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PREFACE 

The purpose of the 
asseBsment of the 
involved in energy 
others interested 
future. 

Solar Technology Assessment Project is to present an 
st!Jte of solar energy technology for individllals 
research, industry, legislation and policy, and to 

in a better understanding of the nation's energy 

This project was organized and coordinated by the Florida Solar Energy 
Center under sponsorship of the Office of Policy, Planning and Evalua· 
tion; Office of Conservation and Renewable Energy; U.S. Department oi: 
Energy; Cooperative Agreement DE-FC02-79CS30278-A001. 

For this project, nine solar technologies--four solar thermal, four 
solar electric, and one other--were evaluated as follows: 

Passive Heating 
Active Space Heating and Hot Water 
Cooling: Passive, Hybrid and Active 
Industrial Process Heat 
Photovoltaics 
Ocean Thermal Energy Conversion (OTEC) 
Wind Energy 
Heliostat Systems 
Biomass 

Finally, to complete the picture, two other assessments were done, one 
on the current status and prospects of the solar industry aud the other 
on state and community solar commercialization issues. 

The Solar Technology Assessment Project selected 11 recognized solar 
experts, each to assess and write a paper on the particular solar tech
nology or area of his expertise. Summaries of the assessment papers by 
the group were presented at the Solar Technology Asses•ment Confere3ce 
in Orlando, Florida, on January 29 and 30, 1981. 

After the January conference, each of the authors wrote a final assess
ment paper. These papers are presented as 12 volumes, one for each, 
assessment area and one overall review by the project director. The 
author& are listed on the next page. 

As a final comment, it is hoped that these assessments will provide the 
information and possibly supply the guidance that is needed by the 
decision makers in order to bring the utilization of solar energy to the 
level whore its positive i"Pact wil~d 
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Project Director 
Solar Technology Assessment Project 
and 
Director 
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ENERGY -- S. Karaki and G.O.G. Leif, Solar Energy Applica
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John I. Yellott, College of Architecture, Arizona State 
University, Tempe, Arizona 
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Environment and Resources Center, University of Tennessee, 
Knoxville, Tennessee 

PHOTOVOLTAIC TECHNOLOGY ASSESSMENT -- Charles E. Backus, 
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A REVIEW OF OTEC -- Paul C. Yuen, Hawaii Natural Energy 
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D. Lingelbach, Engineering Energy Laboratory, Oklahoma 
State University, Stillwater, Oklahoma 
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Sheppard, Jerry L. Birchfield and Jack H. Spurlock, 
Georgia Institute of Technology, Atlanta, Georgia 
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PROSPECTS - 1981 -- John A. Clark, Department of Mechani
cal Engineering and Applied Mechanics, University of 
Michigan, Ann Arbor, Michigan. 

STATE AND COMMUNITY COMMERCIALIZATION ISSUES -- Ronald D. 
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VOLL~ IX 

HELIOSTAT SYSTEMS: TECHNICAL AND ECONOMIC ASSEnENT 

by 
Alvin F. HildPbrandt & Clifford L. Laurence 

Energy Laboratory 
University of Houston 

Houston, Texas 

Dr. Hildebrandt bas since 1975 been professor of physics and director of 
the University of Houston's Energy Laboratory. From 1975 to 1980, he 
was president of the Energy Foundation of Texas. Among Dr. Hildebrandt's 
more recent publications are two articles on power towers written in 
partnership with a colleague--they are, "Power From Solar: The.Power 
Tower Concept," which appeared in the Houston Engin1:er, and "SurV<:Y of 
Power Tower Technology," carried in the Journal of_ Solar Energy Engi
neering. Dr. Hildebrandt also holds three patents on superconducting 
magnetic flux pwnps and one for production of ultra pure HE 4 by super
fluid flow. He earned the B.S. in physics at the University of Houston, 
and & doctorate in physics at Texas A & M University . 

Dr. Laur~nce has, since joining the Energy Laboratory at the University 
of Houston, participated in a nwnber of central receiver design studies 
including the JPL, MDAC Small Power System Experiment (a portion of 
which work was recently published in the ASHE Journal of Solar Energy 
Engineering), the collector field optimization of the 10 MW Pilot Plant, 
and four of the repowering studies. He recently published, in partner
ship with Dr. Fred Lipps, a Users Manual for the University of Houston 
collector field optimization and design computer code. Dr. Laurence 
developed strong interest in solar technology during the five years be 
spent with Aerospace Corporation, where he did a comparative performance 
analysis of the Phase I central receiver design studies. He received a 
B.S. in physics from MIT and his doctorate in electrical engineering 
from Rice University. 
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HELIOSTAT SYSTEMS: TECHNICAL AND ECONOMIC ASSESSMENT 

A.F. Hildehrandt anrl C. L. Laurence 

1.0 INTRODUCTION 

1.1 Purpose of Sturly 

Enerqy Lahoratory 

University of ~ouston 

This is a ter;hnic;il and economic rearliness assPssrnent of heliostat 
syste111S for industrial process heat anc1 Plectric oower oroduct.ion. 
Included will be ouhlisherl data from university. qovernment anrl 
inrlustrv sturlies with a new sfflall system sturlv bv the UnivP.rsitv of 
Houston and the Rockwell International, Enerc,y Systet"ls Group. -

This report provides an extensive review of the literature on 
liel iostat syst:e111s i ncli!dinc, suhsystem nesi an anrl research 
experiments, full scale system desiqns, ass~ssments, evaluations, 
rankinqs, application and marketinq studies, and heliostat 
manufacturinq studies. This report reviews and assesses the current 
status of hel iostat s_vstem development, e:xJ:-r.ine:; recent ~e:;ign 
reports, reports expecterl economic and performance imorovements. 
makes recommendations for the role that oovernment can olay in 
heliostat systems rlevelopment, and recommends state and federal 
oolicies for develoornent of solar commercialization and the formation 
of heatinq utilities. 

The introduction of anv ne~ enerqv source ~Pnerally faces oooosition 
from in-olace enerov suppliers. On the ot.-.er hand, there is a 
prevailiM puhlic belief that solar can and will suool_v a si~nificant 
oortfon of our lonri tem Pnerqv needs. An il?ltJortant taslc in this 
paper ;s rlPlineatino what is nract.ical now anc1 for the lono term. 
Some consideration is also qiven to oen~ral philosophical 
imolications of our enerny dilemma. Limited solutions are avanahle 
for an evP.r qrowino pooulation in a finite resource an~ space limiten 
earth. Eac'i birth ahove reolace111ent tends to make us all a hit 
poorer. Our real ooal shoulrl he a better world civilization for our 
gran(lchildren and 11enerations beyond. We now consider the technical 
and economic asoects of solilr thermal systems that offer a renewahl e 
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enerQ_y option. These systems can stabilize O!lr predictahle enerq_y 
needs anrl long-ranqe requirements. 

1.2 Description of heliostat syste~s 

Many of us are acQuainte<i with t.he atiiliiv of a small lens magnifier 
to focus the sun's image onto anrl hurn a leaf. This can also he 
accompl ishect with a concave oarabolic shavinQ mirror. It is possible 
to collect solar energy from a larae area with a larae number of 
parabolic mirrors focusinri the enercr,, to a multitude of small focal 
re9ions. The heat can then he collected fr.om thP larae number of 
paraholas, shaped like anc1 often callerl rlishes. hy means of a 
labyrinth of pipinQ collf>ctino a heat transfer flui<1 to a COITlfllOn 
noint. This is called a c1istributed svstem. 

A hel iostat system aooroximates a sinql e huQe parahol a laid out on a 
flat area of terrain with a sinale focal noint. A heliostat is shown 
figure 1.1. It is a simple larqe nominally flat mirror that may have 
a numher of seqments. It tracks on two axes and is comouter 
controlled. Trackinq -er.ahles the individual heliostat to reflect and 
project a heam of liqht continuously onto a rlistant boiler. In fiaure 
1.2 is a drawinq of the Solar One pilot plant under construction at 
~arstow, California. The surrounrlina fielrl of hel iostats focuses the 
sun's rays onto the hoi l er atop the tower near the center of the 
field, conseQuently the name central receiver. Water is pu~erl uo to 
the boiler and the resultino steam is oined <fown t.o i. conventiona1 
utility turbo-electric qenerat.or at the base of the tower. This 
configuration approx~?.tes a point focus parabola with an aperture 
area of about .33 km (RS acres) and a focal distance to the boiler 
of ahout 75.4 meters. The aeneratinq capacity is 10,000 kilowatts of 
electricity which can suppl_y a city of 6,000-10,000 oeople. A hrief 
historf of th~· cvncept can be reviewed in references 1-3. 

The ffeld of hel iostats steer the solar beam enerav onto the hoiler 
and permit a sinqle collection ooint. This can be contrasted to a 
paraholic rlish with focal axis always pointinq toward the sun. 
Althouqh the aeol'letric mirror collecti01'f"'"efficiency of a helfostat 
field ~s sliqhtly less than that of an array of parabolic apertures, 
the power tower field exhibits superior pf"rformance through optical 
collection of -~, laroe amount nf enProV to a cormion ooint. T'1ese 
systems alw-"ys perform better ontical ly tt,an a fixed flat olate. The 
projection of the sun's healllS onto a fht plate obe.vs a coc;ine law 
and in suml1ler the sun can set behind the flat plate. Also, the flux 
density at the surface of the eilrth is inaderiuate to produce hiqh 
quality steam directl_v. In cont,ast the sun never sets behind a 
heliostat since its surface normal bisects the anole between the sun 
anti the central receiver. The performance of a central receiver 
heliostat system can havP an annual averaqe cosine of ~5 percent that 
of a parabola aperture with nonnal incidence. However, because 
parabolas have mirror surface areas in excess of aperture area du~ to 

2 

-... ----·-·.- ,,-- ,., 
i . t.!.J ~~- \ .-· / r j. ~\ \;. _..,_· \- ' - ..L-: __ ,:____... . .-__ .. ---- -- '' _ .. 

. .,_,.,..-J - :--...:..::::__ __ ._;•, I• " _J..-~-' i . ··!~ • , . • \ 
-. J-. -\ I.. l1 \. t-;-;f<.__ , · ·, -, • . , -



- 7,,'~ ... -:~7. 

, ~-:.-. <,:;> . 

'·· i 

' ~ 

J
i 

j 
/ ' 

·. \ ... ,., 

r \. .~ 

,/ 

-.: 
·, .. •" 

/ 

'""•r.•/ .. ' ~,-, .. ,,/ 

I 

'· 
""7 \ 

~--t-
,. 

' \ 
'-;,:~ ... · 

·"'-. 

I 

I 
I 

I 
I 
I 

.-.......... 

.·:W 

\ -7-
1,," ,. 

-., 

" 

....... __ 
- I. 

., 
\. -'\ \ . . ::,, . \ '. ·:> .)_.-:-:''--- .,..--: 

. ' :_-~ \ .,::...-:-,_ 
._,.. 
·, ·~ .!. 

-,...,.__-, 
I 

I 
;i 
,; 

,. 

FIGURE 1.1 McDonnell D<>uglas Advanced Design Heliostat 
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surface cur·-ature, in Q4'nera1 they will cost ~re than heliostats. 

The major advantaQes of hei iostat systems over other systeJTlS 1 ie ( 1) 
in the ability to transport the en~rq_v ontir:-11lv ~t: low loss to a 
common point, witil hiQh conce:1tr<1tfon a'lff (2} thP -"hility to mass 
produce larqe essentially flat identical mirrors more econo111ical ly 
than curved surface 111irrors. "'uch of the h;trdwarP for he l iostat!- or
oarahol as has colffllon featurPs, so i~,rover,ents in onP will be 
rcfl ected in the other. There is, howevi?r. a sea 1 i no law in 
heliosta-c systems that is often pocrly 1Jnrlerstooc1 and involves the 
requirecf concentration factor anr1 resultino size of olant. Fi r!-t, 
flat ootical surfaces can he l'lilSS nroducet1 cheaply with a broad 
minimll!l in the cost versus size. This cost latitutle arises because 
evet·_v unit has a handl inq cost, number of oarts cost, inst.al lation 
and qravity load factor to he considered. For a system to he 
ooerah1e the airriina rlistortion clue tJ either wind or oravity loaclino 
must be s~all and, in fa~t. these two effects should he comarahle in 
the 1i111itinq case. Nol'linal rlesign of heliostats is for oreration in 
winc1s of 12 m/s(27 mi/h) anti survival in stow for 40 m/s{90 Mi/h) 
winds. These factors, counled with wein,ht anrl strenqth of materials 
used. have oenerally dictated the laroer size heliostats. FiourE 1.3 
shows relative cost vc.:.rsus <1imension for the !1<:0onnell Douqlas type 
heliostat(4). A similar fiQure in reference 2 invohes more recent 
data. In ~ne,.al. tlii s will, r1ictate a scale factor. As an example. 
if you consicier a flat 6 111 wide tieliostat and a fielrl di.J!1leter of 
four t.ower- hPif'!htc; rn11rilP'1 with a ~ceiv':'r size of just twice the 
minimum size to acceot the solar suhtense anqle of 9.3 milliradians 
from the farthest hel iostat, a tower heiaht of about 270 meters is 
required. This in turn would dictate a minim._,,, size plant of ahout 
300 ~ electric. This scalin~ rny result in a power density at the 
receiver hiqlier than that manaoable with steam alone out it oives the 
hasis of scalino requirements. The scalino law can be broken b_v a 
reduction in concentration ratio an'1 reduction of ooeratinq 
temoerature for - smaller syst"l'ls or by nartial focusinq of the 
int1ividual heliostats, inafotaininq the concentration ratio ancf 
operatino temoerature. Focus'ino C-'n hP accoll'IDlished hy curving or 
cantino the sernnents of the heliostats. While this will ret1uce the 
imaqe at the boiler nearer to ti-tat theoretically possit-le, it will 
create adr1ec1 hel iostat costs <lue to manufact11rinq modifications of 
the heliostats anc1 aherrations. Since the heliostat nort'\al bisects 
the an~le between the sun anrl the receiver, tlie focusiM results in 
off axis aberrations in the l'lOrninq and afternoon. These factors, 
alono with flux· c1ensity considerations at the receiver, led to 
~evelooment of the 10 MWe Solar One pilot olant as a desion of 
maxifl1tJTI interest to utilities an<f representative of problems to tie 
encountered in a later full scale 100 MWe olant. nesign of efficient 
thermal syste!IIS as small a<; 250 kilowatts w~ 11 he discussed 1 ater as 
well as laroer systems. l'.gain, it s~ould he noted that a heliostat 
system approximates a sinqle parabola; the smaller the oower 1 evel, 
the lower the reQuired operatinq temperature for efficient collection 
of optical energy and conversion to thermal energy. Stated simply, 
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FIGURE 1.3 Helfostat Diameter Versus Relative Cost 
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eleven large flat heliostat images can ~e overlaid to give a usuable 
poWf>r rlensity for certain 10\'i oi:.eri'ltinCJ tel't,lerature requirements. 

The highest operating temoerature reouires a laroer number of 
heliostats, hiqher concentation ratio~. an~ hioher precision surfaces 
and aiminQ tolerances. Hi~h temperature svstems can he used in 
electric power prorluction with steam Rankine cycles as well as ooen 
Brayton qas cycles, Stirlino cycles, anrl artvanced concepts. Hiqher 
temoerature systems are svite-d for si.Jpplvina eneroy to chemical 
reactors fnr pro<fuction of chemicals and fuels. Some chemical 
reactions are well suited for energy transmission by heatinq 
uUlitfes. These and other potential aoolications of solar towers 
will he rliscussed after a more conmlete technical assessmen~. 

Consider the rel~tive th~rmal oerforrnance of various collectors 
versus tePJpPrature, i.e., flat plate, linear trouqli and ooint focus 
including central receiver. 

The Stefan-Roltzmann law of P:;,iiatfon 

P = ca T4 

tells us that as the at.solute temperatue of the receiver (in degrees 
Kelvin) is raised, it will rcrar1iate t:) the surroundlnos. The 
emi ss i vi ty t: can vary hetween .2ero .ant one, ,19nrl the ~tefar1-80HZ!'!:HH'! 
constant is eoual to 5.67xl0-t1 W/m,..K • For l k\oi/nr incident on a 
totally ahsorf)inq olate with ,_ = 1 the radiation ~ui1ibr;um 
temperature (all power reradiaterl with '10 useful oower) is 36~ 0

,, or 
91.6°C. Ahove this temp-erature of 365°K no net eneroy can be 
collected. The el!llllissivitv can be rertuced by coverinq the flat plate 
with a glass cover plate and introdur.inq t),P Qreenhouse effect. For 
a linear trouoh, the sun's imaqe is linear with a concentration 
typically of 30 heing practical. A ~rfectly fonried paratio1a could 
result in a qeometric concentration of the sun of anoroximately 
75,000; however. typical values for mass riroduced competitive 
parabolas are about 1500-25'.'I0. The limitatiort to the concentration 
ratio is ~e to finite solar imaoe size. Astronomical telescopes 
have a wave lenqth 1 imit, whereas for solar enerqy collection a much 
lower concentration of about 2,000 or less is actually ,Hctated 
becaus~ of fluid I-teat transfer limitations. A concentration of 1500 
to 2000 is reariily attained by a heliostat field of 20,000, which is 
roughly that reQuired for a 100 MWe plant. 

Parabolic ctishes can produce very hiqh temperatures and can 
effectively produce small amounts of on-site electricity in remote 
areas and be comoeti tive today with photovoltaic sys tE'f'IS and with on 
and qas. lnrlustrial proce,s heat aoolications of flat olate, linear 
systems anc! dishes wi 11 be considered separately in another oortion 
of this solar technoloqy assessment project. Because of the 
uniQueness of heliostat systems to supply primary thermal energy, the 
industrial process heat application of heliostat systems wil I be 
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considered further in this renort. 

To realize the hest first oertetration of central receiver technoloCJy, 
we need to discuss several of the oertinent ter.hnical narameters that 
will determine the econo111ics. ThesP will ·be the factors directly 
influencing the cost per kilowatt hour. One factor is location. It 
is an ac1vantage to ol ace concentrators in the highest direct beam 
areas of the Southwest. Fiqure 1.4 shows direct beam rarliation 
contours for the U.S. This indicdtes that first choice areas are in 
the Southwest. However, it should be note<! that relief from foreiqn 
oil imports in the Southwest can have a stronq effect on the 
Northeast. 

Towers have tnree major immediate areas of potential impact. These 
are as follows: 

(1) Repowering of electric utilities in the Southwest. This 
consists of addinq a heliostat svstem to an existina 
qenerating station to supply the heat for steam 
generation. There are fi-10 qiqawatts of !?xisting capacity 
that can benefit from this technoloqy, 

(2) Industrial retrofit, i.e., the ad~ition of solar tower 
systems to supoly industrial pr0cess heat to existinq 
industrial plants. Examoles are Q'(psum rlrvinq, enh<1ncecf 
oil rec.:>very, and a!111'1onia fertilizer production, 

{3~ The constructi'>n of new solar stand-alone or solar-fossil 
hybrids for the Southwest where there are reouirements for 
additional generating caoacity. 

Additional first order performance parameters control the econcmics 
of solar plants. Amonq these are: weiqht anct cost of materials in 
heliostat construction. renectivity of mirrors. ab:;orotivity of 
receiver surface and lifetime nf olant. Also. the total energy 
output over the useful life of the plant 11\JSt obviously be nuch 
greater than the capital ~nergy required to create the plant 
(manufacturing, construction, trans~ortation, etc.). Otherwise. 
solar towers cannot solve enerqy orohlems. "The net enerqy factor 
(lifetime enerqy produced divi derl by the energy required to create) 
for oower towers is 60 on a ha sis of fuel saved a:irf 20 en a basis 
electric energy produced. See section 2.3.5 and reference 1, table 
II-5. Another factor is the cost of land. Although it is obviously 
more economfc to site plants on remote desert land many existing 
power plant sites near cities" in the Southwest can he used. 

The cost of solar thermal eneroy with heliostats is laroely 
determined by heliostat costs. This fact is shown ira section 2.0. 
Generally, about half of first plant costs lie in the installed 
hel iostat component. Through a we11 unders'tt)litr''i~ning process, 
mass produced items experience rapid cost redu-ction. The lear~ing 
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FIGURE 1.4 

U.S. SOLAR INSOLA'TION REGIONS 
(DIRECT NO;RMAL INSOLATION IN kWh/m2 DAY) 

~ >7kWhlrr.":J.W 

m &7kWh/m2DAY 

c::::J 5-6 kWh/m2 DAV 

a 4-5kWh/m2 DAY 

ttt] <4 kWh/m2 DAV 

SOURCE: DOE/JPL-1060-17, MARCH 1979, 
WATT ENGINEERING, LTD. 

f !'- Rockwell International 
fne,vy S1'1l1mt Group 
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curve asoect of an•y- ~.ss ru•0t1uceci itell' is now utilize.1 quantitively by all manufacturino c ,'lJ)anies. To illustrate, ~enry Forci foun<I tl:lat 
the first 1,000 Model T's huilt in 1qo9 could be produced at about 
$4,000 each and for ahout $8~0 each in 1927 at which time 14 million 
units had been built. These are in constant 1958 <1ollars. There 
was, however, no incentive to proceed with the same model because 
people wanter! newer more stylish versions. The same thin9 happened 
to the VW "Reetle." This woulrl not happen for heliostat production where st.vl ishness is unimportant. The reason for this cost ret"luction 
lies 'in 1110re efficient use of lllf'Chanization rather than lahor. One -
typically can expect ahout 10 percent reduction in cost for each doublinQ of automobile oroiiuction and heliostat production, flat 
plate, linear trouqh and parabolic dish oroduction. Recause of costs 
associate(! with the additional prohlems of hanrllino curved surfaces 
we expect flat plates and heliost.ats to have l'lOre siqni ficant cost 
ret"luctions with desion anl'f oroduction experience than trouqh; ann 
rfishes. 

learning curve exoerience andprediction for heliostat oroduction are shown in fioure l.'i. This rlata was developed by ESf., Rockwell Inc. 
T~e abscissa is in 1qao dollars oer square meter, and the ordinate is 
in terms of cumulative numher of units pror1ucet'1. Shown on the fi oure is the cost in 1Q80 dollars of the heliostats for the Rarstow 10 MWe 
oilot plant presently under construction. Upper anti lower hounrlaries 
are estimated cost trends. Sev7ral issues are important hPre. These 
lono tenn costs of about $R5/m in 1980 dollars are consistent with 
heliostat cost estimates Jf about one dollar per pound of total 
weiaht (MDAC rlesian) exclusive of sant"I anrf aravel in peoestal mounts (5): 

2 
The r-oAC inverted stow, second generation desian hel iostat has 

49 m · of Qlass area anrl weiohs 4041 pounds. This connareo; favorably 
with American niclcup trucks costs. A heliostat has far less parts 
than a pickup truck and should he cheaper per oound in mass production. If one achiE>ves exoected cost reductions here, there 
should be heneficial effects for dish and trouqh collector!:. The 
notion has been expressed that smaller s_ystems are more economical 
than 1 ar9er system-. per unit of enerqy production tiecausE' of rapid 
lc,arnina in huildiM many more small units. Ii: is difficult to 
acceot this view since the startin~ point is hiaher for parabolas and curved surfaces and cost imorovements with mass production are 
expected to he slower. Buil rling a house with double the floor area 
of a smal 1 house is generally not as expenshe as buildino two small 
houses. The maintenance co.sts are qeneral 1_v higher for· two smal 1 
units compared to one larger unit of eaual area. 

The learnino curve in fioure 1.5 can have a verv strono positive effect on our eneray prfce·s ant:1 national securitv. · As more units are 
built, the cost decreases. Thus as heliostats 90 into oroductfon, 
solar will effectivelv provide a lir1 on enerq_v prices. This can have 
a significant stahilizinq effect on the economv. There is some concern that increased domestic oil production will undennine 
helfost4t system oroduction, and solar enerqy development will not he 
pursued. This reasoning cannot_ be .iustified. First, energy prices 
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FIGURE 1.5 

HELIOSTAT COSTS VS CUMULATIVE NUMBER PRODUCED 
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are escalating over norrr,al inflation, we are dealino with a depletinq 
resource and thP. drillina of deeper wells increases recovery costs. 
Second, the lP.arninJ improvement for oil well rlrillinq will he small, 
ancf it will requirP a lonaP.r time to aqain rloulJle production if that 
is even .possihle, whereas this is not true for heliostat 
production. In contrast, hel iostat. proc1uction has .iust beQUn anc1 is 
already in the ~~neral competitive economic ranae. Ooublino the 
enerqv production t>v this rneans can result in a ten oercent rerlucti on 
in enera_v costs. This economic savinos rloes not hol<l tn1e for thP. 
balance of ol ant. Recause some parts such as towers. oenerators, ancf 
turhines have had extensive production, raoid il'lorovel'lent is 1rot 
expecterl. Receivers and storaqe s_ystell'IS are another l!ldtter; their 
evolution has just beoun. Thus solar tower eneray cost is exoecte<I 
to rlecrease in constant dollars for some time to come . 

The size of ttierMal nlants can hP. in the ranqe of 250 kilowatts 
thermal up to possibly 1,600 meoawatts thermal. Electric plants can 
under special conditions, he economic as small as 1,000 kWe but are 
preferrerl in the ranoe of 10-200 MWe. These latter sizes are smaller 
than baseloaderl nuclear and coal nlants anrl thus can be adderl to many 
s_vstems ql"adually as needeci. The effect of size on economics will be 
considered later. Also of" qreat importance is the expected short 
construction time for ~eliostat oower plants of three to four 
years. This is antici!)atect to be a sionificant advantage of solar 
plants over coal anrl nuclear installations. 

1.3 Program Status. U.S. anrl International 

Within the U.S. there is a 220 heliostat, 5 meqawatt tnert'lal central 
receive!" test faci l it_v ·· (CRTF) for testinq comnonents at Sandi a 
laboratories in Al~uouerQue as shown in fiqure 1.6. This ha~ heen in 
opel"ation since 197R. This facility ~as provided considerable 
experience in ooel"at1on and accumulation of pel"formance data on 
heliostat systems. A historv nf exoerience with hPliostat operation 
is shown in fi qurP 1. 7. Total t-el i ostat opera ti nq hours to f'ecember. 
1980 are 294;000, an avel"age of approxi~ately 1.200 hours per 
heliostat. Only a minimum of operatin~ expel"ience and reoair 
experience was necessar_v before _the percent of non-operational 
heliostats decreased siqnifir.antly and the frequencv of repair 
droppec1 off raoidly. There are also test facilities at White Sands, 
New Mexico, Georqia Tech, anti the Jet Propulsion laboratory as well 
ns a number of parabolic dishes at universities and SERI. There are 
test facilities at Marseille anrl O'Deillo. Table 1.1 is a sumary of 
some of the tes~ facilities anrl their capabilities,. courtesy of the 
Solar Thennal Test Facil it_v Users Association. 

The first pilot plant in the U.S. to pl"oduce power into an electl"ical 
qrid is beinq constructed at Barstow, California as a joint DOE
Utility venture and will be rated at 10,000 KWe. Two utilities are 
involved. Southern California Edison and Los Anaeles Power and 
Water. Dedication of construction occurret1 February 21. 1980, and 
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FIGURE 1.6 Central Receiver Test Facility (CRTF) 
Albuquerque, New Mexico 
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TABLE 1.1 

APPROXIMATE SPECIFICATIONS FOR STTFs AND SOLAR FURNACES 

Facilities SANDIA GEORGIA TECH WHITE SANDS ODEILLO 

Total Thermal Energy, kW 5000 400 30 1000 

No. of Heliostats 222 550 1 63 

Heliostat Size, m 6x6 1.10 11 X 12 6.0 X 7.5 

Total Heliostat Area, m2 8257 532 132 2835 

Test Area Diameter, * m 2-3 0.5 · 1.0 0.08-0.15 0.25 · 1.0 

Peak Flux, * * W /cm2 250 200 400 1600 

Maximum Calculated 
Equilibrium Temperature, •• K 2600 2500 2900 4100 

• The first number is area receiving approximately one-half of total energy; second number 
is area capturing 95% of total energy. 

* * Small area at center of beam. 

1' 

< 
1 ,; 
4 
~ 
·l 
:i 
'.j 

I 



l 
I 
' I 

' . ( 

i 

·-t. 

~I 
~ 
\ 
\ 

\ 
' " 

/ 

/ 

. ,,._.,.,,. ~- --~ ~·~ ' _,._ '. 
l 

the first turbine roll is planned for December lQBl. Hds nlant is 
depkted in fiaure 1.2 anc1 t-as 1818 hel iostats. The tower is 75 
meters hiqh with a boiler 7.0 meter; diamE>ter at the top. Thr.• cycle 
is a steam cycle ooeratinq at 510°C(9"0°F) with a 2-4 hour thermal 
storaqe in oil anc1 rock. This first-of-a-kind plant is desicmed to 
demonstrate real operational requirf'nients and relianili _y approoriate 
for a 100 MWe plant and to per"'it utilities to fully evaluate 
operational modes anrl requirements for sol~r integration into utility 
arids. This steo is also the first sten in the reoowerinq and 
retrofit proaram. Studies under this DOE proaram will he examined in 
section 2.0. Several of these are exnected to be taken to 
construction and operation throw'lh a CC'St shari nq orooram i nvo l vi nq 
utilities and industries with DOE. This proqram is required by 
utilities, especially since local puhlic utility commissions are 
virtually manrlated to allow only fllature technoloqies in the rate 
base. 

International efforts underway are tabulated in table 1.2. These 
have been reporte~ in Financial Times (World Solar Markets) (6). Two 
Russian projects are 1n .early rfes,gn stages hut are not included in 
the table. Consideral,le activitv is plannerl wor'lrfwide and probably 
there are arldi ti ona l pro.i ects not yet reported. 

1.4 Energy Oemand 

The demand for enerqy is obviously qrowinCJ and the developinq 
pressure on oil from the third worlrl is ever qrowinq. Clearl_v, solar 
technoloay should he fostered by the developed countries. If this is 
not accomplished. it will be virtually impossible for the third worlc1 
countries to develop and use solar thermal. The U.S. goal of 3 quads 
solar thermal and solar electricity by 2000 is certainly possible and 
probahly cor-servati ve. At least 0. 5 quad for electric production b:V 
heliostat systems is a reasonable <,oal. The most sionificant first 
demand lies in the utility sectors of the Southwest where some 20-25 
percent of the enerqv reQuirements are solar heam r~laterl and solar 
thermal wouln be an excellent choice since demand could be met with 
intermediate type plants. If one ca!"! h_fbrirtize with fossil fuels, 
one can <let a deeper penetration with some haseload applications. 
Also, if hiqh voltage nirect current (HVDC} is utilized for 
transmission from the Southwest, significant penetration into 
additional markets can be mac1e. Solar plants coupled with 
hydroelectric facilities ~an qreatly enhance hydro capabilities. 
Transmission of lieat via chemical heat pipes and tieat transmission 
systems could have the larqest penetration of al 1. Once a rel iahle 
heat utility is developed, adrfi tional sectors can he opened. The 
Gennans are developinq the chemical heat oipe, EVA-ADAM system 
(discussed in more detail in section 4 of this report) for their Hiah 
Temperature Gas Reactors (HTGR) and this can be ~vel oped for direct 
application to solar towers(?). 

The hiqhe~t deman1 sector is in chemical fuels. Our most siqnificant 

16 

-.. 1' I 

. ~'-\ \'' 
\ 



---, 

---
V • 

\\ 

'\_,.: 
··•'",•' 

\' 
.; ' 

-
"It .• 

~. 
~ 

' ·. ·--\ 

-··· 

-
\ 

' 
' 

~ ...., 

l \ 

\." \, 

Countr.l. 

Aust rat ta 

Corsica 

France 

1 taly 

Spain 

J 1p1n 

-... _ 

Cost 
Project (MS I 

Solar thermal 16.0 
power plant ( AustSl 

Solar eltctrlc 
plant (Ahccto) 

Solar Plant 
( Tar gas sone l 

Solar Plant 14,3 
Eurelios 
(Adrano) 

Solar plant 
CESA 1 (Almertal 

Solar thermal 2B0.9 

GAST 
(BadaJoz) 

Pilot Plant 
Nlo 1n Kagawa 
Prefecture 
Sh 1k ok u 

l· 
I 

-, ..... - - -;,- i 

.... ---~1 -• I I~·- ----... -~~-;.;--·. -~:!~=-~~---: 

TABLE l. 2 

SOLAR HELIOSTAT PROJECTS AROUND THE WORLD 

Operator Main Rated Power Source/ Date of 
C 11 en t Contractors Output Process Cammi s s i oni_ng Status 

Northern McDonnell 1-2MW 220 2heliostats 19BJ Under review 
Territory Douglas 5 7m each 
Government Sabrimo I 

Transf1eld 

COMES SOFRETES lOOkW 1,2oom2 Ceta 19B2 Under 
he11ostats construction 
seg•~nted-m1rror 

COMES Cethel 2MW 200
2
hellostats 

Slm each 
Nov.'Bl Under 

construction 

end-'80 Ital Ian State Ansaldo lMW 70 ~el tostats Nearing 
Electricity Cethel 52m each coaapletion 
Co (ENEL) MSB 11Z

2
helfostats 

23m each 

IEA SEBER lMW 60m-hf<1h tower early 'B2 Under 
CASA 300 hel tostats construction 

West German I nteratom ZOMW J,020 heltostats, Co11ceptual dest gn 
Ml11fstry for MAN 40m each Components being 
Development MRB tested 
(DFVLR I 

Sunshine E 1 ec tr I c lMW 72m tower 1981 Under 
Projects Power B07

2
helfostats Construction 

Development Co. 16m each 
Ml tsubf shf Ltd. 

lOMW 77D 2hel fostats Planned 
36m each 
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enercty shortaQe at present in this country lies in liauid fuels. 
Ultimately battery powered cars may impact liquicf fuel use but t'1is 
will reouire lonQ term development. Solar towers can be· user! in 
enhanced oil recoverv, oil shale production, anc1 conversion of 
hiomass to fuels. Conversion of biomass can he t;hrough pyrolysis anrl 
providino a heat source for alcohol prorluction. Here one has a 
storage system both before distillation and after distillation in the 
final alcohol prorluct. 

A final requirement is the neet1 of eneray by the Federal 9overnment 
in day to day use, hv various aaencies and the Department of 
Defense. A most siqnifiont case could be in the MX missile 
program. Solar t".>wers could he used as well as h_vbriclized dish 
systems. The military is well vE>rsed in gas turbines and operation 
of co111mUnications parabolas. 

The obvious need of enerqy sources within our continential boundaries 
has hroad imolications for national security anti U. S. relationships 
with foreiq:i nations. The better we can manaae our long term energy 
pro!,lel'llS within our houndaries, the less we will he suhject to the 
turbulance of the worlt1 arena. 

2.0 TECHijICAL ANO ECONOMIC ASSESSMENT 

2.1 Assessment/Review Basis 

Technical and economic rlata presented in this report is drawn from 
recent s_vste111 design stuc1ies, arlvancec1 subsystem studies, 
cost/production analyses, comparative rankings. and economic 
assess!'lents. The scooe of this report is to present pertinent data 
direct from these reports for analysis anrl to use " minimum of 
scalinQ to bring the oerformance anti cost ctata to a reasonahlv common 
basis. Thouq'1 ·scalinQ is 'lot sufficient to permit close comparisons 
or rankinQs, it is intended to point out consistencies or 
inconsistencies, to look for trends, and to form some quidelines to 
project capital costs for enerey production scenarios. 

The assessment/review basis consists of: 

a. Thirteen reoowerino anct retrofit studies comoleted in 19130 
(references P to 20). 

b. Two t-ybrid system stucties completed in 197q (references 21 
an~ t2). 

c. Seven desiqn studi~s cofllOleted in 197Q and 1980 
( references 23 to 29). 

d. Eleven assessments/evaluations completert in 1979 and 1980 
(rP.ferences 5 anct 30 to 3Q). 
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e. Eight application and marketinQ stuies completed in 1g79 and 
1980 (refer~nces 38 and 40 to 46). 

f. Two subsystems sturlies and test reports. completed in 1°80 
(references 47 and 4B). 

Q. Two reports on the cost of hel iostat prorluction, completed 
in 1979 (references 4g and SO). 

2.2 Cost/Thermal Perfonriance Assessment Summary 

A series of twenty-two system desi<Jn studies have t>een selecterl from 
the review basis to reoresent the most definitive currently available 
data on tlie cost and performance of heliostat svstems. They were 
selected on the basis of the following criteria: 

a. Representative of t'1P. wi~est possible ranqe of system sizes 

ll. Widest variety of independent ~esian analysis 

c. Results formulated to allow accurate extraction of the 
caoital cost of t~e solar-thermal portion of the svstem 

d. Availability of thermal performance analysis. 

J~ part c, solar-thermal rPfers tn the caoi tal cost of only that 
portion of a system reauired to deliver so1ar 9enerated tliermal 
energy. 

Two parameters have been selected to form a basis of coonarison for 
the selected rlesiQn studies: ( 1) the annual thermal enerqy delivered 
to the process an·d (2) the caoital cost of the solar oortion of the 
system delivering the thermal eneray. For 1110st laraer systeJTlS the 
ultimate objective is the delivery of electric!11 energy. However, 
the ac1ditional complexities of electrical power qeneriltion subsystem 
performance efficiencies anti capital cost variations are not 
reevaluated here and only reported estimates of RREC are Qiven. 
Considering the wide variety of sizes chosen, the only c~on 
denominator is thermal oerformance. Thennal oerformance can he 
scaled to a common annual insolation level with reasonable accuracy 
to fonn a basis for co~arison. For economk parameters the prime 
factors for cost comparison in this report are simple caoital cost 
and annual thermal enerqv oroducti on, al thouQh bus-bar enerqy costs 
given by the various studies are included. In this report, capital 
costs are scaled to a cofllTIOn set of heliostat costs • 

Twenty-two «1esign studies selected for review are listed in table 
2.1. Pertinent ctata extracteii from these studies are listed in table 
.2.2. The stucties consist of thirteen for repowerinQ and retrofit, 
four for h_vbrid, one for advanced s_vstems, one for site latitude and 
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Identification 
Number(Id.No.) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

✓ 

I 

TABLE 2.1 

Selected Design Studies 

Contractor
Stuc1y Title 

University of Houston. Energy 
Systems Group (RI), "Small IPH 
Hel iostat Systems" (unpublished) 

McDonnell Douolas Astronautics 
Corp •• "Phase -I of the Ffrst SmaVi 
Power System Experiment. Final 
Technical Report• 

Northrup, Inc., ARCO Oil and Gas 
Co., "Solar Industrial Retrofit 
System--North Coles Levee Natural 
Gas Processing Plant--Final Reportu 

U.S. Gypsum Co., Boeinq Engineering 
and Construction, "U.S. Gypsum :-i1ant 
Solar Retorfit Program. Final 
Report" · 

McDonnell Douglas Corp., "Solar 
Repowering Industrial Retrofit 
Systems Study, Gulf Mt. Taylor 
Uran~um Mill Solar Retrofit, Final 
Report" 

Martin Marietta Corporation, "Solar 
Repowering/Industrial Retrofit 
Systems, Solar Thermal - Enhanced 
Oil Recovery System, Final Report" 

PFR Engineering Systems. Inc •• 
"Solar Central Receiver Refonner 
System For AIIIIIOnia Plants, F;nal 
Report" 

Foster Wheeler Development 
Corporation, "Solar Industrial 
Retrofit System for the Provident 
Enerey Company Refinery, Final 
Report" 

Jet Propulsion Laboratory, "Site 
latitude Study of Central Receiver 
Systetnsn (to be p~hlished) 

\ 

Reference 
Number 

29 

8 

9 

10 

11 

12 

13 

28 



10 

11 

12 

l3 

14 

15 

16 

17 

18 

19 

Black and Veatch, Consulting 
Engineers, Public Servie Co. of 
Oklahoma, "Solar Repowerinq for 
Electric Generation, Northeastern 
Station Unit 1, Fi 1 Report" 

El Paso Electric Company, "Newman 
Unit I Solar Repowering, Final 
Report" 

Genera 1 Elect ire Company, 
"Southwestern Public Service Co~any 
Solar Repoweri,:g Proqram, Final 
Renort" 

Rockwell International(ESG), "Solar 
Repowerinq Systf'ffl for Texas Electric 
Service Company Permian Basin Stre&m 
Electric Station ilnit •S Fina~ 
Report" 

Rockwel 1 International (ESG), 
"Conceptual Oesiqn of the Solar 
P2powerin!] SystelR for West Texas 
Utilities Company Paint Creek Power 
Station Unit No. 4, Final Report" 

Rockwell Internati~nal (ESG}, "Solar 
Central Receiver Hybrid Power 
Systems Sodium Cooled Receiver 
Concept, Final Report" 

McOonnell Douqlas Astronautics 
Corp .• "Sierra Pacific Utility 
Repowerino Final Technical Report" 

Arizona Public Service Company, 
NSaguaro Power Plant Solar 
Repowerinq Pro.iect" 

Same as s tu<1y 15 

McDonnell Douqlas Astronautics 
r~rp., "Central Receiver Solar 
Thermal Power System Phase I, 
Commercial Plant Cost and 
Performance" 

21 

. < 

14 

15 

16 

17 

18 

21 

20 

21 

24 
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21 

22 
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Martin !-tarietta Corporation, "Solar 
Central Receiver Hybr;d Power 
System, Phase I"_ 

Rockwel 1 International (ESG), 
Conceptual Design of Advanced 
Central Receiver Power Systems 
Sodium-Cooled Receiver Concept" 

Same as Study 15 

22 
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TABLE 2.2 

'• 
' -, .,,• 

1·-. \ 

' ,,':-\,. 

Assessment Des1qn Studies 

Sohr Solar Only 
Rated Power Capac1 ty Total Design Annua\ Capital Cost 1 Annual leve11jed 

Thermal/ Factor/ Reflectfvf Energy (MWht l Based ~ O&M BBEC 
Id.No, Electric Solar Surfac~ Im )/ Ann u a 1 I n s '.21 at 1 on S230/m Cost.a (mills/ Id. No. 

(Milt/MWe) Multiple No. Helfostats (MWh/m l (MS1980)b IMS) kWh) 
e-ele, 
t-therm 

1 UH 0.44 ,32 621 /11 1,346/3.263 0.310- 1 
2 MDAC 4,72/1.0 ,40 6,524/133 10,050 /2. 609 2.582 .085 2 
J• NI 9.52 .27 16,832/320 22,555/2.193 6,448- 20.7 t 3 
4* BEC 11 .85 .25 19,963/407 26,450 /2. 296 8.819- 4 
S• MDAC 13. 90 .26 21,601/383 31,800/2.495 12.00- .163(1.45) 5 
6• MM 29.3 .22 40,123/818 55,870 /2. 260 14.033- 23.9 t 6 
7• PFR 34.5 .27 58,677/1040 82,500/2.782 24. 872- . 542 7 
8* FWDC 43.2 .28 66,214/1174 105,000/2.772 23.460- 8 
9 JPL 45.8 .24 68,6fl4/1217 95,812/2.327 24.530 9 

10* 8V 73.3/30 • 19 110,608/2255 120,000/1 .924 51.767- .248 10 
11* EPE 130,0/41 , 18 211, 000/2776 206,800/2.652 93.100- 11 
12* GE 158 .0/60 .23 235,881/4809 290,527/2.374 112.49- • 675 12 
13* ESG 124,0/50 .49/1.23 267,544/4742 355,500/2.520 116,00- 1. 16 187.0 e 13 
14 • ESG 226 .0/72 , 38/1. 56 336,636/7882 482,500/2.346 145.00- 12 s. o e 14 
151 E SG 229.0/100 .24/0,8 416, 729/8496 540,289/2.609 131. 37 145.0 e 15 
16* MDAC 322 ,0/77 .27 474, 549/8411 759,000/2.630 198.85- 2.0 16 
17* ,,.,., 305.0/120 .27 515,025/10500 719,730/2.519 209,69- 17 
181 ESG 364 .0/100 .39/l.4 663,205/13251 898,328/2.609 209.84 3.3 122.0 e 18 
19 MOAC 500.0/100 942,907/16713 1,293,388/2.591 325.90- 19 
201 MM 740.0/100 ,75 1,224 ,680/24968 1,682 ,633/2.683 514.74 3. 13( 3. 2) 101.0(71.4)e 20 
21 ESG 1084.0/281 .46/1.50 l,994,373/40660 2,59~,650/2.609 514.25 S. 4 ( 3. 2) ( 64. 3) e 21 
221 ESG 1600.0/430 .42/1.44 2,976,000/60676 3,910,000/2.609 900. 10 109.0 e 22 

S Megawatt hQurs thermal, solar only. a 1st olagt costs (rl9ures In pnrentheses are for nth plant costs) 
• Repowerlng Study b MS" 10 S 
I Hybrid Study -Indfc~tes nearest cost to the design basis 
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two for small syste,11s. In the remainder of this report design 
studies will be referrect to hy the identification number as given in 
t~e left cc1 umn of tables 2.1. 2.2, 2.3, 2.5. and l.10. 

In table 2.2 the second •Column from the left marclin is the rate<! 
therrnal and electrical power of the system. These are taken from 
desiqn point performance data. The ratio of the thermal to 
electrical values ~oes not necessarily indicate the thermal
electrical cycle efficiency. since for hiqh capacity factors a 
portion of the thermal enerq_y is qoinQ to storaoe. The third column 
is the capacity factor(CF) and solar multiple(SM}, if statect. Unless 
otherwise stated in the desiqn study such as in 13, 18, 20, 21, and 
22. the CF is computed from the annual thern,al energy and rated 
thermal power. The fourth column is the total tiel iostat reflective 
surface and number of helfostats. Systems are listed and numbered in 
terms of total reflective s.,;rface; therefore. the position in the 
tahles is an indication of overall system size. The annual thermal 
enerqy <1el ivered b:; the system is !'.liven in the fifth column. This is 
the annual energy delivered to the orocess and is rf'presentative of 
collector, receiver, and pipina subsystem efficienc~es. The annual 
insolation level that forms the basis for the anm;al thermal energy 
delivered is site dependent and is aiven in the sar:,e column. 

The first capital cost (other capital costs will be aiven in 
subsequen2 tables) reported in column 6 is based L'n a hel iostat cost 
of $230/m . * This is the hel iostat cost basis for tt'te repowering 
studies and is representative of first plant costs. In cases where 
capital costs were not reportetl based on this value, caoital costs 
have heen fltered by a linear seal inq of the collector field cost to 
the 5230/m value. The annual operations anrl maintenance costs and 
levelized bus-har enerqy costs are qiven, as available from the 
contractors in columns seven and ~iqht. The 0&M anrt RREC are 
unaltered except hy conversion to 1980 dollars where necessary. 

2.3 Performance Parameter Comparison And An~lvsis 

2.3.1 Collector Field Efficiencies 

The annual averaqe collector fie1d performance efficiencies as 
reported by the desi~ners. are listed in tahle 2.3. In contrast to 
some other assessment papers the interception fraction is included as 
a collector fielrl efficiency· factor. 

The larger systems with surround fielc1s accept lower cosine 
efficiencies in order to preserve the interceo-ion efficiency. 
Surround fielrls have heliostats south of the tower. These heliostats 

* All rlollar values are reported in 1980 dollars unlPss otherwise 
noted. Dollar values talren from the stutfies are 111Jltiplied by 1.21 
if given as 1978 dollars and 1.10 if aiven as 1979 dollars. 
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TABLE 2.3 

Annual Averaqe Collector Field Performance Efficiencies 

Id, No, • Reflectfvfty Shadfnq and Field Geom A tmosPhe r f c Interception Net Collector Id, Field Type Cosfne and Dust Blocking & Hellostat Attenuation I Sp fl hge l Efficiency No, 
A·,a11 ab111 ty 

- l N UH . 912 1. 000 1. 000 .987 • 749 1 2 N MDAC . 146 7 .880 .'H6 . 950 l. 000 .981 .~66 2 3 I! NI .829 .870 .995 1,000 .969 . 991 ,689 3 4 N BEC .930 1,000 ,980 ,952 .670 4 5 N MDAC • 834 • 912 .967 .963 ,987 .974 .684 5 6 N MM • 1162 .900 . 932 1. 000 .971 .983 .684 6 7 N PFR . 859 .912 • 922 . 968 .975 . 912 .622 7 8 N FWDC .838 ,912 ,9071 .937) .%8 .978 .964 ,633 e N 9 N JPL • 912 ,959 , 960 . 984 .958 .683 9 U'I - 10 N BY .840 .900 .958 1.000 • 962 .985 .686 10 11 N EPE ,900 l.000 .930 .950 . 640 11 12 S GE .914 1.000 .• 959 .986 .607 1' 13 S ESG .767(,799) . 912' .938 . 968 • 969 • 986 .627 13 1' S ESG .811 , 904 .951 ,960 . 95 7 . 97? .622 14 15 S ESG .751(.767) • 912 . 932 .980 ,961 .954 .587 15 .~· 16 N MDAC .856 .912 ,943 • ()70 . l!58 , ()70 .669 16 
17 S "'"' .815 . 900 .942 1. 000 . 940 .976 • 631 1 7 ......._ 
18 S ESG .724(,749) .912 . 966 ,980 ,959 .967 .592 18 19 S MDAC • 749 • 1112 .956 .963 • 'TS 3 . 961 ,576 19 
20 S ""' ,766 .900 ,945 l. 000 ,()40 .980 .597 20 21 S ESG • 763 • 912 .«134 . )6 7 .940 • 954 , 583 21 2l S ESG .7521.763) . 912 .932 .980 ,927 . 962 ,570 22 

• S-surround 
N-north , 
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have lower annual averaqe cosine efficiencies than heliostats north 
of the tower. For larQer systems surround fielc1s hecome nec1.:ssarv, 
since an eouivalent north field would have heliostats too· far away 
from the tower to maintain acceotablP interception. Surround fields 
in larCJer size olants become more cost effective. Cosine values 
f!iven for studies 13. 15. lA, anri ?? liave ac1.iusten values provirtect by 
authors of this report. The values oiven h_y the contractors were 
believed to include E'rrors in interpretation of cor.nuter printouts. 
These errors do not imoly an error in the annual thermal enerqy in 

•" tahle 2.2, since ener'l'( is computerl and reporteci incteoendent of the 
values given for cosine efficiencv in tahle 2.3. 

To indicate svstem performance properly. annual cosines are comouted 
by insolation weiqhting. Poor cosine values occurrinq early dnd late 
in the day rlo not properly represent system efficiency since lower 
levels of direct normal insolation are available at those times. 
Some variation in cosine values is to be expecteci rlue to the various 
shapes of the collector field layouts. 

Data Qiven in the second column of table 2.3 inrlicate the 
contractors' allowance for heliostat intrinsic reflectivity anrl 
averaqe annual deora<1ation clue to dust. All studies examined here 
used seconti surface s i1 vererl ql ass mirrors. The frequent occurrence 
of the fioure o. 0 12 is due to thP use of n.940 for intrinsic 
reflectivity and O.Q70 ;.llowance for dust bv the University of 
Houston Enerav Lahoratorv. With thP e>.ception of sturties 3 an<! 4, 
the balance of the estimates fall in the ranqe of 0.90 to 0.91. 

Measurements of the intrinsic reflectivity of various second surface 
silvered glass mirrors arE' summarized in table 2.4 (48). 

TARI.[ 2 .4 

Second Surface Silvered Glass Reflectivities 

Type 

Early, Hiqh lron, CRTF 

Barstow Prototype 
Low Iron Float 

Thin, Low Iron Float 

~oeing, Thin Fusion 

Reflectivity 

O.RJ 

0.90 

O.Q0-0.91 

0.94 

Since the reflectivity of the silver alone is 0.96. the 0.94 fiqure 
for thin fusion qlass is about the hest that can he expected without 
a sionificant chanqe in heliostat mirror technoloqv. The use of 0.94 
for intrinsic reflectivity in svstern desion analysis is, therefore, 
realistic and at worst, only sliqhtly optimistic. 

26 

' \ .. ,-



/ 
r 
,· 

,..,., 
I 

,! 
I 

I ' 

I 

II 
\ 
' 

\ 

·•· ·..... "\. 

. -... ___ _ 

Measurements of specular reflectivity variation with exoosure to dust . 
and weather conrlitions in AlbuQueroue, N.M., have heen mane by Sandia 
laboratories ( 51). Mirrors were ext1osed with and without cleanin9. and 
to a variety of cleaning schedules. Reflectivity degradation of from 
2 to 12 percent, and at worst 20 percent was observed. The 
deqradations are highly deoendent on site weather conditions, winds, 
frequency of rain, snow, etc. Proper stowaqe during rain and rrel ting 
snow can significantly restore reflectivity. These observations, 
combined with more recent measurements(48), indicate that by takino 
advantage of rain and snow, combined with reasonable cleanino 
schedules, the average yearly reflectivity degrartations can be keot 
to within 3 or 4 oercent. Thus, the syste111 desion allowance of 0.97 
for dust alone is the maximum realistic value. The combined 
reflectivity anrl <lust fioure of 0.93 for stuci_v 4 is the only overly 
ootimistic fiourf> in the twenty two studies. 

In an effort to significantly decrease the cost of heliostat systems, 
the development of an enclosed heliostat (plastic or bubble 
heliostat) has been undertaken (52,53). This heliostat consists of a 
silver coated ff!Ylar reflector orotecterl by an inflated reylar or kvnar 
dome. The net reflective efficiency of the enclosed heliostat is 
considerably less than a Qlass mirror heliostat, hut the materials 
are much lighter and lower in cost. In an advanced CR systems studv, 
GE with UH designed fielc1cc with both glass and enclosed heliostats 
for a 100 MWe system(27). 

The reflective efficiencies of the heliostats were taken at 0.574 for 
the enclosed heliostat (O.R6 enclosure transmission, 0.88 
reflectivity, 0_9g enclosure blockage, and 0.89 degradation) and 0.90 
for the glass hel iostat. The enclosed hel iostat reflective 
efficiency ·is 64 percent as efficient as the 9l~ss heliostat. The 
costs of the helio:i2tats were taken as 25 ~Im for tt,e enclosed 
hel iostat and 65 $/m for the qlass hel iost.at (these are goal or nth 
plant costs}. The collector field desiqns qave a fioure of merit 
(FM) for the enclosed heliostat field of 74 $/MWht and 82 $/MWht for 
the glass heliostat field. ConseQuently. the designers chose to 
pursue the enclosed heliostat field. Notice that the enclosed 
heliostat cost used for the study is Jq percent the cost of the olass 
heliostat. It is interestinq to ask what enclosect heliostat cost 
would have orocfucer1 the same fi qure of merit as the ql ass 
hel iostat. 

2 
For an assumed lifetime of 30 years for both, the answer 

is 32 $/m, which is 49 percent of the qlass heliostat cost. 
Recallinq that the enclosed heliostat is 64 percent as efficient as 
the 9lass heliostat, for this case(6~) it trust be less than 49 
percent the cost of the qlass heliostat to justHy its use. This is 
due to the fact that not only more heliostats 11\Jst be used but they 
must be spread over a larger land area resultina fo heliostat fields 
that are, on the average, e-ven less efficient than their reflective 
efficiency indicates. 

Additional problems were rPvealed after extended life tests(54). The 
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enclosure lost 6 percent in transmissivity of which, 1 to 2 percent 
was permanent, and the specular reflectance 1 oss was 16 · percent, of 
which 12 percent was oermanent. The enclosure also exoeri enced seam 
dami!oe. However, more recent developments in use of materials and 
design technioues make the encloseri heliostat look more oromisinq. 
The use of Kynar enclosures may improve lifetime thus reducinq 
potential costs. The newer desion enclosed heliostats have yet to be 
built and tested. Concerns about l ifetirre were the primary reason 
enclosed heliostats were not pursued in second Qeneration 
efforts. If indeed the newer desiqn for enclosed hel iostats can 
achieve the necessary lifetime, they hold the potential for reducing 
energy costs for heliostat systems below that predicted for 
attainable goal costs with glass heiiostats. 

The annual shadina and blockinq (S&B) efficiencies shown in table 2.3 
result from the collector field desiqn process. Most of the 
collector fields were desiqned by a process which minimizes the 
capital co~+ of the plant (a function of heliostat cost and 
placement} licterl hy the annual thermal enerq,, produced (55-58). 
Therefore, for freely optimized fields (no artificial restrictions 
such as land boundaries) the annual S&R efficiency varies as a 
function of hel iostat cost. With expensive heliostats a lower 
heliostat density is cost/perfonnance ootimal and there is less 
shading and block inq. With lower cost hel iostats. a high densay is 
optimal resultinq in more shadinQ and hlockinq. 

The des i qn effort for the twenty two studies reported here was not 
carried out for the samE. heliostat costs. This affects the 
optimization. The small systems study (1). the repowering studies 
(3-8, ~0-14, 16, 17), and a commercial plant study (19} were done for 
$230/m. while the small systems stud_y (2}. the latitude study (9), 
ancf the h_ybrid anrl advanced svst~11 sturliz' (15, 1~. 20-22) were done 
for lower costs, tyoically !80/m ($72/m in 1979S). The values of 
annual S&B are al so affected by restrict ions ol aced on the 
optimization. For example, if therP. are restrictions on the amount 
of land available or the location of boundaries, it may he necessary 
to increase the clP.nsity of heliostats, takinQ larQer S&R losses than 
is cost/performance optimal. Therefore, the differences in S&B 
performance lhted in table 2.3 are not unexpected. On the whole, 
they appear to he reasonable with the followinQ exce~tions. For hiqh 
cost hel iostats the O. 995 for study 3 is higher than expected, the 
• 922 and • 907 for studies 7 and 8 are 1 ower than expected, and the 
• 966 for low cost heliostats in study 18 is higher than expected. 
More reasonable fiqures are: study 3, 0.96; stut1y 8, 0.94; and study 
18, 0.94. A reasonable ranqe of values for annual shading and 
blockino is 0.93 to o_q7_ 

In this report capital costs arp scaled to various heliostat cost 
values. This is done hy subtractinq collector field cost frOl'I total 
cost to get balance of plant cost, scalinq the collector field cost 
linearly with hel iostat cost and adding the result to the balance of 
plant cost. This has been done without regard to changes in 
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perfomarice which woulcf result if the system were re-optimized to the 
new hel iostat costs. This second order error is probahly a few 
percent in perforl'lance. Time would not permit such a re-analysis, 
nor is it necessarv for the purnoses of this report. 

Tt:e field geometry and heliostat availability fiqures given in tahle 
2.3 allow for adcfitional losses expected to occur when actual 
heliostat locations are determined and for the average annual 
fraction of heliostats ~ot available durinq svstem operation. 
Studies 15. 1~. 22 did not formally include a number for these 
effects in their reports, nevertheless an allowance of 0.9~ was 
actually used in their analyses. For other studies not reportinq a 
specific number for these effects, a value of 1.000 t,as been entered 
fo the t3ble 

The allowance for field qeometry is due to the additional shadin!l and 
block.inq losses that can occur when actual heliostat locations are 
determined in rPlation to the orioinal fiPld optimization. Such 
analysis must sample tl'tP field (c1ivirle it into discrPte cells} anrl 
ignore rliscontinuities at cPll houncfaries. as well as roads and 
ohscurations within the fiPld. Analyses rferiverl by the University of 
Houston renorte<f in many of the stucli es examined here are tiased on 
efficiencies as rleterminerl hv the cellwise method and include an 
allowance of 0.97 for field !leometrv (heliostat layout). Other 
studies may have include,! this effect in other efficiency factors or 
may have failed to ailow for it. The additional 3 percent for field 
geometry came frOf!I experience in layino out the collector fielrt for 
the Solar One pilot plant(57). This is expected to be a reasonable 
allowance for desion ourooses but could vary rlependinq on the size of 
the field and number of constraints on the position of heliostats 
(roarts, powerlines. etc.). 

The average fraction of heliostats not in operation is difficult to 
assess. In practice, thP nulTlher could vary considerably, anct, of 
course, the imnact of the loss of a few heliostats will be rruch 
qreater on a small olant. The loss of heliostats can be kept to a 
minimum b_y well planned maintenance, particularly if preventative 
maintenance anrl mirror washinq are done at ni Qht. MDAC anrl ESG have 
estatilished an averaqe desiqn allowance "!fficiency for non
operational heliostats of O.Q9. 

Atmospheric attenuation is estimated from attenuation coefficients 
derived throuoh atmospheric model inCl(59}. The averaoe attenuation 
for a field deo-enrls on assumed annual · averaqe abnospheric conditions 
(visibility) and the averaae slant ranqe from heliostats to 
receiver. If assumed atmospheric conditions at the varous sites do 
not vary aporeciahl.v. a trenct towarct ctreater atmospheric attenuation 
fo lar!ler fields should be observed. This is evident in table 
2.3. The models used by the University of Houston to coinpute 
atmospheric attenuation of reflected beams from heHostats to 
receiver have recently heen revised. The revised r.t0dels are 
predicting areater levPls of attenuation. initial work with the new 
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model for a 100 MWe plant (20,000 hel fostats) indicates an increasec1 
annual average 1 oss for the p 1 ant of 4 percent over the previous 
model. The optimized design process will tenc1 to comoensate for the 
increased atmospheric attenuation hJ increasing the density of 
hel iostats. The net effect on the fiaure of merit (capital cost 
divided by the annual thermal enerqy produced) for a 100 MWe plant is 
approximately a 3. 5 percent increase. In view of tM s development, 
the values given in tahle 2.3 for atmospheric attenuation in studies 
done by UH, ESG, and mAC are overly optimistic. 

The interception efficienc:1 is the average annual ratio of enerqy 
incident on the receiver workinq surface (aperture, absorbinQ 
surface) divided hy the enerqy rec1i rected froM the field, not 
including atmospheric absorption. Interception losses are sometimes 
referred to as spi 11 aqe 1 osses. They are dependent on heliostat 
surface shape, he l ios tat tracking, over a 11 fie 1 d size anti receiver 
size. Interception efficiencies less than unity are acceotable to 
systems designers to re<luce receiver size, thus minimizinq receiver 
cost and thermal losses. 

The formulation of cnmputerl interception effici .... nc_v depends on 
analytic formation of imaoes from hel iostats(60-li3). The effects of 
surface waviness and trackinq errors are usually included by 
convolution of the·imaqes with Gaussian distribute<! error functions, 
or, in the case of ra_y tracinq, hy perturbations to ray vectors. 
Exoerience has shown that interceotion efficiency shows almost 
insiqnificant variation during the ·year. Interception efficiency 
Lends to drop off early and late in the rlay when heliostat imaae 
aberrations become siqnifici'l.nt. Just as with cosine efficiency, the 
systems receive much less insolation at these times. Thus, the 
effect on net power proc1uction is minimal. Present day f'1esign 
techniques assume interceotion efficiency to be constant durinq the 
year. Thus, the values reportect in tahle 2.3 are usually for the 
desian point and are thus not necessarily annual averaaes. It is 
presently assumed that insolation weighted annual averaqe 
interception fractions can he representerl by the desiqn ooint. This 
is very likely the case for cylindrical receivers; however, the 
effect of aberrations on flat panel anrl cavity receivers may be more 
pronounced. Pl ans ;ire ur,tierway at ttie llni vers i ty of Houston to 
examine interceotion effitie~cy variation~ in more detail and to form 
more accurate annualized interception fractions. 

For larqer size systems with increased slant ranqe the interceotion 
efficiency would be expecte<I to decrease due to the sorearl of 
heliostat imanes. This has heen shown to be the case and limits the 
~aximum size plant that can he huilt with the minimal 
cost/oerformance ratio expected for central receiver systems. 
Several studies have shown that this limit occurs near the 300 to 500 
MWe system size!22,64}. Studv 22 was chosen to represent the maximum 
practical size system. 

No trend as a function of size is obvious in the interception data of 
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table 2.3. The geolllE!tr_y of.the heliostats and receivers has been 
chosen to keep inter;;eption efficiency within a reasonable range of 
value. Note that study 7 has a relatively low interception 
efficiency. The receiver for this system is a hich temperature 
cavity and therefore would need to. bP of minimal size to limit 
thermal losses. SturHes 3 and 6 are for lower teroerature cavities 
than 7, but nevertheless appear to be hiqher than necessary in 
interception, possibly indicatinq oversized apertures. The .950 
qiven for interception on study 11 appears to he somewhat low 
compared to the other studies. This may he due to the fact that it 
is a partial cylinder with a north field of hel iostats suhtendinlJ 
160°. The .980 figure qiven in studv 20 mav hP one or two percent 
high for a field of that size . 

Reasonable interception eff"fciencies for hel iostat svstems are from 
.95 to .9Q, lower values beino more a result of Ol)timizinq for hiqh 
temperature operation than fo~ large field size. 

Considerinq the larqe variety of desiqn renuirements and analytic 
techniques, net collector efficiencies are remarkably consistent. 
Some fields are fully optimized {2, 9, 15, 16-22); c.thers, such as 
Many of the repowerinq studies were subject to land constraints. The 
net collector efficiency of study 7 is low due to a high temoerature 
p,ocess that limits intercention. For study 8 it is low, due 
perhaps, to an error in reported sha~ina and blockinq; study 16 has a 
relatively high collector efficiency since it is a north field. 
Reasonable values for net collector efficiencies vary from 0.57 to 
0.69 over a ".Jery wide range of svsten: types and field sizes. It is 
necessary also to 1 ook at receiver efficiency anc1 system costs since 
these trade with interception and S&B resoectively. 

2.3.2 Receiver Efficiencies 

The desian studies consistently quote absorptivities of 0.95 for open 
receivers {flat and cylinders} and 0.98 for cavity receivers. A. 
summary of receiver efficiencies and net thermal system efficiencies 
is given in table 2.5. Three receivers usina advanced heat transfer 
media are shown in fiqure 2.1. Sufficient test experience with these 
receivers and with high temperature absorption coatings renders these 
estimates of performance reliable. Some advanced receiver designs 
attempt to take advantage of cavity characteristics in an open 
receiver. TMs is achieved, for example, by screenina super heat 
tubes with oreheat tubes(l3). Study 10 reports a two percent 
improvement in receiver absorpt ivi t_v. Hopefully, these imprcvements 
will prove correct, but at oresent there is very 1 ittle experimental 
evidence to back up these claims. 

The situation 
losses. For 
comprehensive 
Unfortunately, 

is also fairly well defined for expected radiation 
given receiver geometry and operating temperatures a 

basis exists for estimating radiation losses. 
the same is not true for convection losses. In many 
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-I . I TABLE 2,5 
'\ 

I. 

\ Annual Averaqe Receiver Performance Efficiencies i and Net Thermal Efffclency 

Recet'ler Recelur Receiver Radiation Net Receiver Additional Net Thermal Thermal-
Type Outlet Absorptivity Convection Efficiency Factors* Efficiency Electric Gross 

.---·--- 1 d. (working Temp . (collector, Cycle Id. --- No. med fa) (•tt•F) receiver, 
pfpfng) 

Efflc.fency Ne .. 

-
1 UH flat(H 2o) 121/150 .950 ,933 ,887 .999 .664 1 .. _ .. ~ 
2 HDAC flat(saltl 566 /1050 , 946 .916 ,867 ,992 .555 , 388 2 
3 NI ca¥( otl l 301/575 .983 .928 ,900 , 971 ,623 3 

·- 4 BEC en( af r) 724/1335 .857 1,000 .577 4 
w 5 HOAC flat(Ht) 204/399 • <ISO .953 .905 .994 .612 5 
N 6 MM cav(Hi l 285/545 ,980 .918 ,900 .990 . 615 6 

7 PFR cav( c em) 790/1454 .962 .866 .833 .976 • 506 7 
8 FWDC flat 271 /520 .950 .959 • 911 1,000 .577 8 
9 JPL flat(HzOl .950 .959 • 911 .990 ,594 9 

10 BY cyln(HzOl 544/1012 , 1170 ,R79 ,853 .967 ,567 .4l7 10 
11 EPE cyln!H 2o> 549/1020 .950 .830 ,789 1. 000 .S09 .410 11 
12 GE cyln(Na) 5<13/1100 .964 . 95!, ,870 1,000 , 516 .420 12 
13 ESG cyln(Na) 593/1100 • 950 .915 ,869 1.000 . S28 .400 13 
14 ESG cyln(Na) 593/1100 .950 . 915 .869 I. 000 .523 .413 14 
15 ESG cyln(Na) 593/1100 • 950 ,937 .890 l. 000 .52? .435 15 
16 MDAC cav(saltl 566/1050 .9RO .953 .934 .994 • 616 .426 16 
17 MM cav(saltl 566/1050 .981 . 904 .887 1.000 . 558 . 394 17 
18 ESG cyln(Na) 566 /1050 .950 .936 .890 l. 000 .526 .435 18 
19 HDAC cyln(H-,0) 516/960 .950 . 917 . 871 .999 . 521 .350(.250)1 19 
20 MM cavlsahl 566/1050 .980 .902 .884 ,998 .512 .424 20 

., 21 ESG cyln(N11l 593/1100 .950 .958 . 910 1.000 . 515 ,432 21 
22 ESG cyln(Nal 593/1100 .950 . 916 .870 l. 000 .4% .437 22 

• Ptplng, Receiver Warm-up, Tower Shadow, Parasitics, etc. 
I Operation from storaoe lderated steam) 
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FIGURE 2.1 Liquid Sodium/Molten Salt Receivers 

LIQUID SODIUM RECEIVER 
ATOMICS INTERNATIONAL 
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non-solar energy systems. convection losses can he minimized by 
desian, such as for enclosed fossn fired boilers where detailerf 
analyses of these losses t,ave not been necessary. This is not the 
case for most solar systems. The interface with solar radiation 
presently necessitates the use of an -open ahsorher surface or cavi t_v 
aperture. A more complete an<f reliahle basis for examinino 
convective losses is reouired. 

A number of programs are currently heing sponsored hy the U.S. 
Department of Eneroy(00E) to advance hoth the analytical and 
experimental basis for determininq receiver convective losses(65}. 
Nevertheless, reasonable estimates for desicm purposes can be me.do?. 
even though they may ten~ to be optimistic. depending on actual 
operatinq conditions at a given site. Therefore, very little comment 
is warranted on the absolute valirHty of the rat1iation and convection 
related efficiencies in table 2.5, exceot to look for trends in the 
data. The 0.830 efficiency fiaure given for study 11 is low, 
apparently because of the presence of a rehedt receiver which will 
provide for a superior thermal-electic cycle conversion efficiency 
for the water/steam system. Some representative cycle efficiencies 
are also given in the right column uf table 2.5. The radiation anr.f 
convection efficiencies for studies 4 and 7 are low because of thP 
high temperature reoui rements (working fluid outlet temperatures are 
qiven in tabie 2.5). For the five flat receivers the estimates of 
radiation and convect~ori loss are consistent at approximatel_v 0.96. 
The estimates for cylindrical receivers vary from 0.83 to 0.96. 
These receivers vary in size hut are all designed to operate at 
nearly the same temperature. Estimates for cylindrical receivers 
with a sodium working fluid vary from 0.92 to 0-.96. With the 
exception of study 16, radiativn and convectfon efficiencies given 
for cavity receivers are fairly consistent anrf are genera 11 y 1 ower 
tllan those qiven for external receivers. Even thouoh the effective 
absorotivities of the cavities are hioher, there are additional 
radiation and convection losses to contenrl with. The receiver for 
study 16 is a Quasi-cavity, a concave Seflli-cylinder, taking advanta9e 
of some of the properties of both cavities and open receivers. If 
the estimate of its thermal performance proves to be experimentally 
accurate, it will have a superior net receiver efficiency. 

Net receiver efficiencies are reported in table 2.5 and are the 
product of absorp!ion efficiency and radiati~n and convection 
efficiencies. The net reported receiver efficiencies vary from 0. 79 
to 0.93, with most falling arounc1 0.90. The. lowest value is from 
study 11, for a water/steam cylindrical receiver with reheat. StudJ 
11 is consistently more pessimistic about perfonnance efficiencies. 
The highest efficiency is from study 16 for the QUdsi-cavity molten 
salt receiver. 

2 .3.3 Net Thermal Efficiencies 

Table 2.5 reports the net thermal efficiency of the twenty-two 
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studies. The net thermal efficiency is annual thermal energy 
delivered to the process (to storaoe. to a tur"'li ne, to a chemical 
process, etc.) divided by the annual solar ener~y availahle to ttie 
collector field. The anni,al solar enE>rqy available is the annual 
direct normal solar insolation nultiplied by the total reflective 
mirror surface of the collector field. Values Qiven are taken 
dfrectly from contractor reports where availahle. The values for net 
thermal efficiency are the product of the efficiency foctors given in 
tables 2.3 and table 2.5. Not all stuc1ies reoort the same set of 
performance efficiencies. In some studies additional efficiency 
factors reoorted, such as pipinq losses, to..,er shac!inq, receiver warm 
up, and parasitics, are listed ir: table ? .5 anrl are included in the 
net thermal efficiency. Net thermal efficiencies ranqe from G.52 to 
O. 75. A:thouqh study 1 suooorts the trenrl -Jf il'l1)rovinq collector 
efficiencies for smal 1 low temperature systems, it is not complete in 
scope and has not heen previously reoorted. It was compiled 
especially for this report to form a ioore complete set of system 
sizes ancf to indicate a trend in performance and cost for small, 
lower temperature IPH heliostat systems. 

There is a noticeable but only CJradual dependence of net thermal 
efficiency on systel"l size. Small er systems are kect more efficient 
because of selection of a lower ooeratin~ temperature. Studfes 2 Jnd 
9 throu9h 22 are rlesiqnec1 for electric enerov oroduction and 
therefore tracfe net '":hermal efficiency aqainst the thennal-electric 
cycle efficiency. If the lar11er systems were desiqned strictly for 
thermal enerqy proc1uction at lower tef'lPeratures, net thermal 
efficiencies could be improvet1 over those shown. It seems likely 
that 65 to 70 percent efficiencies can be achie~ed for thermel energy 
production, and it varies little with system size, improvin9 some for 
smaller systems operatinq at lower te"'1eratures. 

2.3.4 Heat Transfer Media, Storaqe and Cycle Efficiencies 

Tlie heat transfer rtecfia currt>ntlv being considered for use in the 
receivers of heliostat systems are listed in table 2.6. Unless there 
are advantages for a soecific aoplication, (see reference 6) trade
off studies seldom show any cost/performance arlvanta<!e for oils over 
an appropriate choice of one of the other media. An·example of such 
a trade study is qiven in reference 29, the KlAC First Small Power 
System Exoeriment. 

Hot air system desi9ns with Brayton cycle receivers have been 
developed by a number of contractors, amonCJ them Boein9, Bechtel, 
Sanders, Dynatherm, and Black and Veatch(6€-6R). They range in size 
up to 260 MWt (Bechtel) and a l MWt receiver has heen built and 
successfully teste~ at the CRTF (Boeing). The Electric Power 
Research Institute has assisted in the develof.ll'lent of Brayton cycle 
receivers, by sponsoring a number of desiqn studies csnd expedmental 
tests. Four of the Brayton cycle receivers are shown in figure 2.2. 
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Type 
Outlet 
Temp. 
( oc) 

air 500-1100 

water/ 100-500 
steam 

oils 200-500 

salt 566 

sodium 593 
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TABLE 2.6 

Receiver Heat Transfer Media 

AdvantaQes 

low cost 
him, temperature 
high cycle eff. 

low cost 
established 

technoloQy 
minimal purrtping 
reQtli rements 

1 ow cost storage 
non corrosive 
low pressure 

high heat capacity 
low cost storaQe 
qood heat transfer 
l CM pressure 
hi<Jh cycle eff. 
sin9le phase 

hiqh flux density 
hiqh heat transfer 
low pressure 
hi qh c_vcl e eff. 
sinqle phase 
experience with nuclear 
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Disadvantages 

low ctensity 
low heat 
capacity 

high 
themal 
losses 

poor heat 
transfer 

no storage 
reouire 

regeneration 

phase change 
hi ah press1:1re 
alternate 

stcrage 
tr.edi u:n 
required 

low -cempe!"ature 
deterioration 

oump tech no l 09y 
moderate cost 
deterioration 
corrosiveness 

high cost 
confinement 
high reactivity 
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FIGURE 2 .2 Brayton Cycle Receivers 
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The first IJ.S. ooerational ·central receiver system (Solar One, the 
Barstow Pilot Plant) will operate with an open cyclincfrical receiver 
employing a sinale pass to· suoer heat water/steam system. The 
receiver is coupled to a dual admission Rankine turhine that will 
operate at a nominal cycle efficiencv of 34 percent. Operation fron, 
storage is at ;,n efficfencv of aoproximately ?5 percP.nt. Solar One 
is rated at 10 "1\Je anrt is !'lesioned as a one-tenth scale pilot plant 
for a 100 !-1We commercittl olant. Primarv desiqn acfv~ntaaes of the 
Solar One receiver are small size and low weight (lower cost of the 
rceiver and its support tower). More recent -research into advancet1 
water/steam systems has shown that hiqher ooeratinq pressures and an 
addet1 rel-teat capability should hoost the cycle efficiency to 42 
oercent. A studv of receiver technolo9y b_v Sandia National 
Laboratories Livermore(SNLL) indicates that recirculatino solar 
boilers wil 1 improve the cost/performance of water/steam systems by 
oer111ittinq the use of less exoensive receiver materials(33). Ttiis 
sturly also indicates that reheat is 011ly cost effective in systems 
with capacity factors oreater than 35 percent. (All the systems fo 
the SNLL study are scalert to 100 MWe). Onl_v in these hi9her 
caoacity factor systems will the increaset1 cvcle efficie,,cy oay for 
ttie reheat equipment. 

Salt anrt sodium heclt transfer fluirts have been prooosed in several 
advancecl ce:,tral receiver systems studies (21, 22, 26, 27, M). Salt 
refers to a mixture of molten eutectic nitrate salts 1nd sodium 
refers to liquid sodiUll\ metal. These merlia have higher densities and 
heat capacities than water/steam leading to hiqher heat transfer 
rates. They can be used for thermal storaqe, not reouirin9 
additional heat exchanqers for storaqe in another rrerlia. They can 
operate without phase chanqe (though they 111Ust t-e ke:-'t above the 
melting point) allowinq for low oressure operation. They both can 
withstand higher solar flux ~ensities than a~v of the other mentioned 
materia1s, sodium being able to withstand an even greater flux 
density than salt. The primary reason for introducinq salt and 
sodium is that they can qenerate gross steam cycle efficiencies of 
from 40 to oossibly 44 oercent. 

Some of the rlisadvantaqes of salt anrl sodium are rather obvious. 
Sodium oxidizes violently with exposure to i\ir or water and lll!St 
therefore be carefully contained. Sodium is also high in cost. Salt 
deteriorates through molecular decomposit~on and is corrosive. It 
111Ust be replaced periodically. In actoition, there are doubts 
concerninq the development of oumos for salt cotn!llensurate with 
receiver tower heiqhts. Cycle efficiencies for some of tt\e systems 
intended for electric ~eneration are given in tahle 2.5. 

The study by SNLL(33} is the 1110st recent effort to compare receiver 
technoloQies and workinq media on a systems level basis. Engineering 
and performance data from eleven design programs by ESG, GE, BEC, t+1, 
BECH, CE. and BW were brought to a co11T110n l)as is by Sandi a. Cost 
estimates were brought to a cOlllllon ba~is ~v Kaiser Engineers. 
Systems were scaled to 100 MWe and 72$/m (1979$) heliostat costs. 
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Rus-bar energy costs were determi nect as a functfon of capacity factor 
which was varied from 0.25 to 0.65. The results were qrouoed 
accordin<l to workina media. 

At a capacity factor of 0.40 salt systems had the lowest bus-bar 
costs, foll owed by sodilm anti advanced water/steam. with water/steam 
only slightly hi<1her than sodium and with air systems at 
siqnificantly higher cost. Ac!ditional data reoorted by the study at 
capacity factors greater than 0.4 showed salt systems decreasin<1 
further in enerqy cost with increasinq capacity factor while sodiu111 
systems increased in enerqy cost with increasing capacity factor, 
widenina the aap between salt and sodiwn at hi<1her capacity 
factors. This latter result is highly questionable. There may have 
been a misinterpretation of contractor data. In view of numerous 
other analyses that have been done ( some are addressed at other 
points in this paper}, it is hiohly unlikely that energy costs for 
sodium systems would increase at higher caoacity factors. They are 
expected to decrease. 

The SNLL study recOl'IITlends continued develooment of salt technoloqy 
for large scale electric qeneration, but this evidence is not 
sufficient to warrant only salt heing pursued aggressively. Salt, 
sodium, and advanced water/steam certainly appear to be the most cost 
effective for large systems, but there is no sinale superior system 
for all apoHcations at this time. Research and rlevelop~nt in all 
three technologies should continue until such time as a more 
definitive comparison can be made. We anticipate that with 
additional development salt and sodium workinq media for larae 
systems will be the most cost effective choices for electric 
utiHties. Water/stea!lt will probably be first choice for many IPH 
aoplications. 

2.3.5 Net Enerqv Analysis 

Net energy anal vs is refers to a comoari son of tile net energy produced 
during the desi~n lifetime of a plant to the total enerqv consumed to 
build and operate the pl ant. Meyers and Vant-Hul 1 ( 70) ht've done a 
net energy analysis on a 100 MWe commercial central receiver plant 
with six hours of storaqe for electric generation. Data presented in 
stuct, 19 are for a olant similar to this she. The net enerqy 
analysis (includinQ electrical systems) concluded that the plant 
would produce electrical energv in its lifetime 20 times the enerqy 
required to create the olant. In addition, if the materials are 
recycled or perhaos tile hP.1 iostats are rehuilt for use in subsequent 
plants. then up to 42 percent of the original energy investment is 
recaptured. This would increase tile 2Cl factor to 35. The thermal 
energy produced by the plant (without recycling} is 60. times that 
required to create it(l}. Even thouoh the energy required to build a 
plant is rather high, the plants can be extremely energy efficient. 
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2.3.6 Available Analytic Computer Programs 

Table 2.7 sunmarizes SOl!le of the computer proQrams most commonlv used 
for desiqn and analysis of heliostat systems. The development of 
most of these programs was sponsored by the U.S. Department of 
Energy, a·nd they are available, upon request from their oriqinatiM 
organization. A qreat many other cotl11Juter oroqrams are being used by 
orqanizations involved in the development of heliostat systems: 
government, nat i ona 1 l ahoratori es, anc1 private i nrlustry. Many of the 
programs used by private industry other than those listed in table 
2.7 are proprietary; therefore, no atte~t has been made to list them 
here. 

Potential users of these computer programs should consult the 
references oi ven here and the ori qi nati nq orqani zatfons c:ncerni ng 
the types of analyses, capabilities, methods, computer reauirements, 
and limitations of each proqram. 

2.4 Expected Performance Improvements 

2.4.1 Collector Fields 

At the present time, only second surface silvered glass mirrors have 
the necessary durability to meet reasonably lonq lifetime 
requirements. Within the framework of this technology we might 
expect improvements in heliostat intrinsic reflectivity of perhaps 
several percent. The most important requi rel'lents for maxi mi zing net 
reflective efficiency will be maintaining effective cleaninq 
schedules while taking advantaqe of rain and snow when possible. 

Cosine efficiency and shadin~ and blocking efficiency are a result of 
the collector field layout process usually involvinq cost/performance 
~ptimization. There is no reason to asswne that these fartors should 
change siQnificantly. 

Interception efficiency trades with receiver losses. With advances 
in receiver technoloqy, e.q., control of the radiative and convective 
losses, it may be possible to improve the interception efficiency by 
designing larger receiver apertures. Improvements in interception 
efficiency may be, at most, one oercent or less. The cost of 
significant imorovements in heliostat trackinq accuracy and focusinq 
capability for the purposes of increasing interception are not likely 
to be worthwhile. 

In sumrnar.v, we believe cost effective improvements in net collector 
efficiency will probably be limited to less than a few percent over 
the values given in this renort. Let us keep in mind, however that 
significantly lower heHostat costs will re·sult in the desirahility 
of less efficient physical performance (more shading and hlockinq, 
larger fields, more south heliostats) when the desion is 
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TARLE 2. 7 

Analytic Computer Pro9rams 

Oriqinatinq 
Name Organization Aeplication References 

RCELL UH Collector Field 58,71 
Optimized Desiqn 

NS UH Cellwi se Optica 1 72 
Systems Analysis 

1H UH Ooti cal Systems 73 
Analysis by 
Individual 

' Hel iostiltS 

CREAM IJH Cavity Radiation 74 
Exchanqe Analysis 

HELIOS SNLA Optical Analysis of 75 
Solar Concentrators 
(Cone Optics) 

MIRVAL SNLL notical Analysis of 63 
Central P.eceivers 
(Pav Tracinq) 

DELSOL SNLA Systems Desion of 76 
Central Receivers 

STEAC SNLL Systems Analysis 77 
I for Electric Eneroy 
ii Production 

SOLSTEP PNL Solar Plant System 78 
Simulations 

BUCKS SNLL Solar Electric 79 
Plants Economk 
Analysis 

STMPPS AC Pilot Plant Dynamic 80 
Simulation 
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cost/performance optimized. 

2.4.2 Receivers 

For applications involvin<l receiver surface telltJ)eratures less than 
400°C selective absorhers are availahle which can increase 
absorptivity and decrease rarliation losses. At present, there are no 
selective absorbers that can operate at the high temperatures of most 
central receiver systems. Even with a technical breakthrou9h in the 
development of high te1T1perature selective ahsorbers, the net receiver 
efficiencies of most systems could increase by only a few percent. 

At the present time, the use of cavity receivers lo~ks more 
orom1srnq. The increase fo effe..:-tive absorptivity is considerable 
and radiation losses rlecreasP. The use of cavity recei•.'~rs will 
reQuire minimization of convection losses. There is considerable 
research under way at the present time, ooth analytical and 
experimental. devoted to convective thermal losses from 
receivers(65). With coritinuerl effort in this area we expect 
technical improvements that could enh~nce receiver net thermal 
efficiencies by perhaps as much as 3 to 5 percent. Two rlrawhacks to 
the use of cavity receivers are the desirability of 1 ower 
absorptivity materials to achieve more unifor,,, flux distributions and 
the heliostat field restrictions of a single cavity. Usually 
multiple cavities will be reouired. 

One ml'.:thod to control receiver losses mav be the use of a window in 
the cavity aperature. This concept was considererl early in receiver 
de-.elopment but has been largely abandoned in current design work due 
to materials problems. The most promising materials have been Quartz 
an~ saophire. Sapphire has ohvious high cost problems. All 
materials have the problem of reduced optical efficiency for the 
optical radiation enterinq the aperture. Broad band antireflection 
coatings will not stand uo to the operatino temperatures. Windows 
1rust be kept clean. Any particulate conta~ination on a window during 
open ti on wi 11 create hot soots that can damage the window. There 
is, nevertheless, considerable potential for development in this area 
of receiver windows that could significantly increase receiver 
thermal efficiencies. 

2.4.3 Therl'lal - Electric Conversion 

The most promising near-tenn prosoects for more efficient thermal to 
electric conversion are with the advanced water/steam, salt, and 
sodium systems bein<J developed at the present time. As shown in 
table 2.5 gross cycle efficiericies of up to 44 percent are 
expected. High cycle efficiencies are also being developed with 
Stirling cvcle heat engines powererl by hot air cavities. These are 
expected to develop up to 4R percent engine efficiency and 40 percent 
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combined receiver and enqi ne efficiency (81). They are primarily 
being develooed for small systems { small central receivers and 
parabolic dishes). Since the heat engine and cavity receiver are 
inte~ral, they are not likely to he used in larqer central receivers 
c1ue to - increased wei qht of the receiver and consequent increased 
tower costs. Addit~cnal performance improvements beyond these 
predictions are not likely without significant new breakthrouqhs in 
an alrea~ well developed technology. 

Any imorovement in performance represents a corresponding improvement 
in the cost of enercr' oroduceri. A one percent improvement in 
performance means that one percent fewer heHostats can generate the 
same enerqy. This repr:-c;erits a cost savings of $6.5 million in a 
large first plant with 50.~00 heliostats. 

2.5 Economic Assessment 

2.5.1 Heliostat Costs 

The most dominant sinqle cost item in central recajver systems is 
heli ostat cost. First pl ant hel iostat ::.osts ( ~230/nf} can represent 
from 45 to 70 percent of the total solar pla~ cost, de'2endinq upon 
system size. Nth plant heliostat costs ($80/m to $120/m} represent 
from 20 to 35 percent of the total solar plant cost. Considerable 
effort has been expended in recent years to desion the low cost 
heliostats. Typically, they have been designed to performance 
requirel'lents sifllilar to those listed in table 2.R which have been 
taken from reference 26. The most deflnitive and most recent cost 
and production studies for hel iostats have been done QY PNL(49) and 
GM(50). 
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TABLE 2.8 

Tvoical Heliostat Desian Reauirements(?.fi) 

Slew Rate 

Reflector Pointinq Error 

Beam Quality Error 

Operatina Temperatures 

Operatina Sustained Winrt Speed 

Survival Gustina Winrt Speert 
In Stow Position 
In any position 

Stow Position 

15 deq/min 

1.5 mr 

2.2 mr 

-30 to 50°C 

12.0 m/s (26.8 moh) 

40 m/s (90 iroh} 
2'1 lfl/S (50 moh) 

Inverted 

Each of these studies involved a (letailect oiece-hy-piece examination 
of the cost of producinq the r-t)AC invertable, second aeneration 
heliostat. This heliostat is shown in fiaure 2.3. Rernlts of the 
PNL and GM studies are shown in table 2.9. The 1979 dollar column 
contains the oriqfoal results anc1 the 1980 dollar column is comnut&f'I 
assuminq a 10 perce9t qeneral inflation rate. The guideline 
heliostat cost ($230/m-) set by StJLL is frOfil the low production rate, 
PNL study. 

TA~LE 2.9 

Heliostat Cost Analysis Results 

Production Rate (/yr} 

2,500 {PNL} 

25,000 (GM} 

250,000 (GM) 

Cost($1979/rri2 ) 

187-215 

122 

89 

Cost($1980/m2} 

?05-237 

134 

98 

The $134/m2 figure reoresents a realistic near term (5 year) prospect 
for hel iostat costs, and the $98/m2 fi~re represents a realistic 
lonq term (15 to 20 y~ar) orospect. In the next section, the capital 
cost estimJte!i_ .of the twenty-two des ion studies nresented in section 
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2.2. will be scaled to th~ latter two heliostat costs and combiner! 
"dth scaled performance · data to develoo a set of cost/performance 
figures of merit. 

Additional heliostat cost data is presented in figure 2.4. This 
qraph was oreoared by ESG and incluc1es oroduction cost estimates b_y 
Martin Marietta, as well as, Battelle Pacific Northwest Laboratories, 
and General Motors Transportation Systell'IS Center. The infonnation 
content of figure 2.4 is similar to that presented in fiqure 1.5, but 
represents a refinement in terms of production rates based on numbers 
of conwnercial electric olants built per year. The scale~ used in 
fi9ure 2.4 brino out the asy1110to2ic hehavior of the cost riata. These 
data indicate that the $134/m cost fiqure can be achieved by 
building less than the equivalent of one corrmercial

2 
olant and the 

hel fostat costs will level out at aporoximately $9~/m ·. Si nee these 
cost production studies were completed, additional tiesiqn analysis 
has been done to lower hel iostat costs still further. An example is 
the heliostat shown in fiqurP. 1.1 where, the- inverterl stow 
reQui rement has been el imi nateci. It is expected that further cost 
reductions can be realized by the use of desiqn concepts especially 
adaptable to mass production an'1 by a relaxation of some of the 
desiQn specifications. 0esiqn specifications are ctiscussed in 1T10re 
detail in section 2.5.4. 

Large scale w~ss production will provide the primary expected 
economic improvement in heliostat costs. The ~ study(50) estimates 
that a $96 million ($87.3 million in 197QS) investment is required to 
establish a 25,000 heliost~t per year manufacturing facility and that 
a $432 million ($392.8 million in 1979$} is required to establish a 
250,000 heliostat per year facility. We see the establishment of the 
25,000 per year facility as the most realistic economic scenario for 
the near term. As the market penriits, this manufacturing facility 
can be expanded to increase its production rate, reQuirin~ only a 
reasonable additional capital investment. This would be fol 1 owed b_y 
the construction of additional plants in response to an unfolding 
market, each with production rates perhaps greater than 25,000 per 
year. 

2.5.2 System Costs and Scaled Cost/Perfonnance 

The thennal performance anr1 capital cost data from the twenty-two 
design studies presented in table 2.2 have been scaled, anr1 the 
results are li ste-d in table 2 .10. The annual thermal ener"qy o~ each 
study is scaled to a representative valu!i for annual direct nonnal 
insola2ion. Caoi~l costs based on $230/ hel iostats are scaled to 
$134/m and $98/m heliostats. Scaling by these parameters is not 
totally sufficient to brinq the cost/perfonnance data of the studies 
to a c0111T10n bas:i s. However, this level of sea li na is fe 1 t to be the 
minimt111 required° to make any reasonable examination or comoarisons. 
No attempt has been made to do any scaling of system sizes. It is 
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FIGURE 2. 4 

EFFECT OF MARKET ON HELIOST AT COSTS 

500 

6 BATTELLE STUDY 
iii 0 GENERAL MOTORS STUDY 

i 0 MARTIN MARIETTA 400 BARSTOW .. 
/ (FIRST 1818 UNITS) 

ASSUMPTIONS N" 
::E 
~ 1 VENDOR 
I- 300 BARSTOW 

17,000 HELIOSTATS/100 MWe PLANT 
Cl) 

8 V (1819th UNIT) 
MINIMUM 10 YEAR PRODUCTION AUN I-

c( 
I-

~ 
:::; 
w 
:c 

I ...... 
0 

I 
100 

0 2 3 4 14 15 

NUMBER OF 100 MWe PLANTS COMING ON-LINE IN A YEAR 

'l' Rockwell lntematlonal 
E--, 1,-telM Gr- 80-016-109-9 

I 

\ I 

;:~' 

'. 

;,; 
}t 

~ 

i 
4 
r~ 

" 1 

i 
i 



i 
I 

...... ' 
_/ .. / ,_ 

,, 
~, 

~' ~ 

I TABLE 2.10 
I 
I 

Design Studies Cost/Performance Comparfson (1980$) 

Annual Energy Capf tal Cost 2 Capital Cost 3 Annual F! l1fetlme 2 l1fetfme 3 Lt fet I me4 

Scaled t~ Sealed V, Scaled 2o (S/MWhtl FM 1 FM 2 FM 3 
Id, No. 2.5 MWh/111 134 S/m 98 S/m (S2JO/m 21 IS134/m2l (S97/m 2) 1 d. No. 

,--:_',,,,,,, ... (KWh) (M$1980) (MS1980l (ml 11 s/kWht) (m111s/kWht) (m111s/kWht) 

1 UH 909.4 0,250 0.227 340,9 11. 36 3 9. 164 8. 321 1 
2 MOAC 9,594. 1.956 1. 715- 26Q,l 0. 971 6. 796 5.959 2 
3 NI 25,715. 4.832 4,209 250.7 8.358 6.264 5,456 3 
4 BEC 28,800. 6,840 6,077 306.2 10.207 7.917 7.034 4 
5 MDAC 31,864. 9,797 8,997 376.6 12.553 10,248 9.412 s 
6 MM 62,300, 10. 181 8.697 225. 2 7. 508 5. 447 4.653 6 
7 PFR 72 ,8/11. 19,239 17,068 341. 3 11.376 8,1100 7.807 7 
8 FWDC 94,246. 17,103 14.654 248.9 8.297 6.048 5. 182 8 
9 JPL 103,198. 17,933 15.392- 23 7. 7 7.923 5.792 4,972 9 

10 BY 160,285. 41,149 37,056 32 3, 0 10,766 8. 55 7 7,706 10 
11 EP£ 194,947. 72.844 65.037 4 77. 6 15.919 12.455 11 . 120 11 

.i=,. 12 GE 306,417, 89.845 81. 118 36 7. 0 12.235 9. 772 8.823 12 
C0 13 ESG 352,679. 80.316 70.417 328.9 l 0. 96 4 7,591 6.655 13 

14 ESG 501,282, 107,88 93.580 289.3 9.642 7.174 6.223 14 
15 ESG 517,717. 91.422 H, ,026- 253. 7 A.458 5.886 4.895 15 
16 MDAC 721,483. 153.29 135.73 275.6 9. 187 7,082 6. 2 71 16 
17 MM 714,143. 160.25 141.19 293. 6 9,787 7.480 6.590 11 
18 ESG 860,797. 146,34 121.86- 243.8 8.126 5.667 4.719 18 
19 MDAC 1,247,962. 235,38 200,49 261.1 8,705 6.287 5. 35':i 19 
20 MM 1,567,856. 249. 91 204,59- 32R.3 10.944 5.313 4.350 20 
21 ESG 2,491,041, 422.79 348,99- 246.6 8.219 5,657 4.670 21 
22 HG 3,747,000, 614.40 504.2!1- 240.2 8,007 5,. 466 4.486 i!2 

l • Capital Cost 1 dfvfded by the Scaled Annuall'nergy 
2. Caoftal Cost l dfvfded by the Scaled lifetime Energy (Des1gn life "'ulttplfed by annual energy) 
3, Capftal Cost 2 d1v1ded by the Scaled l1fetfme Energy 
4. Capital Cost 3 divided by the Scaled 11fetlme Enerqy 

Indicates nearest cost to the destgn basfs 
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not the purJ)ose of this r-enort to make rli rP.ct compolri sons or to rank 
the sytems in any rrecise order of economic ctesirahility. There are 
a wirle variety of underlyino assumptions, differences in dnalytical 
desian techniques, anrl (lifferences in costing methods amonq tl-ie 
various contractors that a:-e beyond the scope of this paper. For 
these reac;ons and due to the l arqe number of economic 1nrameters 
involved, we make no attempt to independently aenerate bus-bar energy 
costs. The intent behim1 table ?.10 is to oresent a minimal nurnt,.er 
of fundamental system desian oarameters and to apply simple linear 
scaling to eliminate those factors that cause the most sionHicant 
differences in reoorted desian ctata. It is assumed that this will 
dllOW us to look for consistencies in the rlata, as well as general 
trends and develop some guirleline cost/performance oararneters. 

The scaled annual thermal enerqy prorlucecf by eact, of the twenty-two 
representative systems is given in the first column of table 2.10. 
It has been formed from the design annual enerqy ~nrl annual 
insolation qiven in table 2.2. For scalinq purposes it was necessary 
to ad~Pt a representative value for annual insolation. The value 2.5 
MWh/m (annual direct nonnal) was chosen. There is no specia1 
siqnificance to this oarticular value other than it is an approximate 
averaqe for the southwestern U.S., anrl is representative of many 
sites with favorable insolation. Areas in southern California, 
Adzona and Ne,., Mexico can exceed this value, hut it is typical for 
California, soutl'tern Nevarla. northern Arizona, central and northern 
New Mexico, and west Texas. In studies where receiver thermal losses 
were reported as a percentage of incic1ent enercy it was necessary to 
scale the

2
desiqn annual enerqy linearlv, l!llltiolyinq t:,y the ratio of 

2.5 MWli/111 to the desiqn annual insolation. In cases where absolute 
annual thennal losses are reporte<i or could be easily computed. 
receiver losses are acideo to the annual ener9.V to for.11 the annual 
inci'1ent eneroy, which is lin"'arly scaled, and the losses subtracted 
from tlie result to fonn the scalerl annual enerav. 

The next two columns in tahle 2.10 are fomed from the caoital cost 1 
given in Tahle ~-2 with the collector fielct ~ortion of the costs 
scaled to Sl34/m for capital cost 2 anrl S98/mL for capital cost 3. 
Collector fielct costs are subtracted from the total capital cost 
fonning the balance of plant cost. The collector fielrl cost is 
scaled by the factors 134/230 or 98/230 anc1 the balance of plar.t cost 
added on. In cases where the rles i qn work anct cost esti inates were 
originally done at costs nearer the S98 value, caoital costs 2 and 3 
are formed from the original cost estimates anc1 capital cost 1 
represents scaled uo collector field costs for these plants. In 
tables 2.2 and 2.10 the "-" after the capital cost indicates the cost 
nearest to that cost used for the field desian. In all cases 1Q7R 
and 1979 dollars were converted to 1980 dollars by rultiplying by 
1.21 and 1.10. respectively, before any scalinq was done. 

The annual fi~ure of merit ~ported in table 2.10 is formed from thr. 
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capital cost 1 divided by the scaled annual energy .. The lifetime 
enerq_v for each plant is formerl frOl'I thP. scaled annual energy 
lllUltiplied bv the design life of the plant. Most of the studies 
reported here specify a 30 year life. Since the same heliostat costs 
are csed for all the studies, and there _has been no concerted effort 
in any of these studies to produce siqnificantly lower costs based on 
shorter design lives, it has been assumed the desiqn life for all 
systems is 30 years. Withc!;t further information it would be an 
arbitrary penalty to any of these sys terns to do otherwise. A set of 
three lifetime fiqures of merit is oiven in table 2.10. These are 
formed from capital cost 1, 2 and 3, c1ivided hy the lifetime tliennal 
enerqy produced. The lifetime fi<Jure of fllerit (LFM) 1 is 
representative of first plant costs and LFM3 is representative of nth 
plant costs. 

The lifetime fiqure of merit No. 3 (LFM3), given in the right column 
of table 2.10, shows no sionificant trend as a function of system 
size, with the possible exception that the Lfl.4's for studies 13 to 22 
fall more consistentlv into a narrower ranqe of values. The mean 
LFM3 of all twenty-two studies is 6.3 with a standard deviation of 
1.8; the mean LFM3 of studies 13 to 22 is 5.4 with a standard 
devi atfon of 0. 9; and the mean .if studies 1 to 12 is 7 .0 with a 
standarn deviation of 2.i. Usina the$e fioures as crude <Juidelines 
we may isolate studies 5, 11 _ ,and 12 that appear to be somewhat 
pessimistic ccmpared to the nonn and studies 6 anci 20 th3t are fairly 
optimistic compared to the norm. 

The LFM3 of study 11 is relatively hiqh because of both low 
performanc~ efficiency estiMates and high cost estimates. Amonq the 
net thermal efficiencies given in table 2.5, study 11 has the lowest 
value of all the studies exceot for the hiqh temperature :::.vitv 
system of study 7. Let us compare the capital cost no l's 'ind the 
overall svstem sizes for studies 10, 11, anrl 12 ~iven in tahle 2.:?. 
For system size, use the number of hel iostats as an indkator. 
System 11 is not much larger than system 10 but the capital cost is 
closer to that of system 12. Allowing, of course, that there ma_y 
have been special requirements for this particular study, the cost 
estimate is significantly hiQher compared to the norm. 

The LFM3 of stu~ 5 is relatively high. This is apparently due to a 
high cost estimate and the fact that the fraction of these costs in 
the collector field is low, since there is less benefit in scaling to 
the lower heliostat costs. Comparino studies 5 anc.t 61 the nu111ber of 
heliostats more than doubled in stuc1y 6, but the caoital cost no. l 
increases by only 14 percent. The results from studies 1 to 12 
indicate that not only is the cost of 5 high but the cost of system 6 
is low. 

In a comparison of the capital costs of studies 12 and 13, the 
fraction of capital cost represented by the collector fielcl is lower 
for 12 than 13, resulting in less of a cost reduction in sealing to 
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lo1t1er heliostat costs. and this results in a relativel.v high LFt,'13 for 
study 12. 

The LFM3's of studies 6 and 20 are sliCJhtly 0otirnist.ic compared to 
the rest of the studies. Performance parameters for thP.se studies 
show no siqnificant variatfons to oroctuce this result. The value of 
LFMl for study 20 is high compared to the other large systems. The 
differences in LFMl and LFM3 for stur1ies 19, 20 and 21 indicate that 
study 20 has a hioh fraction of the capital cost in ttie collector 
field. The LFM's of sturiy 6 are consistently lower ttian other small 
system studies. Cost estimates. therefore, for studies 6 and 20 
appear to be somewhat optimistic compared to the balance of the 
stu<fies. 

In view of the number of independent design efforts represented by 
the twenty-two stuc1ies* and the generally hiqh level of 
sophistication that has been develooed for performance anc1 economic 
analysis of heliostat systems, we feel extremely confident that 
heliostat systems can produce solar thermal . enerqy in the 
southwestern United States ~ith a caoital cost (interest and O&M 
costs are not included) of 4.5 to 7.0 mills/kWht (1980$) for a 30 
year lifetime. Note that this figure is not the usual mills/kWh to 
utility customers but the capital investment divided by lifetime 
thermal enerqy oroducerl . 

2.5.3 Review of Other E,onomic Assessments 

There are many recently oublished economk assessments that reveal 
information on the potential of heliostat systems to achieve economic 
viabilitv and disnlace fossil fuel use. We have selected sturlies by 
MDAC, t-t4, ESG, AND SERI for comment. The COl'IW'lents are to t·dghliqht 
important findinqs and note potentially misleadinq informatfon. 

The first economic assessment considered is that of MJAC. Starting 
in 1973-74 in the early staqes of the funded studies, they were 
pioneers in putting forth cost estimates and methodolooy that have 
stood the test of time. The caoital costs for some MDAC studies are 
given in tables 2.2 and 2.10. 

They have also put forth sensitivity results in a study for the 0.5-
10 megawatt ranqe(29). These results are shown in fiqure 2.5. The 
two lower curves are for relative caoital costs. Please note that 
cvcle efficiencies assumino the use of radial out-fl<M turbines for 
o·.s MWe and 10 MWe are taken as 0.365 and 0.394 resoectively or only 
about a 10 percent chanae from the larqe to the small. Tile smaller 
systems, aside of constant capacity factors, are more capital 

* If orqanized into independent qrouos, there are el even independent 
cost an31yses and seven independent perfomance analyses. 
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FIGURE 2.5 Results of a Sensitivity Analysis by McDonnell 
Douglas Astronautics Corp • 
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intensive and have a hiqher operating and maintenance cost. For a 
0.5 MWe plant production rate of 10,000 plants per year anc1 10 MWe 
plant production rate of 50~ per year or for abciwt equal total power 
production, the capital cost per unit power for the smaller 0.5 MWe 
units is really only ahout 10 percent· 1arqer than the lOMWe units. 
This can larqely be explained in terms of cycle efficiency. However, 
the•re are real added costs of installing a Slllal 1 system. You nust 
buy a site plan, obtain permits, and operate each site. The 0&M 
costs for these plants are about three times larqer for the smaller 
than for the larger unit resul tinq in double the RBl:C for the small 
units. This actded l'llaintenance cost is 01. .. , ibuted to the need of 5-10 
specialists reouired fractionally at each site. 

Let us compare the 0&M costs for a 0.1 MWe plant with a 100 MWe 
plant. A 100 MWe plant reouires an esti111ated 45 man years oer year 
for f)&M and thus, assuminq a linear relationship, a 0.1 MWe plant 
could be allocated about 12 man days per .vear(?4}. This means ttlat 
small plants nust utilize part-time, perhaps non-resident staffs at 
an increased cost. This added 0&M cost m~kes the totally stand-alone 
small systems like flat plates and photovo1taics more attractive than 
small plants requirinq maintenance. A minimal size cost effective 
solar thermal svstem woul,:t require at least two full time riafotenance 
personnel. This woul~ result in a plant size of abQut 4 MWe to keep 
maintenance costs equal to that of a full 100 M\ole plant. It is also 
at this plant si1.~ that current co111Parisons of solar-thermal electric 
systems sho~ point focus c~ntral receiver systems ranked hiqher than 
all other types of systems (33,34,82). 

Ttie results of a Martin Marietta study(ll) of levelized costs of 
enerq_v in 19R0 dollars focuses on IPH costs. Shown in fiqure 2.6 are 
the baseline thermal energy costs for oil in S per MBTU, alonq with 
solar thermal enerqy costs vs. hel iostat costs. At the present cost 
of heliostats, solar towers can compete with present oil prices, ~nd 
mass production ~f heliostats will improve this situation. 

The Rockwell International ( ESG) data on a ranqe of systems are shown 
in figure 2.7 in 1978 dollars(41). These results are in levelized 
~BEC versus capacity factor. 2or cu2ves in the figure heliostat 
costs are goal costs at $65/m ($79/m in 1980$). The economic 
assumptions are ~iven in table 2.11. Absolute numbers are not as 
;mportant as the re 1 ati ve numbers. These are results of a s i nql e 
study with economic jJarameters and capacity factors applied uniformly 
to all systems. The rna.ior short term qoa1 of the solar tower oroqram 
is to penetrate the intermedi~te market and not baseload. There is a 
large requirement for intermediate or non-haseload electricitv in the 
Southwest; i.e., when there is sunshine you need electricity. 
Baseload coal and nuclear olants to date have produced cheaper 
electricity than we expect from first generation solar plants; 
however, they would not work effectively or be co111>etithe in the 
intermediate mode. This is explained by the lack of full time use of 
capital and the wear and tear on cycling a baseload plant. Nuclear 
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FIGURE 2.6 Effect of Heliostat Cost on Energy Cost -Martin Marietta 
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and base load coal plants . are not desi qned to go up and down every 
day. If nuclear is to provide intermediate electricity in the 
future, additional storage or load management costs wil 1 have to be 
included. The solar stand-alone component in a southwest 9rid could 
constitu·te at least 20 percent grid penetration. Hybridization, 
i.e., introduction of plants usinq both gas or oil and solar, could 
greatly increase penetration. We believe solar plants will have a 
distinct advantage over coal and nuclear due to an estimated short 
term construction period of approximately three years. Also, solar 
plants could be used in the desert Southwest with dry cooling 
towers. Dry cooling would reduce efficiency and increase cost by a 
few percent; however, dry air cool i nq towers are a · proven 
technoloqy. '!"i1is technoloCly is not suitable with nuclear wate,4 

reactors because of the low tel'IOerature thermodynamic cycle. 

SERI has studied the viability of solar thermal heat. Provided 
heliostat cost qoals are met, solar produced process heat is clearly 
viewed as competitive ( 42). A recent stud.v of '.hf' dis tri but ion of 
U.S. industrial process heat (IPH} usaqe by SNLL sheds important 
li9ht on numbers of facilities and their energy use(82). Currently, 
48,282 facilities ranqinq f,•om 0 to 1000 MWt in size, consume 10.65 
quad per year. Many small facilities (isolatable processes within 
industries requirinq a specific temperature} tend to require lower 
temperatures. In terms of numbers, 60 percent of the faci 1 i ti es are 
less than 3 MWt and operate at less than 230°C(450°F}. However, most 
of the enerqy consumed is in the larger size facilities, anrl they 
tend to require hiqher temperatures. Facilities greater than 3 MWt 
consumed 94 percent of the energy with 70 percent of energy use in 
facilities ranging in size from 30 MWt to 300 MWt. Less than 15 
percent of that energy is required at 230°C or less. Thus, the 
greatest impact on U.S. IPH energy consull1)tion !!list come from large 
systems. This finding is parallel to findinqs for electric 
generation. 

A good comparati-,e study by SERI involving electric power production 
in the ranqe of 0.1 - 10 MWe has nevertheless added a degree of 
confusion(34}. This study and later associated reports do not 
clearly indicate the basis of smaller designs and performance data. 
From the study one may conclude that smaller systems cost less per 
kilowatt, producin~ enerqy more cheaply than larqer systems. Clearly 
very sma 11 centra 1 receivers cannot. oo~r<1te at M gh temperatures and 
thus lc.se second law thermodyMmic efficiency~. However. heliostat 
systems can collect first law energy very efflci~ntly at lf1Wer 
temperatures and still oossess the advantage of a co111110n coi1ector 
area with sin~le receher. The parabolic dish s.vstem, however, has 
second law advantage for ... ,._.,:tilfiilllall sizes. The parabolic systems 
have a large potential market, but eneray costs produced with small 
units will be inherently hi9her. In terms of first law efficiency, 
heliostat system cost pro,iections have repeatedly been found to be 
better than dishes and trackinci trouqhs where curved surfaces are 
required. For heliostat fields with. less than ten units receiver 
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costs begin to dominate and reducP. the advantage of a single 
receiver. 

The uncertainties that still arise in the various comparisons largely 
stem from not oi vi no aporopri ate parameters related to the first and 
second laws of thermortynamics. The first law parameter should be 
capital dollars per kilowatt: hour-thermal-lifetime, and the second 
parameter should be the operating temperature. At least two 
oarameters are always required. If the cost per kilowatt thermal or 
electric is c,iven, the capacity factor nust always be qiven. When 
the cost of enerey delivered is given, such as levelized RBEC, the 
economic model and O&M costs nust also be given. The adoption of a 
standard set of economic parameters is essential. Comparisons to 
orevious work should also he made. All of solar needs to be more 
ouantitative. 

2.5.4. Expected Economic Improvements 

A number of possibilities are availahle for rerfucinQ heliostat costs 
beyond those costs indicated in table 2. 9. The hel iostat shown in 
figure 1 .1 is a further refinement over the he 1 i os tat shown in figure 
2.3 for which costs were deriverl in the PNL and ~ reports. Lower 
cost figures are expected if this heliostat is subjected to the same 
detailed cost scrutiny. Additional ill'IJ)rovements are expected with 
later, more cost effective heliostats specially rlesigned for mass 
production. · 

There are potentially several other ways to reduce heliostat costs, 
some of which involve re-assessing the desian specifications(3B). 
One is to eliminate the inverted stowaqe reauirement. This has 
al ready been done in the hel fostat of fi~ure i". l. A second 1 owers 
the wind load reauirements. This may be done, for example, by 
surroundinQ the collector field with berms to reduce the wind and 
lower stess on the more vulnerable perimeter heliostats. This would 
allow reductions in ddve component sizes or permit more area of 
glass on each heliostat. An additional possibility may he 
elimination of conmunications wirinQ through the use of FM or laser 
communications. 

Cost benefits are also expected from improvements. in construction 
techniques and in limited mass oroduction numbers for receivers and 
storage systems. Prospects for solar utilization have stimulated new 
interest in low cost thermal and electdc enerey stora9e and in 
efficient low loss transmission of thermal enerqy. Developments in 
these areas will synerQistically boost the cost effectiveness of all 
types of solar systems. 

No large improvements in turbine and qenerator costs are expected 
since these are already mature technoloQies. 
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Government supoort is required before the first ·. hel i ostat 
manufacturinq pl ant can he built. The technology and the market are 
not fully demonstrated as reQui red by uti 1 i ti es and their 
customers. Once the initial inroads are established, such as two or 
three fully operational energy plants and one heliostat manufacturing 
facility, the suoport can give way to tax incentives, and the 
technology will soon carry itself in the market place. 

3.0 INSTITUTIONAL FACTORS 

3.1 Solar Technology - User Interface 

The ultimate large scale utilization of solar energy lies larqely in 
the private sectors. This requires the involvement of the user in 
the early phases of the proqram, and answerin9 the problems of the 
user as early as possible. Working toqether at all levels - from R&O 
to full implementation is required for new technical 
developments. Cost sharinq with the final user at an early stage has 
many merits. The qovernment risks are reduced because officials find 
themselves dealinq with talented, interested, and capable 
professionals. This is true for utilities and much of industry; they 
have the talent and caoital to evaluate worthwhile projects and put· 
them in place. 

The first users nust receive some incentive, presumably on some 
serious cost shareli basis. The early hi¢} risk efforts, of minimal 
value to the user but of great value to the nation, will require cost 
sharinq by the ~overnment. Later, as acceptable commercialization is 
accompli~hed, federal cost sharing decreases. Energy use 'irf this 
country has been shown to be proportional to previous subsidy, and 
solar will be no exceptfon. The solar cootnunity will never mature if 
it naively accepts the challenqe from the in-place enerqy producers 
that the first solar plant nust be competitive before it will be 
used. Solar needs research funds and initial commercialization 
incentives resembling those granted the oil and ~as inliustries. One 
way is through tax incentives. 

The first most likely users for the central receiver are the electric 
utilities followed hy industrial process heat suppliers and heating 
utilities. The major requirefl'lent of a utility is to orovide a 
reliable product at lowest cost. Because of stronq profit re~lation 
of utilities, reliability is often more important than cost, i.e., 
fuel cost escalations are passed on to the user. On the other hand, 
a public or private utility is forced to keep rates as low as 
possible because of public u.tiliJ;y commis~ ,ll!Kf general oublic 
pressure. This pressure, often too intense, results in fore!]oing 
research to improve costs in future years because .c:>f emphasis on 
restricted budgets in the current year. Research always has some 
element of risk, yet in restricte,j buctqets the first to be cut is 
anything involving uncertainty. Also~ solar is co11111only ·perceiYed to 
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involve elementary technologies and it is difr'fc'ult to develop 
patents for marketinq advantages to protect initial investment. Lack 
of research is a general problem of business, the tendency to 
sacrifice future improvements for short term profits. This attitude 
makes acceptance of new capital intensive solar more difficult even 
with zero fuel costs. 

The Electric Power Research Institute (EPRI) is a ma.ior research 
effort by the utili1:ies. They have been authorized since 1973 to 
levy a surcharg;: aqainst the utility customer for developement of 
research dollars; however, the total funds available are relatively 
1110dest compared to the problems that need to be solved. There needs 
to be some cost sharing with the Federal Government since all utility 
customers wi 11 benefit from many advances made by EPRI even though 
some ar~ not uncler the EPRI umbrella. Also the oressures on EPRI 
come from many directions, not just alternative enerqy development, 
but rather improvement in present fossil systems. solving nuclear 
waste and safety problems, transmission Hne development and others. 

Special attention should be given to unique problems faced by 
utilities in alternative energy development. It is not sufficient 
for the government to develop a product to within a factor of 2 of 
competitiveness and expect commercialization to be passed off 
smoothly to the util it_y. The government can ill afford many large 
scale projects, yet we believe it is necessary for government 
involvement and cost sharing with the enrt user (utility or IPH) in 
the first four to ten significant projects. The qovernment cost 
sharing should decline with each project. The utility or end user in 
each case should be given authority and responsi l>il i ty to move the 
contract to rapid co~letion. If each of these projects were 
developed with different utilities and different vendors, the 
col'l'lpetition requirement of the public could be met. This would 
promote the best projects and move them rapidly from -,-esearch to 
implementation. 

Solar will ultimately bec{'lrne competitive. but under present world 
conditions this could be much too late. Government can play vital 
roles in solar thennal growth • 

3.2 Role of Government in Technology Developrqent 

The U.S. Government throu~h the Department of Enerqy has conducted a 
highly conwnendable prooram to st·imulate the development of solar 
energy in this country. The introduction and support of a new 
technology, althou~ initially uneconomic, is certainly a prooer role 
of government for the long term benefit of the country. As a result 
of this effort we have advanced significantly toward implementation 
of energy production by so 1 ar sys terns. "Ii th the current situation of 
dependence on foreign oil and the concerns within the nuclear 
industry with regard to safety and waste management, we must develop 
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every possible, reasonable source of enerqy. If we wait until the 
demand for enerqy is so high anrl the supply of oil is so l<M that 
solar has "become economic," it will be too late to develop this 
industry. The qovernment could clearly assist in research and early 
implementation with rapid phase out as commercial feasiblity is 
established. 

Diversity in the ~thods of applying solar to energy production has 
resulted in considerable misunderstanrtinq. In an effort to eliminate 
development of uneconomic systems, considerable funds have been spent 
for systelllS studies, evaluations, and rankinqs. The primary failure 
has been a 1 ack of response to the findings of these studies and the 
diversion of funds and efforts into the most economic concepts. 
Because of pressures from many aroups to support yet another new 
system, it has been difficult to move ahead rapidly on the more 
viable concepts. 

One of the most imoortant findings of the past few years has been 
that the increaser! quality in energy prorluction from tracking 
collectors far outweighs the adrlitional cost of tracking mechanisms 
requirer!. For applications above 200°C (392°F) three primary systems 
emerge; the central receiver, the parabolic dish, and the parabolic 
trouah. Of these, the central receiver has been repeatedly evaluated 
as the most cost effective system for si9ni ficant impact on eneray 
production. Also, the cost of energy for first systems is nOf/ within 
a factor two to three of cost competitiveness with fossil fuels. The 
sheer magnitude of these projects does not assure 
comiercialization. There is a parallel consideration from nuclear or 
synthetic fuels. There is no siMle Fortune 500 company that can 
handle the whole project and our antitrust laws may prevent them from 
working together. 

A major problem for any government agency involved in R&D, such as 
the DOE, is obtaining reliable reviews of new proposals by objective 
non-profit oriented referees without the review qrouo becoming 
interested in researchinq the problem themselves. There is a qreat 
possibility for the government review process to promote its o«n 
growth. There is a tendency for the bureaucracy to exoand to llandl e 
the new problem in-house with tile result that little funding remains 
available for outside research. Funding cuts are~ in effect, 
absorbed by industries and universities even if there is little money 
to be managed by the governmental ~rouos. What we need is energy and 
what we want is competition in energy. To achieve both we need the 
involvement of the free enterprise system and universities. Yet 
government forces are required to assure COfllpetition. 

3.3 Incentives, ·sarriers and Impediments 

on and gas and nuclear use in the U.S. have been shown to be 
proportional to suhsidy(83). The oil anct qas industry have had an 
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enormous subsidy in the form of a depletion allowance. Nuclear 
energy has had enormous support both frDtn oresent fuel production 
subsidy as well as lon9 term support for the reactor proqram. Excess 
profits are better handl erl by p 1 ow-hack provisions, fostering more 
competition rather than less. We need ~overnment in~estment in 
energy and support of technology develooment to a point where 
industry will apply private funrls and realize a profit. 

Energy and natural resources play a peculiar role in a free-market
place system in comparison to other qoods and services. Many goods 
and services can either he in short suop l_v or oversupply and the 
econofl'ly responds throu9h the 1 aw of supp 1 v and demanci. Hc,wever, in 
the case of enerqy there is a 1110re serious aspect. Energy shortaqes 
affect almost every aspect of American life. When rapirl escalation 
of enerqy costs is experiencerl, other product supoly and demand 
behavior can become nonlinear. There is no historical orecedent for 
catastrophic enerqy shortaQes, where we may be immediately faced with 
irrational reaction, chaos, and nuclear wc:r. The need for a sound 
energy policy is as stronq as the need for national defense. 

A major reouisite for the implementation of heliostat systems is the 
development of initial plants and the availahility of hardware. 
Hel iostat production in sufficient quantities for solar to Ile cost 
comoetitive with conventional sources depends on the existence of an 
active market, i.e., the commitment to build several plants. 'The 
co1m1itment to build several plants, however, will rely heavily on 
assumptions about heliostat costs in mass production and the 
availability of those heliostats. Only with qovernment stimulation 
can we solve this "chicken and eqq" type problem. A detailed example 
of a scenario for aovernment suoport is given in section 4.3. 

Sufflcient tax incentives or write-offs to encourage several 
manufacturers to build component manufacturing facilitfos will solve 
the problems of component cost, such as heliostats. Also, the user 
or utilit_y coulti be given a tax credit or write off for ourchasing 
first heliostats that do not provide the normal economic return. To 
take advantage of these incentives, utility investors will have to 
receive consitferation from the local PIJC 's or obtain an acceptabl~ 
arrangement with a third part_y. The thfrd party .irranaement would 
consist of a new ,mti ty that can benefit from tax credits where the 
utility investor c<1nnot. The third party constructs a solar plant, 
possibly with a guarantee~.loan, and sells steam to a utility :it an 
acceptable price. Such tax incentives help identify the market for 
the manufacturers of eouip1T1ent and the users of the enerqy such that 
manufacturers and the uti 1 ·, ties can arrive at an agreement. 

There is also a need for additional risk recluction by demonstration 
of hardware beyond the Solar One plant to convince the utility
industry complex to undertake full scale imple111entation. Rockwell 
International has estimated the economic barrier to implementation of 
solar themal electric between now and the year 2000(84}. Figure 3.1 
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shows the differential in projected cost of enera_y for repowerf:'lg and 
stand-alone olants as a function of the year of the start 2f 
operation of the plant. The cost of hel iostats starts at $250/m . 
This chart is basec1 unon certain assumed f~s relating to thP. rate 
at which the plants are huilt anci the cumnlative number of heliostats 
produced in time. 

This partkular scenario assumes that one 30 MWe repowerinq plant 
goes on line in 1985, that a 60 MWe repowerinq plant qoes on line in 
1989, and that two 100 MWe plants with six hours of storaqe go on 
1,ne si,,iu1ta,"n:·uu~1y 'in 1~~S. Since thG ct::r.u~:~t~\'~ !''H:!"!her cf 
heliostats manufactured increases with each plant, the cost oi eneroy 
continues to decrease until about the year 199P. At the same time, 
however. the cost of c;il and qas continue to rise {assumed to be 2 
percent over general inflation). WhP.re the two RREC curves intersect 
is an approximate measure of the year of commercialization. If one 
compares the solar re_powerin,9 ener£JY cost .\ltitb.,.Ji.lM? .tuel-only enerqy 
cost, the crossover is about 1994. The cross-hatched area between 
the b.'O curves is a measure of the portion of the plant cost that 
requires support or incentive ( see figure l....J,. ,,.JM,:,"~p--hatct-.ed 
area relates only to the needeC: cost sharinq of the required plant 
and does not reflect the fact that industry will invest millions of 
dollars in capital equipment to produce the components that go into 
the plant. At least part of this investment would a~o need to be 
subsidizerl until there is reasonable assurance that enou¢1 plants 
wil 1 be built to get the central receiver concept at l~ast near its 
commercialized (economic}- point. He emphasize this situation because 
it relates to the amount of subsidy reouired J.o stimulate the marl(e,t.,,,,, 
so that t'ie ultimate central receiver cost Qoals can he met 
expeditiously. The scenario that forms the bas'is-for this chart 
results in the achievement cf only about 0.1 quad by the year 2000. 
More aggressive scenarios trust be intolemented requiring a minimum of 
two to four vendors :;imultaneouslv desiqninq and constructina 
repowering demonstration units. · - ·· 

To ~et an ambiti0us national goal of solilr implementation, a number 
of key factors must he presPnt io order for utHHies to buy solar 
electric plants at the reouired rate: (1) technoloay reartiness nust 
be dewonstrated, (2) competitive economics flllSt he <lemonstrated to 
satisy utility management, (3) an adeQuate industt-ial base nust be 
present, and (4) a favorable regulatory climate rrust exist. 

Technology readiness is really only achieved by demonstration of 
large size plants operated in a utility environr.":ent. According to a 
utility advisory COlllllittee, a one to two year demonstration would 
probably be the minimum required to brinCI technical r.isks down to a 
level acceptable by the utilities. 

Competitive economics will occur when the proven cost of solar 
plants, as evaluated by a utility, is less than the oil, gas, or coal 
costs which it is displacing. A utility rrust compare a large initial 
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capital investment versus yearly fuel costs which are expected to 
inflate over the life of the plant. Like any other larpe system. the 
solar-thermal-electric system is expected to have higher costs 
associated with early lead units. Solar plants carry the benefit of 
fixing the cost of the enerpy they produce during their lifetime 
(usually 30 years). The only costs that can escal.:ite are 0f.l.1 costs. 

Subsequent cost recfuction is contemolated as learninp t11kes olace 
with investment in aritomated, hiqh-volume production. At the current 
first-of-a-kind solar costs, our studies i!ldicate that solar thermal 
':'!0!.!1~ ~ot bi:> t:"nffl!'PtH.ivP until 11as and oil orices escalate 
substantially. Left totally to free market forces, solar thermal 
would not he competitive until after the year 2000. Without 
government market stimulation, the national stated goal of 0.4 Quads, 
requirinp some ninety 100 MWe plants, cannot he realized. 

The government can assume two prime tasks in encouraqi ng conwnercial 
acceptance: (1) cost-sharinq larqe scale demonstration plants to 
reduce technical risks to acceptable cOll'll'lercial levels, and (2) 
providing direct subsidies to utilities to offset the first-of-a-kinrl 
portion of the cost and the unusual risks associatert with building 
early plants. 

In return for this qovernment investment, govern!'lent ohjectives are 
achieved in reduced oil imoorts, re<iuced natural qas consumption by 
the utility sector, rertuced environmental risks due to the use of 
coal and in the implementation of national solar goals. 

Discussions with utilities and their management indicate their 
willingness to share a portion of the early plants to the level of 
competitive value. Althouqh definitive numbers nust wait until 
repowerinq conceptual studies are complete, oreliminary estimates 
indicate that utilities could provide up to an average of 25 percent 
of the early plant cost. 

Considerinq the time involved· in demonstratinq the technology to 
util:ity sa-tisfaction. the earliest this cost-sharing could occur is 
about 1987. This leaves only 13 years to build up the industrial 
base necessary to ntanufacture the 90 plants required to meet national 
solar goals. Industry will need to invest several hundred million 
dollars in order to builrl the manufacturinQ capabilities necessary to 
supply the heliostats and balance-of-plant components. Substantial 
investments will he required by industry before a self-sustaining 
competitive market is etahlished without the need for government 
l'larlcet subsidies. We expect that industry will be reluctant to make 
large investments until qovernment policies appear stable and new 
ventures appear manageable and profitable. A chanqe in 
administration policy or political climate could jeapordize capital 
investments. 

The proposed DOE solar repowerin9 coricept is an ideal vehicle by 
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which to introduce solar into the utility environment, since it makes 
use of already existin<l utility eQuipment. It therefore minimizes 
oovernment support while directly reducing oil and gas con sump ti on ;n 
those plants. The equivalent of ahout 635,000 barrels of oil per 
year can be saved by each 100 MWe reoowered plant with six hours of 
storage. We feel, therefore, the repowering proQram shoulrl be a 
government high priority ~ffort fo~ Fiscal Year 1981. It is a 
natural extension of the central receivPr concept presently being 
tested at Barstow. Rockwell lnternational(ESG) commercialization 
studies show that a minimum of three parallel large repowering 
programs using several different technologies need to be started now 
w d~111unslr<1le the technoioqy, provide utility acceptance, and 
establish the necessary competitive industrial base to meet the 
national solar qoals. In or<fer to do this, three- parallel design 
stucHes should be initiated in FY 1981. It is estimaterl that this 
would be at a government cost of SSO million in FY 1981. In this 
connection, NSF, ERDA, and now DOE management have fosteretf 
widespread participation of new indu;try teams. 

We endorse an aqqressive repowering program to include the <fesign of 
a mini mun of three oaral lel repoweriM pl ants to start in FY 1931. 
The qovernment role should envision three major contributions to the 
repoweri no oroqram: (1) a direct ma~ subsidy in terms of grants 
to the utilities, (2) cost-sharino of the necessary capital required 
by industry, and (3) covering the "ooen end" or risk associated with 
early plants. Utilities should be expected to contribute only the 
portion of the plant of economic value. Multiple vendors of 
differing technoloqies are necessary to minimize risk and ensure that 
industrial capacity is available when the larqe number of plants need 
to be supplied. Sodium and salt technologies are recorrmended for 
demonstration of electric utility projects, whereas steam and air may 
be preferred for industrial process heat demonstrations. 

Finally, we would like to s~y that repowered solar plants and hybrid
solar plants could competitively displace significant quantities of 
oil and gas before the year 2000. We believe considerably more than 
0.4 quads can- be displacet1 provided we mov.e tterv aggressively along a 
directed program. 

Capital requirement for cost sharing of first plants that would be 
viewed as risks b_y the PUC 's and the rate payer can be met partially 
by the utility, Possibly with particioation of ~tate qovernments. 
Repayment of funds can be made by the oarticioatinq utility uoon 
plant start-up. 

Funds for implementation of solar thef"ITlal cOll'lnercial ization could be 
secured with modi fl cations of the Synfuels Program as proposed by 
Senator Matsuna~a of Hawaii. He proposes that 2 billion dollars be 
taken out of the Synfuels Prooram to be uset1 by solar. He argues 
that the 2 MlHon dollars would oroctuce more results from solar than 
from synfuels • 
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The declaration of a national solar qoal is very helpful to set the 
attitude of ~ndustry and utilities. It remains to be seen where the 
new adf!linistration's area of emphasis on solar will be. If national 
goals neql ect solar to 2050 and beyond,- this techno 1 oqy wil 1 not have 
a foreseeable imoact on our energy problems. If it is given a 
significant place in our energy spectrun for 2000, we will henefit 
from it each and every year. A reaffirmation of goals and a planned 
program are needed for solar to maintain mOlllentum. 

3.4 Social and Political Barriers 

Few perceived social barriers prevent implementation of solar 
programs. Most people believe solar shou1<1 have a lonq tenn place in 
our enerqy picture and are reac1y to encouraoe implementation now. 
There are, however. some who are miximt solar --t.ochnology develo-pment 
with political ic1eoloqy. Their attitude larqely centers on a 
perceived failure of our cities and large institutions as well as our 
enerqy supplies in the bio oil companies anrl utilities. Despite tile 
fa:::t we have a very hiqh standarci of livfog in this country. some 
self-appointed political leaders essentially decide on a blanket 
restructurinq of everythinq they oerceive as faulty. First, it 111Jst 
be said that ever_ythfog in the oil an<1 utility area is not faulty 
and, second, the "blanket fix" is often worse than the problem. 

Inefficiencies of technoloq_y seldom dictate the return to a divided 
system even thouqh there are strong pressures for that today. Two 
power systems are generally more exoensive to operate than one system 
twice the size. Statements have been made that because a <1i<1awatt 
nuclear plant requires a back-up unit, three, 300 megawatt units 
would be better. This does not indicate smaller svstems are more 
desirable but rather that backup is needed regardless· of size. It is 
a question of statistics not size. Multir>le systems have a lower 
probabilit_v of failinq at the s<1me time. We all know that any system 
can fail and that we need one, two or mayhe ten bacl<up systems to 
absorb the failures. The nee'tt 'fieft,~dreds or thousands is absurd. 
T~ere will always he econofll',/ of scale demanding relatively large 
units with the constraint of statistics mandating a required minimum 
number. A gain fo statistical rel iabilit.v for any total system l'll.lst 
he weighed against losses due to the lack of economy of scale. Those 
who favor small systems woulc1 have you believe that each small 
cOltlllunity, and even individual homeowners, should produce their own 
energy. There arP no real technical or econQmk data to supoort the 
argument. Small COll'l1lunities can often benefit greatly from use of 
local energy plants, but this in no way implies that smaller systems 
produce energy cheaper than larqe systems. The smal 1 u!.er often pays 
more l)ecause he wnl not benefit from ec01'c;~ of scale. 

Proponents of small systems have led opposition to solar thermal 
central receivers because the eq~ipment appears to fit foto a scheme 
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of large centralized systems. Ir, fact. the principles of central 
receiver conceots can be applied with econol™' to a great variety of 
sizes, thus appropriately matchinq a greater variety of 
applications. As opiJOSec1 to the very small solar systems serving 
individual residences or buildiMs, we envision the emergence of new 
concepts in utilities, servin~ small communities, isolated 
communities, industrial complexes. remote industries, rural 
communities and other specializec1 customers. These utilities will 
meet the need for reliable electric and heat generation at costs not 
subject to excessive escalation. These aoolications are large enough 
iu idic.e dUVdntdqe of economy of scaie; yet tiiey are srnai i enough to 
meet the special needs of isolated sectors within the country. 
Heliostat systems with energy storage and a conventional fuel back
up can meet size anrl reliability requirements and help to limit the 
cost of energy. 

Of paramount importance in the face of energy limitations is 
population control. Every chil(I horn ahove reolacement level 1 imits 
our freedom of action especially as our space and resources become 
more limited. There are no real quality of life. improvements 
possible if the population ']rowth continues. Hopefully our new found 
methods of communication durino the last century will permit us to 
understand the economics of population before it is too late. Our 
tendency as a civilization however is to only do those things we 
absolutely have to after it is too late. 

The problems of enerqy are not only matters of economic supply and 
demand but also of national security. If we cannot make our system 
work at home, we can hardly hope to live in harmony with the many new 
players abroad defending their CM.n interests. If the U.S. cannot 
solve its energy problel'IS within continential bounrlaries with all our 
available technology, how nuch more difficult will be the task for 
the Thirrl \4orlr1 countries. We neec1 to lead in oopulation control and 
ener9y developement for all of civilization. 

4.0 RECOMMENDATIONS 

4.1 Federal and State Policy 

4.1.1 Federal Policy 

Assistance to utilities through cost-sharinq, tax forgiveness, and 
qrants or quaranteed loan,;; is essential to demonstrate and build the 
first 3 to· 5 solar thermal plants inclur.fin9 Solar One. This should 
he acceptable to the public as a whole shc2 utilities simply cannot 
alone do the job of developinq renewablP resources. local utilities 
do not have the charter to concluct research and development at the 
expense of their local rate payers. If there is no support or 
definition of market, solar will be kept out of the market by the in
place enerqy companies. and utnities will have to pass on all fuel 
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escalation costs to their customers. Thie; may he in the c;hort range 
interest of th~ 1 oca 1 rate oayer but not in his 1 ong ter,,y interest 
and certainly not in the national Interest. Acceptance of dP.layerl 
profits shoulc1 be encouraqed hy givin9 write off cor.sideration to 
solar implementation. Tax credits shoulc1 be given over a period of 
time for solar implementation. 

As in the development of the synthetic rubber industry in World War 
II, loans and abbreviated tax write offs should be used to encouraae 
conc.tn,r.tinn nf "' n1_imh1?r of c~po!"!~!"!t !'!an!..!factu!"in!:; fac'iHtfo!:. Th'i!'.; 
would stimulate the availability of law cost components and foster 
comoetition essentia1 to any solution of our energy problems. 

Encouragement of third oarty involvement is neeoed in develooinq and 
selling solar produced e11ergy to utilf .. _ies. This is necessary at 
present where :.1tility reaulations are largely designed for law to 
modest capital investment ;ind generous fuel-pass-through clauses for 
power production. Solar power is different. For solar, you 
essentially nust pay for the fuel supply for thirty years at start-up 
throuqh the capital investment. Many utilities are ready to buy 
acceptab 1 e new enerqy sources. provided they can someh0w get it into 
the rate base. Unless intelligent decisions are made to include 
solar in our energy mix. it is not clear that the solar transition 
will ever occur in a timely rnanner. Only through 111ass production can 
we teduce heliostat cost· and only through market identification can 
we increase demand. Synthetic rubber production in World War II was 
not fostered hy supply and demand market forces and probably would 
not have occurred in time. New enerqy procluction is even more 
crucial now. since energy snortages could lead to World War III. We 
are very concerned about giving excess profits to inctustry, but 
utilities are now requlatPd sufficiently to pr-event excess profits. 
We as a nation are the benefactors of an enerqy policy that 
stimulates the development of solar energy as a viable non-depleting 
energy source. In summary, the recommendation for the federal sector 
is to move ahead by working with t'1e in-place utility structure and 
other industries to develoo competition in renewabl~ enerqy. 

4.1.2 State Policy 

Many states can benefit from state support of solar proorams. A 
Federal-State cost sharinq approach should help in gettinq the first 
few heliostat power plants in place anct in reducing heliostat costs 
to goal level ancl below. Throu9h Federal-State cost sharing a 
national program can be put in place. The most important aspect of 
state policy would be to encourage utility involvement. A more 
flexible regulatory environment is needed to allow the utilities to 
develop alternate enerqy sources. State support of in-state solar 
projects will improve local economies (use of local labor, local 
manufacturing) and promote the national image of the state. We need 
to assist utilities in producing cheap solar electricity anti not try 
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to reoulate cheap solar electricit_v. Regulation will not work in 
countries contending to have a free market. 

In a similar manner to the Federal level, states should, where 
possible, give fast write-offs and fax breaks for equipment 
manufacturinq plants. They should qive tax considerations for 
purchase of solar equiJ)IIIPnt. They should encourage cost sharinq 
between utilities and rate pa_vers to develop new sources and 
encourage dela_ved profit sharinq. The states should be wHlinq to 
cost share with the Federal Government on utility orojects that are 
profit controlled. The states should support the develooment of HVDC 
transmission, he.t" transmission (sueh as EVA-ADAM) and heating 
utilities. 

4.2 Utility Development 

4.2.1 Electric Utility Development 

The develooment of solar ener<Jy for utility qrids should be strongly 
~ncouraged an~ supported. The larae number of rural utilities can be 
expanded and assisted in supplying our enerqy needs. We need to 
continue develooment of statistically reliable low cost of electrical 
energy systems. This is not oossitile with insistence on a number of 
small sinale stand-alone units. Utilities should not bear the brunt 
of our oopulation problems alone. Clearly, electric energy 
transmission is a socially equitable means of energy distribution and 
is of prime importance to the country. Our technology and social 
structure have in part taken their form based on its existence. We 
believe there are no comparable, acceptable systems with the 
exception of other utilities such as gas utilities. Electric 
utilities can be improved by quaranteeinq a sufficient number of 
operatinq units to ensure uninterrupted service and utilizing 
sufficiently large units to provide ever present economies of 
scale. With the arlvent of silicon controlled rectifiers it is now 
oossible to stably interconnect systems by means of hiqh voltage 
dirtct curreitt(HVDC) lines. HVDC permits lonq distance ties through 
more economic transmission and less adverse environmental impacts. 

Every indication is that electric generation wnl have significant 
impact on our liquid fuel needs in the not so distant future, 
especially in the transoortcttion sector. Individual electric 
vehicles · can readily meet our short distance, daily transportation 
needs, anrl electric mass transit can meet the needs of our cities as 
well as provide for Mqh speed lon9 distance travel. The conversion 
to electric based transportation may appear to skeptics to be a 
large, untenable perturbation to the structure of society, hut we 
believe the structure is much more flexible than it may appear and 
significant changes can take pl -:E> in one or two ctecades. TI:le 
benefits of a conversion to electric transoortatfor, are enonnous and 
needed hy our society. First, we can generate ele-::tr'icit_y from many 
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sources such as coal, - oil, nuclear, solar-thermal, photovoltaic, 
ocean thermal, and biomass, whereas combustion engines require hiqh 
quality lictuid fuels. Second, electric vehicles qenerate little or 
no pollution. It is much easier and cheaper to clean up emissions 
from our electric oeneration facilities than it is to clean up 
emissions from each individual nutomobile. Third, the use of fuels 
to ~nerate electricity for transportation can be more efficient than 
direct combustion transportation. Fourth, with anticipated 
breakthroughs in battery technology the vehicles t'1emse1ves may be 

1~ss e~~en~ivP than combustion vehicles. 

4.2.2 Heating IJtiHties 

Transmission of thermal energ_y via rlirect heat or chemicals will soon 
he p0ssihle over distances of 10 to 50km anct with la,,.i loss. The 
Germans are developing a methane-water decomposition-recombination 
cycle called EVA-ADAM for distributino hioh tel'lperature gas reactor 
(HTGR) heat for distances of 50 to 100km. Their requirement is more 
for process heat than electrical enerqy. Chem'ical heat pipes or 
chemical closed transmission cycles offer efficiPnt means of 
transmitting solar lieat, HTGR hE•at. and heat from large coal 
furnaces. These cycles have a hiqher efficiency in transmitting heat 
than electric transmission preceded t,_y a thermodynamic cycle. The 
schematic for a closed cycle system aporopriate for solar 
applications is shown in fiqure 4.1. The products are not consumed 
but used to transmit enerq_y chemically nuch in the same way freon is 
used in air conditioning circuits. Here the chemical bindin~ energy 
of the water gas reaction is used instead of the heat of vaporization 
in freon. The reaction for the EVA-ADAM system is 

Heat is used to disassociate methane and water into carbon monoxide 
and hydro9en. The user some distance away recombines the carbon 
monoxide and hydroqen into methane and water over a catalyst 
resultinq in the extraction of the bindinq energy heat. This 
"chemical heat pipe" approach avoids the delivery problem faced with 
conventional nuclear reactors intended for delivery of steam. Steam 
Hnes of 10km and longer arP. n<M prohibitive, and this Hmitation 
at1versely affects use of reactors for process heat delivery. 
Additional problems are the actverse imoact on real estate near a 
reactor and the reluctance of an industry to accept a sin(Jle reactor 
as a source of supply. Solar tower parks, HTGR's, coal furnaces and 
even fusion systems, should they develop, could supply and deliver 
energy over reasonable distances and not adversely affect real estate 
values. Heat could also be delivered via salts or oils over shorter 
distances, but further modelinq studies are needed for these 
applications. -
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A very sizable solar IPH market is available throuqh utility 
development. Development of IPH on an industrial, case by case 
basis, is commendable, but many industri-es do not have the capital or 
manpower to develop and maintain t~e required heat source. They 
would nuch rather buy a service from a heating utility er third 
part_y. The product delivered c&uld he process steam at a standard 
temperature and pressure. The heati;,g utility aspect for solar and 
other eneroy alternatives will require some new pol icy and 
leqislative considerations on hoth the Federal and State levels. 

In conclusion, H is hopeful that the status and outlook of the 
program is wel 1 enoaqh understood to carry solar thermal devel opement 
into commercialization. This was the goal set by the oriqinal 
NASA/NSF Study Group in 1972, which we still believe was a timely 
effort leading to laudahle rlecision. 

4.3 Commercialization 

Heliostats are in a state of technical readiness to permit 
application to repowerino and commercialization by 1991. Fro~ 
estimates r-ecently suppli-N ·by Rockwell, a most probable path to 
co1m1ercialization requires $745 million support from the ctovernment 
with $1.93 billion investme'1t by industry and utilities by 1991, the 
point of corrmercialization. With no further exf}enditures by the 
qovernment, the uti1 iti es would he expected to invest an additional 
amount of $24 billion by 2000. This is the amount required for 
attainin'} the 1.0 quad qoal in the solar themal sector by 2000. The 
cost of interme~iate solar electricity in 1991 in constant 19RO 
dollars would be 82 mills/kWhe and decl°ining. In table 4.1 is shown 
the 9overnment incentives reEtU:ired to obtain 0.1 anrl 1.0 quad of 
energy from hel iostat syst~ accordi no to two scenarios proposed by 
Rockwell International(ESG}. The figures for 1.0 quad development 
are based on an accelerated pattern of llevelopment. Notice how 
nearly equal the total incentiv-es are for the two proqrams. The 1.0 
quad proqram is of even greater value since solar systems will 
ooerate in the free market five years sooner than in the other 
scenario. Table 4.2 shows the cash flow schedule qiven b_v ESG to 
imolement commercialization by 19q1. Table 4.3 shows the accumulated 
capacity, natural qas savinqs, and cost of energy under such a 
proqram. The implementation of the 1.0 ouad program would be larqely 
in the Southwest. A survey by ESG reports the distribution of 
potential electric and IPH users on a state ~ state basL; (Table 
4.4). 

73 

I ' •. i-., 



// I 1/ 

, I 

,,. ! 

I 

I 

I ·, 

r·~--

I 
I '. 

\ ·v-
\ 

I 

/ 

,' 

I 
; 

~ /-
/ 

/ - J..-•-
r: 

TABLE 4.1 

GOVERNMENT INCENTIVES FOR TWO SCENARIOS# 

CASE 

1 2 

ENERGY LEVEL BY YEAR 2000 0.1 QUADS 1.0 OUADS 

YEAR OF COMMERCIAL VIARILITY 1996 1991 

PLANT COSTS UNALLOWED BY PUC $408 M $332 M 

HELIOSTAT MANUFACTURING INVESTMENT S2'i3 M $330 M 

BALANCE-OF-PLANT MANUFACTURING $55 M $161 M 
INVESTMENT 

TOTAL GOVERNMENT INCENTP/ES* $564 M $735 ~ 

*THIS TOTAL REPRESENTS THE UTILITY/GOVERNMENT COOPERATIVE USING SHORT-TL~M 
AMORTIZATION OF MANUFACTURING FACILITIES BEFORE THE YEAR OF COMMERCIAL 
VIABILITY 
#COURTESY OF ROCKWELL INTERNATIONAL (ESG) 

_f J 

ASSUMPTIONS 
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GENERAL INFLATION RATE AT 8% 
GAS ESCALATION RATE AT 10% 
COST OF GAS= $2.50/MMBTU 
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TABLE 4.2 

REPOWERlNG CASH FLOW SCHEDULE* 
(MILLIONS OF DOLLARS) 

(SHORT•TERM AMORTIZATION) 

.. ~--:-~~ 

,,, 

-\. I 

/ ' ' -\ \ . '· 
',•-..-·. 

I I 
1986 1 1987 1988. 1989 1990 1991 I 1992 1993 -. - - - - - ,- -

......... -:-,.':,.::---

-, 

!.Q.lli.. 

.------,.DEMONSTRATION PHASE------_,,._. ____ EARLY COMMERCIALIZATION------t-14--COMMERCIAL~ 

4 6 48 
4 6 1 

• .-,I '--r-' 
TITLE 1 TITLE II 

0 0 64 

4 6 112 

48 
1 

64 

112 

48 
1 

TITLE Ill 

64 

112 

*COURTESY OF ROCKWELL INTERNATIONAL IESG) 

I 
I 
I 
I 

0 I 
0 I 

I 
I 
I 
I 
I 
I 
I 
I 

0 I 
I 
I 
I 

0 I -· I 

FEDERAL SHARE 

10 13 
10 13 
~ '-v--' 

TITLE 1 TITLE II 

NONFEOERAL SHARE 

0 

10 

0 

TOTAL 

13 

88 
2 

96 

184 

219 
2 

TITLE Ill 

588 

807 

261 
2 

1051 

1312 

0 0 745 

1789 1788 5505 

1789 1788 6250 
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TARL[ 4.3 

SOLAR CENTRAL RECEIVER FUEL SAVINGS & ENERGY COST# 

1993 

. * MWe (CUM) 1020 

* CUM9 GAj SAVINGS 90.4 
(10 FT ) 

BBEC (mills/kWhe} 82 

*AS OF BEGINNING OF YEAR 
#0.5 QUADS IN 2000 

1°94 1995 -
1620 2820 

158.2 276.3 

82 82 

COURTESY ROCKWELL INTERNATIONAL (E-SG) 
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YEAR 

1996 1997 1998 1999 2000 ---
4010 5970 7920 10,620 13,220 

444.6 694.5 1,026 1,471 2,028 

81 81 81 81 81 
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STATES 

ALABAMA 
ARKANSAS 
ARIZONA 
CALIFORNIA 
COLORADO 
FLORIDA 
GEORGIA 
KANSAS 
LOUSIANA 
MISSISSIPPI 
MISSOURI 
NEBRASKA 
NEVADA 
NEW MEXICO 
NORTH CAROLINA 
OKLAHOMA 
or-:::GON 
SOUTH CAROL I NA 
TEXAS 
UTAH 
WASHINGTON 
WYOMlNG 

TABLE 4.4 

ELECTRIC UTILITY AND IPH 
CENTRAL RECEIVER USERS# 

POTENTIAL LOCATIONS BY YEAR 2000 

TOTALS 

11 n nuan -nT&I \ 
\ J. .u \.lUl"\IJ u 11"\.I,... I 

NO. OF EXPECTED 
100 MWe PLANT 
IW YEAR 2000 

2 
9 

40 
5 

2 
3 

2 
1 
3 
2 

8 
1 

50 
3 
1 

132 

NO. OF PLANTS 
WI TH A VE RAGE 

SIZE OF 
225 MMBtu/h 
( 66 M\olt) 

44 

22 
133* 
16 
22 
44 
22 

133* 
2 

4 
11 
2 
44 

2 
555* 

11 

9 

1,076 

*NO. OF PLANTS IS PROBARLY !ESS DUE TO A FEW LARGE PLf.NTS 
#COURTESY OF ROCKWELL INTERNATIONAL (ESG} 
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The breakcfown of the details of the federal implementation requires 
considerable consultation; however, there dre·-~al es-sen ti al i terns 
involved. These are: 

(1) cost-sharing on two to four electrical reoowerin9 or 
industrial retrofit plants after Solar One; 

(2) tax incentives for manufacturers and users of hardware far 
earl.v olants, includino tax credits, fast write-offs, and 
tax for9iveness for utilities; 

(3) continued research suoport for universities and in1ustry; 
and 

( 4) deve 1 ooment of a heating utility. 

large solar systems in the hands of utilities, industries, and small 
communities will be properly maintained and operated preserving their 
potential for maximum fossil fuel disolacement. We helieve that 1.0 
quad or more by the year 2000 is definitely achievable and, once 
attained, solar oower is an environmentally appropriate unlimiter1 
resource. Solar tower plants are flexihle. They can be added to the 
system as neecfed. Thev are non-no11utinq. The orogram to develop 
solar tower technology is well advanced and on schedule at this time. 
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AC 
APS 
ARCO 
BBEC 
BE 
BEC 
RECH 
BV 
BW 
cav 
CE 
CF 

chem 
CR 
CP.TF 
cyln 
OOE 
EPE 
EPRI 
FSG 
EX~JN 

flat 
/ FM 

/ 
I FWDC 

I GE 
GH 
GM. 
GULF 
IPH 
JPL 
Kf 
MOAC 
MM 
N 

NI 
O&M 
PFR 
PNL 
PSCO 

LIST OF ARl'lREVlATIONS 

Aerospace Corp. 
Arizona Puhlic Service 
Atlan~ic Richfielrl Oil Company 
Levelized Bus-Bar Enerqy Cost 
Radger Enerqy, Inc. 
Boeing Engineerinq anrl Construction Co. 
Bechtel, Inc. 
Black and Veatch Consulting Engineers 
Rabcock & Wilcox Co. 
Single or nultiple cavity receiver 
Combustion Engineerinq 
Capacity Factor, Annual eneray produced divided by 

the rate~ oower thnes 8760 hours/yr. 
Chemical process working fluid 
r.entra1 receiver 
Central Receiver Test Facility 
Cylindrical open receiver 
U.S. IJepartment of Energy 
ElPaso Ele~tric Co. 
Electric Power Research Institute 
Ener(JV Systems Group - Rockewell Int. 
Exxo·1 Research and Engineeri n~ Advanced Enerqy 

Sy•.tems Laboratory 
Flat panel open receiver 
FiQure of Merit (cost/performance r6+io) 
Foster Wheeler Developmemt Corp. 
G~neral Electric 
Gihhs and Hill, Inc. 
General Motors Transportation Systems Center 
C :lf P.esearch and Development Co. 
Industrial Process Heat 
Jet Propulsion Laboratories 
Kaiser Enqineerinq, Inc. 
McDonnell nou~las Astronautics Coro. 
Martin t1arietta Aerosoace OenvP.r 
North collector field, heliostats are 1ocated 
,north of a'l east-wPst line throuqh the tower. 
Northrop, Inc. 
Ooerations and Maintenance 
PFR F.nqineerinq Systems. Inc. 
Pacific Northwest Laboratories (Battelle) 
Public Service Co. of Oklahoma 
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:.~R 
SL 
SM 

SNLA 
SNLL 
SRI 
SRS 
SW 
SWPSC 
TESC 
UH 
usr.c 
WEC 
WTU 

/ 

,, I 

Surround Collector Field, heliostats located both 
north and soutb of the tower 

Shadina an~ RlockinQ 
Saraent & Lundy Enai~eers 
Solar Multiple·, Maximum therma1 enerqy collected 

rtivided by the thermal enerqy required to 
achieve rated output. 

Sandia National Laboratories AlbuouerQue 
San~ia National Laboratories Livemore 
SRI International 
Stearns-Roaer Services, Inc. 
Stone and Webster Enoineerinq Corp. 
Southwestern Public Service Co. 
Texas Electric Service Co. 
Hniversity of Houston 
United States Gypsum Co. 
Westinqhou:;e Electric Coro. 
West Texas IJtil i ty Co. 
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