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Grumman Aerospace Corporation concurs that this report
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ials submitted to ECON over the course of this study. Grumman's
principal input to ECON is contained in the report, NSS-P-76006,
dated March 31, 1976, Crumman has participated in the presenta-
tion and review of this report and agrees with its findings and

recommendations,
Sincerely,
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1. INTRODUCTION AND SUMMARY

1.1 Introduction

1.7.1 Purpose of the Study

Even at reduced rates of growth, the demand for eieciric power
is expected to more than triple between now and 1995 and to triple again
over the period 1995-2020. Without the development of new power sources
and advanced transmission technologies, it may not be possibie to supply
electric energy at prices that are conducive to generalized economic welfare.
Solar power is renewable and jts conversion and transmission from space
may be advantageous. The goal of this study is to assess the economic merit
of space-based photovoltaic systems for power generation and a power relay
satellite for power transmission. In this study, sateliite solar power
generation and transmission systems, as represented by current configura-
tions of the Satellite Solar Power Station (SSPS) and the Power Relay Satel-
Tite (PRS), are compared with current and future terrestrial power genera-
tion and transmission systems to determine their technical and economic
suitability for meeting power demands in the period of 1990 and beyond
while meeting ever-increasing environmental and social constraints.

i.1.2 Study Objectives and Scope

The principal objective of this study is to achieve increased
understanding of the economic and technical aspests of space-based power
generation and transmission systems and to determine whether--or under what
circumstances--they may make significant contribuvions to meeting future
energy demands.

Previous studies have defined concepts for the generation and
transmission of electrical power from geosynchronous orbit and some demon-
strations (i.e., microwave) of the required technology have been made. In
funding this study, NASA required the following efforts:

¢ identification of operational and economic requirements
of large, orbiting power conversion and power relay systems

e systems comparisons between synchronous orbit energy-generat-
ing systems and terrestrial systems that will be operating in
the 1990s and heyond

o preliminary formulation of a framework that can be used for
future analyses of the environmental and social impacts of
orbital power systems

e definition of near-term research activities which will be
required to demonstrate the feasibility and advance the
technology needed to achieve launch and operational capabili-
ties of space-based power systems in the 1990 time period.

g s At e, g




0f particular interest to NASA has been the identification
of key probiem areas of operational power systems in orbit and the tech-
nologies required to resolve them, development of cost estimates of the
required technologies and the identification of the social and e.viron-
mental impacts acising from the operation of the systems.

By direction, the emphasis of the study has been on the iden-
tification and delineation of problem areas and technology regquirements
rather than on in-depth problem solutions.

1.1.3 Relationship to Other NASA Efforts

Several past and current NASA efforts have been drawn upon
in the conduct of this study.

The initial SSPS study, "Feasibility Study of a Satellite
Solar Power Station," under contract (NAS3-16804) to NASA Lewis
Research Center, was conducted by the contractor team Arthur D.
little, Inc., Grumman Aerospace Corp., The Raytheon Co. and Spectrolab,
Inc. [1] and used as a point of departure for the description of the SSPS.

Extensive interface with the work performed under contract to
NASA Lewis Research Center (NAS3-17835), "Microwave Power Transmission
System Studies” (NASA Report CR-134886) by Raytheon and Grumman, was
important in defining transmission system technical and cost character-
istics in considerable depth. Additionally, this study served as & guide
to the technology development and test programs for the complete SSPS
system presented in this study. Cognizance was taken of work performed
to date as part of a NASA Lewis/JPL joint program to demonstrate the
feasibility of power transmission from space. The receiving-and-rectifying
antenna (rectenna) demonstrations by JPL at Goldstone and in the Raytheon
Laboratory [2], and the ongoing technology development of the rectenna
element into the low power density region for NASA Lewis by Raytheon, were
considered for projections of future recterna efficiencies.

Interface with the effort conducted for NASA MSFC, under con-
tract with the Boeing Company (NAS8-31628) on "Alternate Space-Based
Power Generation Systems" was important in establishing common approaches
for purposes of comparison.

The evaluation of system concepts for Space Shuttle-derived,
Heavy Lift Launch Vehicles (HLLVs), conducted under contract to NASA JSC
(NAS9-14710) by Boeing and Grumman, and the Boeing study of “Future Space
Transportation System Analysis” [3], had important bearings on transpor-
tation considerations.

The work on "Orbital Assembly and Maintenance," conducted under
contract NAS9-14379 by The Martin Company [4], has contributed to the
understanding of these important areas.




Coordination with parallel efforts on terrestrial power gen-
eration and transmission studies, performed for NASA by JPL, provided
additional data for comparisons with terrestrial systems [5 and 6].

1.1.4 Major Study Findings

Nine major subprogram areas have been identified which need to
be resolved for the development, operation and maintenance of the SSPS.
These subprogram areas are as follows:

Point Design Development

Systems and Economic Studies

Microwave Power Technology

Solar Array Technology

Large Structures

Flight Mechanics and Control

Operations, Manufacturing, Assembly and Maintenance
Environmental and Qther Impacts

Transportation.

200000066006

The major economic findings are summarized below. These find-
ings depend upon the resolution of the subprogram areas that have just
been listed:

o The SSPS may be cost-effective with respect to terrestrial
systems by 1995. Since most terrestrial concepts depend
upon nonrenewable energy sources, the economic viability
of SSPS may be enhanced relative to terrestrial systems
beyond 1995. Given the time period before SSPS may be
cost-effective (1995), a decision to enter into a develop-
ment~to-operations program or large-scale prototype is not
economically justifiable at this time. However, given the
potential economic benefits of SSPS in the 1995 period,
the many concepts that are currently being studied, the new
design approaches that are being advanced and the number
of possible approaches to development and operations, the
study results suggest that a significant study and Iimited
technoloqy program is warranted over the next four-to-five
years. The purpose of this program would be to provide re-
Tiable information on the economic and technical viability
of SSPS.

@ SSPS may repay its total $44 billion DDT&E by CY 2013 with
tess than 60 units, were alternative terrestrial systems
generation costs at least 35 mills/kWH. This result re-
quires an SSPS buildup rate that ultimately provides 10
percent or more of United States installed generation
capacity.

¢ The PRS energy transmission concept that has been studied
has a decisive economic disadvantage compared to terrestrial
systems up to distances of 5,630 km {3,500 nm). Beyond this
distance, were it deemed in the national interest to engage




in international transmissior of power, the PRS appears
to have economic advantages over alternative concepts.

The economic results do not indlude the relative social and
environmental impacts that would be associated with the systems that were
compared. Differences between terrestrial geperation systems and the SSPS
may be signigicant.

Of particular importance for the economic and technical feasib-
itity of SSPS is a “heavy 11ft® launch vehicle with a payload to LEQ of at
least 182,000 kg 400,000 1bs). Finally, it should be noted that risk
analyses of the development programs and operations are a required step
before any "hard” conclusions may be drawn regarding the economic via-
bility of the systems.

1.2 Summary

1.2.1 Descriptions of Orbital and Terrestrial Systems

1.2.1.1 Orbital Systems: The Satellite Solar Power Station

The baseline SSPS, illustrated in Figure 1.1, is sized to
generate 5,000 MW of rectified power at the output bus of the receiving
antenna. This power Tevel was chosen to provide economies of scale while
keeping the peak microwave power density in the center of the rectenna
to 20 mhl/cmZ, a level thgt is expected to meet anticipated environmental
standards. The 20 mW/cm® value approaches the anticipated threshold Tevel
for affecting changes in the ionsphere. It is noted, however, that the
effects of these anticipated changes are unknown.

The satelljte's mass in orbit is 18,000,000 kg. An operat-
ing frequency of 2.45 GH; was selected based cn considerations of power
transmission efficiency, low susceptability to brownouts in rain and minimal
potential problems with radio frequency interference. The transmitting
antenna is an active planar phased array which uses ampiitrons for d¢ to
rf power conversion. The photovoltaic power source generztes 8,600 MW of
power using an advanced 50-micron thick silicon blanket that has an initial
efficiency of 13.7 percent at a solar concentration ratio of two. The over-
a1l efficiency from solar blanket busbar to ground station busbar is 58
percent,

The design concept has two large solar cell arrays, each approx-
imately 6 km x 5 km, inter-connected by a carry-through structure of dielec-
tri- material. A 0.83 km diameter microwave antenna is located on the
centerline between the two arrays and is supported by the central power
transmission bus (mast) structure that extends the full length of the
power station., The antenna is attached to the mast structure by a joint
system which rotates 360 degrees in azimuth {eas.-west) and t 8 degrees
in elevation {north-south). The solar cell blankets are laid out between
channel concentrators stretched over a supporting frame.
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Figure 1.1 The 5,000 M4 Satellite Solar Power Station
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A 10,000 M{ version of the SSPS is illustrated and summar-
ized in Figure 1.2 This version may have desirable scale economies.
The 5,000 M system, however, has served as the baseline throughout

the study.

The Power Relay Satellite

The baseline PRS microwave power transmission concept, illus-
trated in Figure 1.3, is a reflector in synchronous orbit for provid-
ing power transfer from a transmitting antenna at one ground location
to a ground receiving antenna at a distant location. For reasons sim-
ilar to these influencing the sizing of the SSPS, the baseline PRS
has been sized over a power range of 5,000 to 10,000 MW at the output
bus of the ground receiving station. For economic reasons, it is not
expected that power densities as low as 20 mW/cm? can be maintained.

The transmitting antenna is a phased array with waveguides
and converters similar to the SSPS and the receiving ground station is
also similar to that of the SSPS. The current concept has transmitting
array ard rectenna diameters of 10 km and a reflector diameter of 1 km.

Atmospheric effects and errors at the ground-based transmitting
antenna require that it be sectored into subarrays which must be con~
trolled. Control can be accomplished by adaptive control which re-
guires a reference beam sent from the reflector. Alternatively, a sen-
sor matrix at the reflector could provide command cortrol.

The PRS refiector cenfiguration consists of a primary struc-
ture that is built up of 108 m x 108 m x 20 m deep bays. Each 108 m
module is spanned by a secondary structure which is an 18 m grid of &5 m
deep girders. The 18 m substructure provides support for the micro-
wave reflector system. The expected overall efficiency of the system,
from input bus of the the transmitting antenna to the cutput bus of the
receiving ground station, is 53 percent.

1.2.1.2 Terrestrial Systems: Power Generation Systems

For the purposes of this study, terrestrial power generation
systems have been designated as either “"existing" or "future" systems.
Although the present form of existing systems may not be installed in
the time frame when SSPS could become operational, these systems pro-
vide the most retiabie data base for the purposes of an economic com-
parison.

Existing systems include oil-fired and cecal-fired fossil fuel
plants and Tight water reactor nuclear (LWR) plants. The technical
characteristics of these systems are well-known. The major uncertain-
ties associated with these systems are in the availability and price of
fuels for the oil-fired and nuclear systems, the environmental hazards
associated with all terrestrial systems and the economic {investment)
problems resulting from the social and environmental challenges currently
being placed before nuclear systems.
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The pollution problems and costs associated with the current
methods of using coal to directly fire a steam generator have led to
the development of several future approaches and processes for using
coal either directly (as in the case of fluidized-bed combustion) or )
after the signi”icant 2mount of processing required for coal gasification
or liquefaction., For this study, enumeration of the costs and system
efficiencies associated with future coal processing plants was conducted
for: two coal Tiquefaction techniques (Consol Synthetic Fuel and Soivent
Refined Coal), 6 high-BTU coal gasification techniques (Lurgi, Hygas-
Electrothermal, Hygas-Steam-Oxygen, Bigas, Synthane, CO; Acceptor) and
two_low-BTU process2s (BOM Pressurized, Lur%j). Two future advanced
nuclear fission reactor systems considered to be representative or the
developing nuclear *technology were studied (i.e., the Liquid Metal Fast
Breade; Reactor [LM‘BR] and the High Temperature Gac-Cooled Reactor
[HTGR] ).

Power Transmission Systems

In order to compare the PRS transmission concept with terres-
trial alternatives, use has been made of availaale data on representa-
tive terrestrial systems in order to design transmission systems that
would provide a capability equal to that of the PRS. Whii- these Sys-

tems provide such a capability, it is unlikely that they would in fact
be buiit.

The categories of terrestrial alternatives studied include
transmission via conventional circuits and super conducting transmission
lines {all of which are considered to be "existing" systems even though
some currently exist only in experimental application), and hydrogen
transmission and microwave transmission via waveguides (which are class-
ified as “future" systems).

In order to design the most economic terrestrial power deliv-
ery systems that would provide a capability ecgual to that of the PRS,
it was necessary to make the following basic design assumptions:

¢ Power input--ac electric power would Le at the appro-
priate voitage level.

@ Power output--ac electric power would be at the appro-
priate voTfage level.

8 All transmission systems would have the capacity
required to most economically deliver 5,000 or 10,000 M.
Additional capacity would be added at the source to
provide the capability of economically carrying that
power which would be lost along the route.

¢ Designs would be those which were most econcmical
in 1974.
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@ The cost of the energy lost because of trans-
mission would be based on a 1974 cost of $0.02/
KWH = $175 x 103/MM-year.

o All transmission systems would be in use 100 percent
of the time.

e Overland circLits would range from 3,200 to 8,000 km
{2,000 to 5,000 mi) long. This is independent of the
great circle distance between the transmitting and re-
ceiving points.

¢ Only transmission capability would be considered.
No credit would be given for the potential benefit
of energy storage since the PRS does not provide
any energy storage option.

¢ Systems having a transmission efficiency of less
than 50 percent would not be considered.

1.2.2 Economic Analysis

For the economic analysis, the SSPS and PRS were compared
with terrestrial power generation and transmission systems of equal

gutput capability. Based upon this economic comparison, recommenda-
tions have been made regarding the decision to initiate an SSPS devel-

opment program.

For purposes of decision-making the following decision al-

gorithm was formulated:

® If the SSPS or PRS could be shown to be cost effec-
tive, compared with existing systems at todays re-
lative prices (while meeting environmental and social
constraints), then there should be TittTe hesitation
to go ahead with a positive development-to-operation
decision.

¢ If no future conditions could be identified under
which the orbital systems would be cost effective,
then the decision to curtail further development is
warranted.

@ If the orbital systems are not cost effective at
today's relative prices but may be cost effective
under realistic future conditions, then the decision
should be made to proceed with a limited technology
program designed to acquire the knowledge for making
a later decision.
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1.2.2.1 Economic Analysis of Power Generation Systems

- Table 1.1 provides an annual cost summary of an operational
5,000 MW SSPS. This summary presents only the recurring unit, operations
and maintenance costs and does not include DDT&E. Also, these costs are
for a representative operational unit after "learning" has been accomp-
1ished. The "serial number" is not specified. With an assumed operation-
al life of 30 years, the busbar cost of energy generated by a 5,000 M¥
SSPS would be 2G.7 mills/kWH. This includes 15.0 mills for capital re-
covery at a 7.5 percent discount rate, 3.1 miils for maintenance and G.f
mills for taxes and insurance.

Table 1.2 contains a summary of the major 5,000 MW SSPS unit
cost elements. As seen, the sateilite hardware accounts for only about
30 percent of the total cost. Transportation is the major cost elemen®
(43 percent) and the ground station accounts for 18 percent.

Table 1.3 contains a summary of the development program
required for the fabrication, assembly and deployment of a 5,000 MW SSPS.
The estimated total DDT&E is $44 billion. Three components have been
jdentified: direct DDTRE, related DDT&E and support programs.

Tabie 1.1 Annual Cost of an Operational
5,000 MW SSPS

] _ ANNUAL COST USER CHARGE
ELEMENT smillions (1974) mills/kWH (1974)
8 Satellite 657 ) 15.0
# Maintenance 136 3.1
© Taxes, Insurance 377 8.8
TOTAL 1179 26.7
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The direct DDT&E programs pertain to those program ele~
ments which would not be developed were it not for the decision te
develop the SSPS. These total approximately $19.2 billion.

Of much smaller magnitude, $1.3 billion, are the develop-
ment costs referred to as "related DNT&E." These are developments
that are necessary for the realization of an SSPS but might be re-
quired by other space programs.

Table 1.2 Five Thousand Megawatt SSPS Unit Cost Summary '

4

ELEMENT €OST PERCENT
$ billions, 1974

o Solar Array 1.798 24.0
Solar Blankets (1.501) (20.0)
Array Support Structure {v.297) (4.0)

¢ Transmitting Antenna 0.495% 6.5

o Propelients, etc, * *

& Fabrication and Assembly 0.573 7.6
Equipment

¢ Transportation 3.278 43.3
Space Shuttle Fleet (0.240) (3.2)
HLLY Fleet (1.0724) {14.2)
Space Shutcle Flights {6.873) {11.86)
HLLY Flights {1.013) (13.4)
Orbit-to-Orbit Venicles {0.072) {0.0)

¢ Perzonnel Q.077 1.0

¢ Receiving Antenna 1.34% 17.8

TOTAL 7.566 100.0

* (Cost is negligible, weight has been accounted for in transportatian
charges.

Y

-

et e g e T T TR




L

13
o
Table 1.3 SSPS Development Program Costs
COST PERCENT
DEVELOPMENT PROGRAM $ millions, 1974 ; i
¢ Direct $5PS Develonment 19176 43.6 ;:
Solar Array (11521} (26.2) E e
Structure (2782) (6.3) i
Reaction Control {554) {1.3) ‘f’
Rotary Joint {1643) (3.7} !l#
Microwave Transmission (2676) {(6.1) E
and Reception

o Related Development 1292 2.9 !
¢ Support Development 23537 53.5 f'
Launch Vehicles (11626) {26.4) f
Orbit-to~-0rbit Transfer {7478) {(17.0) P
Crew Module {319) (0.7) :f

LED Space Station (3738) {8.5) .

SO Space Station (376) {0.9) :
TOTAL DEVELOPMENT 44005 100.0
* Includes 40% for management and a 20% uncertainty factor.
L

o

The DDT&E, summarized in Table 1.3, designated "Support
Development” are required for the launch, assembly and orhital trans-
fer of the SSPS. Unlike the other technology developments, these
are likely to be required--in part or entirety--by other space pro-
grams. If the only "customer" for these systems were the SSPS, then r
the latter should bear the full burden of repaying their development, :
however, this is not expected to be the case.




As described in the following chapters., at existing relative
prices, the SSPS would not be cost effective compared with terrestrial
systems but, at expected future relative prices, it may well be cost
effective. Figure 1.4 illustrates the comparative economic analysis
for an SSPS operational in 1995.

The x-axis (abscissa) contains average values for the cost
of electric generation over the 30-year period (1995-2025) in mills/
kWH. The y-axis contains the "Economically Justifiable" 5,000 Md
SSPS unit cost. The method by which this has been estimated and the

rationale for the choice of discount rate is described in Appendix A.

The analysis compares the 5,000 MW SSPS with terrestrial
fossil fuel systems. (i.e., oil and coal-fired generation plants).

The line, R, in Figure 1.4 relates the generation cost in
mills/kWH of terrestrial <onal and oil-fired systems over the period
1995-2025 as indicated on the x-axis. A range of cost estimates re-
sulting from the study performed by University of California -
Berkeley for JPL is also shown on the x-axis.

The coal and oil system values are based on three projec-
tions of the future:

1. Relative fuel prices1remain constant (CO, 00)

2. The relative prices of coal increase by 2.6 percent
per year, and the relative price of oil increases
by 0.67 percent (CA’ OA)

3. The relative prices of coal and oil increase by
5.0 percent per year (CB, GB).

As indicated by the suggested probability distributions, the
first projections have a very low expectation. Regarding coal, the
cost of production will rise as it becomes necessary to mine deeper
veins and provide '‘he expected environmental and human safequards. Re-
garding oil, increased scarcity will no doubt raise relative prices.
In fact, new oil-fired capability may not be installed by 1995.

The second projection has been adapted from the work of E.A.
Hudson and D.W. Jorgensen and is highly regarded in the economic

I”Re]ative prices" refer to the price relationship of all goods

and services to each other. The usual practice is to consider
one good as the baseline and calculate all prices relative to
it. Obviously, generalized inflation would not affect relative
prices.

S —————
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energy 1iterature2. These estimates were derived from their analysis

of a scenario in which the government does not interyene with respect
to energy prices.

~The third projection has been derived from the Hudson-Jdor-
genson scenario in which the United States government levies ¢ "BTU"
tax of $0.05/million BTU (to.encourage fuel conservation), over the
period 1975-1980 and $1.35/million BTU over the period 1980-~19853.
The goal of this action is United States energy independence by 1985,

Based upon projection of the Hudson-Jorgenson estimates of
relative price changes to 2025, the typical coal-fired plant would gen-
erate electric power at an average price of 25.71 mills/kWH over the
period 1995-2025. Were a vigorous policy of energy independence pur-
sued, the average generation price would be about 33 mills/kWH,

The same analvsis for oil indicates that the projections of
the Hudson-Jorgenson estimates of "no policy change" would not effect
the relative standing of oil-fired systems. Were the "energy indepen-
dence"” policy pursued, the price of electric power from oil-fired
plants might be driven off the scale.

Based upon these results, there is some expectation--the
probability of which is unknown at this time--that the SSPS will be
cost effective with respect to fossil fuel systems by 1995. Further-
more, since fossil fuel systems depend upon non-renewable sources
of energy, the economic viability of SSPS should be enhanced relative
to these beyond 1995.

While every attempt has been made to cost the systems on a
consistant basis, one major element of cost has not Deen addressed:
the systems' relative social and environmental impacts. Within this
study we have begun to develop a framework for evaluating these im-
pacts. This will, however, require much further study before our
level of understanding is adequate for the purpose of decision-making.

A second issue that could impact total systems cost is the
relative acceptable distance between population and industrial centers
for SSPS rectennas and conventional electric power generators. This
is an important determinant of the cost of energy transmission, and

2Hudson, E.A. and D.W. Jorgenson, "U.S. Ehergy Policy and Economic

Growth, 1975-2000," The Bell Journal of Economics and Management
Science, Vol. 5, No. 2, Autumn 1974,

3It is to be stressed that the 5 percent value is not that

of Hudson-Jorgenson. It is our proiection of the constant
dollar impact estimated in their analysis.
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hence, the delivered cost of electric power to the user. Based on
current trends in plant siting, it does not seem likely that major
energy-intensive industries--such as metals processing--would Tocate
neat 5,000 to 10,000 MW nuclear sites, The rectenna site, on the other

hand, would appear to be amenable to such activity. These issues,
however, await future study.

Finally, it should be noted that the U.S. Energy Research
and Development Administration (ERDA) is currently funding research in
electric generation technologies such as ocean thermal and solar power
towers that are expected to produce energy in the range of 30-50 mills/
kKWH as well as fusion power, the cost of which is even more difficult
to estimate. ~

Figure 1.5 provides ari economic analysis of the payback of
the %44 billion development program. The analysis presumes that the
total development burden is borne by the SSPS program, an assumption
which is not, in our opinion, justified.

One x-axis (abscissa) is "time" in calendar years. A second
x-axis indicates the cumulative number of 5,000 MW SSPS units opera-
tional at the beginning of the indicated year. The buildup--two per
year until 2000, then four per year until 2025--would provide at least
20 percent of the United States incremental generation demand.

The y-axis (ordinate} is generation costs it mills/kuH of al-
ternative (terrestrial) systems. The range of costs resuiting from
the Berkeley/JPL report is indicated.

The curve P-P is used to parametricaily estimate the DDT&E
payback as a function of alternative electric generation costs. Its
shape depends on the discount rate and the SSPS buildup rate. Its
derivation is provided in Appendix A.

I alternative generating systems costs do not exceed 27
mills/kWH--the SSPS estimate--DDT&E would not be repaid. Indeed, the
function becomes asymptotic to the x-axis at about 31 milis/kWH, in-
dicating that at least 4 mills/kWH difference between SSPS and terres-
trial systems is required to payback the DDT&E. (Again, this presumes
that the total DDT&t bill accrues to SSPS.)

As indicated, were the alternative generation cost 35 mills/
kiH--point A on the y-axis--the DDT&E would be repaid bty CY 2012
with 57 5,000 M¥ operational SSPS units.

1.2.3 Technology Subprogram Areas

Nine subprogram areas were identified which need to be re-
solved for the development, operation and maintenance of the SSPS.
These were presented in Section 1.1.4. Simultaneous with this effort,
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NASA identified key areas for technology development of the SSPS.
Upon review of this effort, it was found that the NASA list of

nine subprogram areas was virtually identical in substance to the
findings of our study team. It was decided, therefore, to standard-
ize our reporting on the NASA subprogram areas, a listing of which

follows:

WO~ UIE WA

System Definition

Power Conversion

Microwave Power Transmission
Large Structures

Operations

Transportation

Attitude Control & stationkeeping
Environmental Effects

Orbital Technology Verification.

Selected subprogram areas summarized in this section and
the following saction, contain a suggested development program for
their resolution. More detailed descriptions of these problem areas
and proposed resolutions appear in the report.

Power Conversion

Raw material processes: . The process for producing semi-
conductor grade silicon requires three energy-intersive,
high temperature cycles. A single-step process could
result in savings ¢f factors from three to five over the
price paid today.

Crystal growth: Three approaches to single-crystal
growth are being pursued today. The major problem is

to find die meterials that can withstand the
temperatures of the process while maintaining the
efficiency of the solar cell producted. Another probiem
in this area is to reduce the solar cell thickness to

50 um.

Solar blanket processes: Current methods for fabricating
solar blankets are slow, mostly done by hand. For

solar blankets of the size required by SSPS an automated
process is required.

Packaging: The groundrule requirement of 30-year life

in a space environment suggests that improvements in
solar cell incapsulation are required including increased
resistance to radiation damage.

Solar cell performance: Currently available space-
qualified solar czlls can achieve beginning-of-1ife
conversion efficiencies of 12-14 percent. For SSPS,
a beginning-of-1ife solar cell efficiency of 18-20
percent is desirable.

e T
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Alternative photovoltaic devices: Although this study
has concentrated on silicon solar cells for pover con-
version, the gallium arsenide and multi-vertical n/n
junction cells should be studied further. Thesz czvices
show high performance at very high concentration ratios.

Microwave Power Transmission4

DC~RF convertors and filters: rf convertors and
filters must convert high voltage dc power to rf
power with low noise and harmonic content. The
design concept used for this study entails the most
complex set of mechanical, electrical and thermal
technology development problems in the SSPS system.
The device must also be capable of being produced
at high rates and low cost, and must provide reli-
able operation over a long period.

Materials: The most critical and unusual require-
ments for materials for the SSPS stems from the
presence of the exposed cathodes of the rf gener-
ators. It is also necessary that structural thermal
strain be small so that distortions over the large
SSPS dimensions are manageable. Additionally, the
waveguide distortions must be smalil to permit effi-
cient phase front formation.

Phase control subsystems: Projected phase front con-
trol subsystems scatter losses are significant in the
microwave transmission efficiency chain. Furthermore,
the uncertainty associated with the losses 1s sig-
nificant.

Wavequide: Slotted waveguides interface with rf
generators in a high temperature environment. They
must distribute the power and emit it uniformly with
Tow losses. The ability to manufacture, fabricate
and assemble such waveguidesz is not certain.

Attitude control of the transmitting antenna: In
this study, attitude pointing control was conceived
to be accomplished by mechanical action. The pro-
blems associated with this are unprecedented. The
requirements are (1) large members of lightweight
construction that transmit hich power across ralative
motion interfaces, (2) operations in a space environ-
ment with high reliability and safety, (3) Tow cost,
(4) high packaging density for earth launch and then
deplovment and assembly in space and {5) long life
with minimal maintenance.

See NASA CR-1348386, Section 11 for further detail.
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® Power transfer: Although the technology for performing
this function is essentially known, the large scaile of
SSPS--~in size and power level--is expected to present
significant new problems.

¢ Switch gear: The problem is to make multiple brushes
feed multiple sliprings. This will bring the individ--
ual switch gear currents close to the threshold where
the basic technology is now known. Major advances must
be made in packaging for space operations.

Large Structures

The SSPS structure is currently characterized to be thin-
walled, of low deployed density, having high surface-to-mass ratio
metallic (or possibly composite) elements which can be assembled into
open space-frame structural elements. These elements must be assem-
bled into larger space-frames which form a very large (approximately
1 km) antenna and even larger solar arrays. After materials technol-
ogy development and selection, the problems associated with Tow ther-
mal inertia. large dimension structures, and traversing the sunlight/
shadow terminator at orbital velocities must be resolved.

Operations

e Manufacturing modules: The specific technology for
manufacturing modules in space is not known at this
time. It is believed, however, that the technology
should be relatively straightforward to develop once
the basic design and materials have been established
for the items to be manufactured in space. The major
items for manufacture are structural elements and
slotted waveguides for the subarrays.

8 Remote manijpulators: The specific technology for
remote manipulation modules is not known at this
time. However, some investigations have been con-
ducted in associated control systems.

Transportation

@ Launch vehicles: Although early SSPS deveiopment
can be achieved with the Space Shuttle or deriva-
tives of the Shuttle, studies indicate that there
is a need, for both techrical and economic reasons,
for a so-called "Heavy Lift Launch Vehicle" with a
payload to low earth orbit (LEQ) of 182,000 kg
(450,000 1bs) or more.

9 Orbit-to-Orbit vehicles: A high performance stage
is required to transport the SSPS from its LEO
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(assembly) to synchronous orbit. As of now, the
most avwealing cancidate is 1on propuision $ince use
could be made of the partially extended SSPS solar
blanket as a power source. There do exist a number
of significant issues for propulsion. These include
the development of a large diameter ion thruster,
selection of the ion engine propellent and, if it is
not desirable to use the SSPS photovoltaic power
sorce, selection and development of an alternztive
power source.

Attitude Control and Stationkeeping

# Thermal transients: The problem of rapid thermal
transients caused by solar eclipsing will occur
throughout the 1ife cycle of the SSPS (i.e.,
during fabrication and assembly, during orbit-to-
orbit transfer and during normal operations at
synchronous orbit). The extent of the thermal
transient problem in each of these phases, however,
is not well-known at this time. Therefore,
computer programs and experiments for simulations
of these conditions should be developed.

e Attitude control of a highly flexible structure:
In addition to the thermal transient probiems, the
problems of maintaining the required attitude con-
trol of a large, highly flexible structure such as
the SSPS are generally unknown.

@ Stationkeeping ccntrol problems are expected te
grow with increased SSPS populations.

Environmental Effects

SSPS environmental factors that require investigation in-
ciude the effects of emissions from the space transportation system
and possible impacts of the microwave beam. Microwave effects on
the ionosphere, RFI and long-term biological/ecological effects re-
quire additional study.

1.2.4 Development Proarams

This section contains a summarization of near-term programs
and lTong-term developments required for the SSPS. As would be expec-
ted, the near-term programs consist mostly of systems studies
and critical technology develcpments in the above-iisted areas directed
toward the ultimate decision of whether to proceed with SSPS devalnp-
ment and, then, the selection of an SSPS configquration, materials,
method of assemt "y, launch and operations. These near-term activities
are to be condu..ed up to the time that the Shuttle may be available for
hardware flight testing. In addition. what were regarded to be the re-
quired near-term economic studies have been indicated.

—
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1.2.4.1 Economic Studies

o Cost model and data bank that includes total SSPS
work breakdown structure {WBS)

- Probability of costs, performance and schedule

o Identification of operational constraints: environ-
mental and social

@ Risk analysis to estimate distribution of total
program costs and potential revenues

- Developmental risks and uncertainties
¢ Critical technology paths
@ SSPS size
¢ 10C

- Operational risk analysis
@ Maintenance
0 Transportation
o Fabrication
® Assambly

¢ Commercial investment analysis

- U.S. market
- Foreign markets

1.2.4.2 System Definition

A. Select baseline configurations and refine svstem/
subsystem technilogy assessments

e Photovolitaic, solar thermal and nuclear

# Define baselines to sufficient depth for basis
of subsystem studies

- Transportation, assembly and maintenance
- Structure and attitude control
- Powoer generation, distribution and processing
- Power transmission
- Power reception and reconversion
- Power conditioning for user
¢ Study contTiguration alternatives, i.e.,

- Higher concentration ratios
- Rotary joint alternatives
- Large antenna versus multiple antennae

Lo fa
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Establish framework and develop methods for programmatic
analysis

Define total work breakdown structure (WBS)
Develop viable alternate program schedules
Develop cost estimating relationships
Estabtish evaluation and assessment criteria
Develop system modeling tools

Perform social benefits/impacts analysis

e Energy payback analysis method
o Quantify environmental impacts

.2.4.3 Power Conversion

Near-term systems studies
o Selection of concentration ratio
- Introduce active or semi-active cooling
- Introduce alternate photovoltaic devices
into tradeofis
e Concepts for annealing solar cell
- Qptical and/or chemical

Technology developments

s Improve efficiency of silicon cell to 19 percent
(AMO; concentration ratio = 1)

¢ Reduce blanket specific mass to 0.282 kg/m2
® Reduce cost to S54/m2 (ERDA goal for 1985)

- 3 to 5 reduction in cost for bringing raw
materials to semi-conductor grade silicon

- 10 to 100 reduction in crystal growth costs

- Automated blanket fabrication processes

- Improved packaging to achieve 30-year life

1.2.4.4 Microwave Transmission (ref: NAS3-17835)

o

OC-RF converters and filters: Provide substantial
data related to technical feasibility, efficiency,
safety and radio frequency interferaence

Materials: ODemonstrate cost-effective use of non-
metallics in terms of meeting lTimited distortion re-
quirements for waveguides and structures as well

as minimizing impact of other non-metallics on open
cathode performance

S

w3




F

@ Refine stationkeeping technology using Tow
thrust devices
o Materials life testing

1ight Test

Structural fabrication and deployment
technology sorties

- Joint and fastener technology sorties
- Waveqguide fabrication and deployment

technology

Electronics instalation technology
sorfies

Large subassembiy-to-subassembly mating
Antenna assembly sorties

Rotary joint assembly sorties
Conducting central mast assembly

Solar array assembly

Orbit transfer of large flexible bodies
and radiation sensitive material

29
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Phase control subsystem: Demonstrate phase control
steady state accuracy subject to error contributions
of dc~rf converters and high power radio frequency
environment

Waveguide: Demonstrate capability of mass producing
low mass, distortion-free waveguides that can
efficiently operate in a harsh thermal environment

Biological: Analyze the microwave frequency and nower
densities being ccnsidered for SSPS use

Antenna attitude control and power transfer: Dem-
onstrate the accuracy and 1ife potential of the an-
tenna rotary joint system - evaluate options in a
sysiems study

Ionosphere: Measure effects of microwave radia-
tion on ionosphere and determine impacts

Switch gear: Develnp and demonstrate switch gear
including protective elements for spaceborne appli-
cations {high voltage dc)

Radio frequency: Investigate radio frequency inter-
ference and aliocate band to SSPS that would have mini-

mum impact on other users, particularly radio astron-
omers

Reliability: Investigate reliability considerations
in light of the requirements for milljons of ampli-
trons, billions of diodes, as well as other equipment
which must operate with essentially unlimited 1ife

or it must be provided for with appropriate radundancy
and maintenance

Other microwave technology requirements: The re-
maining technology requirements that have been
identified in NASA CR-134886, Section i1 are indicated
elsewhere

.2.4.5 Large Structures

Near-term systems studies
3 Perform configuration trade studies

- Integrated large structure versus station-
kept small structures

- Structural arrangement impact on concentration
ratio selection



26

- Design loads - launch through operational
phase
- Thermal loads

¢ Refine structural analysis tools

- Math model structure/control interactions
- Math model thermal dynamic/structural inter-
actions

B. Technology development

¢ Initiate program to determine long life struc-
tural design characteristics of metallic and
non-metallic materials

1.2.4.6 Operations

@ Assembly system studies

- Determine cost-effective use of man-in-space
assembly

- Trade off space-fabricated versus ground-fabri-
cated deployable structures

- Trade off joining and fastening tecnniques and
equipment

- Trade off LEQ versus GEQ assembly site

e Assembly concept definitions

- Design options for remote controiled assembly
aids

- Design options for mobility units

- Desiqgn options for EVA equipments

- Design options for materials and propeilant
storage

- Design concepts for mission control and data
acquisition and tracking network

¢ Other supporting studies

- Simulation: Manned and remote controlled assembly
- Analyze maintenace and repair operatiaons

1.2.4.7 Transportation

@ Launch systems

- Tradeoff total system cost to achieve fully re-
caverable launch vehicle versus more payload and
reduced recovi ubility

D
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Evaluate impact of launch site operations on
launch vehicle size selection

Trade off cost impacts of high packaging density
in launch venhicles and space vabricaticn versus

a policy to assemble low density ground-fabricated
components in orbit

® Orbit transfer vehicle

-

1.2.4,

Study high performance stage alternatives
o Propulsion systems

e Power sources

¢ Propellants

Study potential of large cryogenic propellant
tugs _ :

@ One and one-half stage
e Two stage

8 Attitude Control and Stationkeeping

A. Near-term systems studies

Define stationkeeping and control requirements
during phased assembly in

- Low earth orbit (LEO)
- Geosynchronous earth orbit {GEO)

Define control requirements during transport
from LEC to GEO

Tradeoff actuator type and Tocation

Momentum storage

Magnetic

Solar

Dispersed or centrally located impulsive
system

Antenna mechanical pointing system

- Structural dynamizcs and mast compliance

- Sensor and electronics interface with
antenna phase front control system

- Alternatives to rotary joint
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Technology development

@ High performance (I;,=8000 sec) Tow
thrust impulsive sys%em using non -corrosive
propellants

.2.4.9 Environmental

Quantify impact of land management factors
- Receiving antenna (10 km)

- Launch complex
- Resgource extraction and manufacture

Establish safety standards for radiant power densities

- At transmitting antenna 2

- At receiving antenna {10 or 0.1 mW/cm"”)

- Communications interference

-~ Quantify impact and benefits of waste heat at
receiving antenna (10 to 15 percent)

Quantify safety and control

- Beam misalignments and slews
- Re-entry of materials

Quantify environmental modification factors

- Transportation system propellants
- Ionospheric changes

Standardize methods for energy payback analysis

- Establish data base

.2.4.10 Orbital Technology Verification

Initiate system studies to establish flight demon-
stration and verification programs

Refine mission plans and hardware definition for
the following Shuttle missions (see also NAS3-
17835):

- Geosynchronous high voltage technology sateflite
e Test microwave converter performance
8 Tast phase front control electronics

8 Etvaluate high voltage anomalies at GEO
using a 20 tc 40 kV array

N
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The overall study approach is presefited in Figure 2.1. Twe
major parts of the project have been jdentified: the comparison of
orbital and terrestrial systems for (1) power generation and (2) power
transmission. In order to pérform each major part, it has been neces-
sary to do engineering analyses of the special requirements of orbital
systems and economi¢ analyses of orbital and terrestrial systems. An
additional study requirement has been te provide the framework for a
future secial impacts analysis. Due to funding limitations, this work
could not be very extensive; however, it should point the direction

toward future Study activities. A major task of thé economic work )
performed has been te provide a methodology for analysis that is useful
to this study, and as well, may be used to compare other studies (pres-
ent and future) with it. A detailed prasentation of this methodolegy
is provided in Appendix A.

A11 ¢osts have been estimated in constant 1974 dollars.
Whereas the effects of inflatien are certainly impartant for estimating
current-dallar prices of electricity, it is constant-dollar values that
are used for economi¢ comparisons of systems. For present value calcu-
Jations, costs have been discounted back to 1975. The nominal discount
rate used throughout is 7.5 percent. This discount rate, while somewhat
Tower than the 10 percent figure generally wused by the 0ffice of Manage-
mént and Budget, is somewhat higher than commercially acceptable rates
of retyrn for lew-risk public utilities investments after the effects of
inflation are remcved, _

i

A three-phase SSPS development program was assumed for initial
analysis: Phase I - a |5 MW (LED) sateilite with an initial operating
capability {10C) in 1985; Phase II - a 1 GW (GEQ) $SPS with an IOC in
1990, and Phase IIT - a 3 GW (GEQ) SSPS with a 1995 10C. The 10 GW
$SPS would be subjected to a separate cost/benmefit anmalysis. It is
noted that this development plan was formulated to be a "straw man" for
this study and the final SSPS devzlopment plan is yet te be determined.
For the PRS an initial program development plan was assumed that in-
cludes: Phase 1 - a 1 GW demenstration satellite with a 1985-10C and
Phase 11 = a 10 GW eperational satellite with a 1990 10C.

_ Four cost elements of the SSPS amd te-vestrial genmeraling
systems have been identified and estimated: capital, fusl, operations
and maintenance (0&M) ind a "catch all” which accounts for state and
federal taxes and insurance. The annual capital recovery {which is
canverted to the familiar mills/kWH) is a value which, 1f received
gacn year by the providers of the original capital over the payback
period--assumed to be 30 years, yields a present value equal to that
of the investment. The sinnle value, 7.5 percent, represents a weighted
average of return to debt and equity. Fuel prices refiect projectiens
of today's relative prices. O&M costs have been estimated on the
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basis of real operating experience--in the case of existing terrestrial

systems--on assumptions based on projections of experience--in the case

of future terrestrial systems--or on preliminary estimates of mean-time-
before-failure (MTBF) in the case of the SSPS. Taxes and insurance are

assumed to be 5 percent of adausted capital investment per year Again,
all of these issues are presented in Appendix A.

For the terrestrial electric transmission systems, cost cate-
gories have been identified and estimated for capital (including rights-
of-way), transmission losses, 0&M and taxes and jnsurance.

The key technical assumptions are summarized in Table 2.1.

Related assumptions include:

@ Assembly operations are Shuttle-based.

@ A six-man space station is requ1red for monitoring the

sateliite and for use as a repair shop and garage for
maintenance teleoperators.

o Space station crews are rotated four times per year
using a Shuttle and a chemical tug.




Table 2.1 Key Technical Assumptions

Item Assumption
I Large Solar Array
a~Blanket Material Silicon 2
b-Blanket Mass 28.2 mg/cm
c-Beginning-of-Lite Efficiency
at Conuevcration Ratio = | (AMO) 1932
{Blanket protected through Van Allen belt)
d-Radiation Damage 1%/yr
e-Concentration Ratio 2
1T Large Structure
a-Design Life 30 years
b-Design Loads Stationkeeping and
Gravity Gradients
at G0 -
c-Material Aluminum
d-Conducting Structure Operating Voltage 40 kv
111 Flight Mechanics and Control
a-0rbit Gensynchronous
b-Control System Specific Impulse 8,000 sec
c-Array Pointing Accuracy 1 degree
d-Antenna Mechanical Pointing Accuracy 1 arc min.
I¥  Transporation, Assembly and Maintenance
a-15 Wi Demonstration
¢ Assembly Orbit LEO
¢ QOperating Orbit LEC
¢ Launch System Shuttle
b-1 GW Pilot Plant
Assembly Orbit LED
GEO

1

.

& Operating Orbit

¢ Launch System

e Orbit Transfer Vehicie
5 GW Operational Plant

e Assembly Orbit

o Operating Orbit

¢ Launch System

¢ QJrbit Transfer VYehicle
e HMaintenance

d-PRS
Assembly Qrbit
Operating Qrbit
taunch System
Orbit Transfer Yehicle

Maintenance

® @ O>edD

Shuttle Berivative
Large Cryoganic Tug

LED

GED

HLLY

Advanced Ion
Dedicated GEO Space
Station

LED

Gz0

Shuttle Derivative
Large Cryogenic Tug
Dedicated GEQ

Space Station

33
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nﬁnCﬂTQA-‘ 3. POWER GENERATIOM SYSTEM ANALYSIS

A space-based power generation concept has been defined that
uses large photovolitaic arrays for collecting solar power and transmit- .
ting it to Earth using radio frequency (rf) power transmission. This
concept is compared with conventional and future Earth-based power gen-
eration systems. The SSPS which has been studied since 1968 by a team
of companies (Arthur D. Little, Grumman Aerospace, Raytheon and Spectro-
lab), has been used as the point of departure for refined definition
and subsequent comparisons. The terrestrial techniques for baseload
power generation used in these comparisons are:

Fossil Fuel

Coal-fired power generation

Fluidized-bed coal-fired power generation
Low-8TU coatl-gas-fired generation
High-BTU coal-gas-fired generation
Liquefied coal-fired generation
Qil-fired power generation

s o B8G 0G 8

Nuclear Fuel

8 Light water reactor
e High-temperature gas-cooled reactor
® Breeder reactor.

The data generated for NASA CR-2357 were refined using the
results of the Microwave Power Transmission System Studies (MPTS)--NAS3-
17835--and the engineering analysis of special requirements perfaormed
under this contract (Section 3.1.2.). Special treatment has been given
to definition of the major system cost elements, namely, the large solar
array, large structure, transportation, assembly, maintenance and the
microwave transmission and conversion system.

3.1 Space~Based Concept

The SSPS configuration has gone through an evolution that re-
sulted in the selection of the design concept illustrated in Figure 3.1.
This design is used as the basis for technical and economic analysis.
The concept is to place large photovoitaic arrays at synchronous orbit
to collect solar energy and convert it, on orbit, to electrical power
which is then transmitted to the ground using microwaves.

3.1.1 Concept Description

3.1.1.1 Configuration

The baseline SSPS was sized to generate 5 GW of rectified
power at the output busbars of the rectenna. This output power level
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Design Concept For a Satellite Solar
Power Station
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was chosen to provide scale economies subject to the constraint of
maintaining the peak microwave power density in the center of the Eec-
tenna to 20 mi¥/cm?, dropping to 1 mi/cmé at the edge and 0.1 md/cm

at the guard ring. An operating frequency of 2.45 GHz was selected
based on anticipated power transmission efficiencies, low suscepti-
bility to browncuts in rain and minimal potential problems with radio
frequency interference. The transmitting antenna is an active planar
phased array that uses amplitrons for dc to rf power conversion. The
photovoltaic power source generates 8,62 GW of power using advanced

50 um thick silicon solar cells that operate at 13.7 percent efficiency
(five years into 1ife) at a solar concentration ratio of two. (See
Section 3.1.2.1 for a discussion of concentration ratio tradeoffs.)

Te design concept, shown in Figure 3.2, has two large photo-
voltaic solar cell arrays, each 5.92 km x 4 9% km, interconnected by a
carry-through structure of dielectric material. The 0.83 km diameter
microwave antenna is located on the centerline between the two arrays,
and is supported by the central power transmission bus (mast) structure
that extends the full length of the power station. The antenna, Fig-
ure 3.3, is attached to the mast structure by a joint system, Figure 3.4,
that rotates 360 degrees in azimuth (east-west) and +8 degrees in ele-
vation (north-south). The solar cell blankets are positioned between
channel concentrators, consisting of .013 mm (0.5 mill1), aluminized
Kapton stretched over a supporting frame. The aluminum structure is
built up out of an assembly of iriangular girders with tension cross-
braces. Open-hat cross sections are used to reduce temperature dif-
ferences across the structural element, Fight transverse structurai
beams serve as dc power buses to carry high voltage electrical current
to the central mast. The coaxial central mast servec as the backbone
of the assembly and is sized to transmit power at 40 kV. The micro-
wave power generators operate at 20 kV requiring partitioning or
voltage stepdown at the transmitting antenna. The array is stiffened
in the region nf the microwave power beam using a series of transverse
dielectric structural elements.

The solar cell blanket characteristics are summarized in
Figure 3.5. The mass-contributing components are the solar cells,
radiation shield (FEP Teflon or equivalent), metal interconnnctors
and the substrate (FEP Teflon or Kapton film laminates). The micro-
wave antenna, Figure 3.3, is constructed in two structural Tayers,
An aluminum primary structure is built up in 708 m x 108 m x 35 m bays
using triangular girder members. The primary structure is subdivided
on the tiransmission side into a secondary structure 18 m x 18 m with a
5 m depth to provide pickup points for the waveguide subarrays. A
mechanical screw jack system is used to attach the 18 m x 18 m micro-
wave subarrays to the support structure and provides the capability
to align the system after assembly. The microwave antenna size may
change as a function of relative specific costs between the orbiting
antenna and the rectenna. For the purposes of this investigation, a
diameter of 0.83 km was chosen with supporting rationale provided in
NASA Report CR-1734886.
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The dc-to-rf conversion device, baselined for this study, is
the amplitron. The amplitron is designed with open construction for
Tow weight and reliability, and with a pure metal (platinum) cathode
operating on the principle of secondary emission, rather than a
heater, to achieve long cathode 1ife. The tube dc voltage input is
20 kV. Samarium cobalt magnets provide low specific mass and pyro-
litic graphite radjators provide a passive means for waste heat
rejection.

The ground-based receiving antenna is approximatzly 11 km
in diameter, and is composed of a grid of solid state diode rectifier
elements, each combined with an individual dipole antenna and filters.
The rectenna panels are oriented normal to the incoming power beam.
Thedc power is collected at each element in parallel arrays and
summed in a series connection to reach voltage levels at which effi-
cient conversion and distribution can be made.

3.1.1.2 System Efficiency

System efficiency is a prime consideration in the design of
a space-based power generation plant. An efficiency budget for the
SSPS is shown in Table 3.1. Efficiencies have been broken down into
three categories: initial, nominal and goal. "Initial" efficiencies
are indicative of values appropriate for initial deployment of a
demenstration model in the mid -1980s. "Nominal" represents the ex-
pected values of efficiencies for an operational plant and the "goal"
represents the potential efficiency values for a fully matured system.

The initial solar cell blanket efficiency (9.7 percent at
N = 2) is consistent with the near-term design goals for the solar elec-
tric propulsion system. The nominal value (13.7 percent at N = 2) is a
reasonable projection of the state-of-the-art. Figure 3.6 summarizes
the performance of the advanced cell used in this study. A 19 percent
efficiency at the beginning of 1ife can be achieved by increases in
collection efficiency, decreases in base resistivity and higher doping
in the p and n regions. This beginning-of-1ife efficiency is reduced
to 18 percent to take into accgunt unannealed degradation, due to a
radiation fluence of 1013 e/cm? over a 5-year period. The total
degradation due to radiation damage over 30 years is 20 percent. Effi-
ciency is further reduced to account for the operating temperature at
concentration. No specific efficiency value is indicated for goal
because the solar cell technology field is advancing rapidly. Multi-
layer solar cell concepts, for example, combine the shortwave charac-
teristics of the silicon cell, and have theoretical efficiencies as
high as 30 percent. Such advances could be a significant breakthrough
for space-based power generation, and would alter and enhance the basic
concept design discussed in this report.

A dc-to-rf conversion efficiency of 85 percent for initial
deployment is selected since amplitrons have already reached this per-
formance level. Improvement to 90 percent over the next ten to 15
years is believed to be a reasonable projection.
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MASS, ACCUM MAss,| POWERTO

ELEMENT ma/em? mg/em2 RATIO, W/Kg
SOLAR CELL, 50 ¢m 16.8 16.8 1590

FEP COVER, 25 um 55 223 1290
INTERCONNECT Ag MESH 1.4 23.7 1120
SUBSTRATE, KAPTON 1.8 255 1050
SUBSTRATE ADHESIVE

FE?, 13um 27 28.2 950

CELL OUTPUT POWER = 26.7 MW/cm? AT 27° C. AMO
AT BEGINNING OF LIFE

FEP PLASTIC COVER
Sum

/ METAL CONTACT

SOLAR CELLE0 um

XAPTON PLASTIC SUSSTRATE 13um

by il
/ METAL INTERCONNECT 23 im

FEP PLASTIC 13 um

Figure 3.5 Solar Cell Blanket Characteristics
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Tahle 3.1 SSPS Efficiency Budget
| pm— mp—— - —
INITIAL | NOMINAL GOAL

SOLAR ARRAY
~ POINTING a0 80 90
— SOLAR BLANKET 9.7 13.7* >13.7
— POWER DISTRIBUTION 92 92 s
TRANSMITTING ANTENNA
— POWER DISTRIBUTION 96 9 97
— DC-RF CONVERTER 85 87 90
— PHASE CONTROL a5 96 97
PROPAGATION
— ATMOSPHERIC 99 99 99
— IONOSPHERIC 100 100 100
RECEIVING ANTENNA
—~ BEAM COLLECTION 90-95** 90-95** 90-95
—~ RECTENNA 84 87 20
— POWER INTERFACE 93 94 95

TOTAL 4.3-4.6 6.6-6.7 >7.7

*CONCENTRATICN RATIO OF TWO

**DEPENDS ON ORBITAL ANTENNA AND GROUND RECTENNA SIZE WITH

ASSOCIATED COST, LAND USE, POWER DENSITY TRADEOFF

***SUBJECT TO TRADEQFF
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DEGRADATION AFTER RADIATION OF 10' * 2/em®

35 BEGINNING OF LIFE
18} e SILICON '
16 e PLANAR :
e e PASSIVELY COOLED ARRAY | ;

SOLAR ceELL 12f BASELINE

OPTIMUM 19} :
CONVERSION ;
EFF, % 8
. _ sk

4

2 b

u] - . i B { - et —

1 T2 3 : 4

CONCENTRATION RATIO

INOTE: —CELL CONVERSION EFFICIENCY FOR INCIDENT

. IRRADIANCE VS CONCENTRATION RATIO, FILTER CONFIGURATION
OPTIMIZED FOR EACH RATIO, SQLUTION GIVEN FOR OPERATING
TEMPERATURE. FLUENCE = 10" e/cm? (1 MeV) :

REF: SPECTROLAB

Figure 3.6 Solar Cell] Efficiency

The wavefront must be electronically controlled to achieve
the precision necessary to maintain high efficiency and to control -
the power distribution on the Earth. The approach to the control of
the wavefront is to sector the antenna into numerous subarrays. A
- study of sensor accuracy potential, mechanical system alignment accu-
~ racy dnd selection of the beam transm1tted taper (center to edge)
~led to- the range of phase control efficiencies shown in Table 3.1

which are considered viable. =

o _ ‘Beam- co1]ect10n eff1c1ency is a parameter that s se1ected
_based on land values, ecological issues and social impacts. The rela-

tive size of the transmitting antenna and receiving rectenna, chosen

- as.baseline, depend on relative cost, land use and power density -
tradeoffs. A level of 90 percent was found as a reasonab1e value

based upon ‘these factors. .

:3.}.1;3- System Mass " -
Table 3.2 summarizes the SSPS mass properties at the start

and conclusion of this effort. The change in mass from 11,5 x 106 kg
is due to refined estimates of the m1crouave subsystem, resu1t1ng from’



Tab]e 3 2 SSPS Mass. Propert1es

" SPS MASS PROP.
AT START OF STUBY SSPS MASS PROPER . .ES RESULTING FROM STUDY
E6W: 1 m DIAMETER 5GW; 0.83 im DIAMETER 106W;1.18 Km DIAMETER
: . ANTENNA ANTENNA MASS ANTENNA MASS
~SUDSYS/COMP kgx106 |- LeMx108 | Kgx 108 LEBM x 106 kgx 108 | " LBMx 105
| soLaR ARRAY (0.57) (212) (12.30) - {21.29) {zaog) | {52.8)
' BLANKETS 611 - | 1347 783 1725 . |15.66 34.49 ‘
“e CONEENTRATORS 0.83 - 2.5 123 2 2.46 542
@ NON-CONDUCTING STRUCT - | 1.73 381 233 5.14 4.58 {10.09
- © BUSES; SWITCHES. 0.23 0.51 0.27 0.59 0.31 0.68
s MAST .57 1.26 0.64 137 0.7 2412
1AW ANTERNA | g | @wae | (.55) H2.22) ' {10.74) (23.66)
o MW TUBES 0.63 139 { 233 513 4.56 10:26
s POWER DIST -] 003 0.07 0.54 119 072 159
¢ PUASE CONTROL ELECT ~ © | 0.28 0.61 013 0.28 0.28 062
& WAVEGUIDES 070 - - 1.5 423 5.09 4.60 10.13
& STRUCTURE 025 - - .55 0.1 0.31 0128 0.62
® LONTOUR cumrnm - - 6.10 6.22 0.20 044
ROTARY JOINT 1 | 03D (0.20} (0.43)
® MECHANISM - - 0.056 014 £.093 0.20
~» STRUCTURE - - 0105 0.23 0.106 023
CONTROL SYSTEM - RRRT Loy | 003 | a7 - {0.055) (0.421)
& ACTUATORS : ‘ tootz o 0.026 ] oois 4.033
s PROPELLANT/VR: . 0.024 0083 0.040 0.068
TOTAL SVSTEM 1148 | 25.30 ~|18.06 130,15 30.38 7101

81 SHVd TYNIDINO

d

® MAJDR CHANGES TN CONFIGURATION -
— REFINED ESTIMATE OF ANTENNA MASS FROM MPTS STUDIES MAS 3-17835 -
— REFINED ESTIMATE D_F MICROWAVE EFFICIENCY CHAIN INCREASES POWER SOURCE SIZE

g,
BET J0 ATSIONA0EGHTS

127



45

Raytheon's MPTS studies (NAS3~17835), and refined estimates of struc-
tural mass. The largest increases are in the microwave tubes and
waveguides. The refined estimates of the microwave efficiency chain
is the dominant factor in the increase of the solar array mass. The
array structure mass changed, due to refined structural analysis per-
formed in this study which indicated the need for improved column
stab111ty of the ma1n 1ong1tud1na1 beams.

‘The solar array represents 67 percent of the sate:]1te mass
with the solar blankets the major contributor at 7.83 x 106 kg. The
transmitting antenna contributes 31 percent to the satellite mass.

The major mass elements in the antenna are the amplitrons (2 33 x
106 kg) and the waveguides (2 7 x 106 kg).

The solar cell blankets are of advanced design with an effi-
c1ency ¢f 13,7 percent at a concentrat1on ratic (N} of 2. The specific
mass of the array blankets is 0.282 kg/mé, they are approximately 50 um
thick, and are made up of indjvidual 5 cm x 8 cm cells that operate at
a Vmp-voltage of 0.6 V and a current of 2.5 amp.

_ There are approximately 1.4 x 100 amplitrons in the trans-
m1tt1ng antenna, each having a mass of 1.618 kg and providing an rf

power added of 5 000 W. The major mass contributors to the dc-rf con-

vertor are the anode and cathode waste heat rad1ators, contributing
071 kg *o the total device's mass. _

The slotted waveguide subarrays are 18 m x 18 m, each of
mass 1, 383 kg. The waveguides in this baseline design are aluminum
with a wall thickness of 0.5 mm. To keep power Joss due to thermal
deflection below 1 percent, aluminum waveguides must be less than
5m in-Tength, Therefore, a third level of structure must be added to
shorten the span of the waveguide. An alternate solution to the problem
s to use compssites. o S I

Included in Table 3.2 is a mass breakdownlfor a 10 GW system.
The 10 GW SSPS mass increases 94 percent to 34,4 x 106 kg, over the

5 GWN system, thus obtaining a slight economy of scale. The overall

dimensions of the 10 GW satellite increase to 7.0 x 18.3 km over the .
5 GW version, while the antenna diameter grows from 0.83 km to 1.2 km.
The change ju antenna . s1ze is. made to ]1m1t peak power at the center.:

3.1. 2 Eng1neer1ng Ana1ys1s of Spec1a1 Requ1rements for the _
- Satellite So1ar ‘Povier Stat1on ' _ o

This section defines system requirements, alternate design
concepts to satisfy these requirements, and reports analyses on key
" pepformance, cost and deve?opment issues associated with each con~
cept in the following major areas: _

8 Large solar arrays .
¢ Large structures
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Flight mechanics and control
Transportation, assembly and maintenance
Microwave transmission '

- Safety of large structures.

Emphasis has been placed on identifying operational and

~ economic requirements for the orbiting system and defining near-term
research activities that will be required tc assure feasibility, de-

gelopment, Taunch and operational capabilities in the post 1990 time
rame

3.1.2.17 " Large Solar Arrays

The solar array comprises between 60 and 70 percent of the
satellite mass and, for a comparative analysis, it must be defined
with care to avoid highly pessimistic or optimistic results. This
study has considered a broad range of performance, mass and cost
parameters

Conf1gurat1on Tradeoffs

An important system tradeoff is an evaluation of the rela-
t10nsh1ps between concentration ratio, system mass, comp1ex1ty and
cost. A preliminary analysis of the interrelationships is shown in
Figure 3.7. The effects of concentration and the configuration approach.
on structural mass is also shown. For this analysis, the efficiency of
solar cells with concentration was assumed constant. (Note: The
added mass of the thermal control system to provide constant cell
efficiency with concentration ratio is not included.) The Tollowing
summarizes the pertinent trends of this tradeoff.

& A passively-cooled silicon blanket array tends
to show minimum -structural mass at a concentration -
ratio of :

- two to.thfee for front-Tighted designs

-~ §ix to ten for a two- d1mens1ona1
back-11ghted design

- greater than 100 for a thféé-diméhSionaT,
back~Tighted design.

: Other photovo1tatc materials and configuration concepts - - -
shou1d be evaluated in an overall study of concentration ratios. The-
multiTayer aluminum gallium arsenide (Al-GaAs/RaAs) cell has been given
‘the most attention in the past few years, and recent laboratory data

- 'show these cells-to have high efficiency at high concentration ratios
and to be less suscept1b]e to radiation degradation. Estimates of
A1-GaAs/GaAs performance in air mass zero {AMO) ara shown in Figure 3.8.
. A comparison with the expected silicon performancé is included. =
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Figure 3.9 shows the solar array mass dependence on concen-
tration. The Al-GaAs/GaAs configuration has the potential to achieve
lower mass than the projected silicon blanket at concentration ratios
between six and ten. These are front-lighted designs using flat mirror
surfaces. At higher concentrations, back-1ighted designs become less
massive.  Therefore, a sensitivity to the assued structural mass trends
is also presented _

For purposes of comparison, Figure 3.10 shows the mass depen-
dence on concentration ratic of two front-1it silicon cell arrays for
" solar cell thicknesses of 50 um and 100 ym. These data include the
effects of solar cell efficiency degradation with increased concentra-

... tion, using the silicon cell performance data shown in Figure 3.9. Both

the four-mirror and two-mirror concentrator configuration exhibit minimum
mass at a concentration ratio slightly above two.
&

Configuration Sensitivity Studies

- Satellite mass sensitivity to variations in solar cell effi-
ciency, microwave efficiency, solar blanket mass and system ground out~
put power is shown in Figure 3.11 for the two-dimensional front-1it de-
sign. A 10 percent variation in solar cell eff1c1ency will vary solar
array mass 1.2 x 106 kg while a 10 percent variation in microwave
efficiency varies solar array 1 % 106 kg. The 100 um solar cell results
in a solar array that is 2.2 x 106 kg more massive than i1ts 50 um coun-

~terpart. Current designs are between 150 and 200 um thickness. However,

laboratory-produced cells of 50 um (Qpectrolab) have been manufactured
and tested.

. Figure 3.12 presents the cost trends of solar cells in the
‘context of a more general solar array des1gn/cost trade. Solar array
costs are shown plotted against variations in solar blanket costs,
solar blanket mass efficiency and transportation-assembly casts. The
s0Tid line represents. the nominal SSPS goa] for efficiency (13.7 per-
cent at N ='2), specific mass 0.282 kg/m¢ and transportation-assembly
cost of $217/kg. The dashed Tine shows the effect of an increase in

- transportation-assembly costs to $1000/kg; while the dashed-dot Tine
.represents near-term technology solar blanket specific mass 0.625 kg/m2
and an efficiency of 9.7 percent at N = 2, with a transportation cost
of $217/kg. : :

: - The estimated cost spread for the operational SSPS solar
b]anket, shown in Figure 3.12, was compared with historical data in
Figure 3.13. A production 1earn1ng curve was established using -
actual experience on the initial 2 x 2 cm cell and the 2 x 6 cm cell

- produced for the Apollo telescope mount {Skylab). This established

a 75 percent 1earn1ng curve for solar blanket costs using conven-
tional fabrication techniques. The high-cost est1mate, S150/m , for
~_the operat1ona1 SSPS faTIs on ‘this trend Tine.

r
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Technology 1mpr0vements in fabrication techn1que; wh1ch would
reduce the cost of today's blankets from $7000/m2 to $1200/m2 could be
adequate to achieve the $54/mZ goal for SSPS over the production run re-
quired. If SSPS were the only program contributing to the increased
b]anket production, the first unit cost vould be $2.5 x 109 or an average
$91/m2. This assumes that no substantial terrestrial solar blanket mar-
ket deve]ops. ‘Howaever, the estimated technology expenditures to reduce
solar cell costs to Tess than $54/m2 is $300 x 106 (See Chapter 6) up .
to 1985. The technology path tc¢ reduced unit cost appears to be econom-
ically more efficient than depending wholly on production increases.

Conc]us1ons

The fo11ow1ng po1nts summarize the conclusions of the 1arge
solar array engineering analysis:

e A so]ar blanket cost range of $54/m2 to $]50/m2 is
reasconable. The Tower value is consistent with _the
ERDA goal for terrestrial arrays and the $150/m2 is
‘consistent with today's space-qualified blanket fab- -
rication techn1ques for quantity production in excess
of 20 x 106 m2 of array. The following cost reduction
programs should be pursued

1. Raw silicon to semi-conductor qua11ty - Three
high temperature cycles are presently used
whereas one might be possible. Alternatives
to the use of an expensive trichlorosilane
process in the purification step should be
sought.

2. Single-crystal manufacture - Cost reduction
factors of five-to-100 can be achieved using
a continuous crystal growth technique (EFG).
The key.problem here is finding die materials
 that withstand the process températures without
interaction with silicon.

3. Process technology < Automation. for junction.
formation, contacts integration, etching,
encapsulating, etc., including automatic
test1ng '

e A beg1nn1ng of-11fe :111c0n so]ar ceT] eff1c1ency of
 between 13 and 18 percent is a reasonable span for -
assessment of SSPS feasibility. The lower efficiencies
can be achieved with curvent technology using a cell of
150 um-to-200 ym thick. The upper ievel of efficiency
can be achieved with the following technology advancas:

~ Increase in collection efficiency (small effect)
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- Decrease base resistivity to 0.0T ohm-cm
- Higher doping in p and n regions

- & Improvement in radiation damage resistance and annealing
is key to SSPS feasibility. A problem with Tow resistiv-
ity cells is that they have a tendency to degrade in the

- presence of radiation. Annealing methods, using Tithium
doped cells or optical/thermal techniques, might be
pursued.

3.1.2.2 Large Structures

The obJect1ves of the suudy of Targe structures were to:

. 8 evaluate the SSPS two-~ d1mens1ona1, .ront -1ighted structura1
design :

@ estimate member sizes based on design reguirements for
-the operational environment.

¢ estabiish estimatés for the nonconductive and conductijve
structural masses of the array

e establish structuraT'maSs estimates of the antenna.

So]ar Array Structure

Figures 3.14, 3 13 and 3 16 show the genera] structura1 | _
configuration of the SSPS vehicle. The basic structure of each solar
array (5.92 km x 4.93 km) consists of 20 m-deep x 493 m-long cap members.

Shear stiffness is provided by cross-bracing cables. . The large diameter-

(100 m) coaxial mast transmission bus which carries_power to the micro-
wave antenna 1is located on the solar array centerline. The mast member
sizes are based on power transmission requ1rements, the mast is also
considered part of the primary structure and is included in the analy-
ses. The primary chordwise structural members are located at X630,

X2109, X3588, X4565 and X5865. As shown in the drawing, these members
are made up of 246.5 m x 20 m truss girders and 493 m and .20.m girders.
A1T the Tower members {(at - 7213.5 m)} of these chordwise trusses are '
power conductors carrying electricai. power to the main bus or mast.
These members are also considered structurally effective. At each
interval within the 1479 m bays, additional chordwise members . are-added

:_'wh1ch reduce the column length of the ]ong1tud1na1 members. Analysis

of these members, for combined compression Toads and bendings moments -
induced by blanket pretension loads, 1nd1cated the requ1rement of add1-
-~ tional supports for the 1479 m ]ong1tud1na1s L : o

' Each primary member (246.5 m x 20 m or 453 m x 20 m) con-
sists of three 1.5 m truss girder cap members st1ffened by the came size
.truss girder spaced at 30 m and cross-braced cables. The 1.5 m truss
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girder is the basic structural member; it consists of the basic struc-
tural element vee hat section, 0.025 cm thick, as shown in the figure.
The material selected for the basic element in this study is 5052 in

. the "zero" condition and is roll formed into the vee hat section.
Since52he material is work-hardenahle, the estimated final condition
is 5052-H32.

Stiffness and Matural Frequency - A preliminary estimate of
‘the stiffness and natural frequency of the SSPS was calculated using
beam theory. For purposes of this study, the beam simulation resufted
in a moment of inertia distribution curve as shown in Figure 3.17.

Nonconducting Structural Weights - Figure 3.18 summarizes
the solar array structural arrangement and weights. The primary
structural element is a truss girder built up from roll-formed modi-
fied vee hat sections with bent: up stabilizing angles at the outstand-
ing legs. The basic structural member was designed as a 1.5 m deep
truss girder.

The structural members are des1gned for a Timit control force
at each array tip of 2980 N times a factor of safety of 1.50. A peak
605 N ultimate compress1on Toad was used to size the a]umznum cross-
sect1on.

- Pretension forces jn the mirrors and solar blankets were
combined with the axial compression Toad to assess the beam column
strength of the 493 m Tongitudinals. The total mass of all nenconduct-
ing structures was calculated at 2.3 x 100 kg.

Conducting Structure - Because of the large amount of con-
ducting material required to collect the electrical power generated
by the solar blankets and transmit it to the microwave antenna, the
bys material has been integrated into the structure. A mass optimi-
zation computer program was used to determine the. power distribution
- system.. ~Figures 3.19 and '3.20 show the electric current fiow for a
typical system. The efficiency is 92 percent at an operating temper-
ature of 38°C dropping to 91 percenf at a temperature of 149 C

_ " Table 3.3 summarizes the mass and cross sect1on of the con-
duct1ng structure Switches are assumed to be 30 percent og the Tateral
bus mass, y1er1ng a total buses/sw1uckes mass of 0. 27 X ]0 kg._ _

Transm:tt1ng Antenna Structure - The microwave power transu
mission system‘TMPTS) is 0.83 km in diameter x 40 m deep.  The antenna
is assemb]ed in two rectanguiar grid structural lavers. The primary.

. structure is bu11twup in 108 m x. 108 m x 35 m bays using triangular -
'g1rder compression members 18 m Tong x 3 m deep. The sacondary struc-

- ture is used as a support point for the waveguide subarrays and is

built-up in 18 m x 18 m x 5 m bays. The total antenna structure/mp—

- chan1ca1 system mass is 412,000 kg {cf. Table 3.4) using alumirum.

ek e oy e st s .
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Table 3.3 Conducting Structure Mass
[ MAST MASS —
MAST SEGMENT LENGTH CROSS-SECTION MASS,
cm x 10° cm?® Kg. x 10°
BM1 3.0 39.6 .033
BM2+ 3.0 39.6 .033
BM2- 3.0 79.2 066
BM3+ 3.0 118.2 .098
BM3- 3.0 79.2 .066
BM4+ 3.0 118.2 .098
BM4- 3.0 158.4 132
BMS+ 0.55 153.4 o
BMS- 0.55 158.4 .024
BMS+ 0.78 158.4 .024
BM6- 0.78 153.4 .034
TOTAL | 0642 |
LATERAL BUS WEIGHT
BUS MEMBER LENGTH OPT CROSS-SECTION, NO. OF | MASS,

cm x 10° cm”® MEMEBERS| x 10”

BS1 2465 10.3 10 .073

BS2 2465 21.6 10 143

TOTAL

221 I
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;.T |
b
I
b <D ALUMINUM
e N\ (2024-t6)
o TEMP,°K h 450
& MODULES OF ELASTICITY, N/em? 6.2x10°
® DENSITY, g/em® 2.80
e THICKNESS RANGE,cm 0.038 TO 0102
o MASS LB {103) KG
~ SUBARRAY PRI. STRUCT. 207 94
SUBARRAY SEC. STRUCT. 70 C 32
ANT.'SUPPORT STRUCT. 233 106
YOKE & MECHANISMS 146 66
COATINGS 31 14
AMPLITRON SUPPORT
CONTOUR CONTROL ACTUATORS 185 84
 AMPLITRON ATTACH STRUCT 38 16
TOTAL 807 817

Table 3.4  Antenra Structural Arrangement

-y
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A thermal analysis of the transmitting antenna resulted in
the fol]ow1ng .

e A tr1angu1ar open section was best suited for the beam
cans, resulting in the lowest temperature and temperature
_d1fference (See Figure 3. 21). .

@ The 35 m long vertical members restrict the maximum waste
heat power density at the center of the antepna to 3,800
W/m2 for aluminum construction and 8,100 W/mé graphite/
po1y1m1de construction.

o The temperature difference between the upper and Tower cap
members {35 m apart) is approximately 5+°K in the center and
16 + 3°K at the edges. :

The temperature profiles along the horizontal structural
triangular girder were evaluated for various orbital positions during
the equ1noxes and solstices. Figure 3.22 presents the expected vari-
ation in thermal gradients between primary and secondary structural
caps. The average primary structure thermal gradient is approximately

5°K at the center of the antenna. The expected variation in this’
difference is + 1°K. ,

The vertical columns of the structure have the same view of
the antenna surface and space and consequently, cannot be eas11y con-
figured with coat1ngs, insuiation or geometry selection to m1n1m12e
" peak temperatures of the material. Figure 3.23 shows the maximum
waste heat flux that will be experienced by the vertical columns for
microwave couvertor efficiencies of 85 percent and 70 percent. Limi-
tations as to the taper of the distribution (e.g.., the db drop of power
density at the antenna's center relative to its edge) must be imposed
- depending upon the structural material selected. A near uniform dis-
tribution must be used if the structure is aluminum or graphite/epoxy
(70 percent converter efficiency). Because of the potent1a1 Timita-
tions that the structure could place on the layout of the microwave
converters, the chosen material may beé graphite, polyimide; steel or.
titanium. Selection of graphite/polyimide would be compatible with
a desirable 5:1 db taper for the convertor Gaussian distribution.

3.1.2.3 Flight Mechanics and Control

The objectives- of the f14 ght mechanics and control effort
.. have been to establish engineering requirements for stat1onkeep1ng,-
pos1t1on1ng and att1tude control of the SSPS. _

‘ The f11ght mechan1cs and control studIes were performed on

an 1T1. 8 x 108 kg SSPS, the baseline conf1gurat1on at the start of the .
study. Propellant expend1ture is 2 x 10 t1mes cont1gurat1on mass,
at- Isp = 8,000 SecC. -

B e e .

e T TR A f e
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- o MICROWAVE CONVERTER EFFICIENCY = 75%
= ® SCALE FACTOR p =466 METERS
.  POWER RATIO = 10:1 | |
B RADIAL DISTANCE ERDM CENTER OF ANTEMNA, METERS A .
100 200 300 a0n 500 4
S v —T '\.‘.,Jw‘m f |
} ‘
oaciionm A\ SECONDARY STRUCTURE
PRIMARY ‘
~ oRBITAL STRUCTURE {Te meter ~ T1 meTeR!
~  VARIATION TEMP OF MEMBER
(ANY SEASOR) LOCATED 41 METERS
- ABOVE ANT. MINUS
TEMP OF MEMBER
" AT1METER
Fsgure 3.22 Temperature Difference Between Beam
_ : Cap Members Located Different Distances
Above Antenna Surface
16
y ® MICROWAVE BDNVEHTER SPACING = e.,.m*Expun/p) )
. o ANTENNA IAMETER = 1Km
12¢ ® WASTE HEAT TOWARD STRUCTURE = £7.5%
Tt
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L
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_ BAnalysis of SSPS stationkeeping requirements has shown the
following: ' - o v ' ' '

@ SSPS stationkeeping propellant requ1remeats are
approximately 9,750 kg per year using 1on propulsion
(Isp = 8,000 sec) '

e North-South drift has more impact on overall microwave
transmission efficiency than longitudinal drift for the
rectenna Tatitude of 40°N, representative of service
for the Northeast,

‘8 Solar pressure is the dominant. perturb1nq force: analysis
shows that this perturbing force is most economically
dealt with by continuously controlling orbital period and
by not correct1ng for eccentr1c1ty drlft

SSPS att1duue control system studies have found the f0110w1ngﬁ

@ gravity gradient torques are the dominant attitude dis-
turbance to the spacecraft, requiring 8 x 109 N-m-sec
momentum from the control sysi..1 daily

@ transients from the antenna rotary joint control system,
used for antenna pointing, size the array roll thrusters
(40 N engines mounted at the extreme of the array)

® mechanical steer1ng of the so]ar array to: point toward the
" sun for the entire year could vresult in a 100 kg decrease
in system mass. This approach, however, would result in
a complex mechanical system which could result in s1gn1—
ficant reliability problems. :

Table 3.5 summarizes the yearly prope11ant expenditure for
the SSPS assuming argon~1on thrusters {Igp = 8,000 sec). Two levels of
‘expenditure are shawn. - The first Tevel assumes that eccentricity drift
due to solar pressure is not corrected. This is reasonable if the.
number of SSPSs at geosynchronous orbit servicing the United States is -
less than 15, Beyond this number eccentricity controT is requ1red
* thereby increasing propellant consumption. . A

Orbit Keeping:

There are four major infiuences on the SSPS causing it to
dr1ft from 1ts nom1na1 orbital location. These are:

# longitudinal dr1ft - the e111pt1c1ty of the earth causes
- the SSPS to seek out Earth s .minor axis

. Inc11nat1on drift - the 1nberact1on of the sun and moon's
‘gravitation causes the orbit to regress so that its 1nC|1n-
~ation changes WTth respect to the equator



Tab]e 3.5 SSPS Propellant Requirements,

Isp = 8,000 sec :

e —

SUBTOTAL
ATTITUDE CONTROL

e GRAVITY GRADIENT

s ANTENNA CONTROL

e SOLAR PRESSURE

& MICROWAVE PRESSURE
SUBTOTAL
TOTAL

LBM/YR KG/YR
STATIGNKEEPING '

# LONGITUDE DRIFT 1,600 726

® INCLINATION DRIFT 14,700 6,673

o SOLAR PRESSURE

. — ALTITUDE DRIFT 5,100 2,316

— ELLIPTICITY DRIFT 01(32,784)* - 0114,8831°
© MICROWAVE PRESSURE 8 31

21,470 (84,252}

' 30,408

13,804

9,745 (24,628)*

53,202 {85,936)"

162 73.7

370 394

292 134
31,732 14,404

24,149 {39,032)*

- STATES.

'HEDUIREMENT AFTER 15 53PS ARE PLACED IN DRBIT TO ScRVlC:: THE UNITED
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8 Major axis and eccentricity drift - solar pressure
distorts the orbit from circular to elliptical and
back again over a 1-year period; in addition, there is
a change in major axis which increases the orbital
period and then restores it nominally over the same
elapsed time

e Microwave pressure -~ the electromagnetic field at
the aperture of the slotted array causes a "rebound"
prassure on the antenna.

: The statTonPeep1ng propeliant requ1red to cont1nuously correct
Tongitudinal drift is shown in Figure 3.24 for an 11.4 x 106 kg SSPS.
The worst-case SSPS positions, 106°W, 75°W, 15°E and 105°E longitude,
can be maintained with approximately 681 kg/yr of propeilant. The use.

- of a cold gas system, Igp = 200 sec, would require about 27,240 kg/yr.

A continuous engine thrust level of approx1mate1y 2.2 N would be required
to maintain Tongitude.

: Figure 3.25 shows the time history of inclination drift for
various initial orbit conditions. A unigue set of orbital parameters
with an inclination of -7.5 degrees results in a stable orbit that does
not require propellants for orbit maintenance. This orbit, however, pro-
duces a figure-eight ground track causing a 16-degree variation in the
rectenna-to-satellite line-of-sight for a rectenna located in the North-
east. Angular motions of this type have two undesirable effects when

the satellite is in the southern half of its orbital swing:

e the path through the atmosphere is increased, decreasing
efficiency by 1.5 percent

¢ the ground pattern of the microwave beam elongates in the
north-south direction, requiring a larger rectenna to
capture anp equ1valent amount of power (e.g., 15 percent
in area to account for beam var1at101s it the ~7.5-degree"
inclination orbit is used).

F1gure 3.26 shows the SSPS propellant requirements for contin-
uous correction of inclination drift. A propellant expend1ture of about
6,674 kg/yr is required to maintain an equatorial orbit using ion propuil-
sion at a specific impulse of 8,000 sec.

~The effect of solar pressure is twofold. First, it changes the
major axis, hence, orbital period and, second, it changes eccentri-
1f the change in period goes unchecked the SSPS will precess at a rate
of approx1mate1y 3.5 degrees per day. A propellant expenditure of 2,135

 kg/yr is required to offset this satellite motion. The prope?]ant re-

quired to correct the ellipticity has been calculated at 1.59 x 105 kg/yr.
This propellant quantity assumes that an opposing force of 200-to-300 N

is continuously applied to offset the solar force.  The effect of ellip-
ticity on overall system performance, however, is not significant, provided
the 24-hour orbit period is maintained. Ellipticity cause$ an apparent

e

.
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longitudinal drift to an observer on the ground. The satellite will

"lead" or "lag" the rectenna lacation by 3 5 degrees during the course

of one day.

A constant radial microwave pressure force of 17.8 N (4 Tbs)
is exerted on the transmitting antenna. This force is for 10 GW of power
into the microwave convertors. A radial acceleration affects orbit
eccentricity with only small perturbations to the orbit period. A force
of 17.8 N will cause +1.8 km altitude perturbation over a period of 80
days. The economical approach to controlling this pec~turbation is to per-
form an apogee/perigee correction every two months, rather than applying
a continuous, opposing, radial thrust of 17.8 N (4 Tbs). The yearly pro-
peliant requirement performing perijodic horizontal thrust correction would
be ‘31 kg. '

Spacecraft Attitude Control

The groundrulas and assumptions dre:
@ SSPS is in equator1a] synchronous 0rb1t

@ The solar array vactor normal is po1nted to w1th1n
+1 degree of the projection of the sum vector on the
eqUut0r1a1 plane.

Figure 3.27 defines the axis system used in calculatisy dis~
turbance torques. The spacecraft's longitudinal axis, the x-ax.s is ror-
mal to the orbital plane. The y- and z-axes lie in the orbital plane
(equatorial plane)}. The sun Tine is in the x-z plane with a yearly osc11-
lation about the y-axis of +23.5 degrees,

~ Disturbance Torques

Torques on the satellijte result from the following sources:

aerqdynamic _
o gravity gradient
@ solar pressure -
0 maghetic
‘¢ ‘microwave pressure
e rotary joint fﬁiction;

At an altitude -of 35,800 im {19,330 'nm) the atmosph ric an51t

1s equ1va1ent to the p]asma proton dens1ty, 3.46 x 10‘ {m (3 x 10~2
x 10~

sTug/ft3), which results in a dynamic pressure of 7.3 N/me. The -
resulting aerodynamic force on the SSPS is only 22.4 x 10- BN (5 x 10-5

1bf) which produces an insignificantly small disturbance torque on the

nearly symmetrwc SSPS shape.
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Solar radiation pressures have a much larger effect. The
cg-to-cp distance for y-axis-induced torque is 25 m, due to the offset
of the microwave antenna. The x-axis torque is induced by off-nominal
steer1ng angles which cause a s1ightly different force on the corru-

gated mirror system.

Careful design of the solar blanket power distribution sys-
tem will minimize the effects of magnetic-induced torques. If each
unit of the magnetic field has opposite palarity to an adjacent cur-
rent Toop, the net magnetic torque is relatively smail, i.e., 4.5 X

- 10-5 N.

_ . An estimate of the force created by the radiation of electro-
magnetic power from the Bicrowave antenna has been computed assuming a
total input power of 10! The total force normal to the antenna
is not expected to exceed 17 8 N. This force produces a sinusoidal

-y~ and z-axes torque with a peak. amp11tude of 2,955 N-m at a period

of 24 hours.

The gravity gradient torques acting on the SSPS will be at
Teast an order of magnitude larger than the torgues discussed above.
These torque magnitudes are:

—
t

= 33,200 N-m/deg offset

Y.
Tz = 29,700 N-m/deg offset
T, = lal_x 10° sin wyt, N-m {w = orbital rate,_réd/sec;- '

= time, sec)

A rotary joint is used to mechanically point the microwave

antenna at the ground-based rectenna. The antenna- -to-array relative

motion requires 350 degrees of travel each day. Sliprings are used to
transfor power across the joint. Contact pressures between the brushes
and rotary joint ring will vary between 27,500 N/mZ2 and 68,940 N/m2

{4 and 10 psi) for optimum power transfer. At an assumed system vol-

tage of 29 kv and a brush current rate of 7.75 x 104 A/m? a brush area

of 6.45 m¢ s required to transfer 10 GW of power., The total normal force
of 4.45 x 10° N is exerted on the slipring. At a coefficient of rgll-

ing friction of 0.1 and a central mast diameter of 50 m, 1.02 x 106 N-m
of torcue is induced on the spacecraft.

Table 3.6 summarizes the disturbance torque discussed above.

’ The Targest torgues are induced by the slipring, antenna control sys-

tem and gravity gradients. AlT other induced torques are small and

 can be neglected

3.1.2.4 Transportataon Assemb1y and Ma1ntenance

. The cost of transportation, assembly and maintenance is the
most s1gn1f1cant variable in establishing the economic competitiveness
of the SSPS.: The objective of this section is to outline approaches
to SSPS transportation and assembly and to bound expectad costs.
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Table 3.5 Control System Performance

CONTROL SYSTEM CHARACTERISTICS
® DAMPING=05
® FREQUENCY = STRUCT FREQ/10

AXIS TORQUE {N*m}

: - {ROLL) - (PITCH) (vaw)
TORQUE DISTURBANCE X Y 2
SOLAR PRESSURE 136 5,500 0
MW PRESSURE {PEAK) _ 0 2,955 2,955
GRAVITY GRADIENT 110,000 - 33,500 29,700
ANTENNA CONTROL 1,020,000 0 o

S sum 1,130,136 41,655 32,655
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If SSPS electrical unit charge rates are to be kept lTow enough
to be competitive with ground-based power generation the increment of
the unit charge rate attributed to the transportation of materials to
Tow earth orbit (LEO) should not exceed 20 to 30 percent of the total
or approximately 4 to 5 milis/klH. Using 4 to 5 mills/kWH as a cost
target, the study has identified the following trends:

@ An operations cost between $10 and $20 million per flight
is considered viable and adequate to achieve cost-competi-
tive space-based power, provided payload capability
to LEO of greater than 180,000 kg can be achieved in an
advanced launch system.

® Launch site operat1ons may be a key issue in seTect1n;
launch system size. The Targer the vehicle the fewer
launches per day, and requirement for fewer 1aunch
apportun1t1es :

Cost of transport1ng the SSPS from LEO to geosynchronous
altitude is a strong driver in the selection of the assembly altitude.
Candidate orbit-to-orbit transportation systems have been evaluated
and indicate an incremental unit charge rate of 0.9 mills/kWH ($26/kg)}
can be achieved if major assemblies are fabricated in LED and ion pro-
pulsion is used to transport the assemb11es (or major subassemblies) to
geosynchronous orbit. '

Assessment of assembly operations performed in this study have
indicated the following:

] AssembTy using grbund-based remote control tends to be
: Tower in cost than manned space-based control of assembly
Qperations.

© Assembly rates of better than 14 kg/H, costs for space
stations to accomodate assembly crews of less than $10
million/man (amortized over five SSPS units) and Tow-
‘cost approach for resupply and recycling of crews are
required if manned space-based control of assembly is
to be cost-effective.

] :Assembiy-at geosyﬁchronous orbit using”remote controlled
techniques would be cost-effective at assembly rates
greater than 5§ kg/H.

Preliminary ana1y51s of SSPS maintenance requ1rements have
dent1f1ed the following key issues:

- & A detailed study which trades off the cost of repair
' versus the Joss of revenue, if no repair is performed,
is needed to establish reliability goa]s and maintenance
sqppnrt approaches. . . -
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8 The major maintenance cost-~driver tends to be the -
control system (electric propulsion units).

# Proper layout of the solar blanket circuitry and
microwave tube feed system could result in a near
maintenance-free design.

¢ A maintenance approach which shares man-rated equip-
ment between many power stations is needed to reduce
the impact of initial investment for maintenance
support equipment.

Transportation to Low Earth Orbit

The matrix of potential Taunch systems is shown in
Figure 3.28. These launch systems span a range of design approaches
which vary from the use of the current Shuttle to the development of
a fully reusable LOX/Hydrogen, Heavy Lift Launch Vehicle (HLLV) with

‘a 182,000 kg payload capacity to LEO.

The candidate launch systems have been compared in terms of
their contribution to the unit charge rate to power users following a
methodoiogy developed for this study. A discount rate of 7.5 percent was
used in this assessment, Costs include those required for operations,
1n1t1a1 fleet purchase and fleet replacement.

The effects of launch systém cost and pay]oad potential on
unit charge rate are shown parametrically in Figure 3.29. Superim-
posed on the figure are the four launch system options. Included is

- the span of operating costs which reflect the potential level of-

recoverability of hardware on the Space Shuttle derivative, Flyback
Shuttle/Saturn Derivative and Flyback HLLY second stage. It becomes
apparent that recoverability--specifically the feasibility of second
stage propulsion and avionics reuse--is as strong a cost-driver as
payload performance

The combined effect of operat1ons cost and fieet cost ref]ect
the same trend as shown in Figure 3.30. The uncertcinty of reuse of
second stage components could preclude achieving the highly des1rab1e
$40 to $100/kg launch system costs for SSPS.

Orbit-to-Orbit Transportation

.. The cost of transporting the SSPS from LEQ to geosynchronous
altitude is a strong driver in the selection A7 the assembly altitude.
This section addresses candidate orhit-to-orbit transportation system
approaches, assuming that assembly is performed at the following
altitudes: ' '

® 1ow earth orbit 463 km (250 n.m. )
9 12 970 km (7,000 n.m.)

o
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8 Geosynchronous orb1t

The assessment of these options (Figure 3. 31) indicates that an in-
cremental chavge rate of 0.9 mills/kwh can be achieved if assembly is
- performed in LEQ and ion propulsion (selar or nuclear) is used to trans-
port the assembled $SPS to geosynchronous orbit. This correSponds to a
$26/kg for orbit-to-orbit transportation If assembly is performed at
13 x 103 km {7,000 n.m.) using Targe chemical stages to transport mate-
-rials from LEQ and ion propulsion to transport the assembled SSPS to -
geosynchronous altitude, the orbit-to-orbit transportation cost would
run $246/kg. The use of a large nuclear stage to’ transport materials
E;om/tEO to a geosynchronous assemb]y s1te wou]d result 1n 3 cost of
80/kg. 4 ,

- Assembly

" Fabrication and Packag1ng - A key to obtaining cost-competi-
tive space-generated power is to optimize the level of ground prefabr1-
cation versus the corresponding level of orbital assembly for each major
component of the SSPS. Two methods were investigated for assembling the

- SSPS antenna structure. In Method I, prefabricated beams are assumed

to be manufactured on the ground, t1ght1y packaged in the Shuttle pay-
Toad bay and deployed in orbit. Method II assumes that ground person-
~nel prepare flat stock with appropriate coatings for processing in an,
automatic manufactur1ng moduie in space

Of the total 521 364 kg (1, 147 000 Tb) of antenna mechan1ca1

- elements, 310,000 kg {682, 000 1b) were structure built up from basic
_*r1angu1ar g1rders The available Shuttle payload volume used in these
preliminary studies was the full 4.5 m diameter by the 18.3 m length. The
payload capability assumed was 29,510 kg to an assembly site located in_

. 28.5 degrees inclined orbit at. an altitude_not greater than 463 km = .

A packaging density greater than 97.8 kg/m3 had to be achieved to take
full advantage of the Shuttle (higher packaging density would he requir-
ed 1f pa11ets and pay]oad attachment factors were considered).

Assemb]y of structura] members on the ground (Method 1) re-

quired that these members be stowed in a folded or compressed manner
- to achieve as high a density as possible. A survey of existing stow-

- able structural members was made and indicated that these devices can
be categorized into three broad areas. One was the folded girder
designs and the others were the telescoping and STEM-type tubular
. designs.  An.apalysis of the STEM-type versus the girder indicated

that the girder-construction is significantly lighter than the 1arger
diameter STEM-type tubular. The STEM devices were dropped from fur-
ther cons1derat1on 1n the Method I assemb]y p]an

AR Typ1cal astromast character1st1cs are shown in Tab?e 3 6
Packagin densities {(without deployment cannister) vary from 64 to
zd7 kg/md. A check of the beam design efficiency {weight of dep]oy-
abie structure/mass of an ideal structure w1th same " end 1oads) -
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indicates that these devices are overdesigned by a factor of two-to-
thraz, due to mechanism mass and, perhaps, geometry constraints imposed
on the packaging arrangement. A packaging study of these (astromast)

- devices Tor the microwave antenna indicated a s1gn1f1cant yreduction

in packaging density. For the beam geometracs used in the antenna,
packaging dens1t1es of only about 2-4 kg/m3 could be achieved. There-
fore, a range in equivalent packaging densities {accounting for a
nonopt1m1zat1on factor for mass and orbiter packaging) of from eight
to 80 kg/m appeared feasible and was used for the Method I structura1
. concept in the comparison ana]ys1s '

Comp]ete fabrication and assemb1y of the members in orbit
Method II, could achieve 100 percent Shuttle load factor by transporting
f]at-stock to the fabrication/assembly site. This concept requires a -
- free-flying or space station supported "factory." A preliminary opera-
tions analysis of this process has tentatively established a rate of
‘assembly of 190 kg/hr. The operations include: 1) feed and roll-form

- three longeron sections between intercostals, 2) feed and roli-form

intercostals, 3} clamp and spot weld, 4} weave tension wire, and 5)
align members using tension wires and collimator.

: Table 3.7 is a comparison of the two methods studied for the
antenna. The manufacture of the triangular girder.in space, Method II,
vgsulted in fewer Snuttle flights. The support equipment reguired for
Eoth methods was found to be simiTar. Both required mechanisms in -~
orbit. The prepackaged beams would require a deployment cannister
while the manufacturing module.is required in Method II.

Method of Assembly

The major issue to be -answered, before cost-effective SSPS
assembly can be achieved, involves determining the degree of on-orbit
- manned participation in the assembly. operation. In an- effort-to bound -
the problem, the fo]]ow1ng extremes in basic approach to assemb?y have = -
been considered: _

@ yemote assembly us1ng te1eoperators controllad from
‘the ground _

¢ EVA assemb]y

The f1rst requ1rement in th1s assessment is to establish
an estimate for production rate. The asserbly of a common component
of the antenna structure using remote controlled operations was. -~ . . -
analyzed, and it was estimated that the structure could be assembled
at a rate of between 3.2 and 5.9 kg/r using teleoperators.. A simi-
lar assessment of assemb]y using men in an EVA mode was made. Struc-
. tural assembly rates using the.EVA approach were estimated to be

' somewhat h1gher, between 8.1 and 11.4 kg/m— .
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‘Table 3.7 State-of-Art Astromast Characteristics

o ” . i

,'CH

"VARIABLE A B D E F -
MAST DIAM. (IN.) (M} 1341(034) | 4 (01) | & (0.15)| 10 (0.25) 20 (051) | 8 (0.2)
MAST LENGTH {FT) (M) 40 (12,2) |15 (451} 8 (2.4) |100 (30.5) 84 (255) |10 (3.05)
APPROX, WEIGHT - ' ' o ' BRI
MAST {LB) (KG} 46 (291 | 0.30(0.14)| 2,0 (0.91)f 20 (9.1) 214 {97) | 1.3 {(0.59)
CANISTER (LB} {KG) 128 (582§ 20 (9.1} 1 30 (135} 186 (84.5)
PACKAGE DENSITY ] . - . _ L L
. {LB/FT3) (KG/M3) - 371{594) | 6.1 (97.5) 45 (72) | 8.7(139) 167 {252) *] 9.9 {158)
BENDING STIFFNESS ,
(LB-IN2x 108 (ke/M2) | 77 (282) | 0.12(0.4) { 070{237)| &5.5(187)] 280 {9s5) | 2.02 (6.95)
.| BENDING STRENGTH o B I I N
{(IN-LB} (N-M) 7,800 (881.4){25 (2.83)[ 80 (1.0} |460 (52) !36,000 (4,068} 200" (22.6)
Tab1e 3 8 Structurﬂ Fabmcamon Ontmn Comﬂamson
MnTHOD 1 METHOD 1

» OPERATION -
— ON-GROUND
~ IN-ORBIT

» NUMBER SHUTTLE
- -FLIGHTS TO DELIVER
STRUCTURE

- |.@ MAJOR SUPPORT -

o FLIGHTS TO DEPLOY
| EouiPmENT

EQUIPMENT & MENT{T)

‘8 PACKAGING DENSITY..

. EQUIPMENT'IN-C}RBIT':

1« FLIGHTS TO SUPPQHT'??' a

ASSEMBLE ARTICULATED BEAMS

DEPLOY

&TO12

NONE TO1 SPACE STATION:

AL MAN)

DEPLO‘:{MENT DEV[CE '

- 0.TO 1142
oTO1

1705 LB/FT3 (16 TO 80 KG/M3)

PRE-PROCESS FLAT STOCK
AUTO MANUFACTURE

> ELBFTS {96 KG/MD) &
10

_ T01 SPACE STATION. -
- {6-MAN) :

1 EAB MODULE -
o To 122

' 0701:'

NOTES

-4 HECYCLE CREW & CONSUMABLES - :
2, REQUIRED IF SPACE STATION {8 INCLUDED IN SCENARID
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Assessment of the entire SSPS assembly would require signi-
- ficantly more depth of definition of each satellite.component to detail -
- assembly flows and operations. Therefore, a parametric analysis was
performed on the driver elements in the two basic assembly approaches.
The major cost~drivers for remote controlled assembly, shown in Fig-
ure 3.32, are assembly rate, teleoperator consumables rate and the
number of manned maintenance/monitor facilities required. A remote
controlied assembly approach can achieve acceptable costs (2 to 4
T111s/kWH) at a product1on rate of 2 kg/H 1f consumables usage 1s kept
oW

Figure 3.33 relates the major cost-driver for space-based,
man-controlled assembly operations to the contribution that final
assembly makes to the unit charge rate. The major drivers are
assembly rate, the cost of space stations (assumes 10-year life) and
the cost to recycle crews. ‘To achieve reasonable cost levels, pro-
~duction rates in excess of 11 ka/H are required along with 10w cost _
space stations {§16 m1]110n/man) and transport modes that can recyc1e large
- numbers of crew mombers in one fiight.

F1gure 3.34 p“esents a-comparison of -cost between assembly
“at-low altitude and at gensynchronous altitsde for a remote controiled

- approach. The Shuttle, used as the manned maintenance/monitor facility
in Tow orbit, is replaced by a six-man geosynchronous orbit space sta-
tion. :The appropriate manned tug was added to the geosynchronous - ;
assemb?y site scenario. - Assembly at geosynchranous orbit tends to
~double assemyly cost, though at -assembly rates greater than 4.5 kg/H -
acceptab1e uast can be ach1eved

Ma1ntenance | N _
As assessment of the SSPS was performed to determ1ne the need :
- for maintenance and to identify the subsystems requ1r1ng major technol--

. ogy efforts to enhance rel1ab111ty '

SSPS RecurrTng Costs - Tables 3. 9 through 3 ]1 list. the

. definition of the Lowest Repiaceable Unit (LRU) for the solar array,-

J vthevm1crowave antenna, the rotary joint and the array contro1 system.

Included are est1mates of the failure rates and the corre-‘h

'h'spond1ng number of LRUS replaced over tae power station's 30-year

life. The recurring maintenance cost for the array is estimated at
$3.99 miTlion/yr while the cost to maintain the antenna is $0.99
~million/H. The control system, mainly the ion engines for pointing-
- of the array and antenna rotary Jo1nt requ1res the most ma1ntenance,
$39.10 mitiion/H. , :

s _ Ma1ntenance Support Costs - The nonrecurring (e&c1ud1ng EE
development costs) and the recurring costs for maintenance support
have been- analyzed assuming the following scenar10‘,
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TELEOPERATOR (T.0) CONSUMABLES
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24 1
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FJgure 3. 32 Assembly Cost Remote Control From Gr‘OUnd
(Low Altitude Assembly Site) :

SPACE STATION . _ . .
UNIT COST: | I . S
40 - S600/LB ($1220/KG) CREW ROTATED EVERY 60 DAYS
$64 MIMARN ' T
i AR S540/LB (ST180/KG) 6 MEN/SHUTTLE FLT |
- -5480/LB ($1060/KG) S
%2 — — — — 24 MEN/SHUTTLE FLT

$_420/LB {8925/KG)

1

5360/LE (S790/KG)

~
RN
_16_1 R $240/1.8 (S530/KG)
' _} ?ég‘é’é}}?m‘ “ $180/LB {8385/KG)
| siB0/LB (sagslml TS e
81
o
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F1gure 3 33 Assemb]y Cost, Manned Operatmns in Orbit
_ (Low A1t1tude Assembiy ﬂte)
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Table 3.9 Solar Array Maintenance Cost

LRU COST AVG
: , FAILURES{ OVER PEY
o _ LRU OVEii 30 YRS, | YR,
ELEMENT - LRt DESCRIPTION WT,Kg - | 30WRS | 8M | SM
1. BLANKET * §0-1670 x 207m MODULES 97,484 Y 41,80 1.40
2, CONCENTRATOR 160-1670 x 207m MODULES 768 1 0.23 0.07 -
3, NDNCONDUCTSTHUCT. TO DESIGN - - - -
4. BUSES | a0om 26,000 1 8,29 0.28
5. SWITCHES 59 BLOCKING D10 DES/BLANKET LRU 97,484 1 41.90 140
6. MAST G{+}, 5(-) BUSES/PANEL 85,000 1 27.12 0.9
' TOTAL 53.80M .
MILLS/KWH = T8RS

ASSUMPTIQNS
1. BLANKET - CELL OPEN CIRCUIT FAILURE = 2.6 % 107 */YR. THE PROBABILITY OF 5.6° % LRU POWER LOSS OVER
40 YRS 15 LESS THAN 107%%, ONE LRU REPLACEMENT ASSUMED OVER 30 YRS.

2. CONCENTRATOR — MIRROR FAILURE LESS LIKELY THAN BLANKET FAILURE. ONE LRU REPLACEMENT AS-
SUMED OVER 30 YRS,

3. NONCUNDUCT!NG STRUCTURE — ASSUMED NOT TO FAil.

4., BUSES ~ BUSICDNNECTUF! FAILUHE AATE IOAO} = 10' FIYH ONE LRU REPLACEMENT ASSUMED OVEH 30
YEARS.

5. SWITCHES ~ BLOCKING DIODE FAiLURE RATE IOAO)
BECAUSE OF DIODE FAILURE.

6. MAST - SAME AS FOR BUSES.

'l(}‘7 F/YR. ASSUMES ONE BLANKET LRU HEPLACED
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Table 3.710 Microwave Antenna Maintenance Cost

LRU COST | AVG

FAILURES ] OVER PER

_ . _ : : - . LRU OVER 30 YRS, | YR,

. ELEMENT LRU DESCHRIPTION : KG " 30 YRS. M "SM

1 MW TUBE ‘ ’ 1670 — 18 x 18 mSUBARRAY 3017 4 573 0.19

2 POWER DIST : 18 x 18 m SUBARAAY 3017 1 1.43 0.05

3 COMMAND ELECTAONICS | 1670 UNITS ~ SR S 1.7 g 20,58 0.65
4 TRANS. ANTENNA ' o -

{EXCLUDE TUBES) 1670 ~ 1Bx 18 m SUBARRAY 3107 1 1.43 0.05

5 STRUCTU%LE TO DESIGN - - - -

6 CONTOLH CONTROL 6680 UNITS 1 22 1404 238 .| 0.0

- o i : ' - “TOTALS 0.99

MILLS/KWH | 0.02/YR

{ ASSUMPTIONS: ] :
" i.-MW TUBE — MTBF = 1,14 x 10" HRS PROJECTED (NOQ MOVING PARTS, NO SEALS & LOW TEMPERATURE CATHODE),

2. POWER DIST ~ HIGHLY REDUNDANT SYSTEM EXPECTED TO MEET 30-¥R LIFE REQ MT. ONE SUBARRAY FAILURE
ASSUMED,

3. COMMAND ELECTRONIGS 30-YR LIFE ACHIEVED WITH HIGH LEVEL OF REDUNDANCY 3% FAILURE ASSUMED.

4. TRANS, ANTENNA — WAVEGUIDES CONSIDERED STRUCTURE WITH LOW FAILURE RATE, ONE SUBARRAY FAILURE
ASSUMED,

5. STRUCTURE ~ ASSUMED NOT TO FAIL. :
6, CONTOUR CONTROL — FAILURE RATE = 0. B £110" 1%, DUTY FACTOR) FOF! BRUSHLESS be MOTDR OPERATING AT

500°C.
Table 3.11. Rotary Joint & Array Control System
E LRU | COST | Avg
FAILURES | OVER ~ | cOST
_ LRU OVER 30 YRS, | YR,
ELEMENT LRU DESCRIPTION KG | 30YRS sM SM
ROTARY JOINT v : L »
& SLIPRING | E : - 24 BRUSHES, 4 SLIPRINGS . .
~ BRUSH , 10 72 024 . - @01
~ SLIPRING 63 12 . 026 | 001
& DRIVE . . BBRUSHLESS MOTORS/GEAR TRAIN - S S
T |- -UNITS (4 ACTIVE, 4 STANDBY) I ,
— MOTOR/GEARS: o 1,367 24 11,0 0.37
— LM ' 1 o 088 | -
CONTROL S5YSTEM, . o S S S SR FVRNCTE P
‘le ACTUATORS - | -B4ELECTRICENGINES -~ | 203 . 640 1010 | 33
s PROPELLANT ' 24,000 Kg/¥R , : ' - - i 5.7
' ' TOTAL | 38.09
S MILLS/KWH | D9/YR
ASSUMPTIONS - _ T - - :
It SLIPRING — Pnewoussmcesmnm:smmesmnchTEMTaF~1n YRS WITHIN REACH,
* 2. DRIVE - SAME AS SLIFRING, ’
8 ACTUATORS — CURRENT ESTIMATES PLACE ION ENGINE FAILURE RATE AT-3800°F/10* HR. ASSUME ORDER

MAGNITUDE IMPROVEMENT AND A 10% DUTY FACTOH COST ASSUMES SVEOOIKG FQOR ENGINE & POWER
‘CONDITIONING,
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e A six-man space station is requ1red for monitoring the
satellite and for use as a repair shop and garage for
maintenance teleoperators

® Maintenance is performed using ground-controlled
teleoperators

@ Space station crews are rotated four times per year,
using the Shuttle and a chemical tug

o A HLLV/Ion stage (Payload = 181,600 kg to LEO) is used
to initially place the space stat1on and to resupply the
stat1on once each year.

Table 3.12 summarizes the cost 1mpact of using the assumed maintenance
support scenario. .

3.1.2.5 Microwave Transmission

' "~ .The MPTS for the SSPS has been studied and reported on in = .
‘detail by Raytheon in NAS CR~134886, under contract NAS3-17835 to Lewis
Research Center. In the current study, information was generated on

- the development program beycnd early flight testing and available tech-
nical information was summarized in a form useful for the comparasons
with ground-based systems. Mast of the following information is taken
from that report and presented heré for ready reference.

The transmitting antenna for a 5 GW SSPS is an active planar
phased array of 0.83 km minimum diameter and with a mass of 5.7 x 106 Kg
when constructed of aluminum and when using amplitrons for dc-to-rf
power conversion. Graphite composites are alternate choices for mate~
rial and Klystrons are an alternate choice for convertors. = The trans-
mitting antenna consists of 18 m x 18 m slotted waveguide sub- -arrays that
are electronicaily controiled to direct the power beam at the ground re-
ceiving antenna with an rms error of only 10 m. The sub-arrays use
- groups of 5 kw amp11trons in series to convert input dc power to micro-
wave power. The receiving and rectifying antenna {rectenra) is an array
_about 11 km in diameter, consisting of dipole elements each connected to
‘a solid state diode that converts microwave power back to dc power.

An operating frequency of 2.45 GHz in the Un1ted States indus-
~trial band results in near optimum efficiency, avoids brownouts in rain
and should have minimal problems in radio frequency interference and allo-
~cation. A 5 GW ground power output keeps the peak microwave power den-
sity in the center of the beam on Earth at .7 mi/cmé for a 0.83 km trans-

E m1tt1ng antenna. -

: High eff1c1ency requirements d1ctate the band of microwave
'frequenc1es that can be considered. The effect of molecular absorp-
- tion, shown in Figure 3.35, 1imits frequencies to, less than 10 GHz.

‘ ThlS 11m1t reduces further 1f brownoats 1n 11ght rain (5 mm/hr)
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Table 3,12  Maintenance Support Cost

FNcn\tmar:.m%r—uNGtra:%cn.unzs DEVELOPMENT)
e SPACE BASE L ,
~ HARDWARE
— TRANSPORT-
¢ MANIPULATOR MODULES
— 50 UNITS
© = TRANSPORT
e MISSION CONTROL FACIHLITY

HECURHINGIYR _ '
e CREW ROTATION (4 FLIGHTS)
— SHUTTLE FLIGHTS
— SHUTTLE AMORTI "’ATION
- TUG FLIGHTS '
— TUG AMORTIZATION
— CREW TRANSPORT MODULE

= CREW TRANSPORT MODULE AMORTIZATION

¢ RESUPPLY CREW & MANIPULATOR CONSUMER
— HLLV (1/YR)
~ AMORTIZATION
— 1ON STAGE
~ AMORTIZATION
*  MISSION CONTROL.
- — PERSONNEL. {320)

8019

1 14 mvR

=

3490

o
=

400

20

$ 87.7M
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‘are to be excluded, and the avoidance of brownouts in heavy rain and
severe thunderstorms for which attenuations are shown in F1gure 3.36,
would place an upper limit not far above 3 GHz. Severe rain cond1t10ns
are experienced, even in desert ]ocat1ons that are prime cand1dates for
“the ground receiving antenna. _ :

It was concluded that the MPTS should operate at a frequency

. of 2.45 GHz in-the United States-industrial band, and recommended that~

~a ground -output power Tevel of 5 &W be selected for'a nominal design. .
The reasons for this are that economy of scale is essentially reached at’
this level and peak ground power density is maintained at a relatively
Tow Tevel. The amplitron-aluminum configuration is selected for cost
estimates although a graph1te composite material selection remains a
candidate, and a klystron is a potential candidate for the dc-rf con-
vertor. These opt1ons are shown in Table 3.13. _

: “The maximum power density at the center of the rece1v1ng
_ rectenna may be the factor that Timits the maximum power generation
capacity of the SSPS. Figure 3.37 is a comparison of microwave
transmission characteristics for a 5 GW and 10 GW system and two. trans- .
“mitter diameters. The amplitrons on. the transmitting antenna are layed
out in a stepped approximation to a Gaussian distribution on the antenna
surface. = The taper ratio between the peak power density at the center
and the edge is indjcative of the shape of this layout. The 5 db taper
is less dense1y packaged at the center than the 10 db taper design. The
resulting maximum power density on the ground indicates that a 5 GW sy§
tem may be more acceptable than the 10 GW option. - A value of 20 mW/cm
~was estimated to be a threshold above which’ 1onospher1c changes could
te expected at the 2.45 GHz operating frequency. This factor and the
fact that the biological level limit in the United States-is 10 mW/cm
makes 1t prudent to ant1c1pate the 5 GW SSPS Opt1on

Eff1c1ency and safety needs d1ctate that a c1osed 1oop torm
of control be implzmented for phase front or beam formation. Two
approaches, adaptive and command, have been formulated and are illus-
- trated in Figure 3.38.  The ccmmand system uses a matrix of sensors

" at the ground antenna to determine the received power beam center
and shape. - A processor then develops commands which are routed to
the sub-arrays over the telecommunications iink. .This approach has
limited vresolution, but- nevertheless, it is ant1c1pated ‘that antenna
thermal distortions, a major source of error, can be accurately
- modaled and suitable command algorithms developed. In any event,

“1t w1]1 ‘serve as. a system monitor and as a safety overr1de funct1on ;:g;,fﬂ:=

A potent1a11y more accurate scheme calls for a reference
beam to be transmitted from the center of the ground antenna. This
is sensed at each sub-array and at a reference sub-array. in the - R
antenna cénter. The Tatter transmits the reference to the sub-array
over a calibrated coaxial cable at which point it is compared with
the incoming beam. A difference in phase between,these signals 15
~interpreted as a d1sp1acement of the sub-arrays from- the nonnna]
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Table 3.13V‘C¢mparison of 5 GY Systems

- - o - POWER SOURCE ~ 1.5 kg/kw
5d3 e st . e ' .. -500$/kg
9% - T . - S Transportat1on Assemb1y-300$/kg

» TAPER
Beam Eff1c1ency

n Il'

' g Transmittfng
_ _ - Structure & DC RF Converter - Antenna. i :
R ©oe o Haveguide - - Mass o . Total Mass . MPTS SPS
DC~PF Converter - Material = X 104 kg - x10%kg . o $/fw  $/kw

700 © 2300

3}:Amp11tfon_ : Aluminum
| " 700 2300

6
- Graphite 6f
1100 - 2890
110 2800

W ON

6
5
',.K1ystran f' Alumd num 2.
- . o 0

.3
Graphite 3
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reference plane due, for example, to thermal distortion of the structure.
A shift is applied to the phase of that part of the transmitted beam

- so that the total phase front results in efficient beam launching to
point toward and focus on the rectenna.

: The rectenna, covering an area of about 100 km is com=
posed of inclined pane]s which are tiTted to normality with the 1ncom1ng

-power beam. The accuracy of construction js not eritical since the in-

dividual rectenna elements have broad dipole gain patterns. For the

-~ same reasun, the phase Troni can be distorted by the atmosphere or _
ionosphere without appreciably affecting efficiency. The ground plane
is open metal construction for low cost and low wind resistance. Seal-
ing of the rectenna elements within a protective tube is syggested as
-a-means to achieve economical environment compatibility.  Principal
concern regarding weather phenomena is the potential damage from large
hailstones., This factor must be considered-in site selection. R

'3.1.2.6 Safety of Large Structure

: A safety analysis has been performed for the mission phases
associated with constructing and servicing the SSPS. Phases range .
~from Earth launch to the final salvage efforts at the termination -

of expected service Tife. Potentially hazardous situations were :
identified in virtually all phases. Of the approximately 30 natural

and induced hazards which can conceivably influence project success,
'e1ght were examined to a depth commensurate with a preliminary analy-
sis. Of major significance, design of the existing astronaut pressure
suit may seriously 11m1t his externa] act1v1t1es un1ess des1gn changes
-are considered. e -

The ana1y51s Was pertormed assuming assemb]y operat1ons are
Shuttle-based. Future studies should include assessment of the impact

of space station and the HLLY. Further studies are required to resolve -

questions which evolved during the course of this analysis, as well as
- those natural and:induced hazards which were not examined. Table 3.14
. provides an overview of astronaut part1c1pat1an in each of the 15
m1551on/task phases.r, T

The examination Was Timited to the f0110w1ng natural and
- induced hazards: temperature, sunlight/darkness, collision with
- structural members, electrical shock, rotating machinery, structural

. failure, pressure suit design and fragmentation of pressure vessels.,

Meteorite damage, ambient rad1at1cn and su1ar events requ1re 1n—dapth

N 1nvest1gat1on..

3 1.3 Program P1ann1ng and Cost

3. 1.3. 1. Hork Breakdown~3tructure.and.Prbgram ScheduTe '>_”

s A preliminary SSPS Work Breakdown Structure (WBS) and program
-schedu1e Have been compiled to establish a "strawman” for programmat1c
- ana1y51s. A 3-step deve]opment program, Figure-3. 39, ‘was: ut111zed
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Table 3.14 Overview of Manned Particination

SPACE-BASED SOLAR POWER

. L o ‘[ “SUPPORT [~ SPECIAL
: "CREW- POTENTIAL SAFETY "EQUIP. PCOR’s
PHASE FUNCTION INVOLVEMENT HAZARDS REQD EdD
LAUNCH RESTRAIN - NONE PACKAGING FAILURES
SUPPORT NONE CAUSE COMPONENT DAM'G
MONITOR  MONITOR. DOUBLE FAIL: EG.
S ‘COMM.LOSS.& 5¥S. FAILURE
" ORBITAL P/L DOORS OPEN INITIATE JAMMED DOOR %
‘clo RMS DEPLOY OPERATE NONE :
REMOVE PROTECT, | OPERATE TIGHT SPACE DURING
SHELL/DEPLOY. . - - REMOVAL FROMP/L.BAY _
ST SHROUD - HIGH DAMAGE '
. _ g POTENTIAL _ X
P/ INSTALL/RETURN MONITOR/ EVA COLLISION X X
ORBITAL ITEMS VERIFY

RETRIEVAL | P/L DOORS INITIATE - JAMMED DOOR X

. I .cLosep : .

SEGMENT | uNFoOLD INITIATE CONTACT SHUTTLEISHHOUD X
ASSEMBLY RIGIDIZE NONE -
{EARTH STABILIZE INITIATE FAILED JETIS), FUEL X
MFR'D.} FREE INITIATE ~ LOSS, TUMBLING, CON-

o S : TACT VEHICLE EVA X . %
ORBITAL . STOCK LOAD MONITOR PACKAGING FAILURE X X X
FABRI- ~ : CAUSES EQUIP. DAMAGE/ , '
CATION EVA CONTACT

. FABRICATE - MONITOR | MATERIAL BREAKAGE/EVA X % X
: ) S _ CONTACT * :

REMOVE ASSY OPERATE JAMMED MANIPULATOR X X %

STRUCT. TEST MONITOR NONE X

._ | STOCK UNLOAD MOMITOR - NONE - X -
ASSEMBLY | RMS DEPLOY OPERATE/EVA COLLISION/HIGH DAMAGE % X
STORAGE POTENTIAL DUE TO - X _ %

T ) : ~ | JETIS} FAILURE TO CUT OFF
RMS REMOVE OPERATE/EVA EVA CONTACT X . X
STORAGE | RMSINSTALL/ ST ] EVACONTACT HIGH DAM. X X X
1 RETRIEVAL | FREE/ - OPERATE/EVA AGE POTENTIAL
o STABILIZE I R :
FAILED JETI(S), FUEL X
LOSS AND SYSTEM FAILURE -
SUNLIGHT/DARKNESS - X
_ . ERRORS _
‘| TRANSPORT | STABILIZE NONE " FAILEDJET(S), FUEL X

SEGMENTS | THRUST R LOSS :

R RETL B CINMITIATE .- © . THBUST.EARLYILATE " X
S CONTACT OTHER VEIHCLE X
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Table 3.14 Qverview of Manned Participation (Cont'd)

SPACE BASED SOLAR POWER'

"GIRDERIS)

- EXTREMES - - . -

' SUPFORT | SPECIAL
CREW POTENTIAL SAFETY EQUIP, PCDR's
PHASE FUNCTION INVOLVEMENT HAZARDS _ REQD- REQD-
ROTARY - ORIENT l OPERATE/EVA EVA/STRUCTURE COLLI- % S
SOINT SECURE SION - HIGH DAMAGE
ASSEMBLY POTENTIAL
OPERATE INITIATE EVA IRRADIATION % X
. . . EVA TETHER BREAKS o :
ANTENNA | sTABILIZE NONE FAILED JETIS}, FUEL '
SEGMENT TO " LOss
SECMENT. ORIENT OPERATE/EVA | ~ EVA TETHER BREAKS % X
- pocK OPERATE/EVA EVA CRUSHED BETWEEN X X
- e SEGMENTS - - o =
LATCH AUTO/VERIFY PREMATURE LATCH & NEED X X
i " FOR REDACK
SUNLIGHT/DARKNESS
_ L _ . _ EXTREMES
" RIGGING MONITOR CABLE QVERLOAD X X
ACTIVATE CHECKOUT NONE
ASSEMBLIES INITIATE NONE
| INDIVIDUALLY| OPERATE . INITIATE. EVA IRRADIATION X - X
PHE. : FINAL - * MONITOR _ EVA COLLISION COMM. X X
OPERATION ALIGNMENT AUTD/VERIFY LOSS '
_ . ‘CLEAR EQUIP, AUTO/VERIFY EVA COLLISION
ACTIVATE CHECKOUT MONITOR ELECTRICAL SHORTS X
ANTENNA . : R R |
: .| OPERATE INITITAE ‘MICROWAVE LEAKAGE X
iqCHE_DléILED A/A ARRAY OPERATE/EVA EVA TETHER BREAKS X
AINTENANGCE | COMPONENTS : '
i o | E.LEGTFIIC.I-'\LIS.H.DHTS_ _ x__l_
- ORBITAL | TEMPERATURE, SUNLIGHT/ X
DECAY COR- - DARKNESS EXTREMES
RECTION
UNSCHEDULED| R/R ARRAY EVA STRUCTURAL FAILURE b X
|MAINTENANCE | - COMPONENTS ; S 44 MICROWAVE LEAKAGE - R X
1 o IR R : .| ELECTRICALSHORTS X
R/R DAMAGED EVA ) ’ ELECTRICAL SHORTS
' l SUNLIGHT/DARKNESS

4
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A small LEO process development and test facility was planned for de-
ployment in 1985, A geosynchronous-stationed, 1 GW pilot plant option
was scheduled with a 1990 IOC and a full capability plant (5 GW) sche- -
duled for 1995. The 1 GW plant decision would be hased on its economic
merit, i.e., the total development cost with it opposed to without it.
This spec1a} analysis will be done as part of add1twona. work to be
performed by the study team.

Figure 3.40 is the WBS used as the roadmap for cost account-
ing and program planning. There are 11 Level-2 elements identified:

[ project management
e system engineering and integration
e transportation
e assembly |
8 on-orbit assembly support equipment
- & transportation and'assemb1y'ground support equipment
"*g LEO development and test satellite program
'b pilot plant [optional] -
@ operational plant
. - system maintenance
e facilities. -
Appendix B-delineates the definition of each WBS element in the form
of a dictionary. Included in Appendix B are the program schadules

and cost estimates for eath WBS element.

13.1.3.2 Cost Analysis

ThTS section is comprised of two parts. The first prov1des
.. the nominal-:costs of an operational 5 GW SSPS. -The second. part:
provides the DDTAE programs necessary for the system's deve1opment
A11 costs are based upon the SSPS program plan presented in Section .
3 1. 3 1 and the cost—EIEment deta11s prssented in. Append1x B.. o

3 1.3. 2 1 Sate111te Solar Power Stat1on

. . Table 3 15 provides a nom1naT cnst summary uf an gerat1ona
5 G SSPS. - With an assumed operational.life of 30°years the power cost
weuld be 26 7 mills/kWH. This includes 5.0 mills for capital recov-
ery at 7.5 percent rate of return, 3.1 m111s Tor ma1ntenance and

.8 6 m11ls for taxes and 1nsurance.- o . R
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Table 3.16 contains a summary of the 5 GW SSPS Satellite
nominal cost elements. As seen, the satellite's hardware accounts for
only about 30 percent of its cost. Transportation is the major cost
element (43.2 percent), and the rectenna accsunts for 18 percent.

Tabie 3.17 contains the detawTed cost summary of the elements
that comprise the capital 1nvestment component (satellite and receiving
antenna) of the 5 GW SSPS.  As noted above, a relatively minor proportion
of the total cost is represented by "space hardware" (31 percent), the
rest consisting of the equipment requ1red for orb1ta1 fabr1cat1on and
‘assembly, transportatzon and the rectenna. : .

The costs nf fabrication and assembly equipment as well as
high energy stages {for transport of equipment and personnel from LEO
to SEQ) have been amortized over five SSPS units. It has been assumed
that five SSPS unils can be fabricated and assembled over a 10-year
period, and the amortization formula repays the original capital with
interest (7.5 percent) with equal annual payments. The Taunch vehicle
fleet, space shuttles and HLLV have been costed in a similar manner but
in these cases the amortization is based upon use~Tife of 100 flights
and a 2-week turn-around. Assuming that the Taunch vehicle fleet will
be dedicated to the SSPS program, there exists a "cushion" of extra

~ flights that would incur only operations costs. The three HLLVs are

capable of 156 flights in a 2-year period and the two space shuttles are
- capahle of 104 f11ghts. One hundred twelve HLLV flights and 76 shuttle
flights are estimated to be required for each SSPS, or 56 and 38 per
year, respectively. With 2-week turn-around the i 1eets are capable of
78 and 52 flights annually, respectively, a11ow1ng 22 and 14 additional

‘-Jf11ghtsﬁ yvespectively.  This result allows for sizeable growth in the

-activity Tevel of launches or reduction in the average launch vehicle
' 1oad factor (to 75 percent) without s1gn1f1cant cost 1mpact

’ As g1ven ahove, the fleet was costed assum1ng a 100 use life
and this resulted in $1.31 billjon (2.6 mills/kwh). Were the use-life -
150 flights, the charges would be $0.94 billion, were the use-life

200 flights, $0.75 billion, were the use-1ife 500 flights, $0.43 hil1lion.

3.1.3.2.2 'S5PS_DDT3E Programs 3

Tables 3.78 and 3.79 contain cost estimates of the develop-
~ ment program required for the fabrication, assembly and deployment of
@ 5 GW SSPS. Three-components have heen 1dent1f1ed D1rect DDT&E, -
related DDT&E and support programs.

~ The direct DDTRE programs pertain to those program-elenents

. which would not be developed were it not for the decision to develop”

‘the SSPS. . These total approximately $19.3 billion, and the costs are
‘distributed over the three phases of the program plan. The heaviest
. funding requ1rements occur over. the period 1986 through 1990.. . The .

' "_'development costs in th1s period could provide for the 1nsta11at1on3
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~Table 3.15 Annual ROM Cost of an Operational 5 GW SSPS

e asassamns

' I " Annual Cost " User Charge
Element _ $MiTT4ons, (1974) Mil1s/kWH (1974)

o Satellite | - 657 Sl 15.0
¢ Maintenance __' 136 _ _'_ o 3.1

o Taxes, Insurance - 377 S 8.6

TotAL Comse | 27

Table 3.16 Five GW SSPS Unit Cost Summary,VSat911ite

_ : Cost
Element ' $Mi1Tions, (1974) Percent

. SBTar Array _ R 1.826 ©24.0
-~ Solar Blankets . I (1.529) - - (20.1)
¢ Transmitting Antenna. | 0.495 65
@ Propellants and Misc. SuppTies' * . | e
) 'Fabrication and Assembly FEquip. . : 0.573 . 7.5
& Transportation . _ oL 3278
- -Space Shuttle Fleet ' ©oo(0.240)
HLLY Fleet {1.074) : (
“Space Shuttle Flights : {0.879) . (
HLLY Flights _ . (1.013) (
- Other. - . . - - o (0.072)
¢ Personel - R a7 | 1.

s  Receiving Antempa -~ - - . . __1;345,,;;” o LAY

. oo - o 7.5% [ 1000

R COSt‘is'neg1fgib1e, weight has been accounted for in
- Transportation. Charges. S R
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Table 3,17 Five GW Operational SSPS Unit Cost

= - Unit Cost
Mass Design Specific Cost {58i11ions
System Components % 106 kg Variable {Dollars, 1974) 1974
© Satellite 2.293
¢ Solar Array 12.3 - ) 2 1.826
a Blankets E'!‘Bs) 27.8 kmy 54/my 1.500
s Loncentrators 1.23} 61.1 kmg 1.1/m 067
s Structure. 2.23 2,23 x 10 kg 81/kq .180
# Mast : 0,64 0.64 % 10° kg ° a1/kg .050
s Buses, Switches {0.27}) 1.2
s Transmitting antenna 5,72 5% m kw'® 99/ kw 495
¢ Power Distribution 0.54} (18/kw} .090
e Phase Front Controi 0.13) 26/ kw) 130
¢ -Yaveguide - . 2,31) 14/} .070
e DC-RF Canvertars. (2.23) (267 kw) J130
8. Structuie (0.41) (15/kw) .078
Supplies 2.53
» Cryo Propeliants {.981} NEG
- & lon Propellants 772} NEG
& 8/S Resupply - (.772) NEG
Eqmpmen 3 .573
12 LEO Space Stations {.920} .7
' 1 SEO Space S'atiqg {.076) .062
s Assembiy Equipment?®. .
« Manned Manipuiators 023} 038
- Teleoperators .039)
- EVA Eguipment 3 (.018) .0BY
# Fabrication Hodule {.016) 015
¢ Crew Module 3 {.012 007
* ﬂrb1t Ma'mtenance Mndu]e B (.002 L0035
Transnnrtatmn s ) 3,278
e Launch Yehicle Fleet - 1.314
#  Space Shuttles 2 for 2 years $60 x wslyr .240
8- HLLV's 3 3 for 2 years 8179 x 10%/yr 1.074
s Large CRYO Tyg~ - R " q : .009 .
‘s Support Tugs 3 008
e Advancad IQN Stage 5 .055
& HLLV Flights - 53 x 10°/F1¢ 1.913
- o Satellite 99 A9
e Supplies 13 . 17
© & Equipment” LY . £, 005
o Shuttie Flights ’ $12 2 10°/F1¢ 0.879
& Crew Rotation . 72 : 264
» Teleoperator Equipment -3 011
© & Crew Module 1 .£04
- Personpel . S Man Yrs . 545 & m“;yr 077
Receiving Antenna 5 x 108 kw1 2 1.345
9 Real Estate - 095
o Site Preparation 040
¥ Support Structure L570.
& RF-DC Sub=arrays .- 5380
" 8 Power [nterface W235
¢ Phase Front Control Q025 -
TOTAL SSPS Mass/Cost T8.05 7566 (5)

e

Nét power output at the busbar.

zEf'F'iciency 1055&5 have haen accounted for,

3fmareized Gier Five §SPS units.

4‘100 flight usé-er was assumed.

._6

Satelhte mass.

sfquivalent to SlS?B/kw ar 15.04 mi]ls/kwh




Tab]e 3.18 SSPS Direct and;Re1ated:Deve1opmént Prbgrams, $M1111bhs (1974)

 EXPENDITURE PERIOD

Deve]opment Item 1981-1985 | 1986-1990 | 1991-1995 Total
1 DIRECT P ‘ ' o _
o Solar Array 1108 - 2453 3104 6665
s Rotary Joint . 383 446 149 978
& Transmitting Antenna- 616 - 464 260 1340
¢ Receiving Antenna 75 1610 403 2088
15 MW Demo Sat _ 427 : 427
: Subtota1 : . - 2609 4973 16 11071
e Management S&I (@ 40%)_ 1044 1989 1566 4566
- Subtotal - ‘ - 3653 . 6962 5482 15981
e 20% Uncertainty Factor 731 1392 1096 3196
‘ Subtota1 D1rect B 4334 8354 6579 19319
i RELATED _ .
- @ Assembly Equ1pment 410
8 Logistics Equ1pment 44 . '
& Maintenance Equ1pment _ 44
@ Fabrication Module - 271 :
 Subtotal < o 725 44 - 769
o Management 58I . (@ 40*) 290 18 - 308
Subtotal - . 1015 - 62 1077
v 20% Uncerta1nty Factor 203 12 215
" Subtotal Related 1218 74 1292
- TOTAL 5602 8428 6579 20609
EE (3394) (3657) (1931) - (8882)
NOTE: () Indicates: 1975 present value, r = 7.5%.

601

y
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Table 3.19 Suppart Programs, $Millions (1974)
o I0C Year
Technology Development 1986 o 1892 _ TOTAL
s - LEO Transport
- Shuttle Berivative 380 ©o 380
- Heavy Lift Launch . _
Vehigle o g .. 6540 ° - 6540
e 50 Transport ' .
- Large Cryo Tug 166 166
- Advanced lon Stage _ _ - 3847 _ 3847
- Propellant Depot - - (- 223 B . 223
- Tug for Depot _ 215 ' 215
8 SO Crew Training Module 190 190
‘s LEO Space Station | 228 | . 2225
o S0 Space Station 3 ' ozt
Subtotal o 3623 - | 10387 | 14010
s Management S&I ' '

{@ 40%) 1449 4155 5604
Subtetal” . oo o[ o.oBo72 oo 14842 | 19614
s 20% Uncertainty 104 2908 3993

TOTAL goss | - 17450 23536
T R o (2570) |- (5130) | -(7701):
NOTE: - ( ) Indicates 1975 present value, r =7.5%.

of a 1 Gw p11ot p]ant in synchronous orb1t The purpose of this plant
~would be to provide a final decision point on the technical and eco-~
nomic. feasibility of an operational plant.- The unit cost of this p11ot
plant might be approx1mate1y'516 bi11ion, a11ow1ng for management and -
uncertainty as prov1ded in Tables 3.18 and 3.79. A maJor camponent . of .
the pilot plant's cost would be transportation., This is because the
HLLY and don orbit-transfer stages are not expected to be deve]oped
until 1990, The plant would not be strictly a deve]opment jtem since
it is expected that some of the unit cost could be offset by revenues
from the sale of power. The dec1s1on to install the 1 GW plant should.

- be based upon its economic merit. - This-is a task: that will be performedu

in continued efforts of the study team.
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of a 1 GW piTot plant in synchronous orbit. The purpose of this plant
would be to provide a final decision point on the technical and eco-

- nomic feasibility of an operational plant., The unit cost of this pilot
plant might be approximately $16 biT7lion, allowing for management and
uncertainty as prov1ded in Tables 3.78 and 3.79. A maaor component of

~ the pilot plant's cost would be transportation. This is because the
"HLLV and ifon orbit-transfer stages are not expected to be deveToped
until 1990. The plant would not be strictly a development jtem since
it is expected that some of the unit cost could be offset by revanues
from the sale of power. The decision to install the 1 GW plant should
be based upon its economic merit. This is a task that wil] be performed .
in continued efforts of the study team.

Of smaller magnitude are the development costs referred to
as, "related DDTRE." These are developmenis that are necessary for -
‘the realization of an SSPS but might be reguired by other space pro-
grams as well. It is not unreasonable to anticipate that other pro-
grams will require the development of assemb]y, Togistics and mainte-
 nance equipment. These. developments require relatively small funding
amounting to approximately $1.1 billion through the first operational
g§$%_un1t In total, the direct and related costs are equa] to $20 5

illion. _ . .

The DOT&E des1gnated "support programs" are required for the
launch, assembly and orbital transfer of the SSPS. Unlike the other
techno1ogy developments, these are Tikely to be required~-in part. or
“entirety--by other space programs. If the only “customer” for these
~systems were the SSPS, then the latter should bear the full burden of
" repaying the1r deve]opment but one wou]d not expect th1s to be the
case.. : , o

_ - .1t is more 11ke1y ohat other space programs W111 requ1re
these systems but that the SSPS will have specific requirements of a
technical or programmatic nature. In this case, the SSPS should bear

the economic burden caused by its spec1f1c requirements.

3.2 - Terrestrial Power Generat1on System

Stud1es of the econom1c feas1b111ty of the SSPS concept must
‘be made in comrarison with terrestrial power generation systems cur-
rently in use o~ Tikely to be in use before the _year 2000. This
section prov1des Ffirst, a’ descr1pt1on of the nine systems used for
this comparison and second a summary of the1r cost and operation
characteristics.

320 Systen Oescriptions

_ 011 ftred coal=Ffired and 11ght water reactor power genera-
tion systems produce most of the electrical energy currently consumed.

B The character1st1cs of these systems are we11 known, w1th the only maJor R



112

revisions anticipated being the addition of pollution control equipment.
- For the purposes of this study these systems have been classified "ex-
1st1ng systems."

In addition, six systems (for which exper1menta1 or prototype
data exist in the ]1terature) have been included representing power - '
generation approaches which might be employed during the next 25 years
and these have been c¢lassified “future systems." They include fluidized=--
bed coal consumption, coal gasification and ]1quefact1on, the breeder
reactor and the gas-cooled reactor. _

Other potentially compet1t1Ve systems would include the
several approaches to Tusions however, they are not yet feasible and
their economic factors are not understood. The void associated with
- difficulties in their development, and with material, as well as social
limitations associated with those listed above, is the market in wh1ch
the space-based systems must compete.

3.2.7.1 Ex1st1ng Systems

Coal~Fired Power Generation

While coal is the most abundant fossil Tuel in the United
States, it is difficult to transport and causes considerable waste
disposal and pollution cantrol problems In'fact, the waste disposal”
-problem js increased with increasing pollution contro] in ‘addition
to a somewhat Targer volume of fly ash, the 1ime siurry used to remove
sulfur emissions from the Tiue gas must also be d1sposed of, pesung a
' s1gn1f1cant po?]ut1on probiem. - )

Although environmentally unregulated coal- f1red p]ants are
~not Tikely to exist after 1985, the characteristics for both regulated
- and unreguiated plants have been summarized in the Section 3.2.2. =

OiT-Fired‘Power Generation

The uncerta1n future cost of and ava11ab111ty of 10w—su]fur
011 makes 1t unlikely that oil-fired generation will be as common in
the time frame 1985-2000 as it is now. For compTeteness, it was
.:necessary to consider the costs of oil-fired generation in this study.
The envirornmentally unregulated plant uses and discharges heated water
directly into the water source. The environmentally reguiated plant’
uses a dry cooling tower to remove the waste heat and therefore
'-avo1ds therma1 -paliution. R AU :

Light Water Reactor

: : In this study, the term Light-Water Reactor . {LWR) refers: to _
both ‘the bailing water reactor (BWR) and the pressurized water reactor
(PWR) systems. The cost and the efficiencies- associated with these

two systems are very similar and have been combined in Section 3.2,2.

- The only ‘difference hetween the environmentally regulated and unreg~
u1aued units is the 1nc1us1on of dry cooling towers.
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3.2.1.2 Futured§ystems

The poliution problems and costs associated with using coal
to directly fire a steam generator have Ted to the deveTopment of sev--
eral entirely different approaches and processes for using coal either
d1rectly (fluidized-bed combust1on) or after a significant amount of
processing, Extensive processing is required for coal gasification or
Tiquefaction; a detailed consideration of the costs and inefficiencies
- associated with processing plants was conducted for the following pro-

cesses:  two T1quefact1on processes (Consol Synthetic Fuel and Solvent Re-

7ined Coal); six high-BTU coal gasification (Lurgi, Hygas-Electrothermal,

Hygas-Steam-Oxygen, ‘Bigas, Synthane and COp Acceptor); and two Tow-BTU pro-

cesses {BOM Pressurized and Lurgi). Conservative cost estimates were
drawn from these data for use in Sect1on 3.2.2.

ATso, the efficiencies and amount of solid wastes assoc1ated _
with each process will vary with the type of coal. The values presented
are those for a. nat1ona1 average type of coal with average characteris- -
t1cs . _

“Two ‘other nuciear reactor'systems are considered as reprasen-
~ tative of the developing nuclear technology: the Liquid Metal-Fast -
""%reeder Reactor (LMFBR) and’ the H1gh temperature Gas CooTed Reactor |

-~ (HTER : , _ :
, Fluidized- Bed Combustwon

" In f1u1d1zed hed CONbUStTOH, squur and pol]utants are re-
moved during the combustion process by burning coal in the presence -
of a sulfur. acceptor such as Timestone. :

Both atmospher1c and pressur1zed f1u1dnzed bed combust10n
power plants are being developed. The atmospheric systems would be
used pr1mar11y for intermediate-load plants and for retrofitting.

. existing coal-fired generators. The pressurized fluidized-bed boiler
system could be used very effectively to meet baseload requ1rements

_ ~ The amount of solid wastes associated with this fype of

- plant is significantly Tess than the solid wastes associated with
the environmentally controlled coal unit. This is because of the -
use .of & regenerat1ve sulfur-cantro1 system

i Low-BTU Coa] Gasificatioﬁ-

. The 1ow-BTY coal gas1f1cat1on/power generation system involves S

'a two—stage process in which coal is converted to a low-BTU (= 200 BTU/
scf) gas close to the mine and then shipped via pape11ne to the power
"plant where it can be used to power a highly efficient (= 40 percent)..
. .combined cycle generator (waste heat from the gas turb1ne 15 used as
the heat source for a steam cyc1e). ' : -

wr

A=
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No costs or efficiencies have heen estimated for transporting

the gas via p1pe11ne because of the uncerta1nty about the requ1red trans- -
-~ mission distance. '

High-BTU Coal Gasification

"“The high-BTU coal gas1f1cat1on/power generat1on system is a
two- -stage process in which coal is converted to a h1gh BTU (= 900 BTU/
scf) gas close to the coal mine and then sh1pped v1a p1pe11ne to a com-
‘ b1ned qyc]e power p]ant.' : . ‘ :

Coal L1quefact1on

_ The coal ]1quefact1on/puwer generation system is a two~~
stage pirocess in which coal is converted to a Tiquid close. to the
coal mine and then shipped by pipeline to the power plant type nor-

mally fueled by 0il. No costs or efficiencies have been estimated

_for transporting the 11qu1d because of ur“erta1nty in the transm1s—
sion distance.

L]qu1d Meta1 Fast Breeder Reactor (LMFBR)

The basic difference between the LMFBR and. the LNR is that the

:LMFBR can potent1a11y generate all its fuel requirements from U-238 and

~eventually require no U-235. A greater amount of the energy potentially .- .

~available in the U-235 in the ‘original breeder fuel can be used because
much more of the U-~238 is converted to plutonium, itself a fuel. How-
ever, the environmental concerns surrounding the use of and the poss1b1e
effects of a nuclear accident have raised some ser1ous questions -about
the future of the LMFBR program.

H1gh Temperature Gas-Coo1ed Reactor (HTGR)

The HTGR is a he11um-coo1ed advanced reactor which operates
on the uranium-thorium fuel cycle. Highly enriched uranium (93.5
percent U- 235) is usad in combination with Thorium 232 in a graphite
‘matrix core. Uranium 233 is formed when the Thorium 232 captures a
" neutron. The thorium and the U-233 can be easily separated by chem-
ical means, and the U-233 can be used to fabricate new fuel elements.
Much 1ess piuton1um is formed .

3 2 2 Costs of Terrestr1a1 Systems

. The operat1ng characteristics and cap1ta1 cost est1mates

"éﬁmmar12ed inh Table 3.20 have -been derived from the 1iterature on’ each

~of the generation systems used here for comparison. They are "repre-
‘sentative” numbers for each type of system, acknowledging that 51gn1~
. Ticant- cost varlat1ons oceur from one s1te to. another.L_ : R :

The components of the total "cast at the bushar" include the

costs of: capital; operation and maintenance; fuel; and taxes, insur-

- -ance and depreciation-(an- annua] charge-of &5 percent of the capitaT



Talkle 3.20 Cost Estimales far Tt'-rrnstrﬁ! Povier Generation Rlants
. {1921%; Discount Rate =.7.5%}
Co ) Fluliized- S S . Wigh- i
Olrect Direct fed - - “Low-A1n Migh-My 1 Linvefled- tight Tenperature Liquid Hetal
: - Coal~ - O Coale Coal-Gias Conl-Gas foat 1 “Hater Gas-Cooled [ -Fast Dreeder
Flant Type Fired Fired Flred Fired fired Firnd fleactor | Reactor fleactar
H.:lure Plant Malhbl!ily ‘ ] o
- Factor . _.15_ : B | .15 b .0 75 W] 15 .75
fead Teel?? . : . '
‘Precenstruction 2.5 L2 2.5 - _— - 5 5 5
"Construction - 4 T35 1 {5} 4(5) 4(5} 6 1 6
teat patel? _-
_Enviromentally Unregulated 8,960 0,962 - - - - Cleeop |- -
:Envtmmentany Regulated 9,560 9,053 - 9,6 11,590 15,050 13,790 1 10,300 8,740 8,650
Sy {8015 Pres) | (Synthane) {averagc) - :
solld Hasteld) : :
“Enylromsontatiy Unregulalud
T Qb el ©.091 - < - - - 1.94 - -
[nvirumentally Hnguhled o : K K ) .
: (Ilas.lkiﬂl] 0.27% - 00 20 _ 157 .1a 1.9 1.09 -
capltal Cost ]
{197437%4} : _
_ Envlrmmnntnlly unrugulaled 2. 210 - " - - B LT - -
. Edvlromentaliy Requlated - 253 250 236 e 115 36346 Inn a77
3 14 iE - - o {average)
Lost aof Capital o B ] . . .
19T it LS/ kNl 4.8 3.6 3.6 3.2 1.6 6.6 5.3 - 8.5 7.4
“0.and H Cost{d) . : - :
S (1971 midTs/kHIL) 2.4 07 1.2 2.4 2.3 L6 1.2 . 1.3
fuel cost(4) _ 6.3 4.5 6.1 1.6 10,4 . 8.0 2.9 .. 6.0 -
Yaxes amd nsipance Do g SRR . : :
- (1974 nil1s/kin) 2.5 Ly 2.1 L2 2.4 3.5 2.6 C2.9 1.6
DUSBAR Cost R e e . . _ v
{1973 mll!s/laull} 8.7 {1 13.1 .9 9.7 22.7 1.0 .7 12.9
[“Eap!tal Expend ftures assemcd Lo acgur In mm_mm Increments iy Ing cunstructlnn mhase {See Cconpulc Mhetindology)
Cost of operatlng gollution control equitment reflected In heat rate; not G-and N epst.
3lt:ust. of ‘salld wasle:disposal nof fnchnded in lotal PUSIAR-cost.
“rur #nylropmentally regulated plants guly (See Appenlix A, Section A.2)
{s ,Data not avallable; cunservatlvc asstmyit lon nada For pur poses of oumnmlc anenlysls, :
(G}Ihe metlet of analysis used Ly ubliiy crepantles {62 lnl’tal fun, 10X t"sl‘tlllhl ratr-s} yields an pyulvalent cost of
$951/kM. for Lhis plant 1n 3905 dollars [Scn- nmwu.nz A).
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‘ 1nvéstment) The fuel and 0&8M costs are taken from the 11térature, the

+-method for determining the cost of capital as a user charge is described

" in Appendix A (to wit, determining the equivalent annuity over the 30-.
~ year plant 1ifetime at a 7.5 percent discount rate to repay the capital
expenditures made in equal increments during the construction phase)
- A1l cost estimates are expressed in 1974 dollars.

3.3 Economic Analysis of SSPS and Development Programs

3.3.1 Comparative Economic Analysis

The purpose of this section is to economically compare the :
current estimate for an operational 5 GW SSPS with terrestrial systems
generating an equivalent output. This comparison is performed to de-
termine the potential economic viability of the SSPS concept. Based
upon this analysis, recommendations may be made regarding the decision.
to- enter into an SSPS development. program.. (cf Section 1.1, 4, )

For purposeJ of dec1s1on-mak1ng the f011ow1ng decision
algor1thm was formuTated:

. If the SSPS could be shown to be cost effect1ve compared
with existing systems at today's relat1v44pr1ces (while
meeting environmental and social constraints), then there
should be Tittle hesitation ta go ahead with a positive
deve]opment—to-opsration decision.

o 'If no future conditions could be identified under which
' The arbital system woulc. be cost effect1ve, then the
decision to curtail further development is warranted.

o If the SSPS is not cost effective at. today's re]at1ve _
- “prices but may be cost effective under realistic future
conditions, then the decision should be made to proceed
with a T1m1ted technology program designed to acqu1re
- the knowledge for making a. later dec1s1on _

The ana]ys1s compares the 5 GW 5SPS with ex1st1ng terrestr1a1
fossil fuel systems, i.e., oil~ and coal-fired generation plants. Of
.. the terrestrial systems, the most realistic alternative is believed to
be the "coal opt1on," for wh1ch supp]y is known to ex1st 1n 1arge '

L quantTty. :

o F1gure 3.47 -provides -a framework for an ecomon1c compar1son i
_'of a 5 W SSPS with terrestr1a1 e]ectr1c generat1on systems, were the _
SSPS instalied .in 1975.

D ©. “This.is the first economic comparison to be made, and it -
asks the question: How do the power genaration systems compare naw,
based on projections of 1974 constan® doliar prices over 30 years?
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The x-axis shows average values for the cost of electric =
generat1on over the 30-year period, 1975-2005 in 1974 millis/kwh. The
y-axis contains the "Economically Justifiab1e" BGW SSPS unit cost,
evaluated at a 7.5 percent discount rate. The methodology by wh1ch
this has been estimated is documented in Appendix A. '

The 1ine, R, in Figure 3.41 relates the generation-cost
values on the x-axis to justifiable unit cost on the y-axis using the
approach described in Appendix A. The estimated average electric gen-
eration cost in mills/kWH of two terrestrial systems, coal- and o1l-
fired, over the perijod 1975-2005 is jndicated on the x-axis. Tiie curves

~that are associated with each of the systems are suggested probability -
.. distribution functions (pdf). These express the 1ikelihood that the
cost values for each of the fossil fuel systems are attained.

These values are based on three.proaect1ons of the future:

1. Relative fuel prices remain constant over the 30~year
period beginning 1n 1975, (Co= )

2. The relative price of coal increases by 2.6 percent |
per year over the 30-year period and the relative
price of oil increased by 0.67 percent (CA, 04)

3. The reTative pr1ces “of coal and o11 1ncrease 5. 0 per-
- cent per year (C . OB) : o

As indicated by the asszgned probability valués, the first
proaect1on, constant relative prices, is viewed to be most unlikely.
“Regarding coal, the cost of production will rise as it becomes nec-
essary to mine deeper veins and provide the expected environmental
- and human sifeguards. Regarding oil, increased scarcity w111 no
doubt raise relat1ve prices.

he second projection has been taken from the work of E.A.

- Hudson anid D.W. Jorgenson, which is regarded with esteem in the energy
econamic 11terature.1 These estimates were derived from their analysis
of a scenario in which the government does not 1ntervene with respect

- to energy pr1ces. , L _ : o

The third prosection has been derived from the Hudfon-
Jorgenson scenario in which the U.S. government Tevies a "BTU" tax
: $ 05/m11]1on BTU over the per1od 1975 1980, and $1. 35/m11]1on BTU -

THudson, E.A. and D.W. Jorgenson, "U.S. Energy Policy and Eronomwc

. Growth, 1975-2000," The Bell Journa1 of Economics and Management
Science (Vol. 5, No. 2) Autumn 1974,
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over the period 1980-1985. z The goa1 of this action is United States
energy independence by the year 1985

Flgure 3.42. 111ustrates the h1story of the relative price
changes in (1) all fuels and related products and power, (2} coal, and
(3) crude petroleum with respect to the wholesale price index .(WPI).

As shown, from World War II to 1973, these indices--with the exception
- of coal after 1969~-maintained constant relative prices. Cozl prices
- rose sharply due to increased costs necessitated by new enviranmental
standards. After zero relative price change they _Jumped sharply-.

" . upward, no doubt in response to the precipitous rise in oil prices.

The future trend of relative fuel prices is not expected to follow

the experience of 1973-1975. Rather it is expected that they will
fall within the range covered by the above three cases, i.e., 0-5 :
percent per year, with the exception that the higher end of the range
is more 1ikely. -

. Figure 3.41 compares the SSPS with the terrestrial systems

_ if the SSPS were to be operational in 1975. The average generation
prices aver the operational 1ife (30 years) of the coal- nd oil-fired
plants are given as a function of the growth rate in fuel prices. IF
~ relative prices of coal were to remain constant throughout the period,
the average generation price would be 15.7 mills/kWH. This is repre-
sented by the point Cy on the x-axis. The case of 2.6 percent per
year increase in coa1 prices (resulting in an- -average of 18.8 m1lls/ka)
“is indicated by CA, and the 5 percent per -annum increase in fuel prices

{an average of 23.4 mills/kWH) is indicated by C As indicated by the

suggested-but~not-estimated probability d1str1bu%1ons in Figure 3.41
the "no-growth in relative prices" case is expected to be unlikely;
and the expectation is that the government will undertake a rational
energy poljcy.  Whether this takes the exact form of a "BTU tax," is
not known. In-any event the impact of a rat1ona1 p011cy w11] serve
- to ra1se the relative prices of fuels. : _ :

The corresponding values for 011 are indicated by 0 (20,7V
' m111s/ka) OA (22 2 m1115/ka) and 0B (38 3 m1115/kHH)

, As 111ustrated in F1gure 3. 41, were abGeW SSPS to be 1nsta11ed
today, it would not be competitive with fossil fuel plants, especially
the coal-fired systems. There exists some expectation, however, that

. .Were an. "Energy Independence" policy pursued by federal government, oil
prices might rise such that SSPS would break even with oil-fired systems.

The above anaTys1s was repeated for the ingtallation.of.a 5 GW -

- SSPS in 1995, the—nom1na1 IOC used for this study Th1s is presented in
FTgure 3. 43 ' .

2It is to be stressed that the 5 percent va]ue is not that ef

_Hudson and dory nson. It is an approx1mat10n of the constant
_ dol1ar 1mpact .. the1r ana]yzed p011cy C .
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Based upon projection of the Hudson-Jorgensnn estimates of
relative price changes to the year 2025, the coal-fired plant would
generate electric power at an average price of 25.1 mills/kWH at the
busbar over the periad 1995-2025. Vere a v1gorous policy of energy
independence pursued the average generation price would be about
33 mills/kWH. , .

The same analysis. for oil ‘indicates that the projections
of the Hudson-dorgenson estimates of "no policy change" would not
affect the relative standing of oil-fired systems. Were the "“cnergy
independence" policy pursued, the price of e]ectr1c power from 011—
fired piants might be driven off the scale. -

Based upon these results, the SSPS s expected to be cost-

- effective with respect to fossil fuel systems by 1995. Furthermore,
since fossil fuel systems depend upon nonrenewable sources of energy, -
thP economic viability of SSPS may be enhanced relative to these

yon 1995,

wh1le every attempt has been made to cost the systems on

" a consistent basis, one major element of cost has not been addressed:
the systems' relative social and environmental impacts. Within this
study we have begun to develop a framework for evaluating these fimpacts.
This will, however, require much further study before our Tevel of un-
derstanding is adequate for the purpose of decision-making.

4 A second issue that could impact total- systems cost. is the
re1at1ve permissable distance from population and industrial centers
for SSPS rectennas and conventional electric power generators. ‘This
is an important determinant of the cost of energy transmission. . .
Whereas ‘1t does not seem 1ikely that major energy-intensive indus- =
tries-~such as metals processing--would locate near 5-10 GW nuclear
sites, the rectenna site would appear to be amenable to such act1v1ty
These issues,. however, await future study..

: . _Finally it should be noted that the U.S. Energy Research and
Deve]opment Administration (ERDA) is currently funding research in
electric generation technologies such as ocean thermal and solar
‘power towers that would produce energy in the range of 30-50 mills/kWH
as well as fusion power, the cost .of wh1ch is -even ‘more d1ff1cult to
est1mmte

3 3.2 Economic Ana]ys1s of SSPS Techno]ogy Deve]opment
. Program :

1t is useful for an economic analys1s to view the SSPS as a
chain of efficiency conversions, from solar power conversion to deli-
~ary 6f 5 GW of electric power at the busbar. Table 3.21 below provides
this efficiency chain with the nominal efficiencies that have been
“used throughout the study. By "nominal" efficiengies we mean those

i«that are bel1eved to be achievable for the 5 GW. SSPS w1th a 1995 IOC.,.ﬂy::



~Table 3.21g SSPS SubSystem.Efficiency'Chain

SSPS Subsystem

| Nominal

Efficiency

- Power In

(MW}

Power Out

(M)

©1974%/kw

(Ou't)

| ka/kw
(Out) -

.SOTar B1aﬁketj(N$2)

1 ower Distribution

Ant. Powef DiStrTbuti0n

DC-PF Conversion
Phése Control

| Pbopagatién ‘
Beain Co1]éétion
Rectenna '.

PﬁWer Intéhface o

137
” .126

920 )
‘;.960
.870
.960
1,990
| 900
870
940

- 67901

8558
8216
7148

6862
6793 -
6114

0 B319°

-~ 8558

8216

7148.

6862

6793

6114

5319

5000

207.563

©10.95
18.19

18.94
NA
119.40
71.44
47,50

1.318

- 0.i25
- 0.622 -
- 0.036

MA
NA

MA

NA

£21
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As shown in the table, about 8. 5 m1111on ki of e]ectr1c power must be
produced by the solar array {with a concentration ratio of two) in order
to prov1de 5 million kW at the ground busbar. For the purpose of

economic analysis, the specific costs of the individual SSPS subsystems

have been estimated as a function of the $/kW actual output.

Table 3.22 contains values representing 10 percent reductions

“from the nominal efficiencies provided in Table 3.21, and the efficiency
values if their potential is eventually realized. Table 3.23 contains

- estimates of the cost impact on a § GW SSPS if efther the 10 percent
reductions in the subsystem #fficiency values or the realization of

the potential eff1c1ency'values oceurs. It was assumed that if there

were a reduction in eff1c1enqy it would not be offset by gains in.
efficiencies elsewhere in the system but by increased size of a11 of
- the SSPS elements upstream of the offending element. .

: - As might be expected, the greatest cost sens1t1v1ty to
eff1c1ency variations is to potential efficiency Josses at the re-
-ceiving antenna. lere the efficiency of the rectenna or power in-
terface reduced, the power Tevel of the entire SSPS would have to be
raised in order to maintain 5 GW at the busbar. As shown in Table 3.23 -
a l0 percent reduction in the nominal efficiency of the power interface
would increase the SSPS unit cost %728 million which is equivalent to
1.4 m1115/ka

As shown there are benefits to the realization of the "poten-
~tial efficiencies,” but these are not as potentially significant as the
- impacts of reduced efficiency. It should be emphasized however, that
we do not presume that the realization of the indicated values for
efficiency losses and gains are equally probable. Estimates of these
values and their distribution require more extens1ve ana1y51s than
_has been poss1ble in this study. . _ :

Not included in Table 3. 23 but very 1mportant to the eco-
nomics of SSPS, is the sensitivity t0 the sgec1f1c costs of the solar
blanket. -For this study we have used $54/m#, this is equivalent to

o aTmost 3 mills/kWH. Every 10 percent 1ncrease in the sper1f1c cost of

the solar blanket will have a .3 mil1/kWH impact, which is less than
the cost impact due to the 10 percent subsystem efficiency reductions
.in Table 3.23. By another.calculation it may be estimated that the -
cost impact of a 10 percent increase in the mass of the solar blanket
~.would increase the SSPS unit cost about .1 mili/kWH. Given these
results, it is suggested that in the near term, concern should be

- focused on the probiems. of subsystem:- eff1c1enc1es as well as so1ar

bTlanket spec1f1c cost and mass. -
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Table 3.22 Data for Sensitivity Analyses
Efficiencies
SSPS Subsystem _ Nominal 10% Reduction Potentia]_
‘Solar Blanket 137 123 (3)
- Pawer Distribution .920 ..828 (3) -
Ant. Power Distribution .960 .864 .970
* DC-RF Convertor - .870. .783 " “.9001
Phase Control .960 .864 970
Propagation .990 .9g0(T) o901
* Beam Collection .900 - .950 .g10(2) .900(?2)
”:Réctenna | 870 783 ..900 |
Power Interface .40 .846 .950

(])Constant.

(2 )Low vaTue assumed 1n1t1a11y-—pr1or to requ1red in- depth ana1ys1s' '

- of environmental and Tand-use impact.

(38)15 pe determined.
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Table 3.23 S3SPS Subsystem Sensitivity Analysis

Cost Sensitivity (§Miltions, 1974)
- SSPS Subsystem - 10% Reduction - Goal*

Solar Blanket 269 (.52) L
Power Distribution 269 (.52) ok

Ant. Power Distribution 286 (.55) 6 (.05)
‘DC-RF Contersion 392 (.76) - 101 (.20)
Phase Control 409 (.79) 35 (. 07)
Beam Collection 580 (1.12) | 178 (.35)we
Rectenna 686 (1.32) 154 (.30)
' Pdwer_Intérfacé: | . 728 (1.4) - 51 (.10 )

% - If "Goals" were realized throughout-(nomina] Beam Collection)

savings are equal to $365 x 10

or 0.71 mills/kWH.

If 10%

reduction in efficiencies were reallzed throughout SSPS unit
cost rise use by more than $30 x 109.

R :Goa1 is to be determ1ned

*%% Depending on acceptance environmental and Tand use determ1nat1on.

Equivalent additional 1and rental equal to ﬂ15 X loﬁ/year for

30 years

 NOTE: | (-) Ind1cates equ1va]ence in m111s/kWH
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' Figure 3.44 provides an ecgnom1c analysis of the-payback of
the $44 biTlion development program.° The analysis presumes that the
total development burden is borne by the SSPS program, an assumption

wh1ch is not, in our op1n1on, 3ust1f1ed

One x-axis (absc1ssa) is "t1me“ in ca]endar years A second:
x-axis indicates the cumulative number of 5,000 MW SSPS units opera-
‘tional at the beginning of the indicated year. The buildup--two per
year until 2000, then four per year until 2025--would provide at least
10 percent of the United States 1ncrementa1 generat1on demand.

The y-axis (ordTnate) is generat1on costs in m111s/kNH of ,
a1ternat1ve (terrestr1a1) ‘systems. - The range of Cross: resu1t1ng from
the Berkley/JPL report is indicated. . o

S The curve P-P is used to parametr1ca]]y est1mate the DDT&E

payback as a function of alternative electric generation costs. Its
shape depends on the discount rate and the SSPS buildup rate. Its
der1vat1on is pr0v1ded 1n Append1x A. .

were a]ternat1ve generat1ng systems cost not to exceed 27
mills/kWH~-the SSPS estimate--DDT&E would not be repaid. Indeed, the
function becomes asymptotic to the x-axis at about 31 mills/kwh, indi-
cating that at Teast 4 miils/kWH difference bhetween SSPS-and ‘terrestrial -
systems is required to payback the DOT&E (again, this presumes that the
~total DDTRE bill accrues to SSPS).

e As indicated, were the alternative generation cost 35 mills/
kWH--po1nt A on the y-axis-the DDT&E would be repaid by CY 2012 with
57 5,000 megawatt operaticnal SSPS units.

\._.._.....__

The $44 bi1Tion does not include the unit cost oF T em palnt pidnt E
r,whuch could be 516 billign. The techﬂology deve]opment required
for the 1 GW pilot plant, however, is included in the 344 billion
- estimate. These or similar developments would be required even 1f
" the decision were made not to install the 1. GW pilot plant.  The ™

~pilot plant would be expected to offset same of its cost with
revenues from the sale of power. Its net coats and benef1ts w111
-be. subject to a separate analysis. : Ce ST
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4, POWER DISTRIBUTION SYSTEM ANALYSIS

s The Power Relay Satellite (PRS) has been proposed as a me-
thod for transmitting large amounts of electric power 3,200 km or more
~across land and up to 11,500 km across water. To assess the viabili-
ty of the PRS concept, a comparison has been made with the following
terrestrial power transmission system alternates:

'# Electric power transmission via conventional circuits
® Super conducting power transmission Tines

o Hydroden transmission

» Microwave transmission via waveguide.

4.1 The Power Relay Satellite

4.1.1 . Concept Description

4.1.1.1  Configuration

' The Power Relay Satellite (PRS) Microwave Power Transmission -
concept as shown in Figure 4.1 , consists of a reflector in synchronous
~orbit to provide power transfer from a transmitting antenna at one
- ground Tocation to a qround receiving antenna at a distant location.

~The transmitting antepna is a phased array with slotted wavegu1des and
converters similar to the SSPS but larger, and operating in the terres-
“trial environment, The receiving antenna is a rectenna similar to that .~
used in the_SSPS. If ground power densitites are to be in the v1c1n1ty
of 20 mwlcm2 the transmitting array and rectenna should be 10 km in di-
ameter and the reflector should be 1 km in d1ameter for 5 Gw to 10 GW . .
systems. o ' :

Atmospher1c affects and errors at the ground based transm1tt1ng3f
-array requ1re that it be sectored into subarrays with each phase con-
trolled as in the SSPS. Adaptive control techniques to correct this pro-

.blem require a reference beam sent from.the reflector at a frequency dis- -

placed from the power frequency. A sensor matrix at the reflector could
- -provide the necessary command control capability.

S .The. d1spers1ve effects of the atmosphere cause a relative loss - -
in ga1n and hence, eff1c1ency, of a ground antenna as its dimensions

increase. Huwever, time constants for atmospheric turbulence are rela-

tively Tong, so that sector1ng of the antenna into subarrays with commard
© “or adaptive phase control, using the reflector satellite reference, can - -

reduce this effect to some degree, depending upon subarray dimensions.
The maximum subarray dimension for this purpose is approximately 100 m.

' The'?Rs"ref1éct0r'conf1gurat16h;'sﬁdwn i Figure 4.2 consists”

of a primary structure approximately 1 km in diameter constructed of 28
meter deep truss girders spaced-at 108 m. Each 108 m module is spanned

"by an. 183 m grid of 5.m.depth girders. Electrically drlven scrpwgacks are. - -

mounted at the four corners of the ref]ector subarray. The primary
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structure is built up of 08 m x 108 m x 20 m deep bays. The upper cap

is a triangular truss girder 108 m Tong by 3 m deep. The material used

is'a graphite epoxy composite. The secondary structure, which forms the

lower cap of the primary bending structure, is 5 m deep with bays of 18 m

x 18 m. This 18 m square substructure spans the 108 m bays and prOV1des
supports for ithe m1urowave reflector system

4 T. 1 2 System Efficiency

. The PRS efficiency budget in Tab]e 4.1 reflects the additional

- efficiency losses (relative to an SSPS) due to the path from the reflec-
tor to the receiving antenna. The SSPS requires transmission only from
the satellite to the veceiving ground statjon. A 95 percent beam collec-
tion was.used for the up-and down-legs. Ionospheric loss of 2 percent
for the two-way path is due to diurnal Faraday rotation effects using a
Tinearly polarized rectenna. This could be eliminated with a dual polar-
jzed rectenna if shown to be economical. As derived in Table 4.1, a 53
percent efficiency is taken to be the nominal PRS value.

Transmission losses increase with Tower elevation angles. The
effect is greater for rain conditions, as shown for a one-way {up or down
1ink) path in Figure 4.3 . Elevation angles below 20 degrees shouid be
avoided since land area use becomes excessive at small elevation angles.

. This limits SSPS to about 60 deqrees latitude for the rectenna, and limits

the PRS ground installations to Tower latitudes depending upon the long-
itudinal difference between rectenna and transmitter. Maximum PRS trans-

- mission distance W1th one sate111te woqu be 7,200 km due to the earth' s
- gurvature; '

4.1.1. 3 Mass Propert1es

Table 4 2 summarzzes the PRS on- orb1t mass propert1es. The
structure accounts for 64 percent of the total mass and the control sub-
system contributes the remaining 36 percent. The magor s1ng1e mass con-
tributor is the phase control electronics (0.131x106 kg). ~This subsystem
“includes the rate gyros, interferometers and interface electronics to
point and stabilize each reflector subarray, in addition to generating an
intaegrated attitude and stabilization signal to the overall satellite con-

- trol system: The breakdown is as follows for each 18 m x 18 m subarray: -

Item ! . Mass

Digital Subsystem -~ -~ . . 10 kg -
“Instrumentation Subsystem S 10
Interferometer Subsystem = 34

. 54 kg

Equ1pment is dua1 redundant for re11ab111ty The Digital Sub-
'system accepts, commands and controls the subarray. ~The Instrumentation
. Subsystem measures and reports temperatures, strain, status, etc,. The .
. Interferometer Subsystem determines attitude for the angular positioning
of the subarrays. This is needed in addition for position control to
ma1nta1n eff1C1ency.



. 'Table 4.1 Microwave Power Transmission:System Efficiency Budget- for PRS

Item Initial, % Nominal, % Goal, %
" TRANSHITTING ANTEHNA
 Power Intéhface o4 94 95
- DC-RF Converter 85 87 ~ 90
Phase Control 95 96 97
- PROPAGATION
) ;tmbspheric?(24way)~ 08 - 98 .98
Ionospheric (2-way) - 98 98 g8
 REFLECTOR
~ Beaw Collection 95 95 95
Ohmic Losses 99 99 99
"Phase Control 95 96 g7
 RECEIVING ANTENNA
" Beam Collection 95 95 95
‘Rectenna 84 87 90
Power Interface 93 9 95
48 53 59

sl
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Table 4.2 PRS Mass Properties
 SUBSYSTEM/COMPONENT 1 mass
kg x 108 | wam x 108
STRUCTURE (0.270) L
o Primary Structure - . 0.0935 '0.206
® Secondary Structure 0.0298 0.062 -
" e Coatings & Insulation -1 - ~0.0220 -.0.048
& Frame Structure | 0.0793 L 0.175
o Wire Mesh o 0.0456 | 0.700 -
coNTROL o (0.149)
‘e Contour Control o 0.0122 0.027
- & Phase Contrel - . - T T
Electronics - ' o 0.1310 0 | 0.289°
¢ Altitude Control ' ] 0.0060 0.013
TOTAL e » 0.4194 0.920
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4.1.2 Engineéring Analysis of Special Requirements for
' the Power Relay System )

'  This section summarizes the analysis of eng1neer1ng requ1re~
imnents for the PRS in the following areas:

g Antennas and Rectennas

. 8 Reflectors
@ Flight Mechanics and Control
e Microwave Power Generation

- g Ground Safety

4.1.2.1 Antennas and Rectennas

~ The Power Relay Satellite (PRS) Microwave Power Transmission - ..
‘concept uses a reflector in synchronous orbit to provide power trans-
fer from a transm1tt1ng antenna at one ground Tocation to a ground ve-
ceiving and rectifying anterna at a distant location. The Transmitting

-antenna is:a phased array radiating through slotted wavegtides and the C

receiving antenna is a rectenna similar tn that used for 3SPS.

ExampTes of transmission links are an Arjzona-Japan for over-

~ seas power relay and Arizona- Pennsylvania for domestic power relay. Co-

ordinates and elevation angles are given in Table 4.3. It is seen that

an Arizona-dapan 1ink for PRS represents a near maximum transmission dis-

tance with Tow elevation angles. The satellite is located m1dway to keep
both elevation angles above 20 degrees., The comparable 1ink in the east- -
ward direction would be Arizona-Spain. A contrasting 1ink with much

shorter ground d1stance and higher elevat1on angles is Arizona- PennsyTvan1aﬁ

4 Figure 4.4 41lustrates how ‘the transm1tt1ng antenna size

(and reflector size) is determined by the power density of its center,
aperture illumination taper and total power transmitted. The latter
depends upon receiving antenna output power and system efficiency.
For the evaluation of environmental/biological effects, the key par-
ameter is peak power density at the transmitting antenna. This is
due to the receiving antenna's having the same diameter but Tower pow-

- - ‘er because of system efficiency losses. The beam taper of 10.dB is

a good first choice for a 95 percent beam collection efficiency since
it results in relatively small reflector dimensions.

© Thé cost trends for the PRS, illustrated in Figure 4.5 fora
5 GH case (p10tted as functions of peak power density at the transmit-

ting antenna). confirm what could be expected from Figure 4.4 There is a '
tradeoff between the transmitting antenna cost and the reflector cost.

‘The totals for a range of ground- power ‘outputs in Figure 4.6 show that
. capital cost decreases with increasing total power output and, depend1ng
' upon the Ppower output, decrease with peak ground power dens1ty

~ The env1ronmenta1/b1o1og1ca1 levels shown in F1gure 4.6 make

it clear that the economics of the PRS drive the acceptance of greater
~environmental risk in going to higher power densities than the SSPS.




Table 4.3 PRS Site Examples .

‘Ground Transmitter

SatelTite
Longitude

Rectenna .

PRS-1
(Arizona-Japan)

PRS-2 -
(Arizona-Penna)

Latitude 33%00°N
- tongitude 113930'W
-Elev. Angle 20°

Flev. Angle 520

167000}

113930"u

Latitude 36°00'N
Longitude 22006'W
Elev. Angle 200

Latitude 41930'N
Longitude 78030y
Elev. Angle 31°

L£1

v
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Figures 4. 7, 4.8 and 4.9 illustrate that the basic cost trends
_noted above are relat1ve1y insensitive to assumptions on equipment manufac-
turing cost, orbital transportation and assembly costs, and system efficiency.
‘The1transportat1on and assembly cost is a re]at1ve]y minor factor in this ex-
- ample

A PRS design point was selected at a peak power density of
50 mW/cm? for 5 GW and 10 GW systems because this is at. the "knee" of the total
cost curve. Lower power densities imply great risk of cost escalation due to
the steepness of the cost curve in that area; and higher power densities in-
crease the b101091ca1/enV1r0nmenta1 r1sk w1thout a commensurate reduct10n in
cost.. .

4,1.2.2 Ref]ectors'

Reflector surface distortion and attitude control errors greater
than 0.5 arc sec are corrected by mechanical adjustment of subreflectors anal-
ogous to the subarrays of the transmitter, as shown in Figure 4,10. The sum
of phases of the upTink power beam and a ground reference signal Taunched
from the rectenna is determined, and this is compared with a sum reference
signal sensed at the center of the reflector and sent to the subreflector.
Command control capability is based on a ground sensor power matrix as for the
SSPS. The reference signal is at frequency fp to distinguish it from the
power beam at. frequency f1 and from the reflector-to-transmitter reference
signal f3, noted in Figure 4.10.

The structural .concept for the SSPS transmitting antenna is a rec-
"tanquTar qr1d~q1rder with aluminum or graphite composite materials, and the
basic subarray building block is 18 m x 18 m. The same concept could be used
for the PRS reflector. Subarrays can be taken as 18 m x 18 m, as in the case
of the SSPS, on the assumption that the sizing cost. tradeoff is comparable to"
the SSPS, i.e., reflector mechanical errors have doubled the effect, but dc-rf

converter-produced errors are absent (taken into account at the ground trans-
' m1tt1ng antenna).

. The 18 m X 18 m ref]ector modu1es, (F1GJPE 4 ]l), consist of a frame-
Work supported by screwjacks at the corners and & wire mesh reflector surface
attached by spr1ngs to the framework. The framz is fabricated us1ng graph1te
. camposite. The wire mesh reflector is 0.15-mm diameter aluminum wire with a

spacing between wires of 2 mm. The wire mesh has an equivalent uniaxial thick-
ness of 0.0088 mm. - . : :

_ To achievé a surface roughness of less than 5 mm across the reflec- _
tor subarray (for efficient microwave performance) the wire mesh is pretensioned
to compensate for a continuous m1crowave radiation pressure of 55 N and a tem-
perature variation between 3669K and 1160K. The subarray support frame js
fabricated in graphité composite and can maintain a deflection of léss than 5 m
over the 18 m length for temperature d1fference between caps of ]ess than 299K,
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o The relative vertical disptacement of all reflector subarrays
must be maintained to within a fraction of a wavelength. This may he accam~
plished through the use of the mechanical screwjack control system. The
feasibility of achieving this fine a mechanical control over the entire sat-
ellite is suspect and requires considerable dynamic/control analysis depth
to detevm1ne concept feasibility.

4 1.2.3 F11ght Mechanics and Control

An assessment of PRS stationkeeping requirements indicates that
yearly propellant requirements are modest, 812 kg/yr using electric propul- .
sion and 29,000 kg/yr using a cold gas system Satellite orbit position :
should be maintained to within + 10 km of the nominal location in order
to keep transmitted beam steering tolerance below 1 arc minute. f

The dominant attitude disturbance torque is gravity gradient re-
qu1r1ng 73 kg/yr (I 8,000 sec) for correction. Unlike the SSPS which
be placed in a favorgbie orientation to minimize gravity gradient effects,
the PRS continually points in such a d1rect1on as to cause an offset of
principal axes relative to the vertical, :

A major PRS stationkeeping and control issue is the selection of
2 power source for eiectric propulsion control units. . A tradeoff js required
‘to determine if it would be more cost-effective to use & culd gas system
(I sp = 200 sec) which uses 31,940 kg/yr of propellant. Tne costs of . n-
the " power source, electric engines, etc., could be more than those associated
with the year]y resupp]y of propeliants u51ng the Tower. performance. systems.

: A dynam1cs analysis which couples the spacecraft att1tude and
stationkeeping control system with the structure and reflector contour con- v
trol is needed to determine concept feasibility. Unlike the SSPS transmitting
antenna where active electronic phase control can compensate for structural/

~mechanical control system errors, the PRS system must be maintained to ex-
tremely tight alignment thrcugh mechanical means only, WTth eTectron1c phase '
contral techn1ques limited to indjcations of error, . L

Stat1onkeeping‘Requirements

_ Table 4.4 summarizes the PRS stationkeeping: requ1rements for two
1ocat1ons, 167% and 113.5°W tongitude. The first location is used for trans-
mitting power from a source in the southwest to a receiver in Japan. The
second location transmits from the southwest to transm1ss:on to the cont1n-

- ental United States Nnrtheast :

- The most severe perturbatlon is the microwave pressure. The 15 N
force requires 118 m/sec delta-V for correction daily with an apogee/perigee _ -
maneuver.. The next dominant perturbat1an is from sun/moon gravity, 46 m/sec-yr. -
Solar pressure perturbations require 0.24 m/sec for attitude control and 18 m/sec
per year for eccentricity controls 4.5 m/sec per'jear is required for longitud-
~inal control at the mid-pacific location and 2 .4 m/sec per year at the southwest
location, 113.504 1ong1tude ' : ' '
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PropeT]ant Reaquirements

Table 4.5 summarizes the PRS stationkeeping propeliant reguire-
ments for two orbit positions (1670 and 113.50W) and two propulsion system
specific impulses (8,000 sec and 200 sec). The difference in propellant re-
guirement for the two orbit pos1t1ons is small, indicating that the PRS will
not be constrained from serV1c1ng any ground locations due to propellant

“factors. The differance in propellant for an ifon propulsion system (8,000
sec Igp) is better than an order of magnitude lower than a cold gas system.
noweve? 29,000 kg for the cold gas system is not unreasonable and should

be cons1dered further.

Impact of Stat1onkeep1ng Accuracy on Microwave Performance

The factors covering the interrelationships between stationkeeping
accuracy and microwave (M{) transmission efficiency for SSPS apply to the sat-
ellite-to-ground leg of the PRS mission. North-south drift (inclination dr1ft)
was found to have a significant impact on system efficiency and, therefore, is
to be controlled. On the other hand, the longitudinal cyclic motion resulting
from uncontrolled eccentricity drift would not seriously effect MW performance.
In analyzing PRS stationkeeping propellant requirenents, Table 4.5, the quant1ty
allocated to eccentricity control, can be removed based on the down -leg MW
performance sensitivities.

The impact of eccentricity drift on MW performance from the trans-
mitting antenna on the ground to the sateilite is not clear-cut. This assess-
ment requires analysis of the MW performance degradation with increased elec-
tronic steering angles to the transmitted beam nueded to track the satellite.
We do know, however, from the Raytheon MPTS studies that MW performance
drops off considerably beyond a ste§r1ng angle of 1 arc minute (equivalent
to an orbit position accuracy of 10°km. The PRS ecce1Lr1c1ty drift caused by
solar pressure would require at least 1 arc minute of transmitted beam steer-
ing. Therefore, it is recommended that eccentricity drift be controlled on

. the PRS,

Attitude Contro1'

_ The dominant disturbance torque which contributes to the PRS pro-
pellant requ1rements is gravity gradient (Table 4.53). Unlike the SSPS, the
PRS must remain at a fixed attitude off-set from the local vertical causing

a continuous torque bias on the system. This offsat requires approximately

._.0 18N (0.04 .1b) of continuous thrust for attitude control. .The effects of

microwave and solar pressure on attitude control requ1rements are s1gn1f1—
cantly Tower than that of gravity gradients.

4.1:2.4 “M1crowave'Power Generations-

- The de-rf converters-discussed in Sectics 3.1.2.5 are cand1dates
to meet the requ1rements for the ground transmitting antenna for the PRS.
- The appropriate 5 kW amplitron and the 43 KW klystroh parameters are given in
Tables 4.7 (a and b) and 48 (a and b} in which it is seen that the amplitron

B ]
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Table 4.4 PRS Stationkeeping

Delta—V m/sec,(ft/sec}

~ LONGITUDE .
167°W 113.5°W
LONGITUDINAL DRIFT a7{1588) | 2582
INCLINATION DRIFT 46.0 {151.5) 46.0 {151.4)
ALTITUDE DRIFT 0.3 (0.849) 0.3 {0.849)
ECCENTRICITY DRIFT 17.9 (58.7) 17.9 {58.7)
MW PRESSLRE 117.8 (386.5) 117.8 (386.5)
' * TOTAL 186.8 {513) 184.6 {605.7)
Table 4.5 Annual PRS Stationkeeping Propellant, kg/yr ‘(1 b/yr)
~ LONGITUDE
167°W 193.5°W
??éifi\ ' lsp . SEC . lgp SEC
¢ 8,000 200 b 8,000 200
LONGITUDINAL 205 (45.3) « 820 (1,808} 105 {23.9) 434 1957)
INCLINATION 200.8 (442.3) 7,940 {17,430} 200.8 (442.3) 7,940 {17,420)
ALTITUDE TtizE 45 {99) " 1,112.5) 45 (99)
ECCENTRICITY 77.8 (171.4) - 310 {633) 77.8 {171.4) 310 (683)
MW PRESSURE 5117 (1,127 19,893 {43,818} 511,7 {1,127) 14,593 143,818)
- TGTAL 811.9 {1,783.5} 29,009 (63,808} | 802 (1,767.1 | 28,623 {63,047)

Table 4.6 Total Annual PRS Propellant Requirements,

e

e e e 2 e et et

: .ggn%}ﬁggﬁng .At;titude Contral) ka/yr (Ib‘/:y_r)

srrrere eyt

STATION KEEPING
LONGITUDINAL DRIFT.
INCLINATION DRIFT -
SOLAR PRESSURE

- ALTITUDE
' - ECCENTRICITY
MICROWAVE PRESSURE
ATTITUDE CONTROL
GRAVITY GRADIENT

SUBTOTAL

Igp = 8,000 SEC
. 205(45.3)
200.8 (442.3)

11025
778 (1714)
511.7 (4,127)
 811.91(1,788.5)

73 (161.4)

e

Igp = 200 SEC
.. 320 {1,808) -
7,940 {17,480)

45 {99)
310 {683)
19,893 {43,318)

| 29,000 (63,898)
2,932 (6,457.6)

TOTAL.

885.3 {1 949.9)

31,941 {70,355.6) |
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cost and efficiency advantages over the klystron recommend it for in-
-clusion in the PRS system.

The amplitron may be cooled by air or by Tiquid but it is
assumed the net cost per tube will be similar to that given in Table
4.7a, It must be closad in the conventional manuer to retain high.
vacuum in this application, whereas, the SSPS versjon can be offfjack-
eted to save mass and enhance reliability. The PRS must be designed
for tube replacement recognizing that failures in the seal will occur,
A replacement rate of 1 percent per year was assuned-in the operations
and maintenance estimate.

The amplitrons are arranged in series sections, and in each
of the subarrays their phase is controlled by the-adaptive or command
approaches. Noise output is reduced by the filter which produces some
loss in efficiency as noted in Table 4.7b.

4.1.2.5 Ground Safety

The two concerns for ground safety relative to the MPTS are
{1) the high valtage used for power distribution and (2} the microwave
power density. The voltages at the receiving antenna reach a level of
66. kV at about 5,000 inverter points in the 100 km2area. The rectenna
element voltages are small, but these are subsequently collected to _ )
a 1 kV level for <inversion to ac at the 66 ky level for either distribution
to a power grid or conversion to a higher voltage for ground power trans-
mission.  The 1 kV level can be dangerous to maintenance personnel. The
situation would be simiiar at the transmitting antenna where high vol-
tage is distributed and converted to dc at a minimum level of 20 kv for
the amplitron converters. The safety measures for protection against.
medium and high voltage are relatively common in the power industry, and
application to the PRS should be straightforward.

-~ The safety aspects of the microwave power beam are different
-~ from SSPS. The nominal peak Tevel at the transmitting antenna has been
selected for PRS at 50 mW/cm2. This is to be compared with the United |
States' standard of 10 mW/cm? for continuous exposure. The density at
the receiving antenna is 20 mW/cm?, Qther nations have set lower con-
“tinuous exposure limits.

_ Safety measures would include: shielding of maintenance per-
sonnel; encluding air space and/or providing aircraft with warning de-
vices to insure a fly-through of minimal duration; and providing for a
safety ring around the receiving antenna. ‘In the case of the receiving
antennae, the cost model inclugdes purchase of Tand out to a distance where
the power density is 0.1 mW/cm>. This occurs at avout twice the normal-
radius and, therefore, requires about four times the area. Yet, this
consideration is a small factor in the total PRS cost. Continuous sites
would not require this extra land. :

b ety i mn ern e
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Table 4.7a MPTS 5KW Amplitren
Parameters
ANGDE 106 GRAMS
ANODE RADIATOR - $000
CATHODE 9
CATHODE RADIATOR. - M
MAGNET 260
POLES 100
INPUT AND OUTPUT a0
MOTOR AND DRIVE 30
L . _ 1618 GRAMS ~ 3.56 1.8
SPECIFIC MASS : 0.23 oW
SPECIFIC COST 0,018 SIW

Table 4.7b MPTS5KY Amplitron -
Power Budget

RF POWER ADDED | BOCOWATTS

ANODE ELECTRON BOMBAHDMENT a7

ANODE CIRCUIT LOSSES . 177

CATHODOE DISSIPATION : ' 199

GC INPUT PUWER S74TWATTS
GROSS EFFICIENGY 87%,

QUTPUT FILTER DISSIPATION - IS WATTS
NET EFFICIENCY - - 85%

Table 4.8a MPTS 48 ki Klystron

Parameters R
ELECTRICAL 7 '
VOLTAGE 38.8 KV
. CIRCUIT . C1.54A
GAIN ) . 31dE
MICROPERVEANCE - 02
WEIGHTS
MAGNET PLUS POLE PIECES  }. - 16300 GRAMS
TURE : 32374
. " TOTAL ‘ o 48674 GAAMS
SPECIFIC MASS 1.01 oW
COST )
- ‘ SPECIEIC COST. 2o 0,039 5w

Table 4.8b MPTS 48 Ky Klystron
Power Budget

OUTPUT POWER -~ . 48362 WATTS
OUTPUT CAVITY LOSSES
5KIN LOSSES o 2038
_ ANTERCEPTION . 384
OTHER INTERCERTION 461
HEATEH POWER . . 60
SDLI:NOID o 1000
cOLLEcﬁm mse.wa‘r:ou , 8755,
TOTAL BEAM POWER 60000 WATTS
OTHER POWER 1060 )
TOTAL INPUT BIDGOWATTS
- NET EFFIRIENCY g 79.2% .
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The probability of beam wander can be kept negligible using
the command control scheme. Also, it is not possible to produce high-
er power densities elsewhere as a result of failures. Failures can
increase the sidelobe levels substantially, but simulation of failures
on the SSPS showed the Tevel would probably increase to no greater than
1/10 to 1/100 of the mid-beam intensity. There is a natural safety
feature in that failures tend to both defocus the beam and reduce. the
- available power. Thus, the principal concern should be movement of a
well-focused beam outside of the protected area for substantial amounts
of time. '

4.2 Terrestrial Power Transmission Systems

4,2.1 SyStem Description

The Power Relay Satellite (PRS) has been proposed as a method
for transmitting large amounts of electric power 3,200 km or more acress
1and and up to 11,500 km across water. To assess the economic viability .
. of ‘the PRS concept, it 15 necessary to know the minimum costs associated
with transmitting this power using terrestrial alternatives. This section
provides basic descriptions of the tervestrial alternatives. Their costs
are summarized in the following section.

It should be kept in mind that the type of puwer transmission
represented by the PRS is unlike any type of power transmission system
~in use or envisioned by the electric power utilities today. The trans-
mission would be over extremely long distances, with no possibility of
tapping off power at an intermediate point, should it be economicaily
desirable. The system would deliver its power 100 percent of the time
and would have extremel; high losses with no possibility of changing
the lTosses by changing the load. The PRS would be a "one-way" trans-
mission system which could deliver power from one point to another point
without being able to reverse the power flow; because the receiving and
- transwitting antennas would be quite different. -~ .

In order to compare the PRS system with terrestrial alterna-
tives, use has been made of available data on representative terres- -
-trial alternatives to design transmission systems which would perform
in a 1ike manner, but which would never be built under any forseeable
circumstances.

 The categories of alternatives considered include electric
power transmission via conventional circuits and super conducting trans-
mission lines (all of the above will be considered as "existing systems,"
even though some exist currently only in experimental application); and -
“hydrogen transmission and microwave transmission via waveguide (which
will be classified as "future systems").

L rgremz, .ty
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- In order to design the most economical terrestrial powar
de11very systems that wenld perform in a manner similar to that of the
PRS, it was necessary to wake the following basic design assumptions:

© Power input-ac electric power would be at the
appropr1ate voltage Tevel.

o Power output-ac electric power would be at the
appropriate valtage level. '

6 All transmission systems wbuld have the capacity re-
- quired to most economically deliver 5 or 10 GW.
~ Additional capacity would he added at the source to-
provided the capability of economically carrying that
power which would be Tost along the route.

e"Des1gns wou1d be those wh1ch were most aconomical
in 1974.

@ The cost of the energy lost because of transmission
" would be based on a 1974 cost of %0. 02/kWH = ' '
$175 x 103 /MW-year.

of A]1 transmission systems would -be in use 100 percent
of the time.

o QOverland circuits would be anywhere from 3,200 km

- .- to 8,500 km long. This is independent of the
great circle distance between the transmitting
and recejving points.

- & Only tvsnsmission systems would be considered. No
cred ..uld be given for the potential benefit
of energy storage. The PRS does not provide any
_energy stcrage option in and of itself.

© Systems having a transmission eff1c1ency of less -
than 50 percent wou]d not be cons1dered

The power into and de11vered by a]T systems was taken to be
ac electric. power at the appropriate voltage. It is necessary to ex-
plicitly state this assumption because many of the terrestrial systiems

. 'do have energy in some other form along some part of the transmission - =

path. While some of these other energy forms (e.g., hydrogen gas) may.
be more desirable than the ac electric power to meet other energy mar-
_kets, the PRS w111 be de11ver1ng ac power

The systems presented and de51gned in th1s study are one-way i
transmission systems. It is inherent in the transmission process that
power will be lost along the way and the magnitude of these losses

must be 1nc1uded 1n the system” des1gn ~In order to minimize the capifaT o
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costs of the equipment, each portion of gach system has been designed
to have only the required economic capacity at that particular Tocation.

zhe output capacity has been asdumed to be 5 GW or 10 GY for all sys-
ems L

" The costs developed in this.study apply only to power trans-
mission in one direction. The costs of transmission in the other
direction, when this is physicaliy possible, will be s1gn1facant1y
d1fferent

The maximum power capac1ty of any convent1ona1 circuit is
determ1ned primarily by the voltage and conductor heating; heating
caused by the resistive losses in each conductor. For overhead lines,
the conductors are bare and the surrounding air is both the coolant

and the insulator. The maximum allowable conductor temperature is
detsrmined by thermal expan51on of the conductor and the resulting sag

of the catenary. This maximum temperature determines the maximum conduc-
tor current and the power transmission capacity of the circuit. The
capacity of underground cables is more strictiy limited, as they must
rely on the thermal characteristics of the surrounding soil £o remove the
waste heat. An underground cable can be destroyed if run in an overloaded
condition because the soil's thermal capacity can decrease if the soil
temperature increases.

‘The capacity of conventional circuits can be increased by
increasing the diameter of the conductor; this reduces the resistance
and thereby reduces the losses. However, there is a practical limit to
the effectiveness of this approach. This Timit is determined by the

-conductor density and mechanical strength, tower spac1ng, etc. For both
overhead and underground lines, the penaltypaid for increasing capac1ty
in this manner is increased capital cost.

An approach that can be used for increasing the capacity of -
underground cables is to provide a method of dissipating the heat other
than the natural thermal conduction of the surrounding seil. If a fluid
or gas s circulated past the cable and then mechanicaliy cooled, the re-

guired thermal conduction in the soil is significantly reduced. The pen-

alty that must bé'paid is a small increase in the capital costs and a

Targe increase in the operating costs. These are the forced-cooled cables.

Dnedexamp1e of a forced- coo]ed system has been 1nc1uded as part of th1s
study o : _ :

When conventional circuits are used overrshort transm1ss1on
distances, the voltage variation along the line is small and the cir-

" cuits are designed to accommodate voltages somewhat higher than. the
nominal level. When transmission Tosses of 50% are allowed, the voltage
variations along the route are very high. To prevent the vo1tage from
exceeding the circuit maximum, the analysis was done by fixing the
voltage at. the send1ng end and the power at the receiving end. . The vol-
tage at the receiving end was assumed to fa11 as much as necessary,
given the other parameters. : :

- Regarding the ac circuits, whenever it was.necessary to in-
terrupt the circuits (i.e., to remove an unnecessary circuit) a trans-
former was used to boost the voltage backup to the design level on all
c1rcu1ts Th1s was not poss1bTe W1th dc c1rcu1ts
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4.2.1.1 Existing. Systems

AC Power Transm1ss1on

The reactive elements in transmission lines have 11m1ted the
usefulness of ac power transmission for transmittine power over really
Tong distances. Unless reactive compensation is added to the circuit
along the way, the power factorlat the point of delivery will decrease
-and approach zero. When the power delivered is assumed to be fixed,
and the voitage allowed to drop, the current in each conductor must in-
crease as the power factor decreases (transmission distances increase)
and the losses in the 1ine would increase inordinately. Ac power trans-
mission systems could not be used for transmitting power over 3,200 km
with Tess than 50 percent losses if it were not poss1b1e to keep the
power factor close to 1.

- ~ The primary reactive compenent in overhead lines is inductance.
In order to control the effect of this inductance, it is necessary to add
large capacitors in series with the Tine. Since the inductance is dis-

tributed evenly along the 1line, adding capacitance evenly along the line

“could maintain a constant power factor ideally set at'one. f{his approach,

however, is uneconomical. For this study, therefore, the compensating
capacitors were assumed to be Tumped together every 850 km and to be
capable of keep1ng the power factor at any one point between 0.85 and
one. _

The usefulness of dc power transmission compared to ac is

. Timited by the ease with which high-voltage ac power can be produced

~and transmitted us1ng low-cost, efficient transformers. While the
cost of dc lines is considerably lower than that of ac lines with

the same capacity, the cost of produc1nq the high-voltage dc power by
connecting dc generators in series is prohibitive.. Direct current
transmission, therefore, has had to await the deveiopment of h1gh-
voltage ac/dc rectification and inversion equ1pment ,

S " The first rectifier system was installed in Sweden in 1954,
Twenty years Jater, only 10 dc transmission systems are in operation, in
all probabiiity because of the high cost of converter stations. For
transmission distances on the order of 3,200 km, however, the cost of

- converter stations could be easily ba1anced by the significantly reduced
cost of the transmission line {overhead and undarground) '

. be- Superconduct1ng Cab]es

The reduct1on and eventual d1sappearance of the electrwca1
resistance of a metal as its temperature is reduced appears to offer a
- means -of reducing the operatirg costs for transmission lines and increas-
ing the capacity. A superconducting metal is -one in which the electr1ca]

_TPower factor = (power in the Tine) /(I x V) in the line.
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resistance becomes zero below a certain transition temperature. The
energy losses due to transmission in these materials would result pri-- ..
marily from the energy required to refrigerate and keep the system be-
Tow the transition temperature. -

o The cost estimates for a dc superconducting cable that were
~used in this study are those estimates produced by General Electric for
the Los ATamos Scientific Laboratory, adjusted to 1974 prices. Of all
“the cost estimates available for these types of systems, only those pro-
vided by General Electric were consistant with the detailed engineering
cost estimates done for the Linde Corporation for comparable portions of
an ac superconductinc system.

4.2.1.2 Future Systems . -

Microwave Transmission by Closed Wavegquide

E One of the methods considered as an alternative to conven-
tional transmission Tines for purposes of comparison to the PRS is
microwave transmission. This approach involves the conversion of the
powerplant generator output into radio frequency (rf) power, the trans-
mission of this rf power along an appropriate waveguide system, and fi-

"nally, its reconversion into ac power for distribution.

The most practical technique for transmission along the Earth's
surface relies on closed waveguides, i.e., hollow tubes in which the
glectromagnetic field is completely enclosed by conducting walis. The
most important design parameters are the following: waveguide dimensions,
operating frequency, power-handling capability, transmission Tosses;
and mode situation, ' N o o '

Designs using four different modes were examined; the char-
‘acteristics of the resulting transmission lines are summarized in Table. -
4,9, -0f particular importance js the calculation of the distance by

which a 50 percent loss has occurred ("3 dB loss length"). = As one of
the criteria to be appiied in this portion of the study indicates that
no system is to be considered which has losses greater than 50 percent, -
terrestrial microwave transmission via closed waveguide cannot be con-
- sidered competitive with other transmission systems discussed in this
gﬁﬁﬁgon_?ver the specified distances of 3,200 to 8,000 km. (2,000 to
3 M), e T e . e . . .

Another alternative means of transmitting electric power in- .
volves the .use of hydregen as a Tink between an-electric power source
and an electric distribution system. Whereas a thorough review was made
during this study of hydrogen transmission both by pipeline over land
and by supertanker over oceans, it rapidly became clear that the use of

hydrogen for electrical transmission would not be economically attractive. =

The principal reason is due to the high cost and inefficienciés of the

iygtgms needed to convert electricity to hydrogen and hydrogen to elec-
ricity. ‘ _ :
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Table 4.9 Transmission Line Desian Comparison
Fowar
Waveguide Dimension Operating | Caracity | Loss (W/m ) 3-dB Loss
Mode | size {m}  [Tolerance {cm)* |Freguency | Ffhe at 1 Gwe) | Length (km)
T8y, {3.2x17.5 BN 6.9 MHz | 2,300 374 1235
TEyy § 61 % 6. > 13 37 Nz 154 3478 196
Wy | 3.0(diam) Sy e .00 veiz | o0 | 3 1325
ME: » 2.3 _ _
Ty | 1.8(dian) s: = .ol 1 GHz BT 378 195
DEE: + - .0 :
*S‘-'.r'aightness Tolerance(s) is ser 30,3 m. Diameter and E£}1ipticity (DEE) Tolerances
are per 15,2 m.

For an electricity — hydrogen - electricity system, the hydro-
gen would probably be produced by utilizing the outobut of a nucliear:
powerpiant with a water electrolyzing system. Small plants currently.
run at 75-80 percent efficiency at approximately $167/kW, and are projec-
ted to achieve 100 percent efficiency by 1990 at $70/kW.

Alternative methods of producing hydrogen exist, and these in-
clude thermolysis of water at 3000°C and the reforming of hydrocarbons.
Only the latter seems to be practicable within the 1990 time-frame.

o Theéother crucial link in the electricity  hydrogen » elec-
tricity chain 1s the reconversion of hydrogen to electricity. If the
hydrogen 1is burned as fuel in a conventional power station, the overall
efficiency is at best 40 percent. The only alterrative currently avail-
able is the fuel cell which exhibits typical efficiencies from 43-49 percent
and a capital cost of $350/kW. Anticipated advancements are expected to
improve the efficiency to 52-59 percent and reduce the capital cost to -
$175/KW. -Even if conversion is assumed to have an efficiency of 50 per-
cent, the cost of the delivered energy will be at least doubie the cost
of energy at the input. In addition, the capital costs of the fuel cell
the electrolyzer and the converter stations have to be borne by the -

system for an economic evaluation.

A similar cycle for transportation of Tiquid hydrogen by tanker,

. “Figure 4.12, suffers from the same problems as transportation of hydrogen =
gas by pipeline: it is inefficient and expensive. This approach to
electric power transportation could be seriously considered only if no

~other fuel could be transported and. used for on-site generation.

S —
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Electroiyzer

A T7ooMd BO%

—>»={$160/ kW input _ _ _ . -

: ? ) tiquefaction S Fuel CeN}

B 13750MW Egggérglfgge_r 137'.:0 951 eff. 10310 ﬂHfBTU/H eq)'IOUDUHIL 50% eff. ““"—:""“'

—ee] 570,/ kY input . 5114/P1¢{BTU$H Tr;nsmia__;t {atuzy © 15250/kM | 5000 MM

- en. output
SQEDII‘N(BTU/H ea. 1nput:)

. .F'Igdre 4,12 Tranﬁnui‘t of Liquified ilydrogen by Tanker - San D1agu to Tokyo

4.2,2 Economics of Terrestrial SyStems

The costs of the transmission systems described in the pre-

- vious section have been calculated in a consistent mills/kWH user

sharge format (as a function of transmission distance) for comparison
with the PRS.

Convent1ona1 Transm1ss1on Systems

There is no single cost per circuit or single effective re-

- -sistance/circuit-km for any particular system. The resistance/circuit-

km can be reduced (within Tlimits), but anly with a correspond1ng in-
crease in capital costs. Designing the optimum system requires knowing
the detajled relationship between the capital costs and resistance and

a specific transmissian route.  Sihce these data are not genera]ly avail-
able, it was necessary to use a representative capital cost and re-
presentative effective resistance per circuit-km for each system con-

, The capital costs and erfect1ve reswstances/c1rcu1t xkm that
were used in this part of the study have been garnered from a variety

. of sources pub]lsﬂed in various years. The costs have all been adjusted

to 1974 dollars using the Handy-Whitman Index and the resulting values
then compared to each other to make sure they were reasonable and con-
sistent. These values represent the best estimate of the costs that can

‘be made given the limitations of this study.

The total transmission costs for a11 the- terrestriaT systems dre
not sens1t1ve to the cost of the Tand required for the right-of-way (ROH)

* The ROW costs have been included as part.of the capital casts of the

various conventional transmission systems and assumed to average 51000/
acre--low for flat land near cities and high for mountainous or desert fer-
rain. This is equ1va1ent to about $11,200/circuit-km for the 765-kV-ac

‘overhead lTine, just 3.6 percnnt of ‘the total costs of the circuit.

The cost of delivering energy is the sum of the fixed costs of

. and the operating costs of the system used. Tha systems had to be’ de=

signed to minimize this sum.  However, the operating costs and the fixed
costs are related.  The higher the joading of each transmission circuit,

the fewer the circuits required to deliver the same amount of power and
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the lower the capital costs and thereby the fixed costs. On the other
hand, the higher thev10ad1ng of the circuit (except the superconducting
e

power transmission line), the higher the percentage of power t i £
and this loss must be pa%d for (2¢/7kWH), EEEEREgE T P hat is lost

Each transmission system was designed to achieve minimum
total cost, while not exceeding a 50 percent transmission loss. It was
necessary to do this type of economic analysis for each of the candidate
transmission systems. However, as & result of the high capital costs for
underground systems, the minimums for the naturally-cooled underground
systems always occur when the circuit is loaded above the thermal limit.
For that reason, extra underground circuits are added only when it is
‘necessary to carry more power than the existing circuit can physically
-accommodate. A minimum does exist for the forced-cooled conventiona

underground systems. The fixed cost rate assumed for the purposes of
this calculation was 0.15. '

) ~ Transmission costs for nine conVehtioﬁaT systems'have.béeh
estimated by ECO@'and are summarized in Figure 4.13. This figure will
serve as the basis for comparison to the PRS (Section 4.3).

Hydrogen Transmission

: The cost of transmission by pipéline compares unfavorably with
the + 400kV dc overhead Tine. In addition, one of the basic design
parameters was that no system would be considered if the transmission
losses were greater than 100 percent of the delivered energy. Hydrogen
transmission clearly does not qualify for overland transmission; however,
cost estimates for LHp transport by tanker have been included in Figure
4,12 for the purpose of comparison of international energy transfer costs,

4.3 Comparative Economic Analysis of Orbital and Terrestrial
o Electric Transmission Systems -

o The PRS system in its current configuration has been compared -
with terrestrial electric transmission systems that currently exist or
that might exist in the 1990-2020 time-frame. Transmission costs for
PRS systems with output powers ranging from 5 to 10 GW have been compared
with terrestrial systems delivering comparable outputs. This comparison
is summarized in Figure 4.12.

_ _ The PRS would provide less costly energy transmission than =
" current or projected underground cables, and would be less costly after-
5,600 km than the current 765 kV ac overhead lines. It offers higher
costs than currently existing + 400 kV dc overhead lines or several other
- systems already in limited application (such as the dc superconducting
‘cable) or those expected to be utilized (such as the 4 800 kV dc over-
head 1ine). The relatively higher costs of the PRS is the result of both
high capital costs and unavoidably high transmission losses. Specifically,
- at an output Tevel of ‘10 GW the -cost of the PRS transmission Josses, cal-.
culated at a representative generation cost of 20 mills/kWH, are almost
50 percent greater than the capital costs. ' : ,
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LEGEND FOR POWER TRANSMISSIQH COST COMPARISONS
765 kV AC = 765 kV AC overhead transmissian Tine
{aither 5 GY or 10 G power delivered)
o0 1100 k¥ AC = 1100 kV AC overhead transmission line
AC GIC/EC . 400 kV DC = +400 kv DE overhead transmission 1ine
85 800 k¥ OC = %BOD kY DE overhead transmission Tine
600 kY OC/0C PIC = #6600 kV OC Paper Insulated Cable
il AC GIC = AC-Gas Insulted Cable ’ '
"; AC GIC/FC = AC-Gas Insulated Cable-Forced Cooled
8 L o DC GIC » OC-Gas Insuiated Cable 2400 KV -
_ OC SCC = OC Superconducting Cable
o “BRS = Pawer Relay Satellite ' .
2 | < | LHz' Costs LH; = ;;:;Zimrt of Liquefied Hydrogen - San Diego ta
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highest practicable 1imits., If there existed thé political requife-
ment for Targe intercontinental energy transfers, the PRS seems to be

economically superior to bulk energy transport via Tiquid hydrogen.

e -
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5. SOCIAL IMPACTS

5.1 Environmental Impact Analysis

The actual impact assessment task performed under this study
was very modest and is viewed as a preliminary examination of data neads
for a future impact assessment. The objective of the task was to identify
the type of data in terms of input system variables and environmental con-
siderations which must be developed and provided for the conduct of & .
future impact assessment. The primary factors regquiring study were:

@ Land Management Factors
- Receiving Antenna
- Launch Complex
- Resource Extraction and Manufacturing
¢ Radiant Energy Densities
6 Waste Heat
e Saf:cy and Control
® Environmental Modification Factors

5.1.1 Land Management Factors

5.1.1.1 The Receiving Antenna

The receiving antenna is expected to be the 1argest (in area
occupied) subsystem of 53PS from a terrestrial point of view. The actua]
antenna itself, the receiving control station, the conversion system, a
part of the transmission system and enough iand area for protective pur-
poses will reguire a land area of over three hu@dred square kilometers for
a 5 GW station. (The rectenna itself is 100 km"™). This area constitutes a
substantial committment of land area that miunt otherw1se be deployed for .
alternate uses. The extent to which part of the rectenna site mioht be
shared with other users should be studied. Competing {or joint) demands
for the chosen receiving antenna' site may include the use of the land for
farming, recrnatlona] purposes, industrial development, conservation, .

maintenance of arainage planes or other weather control purposes, urban'
development anc residential housing.

Other land management impacts which may result from the re-

ceiving antenna location include indirect effects such as increased indus-
trialization in the vicinity of the site and the associated shifts in
demographic patterns. These impacts will have to be examined in re]at1on L
to the capability of the surroundings to sustain such growth. e
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Finally, whereas tidal marshes and coastal wetlands are not
suitable for antenna siting because of their importance in the ecological
chain of sea 1ife including offshore fisheries, offshovre siting on the
ocean surface appears to be a feasible alternative. The impacts of con-
fining a small percent of ocean surface areas solely for the antenna do not
appear prohibitive.

5.1.1.2 The Launch Complex

Many of the factors that control land management impacts associ-
ated with the receiving antenna are also pertinent to an analysis of the
impacts associated with the launch complex siting. It is expected that the
Taunch complex will occupy a land area much smaller than a receiving antenna
site and whereas the receiving antenna is mated with only one satellite
power station, the Taunch complex, if properly planned, will service several
5SPS systems: In attempting to choose the Tocation for the Taunch complex
factors needing evaluation will include alternate 1and uses, location of
land with respect to transportation systems, location with respect to
proximity to source of SSPS components, the effect of land use on develop-
ment of nearby land {i.e., growth of communities and industries to support
ihe complex), and the ability of the surrounding natural resources to sup-
port the expected population growth attributable te the complex.

5.1.1.3 Resource Extraction and Manufacturing

Aside from the launch complex and the receiving antenna sites,
the production and maintenance of the SSPS will reguire substantial com-
mittment of land resource in terms of mining, extraction, fabrication, _
manufacture and transportation of components that comprise the SSPS system.
Each system will require certain resources {such as aluminum). Whenever
an irreversible or irretrievable committment of resources is projected a
detailed anlaysis of availability and competitive uses of the resources
should proceed any final decision regarding the resource use.

5.1.2° - Radiant Power Densities

The microwave beam and its impacts need careful evaluation.

The orbital transmitting and the ground receiving antennae parameters de-
- termine ‘the power density distribution in the microwave beam. The impacts
assoriated with this power transmission are those due to the interaction
of the beam with the 10nosphere, atmosphere and the receiving antenna. In
‘the lower atmosphere and in the vicinity of the receiving antenna the
~ prime environmental impacts will be caused by the effect of the beam on

human organisms, plants, b1st, a1rcraft, weather patterns and d1sturbanros
~in communications. : -

. : ~In the clese vicinity of the satellite the peak microwave power
dens1tj may exceed 2170 rr‘d/cm2 More work is needed in assessing the effect
of prolonged radiation at such densities at GEO altitudes. Within the
1onosphere itself some emission in the radio frequency range is possible and
the microwave beam could adverse1v affect high frequency communication sys—
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tems locally as well as low frequency navigational systems currently in use.

Communication systems utilizing frequencies below that utilized by the SSPS
(2,450 MHz) will have to utilize filters to screen out disturbances whereas
systems operating as freguencies greater than that utilized by the SSPSwill
need to filter the harmonics generated by the microwave beam. Some consid-
eration will have to be given8to the problem facing radio-astronomers.

They will effectively be prevented from “"pointing" toward the satellite.
Fortunately, the Ho and OH vadiation lines will not be interfered with and -
will be available To the astronomers. A detailed impact assessment will
require more information than is currently available on the effects of pro-
Jonged microwave radiation through the Earth's upper and Tower atmosphere.

The impact of radiant power densities can only be approximately
estimated at this time. The effects on birds exposed to microwave power
flux densities within the beam at the receiving antenna and the effects on -
aircraft flying through the beam are projected to be a potential concern

and should be determined experimentally. Radio frequency interference by the

fundamental microwave frequency and its harmonics turn on and shutdown se-

quences, random background power, and other superfluous signals resulting
from specific design approaches are also a potential concern and a detailed
impact evaluation will require that rf interference with other communica-

5.1.3 Haste Heat

. Mastz heat will be generated by the SSPS system during launch
operations, orbital energy collectioh and conversion <and at the recelving
antenna. The primary terrestrial impact will be due to waste heat gener-
ation at the receiving antenna where, due to the inefficiency of dipole

- rectification, about 10-15 percent of the rectified microwave power .

could be released as waste heat. This is substantiaily less than the
waste heat released from conventional power production methods based on

thermodynamic cycles.

In evaluating the potential adverse impacts of waste heat gen-
gration at the receiving antenna, considerations must be given to the
geffects of waste heat on the local flora and fauna and on local weather

modification due to "heat island" effects. : Although albedo control of the

receiving antenna components and structure would have the effect of rejecting,

on the average, a larger fraction of the incoming solar radiation as com-
pared with the incoming microwave radiation--thereby permitting control
over the net energy interchange--a potential problem does exist..  Solar . -

radiation is cyciical with a 24-hour period and the microwave radiation

would be continuous. The effects of continuous heat rejection on the local
flora and fauna as well as weather conditions may vary greatly from those .

" due to cyclical heat rejection even though the average energy in each case

may be equivalent. , . '
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5.1.4 Safety and Control

In recent years, safety has become a major issue in determining
the fate of several energy-related projects. Typical examples of this are
conventional nuclear reactors, fast breeder reactors and Tiquefied natural
gas storage projects. Such projects, as the ones mentioned above, are de-
signed and built with safety as one of the prime objectives in mind. On a
probabilistic basis, the chances of a major accident involving say a nu-
clear reactor are very remote. However, although the chances are remote, a
‘rare accident may result in consequences of catastrophic proportions. The
public at large does not fully appreciate the many subtleties of safety
systems, construction technigues and control systems but can Tully compre-
hend an analysis dealing with the consequences of an accident.

It would appear that the SSPS will be closely scrutinized for
safety by the pubiic and that safety and risks may émerge as the most im-
portant impact issues. The SSPS will have to be carefully designed with
sufficient redundancy in the key safety related-systems that it can be
quantitatively shown that the probability of a major accident (loss of con-
trol) are extremely remote and that the failure modes are essentially
"fajl-safe" and wili not result in catastroph1c consequences..

The current des1gn philosophy of the SSPS is based on na1nta1n1ng
ctose control and comrunication between the orbital and ground systems as
a primary safety system. This requires that the orbital microwave beam
directional system and the phase control be Tocked into the ruceiving an-
tenna by means of pilot signal beamed from the Earth-based satellite con-
trol station. Such action would preclude the deviation of the microwave
beam beyond allowable Timits. - In case of system failure, the microwave
beam phase control cannot be achieved and the beam demodulates and spreads
out such that beam density received at ground Tevel would approximate
curre1t communc1at10ns signal levels and be acceptab1y Tow.

5.1.5 Environmental Modification Factors

Several subsystems of the SSPS will, as a result of normal:.
op&rab1on modify the enviromment by their operation. The degree of en-
viromiental modification (or envirommental insult) will dejpend on what ac-.
tions are taken to minimize the deleterious effects of the subsystems
The important SSPS subsystem requiring potential environmental modifica-.
tion zonsiderations include the shuttle operat1ons, transfer from LEQ to
GEC, orsit keeping, mairtenance operations, microwave transmission and the
receiving antenna operat1on

The transfer of the partwaT]y assembled SSPS +rom LEQ to GEO is
currenily envisioned as being accowplished by the deployment of an advanced
eleccrical propulsion system. Mercury or cesium may be uLiTized as the worling
flui¢ in such systems although argon is a more 1ikely chojce ~ The impact -
- of ionic metal discharge at orbital altitudes rémains to be avaluated.

The frequency and quant1ty of ionic discharge and its reaction with the
environment will need to be estab11shed to comp1ete the 1mpact evaTuat1on

in this category.
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Orbit keeping and maintenance operations will aiso require some
propeliant discharge at GEO altitudes. Argon, mercury and/or cesium are
contempiated as potential candidate propel1ants. Once again, frequency,
quantity, and interaction with the environment wiil need to be specified
to assess the degree of environmental mad1f1cat1on achieved to judge

whether it is considered acceptable. _

The effect of long-term Jocal transmission of a microwave power
beam through the ionosphere remains an unknown. It is expected that be~
cause of the rather Tow power densities jnvolved in the beam the degree of
permanent environmental modification will be small. This impact category
should be evaluated experimentally befare declaring the detailed assess-
ment "complete."

5.2 SSPS Energy Payback

. In an environmental impacts analysis of the photovo]ta1c-powered
SSPS, it is enlightening *o consider the relationship hetween the total
energy used to manufacture and deploy the system retative to the energy
generated by the system. This section summarizes these energy relation-
ships for the on orbit elements of the SSPS, namely, the photovoltaic so-

lar array, the transmitting antenna and the transportation systems to place :

the sateliite at the operational location. A sir. lar assessment of the
ground-based element (the rectenna) is required to determine fotal system
energy .economics. A significant advancement in the technology permitting
realistic definition of the materials and production processes for the rec-
tenna must be conducted before meaningful energy ctsts can be determined.
It is considered important however, to complete the analysis for those
sections where the materials and processes are we11 known. - -

The payback per1od for the on-orbit elements of the SSPS is 1.6

~ years, Table 5.1 summarizes the energy contributions for the major system
glements including transportation, materials processing and overhead for.
facilities operation. These data were compiled for a 5000 MW system using
the results of processing-energy requirements for SSPS materials (other
than the solar blankets and transportation energy requirements for Shuttle)
in recent studies by Battelle. Solar cell blanket energy for manufacture -
is a projection of requirements from today's processes based on data gener~
ated by 1ndustry (Spectrolab Centralab and Tyco) as well as NASA agencies.

The major rontr1butors to SSPS energy requ1rements are the manu-.-
facture of the photovoltaic blankets and the transportation of equipment and
materials to low earth orbit. Ninety-seven percent of the energy needs are

“used by these two elements of the system. _

. ~ The processes and energy requxrements for manufactur1ng a s111con
so]ar blanket are listed in Table 5.2 using current technology and projected -

" technologies. - Since the power output of a solar cell is a function of sur-
face area, each fabrication process is presented in terms of watt-hours ©
per square centimeter of cell. A .
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Table 5:.’1__ Satellite Energy Payback Analysis

. . UNIT | |
' ’ | mass | EnERey ENERGY TOTAL :

S ITEM 'KG X108 - REQ'MT REQ'MT KWH x 106 ~ COMMENTS

SATELLITE , ‘ — - , —
| ® SOLAR BLANKET * 783 . | 2473 KWH/KG | 447 KWH/KG 22,863 (1) 18 x 105 KG SATELLITE PLUS

: _: s (69.7 WHR/CM2} | (12.6 WHR/CM2) 5.3 105 KG SUPPORT EQUIP.
o ALUMINUM 5.80 80 KWH/KG 135 KWHIKG 1,325 (2) 1.2 x 106 KG MERCURY
e GRAPHITE RADIATORS 1.55 51 KWH/KG | - 128 KWH/KG 277 _ PROPELLANT™ °
@ COPPER. 0.65 36 KWH/KG | - 54 KWH/KG 58,5 (3) 1,980 KWH/KG OF PAYLOAD

> : = 3 " TO LOW EARTH ORBIT
¢ KAPTON 1.23 58 KWH/KG 87 KWH/KG 178 _
E : o - | (4} tNCLUDED In 1,930 KWH/KG
o OTHER 0.85 15 KWH/KG 23 323
THANSPORTATION - - :
¢ TOLOWEARTHORBIT | 23.3(1} 1,090 N/l 45,574 CUARENT DESIGN
o TG GEOSYNCHRONOUS 12020 | 128 kwHiKG | 189 KWH/KG 378

ORBIT - . R | ’

L TOTAL 70,685.8
‘s ;:‘ e - - @ e e - _.-——- . z‘ = e _ - - -. R Aot - v
‘ “\-« iy ) £ ¥ - o

[
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rd



Table 5.2 Solar €ell Blanket Manufacture Energy Requirements :
CURRENT, "1 . PROJECTION
WATT-HRS/ N WATT-HRS/
S vl cm2
e RAWMATERIALS PROCESS (244) (304) |- {60)
‘= §iDg - Si : _ 4.0 '
— 8 —SiHCIg : 70.0
-~ SiHClg — Si ' 230.0
® SOLAR CELL BLANKET PROCESS _ {97) _ 9.7}
- CRYSTAL GROWTH _ : 17 _ 1 1.7
— SLICING : o 6 6
— LAP & POLISH ' 8 ' ' 8
— DIFFUSE ' - 15 o - 15
— EVAPORATE METAL 12 - S 1.2
— EVAPORATE AR : . 3 3
—~ SINTER 6 6 5
'— SOLDER - 5 5
— TEST 25 25
® FACILITY {149) .} - {12.6)
— AIR CONDITIONING . 60 , 5 '
~ — LIGHTING ' e ' 1T 4
‘= FUME SCRUBBER . 12 : 1 1
— GENERAL SERVICE 15 | 1
— BACKUP ' ' 8 : 7
— MIsC ' 10 ' K:
e TOTAL - (550) - (82.3)
>
oo
. 5.



169

Requ1rements for producing semi-conductor grade silicon is the
largest energy~1ntens1ve process. A three-step process is used today.
Silicon dioxide is mixed with carbon and heated to produce metallurgica’

grade silicon. Purification follows by converting silicon to trichlorosilane

which is the decomposed to yield semiconductor grade silicon._ The energy
requ1rements for these steps have been estimated at 304 WH/cme.

Cost of energy for producing semi-conductor grade silicon is a
significant proportion of the cost of the product. Current goals of the
producers {j.e., Dow, Corning, Monsanto, etc.) are to reduce these costs
to $10/kg by replacing the three -step process with a single step. Twenty
promising reaction processes are actively being investigated. To achieve
their goal the energy needed cannot exceed 30 WH/cme. A conservative
60 WH/cm2 is used in these SSPS estimates as the projection for future
system processes.

The energy requirements for fabricating the current solar cell -

- blanket were provided by several manufacturers who established energy use

by looking at their equipment power levels, the run process time and the
number of cells produced. The estimates prov1ded by the manufacturers

varied considerably and, where reasonable, conservative estimates were used

in this assessment. The total solar cell blanket process requires approx-
imately 97 WH/cme.

The "projected" reqU1rement assumes that process energy can be
reduced by a factor of 10. Tyco's EFG {edge-fed growth) process technol-
ogy efforts, for erample, already reduced the crystal gorwth step require-
ments by ten. Automation in the remaining steps should reduce waste, sig-
nificantly increase production volume and decrease energy requ1rements

The facility's energy requ1rement5 for lighting, air cond1t1on1ng,

etc. were taken from estimates by Centralab, which assumes 2 x- 100, 4 cm
cells are produced annually. The projected est1mate assume that the annual
plant energy service requxrements will not vary but production for an equiv-
alent floor space will increase by a factor of better tﬁan ten.

Current studies of Shuttle energy requ1rements has established

| an estimate of 430 x 10° BTU/Fi1t including energy required to produce the

propellants and ajrframe, and to suppert the launch facilities. This

equates to 4815 kiH/kg of mass to low earth orbit ., A deploy-only deriva-

tive of the Shuttle could increase payload to low earth orbit by a factor
of 2.5 without increasing the amount of prope]lants or the extent of fa-

cilities used. Therefore ]Qzﬁ kNkag was used in the transportat1on est1- .

T‘mates for he SSPS.,

If no improvements in solar blanket techno]og1es or launch op-

erat10ns take p]ace the pajback per‘ud for the SSPS wou]d lncrease to S1x -
: years ‘ ‘ ‘ o

" The study of energy economics is an issue requiring consider-

ab1y‘more effort than was applied under this contract. Energy economics is’

a

e ey
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reTative1y new consideration in system tradeoffs and lacks the data base
and agreed-upon methodoTogy to arrive at meaningful conclusions. These
efforts should be expanded in the near future.

It is recognized that the rectenna also contributes to the
energy input to the SSPS system but this contribution has not been in-
cluded in the above analysis. _
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6. IMPLICATIONS FOR TECHNOLOGY DEVELOPMENT

This section summarizes the technology issues needing fundIng
to “nsure development of the space-based power generation options in
the post 1990 time frame. Included are assessments of the technology

risk, technology background and recommended techno1ogy programs in the
fo1]ow1ng key areas:

e po1nt design development

e systems and economic studies
¢ microwave power technology
e solar array technology

¢ Jlarge structures jncluding manufactur1ng, assembly.
maintenance and control

@ environmental and other impacts.

- The technology status and development risk of major. technical
areas have been assessed using the format adopted in the "Microwave Power
Transmission System Studies," NAS3-1/835. This provides ¢ tinuity
of h1gh1y rejated effurts.

A risk rating, using the Ieve1s 1 throuoh 5 shown in Tab1e 6.1,
prov1des a backdrop for delineating the status of technology. Each key
area is addressed and techno]ogy programs and obJect1ves suggested

6.1 ~ Point Desqu Development

The present (phctovoltaic) baseline design--as well as others
not included in this study--should be studied further. Special consider-
ations should be given to satellite design as this will provide the basis
for tradeoff studies and eventual subsystem optimization (from the tech—
nical and economic v1ewpo1nts) o . A

Point de519n anaTys1s of the so]ar array should prOJect future
states of technology, i.e., 1980, 1985 and 1990, as these are TTkeTy to
~ be Ley dec1s1on points 1n the SSPS dec1s1on process.

A po1nt des1qn for the current “front-1it" concentration
approach cshould be compared with a "back Tlt" des1cn to he]p Identlfy _
 the cost-effect1ve conf1curat1on ;o . _ . o

. Point des1gn studies of stauctura] arrangements shou]d compare
the relatively standard approaches used in this study with approachas
_that make maximum use of tension supports: An integral part of these




Table-.'ﬁ.] Technolegy and Hardware Development Risk Rating'Def inition

—

RISK RATING
1 2 3 2 5
' ON THE
1 TECHNOLOGY
N USE DEVELOPMENT | FRONTIRR CONCEPTUAL INVENTION
STATUS ANTICIPATED | TECHNOLOGY|FULLY PARTLY KNOWN BUT NOTINOT KNOWN, | NOT KNOWN,
ITH: - DEVELQPED DEVELDPED DEVELOPED  |CHANCE OF IT | CHANCE OFIT
- : BECOMING BECOLHNG
PECIF! -
" f.‘PETCES;F:NDED : KNOWN IN TIME| KNOWN IN TIME
PROGRAM FORMPTSIS | FOR MBTS IS
'  |eoon POORA
bl g;gf’: HARDWARE |OFF-THE- FUNCTIONALLY | FUNCTIONALLY [NO HARDWARE | HARDWARE
n .
SROGRAMS SHELF ITEM EQUIVALENT | EQUIVALENT  [IN USE OR WILL NOT 8E
OR PROTOTYPE | HARDWARE HARDWARE IN |DEVELOPMENT | AVAILABLE
AVAILABLE IN USE DEVELOPMENT |BUT DEVELGP- | UNLESS A
HAVING IOPERATIONAL} © IMENTIS BREAKTHROUGH
REQUIRED PROBABLE OR INVENTION
FUNCTION, IS DEVELDPED
PERFGRAANCE
& PACKAGING
PROBABILITY OF DEVELOPMENT CEATAIN VERY HIGH HIGH LOW VERY LOW
COMPLETION WITHIN SCHEDULE IALREADY : '
AND COST : EX1ST)
-~ e bl LA o
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structural studies should be the point design development of the power

distribution system, including se]ect1on of ac or dc transm1ss1on and
the system power level.

Point design options of the control system should consider
both centrally located actuators and distributed actuators. These
point designs should be used in detailed structural dynamics assess-
ments,

6.2 Systems .and Economic Studies

_ Systems and economic studies should be directed to two ma-
jor areas, (1) the potential national (and world) economic benefits
that may accrue from satellite power stations (5PS) and (2) the selec-
tion of the cost-effective SPS system, '

Stud1es that wou]d provide 1nf0rmat1on in the first area
“include: L

o Analysis of the market (demand) for SPS-provided electric
power. Because the major proportion of SPS generation
costs are capital-related (88 percent), and because the
SPS plants are expected to operate at very high plant
factors (95 percent), electric power cost (to the busbar)
may be forecasted with relatively high accuracy over a
20- to 30-year period. The possibi1ity raises the poten-
tial for the offering of long-term power contracts to
power-intensive users. The consequences of this are
only speculative at this point, but may include, the
restructuring of production to cap*ire cost advantages
that may accrue from long-term powes contracts, location
of industry near ground station sites, and favorable
environmental effects which may accrue from higher pro-
portions of electrical sources of power.

o The 95 percent plant factor of SSPS (and presumably other
-~ forms of satellite power generation) may allow for a re- -
structuring of the supply elements of electric power gen-
eration. Currently there exist baseload plants, peaking -
plants., reserve peak1ng plants and standby reserve plants.
Certainly, this is largely expla1ned by the dijurnal demand -
.for power, but to some extent it is a requirement imposed
by the system's reliability. The very high reliability
~ of SPS plants coupled with the possibility that through
pricing policies the diurnal demand might be altered ,
(i.e., distributed more evenly throughout the day), the
power supply structure might be altered in a cos*~sav1ng
way . . S

: v Studwes Lhat are reau1red to determ1ne the most cost—effectlve
var1ant of SPS 1nclude
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@ The development of a cost model that includes the total
SPS work breakdown structure and allows fcr the specifi-
cation and estimation of probabilities of costs, perform-
ance and schedules.

& Risk analysis to estimate the distribution of total program
costs and potential revenues., This includes the analysis
of development, production and operat1ona1 aspects of the
PRS program alternatives.

° Insofar as alternative PRS approaches may involve different

~social and envirvonmental r1sks, these potential constraints.

‘should be studied.

e For SSPS, future solar r=11 cests and technical character-
istics are among the key uncertainties. Therefore, a-
separate programmatic and risk anaiysis of solar cell
development should be performed.

6.3 - Microwave Powsr Technology

The technical issues for the microwave power transmission
systems (MPTS) were developed through a risk assessment of all elements
of the concept as they impact the MPTS portions, and these were ranked
in an estimated order of importance. For the 24 items in risk rating
category 4 the issues presented in Table 6.2 specifically relate to
the 1mpact on the microwave portion. _

Table 6.3 is a summary of cost est1mates for the ground- based
development program which would advance technology to a level suitable
for the 1985 demonstration satellite. The technology issues have been

broken down into four tasks. The first task encompasses those technologies

associated with microwave transmission and conversion and is focused:
through a phased ground test program. The second task consists of the
de51gn, analysis, and test of a prototype rotary joint of sufficient
size far proof of concept. The third task tilizes Arecibo to test
high microwave power density impact on the Tower altitude layers of
the ionosphere. The fourth task is a detailed examination of radio
frequency allocation issues and -the selection of ‘a frequency band

for space—based power generation.

6.4 So1ar Array *echno1ogj

Major svstem cons1derat1ons are the cost ‘mass and eff1c1enc1

of the solar cell blanket. Methods to achieve the goals needed for a
cost-effective SSPS have been identified. Needed is an active solar

cel] development program that concentrates on a Tow cost fabrication

and efficiency improvement for the single-crystal silicon cell for the

‘prime program path, and an active research and proof of concept program

for alternate phofovolta1c dev1ces for a backup program. path.



Table 6.2 Microwave Technology Requirements

ITEM

“TECHNOLOGY
RISK ASSESSMENT

HATING RANKING

COMMENTS

————n .

DL-AF Converters &
Fitters -

4 R |

BACKGROUND: Pre-amplifier amplifier & filters convert the high voltage DC power to RF power
having low noise and harmunic content. There are at 0.7 to 1.5 million identical devices in ane
system. This is the highest single contributor to dissipation loss {15 to 19%) with tiie amplifier con-
tributing 90% of that dissipation. . The simplest design cancept stitl results in the most complax
micchanical, electrizal and thermal set of tzchnology development problems in the system. This
cambines with requirements for the deyv:lopment of a high preduction rate at iow cost, resulting

in reliable operation over a long life. What the noise. & harmenic characteristics for the converters
are and how they will act in cascade are not known. Filter reguirements are to he determined.
Ability to develop all the parts, interface them with each other and with the slotted array and operate
them with full control and stability constitutes a high develapment risk and requires the longest lead
time in an ambitious development program.

TECHNICAL OBJECTIVES: Provide substantial data relating to technical feamb:hty, efficiency, safety
and radio frequency interference.

Materials.

BACKGROUND: Most critical and unusual requizements for materials in this application relate to the
presence of the exposed cathodes for the RF generuators. In addition, it is desirable that structural thermal
strain be small so that distortions over the large digmensions are manageable. The waveguide distortions
must be small to permit efficient phase front formation. The waveguide deployed configuration result
inlow packaging density so that it is desirable to form the low density configuration on orbit aut of
material packaged for high density launch. Before meaningfut technology development can begin relating

‘1o fabrication, manufacture and assembly. 1t is necessary to determine the applicability of the non-

metatlic materials in particular as they relate to potential contamination of the open cathodes of the RF
generators. Due to the critical interaction of materials with structures, wavegmdes and RF generatars,
the materials development nsk rating shn_lid be astrong 4.

TECHNICAL OBJECTIVES: Demonstrate cost effective use of non-metallic in terms of meeting
distortion free waveguide and minimum impact on apen cathodes performance,

Phase Control
Subsystems

BACKGROUND: Phase front control subsystems projected scatter tosses {2 i ‘6% ) are second only to the
microwave array Jasses {19 to 25%) in the microwave power transmission efficiency chain. The uncertain-
ty assoctated with fimiting losses to this vatue is significant. Phase contral, being essential to beam
pointing as well as foousing, must be shown to ke rehahle for power user and safety purposes. Risk

ratmg should then be a strang 4.

TECHN!CAL OBJECTIVES: Demonstrate phase control steady state accuracy subject to error contrib-
utions of DC-RF converters and high power radio frequency environment.

§i1
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le 6.2

Microvave Tm.himimt" ltf*qunumr-nl«. (t.nni )

ITEM .

ELllNOLOGY
RIGK ASSESSMENT

RATING

RANKING

COMMENTS

Wiveyside

4%

4

HACKGROUND: Stolted waveynitlos Bterfacy with the AF generatars in a high temperiure
erivirunount. They muos? distribute the power and crait it eniforonly with low fosses. They
sepresent o large % af the weight and ane conciived to e of 020 wall thickness in alimbiaem
of pussilly ngnometallic composite Tayups vl etallic coating.  The abitity to manufacture,
fuliieate and assemfile spclh wavenuides is not certain, To provide proper interfacing with RF
yengratars, Yo limit distortion so as to opeate satisfiacrotily as a subareay of stotel waveguides,
andd 1o do 3o within estimated cost and-schedule constitates Ligh developusent risk. fisk rating

should therefoie be a strong 4 F; however, signilicant materials tuclmuruuy developinent amd selec:
téos sy grrevede in deptls lu:lum!ugy investigations.

TECHNICAL OBIECTIVES: Dunonstrate capabitity of muss grotucing i1t waishi, distortion
free wavenuides What sar sflicicetdy apetate in 3 harste duema) envirotigs =2

Bicduyical

[41]

BACKGHOUND: The CW microwave requency and power densitios o be jovestigated ae
ralber vorll estahliland. Effucts to Ye anticipated dn the sites yuet to be selested are functions

ol ammbient cotditiun and the file torms peeuliar te the' region and those that are in tronsit. Most
certainly arvas fike the desert sonthweest af the ULS, would bo leading cantenders so that olfects
an plants vl andsals sleouked b investigated. Detailud investigations Building on these con-
dueted fag muore geaeral purposes pust be comducted to pssure conplete encderstanding of tany
tero i transient effects and 0 provide the basis for seenging national and inteenation;il

agretatent oy liapency alfecations, intunsitics and exposare finlits. Development sisk sating
sliguld be 4,

TECHMICAL OBIECTIVES: Dumcastrale safety of aicrowave frequency and pownr densities

Lieirey considured lor S5PS use,

Atfitide Control

DACKGROUND: Contro! of antenna pointing coneceived to he accomplished by mectanical
actinn hetween the antenna and main mast as well as hetween the ends of the main mast amd
the sutar arriy primary stencture jn the vicinity of the stip fings. These are very lirge sncibes s,
of light weight construction, laving to transmit unyresedented power acress the refative motion
ingerlaces, $0 eperate in the spase enviranment, with high relialility and safety, at fow cost,
pactaged for Righ density carth latainch, duptoyed or sssembled inspace, for a very Eang Hae with
tiniterl opgrations aod pointenance stention. The sctnntors to establish the wotisn, e movioyg
juints snd tae muviny or Hexing condustors are the targest amt most conyyres machisery e
plvyed in the plistovoltaie powered stalion aud will e the subject of most eritical operations aml
i teaance anatyses in order o design the machinery to e casseatially maintensoce free,

)

Nuvarthictess it mast be desigued to poonit paintesance wuder mest adverse comditions of damage
anek epvitonment. Devclopment risk rativy shouhd e g

TECHRICAL OBJECTIVES: E)uulonslmlu the acearacy and lite potential of the microwive

meclanical pumlmj systuin,

.
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Table 'ﬁ_;z -Micfowdve T_échno?_og_y Requilrements-; 5(cont'-d)-

f
i

ITEM:-:-

TECHNOLOGY -

" RISK ASSESSMENT

RATING |

RANKING

COMMERNTS

- lonasphere

" a

7

BACIGROUND: Effects of the ionosphere on the phase control link are not known definitively,
however existing data and analysis indicate that they are probably insignificantly small at the
frequéncies and power densities belng considered. The effects on the ionosphere induced by the
microwave power Bieam are believed to be smail. However, fram the point of view of other users
of the'lunusphern and its participation in natural processes there may yet be limits imposed on
the power density. The theoretical approaches to doing this are known but the limits that may )
yet he timposed are unknown. Development risk rating should be 4.

TECHNICAL OBJEGTIVES: Meag:wre effects of microwave radiation on the mnosphnru and

d:.termme soc:al impact.

Power Transfer .

BACKGROUND: The electrical power transfer fummon, at this large size and power ievel across
flexing and rotating joints, cinnot be separated from the mechanical and attitude control functions
entirely. Although the technology far performing the functions is basically known, the farge

~scale will present significant new problems. Pevelopment risle rating should be 4.

TECHNICAL OBJECTIVES: Select power best pnwcr trausfer design for SSPS and (lemonstrate
performance. :

Switeh Gear :

| BACI(G_HOU_ND:' Switch gedr:isad-heen‘cnnceivéd assuming multiple brushes from high voltage

DC source transferred power t6 a single slip ring. -Extraordinarily high ctrrents in the switch gear
resulted and would be the subject of a high risk (4+) technology development program. Decision
has now heen made to make the multiple brushes feed multiple stiprings, bringing the individual
switch gear currents close to the region where the basic technology is known and the major ad-
vances wouid be in paclaging for space operations. Risl rating should then be 4. Some aspects
of the paclaging technalogy having to do largely wnh size are aot known, whmh Ieads toa

risk rating of 4.

TECHNICAL OBJECTIVES: Deuelop and demnnstrate switch gear including prutectme e!ements
for spacehorne appllcanons. .

et - -
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Tab]fe- 6.2 _Mi‘crowavé Technology Requirements (cont'd)

TECHNOLOGY

_ RISK ASSESSMENT
ITEM "RATING' | RANKING | COMMENTS
ﬁddio_-Frcqiiency 10 BACKGROUMD: Radio frequency a'n'd bandwidth allocation is normally a long prososs involving

a

national and international technology and socio-economic considerations. 1t will take 2 to 4 years
of DC-RF converters” and filters’ technology development to mature the concept and make available

~meaningful data. Convincing the naticnal and international community invalved that gigawatts

of power heamed from space at an allocated frequency with a specified narrow bandwidth will not
in fact result in significant interference requires a positive approach that is yet to be defined. When
it is shown convingingly that power from space would (a) be a significant answer to the national and
international future power needs and {h) permit frequency allocation and bandwidth to be defined

wnthuut significant interference outside the band; then securing high prlorlty for frequency allocatturi

will be a normal process. The appropriate sisk rating is 4.

TECHNICAL OBJECTIVES: Investigate radio frcquency interference and allocate band to SSPS
that would lave minimum impact on other users, particularly Radio Astranomy.

RSN

1 OYd TYNIOTIO
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Tab]é 6.3 Mit_:r'owa_v_e:_ Techhblbgy Resource Requirements, $ millions (1975)

N Calendar Year u
TASK w6 |77 |78 |79 Jeo |8t |82 |es)eafes © COMMENTS
e DCRF CONVERTERS -
© &FILTERS | s} 6} af 4| 4] a
e PHASE CONTROL al-al 3] 2| 2
s WAVEGUIDE al 4] 4| 4| 4] 2
‘s SWITCH GEAR al al| 3l 2} 2
¢ GROUNDTEST =~ = | - N
(INCLUDE BIO TESTS) - | 24 j 25| 22| 33|53/ 70
s ATTITUDE CONTROL 3|10]20|20| 4] 4
 POWER TRANSFER 2{20|30|60[10{ 4
IONUSPHERE - - 1 > ' {REQUIRES MODIFICATION OF
R N ARECIBO . N
RADIO FREQUENCY b 331 3 :
| totaL | 63 9.4 [107 143|970
e, - .

6LL
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Table 6.4 summarizes the key technical areas with their
associated risk rating and ranking for developing a low-mass, low-
cost, highly efficient solar cell blanket for SSPS. The’techno1ogy
risks are rated in the categories outlined in Table 6.1. The rarkings
of the priority for the association technology programs are based on
the status (risk) and the economic 1mpact the technology improvement
would have ori the program.

Some of the technology issues identified in Table 6.4 are
already being pursued by industry and ERDA. 1In ranking'priorities,
those technology programs that NASA might support are given higher
rank. For example, cost improvements for processing raw materials
to semi-conductor grade silicon is alreading being actively pursued
by industry. Also, ERDA is supporting development of the EFG crystal
- growth process development. WNASA might augment this program to insure
~that efficiency levels and qua11ty control Tevels needed for a space-
based array are met _

Table 6.5 is an overview of recommended technoTogy deve1opment
expendituras assuming that SSPS goals should be met in the mid-1980s

- for assurance of a 1995 operational plant I0C. These suggestions are -

~in adreement with those recommended for terrestrial applications outlined
in the "Workshop Proceedings for Photovoltaic Conversion of Solar Energy
for Terrestrial Applications," held October 1973. NASA expenditures in
Tasks. 1 and 2 should be minimal, = The unique requirements for space . ..
qualified solar cells warrants NASA expenditures in Tasks 3 through 5
at the same levels recommended for terrestrial applications.

Issues Requiring Further Systems Study -

Solar concentration is shown to reduce SSPS cost. lightweight
mirror design concepts and their implementation are needed. New filter
designs for concentrators will help improve solar cell Tife and per-
formance. If high concentration is used, techniques for fabricating
Tightweight structure and contour control are needed.

: The SSPS will generate high-voltage power in a relatively
stable thermal environment, but must maintain performance during a
30-year exposure to ultraviolet radiation as well as particulate
radiation.  The objective is 6 percent degradation over five years.
Tmprovements in environment resistance can be achieved by improved
material, radiation spectral tailoring, high-voltage plasma protec-
t1on, meteor1te harden1ng and 1mproved annea11ng techn1ques.

: Mu1t1-megawatt so]ar power generatTOn requ1res sw1tch1ng

- protection at high voltage and current. Development of high-voltage
switches and blocking devices are needed. Circuit design must con-
- -sider. induced magnetic moments to reduce effects on the avarail
spacecraft control. High voltage also leads to corona formation
that reduces component 1ife. The power distribution system design



Table 6.4 Large Solar Array Technology Requirements

 TECHNOLOGY
RISIC ASSESSMENT
ITEM RATING | RANKING o - COMMENTS
1.. Raw Materiﬁl .3 4 BACKGROUND: The initial proce-ss in fabricating solar blankets requires three energy intensive

Progess . ¢ : ‘ : -t ‘high ternperature cycles. A single step process could result in savings of 3 to 5 over the $60/kg to

- : ' $80/ky price paid today. Trichlorosilane used in the grocess is a large contributor to both energy

-use and cost. Alternates to this process should be pursued. Presently, Dow Carporation is researching
more economical goals for producing semiconductor grade silicon. Dow is actively investige*ing 20
promising chemical reactions with the goal to reduce the cost to $10/lkg.

"TECHNOLOGY OBJECTIVES: Achievea 3 to 5 reduction in cost for bringing raw mate ‘1 semi-
conductor grade silicon,

2. Crystal Growth -2 5 BACKGROUND_ -Three approaches to single-crystal growth being pursued teday are: 1) Czochralskl,
I C 2} WEB and 3) EFG. . The Czochralski method is c}mractenznd by large amounts of waste materials

| and is projected to achieve at most a factor of 2 savings in cost. WEB process could be sealed up in

-} erystal growth speed and. geometry with the potentia! of achieving a factor of 5 reduction in cost.

The EFG process shows the promise for the mast significant cost reductions (a factor of 10 to 100}

| The major problems are to find die materjals that ean withstand the temperatures of the process and you
maintain the efficiency of the solar cell produced. The currént process wark being performed by

- TYCO faliricates a silicon ribbon 100 & thick approaching the 50 2 SSPS requirement,

- TECHNOLOGY OBJECTIVES: Develop the EFG process to the point where 50 4 silicon rihbon can be
~ produced with 100% erystal and cell yield. WEB process should be continued as a program hackup.

3. Blanket s - "_4 s 2 { BACKGROUND: Current methods for fahricating solar blanicets is a slow, mostly hand-made
Processes S o pracess, A continuous process is indicated. Anautomated process that ingludes function formation,
: - R . installs. contacts, performs etching, etc. is bas:cal[y an engineering prnhlem. A pilot plant and
-verification program is needed.

TECHNOLOGY OBJECTIVES: Furmulate alternate cnncepts for blanket processing and demonstrate
most promising technigues. :

4. Pa;_::kaging o 3 .. B ".BACKGR DUND; The r'equirement:_fur 30 year life in a spage environment suggests that improve-
: . " ments in cell encapsulation would be required. Materials technology that improves the thermal and
radiation resistance of the cell must be developed and included in the ovemll automated fabrication of
‘the hlanket.

TECHNOLOGY OBJECTIVES Dcuelup new materlals that improve cell efficiency and radiation
E resmmnce. lncurpurate advanned encapsulation approach into the continuous ce!l fabrication process,

e e e i e i L i e i o © i e e s s - =
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ffab1e 6.4 Large Solar Array Technology Requil‘”e“‘e“ts(cont-'d)-

" TECHNOLOGY
RISK ASSESSMENT. "

RATING | RANKING | ) - " COMMENTS

ITEM -

5, Solar Cell

Performance
hnprovement

4 1 | BACKGROUND: Current industry space qualified solar cells can achieve heginning of life conver-
‘ -1 sion efficiencies of 12 to 14%. A program that strives to improve these efficiency levels to 18 to 20%
1 (AMO]} is required. This goal can be achieved through increases in fil} factor, short-circuit current, .
and open-circuit voltage. It would he desirable te deerease resistivity of the bulk silican to 0.07 ohm-em.
Lower resistivity gives higher open-circuit voltage. Increased short-circuit current could be achieved
by antireflective coatings that matel across the cell spectrum. The major issue is to achjeve these effi-
ciency improvements in.a mass produeed light-weight solar cell blanket,

TECHNOLOGY OBJECTIVES: Improve solar cell conversion efficiency to 19% (AMD) and maintain this
efficiency in a mass produced light-weight solar cell blanket, ;

G. Alternate

Photovoltaic :

Bevices

I SR 3 - | BACKGROUND: Investigations into alterpate photovoltaie conversion devices are showing a great'deal

1 ‘| of promise. Of particular interest is the: Gallium Arsenside Al GaAs/GaAs heterojunction cell. These
devices shown high performance at concentration {125% AMO at a concentration ratio of 300). An active
research and proof of cor~ept program on: ailernatn devices to the silicon cell should be pursued

TECHNOLOGY OBJECTIVES: To u.lemlfy and develop at least.one new photovoltaic sonversion
device that can serve as an alternate to the s:l:cnn ‘

é8l



Table 6. 5 Large Solar Array Techno]ogy Resource Requwement

M Terres tiri a] J(5M Space)

_ TA-SI( % | 77 | 78 '79- go | 81| 82 |83 | 84| 85 . COMMENT .
TECHNOLOGY &——{—PROOF OF CONCEPT | |
. REDUCE RAW SRR TR Y S | | A
| MATER!ALPRDCESS;- 68| 1|15 2 |ag-d— .50 . AUGMENT INDUSTRY/ERDA
-COST , (0.1} (0.2} (0.3} ] (0.5) fa— (1} — o - | - EFFORT
. REDUCE CRYSTAL 25| 4 |35] 5 | 30 +— & |  AUGMENT INDUSTRY/ERDA
'GROWTH PROCESS . (0.5} { (1.0}] (1.0} (2.0} j==— (3) . - | EFFORT.
3. BLANKET - 265 25| .3 | 4|5 9 —~80 T~ > ~ NASASUPPORT SPACE-
~ PROCESS | (25) | (2.5 3y ] )| B) le—i= (3}t~ - BASED BLANKET PROCESS -
s ; b ' “DEVELOPMENT
. PERFORMANCE 4 |as5{ 5| 5|5 |5 )]s |5 |5 |5 'NASA SUPPORT SPACE-
IMPROVEMENT A4y (sl (8} B (s) | (5) } GBI | (B) - BASED BLANKET IMPROVEMENT
. ALTERNATE - . |
PHOTOVOLTAIC 3 {3 3)4a]s|5}5]5]|5 | 5]| NASASUPPORTSPACE
- DEVIGES .= @) [y} (3} | )| (8} | (B) | ()| (5) | BASED ALTERNATES
TOTAL 128 15 | 16 20 | ——- 2201~
o (10.1)){11.2}{12.3} (14.5)ta-—- (37) — )
Z ¥ — ) k N3 RSN -
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must address long transmission distances on SSPS. A'key trade is to
determine the extent to which the conducting buses can also be used

as structure.. A tradeoff between ease of assembly, cost, mass,
reT1ah111ty and electrical efficiency should be addressed

A systems study summar1zed in F1gure 6.1 sh0u1d e performed

to deljneate a technoloay development program that establishes realistic.

goals in a phased program. The objective of this study would be to de-
termine the primary and backup paths for the demonstration satellite's
solar blanket. » _
The tasks in the systems study have the fo11ow1ng outputs'
Task 1:  Configuration Concept Des1gn/Se1ect10n

s Candidate concept designs for the solar array us1ng
various Tevels of concentration and solar cell type

‘. Structura1 thermal evaluation of the-array including the
solar blanket ifself.-

Task 2: Programmatics _
e Evaluation of the costs of each candidate array

® A ranking of program options with final se1ect1on af -
the primary and backup program path =~

. Techno]ogy proaram schedd]e and performance goa1s
Task 3 Operau1ons . | |

o Identification and evaiuat1on of so1ar b]anket assemb1y
and maintenance operations -

¢ Mission plan for Shuttle sortie demonstration f]ights.
Task 4’ Supporting Des1gn/Ana1ys1s v
e Documentation of those efforts on assembTy support equip-

~ment. designs, power distribution 1nterfaces, etc s needed ,
to support the systems study ' h

6.5  large Structures - Manufactur1ng, Assemblv, Ma1ntenance and
IR Contro] L G R T
The deve]opment of necessary techno1og1es for deployment of

. Targe structures in space requires a broad range of investigation 1in-
-cluding evaluation of materials characteristics, unique structural

designs that are Tightweight and capable of being tightly packaged for o

Taunch and development of low cost space assembly equipments and tech-
,niques Table 6 is a top Ievel summary of these 1ssues._



| SYSTEMS ANALYSIS

TASK1

 CON FiGURATION CONCEP'E' DESH GNISELECTION

» CQNCENTRAT!ON

——n

- SUPPORTING

- TASK 2

3

b .??Eégﬂom - STRUCTURAL/
. | » PHOTOVOLTAIC . ;ﬁiﬁgg
_ YECH ASSESSMENT [ _
TASK3 ) - 1 5
OPERATIONS
ASSEMBLY - MAINTENANCE -

Ty

PROGRANMATICS
FROGRAM - TECHNCLOGY
COST &
_ PROGRAM
RISIK AND " DEFINITION
RANKING '

TASK S

® REL]ABIL!TV
& FLIGHT MECH & CONTROL
» SUPPORT EQUIPMENT
-~ - DEFINITION a
@ POWER DISTRIBUTION
‘s ENERGY PAYBACK

SUPPORTING DESIGN/ANALYSIS

oe 00

Figure 6,1

chumo 0GY PROGRAMS ' ,
EEFICIENCY IMPROVEMENT {14% = 19%
WEIGHT REDUCTION (.525 - 282 |<ann2)
COST REDUCTION { -+ 54 $/M2) - '
LIFE INCREASE (= 20 YRS, 6% DEGRADATION IN 5 YRS}
HIGH-VOLTAGE CIRCUIT CONTROL (40 KV ~ 8% LOSS)

Lafge Solar"lﬁrray Program Phase A Study
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~ Table 6.6 Structures Technology Requirements
" TECHNOLOGY -
RISK ASSESSMENT -

iTEM | RATING | RANKING | COMMENTS

Structure . - 4 o1 BACKGROUND: Structurs is characterized as being thin wall, low deployed density, high surface-
: N ' h to-mass ratio, mks%allic or possibly tomposite elements assembled into open space frame structural.

. : | elements which in turn are assembled into yet larger space frames furmmg very large (approx. 1 km)

o v - _ " "I antenna and even larger solay arrays. After materials technology development and selection,

' o the new problems associated with low thermal inertia large dimension structures traversing the sun-
light/shadow terminator at orbital velocities must be resolved. The resulting basic design, -
recognizing high launch packaging density limitations must be fabricated on vrbit to achieve the
final low density deployed configuration. How this should he done is not lknown and development

risk rating should be considered as a firm four. :
TECHNICAL OBJ ECTIV ES: Develo p basic structural element with thlclmess of 0.02 inches

{0.605 m) and less using aluminum and compaosites commensurate with reqmrcd ground -hased
and/for snace-hased manufacturmg and assembly tcchmqnes.

40

Manufacturing 4 2 BACKGROUND:’ The‘:sp'ncific-teclmnlogy for manufacturing modules is not known at this time,
Maodules - S .1 but should be relative’s straightforward to develap once the basic design and materials have been

o ' established for thie items to he manufactured in space. The majer items are structural elements -
{open space frame structures) and slotted waveguides for the subarrays. Materials technology must
be understood first and then engineering efforts for relatively dutomated manufacture must begin,
Several iterations are probably required so the development must be pr.ced to assure a reliabie
aconomic process. Development risk rating should bea firm 4.
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TECHNICAL OBJECTIVES: - Dcvu!op moduins for on- orhit manufacturmg of waveguldes and
styucture. _

. _Remiite i 4 ' 3 BAC[(G ROUND: The specific technology for remote manipulation moduies is not lnown at 1h|s
Manipulators =~ - - . {1 | time. However, some investigations have beon conducted in associated control systems. The

o S ' development of these particular remote mampuiamrs should hegin after the hardware to be
maneuyered dnd joined has been defined. The control links will probably be through TDRS
so capabilities and limitations may begin earfier. Development tisl rating should be a firm 4.

TECHNICAL OBJEGTIVES: Devciop remote manipulator modules for the assembly,
insiatlation, removal, replacement, maintenance and operations in space.

981
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Table 6.7 is an estimate of the near-ierm resource require-
ments needed to implement structural technology efforts. These tech-
nologies have been categorized under two broad tasks. The first is
structural design and analysis which will provide the base upon which
the design efforts for the demonstration satellite will build. The
second task will design, build and test through simulation and veri-

fication programs, assembly/fabrication equipments and techniques.

Issues Requiring Further Systems Study

1. Static and Dynamic Structural Response to. Thermal-and
Load Environments

The orbital Toad conditions which may design the struc-
ture are sclar pressure, gravity gradient control torques and
orbital station keeping control torques and orbital station-
keeping control forces. The dynamic responses of the large,
flexible Tightweight space structure to thase disturbances

‘require assessment to obtain a stress-time history over the
30-year serwcn Tife.

A significant contribution to the tihermal stress/d1st0r—
tion is the induced thermal gradients resulting from the
ec]1pse of the SSPS by the Earth's shadow. The SSPS exper-
iences eclipse during a 45-day period at the vernal and

. autumnal equinoxes. The time in the Earth shadow varies
“from 0 to 72 minutés. As the satellite enters the shadow,
the temperature decrease in the thin structural members will
- be rapid. Thus, the vehicle will experience significant
- thermal gradients. As the satellite exits the shadow, the
thermal excitations will reverse. The entire thermal ex-
~posure cycle can induce low frequency oscillations in the
entire flexible vehicle. The effects of these osc111at1ons
. on the overa]] system require assessment. Lo

To study the contro? of a flexible structure in a
 gravity-gradient field, it is necessary to accurately
- determine the difference between the gravity force and:
‘the orbital centrifugal force at each mass point. In
many existing computer programs these effects are computed
ana then subtractnd however, the effects are nearly equai,
and it is the small difference which is of consequence. :
This pracedure is considered too inaccurate to be of value. . -
To improve the procedure, the gravity and orbital centrifugal
.. efiects. should. be expanded in a series, analytically sub-
" tracted, and programmed in a genera1 t1me-h1story structura]
program. _

It ds 11ke1y that. the att1tude control Jets will exc1te
"a number of high-frequency vibration modes as well as the =
Tower-frequency and rigid-body modes. These combined
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. ‘Table 6.7 Structural Technology Resource Reauirements

—

——e——

.

TASK 76 | 77| 78 | 79 |80 81 |s2 {83 |84 | 85
: PRELIMINARY DESIGN .
. DESIGN ~#——*" DEMO SATELLITE
1, STRUCTURE. ' - 1] _ i
® CONFIGURATION 5 5| 1.0f 1.0
s STRUCTURAL & CONTROL
ANALYSIS ' 3L .7 10] 16|
o THERMAL 3] 7] 10} 1.0
e STRUCTURAL ELEMENT. ' ,
DESIGN & FABRICATION | .7| 10| 20] 3.5
2, ASSEMBLY &
OPERATIONS 20 35] 70100 |
ToTAL  |38] e4l12 [17.1
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motions may result in waves which emainate from each jet and
damp out as they proceed through the structure. To accurately
predict the dynamic behavior of the structure, it appears that
an unusually large number of modes will be required; thus, the
computer time and storage requirements ould be excessive. For
these reasons a study is recommended to determine more effec-
tive dynamic-analysis methods for large flexible space struc-
tures. The improved techniques developed in this study will
also provide increased confidence in the ability of the control
system to achieve the required stability.

A suggested near term effort, that follows the logic
shown in Figure 6.2 would identify the extent of control
- system/structural dynamics problems by starting with a
refatively small structural model and huilding up to a
__poi?g Ef confidence in the simulation. The task outputs
wou e:

Task 1: Structural design for an SOPS array, antenna
and rotary joint with members sized for
aperational load, transport loads and thermal
“induced loads.

Task 2: Structural dynam1cs model of array rotary joint
and antenna in addition to model characteristics
needed in a control analysis simulation.

Task 3: Design and assessment of alternate control
system designs for the solar array rotary
joint and antenna subarray mechanical pointing
system.

- Task 4: Design and ana]ys1s of an SSPS stationkeeping
' system.

Task 5: Verification simulation of combined effect of
: . control system and structural dynamics.

2. Manufacturing and Assembly Technigues

The ‘capability to. fabricate and assemble large structures
in space is a key issue. The design fabrication, assembly
and transportation of the large space structure presents many
significant problems requiring advances in the state-of-the-
art of the related structural, materials, manufacturing.and .
-_assemb]y technologies. The manufacturing and assembly tech-
niques studies under this contract were based on the use of
-an.automatic fabrication module. The module automatically
fabricates and assembles the major structural components
~ from raw stock in Tow earth orbit.
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TASK 4
STATIONKESP
ANALYSIS
& SYSTEM -
CONCEPT DES'N
STRUCTURAL DESIGN y
ITERATION
CTASKT ¥ . . taska | CTASK3 . . TASKS
STAUCTURAL ég,’.}é’gf
STRUCTURAL DYNAMICS F ; .
_ A SYSTEM ENGINESRING
CONCEPT 1 MODEL & > AONGEPT 3 GinMULATION
DESIGN . | MODELDATA |.- - - ez SIULAT
R GENERATION- | Destan &
- e MATH MODEL

STRUCTURAL MATH MODEL ITERATION A
k|
SYSTEM

PERFEORMANCE
| &sTaziLiTY

Figure 6.2 Near <Term Structural Systems Study .
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It is recommended that the above be studied together
with alternate methods of manufacture and assembly to
establish the most effective and lightest configuration.

The manufacturing modules roll-form the basic structural
elements which are assembled and welded into the progressively
larger components. Investigations should be made to assess

- the use of other materials such as kevlar composites, graphite/

o epoxy composites, beryllium alloys, titanium alloys and various

-other aluminum alloys. These materials evaluations should be

coupled with the use of other structural shapes and configura- - -

_tions to obtain a more realistic trade study of mass, cost
and complexity.

3. Structura] Verification Techniques

It is recommended that investigations be carried out fo
evolve methods for verifying the structural integrity of the
SSPS. vehicie. The application of ground test: techn1ques
currently in use are obviously infeasible. It is proposed
~that ground test techniques for scale models which are struc-
trually and dynamically similar be developed. This procedure

. will provide verification of analysis methods., A second phase -

of this activity would be to design, fabricate and f11ght
test an instrumented model of reasonable scale.

4. Maintenance

Additional system level studies are required to delineate
technical issues and programs for maintenance operations. The -
‘failure rates assumed in the maintenance assessment in this =~
study are soft at best. The failure rate for solar cells for

example is based on QA0 where careful selection of high quality _'

components . was the rule, . 0On SSPS, mass production of solar
“blankets may preclude achieving as high a relfability. If
the open-circuit failure rate for an individual solar cell
increases an order of magn1tude (2.63 x 10 /yr), 7.8 percent
of the blanket LRU will fail in 30-years, requiring at Teast
one replacement of the entire array ($112 M/yr) over the 1ife
of the satellite. A trend might also be demonstrated for the
microwave components; however, the assumed redundancy and

- amplitron-tolerance to malfunction may provide significant

" pelief. An across-the-board reliability assessment of the
SSPS is needed to more precise1y determine maintenance cost.

: The 5.6 nercent power degradation Tevel before- 10west
replaceable unit (LRU) replacement used to determine mainte-
nance cost is driven by the assumed cost to repair (238 $/kg).
If transportation and maintenance cost doubTe, the point -

" where cost of repair equals expected -loss in revenue will
also double. A study that more precisely evaluates the
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tradeoff between loss in revenue and the cost to repair is
needed for each major satellite component. Amortization of
support equipment costs for various anproaches to maintenance
should be included in the analysis.

The initial investment for maintenance support equipment,
‘which assumes that one 6-man space station is allocated to
each SSPS, appears to be excessive for the amount of mainte-
nance predicted. Modifications to the maintenance scenario
- assumed should be reevaluated. Perhaps the space base and
teleoperators assigned to each SSPS could be used to service
several satellites, thus reducing considerably the cost to
each unit. A second option would eliminate the use of
multiple, manned-space stations. .An on-orbit maintenance -
"depot" facility would house spares and teleoperators and
the manned transport vehicle would be of sufficient size
to allow maintenance of support equipments and other func-
tions requiring manned participation. In this manner, the
costs for the man-rated equipments could be shared by many
power stations. Additional study is needed to determine
 the most cost-effective approach.

6.6 Transportation

_ - Transportation costs are potentially the most significant
element in determining the costs of the SSPS. Transportation costs
vary as a function of the 1ift capability of the launch system and
the orbit incTination at which assembly is performed. The technology
- base for developing the launch vehicle is in-hand. - Early SSPS devel-
opment can be achieved with the Shuttle or derivatives of the Shuttle.

Studies are already underway that are evaluating conceptual designs
for heavy Tift launch vehicles with payloads to low earth orbit of
183,000 kg (400,000 1b) or greater. The orbit transfer-stage, which
will transport the SSPS totally assembled or as Tlarge assembied
modules to geosynchronous orbit, reguire more technology development
1f cost goals are to be met. Near-term system studies are required
'to delineate the requirements and cost impact of transportation
-options. : o . ' -

_Figure 6;3 shows thé re]atibnship between orbit-to-orbit stage

“uhharactEristics,ﬂ1aunchfsystém~performance, and electric power incremental =~ -

unit charge rate. A high performance gas core reactor or ion stage would
be required for cost-effectiveness. - The ion propuision or other high per-
formance propulsion systems appear to'offer_the_1pwes§gcostrapprcach for
orbit-to-orbit transport of material. The following is a list of signi-
ficant issues for ion propulsion: i o :

1. Deve]opment'of_a_large diameter thruster. Current engine

" development (LeRC) has concentrated on a.30 c¢m thrusters v -7

_An extension ofrthE-ion'thruster diameter to 1 meter_ 7
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seems within technical feasibility. The grid material
of the engine will be the 1imit to the size of these

devices. As the thruster operates, the grids distort
thermally varying the spacing between the grids.

2. Selection and development of the power source.. The major

~ concern is that the stage must transport materials through

~ the Van AlTen Belts. The silicon photovoltaic power source

- may not be the best approach when performance degradation
of the cell due to radiation while in the belts is more
precisely taken into account. Other power sources, such
as nuclear or solar thermal, could readily get around
the radiation problem but wou]d Jntroduce other tech-
nology problems. What is needed is an across-the-board
system study of all options to better identify the more
attractive approaches

3. Selection of the nropeTlant Most current technology
- development has concentrated on mercury propeiiants., -

Use of this material on a scale needed for the SSPS may
not be acceptable in terms of the potential. contamination
to SSPS sensitive devices as the microwave converters and -
solar cells. As in the: case with selection of the power
source, an across-the-board systems study of the pro-
pellant options is needed to: c?ar1fy techn01ogy require-
ments. ,

: , 6.7 Env1ronmenta1 Impact Ana]ys1s I

As in the case with any progect that may . s1gn1f1cant1j affect
the human environment, all components of the SSPS and more generally,
"SPS, systems should be subjected to a thorough evaluation of the impact
on the environment. In planning the SSPS (or SPS) program, | this_ task

should not be treated lightly for it is the issue of environmental

impact that has delayed construction of conventional nuclear reactors,
© and Jiquefied natural gas storage. projects, and was an emot1ona1 issue
- in the United States supersonic transport program

Because of the magnltude of the SSPS (SPS) program, detailed
~ anvironmental impact assessments (ETIA) and environmental impact state-
ments (EIS) must be prepared for the major components and Subsystems of

the SSPS (SPS). These assessments in aggregate will comprise the assess- b

... ment of the SSPS (SPS) and will be used when comparing the impact of the
- SSPS(SPS)-with the impact of alternative power systems. ~Among the . - -
‘major components and subsystems of SSPS are the Taunch and landing
facilities for shuttle vehicles, the receiving antenna complexes, the

YThis stiidy has been Timited to the SSPS concept of satellite
power generation. Other systems are be1ng studied and whichaver

'f.ver51on of satellite power .station (SPS} is selpcted must be sub- .

Jected to rigorous envwronmenta1 analys1s
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‘corridors in the atmosphere through which microwave energy will be
beamed from orbiting satellites, the orbiting solar array and micro-
wave transmission systems, the terrestrial power grid, facilities
dedicated to the manufacture of components of the system, and all of
~the SSPS support facilities. Other variants of SPS such as solar
thermal and nuclear will have some unique characteristics regarding
environmental 1mpact There is, however, much commonality among these
_ systems. . _ _

“The Nat1ona1 Env1ronmental P011cy Act of 1969 (NEPA) and the
Council of Environmental Auality (CEQ) guidelines clearly state the
procedures whereby projects are subjected to environmental review..
The environmental impact assessment/statement (EIA/EIS) Tevel of
analysis must be in conformance with these reguirements. In broad
outl1nes therEIA/EIS format for all subsystems of SSPS will requ1re'

Descr1pt1on of the SSPS (SPS) System. Each subsystem proaect
must include a general project description, and descriptions of the
- construction phase, the operation phase and the eventual abandonment
phase.. The general project description should include the nature of -
“the action, the location and the purpose of the action as it relates
to the total SSPS (SPS) system.

Description of the Existing Environment. The phys1ca1
b1ot1c, and humin environments at and in the vicinity of the pro-
posed project site must be thoroughly documented prior to the initia-
tion of the project. The description of the existing environment
“ includes ‘such factors as real estate availability and tax structure,-

~availability of utilities and transportation, labor 1orce, living and
recreational conditions, baseline environmental data, zoning laws,

- building codes. and. required permits, and a justification for the

~ particular choice of site for the proposed SSPS subsystem.

_ Environmental Effects. A thorough descr1pt1on of the environ-
mental effects that are specific to the subsystem locational environment -
interaction is the most important part of the EIA/EIS analysis and it
jnvolves a.synthesis of the project description and the description of
- the environment without the proposed praject. - Impacts on the phy51ca1
~~biotic and -human ‘environments must be studied ina ievel of detail
appropraate to the subsystem magn1tude and operational mode.

Alternatives to the PrOposed Project. ATl reasonable alter- _

- -natives to the SSPS (SPS) must be evaluated from an environmental point .
- of view so that choice in the course of action can be made. The alter-

native of tak1ng no ‘action or postponing the action must be considered.

- This comparison of alternative systems will not be made at the component

~ Tevel of ~the-SSPS:{SPS) but-at the aggregate level because of the magni-
tude of the SSP$ (SPS) and the long time period during which it will be
developed. The discussion of alternative techniques for power generation

_‘w111 continue 25 2 general topic amongst policy makers for many years.. -
'It is obv1,,- that the d15cuss1on of a1ternat1ves to the SSPS (SPS) wilt
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~ be subject to criticism by all parties who are adversely affected by
the action since they will be biased towards any alternative action
which avoids. impacting them in either an environmental or economic
sense. . ]

Other Effects. 1In addition to the above four major areas
of EIA/EIS analysis, the CEQ guidelines currently require that addi-
tional points be addressed. Some of these points are very important
in the p]ann1ng phases of SSPS (SPS). Briefly these include:

] adverse env1ronmenca1 effects wh1ch cannot be av01ded

» relationships between'short—term uses of man's environ-
ment and the ma1ntenance and enhancement of 1ong term
‘productivity

¢ any irreversible or jrretrievable commitments of
- resources that would be involved in the proposed action

e an indication of what other interests and considerations
of federal policy are thought to offset the adverse en-
vironmental effect of the proposed action. -

_ The comprehens1veness and obaect1v1ty of environmental impact
assessments are crucial to the success of any proaect. Review of impact
statements by public agencies and by the courts is often focused pri-. =
marily on how the analysis meets the terms of the law and the attendant
regulation., The actual substance of the report, although important, is
often less an issue than the compieteness and objectivity of the analys1s.
Further, a thorough assessment provides an objective framework w1th1n -
which the project can be considered by the public.

_ Preparation of an EIA/EIS for the SSPS is presently several

- years away because the program is still in the planning and feasibility
stages. However, there are a number of environmentai assessments that
should be undertaken during the early stages of such a large and im-
portant program. An-environmental def1n1t1on study phase shoqu be
1n1t1ated 1mmed1ate1y to:

1. Exam1ne the env1ronmenta1 regulations app11cab1e to all
. subsystems of the SSPS operation.in order to ensure
compTTance W1th the law and expedite SSPS realization.

2. lIdentify those technical areas where long Tead- t1me
. .environmental studies should be ‘initiated in order to
establish baseline data required for the support of -
the environmental. impact assessment. Most notakble
_-among these is the effect of microwave radiation upon
'-fauna, flora, and the land, water and atmosphere. :



197

3. Ident1fy the resources that must be a]]ocated to de-
velopment of the SSPS. Included in this assessment
should be land management factors, tatal energy re-
quirements for system construction, resource factors
for long-term operation and maintenance, and other
factors which represent an ;rrevers1b1e and irretriev-

.able commitment of resources. :

4. Identify the upavoidable adverse ‘effects on the environ-
- ment. '

5. Ident1fy techn1ca1 and 1nst1tut1ona1 obstac1es to the
- successful completion of the SSPS program in order that
. they may be overcome. _

Cons1der1ng the 1mp0rtance of the SSPS (SPS) program, a multi-
man-year effort will be required of a team that has expertise in biology,
the physical sciences, social sciences, engineering, environmental affairs
and risk analysis, as well as-a thorough familiarity with ‘the technical -
and operational details of the SSPS {or SPS}.
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Appendix A: Economic Methodology

A.1 - Introduction

‘ The materials presented herein were developed for this study
over the period February through June 1975, and represent an important
- project activitv nf ECON, Inc. Some earlier results have already been_
d1ssem1ndteo 110, 11 and 12] ' ' '

: The purpose of this append1x is to present a deta11ed raview of |
the economic concepts and analytical constructions used in this report. The
obaect1ve is twofo]d

€ to provide the reader w1th the means to Ver1fy the study s
results and substitute alternative input data and assumptions -
1f des1red and

a to provide a reconc111at1on of the approaches used “in th1s
- study with those of other energy-economics studies.

The basis for the first objective is clear. Regarding the
second objective, it is all too often that due to the lack of complete infor-
mation and inconsistency of approaches among energy-economics studies, com-
- parisons are impossible. In this appendix, the minimum 1nformat10n requ1red _,
‘to make interstudy comparisons is estab11shed

The following top1cs are addressed

o"Methodo1ogy for Comparat1ve Econom1c Ana1ys1s of E1ectr1o
: Generat1on Systems (A.1}

8 ‘Computation of the Present Value of Cap1ta1 and the Equiva-
- Tent Annuity (A.2)

~® Reconciliation of Alternative Approaches for Conput1ng the
© -~ Present Value of Capital and Equivalent Annuity (A 3)

® %omp?tation of Economically Justifiable SSPS Unit Cost
(A.4 | o o

‘g DDT&E Payback'Ana1ysfs (A.S).

A.2 ‘ Methodology for Comparat1ve Econom1c Analys1s of E]ectr1c
' ) ~ ‘Generation Systems o _

Figure A,1 111ustrates'the‘cash flow profile of a representative
‘electric power generation system. The cash flows required for: the construction .
‘of the system are represented by the values, $110 x 106 per year (C¢) over -
the per1od 1991 to 1995. The capital payback (A¢) is represented by the values,
$41 7 X 10 per year over the 30- year operat1ona1 11fe of the system
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N - In the example shown, the constant dollar cost of the plant

is $440 per kilowatt and these costs are distributed equally over the
&-year construction period.' According to the formula provided for compu-
tation of present value, the (1975) present value of the cost of capital

s $368.40. The capital recovery payment {annuity over the 30-year oper-
ational period of the plant) is a value such that its (1975) present
value equals that of the present value of the capital. Thus, at the sti-
pulated discount rate, 7.5 percent, the annuity (A¢) is a cash flow re-
cejved by the providers of capital to the utilities (lenders and equity
owners) such that they (in 1975) are indifferent to hoiding 5368.40

or receiving a annuity of $41.70 per year over the period 1985 through
2025. This present value concept is expanded below with the use of.
Figure A.2 which provides an additional example. S §

Assume that a particular technology subsystem of the SSPS were
- estimated to cost $380 million and that the costs of develcpment would be
expended--cvenly-~over the period 1985 through 1990. All expenditures
would be paid out at the beginning of each year, i.e., $76 mit1ion would be
expended at the beginning of each year for five years. Using the formula

- provided in Figure 3,1, the present value of this expenditure is computed
to be $161 million. ‘This is the value which is economically equivalent in
1975 to $360 million expended in the way assumed, i.e., five equal payments.
That is, a "rational" economic being would be econamically indifferent
between having a bank balance of $161 million (in 1975) and receiving $76
million per year for five years starting at the beginning of 1985. -

- ~ As illustrated in Figurz A.2, a $380 million DDT&E expenditure
“could be financed with an initial bank balance of $161 million starting in
1975. The present value, $161 million, is a function of (1) the discount
rate, {2) the year that the expenditure begins, and (3) the expenditure pat-
tern. Higher interest rates and/or an earlier expenditure start would re-

“duce the present value, and vice-versa.

As shown in Figure A.2, $161 miilion put in the "bank" would
compound at an annual rate of 7.5 percent to 5325 million.at the beginning

" of 1985 when the first "withdrawal" of $75 million is made. This would"

reduce the "bank balance" which would, in turn, increase by the interest
‘received over the year; and then another $76 million payment would be made, -
and so on. After the last $76 million payment, the balance would be
reduced to zero. LT IR ' - '
The computed value of A, the economically equivalent annuity,
is ‘a function of the parameters shown, i.e., M, the date of the beginning -
of canstruction, N the date of the beginning of operation, O the end of
operation and R, the discount rate. The most sensitive paramenter is R--

'}1:The assumption of equal distribution of costs over the cunstruction
period is only for purposes of example. Certainly, the present value
ooef capitalhmay-be_cqmputed under_aqy-distribu?ion_gf-outiﬁysg_ L
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the higher the va1ue of R the greater the annu1ty must be to yield an egiva-
Tent economic value, and vice-versa.

- -Ta the value of A must then be added the "recurring” costs of the
electrical generat10n system, i.e., values for taxes and insurance, opera-
tions and maintenance and, in the case of the terrestrial systems, fuels.

A major point to be emphas1zed is that “constant dollars” not
"eurrent dollars" measure the economic cost of a project. Unless it can be
shown that there will be differential inflation among the cost components
of_a plant, tne correct approach 1§ to use constant dollars.

While the recent exper1ence has, indeed, evidenced a higher rate
of inflation for fuels than other generating systems cost components, the
historical data show that over the Tong-run, relative price changes in these
- categories have been esseniially egqual. It is assumed, therefore, that the
recent dramatic (differential) inflation in fuels will be a short-run
phenomenon, and by the time period in which the SSPS or terrestrial systems
would be constructed {around 1995) the relative prices will have readjusted
themselves to their long-run historical relationships. The issue is that we
do not know what the rate of differential inflation may be over- the next
20 years, and it is deemed preferable to make the neutral assumption--
which, again, i5 in' 1ine with the historical trend--that over the long-
run the relative rate of infiation among the cost components will be approx-
imately equal. On the other hand, to the extent that it is believed that
we may expect differential changes in the real economic cost, i.e., relative
orices of fuels, etc., these should be introduced into the anaTySis

The discount rate chosen for this study, 7.5 percent, is eco-
nomically conservative with respect to the SSPS. This rate has the effect
of placing a relative cost burden on the SSPS, since it is the most capital
intensive of the systems being compared. Other studies? have indicated a
required real average rate of return (between equity and debt capital) for
the future funding of electric utilities to be about 5 percent. We have
‘elected to use a h1gher discount rate for two reasons: one, to introduce
a risk factor for uncertainties in the development and operations in the
SSPS system and two. to refiect the idea that SSPS~-at Teast in its earliest

. stages--may be a 'mixed public/private enterprise. Currently, a discount

rate of 10 percent is being used to evaluate pub11c projects. The 7.5 per-
cent used would represent, therefore, an averaging between the real rite of
return that is required by a commercial venture (5 percent) and that wh1ch
C s expected to accrue to pure1y'pub11c ventures (10 percent)

T e——

2 U.S. Fedéral Energy Adm1n1strat1on, Project Independence B]uepr1nt |

7F1na1 Task Force Report - Finance, November 1974.

The Aerospace Corporation, Power Plant Economic Model Program Descrip-
- tion/User’ s _Guide {ATR- 74[7417-16]- -1}, June 1974. -

Hass, J.E., E.J. Mitchell and B.K. Stone, FTnanc1ng the Energy Industry,
Cambridge: Ba111nger Pub115%1ng Company, 1974
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A.3 " Computation of the Present Value of Capital and the Equivalent
Annuity

Figure A.3 contains a summary of the methodo1ogy used for com-
puting the present value of capital and the (economically) equivalent
annuity. The numbers in parenthe51s represent the step-numbers 1dent1f1ed
" in the fiaure.

The “constant-dollar cost” measured in units of dollars per
kilowatt (1) is divided by the "mature plant availability factor" (2}. This
equals the "adjusted constant dollar cost" measured in dollars per kilowatt
(3). This value, divided by the “Tength of the construction period” measured
in years (4) equa]s the "adjusted constant dollar cost" of capital per year
measured in dollars per kilowatt (5) This value and others (the discount
rate [R] and ths number of compounding periods per year {ii]} as given in (6)
are inputted to an equation (7) to compute the "present value of capital” at
t=0 (8). This result and the other parameters in (9) may te inputted into an
enuation (10) which computes a value for the annuity that must be adausted
to account for the ua1t1nq (construction) period. This adjustment is done
with the value generated in (11). This yields the equivalent annuity (PWT*)
whose dimensions are dollars per kilowatt per year. This value if received
annualiy over the payiack perijod would y1e]d a present value equal to the -
present value of the capital. If a result in units of "mills per kilowatt
hour" 1is des1rab1e, the next step is to divide the result in (12) by the con-
stant, 8.76. given in (13) This equals (14) the annuity value in mills
per kilowatt hour, : : . B R

As indicated in Figure A.3, the parameter PMT 1is the value obtain-
ed in (58), Y is equal to the. construction period in years given in.(4), _
N is equal to one (the number of cumpound1ngs per year) and R is the discount
rate. In (9) the parameter, PY, is the result obta1ned from (8), X is equal
to the payback period (assumed to be 30 vears). N is equal to one and R is
equal to 7.5 percent. The value, 8.76, given in (13) 1s the well-known
conversion factor used to adjust dolTars per k11owatt year into mills per

- kiTowatt hour.

A4 ‘Reconciliation of A1ternat1ve Approaches for: Comput1nq the Prasent
Vaiue of Capital and Equivalent Annuity ‘

. Figure A.4 j1lustrates a reconciliation between various approaches
that are used for determining the present value of cap1ta1 and the equ1valent 3
annuity. As will be shown, they yield the same economic results. '

' _ Method I 1is the approach used throughout thls study The
example given 1s for & direct coal-fired p]ant Operatzng at a (mature) plant
availability factor of .75. .As provided in the previous section, the ad-
justed capital costs for an environmentally controlled system, is $440 per -

- kilowatt. As illustrated in Figure A.4, the capital costs.are assuled to :
be distributed ‘equally over the construction period, i.e., $i10 per kilowatt,

per year. The costs are then discounted back to the start of the construction '

- period, t=0. The present value at t=0 given a 7.5 percent d1scount vate equaTs '
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440.0

440.0

- 440.0

41.2

92,1

104.0-

430. 0

492.%

565.2

F1gure A4 Reconc111at1on of Alternative Approaches
' {Costs mn Un1ts of $/kw)

§02
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$368.40 per kilowatt. The equiyalent annu1ty over the operat1ona1 period
equa]s $41 7 per year or 4 8 m111s/kwh

'_ Accord1ng to Method 11 (wh1ch is the approach that JPL has
chosens), the present value calculations are evaluated at t=4, the end of
the construction period. According to this approach, the present va]ue of
the capital would be $492.1 per kiTowatt, The numerical difference in
'present value between Method II and Method I fis represented-by-the shaded
area in the iTlustration for Method II, and this is usually referred to as

"interest incurred during construction.” The equivalent annuity evaluated
- at t=4 is $41.7 per year, the same as Method I, and hence, the approaches

used by ECON and JPL yield identical resu1ts

The reason that the numerical results for the equ1va1ent annuity

are equal in approaches I and II is explained as follows: in Method I the

present value of capjtal outlays is calculated at t=0 and revenues do not
accrue until after t=4. Thus, there is a period of waiting (varying for
each .dose of cap1ta1 outlay) before revenues accrue to pay back the capital
expend1ture “In Method II there is no waiting pariod, revenues are re-
ceived in the period immediately folTowing t=4, the reference date for which
the present va]ue of cap1ta1 outlays has been computed

: Method III is Method Il p1us a factor prov1ded for 1nf1at10n
during the construction per1od As seen, the capital cost-in constant
dollars is the same. There is, additionally, an escalation factor--

- assumed for the example to be & pércent per year~~that would raise the total

capital costs by $41.2 per kilowatt. Added to this is the interest accrued -

during construction, and considering 1nf1at1on,'th1s would be $104.0 per

kilowatt. Total cap1ta1 cost evaluated at t=4 is $585.2 per kilowatt. In

~order to compute ‘the equivalent annuity, the "nominal interest rate" of
13.9 perc¢ent is used. This is the product of the real interest rate,

7.5 percent and the inflation rate, 6 percent (1.075 x 1.06 = 1.1395).
.Thus, under this approach with a 6 percent per year inflation assumed to
be sustained throughout the 30-year payback period, it requires $83.3 per
year (9.5 mills/kwh) to generate revenues with a present value equaT to
that of the cap1ta1, and provide for a real rate of return of 7 percent

- or $41.7. per year .in constant dallars.

Each of these methods are econom1ca1ly gu1va1ent Although
the numerical results may differ, eacn evaluates the systems to cost the
‘same amount in terms of econom1c resources :

A.5 Computat1on of Econom1ca11y Just1f1ab1e SSPS Unit Cost

Figure A.5 provides the methodology used for - comput1ng the ST

"econom1ca11y Just1f1ab1e" un1t cost of a b, 000 My SSPS

3Doane, J W. and R. P 0 TooTe.' “Baseline Economic Analysis for Solar

~and Conventional Central Power Plants," Jet Propulsion Laboratory
Eng1neer1ng Memorandum, September 3, 10;5
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The first input in Figure A.5 is a value for electric generation
costs {in mills per kilowatt hour) of an alternative (competing) system, item
(1). This value must then be scaled up to the annual revenues at a level
of 5,000 mMy.  The scaling factor is given in (2). This. equaTs the annual
revenues from the generat1on of 5,000 M{ per year, and it is this revenue
which serves as the pasis for the computation of the SSPS allowable unit
cost.

Before thé'capita1 can:be.répaid; the SSPS has to pay its mainte-
nance costs, calculated to be $136 milljon per year (See Section 3.1.3.2.1) and
taxes and insurance which are assumed to be 32.2 percent of the revenues.

" The use of this latter constant requires an exp1unat10n.

According to our work1ng assumpt1on, annua] taxes and 1ﬂsurance

- -are equal to 5 percent of capital. This is in Tine with a "rule-of-thumb"

which is currently used for terrestrial p]ants._ We cannot, however, use

the 5 percent constant in this exercise, since it is the. cap1ta1 itself

that we are trying to estimate. To eliminate this problem, a "trick" has
been devised. This is to assume that the cost for taxes and insurance

would be incurred in the same proport1on to revenues as computed with the
original SSPS unit cost estimate (cf. p. 107). Hence, when we first esti-
mated the capital costs of SSPS to be $7 6 billion, using the 5 percent

~ constant, the value for taxes and insurance was estimated to be $377 mil- _
- Tion per year. Summing the annual cost of cap1ta1 {$657 million per year),
the value for maintenance ($136 million per year), and $377 million per

year, the total annual SSPS cost was $1170 million per year. The propor-

o tion cf annual costs’ for taxes and insurance is 32.2. percent of the tota1

Subtracting the value for taxes and insurance and operations and
maintepance from the annual revenues, a value may be obtained for the maximum

| " economically justifiable annual revenues for repayment of the:S5PS unit

cost. This value is designated as the parameter, "PMT", and with the other
parameters shown in (7) are inputted into the equation (8) to obtain the
economically justifiable present value (at t=0) of the unit cost {9}). 1In
order to convert the present values into undiscounted dollars, the result .
in (9) is inputted along with the parameters given in (10) into the equation
shown in {11). This provides a value for the economically justifiable annual

" construction cost.of the SSPS. To obtain the total economically Just1f1able

unit cost, this result is multiplied by the value of the parameter “X" given’
in (10} which is the 1ength of the construction period--in years. The.
product of the result in {11) and (12) is the ac0n0m1ca11y Just1f1ab1e
{5,000 MWY. S5PS un1t cost given.in (13) o “

A6 R DDTAE Payback Analysis.

S ‘The methodoTlogy. for perfornlng -SSPS DDTRE Fayback Analysis is.
111ustrated in Figure A.6.. Inputs to the analysis are the SSPS. buildup
profile (1) and the present value of the SSPS DDTAE (2). Although the exact
date to. wh1ch the DDT&E 1s d1scounted s arb1trary, 1t 15 in this example,
1975 _ L e
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The SSPS buildup profile has been 0rigina11y presenteé in Section

and is given again as Figure A.7. As indicated in Figure A.7 with an
initial operational capability (IOC) of {end of) 1995, by the {end of) 1996
there would have been one SSPS revenue-year. Accordlng to the build-up -
profile there would be a build-up rate of two SSPS per year until 2000, and
after that, four per year through 2025. The cumulative number of 5 W
.'operat1ona1 units at the end of & given year, ‘t, would be-as 1nd1cated in.-
Figure A.7.

The second input to the analysis is the present value of the SSPS

DDT&E (2}.' This value {provided on pages 109 and 110) in undiscounted -
values is $44 billion.

- The next step (3) is to solve for “Delta Revenues" (R*) per SSPS

such that the {1975) present value of R* equals the {1975) present value of -

the DDT&E. Examples of the calculations of R* for 1996, 1997 and 1998 are
prov1ded 1n Table A 1.

TabTe A.l conta1ns examples of the method for comput1ng the SSPS
DDT&E Payback Function.

- By (end of) 1996; t--which for purposes of discounting back to
1975—-15 valued at "21." There is one 'SSPS operating for one year. To
solve for R*, the present value of R* is set equal to the present value
- . of the SSPS DDT&E, The computed value is, of course, a relatively large
~ value, and we would not expect that a single operational S5PS could ever
vepay the DDT&E. In 1977 (t+1) there would have been one SSPS operating
- for two years and three SSPSs operating for one year (the original SSPS
would be operating for two years and the two additional SSPSs with a 1996
I0C would have been operating for one year). The method would be to solve
for an R* such that its present value would be equal to the present value
of the DDT&E. In 1998 (t+2) there would be one SSPS operating for three
years,: three SSPSs operat1ng for two years and five SSPSs operating far
one year, and so on.

As indicated in Figure A.7, the values of the DDT&E Payback
 Function do not begin to fall into a reasonable "range" until about
2005 when 29 SSPSs will have been operating for at least one year;
leading to a value of R* of about 20 mills per kilowatt hour. )

: As stated in the veport, the DDTRE. Payback Function becomes
asymptot1c to the x axis as the alternative electric generation costs ap-
proach 27 mills per kilowatt hour. This is explained by the discounting
._;phenomenon wh1ch reduces the present va1ue of future revenues

To the value of R* is added the unit °SPS costs ahonn in (ﬂ)
as (R) and has been estimated to be 26.7 mills per kilowatt hour. R*-.
‘which is a unique, interest rateudependent value~-is added to the vailue,

R. which is constant, and the result is given in Figure A.6 as (5), the cost

of electric. generation of alternative system such that the SSPS DDTmE is
recovered by year t. This™is the ordinate of Figure A.7. The reason that
- the ordinate and tha-tesultginELS).is-giyen_as:thercgst of_alternapive .
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R*=flequired ‘annual revenues per SSPS in year t+H for DDTEE recovery.
Ie convert to wmills per kilowatt hour, divide result by:

2. r=.075 (7.5%), t=21

o I
28
a3
3o
Table A.1 ° Hethod for Estimating the SSPS DDTRKE Payback Function Q
. (END OF) R : . SOLUTION FOR {R*}": _ANNUAL REVENUES - - ﬁq’
YEAR - S5PS BUTLD-UP SCENARIQ PER OPERATIONAL 6x103 W SSPS2 _ =
1996(t} 1:55PS operating for 1 year (1975)PV= $16.5x10%= rfire - . - | é
1997 (t+1) 1 S5PS-operating far 2 years | (1975)PV= $16.5x10%= R° +'3337 = N 1 o
. L 3-55P5 operating for 1 year ‘ - ‘ (e Ty
' ]993(t;2) 1-SSPS operating for 3 yéars (1975)pv= $16.5x10%= - E: et ?E* t+1+:?E* t+2;
. ' 3 'SSPS operating for 2 years ' LD SO Lan MR EE T
5.55P5 operating for 1 year- . : :
— ' T : 9. R+ ___ 3n* | 109R*
2025(£+29) 1 -55P5 operalting for 30 years (1975)PY¥= 316.5x10°= —rt b typt ... F $+20
o S 3 '$5PS operating for 29 years o _ ;(lirit.(1+rj e (Tarytte
109 55PS operating for 1 year -
1.

8.76(5.100),
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genevation systems, is that we assume that SSPS would not be used
if there were alternative systems available that would provide
equal generation capabilities and electric power at lower cost.
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'APPENDIX B: WORK BREAKDOWN STRUCTURES SSPS AND PRS SYSTEMS

B.1 - - Satellite Solar Power Station

B.1.1 "Work Breakdown Structure and Program Schedule

A pre11m1nary SSPS Work Breakdown Structure- (NBS) ‘and program
schedu1e have been compiled to establish a "strawman” for programmatic anal-
ysis. A three-step program (cf. 103). Figure 3.40 was utilized. A small
LEO Process. Development and Test Facility was planned for deployment in 1985.
A geosynchronous-stationed 1 GW pilct plant might be scheduled with a 1900

10C, depending upon its economic merit, and & full capability plant (5 GW)
is schedu1ed for 1995.

_ F1gure B.1 is the WBS used as the roadmap for cost accounting
and program planning. There are 11 Level-2 elements identified:

Project Management

System Engineering and Integrat10n
Transportation

Assembly

On-0rbit. Assembly Support Equipment '
Transportation and Assembly Ground Support Equ1pments
LEQ Development and Test Satellite Program
Pilot Plant _

‘Operational Plant

System Maintenance

Fac111t1es

Proaect Management ( 01)

This element of work accounts for the technical and administra-
tive planning, organization, direction, coord1nat10n, control and approval
mechan1sms to accomplish overa]] program obJect1ves

Systen Eng1neer1ng and Inteqrat1on { 02)

Th1s e1enent 1nc1udes all the necessarj eng1neer1ng and sysLems'
management ‘efforts needed to achieve an integrated program. It includes

| ~_engineering management, systems engineering, design engineering, support

engineering ‘and the assurance technologies, namely, reliability, qua11ty
assurance maintainability, safcty, env1ronmenta1 protection as we]] as 1m~
pact and assessment }

”Tfaféﬁdrtatidn?(~03)*.;'_f“

This element 1nc1udes the development, product1on and cperation

e of all systems that transport materials, equ1pment and persennel from launch

| through deployment at the designated mission orbit.. Figure B.Z is a program-
. schedule for the transportation elements ‘used in the progranmatic analysis-
of the SSPS and 1nc1udes the f011ow1ng elements
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Shuttle (I0C 1981)

Deploy Only Launcher (IOC 1987) - A derivative of shut-
tle using External Tank, Solid Rockets and a payload
shroud which is integrated with a propulsion package
of SSME's. This launch system is fully recoverable with
a payload to low earth orbit of 72,640 kg (160,000 1b).
HLLV (10T 1992) - New Heavy Lift Launch Vehicle. fully
recoverable with 181,600 kg {400,000 1b)} payload to Low
Earth Orbit, ' '

Large Cryo Tug (IOC 1987) - An orbit transfer vehicle
for transporting materials, equipments and personnel
between low earth orbit and geosynchronous. The vehi-
cle baselined for this study is a derivative of the
external tank and SSME. It requires in-orbit refuel~
ing.

Advanced Ton (I0C 1992) - A large high performance
stage with the capability to transport assembled SSPS
from LED to geosynchronous orbit.

Propellant Farm (I0C.1987) - A set of propellant stor-
age tanks and support equipment for cisying and trans-
ferring propellants for the Large Cryo Tug and Advanced
Ton Stage.

Maneuver Tug (I0C 1987) - A Tug used to maneuver and
transport large equipments, materials, propellants,
etec, in the vicinity of the assembly site- and. propel-
lant farm.

Assembly \-04)

Th1s WBS e]ement 1nc1udes a]] equ1pment requ1red in the assemb1y
operat10n for the fabrication, joining and integration of the SSPS. Figure
B.3 is a development schedule for the equipment 1nc1uded under this WBS ele-
. ment. This element 1nc1udes' ' _ . . v .

(- 04-1)
(- 04-2;

(- 08-3)
(~ 04-4)
. (- 04-5)

Fabrication Modules (I0C 1983) - A highly automated
device that fibricates structural beams in orbit.
Teleoperators {I0C 1983} - A remotely controlled mod-
ule used to assemble structure, microwave components,
solar blankets, etc.

Manned Manipulators (I0C. 1983) - A manned-rated maneu-

‘vering vehicle with manipulator arms used in assembly.

EVA Equipment {(IOC 1983) - Space suits and equipment
for an EVA mode of assembly.
Logistics Equipments (IOC 1983) - A small Tug used to

‘move equipment, materials ‘and personneT 1in the vicin-

ity of the assembly site.

v,,OnvOnbit Assemb1y-5upport,Modu]es'and Eaquipment (—05) o

’ Equ1pment needed in support of assembly Operat1ons. This in--
cludes space stat1ons, Shuttle ancillary equipment and crew transport mod-
‘ules:  Figure 'B.4 is a’'schedule for the deployment cf these equ1pment -The
f0110w1ng summarizes the Leve1 3 WBS e]ements~: 
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(- 08-1) LEO Space Station (IOC 1987) - A modular, 6-man space
- station used to house the assembly crew, maini~nance
facilities, large elements work area (hangar), and
- - assembly equipment in low earth ovbit. . = .
(- 056-2) 50 Space Station (IOC 1987) - A modular, 6-man space
station to perform functions similar to those for LEQ
Space Station but-on geosynchronous orbit.
(= 05-3) SO Transfer Module (I0C 1987) - A crew transport mod-
' ‘ule used to house crews for transport between L%0 and
- synchronous orbit. o -

Transport and Assembly Ground Support Equipment
' '(IOC 1983, 1987 and 1992) (-06)

o ~ . The ground equipment required to support launch and mission op-
erations including development of communications centers and networks. “This
WBS element has not been included in the programmatic analyses because more
depth of definition of the satellite, assembly equipment and operations is ,
required to define this WBS element to sufficient depth for costing. -In the .

“interim, this is considered to be included in the 20 percent task factor ‘
applied for cost uncertainty. '

LEQ Development and Test Satallite (10C 1985) (-07)

Figure B.5 is a conceptual design for a 15 MW (transmitting ad-
tenna output power) demonstration and test satellite. The solar array is
layed-out at a concentration ratio of two.  The silicon solar cell blanket

efficiency was established using the projected efficiency for the SEPS array

(12%) and then degrading efficiency for the operating temperature at a con-
centration ratio of two. A power distribution system efficiency of 82 per-
cent was utilizad to compute the array output power.’ S

-+ . The-array mass estimates used the projected SEPS solar blanket -

masses (0.525 kg/m2) and the 0.5 mil aluminized Kapton masses projected for
the 1995 mirror system. The mass per unit length of structure for the 1995
sateilite was used to establish the non-conducting structural masses. The .
cotumn lengths for this design are approximately the same as the 1995 system.
The mass of the conducting structure and central mast are sized by electri-

- cal requirements in the 1995 system; but are sized by structural reguire-
‘ments- in this system. The rotary joint is scaled down (1/10 size) from the .

1995 system. ~ The total mass of the satellite is 228,343 kg (503,148 1b).

The 1985 development and test satellite is assumed to be a de-

- velopment spacecraft placed “in Tow earth orbit by the Shuttle. The final =~

configuration is envisioned to be assembled through a series of sortie tech-

noiogy flights started as early as 1981. Figure B.6 is a preliminary mis-

sion schedule leading to deployment of the demonstration and test satellite.
. The first Sortie mission evaluates different methods for deploy-

- ing and fabricating structural elements. Options for assembly operation of

"]':' the basic structural beam are demonstrated in Mission 2 and 3. laveguide
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. (ASSEMBLY} | | B | R LEAVE IN ORBIT
4 < WAVEGUIDE . o leksms FLTS R “~ATTACH TG STRUCTURE
_ FABRICATION = - - B & LEAVEIN ORBIT
5 = ELECTRONIC WENTH 5 FLTS | '
" INSTALLATION | | |
6A — SUBASSEMBLY TO o | EaEmEeFLTS ' . ADD TO MODULE m
. SUBASSEMBLY I R o . - {oommT
68 — COMPLETE ANTENNA T - | ESSSEAREEE 24 FLTS
- ASSEMBLY ) : - | ' |
7 - — ROTARY JOINT - , | o Ezmnmy R ADD §/C MODULE &
 ASSEMBLY | . o e - ' LEAVE IN ORBIT -
'8 — ROTARYJOINT S S | ESEMERIEZ3FLTS | LEAVE IN ORBIT
TOANTENNA | | ; . - ‘ ' a : .
9 -~ CENTRAL MAST & - . E REEMANISRIZ FLTS | ADD TO ASSEMBLY
~ INTEGRATION TEST - I .. - N ORBIT |
DEMO SATELLITE: S I _ 1
10 - SOLAR ARRAY ERECASNLTEIER 18 FLTS  ADD ANTENNA TO
~ ASSEMBLY - | COMPLETE.
. DEMO SATELLITE
C11 - ASSEMBLY
'~ TRAMSFER S
. —
Figure B.6 Mission Schedule
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Figure B.7 Pilot Plant (1990) 1 GN Ground Power

2de



- ELEMENT

YEARS

76 |77} 78)79]{80{ 81| 82183

84|85

86

a7

it

89(90|91}92]93 94| 95

e

SOLAR ARRAY

ANTENNA INTERFACE

TRANSMITTING ANTENNA

RECE{VING RECTENNA -

: 'I Gw ARRAY 87% EFFICIENT CONVERTER -

R

RTINS N B

B et

11 I(M INSTALLATION 87% EFFICIENT

&

‘Figure B.8 SSPS Devélopment Schedule ir:_ey.‘l\ﬁ'lestones

£22



. 224
deployment and/or fabrication is addressed in Mission 4; while installa-

. tion of the microwave components and electronics integration is addressed

in Mission 5. Mission 6 is a series of fiights that builds on the single

18 % 18 m subarray, left in orbit in Mission 5, up to the desired antenna
size for the Demonstration Satellite. Missions 7 and 8 assemble the Rotary
-Joint and interface it with the Antenna. Mission 9 assembles the central
mast and Joins it to the rotary joint. Mission 10 assembles the solar array
and instalils the microwave antenna to complete the assembly of the demon-
stration satellite. Mission 11 transfers the assembied satellite to its

- operational orbit. .

 Pilot Plant (10C 1990) (-080)

S - Figure B.7 is a conceptual design of a 1 GW, ground-output
pilot plant for operation in 1990 at geosynchronous a1t1tude Whether
this 1 GW plant should be built depends upon its economic merit. The
assumptions used to size _the configuration are included. The total

- system mass 1s 8.33 x 106 kg.  The transmitting antenna on this config-"'
uration is the same size as that for the 1995 SSPS; however, it is
assumed to transmit ~ operational pawer 1eve1

Operat1ona1 Plant (10C 1995) (-09)

The operational plant is a 5 GW facility which utilizes an
‘advanced solar blanket and the -same antenna size as the 1990 facility -
with full complement of rf generators. A system description of this
~ plant can be found.in Section 3.1,1.  Figure B.8 is a schedule of key -
development for each Level III WBS element. The following summarizes
the subdivision of work: '

(- 09- 01) Solar Array:- A large photovoltaic array operated at-
2:1 concentration with the following elements:
(-01. 1) Solar Blankets
Concentrators
Conducting Structure _
Non-Conducting Structure
Power Distribution, Control and Switching
. o Attitude Control and Avionics =
(- 09-02) ‘Antenna Interface: A large diameter rotary Joxnt for
g fine pointing the antenna and transferr1ng power with
the following elements:
(-02.1) Slip Rings and Flex Harness -
- (~02.2) Control Drive
- (~02.3) Structure
{~02.4) Power Mg tribution
oo oo {-02.5) Control.and Avicivics -
{-09-03) Transm1tt1ng Antenna: A large phased array that ut1- "
: . Tizes slotted waveguides and crossfield amp11f1ers
The f0110w1ng elements are included:
o (~03.1) " Power Interface - . - e
-03.2) dc to rf Converter
(~03.3) Slotted Yaveguide
.4) Phase Front Control
J5) Support Structure

e S e
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- (- 09-04) Rectenna: A Targe solid state receiving and rectify-

ing antenna for conversion of rf power to dc electric. .

The following cost elements are included:
(-04.1)} RF~-DC Subarrays ,

(-04.2) Power Interface

- {-04.3) Site Preparation
(-04.4) Real Estate
(~-04.5) Support Structure
(-04.6) Phase Front Control.

- Systems Maintenance {-10)

This includes those equipments for on-orbit maintenance of the
‘satellite, and the cost of spares and the equipments necessary to maintain

- spares. The cost of the on-orbit equipments and spares have been included

in the cost estimates. The cost of the ground equipments and the ground
spares have not been included in the cust estimates of Section 3.1.3.2.1.
_ It is assumed to be covered 1n the 20 percent cost uncerta1nty a11otment

FaC111t1es (-11)

, Th1s WBS element includes the facilities required for support
operatTOns ‘and the manufacture of the major hardware elements of the satel-
1ite, Cost estimates for facilities have not been included in the overall
progranm assessment in this preliminary study. These are assumed to be cov-
ered 1in the 20 percent cost uncerta1ntv al]otment

B 1.2 Cost Est1mates

ing cost estimating reTat1onsh1p (EER'S) The Koelle model (presented at -
the International Academy of Astronautics, October 14, 1972) was used To
establish development and unit production estimates for the transportation
systems, and support equipments. - The aerospace “Spacecraft System Cost
Model", augmented with the Koeile model trends as a function of "new tech-
nolegy" required in the program, was used to-estimate the bSPS subsystem

deve]opment cost.

Tab?e B.1 is a compiiation of cost est1mates for the SSPS pro—
“gram.. Costs are 1isted by NBS e1ement . .

‘Estimates of the SSPS subsystem costs required,an gextensive
. extrapolation from the existing data base. Considerable "grass roots" es-

“timating based on-detailed engineering definition of the subsystem should
be performed to refine the estimates presented here.

: The maJor subsystem development cost is the solar array where

costs vary as a functjon of system power Tevel and we1ght Development
custs for a 10 GW operational piant solar array cou]d 1ncrease as much as”
$1 b1111on over that for a 5 GW system :



Tai_b'le*B.] : Systen_i' Cost Estimate

wes - | . was _ LEVEL 1 WBS ELEMENTS
NO. } ° IDENTIFICATION - { HUC [1-DEVELOPMENT | 2-PRODUCTION 3-0OPERATIONS COMMENTS
-01 PROJECT MANAGEMENT ' s A0% OF TOTAL
02" SYST ENG & INTEGRATION COST OF WBS
. - T ELEMENTS 02
_ L THRU ~11
~03 | TRANSPORTATION ; oo _ o -
~63—01 | SHUTTLE 1981 N/A - $ 200 MAUNIT $12M/FLT
~03-02 | DEPLOY ONLY LAUNCHE - 1987 $ 380 M 150 MIUNIT S13M/ELT
«03-03 | HLLV - 1982 6,540 M . 400 M/UNIT SOM/ELT
-03-04 | LARGE CRYQ TUG 1987 166 M - 18 M/UNIT $IM/FLT
-03-06 | ADVANCEDION = © 1992 3,847 M 190, M/UNIT STM/ELT
~03-06 | PROPELLANT FARM 1987 - 223 M 16 MIUNET :
-03-0 | MANEUVER TUG® 1987 215 M. 2.6 M/UNIT
-04 | ASSEMBLY ' _ '
~04-01 | FABRICATION MODULES . 1983 $ 211 M. § 12 MUNIT
~04-02 | TELEOPERATORS 1983 oM 2.5 M/UNIT
~04-03 | MANNED MANIPULATORS 1983 365 M 11 MUNIT
~04-04 | EVA EQUIPMENT 1983 0M 1.5 M/UNIT
~04-05 | LOGISTICS EQUIPMENT 1983 4am 2.5 M/UNIT
05 | ON-ORBIT ASSEMBLY C -
' SUPPORT EQUIPMENT . - .
~D5--01 | LEO SPACE STATION 1987 $2,225 M $ 62 MMAN
—~D5-02 | 50 SPACE STATION 1987 224 M C 62 MIMAN
~05-03 | S0 TRANSFER VEHICLE 1987 - 190M T23  M/MAN :
-06 TRANSPORT & ASSEMBLY 8D TBD ::1%‘%%?5‘;?' UN:
- GROUND SUPPORT EQUIPMENT . FACTOR
-07 LEO DEMO SATELLITE 1985 $1,108 M L3861 S/KW 1376 s/xai! (1) ASSEMBLY
IR _ : o B : OPERATIONS
-07-01 | SOLAR ARRAY . - 1,108 M 3461 S/KW
~07+02 | ANTENNA INTERFACE 383M 2,670 S/IRwW
~087-03 " | TRANSMIT ANTENNA 810 M 386 SKW
~07-04 | RECEIVING RECTENNA 59 M 1,009 S/KW

9¢¢
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Table B.1 System Cost Estimate {Cont'd)

LEVEL 1T WBS ELEMENTS

wes - WBS - -
oo | 1DENTIFICATION -1 10C |1~DEVELOPMENT | 2-PRODUCTION | 3-OPERATIONS COMMENTS
-08 PILOT PLANT " 1880 : 1086 $/KG ') (2) TRANSPORTA-
o o _ TICR & ASSEMBLY
R _ OPERATIONS
~08-01 | SOLAR ARRAY. $2,453 M 765  S$/KW '
-08-02 | ANTENNA INTERFACE 446 M 105 $/KW
—08-03 | TRANSMIT ANTENNA 320 M 144 $/KW
. —08-04 | RECEIVING RECTENNA _ 1,218 M 302 $/KW _ . o _
=09 | OPERATIONAL PLANT 1995 - 180 $/1G'2! (3) INCLUDED IN
~—-09-01 | SOLAR ARBAY 1995 | $3,104 M : - CONDUCTING
 —09-01.1 | SOLAR BLANKET . o 55 $/M2 ~ STRUCTURE
 ~09-01.2 | CONGENTRATORS 1.1 $/m2 .
- —~09-01.3 | CONDUCTING STRUCTURE 81 $/KG
{ —09-01.4 | NONCOMDUCTING STRUCTURE 81 S/KG
—00--01.5 | PWR DIST CONT'L & SWITCH 3 -
~09-01.6:| ATT'D CONTR'L & AVIONICS $2.1 M/THRUSTER
~09-G2. | ANTENNA INTERFACE 1995 $ 149 M. 18 S/KW
—09~03 | TRANSMIT ANTENNA 1995 $ 260M -
~09-03.1 | POWER INTERFACE ' o 18 $/KW
—~09-03.2 | DC 7O RF CONVERTER 26 $/KwW
"~ -08-03.3 | WAVEGUIiDE B 14 $/KwW
~08-03.4 { PHASE FRONT CONTROL 26 $/KW
-08-035 | SUPPORT STRUCTURE 15 $/KW
- —09-04 | RECEIVING RECTENNA 1995 $ 403 M :
—-00--04.1 | RF TO DCSUBARRAY ' ' 76 $/KW
-09-04.2 | POWER INTERFACE .~ 47. $/KW
- ~09-04.3 | SITE PREPARATION . 8 /KW
~09-03.4 | REALESTATE 18 $/KW
-09-04.5 | SUPPORT STRUGTURE 114 $/Kw
~09-04.6 | PHASE FRONT CONTROL 5 $/Kw
) o ' 3 . PP - ”

™o
™
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Ta_b]e:B.i System Cost Estimate (Cont'd)

wes _ wes  LEVEL 1 WBS ELEMENTS
NO.. | IDENTIFICATION 10C {1-DEVELOPMENT | 2-PRODUCTION | 3-OPERATIONS COMMENTS
—10 | SYSTEM MAINTENANCE : _ (4) SEE SECTION
~10-01 | LEODEMO - . ' 1985 TBD TBD TBD 41,24 .
~10-02 | PILOT PLANT ~ "1980 TBD TBD - TBD o
~10-03 | OPERATIONAL PLANT - 1995 ¢919 mi4)/ssps $87.7 M/YR#)
~10-03.1 | SOLAR ARRAY : 427 Yri4)
—~10--03.2 | ANTENNA INTERFACE 0.4 MvRi4)
—~10-03.3 | TRANSMIT ANTENNA 1 m/YRi4)
-10-03.4 | RECEIVING RECTENNA - _ 4.6 M/YR
~11. | FACILITIES TBD TBD TBD

822
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, ~ Cost sensitivily studies indicate that the SSPS rotary joint
with its associated control system could bz a major development cost driver.
To limit maintenance cost (Section 3.1.2,4), the design 1ife of the rotary

joint and control system is of major importance. These development cost es- |

timates assumed a rotary joint and control system design Tife of five years.
If the design 7ife were increased to 30 years, development costs for the
first full scale rotary joint (used in the 1990 Pilot Plant, if built) could
run as high as $1 billion.

The cost estimates‘for structure are considered to be Tow., The

CER's used to establish these estimates are based on a history of spacecraft

launched as a single unit. The added complexity of space assembly on the
design and development of the structure could impact the costs considerably.

- Eighty-five percent of dévéTopment'cosfs fok'supportfng sysfems

is spént to develop three major systems. The major support system develop-

ment cost is for the Heavy Lift Launch Vehicle with DDT&F of over $6 billion.
The Advanced Ion propulsion stage is estimated to cost in excess of $3.5 bil-

lion while the Space Station is estimated at slightly above $2 biTTion.'v

B.2  Power Relay Satellite

B.2.1 Work Breakdown Structure and Program Schedule

A "strawman" PRS Work Breakdown Structure (WBS) and program
schedule ‘has been formulated to support programmatic studies. A two-step
program was utilized. A geosynchronous demonstration satellite was sched-
uled for 1985 requiring the development of a Low Earth Orbit and Synchro-
nous Orbit space station over the next ten years. A refined version of the
- demonstration system was scheduled for 1990. o ' ' :

AT} elements of the WBS outlined for the SSPS in Section B.1
apply with the exception of elements (-07) LEO Demonstration Satellite .
(-08) Pilot Plant and (-09) Operational Plant. Figure B.9 is a WBS replace-
ment and used for accounting PRS costs. , - o
- . .. . The 1 GW system for 1985 is assumed to be assembled and trans-
ported using the following major elements: I '
Shuttle (IOC 1981) _ -
Full Capability Tug (IOC 1983) .
LEO Space Station (IOC 1983)
SO Space Station (I0C 1983).

The 1990 system, rated at 10 GW, is assumed for purposes of the -

"stfawmah"'pian to be assembled and transported using tne major elements:

Deploy Only Launch (IOC 1987)
Large Cryo Tugs (IOC 1987)

LEO Space Station (IOC 1983)

SO Space Station (IOC 1983) :

-y L w...
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B.2.2 PRS Cost Estimates

Table B.2 contains a compilation of costs using the same rela-
tionships used in the SSPS estimates. The cost to develop a full scale (1 km)
reflector and pltace it into geosynchronous orbit using a Fult Capability Tug
(P/L to SO < 5000 kg) appears to be excessive. The development plan that
solves the assembly technology problems with a small low earth orbit demon-
stration satellite should be a lower cost approach. The use of Shuttle de-
rivatives {i.e., DOL and Large Cryo Tug) significantly reduces transportation
and assembly costs. The requirement for an HLLY and advanced jon stage still
must be evaluated, though the relatively small mass to orbit for the PRS re-
flector may not justify the development of these advanced systems.

The dominant cost for the transmitter is the sloited waveouide
which must cover an area of almost 100 km? with a precisely dimensioned sur-
face. The receiving antenna costs are the same as those used in the SSPS
. estimates. -

: ' The transmitter and receiving antenna maintenarice costs are
based on the assumption of 1 percent per year rep]acement on hardware and

- the following personnel (at each s1te)

Control - Monitor Crew lO/shift % 3

= 20
Maintenance Craw 8/shift x 3 = 24

- Support Personnel . 2/shift x 3= 6 .
o 60

' The important repairable items for the transmitting antenna are:

Wavequides | $ 35 x 106
R o S (taken as 110% repairabie)
Phase Control $ 20 x 106
DC-RF Converters $330 x 106

Power Interface = $410 x 106

For the receiving antenna, these are:

tuppart Structure . $ 23 x 106
o o ' (taken as 50% repa1rab1e‘
RF-DC Subarray SN : $ 31 x 106
Power Interface %47 x 10
“Phase Front Control . - § 3x106
~ The yearly costs are theni
- PRS Transmitting Antenna 0 and M _ e _
Equipment $795 x 105 x 0.01 = 57.95 x n°/yoar

~ Personnel B60MY/yr x $60K/yr = 3$3.60 x 10 /year
SoToTAL 51155 x 10%/year



Table B.2

PRS System Cost Estimates
©Wwes - wes ‘ LEVEL 1 WBS ELEMENTS ‘
no. IDENTIFICATION 10C [1—-DEVELOPMENT | 2-PRODUCTION | 3~OPERATIONS. COMMENTS
—08 PILOT PLANT , 1985 | 3624 $/KG{T) | {1} TRANSPORTA-
—08-01 | TRANSMITTING ANTENNA $1140 M N/A : TION & ASSEMBLY
—08-02 | REFLECTOR 1521 M - ﬁﬁﬂfi’fm
-08-03 | RECEIVING RECTENNA 31 nn FULL oATA-.
- - — LEO & SO
SPACE
: _ STATIONS
—G9 OPERATIONAL PLANT 1990 _ :
~09-01 | TRANSMITTING ANTENNA $980 M . $11.6 M/YR MAINTENANCE
—09-01.1 | POWER INTERFACE = - 41 S/Kw
—09--0%.2 .| DC-TO-RF CONVERTERS 33 $/KW
~09+-01.3 1 WAVEGUIDE R 354 S/KwW
—09-01.4 | PHASE FRONT CONTROL 2 B/KW
—09-01.5 | SUPPORT STRUCTURE. 36 BMKW-
—09-01.6 | SITE PREPARATION 14 /KW
~09-01.7 | REAL ESTATE 8 S/KW _
~09-02 | REFLECTOR", $30M . 1086 = $/KG TRANSPORTATION
~09-02.1 | PHASE FRONT CONTROL : 16.3 $/KW $90 - M/YR & ASSEMBLY. .
~09-02.2 | STRUCTURE 94 /K6 | MAINTENANCE
~09-02.3 | CONTROL - $2.8 M/UNIT - o
—09-03 | RECEIVING RECTENNA $280 M o ' $4.6 M/YR MAINTENANCE
~09-03.1 | RF-DCSUBARRAY = 76 $IKW :
—-09-03.2 | POWER INTERFACE 47  $IKW
—09-03.3 | SITE PREPARATION 8 S/KW
~00-03.4 | REAL ESTATE 19 $Mw
—09-03.5.'{ SUPPORT STRUCTURE 114 $/KW
—-09-03.6 | PHASE FRONT CONTROL 5  $/KW
5 - SR t ) TR s
. w . § ,' “.l‘ St .’rT._,

AN
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PRS_Receiving Antenna 0&M

Equipment %104 x 106 x 0.01 = $1.04 x 109/year
Personnel 6OMY/yr x $60K/yr = $3.60 x 106/year

TOTAL B | - $4.64 x 108/year




1.

=)}

7

_ 234
- REFERENCES

NASA CR-2357, "Feasibility Study of a Sate111te Solar Power
- Station,™ February 1975. . (NAS 3 16804) :

.

NASA CR-134886, "Microwave Power Transm1551on System Stud1es,
December 1975. {NAS3-17835) : .

Raytheon Co., "Reception-Conversion Subsystem (RXCY) for Micro-
wave Power Transmission System - Final Report,” September 1975.
(JPL Contract 953968 NASA Contract NAS 7- 100)

Boeing Aerospace Company, First Performance Review, “Space;Based -

Conversion and Power Relay Systems-Preliminary Analysis of
Alternate Systems,”" October 23, 1975. (NAS8-31628)

Boeing Aerospace Co., Grumman Aerospace Corp., F1rst"0uafter1y-'
Review, "Systems Concepts for STS Derived Heavy Lift Launch
VehicTes Study,“ October 17, 1975. (NASQ ]4710)

Boeing. Aerospace Co., Fifth Monthly Progress Report'-“FutUre-; :

Space Transportation Systems Analysis,” October 3, 1975.
(NAS9-14323)

Martin Mar1etta,_“0rb1ta] Assemb]y and Maintenance Study ~ FlnaT
Report," August 1975,

[



10.

11.

12.

235

REFERENCES - {Cont'd) -

Jet Propulsion Laboratory, Quarterly Reviews, "Comparative

‘Assessment Orbital and Terrestrial Central Power Systems."

Smith, Kirk, John Weyant, John Holdren, "Evaluation of Conven-
tional Power Systems," July 1975, University of California

at Berkeley (Subcontract.under}NAS?-]OO)_

Greenblat, E.J. ECON, Inc., "Guidelines for Econemic Comparison.

of Future Electric Power Generat1on and Transmission Systems,"
March 1975.

Greenblat, E.J., ECON, Inc., “Electrical Energy Costs from

Future Generating System§,“_May 1975,

Greenblat, E.J., ECON, Inc., "Some Further Discussions on the
Econamic Compar1son of Future Electric Power Generation and
Transmission Systems," April 1975,



nm.o:)ucms.rnr OF THE
ORICENAL PAGE IS PQOR

236
GLOSSARY OF TECHNICAL UNITS AND ABBREVIATIONS
ac . ; a1ternating current-
AMO | 7 &ir mass zero -
amps_(ﬁ) | _' | ‘. amperes ..-- .
BTU | - | 1 | Pr1t15h Thermal Unit
cm _ :' . ‘ centimeter (10'2 meters)
s |  decibel |
dc R _ o ..___direct;current - |
e/ e | ) electrons per sdﬂare centi-
meter
g, (gm) o o gram (10‘3'k11ogramsf-
GHz | gigahertz (10 cyc1es ner
o B o second) _ .
GW : | gigawatt (10 watts)
o SR -~ efficiency (deciwal frac-
' ' - tion) 7
I | | , - electrical cﬁrrent
.Ix} o . | .  o ‘moment of‘inertia}(kg-mz).
gy e specific. impulse (seconds)
kg ' : kilogram (2.2046 pounds
' mass )
W :.: D 5"7k110meter (10 meters)
SR kilowatt (10° vatts)
ke _H. . Kilowatt-hours
_mr L  _; L 'meter (3 2808 feet)
mfcrﬁh,'(um).. E .777 , 3;7. m1111onth (10‘ ) of a metef
._W& __  R -J__-f:u_mmmmMz(léWdeSpMF

second)
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mm

o

m

nm
psi
rf
RFI

_solar flux

. scf :

237

millimeter (10°3 meter)

megawatt (106 watt)--except

in Chapter 4 where it is
used to denote "microwave"

milliwatt (10-3 watt)

newtons (1N= 0.2248 pounds

force)

nautical mile(s)
pounds per square inch

radio fréquency

radio frequency interfer-

ence

1353 megawatts per scuare
kilometer

'standard'cubic foot
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