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SVLAR P" vER SATELLIT~ 
SYSTEMS DEFINITION STUDY 

EXECUTIVE SUMMARY 

INTRODUCTION 

This document is the executive summary report 
on the Solar Power Satellite System Oefinition 
Study, conducted by Boeing, General Electric, 
Grumman, Arthur O. little, TRW, and Brown and 
Root, for i\ASA-JSC under contract NAS9-
15636. This stud)· activity is a part oi the joint 
SPS evaluation initiated in 1977 i,y the U.S. 
Department of Energy and i\ASA an<J scheduled 
for cornplctioo in June of 1980. 

The p.·esent stuay is a separatety-contrd,~ted 
continuation of an SPS definition study con­
ducted under contract Nr\59-15196 in 1977 and 
1978. That stlY.iy, in turn, stemmed frcm still 
earlier efforts. This executive surr, ·nary begins 
with a brief review of prior work in order to 
place the current results in context. 
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Origins \lf the Idea 

Radiant energy from our sun has nurtured the 
development of life on our planet at least a 
billion years. The idea of utilizing some of this 
natural energy for the benefit of humankind~ 
beyond basic life sustenance, has been elCtant 
for generations. Civilization arose when prima­
tive m.in developed agriculture, an organized 
means of utilizing solar energy for food and fiber 
production. The Greeks toyed with mechaniza­
tionc; ••• they recognized that Hero's Aelopile 
could be driven by concentrated sunlight. Win<! 
and water power have been used since the ~gin­
nings of technological development. Wise ard1i­
tects have long recognized that proper orienta­
tion and window configuration in a house could 
reduce heating costs. 

In the ldte 1800's, a !)rioting press driven by 
solar-generdted steam was exhibited dt the PMis 
Exposition. Solar-heated hot water was in \\ ide­
spread use in Florida during the depression yc<trs. 
Ot was later economically displaced by cheap 
electricity and natural gas). Research into the 
11tilization of solar ener~y to procfucP stea l for 
t>lectricity ~eneration was !)ioneE'red hy the 
f\leinels in the I 950's dfld l %0's and the power-

tower concept wa-; introduced by Hildebrandt 
about 1972. Photovoltaic cells were an offshoot 
of the semiconductor technology that began in 
the 1950's. Photcvoltaics have proviaed electric 
power to nearly all IJ.S. spacecraft since the 
beginnings of the SiJact- program. 

During these times, solar energy was widely 
regarded as a subject for eccentric scientists and 
idealists. Oil was c.heap and abundant. The 
world was generally prosperous. Energy supplies 
were f\Ot a problem. It ,_.as into this environ­
ment that Dr. Peter Glaser introduced his idea 
of the solar power satellite (he called it satellite 
solar power station) in 19~. He had recognized 
the advantages of solar energy collection in 
space: (I) higher intensity; (2) dependable 
supply; (3) vanishingly small design loads for the 
neces.5arily large structur~s; and (4) ease of 
orienting the solar collect.Jr towards the sun. 
These could be realized if a means of beaming 
the collected energy to Earth could be found. 

In 1962, Peter Kapitz:a wrote, "It is worth noting 
that, before electrical eni;ineering was pressed 
into service by power engineering, it was almost 
exclusively occupied with electrical communica­
tions prob!ems. It is very probable that history 
will repeat itself: at present, electronics is used 
:nainly in radio-communic..ttion, but it-; future 
lies in solving majoc proh.!cm:; in power engi­
neering." F•!rther, the Russian SPS technoi~gy 
review~r who highlighted Kapitza's view wrote, 
"In its '>ro<id sense, power engineering has always 
been the base for growth in the material well­
being oi human society." 

Early concepts of wireless power tr<tnsmission 
were investigated by Nikola Tesla. His approach 
was t•J excite the entire Earth as a resonant 
capacitor. Later, directed ent·rby tr.msmission 
was develope<! by \\'. C. "~ill'' Brown of 
Raytheon. In the mid-1960'~ he experimented 
with !lelico?ters powered i;y hi0hly directional 
microwave beams. GiJser'!; insight was to scale 
the direct('d-energy e<incept up tu the transmis­
sion of thousands of 111eg.l\\'.1tts ·~f power by u. 
single tran'>rnission link, and tn <:oc~ider the case 
of verv l.:i.rgc apntures, e •. 14. 1000 meters, to 
reJ.lize c;ufficient gain to l'lublc transmission 
f ron. geosynchronous orbit to E..trth. 



geos}'rtchronous 
-ill equivalent to about iJOe 

issues hav~ t1.1 do 

rn 1972, a te<:hnica1 f~asihility study was t'.'arricd 
oot by a cor1tractcr team comprised of Arthur 11. 

Gr:1rnman1 flaytheon, and Spectrvl.:tb, 
by l\:A5A through the Lewis {~cse.lrch 

Center. 

configurath'IS. iflCluding COf'i• 
solar arrays, a r;;icrowave trans­

f ra ir,'7: trtJSS stn.icture. 
SPS was techni­
pruvi~ bas:eloa{I 

Ior utility senri<'.'e. 

Boeing b~gan investigatinl; the• SPS corn::ept in 
l 972. Our Ccirly .studies ,vere very modest in 
~cope, but reathed three relevant c:ooclw.ioos: 

t) Thennat cyde coov<:rsioo oHttrs an alterna .. 
tive to 1Aiotovt,1taic conversion. Figure 2 iUus­
trates eady therrr:aJ-q:de concepts; these did 

;:;lthough some 
were f"'lt"ecastin~ 

expert opinion v. as 
always 0£: eiq:>ensivc-. 

:n )pace trnn~portation costs per k 
payload Cduld <:otnt: d<:i>l.n to about l/tfJ 

oi 

1 - Early SPS Concepts 

2 REPRODUCmn .rrY OF THr: 
ORIGINAi~ :, , ~: 1.< pq0a 
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Figure 2- Configuration Concepts Circa 1972-4 

then-focecast shuttle costs if an SPS-capable 
transportation system could be developed. This 
would plac-e much le~ stringent economic con­
straints on SPS mass and perrr it thinking of SPS's 
becoming economically f-a~ible much earlier 
than formerly thought. 

J) The use ot electric propulsion tor xbit 
transter CO•JJd have significan~ cost advdlltages. 

The "eoerg!f crisis" of l 'J73-7~ t:at.ipulted the 
concept of solar t-nergy utilization out of the 
"eccentric scientist" realm into ar. envir.,nment 
of prdctk:al engineerifl6 study and experimenL 
Tl\is of course was a change in outlook or.If Md 
did net refle•:t any particular technical <k-velop­
ment. ~~early all •)f the attention wa'\ focuSt!Ci on 
grounr!-based means of solar utili.ldtion, but 
interest w.:i:; .~lo;o rent-wed in the ~rs i<'ea. 

Additiln.:tl st11oies and experiments, p ... rtly 
funded by N;\51\ ever the period 197 3 to 197 5, 
establisherl the feasibility of efficient energy 
transfer at micnhhiVe frequencies. lr1 1975 a 
demonstration conducted at JPL transrnitted 
more than 30 kilowatts over a distance gr\'ater 
than a n1ile with a rer:t:ption and conv:!rsioo 
efficiency of '32 ren:ent. 

Figure 3 Hlustrdtes comparative evaluati,>ns con­
ducted under d J 975 3oeing :;tudy ,,f en .... rgy 
conversion alternatives, conducte<"i f<'r !\.~~FC. 
As d result cf t 1leS<: cornp.iriS1.)nc;, nuclear anc! 
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thermionic options were recorr.r:•enced lor de­
emphasis oecause of :heir relatively high mass. 
. .!\t this point, i(ankine- energy conversion had not 
been inve:)ti~dt<:d. 

In the 1 ~75 to I ~7i tir.oe period, '.\ASA <.:on­
ducted a kchnical assessment of SPS .. :nd began 
inllouse studif!:> at t!-.e Johnson ana Marshall 
Space Centers. The Department of Energy con­
ducted its .Jwn assesswent; SPS was discussed in 
congressicnal ht!.uings. The~~ activities led to 
developtflent of the SPS Oevelopa~ent and Eval­
uation Program Pian jointly sponsoret! by OOE 
and NASA. The principal milestooes in t'lis plan 
.:ar-e: 

Refen"nce System Ddiniti:in Report, 
O·::tober 1978 (Complete) 

rreJir1:indr} ?r~1gr .im keC"Oi1HPt'Od.:ttions, 
\~a~· l'i79 (Complete) 

IJpdate..1 Program Re~ommeridettiorls, 
Januar v 1980 

final Pro1·ram lh:t.:omn'.ene:at!ons, June I ~~C 

A-:. .l '"f"Sult, plans weri:> formulatt><I by NASi\ to 
ci1n<luct c;olar power satellite system ddinition 
st Jdies in 1977 in ->rder to support tile first 
111~h~stone •>f the DOE/NASA cv.lluatkm pl.1r. 
Ttwsc would increase by ro\.l~hly an '-'rder of 
maxnitudc the .~egrec of deoth of design anc ( ·ost 
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Figure 3 - Comparison of Power Sateliite Option SiZflS 

deftr:itivn for SPS sy:>tems. One such stua~ "''15 

awarded to l:\oeing througfl the lohnson Space 
Center; the other study wa~ awarded to Rock­
well through the ~~· arshall Space Flight Center. 
The-se studies created reference system designs 
including the solar power satellites, P,round 
receiving stations, space transportation systems, 
space constnJCtion systems and otlM!r support 
syste111!). 

Figure 4 shows t~ design evolutions of the 
prindpaJ types of SPS systems and space support 
systerrs that developed during the JSC/1-\\.leing­
GE study. 

The photovoltaic SPS began with the JSC truss 
configuration at a geometric concentration ratio 
of 2. This configuration was initially sized for 
beginning-of-life output capability. It was l.J.ter 
resized to allow maintenance of output capabil­
ity throughout the thirty-year system design 
life, by periodic array addition. At the 
completion of part I of the study, a totaJ of 10 
photovoltaic options had been c!efined. These 
included silicon and gallium arsenide energy 
conversion at concentration ratios 2 and l and 
various power maintenance methods, including 
periodic annealing. The lowest cost silicon 
system was selected for continuance-into part 2. 
This system employed no concentration and used 
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in situ annealing of the solar cells for power 
•naintenance. The <:or.fi~uration \\·as further 
defined during part 2. 

The thermal engine analyses began \\'it'l the 
Brayton system defined under an earlier con­
tract. Early in the subject c;tudy, an anahsis of 
available data on plastic filrn reflector de~rada­
.tioo in the space environment suggested that a 
30% degradation migi1t occur. Consequently, the 
concentrators were eniarge\.1 to con-.oensate. 
The configuration ~.:as next dlvi,.!ed into :6 mod­
ules with trough-shaped con<:entrators as shown 
under "construe tioo izcd Bray ton." Our in5 part 1, 
Rankine and Thermionic systems were also eval­
uated. Initial ev<1h:ations indicated the Rankine 
system to be 11lore massiv1~ th.an the Brayton 
systern. However, a cycle temperature ratio 
optimization resulted ir. a lower overall mass .. rnd 
the Rankine option was -;elected. Adc.fi-..ional 
c:esign changes introd1JCe<' at this point elimi­
nated steerable facets fro :n the concentrator by 
flying t~ ~ystem aJwa}'!i ~Hctly facim; the Sl.ln. 

l'owan.1 tile end d the study, new infor.•1ation 
became availabk· on plastic film reflectors jndi­
catin~ that degrdc!ation \V(•ul<1 r>0t occur and the 
final system c:."fi~ur.itioo was, therefore, 
res;7.cr1 to reflect nonde~rdu.1t1t>n of tht" concen­
trator. 
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Figure 4 - SPS Sysiem Definitions Study Design Evolutions 

The principal evolution in space transportation 
systems was in the launch vehicle. The study 
began with "1 230-ton payload heavy lift launch 
vehicle defined by an earlier transportation 
study. It had a large expendable payload shroud. 
Packagi~ analyses indicated that higher payload 
densities could make possible a reusable shroud. 
Staging optimization studies led to a 400 ton 
heavy lift launch vehicle that went through the 
evoJution shown. Also, a two-stage winged vehi­
cle option, based on earlier JSC studies, was 
added. Later, the winged conf~uration was 
updated and selected over the ballistic option 
based on a judgement of less technical risk. 

Studies of chemical orbit transfer vehicles 
included space based and Earth launched options. 
The orbit transfer option taken from the future 
Space Transportation System Analyses study was 
found to be least cost and was retained. Inves­
tigation of the means of moving the SPS hard­
ware itself from low Earth orbit to geosynchro­
nous orbit continued to indicate a significant 
cost advantagP. to the self-power l'."'1cept. 

The evolution of construction concepts began 
with equipment. The initial constnJction base 
concept was for the conccntratiorr.ratio-2 ~tel-

5 

lite and included little detail other than overall 
size and shape. This construction base concept 
evolved to the illustration shown at the lower 
right hand corner of the c:hart. This construction 
base included capabilities to construct satellite 
modules and transmitter af'tennas. Analogous 
constrnction base concepts were developed for 
the thermal en~ine systell', but are not shown. 

T'le principal conclusions reached by the study 
were as follow~ 

( l) Silicon wa') recommended as reference, 
gallium arsenide as ;-dternate: Silicon was 
seen as l0west risi<, and cost difference:; 
were within the unu~rtainty band; 

(2) Rankirte was recon:mende<! over Br<lyton: 
Thermal cycles presented construction and 
transportation problems when exarr.ined in 
c!t»tail; therm.ti cycles, howev1?r, provide a 
hedge af.·linst potenti.d phot<'voltaic'> cost 
prohfems; 

.(3) The klyo;tron referem.·e power trans1l'itter 
design was dE'veloped: ;;<'tailed error analy­
sis confirmed potential for efficient powt-r 
transfer; 



(IJ) The wiflAed HLL \' was selected over the 
ballistic option: The transportation cost for 
either was estiH\ated as $11/Kg to lEO; the 
v. inged option appeared to present less risk; 

(S) Electric self-power orbit transfer was 
selected over L<;>2/LH2 OTV on the basis of 
lower c.ust. l'laepenaent electric OTV .,els 
not investigated; 

(6) An end-to-end space constri.iction approach 
and facility concepts ,..as developed: Con­
struction simplicity was a factor in select­
it~ cO!lCentration ratio = I; 

(7) Initial analyses of SPS maintenance and 
power grid compatibility were conc.tucted: 
Level-loaded maintenance was selected as 
more economic than concentrating on 
equinox per ioos. 

During the summer of 1978, followin,; the study 
just discussed (and the companion study by 
Rockwell International for the Marshall Space 
Flight Center), NASA developed a reference 
system de>scription published in October 1978. 
This system description drew data from the 
Boeing Study, the Rockwell Study, and 
l'ASA-Johnson and Marshall Space Flight Center 
inhouse studies. Principal features of the 
reference system are as follows: 5,000 
megdwatt SPS, one transmitter-silicon and gal­
lium arsertide solar cell options; klystron trans­
mitter- magnetron and solid state recognized as 
potential options; GEO construction ""·ith inde­
pendent f?lectric OTV; tw~-stage vertical take­
off, horizontal landing rocket ltLLV. These 
decisions were made in parallel with the begin-

nin1r of the current Boeing study for NASA 
Johnson Space Center. As these decisions 
became clear the present study adopted them 
wht-rever possible, examined alternatiw:·s in cer­
tain cJ.ses and i~ now in consonance with the 
reference systerr: description. 

INTRODUCTION TC STUDY RESULTS 

Study Tearr. 

The present study was initiated in July of 1978, 
~r JSC technical direction. The JSC teC-ni­
cal manag~r W<iiS P. l~sor.. The study team 
includes 8oeing as prime contractor and Arthur 
0. Little, Bro~m & Root, General Electric, 
Grumman, anct Tl,~W as subcontractors. The 
study team leaders for each contractor are 
named in Figure '· 

SPS System Description Summary 

The composite drawing of Fi~ure 6 illu~trates 
the main features of the present reference 
design silicon-solar-cell SPS. The solar array 
consists of !?lass-encapsulated 50-rnicrometer 
silicon solar cells suspended in a space frame 
cubic truss work of 128 bays, each 667 .5 meters 
square ana 470 meters deep. The c.rray area of 
49.6 square kilometers generates 8766 mega­
watts of de electricity at 44 kv. This electric 
power is conducted by an arrangement of ten 
pairs (\f busses to the slipring where it is trans­
ferred to the power transmitter. The trans­
mitter converts the electric power to 6700 
megawatts of radiated RF power at 1,450 
megahertz. A total of 101,552 high-efficiency 
klystn."lfl power transponders conjugate and 
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Figuffl 6 - SPS Silicon Solar Ana, Reference Design Concept 

amplify the uplink phase control signal and 
return it to Earth as a power beam. Each 
klystron is individually phase-controlled to main­
tain precision beam forming and high gain. The 
SPS solar array is maintained sun-facing by an 
electric propulsion attitude control system and 
the transmitter is maintained Earth-facing by a 
combination of turntable drive coarse pointing 
and control-moment gyro (CMG) fine pointing. 

The complete SPS system includes not only the 
satellite, but also space construction and support 
systems: a base in low Earth orbit (LEO base) 
for construction of electric orbit transfer vehi­
cles (EOTV's) and for service as a space trans­
portation staging and logistics base; a base in 
geosynchronous orbit (GEO base) that constructs 
the SPS's and serves as a maintenance support 
base; and the mobile maintenance systems that 
visit operating SPS's to provide periodic mainte­
nance. Ir. addition, space transportation provides 
crew and cargo transportation with four 
vehicles: Heavy Lift and Personnel Launch Vehi­
cles, and Electnc (Cargo) and Personnel Orbit 
Transfer Vehicles. Finally, on Earth there are 
SPS receiving stations and the industrial and 
transportation infrastructure and integrated 
operations management that support the entire 
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enterprise. The entire system is symbolized by 
Figure 7. 
A further aspect is provided by a timewise slice. 
The SPS program, beyond the present phase of 
paper-study evaluation S\Jf)ported by a few 
exploratory technology investigations, is 
projected to include five phases as summarized 
here: 

o Research-[valuate and select SPS tech­
nologies; resolve technical, environmental 
and socio-econ~mic issues; 

o Engineering verification-demonstrate con­
version of SPS technologies into practical 
engineering hardware; 

o Oemonstr:itior.-demonstrate end-to-end 
operational suitability of SPS as a baseload 
electric power source; 

o Investment-create the industrial base to 
produce SP~ ~em·rating capabity at 10,ooa 
megawatts/yr; 

o Comrr.ercial prcduc den-inst.ill and main­
tain 300/,00 :ne~awatts of SPS gtmeration 
c:apacity over 30-year peri<><l 
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Figure 7 - Integrated SPS Program Operations 

The reference systems concept just described 
was one study result. It was presented at the 
outset to provide a frame of reference for the 
reader. 

The study was comprised of eight tasks and was 
conducted in two phases. The accomplishments 
and conclusions ire summarized in Table l. 

Task 

Baseline Critique 

TABLE I 

PRINCIPAL STUDY ACCOMPLISHMENTS AND CONCLUSIONS 

Phase Accomplishment 

I Developed in-depth critique 
of baseline 

I 

II 

Corrected design deficiencies 

Evaluated electric orbit 
transfer vehicle in comparison 
with self-power 

Defined solicf-state SPS 
option 
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Conclusion 

No fundamental f!aws but several 
design deficiencies that should 
be corrected 

No significant change in mass, 
cost, or efficiency 

Cost & risk differences not 
decisive; adopted OOE/l\iASA 
referen<:e (EOTV) 

o Antenna-mounted approach 
is viable 



Task -

Constructirn 
and Maintenance 

Industrial 
Complex 

.,... .... , 
TABLE I <continued) 

PIUNCIPAL STUO\' ACCOMPUSHME!'llTS AND CONCLUSIO~S 

II 

II 

II 

II 

II 

AccompJishment 

Re-analyzed reference design 
with mass&:: cost estimates 
at \t'BS level 5/6 

Evaluated six construction 
approach options (Grumman) 

Developed low-cost rectenna 
construction design and 
approach (GE) 

Defined construction ba!.e 
(Grumman) 

Updated&. extended maintenance 
analysis 

Identified production 
capacity issues {:\l)L) 

Scoped ine·.1strial co:npJex 
needs (..\DU 

o~veloped industridl co nplex 
c·ost estimates (ADL/Boeing) 
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Condusion 

~ Solid-state transmitter 
opti1nizes at 2SOO megawatts 
deli·1ered, and is nearly as 
cost-effective at that power 
cts the Klystron system 

c Solid-state is sufficiently 
attractive to 'llerit further 
analysis & re~earch 

o No sig'.'lificant change in mass 
or cost 

o Information rnanagement 
and control needs a hierarchical 
computer network with internal 
diagnostics and fault 
correction 

Selected 4-bay end-builder as 
best overall approach 

o Rectenna costs dominated 
by materal costs 

o Rt>etenna costs reduced; 
$520/K'l'e (l 979 $) 

o Overall appr•'ach is sound 
o Construction crew of 440 

f..Jr 2 SPSiye.ir 
o Construction cost is about 

10% of SPS cost 

o \1aintenance cost is about 
0.3¢/Kwh 

\~ajor iss11E."• are: 
o Photovoltaicc:, 
o Kiystr;..'rls 
o Composite structural rndterials 
o Rc1~tenn.ls 

o Prvble111s arf' tractahle 
o GrounG transportatil)n 

not a problerr, 

Costs •Jf th'~ cequircd industrial 
c,i:·nplox • .lre ,1fforddhle in a context 
of afforu.1ble SP~ <~lectricity 



Launch Complex 

Operations 

SPS/Ground 
Power Network 
lntegra tion 
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TABLE I (Continued) 

PRlf\:~IPAL STUDY ACCOMPLISHMENTS ANO CONCLUSIONS 

II 

l/U 

II 

II 

11 

Accomplishment 

Evaluated F.quatorial launch 

Defined KSC launch site 
requirements 

Developed offshore launch 
complex concept (Brown & Root) 

Analyzed depressed HLL V 
trajei:tories 

Developed integrated opera­
tions approach and 
definition 

Examined rectenna siting 

Updated rectenna descrip­
tion (GE) 

l'pdated rectenna/network 
interconnect 

Updated SPS reliability 
and availability 

Assessed SPS LOLP, unit size, 
control, and resr.rvi:' margin 
requirement 

10 

Conclusion 

o Found no major perforrr ance 
advantage 

o Recognized potential need 
to eventually move fro:n 
KSC because of traffic level 

o Launch & recovery site costs 
of added facilities::::: 5 Billion 

o KSC capable of handling SPS 
launch rates up to - l OGw/yr 

o It's feasible 
o Probably least cost way to 

develop equatorial launch 
capability 

Trajectories that avoid potential 
environmental concerns result 
in less than 10% payload penalty 

o Operations management not 
a cost driver 

o Communications requirements 
can be rnet without high costs; 
need two relay satellites 
at GEO 

o Adequate siting opportunities e" 

o Energy-intensive materials 
use can be minimized 

v Rectenna is compatible 
with either HVAC or HVDC 

Availability .... 0.92 

o Unit size not a rroblem 
o SPS cannot c0ntribute 

to frequen:-y control unless 
special synthesis techniques 
are developed 

u SPS will not have a major 
impa•'t on reserve margin 
n:quirf'rnents 
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Technology 
Advancement 
& Development 

Costs & Schedules 

Exploratory 
TechnoJugy 
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TABLE I (Continued) 

PRINQPAL STUDY ACCOMPLISHMENTS AND CONCLUSIONS 

.eh!!! Accomplishment Conclusion 

l/U Analyzed SPS development 0 Identified & characterized 
S-phase prograr~ structure 

a S-phase program facilitates 
risk management 

0 Overall non-recurring cost 
is affordable based on projected 
SPS market; will be repaid 
by taxes from operating units 

I/II Developed overa1J non-recurring 0 Costs relatively insensitive 
and recurring costs &: schedules to rnetholodogy details 

0 l 8-:~ years needed to comrner-
ciaJize SPS 

Tested Laser Annealing of H ecovery of al::>out 50% wa~ 
.50-}Jm solar cells degraded consistently demonstratcc! 
by proton irradiation 

II Tested a fi!)er-optic phase Received signal much stronger 
distribution link at 980 MHz than expected 

II Additional Exploratory 
Technology was in progres~ as 
of this report date 

The following discussion is keyed to the dc..:com­
plishments ~wnmarized in TabJe l. 

nature. 1\ nu111ber of significant items wE:re 
identified and are summarized in Ta':>le 2. Of 
particular importance were concerns reg~rding 

materio.ls and nower electronics lifetime, and 
plasmu-high v~1ltage interactions. 

Critique Summary 

The study began with a critique of the 1978 
reference design. The critique concluded that 
the SPS concept had no fUndamental technical 
flaws, but identified several design deficiencies. 
The critique was conducted by an independent 
panel of technical experts. Roughly l 00 critique 
items were developed, some of an incidental 

11 

In addition to i.~ese items, there were certain 
critiqJJe ite·ns of an environmental nature. 
These were previously !...nown and arc included in 
the DOE envir0nmental impdct assessment 
activities. As they are outside the scope of the 
present systems definition study, they are not 
included in thi~ description of study results. 
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Construction Location and Orbit Transfer 

As a part of the baseline system task, construc­
tion location and orbit transfer options were 
reviewed. The three concepts compared were: 
(1) LEO/SPM: constrnction of the SPS in low 
Earth orbit and use of self-power to move SPS 
modules to GEO, as proposed by the earlier 
Boeing/GE study; (2) LEO/SPM/EOTV: the sa•nc 
with use of EOTV's to return self-pov.-er oropul-

Eamilllll llf GE: nat I ....... ift SPS .. ,,_ 

llsllrda Phlse ( ........ 

DefinilDn ......... in IHSMI sbllly 

• ......................... llSts 
mnlint genen• .... llCh: lllUdl emphisis 
,...,.. during nsadt ....... 

Design c:hangld tD eli-- identifilll 
r.ilure..., 

sion equipment to LEC' far reuse; (3) GEO/ECTV: 
constri.x:tioo at GEO ll'ith use of EOT\"s for all 
cargo orbit transfer. Cost trends with time for 
the three orbit transfer/construction locations 
options are shown in Figure 8. 

Although ~ frant-end cost advantage was seen for­
Lf.O/SPM, the overall trade was too close to call; 
the DOE/NASA t.aseline (GEO/EOTV) was 
retained. 

-1111 120 ~---------------""' 

TRANSPORTATION 

AND 
CONSTRUCTION 

COST 

fOOLLARllN 

81LLIONSI 

• 
• 
40 

,.__..._..._._. ....... .__._...._..__. ................ .._. ....... ._. ____ _ 
0 2 4 • I ~ U M q 

NUMBER OF 10.GW SPS CONE PER YEARt 

Figure 8 - Cumulative Cost Comparison 
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Solid State Transr.:itteB 

It w cmdrded .-.a 

During Phase I of the study. parametric analyses 
of SDlid state SPS's were developed, indicating 
possible advantages of the solid state approach 
far power outputs in the 1000-2'°° ~awatt 
range. A potA'ff con.biller module concept wu 
also developed, well-suited for implementatioR 
in an SPS similar to the reference ""-onfiguration. 

Early in Phase B the parametric analyses were 
extmded to investigate soli<!-state "sand\\·ich" 
configurations. ("Sandwich" co.1figurations 
employ solar cells and mil:rov.-ave amplifiers in a 
sandwich baci<-to-!>ack configuration. Sunlight is 
concentrated on the array by plastic film 
reflectors. Sandwich configurations are 
thermally limited to low powers.) These were 
compared with separate-antenna options and 
found to be potentially inten:sting in the low-

t-- 7l4l.S • · _J 

power (< l JOO megawatts) range but offer~ no 
ooique advantagn, if. a mlution to the power 
supply problem for separate-antenna options 
were developed. The sandwich configurations 
are mechanically complex ·and pose worrisome 
construction issues. 

A solid-state reference configuration was 
created in Phase IL Investigation of series­
p.vallel connections of the solid-state amplifiers 
as regards de po•-er supply indicated this to be a 
promising approach. The solid-state configw-.­
tion, shown in Figure 9, is similar to the refer­
ence configuration with the following rnaj« 
differences: 

o The power delivered to the grid is 2'°° 
megawatts rather than 5000 megawatts. 

o The array size is 8 x 1l bays rather than 8 x 
16 bays. 

o The array voltage if 5.5 KV rather than " 
KV. This array voltag~provides !,2.2 KV to 
the transmitter after I R drop in the power 
conductors. 

o The transmitter aperture is 1.!J km rather 
than l.O km. 

SJIO • 

Figure I - GW Solid State SI'S Configuration 

·~ 



o The transmitter employs gallium arsenide 
FET's rather than klystrons. 

A mess estimate for the solid-state configura­
tion is presented ir. Table 3. The mess is aboot 
70i't of the klystron reference system although 
the power is only .50%. The comparatively low 
distribution voltage leads to ~ distribution 
losse5 (thus prop.:>rtionately more solar array) 
and a heav)' distr~bution. conductor system. 

• De:$pite comparatively high losses,· the direct de 
system has less mass .and cost than hi~-voltage 
systems because the latter require p<'wer 
processors and their associated tnermal control. 

Future work is expecte<! to re<bce the po~-er 
distribution penalty by achieving higher distri­
bution voltages. 

A recurring cost estimate for the solid-state 
configuration is presented in Table 4. The cost 
per kilowatt is about 35% greater than for the 
reference system. As with mass, this arises 
mainly because of the low distribution voltage. 

The cost trend chart, shown in Figure 10, was 
developed early in Phase II to compare solid­
state "sandwich" configurations to the klystron 

reference systems. These appear to trend very 
similarly to the refereitee configtrations. The 
sandwich appears to trend below i.he baseline 
only when advarh.."'!d technologies ~ as very 
high efficiency solar c.ells or selective reflectors 
are employed. These technologies, however. 
would also improve the cost and performance of 
the reference system. 

The antenna-mounted solid-state systerr. is aiso 
spotted on the chart. It falls slightly above the 
trend line. Further work on the power distribu­
tion problern is expected to move it down to, or 
slightly '>elow, the trend line. .· (Note that this 
chart uses 1977 dollars whereas other r"!sults in 
t:1is report are in 1979 oollars.) 

Reference System Definition Update 

'The ~ system update resulted in little 
change in mass and cost and provided impartant 
impnwements in desiD'a under standing in several 
areas. 

During Phase n, the reference system definition 
was updated to incOt"fX>l'ate correction of design 
deficiencies and improved definition in some of 
the subsystem areas. As a part of the system 

Table 3 - Solid State SPS Mass Summary --ll SPS 

l ll ENERGY CONYERS ION 
lttl 
1.LL2 
LLU 
lll4 
LLL5 
lll6 

STRUCThRE 
CONClNTRATORS 
SOIAR 81.ANKEJS 
POWER DISTRIBUTION 
THERMAt CONTROL 
MAINTINANCE 

1. L2 POWER TRANSMISSION 
. L 1.2.1 STRUCTURE 

1. lZ.2 TRMSMllTER SUBARRAYS 
L LZ.3 POWER DISTR. & COND. 
L L2.4 PH~SE DISTR. 
L t2.5 MAINTENANCE 
L 1.2.6 ANTENNA MECH POINTING 

L 1.3 INFO MGMT & CONTROL 

L L 4 ATTITUDE CONTROL & 
STATIONKEEPING 

LL 5 COMMUNCCATIONS 

L l.6 INTERFACE 
1. l. 1 GROWl'H & CONTI NG. cmt 

14 

35,ZIM 

22,Cl87 
Z.151 
Q 

M,G 
4,«X> 
(Ot 

427 

6,365 
460 

4,Cll 
1.262 

ZS 
20 

111 

145 

146 

0.2 
m 

6,348 

Detailed estimate 
Not l'IQuind 
Scaled fnNll reference 
Detailed estimate 
Allocatld w smsysteins 
Scaled fnNll reference 

Scaled from reference 
Detailed estimate 
Scaled from LL 1.4 
Scaled from reference 
Docking por1S onlJ 
Scaled bJ MISS • Am 

SClled from reference 

Scaled frvm reference 

Same as reference 

Esl based on !:impliflcation 
San ,. as refel'fnce 
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Figutr1 10 - SPS Cost Trends 

definition update, the level of definition was 
carried to \V8S Level ' on the satellite, with 
details at Level 6 in most area~. Figure 11 
illustrates a typical definition item. The masc; of 
each box and cable was estimated and the mass 
contribution to each satellite was estimated 
from the number of each item per satellite. 

IS 

The updated definition provides additional detail 
especially in the following areas: 

o Maintenance provisiJns 

o Phase distribution and subarray control cir­
cuits 
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Figure 11 - Typical System Definitiun at level 5 (WBS 1.1.2.2.5, Subarray Control Circuits) 

0 

.\n i11.pertd11t chanJc from the earlit:r C:•c·fi11ition 
is that the pha~e c0ntrol system i;.-as madified by 
:1rovicing an \.!plink receiver anc phase C..)nj:..i­
ga tor for <!ad 1 klystrnr. rather than for •":lCh 
su'.ldrray. Two benefits reso.Jlt: 

0 

•) 

The t.ea.•n efficiency is improved by about 
I ·-:, witii attendant value cf the oraer of 
$ ! 1Y1 :i:illior-. exceeding the cost of the 
order vf $50 millio11. (The efficier.cy chain 
has not heen updatec fro;n earlier stU<:ies as 
thi5 srnaH ir.!pro"ernent is \\:eli \'. ithin the 
1 r!'lccrt.iint~ 1Jand.) 

The- ~r<..ting lobes are reauced in nun,bcr and 
!ntcnsity, as shown in Figure 12. The 
-;trc:west gro ting lobes a'f reduced tnn1 
rnu<hly 40 .'11i<zowatts/c-rn to less than 2 
11.icrowa tts/cr; · . 

A si/!1if1ca11t sd of conclusions was reached 
reg ~rc.ing in for. nation management dnd control: 
(l) The quantity of GC!.td to be handled demands a 
hicrarci1ical computer netv:ork with i;1ternal 
didgnostic and fault correction capability; (2) 
The :-csulting -.ystern should not pose ira.jor tech­
nical or cost problems in the tirPe fra•ne of 
intere'>t. 

Th.:>: :1·'1'>" .mo r,1st results of tile referf';,ce 
systt•r: ·Jp<idte ar<' tabulated ir. TafJle" 5 .J.nd ... 
T<.lbh· ) presents mass ,md recurring cost el~­

rnents for the s.:itellite. 

16 

AverJ.ge SI'S recurring custs including all W~S. 
cle•~:ents are summ;uized in Table 6. The cost 
estimatin~ method for s.:J.tdlite hardware imph­
c:itl)' inc!t1,1es amortizativn of factories and 
eqliipr;:ent. sn an appropriate a:r,0unt ha'.> bee1~ 

sut-tracteo tiere, since thest~ i:.vestnients w1..~re 

iden~ i fied as a di sere k nor:-recurr ir1!? cost 
induoed under the irwestn:1..·nt phase .)f th!..' pro­
grc. T .• 

Det...-r,::inati,m •)f the cost of dll :--PS tv a :1tility 
:-equircs specific: ddiniti .. m of findi1Cial and man­
age: .. ent SCC'11ari ... 1s. A r<>presentative fii~ure m2y 
be obtained by .i<ldin; 0.1:-'.·: the i;1.plicit amorti­
Ldtion an·! then acidini:" J '> · •• for financ:icl costs 
such 3S interest ~urm~ t:onstr:1c~!on; the re.,•11! is 
$14.~ h11Ji .. 1n. just U'1der ~300G/!~'.\'e i1~ 197'1 
dcllarc;. 

During l'i1ase 1, c;r;i;1,n1an .ui.J f\,1,'in~ j•1i11tly 
exarr~ined d nurnb··r of cunstructi .. 1;1 .ipproJ.ches. 
the 111ost ir:•~l1rt.Jnt d[o;strJ.tt•d in Fi?,llrl' 13. The 
four-bay end-builder was selected as a result of 
this tradeoff, based on its productivity potential. 

During Ph:.ls~ II, 1...~run mar. cc.nc1iich'd .:i. dt'linition 
dt0rt 011 thf" 11,.:·o-;ynd1ronous l1rbit (111..iin) con­
strunion bas·~. The results provide a thorough 
understanding of SPS construction and clll 

adequate basis for space worker health and safety 
assessments. l\r'c!itinn.:d d<-tiniti,1n ot th~: LJ:l' 
htaging <tnd el,.ctric orbit trdnsfrr vdu,-k co11-
str1w ti0n) h~~S'.' w;ic; pro\ 1de<l hv I\,,, in~. :\n 
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lJ\ll£ Fnm Nf>li'( SltU . .ATUJi If QVilltli WIS: 
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DISTANCE FROM RECTENNA CENTER, ICM 
Figure 12- Large Phased Array Simulation of Grating Lobes: Effect of Subarray Size 

Table 5 - SPS Hardware Mass and Cost Summary 

SPS TOTAL 

ENERGY CONVERSION 
STRUCTURE 
!=OLAR :BLANKETS 
POWER DISTRIBUTION 
MAINTE.~ANCE PROVISIONS 

POWER TRANSMISSION 
S"'RUCTURE 
SUBARl\AYS 
POWER PROC. & DI STR. 
PHASE DISTR. 
MAINTENANCE PROVISIONS 
ANTENNA MECH POmTING 

INFO MGMT & CONTROL 
COMPUTERS 
CABLING 

ATTITUDE CONTROL & STA. KP. 
HARDWARE 
PROPELLANT 

COMMUNICATIONS 
INTERFACE 
GROWTH ALLOWANCE 12~} 

MASS 
50,984 

27,665.9 
4,654 

21, 144. 9 
1,246 

621 
13,628.9 

324.3 
10, 389. l 
2,538. 7 

12.3 
230.2 
134.3 
95.6 
43 
91. l 

212.1 
142. l 

70 
0.18 

235.6 
9, 146 

17 

COST S/KG 
4,945,9 

2,859.6 
448.2 96 

1, 987.8 94 
149. 9 120 
273. 7 440 

1, 768. 7 
25.6 79 

889 86 
324. l 128 
12.5 1016 

503.9 2189 
13. 6 101 
48.0 
30. 7 6822 
17.3 190 

160 
160 1126 

8 44,000 
101. 6 431 

Carried at Next Level 
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Table 6- SPS Recurring Cost Summary (1979 Dollars} 

SPS HARDWARE AS COSTED 

LESS IMPLICIT AMORTIZATJON 
OF INVESTM~T 

SPACE TRANSPORTATION 

CONSTRUCTION OPERATIONS 

GROUND TRANSPORTATION 

RECTENNA 

MISS ION CONTROL 

PROGRAM MANAGEMENT & 
11\lTE.GRAilON 

COST ALLOWANCE FOR MASS 
GROWTH 

4946 

473 
4473 

312o 

961 

35 

2578 

10 

495 

1fiJ 

TOTAL DIRECT OUTLAY 12,432 

BASUIN£ NfD DERIVATIVU 

• GF'l 
• I.,:\. "'S .. , f"I ~··c 

• ~ llZ''.S 12.U • 

--------· 

IHalf of 10.61" per annum on 
8924 M for factories and 
production equipment! 

Based on SPS mass with growth' 

Includes 10 support peiople on 
the ground per space worker as 
well as mnstrudion base spares 

Equivalent to 14,000 direct people 

lJY. of net SPS hardware cost 

4 r.•n . ) -··~ 

Figure 13- Alternative Construction Concepts 
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example of GEO base definition is shown in 
Figure 14, an illustrdtion of the iio-31 stages of 
yoke/rotary joint construction. 

In the first view, the yoke is shown complete 
positioned ready to receive the antenna. The 
construction facility is positioned to the left to 
complete fabrication of the remaining yoke 
sections. 

In the second view of Figure l~, the antenna and 
yoke have been n:ated and the yoke, supported 
entirely by the indexer supports has been 
separated from the construction facility. The 
facility is now free to begin fabrication of the 
rotar i joint. 

This definition effort led to an update of space 
construction base costs, masses, and ere"' com­
plement requirements. These updates are 
reflected in the system costs presented edrlier. 

Rectenna Construction 

General Electric defined a mechanizatioo and 
structural concept that reduces rectenna costs 
from earlier estimates. A pictorial summary of 

• COMPLETE YOKE FAB 

the construction concept is illustrated in Figure 
15. The basic support structure is steel­
reinforced concrete. This support structure is 
emplaced by construction equipment employing 
advanced technology location systems to allow 
precise location of the footings. Support and 
rectenna panels are manufactured at the site in 
poctable factory buildings and moved for instal­
lation as illustrated. The resulting total 
rectenna cost, ~ncluding the rectenna-power pool 
interface e~uipment, is $257.3 millions in 1979 
dolldrs; this figure is reflected in the costs 
reported in Table(. 

Concurrently ,,,·ith the Ph~se II effort, Boeing 
developed a concept for using rectenna struc­
tures as a basis for large-scale controlled-envi­
ronment agriculture (i.e. a greenhouse). This 
<ippears quite feasible and would ameliorate con­
cern!> reg3.rding the land use dSSociated with 
rectenna si t~s. 

Satellite ~\aintenance 

Satellite maintenance analyses concluded that 
maintenance costs would be roughly O.J/lkwh and 
that failed hardware should be refwbished at the 

ROTARY JOINT 

• COMPLETE ROTARY JOINT 

• FAB & INSTALL YOKE/ROT. JOINT STRUTS 

• INSTALL BUS 

Figure 14 - Yoke/Rotary Joint Assembly 
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• • • • • • • • 
CD 

CD 

__ - ARCH INSTALLER 

fOUNDATION MACHIME 

0 

Figure 15 - Five GW Rectenna Construction Concept 

GEO Base to the extent practicable. The earlier 
1977 study examined maintenance of the 
kiystrons on the power transmitter and did some 
comparisons of various means cf Hying and oper­
ating maintenance missions. During that study it 
was assumed that repair of components at the 
geosynchronous base would require the same 
size crew as the remove/replace operations at 
the satellites. During the present study further 
analyses of the maintenance systems 
established means of maintenance access for all --

FL YING CHERRYPICKER 

system components and estimated actual ere\\ 
counts both for remove/replace operations and 
for equipment repair operations at the geo­
synchronous base. Additional definition of 
installation specifics was required in order to 
accomplish the maintenance analysis. Hlustrated 
in Figure 16 is a representative access cont:ept 
for gaining access to power buses and 
switchgear. The multi;:>le bus power distribution 
systern is accessed by ....i flying cherrypicker 
which is a part o~ the maintenance system. 

Figure 16 - Main Bus Maintenance Access System 

20 
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Based on these maintenance a(.:cess concepts, a 
complete operations concept was developed. 
Hardware repair tasks at the GEO base were 
timelined and manloaded, and overall ...... inte­
nance costs were estin1ated. 

Table 7 sul'nmar.izes the resu!ts of the mairte­
nance analysis and indicates the estimated cost 
of maintenance to be approximately 0.3 cent per 
kilowatt hour. This cost is cdtegonzed in utility 
language as "operations ancl maintenance cost.•! 
In order to develop the rnaintenance e!>timate, -l 

timeslice was taken with 40 SPS's in orbit. This 
maintenance estimate assu-nes that each SPS is 
serviced every six months. 

Industrial Infrastructure Needs 

Solar array productioo facilities were identified 
as the only major challenge in developing the SPS 
industrial infrastructure. 

The grot1nu-based industrial infrastructure 
required for SPS hardware production was scoped 
by Arthur n. LittJe. Investment cost e<:.tirnates 
in Table 8 are rough .:>rder-of-magnitude. (\fost 
of these investments would t>e absorbed by the 
private sector.) 

The estimates for solar array productiori are 
"upper bound" figures assuming only very fYloder-

ate technological advance (but extensive auto­
mation) compared to today's methods. The 
figures in Table 8 exc:Jude space transportaiton 
vehicle launch and recO\ ery facilities and pro­
pellant production facilities, described below. 
Existing ground transpvrtation methods and 
facilities were found to be adequate. 

Prnpellant proc!uct1on require.11ents to sustain 
SPS production at 10,000 megawatts per year are 
summarized in Table 9. Ftant capital cost and 
energy requirements were derived from a P.oeing 
Comrrerdal Airillar.e Company study of syn­
thetic fuels for corr.mercial dircraft. 

The energy investment in j)ropellar. ts is small. If 
the electricity requirement is met by coat-fired 
generation, the total coal consumption approxi­
mately doubles. Stated another way, 2.5,000 
tons/day of c.oa1 for one year can generate, if 
used directly, about 2,000 megawatt-years of 
electricity. Used tv produce SPS rocket pro­
pellant, the same quantity of co:1l contributes 
the transportation energy to ~enerdte 300,000 
megawatt-years of electricity. 

Launch '\ite selection and facilities 

The launch site analy5is tas~ \:as motivatec bv 
the premise that selection of d lo,,·-latitude site 
would oH~r significant '=Ost acvantages corn-

sr!\,..,.... Table 7- Maintenance Cost Summary: 40SPS 

ITEM NUMBER COST 1$M7'JI REMARKS 

HLLV !Kl Flights 936 

PLV 38 II 4W 

EOTV 5 II 

226 
POTI/ 36 If 88 

TOTAL TRANSPORTATION OPS 1710 

MA I NTENANCE 650 1785 Assumes 10 support people 
CREW on ground per space worker 

SPARES 800 

MISSION CONTROL 20 

TOTAL ANNUAL COST 4315 23rd year of production program 
6 

O&M COST • 4315 x lO • 0. 27t/KWH 
5 x 106 KWH x 8766 HRIY x O. 9 Plant Factor x 40 SPS 's 

21 
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Table 8 - Industrial Infrastructure Summary SPS Hardware Production 

~-"""' SPS INVESTMENT 
CURRENT CAPACITY COST 

ITEM CAPACITY. REQUIRED ISM791 REMARKS ---
Solar Array %} MW/YR 18, 000 MW/YR 5000 Photovoltaics mnsume 

only about 5-. of current 
semiconductor silicon 
production 

Ion Thrusters Nil 5IXX> to llml None Can be absorbed by 
units per year existirq infrastructure 

Klystrons 7000/yr 200,000/YR 1500 Present magnetron 
production is~ 2 GW/YR 

Rectenna NIA 2 rectennas/yr 250 Materials consumption 
small a>mpared to existing 
productive capacity 

Graphite Fibers 150 l'Yr ~ 10, 000 T /YR 549 About twice projected 
U. S. capacity in 1993. 

Other 1625 Mostly electronics 

TOTAL 8924 

Table 9- Propellant Production Requirements SPS Construction at 10,000 Megawatts/Yr . 
........ 

r;- _ PlANT 
METRIC TONS/YR TOTAL- CAPITAL 

HllV POTV EOTV PLV 
PJNSli>AY COST $M79 

LOz 2,671,000 3,722 l,060 57, 700 9,000 [?:-:-~ 650 

I LCH4 
642.600 --0· -0- 18, 700 2 200 ft~-~ 615 from Coar rt- ~ . 

420 re -. and Air 
LHz 123, 704 745 353 3,036 500 

ARGON --0- --0· 14,400 --0- 47 [I-~ -0-

Q::> Capacity required at start of program; includes 2Cn> margin 

f~· 1979 u. S. capacity is about 30, CXXl tons/day 

~-> About 0. 2'r. of U.S. Natural Gas Consumption in 1977 

[!:::::.~ Tooay's capacity is ~ 100 TfDay 

[> Byproouct of LOz Plant 

~~-. 12,250 TIO coal + l<XXl mf9awatts electric power. Coal use is 0. 71o or u. S. '77 

pared to operations !ro:n the KC'nnedy Space 
Center, where eeirth-to-low-orbit space trdns­
portation arrives at a J0° inclination orbit. \': ith 
a 30° indina ti on orbit for sta,;,ing or construc­
tion operations, a 30° plunC' chari:;e is required to 
reach ...i geosynchronous f'quotorial orbit. It was 

prcsurneo that this plane chan)'1' wo1il'.' incur 
significant p<:'rforii1ance pen.llties relatiV<' tv d 
zer0-d<'gree or l0w-incli11ation lov: earth orbit. 
HC1wever, with electric propulsion, the 
performance difference is minimal. Ot slivuld be 
re.·ognize:i that a significant delta V advantage 
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for equatorial launch exists for chemical orbit 
transfer to GEO.) The j)rincipal motivation for 
leaving KSC for a remote site will stem fro,n the 
eventt:ality of SPS operations outgrowing KSC. 
Our estimates to date indicate that KSC can 
handle approxirnately 10 gigawatts per year of 
SPS construe tioo. 

Remote site options include land-based sites 
such as the :nonth of the Arnazori in Brazil and 
ocean-based sites employing large floating struc­
tures such a.:> the western Pacific low latitude 
sites identified by Jim Akkerman in studies at 
the Johnson Space Center. Great uncertainties 
were identified in the Part I study as to the cost 
of large floating structures. 

As a part of Phaso? II, BrO\\'n &: Root developed 
the concepts sho\\-n in Figure 17 for structural 
support of an offshore launch facility in water 
depths up to 200 rr; (650 ft). The facil;ty would 
include ldunch and recovery facilities, the latter 
requiring a 9J x 4572 m (300' x 15,000') ;-.Jnway 
which dominates support struci.ure costs. The 
facility would be loc.ited off the west coast of 
South America, roughly 325 km nor th of the 
Galapagos Islands. At that location, weather and 
sea states arc unusualJy mild (the "dokirurns"). 

Since the offshore apprcach would all0w most of 
the launch and recovery equipment to be 
installed on the support structure sectioris as 
they are built in a shipyard (rat:wr than con-

JACKET SUPPORTED 
PLATFORM 

structed at a remoteo- site), the savings in equip­
rnent installation and checkout and site prepara­
tion could n1ore than offset the cost of offshore 
structures. The major conclusions of the Brown 
& Root study were as follows: 

o It is technically f easibte 

o Con• eptual design to completion will require 
only six years 

o Total installed cost estimates were: (1) 
moored, semi-subme1sible-$3,00.5,000,000; 
(2) stationary, pile-supported-$3,Jl 7 ,000,000 

o The runway is a significant cost driver 

o The concept has real benefits 

o It is probably the least cost way to provide a 
large equatorial launch complex 

Launch Trajectories 

Depressed launch trajectories were found that 
will mitigate the environmental concerns relating 
to the possibility of influences on the upper 
atmosphere from launch operations. Figure 18 
shows the relationship of the current bdseline 
trajectory to the key regions of the upper 
a tmosph:.'re. 

MOORED SEMISUBMERSIBLE 
SUPPORT MOOULE 

SUPPORT CONCEPTS 

Figure 17 -- Brown and Root Offshore Launch Design Concepts 
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Figure 18- Reference Hll V launch Trajector/ and Skylab launch 

Some forecasts of ionosphere depletion due to 
SPS launches have assumed the HLLY trajectory 
would be like the Sky lab trajectory shown, \1.-hich 
thrusted directly into the ionosphere F-layer. 

The reference HLLV trajt::ctory does not enter 
the F-layer under rnainstage thrust; only the 
circukirization and de-orbit burns occur at that 
altitude. This reduces the concern about ion~_,­
phere cepletion by about a factor of five as 
compared to rlirect ascent into the ionosµhere. 
Concern still exists because of the potent id! of 
hydrogen diffusion upward into the ionosphere. 
If the trajectory could be suppressed to stay 
below 100 kn1 (328,000 feet), this conct..•rn would 
be greatly alleviated. 

The depressed trajectory shown in Figure 19 was 
develop'?'d during Pha5e I of the study. It is low 
enough to keep the rocket effluents in the turbu­
lent mixin~~ regions of the atmosphere, reducing 
concerns regarding t1y<1rogen diff us!on. 

During Phast" II, a further conu~rn "·as expr ':;sed 
that the trajectory developed during Phase I "lay 
not b1~ depressed enough. Tlie issue was nossibie 
forrn:11 i·in of noctiJucent clouds (due to H20) at 
about 80 kilometers altitud~. It was desir1•(t to 
find d tr<:iJectory that would stay below 75 kr11. 
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\\e found that injecting the orbiter at a slight 
positive (e.g., 2°) path angle has a significant 
beneficial effect on a highly depressed trajec­
tory: U) it rninimizes post-injection drdg losses; 
(2) it suppresses the pre-injection optimal path; 
(3) it forces an anglt' .::if attack on the orbiter 
similar to that for entry so that special thermal 
protection should not be requirec. 

The selected 7 5-km-or-less trajectory is show;1 
in Figure 20. 

In all, about 25 ascent trajectories 1·:ere siH1u­
lated using Vdrious strategies to rninirnize tra­
jectory altitude. l<csuits are sumrpari:~ed ir 
Figure 21. It was found that the best trdjec­
tories had a peak '1Scent altitude of about 110 
kilometers. Trajectorie:, could be suppressed to 
keep the p.1th below 100 kilometers with a slight 
p·~rforrnance pendlty. Suppre'ision to 75 km 
incurs dbuut a 10·:~ p<~n.1lty. 

The supprf.'Ssed traject·~ries were 110t filly mHi-
1r.ized and no Lredit was t...tkcn for th(' rel1w ·cJ 
booster tlyuack rdnfc. I llti1nate pen-1!ti(·s will 
be slightly lcs:, th;w indiG1ted. 
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Figure 21 - launch Trajectory Suppression Results 

Rectenna/Power Pool Compatibili ~Y 

Integrated SPS operations were dflalyzed and 
plans prepareo for each of the twelve operations 
arenas noted in Figure 22. One of the main 
outputs of these analyses \\:as th~ c:-ommunica­
tions reGuirements matrix shown in Figure 23. 
(Numbe:-s in the !'l'latrix refer to communications 
requirements fact sheets included in the detailed 
operations report, Volume Ill.) A significant 
conclusion was reac:J-~ operatioos management 
will not be a significant contributor to SPS costs. 

During Phase I, an investigation of rectenna 
siting was carried out. The:: analysis concen­
trated on the three areas shown in Figure 28, and 
examined site selectkVI using detailed rnaps of 
the areas. Enough siting opportwlities were 
found to mor-e than satisfy the expected needs of 
these utility regions for baseload power. 

Some investigators have expressed a viewpoint 
that SPS receivers can only be sited south of 

'"' ( \ 
\ \ "" ) .. , v' ~ 

,' ('"'~ , . 
/ ' '"' ,· ......... , ... >' 

.,.,- """' ,, 
,, -""\ 

r ' ------2 \ 
"-. ... .J 

Figure 22 - lntegrarcd Operations C(lr .Ppt 
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Figure 24 - Siting Investigation Regions 

35°N latitude. This apparently arises from a 
concern over having the incoming power beam 
nearly pc.. allel to Earth's magnetic field lines. It 
is possible that this parallel situation could 
exacerbate ionosphere heating by the beam. If 
this turns out to be a real problem, it can be 
alleviated by a longitude offset between tite SPS 
and its ground receiver. We have not found 
reason to restrict rectenna siting to a 31' 
latitude limit. It is true, of course, that greater 
land area is required further north, but the 
.-.:ctenna panel area (the main cost contributor) 
changes little. 
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Task 5 also forecast SPS po "er availa'::>ility based 
on the failure rate arj m.1intenance analyses. 

Available 5PS power to utili ry grid considered 
random errors, failure modes, scheduled mainte­
nance and eclipse, including shut down ancl start 
up times. System planned total outage (down 
time) is 207 .8 hours p<:.- year (2. 37~';)). 

The description of the rectenna-to-power grid 
connection approach shown in Figure 25 was 
developed by General Electric's Utility Systems 
Engineerin3 Division. The equipment needed to 
interface an SP~ to a utility grid is standard 
utility engineering state-of-the-art. 

Generdl Ek.:tric's EU5ED Division also examined 
the operational !ir1itability of SPS for !:>as\?load 
operations and how SPS would be controlled. 
They concluded that: (I) the large unit size (2}00 
to .5000 megawatts) is not a problem for the 
expected level of utility interconnection and 
power pool si7.e in the year lOOO and beyond. (2) 
S~ can load-follow if necessary. A number of 
ways of varying SPS output were found. (3) Since 
SPS's do not have r ..>tating inertia, they camot 
contribute to frequency control as do rotating 
generators. This does not ctp1,ear to be a problem 
unless SPS's are rn;:ire th'1n <lbout 20% of a power 
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Figure 25 - Grid Connection Approach 

pool'" capacity. In sit;Jatior,s of high SPS D•"'fle­
tratiun it would be nece$sary to de,·elop a tech­
nique for synthesizing frequency control 
capability. 

Figure 26 shows the po.ver pool control structure 
reco'!·1mended by GE. 

I\ sensitivity study was c<Y11.!-'.cteC: on the <'ffect 
of SPS's on utility reserve margin require1..ents. 
Results are shown in Figure 27. The "mid-ter;n" 
ci1rve assumes reliability of the SPS as estimated 
in the mair.tenance task. The other curves 
represent progressively worse reliability. Case 4 
includes 30% probability of unplanned outage of 
1500 megawatts and 3% probability of unplanned 
complete outage. Planned outages such as 
eclipse periods do not affect re:.erve rnargin 
requirements. 

It was concluded that SPS is not likely to have a 
major effect on reserve margin requirements. 

A multi-phase development approach was 
formulated. It provides for resolution of issues 
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and control of risk before major development 
commitments, and a high degree of program 
flexibility. The entire develop:nent d.ctivity was 
sclleduled dfld r.osted. Main attention \\."as given 
to the re search phase; a cktailed p:anning docu­
ment was issued in July. 1~79, describing 
research Lsks, schedules, .ind resource require­
;nents. ;=igure 28 stu_,ws the technolo5y dernon­
stratioo/sdection de-:ision sched:ile derived from 
that C:ocumer; t. 

")chedulcs !.1r lcid 1J'i..ses ·.H·ff· t'?r!:!ed '\i•" the 
rese .. uch sche 'ult--, keyed tu de· ;sio1 "'ilest0.~ -:s. 
!·.) yielo ar end-t~)-enl! srhedule. 

Two majJ; flight projl-cts were identifi.,_--.,!: a:i 
EOlgincering Verificatin11 T•·st Artide anl.! an 
SPS_!_kmonstrator. The Enr,ineering Verification 
Test ,\rtide concept is shown in Figure 29. It 
was based )rl the foll0wing lfljJIJr requirements: 

0 

T(·~t ,i -.,ci.lr ~1rr ...iV ~ir!:ti.tr ~.J fL.t ..,;.~ili1ed 

f.x 5l'S .lf LEC·. i11t.-rr~·.e.:J1c1h' Jltit•• ks c.·'d 
\_~i~l). 

Fabrie<1te ._rn;l t "•t d '>fi.::ce <;truc:un· ldrg1' 
f•noup,h t1' .!vrntlllstr.1t<' contr.Jlld'1il1ty a!lcf 
.-1vna-nic prl·dictab!lny '.Jy .Jinl;'sis. 
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o Test Power transmission elements at GEO. 

o Test electric propulsion elements at LEO, 
GEO, and intermediate altitudes to ascer­
tain plasma and magnetosphere interactions. 

The estimated mass for this test article is 40 
metric tons. 

The principal flight project for the demonstra­
tion phase is the pilot-plant-sized SPS shown in 
Figure 30. It would demonstrate space construc­
tion of large structures and power transmitter, 
EOTV operation, and power transmission from 
GEO to Earth. The power derived from the 
rectenna will be 100 to 200 megawatts depending 
on the rectenna size selected for demonstration. 

Cost estimates were made for each element of 
the program and time-phased to develop ~he 
funding projection shown in Figure 31. AU 
elements identified were included, e.g., manned 
OTV, although many of the items may have other 
applir.ations. 

Items 2 through 6 comprise the engineering veri­
fication program. Items 7 through 1.5 comprise 
the demonstration program. Items 16 through 24 
represent the investment necessary to achieve a 
production rate of 2 SPS' per year. 

In the production phase, the total annual funding 
will be on the order of 25 billions per year. 

,..._ 

The sum of all program elements costs shown 
here including I 1 SPS is 117 .4 billions of 1979 
dollars. 

At the conclusion of the 1977 SPS Systems 
Definition Study, the estimate of total non­
recurring costs was 84 billions (1977 dollars). 
Table 10 summarizes the principal differences in 
the estimates. The most important increases are 
due to inflation and to elements added to the 
program to reduce risl<, i.e., the earlier program 
had no demonstration phase. 

Technical Issues 

Current technical issues were covered in depth 
in the July Research Planning Report, which 
recommended a total of 173 research tasks, each 
aimed at one or more technical issues. A half­
dozen major technical issues are summarized in 
Table 11. As may be seen, although some 
systems analysis issues remain, most will require 
conduct of the GBED program. Promising 
approaches have been developed for resolution of 
all SPS technical issues, but paper studies will 
not determine their adequacy. ~\eaningful fur­
ther technical progress on SPS requires labora­
tory research, except in a few areas such as solid 
~tate t:-ansmitters, laser power transmission, and 
HLLV options, where further study is warranted. 

srs O(MONSIUIOR 
• JOO M(CAW.UIS U '0W£R 

•USES DUAL lOIV fG• lUCJllC 
POlf{R ' GHii tUllSilR 

• HIO fOltS INC\UDHtC UA,.Sf(~ PRCr:uoT 

IJZ'" 
/ 
I 

I 
, 

Figure 30 - SPS Demonstration Configuration 
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Table 10 - Reasons for Increased Non-Recurring Cost (Values in Billions) 

1977 FIGURE 84 
INFlATION 13 

97 

ADDED ITEMS 125. 7J 

LEO Development Lab 2. 7 
Manned OTV l4 
Shuttle Booster & 6. 7 

Shuttle HLLV 
S PS Demonstrator 8.1 
EOTV Fleet 6.8 

NEGLECTED ITE,'\'\S (2. 71 

Personnel Module LO 
Propellant Production l7 

Facilities 
SMALLER Fl RST S PS -14 

TOTAL lll4 

INCREASE _L Mainly HLLV & Construction Bases 
117.4 
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Table 11 - SPS Major Technical Issues 

ISSUE 

o HLLV Size and Trajecto,.Y Selection 

o Array Degradation & Annealing 

o EOTV Performance & Degradation 

o Phase Control & Ionosphere Effects 

o Technology Selections 
(e.g., silimn vs GaAs: long-life Materials! 

o Cost Confidence 

Exploratory Technology 

Five areas of exploratory technology are under 
investigation as a part of the present study: 

(t) Solar Cell Degr.idation and Annealing; 

(2) Fiber Optic Link ~ssessr:1ent; 

(3) Solid-State Transmitter Combiner-Radiator 
Module; 

(4) Radiating Waveguide Antenna Panel Manu­
facturing tolerances and Uplink Receive 
Techniques; 

(5) Zero-g and Acceleration Effects oo Space 
Workers (Supp\lrt to JSC in Houston). 

The annealing task was completed early in Phase 
II of the present study. 

Annealing of the solar blanket on an SPS will 
require a technique tailored to that purpose, as 
well as a blanket design compatible with anneal­
ing temperatures. Tht.•,..111al bulk annealing of 
radiation ddmage in silicon has been repeatedly 
demonstrated in the laboratory. Attention was 
given to laser directed-energy an11ealing under 
this con tract. 

A test program was conducted to further explNe 
the Lser annealing of glass-encapsulated '>0-
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MEANS OF RESOLUTION 

o Analysis of Shuttle-derived and 
Shuttle-evolved HllV's: additional 
trajectory & atmosphere effects analysis 

o Irradiation & Annealing Research 
<GBEOI 

o Anal~is of integrated effects 

o GBED and satellite experiments 

o GBED 

o GBED & Engineering Verification 

micron solar cells but a suitable method of 
glassin~ was not found. Ten cells were coated 
with 75 microns of glass by Schott in Germa"'y 
using electron-beam evaporation of the glass. 
The coatings were of poor quality, e.g., full of 
bubbles, and contained much frozen-in strain. 
When subjected to 41nnealing temperatures, the 
coated cells curled up like potato chips and the 
glass frdctured. Attempts at RF sputtering at 
Boeing yielded glass deposition rates too low to 
be usable. Iori sputtering was tried on a few 
cells at Ion Tech. Good quality coatings were 
produced, but the celis were damaged in han­
<Hing. So1nc darnaged cells were subjected to 
an11ealing temperatures and did not exhibit the 
mechanical failures of the Schott-coated cells. 
Ion sputtering merits further investigation, as 
cto(~s electrostatic bon,~ing of glass .nicrcsheet. 

Laser annealing tests •\·ere conduc:-ted on ten 50-
micron cells. Two were c~mtrol cells that were 
not irradiated. These snowed no loss in output 
due lo exposure to the laser. Two cells were 
brcken in handling. Six cells were successfully 
tested. All cells teskd without breakage showed 
some recovery dS shown in Fii;ure 32, which 
compares oven and laser results. One ~ell was 
subjected to two r'ydc-; dnd -;howed recovery on 
both cycles. Celb that were moderately 
degraded appeared to recover inore cornpktely 
than those more severely degraded. Expos8re 
tiines rangcJ fro.n hvo to ten Sl'c:-onds .it 500 C. 
There w..is ~me indic..Hion that longer exposure 
was beneficial. 
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Figure 32 - Silicon Solar Cell Annealing 

The other technology tasks were incomplete as 
of the date of this report and will be reported at 
a later date. 

CONCLUSIO~S 

The most important high-level conclusions devel­
oped by the present study are: 

(1) The reference systems definition is an ade­
quate basis for the GBED program. This is not 
to say that research should be conducted only on 
the reference systems-the research should 
investigate all promising means of resolving SPS 
technical issues in the most cost~effective 
manner. The reference systems data base, how 
ever, provides an adequate understanding of SPS 
technologies from which to initiate an effective 
research program. 

(2) Reference design definition carried the level 
of design detail to greater depth than previous 
studies. This had little effect on projected 
system mass and cost. The slight cost increase 
was mainly due to a bookkeepi~g 
change-maintenance provisions installed on the 
satellite that had earlier been charged to opera­
tions and maintenance are now charged to satel­
lite capital cost. 

(3) The inve .. tigation of a solid-state transmitter 
for SPS sho\\ ed the solid-state system to be an 
attractive option. With expected improvements, 
it may be the rnost attractive means of providing 
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an SPS in the 2000-2500 megawatt power range. 
Rectenna siting studies conducted during th~ 
first phase of the present study showed that 
havin~ an SPS in this power range would ailow 
siting roughly 60% more total capacity. 

( 4) Conc.:rns regarding the reference elc-ctric 
orbit transfer vehicle make it important to eval­
uate alternatives. Promising approaches include 
solar, laser, and arc-heated hydrogen as well as 
L02/LH2 systems. Examination of laser power 
transmission from SPS to Earth will also be 
evaluated in the next phase of st•Jdy. Possible 
benefits of laser transmission include 111uch 
smaller power blocks, e.g., 100 megawatts or 
less, that c0uld make SPS more attractive to 
developing countries. A number of cha! lenges 
e·,ist, including achievement of link efficiencies 
high en0ugh to make the laser option econ<.,mi­
cally attractive. 

( 5} Oevelvpment flight projects tor SPS will 
require some heavy-lift au1~mentation of the 
Shuttle, employing modified .:ind adapted Shuttle 
elements. We should consider cont111uing this 
evolution rather than developing a completely 
new HLLV fur tht· cornmercialization of SPS. t\ 
smaller, <;,huttle-evoived HLL V w,)uld rt'rl11ce 
program nonrecurring cost with only a slight 
penalty in increasPd on-orbit assembly work. 
This dpproach will be ('Vctl!Jdted in the nt'xt phase 
of study. 


