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FOREWORD 

The SPS systems def mition study was initiated in December I 976. Part I was complded on May l. 
1977. Part II technical work was completed October 31. 1977. 

The study was managed by the Lyndon B. Johnson Space Center (JSC) of the National Aeron:mtks 
and Space Administration (NASA). The Contracting Officer's Representative <COR) was Clarke 
Covington of JSC. The study was performed by the Boeing Aerospace Company. The Boeing study 
manager was Gordon Woodcock. Boeing Commerdal Airplane Company assisted in the analysis of 
launch vehicle noise and overpressures. 

The General Electric Company Space Division was the major subcontractor for the study. Tih:-ir 
contributions induded Rankine cycle power generation. power processing and switchgear. micro
wa,·e transmitter phase control and alternative transmitter configurations, remote manipulators. and 
thin-film silicon photovoltaics. 

Other subcontractors were Hughes Research Center-gallium arsenide photovoltaics: Varian
klystrons and klystron production: SPIRE-silicon solar cell directed energy annealing. 

This report was prepared in 8 volumes as follows: 

I - Executive Summary 
II - Technical Summary 
Ill - SPS Satellite S}·stems 
IV - Microwave Power Transmission 

Systems 

V - Space Operations 
VI - Evaluation Data Book 
VII - Study Part II Final Briefing Book 
VIII - SPS Launch Vehicle Ascent and Entry 

Sonic Overpressure and Noise Effects 

ii 
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The sdlur pow1:r satellite concept was ong1· 
n:irt•d about ten year ' ago by Dr . Peter Glaser. 111c 
ton ·ept was: fnlhally not taken seriously by most 
of the 11.·chnit:al community. but was investigated 
by NASA through some malt ('.Ontrnctedstudies in 
l97 l and These > studies ..:on finned basic 
technical fea ibillty of the idea. Strong objection 
were raised. howeYer. prirnarily that: (I) efficient 
long-rang· wirele energy transmis: ion was not 
possible. and (2} the space mg11 t operations required 
to. install SPS's in .their opemtional o rbit would be 
hopelessly expensiv •. · 

Further studies and experiments funded by 
NASA orer the period l 7 3-1975 a11 but abolishe\! 
doubt of the feasibUi ry of efficient wireless ene.rgy 
transmL kms at micrqwave frcquctlt ies (~450 
Mhz.). 'J'he l!.tr1erirmmtum cruels was com:lm: teu ar 
JPL in l Q 75 :. mon.' drnn 30 kilowatts was trans.~ 
mitted aaus a di tancc of more than a mile with 
reception and conversion efficit'ncy of 2% 
(Figur · 3 .. 

The space fli~ht cost issue has not been . o 
easily resolved. Space transportation eost p~r unit 
mass delivered to a low Earth orbit has been used 
as a primary figure of merit and is the fo;.-al point 
of the cont roversy. Transporta tion cost studies by 
Boeing:, under the Future Space Transportation Sys
tem · · naJysis (FSTSA) study, in 1974-15 indicated 
that SP. economic feasibility depended on a{;h:iev
ing a ·ost below SSO/kg and that ·uch co ts were 
almost certainJy attafoabfe. (By way of compari· 
son, cummt costs are S2000{kg or more, and Space 
Shuttle ·.i er charges will probably average on the 
order of 500/kg.) Transporta tion system studies 
in the 1975-76 pt:riod projected costs in the 
$10/kg-$35/kg range for SPS operation . but 
doub ts persist in the minds of many !mow£edgeable 
people •v •n today . 

lth.'n..~;.tscd inkn:st 'n rhc SP idea kd to new 
studi sin th~: 197 .'."-7<> period w·it.h t•mpha is on \a) 
i.:i.:onomk cvahrntkm I NASA-MSFC ! EC'ON
Gru rnnrnn }. {b) AJtcrnatives ro silico•1 sohir c.-cll 

Figure J . Energy Can Be EfficientJy Transported By Radio Beam 

OR1G1NAL 'PA~ 
OF p()OR QU 
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energy conversion (NASA-MSFC/Boeing). and (c) 
better definition of a reference or baseline silicon 
photovoltaic system concept (NASA-JSC inhouse). 
More or less concurrently. continuing analytical 
and experimental activities aimed at improving 
knowledge of the power transmission technology 
were funded by NASA-Lewis Research Center with 
JPL and Raytheon. Up to this time, essentially all 
of the power transmission srudies had emphasized 
the amplitron cross-field amplifier as a OC/RF con
verter. Th~ JSC inhouse effort, however, emphasized 
the Klystron linear beam tube. 

In late 1976, the situation could be summa
rized as follows: 
(I) Energy conversion studie~ had concentrated 

on silicon photovoltaic and Brayton (closed 
cycle gas turbine) power generation. lnitial 
studies of gallium arsenide photovoltaics, pri
marily by Rockwell, indi ::ated significant 
potential advantages. Other possible options 
such as Rankine vapor cycJes and thin-;ilm 
photovoltaics, had not been investigated. No 
systematic comparative evaluation had been 
conducted. 

(2) A controversy of sorts had developed over 
space operations options. The most straight
forward approach to SPS installation is to 
transport the flight hardware to geosynchro
nous orbit (GEO) and construct the SPS's 
there at the operation<il location. An alterna
tive advanced by Boeing was to construct the 
SPS's in a low Earth orbit (LEO) and use their 
power generating capability to drive them to 
GEO by electric rocket propulsion. This 
option exhibited potential cost savings but 
several operational issues had not been 
investigated. 

(3) Almost all the power transmission analyses 
had been based on amplitron RF power tubes. 
The JSC inhouse effort, however, indicated 
the Klystron to have significant potential 
ad\.·amages. 

(4) Only the most cursory explorations of con
struction of these large objects in space had 
been 1,;onducted. 

(5) Transportation system studies had been pre
dominantly parametric and considered the 
SPS application only as one of many, although 
the same . tudics had indicated the SPS 
requirement to be uniqUt" Issues such as pay
load packaging and integrated operations were 
not understood. 
The SPS systems study work statements and 

plans were to provide for an effort more compre
hensive and in greater depth than the earlier work, 
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and were intended to achieve a major reduction in 
technical and economic uncertainties regarding the 
SPS concept and its potential application to man
kind's energy needs. 

STUDY DESCRIPTION 

The overall phn developed by JSC called for 
conduct of the study in two parts. Part I, conducted 
from Dec. 1976 through April 1977, was to con
centrate on the first two issues described above: 
What is the best specific means of energy conver
sion, and where (LEO or GEO) should the space 
construction operatic•ns take place? 

With these issues resolved to the degree practi
cable, Part II of the study, conducted from May 
through November, 1977, was to concentrate on 
development of an end-to-end system definition 
with emphasis on assessment of, and redu\;tion in, 
system mass and cost uncertainties. 

SYNOPSIS Of' STUDY RESULTS 

Findings 
The most significant study results are summa

rized below. The study concentrated on maximum 
confidence system des1gns with the result t~aat the 
SPS. rather than being a mid-2lst-centur system. 
should be achievable by th:.: year 20or, and could 
be economically attradive as !o!lO'':n in Figure 4. 
The base technology is in h-:11J. After a modest 
technology verification effort of 3 to 5 years dura
tion, full scale de1•elopment could begin and would 
provide a mainstream energy system of great 
potential. 

Power Transmission 
- Basic Feasibility Confinned 
- Detailed Microwave Link Error Analysis Con-

firmed Attainability of Adequate Efficiency 
Energy Conversion 
- Silicon Photovoltaic Best Overall Choice 
- Potassium Rankine Backup Choice 
Space Transportation Operations 
- Low Cost Due To Traffic Level, Not New 

Technology 
- Payload Volume is Launch Vehicle Design Driver 
SPS System Costs 
- Power Cost 4 to 5¢/kwh; Competitive with 

Fossil Sources by Year 2000 
- System Design Flexibility Key To Cost 

Confidence 

ORIGINAL PAGE IS 
OF POOR QUALITY 



DlS.22876-1 

• 
! 
'l . 
b 
•i: 
~ii • 

I~ 

. L--~---±------±:----,,,! - - - .. .. --
F..-e 4. Projections Indicate SPS Power Will Be 

Economically Attractive 

STIJDY ACCOMPLISHMENTS AND RESULTS 

Part I lsmes 

Energy Conversion 
The evaluation et fort included all energy con

version options known to be of potential interest 
for the SPS applicatiom : 
( 1) Silicon single cryst '1 photovoltaics; 
(2) Gallium arsenide s.:ngle crystal and thfa-film 

photovoltaics; 
(3) Other thin-film photovoltaics; 
(4) Thermal engine Rankine closed-cycle vapor 

turbines, with sever,,l working fluids under 
con std era ti on; 

(5) Thermal engine Brayton clo3Cd cycle gas 
turbines; 

(6) Thermionic direct thennal conversior.. 

Certain known options were not included: 
( 1) Thermoelectrics-rejected on elementary con

siderations of efficiency, materials consump
tion, and waste heat rejection. 

(2) Magnetoplasmadynamics-rejected on grounds 
of problems in attaining ·he neces5.ary work
ing fluid temperatures by solar heating. 

(3) Direct thennal conversion by electrostatics
insufficient data available for this recently
proposed thermal engine. 

(4) Thennophotovoltaics-rejected on considera
tion of overall efficiency and problems of 
waste heat rejection. 

The principal energy conversion conclusions 
at the completion of Part I were as follows: 

4 

(l) Conversion efficiency and resulting SPS size 
(at fixed output) tended to favor the Brayton 
gas turbine and gallium arsenide photovoltaic 
options. A size comparison of the options 
investigated is shown in Figure 5. Size, how
ever, was not seen as a primary decision factor. 

(2) SPS mass was a significant cost factor, espe
cially for hardware that must be delivered to 
space. Here again, gallium arsenide looked 
good, with all of the options except thermi
onics in an acceptable range, as shown in Fig
ure 6. Of the various Rankine cycle working 
fluids, only the alkali metals were compatible 
with the high cycle temperatures essential to 
heat rejection system mass in the acceptable 
range. (Water, i.e., steam Rankine, is compati
ble from the fluid thennal stability standpoint, 
but a steam system operated in the minimum
mass temperature range is essentially a Brayton 
gas cycle.) 

(3) Radiation degradation of solar cells, especially 
silicon, was known to be a serious problem. 
The amount of degradation depends on the 
amount of shielding provided, e.g., by cover
glasses. (Attempts to provide lighter weight 
plastic coverg)asses have to date been unsuc
cessful because the plastics become opaque in 
the geosynchronous combined radiation and 
uv environment.) 
It has long been known that radiation damage 
in silicon solar cells can be largely annealed 
out by heating to -500oC. This nonnally 
would be done by bulk heating. Recent 
developments had indicated, however, that 
directed energy pulse heating could be eff ec
tively used. As a part of this study, und{'r 
subcontract, Simulation Physics (now SPIRE, 
Inc.) conducted exploratory laser and elec
tron beam annealing tests on severely irradi
ated solar cells provided by Boeing. Approxi
mately 50% of the cells' lost perfonnance was 

- --- --· -- -
OQ, 

108 km2 

.@.@@2: 
167km 

146 km2 142 km2 

Fipre S. Energy Conversion Comparison SPS Size 

ORIGINAL PAGE JS 
OF POOR QUALITY 
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Fapre 6. Eneqy Conversion Comparison SPS Mass 
recovered in these tests. It is believed that 
further development and optimization of the 
process could approach 90% recovery. Accord
ingly, an annealable blanket design (compati
ble with annealing temperature) was selected 
as the reference design for Part II. 

(4) The more complex thennal engine systems 
were found to be more difficult to construct, 
but at this point in the study, differences in 
constructability were not viewed as particu
larly significant-all configurations were con
structable. These differences were later to 
emerge as a strong decision factor. 

(5) If SPS's are to be installed on a large scale, 
availability of raw materials could be a signifi
cant issue. Materials availability was a strong 
negative factor for the thermionics option. 
Considered together with excessive mass, the 
negative factors were judged to be a conclu
sive reason to discard thermionics. Materials 
availability also imposed significant design 
constraints on the other thennal engine 
options, which benefit from the use of exotic 
metals at high temperatures. Tungsten, tanta
lum, and molybdenum were eliminated. 
Molybdenum itself is not especially scarce, 
but must be alloyed with rhenium for ductil
ity: rhenium is very scarce. Materials issues 
were a strong factor in the ultimate selection 

s 

of potassium Rankine as the preferred ther
mal engine. This selection, however, did not 
occur until Part II. 
The availability of gallium also emerged as a 
major issue. This controversy continues to the 
present day, with gallium arsenide advocates 
insisting that there is "no problem" and skep
tics arguing that the problem is insurmount
able. Our evaluation is as follows: If thin-film 
gallium arsenide cells, e.g., on a sapphire sub
strate, are used with moderate sunlight con
centration, and if moderately optimistic gal
lium availability estimates are used, the 
problem is at least workable, as illustrated in 
Figure 7. (The cells must be about 5 to 10 
µm thick on a substrate of some other mate
rial. The physics of gallium arsenide photo
voltaics does not preclude such cells being 
efficient. Gallium arsenide cells presently in 
experimental production are conventional in 
thickness, e.g., 100 µm or more.) In view of 
this issue and the associated technology 
advancement requirements, this study backed 
away from gallium arsenide as a primary ~a11-
didate. It is still so regarded, however, by 
some investigators. In summary, from tht> 
resources standpoint, the silicon system was 
most favored, thermal engines were readily 
workable with appropriate design constraints, 
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and gallium arsenide was probably workable 
with advanced technology. Some of the other 
thin-film photovoltaic approaches (e.g., cop
per indium selenide) were rejected due to 
resources considerations as was thennionics. 

::.:. "1---------------==~-=-
-· ·] ~ ;;.;-. .................. , ______ -------~ --· ., 

r 

u u u ... ... ... 
COllClll-nt&flQlllU.TIO ...... .._ 

Fipre 7. Reduction in GaDium Required for 
CR>2System 

(6) Technology advancement requirements fig
ured importantly in the eventu2l selection of 
preferred systems as well a:i; m the Part I 
screening stage. A major increase in the scale 
of space operations must be brought about to 
install SPS's at a rate of practical interest. 
Although the technical advancements 
required in systems and subsystems are quite 
modest, the required advances in operations 
technology m&y be compared to the advances 
in aircraft operations technology that occurred 
with the introduction andexpansionofthejet 
age. It is prudent to restrict areas of major 
technology advance to as few as possible to 
maximize chances of program success. There 
was, therefore, a strong motivation to mini
mize the technological advance required in 
energy conversion. Silicon photovoltaics and 
the turbogenerator options fitted this pre
scription; the other options did not. 

(7) Cost and risk are the overriding factors in 
design selection for any system intended for 
commercial application. All other parameters 
are of little significance. (Most of the fore
going factors appear on the .. ost/risk balance 
sheets.) At the ~ondusion of the Part I effort, 
the silicon photovoltaic and Brayton thennal 
engine were judgeJ to be essentially equal in 
cost (Figure 8) and, as noted above, quite 
comparable in risk. The gallium arsenide option 
exhibited significant potential cost advantages, 
mainly rE>sulting from mass and size reduc
tions, but these potentials were heavily over-

6 

i 
I 

i 

shadowed by the materials availability and 
technological risk concerns already di::cussed. 

Silicon systems at concentration ratio 1 (i.e., 
no concentration) and 2 were evaluated. 
Because concentration is relativdy inetfective 
with silicon due to temperature effects the 
simpler no-concentration configuration was 
found to be least cost. Higher solar cell costs 
improve the benefits of concentration, but 
these benefits are net positive only when solar 
cell costs are high enough to make the thermal 
engine option a relatively uncontested winner. 
(This conclusion does not necessarily apply to 
advanced-technology gallium arsenide options.) 
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Figure 8. Cost Differential Factors for Reference 
Systems (Part I Results) 

The net result of these considerations was a 
decision to carry the silicon CR= I and Brayton 
energy conversion options into Part II as pri
mary candidates. General Electric, our major 
subcontractor in this i;tudy, expressed the 
strong opinion that the Brayton-versus
potassium-Rankine tradeoff had not been ade
quately worked. This matter was re-examined 
in greater depth as a priority item early in 
Part II. 

Construction Location 
The principal construction location conclu

sions at the end of Part I were as follows: 
(I) The primary component of the issue was 

transportation cost. The payoff for low Earth 
orbit (LEO) construction is the enabling of 
the self-powered mode for LEO to geosynchro
nous Earth orbit (GEO) transportation at the 
very high specific impulse available through 
electric propulsion. The propellant require
ment for LEO-GEO transport 1tion shrinks 
from the predominant require:nent to a rela
tively incidental requirement, from 2.1 tons 
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per ton delivered to GEO to about 0.25 tons 
per ton. This results in a factor of 2 reduc· 
tion in launches to low Earth orbit for LEO 
construction as l:vmpared to GEO construe· 
tion, but poses an array of difficult-to-quantify 
operational complexities and conc~ms. 

(2) Most important of the negative operational 
factors associated with the electric propulsion 
mode are: 
(a) Trip times on the order of six months 

(compared with less than one day for the 
high-thrust LQi/LH2 systems associated 
with GEO construction). 

(b) Radiation degradation of the SPS from 
exposure to the van Allen belts during 
the slow transfer. 

(c) Modularization of the SPS, necessary for 
altitude control authority in the presence 
of the strong gravity gradients at LEO. 

(d) Cvnversion of the SPS modules in:o 
powered spacecraft capable of executing 
the transfer. 

(e) The risks of collisions with man-made 
orbiting objects during the LEO construc
tion operations and during the slow spi
raling transfer from LEO to GEO. 

(0 Upper atmosphere drag affecting the 
LEO construction operations. 

(g) Operational hardware and software com
plexities ensuing from low-thrust orbit 
transfer operations. 

At the conclusion of the Part I effort, the 
reduction in LEO transportation cost was judged 
to overwhelm all other factors. The overall reduc
tion in system cost was on the order of 10%. The 
predominant penalty on LEO construction was the 
added interest cost chargeable to total capital cost 
as a result of the six month transit times. The 
investigation of collision hazards was incomplete 
at this point. 

Part II Findinfs Relative 
To Part I ssues 

The issues addressed during Part I of the 
study are fundamental and permeate all aspects of 
system design and selection. 

As a result, although narrowing of options, 
clarification of sub-issues, and focusing of atten
tion was achieved, complete answers were not 
obtained during Part I. As an example, complete 
definition of hardware packaging densities and 
transportation/ccnstruction operation" options was 
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not achieved until the power transmitter (excluded 
from Part I) was taken into account. 

During Part II, the following maj0r conclu
sions were obtained relating to the Part I q11estions: 
(I) Continuing comparative evaluation of 

potassium-vapor Rankine cycle systems versus 
inert gas Brayton systems led to a preference 
for the Rankine system because: 
(a) The Rankine system mass-optimizes at 

somewhat lower nass and mud1-redw.:ed 
radiator area. 

(b) The Rankine system ~:, practical, e.g., in 
tenns of hardware mass, at cycle tem
perature limits generally in the super
alloy range, whereas the Brayton systems 
were dependent on refractory metals or 
ceramics. Strong implications are present 
here for technology advancement require
ments and resource consumption. 

(c) The Rankine system exhibited good per
fonnance at relatively low (circa 30 
megawatts) per-engine power ratinb~· By 
way of contrast, the Brayton engines are 
sensitive to blow-by tolerances on turbo
ma\.hincry and needed to be sized at 
greater than 300 megawatts per engine. 
The higher temperatures and power 
levels required for the Brayton engines 
have significant cost implications regard
ing developmental test facilities. 

As a result, and due in no sm::ill \~·ay to the 
General Electric subcontract effort, the 
Rankine potassium vapor cycle was selected 
as the preferred engine. 

(2) Further analyses of transportation and con
struction operations differences between the 
thennal engine and photovoltaic options 
began to reveal significant differences in oper
ations cost. Although differences in satellite 
mass and cost continued to be unimportant, 
differences in construction crew size, facility 
cost, ar.d payload packaging densities emerged 
as decision drivers as synopsized in Table 1. 
Consequently, an overall preference for the 
silicon photovoltaic system graaually became 
quantifiable. This preference is small, how
ever, with respect to p ~5ible uncertainties in 
solar cell costs, as shown in F;gure 9. There
fore, although we recommend the silicon 
photovoltaic system for preferred conrept 
selection, the Rankine thermal engine should 
be carried as a backup to hedge against solar 
cell cost uncertainties. 
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Tablr I. Operations Cost Driwers Fnor 
PhotOYOltaics 

Conl>lruction 
Crew Size 

Space Construe-
lion Base Cost 

Net Packaging 
Density 

.. . ' ...... 
...... YfM .... 

l ----·-

Silicon I Rankine 
Photovoltaic Tbennal Eap.e 

·-
540 815 

8.2 Billion l '.!.4 Billion 

95 kgfm3 65 kg/mJ 

0 ---
• -

.............. ,a.t'S ....... L.Mlllfll• .. n 

Figure 9. Photr ~ualaic Preference is Sensilift to 
Solar Blanket c~ 

f 31 Construction in low Earth orbit continued to 
show a ten percent cost advantage. Practical 
measures were tound to ave.id collision with 
ar.y ob~ able .nan-made objects f c,r which 
cplwmerioe~ are predictable. A refined analy
si~ of system degradation during the 180-day 
transfer through the van Allen belts revealed 
no substantive differences from the earlier 
more paramc .ric analyses. All operational and 
other LEO/GEO differenl:e!: ·vere at least 
roughly quantified and .vere rel .• tivcly inl>ig
r.ificant in cost. LEO construction offers 
recurring and nonrecurring cost advantages 
and is recommended as the pll"ferred concept 
:.dcdion. 
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MAIN PART II RESULTS 

The primary objective of Part II was to 
accomplish as much system definiticn as possible 
within lhe available study resources. As much 
reduction as possible j .. mass and cost un"-"'Crtainty 
was the desired outcome of the effort. An eco
nomic detennination of next progc411l steps can 
best be made when uncertainties are minimized. 

Microwav~ Power Transmfision 
Ti1e nterface requ· ~ments and perfom1ance 

of the mi~ :"OW.a\•e po\llrer transmission syste:n are 
the keys to an integrated ~·stem Jdinition. The 
perfonnanc.: 0.)f the power tr.msmission system 
establishes o\·eraJI ~ystem sizing anJ output: the 
electric power condition requiremenls of the RF 
power amplifiers det~nnine the "·oltages and cur
rents to be produced by the energy ccnwrsion 
$}'Stem. 

The uefinition effort concentrated on the JSC
originated Klystron optior to bring it to the l6el 
of definition that had earlier been achic\·ed for the 
amplitron option. 

Figure IO illustrates the main fe~tures of the 
JlQ\Wr tr.msmitter d"--sign. The basic powa ampli
fier ekmcnt is a '0-kw hcat-pi~,-(klkd ldystroil. 
Each transmitter element indud1.-s t'!!~· ld}stron. 1b 

control and support circuitry. its thermal control 
equipment. its distribution wa• eguides. anJ its ~c
tion of radi:.ting wa\·eguide. Till· suharray is the 
ha.-.ic Farth-manufactured wtit. It is appro:ximat..-ly 
I 0 meters square and employs from .t h1 36 
klystron elements. Most of thl' transmitta ck.:· 
tronic complexity is internal to th'-· subarrays. 
Therefore. completion and dtedwut of the sur
arrays on the ground will significantly rcJu,;,: the 
workload for space construction and associated 
hardware.!softwal"I.' debugging. 

Each I-km-diameter transmittt:r includes 
6932 subarrays supported on a two-tier structure. 
At the back of the structurt· art' pO\wr proce<;sors. 
These handle the 15r,; of the electri•: power fed to 
the transmitter that require!> ,-oltag .. · changes or 
accurate regulation. 

The power tr.msmittcr design is larJ?elY dic· 
tated by constraints. The maximum powa intcn
sitv in the ionosphere has he .. ·n limited to 23 mw · 

-~ 

cm-: a best estimate of a limit helow which local-
ized ionosphere heating hy the powa hl.·am will 
not exceed the heatint: occasionally pro<lu..:cd by 
natural effects (the fraction of the total ionosphere 
heated t..y power beam even from a lar)!c numhcr 
of SPS's is extremely small). 

ORIGINAL PAGE iS 
OF pOOR QUAIJTY 
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1tL Y$TROlll lllOOULE 
POWER l'ROCHSllllG 
a DISTRIBUTION 

r~ 10. ~·licro~av~ Power Trar r.laH.!r Design Co11C"'pt 

Ir is also Jesirahlc:.> to maximize thL· frJd1on of 
total energy within the main 0eam in orJ1:r to max
imize power transl~r dfo:ien..:y. In aJdir~lnL mini
mil'ing RF t.•nc~~ in beam siddobc) will redu.:-_· the 
miaowa\e ena~·y in,:iJent on pcopie as wdl as 
otht."r ekments of the hiosphere Csid1..·lobes are th .. • 
rcpctitiw low-kwl maxima in th<-' anknna r;idia
tion patkrn ourside the main tx·.i;n 1 . .-\!1;.,,~i~h 

mi..:rowa\\.' t."nergy standa .. ds appli.:.: i.: :o SPS 
o~rations ha\·e not been s~·t there dO<..'S n·Jt ap~ar 
to he mud1 douht that bca1~1-shaping :ind -..1Jdoh· 
suppres.sion tc.'dllli(1ues will prm id adcquatt..· 
means to control sidclohcs as n1..·.:c-..-.aT}. ll1e sim
plest beam-shaping technique is t;1r. iin~ of the 
trJnsmitkr rower intensity aaoss li1 .. • aperture as 
illustratt.'d in Figure 11. Two inknsity tJpl.'rs and 
resulting heam pattt."rns ;irl.' -.hown. TI1t." beam pat
ten. intensity s..:ak ,Jhl is a lo~:1rithmi..: s.:ak. Siu1..'
lohes 20 dh down an: I; I 00 of the .. -t·ntral inten
sity·. JO Jh down. I 'HhlO. l'tc lk:.im sha;iing 
.:apaht..· of rt•;.hKing sith.:loh...-., a., mu.:h ;1s ~5 Jh 
was inh·stigakd. Figure I~ ,ft\t\\' the fl<..'am p;1t
krn r.:sulting from th .. · 1--Jb tap'r option. on ;i 

linl·ar s.:;1k hilklob1: k\ l·t... ar: l''·'~~~·rakd in this 
plot l. 

9 

Mon> sophisti..:at~J bcam-shapir.g techniques 
\·ary the phase as wdl ;•s t~e amplitude of the 
transmitrer signal across the aperture. These tech
niques can "square up .. the main 0eam. pro,·iding. 
ta, more total rower in a giwn main beam diam
et...·r with a given peak intensity limit. and (h I 
slightly improwd link effi.:iency. (" onsiJcrably 
larger transmitter apertures are required. T111..·se 
h·chniques will b-: beneficial to the later phases oi 
an SPS progr-Jm when \'ery high powtc"r per beam is 
desired. 

As the transmitter aperture is increased. the 
Ix-am diameter at Earth is redu\.'.ed in inwrse pro
portion. Observing the .:'.3 mw/..:m2 limit. as the 
tx·am JiametC'r is redu\.'.ed. total link power is 
reduced. As tr.msmitter a~rture is det·reascd. 
allowing in.:rl'ascd link nowa. a thcnnal limit is 
rt•ad1cd th:" to in.:reasin~ intensity of waste h•:at 
dissipation on lhc anten:-ia. If tht." desired link 
power docs not n·quirl· o~rating at thl' 23 mw: 

.... 
.:m - limit. the lransmitter aperture may be .:ost-
oplimizcd. The effe..:t of these limits is shown in 
Figur<..' 13. <This result assumes the t·.cak sidclfJhc 
inknsitv to be constrained to no i.?rl.'afl:r than 0.0 I ., ~ 

mw \'.Ill-. Changing the sidduhe constr;iints i:1tlu-
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ences the thennal limits: higher pennitted sidelobe 
limits thereby allow smaller transmitter apertures 
and greater link power.) The most cost effective 
system operates at the point where thennal limits 
and main beam intensity limits intersect. 

Additional design constraints influence details 
of the transmitter design and were taken into 
account in selecting the reference and alternate 
design points. They are discussed in more detail in 
Volume 4 of this report. Table 2 summarizes tne 
mai:. fcatu~s of the i;ower transmission system 
design. cu~~tit values '.'It.. compared with t!tt 
values from the JSC .. green book." (JSC>l 1568) 
with reasons for change:. noted. 

Tallie 2. Power Tnmil'lioa System Higlatiglats 
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Additional significant results of the micro

wave system definition effort were: 
(I) A detailed analysis was made of the efficiency 

achievable by microwave power trans1mssion. 
Table 3 compares the results with the values 
from the JSC ··green book"' (the photovoltaic 
reference efficiency chain is included). The 
princit>al new factor is the intra~ubarray 

effects resulting from manufacturing toler
ances on subarray hardware. Limiting these 
losses to 2% requires high-precision manufac
turing. This again underscores the desirability 
of completi!lg the subarrays on the ground. 

(2) Investigations of phase control techniques 
cor. -entrated on the retrodirective technique. 
This technique employs a signal transmitted 
from the ground receiving antenna to implic
itly measure, and correct for. m:::chanical inac
curacies in the transmitting antenna. Desirable 
power transmission system efficiencies require 
the wavefront emitted from I-km-diameter 
transmitter to be planar within ±3 mm (±100 
phase error). Mechanical perfection of this 
degree is difficult to imagine. but the phase 
front ..:an be electronically controlled to be 
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Table l. Nominal Eff"ICiency Oaains 
-PhotOYOltaic srs 
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1ar more precise than the mechanical align
ment of the antenna. This can be accom
plished by distributing a reference phase syn
chronization signal to all subarrays from a 
common source on the antenna ar.d compar
ing this signal with the signal t . .msmitted 
from the ground. Phase integrity of the 
onboard reference distribution system 
depends on accur•te measurement of the path 
lengths over which the signal is distributed. 
Explicit and implicit measurement methods 
were identif1ed. TJae explicit means was 
selected as the reference design, but either 
method would work.. 

There are some doubts as to whether the 
retrodire~tive scheme can provide a suffi
ciently precise reference to establish an accu
rate transmitted wavefront. Self-contained 
onboard methods are possible. Experimental 
exploration of the phase control altemativt"S 
is urgently needed and is one of the top
priority SPS technology verification needs. 

(3) Active thermal control was found to be neces
sary for the antenna power processors. This is 
because (a) the processors need to be sized at 
several megawatts to be lightweight and effi
cient and (b) they need to be cooled to about 
SO<>c: (c) the resulting radiator size per proc
essor is too large to be effectively served by 
heat pipes. Heat pipe cooling of the klystrons 
is practical; entirely analogous heat pipe appli
cations have heen developed, e.g., by Hughes 
Electron Dynamics Division. 

(4) Rectenna costs were found to be a major 
factor in overall power transmission system 
costs. The rectcnna cost per unit <1rea also fig
ures strongly in system cost optimization. 
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Table 4 summarizes typical rectenna char
acteristics. Main cost drivers are primary and 
secondary structt.re at an estimated S l 3/m2 
and the dipok/dio1e/filter units at an esti
mated S /m:!. resLlting in a total cost of 
about S:!.:! billion. Due to the shape of the 
beam intensity patt~ms. cost savings due to 
reduction in rectenn' size can be effectively 
traded for (lO\ •er lost 3!> ~!:own in Figure 14. 
The outer regions of the main beam contain 
relatively little energy: it costs more to collect 
than it is worth. Typically. the cost optimum 
rectenna diameter is 70 to 15% of the main 
beam diameter. The optimal rectenna inter
cepts ab-Out ':15% of the energy in the main 
beam. 

Table 4. Rectenna Nominal Cost Estimate 
(ii I SPS/YR 

UQI 

RECTEMIA llllT£RC£n ~TER 9.3' DI•~ EFFICIENCY 

RECTDlllA GROUJllO AREA • 1.515 • w/4 • 1.152 • - ,,.Z 
REf:nlllNA l'AN£l AMA • •a ,,.Z 
TCTAl CXJlllTROllEO AllEA ILNI!> ACOUISI • 2DI -2 • 50.41D ACRES 
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SPS Ct"nfprations 
The photovoltaic reference configuration is a 

si.'llple two-level planar structure supporting 
approximately l02 km2 of solar arrays, as illus
trated in Figure 15. The solar blanket is divided 

TOTAl. SOLAR CELL AREA: 17.34 Km2 
TOTAL ARRAY AREA: 102.51 Km2 
TOTAL SATELLITE AREA: 112.71 Kml 
OUll'UT: 11.43 GW MINIMUM TO SLIPRINGS 
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Figure 14. Rectenna Size Optimization 
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into 256 bays each 660 meters square. The SPS 
consists of eight modules each four by eight bays, 
and the two rotary joints, yokes, and transmitters. 
Modularization facilitates self-powered orbit trans
fer; a satellite constructed at geosynchronous orbit 
could be monolithic in design with about 
I I 20 000 kg less total structural mass. T _ble S 
provides additional design highlights. 
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Fipre IS. Photovoltaic Reference Conf1gUration 
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Tahir S. Photovoltaic System Hiahlilhts 
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The basic n.anufactured unit shown in Figure 
16 is a solar blanket panel approximately one 
meter square containing ::!5'.! solar cells (18 in series 
by 14 in paralld). The 50 µm solar cel!s are more 
radiation resistant than thicker cells considered ear
lier in the stuJv. It is estimated that these blankets 
will require an~ealing b to 10 times in a 30-year 
period. 
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Figure 16. Photovoltaic Reference Configuration 
Solar Array Fundamental Element 
.. Blanket Panel .. 

The blankl't panels are assembled into install
able blanket packages by welding the interp;1riel 
connectors and taping the panels together. The 
installable packagl.'s arl.' 20 rn wid1.· by one bay 
li.·ngth I (l(l0 m) long. and an: shipped accordion
foldt·ll in a suitahk hox. Blanket packagl.'s arc 
joinl.'d together 1."dge-to"""\.·dgl." l dcctrical connl.'ction 
not requirl.'d I on installation. so that each bay of 
solar hlankl't ot·nmws likl" a large trampoline as 
shown in Figure I 7. Stretd1 loads arc carried by 
thl· tape !!rid. and arl· ;1pplil'd through a caknary 
support that attacht•s to structural hardpoints at a 
20-ml'tcr spJcing. Th,· load ;1t l'ach attach point is 
90 nt•wtons: this providl.'s a blanket "trampoline .. 
frt't!lll"lll'Y of about 12 cycks 1hr. higher than tht· 
first frw SPS strudural modl'S. 
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F1gure 17. Photovoltaic Ref~nceSolar Array 
Arranganent and Attachment 

Minimum-mass structural configurations 
employ dosed-section membas of extremely low 
packaging density. Two approaches to reaching 
.acceptable densities haw been de\·eloped: 
(I) Fabricate the structur;it members in orbit. 

using .. beam machines·· that thennally fonn 
specially-prepared tlat stock shipped to orbit 
in rolls: after thennal fonning. ultrasonic 
welding or other bonding techniques are 
employed to a~mblc the stmctural beams. 

(2) Use an element configur;ition that permits 
nesting at acceptable densities for :;hipment. 
The .. beam machines." in this case. assemble 
the beams from these prd'abricated parts, 
using prefabricated mechanical joints of su!t
able dt•sign. 
No dear conclusion was reached as to which 

of these: approaches is best. Additional technology 
verification work is needed to accomplish a 
selection. 

For powl.'r management and power distribu
tion. the photovoltaic SPS is dividl.'d into 208 
power sectors. Each power sector is switchable and 
can be isolated from the main power bus. facili
tating annealing or other scivicing. Main features of 
the power distribution system are shown in Figure 
18. Power transfer anoss the rotary joint is accom
plished by a slip ring/brush asSl.'mbly, ·n1e size of 
this assembly. 16 m in diameter. is such that it can 
be completed and checked out on the ground. 
Mechanical rotation and drive is provided by a 
med1anical turntable 150 m in diameter. ll1e 
antenna is suspended in the yoke by a soft mechan
ical joint to isolate the antl·nna from tumtabk 
vibrations. TI1c antenna is 1111..•chanically aimed by 
CMG's installed on its stmcture. A position fel.'d
back with a low frequency passband allows the 
mechanical turntable to drive the yokl· to follow 
the antenna and also providl' sufficient torque 
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through the soft joint to keep the CMG's 
desaturated. 

.................... .. .._. ...... 
~·---- ~.....-.. ....... Olml\.nt ............. _ .... 
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Figure 18. SPS Power Distribution is Straightf or

wanl Engineering 

The overall efficiency chain for the photovol
taic SPS was compared with the point-of-departure 
(JSC "green book") figures in Table 3. Principal 
changes occurred wit'1 the change to concentration 
ratio 1 and with a detailed efficiency analysis for 
the power transmission system. The photovoltaic 
mass estimate history has remained relatively con
sistent, as shoV!'n in Figure 19. The current mass 
estimate is summarized in Table 6, compared with 
the original JSC .. green book" estimates. 
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Figure 19. Reference Photovoltaic SPS Mass Esti

mate History 
As the Part II effort began, the final question 

of choice between potassium vapor Rankine and 
inert gas Brayton power generation for the pre
f erred thermal system was still open. The Part I 
effort had concentrated on trying to closely match 
the Brayton thermal cycle efficiency (-40%) with 
the Ra;iltine system. Further analyses indicated 
clearly t~o;t basic differences in the cycles and their 
types of machinery caused this efficiency matching 
to show the Rankine option in a bad light. At a 
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Table 6. Silicon Photovoltaic Mass Properties 
Summary 
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given cycle peak temperature, as the radiator mean 
temperature is lowered, the Brayton machinery 
mass decreases and the radiator mass increases. The 
optimum is reached at cycle efficiencies in the 
vicinity of 40%. The Rankine hardware, however, 
becomes quite massive at lower radiator tempera
tures and the system optimizes at much lower effi
ciencies, on the order of 20%. The result of these 
analyses was that the optimized Rankine system 
was indicated to be less massive than the Brayton 
system in the cycle temperature ranges of main 
i11terest (at very high cycle peak temperatures and 
accordingly very advanced materials, the Brayton 
system is least massive). 

Further analyses of materials availability and 
newer data on long-term creep characteristics indi
cated that cycle peak temperatures should be 
reduced from about l 600K to about I 250K. This 
tended to penalize the Brayton system but pro
vided a nearly ideal mat.:h to the fluid properties 
of potassium. 

Simplicity was a further consideration. The 
Rankine cycle system is less complex than the 
Brayton system as is illustrated in Figure 20. All 
these considerations led to a switch to a potassium 
Rankine reference system design. An additional 
sir.lplificat!on was introduced by selecting a 
perpendicular-to-ecliptic plane (PEP) orientation. 
With the satellite attitude controlled to be exactly 
sun-facing within one degree, and the addition of a 
second-stage concentrator at the focal point assem
bly, the need for steerable facets was eliminated. 
The resulting configuration is shown in Figure 21. 
Sixteen modules are arranged in a square pattern 
with antennas at two of the comers. This arrange
ment provides adequate antenna beam clearance 
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Figure 20. Boyton and Rankine Cycle Flow 
Schematics 
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Figure 21. Reference Rankine SPS Design 

with the PEP orientation at all times of year. Fig
ures 22 and :!3 show further details of the focal 
point assembly and turbogenerator pallet arrange
ment. The PEP orientation requires considerably 
more attitude control propellant (about 150 tons/ 
year compared to 40 tons/year) than the 
perpendicular-to-orbit-plane (POP) orientation 
used for the photovoltaic system. The advantages 
of PEP operat;Jn with the thennal engine are suffi
cient to justify the additional expenditure; this is 
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not true for the photovoltaic system. One disad
vantage of PEP oper.ition is the requireni· nt for 
the two-axis rotary joint shown in Figure 21. The 
additional axis is needed to maintain correct polari
zation of the transmitter with respect to its ground 
station. 

= 
CAwtf'W ~ ---· --PM.11T.-..f 
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Figure 22. Focal Point Assembly 

Figure 23. Turbogenerator Pallet 

During Part II new infonnation was obtained 
on plastic film reflector degradation in the space 
radiation environment. Tests conducted on th~ JPL 
solar sail effort indicated that no degradation of 
reflective surfaces would occur. Boeing IR&D radi
ation chamber tests currently in process are con
finning this result. Accordingly, the concentrator 
was reduced in size from the earlier designs that 
provided 30% concentration oversize to compen
sate for radiation degradation of reflectivity. 

The thennal engine efficiency chain is shown 
in Table 7. The overall energy conversion effi
ciency for the thermal and photovoltaic options is 
virtually the same: both use the same power trans
mission system. 
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Table 7. Comparison of Efficiency Chains 

ITlM NOllWAl llWIMUM MAX ... 

CONCENTRATOR .111 .a .. 
REFLECT D£GR 1.0 .10 1.0 

CPC ... .. 
• • 

CAVITY OPTICAL ... .. • • 
CAVITY RERADIATION .911 .917 --CAVITY THERMAL .115 .... •• 
CYCLE .119 .1• .200 

GENERATOR .... .... ... 
PARASITIC .112 ..... ... 
POWEROISTR .... .u ... 
.. TS (FROM PIVI .M3 .412 .1'3 

PROOUCTS .Ola .011 ·-SUES 111u2 274g2 77Ju2 

The thennal engine mass estimate history has 
e.x'1ibited somewhat more variation than the 
photovoltaic system. This has been largely due to 
the greater system complexity and to changes in 
cycles and cycle temperatures. The current thennal 
engine mass statement is given in Table 8. 

Table 8. Potmum Rankine SPS Ma. Statement 

106kg 

STRUCTURE 6.976 

FACETS 1.837 
nADIATOR IW/O POTASSIUM) 10.768 
POV DIST 4.760 
SW.GEAR 0.218 
GENErlA TORS, ACCESSORY PACK 2.508 
GENERATOR RADIATORS 1.140 
TURBINES 13.755 
PUMPS, PUMP RADIATORS 0.984 
GOILERS & M,\NIFQLDS 3.296 
CAVITY ASS't'S 1.000 
CPCS 0.299 
LIGHT DOORS 0.02& 
MOrJITOR, COMIUAND & CONTROL 0.100 
ATTITUDE CONTROL 1.200 
START LOOPS, CONTROLS 0.250 
ANTENNA SUPPORT 0.286 
MISC. INCLUDING STORAGE 0.200 
POTASSIUM INVENTORY 6.058 -POWER GENER4TION 55.660 
ANTENNAS 24.384 

SPS 80.044 
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An overall preference for the photovoltaic 
system emerged late in the study due to better 
quantification of operations cost penalties a~oci
ated with thennal engine system complexi!y. '.'liis 
preference is, however, somewhat sensitiw to solar 
blanket costs and depends on achievement of low 
costs at high production rates. 

Construction Sy~tPms 
nie most novel problem presented in develop

i11~ an c,.rerall SPS systems definition was to evolve 
a conceptual design of a construction facility capa
ble of constructing a 100 square-kilometer object 
in orbit. Earlier SPS studies gll\ e little attention to 
SPS construction. Issues such as microwave power 
transmission, space transp0rtation, and feasible 
lightweight designs for the enom1ous SPS struc
tures seemed more crucial. Some of the SPS con
cepts were either too ill-defined or in such a fluid 
state that an adequate construction analysis was 
not possible. Construction analyses must be con
ducted at a detail level; high-level parametrics tend 
to be meaningless. 

The other issues appeared more resolvable by 
the beginning of this study. Increased attention 
was turned to the fonnidable and largely unex
plored problem of construction of SPS's in space. 
We were faced with four challenges: 
• No one had ever designed or built anything 

like an SPS structure, or any contiguous self
supporting structure remotely approaching 
the size of an SPS. (The solar collector area of 
a 10,000 megawatt SPS is greater than the 
surface area of Manhattan Island.) 

• No one had ever designed or built a large 
structure for loads criteria anything like as 
low as those applicable to an SPS. (We have 
used 0.000 I g as a preliminary criterion. Con
ventional spacecraft have, of course, been 
designed for launch loads in the range from 5 
to 10 g's.) 

• No one had ever designed a factory or any 
constmction equipment to operate in hard 

• 
va<.:uum :tt near-zero g. 
Initial studies of SPS construction quickly 
scoped space crew productivity requirements. 
Construction of one I 0.000 megawatt SPS in 
one year could afford to employ some hun
dreds of people working in space. Roughly 
I 06 construction manhours (expended ir, 
space) c:ould be used. This represents a pro
ductivity factor on the order of I 0 manhours/ 
ton, about equivalent to that for steel high
rise construction. If, for example, a productiv
ity factor like that for jct aircraft assembly 

ORIGINAL PAGE IS 
OF POOR QUALITY 
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(about 2000 manhours/ton) were experi
enced, the costs to support space construction 
activities would exceed economically feasible 
SPS costs. 

Some of the earliest concepts of SPS con
struction imagined crews in space suits assembling 
SPS's with hand tools. These early views recog
nized neither the size of SPS hardware nor the 
crew productivity rates required. 

Several high-level ground rules were adopted 
at the beginning of the currellt effort. 
• Facilitized Construction: Satellite design is 

11ot penali ·cd by wnstructio'l equipment 
support rcquirenrnts. 

• Decoupled Operations: Constructi.)n opera
tions should be inde~ndent as pc,ssible so 
that a slowdown or shutdown in one opera
tion has minimum impact on others. 

• Operations in Parallel: Fabrication operations 
in paralkl in separate facility locations so that 
maximum time can be allotted to each type 
of operation. 

• Moving Beam Machines: Number of machines 
determined by output rate rather than num
bers of parallel beams in the SPS. This maxi
mizes effective use of expensive equipment. 

• Support the Beams: Long beams should be 
supported as they are fabricated to eliminate 
undesired stress and unguided end positions. 

• Minimize Use of Free Flyers: The satellik 
compon~nt' are too frangible to tolerate acci
dental wllisioi.,. Propellant consumption, 
exhaust product contamination. and plume 
impingement wot•ld present problems. 
The photovoltaic construction facility that 

evolved over the !ieriod of the study is shown in 
Figures 24 and 25. The first of these shows the 
overall arrangement: the second is an artist's con
cept of a portion of the facility and gives a better 
impression of the lightweight structural design that 
would be applied to the facility as well as the SPS. 

The facility is a combined powe1 transmitter 
antenna and photovoltaic energy comersion con
struction fa.:ility. It is mainly a C-clamp-shaped 
truss structure. In Figun: 24, the strudure is shown 
boxed in for most of the facility to clarify the illus
tration hut would actually appear as indicated by 
the "actual structure·· callout. Overall facility 
dimensions are 1.4 x 2.8 km. Crew modules and 
launch vehicle do.:king stations are shown approxi
matdy to scak. 

The crew modules are sized for 100 people 
( 17 meters diameter by 21 meters length). The 
facility includes 4 bays dedicated to structure 
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Figure 24. Photovoltaic Construction Facility 
Arrangement 

manufacture and 4 bays dedicated to sular blanket 
and equipment installation. 

The construction base concepts (thennal 
engine construction bases were also defined) 
evolved gradually over the entire period of the 
study. The analysis procedure was conducted in a 
"grass roots" fashion, beginning with concepts for 
construction machines to perform specific tasks, 
and proceeding through machine production rate 
estimates, task manloading and timelining, and 
finally building up to th'- base definition level. By 
far the majority of the effort was invested in defin
ing the facility and equipment. The crew habitats 
were only externally defined (mass. size, crew 
capacity) based on extrapolations from earlier and 
concurrent space station studies. The crew habi
tats, however. represent a major proportion of 
total base cost. 

Highlight statistics for the construction bases 
are given in Table 9. Although the -:rew sizes and 
construction base masses and costs seem quite large 
by traditional experience, construction operations 
costs (including crew transportation and amortiza
tion of the bases) only contributes about 8% of the 
total SPS capital cost. 

Table 9. Construction Highlights 
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Trans~rtation Systems c need for the equivalent of l 000 or more 
Saturn V launches to deliver one SPS to its opera
tional orbit has been used to .. prove" the prn.ctical 
infeasibility of the SPS concept. Certainly at 
Saturn V costs, the cost of transportation alone 
would be at least ten times what one could :eason
aMy expect as an economically feasible cost for an 
SPS. This argumcment is, of course, invahJ. The 
Saturn V design stemmed from a technology base 
now about two decades old. Concepts for vehicle 
reusability were available at that time but were 
considerel.! as unnecessary contributors to develop
ment risk;~ view of (a) the urgency of the Apollo 
program. a1!d (b) the comparatively few launches 
that were pla;med. 

SPS transportation studies have developed 
\'ehide design conci:pts responsive to the high 
launch rate requirements of an SPS program. These 
concepts have included fully reusable ballistic or 
winged Earth laundt vehicles. and reusablt orbit 
·ransfer systems for transportation from Earth's 
::.urface to low Earth orbit (LEO) and between 
LEO and geosynchronous Earth orbit (GEO) 
respectively. Typical launch vehicle concepts are 
illustrated in Figure 26. Mass properties, perform
ance. and costs for these vehicles have been calcJ
lated in some detail. The results have consistently 
shown that transportation costs for these systems 
have been well within the range needed for SPS 
economk feasib'lity. (For example. $20/kg to low 
Earth orbit •1e•sus an economic fe:isibility upper 
limit on the order of $50/kg.) Low rnsts arise from 
(I) complete reusability: (2) high total traffic vol
ume: (3) rclativdy rapid ground turnaround for 
relaunch: and (4) large payload capacity per tlight 
-these fadors are in order of impo•rance to low 
recurring cost. 

Tlw identified advantages of each of the 
launch whide options an: indicated in Figure ~6. 
The principal issui: bi:twt>i:n thi: two systems is sea 
landing vi:rsus land landing. Thi: si:a landing modi: 
ri:quires restart of some of the rocket engines (or 
start of sp1.·dal landing i:ngin1.•sl for the powi:n:d 
letdown into the water. Thi: vchiclc is exposed to 
till' si:a saltwatcr l'ttviron1111.·nt. Thl.'rc is also sonll' 
u111:atainty assnciakd with landing loads to h1.· 
cxpcrienccd upon watcr contact. The winged land 
landing whide arnids thcsl.' issues. Becausl.' of the 
sonic boom profiles for ascl.'nt and rl.'et1try of thc 
vchides. and bccaus1.· the booster requir1.·s down 
range land landing. the wingl.'d system introdw .. ·1.·s 
significant launch and rl.'cnwry siting issul.'s. No 
suitable down rJngc land landing sites are available 
for KSC laundt. Possibly usable sites. with regi.ins 
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Figure 26. launch System Options 

of signilkant sonic boom owrpressun.• being under 
government control. exist in th•: southwestern 
United States. Tht:se sil,•s are further north than 
KS(' and introduce additional performance penal
ties assodated with the plane changt' rl.'quired to 
achie,·i: a zero-indination gl.'osynchronous orbit. 
Other alternative siks haw not bl.'en identified. 

The analyses of freight launch vehicles con
ducted during this study have indicated a low earth 
transportation cost on the order of $20 per kilo
gram, including amortization of the vehicle fleet 
investment. total operations manpower. and pro
pellant costs. Thc distribution of this cost over the 
assumed 14 year program is shown in Figure 27. 
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Figure 27. LEO Transportation Costs for 14 Year 
Program at 4 Satellites/Year 
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Vehicle production hardware is the greatest factor; 
manpower is second in importance, and propellants 
are third. The propellant cost is about 1/4 of the 
total, typical of a mature transportation system. 

Since vehicle production is the most important 
component of space transportation costs, it is 
important to compare the estimates to other sim
ilar systems. Shown in Figure 28 are costs in tenns 
of dollars per pound for several aerospace vehicles, 
including commercial ai;cr-.tft and launch vehicles, 
as well as the calculated costs for th.! second stage 
and first stage of the winged launch vehicle systems. 
Ail costs here are expressed as the average costs 
over 300 units with appropriate learning curves 
applied. The commercial aircraft are similar in 
complexity to the launch vehicles, but involve a 
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Figure 28. Flight Vehicle Production Hardware 
Costs 
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significantly smaller investment in propulsion. The 
S-IC Saturn booster stage is comparable in com
plexity to the first stage of the wing-wing vehicle. 
Shuttle costs are seen to be somewhat higher than 
woul~ be expected from the cost estimates here. 
Thi~ differential arises primarily because Shuttle 
fabrication is bein~ carried out with prototype 
rather than production tooling since only a few 
vehicles are to be built. 

Transportation operations may be required !o 
support co1astruction operations either at low 
Earth orbit (LEO) or geosynchronous orbit (GEO), 
depending on which construction locatio!1 is finally 
selected. In either case an orbit t1ansfer vehicle sys
tem is needed to carry crews, crew resupply logis
tics, and priority cargo to geosynchronous orbit. 
Earlier studies had investigat !d a variety of orbit 
transfer vehicle options and selected the configura
tion illustrated in Figure 29 as representative of a 
cost-optimal system. It is a space-based oxygen
hydrogen reusable 2-stage rocket system refueled 
by tankers brought to LEO by the heavy lift 
launch system. During Part I of this study, the 
natural question arose, "why not make the tanker 
into an orbit transfer vehicle and operate Earth
based?". This was investigated, and it was found 
that the space-based vehicle had a~·out 15% better 
perfonnance, yieldi!1g lower costs. TI1ere are two 
primary reasons: ( 1) the space-based vehicle need 
not be structurally desi~ned to withstand launch 
Jc;ads with full propellant tanks; (2) the inert mass 
of engines and other subsystems needed to make 
the tanker into a vehicle need not be hauled back 
and forth from Earth to LEO. Concurrent with this 
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MAIN ENGINE 141 
470 KN 1106 K LBfl 

t------ STAGE 2 ------1------ STAGE 1 -----1 

• PAYLOAD CArABI LITY • 400,000 KG 

• OTV STARTBURN MASS• 90,000 KG 

• 2IO OTV FLIGHTS P'ER SATELLITE 

• STAGE CHARACTERISTICS (EACH 
• P'ROftELLANT • 41'5,000 KG 
• INERTS• 29,000 KG (INCLUDING NON IMPULSE PROftELLANTI 

Figure 29. Space Based Common Stage OTV 
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SPS study, an orbital propellant depot study by 
General Dynamics has identified practical means of 
propellant transfer with minimal losses. The space
based system was selected as the preferred option. 

If the SPS is constructed in low Earth orbit in 
a modular fashion, the electric generating capabil
ity of the modules may be used to drive electric 
propulsion systems to effect the orbit transfer. 
Each module is equipped with electric propulsion 
installations. propellant tanks, and the other sub
systems necessary to convert it into a powered 
sp9cecraft A joint cost optimization of lsp and 
t1ip time result~d i11 sdection of a 180-day transfer 
at 7500 seconds electrical lsp. The effective Isp, 
after accounting for l. .. :.ses for attitude control 
t.hrustiny and the use of chemical propulsion dur
ing transits of the Earth's shadow, is about 3000 
seconds. This high effective specific impulse prn
vides a major reJuction in total freight delivery to 
low Earth orbit. The L02/LH2 orbit transfer vehi
cle requires about 2.1 kg of propellant per kg of 
payload delivered to GEO. The high-specific-impulse 
option requires about 0.25 kg of propellant per kg 
of payload deliver,!d. The net effect is a 50% 
reduction in the required number of heavy lift 
launches from Earth. lbere are a number of nega
tive factors associated with the high specific 
impulse "self-powered" mode, but taken in the 
aggregate they exhibit considerably less cost than 
the savings in Earth launches. 

The arrangment of a photovoltaic SPS module 
as a powered spacecraft is shown in Figure 30. 
One-quarter of the solar blankets are used for the 
transfer; the remainder are deployed from their 
shipping boxes after the module reaches geosyn
chronous orbit. The blankets used for propulsion 
power will be degraded by van Allen belt radiation 
absorbed during the transfer. They will be annealed 
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Figure 30. Self Power Configuration-Photovoltaic 
Satellite 
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during the finaJ checkout and preparathn process. 
Other tasks to be conducted at GEO include join
ing the modu'.es together tc form a complete SPS, 
and installing the ancennas. The latter are also built 
at LEO, and are transported by two of the eight 
modules. Figure 31 shows a summary ~onstruction 
and transportation timeline. 
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Figure 31. Photovoltaic Satellite-LEO Construc
tion Timeline 

Cost Analyses 
One of the significant areas of emphasis of 

wrrent SPS studies has been system costs, espe
cially recurring (production) costs of SPS uni!s to 
utilities. The present estimates of capital cosc range 
from $1700 to $2700 per installed kilowatt (of 
useful ground output) for a modest-technology 
SPS systern using silicon solar cells or potassium 
vapor Rankine heat engines (the i:itter, of course, 
employing solar concentrate.rs). %ice the installed 
kilowatts are baseload power r':Uler than peaking 
or intermediate, the coraparison with ground solar 
costs is potentially quit~ favorabl~. 

These cost estimates may <;eem surprising. 
Since it is hardly obvious that putting a power 
plant in space will do anything to reduce cost, 
some explanations are in order. 

Cost ultimately derives from the cost of mate
rials, of energ~· and of value added during produc
tion and instal;~tio:i. The SPS scofes well on the 
fir<;t and the last of these, and on energy invt st
ment, scores a little better than typical nuclear 
systems . 

Materials 
Constructed :rnd operated in sp;is.; · rhere 

design leads are nearly absent, a tYr·k<JI 10.000 
megawaLt SPS will have a total mao;;s of I 00,000 
metric tons. about that of ti'.· tructure of a super
tanker ship. Over 60% <''the .ass, be it a thennal 
engine or solar cell SPS. will ;!nc:gy collcdion 
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and conversion equipment with the balance being 
supporting structure. power transmitters. flisbt 
controls. and so forth. The energy convemon 
equipmer.t provides several times as much ootput 
per unit area as a ground solar unit due to the con
tinuous availability in space of sunlight of higher 
intensity. 

Our SPS designs have employed very little in 
the way of exotic materials and are. except for 
their large size, reiatively simple. The receiving 
antennas are also simple designs using ordinary 
materials (mostly concrete). With the receiYin1 
antennas included, the total mai:erials required per 
kilowatt for an SPS are very similar to those for a 
con\·entional Earth-based plant; much less than for 
an Earth-based solar plant. 

Energy 
lifetime enf'rgy invesbnent to produce, install 

and operate an SPS is less than for m~t energy 
alternatives even if the Jat:nt energy in fuel for the 
alternatives is not counted. The energy cost of 
r. iclcet propellant for space transportation has been 
.:alculated to be from 2000 to 4000 kwth per b.-e 
installed: therefore, the payback time for roclcet 
propellant is less than six months: less than two 
months if energy grade is included in the 
calculation. 

Value Added 
SPS !:ystems and their receiving antennas are 

primarily made of simple, highly repetitive ele
ments: billions of solar cells (or hundreds of ther
mal engine turboma~hines): hundreds of thousands 
of standardized structural parts· tens of thousands 
of RF powa tubes and associated cir~uitry: hun
dreds of standardized electrical switchgear units 
anJ power processors: billions of receiver dipole 
elements on the ground recei,,·ing antenna. All of 
these repetitive elements are well suited to highly 
automated mass procuctior.. This mass producibil
ity is one of the keys to mak~ng SPS's at acceptable 
cost. Further, assembly of the SPS structure in 
space provides the unique opportunity to perfonn 
the assembly, even of this \'-.ry large-area structure, 
in a semi-automated production line manner. This 
is true because the lack of g.'"lvity and wind loads 
allows moving the SPS with respect to the assem
bly facility wi!h relative ease. 

Cost Analysis Approach 
In view of the mass productior. potentials, we 

have adopted a dual costing approach: For those 
items needed at production rater lypical of aero
space products, we have used aerospace cost esti-
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mating practices.. Fo: those items needed at mass 
production rat~ we have used mass production 
cost estimating. The relationships are illustrated in 
Figures 32 and 33. Aerospace cost experience fol
lows a 0 leaming .. or improvement curve. (Most of 
the improvemea1t comes f!'Olll learning how to 
make the produc!ion plan work. Mechanics learn 
quickly.) Typical experience is an ~5'1- curve; unit 
#2N will cost 85% of unit #N. 1'17 jetliner produ~
tion experience shows that this type of proje~tion 
is good well ~yond the IOOOth unit. Aerosra~ 
estimates. built up from the subsystem level. are 
1'ased on historical correlations of manhcurs. ele
ment physical ~haract~ristics. and complexity. 

A mass production process is facility and 
equipmenl intensive rather than labor intensive. It 
does not follow an aerospace-type improvement 
curve. Historical correlations indicate a labor inten
siveness relationship as shown in figure 33. A mass 
producti<. • process reaches its labor cost plateau 
during the process shakedown period and then 
improves no further unless the process is chan8Cd. 

' 
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Figure 32. Cost Improvement Curve 

.. --
Figure 33. Mature Industry: Production Rate 

Curve 
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This mature industry c~ting .tpproo~h was 
develo~d by Dr. Joe Gauger based on information 
developed during I R&D analyses of design-t°'ost, 
experienced costs for commercial aircraft and 
other systems, and statistical correlations for finan
cial and production factors for a wide variety of 
commen:ial industries. 

It was jud~d to be desirable to spot-check 
the man1re industry predktions. A total of five 
spot checks were made as indicated in Table 10. 
These included solar blankets. graphite structures, 
klystrons. potassium vapor tur!.lines. and eledro
magnetic liquid potassium feed pumps. In all cases, 
the mature industry projection was well within the 
uncertainties that would be expected for the kind 
of cost estimates bdng made. Based on these 
examples. we believe the mature industry method
ology to be an a:>propriate cost estimating proce
dure for SPS systems. 

Primary emphasis in the current study effort 
has been directed to production and installation 
costs. Further efforts \\ill in\·estigale maintenance 
costs: the ·.rery preliminary estimates that have 
been made indicale that maintenance cost contri
bution to electric power cost will be comparable to 
that for conventional ground powerplants. 

Table I 0. Mature Industry Cost Conf'umation 
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Results 
Total production costs are summarized in Fig

ure 34 for eight combinations of energy conversion 
system. production rate. and construction loca
tion. The silicon photovoltaic sysh:m h;as a modest 
cost advu,tage over the tht"rmal engine and low 
Earth orbit construction has a significant cost 
advantage over ge~ynchronous construction. The 
most important cost change occurs with the pro
duction rate incn·asc from I SPS per year early in 
the program. to 4 srs·s per year in a more mature 
Opl'r.ition. Principal cost reductions with system 
maturity occur in SPS hardware production, space 

23 

transportation. and projeckd produd improve
ment. The lowe: capital cost is a~'hieved with the 
silicon photovflltaic system at 4 SPS's per year 
with LEO construction. The figure is approxi
mately S 1, 700 per kilowatt electric including 
interest during construction and projected growth. 
Still lower figures might be proj<ckd for advanced 
systems, such as thin falm gallium arsenide. 
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Figure 34. Production Cost Results Summary 

Achievement of the projectc:d silicon rtltoto
voltaic costs is critically Gependent on the develop
ment of a satisfactory mass proJu.:tion technolO!-'Y 
for single crystal silicon solar cells and blankets. 
This mas-- production technology may require con
tinuous growth processes but recent indications oa· 
improvements in the technology presently used for 
;olar cell manufacturt·. indicate that automation of 
this technology may i)rovide greater cost reduction 
than commor.:~ supposed. 

Uncertainty Analyses 
An important objective ol the SPS systems 

study was to make the best possibk estimates of 
uncertainty in siLe. mass and costs. for the SPS sys
tems characterized. The methodolo1.'Y employed 
was newly developed for the study. llte basis for 
the uncertainty analyses was itemized estimates in 
the uncertainties of component perfonnance. 
masses. and cost: :i typical example is the uncer
tainty in solar cell efficiency and degradation. In 
developing the statistics in size. mass and cost. cor
relations were taken into account through the u~ 
of a bivariate normal distrihut;on probability 
model. 

The uncertainty analysis. in addition to t'sti
mating uncertainlit''· produl."t'd the unexpt'l."kd 
result of predicting mas" growth similar to that 
predicted hy histori1. al l."orrdat i<'lh. It had he1.·n 
helie~·ed that mass growth was the result of •rnpre-
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dktable variables. e.g .. changes in program require
ments. The outcome of this uncertainty analysis 
~sts that growth is more predictable than for
merl~' ~lieved and in fact results Largely from the 
natural tendency to set point design parameters on 
the optimiscic side of the actual uncertainty range. 

Figure 35 compares the statistically-derived 
result for the photovoltaic SPS with the worst-on
worst and best-on-best results defined by combin
ing all the most optimistic componenl uncertain
ties and all the most p~istic component 
performances. As incre~d detail is developed in 
this kind of analysis. the worst-on-worst and besr
on-best extremes will continue to become further 
apart. while the statistical uncertainties will tend to 
change little and will approach a representation of 
true uncertainties. Significantly. the reference 
point design was outside the proja:red 3 sigma 
rar.gt> for mass and siu. Th!s resulted primarily 
because the effkiency chain assigned to the refer
ence de!'ign was more optimistic than the most 
probable efficiency chain defined by the statistical 
analyses. 

r~--~-

·t 

! I ... t .... ~ 
I 

-~ 

, •r 
' ! ... 
L ~_-_,_,,__~ .. "o----... - ... - - - :a ...... "'-~--·..,: 

Fiautt 35. Photovoltaic SPS Ma:D!Size Uncer
tainty Analysis Results 

Figure 36 presents an uncertainty estimate for 
the them1al engine comparable to the previous one 
for the photovoltaic system. Because the technol
ogy of the thennal engine system is somewhat 
more mature, it would be ex~Lted to estimate 
somewhat kss mass growth and that turned out to 
be the case. An additional flctor in the reduced 
mass growth projection is chat a significant part of 
the size escalation is associated with the size of the 
"·oncentrator which is a low-mass compor.ent of 
lhe them1al engine system. 

With costs included in the uncertainty analy
ses. it is necessary to discriminate between the I 
SPS per year case and the 4 SPS per year case. For 
till' 4 SPS pt•r ye~r case. an estimate was made that 
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FtgUR 36_ 11aennal EngiDr Uncertainty Results 

about 60% of the predicted mass growth could be 
removed by product improvt>ment. As for the size 
and mass estimates. the ref ere nee design trended 
toward the optimistic side of the median of the 
cost uncertainties as shown in figure 3 7. Corase
quently. one sees first a cost escalation at the ref
erence design point and then a further cost growth 
associated with the mass growth projection. Note 
the very high correlation between cost and mass 
uncertainties. This corresponds to the historical 
indications that cost growth is frequently associ
ated with mass growth. and especially with the 
compensation for (or removal oO mass growth in a 
system when perfonnance requirements dictate 
that mass growth be limited to predetermined 
values. 
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Figure 37. Mas/Cost Uncertainty Analysis Results 

The hottom line for an SPS system is its capa
bility to produce power at an acceptable cost. ll1e 
result shown in Figure 38 represents the final result 
of the costing and uncertainty analyses. Uncertain
ties for busbar power costs includt• the uncertain
ties in unit costs as well as uncertainties in the 
appropriate capital charge factor to be apJ lieJ and 
the plant factor at which the SPS can operate. Cap
ital charge factors from I .:?-18 percent were consid
ered and the plant factor uncertainty was taken as 



01~22876-1 

709'c-90Cl at one SPS per year and 85'.C.-95% for 
four SPS's per year. The~ uncertainties were statis
tically combined with the cost uncertainties 
derived by the cost uncertainty analyses. 

.... """ 
I 

/ / 
! I 
i / 

Figure 38. Predicted Busbar Power Cost and 
Uncertainties 

Technology Verification Needs 
Establishment of finn designs. perfonnancl' 

levels. de\-elopment requirements. cost estimates. 
and em·ironmental acceptability. depends on thl' 
achievable characteristics of several critical technol
ogies. Although overall success of SPS development 
is possible over a range of performance of these 
technologies, establishment of specific attainable 
perfonnance levels is important to establishment of 
designs and system specifications. Accordingly. 
technology wrification can presently be regardl!d 
as a schedule constraint for potential availability of 
SPS-d.:rin~d energy. Initiation of a technology veri
fication program is recommenMd as a logical addi
tion to current SPS <'florts. The ground-based pro
gram should lead the !light program by one to two 
years. 

Ground-Based T echnolog~· Verification: 
The recommended program includes energy 

conversion. materials. structures. electr;cal systems. 
Rf systems. flight control. space transportation. 
space construction operations. and space l'nviron
ml'nt effects. as summarized in Table 11. 

Flight Test Technology Verification: 
The recommended flight program is divided 

into two parts. The first phase includes an inter· 
lei ~rne•a spacecraft experiment and shuttle sortie 
!lights. The second phase is a solar power technol
ogy demonstrator in the power rangl' 250 kw to 
I 000 kw. constructed and tended in low Earth 
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Table 11. What Is Involved In Each Segment of the 
Verification Phase? 

e SOLAR 8LAN&ET$ j1ST VfAA f\JllliOUliGSl!M !.-VEAA AGGR£GAT£ S1'Ui 
AUTOllATtO SOt.ARCEU. 9;.AN&ET PROOuCTtOlw 
RAOIA TION EffECTS lfiVESTtGA ftOfd 
MIGllVOl.TA<il AARAYCftRATIOI< 
AOVAllCEO C l OEVll~"l 

e Trtf.""4l ElllGlllil Of.VELOPIHIJT 11$T VEAR USM_ So YEAR AGGREGATE $181! 

e l&ATUUALS ilST YlAR S1 511. S YEAR AGGREGATE S10Ui 
~TICSANO~TESOEllEl~"'ffOASPACl 
llf( MIO Pll()flf:RTSES Ulil SPACI fNVIROMllEfCT 
~ANO f~TE"""' rtCHlllOUU I-OR SPACE COOriSTRUCTIOlii 
TNERMAI. COllOTAOl Of lARCl STRUCTURES 
SPECIAL COATINGS MIO ALLOYS CEVH~NT 

e STRUCTURl'S f1ST vtAR S 7Y1 ~ VEAJl AGGAECATE S8 JYIJ 
FA8RICATIO!li All<O TlSTSOf STRUCTURAL""'° J()lllllOIG EUUUtTS 
EST MR-NT Of llETMOOS FOR l'tlEDtCTl..C STRUCTURAL STRENGTH 
STRUCTURAi. OYlllAMICS Allll) not- RESPOlllSE 

• ELECTRICAL SYSTEMS 11sr VEAR $1 511. s YEAR AGGREGATE 512111 
OlV£LOl'llfflrliT Of FASf~ITCHGtAR MlilO~t~fSFOR Rf. AWltf•tR 

ARC SU'PAESSIOOW 
UGNTWftGHT MD HIGH Ef·FtClfNCY POWER PROCf.SSOftS 
HIGH~R $l.lPfUNG..* 
HIGH T(UPlllATURE SEUOCOlllOUCTORS 
llGHTllflGHT ELECTRIC POM:R STORAGE 

e Rf SYSTEllS 1 IST VEAR ... S Y(AA AGGREGATE SlNi 
PfRFORU.UOCE Al\iO OPERATllllG CHARACTlRISTICS 
OV£RAll SYSTEM OESIGlll ~ARAltllfRS ANO COST ESTIUA TfS 
Of.SIGN :Jf P()WfR TRAlllSMITTfR ANO 1Nf(GRATH)llJIW1TM EtliTlllE SYSTE .. 
T£CJelOl..0GV VlRIFICATK»i OF ~MIT ~YSTE• n:RFOlllllAMCES 
OEVfl.Ol'llf.fCT Of LA90RATOAY P'ROTOTYP( RF ~IFIER TU8ES 
""ASl" COflliTAOt. CIRCutTRY OE_Vf.l.~Uflllil 
A.NTC"PiA St.eAAA ... Y HARO.-ARE 
IOI005PHIERIC HEATl..C TfSTS 
AAOIO FREQUENCY tJllTERFEREFtiCE TESTI~ 
HIGH ftW'f. .. ATURE SOUOSTATf AMP'liF!fRS 
OEV£l~NT OF RECEIVl..C AlllfE .... A fl£Uf .. TS 

e FLIGHTCC*TROl $'1$1(11$ 11$T YfAR SW 5 YEAA AGGREGATE $1111 

DE'Vtl.f ... U1T Of lttf:C-RY AND SOfTWARt. TO CO..T~OL LARGE SPACE 
STRUCTURES 

stl\iSOR OEllElOl'Uf"T 

e SPACE TRAliS'OftTATh.>N 'IST YEAR $AMS YEAR AGGRfl.#Af( $3ii.11 
Tt.CHNOlOGY VUUFtCATfC* Of ZEAO Gfl'ROPELLANT TR~(R 

HIG>o '°"£11£0 ELECTRIC ~llOl'ULSIOIW 
t\iEW 800STER E'WGl"E TECrfr.otOGY \/£Alf IC.\ IIOl'.i 
fUllY REUSA8lE WATERCOOLEO LAUl\iCH VEHICLE HEAT SHIELD 
ON ORtll T SE RVtCING OF vt HK:l ES 
TECHffOLOGY EFFORT FOR tNITIAT~ Of OEVEH·~ENT (lf LCM COST 

TRANSPORTATION SYSTEM 

e SPACE. CONS TRUCHON Ol'fRATIOPiiS 'tST VEAR $JM !> vf A~ .\U~REG \TE S22 9'• 
AUTOMATED FABRICA Tf°" Of SPACE ST~UCTVHt.S 
Cl\JSE.0 lJfE ~T SYSTEMS 
OOCtUP«i .V.0 BE.ATHt'WG .;)F lA~Gl SPALt- S'(STf:\!S 
otVlLOPME~T OF CQl!i5.IAUCTION lll't.HATOFI ACCO-..MODATIONS 
CONSTRUCTIC* BASE Of\l BOARD LOGISTICS SVSHt.tS 
TEt:HflilOlC>GY VERIFtcATIOJ.il TO Slff()AT Of.VE loPMEr.T OF COfii!STRUC 

TIOOI 8ASEs 

e sa-AC£ ElllVtRONMf:NT lffECTS '1ST YEAR S2M S YEAR AGGREGATE $11'11 
STUDY ANO ANAl YSISOF SPACE. EllVVIROt<.IMENT EFfECT$ .M£TEOROtOS 

"LASMA ffElOS -'"'° £'-iERGETIC RAOIATlrnvl 

TOT4lS FOR GROUND aASEC TECHt40L°'-'Y VE.RIFICATIO:<i PROGRAM 
FIRST YEAR $ 24 2W 
AGGREGATE 51731SM 

orbit by the spacl' shuttle. Costs for this program 
arc less well defined: estimatt:d totals art• S50 to 
SI 00 million for thl' interfrromdl·r span·craft. h 7 5 
million for shuttk sorties. and 2. I billion for the 
solar power demonstrator including design. dcvel· 
opmt:nt. launches. construction. and the compkh.' 
experiment program. 


