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Table A-l.—Cost and Performance of Central Station Photovoltaics

May 1985 technology status Flat-plate Concentrator

Commercial
9.5MWe

general characteristics
1995

20-4,730 MWe2

10 MWe4

2years 5

60-320 acres8

very Iittleg

performance parameters
90-100% 10
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Array Rehablhty A  Compdat!on  of Sarrdia  Corrtr{buted  Papers to the 17th IEEE Photovoltaic
Spec(a/(sts Conference  Or/ando  FL May /.4 f984  Edward L Burgess (ed I ( A l b u q u e r q u e  N M
Sandia Nahonal  Laborator ies 1984) S A N D 8 4 - 1 1 6 7 c  pp 94100

“Capacity factor  IS dehned  as the rallo of actual energy produced by the plant In a year to !he
energy the plant could have generated If It operated conhnuously  al Its ra!ed power The capacity
factor IS a funcllon  of Ioca!ion  The three figures represent Boston Mlaml  and Albuquerque The
high values for (he fixed flat-plate arrays are taken from Taylor op cIt 1983 pp 4-6, the high
values for tracking-arrays were found by enhancing the fixed array data by 40 percent as sug.
gesfed by R E L Tolbert  and J C Arnett  ARCO Solar Design Installation and Performance of
ARCO Solar Photovoltalc  Power Plants Proceedings of 17fh /EEE Pho/ovo/fa/cs  Spectahs!s  Con-
fererrce Ktssimmee,  FL May 1984 p 1149 and the high concentrator values were compiled
from tables from the followlng  1 ) J W Deane and J B Gresham Science Applications Inc Pho-
lovo/falc  Reqwremerrls  Estimaf/orr-A  S~mp/~f[ed Method  (Palo Alto, CA Elecfrlc  Power Research
Instltule  February 1983 I EPRI AP.2475  2) Gary J Jones Superwsor,  PV Systems Development
DIvIsIon Sandla Nahonal  Laborator ies A Comparison of Concentrating CoHecfors  to Tracking
Flat Panels A Corrrpda(lon  of Sar?dla Corffnbuled  Papers 10 the 17th /EEE Phofovo/fa/c  Specla/@
Conference Or/ando FL May 1-4 1984  Edward L Burgess (ed 1 (Albuquerque, NM and Lwer-
more CA Sand!a Nat{onal Laboratories June 1984) SAN D84-t  167c Pp 8-13

In all cases the low capacity factors arbitrarily are set 5 percentage pofnts  below the high value
10 reflect the effects of low operatlrrg  avallablhty  dirt  and other factors of her than long-term cell
degradation on capacity factors

‘zLlfetlme  IS defined as the period In whtch  the energy output of a plant drops by 20 percent
Ronald G Ross Jr Manager Reliablhty  and Engmeerlng  Sciences Flat-plate Solar Array Protect
Jet Propulsion Laboratory mterwew  wlfh  OTA staff, Aug 22 1984

I ]The Iow value  IS an extrapolation of the performance of equl Pment which has already  been
In the field for several years Ronald G Ross Jr op cIt 1984 The high value represents DOE
goals U S Department of Energy (DOE), Fwe Year Research P/an 1984-1988 (Washington DC
DOE May 1983)

“These  figures are based on ad/usted  estimates that modules would have efhclencles  of 11
to 18 percent The 11 percent value IS from a currently commercial module Dan ArvIzu and Michael
Edenburn Sandla Nattonal  Laboratories ArI Overwew  o! Concentrator Technology paper present-
ed at the Annual Meeting of the American Soc!ety of Mechanical Eng!neers  New Orleans LA
December 1984 The 18 percent value represents a module efftclency  based on the best laboratory
slllcon  cell Taylor op clt  1983 The module efflclencles  shown tn the table result from adlust-
mg the 1 ? to 18 percent range to reflect nommal peak operating condlttons  at each site The metho-
dology used IS descr ibed tn app B of an Electrlc  Power Research Inst!tute  report Taylor op
clf  1 9 8 3

“These  figures are based on ad/usted  esflmales  that modules would have efflclenc!es  of 16
fo 25 percent The 16 percent value IS from a currently commercial module Arwzu  and Edenburn,
op clt  1984 The 25 percent figure IS Sandla’s  estimate for the best commercial GaAs module
In the 1990s The module efflc!enc{es  shown In the table result from adlustmg  the f 6 to 25 per.
cent range fo reflect nominal peak operating condihons  at each site The methodology used IS

descr ibed In app B of Electrlc  Power Research Institute Taylor op ctt 1983
~#The Iow end IS a Bechfel  prediction Bechtel  Group l?rotovo/falc  8a/artCe-Of-SyStem Assess.

n?errl  OP c!t 1982 and the htgh end IS a Sandla estimate from Gary J Jones, Superwsor  PV
Systems Development Dwlslon  Sandla National Laboratories Albuquerque NM Interwew  with
OTA Staff August 8 1984

“The low end IS a Bechtel  prediction Bechtel  Group Photovo/(afc  Ba/ance-ot-Sysfem  Assess-
m e n t  op cd 1982 and the high end IS a Sandla esttmate  Gary J Jones,  op cit  1984

~~plant efficiency IS the  product of the module and the BOS efficiencies
19These cost figures do not Include  overhead Cont ingency Or owner’s  costs
ZOThe  low figure represents industry Charles F Gay Vice Pres~dent.  Research & DeveloPrnent

ARCO Solar Inc Intewew with OTA staff Auqust  10 1984 Electrlc  Power Research Institute

Roger Taylor Photovo/talc  Systems Assessment An /nlegrafed  Perspectwe  OP CI! 1983 and
the Department of Energy, U S DOE Fwe Year Research P/an /984-  1988 OP clt  1983 goals
The high figure represents OTA eshmates  of costs ot current commerlal  Ihnes If they were run
at larger volumes of producflon  and used less labor

“The low end represents Department of Energy U S OOE Fwe Year Research P/arr.  1984-1988
op cit  f983, and Sandla Dan ArvIzu  and Mchael  Edenburn,  An Ow?cwew  of Concentrator Tech-
nology  op c!t 1984 goals The high figure IS the cost of the best currently commercial module
If It were produced at 10.20 MW/yr  This IS based on Information from 1 ) Juns  Berzms Intersol
Power Corp Interwew  wlfh  OTA staff August 10 1984 and 2) Dan Arwzu  and Michael Eden-
b u r n ,  A n  (lverwew  o! Corrcentrator  Tecfrno/ogy,  op clt  1 9 8 4

‘] Bechtel Group Photovo/falc  Ba/arrce-of-System  A s s e s s m e n t  OP  clt 1 9 8 2
Z] photovoltalc  Sylems  ‘EPR/ Journa/  VOI 9 NO 6  J u l y / A u g u s t  1984 P P  4 3- 4 5
t~Bechtel  G r o u p  Pholovo/lalc  6’a/ance-of-Sys(em  Assessnrerrf  oP clt 1982
“ ‘Photovoltalc  Sytems EPR/ Jouma/  op cIt 1 9 8 4
Z6Bechtel  G r o u p ,  Phofovo/L?/c 8a/ance-of-System  ASSeSsmeflf  oP cf! 1982
‘T’ Photovoltalc  Sylems  EPR/ Journa/  o p  CI1 1 9 8 4
l~Bech[e{ G r o u p  photovo/fafc  8a/ance-of-System  Assessmem  oP cl!  1982
‘glbld
30 The !Otaj  capital cost IS 91ven  by

CC%l  -  nwule  w!  .  005  &ted cos1  m.m.le  nfflc  e n .  )  .  BCS e t  f!clenc! .  lr~oldr~f  .  BOSIwwr  I  :0s,s

Nominal peak Insolation and efficiency vary In different Iocatlons  so that the capital costs of
a gwen system WIII vary depending on where it IS shed The values gwen represent Capital costs
at Idea/ sites In general these costs WIII be h!gher  From Roger W Taylor Photovoltam Systems
Assessment An /nfegrafed  Perspechve,  op clt 1984 the nominal peak Insolahon  In several
cltles  IS

rofa k* s+-  -I , w  Dare] 3 ,Ocf in  SQ m {0 ?“,  2(.

AI LwQ,wQ,? -  WL c  881

M,am D 821 0 E34

kxlo” 0676 c 521

Note The total cost figures are rounded to the nearest Integral  multlple  of a thousand
3~The O&M cost range used here IS $2 00 to $2 50/square meter per year This IS based on

estimates made In the following 1) Jet Propulsion Laboratory ‘ ‘Summary of Session VI on Array
Maintenance Issue, ” Proceedings of the F/at-P/xc So/ar  Array Pro/ect  Research  Forum on the
Dwgn of F/at-Plate Phofovo/fa/c  Arrays for Centra/  StatIons  (Pasadena CA Jet Propulsion Laboratory
1984) Dec 5-8, 1983, Sacramento, CA DOE/JPL-1012-98  pp 301-304 2) P K Henry ‘Eco-
nom!c Imphcatlons  of Operation and Maintenance “ Proceedings of the F/at-P/afe So/ar Array Pro/eel
Research Forum  on the Desrgrr  of F/af-P/ate  Photovo/ta/c  Arrays for Centra/  Sfat(orrs op ctt pp
315-316

IZOTA Calculation The high estimate IS based on a system efficiency Of O 138 lnSo~atJOn  of O 676
kWe/square  meter, capacity fac!or  of O 2 and annual O&M costs of $2 50/square meter The
low estimate IS based on a system efficiency of O 14, msolatlon  of O 998 kWe/square  reeler ca.
pacify factor of O 3 and annual O&M costs of $2 00/square meter

130TA calculation  The high estimate IS based on a system efficiency of O 08, Insolation of O 676
kWe/square  meter, capacNy factor of O 3, and annual O&M costs of $2 50/square meter The
low estimate  IS based on a system efficiency of O 14 msolatlon  of O 998 kWe/square  meter ca-
pacNy  factor of O 4, and annual O&M costs of $2 00/square meter

340TA  Calculation The high estimate IS based on a system efficiency of O 12 Insolation of O 521
kWe/square  meter capacly  factor of O 2 and annual O&M costs of $2 50/square meter The
low estlmale  IS based on a system efficiency of O 20, Insolation of O 881 kWe/square  meter ca-
pacity  factor of O 35 and annual O&M costs of $2 00/square meter
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‘This Includes  Ihree 25 kWe parabohc dish umls
Weploymenl  scenanos depend heawly on whether or not the currently prowded Renewable Energy

Tax Credit IS extended beyond the end of 1985, and whether the federal government subsidizes
mstallattons  m any other way The low scenario assumes that the only addltlons  to currently in-
stalled capauty will be 1 ) two 25 kWe parabohc dish mstallahons  now being constructed under
the McDonnell Douglas Astronautics Co s Dish/SIWmg Program 2) four additional parabohc dish
mstallahons  expected under the McDonnell Douglas Astronautics Co ‘s Dish/Stwhng Program 3)
100 kWe at the federally sponsored Osage City, KS, Small Community Experiment #1, and 4) 100
kWe af the federally sponsored Molokal,  Hl, demonstration project Under favorable condlhons
(e g with  an exfenslon  of the RTC),  however hundreds of MWe may be Installed  by 1995 see
N[na Markov,  ‘‘Exclhng Developments Reflect Bright Future, Rerrewab/e  Errergy News, VOI 7,
No 2 May 1984, pp 8-12 An upper Iimlt  of 200 MWe WIII be used here, the medtum  deployment
scenano  WIII IS half that figure or 100 MWe

‘Based  on Advanco Corp ‘s Vanguard I module, at dtrect  msolatlon  levels of 1,000 watts/square
meter, ambient alr temperatures of 28 C, wmd  speed of 22 m/s (5mph)  see Byron J Washom
et al Vanguard/ .So/ar  Parabo/lc hh-.sf~rhng  Engine Modu/e  (Palm Springs CA Advanco Corp
1984), final report summary of work performed under Department of Energy cooperahve  agree-
ment DE-FC04-82AL16333, May 28, 1982 -Sept 30, 1984, DOE. AL-16333-2 (84. ADV-5) p 142

4And design and 1 year of construchon
‘Ibid Based on SIX modules per acre
‘Ibid
‘figure for mdwldual  module avatlablhty  Based on informahon  prowded  by 1 ) OTA contractor

N Hmsey Gibbs & HIII Inc mtervlews  with  James E Rogan, Manager Market Development
McDonnell Douglas Astronautics Corp July 16 and Aug 13, f984 2) Byron J Washom,  Presl.

dent, Advanco Corp personal correspondence with OTA staff, Nov 9 1984 3) Advanco Corp
Proposa/  fo (fre U S  DOE Re/a(mg 10 the Srna// Conrrrwrv(y  So/ar Expervnenf  af Mo/oka(  Hawall
(Palm Springs, CA Advance, 1984)

‘The  range provtded  here IS Idenllcal  to that used for fhe photovoltalc  concentrator modules
See Footnote 11 of the photovollalcs  cost and performance table (table A-t) for an explanation
of the capacity factor used there WNhln this range fall estimates from the following sources 1 )
James H Nourse Branch Manager McDonnell Douglas Corp personal correspondence with OTA
staff, Nov 1 t 984, 2) Byron J Washom,  President, Advanco Corp personal correspondence
with OTA staff, Nov 9 1984 Washom mdlcated  that a faclltty  located at Barstow  CA, would
have an annual capacity factor of 257 percent, 3) Byron J Washom,  et al Vanguard / So/ar
Parabohc  Wr-Sf/r/mg Engine Modu/e  op clt , 1984, 4) Tony K Fung, Semor Research Engineer
Southern Cahfornta Edison comments on OTA draft report, Aprd 1985

‘OTA contractor  N Hlnsey,  Gibbs & HIII, Inc mlervlews  wl!h  James E Rogan  op ctt 1984
‘OWashom  op clt  Nov 9 1984 Annual average efficiency at Barstow  CA, would be about

23 percent
I ~ Based on Information provided by 1 ) OTA contractor N Hmsey,  Gibbs & HIII, Inc lnte~lews

with Don H Ross, Director, Energy Systems Center, Sanders Associates, Inc July 1 t and 16,
1984 2) OTA contractor N Hlnsey,  Gibbs & HIII, Inc Interviews with James E Rogan, op cd
1984 3) James H Nourse, Branch Manager, McDonnell Douglas Corp personal correspondence
with OTA staff, Nov 1, 1984 4) Byron J Wasfwm,  Presldenl,  Advancu Corp personal correspon-
dence wtth  OTA staff, Nov 9, t984

Advanco reportedly estimates that mass produced Stlrhng/dish umts  would cost approximately
$2,300/kWe  see ‘SCE’S ‘A/R’ Program Rediscovers a Solar Thermal Power Technology –’The
P a r a b o l i c  Olsh ‘,” SCE R13D Newsletter VOI 13 No 1, 1s! Quarter 1984, pp 1-2

“OTA  figure, based on Information oblamed  from McOonnell  Oouglas and Advanco  Corp. see
Byron J Washom et al Varrguard / So/ar Parabo/lc  f ish-.stwhrrg Engine Modu/e  op cd 1984
and Advanco Corp Proposa/  10 (he U S LXX Re/a(mg to the Snra// Cornrnurufy  So/ar Expermenf
af Mo/okal  ffawal~ op clt  1984 The O&M cost for a commercial module would be $1 ,600/year

and average annual module net outpul  would be 56234 kWh This amounts to 28 mills kWh
a figure wlthln  the lower end of the OTA range

‘] The capital cost for this plant varies most Importantly with the cost of the hehostats  which
here are assumed to 42 percent of total plant costs This colncldes  roughly with esllmates  made
by the Cahforma  Energy Commmon,  the Electrc  Power Research Institute, and Teknekron Research,
Inc Cahfornla  E n e r g y  Commm.ion,  Append/&s,  Techrrma/  Assessrnerrf  Manua/,  op clt  1 9 8 4

Hehosta! costs are especially sensltwe  to the number of hehostals  produced Using extremely
optmstlc assurnphons  about heliostat produchon  levels a Sandla study suggested that heliostat
costs would vary between $100 and $150 per square meter of hellostat ( 1980$) If 520000 heliostats
were produced over an 11 year period see H F Norris Jr and S S White, Manufacturing and
Cost Analyses of Hehostats  Based on the Second-Generation Heliostat Development Study (Lwer.
more CA Sandla National Laboratories n d ) CE83006664  If a single 100 MWe plant requires
about 15400 hehostats  that IS enough heliostats for nearly 34 Installations of 100 Mwe each
The report  suggests that If production were scaled down to half that number (about  17 mstalla.
hens over an 11 year period) the costs per square meter of heliostat could Increase 4 to 14 per.
cent If the larger Increase (14 percent) m hehostat  cost IS applied  to the or!glnal  costs per square
meter one of)talns  a range of $114 to $171 per square meter of heliostats ( 1980$) If a 100 MWe
Installahon  requires 663000 square meters of hehostats  this amounts to $756 to $1 134 per
kWe (1980$) this averages out to $945 per kWe ( 1980$) If enough heliostats for 17 100-MWe
plants are sold

For thts to occur the construction of a heliostat plant would have to be mthated  no later than
1992, as an Inlllal  production facdlty  would take 3 years 10 build a fully automated factory would
have to be Inltlated  even earlier  than that The manufacturer would have to have assurance that
high rates of production could continue beyond the end of the century from McOonnell  Douglas
Response by McOonnell  Oouglas, General Workshop Olscusslon  Ouestions  submdted  to OTA
In response to wrmen  queshons  submitted In connection with OTA workshop on Solar Thermal
Electric Technologies 1984 It IS highly unhkely  that this quanhty  of orders would be expected
to support produchon  over the decade beglnmng  m 1995

Hellostat  costs probably therefore might be considerably higher for the few commercial umts
which are completed m the latter half of the 1990s However, while  low production levels might
drwe costs higher technical !mprovemenls  alone may drwe heliostat  costs downward as much
as 25 percent see California Energy Commission Techn/ca/ Assessrnenl  Marrua/  op c!t 1984
As a rough approxlmahon,  It IS assumed here that the two opposite effects on hehostat costs roughly
cancel each other out

If the heltostat  cost represents 42 percent of lotal  plant costs then total plant costs would be
$2 250/kWe  (1980$) Using the producer price index this yields about $2531 m 1983 dollars
or $2 500 rounded-off This figure IS based mostly on optlmlstlc  assurnphons  for 1995 and there.
fore will be used as the low end of Ihe OTA cost range for 1995

The high end of the range assumes that hehostats  will cost $250 per square meter ( 1983$)
the preser,f  eshmated  cost for hehostats  This  IS based on informahon  from the followlng  sources
1 ) Personal correspondence between A Skinrood  Sandia National Laboratories Lwermore  CA
and N Hlnsey Gibbs & HIII Inc May 11 1984 2) Nma Markov Excltmg  Developments Reflect
Bright Future Renewable Energy News, VOI 7, No 2 May 1984 pp 8-12

If 663000 square meters are required for a 100 MWe plant the price of the hehostats  IS ap-
proximately $1 658/kWe  If this represents about 53 percent of plant costs then total capital costs
would be $3, 108/kWe  This table WIII use fhe rounded figure of $3, 100/kWe as fhe high end
of the cost range This IS somewhat lower than the $3,616/kWe ( 1983$) used In a 1984 analysls
by the Solar Energy Industries Assoclatlon  to represent the cosfs of bulldlng  three central recewer
plants (30 MWe 60 MWe and 100 MWe) between 1985 and 1992 And It IS considerably lower
than the $4 000/kWe figure cded m one source, Markov,  op cIt  1984 as being the present
cost of central recewers,  as estimated by ‘Industry  analysts

Several pubhshed  estimates for commercial units fall within the lower bounds of OTA range
The Cahfornla  Energy Commission uses a construction cost eshmate  In f982 dollars of $2580
(abouf  $2606 m 1983 dollars) for a 1990 central recewer  system with the capacity 10 store 3
hours-worth of power and 10 operate with a capacity factor of 40 percent see California Energy
Commmon op clt  1984 EPRI estimates a stmilar  figure for a 1992 central recewer  see EPRI
Technology Assessrrrerrl  Gwde,  op cIt 1982

It should be noted these earner esllmates  assume mass production of heliostats m numbers
sufficient to allow hehostat  costs to drop to relatively low levels It IS here assumed that mass
production of hehostats  WIII not Immediately follow the startup of the flrsf  100 MWe commercial
demonstration unit, and that  the heliostats utdlzed  by any commercial unifs  which begin operahon
In the 1990s WIII uhhze hehostals  manufactured In relalwely  small batches al costs as high as
$250/square meter yleldlng  plant costs of about $3, 100/kWe  Fortlfy!ng  thts estimate IS the fact
that Solar One cost about $16,060/kWe  ( 1983$) and the projected Installed  cost for Socal  Ed’s
proposed (and cancelled)  100 Mwe unit was about $6,000/kWe  (1983$) see Cahforma Energy
Commwlon,  Tecfrn/ca/  A s s e s s m e n t  Manua/  op clt  1984

“Based  on mformatlon  from the following sources 1 ) Battleson  op clt  1981 2) OTA Work
shop on Solar Thermal- Electrlc  Generating Technologies op clt 1984

Based on 42 percent capacity factor (escalated to 1983$) O&M costs could be reduced with
the Installaflon  of central control facllltles  and rowng  operators from OTA contractor N Hlnsey
Gibbs & HIII lnc Interview with J Bigger Electrlc  Power Research Instttute  May 10, 1984
However a pool of several planfs  IS necessary fo operate on such a basis This WIII most Ilkely
not be the case In 1995 Therefore, O&M costs are not expected 10 drop stgnlflcantly  unhl  many
plants are on-line

E Weber md}cates  a 124 mill/kWh O&M cost for a 60. MW plant wNh a 23 percent capacity
factor, see E Weber,  “Fmanclal  Requirements for Solar Central Recewer Plants’ (Phoemx,  AZ
Arizona Publtc Serwce  Co 1983)

This IS considerably higher than the esllmate  prowded  by Teknekron  Research Inc Energy
and Environmental Systems Dwlston,  Daft Cos( Esfmates  and  Cos/-Forecastmg  MeVrodo/og~es
for Se/ecfed  Nonconvenftona/  Hecfrfca/-Generalfon  Techno/og/es,  submitled  to Technology Assess.
menls  Project Off Ice, California Energy Commlsslon,  May 1982 This report eshmated  that annual
O&M for a 100 MWe plant would be $1,166000 (1978$) Assuming a 42 percent capacity factor
[his amounts to 46 mdls/kWh  (1983$) The figure however IS lower than would be obtained
If another source’s estimate of annual O&M of $56 millron/year  ( 1981$) for a 100 MWe plant
IS used see J R Roland and K M Ross Solar Central Recewer Technology Development and
Economics–100 MW Uhhly Plant Conceptual Englneer[ng  Study, ’ op cd 1983 That figure
wtth  a 42 percent capacity factor would yield about 16 mills/kWh In 1983$



App. A—Cost and Performance Tables • 307

Table A-2 b.—Cost and Performance of Solar Thermal.
Electric Plants Central Receivers’

of  an Advarrced  Waler  SJearri Rece/ver for a So/a,  Them~~/ Cerfr.i/  Power Sysfem  ( LIU mgsfon  N J
Foster Wheeler Development Corp 19821

In the OTA s Solar Thermal Electrlc  Power Workshop June 12 1984  Charles Finch of McDon
nell Oouglas Indicated fhat lhe gross capacity of a plant should be 110 MW If II IS 10  ylelo 100 MW ret

It should be noted [hat Industry  observers foresee an Imtlal  development of 30 to 50 MW mod,l
l~r demonst(at~ori umfs Subse~uent  commercial umts could possibly De multiples of 50 MW plants
This IS based on !nformallon  from 1 I E Weber Arizona PutlIc  Serwce  personai  correspondence
with N Hlnsey Gibbs & HIII Inc May 10 1984 2) A Sklnrood  Sandla Nat ional La bo,atorles
p e r s o n a l  corces~ondence  with N Hlnsey Gibbs & HIII Inc May 1 I 1984

‘Two years of preconstruction hcenslng  and desiqn and 3 years  of construcf[on  see Elecfr!c
P o w e r  R e s e a r c h  I n s t i t u t e  Tec/rn/ca/ Assessmen/  Gutde op CII ‘ 982 and K Bal\leson  Sof,?r
Power Tower Des/gri Gwde So/dr Therrr?a/ Cerrlra/ Rec(evef Power  Syslem$  4 Source O( E/eclrlc
/y and  ‘or  Process Heal  I Albuquerque NM Sandla Nattonal Labs April 1981 SAN081 800CI
The latter report estimates 4 years but does no! include permltllnq  and hcenslnq

Callforrma Energy Comm[sslon  (CEC I Technology Assessments P~o)ecl  Off Ice Acmerrd/ces  Tech
mea/ Assessment Manua/  (Sacramento CA CEC 1984 I vot I 3rd ed Th{s soufce  esllmates
a lead time of 8 years II Includes time for advance plannlng “ yearj  ‘egulatory  I 2 y e a r s ,  p u r
chase orders  ( 1 year I and construction and start  up 14 years  I

Based on approximately O 53 acres/mlll[on  Btu hr for a plant w,lh  a capaclfy  facto of 42 per-
c e n t  a n d  2 8 5 0  kWh sq m-yr  Insolal[on  see Battleson  op cIt 1981

In one source Arizona Publlc Serwce Co Responses 10 (luestions  Pertalmng  10 Solar Ther
mal Electric Po~er Planfs for (he Off Ice of Technology Assessment s hew  Generahrrg Technology
Cosl and Performance Workshop June 1984 I! was estlmafed  that about 84 acres per MWe
would be requlrea for a cenfral recewer  system this would amount 10840 acres  for a 100 MWe plant

“ The water requirements for a solar plant would be essermally  the same as those tor a water
cooled fossil powered ubhly p(ant There woutc De a small Incremental water requirement for wash
Ing heliostats 15000 gal Iyr  per MWth peak I Battleson  OP cIt 1981 Waler  requirements for
a conventional power Dlant are 675 gal ‘ hr MW see K veagar  F/ulmzed  Bed Cornbus(IorI 40
EVOhJ1mrMrj lrnpro~erner?l  In Electr~c Power  Gene,akm  VOI 1 Augusl  1980 USDOE CONF 80048
This corresponds fo 680400 gal ‘day for a plant with 42 percent capaclfy  factor This figure ad
ded to 5000 gallday  for washlog  heliostats (380 MWth + ‘00 MWe,  ylelcs  685400 gal oay

‘Based on Information from the followlng  sources 1 I N Hlnsey Gbbs  & HIII lnc OTA con
tractor  lnterwew  with E Weber Ar izona publ)C Serwce May 10 1984 2 I N Hlnsey  of G ibbs
& HIII Inc OTA contractor Interwew  wlfh  A Sklnrood  Sandia Nat ional  Laborator ies Llvermore
CA May ! I 1984 3) U S Congress Off Ice of Technology Assessment Workshop on Solar Thermal
Electrlc  Generating Technologies Washington DC June 12 1984

Avallablflty  must be 90 percent or greater especially for an Intermedlale  dut]  umt to be serl
ously considered by uflhhes O Van Alla Israell Solar Plant Blooms Englfleew?g  News  Recora
VOI 211 NO 2 ? Nov 24 1983 This figure is supported by J R Roland and K M Ross Solar
Central Receiver Technology Development and Economics– 100 MW Utlllfy  Plant Conceptual En
glneerlng  Study  Energ}  T e c h n o l o g y  X  A Decade of Progress  R i c h a r d  F  tiIll I e d  ) ~ R o c k
vd(e M O  Govemmen[  lnstllutes  lnc 19831 pp 1421-1444

I oFrom Gibbs & HII  Inr, ~vervje~  a n d  Eva/ual/or7  of New and Ccmverrhorra/  Hecmcal  Generaf
frrg Techno/og/es  for fhe 1990s OTA contractor report 1984 Actual capacity factcrs  WIII vary
considerably depending on system design Iocatlon and operating practices

The Califorrwa  Energy Commlss[on  (n a 1984 report assumes a 40 percenl  capaclfy  faclor  for
a unlf  wdh  3 hours’ worth of sforage For the same amount of storage EPRI assumes a capacity
factor ot 30 pe?cent  and ?eknekron  Research Inc assumes a capacity factor of 50 percent see
Electrlc  Power Research Inslltute  Techrro/ogy  Assessment Gu~de OP cIt 1982 and Teknekron
R e s e a r c h  Inc Cost Esfmrales  and Cosl Fo,ec;sfmg  Mefhodolog(es  for Se/ected  Nor?corrvenljona/
Hecfrlca/  Gecrerakm  Techno/og{es  (Sacramento CA CEC 1982] CEC Report No P300 300-82-006

‘ ‘ B a s e d  o n  Informaflon  (n the followlng  s o u r c e s  1  I Battleson  op cif 1 9 8 1  2 1  h Hlnsey
Globs & HIII Inc OTA contractor Interview w[th  J Bigger Electrlc  Power Research Instlfule
May 10 1984 3)  E Weber Fmarrcia/ /?equrerrrerrLs  for So/ar Centra/ Recewer  Harm (Phoemx
A Z  Arizona  Publlc Serwce Co  1983 )

‘ ‘From Gibbs & HIII Inc Owerwew and Eva/uaf/orr of New dnu Ccmverrlmna/ E/eclr/ca/  Gene,jr
m g  Techrro/og/es  for Ihe 1990s o p  cd 1984
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Table A.3.—Cost and Performance of Medium-Sized
Wind Turbines

May 1985 technology status



Table A-4.—Cost and Performance of Geothermal Technologies

—
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Binary’

May 1985 technology status Dual flash Large/small

‘Two scales of binary technology are Included Although large binary geothermal plants WIII benefit
from economies of scale smaller modular wellhead  units WIII also be deployed Smaller 5 to 10
MWe modular untts  WIII allow the progresswe  development of a geothermal resource This ap-
proach lessens the mlflal  upfront  dedication of capital and allows for demonstraflon  of the resource
Module sizes of 10 MWe for flash umts  are most Itkely  the smallesf  to be developed due fo Ilmlfa
tlons  In turbine design f rom R Walter and N Hlnsey Glbtzs & HIII Inc personal  correspon.
dence wNh OTA staff May 7 and June 26, 1984

‘Geothermal dual flash technology IS considered commercW  today see W Colllns  Pmceedmgs
of fhe Geothermal Program Rewew // (Washington OC U S Department of Energy Oecember
1983) CONF-831O177 Nearly 400 MWe of dual flash generated eleclrlclty  was installed world-
w!de by the end of 1983 see R OIPIppo Worldw[de  Geothermal Power Development Geofher-
ma/ Resources CouncI/  Bu//elm  VOI 13 No 1 January 1984 The first U S uruf  IS expec ted
to operate commercially (n 1985

‘The larger bnary  cycle plants  WIII have the!r  first demonstration when a 45 MWe plant operates
{n 1985 at Heber CA Small units are already operating at several locations In the U S

‘Although no dual flash umts  are presently operafmg  m the U S a 30 MWe urvt has been  oper
atlng  since 1981 at Cerro Prleto Mexico 50 km south of Caltfornla  An addmonal  440 MWe (four
110 MWe unds~ of dual flash capacNy IS expected to be on.lme  this year In the same vlclnlty
The flrsl  U S dual flash unit (47 MWe)  IS under construction at Heber see DIPIppo  op cIt 1984

‘Since  the most recent and comprehensive estimates referenced make no dlstlnchon  between
binary and dual flash plants a single set of deployment values are pro)ected

‘From  the Electric  Power Research Institute s LMllty  Geothermal Survey s poss[ble’  estimate
of U S geothermal electricity power capacity In 1995 see P Kruger and V Roberts ‘‘ Uhhty In
dusfry  Esllmates  of Geothermal Energy Geo(herrna/ Resources CourIcd Trarrsactfons VOI 7 Oc
tober 1983 pp 25-29 Eshmate has been corrected to exclude 2680 MWe expected a! The Geysers
In 1995 see T Cassel et al Nahona/  Forecasf  for Geotherrna/  R e s o u r c e s  Exp/orakm  and  f7e-
ve/oprnerrf (Washington DC U S Oeparfmenf of Energy March 1982) OOE/ET/27/242-T2

‘Kruger and Roberts op clt  1983 Esflmate  has been corrected to exclude 2680 MWe ex-
pected at  The Geysers In 1995 see Cassel et al op clt  1982

aThe low end of Ihe range represents the tofal generaflng  capauly  (dual-flash and binary only)
now Installed or under construction The high end of the range IS derived from Kruger and Roberts
op cIf 1983 This figure has been corrected to exclude 1,753 MWe of capacity at The Geysers
edher operahng under construchon  planned or a speculate addlhon see OIPIppo op cIt 1984

‘An  EPRI UtIIIty  Geothermal Survey Ind{cated that nearly 60 percenf  of respondents consider
50 MWe to be fhe minimum size for a commercial plant W(fh regard 10 Optlmu!n  Size commercial
plants two. fhirds  motcated  a preference for 100 MWe and one-third for 50 MWe see V Roberts

Utlhty Induslry  Esflmafes  of Geothermal Eleclrlclfy ‘‘ Geoffrerma/ Resources Coumx  8u//ehn  VOI
11 No 5 May 1982 pp 7-10 California regulations reqwre  that electrlc  generahng  Iacllitles
greater than 50 MWe ( netl  file for cerhflcat!on  and also perform a documentahon  of fhe resource
and technology To date all geothermal plants planned or under construction (excluding The Geysers)
[n California do no! exceed 49 MWe ( net) tn order to avo!d the delay and cost of complylng  with

regulations for umts  larger than 50 MWe (nef)  Since most geothermal development IS expected
to occur In Callforma  (n fhe nexl  5 to 10 years 50 MWe appears to be a reasonable s!ze for lhe
reference plant discussed here This IS based on mforrnahon  prowded  by 1 ) Walter and H!nsey
op clf  1984 2) R OIPIppo,  Southeastern Massachusetts Unwerslfy,  personal correspondence
with  N Hinsey  G!bbs & HIII, Inc M a y  7 ,  1 9 8 4  3 )  C o l l i n s  o p  cd 1 9 8 3

Gross plant size shown (53 MWe) represents thaf of a dual flash system
‘“Same rabonale as m footnote 9 Binary cycles require much more auxlllary  power to pump

brine and would need a 70 MWe turbine (size reduction would occur as efficiency of the cycle
IS Improved) see OIPIppo, op clt  1984

“Several observers have projected that modular, wellhead  umts  wdl comprise a large porflon
of binary development at lower temperature, less understood resources 1 ) Jack S Wood Wood
& Associates personal correspondence wdh OTA staff Oct 6 1984 2) Evan Hughes Eleclrtc
Power Research Instdute,  personal commumcation  with OTA staff Oct 4 1984 3) Janos Laszlo
Senior Mechamcal  Engineer, Paclflc  Gas & Electrlc  personal commurvcatlon  wlfh  OTA staff Oct
10, 1984

The 5 MWe umt corresponds to a powerplant  geared to the output of one well from Ben Holf
Ben Holt Co personal commumcation  wdh OTA staff Sept 10 1984

,? Great Varlatlons  may result  from hcenslng  requwements  about which there IS considerable
uncerfamty  The first umt at a given site WIII take longer possibly 5 years due to Imflal  permlftlng
and Ilcensmg  Subsequent unds could require as Idtle  as 3 years Based on Information prowded
by 1 ) OTA, Workshop on Geothermal Power Washington DC June 5 1984 2) Cassel et al
Op c!t 1982

I JFor  large Units sw foofnote  13 Smaller units can be factory fabricated and shipped to the
sNe much quicker than larger unds Modular urwts depending on the ste could be brought on-
Ilne In as few as 6 months (not mcludlng  permlftlng  and Itcensmg)  Jack S Wood, Wood & As-
sociates,  personal commumcatton  wdh  OTA staff Oct 6, 1984 !ndtcated  that It takes only 100
days to full operation after a modular umt arrives onslte  Incluslon  of hcenslng  and permdtlng
should extend Iead-time to 1 year Great variations may result from Iicensmg  requirements about
which there IS considerable uncerfamty

I~OTA Workshop on Geothermal Power op cd 1984 This value does not include the entire
area of the field because much of the land above the field can stall be utilized and only part of
the surface IS occupied by the factlntes  (Modular units would be at the low end of this  range )

~ ~The  larger  units should require up to 20 acres—similar to dual flash units from  Walter  and
Hmsey,  op clt  1984 A smaller urut can vary from less than 1 acre for a modular contalner-
mounted unll  103 acres for a untt stmllar  to an East Mesa CA wtil see G{bbs & HIU Inc Over-
wew  Fva/uahoff  of New  and Corrverrf~ona/  Hecfr/ca/  Geflerarmg Tecfrrro/og~es  for ffre f990s  OTA
contractor report Sept 13 1984

‘eBased on an estimate made by J A Blckerstaffe,  Gibbs & HIII, Inc personal correspondence
wtth  OTA staff, May 1 1985 he eshmated  that the 47 MWe (net) Heber dual flash umf WIII require
approximately 2800 gallons/mmute  of make-up waler This figure was adjusted for the sllghtly
larger 50 MWe (net)  reference plant operating wOh a capacity factor of 70 percent The figure



310 . New Electric Power Technologies: Problems and Prospects for the 1990s

assumes that all steam condensate IS rempcted  with the spent brine If any of the condensate
IS used for cooling purposes, make-up water requirements will be smaller

“Based on estimate that the 45 MWe (net) Heber  Binary plant will consume water at a rate
of 3,700 gallons per minute The water requirement was esttmated  by Southern Cahforma  Ed(son
Co (n comments made on OTA draft cost and performance tables, Apr 10, 1985 This was ad-
justed for the shghtly larger 50 MWe (net) reference plant, operating w!th  a capacity factor of
70 percent

“Based on estimate made by Zrl Kneger of Ormat  Turbines Mr Krleger stated that a 20 MWe
(net) Installation conslstmg  of 26 modules planned for East Mesa, CA, would have make-up waler
requirements of about 1,500 to t ,800 gallons/mmute  This was adjusted for the considerably smaller
7 MWe (net) reference plant, operating with a capacity factor of 70 percent

‘80TA Workshop on Geothermal Power op cd 1984
‘“lbld
“lbld
‘Zlbld
?Joeslgn life of current plants  IS 30 years This IS nof expected to change m the next 10 Years,

f rom Walter  and Hmsey,  op clt  1984
Z4r3TA  Workshop on Geothermal Power Op clt  1984
~~Evaluated  al a 400 c F resource

‘°Flgures  shown represent ‘‘ nel brine effectweness’  (defined as watts of net electrlc power
output per pound per hour geothermal flow) m w-hr/lb  For current state-of-the-art power sys-
tems the net brine effectiveness ranges from 70 to 80 for dual flash cycles, respec!wely, given
a resource temperature of 200= C (400 ~ F), see T Cassel,  C Amundsen,  and P Blalr, Geotfrer-
nra/  Power P/arrf  R&D, An Ana/ys~s  of Cosf-Perforrnance  Trade-offs and the /feber Mrrary Cyc/e
Derrronstratlon Pro/ecf (Washington, OC U S Department of Energy, June 30, 1983), OOE/CS/
30674-2 Oual flash IS a mature technology and basic cycle efflctency  improvements are not ex-
pected as with conventional cycles, gains m efficiency can be achieved through greater capital
and operating expenditures Economic conslderallons,  as opposed to technical breakthroughs,
drwe these declstons,  see Gibbs & HIII, Inc op ctt  1984

?TF(gures  shown fo r high,  medium, and IOW  represent ‘‘net brine effeCIWeneSS’  (defined as

watts of net electrlc  power output per pound per hour geothermal flow) m w-hr/lb For current
state-of .the-art  power systems the net brine effectweness  is about 95 for binary cycles, respec.
twely  gwen  a resource temperature of 200 C (400” F), see Cassel,  Amundsen,  and Blalr,  op
ctf 1983 Reference 10 reveals fhat  an advanced binary sysIem  (ut!hzlng  a countercurrent con-
densor  and a recuperator) brine effectweness  could reach 11 9 for a 2000 C resources with 2,000
to 100000 ppm total dissolved solids,  wtth  add!tlonal  penetration Binary cycle research Indicates
that there WIII be Improvements In brine effectweness  as more work IS performed on dlrecl  contact

heat exchangers, staged heat relectlon, recuperafton  and counter-current condensing Twelve
w-hr/lb represents the est!mated maximum probable net effectweness,  see J Whltbeck,  Idaho
Nahonal  Englneermg Lab, ‘‘Heat Cycle Research Program, Proceedings of the Geotfrerma/  Pro-
gram Review // (Washington, OC U S Department of Energy, December f983), CONF-831O77
The smaller binary plants are not as efflclent  as fhelr  larger counterpafls  With slgmftcant  penetra-
tion net effeclweness  could increase to 9 w-hr/lb, from H Ram, Ormat,  Inc , personal communi-
cation with OTA staff, Oct 6, 1984

ZIBased on Information from t ) Walter and Hmsey,  Op cit , 1984 2) OTA  workshop  on Gee”
thermal Power,  op cit  , 1964 3) Cassel,  Amundsen,  and Blar,  op cit., 1983

Capital costs are not expected to decrease as a function of on-hne capaclfy  Small, modular,
flash umfs  (approximately IOMWe)  cost $t ,500 to 1,600/kWe for single units (based on data
from Gibbs & Htll,  San Jose Off Ice) When several umts  are purchased together the cost could
be as low as $1 ,000/kWe,  from Walter and Hinsev,  op clt  1984 Installations at highly sahne
resources WIII  be more costly, however

?? Based on Information from the following sources 1 ) Walter and Hmsey,  OP clt  1984 2)
OTA Workshop on Geothermal Power, op clt  , 1984 3) Gibbs & HIII, Inc op clt,  1984

Capital costs are not expected to increase as more units are deployed Large binary  plants WIII
have larger capital costs because of the greafer  complexly revolved

JOThe smaller  binary plants WIII have higher Capital costs than large binary OYO18 Plants  Costs
of $2,000/kWe have been reported for a 7 MWe (net) plant, from HoIf, op clt  , 1984 Very small
5 MWe, contamerlzed,  binary umts have been adverflzed  for $1 ,500/kWe,  installed, from Ram,
Op Clt  1984

IIOTA  workshop on Geothermal Power, op Clt , 1984 O&M costs of Plants now m OPerafmn
vary widely due to the quahtles  of the resouces  being utlhzed  The Heber  flash plant has an O&M
cost of 103 mW/kWh  and could be considered average Advances m operation, mcludmg com-
puterized  controls and rowng operators, could reduce the operating component of O&M costs some-
what m the nexl  10 years But Ihls  Improvement would not be sigmftcant  when compared to the
possible range of total O&M costs, see Walter and Hlnsey,  op cit  , 1984

3’O&M costs are expected to be the same as those of the dual flash technology Based on infor-
mation  provtded  by 1 ) Walter and Hlnsey,” op cit  1984 2) OTA Workshop on Geothermal Power,
Op clt 1984

I~OTA workshop on Geothermal Power, op CII 1984 Brine COSk  reSUlt  from negotiation wflh

the brine suppher  The brine cost WIII tend towards a price which causes the total cost of the
geothermal plant to be competttwe  with the least expenswe  alternate form of base load genera-
tion Oependlng  on location, this could vary between 20 to 70 mlHs/kWh,  see P Blair,  T Cassel
and R Edelsteln,  Geofhernra/  Energy /rrvesVrrerrt  Dec/s/ons  arrd Cormnerc/a/  Oeve/opmefll  (New
York Wdey  Intersclence,  1982)
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Table A-5.—Cost and Performance of Large
Atmospheric Fluidized-Bed Combustion Systems’

May 1985 technology status

Level of technology development: commercial demonstration
unit under construction

Installed capacity (large units only): none
Reference. system: general characteristics
Reference year: 1990
U.S. deployment level scenario, 1990 (large units only,

including retrofit units):3

High. . ........735 MWe
Medium . ......610 MWe
Low . .........510 MWe

Plant size (no. of units x unit size):
Gross . . . . .1 x 163 MWe
Net . . . . . . .1 x 150 MWe

Lead-time: 5-10 years4

Land required: 90-218 acress

Water required: 1.5 million gallons/dayE

Reference system: performance parameters
Availability: 85-87 percent7

Duty cycle: base/intermediate
Plant lifetime: 30 years
Plant efficiency: 35 percents

Reference system: costs
Capital costs: $1,260-1 ,580/kWeg

O&M costs: 7.66 mills/kWh’O

Fuel costs: 17.4 mills/kWh ”

‘Unless otherwise  speclhed  the figures relate to entwely  new ‘‘grass roots” electrlc  power-
plants not to the retrofits  of flu!dlzed  bed combustors  to exlstmg power plants Also unless otherwse
stated the figures apply only to plants des!gned  and operated to produce electrlc  power only,
cogenerators  are excluded

‘Note that three large retrofd  umts  are under construction Two of these are utillty demonstra-
tion units,  one IS a commercial  nonutlllty  umt

‘The deployment figures  include bofh enttrely  new plants and retroftts  All deployment levels
assume that the following plants WIII have been completed and will be operating by 1990

–Tennesee  Valley AuthorNy  Shawnee Urut 160 MWe, to be completed 1989
–Colorodo  Ute, Nucla untt,  100 MWe, to be completed 1987 (retrofit)
–Norihern States Power Co Black Dog Unit 2, 125 MWe, to be completed t986 (retrofit)

–Florlda Crushed Stone Co Brookeswlle  FL 125 MWe to be completed 1987 (retrofit
cogenerahon)

The low scenario  assumes that no plants other than those Itsted above WIII be operahng  In 1990
The high scenario assumes that two add!tlonal  retrofit urut WIII be operahng  with a total additional
capacdy  of 225 MWe and the medium scenario assumes that one addNlonal  100 MWe umts  WIII
be operating Neither the medium nor the high scenarios are expected only the low one IS

‘It IS assumed that the AFBC WIII have roughly the same Iead.time as the IGCC This assumes
3 to 5 year preconstruction period and a 2 to 5 year construchon  period Exceptionally favorable
circumstances could lead to Iead-times below this range unusually poor condlllons  to result In
a higher Iead-time

5Usmg  a figure  of O 6 to 1 45 acres/MWe  The land estimate includes the land required for
solid waste disposal  and coal storage This figure IS based on two sources 1 ) Batfelle  Columbus
Dwlslon,  Fma/ Reporf  orr A/ferrratwe  Gerreraflon Technologies, VOIS I and II (Columbus OH Bat-
telle,  1983) This source Indicated that a 1 000 MWe plant would require 1 450 acres this aver-
ages out to 1 45 acres/MWe  2) Kurt E Yeager, Electrlc Power Research Institute ‘Coal Uhhzatlon
in the U S –Progress and Pttfalls  “‘ Proceedings of the Sixth In fernaflonal  Conference on Coal
Research, London UK, Oct 4, 1982 (London, UK National Coal Board, 1982) pp 639-664
This source suggests that 1,200 acres would be required for a 1,000 MWe plant this averages
out to 1 2 acres/MWe  3) James W Bass, Ill Prolect  Engineer, AFBC Technical Serwces  TVA
personal correspondence with  OTA staff Apr 30, 1985 He estimated that the TVA 160 MWe
demonstration plant WIII  occupy approximately 93 acres This amounts to about O 6 acres/MWe

‘Based  on an estimate that an AFBC would consume approximately O 6 gallons per kWh and
a capacity factor of O 7, see Yeager,  op cd 1982 These figures are consistent with  esllmates
made by Bass, op cIf 1985

7Based  on Information provided by 1 ) Workshop on Fluldlzed-Bed  Combustors  OTA, Washing-
ton OC, June 6, 1984 2) Electrlc  Power Research Instllute  Techn~ca/  Assessment Gwde (Palo
Alto, CA EPRI, May 1982), P-241O-SR 3) Stratos  Tavoulareas.  Project Manager Fluldlzed  Com-
bustion,  Coal Combushon  Systems Dw!slon EPRI, personal correspondence with OTA staff Feb
19, 1985

‘Based  on Information  provtded  In the fol lowing sources 1 )K E Yeager ‘Fluldlzed  Bed
Combustion–An Evolutionary Improvement In Electric  Power Generation, The Proceedings of /he
SLWI /nternaf/ona/  Corrference  orI F/u/d/zed-8ed  CorrJbustIon  Apr 9-11, VOI 1.1980, CONF-800428
2) ‘‘EPRI, B & W Score Major Advance with Atmospheric Ftuldlzed  Bed Boiler The Energy Da//y
Oct 10, 1979 3) Burns and Roe Concepfua/  Des/gn of a Gu/f Coast Llgrv[e-fwed  Atrnospher/c
F/u/d(zed-Bed  Power P/an(  (Palo Alto CA Electric Power Research Instlh.rte 1979) EPRI EP-1 173
4) R Smock, ‘‘ Utildies  Look to Fluld Bed Design as Next Step In Boder  Design, E/ecfr/c  Llgfrf
and  Power, VOI 62 No 7, July 1984, PP 27-29 5) Yeager,  OP clt  1982 This source suggests
that a 1,000 MWe untt would have an efficiency of 353 percent

‘The high end of the range IS based on an estimate made by Tavoulareas,  op clt May 15
1985 He estimated that the costs, In 1984 dollars, might be approximately $1 ,640/kWe  for a
plant w[th  a net capacity of 1933 MWe (209 6 MWe gross) Converted to 1983 dollars using
the Handy Whitman Bulletln  Cost Index (see Defmdlons  section of this apppendtx),  this  yields
$1 ,580/kWe  This IS considered the high range of the OTA estimate The low end of the range
IS set 20 percent lower than that figure, or $1,260

~oThls IS based on an estimate made by Tavoulareas  op clt  1985 He estimated that the O&M
costs, in 1984 dollars, might be approximately 796 mills/kWh for a plant wtlh  a net capacity
of 1933 MWe (209 6 MWe gross) Converted to 1983 dollars using the Handy Whttman  Bulletln
Cost Index (see DeflnNlons  sectton),  this yields an O&M cost of 766 mills/kWh

“Based  on a 1990 coal cost of $1 78/mNlon  Btu (see detads In the DefmKlons  section of this
append!x  for an explanahon  for fuel costs) and an average annual heat rate of 9751 Btu/kWh



312 ● New Electric Power Technologies: Problems and Prospects for the 1990s

Table A.6.—Cost and Performance of Integrated
Gasification/Combined-Cycle Powerplantsl

May 1985 technology status
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Table A-7.—Cost and Performance of Fuel Cell
Powerplantsf

May 1985 technology status Large Small

1.5 ‘MWe4 “

2 x 200 kWe
2 x 200 kWe

2 years

42-11.5
42-11.3
4 3 - 1 0 7

30-33
‘Only ohosphonc-acrd  fuel cells  are corrsldered
z I n 1983 no commercial.scale demons! rallon umts were operallng  In the Unlfed States In 1984

the hrst  of a ser,es of about fifty 40. kWe umfs were operaflng  In the Unlfed  States and a 4 5
MWe faclllty  was operat[ng  (n Japan Further demonstration units are planned for Ihe next hve
y e a r s  In a varlely  of szes  bo[h In Japan and In the Unifed  Sta tes

‘These umts  are 40 kWe and are substantially different In desgn  trom the larger unlfs  (wlfh
capaclt!es  of several hundred kWel  expected 10 be commercially deployed In the 1990s

‘This conslsfs  of 38 units rated at 40 kWe each
‘The  low estlmale  assumes that approximately fifty 40-kWe  (net) unlfs  two 11 -MWe unlfs  and

two 7 5-MWe  Dowerplants  WIII have been installed by 1995 All would be demonstrahon  units
some of which WIII cease operallon  betore 1995 The low scenario assumes that no commercial
units WIII be operahrrg (n 1995

The meclum  scenar!o assumes lhe followlng  1 ) The bulk of Inlhal orders WIII be for large fuel
cell powerplanls  rather fhan small ones 2) Investors WIII not Inltlate  commercial fuel-cell projects
until they have seen demonstration un!ts operating tor a year 3) Large commercial demonstrahon
uru!s WIII go Into serwce  In 198889 and Investors WIII Irullate projects no sooner than 1989-90
4 I Demonstration and commercial prolects  WIII have Iead-hmes  of 3 years the commercial projects
therefore would  not yield operating generahng  capaclfy  until 1992-93 5) Beglrrmng in 1992-93
an average of 200 MWe of fuel cell powerplants WIII be placed (n operat[on  each year through
1995 Th(s deployment level IS considered by industry sources to be the mmlmum  level which
allows the economic production of fuel cells In one manufacturing faclllty  Thts IS equwalent  10
the startup of about eighteen 11 MWe plants each year

Th[s results In a deployment scenano of 400 to 600 MWe (absorbing all of the fuel cells produced
In 2103 years from a single manutacturmg  facdtfy)  This IS equwalenl  to between thirty.six and
fifty-five : 1 MW umfs  though In actuallty  the [nstalla!lons  would vary In size

The high scenario IS based on assumptions ~ 1 ) through (4) above Assumpllon  (5) however
IS changed to an average deployment level of 400 MWe annually from 1992-93 through 1995–double
the deployment levels assumed (n the medium scenario This results In a deployment level In 1995
of 800 to 1 200 MWe This deployment level could be met by expanding the fuel-cell output of
a single manufacturing plan! or by operating more than one manufactunrrg  plant Under this
scenario the equwalent  of lhlrty-slx  11 MWe plants would be started up each year, starfmg  In
1992 or 1993 a total of 73 to 109 such plants would be operating by mld-1995  under fhls Scenario

‘The  small fuel cell mstallatlons  deployed m the 1990s hkely WIII be budt around two or more
stacks each capable of delivering 200 kWe (net) AC It IS assumed lhaf  two stacks WOUIO be used
In the reference plant but several more mlghl  be deployed at any one ste It IS assumed that
the large fuel cell [nslallatlons  In the 1990s WIII be bud! around stacks each capable of generating
250 to 700 kWe (OC) Installafton  capaclly  probably would range from several megawatts and
up The Insfalla[lon  assumed here would consist of approximately 18 stacks, each capable of gener-
ating  675 kWe (DC) While larger or somewhat smaller mstallahons  are hkely to be budt and oper-
ated their cost and performance should roughly colnclde  wlfh  that of the t 1 MWe plants

‘The lower esflmale  for the large fuel cell mstallaflon  IS based on discussions at OTA Workshop
on Fuel ~ells  Washington DC June 6, 1984 The upper estimate for fhe large plant IS based
on esflmates  made by Cahforma Energy Commission Tecfrmc.al  Assessrnerrf  Mamza/ VOI 1 Edi-
hon Ill  (Sacramento CA CEC 1984) P300-84.013  and by OTA staff The greatest uncertainty
m the range results primarily from uncertainty regarding regulatory delays Many of the fuel cell
Insfallatlons  are hkely to be deployed In areas where Ilttle  prewous  powerplant development has
occurred and where population densdles  increase the posstbddles  for regulatory confhcts  The
potenfial  for regulatory problems was exemplified by a 45 MWe demonstrahon  umt which was
budt (but never operated) m New York CIfy Numerous unanhctpated  regulatory delays were en-
countered, and prevenfed  the expeditious completion of the plant approval of the project by New
York City’s fire department fook 3 years

The estimate for the small fuel cell lnstallatton  IS based on discussions at OTA Workshop on
Fuel Cells op clt  1984 The extremely small size of fhe plant suggests thaf regulatory delays
would be considerably less problematic than would be the case with larger plants Some wlfhln
the Industry  believe that Iead.limes  could be as short as several months see R A Thompson
Manager Business Planmng,  United Technologies Corp Fuel Cell Operations personal correspon-
dence with OTA slaff  Feb 15, 1985

‘Burns  &  McOonnell  Englneerlrrg  C o  Sysfern  Harmer Gwde  for Eva/uahng  Pfrospfrorlc  Ac(d
Fue/ Cc// Power P/ants (Palo Alto CA Electric Power Research Instttute,  1984) EPRI EM-3512
See also comments of Thompson op cd 1984

‘OTA esftmate  based on two modules, each measuring 30 x 8 feef ~hls  IS fhe size of module
suggested by Richard R Woods Jr Manager Fuel Cells Gas Research Ins!lfute  In personal
correspondence with OTA staff Feb 4 1985

IoUn)ted T e c h n o l o g i e s  Corp  Speclf)caflon  for Djspersed  Fue/ C c / l  Gerrerator lnterlm  Repofl ( palo

Alto CA Electric Power Research Instlfute  19BI I EPRI EM-2123 Project 1777-1
“ Umted Technologies Corp Power Systems Dlvlslon  Drwle  40-kf/owaH  Fue/ Cc// Power P/anf

Mode/ Specffcal~on  prepared for U S Departmen! of Energy and the Gas Research Instlfute  (South

Windsor CT Umted Technologies September 1979), FCS.1460
j2Thls IS based on Fuel Cell Users Group. System Planning  Subcommittee Ad HOC Rellablllty

Task Force Reporf  on Fue/ Cc// Rehabdfly  Assessment (Washington DC Fuel Cell Users Group
March 1983) The report recommended use of an 85 percent avatlablllfy  factor In system plannlng
studies for large fuet cell powerplant  Installations It however stated that avadabdlty  could range
between 80 and 88 percent, depending on assumptions made about component redundancy and
about the avallablllfy  of spare parts It IS assumed that the operahng  avallabllllles  of small fuel
cell powerplants  WIII fall wlthm  the same range as that of the larger fuel cells as no comparable
studies  are available on the operahrrg availabhhes  of the Smalt plants

“This refers to the plan! hfehme Cell stacks themselves are assumed to have Ilfetlmes  of 40000
hours when running  at full capacity

liTh{s  ,s the operating efficiency at which eleclriclfy  IS produced when the Plant Is operated
at Its full rated capacdy  In cogeneratlon  appllcahons  where useful heat WIII be produced along
wlfh  electric power the total energy efficiency [which Includes  all useful energy outputs thermal
and electrlc  ) would be much higher  The cogeneratlon  efftclency  could be as high as 85 percent

“Based  on higher heating value of fuel This range IS consistent with eslimates  made In numer-
ous sources includlng  1 ) Umted Technologies Corp  Soectf~cahon  for flspersed Fue/ Cc// Gerrer
afor  Interim Report (Palo Alto .CA Electric Power Research Instlfute  1981 ) EPRI EM-2123 Project
1 7 7 7 - 1  2) Mike Ringer Callforma  Energy Commlsslon  Re/afwe Cosl of Heclrmfy Produclfoo
(Sacramento CA CEC, Oecember 1983) 3) Utddles  Show Interest m Large Fuel Cell lnstalla-
hons for Late 80s Elecfnc  L~ghf and Power VOI 62 No 6 June 84 p 53 4 ) Irwtn  Stambler

Fuel Cell Outlook Br!ghtens  as Techmcal  Obstacles Fall Research & EZeve/oprnerrf  December
84 pp 50-53 5) Battelle  Columbus Dtwslon  Fma/ Report on A/lerrrallve  Generahon Tecfmo/o-
gles  VO(S I a n d  1/ ( C o l u m b u s  O H  Batfelle  1 9 8 3 )  6 ]  T h o m p s o n ,  o p  cIt 1985

“Based  on higher heahng value of fuel From 1 ) J W Stamunas  and G P Merfen  and R M
S m i t h  Un[ted  Technologies Corp Fo//ow-On 40-/rWe Fle/d Tesl SUppoil  Annual Reporl  pre-
pared for  Gas Research Instifute  (Chicago IL Gas Research Inshtute  1984) FCR-6494
GR1-84/0131  2)  Woods,  op clt  Feb 4, f985

17 Eshmates  do not include cell replacement costs The lower end of the range assumes a mature
technology and mass production the high end of the range represents the estimated cost of the
commercial demonstration umts expected to be Installed  and operated (n the late 19BOS  WNhln
this range fall the estimates cded In the followlng  1 ] The partmpants  n an OTA Workshop on
Fuel Cel ls op cIt 1984 2)  Ringer OP clt 1983 31 Calrforrwa  Energy Commlsslon,  op clt
1984 4) I R Sfraughn  Southern Callforrua Edison Co R & D Inou[  to the Fall 1984 Generation
Resource Plan unpublished memorandum August 1984 5) Lee Catalano  Can Fuel Cells Sur-
vwe the Free Market m the 1990’s7  Power, VOI 128 No 2, February 1984 pp 61.63 6 ) Burns
& McOonnell  Englneerlng  Co System  P/anner’s  Gu{de for Eva/uaWrg Phospfrorlc  Acid Fue/ Cc//
Power P/ants (Palo Alto, CA Electrlc  Power Research Institute 1984 I EPRI EM-3512 7) Battelle
op clt  1983 8) J R Lance et al Westinghouse Electrlc  Corp Economics and Performance
of Ufhty  Fuel Cell Power Planls ‘‘ Advanced Energy Sysferns-Thew  Ho/e m Dur Fufure  Proceed-
ings of 19th Intersoclefy  Energy Conversion Engmeermg Conference Aug 19-24 1984 San Fran
CISCO CA (U S Amertcan  Nuclear Society 1984) paper 849133 pp 821-826

Where a single expected’ value IS used m this report a value of $1 430/kWe  IS used
‘“The  estimates do not Include  cell replacement costs The lower end of the range assumes

a mature technology and mass production the high end of the range represents the estimated
cost of the first commercial cogenera!lon  units Wlthln  this range fall the eshmates  cited  {n the
following 1) Richard  Woods Gas Research lnstltute  as quoted m Ernest Rala, Fuel Cells Spark
Uhlltles  Interest ‘‘ Htgfr Tecfrno/ogy  VOI 4 No 12 D e c e m b e r  1 9 8 4  p p  5 2 - 5 7  2) Catalano
op cit  1984 3)  OTA Workshop on Fuel  Cel ls  op clt 1984 4) Thompson op cd 1985

As an expected value for capdal costs DTA uses In Its analysis a value of $2240 (1983 $)
This IS based on an estimate made by the Gas Research Instttute  (G RI) of the cost of a 200 kWe
cogenerahon  module see Stephen D Ban GRI Gas-Fueled Cogenera[/on–Gf?/s  Curren(  R&O
Program unpublished mimeograph (Washington DC GRI n d ) The GRI estimate referred 10
the expected costs during the period of early market entry with Iow-quanhty  fuel-cell produchon
levels



314 ● New Electric Power Technologies: Problems and Prospects for the 1990s

!QTOtal  O&M costs  include fixed O&M costs, variable O&M costs and stack replacement costs
This  study assumes fixed  O&M costs of $200 to $5 00/kWe-year  and variable O&M costs of 2
to 5 mdls/kWh These estimates of fixed and variable O&M costs appear to be In accord with
mformahon  prowded  m the followlng documents 1 ) Ringer, op clt , 1983 2) Straughn,  op clt
1984 3) 8urns  & McOonnell Engmeermg Co , op cd , 1984 4) Battelle, op CII  , 1983

Estimates made m the above sources do not appear 10 include stack replacement costs, these
are rarely eshmated  m the hterature Ewdence available to OTA suggests that these WIII  range
belween $100 and $300/kWe,  depending especially on fuel-cell production levels at the hme the
replacements are made It IS assumed that fuel cells are replaced after 40,000 hours of operatton
at full capacity The replacement cost est!mates  are Ievellzed  values over 30 years, using a 5 per-
cent discount rate

Total O&M costs estimates consequently are as follows (mdls/kWh)
Duty Cycle F/xed K?r/ab/e Rep/acerrrertf Total
8ase/Cogen 03-08 2-5 1 9 - 5 7 42-11 5
Intermediate 0 6 - 1 4 2-5 1 6 - 4 9 42-11 3
Peaking 2 3 - 5 7 2-5 -o- 43-107

Under the assumption that fuel cells would have to be replaced every 40,000 hours at full ca-
pacity operahng  levels, no replacement stacks  would be required for a peaking powerplant

?oBased on I gg5 natural  gas price of $4 40/mm Btu (see Oefmltlons  SeCtlOfl Of this appendix
for an explanation of assumed fuel costs), and a heat rate of 8,533 to 9,481 Btu/kWh  (36 1040
percent efftctency)  for small fuel cell plants and 7,757 to 8,533 Btu/kWh  (40 to 44 percent effl.
ciency)  for large fuel cell plants
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Table A-8.—Cost and Performance of Compressed Air
Energy Storage Plants

May 1985 technology status Maxi -CAES Mini -CAES

‘A 290 MWe salt dome based CAES plant IS operating m Huntorf  West Germany Another smaller
25 MWe plant lust  has been completed In Italy Neither however has ever been demonstrated
[n the Umted States

‘No  capacity [n the Unlled  States has been Installed One project sponsored by Soyland Power
cooperahve  was scheduled for commercial operat!on  In 1986 However (t was canceled In 1983

‘Brown  Boverl currently offers plant equipment for 50 100 220 and 300 MWe applications
from Z Stanley Stys Vice President BBC Brown Boverl Inc personal correspondence with Fred
Clements  G!bbs & HIII Inc May 9 1984 The following two references selected 200 MWe as
a typical  size 1 I Electric Power Research Institute Compressed A/r  Energy  Storage Commerc/a/i-
za!lon Po/enf~a/ (Palo Alto CA EPRI 1982) EM-7750 2) Electrlc Power Research Instlfute  Tecfmica/
Assessmeo[  Gwde  (Palo Alto CA EPRI 1982) EPRI P-241O-SR

However since then EPRI commlss[oned  a study on mln! CAES plants see Gibbs & HIII Inc
Mm{ Compressed 4tr  Energy Storage Sys!ems  (25 MWe 50 MWe modules) draft report sub.
mltfed  to EPRI ( New York Gibbs & HIII Inc April 1984) the reporl  Indicates  that mlm CAES
plants In the 25 to 100 MWe range are also economically wable  and can compete with the larger
220 and 300 MWe plants The mini CAES plants use proven equipment In modular conllgurahons
and reqwre  shorter Iead.ttme

‘The low end of fhe esllmate  assumes no plants are completed by 1990 The high end assumes
two mint-CAES plants are completed by that time

~Based on Information from the followlng  1 ) ConstructIon time of 3 to 4 years for maxi-CAES
and 2 5 years for mlnl-CAES  from Robert B Schamker  Electrlc  Power Research Institute and

Michael Nakhamkm  Gibbs & HIII Inc Compressed-Air Energy Storage (CAES)  Overwew  Per
formarrce and Cost Data for 25 MWe-220MWe Plants ‘‘ /EEE Power Engmeermg  Rewew Apr[l  1985
pp 32-33 21 Llcenslng  time of 2 to 4 years The low esllmale  IS prowded  by Schainker  and Nak
hamkin  op clf  1985 The high estimate was oblained  from Peter Schaub Manager New Tech-
nology Program Potomac Electric Power Co personal correspondence with OTA staff November
1984

‘Gibbs & HIII Inc Overwew  Eva/uaf/on  of New  and  Corrverrtfona/  E/ecfrfca/  Gerrerafmg Techrro/o  -
g~es for (he  1990s OTA contractor report 1984, calculated tor a plant using a salt cavern

‘Gibbs & HIII Inc op clf  April, 1984 Calculated for a plant using a salt cavern
OHans  Chrtstoph  Herbst  NWK and Z Stanley Stys Vice President BBC Brown Boverl Inc

Hunforf  290-MWe  the Wor/ds  Fwsf A/r  Sforage  System  Errergy Transfer  (Assell  P/anf Cor?sfruc-
flon and Commisslorwrg  Presented to American Power Conference Chicago, IL Apr 24-26 1978
Downsized for lyplcal  220 MWe plant calculated for a plant using a salt cavern Note lhat  CAES
plants can be designed to use no water at all from Robert B Schamker  EPRI personal correspon
dence w!th  OTA slaff  May 28 1985

‘Gibbs & HIII Inc op CII April 1984 calculated for a plant using a salt cavern
10wllh respect  to maxi.CAES see Robert B Schalnker  EPRI and M Nakhamkln  Gibbs & HIII

Inc Compressed-A)r  Energy SYorage  Overwew Performance and Cosl Data for 25kfWe  to 220Mwe
P/anK  paper prepared for the Joint Power Generahon Conference October 1984 Toronto Cana-
da That paper states tha[ the Hun[orf  West Germany p(ant has 90 percent avadablhty  the avall-
ablllty  for the last repofllng  period was 98 percenl–  Stys op crt May 1984 For mini.CAES
operating avallablllty  IS expected to be at the high end of the range thts  IS supported by Intorma
tlon provided by 1 I Gibbs & HIII Inc op cd 1984 21 Schalnker  and Nakhamkin  op clt  Oc
tober  1984

“Gibbs & HIII Inc op clt  1984
~ ]The estimate for maxi-CAES IS based  on Information prowded  by EPRI Comwessed  ~lr Eflw

gy Storage Commercla/fzal/orr  Pofentla/  op clt 1982 The estimate for maxi-CAES IS based on
Informat ion provided by Gibbs & HIII Inc op clf  April 1984

‘] Schalnker  and Nakhamkln  op clf  O c t o b e r  1 9 8 4
‘“Robert  B Schainker  EPRI [n a personal correspondence wlfh  OTA staff May 28 1985 lndl-

cated that mlm-CAES  would have the same fuel efficiency as maxi-CAES
‘5 Schalnker  and Nakhamkln  op clf  O c t o b e r  1 9 8 4
‘OSchalnker  op CII May 28 1985 mdlcated  that mlnl-CAES  would have the same electrlc~fy

efflc!ency  as maxlCAES
I TThls calculation assumes that for every kWh (3 413 Bfu ) generated 4 000 Bfu of fuel and

2662 Btu of electricity are required Thus the efftc!ency  IS 3 413/6,662 or 51 percent This cal-
culation  does not consider the efficiency losses associated wlfh  the electrlc  power supplled  10 fhe
CAES plant

‘‘A CAES plant does not need to charge and discharge af the same power Thus a plant wh!ch
discharges 220 MWe for 4 hours can charge wlfh  43 MWe for 16 hours In general the power
needed to charge a CAES plant which WIII discharge af full power for TO hours IS

Power-In  = (aMWe x TO)/(Tl  x O 78)
where T1 IS the charge time O 78 IS the kWh-in/kWh-out efflclency,  and a IS fhe capacity rating
of fhe CAES plant

‘“The Huntorf  plant has a 4 hour/16 hour discharge/charge cycle see Peter Maass  and Z Stanley
Stys Operat/on  Experience W(th  Hunfort  290 MW Wor/d’s First  Av  Sforage System Energy Transfer
(ASSET) P/anf paper presented to American Power Conference Chicago IL Apr 21-23 1980
However plants can be made wlfh  discharge times over 10 hours see BBC Brown Boverl,  220
MW Slxfy.Cyc/e  Assef  P/anl  Promotional Brochure (USA BBC Brown Boverl n d I Publlcatlon
No CH-T 113390 E

20 Gibbs & Hill Inc Op Clt I g84 $570/kWe  fetal comprises $515/ kWe for above ground com

ponents (e g , turbomachlnery  structures) and $55/kWe  for underground salt dome cavern Cost
IS based on average U S condlfions  and IS not expecfed  to be sens[tlve  to local~on

~~ Schalnker  and Nakhamkln  op clt O c t o b e r  1984
221bld

131bld
?~Glbb5 & HIII Inc Op ctt  April,  1984 This report  prowdes  costs In J a n u a r y  1984 dollars

for 266, 50, and 100 MWe plants with 10 hour storage Based on The Handy Whlfman  Index
(see Oefm!tions  to this appendix) these costs were reduced by 17 percent to reflect mtd-1983
dollars The costs depend on the type of cavern $487/kWe IS for a 50 MWe module wlfh  salt
dome cavern The breakdown of $487/kWe  IS as follows $392/kWe  above-ground Items and
$95/kWe  fOr Salt dome cavern For rock and aquifer sforage  the total costs would be $833/kWe
and $440/kWe  respectwely  Cost IS based on average U S condlflons  and IS not expected 10 be
sensltwe  to Iocatlon

~5Tfle  estimate E based on an eshmate  by EPRI Compressed A/r  Energy .$(OfaQe  COMMerCM/l-

zahon PoferWa/ op cd 1982 Mlm-CAES  costs would of  roughly the same magrmude
?sBased on 199o d!stlllate  costs of $7 O/MM Bfu, and based on a 4,000 Btu/kWh  dmchargmg

heat rafe fuel cost IS 28 mWs/kWh  Charging-energy fuel.cost  IS esflmated  at 16 to 35 mills/kWh
based on an energy-ratio of O 78 kWh-in/kWh-ouf and an Incoming-electricity cosf of 20 to 35
m!lls/kWh  The total fuel cost for CAES plant thus hes between 54 and 72 mdls/kWh  (befween
(28 + 26) mills/kwh and (28 + 45) mills/kwh) (see Oeflnmons  sechon of this appendix for
an explanation of fuel and !ncomlng-electrlclfy  costs )
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Fuel costs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
‘Thlsrefers  lolhelesting of asingle moduleal the Baffery Energy Storage Test (BEST) factitiy

In New Jersey The baffery hasnot been demoflsfrated  In acommerclal-scale  ~aultiyln~heUnfled
States

‘Ibid
3Thls figure refers  toa demonstration uml which was In operation by the end of 1983 at the

BEST facflfly The bafferyls expected fobecapable  ofproduclng 500 kWe, wrfha 1 hour dls.
charge rate, at the endoftistife,  seeGNB Battertes, Inc 500-/r~e~ed~-,4c@  EJaffery for Peak.
ShawrrgErrerg  ySforage Tesfmgarrd  Eva/uafrorr  (Palo Alfo,CA Electric Power Research Insfttute,
1S84), EPRI EM-3707

4Note however that an advanced-design zlnc-chlonde  baffery operated from the endof 1983
to early t985 at the BEST facrhfy The unfl  was capable ofproduclng  100 kWeover5-hourdis.
charge pertods

~The zinc-chlorlde battery comes (n 2 MWe modules, see Electrlc  Power Research Institute,
ZnC/Mflefles  brUOfi~Apphcations (Palo Alfo, CA EPR~  1984) The lead-actdbaffery  comes
m440k Westrrngs see Exlde  Management &Technology  Co Researcfr  Deve/oprrrerrf  and&mon-
sfrafron  of,4dvanced  Lead-Ac/d  f?a(fer/esfor  UtrMy  Load Leve/mg(  Argonne IL Argonne National
Laboratory, August 1983] ANL/OEPM.83-6

‘Assumes 5-ho~rdwharge  periods, or 100 MWh storage capaclly,  see Alberf  R Landgrebe,
‘Operaftonal  Characlensticsof  Htgh-Performance  Baffenes  for Stahonary  Apphcations,”  Advanced

Errergy Sysfems-Tfraw  RotimOurFufure  Proceedmgsof  19fh lntersoclety  Energy Conversion
Engmeenng  Conference, Aug 19-24 1984 San Francisco CA(U S American Nuclear Society
1984), paper 849122, pp 1091-1096

‘Assumes 5-hour discharge periods ora storage capacity under the high scenarloof  30,000
MWh Thehlgh eshmate  assumes that 200 MWeworfh  of baffenes  are produced during each
of the folfowlng  years 1991 1992, 1993, and 1994 This Is the level of productionon  which
the captial  cost esbmates  are based These baffenes  would beglnproducmg  electrical powerm
1992, 1993, 1994, and 1995, respecfrvely  Gwen 2-year leadtimes  for baffery  mstallafions,  this
producf!on  scenano  assumes that ten 20-MWebaffery Installations aremtiated  each year, begln-
mng m 1990

CAssumes  5.hour  discharge periods, or a storage capacty  under the high scenario of 8,400
MWh The hlgheshmale  assumes that 700 MWeworthofbaffenes  are produced duflng  each
of the followlng  years 1991, f992, 1993, and f994 This IS the level of production on which
the cap~alcost  eshmates  are based These baffenes  would begmproduction  lnt992 1993, 1994,
and 1995, respectwely  Gwen2-yearlead-times for battery mstallatlons  thlsproductlon  scenario
assumes that thlrfy-fwe  20-MWebaffery  lnstallahons  are mhatedeachyear, beglnnmgm  f990

‘Consensus  from OTA Workshop on Energy Storage, Washington OC, June 6, 1984, based on
2MWelnstalfahon  shorfpermtitinghme (neghgible  poliufion)  factory assembly andslmplesti-
mg requirements

‘OTheland used depends on theenergy densfly  footpflnt  (measuredly untisofkWh/sq  meter)
of the batlery  It ks assumed that Iead-acld  and zmc-chlonde  battefles  have slmdarfootprmtsof
80-125 kWh/sq  meter Thlsfootprmt  eslmate  Is consls!ent  wrfh estimates made mthefollowmg
lhree documents l] PfxlIpC  Symons Elecfrmhem!cal  Engmeermg consultants,  Inc “ ’Advanced
Technology Zmc/Chlorme  Bafferies  tor Electric UfrMy Load-Leveling “AdvarrcedErrergySysfems–
Tfre~f?o/e  mOurFu(ure, o p  cfl p p  8 5 7 - 8 6 2  2)Landgrebe  etd o p  cfl  1 9 8 4  3]James
Oulnn,  U S Oeparfment of Energy “OOE Mulflyear  Planing,” ExferrdedAbsfracts  SrXIfI  DOE

E/ectiwhemCa/  Conkaclork%wew  June 25-29 1984 (Washington,0C  US OOE, June 1984~
CONF.840677  pp 64-67

‘IBased  on arougheshmafe  that the system would use l,OOOto  1,500  gallons per week This
figure assumes afufl discharge/chargecycle fwefimes each week Esf!maleprowdedby  John
L Oel Monaco, Prmctpal  Staff Engineer, Research, Pubhc Service Electric&Gas Co Newark,
NJ personal correspondent wtih  OTA staff May 1, 1985

“Basedo  naroughesfimafe that the system would use ll,OOOgallons each day Thlshgure
assumes afufl dkicharge/charge  cycle, and includes only the water requirement of the battery
system flself  Mosf of the wafer IS used In evaporative coohng Estimate prowded  by Monaco,
Op Clt  1985

27-50 mills/kWh32 29-58 mills/kWh33
~~FromEpRl Techfl~a/Assessmenf  Guide (Palo Alto, CA EPRI, 1982). EPRl P-2410-sR,  modl-

fied(rounded  off) maccordance  wthdrscus~onat OTAWorkshop  on Energy Storage, op at, 1984
“Baffenesc  analsoprowde  splnnmg  reserve and system regulafionfunchons  seeEPRl  UfIf@

L3affery  Operafrons and Appficafions  (Palo Affo, CA EPR~ March 1983),  EPRI EM-2946-SR
“Glbbs&  HIII Inc Overview Eva/uafion  of rVewarrd  Corrvenfmrra/ E/ecfrrca/  Generafmg  Tech-

no/og/es forffre /990s  OTA contractor repofl,  Sept 13 1984
lcThe number of cycles  per year depefldsorl  how the battery was used but a f19ure  of 250

cycles/year IS offen used asa reasonable average In general the stacks (and sumps  where
appropriate) would be replaced several times  over the life of the system The remainder of the
baffery  plant should last 30years

‘7Arnold  Flckeff  EPRI personal correspondence wflh  OTA staff  Aug 30 1984
‘° Flckett  op clt 1984
“AC  to AC efflclency,  includes the 85 percent efhclency  of the power-condlttomng  equipment
2 0  Exlde Management&Technology  Co op clt, 1 9 8 3
Z!Roundtr\p  efficiency kwh  ACoutdlvlded by kWh m including auxlflarles  Efflclency  lsCOn-

sfant  w{th deployment because mult{ple  umts  are used loachieve  various plant sizes Based on
Information prowdedb ythefollowmgs ources l)BO Brummet,  etal Energy Development As-
soclates,  Zmc Cfr/or~de Baffery  Sysfems  /or E/ecV/c Uf///fy  Energy Sforage  paper prepared for
the 191h Annual Intersoctety  Energy Conversion Engmeermg  Conference, SAE San Francisco CA
August 1984, these est!mates  apply to the 2 MWe commercial battery 2) OTA Workshop on Ener.
gy Storage op clt  1984 3) Energy Development Associates Deve/opmenf  of(fre  Zmc-Cfr/oride
Balfery  /or Ufl(fy ,4PpOcaflons (Palo  Alto, CA EPRI, June 1983) EPRI EM-3136

2’Consls!ent  with plant size and plant efficiency,  assuming plant charges and discharges al
20 MWe

2~Batte(ycoqS  are & S t  m e a s u r e d  In urufsof $/kWh  Toconveri  thegwen $/kwef!wmsto
$/kWh,  dlvlde  b y  fwe

ZdThe  rarlgecorrespondsto the price of lead varying from $0 25/l bto$O 58/lb The Prlceas
of August f984was $030/lb see JJ Kelley, OrectorofResearch,  EXIOECorp personal  cor-
respondence with OTA staff Aug 28, 1984 The cost ftgures  assumea  production of about 200
MWe/yr,  see Exlde Management &Technology Co, op CI1 1983 However Ieadacldbatfery
prices should not be slrongly  dependent on the vulume  of production

2 3  Flckett,  op CI1 1984
?* Exlde Management&  Technology Co, op clt  1983
Z~The IOW cosf figure assumes a production volume of about 700 MWe/yr,  see Energy Develop-

ment Associates op clt 1983 The price of zinc-chlorlde batteries should be strongly dependent
on the level of production Based also on Information prowded  by Fickett,  op clt 1984 The
high figure IS based on an estimate prowded  by P Sloshansi,  Southern Cahforma Edison Co
personal correspondence with OTA staff Apr 10, 1985 The high estmate  reflects the price penathes
which might be associated with  early commercial units

?#Thls IS a Ievellzed  value over 32 years, us!ng  a dlscounf  rate of 5 Percent The low value as”
sumes a hfellme  of 4,000 cycles so that after 16 years parts totahng $300/kWe must be replaced
The high value assumes a hfeflme of 2000 cycles su that these $300/kWe parts must be replaced
after 8, 16, and 24 years

‘sF[ckett,  op clt  1 9 8 4
j0Th15  M a Ievellzed  value over 32 years, using a discount rate of 5 perCent The low value as-

sumes a Ilfetlme  of 4,003 cycles, so that after 16 years parts totahng $130/kWe must be replaced
The high value assumes a hfetime  of 2,000 cycfes, so that these $130/kWe parts must be replaced
after 8, 16 and 24 years

3’ Flckett,  op cIt , 1984
~?The charging-energy fuel-cost IS eshmated to be 27 to 50/mills kWh, based On an energY

ratio of O 7 to O 75 kWe-out/kWe-in and mcomlno-electrtctv  cost In 1995 of 201035 mdls/kWh
(See Oeftmtlons  sectton  of this appendtx  for an ;xplanatio;  of Incom-mg-electricity costs )

jJThe charging.efle(gy fuel-cost IS estimated to be 29 to 58/malls kWh based on an ener9Y
ratto of O 6 to O 7 kWe-out/kWe-m  and mcom{ng-electrtctty  cost in 1995 of 20 fo 35 mills/kWh
(See Oeflnltlons  section of this appendix  for an explanation of Incommg-electricity costs )
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Table A-l O.—Summaries: Cost and Performance for Reference Installations
(based on tables A-1 through A-9 in this appendix)

Demo,
O 075 MWe

1995
10 MWe

5-200 MWe

2 years
67 acres

very little

95Y0
intermittent

20-35%
30 years
20-25%

$2,000 -
$3,000/kWe

15-23
mills/kWh

None

Commercial Commercial unit Commercial unit Commercial
650 + MWe none none 223 MWe

1995 1995 1995 1995
20 MWe 50 MWe 50 MWe 7 MWe

1,500- 12-1,830 MWe
2,900 MWe

1-2 years 3 years
300-2,000 8-20 acres

acres
none 3 milllon gal/day

95-98%
intermittent

20-35%
20-30 years

—

$900-
$1 ,200/

kWe
6-14

mills/kWh
None

$1,300-
$1 ,600/kWe

10-15
mills/kWh

20-70
mills/kWh

3 years
8-20 acres

41 million
gal/day

$1,500-
$1,800/kWe

10-15
mills/kWh

20-70
mills/kWh

1 year
1 acre

85-90%
base
700/0

30 years
7 0-90/0

$1,500-
$2,000/

kWe
10-15

mills/kWh
20-70

mills/ kWh
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Table A.10.—Summaries: Cost and Performance for Reference Installations
(based on tables A-l through A-9 in this appendix) —Continued

Technologies

Fuel cells CAES Batteries

May 1985 technology status AFBC IGCC Large Small Maxi Mini Lead-acid Zinc-chlor

under const., &
planne

None 1.5 MWe

1995 1995
11 MWe 0.4 MWe

40-1,200 MWe

I n s t a l l e d  U . S .  c a p a c i t y none 100 MWe

Reference-system: general
Reference year ., ... 1990 1990
Reference-plant size ., 150 MWe 500 MWe

none

1990
220 MWe

O MWe

5-8 years
15 acres

360,000
gals/day

90-98%

none 0.5 MWe 0.1 MWe

1990
50 MWe

1995 1995
20 MWe, 20 MWe,
100 MWh 100 MWh

Reference year U.S. installed
c a p a c i t y  ( e s t .  ) 510-735

MWe
L e a d - t i m e 5-10 years
Land required ., ., ~ ., 90-218

acres
Water required ., 1.5 million

gal/day

200 MWe 0-100 MWe 0 - 6 0 0  0 - 2 , 8 0 0
MWe MWe

2 years 2 years
0.2-0.3 0.2-0,3
acres

11,000 200-300
gals/day gals/day

5-10 years
300-600 acres

3-5 years
0,5 acres

2 years
0.009-0.014

acre
very small

4,5-6,5 years
3 acres
acres

100,000
gals/day

3-5 million
gal/day

very small

85%
base
70%

30 years
35-40%

80-90%
variable
40-75%
30 years
40-44%

80-90%
variable
40-75%
20 years
36-40%

90-98% 90% 90%
peaking/inter, peaking/inter. peaking peaking

10-20% 1O-2O% 10% 10%
30 years 30 years 30 years 30 years

51%3 51%3 7 0 - 7 5 %3 6 0 - 7 0 %

Reference-system: costs
C a p i t a l  c o s t s $1,260-

1,580/kWe
$1,200-

$1 ,350/kWe
$565- $487- $600-800 $500-

$600/kWe $833/kWe kWe 3,000/
kWe

3.6 3.6 6-20 3-11
mills/kWh mills/kWh mills/kWh mills/kWh

42-63 42-63 27-50 29-58
mills/kWh mills/kWh mills/kWh mills/kWh

$700-
$3,000/kWe

$950”
$3,000/kWe

O & M  c o s t s 7.66 6-12
mills/kWh mills/kWh

Fuel costs ., ., ., 17 15-17
mills/kWh mills/kWh

4,2-11.5
mills/kWh

27-30
mills/kWh

4.2-11.5
mills/kWh

30-33
mills/kWh
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Definitions

These tables provide basic information on each
technology. The data constitutes the basis for important
portions of the analysis. The cost and performance
characteristics listed in the tables are not definitive
predictions. Rather they are reasonable approxima-
tions of the status of the technology during the 1990s,
and are used to typify the technology during the last
decade of the century. Great uncertainty surrounds
these numbers and they should be treated for what
they are: educated guesses.

Where important subcategories of any particular
technology exist, and where their characteristics dif-
fer significantly from one subcategory to the next, the
subcategories are listed separately. For example, pho-
tovoltaics are divided between flat-plate and concen-
trator modules.

May 1985 Technology Status

This section provides information on the current sta-
tus of the technology.

Level of Technology Development.–The technol-
ogy already may be commercially deployed, or it may
be operating as a demonstration unit or pilot plant;
or plans may be underway to deploy such units.

Installed Capacity .–This section of the table de-
scribes the status of the technology as of May 1, 1985.
Only capacity installed and operating at that time is
included in the capacity totals.

Reference System: General Characteristics

Reference Year.— For each technology a reference
year is established. For technologies with lead-times
of 5 years or less, the reference year is 1995. For those
with lead-times longer than 5 years, the reference year
is 1990. All cost and performance figures refer to the
technology as it might appear in the reference year.
The cost and performance figures for that year are ex-
pected to typify the cost and performance of most of
the units which are deployed and operating by the
end of the century.

Plant Size.–The technologies examined in this re-
port in many instances will be deployed in a variety
of sizes. The size listed in the tables is considered typi-
cal of plants installed in the 1990s. Considerable var-
iation may occur from plant to plant, but most capac-
ity installed during the 1990s is expected to be similar
in cost and performance to the reference plant.

1995 Deployment Level Scenario.–This is the to-
tal capacity expected to be operating by January 1 of
the reference year. The estimates are important be-

1 The  cletl n Itlon is th.lt  prok  Icied I n the Elect rlc  Pow er Research I  nstlt uteifs
T e c h n i c a l  Assessment G u i d e



320 • New Electric Power Technologies: Problems and Prospects for the 1990s

Capacity factors for intermediate systems are assumed
to fall between the two systems, at around 20 percent.
Where technologies are expected to operate under
more than one duty cycle, both are stated. Actual ca-
pacity factors may be quite different form the nomi-
nal values shown.

Lifetime.—This is the time over which the entire
plant would be operated commercially.

Efficiency .-This is the annual average plant effi-
ciency, defined as the ratio of total net energy pro-
duced to total available energy contained in the fuel
or resource.

Reference System: Costs

All capital and O&M costs are reported in mid-1 983
dollars. Escalation of published costs, where required,
was performed as per the Handy Whitman Bulletin
Cost Index for electric utility construction:

D a t e Index
1/1 /78 159
7/’1 i78 166
1/1 ,’79 175
7/1 /’79 183
1/1 1’80 193
7/I /’80 I 99
1/1 )81 210

2 1 9
225
2 3 0
233
2 3 8
242

p l a n t  c o s t  o r

TPC) generally represent approximate budgetary over-
night constructed costs for the indicated location in-
cluding an average allowance of 5 to 10 percent for
engineering and home office overhead and fee and
a 20 to 25 percent allowance for overall contingence.

Thus :
T P C  =  B a r e  Erected Cost (BEC) X (1 .05 to 1,1) X (1 2 to 1.25)

C a p i t a l  c o s t s  d o  n o t  i n c l u d e  i n t e r e s t  a n d  e s c a l a t i o n

d u r i n g  c o n s t r u c t i o n ,  l a n d  c o s t s ,  a n d  o t h e r  c o s t s  s u c h
as royalties, preproduction, startup, initial catalyst/
chemical charges, and working capital.

O&M Costs.–These are “first year” costs, the aver-
age O&M costs expected during the reference year.
In the case of both battery and fuel cell installation,
a portion of cost of periodically replacing batteries or
fuel-cell stacks during the installation’s lifetime is in-
cluded in the O&M costs.

Fuel Costs.— Electricity and fuel costs are first year
annual average costs based on a typical plant in the
reference year. Electricity for CAES and batteries is as-
sumed to be generated by a base load plant, at prices
expected to range from 20 to 35 mills/kWh.z Fuel
prices are based on 1983 fuel prices, with assumed
real escalation rate of 1 percent per annum for coal,
and 2 percent per annum for oil and gas. The 1983
fuel prices used in making the reference year estimates
are:

Fuel) (in dollars per million British thermal units (Btu))

O i l

~Th  IS IS based on an estl mate provided by W I Illam  BI rk, Electrlc  Power Re-
search Institute,  personal correspondence with C)TA staff, tMay 7, 1985 Mr
Birk indicated that EPRI uses a figure ot 25 mills/kWh; for a range, he 5ug-
gested 20 to 30 mills/kwh This analysis uses a range with a higher upper
limit, 20 to 25 mills/kWh.

~ From U .S,, Department of Energy, Energy I nt’ormatlon Adml  n istratlon,
Nov. 27, 1984 Average cost of fossil  fuel receipts for steam electric plants
of 50 MWe capacity or larger, 1983


