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EDITORIAL 

Enlightened and Endless Electricity 

Renewables offer clean and sustai nable e l ectr icity at costs that are becoming i nc reasing ly compet i t ive 

with those of fossi l-derived electr icity. However. renewables have been characterized as long on promise 

and short on del ivery. The fai lures have been h ighly vis ible , wh i le the successes have neither made 

head l ines nor become common knowledge .  Nevertheless , the government-subsidized , market-driven 

approach of the eighties led to major advances in technology, particular ly for wind turbines. Over the 

past decade ,  costs for wind-derived electr ic i ty have d ropped by a factor of 6, to about 5¢/kWh for sites 

with very good wi nds (averaging about 16 mi les per hour). 

The rush to obtain government subsid ies for renewables deployment led to d ramatic technology 

improvements , which were achieved th rough an Edisonian , tr i a l-and-error approach . Trial and error has 

its l imitations , however, and today major advances requ i re an approach based on fundamental pr inciples . As 

the two lead art ic les indicate. this approach is result ing in a new generation of photovoltaic cel l s and wi nd 

power systems that are on the th reshold of commercial avai labil ity. The development of th is new gener-

ation of technology was driven by ski l l  and excel lence i n materials , design , engineering , and electronics. 

Equal ly important . as the art ic les show, perseverance has been a key ingredrent of success. 

Col laboration among the stakeholders in renewables deployment is emerging as another 

important ing redient. In fact. a remarkable sp i ri t of cooperation between the U .S. Department of Energy 

and EPR I provided the bas is for a landmark ag reement to accelerate the commercial ization of the next 

generation of wi nd turbines .  The result ing Uti l i ty Wind Turbine Performance Verif ication Program wi l l  br ing 

together vendors .  uti l it ies , DOE. and EPR I  to field-test a variety of advanced wind machines in d ifferent 

cl imates. 

Whi le the renewables story is wel l over a decade old, we're on ly at the end of the begi nning . 

Opportunit ies to i ncrease electricity supply, improve service . and expand business are becoming 

apparent to the vis ionaries . For example , J. W. Marshal l , chai rman and CEO of I daho Power, has recently 

requested that his state's ut i l i ty commission provide I daho Power the opportunity to i n stal l , own , and 

operate photovoltaic systems at the premises of remote customers instead of extending costly d i stribution 

l ines from the uti l i ty g rid .  Marshal l and others have probably asked themselves a few simple questions: 

Are there busi ness opportun it ies for cost-effective technologies that are i nherent ly env i ronmenta l ly attrac­

t ive? Wil l the public cont inue to push for renewables deployment? WI i i  corporate image be enhanced by a 

meaningfu l renewables program? Marshal l 's act ions ind icate his answers. We applaud his leadership 

in pursuing a strategic path to en l ightened and endless electricity. 

James R. Birk, Di rector 

Storage & Renewables Department 
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OR A TIME DURING THE 1980s, 

when wind turbines were going 

up on the blustery ridges of Cal­

ifornia at a rate of nearly 2000 

per year, it appeared as if interest it1 wind 

power had reached its peak in the United 

States. But a recent gust of activity among 

utilities in different parts of the country 

has signaled the beginning of what many 

experts believe is a revival of wind power 

projects-with interest even more wide­

spread than before, and with more inti­

mate involvement from utilities. 

Here are some examples of the attention 

utilities have given to new wind projects 

withm the past year. Northern States 

Power Company has announced plans to 

bring a total of 100 MW of wind power on­

line by 1997. Puget Sound Power & light 

Company, in conjunction with three other 

utiUties, plans to brmg 50 MW of wind tur­

bines on-line by 1996 in the Pacific North­

west's first large-scale wind generatmg 

project. The Bonneville Power Adminis­

tration has put out for bid 50 MW of ,.vind 

power it plans to bring on-line in 1996. Pa­

cific Gas ;ind Electric Company, a major 

player in earlier wind developments, has 

filed for a permit to install 7 MW of next­

generation wind turbme prototypes be­

tween 1994 and 1996. iagara Mohawk 

Power Corporation installed two tmbi.nes 

near Lake Ontario in November-the first 

utility-grade conunercial turbines in the 

state of New York. And in the Midwest, 

the unregulated subsidiary of Iowa­

Tllmois Gas and Electric Company has 

formed a joint venture with the largest 

U.S. wind turbine manufacturer to market 

wind power to utilities in that region. 

"In the early 1980s we witnessed a smge 

of utility involvement in wind power proj­

ects, but technological progress fell short 

of expectations," says Edgar DeMeo, who 

oversees EPRJ's program for solar and 

wind power. "Now, 10 years later, tech­

nological progress has caught up with and 

even exceeded the early expectations, and 

as a result, the activity among utilities is 

expanding more rapidly than ever be-

Toe power of wind on Buffalo 

Ridge, Minnesota, prevents 

this boy from falling over. 

(Photo courtesy of John A. 

Dunlop) 

A lone turbine in the pictur­

esque mountains of Vermont 

churns on despite its frigid 

environment. 

fore." DeMeo notes that today's ,.vind 

power development is geographically 

more widespread, too. "People used to 

think wind power was something that 

only Californians were into," he says. "But 

today, most of these projects are being un­

dertaken in other parts of the country." 

In a major departure from past prac­

tices, some of the utilities establishing new 

wind farms plan to own the wind turbines 

directly, rather than buying the power 

from a developer who owns the machmes. 

DeMeo credits significant advances in 

technology for this increased interest in 

direct ownership. "The technology has 

reached a sufficient level of maturity for 

utilities to consider owning the turbines," 

he says. "Jt's not as risky as it was 10 years 

ago, before the industry settled on a pre­

ferred turbine size range and before we 



Troops of wind turbines are as common as the Cal i forn ia poppy on some Golden State hi l lsides. 

WIND RESOURCES, 
COAST TO COAST 

While ample wind resources are 

dispersed across the United States, 

the prime location for wind farm 

development is the central , Great 

Plains region . The numbers on this 

map represent the percentage of 

the 1990 e lectricity needs of the 

lower 48 states that could be met 

through wind power, g iven the wind 

resources available in  the specif ied 

regions . For instance, North Dakota 

alone has enough wind resources lo 

supply 36% of the electricity con­

sumed by the cont iguous 48 states 

in 1990. However, only a fraction of 

this wind power potential can be 

exp loited economical ly. 
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WIND TURBINE 
OF THE FUTURE? 

Although wind turbine tech­

nology has a lready advanced 

enough to make w ind power 

cost-competitive w i th  fossi l -fuel­

generated elect ricity, research­

ers are continually working on 

improvements. This conceptual 

drawing of a futurist ic  wind tur­

bine highl ights the type of work 

underway today at research 

laboratories across the country. 



had the million of hours of operating ex­
perience tha t  have since offered critical 
feedback to improve turbine reliability." 

Also, growing public- concern about the 
environment has led to regulatory incen­
tives that are encouraging wind proj cts. 
For exa mple, the use of en v i ron mental ex­
ternalit ie in u tility resource planning is 

making renewable energy technologie 

l ike wind power more attract i ve. The con­
fidence in pired by technological ad­

vane in wind tu rbines ha prompted the 

implemen ta t ion of other type of fi nancia l 
incent ive , including a 1 .5¢/ kWh pr d uc­
t ion incentiv I part f the federa l energy 
bi l l  sign d by President Bush in Octob r. 

In addit ion, EPRJ a nd the U . .  Depa rtmen t 
of Energy ( DOE) ha ve i ni t ia ted a major 
pr gram tl ace lera te the commercializa­
tion of I ind turbine . 

T( day there a re more than 1 6,000 wind 
tu rbi ne i n  ta i led i n  thi country - nea rly 

a l l  f them in Cali ornia - with an aggr� 
gate power rat ing f nearly 1 500 MW.  
The_e turbine genera ted ome 2 .7  bi l l ion 
kWh f electricity in 1 991 , enough energy 
to meet the re id entiaJ need f a city the  

s iz  of San  Franci c . Bu t  th i  ountry's 

abundance of high-wind region (tho e 

wi th  a n  a erage an nual wind peed of 1 6  

mi les p r hour or hjgher) off r· the po­
tential for thou and of add itional wind 
pr j ct . According to a tudy cond uct d 
for D E by Ba ttel le ,  Pacific orth we t 
Labora tor. , if today' w ind turbine tech­
nology took full advantage of these high­
wind regions, i t  could general 20% of the 
cou n t ry'  electricity. With the an tkipa ted 

imprnvem nt in wind turbine technol­

ogy, n even gr ater contsibu tion ou ld  be 
ach iev d, ay De eo. 

projects have been undertaken by indepen­
dent developer who in tum sel l th elec­
tricity to ut i l it ies. This is l a rgely becaus 
in the past wind turbine technology wa 

still in the research a nd development pha e . 

Al o, the financial incenti ve offered by 
the federa l and  tate gov rnmen ts were 

available onl to n nu li l i ty develop rs 

( i .e., independent power pr due r ). 

But much ha chan ged ince then. Per­
hap most sign i fican t ly, th major .S. 

wind turbine manu facturer, U.S. Wind-

power, has dcv lop d a va riable-speed 
t urbin wi t h  u pporl from members of th 

Va riable-Speed Wind Turbi n� Dev lop­
ment All iance, e tabl i  hed by PRJ and 
joi ned by iagara Mohawk and Pacifi c 
Ga and Electr ic. Th breaktl1rougl1 t u r­
bine, the first prototype of whid1 wa 
field-tested in the ·pring of 1 l ,  i e -
peeled to produce electr ici ty or a record 
low co t of 5 / kWh, given an average a n­
nua l wind peed of '1 6 m i les per hou r. The 
new turbine is capable of producing elec­
tric i ty at varying rotor peed . By ont ra t , 

virtua l ly al l  c ther turbin on the market 
mu t op ra t al constant rpm to prod uc 
uti l ity-grad (60-Hz ac) power. Becau c 

any of th b t loca t ion for wind the ex tra torque  genera ted by wind gu t 

proj ct l ie ou t ide Cal i fornia, wi t l, M on ­

tana, Wyoming, orth Dakota,  South 
Dakota ,  and Minnesota pos essing a la rge 

chu nk of t he choice wind regi n . The 
ortheast aJso )aims considerable wind 

re ou rce . In al l ,  about  1 4  tat!:! po e s 
wind energy pot nt ia l t hat i equal to or 

grea ter than that of California . 

To own or not to own? 

Except for one wind power insta l la tion in 
Hawai i ,  a l l  of the mfljor u t i l ity- ca le wind 

m u  t be ab orbed b t he d rivet rains of 

constant-speed w i nd turbines, they r -
qu ire heavier d esigns t han  compa rable 
variable- p ed model 

While a few other var iabl� peed tur­

bine have b�en d velopt'd in recent year , 
.S. Windp 1wer ' m del offer a much 

more advanc d ele tronic tem-in­
clud ing a phl ti at d contr l ier and con­
verter- that doe not end objectionable 
current di tortions back 011 t0 the u t i l i ty 
line. Because of i t  variabl e-speed capa-

bil i ty, the new machine is rated a t  350 -450 
kW. According t Kingsley E.  Chat ten, 
pre ident of Kenetech/ Windpower, the 

ma nufacturing arm of U . . Windpower, 
the machine opera tes at wind velocit ies 
rangi ng frum 9 to 60 mi les  per hou r. La t 
su m mer U.S. Wind power und ertook a ma­
j r pn,gra m, te t ing 22 of the new ma­

cbines a t  the A l tamon t Pas in California. 
Da ta gathered from the tests a re provid ­
ing tati t ical i n formation on the tu rbine 
opera t i ng a J1d main tenance requ f rements 

and are helping to improve the technol­
ogy's design. Any improvements wiJ l  be 
incorporated int commercial u nits to be 
in ta i led in the fal l  of 1 993. 

U.S. Wind power '  achievemen t 11 t 
only has pu hed u t i l ity tu rbine beyond 
th!:! R& D 1 vel, it has bumped them i n to a 
co t-e ffect ive price range for u t i l i t ies. And 
with the a vailabi l ity of many tu rbine on 
the market now routi nely run ning at r 
above 95'7c (com pared wi th 50- 60%. in the 
early 1 9 Os) ,  ther ar a number of ad.van­
tage5 to ut i l iti s '  own ing the machjnes. To 
s tart w i th, poin ts  ou t  Earl Davi , EPRJ ' 
ma nager of wind power integra t ion , ut i l­

i ty wnersh ip i cheap r becc1u e u t i l i tie , 

which have ace t much mor capita l ,  
can get lower fi nanci ng rate t han the 
mailer, independent developer and en­

trepren ur , who a re viewed as a riskier 
inv tment. In addit ion, becau  e more 
midd lem - n are involved in finc1nc i 11 the 
projects of independent de eloper , their 
u p-fron t  fina ncing  co 't  are grea ter and 
add t the t tal in t a i led cost .  In the end, 

the cost of energy from a wind power 

plant owned by an independ nt power 

prc1duter cou ld be 30 -40� grea ter than 
thal uf nergy frum the ame pla n t  i f  

owned by a u ti l i ty. 
orthern lates Power, which in Au­

gust annou nced i t  plans to  install 100  M W  
o f  wind genera t ion, plans  t o  o w n  the first 
25 MW.  The remaining 7 M W  will b put 

ou t to bid and may b owned by SP or 
b an indep ndent p wer producer, a 
G lyni H insch berger, the uti l i ty ' manager 

f energ re ou rce planning. "The reas n 
we want t wn the init ia l  bl ck f tur­
bines is to get ome operat ing experience 
for u r  lve ," Hin chberger say . "We 
have experience with other genera tion 

EPR I JOURNAL December 1 992 9 



B ecause only a handful of electric 

u tilit ies in the country have actu­

al ly own d their own wind turbines, 

ther is a l imited amount of docu­

mented experience available for ut i li­

t ies to take advantage of. Earl Davis, 

EPRI's manager of wind power inte­

gration, is working to fill this knowl­

edge gap, in part by developing a 
primer on wind farm development. 

This handbook i cheduled to be pub­

lished next year. 

"Certainly u t i l i t ies have a nu mber of 

cha l lengi J1g issues to deal with if they 

want to own their own turbine ," says 

Davis. "Bu t there are a nu mber of ben­

efits a well, including the ability to 

have grea ter control of the turbine op­

erat ions and of the way this energy re-

ource is going to be integrated with 

their other generation source ." 

Davi recommends that utilities con­

sidering direct ownership of wind ma­

chines fi rst thoroughly measure their 

wind re ou rces to determine what 

wind conditions preva i l  in the areas of 
peci fic interest to them. ext, they 

should ana lyze available turbine tech­

nology to find ou t which macl1i 11e are 

most appropria te for thei r weather con­

d it ions .  Before making any com mit­

men t to insta l l  the technology, ut i l i ties 

should examine the potential for snow, 

Some Advice on Wind Farm 

ice, heavy rainfa l l ,  tornadoes, and other 

extreme wea ther cond itions that may 

affect the mai11tenance and op ra tion of 

the turbines. Also ilnportant is investi­

gating whether a ny endangered or sen­

sitive species inhabit potential wi nd 

farm sites. Accordmg to Davis, util it ies 

should address exist ing land use as 

well ,  taking into account whether a 
given site ha been cultivated and 

whether there are houses nea rby. 

Land owner hip is another issue to 

consider. There are severa l option . A 

uti l i ty might buy one large block of 

la nd to ace mmodate several clus ters 

of wind tu rbines, or it  might purcha e 

only the specific ridges on which the 

turbines wou ld be located . Simj )arl y, 

the util ity could lea e the entire parcel 

or just those sections needed for tap­

ping the wind re ource . A third option 

is leasing the "wind rights" to the land, 

which would a l low the present owner 

of the land to continue using i t whj )e 

simu l taneously offeri ng the u t i l i ty the 

rights to install wind turbin s, access 

roads, transmission l ines, and other 

equipment required to operate a nd 

ma inta in a wind farm . 
During the preliminary, feasibi l i ty 

pha e of a wind farm project ,  the ut i l­

i ty hou ld lay ou t  c plan to col lect the 

electric i ty produ ced by the turbi11es 
and transmit i t  to the ut i l i ty grid, says 

Da vis . I n  addi tion to the tecru1 ica l con­

siderations, the u t i l ity mu t look at the 

staffing requirements for the wind 

plant, determin i ng where and how it 

wil l  be operated and how to monitor 

its performa nce. Because many wind 

plants are located in remote areas, of­

ten a loca I office mu t be establ i hed . 

Finally, the ut i l i ty hould establ ish a 

performance verification program to 

d etermine the percentage of th avai l ­

able energy that is actua l ly captured 
and to identi fy ways to improve the en­

ergy production. 

Workers erect two w ind turbines near Lake Ontario 

for N iagara Mohawk Power Corp . 



Development 

Davis tre e t ha t  u t i l ities need to 
get professional assis tcince from ex­
pert they may not have in- house, su ch 
a wi nd energy meteorologists . "Wi nd 
energy meteorology is a new specialty, '' 
Davis say . "A very l i mited nu mber of 
people have had the opportunity for 

experience i n  t h.is a rea." Al Manning, 
former president of Hawaiian Electri 
Renewabl e Systems ( HERS), agrees, 

noting tha t  boundary-layer meteorolo­

gi t , who specia I i.le in the  interactions 
between terra in  and  t l,e air masses 
above i t , hould be i Jwolved i n  the 
early pla n ning phase . HERS is a sub­
sidia ry of Hawaiia n Electric I ndustries, 
t he  only u t i l i ty in the cou n try wi th  ex­
perience in own ing  substantial wind­
powered genera t ion ca pac i ty. 

Since the mid- 1 980s, Hawaiian Elec­
t r ic l ndu Irie has owned a nd operated 
over 12 MW of wind capacity. Ac­
know ledg i ng an announcemen t in Oc­
tober of thi year that HERS pla n  to 
shut down it  major wind i n.tal la tion, 

consi t ing of 16 wind turbines on 
Oa hu, becau e of chronic mecl1a n ica l 

problems and poor financial perfor­
mance, M a n ning noted the s ignifica n t  
d i fferences be tween these project a nd 
those bei ng pursu d by u t i l i t ie today. 
One of t he  t u rbi nes to be shu t  down is 
the l a rgest horizonta l -axi wind tur­
bi ne i n  the world, a 3200-kW madtine 

in ta i led i n  1 9 7. The remaining 1 5  are 

600-kW u n i t. .  "These machine were 
the on ly  on of their kind in the 

says. The cra ne required to erect t he 
bigge t mach ine was larger t h an  a ny­
thing avai lable from the  construction 
indu try in Hawai i ;  it had to be 
shipped from the .S. mai nla nd and re­
turned after t he i nsta l Jat ion was com­
pleted . ''These turbines were created 

when the i nd u  try was t i l l  experi­

menting wi th turbine ize," say Man­
n ing .  "Today ' turbi nes offer a mor re­

a l i  tic ca paci ty  range. " 
Two types of fonims  ar iwa i la ble to 

u t i l i t i  t hat a re interested in l earn ing 
more about wind power tech nology 
and logist ic . The U t i l i ty Wind l n terest 
Group, which receive support from 
EPRI and  the U .S.  Department of En­
ergy, helps keep its member. i n formed 
on the tatus of wi.nd turb ine technol­

ogy a nd produces brochu res on the u e 
and development  of w ind power. Cur­

ren t ly, 1 2  ut i l i t ies from acres the cou n­
try bel ng to th i n tere t group. Al o 

helpful are the Advisory Cou ncil for 
Wind Energy, through w hich u t i l i t ie 

t hat a r  eriou ·ly pu r uing wi nd 
power ec,n e, cha nge e, periences and 
in formation on ls_ue - uch a ystem 
in tegrn t ion , wind resource valua tion, 
a nd land u e- that mu l be addr ed 
th roughou t the wind farm develop­
ment proce s .  At pre en t  there are two 

of the e advi ory cou ncil  , one for the 
orth west and one for t he  Sou thwe ·t .  

Da vi is �xpl ring the pos ibi l i ty of e · 
tabl ishi ng im ilar coun i l s  for the  Mid ­
west and orthea t regions of the 

world," Mann ing says.  "When parts cou n try. 

were needed for these tu rbines, we fre- "One me age we a re trying to get 
quent ly  had to have them made. '' 

Havi ng replacement part custom 
made meant tha t  the machine were 
out of com mission for re l a t ively long 
periods. I n  addit ion, t he  tu rbines were 
much more expensi ve to ta rt w i th­
about  four to  five  t ime the co  t of  tur­

bi nes on the ma rket today, Manning 

aero s is that u t i l i t ie  do not hav to re­

peat the mista ke others have already 
made. We have learned fr m past ex­

perience a nd ca n hel p our  member 

through the process. They do not have 
to do thi on their own . " Da vis en­

cou rage ut i l i ties who need a · ista nce 

to ontact h im at (4 1 5) 855-2256. D 

tech nologies, and we'd l i.ke to get more 
wi t h  this one. If  this is a tedrnology we're 

going to be relying on in the hi ture, we'd 
lik to get some idea of how it works." 

Melanie Gra n for , spoke woman for 
Puget Sound Power & Light,  say Puget 

and the other u t i L i t ie in volved i n  the Pa­
cific orth we t project ( Idaho Power, 

Port land General Electric ,  and Paci fiCorp) 

cho e to own the turbine simply "becau e 
it was the lea t-co t opt ion." Explain 

Gran for , " I t  wa Jes exp nsive to own 

the tu rbines than to pu rcha e power from 

them . " Benton County PubUc Ut i l i ty Di 
trict has been invited to join t he  project , 
but a t  pre s t ime the  u t i l i ty ha d not re­
sponded with a final  answer. While details 
of the agreement with the turbine manu­
facturer, U.S. Wind power, a re s t i l l  under 
negotiation, the u t iU t ies plan to con t ract 
wi th  the compa ny to oper;i te and  main ­
t;iin the  turbi nes for a rta i n  p1:riod ea r ly 
in the project. The plan i for u t i l i ty taff 

members to ga in  experience wi th  opera­

t ion and ma i ntena nce bef re ta k ing over 

these re ponsibi l i t ies . 
Rega rdless of whether ut i l i t ies in tcr­

e · ted in wind power own their tu rbines 
d i rectly or purchase power from develop­
ers, they face ome ma jor cha l lenges.  One 
of the e is the is ue of land u e. U n l ike the 
early wind power developer in Califor­

n.ia, who had acce to large tracts of 
land - typical Jy mea uri ng 2- 1 0  quare 
miles and owned by a single fa rmer - the 

Midwe t u ti l itie ore dea l ing with smal ler 
tracts, very sim ilar to tho e in Eu rope, 
which have been d i vided in to evera l ec­
t ion ( typically fou r owners for every 
squa re mile of farmland) .  Wherea the 
Cal i fornia land is generally used for dry 

E PRI  JOURNAL December 1 992 1 1  



farming and cattle grazing, the Mid west 

si tes have been planted with crops, a use 

tha t can pos some obstacles to the instal­

lation of turbines and access roads. Davis 

views the European utilities' experience as 
a valuable complement to U.S. experience 

and is working with EPRI members to 

make the best use of knowledge gleaned 

from the over ea ind u try. 

I ncentives: the ups and downs 

Substantia l tax credit at both the state a nd 

federal levels played a crucial role in Cal­
ifornia in offsett ing wha t was viewed as 

the considerable fina ncial and technical 

risk of early ut i lity-scale wind turbine d e­

velopment. Wlil le these cred its were not 

avai lable to utilities, independent devel­

opers were el igible to receive them, and 

the inc ntive did mud, to encourage the 

in ta l lation of wind tu rbines. Tu rbine be­

gan prou ting up in the late 1 970s, pri­
marily in CaHfornia but a lso in other pa rL 

of the cou ntry. Many of the e early ma­

chines were prototype , and testing and 

engineering were typical l y performed in 

the field. The result ing high fai lure rate 

tami h d the repu tation of wind power. 

everthele , buoy d by support from the 

federal and state governmen t , and en­

couraged by tentative intere t from some 

u t i lHie who viewed wind as a future op­

portunity, the init iat ion of wind projects 

continued . 

In 1 985 the federal tax credi ts expired, 

fol lowed a year la ter by California's tax 

credits. However, s ignificant improve­

ment in turbine teclmology, together with 

the con tinuat ion of anoth r type of incen­

t ive i n  Californ ia, known as Sta ndard Of­

f r 4 con t racts, made po sibl the financ­

ing and i n  tal la tion of thousai1ds more 

turbine , even i n  the face of fal l i ng  fo i l  

fuel prices . Standard Offer 4 contract es­

sen t ial ly guara11teed a minimum price for 
wind energy over a period of year , en­

abling wi nd farm developers to obtain the 

financing they needed . As more turbine 

went up, much-needed opera t ing experi­

ence wa gained, ystem rel iabi l i ty im­

proved, and the cost of installed projects 

decrea ed dramatkal ly, from more tha n  

$2000/ k W  i n  t he early 1 980s t o  abou t half 

that by the end of the decade. This 
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brought the cost of wind energy dow n 

from 25-30t/kWh to 7-9¢/kWh, assu m­

ing an average annual wind speed of 1 6  

mi1es per hou r. Starti ng i n  the mid-1 980s, 

no further Standard Offer 4 contracts were 
issued . As a resu lt, the i nstallation rate 

lowed considerably, causing some ob­

servers to wonder whether the golden age 

of wind power had already come and 

gone. 

Technological progress is U1e engine 

driving today's activity in wind power. 

Bu t n w type of incentive are begin ning 

to come to life, and t hey are expected to 

add fuel to th wind power movement .  

Largely reflecting a revival of interest in 

and commitment to renewable energy 

tedmologies, the incentives are propelled 

primarily by environmen tal concerns, but 

also by a desire for national energy stabil­

i ty-an interest that was reinforced dur­

ing the recent war in the Persian Gulf. 
Among other factors that are ma king 

wind power attracti ve for more utili tie is 

the need to use environmental  externa l i ­

ties in developing plans for future power 

genera t ion . 

Environmenta l externa l i ties are in1pacts 

-both posi t ive and negative- that are 

not reflected in the market prices of gen­

eration options. For i nstance, releases of 

carbon d ioxide and nitrogen oxides are 

nega tive externalities as ociated with 

burning coal . Such external i t ies might be 

added to the cost of using coal ,  or inst ad 

a cred it might be given to renewable en­

ergy resou rces, su ch as wi.nd power, for 

1 10t generat ing such emissions. As a result, 

utihties ., whicl1 typically u e a least-cost 

method for selecting future generation, 

will take these factor i nto accou11t, since 

they are reflected in the bottom-l ine figure 
for ead1 option .  ew York, Wisconsin, 

Vermont, and Oregon are just some of the 

states who e u t ibties are including exter­

nal ities in the generation pla11ning pro­

ces . Other tates, l ike Minne ota, have 

ad opted d i fferent incentives, including 

sales and property tax exemptions. 

Mea nwhile, the federal govern ment has 

renewed its own incentives. In October 

President Bush signed an energy bill that 

includes a 1 .5r /kWh prod uction incen­

tive. For inve tor-owned uti l it ies th is in­

centive comes in the form of a tax credit . 
For tax-exempt util ities ( including munic­

ipals and coopera tive ), it come in the 

form of a payment, dependent on the an­

nual appropriation of the U.S. Congre s .  
The i ncent ive wiJ J  go to the owners of 

wind plant that are brou ght on-l ine be­

tween January 1 1 1 994, and J une 30, 1 999. 

The credit wil l  be ava i lable for the first 1 0  

yea rs of a wind pla n t's operation a n d  wHL 

be adjusted annual ly for infla t ion. As 

Davis points out, this production incen­

t ive may further encourage ut i l i l ie to 

purcha e their own turbine I since they 

are the ones l ikely to benefit most. For in­

stance, a 1 . S Q:/kWh credit on a 40- W 

project, whid1 wou ld typically produce 

1 00,000,000 kWh per year, wou ld result in 

tax sa vings of $1 .5 nilllion. Pri vate devel­

opers would be unlikely t reap the full 

benefi ts of such a ta x break, ince th ir tax 

bi l l  are typica l ly wel l under $1 mrnfon, 

which i less than the a l lowable tax credit .  

An i n vestor-owned ut i l ity' ta bil l ,  on the 

other hand, may well amou n t  to several 

million dol lars, so the tax cred i t  is a good 

financial incen tive for ut i lities - a  benefit 

lhat aJso flows through to the cu, tomer by 

reducing energy costs. 

Wi nds of Europe 

The use of incentives i.n Eu ropean cou n­

tries ha proceeded a t  a much more even 

pace, i l lu strating a stead i ly increasing 

commi tment to wind power. And while 

the world 's a ttention in the 1 980 was 

6xed on the hil ls of Call iomia, i t  appears 

tha t  Europe wi l l  soon steal the show and 

far surpass the United Sta te in turbine Ln­

stal la tions. Accord ing to Michael Ma rvin, 

d i rector of government and public  affairs 



for the American Wind Energy Associa­

tion, "By the end of the decade, unless 

current trends change, Europe will domi­

nate world production of wind-generated 

electricity." 

Government policies are the driving 

force behind Europe's increased commit­

me11t to wind power. The ministries of en­

ergy, environment, and research and in­

dustrial development in various countries 

have established long-term energy and en­

vironmental policy plans. Combined, the 

European programs caJJ for lhe installa­

tion of ;it least 4000 MW of wind capacity 

by the year 2000. The United States, meaJ1-

while, has set no national goals for the im­

plementation of wi.nd technology. Among 

the European countries expected to be 

most active in wind power this decade arc 

England, Denmark, Germany, and the 

Netherlc1nds. Significant activity will also 

be occurring in AJberta, Canada. 

The OEM Development Corporation, 

wl1ich compiled a soon-to-be-published 

EPRI report (TR-101391) on wind technol­

ogy in Europe, points out that the Euro­

pean commitment to wind projects in the 

1990s more than doubles the 1600 MW of 

wind capacity that exists in the United 

States. "While some of these goals may 

not have the force of law, it is clear that 

European governments are serious about 

wind and are attempting to give this and 

other renewables every chance to be im­

plemented on a significant scale," accord­

ing to Jamie Chapman, author of the OEM 
report. The European Wind Energy Asso­

ciation projects the installation of J l ,500 

MW of wind capacity by 2005, 25,000 MW 

by 2010, and 100,000 MW by 2030. 

What's prompting European countries 

to leap so confidently onto the wind band­

wagon? They are reacting to factors simi­

lar to those propelling the U.S. market for 

wind power: uncertain oil prices, mistrust 

of nuclear power (a growi.ng unease that 

was precipitated by the Chernobyl acci­

dent), and increasing damage to the en­

vironment from the use of fossil fuels. 

DeMco of EPRJ points out that environ­

mental concerns clearly domjnate. "A 

number of European countries have come 

to the conclusion that they need to do 

somethi11g not only to reduce acid rain but 

to minimize greenhouse gases as well. 

Wind is a favorite option for them because 

most of the Europec1n countries have good 

wind resources and because of the status 

of the technology." 

DeMeo sums up the difference between 

the European and the U.S. perspectives to­

day as follows: "In this country, utilities 

are trying to decide whether they should 

use wind power and under what condi­

tions it is going to make sense. 111 the Eu­

ropean countries, the decision to use wind 

power has already been made by the gov­

ernment and the people, so the question 

the utilities tl1ere face is how lhey are go­

ing to use it, not whether they are going lo 

use it." 

One strength of the European move­

ment is that it represents many sectors 

of society, including government bodies, 

utilities, academic institutions, and manu­

facturers. The Commission of the Euro­

pean Communities and the national gov­

ernment programs are the major forces 

supporting advances in the technology­

facilitating and even mandating the in­

volvement of utilities, demonstrating new 

turbines, and stimulating the market. Of 

great significance with respect to utility 

participation, European utilities-unlike 

their counterparts in the United States 

during the 1980s-have been allowed to 

receive tax credHs and other financial in­

centives. 

The European government programs 

have also been of major benefit to Euro­

pean turbine manufacturers. ln fact, so 

strong is governmental support that sub­

sidies have led to the development of ma­

chines far more expensive than those pro­

duced in the United States. While U.S.-

manufactured turbines now cost less than 

$1000/kW installed, European machines 

typically cost 50% more and weigh about 

twice as much. Although European tur­

bines may not be cost-competitive with 

American-made models, some of them of ­

fer extremely attractive features, points 

out DeMeo. In particular, he says, several 

machines produced by Danfah manufac­

turers offer high reliability, and a German 

manufacturer has produced a variable­

speed turbine similar to U.S. Wind­

power's. The heavy subsidies in Europe­

inspired by governmental desire to foster 

domestic industry-certainly make the 

European market hard to break into. But 

U.S. Wind power did just that last summer, 

winning a bid to sell 25 MW of wind 

power to a utility in Hollru1d. 

Competition on the rise 

While U.S. Windpower clearly dominates 

the wind power market in the United 

States, other domestic manufacturers are 

producing advanced turbines that are ex­

pected to become competitive within the 

next few years. ln fact, the U.S. Depart­

ment of Energy, tJ1rough its Advanced 

Wind Turbine Program, is sponsoring the 

development of five turbines in an effort 

to provide wind power for 5'1/kWh, as­

suming sites with an average annual wind 

speed of 13 miles per hour, by 1995. 

Among the most promising machines in 

the DOE program is R. Lynette & Associ­

ates' two-bladed turbine, rated at a ca­

pacity of 275 kW. A very lighn,veight ma­

chine, it is expected to weigh about half as 

much per kilowatt as most of the three­

bladed commercial turbines available to ­

day. Because the machine is so light, it  

should be inexpensive to build. It  employs 

advc1nced blades, designed by DOE's Nc1-

tional Renewable Energy Laboratory, that 

increase energy capture. The control sys­

tem takes advantage of the aerodynamic 

nature of the blades, so they automaticaJJy 

stall in high wjnd to ensure that the max­

imum power rating is not exceeded. This 

machine is to be available for initial com­

merciaJ delivery in 1994. 

Another promising machine selected for 

fundjng through the DOE program is 

Northern Power Systems' turbine, which 
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Wind /arm at the outer harbor ol Zeebrugge, Belgium 

United States 
1600 MW (68%) 

Europe 
4000 MW (62%) 

Europe 
750 MW (32%) 

United States 
2500 MW (38%) 



is xpected to provide 250 kW of ca paci ty. 
Also a two-bladed , lightweight de ign, 
t h i  tu rbine employs aileron control and 
a teeteri ng rotor, ,vhich a l l ows the blades 
I rock back and forth to adapt  to uneven 
wind pressures. The ai lerons, imi l a r  to 
those on the wings of a n  a i rpla ne, repre-

nt a major adva nce in wind turbine tech­

nology. The ad justable flap can regula te 
how fa t t he  rotor pii and are u d to 

con tr I the tarting and stopping of the 
machine. Th i turbine is exp cted to b 

comm rcia l ly  avai lable in 1 995. 

DOE's dvanced Wind Turbine Pro-
gra m, e tabl i hed i n  l t 90, i a ma jor part 

of a larger federal wind progra m ,md i 
intend d to bolster the U . . indu tr . "We 
be)jeve a trong manufacturing ba ,vi t h  
m u lti ple plnyer wil l  lead toward a 
heal thy ind u stry," say Ron Loose, d i r  c­
tor of the federal Wind Energy Program .  
"We feel t h a l  for w ind to b e  a cepted b y  
u t i l i t ie a a domestic energy ptinn, w e  
must have a d iver e u pply of qua lHy do­

mestic tu rbine . " 
To fu rther adva nce the d evelopment  nf 

emerging turbine techn logie , EPR t and 
DOE have e tabl ished the t i l i ty Wi nd 
Turbine Performance erificat ion Pro­
gra m. r ated through a memorand um of 
u nder ta nding s igned by the two orga n i­
za tions in September, the progra m aims to 
accelerate wind power commercia l iza t ion 

and faci l i ta te u ti l i ty in ol emen t . The 
program' 1 ng-term object ive is to en, u re 
the ommercia l iza t ion, by the yea r 2003, 
of field-veri fied, tate- £- the-art , u t i l i t  -
grade wind power ystem capable of de­
l ivering electricity for 4it/kWh ( in 19 2 
dollar ) , gi ven 13-mi le-per-hou r w ind . 
Thi · represen ts a more than 20% d ecrea e 

i rt the cost of energy produced by today' 
sta te-of-U1e-a rt tedrnology. 

na ngements cs t abl i  hed through the 
m morandu m of understandin cal l  for 
DOE-a is consisten t  with i ts Ad ,meed 
Wi nd Turbine Progra m - to fw1d the de­
velopment and ini tial te ting of adva nced 
wind turbine . EPRI and the pa rt icipating 
util i t ies lVill provide the te ting ground 

for the turbi ne . Fou r u t i l i t ies are each e 
pected to in tall and opera te 20 or more 
c immercia l protot pe turbine , i ncluding 
at lea t 10 of each tu rbine t pe. EPR I i cu r­
ren tly seeking members from different 
pa rt o.f the coun t ry to ilCt a host u t i l i tie 
for the progra m and is encotuaging in ter­
ested ut i l i ties to get ot l1ers involved as 
cospt nsors. 

The machines wi l l  be deployed a nd 

eva lua ted for three years, enough time to 
;i l low a thorough a e ment of their 

energ co t and u itr1 bi l i ty f r large- ca le 
a pplica t ion .  The l u rbin te ting wil l g t 
under way in '1 99"1. As DeMe point ou t, 
th d a ta ga t hered wil l  provide va luabl 
e. perience and feed back on the turbine ' 
opera ting performance and main tenance 
requiremen t  ·- t he kind of informa tion 

requi red before a major in tal lation. The 
rogra m' capi t a l  e p n are peel d 

to ru n  about 10 mil l ion per ho t u ti l i t , 
s i te, ,,v i t h  half to be provided by t he  host 
and the rema ind er by EPR I , pr1rh1er u t i l ­
i tie , and D [ .  CPR! '  portion include 
an e timated $1 .5 m i l l ion for basic pro­
gram support, excluding tailored c ! Jab 
ra t i  n fu nd tha t  are avai lable to member 

u t i l i t i  
A l lh  ugh pon,oring the Le  t ing 

of . .  machin ry only, EPRI fund a re 
avai lable for both f reign and U .S. tur­
bine'" The deci ion on which mach ine� to 

employ i left lo the h l ut i l i ti . Cur­
ren tly ava i lable machines a re e l igib le for 
the pr gram, bu l  the major em phasi wi l l  
be on emergi ng tu rbine . evertheles , a 

D Meo poin t  u t ,  mo t I f  the exi -ting 
turbine hav been fi ld - te,ted only in 

al ifornia and Hawa i i .  " When you get 
in to the vast e pan e l.lf Wyom ing with 
10 feel of snow on the  grmmd, wind tu r­
bin performance is a whole different 
tory." 

"The early commercial izat ion of a prod -

uct is cri t ical Lo i ts succes 1 " a y  Dil vis, 
noting U,a t  the program wi l l  he lp manu­
factu rers r ceive ea rly orders for commer­
cial turbin s a nd lhu help lo d rive d own 
the cost of the machinery. "An equally im­
porta n t  object i ve," he says, " i s  to a l l ow pi­
oneeri ng u t i l i t ies to gain experience in op­
era t ing tu rbin without having to a ume 
the entire ri k a sociated wi th a new 

power generation technology." 
Mar in t f the American Wind Energy 

A .. ocia t ion bel ieves the · PRJ -DOE pro­

gra m wi l l  help pack much-need d pow r 

into tht'  · . .  t u rbine-mc111 u factu ring mu ·­
cle. Accord i ng to h im,  "U . .  Wind power' 

br akthrough � a nly the beginn ing. 
ow w ' I I  begin tn e ,  ome more com­

peti t ion emerge. I think th mid-ni neti 
are goi ng to be a tremendously excit i ng 

t ime for t he wind pow r i mi.ustr . The 
b st i n  wind i ct l0 come." 

Further reading 
Ul lh ly Wmd 101eros1 Group 1 i rochu res. E:"oriomic Lessor,s 
lrom a 0,,rade ol C,aer ience. Augusl 1991 Amerrc.a 
Takes Sloe� of ii Vasr Energy Rosource, Fobrua1y 1 q92 
ln reg,a 1111a .,,, F.vttr Cheno111g Resaufce July 992 
Asst•ssment cl Wind Power S/auon Performrmcc, ,md Re­
t1o!bil1/y Prepared by A ynene & A�S<)�1ates Inc Junr. 
1 992 EPRI TR- 1 00705 
An Assessment of lh:1 AvarlaOle Wtrta� Laud Ar&, !Jf'/Q 

Wma Enomv Porenr,.,1 ,n 1/ie Con11guous U,>11ea Stares 
Prepared lor lhe LI S  Oe11at1men1 of Energy by Ba11e l11o 
Pac,hc No r lhwest l.ebOratory Augusl 199 1  PNL-778'1 
"Excaflenl Fo l eces l lrn Wind EPRI .Joumel Vol 1 5  No 4 
(JunE 1 990) pp 1 ,1 - 25 
S111ng Gu1do,/int1s for Ut1/itv Apphcar1Un m Wind Turbine:, 
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Ea1I Davis and Edgar OeMl:lo, General1on & Slorage 
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by Taylor Moore 

IGH-CONCENTRATION SOLAR 

PHOTOVOLTAIC CELLS ARE 

NEARING COMMERCIALIZA­

TION, building on the success 

of EPRI-sponsored work at Stanford Uni­

versity in the mid-1980s that achieved a 

world-record sunlight-to-electricity con­

version efficiency of over 25%. Developers 

have since made major progress in clear­

ing the technical and manufacturing 

hurdles that separated laboratory cell pro­

totypes from durable, field-deployable 

power-generating systems. As a result, 

two startup firms are planning to become 

commercial manufacturers of sun-track ­

ing systems based on the technology. Re­

search managers at the Institute say that 

within the next few years, such systems 

will likely meet the cost and performance 

targets set by EPRI over a decade ago for 

practical and economically competitive 

utility-scale power generation. 

Full-size, prototype modular arrays fea­

turing two different design approaches to 

using the concentrator technology under 

EPRl license are planned for installation 

next year. The arrays are to be installed at 

the PVUSA (Photovoltaics for Utility- Scale 

Applications) solar demonstration site lo­

cated in Davis, California, and operated 

by Pacific Gas and Electric Company 

(PG&E). One of the companies pursuing 

the technology-AMONIX, lnc.-is lead­

ing the commercialization of a new, low­

cost integrated array design for which a 

patent was issued to EPR! earlier this year. 

EPRI plans to begin construction of a pro­

totype integrated array at Georgia Power 

Company's Shenandoah solar demonstra­

tion site late this year, and AMONIX plans 

to supply another integrated array to the 

PVUSA project. 

ln contrast to simpler-but less effi­

cient- large-area, fla t -plate solar modules 

(which typically operate at a fixed tilt fac­

ing south and convert some indirect as 

well as direct sunlight into electricity), 

concentrating systems use Fresnel lenses, 

parabolic mirrors, or heliostats along with 

sensors and motors to actively track and 

focus sunlight onto small cell areas. Con­

centrating systems generate up to 500 

times more current per unit of cell area 

than flat-plate systems do. Some of the 

EPRI JOURNAL December 1992 1 7  



area that  would be taken up by high-co t 

c 11 in flat-plate sy tern is devoted to 

I wer-co t len e or mi rror in the con­

cen trator techn logy. 

Be a u. concentrating sy tem are more 

efficient ,  they require rel a t ively few high· 

p wer array to equal the ou t put of a large 

field of flat-plate yslems. H igh-cone n­

tration phot vol ta ic (/ ICPV) has long 
been a leading c;i ndid ate among o lar  

technologie to provide an conomirally 
com petiti ve generat ion option that could 

make a igni ficant contr ibu tion to the bulk 

powt!r upply. 

The ·tory of EP.Rl's effort in I lCPV i one 

of a u ta ined commitment to a i m.ple vi-

i n, ace rd ing to J im Birk, d i rector f the 

Storage & Renewabl D partmen t in the 

Generation & Storage Di vi ion .  "TI1e vi­

sion i that the technolog , with its mal l ,  

h ighly fficient ceUs, has the in t rin ic char-

die of the 1 980 ," sa s Edga r  De.Meo, 

EPRl' program manr1ger for solar pow­

er. " o t hav sta ed w i th the program 

through the inevi table ups a nd downs. 

And col lect ively U1ey prodde a region­

al ly d iver e test-bed for lht: technology as 

it evolves." 

A solar cel l  on a chip 

EPRl's _ o lar  cone n l rntor cel l  technology 
grew from research thil t  began in 1 976 

at Stanford Univer ity. Led by Richard 

Swa n on of the D partment f Electricil l  

Engineering, the researchers used exten­

sive com pu ter m leli ng of the funda­

mental phy ic f a i l icon photovolta ic 

device t e en tual ly de ign r111d make a 

ceU abou t 1 n,1 i n  a rea and only 75 - 00 

µm thick. TI, n dl-! ign ma irnized the 

crea tion o f  pair of charge carriers (elec­

trons and holes) by i ncoming l ight pho-

acteristics t achieve economic viabi l i ty t Lons and minimized th ir rec mbination 

complement its inherent environmental in the m11teri a l  in ord er to prod uce the 

att ractiveness. 

"EPR I ' s  commitmen t ,  which is probably 
u nma tched in length of time by any rga­

nization involved with photovoltaics out-

id of Ja pan, ha a Uowed r ma r!..r1ble 

progress, c1 lbei L not a lwa s at a <;teady or 

pred ictable rate," adds Birk. " ince t he 

in pl i  n of the HCP program, the key 
drivi ng factors have hanged from lhe 

cost and c1vailc1bil i ty f fossi l fuels to a 

gr wing r cognition that renewable a r -• 

bee ming c t-competitive su pply cxpa n-

ion option tl,at are rela t i vely fr from 

environrnt!ntal concern . Al o chang >d are 

the markets, po ible owner ch ip of gener­

at ing y tems i n  the fu ture, the  po l i t ica l 

and r gu latory environmen ts, and fed rat 

upport and emphasis. H PV is one of 

th ·e leclmologi tha t 's been d riven b 

the s imple concept that a clea n ,  co t-effe 

t iv , u tainable re urce wi l l  find major 

appl ica t ion i.n energy su pply rega rd less of 

how th util ity indu·try change . 11 

omplementing EPRJ ' com mitmen t, 

fiv cospon oring u ti l i t ie - A rizona Pub­

l ic rvi e, Georgia Power, t he  Lo Ange­

les Department of Wa ter & Power, T' &E, 

and S uthern California di on- have 

contributed to the effort be ond their EPRI 

d ues. "Thes util itie ha v� play d a key 

adv isory and fw1ding role si nce the mid-
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greates t flow f curren t  possible. 

Originally de igncd for 500x sun light 

concentra t i  11 1 the cel l had pera ting tem ­

perature limit and rela ted cooling re­

qulrt!men t  tha t  r suited in a ma ll active 

<1 rea. Bu t th cel l ''> · ize and microelec­

tronic de ign made i l  a mena ble to o lume 

manufa turing by the ame techniques 

used to make d ozens of i11 tegra ted-circuit 

dups on a ingl� �il iccm wafer 3 to 6 inches 

i.n diameter. The l a rger the wafer, the 

lower the prod uct ion co I of each device 
mad on it. 

The Stanford p i nt- ontact cel l wa a 

back-con tact devi e in which thou and of 

a l ternat ing, microscopic con tact poi nt on 

the bottom urfac oi l  ted the current 

genera ted from l ight l hat en tered through 

the  top sur fctce. A n t ircflect ive coating 
and textu ring on the top a nd a reflect ive 

b ttnm layer help0d trap light inside the 
bulk s i l icon to genera te  ma,x imum urrent .  

A top layer uf very pure . i i i  on dio ide 

erved to passivate the · u rface of the bulk 

i l icon and preven t  electron -hole recombi­

na t ion . 

By the mid-1 980 , wan on and his as­

socia tes were produ i ng l i mit d number 

of cells in the laboratory with PV conver­

sion effici0nci of ju �t ver 28% - effi­
ciencies tha t were confirmed by the U.S. 

Depa rtment of En rgy's Sand ia ational 

Laboratories PV mea ureme11t fac i l i ty. 

H igher effic iencies have since been re­

p rted by other developers for 1mire 

ot ic and costly ga l l i um arsen ide- based 

cell:.. ( rigi nal ly d signed for space 

power a ppl ica t ions, even such advanced 

technol ,gie c u ld eventual ly find their 

1-Vay int terre trial power applicati n . )  

B u t  the EPRf- tan ford effici ncie·, which 

are within a few percentage poi nts f the 

theoret i ca l  l im i t  for a i l icon-only device, 

stil J stand as a world record . 

A semiconductor device ma ker in Cal i ­

forn.i a's Sil icon Va l le -Acrian, l'nc.-wa 

contracted by EPRI to demonstra te th fea­

sibi l i ty of manufacturing the  poin t-c ntac t  

cel l in a pilot production faci l ity. Concur­

rently with work on the cell, in the early 
1 980 PRI had b gw1 a upporting ef­

fort I d by Black & Vec1 tch on the design 

EPRI HCPV 
TECHNOLOGY DEVELOPMENT: 
FROM LABORATORY 
TO MARKET ENTRY 

EPRl 's high-concentration photovol ­

raic techno logy or ig inated In work 

proposed by Stanford University in 

1976. Related hardware develop· 

ment for prototype modu les and 

arrays was in itiated In para llel in the 

early 1980s through 1he U.S . Depar1-

menr of Energy's photovoftalcs pro· 

gram. By lhe mid· 1980s, Stanford 

researchers had achieved a wor ld ·  

record sunlighHo-eleotric ity peak 

si licon cell corwersion ef ficiency of 

28% at 100 suns i llum inat ion . Bui 

concurrently, instabi l ity and perfor· 

mance degradat ion began lo be 
observed in early production cell s .  A 

re focusing of the research in rhe late 

1980s produced technical solutions 

that have resu lted in cell designs that 

are slable and 25% effrcient .  Two 

companies are now pursu ng com­

mercial ization of the technology 

under EPRI license, using different 

cell and system design approaches. 



and development of the u rrou ncling cell 

package, the Fre nel-1en -topped modu l  

hou ing, and the  array structure. Over th  

years, s vera l prototypes of  module and 

array designs - forerunners of the present 

integra ted a rray - have be n field-tested 

at u t i l i ty demonstration sites in Arizona, 

California, and Georgia. 

The early module de ign called for 

mou nting individual cell on el ctr de a -

semblies tha t were then bonded to copper 

contacts and fitted with econdary optica l 

element to help the Fre nel len es con­

centra te light onto the cel l . Forty-eigh t  

cel ls , each fi tted with copper h a t  pr ad­

er on th under ide, were moun ted i n  the 

bot tom of a deep-drawn aluminized steel 

pan. The modu le was then covered by two 

24-cel l, mold d-acrylic Fresnel lens par­

quets to become the bu i ld ing block for 60-

module, 1 8-kW arrays mounted on mo­

torized pede ta ! . It would take 560 uch 

a rrays spaced over 60 acre t t ta l 10 MW 

of pea k-rated power, or 5600 arrays spread 

over 600 acre to make 100 MW. 

A work pr gre ed through the 1 9  0 , 

"we gained a lot of experience and kn wl­

edge abou t the kind of pr bl m that can 

be encountered when trying to produ e 

these cells in a high-volume manufactu r­

ing nvironment," says Frank Dostalek, a n  

EPRI project manager. Yet the feasibility o f  

large- cale manufacturing of concentrator 

cells u ing the tandard semiconductor 
proce sing techniques of photolithogra­

phy, d i ffu ion, and metal l ization was 

clearly demonstrated . 

What wa not ant ic ipated, and what 

forced a maj r refocu ing of the technol­

ogy development effort in th late 1 980 , 

wa the d i  turbing ob er at ion of perfor­

manc instabil i ty and d grad ation in early 

prod uction cel ls that had undergone ex­

tended illu mination test ing. Som cells 

lost as m ud1 a 1 5 -20% of thei r ou tput  

power within the fir t few days of expo-

u re to u n l ight - a nd a much a 40% 

wi th in  a few month . For a whi le, the out ­

look for the PRI-Stanford high-concentra­

ti n sola r c I I  seem d dark. 

The stabi l i ty  problem ent Stanford re-

e<1rcher back to the d rawing board and 

thei r thr e-d imen ion<1 l  m del f ceU 

phy i to figu re out what wa going on. 

EPRl also conv n d a nu mber of me t ings 

of ex perts, including a panel of scient i fic 

advi or , for inpu t and insight .  l t  was a 

ful l  year a fter the i nstabi l i ty wa fi rst ob-

served before resea rcher worked out a 

theoretica l under tanding of the perfor­

mance degradation and succes fully im­

plemented a technical elution. 

Early into the problem, experts had 
noted imila ritie between the efficiency 

lo in the concentrator cel l  - fabricated 

from high-purity, low-defect crystalline 

i l i c  n - and the lo s of power ou tput 

with prolonged exposure to light in thin­

fi lm olar modu l fabrica t d from non­

cry ta l l foe, amorphous s i l icon. (Other 

groups in the photovoltaics community 

and EPRI's sola r R&D program were <11-

ready add r  ssing the latter problem. )  But 

as theorie about the concentrator cel l '  

in !abi l i ty evolved, i t  became clea r tha t 

the phenomena in the two cell technolo­

gie were d i  tinct. The so-cal led Staebler­

Wr n ki performance Joss experienced by 

amorph u i l icon i now und erstood to 

be cau ed by light-ind uced bond ing d 

feet · creat d throughout the ma teria l .  I n  

c ntra t ,  the degradat ion in th concen­

trator cel l  appear d to occur a a resu l t  of 

som thing going on only at the interface 

between the cel l 's passiva tion layer of sil­

icon d ioxide and t he bulk sil icon . 

The passivat ion layer was added on the 

Prestabil lzed efficiency ( 100 suns) Stabi l ized effic iency ( 100 suns) 
-Laboratory 

cell R&D 

Hardware 
development 

Product 
development 

Industry 
transfer 

Commercial 
ventures 

7% 

1975 1980 

23% 25% 28"/o 

Module, optics , structures 

Acri an 
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top surface of the cell because it was be­

lieved to tie up dangling covalent bonds 

of atoms at the edge of the bulk silicon 

that would otherwise form sites for elec­

tron-hole recombination and thus limit 

current collection. When the cell was an­

nealed at a high temperature, hydrogen 

was added to the passivation layer to tie 

up more dangling bonds at the interface; 

unfortunately, the hydrogen bonds are 

weak and easily broken. 

According to the theory developed by 

the Stanford team, photons of the ultra­

violet (lJV) component of solar radiatfon 

entering the silkon cell carry enough en­

ergy to create energized, or hot, electrons 

that are injected from the bulk silicon into 

the silicon dioxide. The injection pro­

cess breaks many of the weak hydrogen 

bonds at the silicon-silicon dioxide inter­

face. 8ectro11-hole recombination then in­

creases as the surface loses passivation, 

and conversion efficiency drops. 

Tn work funded by EPRI, the Stanford re­

searchers developed a twofold solution to 

the stabiJity problem. First, they improved 

the passivation layer, producing a dean, 

dry layer that reduces mechanical stress at 

the interface and thereby limits defects 

and related recombinatio11. Second, they 

diffused a shallow layer of phosphorus 

(11-type) dopant into the cell surface. The 

shallow-doped layer creates an electric 

field that repels positive charge carriers 

lholes) away from the passivation inter­

face and thereby prevents further recom­

bination. 

Although the diffusion of additional 

dopant makes for <1 stable device, it un­

fortunately robs the cell of 2 to 4 perce11t­

age points in efficiency. lmproved sta­

bilization techniques now under devel­

opment are expected to restore this lost 

efficiency. 

"The stability problem is under control. 

Two solutions have been implemented 

and others may exist," says Frank Good­

man, anotJ1er EPRJ project manager in­

volved with the concentrator cell effort. 

"We've had approximately 200 cells under 

test for an extended period, including 

three modules for over two years and a 

fourth module for a year. No efficiency 

degradation has been observed. The ear-
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lier cells would start to degrade right 

away." 

Onward and upward 

Both of the startup firms to which EPRI has 

provided funding and management sup­

port to pursue commercialization of the 

solar concentrator technology-AMONIX 

and SunPower, Inc.-have implemented 

their own solutions to the stability prob­

lem, and both have developed their own 

design concepts for incorporating the 

high-efficiency cells in high-efficiency sys­

tems. EPRI has awarded each firm its first 

large production order for 2000 cells. 

SunPower says it is able to consistently 

make 21 %-efficient, stable cells by using 

shallow dopant diffusion but hopes soon 

to eliminate it and reclaim the lost effi­

ciency. Richard Swanson, the founder, vice 

president, and director of technology for 

the Swmyvale, California, company, notes 

that SunPower is exploring recent prog­

ress in the related area of complementary 

metal oxide semiconductor, or CMOS, 

technology with lhe hope of developing 

an improved, stable oxide layer that is re­

sistant to damage by hot electrons. 

"Since tJ,e microelectronics industry has 

a similar problem, we have a hunch we 

can borrow from their practice and get a 

rugged, stable oxide that will allow us to 

eliminate the shallow-doped layer," he e.x­

plains. Very recent results indicate success 

in making small quantities of ceIJs with ef­

ficiencies of 24-25% and improved passi­

vation. Monitoring of the stability of these 

cells has just begun. 

A combination of oxide layers that are 

resistant to hot-electron damage is the so­

lution that AMONIX has already hit upon, 

although the company chooses to say no 

more than that. The Torrance, California, 

firm is building 011 its background and ex­

perience in making high-performance 

semiconductors, includi11g microwave 

transistors and transmitters and also radi­

ation-hardened power semiconductors for 

space applications. AMONIX is pursuing 

solar manufacturing for terrestrial as well 

as space applications. 

"From our experience making radia­

tion-hardened space devices, we figured 

that the process of UV damage, although 

much less intense, must be similar. So we 

thought the remedy might be similar," 

says Yahan Garboushian, president of 

AMONlX. "1 can only say that we did not 

utilize conventionaJ techniques to solve 

the stability problem." 

Garboushian says AMONIX is able to 

produce stable, 25%-efficient cells today in 

what it calls a foundry manufacturing en­

vironment. Rather than building its own 

customized wafer fabrication line to pro­

duce the solar cells, AMONlX has designed 

the cell for high-volume, low-cost pro­

duction by any of several manufactur­

ers of integrated circuits. "This approach 

gives us instant access to production for 

which the cost curve is very well estab­

lished," says Garboushian. "It has short­

ened the development period and given 

us production capacity without incurring 

very high capital costs." Compared with 

earlier manufacturing designs, as many as 

four of seven circuit-masking steps are be­

ing eliminated. 

In the new AMONIX concentrator cell 

design, the active area (1.2 cm2) is about 

double that of the early EPRI-Stanford 

point-contact device. But because devel­

opers believe a lower-cost system may re­

sult from operating at a lower concentra­

tion to relax opticaJ tolerances and mini­

mize heat dissipation difficulties, the new 

cell is designed to operate at 260x con­

centration. This counters much of the ef­

fect of the increased cefl area, so normal 

full-power output (about 6.25 W at 25°C) 

is only slightly higher th,m with U1e early 

cells. AMONIX has produced more than 

1000 stable concentrator cells under EPRl 

contract since 'I 990, with typical cell effi­

ciencies of 24%. The goal is 26%-efficient, 

stable cells in high-volume, low-cost pro­

duction. 

EPRI and other researchers have recog­

nized for some time that the establishment 

of volume manufacturing of ceJls at an af­

fordable cost was only one step toward the 

uJtimate goal The other parts of the HCPV 

system design needed improvement to re­

duce costs and make. the system more 

readily manufacturable. As it stood in the 

late 1980s, the system was too complex to 

become a low-cost product. There were 

too many pieces to put together in too 



Cel l 

Solder 

Reflective secondary optical e lement 

High-concentration back-contact PV cel l 

Copper conductive layer 

Insu lating layer 

A luminum substrate layer 

Closeup of cel ls with SOEs 

EPRI Integrated HCPV Array: Nearing Commerc ia l ization 

AMON I X , Inc. ,  of Torrance, Cal iforn ia, is leading a team of EPRI  

contractors to  complete and commercia l ize the HCPV ce l l  and 

integrated array system for which EPRI received a patent earl ier 

this year. At the heart of the integrated array is a new ce l l 

mount design that features laminated conduct ive and 

insulat ing layers on top of an aluminum substrate in  a 

printed circuit board-type panel .  I ndividual solar cells 

(metal lized on the bottom side) span gaps in the 

copper conductive layer. In a fu l l-size, 20-kW array, 

PV panel 

PV panel mounted to 
back of array structure 

1 68 such pane ls-each containing 24 cel l s  and secondary optica l elements (SOEs)-form the 

bottom portion of a box-beam structure .  The top part of the st ructure cons ists of parquets of 

Fresnel lenses designed for 250X sunl ight concent rat ion .  Made of molded acrylic, the lenses in 

each parquet are arranged in a 4 X 6 matrix .  A motorized, computer-control led pedestal keeps 

the array pointed at the sun . 

Wafer fabrication and diffusion 

Array 

• 1 68 panels in  array 
• 24 cel ls per panel 

• 1 20 W per panel 

Molded-acryl ic 
Fresnel lens parquet 

mounted to front 

• 20 kW at 20°c ambient and 
850 W/m2 direct sunlight 

• 1 55 m2 

Solar ce l l  manufacturing 
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many steps-the individual cell packages 

(48 to a module), the modules (60 to an ar ­

ray), and the array itself. 

Confident that it had the d1allenge of 

making the cells in hand, AMONIX went 

on to join with other EPRl contractors on 

a new, low-cost integrated array concept 

that eljminates parts as well as process­

ing and assembly steps. Indeed, some of 

AMONIX's earliest stable cells have been 

delivered to EPRl contractors involved m 

development work for the HCPV inte­

grated array. Originally developed for 

EPRJ by Cummings Engineering, the con­

cept involves automated attadU11ent of 

24 solaI cells on a single, printed circuit  

board-type pane.I consisting of three lam­

inated layers: an aluminum substrate, an 

electrically insulative layer, and ru1 elec­

trically conductive layer. Separate parts of 

the conductive layer form the positive and 

negative conductors, with each solar cell 

spanning a gap in the layer aJ1d secured 

by contacts. The design eliminates cell 

packages and modules, aml the cell's 

backside contact requfres only a single 

solder-mounting step. 

A total of 168 sudl panels form the bot­

tom portion of a box-beam array structure. 

Above eacl1 panel, forming the top surface 

of the array, are Fresnel lens parquets in 

a 4 .< 6 matrix. The array is then set on 

a two-axis pedestal with computerized 

tracking control. "We've adapted the ear­

lier design and elim.im1ted the moduJes, so 

we go from cell panels to full arrays in 

fewer steps," says EPRJ's Dostalek. 

The integrated array invt'>lves one-quar­

ter the number of parts of the easlier de ­

sign, meaning substantially reduced mass, 

whicl1 allows the surface area to be in­

creased by 50% to about ·150 m�. This 

boosts peak-rated power to 25 kW per ar­

ray. Also, most ot the welding has been 

climirn1.ted in favor of screws, rivets, and 

other featttres that increase ease and speed 

of assembly. 

AMONIX's Garboushian and EPRI man­

agers say that the now-patentt!d array de­

sign shows strong promise for enabling 

the concentrator teclmology to acltieve 

an installed system cost of $2/W in sub­

stantiaJ manufacturing volume. Work m 

-preparation for installing and testing the 
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first prototype of the new integrated array 

at Georgia Power's Shenandoah site be­

gan this fall, and installation could be 

completed by mid-1993; researdlers hope 

to have 1 kW of active cells (9 pa11els) on 

test in the array by early ne)(t year. 

Meanwhile, AMONIX hc1s formed an al­

liance with EPRI contractors Cummings 

Engineering and Scientific Analysis to 

commercialize the EPRI technology and in­

tegrated array design. The company has 

begun limited domestic and international 

marketing. lts next contrnct is to supply an 

integrated array to the PG&E-led PVLlSA 

project, which is cosponsored by other 

utilities, DOE, and E.PRI. 

Packing them in: 

another approach 

Not only is SunPower working to regain 

the cell efficiency lost as a result of the i.n­

terim doped-layer solution to the stability 

problem, it is proceeding with its own, 

very different approach to using the con­

centrator cell technology. EPR.I and Sandia 

have jointly sponsored cell development 

work at SunPower, but the company con­

tinues to search for a busiJ1ess partner that 

can capitalize further development of its 

system concepts. SunPowcr believes its 

designs, which combine elements of solar­

thermal receivers with high-concentration 

photovoltaics, promise the lowest-cost 

electricity generation for large bulk power 

appHcations. 

Sun Power has developed a design for a 

IO -kW dish collector featuri11g segmented, 

parabolic mirrors to direct and concen­

trate light, as well as a design for a larger, 

200-kW tower-mounted central receiver 

faced by a field of refle1:ting heliostats. At 

the focal poinl in each of these system de­

signs are dense arrays of closely spaced 

concentrator cells capable of operating at 

20-30 W /cm2 and requ1ring active cooling 

by water circulation on the back side. 

S1.111Power's dense array designs are 

based on 150-W modules that consist of J O  

monolithically interconnected back-con­

tact solar cells formed on a single 4-inch 

wafer, along with a substrate, cover glass, 

and a cold plate that circulates the coolant. 

The firm has built its own pilot produc­

tion facility for cell and system manufac-

turing. It believes that in large-scale pro­

duction it can bring the installed system 

cost of its technology in a central receiver 

configuration down to around $2/W of 

rated power. 

SunPower has tested an early module 

prototype at Sandia's solar-thermal test fa­

cility, recording efficiencies as high as 22%. 

A 1-kW demonstration dish is under test 

outside SunPower's headquarters. For a 

nominal 10-kW dish, the receiver would 

consist of 72 modules grouped in a b  x 12 

matrb: that is positioned at the focal point 

of a group of segmented, pc1rabolic mir­

rors. A 200-kW central receiver would re ­

quire some 6 to 7 ft2 of modules, molmtcd 

on a tower above a field of heliostats. 

The company says it believes thal hclio­

stats, which have benefited from extensive 

development under the federaJJy spon­

sored solar-thermal technology program, 

offer the lowest-cost means of concentrat­

ing sunlight for solar plants of more than 

a few megawatts of rated power. For now, 

however, SunPowe.r is looking for a part­

ner to help fund the remaining develop­

ment of its 10-kW dish receiver. The com­

pany has a contract to supply the l'VUSA 

project with two prototypes. 

In addition lo developing its own J· JCPV 

systems, the company could also become 

a cell and component supplier to other PV 

system integrators, points out Swanson. 

SunPower recently began commercially 

offering 21 % -efficient, nonconcentrating, 

35-cm1 flat-plate solar cells based on the 

EPRI-Stanford technology and intended 

for specialty applications. 

Swai,son says he is "very optimistic on 

the teclmical side" a bou l the future of 

HCPV technology. But, he adds, "the issues 

now are more of finru1cing the develop­

ment and of whether there is going to be 

a market for the technology. Our particu­

lar system is really designed for large-scale 

power plants, and that market is very un­

certain. There is not much pressure, eco­

nomic or otherwise, on utilities right now 

lo build such plants at a premium price." 

He believes that other PV technologies are 
better suited than l ICPV to serve emerg­

ing niche and international markets. 

Swanson recalls that as a result of gov­

ernment-sponsored development in Hn' 
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SunPower : Dense Solar Arrays in a Dish 

SunPower, Inc . .  has deve loped a solar concentrator system based 

on dense arrays of closely spaced cells with forced cool ing.  The 

Sunnyvale , Cal iforn ia, company is pursu ing the development of a 1 0-kW 

parabolic d ish ref lector that features segmented mirrors . At the focal  

point of the 72-m2 aperture dish is a receiver containing 72 modules, 

each with a power rating of 1 50 W. Each module consists of a dense 

array of 10 monolith ically integrated solar cel ls mounted with a cold plate 

assembly for cooling. Inside the receiver, the individual cold p lates are 

connected by mani folds for the circu lat ion of coolant. A 1 -kW prototype 

dish is  currently being tested. For applications of 200 kW or more,  

SunPower has deve loped a conceptual design of a larger (6 -7 ft2) 

Di f fuser plate 

receiver that would sit atop a tower at the 

focal point of a field of sun-track ing 

he liostats. 

Coolant connections 

E lect rical connect ions 

Parabol ic dish 
• 268X geometric concentration 

• 94 low- iron. second-surface­
silvered mi r ro rs 

• Two-axis t racking structure 

• M irror aperture area : 72 m2 
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Receiver 
• 10 kW at 20°C ambient 

and 850 W/m2 direct sunl ight 

• 6 X 12 matrix of 1 50-W 
dense array modules 

Prototype 1 -kW parabol ic dish and receiver 



l a t  1 970 , several early, high-cost concen­
trator arrays rated at 200-300 kW were in­

stal led some 1 0  years ago at several sites, 

including the Phoenix, Arizona, airport 

and site in Saudi Arabia . "The systems 

we're ta lki 11g about today are actually 

small r scale. So progress with the tech­

nology has be n pain ful ly slow. And it's 

till going to be a long haul." 

Keeping the technology moving 

De pite the recent technical success that is  

fueling cautious optimi m, the future of 

HCPV technology i not assured . Unlike 

flat-plate technologies, HCPV has not had 

the early niche markets - for example, in 

con umer product and remote power 

system - that have kept some PV manu­

factu rers i11 busines and have provided a 

foothold in emerging internat ional mar­

kets while ef
f
iciency improvement or cost 

reductions were pursued . (Som of the 

companies active in HCPV technology got 

their start making high-power olar con-

verters for satell i tes, a field where the 

profit margin may be high but the volume 

is low and the market potential is l imited . )  

In the ab ence of early product revenues, 

it ha been difficult for HCPV companies 

to at tract sufficient capital to sustain R&D 

or to launch manufacturing in sufficient 

volume to prod uce a low-cost product. 

Resea rchers are confident that the in-

Entech line-focus collectors on test 

Clean room for device fabrication 
and process development 

Heliostat field and power tower test site 

HCPV TECHNOLOGY 
DEVELOPMENT AT SANDIA 

stalled sy tern co t for H PV technology 
wil l  fal l  to $2 or les per watt of peak-rated 

power for sy terns with efficiencie of 

15-20% if large-volume production. is 

reach d later in this decade. However, 

there ar new doubts about when there 

will be enough fi.rm market demand for 

the ystems to justify th i nvestment nee­

es ary to achieve such production. 

In addition to EPRl's long-running development effor t in HCPV, the U.S. Department of Energy has for  many years sponsored HCPV and solar­

thermal technology development programs at Sandia National Laboratories in New Mexico . The Sandia program includes various laboratory testing 

and measurement faci l i ties, as well as field test areas that are used in a coordinated effort with program contractors who are pursuing commercial 

designs for HCPV cells, collectors, and systems. SunPower is among the participants in Sandia's program. A prototype of its dense array has been 

tested at the solar power tower and heliostat field of Sandia's solar-thermal test facility. 



HCPV manufacturer have h igh hopes 
that t heir tech nology wi.11 eventua ! Jy  find 

widespread application around the world 

at a va riety of deployment sca le . E tab­
.l ishing a foothold i n  some non ut i li ty mar­

kets in the near term cou ld b ciucia l to 

bringing produchon costs into the com­
petit ive range. � t HCPV 111<1nufacturers 
real ize t h a t  the n-st of the ,•m rld is look­
ing to the U.S. utility ma rket to demon-

t rate th tedmology's va lue and re l iabil ­
i t y  u nder the most demand ing ervice 
cond it ion . And unlike the ca e for ot her 

P te hnologie , the U.S.  u t i l ity market for 
HCP\/ may be l im ited to the u nbel t  s ta te . 

The technology may be on a dear pa t l1 
to m et ing  th ma nufacturing cost a nd ef­
ficiency goa ls establ ished over a d ecade 
ago - goals that were designed to lead to 
cost of 6 - 8  / kWh for PV-genera ted elec­

tricity. But a decad e of exce s a ai labi l i ty  

of na tura l ga and l ow oi l price ( com­

pared w i th the 1 970 ) ha help d ra i e the 
nea r-term hurdle for economic competi­

t ivenes for photovoltaics ti J J  higher. 
Even if high-performa nce, 20o/r-efficien t 
H PY ystem were commercial l y  avaiJ­
able now for 2000 /kW, in most ca e u t i l ­
itie , under regulatory mandate to  pu r-
ue lea t - cost supply planning, have ev­

ern l more-econom ic option for meet ing 
or ma naging peak and  intermedia te lec­
tricity demand . Developer of t h  tech­

nol ogy u nder tand that the instal l d co t 

w i l l  even tual ly have to be driven below 

$2/ W  for ·igni fica n t  u e in bu l k  power 
generat ion to occu r. 

t i l l ,  say D eo, "more than -o 
u t i l i t ies tod ay are finding ma ny ma l l -
ca l e  appl ka t ion for conventional photo­

vol taics as remote power source in t he i r  
own operations or  for  upplementa l cu  -

tomer _ervice.  ti l i tie are gaining in­

crea ing  fa mi l ia r i t _  \ i th and  appreciat ion 
for the te h nol gy, which many ee a 

power upply e lsewhere in the coun try 
over the next decade, that cou Jd displace 
ome fossi l  fuel , leaving more avai lable 

in the ma rket t han t h  re migh t b other­
wise. " 

HCP\/ technology has held on for more 
than a decade while government- and  

EPRl-spon ored re ea rch program contin­
u d pu hing i t  towa rd now-outda ted co t 

and efficiency goals that were t when 
rapidly r i  i J1g fo i i  fuel prices made the 

arrival of econ m ic competi tivene s eem 

much clo er a t  hand. The technology ha 
al most reached tJ1ose goaJs 1 bu t now the 
t im ing and ize of the market for HCP\/ 
have be.come le certa i n .  evertheless 1 

EPR I '· Birk bel ieve- that " ICPV may prove 

to be an i nva lu able option for u t i J i t ies who 
d not wi h to tie their futu re exclusively 
to conven tional fuels , with the concomi­

tant unc rta i n ty in long- t rm ava i labi l ity, 

cost ,  and governmenta l policy. " 
Beyond the prototyp e developmen t and  

d emon tration te·t un i t  pla nned over the 
next few year , how to be t ustain the 
tech nology i now becoming a focu for 
bot h E PR .I' o lar  concentrator program 
and t he la rger effort managed by andia 

ta t ional La bora tories for DOE. Over the 
ne t two y ar , Sa nd ia  will be wi nding 
d own con t ract work wi th  abou t eight cel l  

and  system manufacturer tha t have been 
i nvol d i n a 1 2 .4 mi l lion cofu nded ef­

fort begtm in 1 990 - the Concen trator l ni ­
t ia t i ve Progra m . 

J n  ad d i t ion to Su n . Power, the solar cel l 
manu factu rer involved in Sand ia's pro-

ram incl ude o larex,  a sub idia r of 
Amoco; A pplied Sola r Energy orpora­
t ion ; and Hugh A i rcra ft' Spt!ctrolab 

·ub idic1ry (original ly a manu facturer of 

sol11r cel l  for a tel l i te power). Alex ai  h, 

a Sand ia project leader, ay· th y a re a l l  
working wit h  manu facturer of terrestri a l  
col lect  rs to commer ial izc the  concentra-

having t remendou poten tial in the long tor tech nology. 

nm . "The technology it elf  i very exc.i ting ,  
" U ti l i t ie" such as PG&E arc considering 

in tai l ing PY in mal l a mou nts or d i  tr i ­
bu t ion feeder support . Even ut i l i ties that 
do not have good ola r re our  es recog­

nize tha t if I \I can become economica l ly 
competi t ive and begin to make a sign i fi­
cant contribu t ion to the nation's bulk 

and i t  i encouraging that a l l  of the com­
pa nie we' ve been working wi th  a re com­

m itted to commercia l iz ing their prod uct . 

They a re st i l l  ma king grea t tr ides both 

technica l ly a nd in the bus ine s sense of 
becoming viab le  com panie . Bu t wheth­
er they wil l ucc ed i n  commercfol izing 

the tech nology depends on many factors, 
some of which are beyond the control of 
Sa ndia  or even these companies," says 
Maish . 

Tom Bickel, Sa ndia depa rtment man­
ager for photovol taic technology, add 

that "Sa nd ia and E PRl need to exped i te the 

development of concentrator technology 
and  h Ip the tartup compa nies identify 
n ar-term ma rket . "  I n  fact, the two orga­
nizations have begun exploring ways to 

p oJ re ources to fu rther advance the con­

cent rator field as wel l  as other a reas in 
photovoltaic . "We look forward to work­
i ng more clo ely with EPRI to try to get 
this technology up a nd runni ng," ays 
Bickel . 

I n um,  both the techn ical t a tu s  of 
HCPV tech nology and it  prospect have 

advanced sub tant ia l ly over the past ev­
era l yems, accord ing to EPRI's DeMeo. 
"Becau c of the performance demon-
tra ted in compon nt so faI and the 

prospect for cost reduct ion through 
st reaml in ing tha t is ju t beginning," he 
says, "thi  could be the fi r t PY tech nol­
ogy to enter the bu lk power arena . The 
key chal lenge for all of u in the con­

centra tor com mun i ty - ind u try, govern­

ment, a nd u t i l i tie - i  to build a bridge 
to u t i l i ty-grade power t hrough market en­
try e fforts to provide early experience, gen­
eral revenu e, and  reduce system costs .  
We wi l l  know within the  next five year 
wh ther this cha l lenge ca n be met ." 

Further reading 
A Si,mmarv 01 Recent Advanc�s ,n the EPRI H1gh­
Conce111ra 11on Phorovo//arc Program. Vols I and 2. Inter im 
reporl tor RP 1 4 1 5-9. prepared by Daeda lus Associates. 
March 1 992 EPRI TR-1 00392 

Developme111 Eflorls on Silicon Solar Cell- F111a l report for 
RP790-2 prepa red by Stanford Un,versuy February 1992 
EPRI TR- 100403 

"Opening lhe Door Jo, uu11 ty Pholovoua,c " EPRI Journal 
ol 12 No 1 ( January- February 1 987) pp 4 -15  

Background lnlormat ,on for  this a rticle was  prov ided by  
Edga r DeMeo, Frank Dosta lek and Fran Goodman , Gen, 
era lion & Storage Dlv1s1on 
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I 
RECE T YEARS THERE HAS BEE 

GROW G co CERN that the accu ­
mula tion of greenhou e ga e in th 
earth 's  a tmosphere may lead t u nde­

sirable changes in global climat  . This con­
cern has led to a number of proposa ls, 
both in the U nited States and internation­
a lly, to set physical ta rgets for l imit i ng 
greenhouse gas emi ion . With carbon 

dioxide (CO2) believed to be re pon ible 
for over half of the human contribut ion to 

greenhou e gas emjssion , the energy ec­
tor plays an importan t  role in trategies to 
add ress poten tial cl imate change. 

Sensible green house pol icy r qu i r  ba l ­
ancing benefits and costs. Fossi l fuel pro­
vid more than 90% of the world ' s  com­
mercia l  energy. Before commit t ing to a 
path that would require a major re truc­
turing of the world '  energy ystem, there­

fore, deci ion maker mu t addre two 
que t ions: What would red uct ion in 
emi ion buy i n  terms of r due d n vi­
ronmental damage? And what would be 
the price tag? 

either question has a stra ightforward 
a nswer. At present ,  h uge gaps rema i n  in 
our u nderstanding of the physical and bi­

ological proce e that in fluen e the di­
mate system. There i growing agr ment 
that increased concentra t ion of green­
house ga es wi l l  lead to global warming ­
but  the e tent ,  t im frame, a nd r gional 
impacts remain tmclear. 

Con iderable uncertainty a lso per ist 
regard ing the cost of mea ure to l imit 
emi  sion . Proponen t  of imm dia te con­
tr I argue that ample low-cost a l t  rna­

tives to carb n-in ten ive fu 1 ar readi ly 
avai lable. A l l  tha t is needed, they say, is 
the pol it icaJ wil l  to engin er th tra n i t i  n 
to a low-carbon economy. 

Many economists, however, a re less san­
guine about the co t of em ission abate­
ment .  1f economical ly a t tract ive ptions 

are available, they argue, what  i preven t­
ing t ile a l terna tive from a utomat i  a l ly 
entering the marketplace? They a l  o fea r 
tha t  a rapid tra n ition away from carbon­
in ten ive fuels would be extrem ly co t Jy. 

Thes differing opinion pre ent a d i ­
lemma for policymaker , ince a case 
could be made for or again t emi ion re­
duction . Addres ing the i ue i l ike de-
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ciding whether t purcha e an insurance 
policy: I J  the co t is negl igib le and the 
ri k are con ider d gr at, there is litt le 
reason not to buy. Bu t if the insurance pre­
mium is expensive -tha t i , if there is a 
significant price tag a ttached to limiting 
tile emission of man-made greenhouse 
gases - then it may be worthwhile to pu r-
ue a lternat ive to immed iate cu tbacks. 

The e al ternative incl ude  an inten i fied 
commi tment to re earch tha t  cou ld reduce 

cl imate uncertajnty and re arcJ1 that could 
lead to the developm nt of n w energy 
uppl y and conserva t ion technologies . 

A eries f r cent studi s conducted 
wi th  EPRI fu ndjng ha focused on devel­
oping a better understanding of the costs 
of l imiting ca rbon emi sions. The re u lts 
of this research were recen tly publi hed in 
Buying Greenhouse l l ls 1 1 rm rce: The £co110111ic 

Costs of Carbon Dioxide Ell lis · ion Lilllils 

( M fT Pr , 1 992) by A lan Manne of Stan­
ford Univ r ity and Rkha rd Richel of 
E PRl .  

Richels umma ri z some of the main 
findings abou t the cost of limi t ing carbon 

emi ion l ike thi : "The bad new i tha t  
i f  ignifica nt emis i o n  limit ar r qu ired , 
the co t are likely to be sub tantiaJ - per­
haps as la rge as s vera l p re nt of the an ­
nua l  gross dom s t i c  prod uct. The good 
new is that the size of the ult imate bill 
can be significa nt ly red uced througl1 suc­
cessful R&D in both the upply and de­

mand side of the energy ector." Richel 

notes that t im i ng wi l l  al  o be critical .  
"Forci ng a rapid tra n i tion a way fr m fo -
ii fuel would be very expensive. I f  i t  

tu rns ou t  that substantial r ductions in 
CO2 emissions are ca l led for, i t ' s  important 
tha t  t ime be al lowed for a manag d tran­
sit ion." Final ly, he stresses the im portance 
of electricity duri ng such a t ransit ion. 
"Our ru1aly i points to increased electri­
fication as the least-cost way to reduc car­
bon emi ions from the energy ector in 

the long ru n ." 

Buying g reenhouse "insurance" 

The whole gr enhouse issu fraugh t 
with uncerta in ty- about  what c l i mat 
changes might actually resu lt from in-

The cost lo the 

Un i ted States of reduc ing carbon emissions by 20% depends 

strongly on assumptions about technological development. Here , 

the base case corresponds roughly to h istorical trends tor the 

in t roduction of new energy technologies and energy efficiency 

improvements. Under the opt im istic scenario , low-cost , carbon· 
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free energy alternatives become avai lable 

more rapidly, and there is  a lower overall 

demand for energy . The pessimistic case 

assumes just the opposite . 
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creasing carbon emissions, when these 
changes might occur, and what their ef­

fects might be. The a tmospheric mod els 
used to forecast climate have several im­
portant shortcom ings, including poor spa­
tial resolut ion, inadequate accounting for 

feedback mechanisms, and insufficient 

treatment of such factors as variations in 
solar output, volcanic activity, and the 

earth's reE!ectivity. Nevert.J,eless, these 
models generally indicate tha t a doubling 
of atmo phe.ric greenhou e gas concen tra­

tions from their pre -lndustrial Revolution 
levels- expected wi thin t.J,e next century 

unless extraordinary measures are taken 
to reduce emis ions - would increase av­

erage global temperatures by l .5 - 4SC 

(2.7- 8.1 °F) , 
Possible consequences might include. 

changes in crop productivity around the 

worl d, mi gra tion of fore t ecosystem s, a 
Iise in sea level ,  and extinction of some en­

dangered species . one of tliese impacts 
is certain, however. AltJ,ough a growing 

amou nt of resea rch is being done, infor­

mation about impacts is still at a ntdi­

mentary tage, and the envi ronmental, 

economic, and social consequences of 
global wanning remain w1certain. 

1n such a con text of great uncertainty 
and potential risk, U1ere have been a vari­

ety of proposals to buy "insurance" 

against global warming by reducing 
greenhouse gas emission as soon as po -

sible. A t  the United Nation Conference 

on Environment and Developmei1t - the 
so-ca l led Earth Su mmit - held in Rio de 

Janeiro earlier this year, the Cn:i ted Sta tes 
and more than 1 50 other countries signed 
the Framework Convention on O .imate 

01ange, committing themselves to adopt 
policies to control gTeenhouse gas emis­
sion but etting no specific dead l ines . 

One pol icy mechanism frequently ug­
gested as a way to bring about emission 

red uctions is the carbon tax. Such a tax 
wou ld be levied on t.l1e combustion of fu­

els according to their carbon emission in­

tensity, in effect rajsing the cost of energy 
consumption to end users. Coal wou ld  be 
particu la rly penalized, since it produces 

21 % m re 02 than oil per un i t  of energy 

consumpt-ion and  76% more than na tu ral 
gas. TI1e size of the carbon tax that would 

The cost of carbon constraints is very 

sensitive to the time al lowed for t ransition . Base case 
assumptions Include a 20% reduction in carbon emiss ions 
between naw and 201 0-a relative ly short period for the 
penetration of new technologies into the marketp lace . Deferring 
the target date by 1 O years wou ld reduce the cumulative oost by 

about 25% . Waiting 20 years would lower 
the cost by about 40%, (Al l costs a re 
cumulative through 2 100 and are discounted 
lo 1 990 at 5% per year. ) 
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b e  needed to bring about specific emission 

red uctions has been hot ly debated, how­
ever, as have the cost and availabi l i ty of 

noncarbon alternatives and the speed with 

which demand-side efficiency can be im­
proved . In the absence of a carbon tax or 

similar re trictions, in many coLmtries coal 
would most l ikely mai ntain its dominant 
role, particularly in the nonelectric energy 

sector, owi l1g to tJ1e depletion of supplies 

of conven tio11 a l  oil and gas d u ring  the 
coming century. 

Manne and Riche ls have focused on the 
costs of reducing carbon emissions and 
have examined some of the energy supply 
and d emand issues invo lved in imple­

menting such red uction . With EPRI fund­

ing, they have developed a compu ter 

model of CO2-energy-economy interac­
tions called Global 21 00. This model can 

a 11a lyze the effects of specific carbon emis­
sion quotas for each of five major gcopo­
l i t icaJ regions a nd simulate their effects on 

regiona l economie . An energy tedrnol ­

ogy assessment submode! ma kes i t  pos i­
b]e to evaluate the effects of introducing 

20% reducti(')n 
by 2020 

20% reduction 
by 2030 

new technologies, includ ing the effects of 
the speed at wnich they replace older, 

more carbon-in tensive tedmologies. Us­

ing Global 21 00, the researchers have also 

explored the costs associated with var ious 
carbon tax and technology-forcing strate­

gies that might be adopted here and 
abroad .  

Mucl1 of their recent work has focused 

on assessing the costs of the so-called 

globa l tabi l iza ti011 scen a rio, curren tly be­
ing considered at a number of i nterna­

tional meeting . This scenario assu mes 
stabi l ization of global emissions at 1 990 
levels. Rid1els notes that "there is clearly 

no unique fonnula for achieving global 
stabilization of emissions. Most proposals 

recognize the need for ome growth in CO2 

emissions in developing countries, where 
per capita emissions are very low in com­

parison with developed countrie ." One 
widely discussed proposal invol ves hav­

ing d eveloped countries cu t back emi -
sions by 20% and letting level i n  de­
veloping cow1tries increase modest ly -

wh ich would result in net global em ission 
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o detenni11e the international ef­

fects of carbon constraint , Alan 

Marn1e and Richard Richel have ana­

lyzed th proposal to stabilize global 

carbon emissions by impo ing a 20% 

cutback in industrialized nation while 

al lowing developing cow, trie to in­

crease emissions by 50%. Even with 

this differential to allow for fa ter eco­

nomic growth, devel oping countrie 

would ev�1tually pay a higher price in 

terms of reduced gross domestic prod­

uct (GDP) . For the United States a11d 

other i ndustrialized na tions, the cost of 

emission controls wou ld run between 

1 % and 3% of annual GDP for most of 

the century. The costs to China and 

other d eveloping counb·ies would rise 

to 5 - 6%. 

"The costs are higher for develop­

ing countries because their economies 

6 

5 

4 

2 

are growing faster," explains llichels . 

"Both population growth and eco­

nomic expansion will continue to put 

upward pressure on the energy de­

mand in these countri s. And the cost 

of a11y re triction on carbon emissions 

will fall most heavi ly on cot01.tries,  

such as China, that are hoping to fuel 

economic expansion with an energy re­

source base dominated by coal." 

Global pattern of CO2 emissions wW 

also shift significantly under the as­

sumptions of this analysis. In 1 990, the 

industrialized nations accounted for 

64% of tota l emi ion ; their contribu­

tion i expected lo drop lo 30% by 2100. 

Si.nee economic growth rate are con­

siderably higher in the developing 

countries, those countrie will also 
have higher growth rates in energy 
con umption and carbon emissions.  D 
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A GLOBAL PERSPECTIVE The rela�ve economic burden of stabilizing global carbon emissions w i ll d iffer significantly among various 

countries and regions of the world .  For a scenario in which developed countries reduce emissions by 20% and developing countries are 

permitted a 50% increase over the next century, the annual gross domes�c product (GDP) losses to the United States would be about 

2 .5%, and other industrial ized nations (OECD) would lose about 1 .5%. China and o1her develop ing countries. however, would eventually 

be penalized by 5-6% of the i r  annual GDP because of rapid economic growth rates and , in some cases, greater dependence on coal 

resources. 
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stabilization. Ma ru1e and Ricl1els exam­

ined this proposal extensively as part of 
the recent Energy Modeling Forum Study 
at Stanford Universi ty. 

Paying the premium 

The costs of reducing greenhouse emis­

sions - that is, paying the premium for 
greenJ,ouse insurance - wou l d  indeed be 

ubsta.ntia l if Ule Uni ted Sta te foUowed 

the cenario just de cribed . By the time the 
targeted 20% red uct ion in emissions was 

achieved ii, 201 0, tl1e resul ting annual 
lo es in the U .S. gross dome tic product 
(GDP) wou ld exceed 1 %. By 2020 this an­

nual pena l ty would rise to a stable level 
of 2.5%. Add ing up the losses over al l  the 
years from 1990 to 21 00, Manne and 

Richels found tlrnt their present value 
wou ld be $1 .4 tri l l ion (d iscounted to 1990 

at 5% per year) .  
According to the analysis, G DP losses 

for other i ndustrial i�ed cou n tries fol l ow­

ing the 20% red uction scenario would be 
similar (in percen tage terms) to those of 
tJ1e nited State , but mai1y developing 
countries wou ld u l timate ly be more se­
verely affected economically even if lhey 
were allowed a modest increase in their 
carbon emi - ions over the next centu ry 
(see sidebar ) .  

Manne and  RicheJs also examined the 

size of the carbon tax that would be nec­
essary to bring abou t emission changes of 
this magnitude. The purpose of the carbon 
tax would be to raise the price of fo sil fu­

els su fficiently tha t consumers wou ld 
switch to less carbon-intensive al terna­

tives . Richels notes that a tax on the order 

of$1 35 per ton of carbon wou l d be needed 

in the United States by the year 2000 
because, "with the l imited availabil i ty 
of low-carbon alternatives, consumers 

would be willing to pay a high price to 
burn fossil h.iels ." The ta x  wou ld have tn 

climb even higher - up to $300 per ton ­

in the early decades of the next century, 

owing to the exhau tion of low-cost gas 
resources and i.nexpen ive sou rces of con­

serva tion . Even tual ly the tax would tabi­
l ize at approximately $200 per ton as a va­
riety of carbon-free alternatives become 
available. A recent study by the U.S. De­

partmen t of Energy shows hl w a carbon 

EFFECT OF A CARBON TAX The cost added to various fue ls by imposing a 
carbon emiss ion tax would depend on the i r  relative carbon content. Coal wou ld 
be pena l ized most ; natura l gas, least .  The cost additions shown l1ere represent 
a tax of $ 100 per ton of carbon. 

Added Cost 
Fuel Base Cost Added Cost (% of base) 

Crude Oil S1 6 .01 /bb l $1 2. 1 9 / bbl 73% 

Gaso l ine $0,98/gal $0.26/ga l 27% 

Heating oil (d istillate) $0 .89/ gal $0.29/ga l 33% 

Wel lhead natural gas $1 ,81 / tc f  $1 .49/tcf 82% 

Res ident ia l natural gas $5.87/tcf $ 1 .50/tct 25% 

Mlnemouth coal $23,02/short ton $55.33 1 short ton 240% 

Utl l y coa l S33 .51 /short ton $55.33/short ton 1 65% 

Electrlclt y 6 .5¢/ kWh 1 .76¢/kWh 27% 

Source: U.S Department o! 81ergy. 

tax of $1 00 per ton would affect the price 
of various fuels (see table). 

The Marme-Richels analysis i ba ed on 

what the authors believe to be realistic as­

sumptions abou t the potentjal for supply­

and demand-side improvement in the en­
ergy sector during the coming decades. 

H owever, they stress tha t teclmology fore­
cast ing .is a tricky busines , and they show 
the sensit ivity of their findings to al terna­

tive sets of assumptions.  Riche ls notes, " I f  

one  ub cri.bes to a more pessimist ic view 

of the future, the costs can be considerably 
higher." 

The cen tury-long cumulative costs of re­

ducing carbon emissions under base case 

assum ptions would be $1 .4 tri l l i on .  Tn a 
more pessimistic scenario, high energy de­

mand a nd greater dependence on carbon­

in te.nsive fuels wou ld  combine to increase 
discounted losses to over $3.5 trillion. Al­

terna tively, under a scena rio wi th highly 
optimistic projections about the potential 

for supply enha11ceme.nts and efficiency 
improvements, discounted losses would 

be much lower- abou t  $200 bi l l ion. 

lt is importanl to note tha t. under a 
global emission stabi lization plan, actual 

a bnospheric concentra tions of 02 would 
continue to increase, albeit more slowly 

than in the past . Thu , achieving stabi­

lization of emissions c,umot be seen as the­

"solution" to greenhou e issues. The more 
aggressi ve goal of stabilizing atmospheri 
concen t rations of CO2 would require much 

more d rastic and expensive globa l  ac� 

tion - a  cu tback in emissions of abou t 
70%, according to the ! J1 tergoverrunental 

Panel on Climate Change. Stabilizing at­

mospheric concen h:ations is the stated ob­
jective of the United -at ions Frnmework 
Convention on Oima te Change, which 

Pre i d e. i, t  Bu.sh igned i n  Rio last J une. 

A question of timing 

A major reason that the costs of reducing 
carbon entissions are l ikely to be high in 

the scena rios just l.tiscu sed is that the tar­
get date set for achieving a stable 20% re­

duction is 201 0 - a relatively hort time 
compared wiU1 either the rate of techno­
logical development or the rate at which 
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major energy facil i ties are replaced. I n  an­
other recent study, Manne and R id1els 

a ked , What if the United Sta tes had more 

time to manage the tra nsition away from 

fossi l  fuels? What  would be the effect n 
total co t ? Wha t  wou l d be the  effect n 
totaJ emis ion ? 

When Mann and Richel analyzed 
thes que tions, they found tha t  a ' I O-yea r 
delay in achieving emission targets would 
lower the total co t by abou t  2 % ; a 20-

year delay would lower the cost by about  

40%. "Thi re ult  hould om a no u r­

pri ," comment Ri h 1 , "Th t ime re­

qu i  red fur large-scale deploymen t of new 

energy su pply tech no lo  ie i typi a l ly 
mea u red in decades. Wid espread adop­
t ion of higher-efficiency end-use technol­
ogies also takes t i me, i nce these are of­
ten mbedded in long-lived stmcture or 

equi pment - such a hou , factori , 
and  a u tomobiles - that wi l l  not be r -

pla ed instantaneou ly. The proce s can be 
accelera ted , but only a t  a u b  ta n tia l c t . "  

T h e  effect of 'uch deferrn l n u m u la -
t iv U.S. carbon m i  i n v r the n xt 

centu ry would be smal l ,  accord ing to the 
a naly is. Moving the target date by 1 0  

year would increa e total e m i  i n for 

the cen tury by only 3 - 4%, while a 20-

y ar delay wou ld re u l t  i n  a n  increa e of 
a bou t 9% . 

A persp ct iv on the potentia l  c l im t 
impact of delay is provided by M ichael 
Sehl ing r and Xingj ian J i ang of th Uni ­

ersity of I l l inois ,  writing in  the a rch 21 , 
1 991 ,  is ue of nture .  sing a v<1riety of 
cenario for reducing carbon emi ion , 

the e re archer fou nd tha t a 1 0-yea r de­

lay in implemen tation wou ld  ·t i l l lead to 

achieving abou t 95% of the r d u ction i n  
warming i.n the y ar 21 00. T h e  re arch r 
conclude, "This indica tes tha t  the pena l t  
is smal l fo r  a 1 0-yea r delay in inHi a ting t he  
transition to a regime in  which green­
house gas emissions a re red uced . " 

I n  addit ion t provid ing more t ime for 

market penetra t ion of new technologie , a 

more managed transit ion away from fo -
i l  fu els w uld a l  o give cienti  t more 

time to reduce some of the cl imat -r lated 
u ncer taint ie  tha t now po e a  d i lemma for 

5 

Even without 
constraints , carbon emissions from the electric energy sector are 
expected to v irtua lly disappear by the end of the next century. 
Conversely, those from the nonelectric sector are expected to 
increase as high-carbon synthetic fuels are needed to replace 
d imin ishing resources of oi l and natural gas. Increased 
e lectr i ficat ion I s thus li kely to be the most cost-
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effective path toward a less carbon-
intensive economy. 
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policymakers. pecifically, the Global 2 100 
model ind ica tes that even relat ively mal l  
improvements in the ability to predict cli­
mate con equences could yield substan tia l 

d ividend , and that the value f additional 
in f  rmation cou ld be more tha n  1 00 bi l­

l ion for the Uni ted State alone.  The ben­

efit come from being able to chart the be t 

cou r f action for the nergy ector and 
to bet ter focu precautionary t p in the 
face of uncerta in ty. 

The value of R&D 

Technological development continues to 
provide one of the bright pots i n  the 

a nal i of the greenhou e i ue.  om­

par d wi th  the cost o ei ther a cMbon n-
t rai n t  or the poten t ia l  impacts of global 

warming, th cost of th R&D n ed d to 
prod uce n w energy technologi i smal l  
indeed . Withou t trying to specify which 
technologies are most l ikely to succ d , 

the Man ne- Richel a nalysi drama tically 
i l lu trate how i m portan t  their overa l l  

c ntribu tion could be. 

On ti, demand id , technologica l im­

pr vemen t ff r the promi e of higher ef­

fici ncy and a fu rther decoupl ing of eco­

nom ic growth from energ consumption .  

tv!ann and  Richel fou nd that fu rther i n ­

ve  tmen t i n  th i s  area cou ld have an nor­
mou payoff. For e amp! , d oubl ing the 

rate of e ogenou (not price-induced ) ef­
ficiency i m provement could nearly halve 
the costs of a ca rbon constra i n t . 

The biggest long-term payoff wi l l  come 
from uccessful R&D on the su pply sid . 
As cru d e  oi l  reserves a re depleted , coa l­
ba d ynthetic fuel wil l  become com­
pet i t ive .  Bu t uch nthetic ub·t itu tes 
pr d uce twice a much COJ p r un i t  of 

u eful energy a ii and wou ld thus be 

p nal i z  d everely by a carbon con tra i nt .  

The development of low r-c t ren wable 
fue l s ,  uch ;is ethano l  prod uced from bio­
m�s  , cou l d  provide a nonca rbon n lterna­
ti ve, bu t  criou que  tions remain  a bou t 
the ize of thei r potential contribut ion be­

ca u e of uch factor a ompeting u e 
for la nd and water resources. The po ible 

con t ribu tion of renewable fuel · in the car­

bon-con trained analy i wa a su med to 
be J O  quad per year. A a p i n t  of refer­

ence, i n  1 990 the total U . . pri mary energy 



consumption was 82 quads per year, and 

oil imports were running at an annual ra te 

of 1 5 quads. If the contribu tion from low­

cost renewable could be doubled, h w­

ever, the cu mula tive cost of reducing car­
bon emissions could be lower d by more 

lhan one-third. 

Fortunately, there are a number of 

promising carbon-free e lectricity-generat­

ing al ternatives. Among th e new tech­

nologie are d irect olar conversion, wind, 

ad vanced nuclear reactors, and bioma 

conver ion . Without t rying to predict lhe 

con t ribu t ions of pecific technologi , 

anne and Richels tirnate tJ1al if the c t 

of electricity from ca rbon-free a l ternatives 

cou ld b made c mpetitive with that of 

electricity from new coal-fired power 

plants, tl, e cost of a carbon con train! 

could be reduced b r more than one-third .  

The role of electricity 

In the i r  analysi , Manne and Richel a -

ume that environmental concerns wi l l  

eventually timulate the development of 

economically competi ti ve a l ternative to 

coal-fi red power plants. A a re ul t, they 

project tha t  the electricity s ctor will grad­

ua l ly become le s carbon-inlensive, even 

in the absence of measur to limit CO2 

em.i ions. Thi is not the case for the non­

electric energy ector. As mentioned ear-

1 ier, w hen conventional oil resource are 

e.xhau t d, they ar all l ikely to b re­

placed with even more carbon-intensi ve 

yn thetic fuel. . TI1i  mea n tha t- in the 

ab ence of mea ure to l imit col em· -

ions - th nonelectric ector i l ikely to 

become more carbon-in tensiv over time. 

"What this tel J us is lhal if we are 

r ally erious ab ut bringing down total 

carbon emis ion , electrification hould be 

an imp rtan t  part f the trat  gy," ays 

Rid1eL . "Eleclric and nonelectric energy 

an be ubst i tuted for one anoth r in 

man markets. Electr ic heat pumps, for 

example, offer an a l t  rnative to residentia l 

oi l  burn rs. Electric vehicl offer an a l ­

ternative to th i n ternal combu tion en­

gine. Such int rfuel substitution cou ld 

lower carbon emissions. Bu l economica l ly 

comp ti t ive, long-term al temativ to 

c aJ -fired power generation must be avail­

able in sufficient quanti tie to make a d if-

ference. Again I wan t  to emphasize the 

importance of t iming: the tran i t ion to a 

more electricity-intensive energy economy 

based on carbon-free generation can't be 

accomplished overnight." 

I nforming the debate 

Manne and Richel stres that their work 

focu es on the size of the insurance pre­

miu m . Proponent of immediate control 

a rgue tha t ven a high cost of reducing 

CO2 mis ions may be cheap in compari­

son with the damage wrought by climate 

change. Given the uncertainty surroWld­

ing the whole greenhou e issue, the ques­

tion of costs associated wilh climate 

chang is impossible to answer with any 

degree of preci ion, and it was not within 

the cope of the Manne-Richels analyses . 

One of the few economist who has ven­

tured out on thi shaky analytical l imb is 

William ord hau of Yale University, who 

conclude bluntly, "The economic impact 

upon the U.S. economy of the cijmatic 

change induced by a doubling f CO2 

concentration i l ikely to b mal l " ( "Eco­

nomic Approache to Greenhou e Warm­

ing," in Global Warming: £co1101 1 1 ic Policy 
Responses, edited by Rudiger Dornbusch 

and James M. Poterba and published by 

MIT Pre s, 1 991 ) .  His analysi as umes that 

only abou t 3% of the U.S. national income 

is derived from activitie with a potent ial 

to be severely affected by climate change, 

and that another 1 0% could be moderately 

affected. On the basis of these assump­

tion I he e timates that a doubling of C01. 

wou ld produce a cl1ange of only abou t 

on -quarter of one percent of the national 

income. 

The e resul t s  are quite prel iminary, and 

much additional work i needed . )n de-

cribing his estimates, rdhau cau tions 

that because cu rrent stud jes tend to omit 

potent ially important effects, his estimate 

ha a large margin of uncertainty. He also 

notes that the impact might be higher in 

om developing countries - tho e more 

dep ndent on an agriculh.tral economy, for 

example. But he ob erves tha t  the cl i mate 

sensi t ivity of these cou n trie will decrease 

sharply during the next century a they 

continue to indu trialize. 

Al thou gh the electric p wer industry is 

lik ly to be among the sector of the U. . 

economy most affect d by red uctions in 

carbon emis ions, Manne and Richel ex­

plored a much broad r rang of implica ­

tions. As a consequ nc , the re ults of 

their research have been wide! cited in 

a va riety of national and int mationa l  

greenhou e p licy tudi , including the 

President's Economic Report to Congress, 

the ational Academy f Scienc tudy 

of climate change, the Intergovernmental 

Panel on Oimate Change rep rt prepared 

for the Earth Summi t, and vru·iou De­

partment of Energy reports. Such recogni­

tion has helped focu the a ttention of pol­

icymakers on the poten tial co ts of carbon 

con traints and the importanc of el ctri­

fication in any tra tegy for mit igating the 

greenhouse effect. 

"Our goal," concludes Richel , '' is to 

help inform the debate by focu ing on an 

area that ha received insuf
f
icient atten­

tion. Without better information on the 

co t of emis ion abatement, i t  i difficul t 

f r policymaker to as es the f a ibi l i ty 

of al ternati e proposa l and to determine 

which mea ure might be mo t co t-effec­

t ive. We've tried lo provide such insights 

without taking sides in the polic_ debate 

itsel f. " 

Background 1nfo1ma1 1on for lh1s arl!cle was provided by 
Richacd Richels . Integrated Energy Systel"TlS Division . 
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EPRI Dedicates 
Mobile Simulator 

A
t a ceremony h ld on October 29, 

PR! and Duke Power ompany 

dedicated the Duk -EPRl m bile imu la­

t r, de igned f r fo i i  plant p rator 
tra ining and control engineering. Ab u t  

1 00 utility p ople attended the ev nt, i n­

clud ing op ra tor , ngineer , and train r 

from aero s the country. 

J oint ly develop d by EPRJ and Duk 

Power, the mobi l imulator- hou.sed in 

two 32-foot t ra i lers that can travel to spe-

cific sit -wil l  be available f r th u 

a l l  EPRJ members tarting next fal l .  At t he 

la tor can save ut i l i t ies veral mi l l ion dol­

lars. Duke Power estimates that i t  wi l l  

ave 1 7  million ov r the next  1 5  yea rs 

through improved control engineering 
and the implementati n of imulat r­

ba ed training for c ntr I room operator , 

maintena nce t chnician , and pla nt engi­

neer . 

L ike many other u t i liti today, Du ke 

Pow r is replacing a l l  i t  old pneumatic 

and ana log power plant control sy terns 

with d i stribut d control ystems. This is a 

sign ificant transition for plant operator . 

Th old control system featu red long 

panel with witche , d ials, l ights, and 

gag . By c ntra t , the new ystem £fer 

a plant operator ace to ev rything 
through a few c mputer monit r with 

touch- er n capabil i ty. ' 'Rather thr1n 20 

feet of control board, thi p r on i going 

to be op rating through a 20-inch CRT," 

says Roy Fray of EPR I , manager of imu­

la tors and traini ng. 

U til i t ie have been replacing their old 

control y terns with d igita l , 

electr nic t chnol gy ince 
the early 1 9  0 . Conventional 

imu lator de igned to tra in  

f i l  pl a n t  p ra t r wer 

co tly for u t i l i tie , runn ing 

abou t  2 mi l l i  n to $4 mil l ion, 

Fray say . Per ona l computer 

technology and modern mod ­

ular model i ng  ha ve h Ip d 

bring down the cost of s im­

ula t r technology to about  

$500,000 t $700,000. 

Th Du k -EPRI simula t r can b u ed t 

train opera t r al .r ad working with the 
d dication ceremony, the imula tor r - advanc d electronic c ntr l y tern , a 

ceived a technology achi vement award 

from the ociety for Computer Simulati n. 

The faci l i ty wa dev loped to help  opera­

tor b come proficient with the advanced 

computer control y tern (cal led oft con­

tr I ) that are repl acing conventional , 

hard-panel control y tern (cal led hard 

control ) in power plant acr the coun­

tr . The imulator i a l  o gea red toward 

h lpiJ1g engineer anal  ze, de ign, debug, 

and fine-tune control y tem before the 

a re implemented . Using the mobile imu-
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well as thos who ar abou t to make the 

tran i t ion. And a Fray points out , i t  can 

ven be programmed to s imulate conven­

tional control sy tem · , so new opera tor 

can be trained to u e those ystem . 

One advanrage of the Duke-EPRI simu­

lator is that it can imulat evera l d i ffer­

ent facil i ti s. By con tra t, a conventiona l 

imu lat r can imulate on l a ingle plant. 

Becau of thi ad an tage, the new imu­

la tor technology mak s i t  economically 

fea ible to train a di ver e group of pow-

er plant employee in widely sca ttered 

plants. Among oth r benefits, bett r­

trai.ned operator- can save fuel d u ring 

unit startup ; srartu p can be speeded up, 

al lowing more time for generation; and 

unit trips and downtime can be reduced. 

"We expect our operator to be able to pay 

more a t tention to what the plant in tru­
mentation tell them ab ut  the hea lth of 

the plan t  and t be abl to tr1ke t imely 

action t nsure that  ma l l  problems 

r main smal l and large problem nev r 

occur," say M. D. McIntosh, vie pre i­

dent of Duke' s Fossi l / Hydro Gen ra t ion 

Department. 

EPRI ha full-time u e of the Duke-E PRI 

m bile imulator for two year , beginning 

i n  the fa l l of 1 993. After tha t, t he Institu te 

wil l  have acce s to th imulator f r 1 000 

h ur a year. EPR I  plan  to mak th im­

ulator available to ther member u t i l i ties 

for operator training, train ing program 

development, control system de ign and 

validat ion, and imulator d velopment, 

among other applica tions. I n  fact, the l n-

titu te recent! i sued a reque t for mem­

ber u ti l i t ie to host the mobile simula t  r. 

EPRI Con tacts: Roy Frny, (4 15 )  855-244 1 ,  

and Ro11 Gl'icbenow, (704 ) 875-5666 

Indoor Air Qual ity Info 
at Users' Fingertips 

F
or e l  ctric ut i l ity p r onn I and ot her 

who need timely informa tion on the 

cone ntrations of indoor pol lu tants (OP), 

a comprehen ive, ea y-to-u e databa e i 

n w availabl that enable rapid eard1es 

of r I vr1nt l i terature. The IP Da tabr1 e, 

which run on r s  P - compatib le c m­

puters, provide informat ion on i ndoor a i r  

qual ity i ues and  re earch drawn from 

peer- revi ewed a rt icles; government, EPRI , 

and ational Technical I nformation r­

vice report ; and con.ference proceed i ng . 

Be ide providing gen ral informati n, 

th databa e guid the u er in finding 
p cific informati n thr ugh a eric of 

earch parameter . Tt a l low a u t i l i ty to b­

tain information on indoor air quali ty on 

the basis of building type and other fac­

tors in i t  rvice territory. A user's man-



ua l  pre ents instruct ions for instal l ing and 

u ing the database, a well a a tu torial to 

h Ip the u er become fami l iar with the 

proced ures for conducting bibliogra phlc 

and ummary ection searches. The cur­

rent version of the CLP Da taba e, 4.0 

(order number SW-1 00533),  i available 

through the Electric Power Software Cen­

ter, (21 4) 6 5-8 83. E PR I  Co1 1 /'act: Jo/111 

Kesselring, (4 15 )  855-2902 

New Calendar Makes Plan­
n ing Easier for Members 

F
or the first t ime in its history, EPRl i 

distributing a comprehen ive ca lendar  

of i ts meetings and conference to  mem­

b r u ti l i t ies and o ther i nterested pa rties in 

the scienti fic community. The first i ue of 

the  alendar of Events was r l eased in 

ovember through EPRI's Technkal I nfor­

mation Profi le (TfP) System, which now 

ha 1 8,000 subscribers. 

The calendar will be issued quarterly 

and wi l l  provide an overview f meeting 

planned ov r a 1 2-month period. Explain 

Pam Turner, con ferences upervisor at 

EPRI , the calendar "provides a tool that a l­

low our member utilit ies to budget and 

plan in adva nce." 1.t pre ents information 

on all kinds of EPRI events across the 

United States, including conference , fo­

cus group meeting , work hop , and 

training cou rses sponsored by EPRl' 

many resea rch cen ters. 

The ca lendar offers a deta i l  d l ist of 

event - arran ged according to the spon­

- ring d ivision within EPRJ- that  includes 

pecific date (when avai lable) and contact 

name and phon number . I t  a! o gives a 

brief de cri pt ion of each d ivi ion a a n  aid 

in locat ing meetings of intere t .  

Tl,e calendar is part of a broader initia­

t ive under way at EPRl to centralize infor­

mation on EPRI event and to track more 

do ely the attendance at meeting and 
work hop . A of ovember, al l  meet­

ing infonnation i ga thered by 

EPRl's Corporate Communica­

t ions Divi ion, which has et 

up a databas that other part 

of the Institu te can acces . For 

instance, EPRI ET, the Insti­

tu te' elec t ron ic  i n.forma tion 

and com munication network, 

d ra ws i nformat ion for its on­

J in calendar of even ts from the 

C rpora te Communications Di­

vi ion's databa . (Since this 

on- L ine calendar al o inclu des 

meetings tha t  a re p lan ned 

with in  too short a t ime frame to make it 

i nto th l.ist ing di tributed through TlP, 

EPRIN ET remains the b st source for up­

to-t he-minute caJendar i.nfonnation . )  

The calendar presented in the EPRI ]01 1 1'-

1111/ al o wi l l  d raw  from the Corporate 

Communications Divi ion' databa e bu t 
wilJ continue to annoUJ1ce on ly major 

even t s .  To subscribe to tJ1e EPRl Calendar 

of Events or to other publications distrib­

uted through the TrP System, contact D.ir­

lane Morgan at (415) 855-2859. 

Video Introduces Magnetic 
F ield Research Fac i l ity 

E 
PRI ha r lea d an 1 1 -minu te video 

tha t  introd uce the l n  titute' state­

f- t he-art Magnetic Field Research Facility 

in Lenox, Mass11ch usetts. This faci l i ty, the 

only one of i ts kind in the world, was es­

tab l i  hed to provide a better understand­

ing f the nature of re idential magnetic 

field ·ourc 

Op ra d by General El ctric for EPRI 

and it memb r , the faci l i ty imu la te a 

ma l J  egment  of a re id ential n ighbor­

hood, including a 1 200-foot overhead dis­

tr ibu t ion l in  (with ni ne tra nsformers) and 

an uninhabited house that d raws power 

from the Une. Wi thin the h use are typi­

cal wiring and grounding a rrangement , 

which re earchers can easi ly reconfigure 

to produce a wide variety of currents and 

magnetic fields typica lly found in resi­

dential neighborh ods. 

EPRI u es the re ea rch facili to mea­

ure and evaJuate magnetic field s and to 

determine economical, practica l way to 

ma nage the fields. The Inst i t u te al o en­

courages ut i l i ty engin ers to att nd train­

ing courses at the facil i ty to learn how to 

measure and analyze magnetic field data. 

Member u t i lities are invited to submit 

technical problems related to magnetic 

fields for f urther researd,. A number of 

ou tside groups have taken ad vantage of 

the expertise available at the faci l i ty; sta te 

hea lth officials, appl ia nce manufactu rer , 

electric utility regu lators, wire inspectors ,  

foreign utility representatives, and U.S. 

Deparhnent of Energy personnel are 

a mong thos who have visi ted the l ab. 

I n  addition t th faci l i ty, the new video 

describes a nat ionwide magnetic field 

mea urement  su rvey conduct d by EPRJ. 

This survey is the foundation for a com­

prehensive program that EPRI is d velop­

ing to predict the strength of magnetic 

field under a va riety of re iden t ia l  wir­

ing configu ration . The video al o cover 

metJ1od of a nalyzing po ible m d i fica­

tion to new and e i t ing electr ic Y' tem , 

di cu e d i fferen t opti n for magn t ic 

field management, and ci te pecific EPRI 

tools a ailable to help, such as Field Sta r TM 

1 000, a hand-held magnetic field mea s ur­

ing and recording device. 

A member u ti l i ty ca n order the video 

through it manager of EPRI lechnolog 

tra n fer. 
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RESEARCH UPDATE 

Combustion NOx Control 

Reburning for Cyclone Boiler Retrofit NOx Control 
by Angelos Kokkinos, Environment Division 

T 
i t le IV of the 1 990 Clean Ai r Act Amend­

ments cal ls for a two-mil l ion-ton re­

duct ion in emissions of nitrogen oxides 

(NO,) ,  relative to 1 980 levels , by a target 

date of 2000. A significant port ion of this re­

duction w i l l  be accompl ished by requiring 

fossi l -fuel-f ired power plants to meet more­

stringent limitations on NO. emissions Com­
pliance dates depend on boi ler type, with 

cyc lone boilers unaffected as yet bul poten­

tially subject to Phase 2 em1ss1on l im1tat1ons 

beginning January l 2000. Moreover. under 

Trtle I of the 1 990 amendments. boi lers of any 

type ( i ncluding cyclones) located in ozone 

nonattainment areas could be required to 

instal l NO controls by May 3 1 , 1 995 

Cyclone boi lers are designed to reduce 

fuel preparation costs, m1nim1ze furnace 

size. and decrease the fly ash content of the 

flue gas They burn crushed coal -typically 

smal ler than 0.25 inch in d iameter -and 

thus do not require pulverizers to prepare 

the coal for combust ion . Combustion occurs 

with in water-cooled horizonta l cyl inders. 

called cyclones. attached to the s ides of the 

boi ler These cyclones are designed to 

create high-turbulence. h igh-temperature 

(3000 - 3400°F) combust ion condi tions suf­

ficient lo transform coal ash to molten slag .  

thereby reducing the f ly  ash content of  the 

f lue gas. 

Cyclone boi lers can be sized smal ler than 

pulverized-coal-f i red boi lers with the same 

heat output , but they typ ica l ly produce 

h igher NO, emissions. While cyclone boi lers 

represent only about 9% of the coal-f ired 

generating capaci ty bu i lt in the United 
States before the 1mplementat1on of the 

1 971 New Source Performance Standards, 

they produce approximately 1 4  % of the NO, 

emissions from these pre-NSPS units. Stag­

ing the cyclone combustion process to re­

duce NO, emissions is not a practical op­

t ion ,  because th is  can change the physical 

and chemical properties of the ash-thus 

promoting boi ler tube corrosion. altering 

slag f low character istics, and leading to in­
creased unburned carbon (USC) levels and 
fly ash emissions. 

Figure 1 is a sectiona l  side view of a cy­

clone boi ler modif ied for reburn ing opera­

tion With reburning , 1 0-25% of the total 

ABSTRACT Reburning represents a promising retrofit combustion NO" 

control technology for cyclone boilers. It involves the injection of natural gas, 

oil, or coal into the boiler above the main combustion zone in amounts equiv­

alent to 10-25% of the total heat input. This creates a fuel-rich reburn zone 

In the middle region of the boiler in which NOx is converted to environmentally 

benign molecular nitrogen. Two full-scale utility demonstrations-one using 

natural gas as the reburn fuel, the other using coal- indicate that NOx emis­

sion reductions of about 40-60% are possible with minimal impacts on boiler 

operation. 
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heat Input to the boi ler is int roduced througfi 

ports located above the cyclones to create 

a fuel-rich secondary combustion zone ­

the reburn zone. The reburn fuel does not 

burn in a well-def ined f lame but combusts 

uniformly throughout the reburn zone. Hy­

drocarbon radicals are formed as interme­

diate products in the process, and these 

radicals react with NO , chemical ly reduc­

i ng it to molecular nitrogen. 

To enhance the mixing of fuel and furnace 

gases and the reduction of NO without sig­

nificantly increasing oxygen avai labi l ity, re­

c i rculated f lue gas can be added ,n the re­

burn zone. A third combust ion area , known 

as the burnout zone, is created by inject ing 

completion air above the reburn fue l ports . 

This step 1s necessary because oxygen lev­

els in the reburn zone are purposely Insuf­

f icient for complete combustion. 

Demonstration program 

Pi lot- and ful l -scale tests cosponsored by 

EPA! indicate that reburn ing can reduce NO 

emissions by 40-60% without producing 

undesirable side effects, such as increased 

use and carbon monoxide (CO) levels. The 

technology is appl icable only to units that 

are tall enough to provide sufficient t ime for 

both the reburn and final burnout processes 

to be completed (at least 1 .5 seconds be­

tween the uppermost cyclone and the fur­

nace outlet) . An engineering feasibi l ity study 

indicated that most cyclone boilers satisfy 

th is criterion . 

Pi lot-scale tests using natural gas, oi l . and 

pulverized coal as the reburn fuel were con­

ducted on a 6-MStu/h coal-f i red cyclone 

boi ler at Babcock & Wilcox Company's Al­
l iance Research Center. NOx emiss ion re­

ductions ranged from 40% to 75% . Reduc­

tions were highest when natural gas was 

used as the reburn fuel and lowest when 

coal was used. The effects of reburning on 



combustion efficiency and corrosion were 

Ins ignif icant with each of the three reburn 

fuels . 

NO emission reductions in the 40- 60% 

range have been achieved in EPRl-cospon­

sored lul l -scale reburn ing demonstrations 

at Ohio Edfson's Ni les Unit 1 and Wiscon­

sin Power & Light's Nelson Dewey Unit 2. 

Natural gas was used as the reburn fuel 

in the recently completed two-year demon­

stration at N i les 1 ,  a pressurized 1 1 0-MWe 

natural  c irculation reheat bo i l er burning an 
eastern bituminous coat . Pulver ized coal 

is being used as the reburn fuel at Nelson 

Dewey 2. a 1 00-MWe pressurized boi ler 

currently burning an Indiana bituminous 

(Lamar) coal. This demonstration is in its first 

year of operation . 

I n  genera l , the amount of NO destroyed 

by reburning depends on the fol lowing 

factors : 

a The air-to-fuel ratio in the reburn zone. Re­

sults indicate that a stoichiometr ic ratio of 

0 .85 -0.95 in the reburn zone optimizes NO� 

reduction . (At this ai r-to-fuel ratio, the air is 

85 -95% of the amount needed for com­

plete combustion of the fue l . )  

a The type of  reburn fuel . More-volati le , low­

nit rogen-content fue ls (oi l  and natura l  gas) 

reduce NO, more effect ive ly han less­

volalile .  h igher-nitrogen fuels (coals). 

a The length of t ime urnace gases remain 

1n the reburn and burnout zones ( res idence 

time) . Longer res idence times al low com­

plete mixi ng of furnace gases with the re­

burn fuel and the completion air. Minimum 

residence times are general ly 0.5 second 

for the reburn zone and 0.6 second for the 

burnout zone. 

a Temperature NO� reduct ion is maximized 

if the reburn zone temperature is as h igh as 

possible without hampering combustion in 

the pr imary zone, and if the burnout zone is 

as cold as possib le without inh ibit ing car­

bon burnout . 

Natural gas reburning at Ni les 1 

The natural gas reburn ing system at Ni les 

1 was installed 1n the spring of 1 990. The 

system includes f ive reburn fuel ports and 

four burnout a i r  ports. Key reburn zone 

components include a natural gas pipel ine 

and associated contro l valves, a f lue gas 

recirculation fan, ductwork and associated 

control dampers , and gas re­

burn nozzle assembl ies. Key 

burnout zone components In­

clude ductwork, associated 

control dampers, and windbox 

and nozzle assembl ies ,  through 

whlch completion a ir  is injected 

into the furnace. Portions of the 

furnace waterwal l have been 

replaced to accommodate the 

burners and ai r ports .  

Figure 1 In a cyclone boi ler  modified for rebuming ,  fue l  
equivalent to 1 0 -25% ot the tota l heat input is injected Into 
a secondary combustion zone above the main zone. In this 
fuel - rich reburn zone, NO• is chemical ly reduced to molecu­
lar n it rogen .  Supplemental air is in/ected Into a th i rd zone. 
the burnou1 zone, to promote complete carbon combustion . 

Operating procedures for the 

reburning system were devel­

oped during opt imization test­

ing in the summer and early fa l l  

of 1 990. The system 1s oper­

ated in an automat ic load-fo l­

lowing mode by means of a 

programmable control ler con­

nected to the boiler's main 
control system. Final excess a ir  

levels are sl ight ly h igher than 

those for cyclone operation 

without reburr nng. 

Short- term parametric tests 

were conducted during Oc O­

ber- December 1 990. These 

focused on assessing the ef­

fectiveness of the reburning 

system in reducing NO emis-

sions ,  the impact of reburning 

system operat ion on boi ler and 

Gravimetric 
feeder 

plant operat ion and maintenance, and the 

inf luence of system variab les and compo-

nents on overall NO removal . 
After the completion of the short-term 

parametric testing. tong-term tests were 

conducted under typical load conditions. 

ranging from fu l l  load ( 1 1 0  MW) down to 

80 MW (Operating the reburning system at 

lower loads would have resul ted in s lag tap­

p ing problems.) The objective of these tests 

was to evaluate the effects of reburn1ng on 

NO� emissions and boi ler performance un­

der normal , everyday operating conditions. 

I n  the shor t-term parametric tests , the re­

burn ing system reduced NO, emissions by 

30- 70% at both full and partial loads-from 

basel ine levels ranging from 630 to 7 10  

ppm. (Al l NO emission data a re  corrected 
to 3% oxygen.) fn the long-term tests. NO 

reduct ions of 40 - 50% were achieved dur­

ing normal boiler operation al a typical re­

burn zone stoichiometry of 0 .9. 

Main 
combust fon 

zone 

Completior1 
air port 

The impacts of the reburn ing system on 

both the boi ler and the balance-of-plant 

equipment were generally min imal .  How­

ever, overa l l boi ler efficiency did decrease 

by approximately 0.7% as a result of the 

higher hydrogen content of natural gas, 

which increases f lue gas moisture. 

Waterwall heat absorption decreased by 

about 5% because of lower cyclone load­

ing .  but this was offset by a 5% increase in 

convective-pass heat absorpt ion , the result 

of h igher gas temperatures (about 30°F 

higher at the furnace out let) .  Both UBC and 

CO levels were virtual ly unchanged . As 

would be expected as a resu l t  of burning 

natural gas in place of coal , su l fur dioxide 

emissions and particulate loading to the 

unit's e lectrostat ic prec1p1tator decreased. 

The reburn1ng system was in itially de­

signed with f lue gas recirculation (FGR) to 

promote mix ing of the natural  gas reburn 

fuel with the furnace gases. However, the 
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Figure 2 Long-te rm test data on NO, emissions versus the 
a i r- to-fue l ratio (stoich iometry) In the reburn zone at Niles 1 .  
Increasing the f low of the natural gas reburn fuel at constant 
overa l l excess air levels ( i . e . , decreasing the stoichiometric 
ratio) lowered NO, emissions under a l l load conditions tested. 
For a g iven increase in natu ral gas flow, the reduction in emis­
sions was greatest at fu l l load. 

As indicated by the long­

term data in Figure 2 ,  the 

amount of rebum fuel- and 

therefore reburn zone stoichi­

ometry- has a strong, l inear 

inf luence on emiss ion perfor­

800 
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100- 11 0 MW l 
1 1o+ MW I 

90 -100 MW 

mance at both fu l l  and partial 

loads. Stoichiometry was ad­

justed by varying the natural 

gas f low from 0% to 18% of to­

tal heat input. At constant ex­

cess air. a f low increase of 

about 9% corresponded to a 

0. 1 0  ( 1 0%) decrease in stoi­

chiometry, which resulted 1n an 

NO. emission reduction of ap­

proximately 200 ppm at ful l 

load . The data indicate that re­

burning is more cost-effect ive 

dur ing ful l - load than partial-
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Reburn Zone Stoichiometry 

lower temperature of the recirculated f lue 

gas reduced the temperature 1n the reburn 

zone. resulting in  excessive slag deposits 

on the furnace wal ls. As a resul t .  the re­
burning system was eventual ly redesigned 

to e l iminate FGR . 

Testing to assess the inf luence of system 

vanables and components on NO, reduc­

tion focused on reburn zone stoichiometry, 

FGR f low, completion air f low and delivery, 

and reburn fuel del ivery. 

State-of-the-Art Po wer Plant 

1 .3 

load operat ion: that Is . a given 

increase in reburn fuel (and the 

assoc,ated decrease in stoichiometry) resul­

ted in a larger NO. reduction at full load 

( 1 1 0+ MW) than at partial load (80-90 MW) .  

Varying FGR f low from 3 %  t o  1 1 % of to­

ta l f lue gas f low (design l imits for mixing pur­

poses) had no effect on NO, emissions. This 

was due to the good mix ing characterist ics 

at Ni les 1 and indicates that the influence 

of FGR on reburning system performance is 

l ikely to be unit-specif ic. 

Varying completion air mass f low and de-

l ivery (e .g. , varying the tilt and yaw angle of 

the four completion air injectors and bias­

ing the f low to these injectors) had no effect 

on NO, emiss ion reduction , Vary ing the re­

burn fuel del ivery parameters l ikewise had 
no effect on NO, performance, but it d id in­

f luence combustion complet ion and co 
emissions. 

Pulverized-coal reburning 

at Nel son Dewey 2 

The pulverized-coal reburning system a 

Nelson Dewey 2 was instal led 1n the fa l l  of 

1 99 1 . The system includes four reburn fuel 
ports and four burnout air ports . Key re­

burn zone components include a primary 

air fan , ductwork and associated dampers, 

a pulver izer and associated components, 

coal p ip ing , a gravimetric feeder, coal - f iring 

burners. and FGR ductwork and associated 

dampers I n  addit ion, a si lo tor the reburn 

coal was instal led. Key burnout zone com­

ponents include a i r  ports. ductwork. and as­

sociated dampers New furnace wal l  pan­

els were required to accommodate the 

burners and air ports . 

As at Ni les 1 .  the control  system has been 

modified to include the control of reburn 

burners, FGR, and complet ion a ir flow. Para­

metric testing of the reburn ing system 1s un­

der way: early results indicate that NO, re­

ductions wil l exceed the project goal of 50% 

with no sign i f icant operat ing impacts. 

Fossil Plants: Integrating New Technology and Design 
by Stan Pace, Generation & Storage Division 

D 
unng the recent hiatus 1n new power 

plant construction in the United States , 

research by EPRI and domestic and over­

seas manufacturers has produced major 

advances In fossi l fuel p lant technology and 

design. Antic ipat ing ut i l i t ies ' need for timely 

information on these advances , EPRI in iti­

ated a project to def ine state-of-the-art 

power plan! (SOAPP) designs and to trans­

fer SOAPP technology and cost data to the 

industry (RP3222- 1 ) . The project is devel-
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oping a comprehensive computer-based in­

formation system for integrating proven fos­

sil plant equipment technology into new 

units and retrofit projects , 

The project wi l l cover pulverized-coal , 

combustion turbine . combined-cycle , c ircu­

lat ing-flu id ized-bed combustion, and gas i f i­

cat ion -combined-cycle systems. The in itia l  

work is focusing on combustion turbine and 

combined-cycle p lants and on envi ronmen­

tal technologies for pulverized-coal plants . 

The SOAPP information system consists of 

two key e lements: technology modules and 

the SOAPP workstation. A technology mod­

ule is a stand-alone information software 

product that serves not only as an immedi­

ate technology transfer tool but also as a 

bui lding block for the SOAPP workstation. 

The project staff p lans to develop as many 

as 1 20 technology modules. 
The SOAPP workstation provides inte­

grated access to the technology modules. 



ABSTRACT In a power generation market characterized by increasing 

competition. utilities need to effectively apply cost-beneficial advances in fos­

sil plant technology and design that have come out of research sponsored by 

EPA/ and other organizations around the world. To support utilities in this ef­

fort, EPRI is developing a powerful computer-based information resource con­

sisting of an easy-to-use design and analysis workstation and a comprehen­

sive set of technology modules. This system not only will provide detailed in­

formation on proven innovations for fossil plants but will help utilities integrate 

these state-of-the-art technologies into new plants and retrofit applications. 

Using this single workstation, ut i l i ties wi l l  be 

ab le to screen foss i l generation technolo­

gies on the basis of their own project goals 

and to evaluate alternative technology 

strategies for various p lant s izes. fuels. and 

s i te requirements .  They Will also be able 

to develop customized SOAPP conceptua l 

p lan designs and conduct cost and per­

formance sensitivity analyses. Through this 

process. uti l it ies can plan ror total ly inte­

grated SOAPP facil ities that they can confi­

dent ly specify, design, bui ld . and operate ­

thereby taking fu l l  advantage of the tech­

nological advances now avai lab le . 

A computer-based information 

resource 

The primary purpose of the SOAPP project 

1s to provide a comprehensive, user-friendly 

nformation system to help uti l ities design 

new and retrofit plants that offer increased 

effic iency, avai labi l i ty, environmental com­

patibil ity, and cost-competitiveness. Tech­

nolog ies are selected for treatment in the 

SOAPP technology modules pr imar l ly on the 

basis of their potentia l for contr ibuting to 

these p lant improvement goals. 

Each technology module wil l  contain the 

fol lowing: a process descnpt1on ( including 

diagrams and a discussion of advantages 

and disadvantages) , design-basis informa­

tion, in format ion on economics ( including a 

detailed cost breakdown ) ,  scheduling infor-

a glossary. Screening modules wi l l provide 

fast access to all the technology modules 

and will perform basic screening of these 

technologies In terms of appl icabi l ity to a 

given s i te . 

Table 1 l ists the project's first 1 9  techno l­

ogy modules. Three of these modules­

electrostatic precip itators, baghouses. and 

cycle chemistry- are complete; the re­

main ing 1 6  wi l l  be released for beta testing 

by the end of 1 992 and wi l l be avai lable In 

ear ly 1 993. Later next year, 1 6  additiona l 

technology modules w i l l  be completed, 

a long with the combust ion turbine/com­

bined-cycle portion of the workstation. 

For each type of fossi l generation covered 

in the workstat ion , the project team is de­

veloping a base case SOAPP conceptual 

design as well as associated capita l and 

operating cost estimates. These base case 

designs wil l integrate many of the advances 

described in the technology modules and 

are intended to "push the envelope" of plant 

performa nce, costs , and env i ronmenta l  

compat ib i l ity. A uti l i ty can use a conceptual 

design as the starting point for a customized 

design, selecting whatever technologies are 

consistent wi th its goals and constraints. 

In addition to integrating appropriate 

technologies. the base case SOAPP con­

ceptual designs will inc lude advanced con­

struction techniques - for example, pre­

assembly, ground assembly, and modular 

mation, a d iscussion of new versus retrof it construction. By making extensive use of 

issues, a database on operat ing experience these techniques, the base case concep­

w1th tl,e technology, a l ist of references, and tual designs will faci l i tate plant construct ion, 

lower costs, and shorten schedules. 
The SOAPP workstation wi l l enable users 

to input s ite-specific cr i teria , select any 

combination of plant equipment. and view 

the effects on plant design, layou t ,  cost , and 

performance. Users will be able to vary key 

design cr i teria - including plant size, steam 

condi tions. d uty cycle, fuel type, and emis­

sion l imits-and assess the impacts on the 

conceptual design. Changes that worksta­

tion users make in the plant design cri teria 

and in their technology selections wlll auto­

matical ly be propagated throughout the 

drawings, cost est imates, and other con­

ceptual design documentation. 

Innovative technology 

transfer 

The key to the technology transfer aspect 

of the SOAPP project is the appl ication of in­

novative software technologies and a so­
phisticated but very friendly graphic user in-

Table 1 
INITIAL SOAPP TECHNOLOGY 

MODULES 

E lectrosta1 1c prec,p itarors· 

Baghouses· 

Cyc le chemisrry • 

Flue gas desu l tunzatton (FGD) 
se lecl lon 

Fo1ced-ox1da1 1on l ime/l imestone 
FGD 

lnh1b 1ted-ox idat ion FGD 

Dry FGO 

Cont inuous emissions morntonng 

Pu lverized-coal pos combust ion 
NO, conlro l 

Coal c lean ing 

Coal swi tch ing and blending 

Pu lverized-coal burners 

Steam bypass systems 

Feedwater healers 

Feedwater pumps 

Air heaters 

Combustion turbine selechon 

Combustion tu rbine comoustor 
NO, control suateg 1es 

Combustion turbine posicombust ion 
NO, control 

·Ava,lable now. 
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Figure 1 Designed to take fu l l  advantage of the com­
puter medium, the SOAPP tech nology modules feature 
sophisticated yet user-friendly displays that present 
three leve ls of  techn ica l  information. At the f irst leve l , 
a g raphic i l lust rat ion g ives an overview of the top ic­
here, for example ,  reverse gas baghouses (top ) .  
Th rough icons , hypertext techno logy, and other on­
screen navigationa l  tools , users can easily access 
more-deta i led in format ion l ike that shown on the other 
screens .  

terface. An important concept in the devel­

opment of the SOAPP technology modules 

and workstation is information visualization, 

an approach that goes beyond the straight­

forward conversion of paper documents to 

electronic media (although that is part of the 

SOAPP ettort) to include information design. 

This approach is based on the real ization 

that s ign i f icant gains in prod uctivity can be 

achieved by design ing informat ion to take 

ful l advantage of the computer medium. I t 

features a standardized format for user ac­

cess, the use of visual aids and interactive 

displays, and the extensive cross- l i nking of 

information to create hypertext/hypermedia 

and multimedia ( i .e . , audio and video) sup­

port. As a resul t  of the system's innovative 

des ign, a broad range of uti l ity users wi l l ­

with min imal train ing - be able to access 

a great variety and depth of informat ion . 

Users wi l l l i tera l ly have at thei r f ingertips the 

essence of hundreds of volumes of pub­

l ished information. 

In the technology modules, techn ical  in ­
formation is presented at three leve ls ,  with 

summary graphics at the f i rst level and 

more-detailed information at the second 

and third leve ls (Figure 1 ). This arrangement 

al lows users to obtain a quick overview of 

a major area (e .g . , process descr ipt ion, 

economics, schedul ing) ,  after which they 

can select ive ly access more-deta i led in for­

mat ion . In the workstation , a simi lar  ap­

proach al lows users to select various de­

sign criter ia and parameters in order to de­

velop customized plant designs . 

T ime-sensi tive informat ion - such as in­

formation on costs , equi pment del ivery 

schedules . and operating experience- is 

stored in calcu lation l ibraries and databases 
used by the SOAPP workstat ion. These l i ­

braries and databases wil l be updated reg­

u larly and made instantaneously ava ilab le 

to workstat ion users over a wide-area net­

work, EPRl 's PowerServe. 



Benefits to uti l ities 

In the SOAPP project, innovative software 

technologies are being used to create a 

powerful workstation that can help uti l it ies 

understand the impacts of avai lable tech­

nology improvements for exist ing and new 

fossi l p lants. The workstation wi l l  screen 

technologies to identfy candidates appro­

priate for a given s i te; provide guidel ines on 

as many as 1 20 technologies; and supply 

drawings, equipment l ists , energy and ma­

terial balances, cost estimates , and sched­

ules for site- and ut i l ity-specif ic vers ions of 

the SOAPP base case designs. 

I n  addition lo making possib le compre­

hensive technology evaluat ions,  the work­

station will offer uti l i ties the fol lowing impor­

tant benef i ts : 

a Readi ly avai lable technical information. 

Uti l i ties cont inually seek ways to improve the 

availabi l ity and accuracy of data on gen­

eration performance ,  cost , efficiency, and 

schedul ing for their planning studies. The 

SOAPP workstation wil l provide this informa­

tion quick ly and economical ly. It wil l also 

provide related design information that will 

enhance reports and studies. 

a Reduced need for external  support . Most 

ut i l i t ies strive to achieve sel f-sufficiency with­

out sacrif icing quality and timeliness. The 

DSM and Residential Programs 

SOAPP workstation wil l  g ive uti l it ies the ca­

pabi lity to internally generate conceptual in­

formation about foss i l  power plants .  

a Economical investigat ion of what-if sce­

narios . Util it ies wi l l no longer have to over­

simplify screening studies that determine 

the impacts of such attributes as unit size, 

fuel qual i ty, and emission l imits. The SOAPP 

workstation will make i t  possible for uti l ities 

to perform detailed sensitivity analyses 

and what-if scenarios quick ly and cost­

effectively. 

The SOAPP software is designed not on ly 

for uti l ity system planners but also for uti l ity 

engineers and managers. A uti l ity engineer 

might use lt to develop conceptual des igns, 

informat ion for siting studies, technical data 

for l icensing and permitt ing actrv it les, or 

technica l input for generation planning. A 

uti l ity manager might use the software to 

access design data and other crit ical infor­

mation for submission to regulatory and li­

censing agencies or for use in presentations 

to company management 

The SOAPP goals wi l l be met only if ut i l l ­

t ies understand the how and why of inte­

grating the latest technologies Into power 

plants . The state-of-the-art software tech­
nology and information visual ization tech­

n iques employed in the SOAPP workstat ion 

Impacts of Appliance Efficiency Standards 
by Phil Hummel and John Kesselring, Customer Systems Dfvision 

I 
mprovements in design, mater ia ls ,  com­

ponents , and manufacturing methods 

have yielded impressive efficiency gains for 

home appl iances, which currently account 

for about 20% of U .S, electr icity demand . 

These improvements-together with fed­

era l  minimum efficiency standards, which 

el iminate low-efffciency models from the 

market-have significantly altered the 

spectrum of appl iance effic iency optrons 

avai lab le to consumers and, in turn ,  the op­

t ions open to util ities interested in demand­

s ide management (DSM). 

Federal regulation of the energy effi -

ciency of appliances began in 1 987 with the 

enactment of the Nat ional Appl iance Energy 

Conservation Act. The NAECA, which has 

been amended several times,  specifies ef­

f ic iency standards tor 1 3  c lasses of home 

appl iances (Tab le 1 ) , Each standard is in­

tended to achieve the maximum improve­

ment in energy use that the Department of 

Energy determines to be technological ly 

feasible and economical ly justrffed . In set­

ting a standard , DOE is to consider several 

factors , inc luding the results of product per­

formance testing ;  t11e economic impact on 

manufacturers: consumer savings in energy 

and technology modules should give uti l i ­

ties the necessary knowledge and conf i­

dence to optimize conceptual designs for 

re l iable ,  compet itive power generation fac i l ­

ities for the future. 

The project team 

A multidiscipl inary contractor team, led by 

Sargent & Lundy Engineers, is developing 

the SOAPP workstation . Data for the individ­
ual technology modules are being col lected 

and developed by a group of subcontrac­

tors selected for their expert ise in specific 

technical areas. The team also includes 1 1  

host uti l ities , who not only provide gu idance 

on workstation development but a lso take 

an active part in it. A project advisory com­

mittee with representatives of 24 ut i l ities and 

1 2  architect /engineer ing and equipment 

suppl ier f irms has been formed and meets 

regu larly. 

To ensure the SOAPP project's respon­

siveness and usefulness to members, EPRI 

continues to invi te ut i l ity participation in ad­

visory committee, users g roup, and site 

study act iv ities . For more information on the 

project , contact Stan Pace at EPRI ,  (4 1 5) 

855-2693. For a demonstration d isk of the 

SOAPP software, contact the EPR I Distrlbu­

t ion Center, (510)  934-42 1 2 . 

costs throughout the product l i fe : increases 

in price or maintenance costs ; and the to­

tal energy sav ings l ikely to resu l t  from im­

position of the standard . 

EPRl 's Residential Prog ram is working with 

manufacturers to develop electric appl i ­

ances with efficiencies that exceed existing 

and proposed standards. Such appliances 

could lead to the adoption of even higher 

standards. For instance, the microwave 

clothes dryer being developed by EPRI 

could prove efficient enough to push up 

standards for c lothes dryers, and EPRl­

sponsored work on heat pump water 
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ABSTRACT Federal efficiency standards for appliances limit the range 

of models available on the market. Utility energy efficiency programs often 

encourage consumers to purchase the most efficient of the remaining options, 

but more-stringent efficiency standards could have a significant impact on such 

utility efforts. Using long-run technology scenario forecasting, EPRJ-sponsored 

researchers studied ways in which the interplay of technological change. fed­

eral standards, utility efficiency programs, and market forces could affect fu­

ture energy markets for three major residential end uses: refrigeration, central 

air conditioning, and water heating. The researchers reached several impor­

tant conclusions about utility demand-side management efforts. 

heaters cou ld help ra ise standards for wa- the potential impact of appliance eff ic iency 

ter heaters . standards on energy consumption and on 

In connect ion with in tegrated resource uti l ity DSM efforts . As a support tool .  RER 

p lanning . many u t i l i t ies are eva l uating their used EPR l 's REEPS 2.0 , the Residential End­

DSM options As federal efficiency stan-

dards narrow the range of avai lable appl i -

Use Energy Planning System, a software 

package for develop ing end-use energy 

forecasts . REEPS combines end-use and 

technology data with key assumptions 

about dynamic market behavior to develop 
information on energy sales, fuel and tech­

nology market shares, and appl iance s ize.  

efficiency, and use.  

To construct long-run technology scenar­

ios, analysts had to make expl ic i t  assump­
tions about the development and introduc­

t ion of advanced technology and about 

changes in eff ic iency standards. Owing to 

the complex ity of the s ituat ion being stud­

ied . they made certain simpl ifying assump­

tions.  For instance , s ince the number of spe­

c i f ic appliance options avai lable on the mar­

ket is too large to be modeled in deta i l , the 

researchers grouped models into represen­

tat ive design sets that together covered the 

fu l l  efficiency spectrum over the forecast ing 

period . Then, taking into account scheduled 

and ant icipated min imum efficiency stan­

dards, the researchers determined the 

ance opt ions . ut i l ity DSM planners must con­

s ider the costs and benefits of offering in­

centives for consumers to purchase the 

most efficient of the remaining options. 

EPR l 's DSM Program is examin ing the po­

tential Impact ot appl iance eff iciency stan­

dards on future load and on utility DSM ef­

forts , 

Table 1 

Technology scena rio 

forecasting 

Technological changes, eff ic iency stan­

dards, and market forces will mold future 

res idential appl iance energy markets. Long­

run technology scenar ios prov ide a struc­

tured framework for studying these influ­

ences and the l imi ts they place on DSM po­

tentia l .  The scenarios take into account new 

equipment designs. restrict ions imposed by 

efficiency standards, and incentives pro­
v ided by DSM programs. They also exam­

ine interact ions between end uses, espe­

cia l l y  the re lationship between improved ap­
pliance efficiency and heating and cool ing 

loads. 

Under EPRI contract , Regional Economic 

Research, Inc. (RER) , used long-run tech­

nology forecasting techn iques to analyze 
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SCHE DULE FOR FEDERAL APPLIANCE EFFICIENCY STANDARDS 

Appliance Class 1 9B8 1 990 1 99 1  1 992 1 993 1 994 1 996 

Clothes washers 
Clothes dryers 
Dishwashers 
Refrigerators , re frigerator. f reezers. 
f reezers 
Wate r heaters 
Direc t heal ing equipmen 
K11chen ranges and ovens 
Pool healers 
Room air condi tioners 
Central air cond1 t1011ers and 
heal pumps 

Split system 
Single pacl<.age 

Furnaces 
Central ( > 45,000 Btu /h)  
Small ( < 45.000 Btu/h)  
Mobile home 
Boilers 

Fl uorescent lamp ballasts 
Telev1s1ons 

• 

• 

• 

Noce. A oulle1 ,ri ll1ca1e� 1he elfec1 ,ve dale ol a cunen1 sianda r d  or ol a lu1u,e stanoard wnose va1ue 1 1as 
already been sel A square 1nd1ca1es lhe scheduled <Jale lo, a new or uodaletJ s111ridard whose value 
rs ye1 10 be se1 

• 

• 

• 

• 

• 

• 



least- and most-efficient options available 

on the market dunng any given year 1n a 

scenario. They also identi ied potential DSM 

targets - models typically 1n the upper por­

t ion ol the eff iciency range (F igure 1 ) . The 

minimum level of appl iance efficiency tar­

geted by DSM programs wi l l  change over 

time, especially as future standards narrow 

the range of available options. 

Eff ic iency standards have an impact on 

energy use only as new and replacement 

appl iances are purchased The average ef­

f ic 1ency of new appliances purchased dur­

ing any year ref lects the overal l eff iciency 

range of the appl iance options in that year, 

the avallab1l ity of the various options. the 

marketing strategies of suppl iers , and the 

decisions of home bui lders and consumers 

A change in the average efficiency of the 

existing stock of res ident ial appl iances oc­

curs gradual ly, because the average effi­

c iency at any point in t ime ref lects appli­

ance technologies and purchase decisions 

from the preceding decades. However. as 

low-effic iency units are removed from ser­

vice and f rom the market and as more-effi­

cient models are purchased . the average 

effic iency of the existing stock will r ise , and 

energy consumption per unit will fal l .  un less 

there are offsetting trends like increases in 

appl iance size and usage levels .  

To evaluate the impl ications of eff 1c1ency 

improvements for util ity sa les and ror po­

tent ial DSM programs. the analysts consid­

ered several other factors, including the 

thermal effic iency of homes and the appl i­

cauon of add-on measures (e .g. low-water­

f low devices) thar do not rnvolve major 

equipment expenditures but are often cov­
ered by DSM programs. Final ly, they con­
s idered severa l interrelationships between 

efficiency and consumption , including 

equ ipment-related internal heat gains ( i .e . ,  

appl iance-generated heat and its effect on 

heat ing and cool ing loads) and in teractions 

between usage and behavior (e .g . , the re­

bound effect. or the customer's investment 

of eff iciency savings in increased energy 

consumption) 

Three end-use analyses 

RER recenlly completed analyses of the in­

terp lay of appl iance effic iency standards ,  

DSM programs. and market forces for three 

Figure 1 Framework for technology scenarios. The top c urve represents the most efficient of the 
models on the market in a given appliance c lass; the bottom curve, the least efficient . Ut i l ity DSM 
programs encourage consumers to purchase models in the upper part of the avai lable eff ic iency 
range, tak ing in to account local econornlcs and buying patterns. When new etficiency standards 
are in t roduced, !ow-efficiency models are forced off the market and DSM targets move upward . 
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types of res1dent1a l  appl iance:  refrigerators. 

centra l  a i r  conditioners. and water heaters. 

Refrigerator eff ic ienc ies have r isen dra­

maHcal ly over the past decade, and new 

un i ts purchased 1n the next few years wi l l  

strongly outperform most units ,n the exist­

ing stock. During the early 1 990s , the influ­

ence of DSM efficiency incentives on new 

re ngerator purchases wi l l be limited by tile 

narrow and rapid ly upward shifting eff i­

ciency range def ined by avai lable model 

options .  

The efficiency o f  refrigerators i s  ex­

pressed In terms of an energy factor that in­

dicates the number of cubic feet refriger­

ated under test condi tions by 1 kWh per 

day. Acco1ding to manufacturers shipment 

data. energy factors for new units ranged 

from 8 to 9 in 1 99 1 . The more stnngent stan­

dard to take effect 1n 1 993 wi l l force the m1n-

1mum efficiency level to an energy factor of 

about 1 1 , to be met through increased in­

sulation and compressor eff iciencies. (Stan­

dards are specified according to the size 

and teatures of the appl iance. The energy 

factor of 1 1  1s for a typical ,  f rost-free 1 8-

cubic-toot model Iha has a top-mounted 

freezer and no through-the-door features . )  

Once the 1 993 standard 1s in place, DSM 

prog rams a imed at the ear ly replacement of 

ex isting units can be expected to result in 

some short -term energy savings. Also . DSM 

second-refrigerator buyback prog rams ( i .e . 

programs whereby uti l it ies purchase from 

consumers inefficient un i ts being used as 

second , auxi l iary refrigerators) wi l l remain a 

source of energy savings. Beyond these , 

the nature at DSM refrigerator programs wi l l  

largely depend on further technology de­

velopment . 

EPRl's Commercial and Residential pro­

grams are Joi ntly investigating the develop­

ment and application of new refr igerants 

having zero ozone-deplet ion potent ial If 

such refrigerants prove eas 1ble, they may 

have an impact on refrigeration system ef­

ficiencies , but 1 t  is too early to determine 

how such an impact would affect refrigera­
tor efficiency standards. 

The REA researchers did construct a sce­

nario to examine another potential develop­

ment in refr igeration technology-the use of 

vacuum panels instead of insulation. The 

scenario assumes that refrlgerators us ing 

these panels and operat ing with an energy 

factor of 15 WIii become commercia lly avai l ­

ab le in the late 1 990s. With no further t ight­

ening of national standards and without ag­
gressive DSM activity the market share of 

these units is expected to be low. 
Overal l ,  the REEPS national database 

forecasts a sharp decl ine in f irst-refrigerator 
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Figure 2 Scenarios for forecasting centra l  a i r  condi tion ing e lectricity consumpt ion. Both the base 
case and the DSM scenario are based on the 1 992 federa l  efficiency standard . The analysis in ­
d icates that by the year 201 o, uti l ity DSM efforts could reduce electricity consumption by 1 9  bil­
l lon kWh from the base case. The int roduction or a more stringent standard in 1 999 would i tself 
resu l t  In a large decrease in consumption , however. and hence l imit the potential of DSM efforts. 
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mal efficiency prolong cooling effects and 

so normally lower air condi tioning use. The 

thermal efficiency of homes is expected to 

improve by about 5% over the next 20 years 

without DSM programs and nat ional stan-

dards . Any addit ional improvement wi l l  

reduce the incremental va lue of more­

stringent efficiency standards for air condi­

tioners and of DSM efforts to promote h igh­

efficiency models . Further, many DSM pro­

grams that help increase average appliance 

efficiencies wi l l  also lower Internal heat ga ins 

from appl iances. thus lower ing cooling 

loads and reducing potential savings from 

increases in cooling-equipment efficiency . 

The third end use analyzed by RER was 

water heating. The eff ic iency of e lectr ic re­

sistance water heaters is c lose to technical 

l imits , and- unl ike refrigerators and centra l 

air conditioners- they have l imited poten-
1 985 1 990 1 995 2000 2005 201 0  t1al for efficiency improvement. (Heat pump 

water healers have potential tor dramat ic el-

energy consumpt ion , f rom about 1 250 kWh 

per un i t  per year i n  1 990 to about 720 kWh 

in 20 1 0. Despi te a 22% increase in the num­

ber of households, the forecast ca l l s  for a 

30% decl ine in refrigerator energy use 1n the 

resident ial sector nat ional ly This decline ,s 

attributed mainly to the strlngent 1 993 na­

t ional effic iency standard The associated 
loss ol Internal heat gain from refrigerators 

will add almost 8 b i l l ion kWh to e lectric heat­

ing loads by 201 0  but wi l l  reduce e lectric 

cooling loads by more than 3 bi l l ion kWh. 

As a result . each 1 00 kWh 1n refrigerator en­

ergy savings wi l l  be offset in part by a load 

increase of about 8 kWh The loss of refrig­

erator heat wi l l  a lso Increase the use of nat­

ural gas and other foss i l  fuels for heat ing by 

3 ,5% 1n 20 1 0. 

The efficiency of centra l air condi t ioners , 

! Ike that ot refrigerators , has increased sig­

nif 1cantly over lhe last 20 years . However, 

current federal standards do not approach 

the upper part of the avai lable efficiency 

range, as they do for refrigerators . largely 

because more-efficient air condit ioning 

units include re latively expensive compo­

nents , such as variable-speed motors . 

Given the large gap between the seasonal 

energy efficiency ratio {SEER) of available 

h igh-eff iciency a i r  conditioning units ( >  1 6  

Btu/Wh)  a n d  the 1 992 federal standard ( 1 0  
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Btu/1/Vh) , there are options with in the exist­

ing effic iency range for DSM programs to 

target . Also, the market is f irst-cost sensi­

tive. Thus.  depending on focal economics 

and usage patterns ,  there 1s potentia l to sig­

nificantly reduce the amount of energy con­
sumed for residential air conditioning 

As shown in Figure 2,  a base case sce­
nario us ing the 1 992 standard projects that 

electrici ty consumption for central air con­

dit ioning wi l l  grow from about 80 bi l l ion kWh 

in 1 992 to more than 1 1 0 bil l ion kWh by 

20 10 .  ref lecting the growth 1n housing stock, 

the use of central a i r  conditioning in most 

new homes, and the instal lation of new units 

In exist ing homes. According to a DSM sce­

nario also based on the 1 992 standard . util­

ity programs to encourage the purchase of 

more-eff icient units could reduce energy 

consumption for air condit ioning by 1 7% . 

Such programs could prove especially suc­

cessfu l 1n warm cl imates , where the heavy 

use of ai r condit ioners would quicken pay­

back on consumer investment . On the other 

hand, if a standard at a SEER level of 1 2 

Btu/Wh were imposed 1n 1 999 as a result 

of improvements 1n compressor efficiency or 

other advances, the potential impact of DSM 

programs 1n the year 20 1 0  could be greatly 

reduced. 

Improvements In res identia l build ing ther-

f iciency improvement over electric resis­

tance uni ts; efforts to improve the i r cost­

effectiveness are cont inuing. ) In essence, 

standards imposed 1n t 990 took electric re­

sistance water heaters wi th relatively inade­

quate insulation off the market, thus nar­

rowing the avai lab le efficiency range and 

l imiting the role of DSM programs that in­

volve the purchase of resistance units . 
However, uti l i ties do promote add-on 

measures that can sti l l  provide large water­

heating energy savings.  For instance.  a l ­

though water heater jackets are a poor in­

vestment for owners of h 1gh-effic1ency wa­

ter heaters , the use of such jackets on less­

effic ient units provides quick payback to 

consumers and could resul t in energy sav­

ings of 4 b i l l ion kWh a year in 20 1 0, even i f  

a more stringent effic iency standard Is in­

troduced in 1 996. Other effect ive add-on 

measures inc lude the use of heat t raps to 

reduce standby losses ( by mi n imiz ing the 
mixing of water In p ipes with water in the 

tank) and the use of low-f low shower heads 

and water aerators lo reduce hot water flow. 

Uti l ities can also help cut water-heating en­

ergy use by encouraging consumers to buy 

water-eff ic ient clothes washers and dish­

washers and to reduce temperatures in 

user-controlled water heaters. 

I n  summary, the RER analyses indicate 

that new federa l  e ffic iency standards for ap-



pl iances wi l l have an important impact on 
e lectric i ty demand. By 2010 ,  for example, 
increased refrigerator efficiency is expected 
to reduce residential e lectr icity consumption 
by 3%. New standards wil l a lso strongly af­
fect uti l i ty DSM programs. Uti l ities therefore 
need to evaluate the i r  DSM programs con-

Artificial Intelligence 

stant ly, especial ly when new effic iency 
standards are announced or take effect. 
EPRI wil l  continue to apply technology sce­
nar io forecasting techn iques and wil l use 
the results to update databases for energy 
forecasting tools and to revise such publ i ­
cations as Impact of Demand-Side Man-

Exploring Neural Network Technology 

agement on Future Customer Electricity De­

mand (CU-6953) .  For more information 
about long-run technology scenario fore­
casting or REEPS, contact Ph i l  Hummel at 
(4 15) 855-2855. For information about resi­
dentia l  appl iance technology, contact John 
Kesse l ring at (4 1 5) 855-2902. 

by Joseph Naser, Nuclear Power Division, and John Maulbetsch. Office of Exploratory & Applied Research 

N
eural networks-an emerging art i f i­
cial 1nte l l igence technology-consist 

of a number of simple, high ly intercon­
nected data-processing units that some be­
l ieve may approximate the complex system 
of neurons and electrochemical signals 
used by the human bra in to process infor­
mation . There are structural similar i ties be­
tween artific ia l  neural networks and biolog­
ical neurons (Rgure 1 ) ,  and neural networks 
can successfu l ly accomplish tasks that are 
routine for humans but extremely difficu l t  for 
conventional computer software systems. 
These tasks inc lude recognizing patterns, 
forming associations. making generaliza­
t ions, and learning from exper ience. 

Neural network technology Is a lready be­
ing used in such varied areas as explosives 
detection, process contro l , underwater ob­
ject ident i f ication, and loan approvaJ evalu­
ation, Large-scale uti l ity appl ications of 
neura l  networks require a thorough under-

standing of thei r  nature, capabi l ities , and 
design. 

In EPRl-sponsored investigations, re­
searchers are examin ing neural network 
characteristics and evaluating such appli­
cations as control of power systems and 
combustion processes, diagnosis of check 
va lve operating conditions, and recogni tion 
and digital izat ion of hand-lettered text In 
engineering drawings .  Resu l ts to date i l lus­
trate the potential of neura l networks for Im· 
proving these and other complex uti l ity 

operatrons. 

Characteristics and structure 

The most important characteristic of neural 
networks is their abi l ity to learn and adapt. 
Conventional software systems are pro­
grammed with instruct ions and rules, 
whereas neuraJ networks define, or learn , 
the ir own rules on the basis of examples 
("t rain ing" data) . A l though various tra in ing 

ABSTRACT EPRI is funding several projects to explore neural network 

technology, a form of artificial intelligence that some believe may mimic the 

way the human brain processes information. This research seeks to provide 

a better understanding of fundamental neural network characteristics and to 

identify promising utility industry applications. Results to date indicate that the 

unique attributes of neural networks could lead to improved monitoring, diag­

nostic, and control capabilities for a variety of complex utility operations. 

approaches exist, the process genera l ly in­
vo lves feeding data into a network and then 
iterat ively adjusting the network 's internal 
parameters to enable it to develop relation­
ships between data and to model the 
process that produces the data. Once prop­
erly tra ined, neural networks can perform 
the same tasks on data other than the train­
ing set and have the potential to adapt to 
changing condit ions through a continuous 
self-opt imization process. 

Other important attributes include robust­
ness and paral lel ism. Neural networks are 
more robust than conventional computer 
programs in thei r abi l ity to hand le noisy or 
missing data or damage to components. As 
a resu l t ,  their performance degrades grad­
ual ly as data quality decreases or damage 
increases, instead of catastroph ical ly fa i l ing . 
Paral lel ism provides the abi l ity to perform 
many operat ions at once, which is neces­
sary for some real-time or data-Intens ive ap­
plications. I t  a lso enables a network to con­
sider many possible so lutions to a problem 
simul taneously, whereas conventional soft­
ware can evaluate only one option at a time. 
These advantages are attributable pr imar i ly 

to the structure and distr ibuted functions of 
neura l networks. 

Neural nets cons ist of two basic e lements : 
processing units , which are arranged in lay­
ers .  and connections between un i ts . which 
are of var iab le weight , or relat ive inf luence. 
Unl ike conventional computer techniq ues. 
which process information seria l ly, neural 
nets process information in a d istributed 
way in a pattern of activation that spreads, 
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Figure 1 I n  biologica l neura l systems ( left) , electrochemical signals t ravel from a transmittfng neuron's axon across a tiny gap to a recelv lng neu­
ron 's dendrite. Th is gap, cal led a synapse. influences the receiving neuron's response to the signal . In arti f icial neural networks (right ) , in format ion 
1s processed in a loose ly a nalogous way. S ignals pass between process ing un its (neurons) through connections (axons, dendrites) : connect ion 
weights (synapses) determine the effect of an input signal on the next processing unit. 

Biologica l Neurons Artific ial Neural Network 

Transmt nlng 
t1e1.uon 

Synapse 

un i t  by unit, throughout the network 

Each processor performs a s ingle , s im­

ple operation on the 1nformat1on I t  receives 

from in put data or other units . Resul ts are 

then inc luded as part of the network's out­

put or are t ransmitted as s ignals to other 

un i ts for addi tional  processing Intercon­

nection weights-which networks establ ish 

dur ing tra in ing and adjust In response to 

changing data condi t ions-can increase or 

decrease signal strength. thereby influenc­

ing the way other units process in formation . 

The memory of neural nets 1s d istributed 

wi thin these weights rather than stored in 

specif ic areas, as in ser ia l  computers. 

Network architecture - the number of lay­

ers. the number of processing units in each 

layer. and the number of interconnections­

can be customized for speci f ic appl ications 

Typical networks have three layers. one to 

receive input, one to transmit output, and a 

th i rd , " h idden" layer ( F igure 2) .  Uni ts 1n hid­

den layers are not d irectly involved with in­

put or output but instead help t ransform in­

put 10 produce output . They enable net­

works to form representat ions, or models, of 

l 11e outside world that can be used to make 

complex decisions. 

EPR I projects 

Two projects sponsored by EPR l 's Off ice of 

Exploratory & Appl ied Research are focus­

ing on the abi l i ty of neura l networks to op­

t imize the control of processes that are 

unstable ,  nonl inear, or not fu l l y  understood . 

Exist ing control techniques, such as clas­

s ical adapt ive f i lters. are able to handle only 
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smal l , l inear changes in process condi­

tions . Because ot their learn ing abi l i ties and 

adaptive nature , neural networks can con­

trol processes with large, unpredictable 

variations. 

Two other proiects are exploring the tech­

nology's abi l ity to recognize patterns. Neural 

nets excel at pattern recognition because 

they can identify objects that are similar but 

not iden ical ,  extrapolate missing in orma­

tlon, and deduce patterns from noisy data 

A fifth project is examining a novel design 

that relates a network's arch i tecture to he 

operations 1 1  1s intended to perform Cur­

rently, the development and training of 

networks with approprlate arch itectures 
for specific appl ications 1s one of the ma­

jor chal lenges to widespread use of th is 

technology. 

Control system research 

Researchers at Stanford University are 

studying the appl ication of neural network 

technology to the control or power systems 

that exh ibit complex , nonl inear behavior 

(RP801 0- 1 3) In itia l ly, to establ ish the fea­

s ibi l i ty ot this approach, a neural network 

control ler was des igned and trained for a 

s imple single-generator/single-load system. 

The control ler maintained output voltage 

dur ing random load changes with rapid re­

sponse time and minimal signal distortion . 

Recent work has focused on the devel­

opment of a neural network load-frequency 

contro l ler (LFC) for a more complex system . 

Most LFCs use integral  control lers to elim­

inate generator frequency t ransients as 

Input 

r Oendnre 1 
(Synapse) 

Process,ng 
uml 

,___ Ourpu t 

(Neuron J 

rapidly as possible fol lowing load perturba· 

tions . To m1 n ,mize overshooting , these con­

trol lers do not respond until transients reach 

a certain magnitude , and therefore they are 

somewhat slow. In addition, they cannot ac­

count for possible nonl inear i ties in the gen­

erator response. 

By receiving an estimate of the load per­

turbation as an input var iable, the neural 

network LFC avoids the need to compromise 

between transient recovery and overshoe -

ing . The network controller can immediately 

counteract the effect of the perturbation and 

achieve rapid transienr recovery. It 1s also 

capable of deal ing with nonlinearit ies . Re­

searchers plan to (est the neural network 

LFC on increasingly complex and real istic 

models and. eventually, actual power systems 

Scientists at Phys ical Sciences. Inc . , in 

Andover, Massachusetts , are invest igat ing 

neural network- based control of fossi l fuel 

burners ( RPBOOS- 1 3) .  A simple experimen­

tal combustor has been developed in wh ich 

the f lame state is entirely dependent on the 

airflow rate Imaging equipmen1 is used to 

capture the f l ame's f low structure by moni­
toring the chemi luminescence of the liy­

droxyl radical wi th in the f lame. Each image. 

divided Into 1 024 pi els, is fed into a three­

layer neural network with 1 024 input nodes. 

The network classif ies images into 1 0  

f lame energy re lease states. ranging from 

"sputter out" to "blowofl." Network output is 

communicated to an integrated control ler 

that adjusts airf low to maintain a desired 

state under var ious extraneous perturba­

tions. Fol low-on work 1s evaluating the 



neural network- based contro l ler's ab i l i ty to 

min imize the production of n i t rogen oxides 

in a var iab le-geometry, swirl-stabi l ized lab­

oratory-scale combustor. 

Pattern recognition 

Researchers at the University of Tennessee 

are investigat ing the appl icabi l i ty of neural 

networks for real-t ime moni toring of check 

valve performance (RP80 1 0- 1 2) . Such mon­

i toring is important, since check valve fa i l ­

ures in nuclear power p lants may compro­

mise plant avai labi l ity and integrity. Exist ing 

methods of inspecting valves for physica l 

damage. however, require specialized ex­

per t ise and are labor- intensive and expen­

sive. The a im of this project is to develop 

an on- l ine inspect ion method that uses a 

neural  network trained to identify acoustic 

emiss ion s ignatures characteristic of normal 

check valve operat ion, as well as signatures 

Typical Three-Layer Network 

L___J L___J 
l npu 1 laye r H idden l ayer 

indicating specific physical problems. 

A network has been trained by us ing in­

put and output data col lected from check 

valve h inge pins and backstops, respec­

tive ly. I n  trouble-free valves. these data sets 

differ sl ightly but in a known manner. The 

network accurately predicts the backstop 

signal for properly operating valves .  Pre­

dictions are less accurate for malfunction­

ing valves ,  and the magnitude of error var ies 

for identical valves with differing problems. 

These results ind icate that neura l networks 

can identify trouble-f ree and malfunctioning 

valves and may be able to diagnose spe­

cific problems. At present , researchers are 

attempt ing to optimize network perfor­

mance and diagnostic capabil i t ies by using 

add itional va lve data and various architec­

ture and tra in ing approaches . 

Scientists at Kaman Sciences Corpora­

tion (Syracuse. New York) and a group of 

un iversities are explor ing the use of neural 

networks and other technologies to improve 

the state of the art in the recogni t ion, cap­

tu re, and verif ication of hand- lettered text 

(RP80 1 0-1 6) . Before the advent of com­

puter-aided design systems , uti l ity engi­
neering drawings were produced in hand­

drawn paper format Paper-based drawings 

contain a wealth of informat ion necessary 

for plant design , construction, operat ion , 

and maintenance act ivit ies , but they are d i f­

f icu lt to access , update , and use 

Existing methods of transforming these 

drawings into computer format are labor­

intensive or i naccurate . The goal of this proj­

ect is to develop a faster, more accurate 

method , and initia l results show promise. 

Experience gained in this effort is expected 

to be incorporated into a project sponsored 

by EPRl 's Nuclear Power Divis ion (RP3045- 1 )  

to automate computer digitalization of 

Hierarch ical Network 

26 }---

L___J 
Output layer I nput layer Hidden l ayers Output layer 

Figure 2 Neura l  networks have mult iple layers of processing un its - one layer to rece ive input, one to transmit  output, and one or more "h idden" 
layers used in develop ing a model of the system or process being analyzed. In typ ical three-layer networks (e .g . , the simpl i f ied network on the left) , 
each node in a given layer is connected to each node in the next layer. I n  contrast. hierarch ica l networks (r ight) are organ ized into subnets that 
capture speci f ic system attributes by model ing subsets of related variables. 
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paper-based engineering drawings. A small 

reduction in the inputting cost for each 

drawing would represent huge savings be­

cause of the thousands of drawings that ex­

ist for each plant. 

Alternative architecture 

University of Maryland researchers are eval­

uating the performance of neural networks 

with a hierarchical architecture (RP8010-22). 

This design, which takes advantage of 

known relationships in the system or pro­

cess being modeled, may represent an im ­

provement over the typical three-layer net­

work. 

Typical neural networks have an internal 

structure that appears, in most respects. to 

be unrelated to the system being modeled. 

For example, networks designed to model 

systems wi th 25 variables have 25 input 

nodes and the same general structure re­

gardless of specific system characteristics. 

Because typical networks have no a priori 

orientation about the likely features of Input 

variables or about the relationships between 

variables, they are difficult to train. More­

over. once these networks are trained. it is 
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difficult to evaluate their behavior, reliability, 

and applicability because the characteris ­

tics of input variables cannot be isolated to 

specific units or interconnections. 

Hierarchical networks consist of a num­

ber of subnetworks arranged into layers 

(Figure 2). These subnets are loosely cou­

pled, and the resulting networks have fewer 

interconnections and thus less computa­

tional complexity. Each subnet is intended 

to capture specific aspects of a system by 

modeling a subset of related system vari­

ables. By grouping related variables on the 

basis of prior knowledge, this modular or­

ganization provldes hints to the network 

about important patterns and relationships 

and thus may accelerate training. It may 

also facilitate the evaluation of network per­

formance because analyses can focus on 

the contributions of individual subnets. 

Researchers have compared the per­

formance of simple three-layer and hierar­

chical networks for several systems. ,nclud­

lng an 011 heater. For the heater, ne1s were 

designed to estimate future outlet temper­

ature on the basis of a fuel's specific grav­

ity, the past flow rate. the past and future 

set points for flow rate. and the past outlet 

temperature. 

The hierarchical network produced more­

accurate temperature predictions. Analyses 

of output signals from its subnets indicate 

that past temperature is the most important 

variable during initial time steps, that spe­

cific gravity has the strongest influence on 

outlet temperature over longer time periods, 

and that future flow rate set points become 

increasingly important with time. The influ­

ence of individual vanables on temperature 

predictions made by the tradftional network 

could not be determined. In ongoing work, 

researchers are conducting a theoretical in­

vestigation of the properties of hierarchical 

neural networks and developing a mathe­

matical framework for this design approach. 

The results of EPRI exploratory research 

indicate that neural network technology 

could improve the cost. eftic,ency, and 

safety of a vanety of utility industry opera­

tions. The current research goal is to es­

tablish fundamental theory and reliable pro­

cedures for neural net design and devel­

opment. Also, efforts to identity promising 

utility applications will continue. 



New 
Contracts 

Funding/ Contrac/or/EPRI 
Project Dural/on Projecr Manager 

Customer Systems 

Assessment of Envi ronrne111al and Salety S1 00.ooo Geornet Techoolog1es I 
Impacts of Baltenes for Electric Veh icles 1 1 months R. Swaroop 
(RP241 5·3B) 

Nonintrus\ve Appliance load Monitor $385 ,300 Columbia un,versity I 
(RP2568·23) 40 months L Carmichael 

Ottlce Equipment Technology $ 1 28 ,500 American Council lor an 
Improvement (RP2890-20) 6 months Energy-Efi1oient 

Economy IM Bfa/1 

Commercial Electri c  Cookmg Appliance $81 ,200 Tecogen / W. Krill 
Development Needs (RP2890-21 ) 1 month 

Electric Moler Load S1udies (RP3087-21 )  $ 1 75 ,000 Resource Dynam ics 
tO  months Corp . / B. Banerjee 

High-Frequency Electronic Bal l ast lor $56,200 Tennessee Center lor 
Next-Generation Energy-Eff icient 7 months Research & Deve lopment/ 
Lighting System (RP3088-6) 8. Banerjee 

Power Electronics Dev\ces and $ 1 0 1 ,900 Tennessee Cenler for 
Components (RP3088·7) 7 monlhs Research  & Deve lopmenl/ 

8. Baner1ee 

DSM Evalua11on: Nor thern Sra1es Power $1 1 1 , 300 RLW Analytlcs / P Hummel 
and Madison Gas & E lectric (RP3269-6) 35 months 

Development of Advanced PR ISM $285,000 Prlnce1on Unive rsity I 
(RP3269·9) 24 monlhs P Hummel 

Modilying Ice Crystal Habits ano Growlh $50.000 Un,versi1y  o! M1ssour 1 . 
Rate W11h MulPple Sdlu tes (RP3280-30) 15  months Columb1a/ R Wendland 

Ind ctlve Charging Feaslbd1ty Study and $502 ,500 Hughes Airoraf! Co. I 
System Development (RP3304-5) 1 2  monlhs G. Purcell 

Food Process1ng lnaustry Wastewater $594 ,800 Universny o! Callfom,a , 
Recovery Using Membrane Technology 21  monlhs Davis /A Amarnetn 
(RP3324-4) 

Eva lualion of Non-Ozone-Deplet,ng $149,900 Arthur D . Little / W Krill 
Heating and Coohng Systems 1 2 months 
(RP34 1 2·4 ) 

N011el HFC Propanes , HFC Butanes, and $201 ,300 Clemson Un/vers,ty I 
HFC Ethers as Allernat,ves lo CFCs 28 mon ths P. Joyner 
(RP34 1 2·5) 

Testing of Env1ronmenlal l y  Sale $356, 1 00 University ol MarylaM I 
Refrlge ranls and Refr, gerant Mi�tu res I n  26 mon lhs W. Krill 
Res,denlial and Commercia l Heating 
ano Cool ing (RP34 1 2·6) 

User's Guide for the Application of $ 1 18 ,700 Pu tnam, Hayes & Bartlett / 
Qual ity Funcllon Deployment to 10 monlhs T. Henneberger 
Demand-Side Managemen1 (RP4001 -1 ) 

Cus1omer Needs Research: $5 1 ,300 Bramson-Gill Associates/ 
Organ l zalional and Managerial Decis ion 7 mo,, ths  T. Henneberger 
Ma� 1ng (AP4001 -4) 

E lectrical Systems 

UCA/DA IS Exchange lRP2949· 18 )  $208,300 Plexus Research I 
10 months R. Iveson 

Dlstrlbuuon Eng ineering Workslatton $726,500 Power Computing Co. I 
Deveropmen1, Phase 1 (RP3079·2) 13 months H. Ng 

Error Correclion Methods lor Harmonics S73 ,200 Georgia Institute of 
Measuremen ts i n  Power Systems 2 1 monlhs Technology Research 
(RP3098-4) Corp. / H. Mehta 

Incremen tal Power Transfer Capabili ty $65,000 University o f  M i ssouri 
Sludy (RP31 40-5) 23 months Columb ia / N. Balu 

Cold Load Pickup Characterization $ 1 38,300 Eleot rotek Concep s/ 
(RP3155- 1 1 )  23 monlhs H. Mehta 

Efficiency of Energy  Storage and $ 1 02 ,800 Un lverslly ol Houston I 
Rec011ery Using the Very Incomplete 14 mon ths M Rabmowllz 
Meissner Effect (RP4000-47)  

Project 

Environment 

Firing o( Low-Sulfu r Coal. Elfec!s on 
Gaseous Emissions (RP1836-28) 

Evaluation of Four[er Transform lnl1ared 
Techniques for Cont inuous Emiss1on 
Monitonng (RP 1961 - 1 1 )  

Biotranslormation of PCBs 1n 
Contaminated Soi l s :  M 1crob lolog 1cal and 
Molecu lar Stud ies (RP2879-23) 

Demonstrallon ot XCL Low-NO. Burner 
(RP29 16·24) 

Effects of Clean Ai r Acl Compliance 
Coals on NO, Emissions and Boiler 
Opera tjons: Pi lot-Scale Evaluation 
(RP2916·25) 

EMF lnformalion Pro1eo1 (RP2964- 1 8) 

Bloremed ielion of Mercury-Contam inated 
Sires ( R P301 5-4) 

Utilizati on of FGD Gypsum and Bollom 
Ash in Roadway and Bu1ld1ng 
Construclion (RP3 1 7 6- 1 1 )  

Uncertainly , n  Chemical Mechan isms for 
Air Oualliy Modeling (RP31 89-6) 

Solid i fjcatlon Process,ng of Me1al -Matrl� 
Fly Ash ("Ashalloy") Compos ites 
(RP3275- 1 ) 

Mercury Accumulation Pathways and 
Processes (RP3297-2) 

Cont,olled Exposure of Malure Northern 
Red Oak Trees and Seedl ings to 0Lone 
(RP331 5· 1 ) 

GLOCO: Unlspheric Global Carbon 
Cycle Model (RP33 1 6-2 )  

Method for I ntegrated Assessment or 
Water Resource Systems and Power 
Operations (RP3369· 1 )  

Induced Arsenlle "Tolerance 1n Human 
Ce l l s  (RP3370-3) 

Lung Re1entlon and B1oavailabl l l ty ot 
Arsenic In Fly Ash ( RP33 70-7) 

Exploratory & Appl ied Research 

Process-Induced In ternal Stresses in 
Laminated Polymer Compos,tes 
(RP8007·22) 

Novel Polymeric Composites for Power 
Transmission St ruo1ures (RP8007-23) 

Modeling CO2 Disposal In the Ocean 
(RP801 l - 10) 

Geneuc Ecology: Penlach lorophenol and 
Polycyc l ic Aromat,c Hydrocarbon 
Degradalion (RP801 1- 1 8) 

Forest Dleback m Relation to Climate 
Change (RPB01 J . 19) 

tttacts of Archttec1ural Lighling 
(RPB01 2· 1 2) 

Mulll dynamlcs: Methodology 
Developmenl and Tesling (RP9002-3) 

Funding/ Comractor/EPRI 
Duration Project Manager 

$325,500 Foss,I Energy Research 
27 months Corp I A .  Kokkinos 

$1 60,200 Entropy 
20 months 8woonmenlal1sts / 

R Glover 

$500,000 University of Tennessee I 
53 months R. Golds/e/n 

$ 1 , 699,400 Soulhern Company 
16 months Services I J. Stallings 

$8 1 1 ,800 Soutnern Company 
1 8 months Services I J Stallmgs 

$264 ,800 Rober t S . Banks 
30 months Associates / S. Lindenberg 

$155,900 Unive rsity ol West Florida / 
1 8  months R, Go!dsrein 

$79. 100 Texas A&M Research 
23 months Founda t,on I 0, Golden 

$240,300 Unive rsity ol Connec 1,cut I 
23 months A. Hensen 

$645,400 Unlve rsl1y ol Wisconsin, 
57 months M l lwauKee /0. Golden 

$2,454, 1 00 Wisconsin Department of 
36 months Nalural Resources I 

D. Porcella 

$1 ,482 ,000 Tennessee Val ley 
35 months Authori ty / J. Huckabee 

$ 1 98 ,200 Tetra Tech / R. Goldstein 
8 months 

$2,200.200 Tennessee Val ley 
45 months Au thorny/0. McIntosh 

$60,000 New York Un,versity 
10 mon1hs Medica l Cen ter I 

L. Goldstein 

$1 34,700 Catho l ic Un iversity of 
18  months Lowain/J. Yager 

$152 ,500 Urnvers11 y of Washlnglon I 
25 monlhs J. Srrlnger 

$50,300 Georgia l nstilute of 
22 m0111tts Technology Research 

Corp /J  Stonge, 

$ 1 23 .600 Science Appl ications 
12 mon tns lntemahonal Corp . / 

D. Spencer 

$575,000 Rutgers Univers ity I 
42 months R. Goldsleln 

$100,000 Sc ience and Policy 
24 rnont s Assoc 1 a1es / L  Plle/ka 

$50,600 JeHerson Med ical 
lO mon1hs College IR Black 

$1 29,300 Decision Focus I 
8 months R. Schainker 
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Pro1ac1 

Generation & Storage 

Tes! Prog ram Wilh P,u sburgh Coal I n  the 
High -Temperatu re W inkle r Pi lot P lanl 
(RP2656-7) 

Lloyd Shoals 01sso lved -Oxygen Hydro 
Pro1ect (RP2694-15 )  

I ntell i gent Dynamic Control Opt1m1w1 1on 
P roject (RP27 1 0 -25) 

User Interface lor tne Gas Turb ine 
Outage Criteria Database (RP283 1 -8 )  

s,�ng Poten l ial for CAES Plants 111 
Western Area Power  Adminisl rahon 
Region (RP3049- 14 ) 

Compac1 S ,mulato.- Technology 
Developrnem and Demonstration 
(RP3 1 52- 1 4 ) 

Combustion  Turbine  Cont rol System 
Deve1opmen1 and Domonsl ralion : 
Tecnn 1ca l Suppon (RP3152- 15) 

AFBC A ,r, Wa lers•de, and Mater ials 
Balance-of-Plan! Guidel i nes (APJ 1 62-6) 

AFBC Bed Malena! and Fly Asn 
Balance-of-Plan, Gu ,de l . nes t RP3 1 62-7 ) 

Flu id ized-Bed Combuslion 
Environmen tal Pe r formance ( RP31 97  - 15) 

EPRIGEM for Plant Problem 
Characterl zat ron Guide l ines (AP3220- 17) 

l n!ernauo11al A f  ,hates Technology 
Assessment (RP3220-25) 

Asbestos Control and Replacement 
i R P3246-3 )  

E lectr,c U t 1 hty lnso 1at 1on  Resource 
Measurement Prog ram ( RP3258-6 ) 

Power Plant Pedormance 
l nstrumen tauon System (RP3383- 1 ) 

Compact S,mulator for Repowered 
Stat ion (Lauderdale) (RP3384-3) 

Development ol West ,nghouse 
Expanders far CAES/CASH Service 
IAP3397- I )  

CAES Compon&nt Developmen 
Coo,d1na11on and Superv1s1011 
(RP3397-2) 

Gas Turbine and Com b1ned-Cyc1e 
Capac ,ty Enhancemen t (RP340 t - 1 1  

Plann ing Frameworks for W ind 
Resources (RP3404- 1 ) 

Natural Gas- Fue led Molten ca,bonate 
Fuel Ce ll Power Plan1 Development ano 
Demonslrallon (RP3472- 1 )  

Development. Ana lysis. a n d  Testing of 
L-1 Blade Repa i r or Replacemen t 
Opt ions (RP3482- 1 ) 

In tegrated Energy Systems 

D istributed Technology Evalua�on 
ProJect , Phase 1 (RP2997-5)  

U t i l l ty Fuel Inventory Model Suopor! 
[RP3344-25 ) 

DYNAMICS Enhanoemems (RP3440- 1 ) 

Integrated Standard,zed Database 
Scoo ing . Pnase 2 (RP3443- 1 ) 

EPR ICAD. CAD Un� Software 
Developmenl (RP3702-1 J 
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rvnding/ 
Duration 

$800,000 
6 mcn 1hs 

$1 1 1 ,700 
13 months 

$396 ,500 
27 months 

$1 1 5,600 
22 montns 

$124 ,500 
S months 

$ 1 8 7 ,000 
1 2 mon1hs 

$ 1 67,200 
12  months 

$79,600 
5 months 

$57 ,000 
5 monlhs 

$1 1 0. 1 00 
9 mon 1hs 

$54 ,200 
3 months 

$106,800 
12 months 

$75 1 ,900 
22 months 

$53 , 1 00 
1 1  rnonn,s 

$1 ,200,000 
1 2  months 

$659,900 
16 months 

S150 .600 
1 0  months 

$195.000 
32 months 

$845.300 
21  mont11s 

$74 , 700 
5 months 

$4 .300,000 
48 mon ths 

$424 .900 
18 months 

$ 1 50.600 
8 monms 

$ 1 2 1 ,700 
12 months 

$230,000 
9 months 

$ 1 96.400 
10 monlhs 

$99,600 
5 months 

Conrractor/EPR/ 
Pro1ac1 Manager 

Rtie1nbraun AG I 
M. Epstein 

Georgia Power Co. / 
O. Moms 

Georgia Power Co. /  
J. Weiss 

Enter Software I 
R. Fr,schmuth 

Harza Eng 1neenng Co /  
8 Mehta 

Sc ience Applicat ions 
lntemat,ona l Corp I 
M Divakarun, 

Sc ience Applications 
In te rnationa l Corp I 
G. Poe 

Flu idized Bee 
Technologies/ T Boyd 

Joseph Technology Corp . /  
T Boyd 

Combus1 1on Syslems/ 
R Brown 

Encor-Amenca/ W P,ulle 

Encor-America/ 0  Gray 

Fll,ar Dan,el IS. Gehl 

Oaysta r lJ  Bigger 

Potomac Eleclrlc Power 
Co IE Petfll/ 

Tra� Corp IR Fray 

Westinghouse Elec1ric 
Corp I R  Pollak 

Energy Slorage & Power 
Consul tants / Fl  Pollak 

Fern Eng ineering I 
H Schreiber 

Oec 1s1on Focus I E  Davis 

San Diego Gas & E1ectnc 
Co IR Goldslern 

Stress Technology /  
T McC/oskey 

App l ied Dec , s,on 
Analys, s I J Bloom 

Appl ied Dec,s,on 
Analys , s  / C Clark 

Dec ,s,on Focus / 
H Forrune 

Abacus Programming 
Corp . IL Rubin 

Karta Technology I 
A. Kadar 

Pro1ect 

Nuclear Power 

Severe-Acc1denl Aclt v 111es Suppof1 
(RP1933-9 ) 

Pump Troubleshoo1 1ng, Phase 1 
(RP2520- 1 0) 

Methodology for Develop,ng FragH1ly 
Curves (RP2722-32) 

D,ssotu 1 1on or Chrom ium Carbides and 
a( Ox ,des of AJloy ,ng Elements in Type 
304 Stain less Steel ano l ncona l  600 ,n 
H igh-Temperature Water (RP28 1 2- 1 2) 

Un1n1errupt1ble Power Supply System 
Ma,n tenance Gutde (RP28 1 4-48 ) 

Development of Turb ine Disk U ll rasonic 
lnspec11on Data Acqu1s1t 1on and Anal ysis 
Sys1e111 (RP28S7-4J 

Rule Sels for Eleclnca l Drawing 
(RP3045-3) 

Ful l-System Decontam1na11on Study at 
Carolina Power I!. L,ght's B runswick  
Plant : Engmeer ing  Study (RP33 1 3·5 ) 

Bl!.W Advanced Con trol System 
Integ rat ion (RP3338-2 )  

Plant Compu 1 1 11g Arc11 1 t ec1ure Pian 
Methedology [RP3405- 1 ) 

Ma 1nlenance Ru le Support ( RP3409· 1 ) 

Reactor Proteclion System Upgrade 
Us,ng Safety-Glade PfOgrammable 
Logic Controllers (RP3410· 1 ) 

Pedormance Prad 1c11an Melhodology for 
Motor-Operaled Bune r l ly Valves 
( RP3433-22) 

Effect al Surface Film E lectr rc Res1Stance 
on the Eddy-Current Detectability ol Sur-
face Cracks 1n A l loy 600 (RP3S00- 1 0) 

L1cense Renewal and Integrated P lant 
Assessment (RP3675- 1 )  

Eva1ua11on o l  tne Toc 11n cal Bases for 
Averag ing Nuclide Concen l rat ,ons Over 
the Package Waste Vol ume (RP3800- 1 3 ) 

Cooperative Research and Development 
Ag reemenl for l nstrumantaHon and 
Control R&D i RP4500-1 1  

Measurement ol F racture Toughness 
RoslStance Curves for H ighly Irradiated 
Stainless Steel (RPC102- l 1 )  

BWA Pressure Vessel Nozzle l nspect,on 
Modeling (RPC 1 05-9) 

Ut 1l1t y  Benefit Assessment ot Steam 
Generator Products (RPS405- 1 8) 

Eva luation of S ress Corros,on Cracl<,ng 
I nhibitors tor Steam Generators 
(RPS407-5 1 ) 

Survey of Steam Generator Shell 
Crack,ng (RPS407-52) 

Large-Eddy S,mula!l ons  of Turbulent 
Flow 1n Steam Generators (RPS4 1 0- 16 )  

Geometry Database for Steam 
Generato1 Fatigue and Wear (RPS415- 1 ) 

GUST Code Ver1f 1caUon and 
Documentation (RPS4 15-3) 

Cor relat ion Between Grain Boundary 
Composition and Stress Corrosion 
Cracking Suscep!lbl l l ty  (APX102-5) 

uo, and (U .Gd) 02 l rrad,ated to High 
Burnup : Measurements of Fuel Properties 
as a Function ol Burnup (RPX 1 02-22) 

Funding/ Contractor I EPRI 
Dura/Ion Profecl Manager 

$1 03 ,700 Altos Engineering 
12  months App l icauons/A . Macr11e/s 

$99.800 Energy Research & 
7 months Consultams Cor p . / J  Lang 

$1 25 ,200 Jack R Ben 1am1n & 
13 months Assoc,a tes/ R Kassawara 

$60,000 Oh,o S1ate Un ,versi ly / 
1 2  mon tns J Gilman 

$95. 300 Ebasco Serv ices/ 
7 months 1-1( Johnson 

$ 169,900 Sierra Mato� IS Liu 
12  montns 

$290,000 Wisconsin Electric Power 
23 rnontns Co / Fl Colley 

$99,900 Paci fic Nuclear Services /  
6 monihs C. Wood 

$2.275,600 B&W Nuc lea r Service 
48 months Co IS 8hau 

$1 1 2,000 Queue Systems I J Naser 
7 months 

$97 900 Enn Eng ineering & 
1 2  months Research /D War/edge 

$ 1 78 , 1 00  Spectrum Tect>nolag1es 
1 1 monlhs USA /S, Bha/1 

$379.500 Kais, Engineering I 
25 months K Wolfe 

$76.400 Valt, on  Teknill lnen 
7 months Tutk,muskeskus /P Pama 

$800,000 Mul t i p le Dynamics Corp 1 
9 months J. Byron 

$65 900 Vance & Associates/ 
7 months R Williams 

$400,000 Ma1Dn Manetta Ene,gy 
30 mon ths Systems/ J Naser 

$75,000 vn ( Technical Research 
1 3 months Cenlre of Fin land) / 

J. GIiman 

$ 120,000 We1d l1nger Associates / 
8 months M Av1o/i 

$140 ,300 Dec,sron Focus I 
7 months L Williams 

$155 ,400 Babcock I!, W I ICO)( Co I 
1 2 months P Pe,ne 

$ 1 36 ,500 Oom1n ,on Eng 1neer,ng I 
9 months A Mcllree 

S101 ,900 Te•as A&M Un,-ers1ty / 
1 1  months D Srelninger 

$ 124 ,600 CFO Research Corp I 
8 months G Srtkantrah 

$243,300 CFO Research Corp I 
19 months G Srlkant,ah 

$51 .500 Modeling & Computing 
9 months Serv1ces/ L Nelson 

$551 ,800 Belgonucleaire I S. Yagnik 
20 months 



New 
Technical 
Reports 
Requests for copies of reports should be directed 
to the EPRI Dist r ibution Center. 207 Coggins Drive , 
P.O. Box 23205 Pleasant Hill California 94523: 
(5 10)  934--4212 . There is no charge for reports re­
quested by EPRI member utilit ies and afii liates. Re­
ports will be provided to nonmember U.S. utilities 
only upon purchase of a license. the price of which 
will be equal lo the price of EPR I membership 
Others pay the listed price or, 1n some cases (when 
noled). must enter into a l icensing agreement .  

CUSTOMER SYSTEMS 

Manufactured Housing:  Energy Use 
Assessment 
TR- 100429 Final Repor t  (RP2597-27); $200 
Cont ractor· Barrett Consulting Associates . I nc. 
EPRI Project Manager: A. Lannus 

Improving Management of Low­
Temperature Drying of Corn 
TR- 100445 Final Report (RP2782-4) :  $200 
Contractors· National Food and Energy Council, 
Purdue University 
EPRI Project Managers : A Amarnath. 
0 Zimmerman 

Perceptions of Compact Fluorescent 
Lamps In the Resident ial Market 
TR-100734 Fina l Report (RP2597-31 ,  RP3249) ; 
$200 
Contractor· MACRO Consulting ,  Inc. 
EPRI Project Managers : M. Evans, J . Kesselr ing 

Rural Water/Wastewater Study, 
Vol .  1 :  Background, Terminology, 
and Recommendations 
TR- 100820 Final Report (RP2662-20). Vol 1 .  $200 
Contractor: Kennedy/Jenks Consultants 
EPRI Pro1ect Manager M. Jones 

Cool Storage Ethylene Glycol Design Gulde 
TR-100945 Final Report (RP3280-3) : $200 
Concractor· Gatley & Associa tes , Inc .  
EPRI Project Manager· R.  Wendland 

Engineering Methods for Estimating 
the Impacts of Demand-Side Management 
Programs, Vol. 1: Fundamentals of 
Engineer ing Simulations for Residential 
and Commercia l End Uses 
TR-100984 Final Report (RP3269-3); $200 
Contractor· Architectural Energy Corp. 
EPR I ProJecl Manager ·  P Hanser 

Electrotechnology Reference Gu lde ,  
Revision 2 
TR-101021 (Rev. 2) Final Repor t (RP2613-10); 
$200 
Contractor : Resource Dynamics Corp 
EPRI Project Manager: M ,  Jones 

Advanced Lighting Technologies 
Application Guidelines: 1990 
TR-101022 Final Report (RP2285-26) ; $200 
Cont ractor · Eley Associates 
EPRI Project Manager : K. Johnson 

Ice Storage Rooftop Retrof it Performance 
TR-101038 Final Report (RP3280-1 ) ; $200 
Contractor · DenKmann Thermal Storage ,  Inc 
EPRI Project Manager R . Wendland 

Activity-Based Costing for Electric Utilit ies 
TR- 101065 Final Report (RP2982-14) : $200 
Contractor: Venture Associates 
EPR I Project Manager: P. Hanser 

Assessment of Gas and Electr ic 
Cooling Equipment 
TR- 101142 Final Report (RP3138-2) : $200 
Contractor· Energy Inte rnational , Inc 
EPRI Project Manage r ·  M Blan 

ESPRE  2.1 Engineering Model: 
Simplified Energy Analys is Methods 
!or Res idential Buildings 
TR- 101189 F inal Report (RP2034-33). $200 
Contractor: Arthur D . L i ll ie, Inc. 
EPRI Project Manager. J Kesselring 

ELECTRICAL SYSTEMS 

Survey of Residential Magnetic Field 
Sources: Interim Report 
TR- 100194 Interim Report (RP2942-6) $200 
Contractors: General Electric Co.; Ener tech 
Consullants ,  Inc. ;  E lectric Research and 
Management 
EPRI Projecc Managers G. Rauch. J , Dunlap 

Development of Production Software for 
the Economic Evaluation of D istribution 
Automation Functions ,  Vols. 1-3 
TR-100398 Computer Code Manual (RP2021 -2): 
Vols. 1 3. license required 
Contractor· Power Computing Co. 
EPRI Project Manager: T, Kendrew 

Power System Steady-State Stability 
Mon itor Prototype, Vols. 1 and 2 
TR-100799 Final Report ( RP2473-43) ,  
Vols . 1 and 2 ,  $200 each volume 
Contraccor· SYDETECH System Development 
Technologies, Inc. 
EPRI Project Manager· R Adapa 

Microscopic Probes of H igh-Temperature 
Superconductivity 
TR- 100862 Final Report (RP791 1 -15) : $200 
Contractor: Virg inia Commonweal th University 
EPRI Pro1ec1 Manager : M. Rabinowitz 

Seasonal  Variations ol Grounding 
Parameters by Field Tests 
TR-100863 Interim Report (RP1494 -8) : $200 
Contractor: SE I /Georgia Power Research Center 
EPRI Pro1ect Manager · G . Addis 

Feas ibility Study to Manufacture Dry-Cure 
Cables by Internal Pressurization Process 
TR- 100905 Final Report (RP1593-1 ) : $750 
Contractor: Cable Technology Laboratories. Inc. 
EPRI Project Manager · B . Bernstein 

ENVIRONMENT 

Economic Evaluat ion of  Particulate Control 
Technologies, Vol. 1: New Units 
TR- 100748 Final Report (RP3083-4) :  $750 
Contractor Sargent & Lundy 
EPRI Projec t  Manager R . Chang 

CH ROMAT'M Vers ion 1 . 1  (Soi l  Chromium 
Attenuation Evaluation Model) :  User 's 
Manual and Technical Reference 
TR-100765 In terim Report ( RP2485-3): $200 
Contractor · Battelle , Paci fic Northwest 
Laborato r ies 
EPRI Project Managers: M. E Jrash 1d i ,  I .  Murarka 

Comanagement of Coal Combustion 
By-products and Low-Volume Wastes: 
A Midwestern Site 
TR - 100955 lntenm Report (RP2485-9) : $200 
ContraclorS'. Radian Corp. , GeoTrans. Inc . . 
Battelle, Pacific Northwest Laboratories 
EPRI Project Managers: I. Murarka, J Goodnch­
Mahoney 

Est imating Release of Polycycl ic 
Aromatic Hydrocarbons From Coal Tar 
at Manufactured-Gas Plant Sites 
TR- 101060 I nterim Report ( RP2879-7 ) : 200 
Contractor · University of Texas Austin 
E PRI  Project Manager: M Elrash 1di 

Strategies for Fie ld Calibration and 
Val idation of Groundwater Models 
TR- 101063 Interim Report (RP2485-9) : $200 
Contractor Battelle. Paci fic Northwest 
Laboratories 
EPRI Project Manager: I . Murarka 

Application of MYGRTTM V2.0 to a 
Manufactured-Gas Plant Site 
TR-101064 ln leom Report (RP2879-6): $200 
Contractor. Remediation Technologies , Inc . 
EPRI Project Manager: I ,  Mura rka 

Boiler Chemical Cleaning Waste 
Management Manual 
TR-101095 Anal Reporl (RP2215- 1 ) , $200 
Contractor Radian Corp. 
EPRI Project Managers : T Loll W Michelet1 i 
M Mille r 

Design Guidelines for Targeted 
Chlor ination With Fixed Nozzles 
TR- 101096 Final Report (RP2300-2) : $200 
Contractor· Stone & Webster Eng ineering Corp 
EPRI Project Manager· W. Chow 

F ish Entrainment and Turbine Morta l ity 
Review and Guidelines 
TR-101231  Anal Report ( RP2694- 1 } : $200 
Contractor· Stone & Webster Envi lonmental 
Services 
EPRI Project Managers J . Mattice, C Sullivan 

EXPLORATORY & APPLI ED RESEARCH 

Bifurcation and Chaos in Power Systems: 
A Survey 
TR-100834 Fina l  Report ( RP8010-10) ; $200 
Cont ractor : University ol Cal i forn ia , Berkeley 
EPR I Pro1ec1 Manager · M. Lauby 

EPRI JOURNAL December 1992 5 1  



GENERATION & STORAGE 

Uplift Pressures, Shear Strengths, and 
Tensile Strengths for Stability Analysis 
of Concrete Gravity Dams, Vol. 1 

TR-100345 Final Report (RP2917-5): Vol 1. $200 
Contractor- Stone & Webster Engineering Corp. 
EPRI Project Manager. D Morris 

Grimethorpe High-Temperature/ 
High-Pressure Gas Filter Experimental 
Program, Vols. 1-4 

TR-100499 Final Report (RP1336-8). Vols. 1-4 
$200 each volume 
Contractor: British Coal Corp. 
EPRI Proiect Manager: J, Stringer 

Atmospheric Fluidized-Bed Combustion 
Fabric FIiter Monitoring 

TR-100562 Final Report (RP2303· 21): $200 
Contractor: Southern Research Institute 
EPRI Project Manager: T Boyd 

Waste-to-Energy Screening Gulde, 
Vols. 1 and 2 

TR-100670 Final Report (RP2190-5), Vols. 
1 and 2. $1800 for sei 
Contractor· Bechtel Group, Inc 
EPRI ProJect Manager· E Hughes 

Third International Conference on 
Improved Coal-Fired Power Plants 

TR-100848 Proceedings; $200 
EPRI Pro1ect Managers: S Pace, G. Poe 

Creep-FatlguePro: On-line Creep-Fatigue 
Damage and Crack Growth Monitoring System 

TR-100907 Final Report (RP1893-11): $200 
Contractor Structural Integrity Associates. Inc. 
EPRI Pro1ect Managers: J Scl1e1bel , R. Pilasterer 

Rotor Dynamic Modeling and Testing 
of Boiler Feedpumps 

TR-100980 Final Report (RP1884-10) $200 
Contractor Sulzer Brothers. Lid 
EPRI Pro1ec1 Managers· S. Pace, T. McCloskey 

Gasification of Pittsburgh No. 8 Coal in 
Rheinbraun's Atmospheric High-Temperature 
Winkler Process Development Unit 

TR-100983 Final Report (RP2656-5). $200 
Contractor: Rheinbraun 
EPRI Project Manager· M Epstein 

Hydraulic and Mechanical Interactions 
of Feedpump Systems 

TR-100990 Final Report (RP1884-10), $200 
Contractor· Sulzer Brothers. Lid. 
EPRI Proiect Managers: s_ Pace. T. McCloskey 

Proceedings: Conference on Asbestos Control 
and Replacement 1or Electric Utilities 

TR-101093 Proceedings (RP3246): $200 
EPRI Project Manager· M Blanco 

Electric Motors Using Superconducting 
Materials Applied to Power Generating 
Station Equipment 

TR-101127 Interim Report (RP3149-1, RP7911-2): 
$200 
Contractor: Reliance Electric Co. 
EPRI Pro1eot Manager· J Stein 
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INTEGRATED ENERGY SYSTEMS 

Availability Assessment of Energy 
Research Corporation's 2-MW Carbonate 
Fuel Cell Demonstration Power Plant 

TR-101107 Final Report (RP3199'-5). $200 
Contractor: ARING Research Corp. 
EPRI Project Manager 0. Rastler 

Natural Gas for Electric Generation: 
The Challenge of Gas and Electric 
Industry Coordination 

TR-101239 Final Repon (RP3201-1 . -2. -4.  -5): 
$200 
Contractors· Charles River Associates, Inc .. 
Energy Ventures Analysis. Inc .. Jensen 
Associates. Inc. 
EPRI ProJect Managers H Mueller, J Plan 

NUCLEAR POWER 

MULTEQ (Equilibrium of an Electrolytic 
Solution With Vapor-Liquid Partitioning), 
Vol. 3: Theory Manual 

NP-5561-CCML Computer Code Manual 
(RPS407-30). Vol. 3, license required 
Contractor Maxwell laboratories, Inc. 
EPRI Pro1ect Managers. P Paine. P Milletl 

Determination of Thermodynamic Data 
for Modeling Corrosion, Vol. 5: NiCl2, 
CuCl2, HN03, Ni(N03h, NaN03 Systems 

NP-5708 F,nai Report (RPS407- 1 ) ,  Vol. 5, $200 
Contractor. Brigham Young University 
EPRI Pro1ect Managers. P. Paine. P Millen 

Water Hammer Prevention, Mitigation, and 
Accommodation, Vol. 2: Root Cause Analysis 
for Plant Water Hammer Experience 

NP-6766 Flnat Report (RP2856-3); Vol 2, license 
required 
Contractors Stone & Webster Eng1neenng Corp. 
Bechtel Group, Inc 
EPRI Proiect Manager M. Menlo 

Water Hammer Prevention, Mitigation, and 
Accommodation, Vol. 4, Part 1: Review of 
Analytic Models and Computer Codes­
Sample Problems and Comparisons 

NP-6766 F1na1 Report (RP2856-3), Vol. 4 
Part 1 license required 
Contractors Stone & Webster Engineering Corp., 
Bechtel Group. Inc 
EPRI Project Manager M Menlo 

Water Hammer Prevention, Mitigation, and 
Accommodation, Vol. 4, Part 2: Review of 
Analytic Models and Computer Codes­
Theoretical Bases 

NP-6766 Final Report (RP2856-3) Vol. 4 Part 2, 
license required 
Contractors. Stone & Webster Eng,neenng Corp. 
Bechtel Group. Inc. 
EPRI Proj ect Manager M. Menlo 

Water Hammer Prevention, Mitigation, 
and Accommodation, Vol. 5, Part 1: 
Assessment Guidelines 

NP-6766 Final Report (RP2856-3); Vol. 5, Part 1 
license requ,red 
Contractor: Stone & Webster Engineering Corp. 
EPRI Project Manager; M. Menlo 

Water Hammer Prevention, Mitigation, and 
Accommodation, Vol. 5, Part 2: Prevention 
Guidelines 

NP-6766 Flnal Report (RP2856-3); Vol 5. Part 2, 
license reqwed 
Contractor Stone & Webster Eng,neenng Corp. 
EPRI Project Manager M Merllo 

Water Hammer Prevention, Mitigation, 
and Accommodation, Vol. 5, Part 3: 
Diagnostic Guidelines 

NP-6766 Final Report (RP2856-3). Vol 5, Part 3, 
license required 
Contractors. Stone & Webster Engineering Corp.; 
Failure Prevention, Inc. 
EPRI Pro1ect Manager: M Merila 

Water Hammer Prevention, Mitigation, 
and Accommodation, Vol. 6: Review of 
Plant Systems and Procedures 

NP-6766 Final Report (RP2856·3), Vol. 6, license 
required 
Contractors Stone & Webster Engineering Corp : 
Bechtel Group. Inc 
EPRI Project Manager_ M. Merilo 

Outside Diameter Stress Corrosion Cracking 
of Steam Generator Tubing at Tube Support 
Plates: A Database for Alternate Repair 
Limits-Vol. 1, 7/8-lnch Tubing 

NP-7480-L Final Report (RPS404-29)' Vol. 
license required 
Coniractor· Westinghouse Electric Corp 
EPRI Project Manager· L. WIiiiams 

Preconditioning of PWR Steam Generators 
to Reduce Radiation Buildup 

TR -100217 Final Report (RP2758-5); $200 
Contractor Commissanat a l'E11erg1e Alom1que 
EPRI Proiect Manager· C. Wood 

Steam Generator Channel Head Dose 
Rates at Babcock & Wilcox Reactors 

TR -100348 Final Report (RP2494-4l. $200 
Contractor B&W Nuclear Services Co. 
EPRI Project Manager· H. Ocken 

Proceedings: 1991 EPRI Radwaste Workshop 

TR-100555 Proceedings (RP2414-28). $200 
Contractor· Asceni Services 
EPRI Proiect Manager: C. Hornibrook 

Generic Scaling Factors for Dry Active Wastes 

TR-100740 Final Report (RP2414-41); $200 
Contractor Vance & Associates 
EPRI Pro1ect Manager C. Hornibrook 

New Technology in Condensate Polishing 

TR-100757 Final Report (RP1571-9); $200 
Contractor: Graver Co. 
EPRI Proiect Manager· T. Passel! 

Demineralizer Operation With 
Morpholine and Boric Acid 

TR-100790 Topical Report (RPS409-3); $200 
Contractor· NWT Corp. 
EPRI Project Manager· T Passell 

Mercury Modeling for PWSCC Length Sizing 

TR-101104 Interim Report (RPS404-28); $2000 
Contractor· Westinghouse Science & Technology 
Center 
EPRI Pro1ect Manager· M. Behravesh 



New 
Computer 
Software 
The Electr ic Power Software Center (EPSC) pro­
vides a single d istr ibution center for computer pro­
grams developed by EPRI . The programs are dis­
tributed under license to users .  EPRI member u til­
ities, in  paying their membership fees. prepay all 
royalties. Nonmember organizations l icensing EPRI 
computer programs are requi red to pay royalties . 
For more information about EPSC and licensing 
arrangements, EPRI member utilities should 
contact the Elect r ic  Power Software Center, Power 
Computing Co . , 1930 Hi Line Drive, Dallas, Texas 
75207 :  (214)  655-8883. Other organizations should 
contact EPRl's Manager of Licensing , P.O . Box 
1041 2 . Palo Alto, California 94303: {415)  855-2866. 

ARA: Acid Rain Advisor 
Vers ion 1 . 0  (PC-OS/2) 
Developer :  Black & Veatch 
EPRI Project Manager: Dave O'Connor 

BTA•M: Bearing Troubleshooting Advisor 
Version 1.0 (CD-ROM) 
Developer : Automation Technology 
EPRI Project Manager: Tom McCloskey 

CHROMAT™ : Soi l Chromium Attenuation 
Evaluat ion Model 
Version 1 . 1  (PC-DOS) 
Developer : Battelle PLC 
EPRI Project Manager: Moustafa Elrash id i  

CREAM : Composite Reli ability Assessment 
by Monte Carlo 
Version 1 . 2  (DEC-VMS; IBM-MVS: PC-DOS) 
Developer: Power Systems Research , Inc. 
EPRI Project Manager: Neal Balu 

DIRECT: Direct Stability Analysis Program 
Version 3 .0 (IBM-MVS) 
Developer: Ontario Hydro 
EPRI Project Manager : Gerry Cauley 

DYNRED: Dynamic Reduction Program 
Version 1 .0 (DEC-VMS; I BM-MVS: Prime-PRIMOS) 
Developer: Ontario Hydro 
EPRI Project Manager: Neal Balu 

RETRAN-03: A Program for Transient 
Thermal-Hydraulic Analysis 
Version MODOOO (PC386/486-DOS) 
Developer : Computer Science & Analysis 
EPRI Project Manager: Lance Agee 

TAG Supply1M : Technical Assessment 
Gulde for Supply-Side Technologies 
Version 2.0 (PC-DOS) 
Developer : EPR I 
EPRI Project Manager : G. Ramachandran 

VTester™ : A Tool for Managing Reactor 
Vessel Embrittlement Decisions 
Version 2 .0 (PC-DOS) 
Developer: Decision Focus, Inc. 
EPRI Project Manager: Tim Griesbach 

EPRI Events 

MARCH 

1 -3 
International Symposium on Improved 
Technology for Fossil Power Plants: 
New and Retrofit Applications 
Washington,  D.C.  
Contact: Lori Adams, (415) 855-8763 

2-4 

NOE for Fossil P lants 
Eddystone , Pennsylvania 
Contact : John Niemkiewicz, 
(215) 595-8871 

24-26 

6th National DSM Conference 
Miami , Florida 
Contact: Pam Turner. (415) 855-2010 

29-Aprll 2 
ETADS Seminar 
Haslet, Texas 
Contact: Paul  Lyons,  (817) 439-5900 

30-Aprll 1 
Biomass and Waste Fuels 
Washington, D.C.  
Contact: Susan Bisetti , (41 5)  855-7919 

APRIL 

1 -2 
Dynamics of Interconnected Power 
Systems 
St. Petersburg, Florida 
Contact : Gerry Cauley, (41 5) 855-2832 

5-8 

1oth Partlculate Control Symposium 
Washington , D.C. 
Contact: Lori Adams, (4 15) 855-8763 

13-15 
Continuous Emissions Monitoring 
Baltimore, Maryland 
Contact : Linda Nelson , (415) 855-2127 

20-22 
Achiev ing Accurate Coal Weighing and 
Sampl ing Systems 
St . Louis, Missour i  
Contact : Barbara Fyock, (412) 479-601 5 

27-30 
Transformer Performance Monitoring and 
Diagnost ics 
Eddystone , Pennsylvania 
Contact: John Niemkiewicz, 
(215) 595-8871 

MAY 

3-5 
Nuclear Plant Support Engineering 
Products and Issues 
Atlanta, Georgia 
Contact : Sheryl McBane, (704) 547-6086 

5-7 

Plant Communications and Computing 
Architectures, Control Rooms, and 
Workstations 
Tampa, Florida 
Contact: Linda Nelson, (415) 855-2127 

10-11 
Nuclear Plant Performance Improvement 
Scottsdale, Arizona 
Contact: Susan Otto, (704) 547-6072 

19-21 
Rotating Machinery Vibration 
San Diego, California 
Contact: Susan Bisett i ,  (415) 855-7919 

23-27 
EPRI/EPA Joint Symposium on 
Stationary Combustion NOx Control 
Miami , Florida 
Contact: Pam Turner, (4 15 )  855-2010 

JUNE 

7-9 
ISA POWID-EPRI Controls and Instru­
mentation Conference (Nuclear and Fossi l )  
Phoenix, Ar izona 
Contact: Lori Adams, (415) 855-8763 

7-11 
High-Voltage Transmission Line Electric 
Design Seminar 
Lenox , Massachusetts 
Contact: Joe Slocik, (413) 494-3320 

8-10 
Cooling Tower Performance Predict ion 
and Improvement 
Eddystone. Pennsylvania 
Contact: John Niemkiewicz, 
(21 5) 595-8871 

14-1 6 

Seminar on Advanced Concepts In Line 
Structure Evaluation Techniques 
Haslet , Texas 
Contact: Paul  Lyons , (817) 439-5900 

14-1 6 
Technology Transfer 
San Francisco, California 
Contact: Susan Bisetti , (415) 855-7919 

15-16 
Low-Level Mixed Waste Conference 
Boston, Massachusetts 
Contact: Linda Nelson, (415) 855-2127 

15-18 
Boller Tube Failures: Correction, 
Prevention,  and Control 
Eddystone, Pennsylvania 
Contact: John Niemkiewicz, 
(215) 595-8871 

29-July 1 
Heat Exchanger Performance Prediction 
Eddystone, Pennsy lvania 
Contact: John Niemkiewicz, 
(215) 595-8871 
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A G rowth Market in Wind Power 

(page 4) was written by Lesl ie La­

ma rre, Journal senior feature writer, 

with informa tion provided by two 

members of EPR I 's Genera t ion & Stor­

age Div is ion . 
Earl Davis, manager of wind power 

integration, joined the Institut ea rly 

thj year a fter 10 yea rs wi th U.S. Wind­

power, where he wa most recent ly d i ­

rector of i nternational business devel­

opment .  Previously he worked for 

Wind fa rms, Ltd. ,  a nd for Pacific Gas 

and Electric. Davi ha a B i n  meteo­

rology a nd cl imatology from the Uni­

versi ty of Wa h i ngto11 . 

Edgar DeMeo, ma nager of the Solar 

Power Progra m, joined EPRJ i n  1 976. 

Before t hat ,  he was a resea rch associate 

professor of engineering a t  Brown U ni-

gineering at VCSB, the Univer ity of 

Southern Cal i fornia ,  and Loyola Mary­

mou nt Univer ity. • 

T he Cost of G reenhouse Insurance 

(page 26) was written by science 

wri ter John Douglas with assista nce 

from Richard Richels, director of 

E PRI's Energy Analysis & Pla nnLng De­

partm nt . Richels has been with the 

I nsti tute since 1976, having managed 

the En vironmental Risk Ana Jysi a nd 

lntegra ted Utility Planning programs 

before ta king his present posit ion . He 

wa s formerly a consultant to the Ra nd 

Corporation and the at ional Science 

Fou ndation. A physic graduate of the 

Col lege of William ru1d Mary, Richels 

earned MS and Ph D degree from Har­

vard Univer ity's Divi ion of Applied 

versi ty. As a lieutenan t  in the U.S. a- Sciences. • 

val R erve from 1 9  7 to 1969, he 

taught in the Science Departm n t  at the 

U.S. ava l Acad my. H e  received a 

bachelor' degre in electrical engi neer-

ing from Ren s elaer Polytechnic l nst i-
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