about t he  same t o t a l  f u e l  o i l  

(No. 6 and No. 2 )  savings i n  t h e  PEPCO system s tud ies ,  which tended t o , m i t i g a t e  

t h i s  concern. Nevertheless, CAES economics are very s e n s i t i v e  t o  No. 2  o i l  

r e l a t i v e  costs and must be evaluated on a  u t i l i t y  s p e c i f i c  bas is -  t o  o b t a i n  f u l l  

app rec ia t i on  o f  t he  phenomenon. 

The smal le r  s i z e  and shal lower depth o f  the  CAES f a c i l i t i e s  lead t o  a  reduc t i on  

o f  some th ree  years  i n  t h e  cons t ruc t i on  pe r iod  requ i red  t o  b r i n g  t h e  f i r s t  u n i t s  

on 1  i ne compared w i th '  UPH. The pre-const ruc t i  on 1  i c e n s i  ng and p e r m i t t i n g  

processes are p ro jec ted  t o  r e q u i r e  t h e  same per iod  o f  t ime f o r  both types o f  

f a c i l  i t i e s .  From the  standpoint  o f  t he  p re l im ina ry  exp lora tory  program, t h e  

greater  depth r e q u i r e d  f o r  t h e  UPH caverns may lead t o  add i t i ona l  probler~ls and 

a d d i t i o n a l  costs. However, t h e  rock i n  which the  UPH caverns w i l l  be 



Table 9-1 

COMPARISON OF COST, ECONOMY AND SCHEDULE 
FOR CAES AND UPH 

NOTE : .- 
CAES i n s t a l l e d  gene ra t i ng  capaci ty .  = 924 MW (675 MW r e q u i r e d  on PEPCO system) 

UPH i n s t a l l e d  gene ra t i ng  c a p a c i t y  = 2000 MW (667 MW r e q u i r e d  on PEPCO system) 

CAE S UPH -- 
1. COST - 

........................ D i r e c t  Cost $347.0 x l o 6  $831.5 x l o 6  
D i r e c t  Cost/kW ..................... $376 $416 

2. ECONOMY 

Revenue I i l~provement 1990-2007 ...... $1358 x 1u6 $1246 x l o 6  
O i  1  Savings 1990-2007 ...... 19 x l o 6  b b l  16 x l o 6  b b l  
Annual O i  1  Sav ing A f t e r  2007 ....... 2 x l o 6  b b l  2  x l o 6  b b l  

3. SCHEDULE 

L i c e n s i  ng .......................... 3.75 y e a r s  3.75 y e a r s  
Const r -uct ion (Phase I o n l y )  ........ 5 yea rs  8 yea rs  



const ruc ted w i  11 be sub jec t  t o  l ess  severe opera t ing  requirements than  would be 

t h e  case f o r  t h e  pressur ized CAES caverns. The p o t e n t i a l  f o r  accelerated 

d e t e r i o r a t i o n  o f  CAES rock  caverns opera t ing  under repeated cyc l  e,s o f  pressure 

and temperature has caused concern. No s i g n i f i c a n t  problems are a n t i c i p a t e d  

w i t h  t h e  ranges proposed i n  t h i s  study but  should these ranges f o r  one reason or  

another be s u b s t a n t i a l l y  e levated or pro'longed, long-term' c a v i t y  s t a b i l i t y  might  

be a f fec ted .  

The proposed opera t ing  c y c l e  and machinery t r a i n  se lec ted f o r  t h e  CAES p l a n t  

provides considerable f l e x i b i l i t y  i n  p lan t  operat ion,  a l l ow ing  u n i t  output  over 

t h e  f u l l  range f rom 10 t o  I 1 0  percent  o f  r a t e d  output  and compression (equiva- 

l e n t  t o  pumping on UPH) i n p u t  over a  75 t o  105 percent range o f  motor power. 

The UPH f a c i l i t y  i s  somewhat l i m i t e d  by t h e  c h a r a c t e r i s t i c s  o f  t he  r e v e r s i b l e  

pump-turbines which f u n c t i o n  best between .about 50 t o  105 percent o f  r a t e d  

o u t p u t '  when generat ing,  and can pump only a t  a  f i x e d  duty p o i n t  depending on 

head and r e q u i r i n g  f u l l  motor output. The m u l t i - u n i t  s t a t i o n  i s  ab le  t o  f o l l o w  

demand f o r  s t e a d i l y  i nc reas ing  generat ion by a d j u s t i n g  load on t h e  several  u n i t s  

opera t ing ;  when pumping, system power has t o  be p icked up i n  blocks o f  u n i t  

m i t o r  capaci ty .  The reduced load f o l  lowing capabi l  i t y  o f  t h e  UPH p lan t ,  

however, i s  o f f s e t  by i t s ' '  a b i l i t y  t o  provide more r a p i d  s t a r t i n g ,  s topping and 

mode changing as shown i n  Table 9-2. 

The smal le r  and. shal lower cavern excavations and t h e  sho r te r  construct i .on 

schedule o f  t h e  CAES f a c i l i t y  provides poss ib ly  a  f i rmer  basis f o r  t he  pro jec-  

t i o n  o f  cons t ruc t i on  cos ts  than do t h e  very l a r g e  and deep caverns requ i red  f o r  

t h e  UPH f a c i  1  i ty .  Other considerat ions,  however, impact greater  confidence t o  

UPH f a c i  1  i t i e s .  For instance,  t h e  more extensive experience a l ready gained i n  

t h e  design and opera t ion  o f  high-head pump-turbines o f  t h e  type requ i red  ' i s  

s i g n i f i c a n t .  There are, furthermore, s t i l l  some u n c e r t a i n t i e s  associated w i t h  

t h e  design and opera t ion  o f  t h e  compressed a i r  storage caverns f o r  CAES. 

I n  summary, a l though CAES and UPH p l a n t s  have d i s t i n c t  'and d i f f e r e n t  character-  

i s t i c s ,  design fea tures ,  cons t ruc t i on  requirements and opera t ion  modes, bo th  

concepts are now v i a b l e  and f e a s i b l e  f o r  power u t i l i t y  use. The choice o f  which 

a l t e r n a t i v e  t o  s e l e c t  must be made on the  basis o f  a  c a r e f u l  eva lua t ion  o f  t h e  

c h a r a c t e r i s t i c s  o f  each i n  r e l a t i , o n  t o  t h e  requ i red  energy storage duty o f  a  

p a r t i c u l a r  system. 



Table 9-2 

COMPARISON OF OPERATING CHARACTERISTICS 
OF CAES AND UPH 

(On a u n i t  bas i s )  

CAES UPH - 

Operat ing Range: 
genera t ing  (% r a t e d  load)  ........ 10 - 110% 50 - 105% . 
pumping (% motor i n p u t )  105 75% 100% - .......... - 

"Cold S t a r t "  Time: 
generat ing 10.0 min 1.7 min - ....................... 

5.5 min* 
. pumping ... ........................ 5.0 .mi n.. - 9.7 min 

F u l l  Generat ing f rom Spinning 
Reserve ............................ 6.0 min 0.7 min** 

F u l l  Pumping t o  F u l l  Generat i ng ...... 24.0 min 7.7 min 
14.5 min* 2.0 min* 

Rate o f  Change o f  Output ............. 5% per min 0 - 100%/10 s 

*Emergency Loading C h a r a c t e r i s t i c s  
**Pump-Turbi ne Unwatered 
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