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PREFACE

Electric Power from Orbit: A Critique of a Satellite Power System
is the work of the Committee on Satellite Power Systems of the National
Research Council (NRC) of the National Academy of Sciences. The
Committee was organized in the summer of 1979 to make a critical
appraisal of the comprehensive study of the concept of a satellite
power system (SPS) being conducted by the U.S. Department of Energy
(DOE) and the National Aeronautics and Space Administration (NASA).

As explained in detail in the chapters that follow, an SPS would
capture energy from the sun's rays: platforms positioned in orbit
about 36,000 kilometers (22,300 miles) above the equator would collect
and convert the energy to a form in which it could be relaved, day and
night, to earth-based receivers that would distribute it to the
electrical power networks of the country. The idea is simple and
attractive; its realization would be without parallel in human
experience in the design, construction, and operation of systems of any
sort. A hypothetical SPS, as it has been postulated by DOE and NASA,
is estimated to require expenditures on the order of $100 billion over
a period of at least 20 yvears before any useful demonstration of the
systemr could be achieved. It would require 30 more years, constructing
one unit at a time, to bring the system to its full capacity. Why,
then, do we entertain the concept at all, let alone analyze it in the
detail represented by the conceptual satellite power system--called the
reference system—--with which this report is so largely concerned?

The answer is that circumstances could develop in which some type
of SPS could be important in the nation's or the world's energy
future. Proijections of future demand for and supply of energy vary
greatly, but most show total demand in the United States increasing
during the next 50 vears, with electricity a growing share of the
total. Projections for the power requirements of the world by the vear
2030, for example, run as high as 3000 gigawatts--that is, 3000 billion
watts--of nuclear capacity alone. The hypothetical SPS described in
the DOE/NASA study would eventually generate 300 gigawatts of
electrical energy for the U.S. alone. This potential combined with the
uncertain aspects of our current and projected energy sources creates a
context which readily justifies attention to a future SPS option.

Our program included several tasks: (1) to identify critical
scientific and technical issues affecting the SPS concept, including
the feasibility of using the moon and the asteroids as sources of
materials for construction; (2) to identify gaps in the DOE/NASA

assessment program; and (3) to examine the results of that program. We
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focused, of necessity, on the reference system, for which a substantial
amount of analysis had been performed during the DOE/NASA study.
However, if any system is deployed 25 or 50 years from now it will
certainly be different from any system currently envisaged, and for
that reason we did not restrict our judgments to the reference system
alone. We projected advances in space technology and sought to
identify features likely to be critical in future systems derived from
current concepts, remembering that entirely new concepts cannot be
ruled out.

We undertook our task in a number of different ways. We
familiarized ourselves with the SPS concept and related issues through
briefings by experts in DOE, NASA, and elsewhere. We examined
published reports of work that had been accomplished during the
DOE/NASA project. We then conducted our own studies of critical
issues, using experts not included in the DOE study and commissioning
papers on various topics. We obtained advice from professional
organizations, employed consultants, and organized study groups and
workshops on aspects vital to our study. (Some of the results of these
activities are contained in this report's appendixes; others are
available in limited supply, upon request, from the Environmental
Studies Board of the National Research Council.) Finally, we examined
the document--Program Assessment Report: Statement of Findings—--the
final report of the DOE/NASA program concerned with SPS concept
development and evaluation.

Our report is addressed primarily to the sponsors of this
study--the U.S. Department of Energy, the National Aeronautics and
Space Administration, and the National Science Foundation. In
addition, because of the enormous implications of the SPS, which are
referred to above, we hope the report will also be useful to the Office
of Management and Budget, to the Congress, and to the public.
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SUMMARY

This report examines the concept of a satellite power system (SPS)
and provides a critique of an evaluation of the concept made by the
U.S. Department of Energy (DOE).

If it were to be built, an SPS would consist of a number of huge
satellites moving in orbit, each over a fixed point on the earth, and
collecting solar energy for conversion into a concentrated form for
transmission to earth day and night. There, receiving antennas would
collect it and convert it into electricity to be fed into the nation's
power distribution network.

In 1977, DOE, assisted by the National Aeronautics and Space
Administration (NASA) and a number of contractors, undertook a
three~year program to develop and evaluate this concept. 1In 1978, the
National Science Foundation (NSF) was authorized to consider the
feasibility of constructing such systems using extraterrestrial
material. In 1979, NSF, with the concurrence of DOE, asked the
National Academy of Sciences (NAS) to address important issues in the
SPS concept, including the potential for using extraterrestrial

materials; identify gaps in the DOE assessment; and prepare a critical
review of the results of the DOE program. Subsequently, NASA asked NAS
to expand its evaluation of critical issues in space transportation
that affect the technical feasibility of the SPS concept. This report
contains the findings, conclusions, and recommendations of the
resulting study.

To evaluate the SPS concept, DOE developed a hypothetical system of
rather specific design with the help of NASA and its contractors. This
so-called "reference system" included conceptual designs of various
space vehicles and construction bases and used photovoltaic devices for
energy conversion in space and microwave devices for energy
transmission to earth. The reference system was not intended to be an
ultimate design but a basis for assessing feasibility and projecting
costs. Our study necessarily focused on the elements of the reference
system, but wherever possible we extended our view to more general
problems and principles.

Perceptions of future need for an SPS depend on estimates of supply
and demand for electricity and on projections of costs and
environmental consequences of an SPS and alternative sources of
electricity. Several studies of supply and demand suggest that,
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between the early 1980s and the first decade of the next century, the
bulk of the nation's supply of electricity will be derived from coal
and uranium (using light water reactors). Toward the end of this
period, other sources such as photovoltaic devices and geothermal
resources may begin to contribute substantial gquantities of electricity
to the national supply. Early in the next century, additional sources
including advanced breeder reactors, thermonuclear fusion reactors, and
an SPS may have been demonstrated to be practical and ready for
introduction.

There are uncertainties concerning the availability of large-scale
sources of energy for electricity beyond the early part of the next
century. The use of coal is, of course, technically feasible and may
set the standard for economic competition; but concerns about global
effects of carbon dioxide emissions and other environmental effects
could constrain coal's development. The nuclear breeder reactor is
also technically feasible, but it faces problems of political
acceptability because of concerns about reactor safety, waste
management, and the potential for proliferation of nuclear weapons.
Even though rapid advances are being made in terrestrial photovoltaic
cells, the technology must await progress in large-scale electrical
storage capacity if it is to substitute appreciably for baseload
power. Fusion, with the potential of substantial benefits as a
long-term source, has yet to be shown to be technologically feasible.

If constraints are placed on the use of coal or uranium (in
conventional or breeder reactors) and if a practical fusion reactor is
not achieved, an SPS could become an attractive option for deployment
in the next century. However, it should be noted that the
technological and economic feasibility of an SPS has not been
established. The concept probably presents technological problems that
rival those involved in realizing terrestrial photovoltaics or solving

the problems of carbon dioxide emissions, nuclear reactor safety, and
radiocactive waste management.

MAJOR CONCLUSIONS AND RECOMMENDATIONS

One of the tasks of the Committee was to analyze issues critical to
future decisions about developing an SPS. Specific results of the
analvses reveal the existence of major problem areas, which are
identified elsewhere in the Summary and explained more fully in the

report. As we considered our conclusions as a whole, our overall views
about future attention to SPS emerged. First, we concluded that:

’ The concept of an SPS is presently faced with sufficiently
serious difficulties—--in technological readiness, cost,
competing technologies for generating electricity, magnitude
of the enterprise, and international concerns--that no funds
should be committed during the next decade to pursue
development of an SPS. (Entire report)
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On the other hand, there is a possibility that some future
combination of high demand and constrained supply could make a more
advanced SPS an important option in the more distant future. How might
the option for a future decision on development of an SPS be kept open
if the need arises? What research effort is best matched to the option?

We believe that the uncertainties that will probably remain
associated for some years with the future need for and form of the SPS
option are great enough that a specific program of research justified
in terms of SPS would not now be warranted. However, where areas
relevant to SPS technologies may be investigated in pursuit of goals of
other programs, research should be vigorously conducted and the results
evaluated for their implications for the SPS concept.

The most important areas requiring vigorous research in order to
clarify future decisions on SPS are the following: 1low cost,
efficient, space-qualified solar cells; low cost space transportation
systems, both from earth to low earth orbit (LEO) and from LEO to
geosynchronous earth orbit (GEO); space construction techniques; the
GEO environment, including both the assessment of the problems in
living and operating there and the development of means to mitigate the
problems; and biological effects of low-level microwave radiation. We
believe that the next decade will see vigorous pursuit of these areas
for purposes other than the SPS and the results will be vital to future
consideration of SPS.

By contrast, an SPS conceived in the next century will likely be
much different from SPS as presently conceived; and research and
development specific to the present form of the concept may well be
irrelevant in the future.

These considerations bring us to our second overall point. We
recommend that:

L

In the absence of a program of research and development
specifically for an SPS, the Administrator of NASA, in
consultation with the Secretary of Energy, should periodically
review progress in new concepts and technologies that would be
important to the practicality and timeliness of a satellite
power system and should report his findings to the Congress.
(Entire report)

The types of technologies needed to build an SPS--for example,
space transportation, manned operations in space, photovoltaic energy
conversion, generation and transmission of microwave power--have been
demonstrated; the technical requirements and scale of the system,
however, are far beyond our experience. Bullding large structures in

space has not yet been attempted, but it appears to be technically
feasible. For the most part, building an SPS requires advances in

materials and techniques and systems development on a large scale
rather than the discovery of new science. Several decades of

technological advance may be needed before an effective design can be
assured. We conclude that:
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Some type of SPS would be technically possible if costs were
not a consideration, but the technical challenges are
formidable on the basis of present scientific and engineering
knowledge or its predictable extensions within the next
decade. (Chapter 2)

Cost, however, is a consideration and an essential one. For SPS to
be competitive, large reductions are required in current costs of
lifting mass to LEO, transferring mass from LEO to GEO, and converting
energy through photovoltaic cells. The costs of large-scale

construction projects in space remain highly uncertain because
experience is lacking. We conclude that:

. There are serious doubts that the technological requirements
for several critical subsystems of the reference SPS can be
met at acceptable costs through developments that can
reasonably be foreseen. Examples are low cost transport from
earth to low earth orbit, space-qualified solar cells,
electric orbit transfer vehicles, and automated construction
in space. (Chapters 2, 3)

The best data for projecting potential costs of the reference SPS
are those obtained from recent and current space development
experience. On the basis of data from the Apollo program and from work
to date on the space shuttle extrapolated to the heavy-lift launch
vehicle described in detail in the DOE/NASA assessment, we believe that
the actual cost for this aspect of the space transportation system
(Erom earth to LEO) will exceed the cost goals by a factor of two or
three. Costs of transportation to LEO were estimated by NASA
contractors to comprise roughly one-fifth of the total cost of building
reference system. We also believe that the costs of solar cells based
on 1990 technology and available for deployment in the year 2000 (which
represented about 15 percent of the total reference system cost) are
likely to be at least 10 and more likely 50 times higher than the cost
goals assumed in the reference system. In addition, several decades
could be required to develop cost-saving technological advances and
transfer them into an industrial infrastructure of sufficient capacity
to meet the demands of an SPS.

Given these estimates, the costs of electricity from an SPS is not
soon likely to be competitive with costs of electricity from existing
and potential alternative sources. Circumstances that might, in some
combination, create an economic need for an SPS are high demand for
electricity, together with constraints on established coal or nuclear
technologies and failure of other advanced technologies, such as
fusion, to develop economically. Such an exigency during the next 3 or
4 decades seems to us unlikely, particularly since reduced supply would
lead to higher prices and lower demand. We conclude that:

s Based on an examination of cost estimates for the reference

SPS _and on recent studies of the energy outlook, an SPS will
not become a cost-competitive source of electrical energy in
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the next 20 years, and radical advances in technology will be
required if an SPS is to become competitive in the next 40
years. (Chapter 3).

Developing and building an SPS on the scale contemplated would be
by far the largest, most costly, and most complex undertaking--civil or
military-—ever attempted. Current technological capability would have
to be extended and supported by a large industrial infrastructure. For
example, space transportation systems would require logistical support
and reliability typical of commercial airline operations. Total costs
for research, development, demonstration, and deployment of an SPS like
the reference system, capable of delivering 300,000 megawatts (300
gigawatts) of electricity, are likely to exceed $3000 billion in
1980~year dollars, incurred over a period of about 50 years. The large
initial capital investment, the long lag between investment and

revenue, and high technological risk would inhibit private financing.
We conclude that:

* The size and complexity of an SPS would strain U.S. abilities
to finance and manage such an enterprise and, indeed, the

governmental machinery for making the decisions necessary to
initiate and sustain it. (Chapters 2, 3, 5)

The geosynchronous orbit is currently extensively used for
worldwide communications services of substantial social and commercial
value to all nations. The allocation of positions in GEO and microwave
frequencies for SPS~type uses has become a concern of the cognizant
international organizations. The attitudes of other countries about
the possible military threat or vulnerability of an SPS may be of great
importance, but so far these attitudes are only a matter of
conjecture. It is also apparent that public concerns about the
potential effects of exposure to microwave radiation produced by an SPS
will have to be resolved if an SPS is to be pursued. We conclude that:

* On the basis of current technology, there are serious

questions of international legal and political acceptability
that could make an SPS difficult or impossible for the United
States to achieve unilaterally. Allocations of orbital
positions and microwave frequencies are examples. There are
also issues of political and social acceptability such as
those related to the fear of possible hazards to health from
exposure to microwaves. (Chapter 5)

An SPS would affect the interests of many other countries. The
electromagnetic spectrum and geosynchronous orbit may be viewed as
global resources, perhaps subject to such international principles for
useful exploitation as those expressed in the Moon Treaty or in drafts
of the Law of the Sea Treaty. Mineral resources needed for an SPS
project would have to be acquired in the international market. While
the electricity from a domestic SPS would not be likely to supply a
relatively large portion of U.S. demand, a worldwide SPS could supply
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substantial benefits to other natiocns. These factors must be taken
into consideration along with the costs and complexity of the
undertaking. We conclude that:

. The worldwide ramifications are so extensive that a
multilateral approach with the participation of other
countries would probably be the only viable one if an SPS were
ever to be established. (Chapter 5)

DETATILED FINDINGS AND CONCLUSIONS

In addition to the major conclusions, which integrate the analyses
of the report, a number of detailed findings, conclusions, and
recommendations are presented throughout the various chapters. Chapter
2 addresses important technological aspects of an SPS. Economic
analyses are presented in Chapter 3. Environmental concerns are
reviewed and assessed in Chapter 4, and Chapter 5 discusses
sociopolitical aspects of the development of an SPS. In Chapter 6 we
address the problem of comparing an SPS with those potentially
competing technologies that have prospects for meeting very long-term
needs for electricity. Chapter 7 presents our critique of the DOE

assessment. Key findings, conclusions, and recommendations concerning
these subjects are summarized by chapter below.

Technological Aspects (Chapter 2)
Space Transportation

1. Space transportation systems represent a major portion of the
cost of an SPS. We believe that costs for delivering mass to LEO using
the heavy=lift launch vehicle (HLLV) of the reference system are more
likely to be $130 per kilogram to $180/kg (about $60 per pound to $80
per pound) than the $44/kg to $102/kg (about $20 per pound to $45 per
pound) in 1980-year dollars projected by NASA contractors. Low cost
transport of cargo between LEO and GEO using ion engines to propel an
electric orbit transfer vehicle (EOTV) requires types of vehicles and
systems that have never been used; until such systems are demonstrated,
major uncertainties will remain. In the reference system, the HLLV
accounts for about 65 to 85 percent (depending on contractor design) of
all space transportation costs, but the EOTV presents by far the
greater technical uncertainty.

Space Structures and Their Construction

2. Building large structures in space entails technologies about

which little is known and with which we have almost no experience,
There is no sound way now to estimate either the cost or the time
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required to build large structures in space, but the costs projected by
DOE and NASA and the six—-month schedule for constructing SPS units
appear to be optimistic. Primary reliance will undoubtedly have to be
placed on automation which will require extensive development of
robotics and teleoperators for space applications.

Ja Construction and operation of large structures in space, such
as EOTVs and power satellites, present problems in control of attitude
and position that are far beyond current experience.

Energy Conversion

4. Any deployment of SPS by the year 2000 would necessarily have
to rely on single-crystal silicon solar cell technology. DOE cost
estimates for space-qualified silicon solar arrays used in the DOE
assessments appear to be optimistic by at least an order of magnitude.
Furthermore, there is no demonstrated technology for preventing
radiation damage to silicon solar cells without seriously affecting the
mass of the solar array, and neither the science nor the technology
exists for restoring the efficiency of glass-covered cells by
annealing. Radiation damage can be minimized in high-purity
single-crystal silicon, but not without even higher costs and attendant
production problems. For applications beyond the vear 2000, there may
be developments in the next decade or two in solar cell technologies,

such as gallium arsenide cells, that hold more promise of meeting SPS
requirements.

Energy Transmission

5. Currently the klystron tube is the preferred choice as the
converter from direct current to microwave power for the reference
SPS. The lifetimes of existing klystrons, however, are inadequate,
with cathode life the limiting factor. Development aimed at improved
performance is important to a future SPS. High-powered klystrons have
not been tested in space; and until there is appropriate testing,
problems of heat transfer and high voltage insulation, among others,
cannot be assessed reliably. More data are also needed to compare

alternative approaches to the power transmission problem, such as use
of magnetrons or solid state devices.

6. The transmission of power from space by means of lasers is
unlikely in the near future because of inefficiencies of energy

conversion-—-or perhaps ever because of the fundamental limitation
imposed by the opacity of clouds.

Energy Reception and Interface with the Utility Grid
7. No insurmountable technological problems are anticipated in
integrating an SPS of the type described by the reference system with

the U.S. electrical power grid.
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Use of Extraterrestrial Resources to Build an SPS

8. Development of an SPS should not depend on the use of
extraterrestrial resources, at least in the initial stages of
deployment. Recovery and use of lunar and asteroidal resources require
development of new technologies and space capabilities that may be more
difficult to achieve than building an SPS. Even when the capability of
using extraterrestrial resources exists, many critical resources of
earth will still be needed for an SPS. Programs for developing
extraterrestrial resources, as those for developing an SPS, would take

several decades of concentrated work and require major advances in
robotics.

Economic Aspects (Chapter 3)

SPS Costs

9. Any attempt to estimate the cost of a system as complex as the
reference SPS at a time so far from its possible deployment is beset by
uncertainties. We examined some of the capital cost estimates for the
reference system prepared by NASA contractors, and we conclude, based
on the work of experts in space technology, that the estimates are
substantially low. For example, estimates of costs for transportation
from earth to LEO are probably low by a factor of 2 or 3. Our analysis
suggests that single~crystal silicon solar cell arrays alone would cost
at least 10 and more likely 50 times the cost goals in the reference
system. The resulting increase in system cost, by a factor of about 2
to 8, would be so great that a more advantageous solar-cell technology
would have to be found before an SPS could be seriously contemplated.
Radical new SPS concepts and technological developments that would
change the scientific and technological base of the system are needed
to achieve lower costs. Costs per unit of electrical energy provided
(that is, mills/kWh) would be nearly proportional to capital costs,
because operation and maintenance costs are expected to be small
compared with capital costs and the solar energy is free.

Consequently, no purpose would be served by trying to discuss costs of

electrical energy separately from the capital costs and their
uncertainties noted above.

Financing an SPS

10. Conventional financing of development and initial deployment
of an SPS by electric utility companies is unlikely; public sector
financing, direct or indirect, would be required. Major institutional

changes in the regulation of utility rates would be required for
private financing to help meet system costs in the latter stages of
deployment.

XX1v



Future Demand for and Supply of Electricity

1ll. The costs, availability, and acceptability of other sources of
electricity during the next four decades are likely to be such that the
chances of an SPS becoming competitive are small.

12. The capacity of an SPS is an important factor in the
consideration of its attractiveness as a source of electricity. A
system smaller than the reference SPS may entail higher unit costs that
would adversely affect its competitiveness. There are other
factors-—-availability of orbital positions and land requirements for
receiving antennas, for example--that could limit the size of either a
domestic or an international SPS. The decision to invest in a future
SPS would require careful evaluation of the projected demand for
electricity and the ultimate capacity of the SPS.

Net Energy Analysis

13. The total amount of energy to be produced over the lifetime of
the reference system appears to be substantially greater than the total
amount of energy that would be consumed in its construction and
operation, provided that fabrication of its solar cells and
transportation from earth to LEO can be accomplished at the expenditure
of energy implied by the dollar cost estimates of Boeing and NASA.
However, our own estimates of these dollar costs imply a less favorable
comparison between enerqgy produced and energy consumed. If we allow
for the typical discount rates that society appears to attach to future
energy generation, the energy balance becomes still less attractive.

Environmental Effects (Chapter 4)

Ef fects on the Biota

l4. The flux of ionizing radiation outside the protective cover of
the earth's magnetic field is high. Under the reference SPS design,
the predicted rate of excess cancer mortality likely to be induced by
radiation in space workers in GEO is on the order of 10 percent, a risk
much greater than in other occupations. It would be necessary to
establish some level of risk for SPS workers lower than now predicted
and to design measures to stay within it. Moreover, additional
radiation doses in GEO arising from solar flares may be so high that
all personnel would need to take refuge in even more heavily shielded
areas (storm shelters) during flares. Without an improved capability
to forecast solar flares, the warning period would be less than two
hours. More accurate radiation dose measurements in GEO are needed
because the dose estimates are so high that errors of a factor of two

or more would affect several percent of the work force. Reliable dose
measurements with and without shielding are needed before satisfactory

storm cellars and shielding for space workers in GEO can be designed.
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15. The current established limits on ionizing radiation exposures
are appreciably higher for astronauts than for terrestrial workers.
The exposure limits for astronauts, however, were established with the
assumption that a small number of people would be exposed. The
reference SPS would require a much larger work force in space. Until
ionizing radiation exposure limits for space construction and
maintenance workers are established, the design of any satellite power
system must remain uncertain.

16. Low-level microwave radiation outside the boundary of the
receiving antenna on earth may affect, or be thought to affect, the

general population. Although there are no demonstrated harmful effects
of microwaves on humans at SPS power levels (0.001l to 1 watts per

square meter or 0.1 to 100 microwatts per square centimeter), no

reliable theory exists on which to base an understanding of possible or
alleged effects at these nonthermal power levels. Hence, while there

is no evidence to suggest that such low power levels are not safe,
neither is it possible now to prove that they are.

Effects on the Lower and Upper Atmosphere

17. HNone of the concerns about lower atmospheric effects produced
by the reference SPS is likely to present an insuperable problem.

18. There are several ways that the ionosphere can be affected by
the reference SPS. Rocket effluents of HLLVs can lead to the
recombination of ions and electrons, leaving a neutral hole in the
ionized medium. Observations to date, supported by available theory.,
indicate no serious impact on communications from a single HLLV launch,
although the impact of repeated launches, day after day, is unclear.
The ionosphere can be heated by the microwave power beam, and such
heating could also change the structure of the ionosphere in a way that
might have an impact, either positive or negative, on
radiocommunications. In tests to date, however, no interfering effects
have been observed. Large numbers of heavy ions will be injected into
the region of the Van Allen belts by the electric engines of an EOTV;
the effects of this disturbance are unknown. Before there can be any
sound decision about SPS deployment, further research is needed on the
pPhysics of the ionosphere and on radiowave propagation in an ionosphere
disturbed by intense microwave beams or by effluents of many space
vehicles.

Effects on Electromagnetic and Electronic Systems

19. Satellite station-keeping tolerances, together with the
intense microwave radiation from a reference system satellite would

make a length of the orbital arc around its orbital position unusable
to other electromagnetic systems, such as communication satellites.

The minimum length of that arc would appear to be the portion traced
out diurnally by the satellite under the influence of the solar wind,
gravitational force, and other forces, which has been calculated to be
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about one-fifth of a degree. The length ascribable to electromagnetic
interference is as yet not well-determined but such estimates as can be

made using available information are of the order of one degree. The
expected growth in the use of geosynchronous satellites in the next 20
to 50 years makes it likely that an SPS of 60 separate satellites would
be incompatible with other uses of the geosynchronous orbit existing at
that time.

20. Electric fields in the vicinity of receiving antennas in the
reference system are in excess of 1 volt per meter (corresponding to a
power flux density of 2.7 x 1073 watts per square meter), which is
the specification recommended by the American National Standards
Institute for avoiding interference in general electronic equipment.
Although many electronic devices can withstand considerably larger
field strengths without degradation of performance, the mitigation
costs to protect all other electronic devices could be substantial.

21. If any SPS concept is identified for implementation,
additional study of electromagnetic compatibility problems is desirable.

Optical and Radio Astronomy

22. The reference SPS would deny a band of night sky, different
for each observatory, to optical or radio astronomical measurements of
faint objects from most observatories on earth. For optical astronomy,
the most serious interference would be produced by an increase in the
diffuse brightness of the night sky concentrated in a band on either
side of the satellite arc. For radio astronomy, the major problems
would arise from overloading of sensitive terrestrial radio astronomy
receivers operating at frequencies near the SPS power transmission
frequency and from spurious SPS radiation within radio astronomy bands.

Sociopolitical Factors (Chapter 5)
International Legal, Political, and Military Questions

23. On the basis of current technology, deployment of the
reference system would be incompatible with current international
obligations to avoid interference with recognized telecommunication
uses of the electromagnetic spectrum. Deployment would probably be
feasible only on the basis of an international decision to dedicate a
portion of the spectrum and adequate space in the geosynchronous orbit
to an SPS on the ground of general international benefit.

24. The military implications of an SPS need not constitute a
significant obstacle to its development. A multilateral approach would
reduce SPS vulnerability to attack and allay fears of potential
conversion to weapons uses.
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Social Acceptability in the United States

25. There is no way to forecast reliably public reaction to an
SPS. The evolution of public opinion about acceptable forms of
electrical energy production in the future will depend on developments
in alternative sources of electricity. Public reaction, however, could
make an SPS politically impractical.

Comparison with Other Long-Term Technologies (Chapter 6)

26. We did not attempt detailed cost and performance comparisons
with long-term alternative technologies for a number of reasons: (a)
an SPS could not be deploved for decades; (b) fusion may never reach
the operational stage; (c) coal and nuclear fission may be constrained
for environmental or political reasons; and (d) a terrestrial
photovoltaic system is not directly comparable with systems that
provide baseload power, except under detailed assumptions of how it
would be integrated into the electrical utility system. It is thus too
early to attempt to pick future winners and losers. The possibility
exists that an SPS could become an interesting option at some time in
the twenty-first century, provided that the system can be made
competitive in cost, and acceptable in environmental, international,
and social terms. In our current circumstances, the prudent course for
the next few decades is to keep a variety of options open through
research or development efforts in rough proportion to their expected
promise. For SPS, whose promise is both uncertain and far in the
future, periodic review and evaluation of relevant advances in related
programs would serve the purpose.

Examination of the Concept Development and Evaluation Program
and Final Report (Chapter 7)

27. The Satellite Power System Concept Development and Evaluation
Program of DOE and NASA was a well-conceived and well-managed study in
which an exhaustive number of aspects of an SPS were examined. The

program provided valuable material for policy-making, as well as for
other, purposes.

28. The document, Program Assessment Report: Statement of
Findings, a final report summarizing the Concept Development and
Evaluation Program, does not do justice to the work accomplished by
DOE, NASA, and their contractors. Consequently that document must be
taken together with other material from the study to provide an
adequate basis for making judgments on the future development of an
SPS. The usefulness of the document for this purpose would have been
enhanced if its findings had been accompanied by conclusions and
recommendations.

29. In general, we believe that the NASA contractors were
substantially more optimistic in their estimates of schedule,
performance, and cost than available data and analyses can support.
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Similarly, the Program Assessment Report: Statement of Findings tended
to emphasize an optimistic rather than a pragmatic outlook for
performance, cost, and future research (for example, in solar cells,
electric orbital transfer vehicle, the radiation environment of the
space worker, and the epidemioclogy of the effects of microwave

exposure) .
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CHAPTER 1
INTRODUCTION

During the past 10 years it has become increasingly apparent that
the world must develop new sources of energy. Two of the most
convenient sources, oil and natural gas, are rapidly being depleted. A
third, uranium, is being consumed at a slower pace, but it seems
evident that as o0il and natural gas reserves decline there will be
increasing pressure to use more uranium. It has also become evident
that two other major sources of energy in the world, hydroelectricity
and coal, have limits—-hydroelectricity because of the limited
availability of suitable sites, coal for a number of reasons ranging
from the safety of miners to the possibility that the earth's
atmosphere may become overloaded with carbon dioxide as a result of
hydrocarbon combustion.

As awareness of these problems has grown, so too has the number of
ideas for conserving present resources by using them more efficiently,
for reviving older and largely ignored methods of producing energy, or
for £finding entirely new ways of producing energy. Active research on
many of these proposals is now being carried on throughout the world.
To the extent that major sources like coal or nuclear may be
constrained by environmental or political considerations, the need to
develop other options increases.

This report is a survey of a possible option for producing large
amounts of electricity in the future, a concept called a satellite
power system, or SPS. As an idea, an SPS has an appealing simplicity.
Briefly, huge satellites, covered with solar cells and orbiting in
continuous sunlight high above the earth, would collect solar energy
and beam it to earth in concentrated form day and night, where special
receiving stations would convert the energy into high-voltage electric
power and feed it into regional transmission systems. Thus, an SPS
might provide a reliable and continuous supply of the highest-grade
energy for use on earth.

Yet, as the rest of this report will point out, any nation, or
group of nations, that attempted to build and deploy an SPS would be
presented with wide~ranging technological, economic, environmental, and
sociopolitical problems. These problems should become more evident in
the next section of this chapter, in which more detail is provided

about one such SPS--namely, the "reference system", a conceptual model
developed by the Naticnal Aeronautics and Space Administration (NASA)
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between 1977 and 1980 at the request of the U.S. Department of Energy
(DOE) .

WHAT A PARTICULAR SPS MIGHT BE LIKE

The reference system postulated by NASA would comprise 60 power
satellites, each in geosynchronous earth orbit (GEO) at an altitude of
36,000 kilometers (km), or about 22,300 miles, above the egquator and
each continuously beaming power to its own receiving antenna, or
"rectenna," on earth (Figure 1l.1).

These satellites would be by far the largest structures ever placed
in space (Figure 1.2). Each would be 10 km long, 5 km wide, and 0.5 km
deep; each would weigh roughly 50,000 metric tons; and each would have
to be precisely controlled to maintain its orientation and orbital
position. A planar surface of each satellite (the surface that would
constantly face the sun) would be covered with a "blanket" of solar
cells that would intercept radiation from the sun and convert it, using
the photovoltaic effect, into direct electric current. The current
would be conducted to an array of approximately 100,000 klystron tubes
that would transform it into electromagnetic waves at the frequency of
2450 megahertz (MHz) in the microwave region of the spectrum. The
microwaves would then be beamed continuously to the rectenna by a
transmitting antenna having a diameter of about 1 km, mounted on the
satellite. At each rectenna the microwaves would be converted into
electric power at a frequency of 60 hertz (Hz) and supplied to
conventional electric power networks. In the reference system each
rectenna would have an output of 5 gigawatts (GW), or 5000 megawatts.

Each rectenna would be elliptical in shape, roughly 10 km wide and
13 km long. A rectenna would be composed of some 10 billion half-wave
dipoles, each about 6 centimeters (cm) long, placed equidistant from
each other on panels tilted toward the satellite, and supported by a
frame. Construction of the rectennas is assumed to be a
straightforward matter, since the technology that would be used is
conventional, although it has never been used on this scale before.

The construction of the satellites of the reference system and
supporting orbital bases would be a much more complex undertaking,
involving operations in both low earth orbit (LEO) and GEO (Figure
l.3). A staging base would be assembled in LEO at a few hundred
kilometers in altitude. Once the base was assembled in LEO it would be
used for the construction of cargo vessels that would carry materials
to GEO for a construction base there. The staging base would remain in
LEO as a logistics center, transshipment terminal, and maintenance
station.

Each of the 60 power satellites would then be assembled at the
construction base in GEO. Lightweight, triangular beam sections built
of aluminum or some composite material would be assembled into trusses,
to which would be attached the blanket of photovoltaic cells. Equipped
as well with an antenna bearing the array of klystron tubes and with a
control system for maintaining its proper altitude and position in
orbit, each satellite would then be moved from the GEO construction
base to its final orbital position.



® Satellites are in nearly continuous sunlight.
® Satellites provide baseload electricity.
® Satellites reject waste heat to space.
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FIGURE 1.1. Satellite power system concept (not to scale). The system would comprise multiple
satellites and receiving sites.
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FIGURE 1.3. SPS operational system: (1) Reusable HLLV, heavy-lift launch vehicles, take people and hardware to (2) LEO, low earth orbit,
where the first stage of construction takes place. (3a) POTVs, personnel orbital transfer vehicles, and (3b) EOTVs, electric orbital transfer
vehicles, then transfer people and cargo to (4) GEO, geosynchronous earth orbit. The satellites are assembled at the GEQO construction base.
(5) The operational solar power satellite transmits solar energy to (6) a rectenna, or receiving antenna, on earth by way of a microwave power
transmission system.



6

The construction of the SPS satellites would reguire the
development of a complex system of space transportation, both for
materials and for space workers. The first stage of transportation,
from earth to LEO, would require the development of a heavy-lift launch
vehicle (HLLV) that would be reusable. The reference system postulates
the development of an HLLV capable of carrving about 400 metric tons.
Since these vehicles would have to carry about 4 million metric tons of
materials from earth to LEO over a period of 30 years, it would be
necessary to construct a fleet of 40 to 50 HLLVs to make more than
10,000 £lights, an average of more than one HLLV launch per day.

At the staging base in LEO a second~stage transportation wvehicle
called an electric orbital transfer wvehicle, or EOTV, would be
constructed. This vehicle would be used to carry materials from LEO to
GEO. The EOTV would be more than 1 km square and 0.5 km thick, and it
would be capable of carrying 4000 metric tons of cargo from LEO to GEO
during a slow but efficient trip that would last 6 months. The surface
of the EOTV would be covered with solar cells that would collect solar
energy to power the vehicle's electric ion engines.

Construction of the entire reference SPS would require about 20,000
space workers, about 1500 of whom would be in space at any one time.
These workers would be transported from earth to LEO in a special
module attached inside an HLLV or in a totally separate personnel
launch vehicle (PLV). Another vehicle, called the personnel orbital
transfer vehicle (POTV), would be equipped with a chemical propulsion
system to provide fast transit through the Van Allen radiation belts to
carry workers from LEO to GEO. While in GEO, workers would spend most
of their time within heavily shielded enclosures designed to protect
them from the ionizing radiation of space. In these enclosures they
would operate the mechanized and robotic equipment that would perform
most of the construction work. Other, smaller wvehicles, would be
needed to transport workers between the GEO base and the power
satellites.

The reference system plan calls for the construction of two SPS
satellites per vear beginning in the year 2000. Meeting this schedule
would mean that by the vear 2000 both the LEO and the GEO construction
bases would have to be in place; that a fleet of HLLVs, EOTVs, POTVS,
and possibly PLVs, would have been constructed; and that at least
several thousand space workers would have been trained.

THE TASK OF THE COMMITTEE

Like most proposals for making use of new sources of energy or
reviving older ones, the concept of an SPS began to receive serious
attention following the 1973-1974 embargo of oil shipments by the
Organization of Petroleum Exporting Countries. The idea of an SPS was
first proposed as a technically feasible enterprise by Glaser (1968).
Although some preliminary studies of the SPS concept had been done by
NASA in the late 1960s, the first thorough assessment was conducted
between 1977 and 1980. Sponsored by DOE's Office of Energy Research,
the assessment was conducted under a joint DOE/NASA Satellite Power
System Concept Development and Evaluation Program (CDEP). In 1978, the
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National Science Foundation (NSF) was authorized to assess the
feasibility of an SPS that would make use of extraterrestrial
materials—-—-that is, raw materials taken from the moon or from
asteroids, the orbits of which lie mainly between those of Mars and
Jupiter in our solar system.

By 1979 all three federal agencies involved in developing the SPS
concept agreed that there was need for an independent look at the work

being conducted under the CDEP because of the large scale of both the
concept and its implications. Consequently the NSF, with the
concurrence of DOE, asked the National Academy of Sciences:

l. To identify and analyze the scientific, technical, and other
issues most critical to future decisions about developing an SPS,

including the feasibility of using the moon and the asteroids as
sources of materials.

2 To identify any scientific and technological issues that might
have been neglected or given inadequate attention during the DOE/NASA
assessment program. |

3. To examine the results of the CDEP conducted by DOE and NASA.

The NAS, through the National Research Council, asked the Committee on
Satellite Power Systems to undertake these tasks. Subsequently, NASA
asked that the Committee expand its evaluation of critical issues in
the space transportation aspects of SPS.

As it sought to carry out its work, the Committee operated with a
set of underlying assumptions, which only time will show to be
appropriate. It is therefore important for the reader to know what the
assumptions were.

The first assumption was that existing estimates of the future
demand for, and supply of, energy in the United States were
satisfactory for the Committee's purposes. With few exceptions, these
estimates suggest that the demand for energy in this country will grow
steadily, and that the demand for electrical energy will increase
faster than that for other forms of energy. The Committee, however,
made no independent determination of the amount of growth, either in
total energy demand or in the demand for electrical energy alone. As a
corcollary, we assumed that the demand for electric power in the vyears
after 2000 will be neither so large that SPS would comprise only a
negligible component of supply (and hence possibly not be worth its
complexity) nor so small that the SPS output could not be fully used.

A second assumption was that by the year 2000, the time for the
start of deployment of the reference SPS, the generation of electricity
by 0il and natural gas will have declined substantially. As of 1978,
fuel o0il and natural gas together were being used to produce about 35
percent of the electricity generated in the United States.

A third assumption--and one that is probably more generally
accepted than any of the others--was that the United States must, and
ultimately will, change from using fossil fuels (o0il, natural gas, and
coal) for the bulk of its energy to using virtually unlimited sources
of energy--solar power, the recycling of uranium in breeder reactors,
thermonuclear fusion, or some other process not yet developed or even
conceived.
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A fourth assumption was that while the transition from fossil fuels
to other energy sources is inevitable, it will also be gradual. In
other words, we assumed that during the next 20 or more years there
will be no crisis in the supply of energy severe enough to require the
crash development of an SPS for the purpose of meeting electrical
enerdy needs either in this country or in the other nations of the
world.

The fifth assumption (always carefully made by DOE and NASA as
well) was that any SPS that might be deployed in the future will differ
substantially from the reference system postulated by DOE and NASA, but
that the reference system can be used as a device to examine and
analyze the issues that the SPS concept raises.

The sixth assumption was that our examination of the reference
system and the more general SPS concept should be based on foreseeable
advances in SPS-related science and technology and that estimates of
cost should be based on conceivable projections of current trends.
Remarkable and unexpected advances’'in science and technology can occur,
of course, leading to enhanced performance or reduced costs. Yet it

was our view that it would be prudent not to count on future advances
and economies without a reasonable idea of how thev might be achieved,

so that a realistic idea of an SPS undertaking could be formed.

THE CHALLENGES OF AN SPS

The research and development necessary to provide the technological
base for an SPS, followed by the construction, deployment, operation,
and maintenance of such a system, would present substantial challenges
toc any nation or group of nations that embarked on the venture. Apart
from the scientific and technological challenges, the projected
deployment of an SPS would also present economic, environmental, and
sociopolitical questions, many of which would have to be resolved
before construction began. Assuming that all the major questions
raised by an SPS were satisfactorily answered, however, it would still
be necessary to determine whether an SPS would be an advantageous

choice as a source of electric power in comparison with other advanced
technologies.

The Scientific and Technological Challenge

Of all the challenges presented by an attempt to construct and
deploy an SPS, the scientific and technological ones are perhaps the
most striking. PFirst of all, it would be necessary to develop and
build at least two different types of spacecraft, the HLLV and the
EOTV--the one far larger and capable of carrying far heavier loads than
any spacecraft developed so far, including the space shuttle, and the
other an entirely new departure in space vehicles.

Both the HLLV and the EOTV would be smaller, however, than the SPS
satellites. Each of the 60 power satellites postulated by the

reference system would be built in space, and each would reguire an
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on-board control system to keep it stable during construction and
operation. NASA has not built structures of any size in space, and the
robotic and mechanized equipment that has been proposed for automated
construction is completely undeveloped.

Further, it has yet to be determined just which materials and
manufacturing processes would achieve acceptable results in the
construction and operation of the sat€llites. Photovoltaic cells for
the "solar blanket" present particularly challenging problems.

Chapter 2 discusses these scientific and technological problems,
and others, in greater detail.

The Economic Challenge

An SPS would be the most expensive technological venture ever
attempted. DOE has estimated that the total cost of the reference
system over 30 years would be about $1300 billion in 1980-year
dollars. To place the DOE estimate in a clearer perspective, it may be
useful to point out that as of 1980 the replacement cost of the entire
U.S. electric generating capacity of about 600 GW is roughly $600
billion.

Estimates of costs up to 50 years in the future are highly
uncertain, particularly for such a preliminary and complex system as
the reference SPS. The DOE estimate is based on optimistic projections
of future technology and costs. Many of the projections already assume
large decreases from current costs. Many others are more accurately
described as goals than projections--especially in cases where
technology such as the EOTV has not yet been developed. Space
transportation and photovoltaic cells, as larger elements of SPS costs,
deserve critical review in this respect.

An investment of $100 billion and a period of about 20 years
without any financial return is estimated by NASA for research,
development, and production of the first operating reference system
satellite and rectenna. Thereafter, the new capital that would be
needed each year for 30 years to construct the remainder of the system
would be in competition with other capital requirements in the U.S.
economy, including those of alternative sources of electric power.

Over the next few decades and into the next century, dynamic change
will characterize the demand for electrical power, the economic
eguilibrium of the various conventional and advanced technologies that
would supply the demand, and the energy returned by the energy invested
in building new power systems. The SPS concept needs to be examined in
the context of this changing scene.

The substantial economic challenges that an SPS would raise are
discussed at greater length in Chapter 3.

The Environmental Challenge

The construction and operation of an SPS would entail numerous
environmental effects, a term used broadly here to include effects on
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human beings and on important human activities. For example, certain
types of radiocommunications and all of the conventional methods of
astronomical observation would be affected. An SPS might also have
some environmental effects that are as vet unknown, such as effects of
low-level, long-term microwave radiation on human beings outside
rectenna sites.

Of the various environmental issues of an SPS, a critical one is
the question of the effects of ionizing radiation on human beings
working in space, particularly in GEO, on the construction of
satellites. Another is the potential radio interference of power
satellites with other types of satellites that would also need to use
the limited geosynchronous orbit.

An SPS would also create other environmental problems. For
example, the exhaust emissions from the HLLVs that would be launched
into space anywhere from 375 to 500 times a yvear, would affect the
different atmospheric regions in various ways, including possible
weather modification and changes in the chemical composition of the
atmosphere. The seriousness of these and other potential HLLV effects
is unknown at this time.

The environmental problems mentioned above, as well as some of
similar concern, are dealt with in Chapter 4.

The Sociopolitical Challenge

An attempt by the United States--or, for that matter, any other

nation or group of nations--to build and deploy an SPS would be
complicated by a web of international and domestic sociopolitical
considerations that might prove hard or impossible to resolve.

For example, potential interference with other types of satellites
would pose international problems of sharing the orbit and the
microwave spectrum compatibly with the satellites of other nations. An
SPS might also raise military issues, concerning both its
convertibility to weaponry and its vulnerability to attack, that might
have to be resolved in an international forum.

An SPS would pose certain domestic political questions. As we have
seen, SPS satellites would beam microwaves to rectennas on earth.
Although the strength of these microwaves outside rectenna sites would
be about 100 times less than a present guideline for occupational human
exposure limits in the United States, the safety of low-level,
long-term microwave radiation is still not proven. This public health
concern, along with a variety of other concerns--ranging from the
possible impact on land values to the alteration of existing

terrain--might pose local political problems related to the siting of
rectennas.

Finally, there is the possibility that a project as large,
technologically intensive, expensive, centralized, and unprecedented as
an SPS might raise, in the population at large, unspecified fears about
its consequences or general doubts about its wisdom.

These sociopolitical questions are treated in Chapter 5.
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The Challenge of Other Advanced Methods of Producing Electricity

During the coming decades the countries of the world will be making
decisions about the mix of sources of electrical energy they will rely
on over the long term--that is, beyond the next 40 years. Some, it
seems clear, may rely heavily on breeder reactors, while others may opt
for expanded use of solar energy in its various forms. Coal will
remain a major source of electricity over the next century or longer,
and there will also be enhanced efforts to prove that fusion can become
an economic source of energy.

It is difficult to predict whether an SPS could become an
achievable and economic source of electrial energy in comparison with
other potential technologies more than 40 years from now. The best
that can be done, under the circumstances, is to make educated guesses
about favorable and unfavorable prospects for the various known methods
of generating electric power, and to qualify those guesses with
suggestions about the exploration of barely known or not-yet-invented
technologies.

Hence, Chapter 6 1is devoted to a brief analysis of the various
possibilities for producing electrical energy over the long term and a
brief comparison of certain of those methods with an SPS.

Finally, Chapter 7 reports our examination of the DOE/NASA Concept
Development and Evaluation Program and its final report, in view of the
many challenges of SPS.



CHAPTER 2
TECHNOLOGICAL ASPECTS

Capturing solar energy in space to provide electricity on earth
would entail the development and use of a variety of technologies.
Since solar energy is diffuse, large satellites would be needed to
intercept enough power to make the project worthwhile. The
construction of these large satellites would mean that the technologies
for building, positioning, and operating them would have to be
developed, as would transportation systems for delivering personnel and
materials to orbit, where the satellites would be built. Once

collected, the solar energy would then have to be converted into a form
suitable for transmission to earth, where it would have to be converted

once more into conventional electric power and injected into utility
grids.

In this chapter we examine the basic technological requirements for
a satellite power system (SPS): space transportation, satellite and
space vehicle construction in space, energy conversion, energy
transmission, operations and maintenance in space, and energy reception
by rectennas (receiving antennas) feeding power into the conventional
transmission systems on earth. The reference system—--the conceptual
model developed by the National Aeronautics and Space
Administration--is necessarily the focal point of this examination, but
where appropriate we also discuss proposed alternatives for achieving
the various objectives. In addition, we examine the prospects for
using materials from the moon or asteroids in the construction of an
SPS.,

SPACE TRANSPORTATION

The space transportation system that would be needed for deploying
and maintaining the SPS satellites postulated by the reference system
would dwarf that of any other civil or military project (see
Appendix C). When fully operational, the space shuttle, which reflects
the technology of the 1970s, will have the capacity to lift about 30
metric tons to low earth orbit (LEO) at a cost between $700 per
kilogram (kg) and $1200/kg with a launch rate of once every 2 weeks.
Shuttle capacity is expected to grow to 50 metric tons, with
proportional economies. The construction of two SPS satellites per

12
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year, however, would require the movement of more than 100,000 metric
tons of material per year to geosynchronous earth orbit (GEO). The
reusable heavy-l1lift launch vehicles (HLLV) proposed in the reference
system would each have a payload to LEO of about 400 metric tons and a
launch rate of about 400 to 500 flights per vear, at a cost goal in the
neighborhood of $50/kg to $100/kg. This large number of HLLV flights
would require a substantial fleet of economical vehicles with low
turn-around costs. A second new vehicle, the electrical orbital
transfer vehicle (EOTV) of the reference system, would transport a
payload of 4000 metric tons from LEO to GEO at a cost goal of about
$20/kg. In contrast, the current cost of launching a small pavload
from earth to GEO using conventional one-shot rockets reflecting the
technology of the 1960s is about $50,000/kg.

Transportation Between Earth and LEO

To meet the requirements of the reference system for transportation
of cargo from earth to LEO, a new and fully reusable HLLV is proposed.
This vehicle would require a major extension of today's technology, but
no new breakthroughs. A principal development requirement for the HLLV
1s a reusable, high-pressure booster engine that would burn
hydrocarbons for first-stage propulsion instead of hydrogen, as the
shuttle does. Other major requirements to achieve the performance and
reusability planned for the HLLV would include a new thermal protection
system (TPS), reusable cryogenic fuel tank insulation, advanced control
systems, new high-temperature alloys for engines, and lightweight
composites for structural members (Wolfe 1981, NASA 1980b).

Critical factors that would affect the performance of an HLLV fleet
include maintenance and the refurbishment required after each flight.
The work required in scheduling and coordinating the packaging of
construction materials and delivering them for launch would be
comparable to that of major airport operations today. HLLV operations
would represent almost two-thirds of estimated transportation costs to
LEO. |

Thus, high reliability and reusability would have to be designed
into the HLLV to keep costs down. For example, total system costs are
sensitive to how much of the thermal protection system, which protects
against the heat of reentry, would have to be replaced after each
flight (see Chapter 3). Just how much refurbishment would be required
between flights, particularly for the engines and the TPS, is not known
at this time. Refurbishment was not a consideration in the days of
expendable space vehicles, but experience with the shuttle in the 1980s
should lead to a better understanding of the problems to be faced in
improving the performance of future generations of reusable vehicles.
For example, the initial flight of the shuttle Columbia showed little
degradation of its thermal protection tiles.

Estimates of the weight of the HLLV, made independently (Wolfe
1981) by applying established weight-estimating relationships to each

HLLV subsystem, were 12 to 15 percent higher than those derived by the
NASA contractors.
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Although the HLLV appears achievable, it would be expensive (see
Chapter 3). Independent cost estimates (Wolfe 198l) are higher than
the estimates of the NASA contractors by a factor of two or three. It
would be important to pursue every opportunity to provide higher
performance and lower costs than those offered by the HLLV. New fuels,
engines, materials, and structures could be important as well as new
vehicle and operational concepts. Alternative concepts need not evolve
from the design of the shuttle but could be entirely new ideas. For
example, a single-stage vehicle capable of flying to LEO from earth
might be compared with a two-stage vehicle such as the HLLV to see
whether advantages of the former in terms of ground-based logistic
operations would offset its greater cost (Reed et al. 1979).

Transportation of personnel from earth to LEO in the reference
system is proposed to be done by a separate personnel launch vehicle
(PLV) derived from the space shuttle. The vehicle would include a
passenger module which might also be used in transporting personnel
from LEO to GEO. The PLV appears to be readily achievable, but the
alternative of carrying the personnel module within the HLLV, in lieu
of developing a separate PLV remains an open question.

As a result of its review the Committee concludes that:

The technology for a reusable HLLV capable of delivering
payloads on the order of 400 metric tons to LEO appears to us
to be achievable in the not-too-distant future, and certainly
by the year 2020. The HLLV of the reference system, however,
would weigh about 15 percent more than NASA's contractors have
estimated, with associated increase in cost.

Transportation Between LEO and GEO

Transportation between LEO and GEO would have to be of two types.
One type would be for rapid transfer of personnel and limited high
priority cargo in a personnel orbital transfer vehicle (POTV), probably
using the passenger module from the PLV, propelled by high energy
chemical rocket engines. Safety is an important concern for the POTV,
but the plan appears manageable.

The other type of LEO to GEO transportation would provide slow but
inexpensive transfer of large cargo shipments. Chemical rocket engines
are not practical for this purpose because the costs would be
prohibitive. An electric orbital transfer vehicle (EOTV), which uses
electric ion engines, is proposed instead. Electric ion engines much
smaller than those called for by the EOTV are being tested by NASA and,
although the ability to scale up the NASA version to EOTV size is not
clear, ion engine propulsion appears achievable.

Difficulties more serious than those involving the engines appear
to lie in the design and integration of the major subsystems of the
EOTV and in its operational characteristics. The EOTV of the reference
system, for example, would use photovoltaic technology to supply
electrical energy to its argon ion engines. That is, the vehicle would
have an array of solar cells on its external surface to collect solar
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energy. These cells, like those of the power satellites, would be
exposed to potential radiation damage; they would also be exposed to
additional radiation during the EOTV's repeated passages through the
Van Allen radiation belts. A liquid hydrogen-liquid oxygen control
system is proposed for navigation and attitude control of the
kilometer-sized EOTV on its 6-month trip from LEO to GEO, including
periods in the earth's shadow. Other integration requirements include
those for the on~board electrical systems and propellant storage and
transfer systems. An EOTV or similar vehicle to provide low cost
transportation of heavy cargo from LEO to GEO is absolutely essential
to an SPS. If solar cells appear to be impractical as a power source,
nuclear power or sclar thermal power might be considered as
alternatives.

The Committee concludes that:

" The development of an EOTV would represent a major advance in
low-cost transport from LEO to GEO. However, the proposed
propulsion, power source, control system, and integration
requirements of the EOTV would make it a development of high
technical risk. The importance to future space operations of
a capability like an EOTV makes the concept a likely objective
for development whether or not an SPS program is undertaken.

SPACE STRUCTURES AND THEIR CONSTRUCTION

No experience exists on which to base judgments about the technical
feasibility of building large structures in LEO and GEO. So far, in
fact, no structures of any kind have been constructed in space. Thus,
experience in building progressively larger structures would be needed
before the technical and economic feasibility of building construction
bases, EOTVs, or power satellites could be asserted with confidence.

Each of the power satellites of the reference system would be an
open structural frame 10 km long by 5 km wide by 0.5 km high, with a
solar cell blanket covering the top and a transmitting antenna about
l km in diameter attached to the frame by means of a rotating collar.
The capability to analyze and design such structures, with their
unusual loads and configurations, appears to be achievable. There
would, however, be many challenging design problems in integrating
structural and configurational requirements with thermal and other
environmental conditions, with the characteristics of the construction
materials, and with the construction system to be used. Other
structural concepts, using more innovative, light-weight approaches and
taking better advantage of the space environment could offer important
gains over the reference system structures.

A control system would be needed to maintain the stability of each
satellite during its construction and operation, as well as to keep it
positioned in its orbital location and pointed in the right direction.
This system would have to accommodate varying loads caused by
gravitational forces, the pressure of solar radiation, the thermal
environment and transient loads during construction. It would have to
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keep the surfaces of the satellite's solar cells perpendicular to the
sun's radiation while keeping the antenna pointed at its rectenna on
earth. These are demanding requirements, well beyond current
capabilities. Hence, the design of such a control system would require
new analytical approaches. Modeling and dynamic analysis would have to
be substituted for laboratory investigation, since the physical forces
in GEO cannot be reproduced on earth. Although some observers have
expressed concern about the status of current progress on SPS control
gsystems (NASA 1980a), we believe that the requirements are essentially
major extensions of existing technology and could be met, although not
without some difficulty.

The construction of SPS satellites in space would require the
development of an entirely new technology. Except for machines that
extrude beams from metal ribbons or graphite composite, which have been
tested on earth, the techniques and hardware for construction in space
are only in the conceptual stage. The techniques of space construction
described in the reference system plan would rely heavily on robotics,
but there is neither experience in robotics for construction nor a
program to develop this capability. Hence, major efforts to develop a
robotics capability would be required. We believe that the combination
of requirements for other types of space platforms and planned
construction experiments in the shuttle will lead to development of a
gspace construction capability before the end of this century. Whether
this capability would be adequate for constructing the various parts of
an SPS is hard to predict at this time.

We are not optimistic about the possibility of building one SPS
satellite every 6 months, as scheduled in the reference system plan.
The problems of joining large numbers of long beams in space should not
be underestimated. The natural modes of oscillation of beams several
hundred meters in length, for lack of convenient means for grounding or
damping them, may well attain relative displacements of one or two
meters with respect to each other (Mosich 198l1). The lightweight
cranes that would be used to move and align the beams would themselves
be subject to oscillation. Mosich analyzed one beam-joining operation
and found that it might take 50 to 150 times longer to accomplish than
estimated under the reference system plan.

The Committee concludes that:

. Space structures of the kind that are contemplated in the
reference system could probably be designed and built in orbit
by the early part of the next century, given adequate
development of robotics. However, it appears to us that
innovative designs capable of taking advantage of the

environment of space are likely to be more practical than
conventional beam-and-truss designs used on earth and modified

for space.
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ENERGY CONVERSION

The function of the power satellites is to convert solar radiation
into a form of energy, like microwaves, suitable for transmission to
earth. Both thermal and photovoltaic methods for performing the
initial step in the conversion have been discussed in the literature.
Direct optical excitation of lasers is another, though more remote,
possibility. Only photovoltaic conversion is considered here, however,
since this is the technique proposed in the reference system.

Solar Cells

The technical feasibility and the economic practicality of the
solar cells that would be required for the satellites of the reference
system are examined in detail in Appendix E. A number of important
considerations would determine the feasibility and practicality of the
concept. These considerations include beginning-of-life (BOL)
efficiency, radiation and particle damage in GEO, methods of annealing
damaged solar cells in GEO, end—-of-life (EOL) efficiency, mass, cost,
and the future period of time under consideration. -

There are two major existing single-crystal photovoltaic
technologies, silicon and gallium arsenide, that should be considered
for application to an SPS. Of these, silicon has the advantage of much
longer technological development and operational experience in space.
(Polycrystalline, or thin-film, solar cells have unsuitably low
conversion efficiencies today compared with single-crystal silicon or
gallium arsenide cells.) Silicon cell arrays have been used
successfully in GEO on communications and other satellites during the
last two decades, and their advantages and disadvantages are both well
understood. The development of gallium arsenide cells, which are
potentially capable of higher conversion efficiency through the use of
graded heterojunction cells, is yet in its infancy. Hence we believe
that:

‘ Given the differences in technological development between
silicon and gallium arsenidgwcq;ls, and the necessary
intervals between the discovery of new science and full-scale
manufacturing, solar cells made of silicon would be the only
choice if an SPS were to be deployed by the year 2000. In the
next century better options will probably become available.

The reference system assumes that the solar arrays of each
satellite would have to produce a nominal output in the neighborhood of
10 gigawatts (GW) in order for each rectenna to produce 5 GW--after
allowing for losses in conversion to microwaves, transmission to earth,
reception, and further conversion to conventional power. NASA (H.L.
Benson, NASA Johnson Space Center, personal communication, April 11,
1980) uses a cost goal of about $0.22 per watt (peak) in 1977-year
dollars (or about $0.30 per watt (peak) in 1980-year dollars) for these
arrays, which would account for roughly 15 percent of the system's
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total cost. For the reference system, both silicon cells and gallium
arsenide cells were considered. However, for the reasons already
given, we based our analysis on the prospects for using silicon
technology for deployment beginning in the year 2000. That analysis,
shown in Appendix E, led us to the conclusion that:

. If the cost and mass of solar arrays were not constraining
factors, the technology needed for the fabrication of
otherwise satisfactory space-qualified silicon solar cells for
an SPS by the year 2000 could be developed.

The several considerations listed above are not unrelated, however,
and it appears unlikely to us that all the necessary improvements in
all of these considerations, including cost, can be attained for
silicon at the same time. It would be possible, for example, to
increase the resistance of the cells to penetrating radiation, but this
could bring with it the disadvantages of greater mass and higher cost.
Then again, it would be possible to reduce the mass of the solar cells,
but this could reduce EOL efficiency.

Damage to Solar Cells from Particle Radiation

Damage to the solar cells in orbit from low—energy electrons and
protons (from the sun) would gradually reduce the conversion efficiency
of the cells; intense episodic solar flares would hasten the reduction
in efficiency. The rate of damage could be slowed but not eliminated
by using silicon of ultrahigh purity. Thicker glass covers on the
cells would also help to reduce the damage. The former would add to
the cost of silicon, however, while the latter would add to the mass of
the satellite and hence glso to the cost.

Thus, if the solar cells are to have a long life span, it would be
necessary to anneal damaged cells in space to restore their
efficiency. Currently, radiation-damaged cells are annealed in ovens,
but lasers or electron beams would have to be used for this purpose in
space. No data now exist on the possibilities of annealing solar cells
protected by glass covers. Even for cells without covers, after
repeated cycles of exposure to radiation and annealing in an oven,
cells have failed to recover their original efficiency. Thus, the
Committee concludes that:

' In situ annealing of glass—-covered silicon solar cells is
probably a major problem.

The frequency of in situ annealing would depend on the rate of
radiation damage and the need to prevent the formation of complexes of
radiation—-induced defects in the cells (Appendix E). Defects would
form at a slower rate in high-purity silicon, but in situ annealing of
the high-purity silicon currently in use (especially during sun spot
cycles) might be necessary too frequently for laser annealing to be
energy-efficient. It would also be possible to forgo in situ annealing
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and accept the reduced efficiency of the cells. This would mean a
higher initial cost for the photovoltaic arrays because of the need for
a larger array to compensate for the reduced EOL efficiency. Because
the direct bandgap of gallium arsenide allows efficient operation with
much thinner cells than does the indirect bandgap in silicon, the
former is much more resistant to radiation damage. In addition, the
annealing of gallium arsenide cells would be possible at a lower
temperature than that required for annealing silicon cells.

Mass of the Solar Cell Array

The reference system design assumes a reduction in the mass of
current silicon arrays by a factor of seven without sacrificing other
important characteristics. Given other requirements, such as cost,
long life, and resistance to radiation, this requirement appears to be
difficult to realize.

Cost of the Solar Cell Array

The cost of the solar cell array is intimately bound up with its
performance requirements. Therefore, cost is analyzed in that context
in Appendix E, and the conclusions on cost are noted here with the
discussion of technical characteristics.

For an SPS to be cost-effective, the cost of photovoltaic arrays
would have to be drastically reduced. Currently available photovoltaic
arrays suitable for use in space cost about 2000 times the unit cost
assumed for the reference system. Many of the processing and
manufacturing costs, of course, could eventually be reduced by
increased automation and improved technology.

Cost reductions may be achieved through foreseeable technological
advances in various areas. These include raw materials, crystal
growth, junction formation, metallization, interconnection, array
fabrication, and inspection. Estimates of how costs might be lowered
in each of these areas, and with what likelihood, are at best educated
guesses. But using professional judgment, estimates for each area can
be examined in combination to give a very rough overall measure of the
likelihood of attaining a particular cost level. In Appendix E these

rough measures were considered, and from this work the Committee
concludes that:

. There ig virtually no likelihood that the technical
requirements of single-crystal silicon cell arrays for the
reference system can be met within their cost goal by the year
2000. The chances are quite small (say, of the order of 1
percent) that even a cost 10 times higher than the goal could
be attained by the year 2000. The chances are moderate (say,
15 to 20 percent) that a cost 50 times higher than the goal
could be attained by the year 2000.
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In spite of these discouraging conclusions for single-crystal
silicon solar cell arrays for the reference system by the year 2000,
photovoltaic technology gives promise of significant advances beyond
that time. Furthermore, this technology is vital for virtually all
aspects of a national space program. Hence the Committee recommends
that:

y The technical problems associated with the production of
low—-cost, space—qualified photovoltaic arrays should be
studied in association with programs of research and
development on solar cells that are mounted in pursuit of
goals other than SPS. 1In view of continuing technological
developments in the possibility of using direct-bandgap
materials, such as gallium arsenide, and in developing
continuous methods of solar cell fabrication, a reevaluation
of solar cell technology for SPS should be made within a
decade.

ENERGY TRANSMISSION

To transmit energy from GEO to earth, it would be necessary to
design a system in which energy was concentrated into a well-defined
beam. The beam would have to transmit enough enerqy to be economically
practical, but it would also have to be of low enough intensity to
avoid adverse environmental consequences. On the other hand, the power
density of the beam could not be too low, or the receiving antenna
would be unreasonably large.

The reference system postulates the use of microwaves at 2450
megahertz (MHz) to transmit energy to earth. To convert the
direct-current output of the solar cells to microwaves, on the order of
100,000 klystron amplifier tubes would be needed, each rated at about
70 kilowatts (kW). To produce a well-collimated beam, the transmitting
antenna on the satellite would have to be about 1 km in diameter. The
beam from the antenna would be focused by controlling the electrical
phase of the wave being emitted from each klystron. The klystrons
would have to have high efficiencies, in the range of 80 to 85 percent,
and would need to have a long average operating life to minimize
expensive replacement in GEO. Because of transmission losses and
losses in conversion at the rectenna site, the transmitting antenna
would have to radiate about 6.7 GW for the rectenna to deliver 5 GW to
the utility grid.

In connection with energy transmission, we noted with interest a
suggestion of Rogers (1981). Photovoltaic energy conversion would be
accomplished at optimum sites on earth, however remote. Power would be
relayed by microwave beam to continental or intercontinental distances
by means of a passive satellite reflector. Thus most of the complexity
of an SPS would be put on earth at the expense of additional land and
additional power losses incurred in two-way transmission. The

suggestion illustrates that quite different concepts for an SPS will
arise.
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Microwave Power Generators

Three types of microwave power generators for an SPS have been
examined. One is the array of high-powered klystron amplifiers
described in the reference system. The second would be an array of
magnetron oscillators, with the frequency and phase of the output wave
controlled by a reference signal supplied to each magnetron oscillator
from an external source. Since the output of each magnetron would
probably be only 3 kW to 5 kW per tube, more than a million magnetrons
would be needed to transmit power to a 5-GW rectenna. A third
possibility would be an array of solid-state amplifiers, probably
gallium arsenide field-effect transistors (FET), operating at perhaps
10 W each. In such a case, the power output would have to be scaled |
down because of limitations on operating temperature of the solid-state
devices. A satellite capable of delivering 1 GW would require
something on the order of 100 million FETs, which could be mounted on
the opposite side of the satellite from the solar cells. In other
words, a power satellite could be covered with solar cells on one side
and with microwave generating devices on the other. Because the
microwave devices must always be oriented toward the same spot on
earth, movable mirrors would be needed in this design to maintain
illumination of the solar cells. More detailed discussion of the
various technical aspects of klystrons and magnetrons is contained in
Appendix F.

Of these three, the only one that can seriously be considered for
deployment in the year 2000 is the klystron. It would be the only
choice in the near term for undertaking the design and fabrication of a
prototype that could meet all of the specifications, with the possible
exception of tube life. Detailed designs for such a klystron tube have
been given by independent sources (Boeing Aerospace Company 1977, LaRue
1980, Nalos 1980). The proposals are similar and are based on an
established design procedure that has been applied successfully over a
period of almost three decades to a variety of high-powered klystron
tube amplifiers. Such klystrons have operated in both pulsed and
continuous~wave modes over a wide range of frequencies, in many cases
with higher power output than would be required for an SPS. However,
some shortfall, perhaps 5 percent, from the desired efficiency of 85
percent might have to be accepted in the final design. Currently,
microwave systems that require very high, continuous-wave power and
high gain with controlled frequency and phase use klystrons similar to
those proposed for SPS satellites.

Phase control has also been adequately demonstrated in klystron
systems of large spatial extent. The Stanford Linear Electron
Accelerator, for example, uses 200 pulsed klystrons distributed over a
distance of about 3 km, each delivering peak power of more than 30
megawatts (MW). These klystrons operate under more stringent phase
control than would be required in an SPS. The accelerator has been in
operation for 12 vyears.

The major uncertainty in using klystrons in an SPS is their
anticipated working life, which is largely determined by their cathode
life. Insufficient experience exists to guarantee 30 years of life. A
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limited amount of data exists on klystron tubes used in the Ballistic
Missile Early Warning System (BMEWS) radar (400 MHz; 75 kW (average), 1
MW (peak)); those tubes have been operating up to 14 vyvears. Recently,
however, a great deal of effort has been devoted to a new class of
thermionic emitters, the so-called matrix—-type cathodes, which seem
likely to be able to meet the lifetime requirements for an SPS. These
cathodes operate at lower temperatures for a given current and should
have longer life than the conventional cathode with a barium
oxide-coated surface that has been used for many years.

Data on the other alternatives for microwave generation are so
rudimentary that it is not possible now to project the implications of
those systems for an SPS. Since possible advantages have been claimed
for each system, however, further studvy appears to have merit.

The Committee concludes that:

. Klystron tubes would be the preferred choice for transmitting
power from space to earth in an SPS to be deployed by the vear
2000, but further work would be required to develop tubes with
sufficiently long lifetimes. Alternative designs for
deployment in the next century might be able to use magnetrons
or solid-state microwave generators for this purpose.

Controlling a Microwave Beam

One of the problems posed by an SPS is to achieve precise
collimation and directional control of the microwave beam. Such
control would be necessary not only to transfer the most power but also
to prevent significant amounts of microwave radiation from reaching
areas other than the rectenna.

Three methods of beam control have been suggested, and engineering
studies of all three have been made. The methods are (1)
retrodirectivity, (2) inverse radio interferometry, and (3) coherent
multitone ground-based phase control. All three are sound in concept
but would ultimately require detailed mathematical analysis followed by
laboratory testing of key components and subsystems. The three methods
are discussed in detail in Appendix F (see also NASA 1980c).

The retrodirective array postulated by the reference system is a
method for automatically phasing the separate modules in the
transmitting antenna so that each radiates power with a carrier phase
that is the negative of the phase of a pilot signal received at the
module. If the pilot signal originated at the rectenna, the components
of the main power beam emanating from the many modules would arrive in
phase at the rectenna, because the phase on each down path would
advance by an amount just equal and opposite to the emitted carrier
phase at each module.

Although pilot beams have been used to direct microwave beams on
earth, there are two important areas of uncertainty in SPS
application. The first involves the possible degradation of the pilot
beam by the ionosphere as a result of disturbance created by the
microwave power beam. Microwave transmissions through the ionosphere



23

have been found to scintillate strongly under certain unusual
conditions (Taur 1974, 1976). If the power beam disturbed the
ionosphere enough to degrade the performance of the phase control
system, one obvious solution would be to reposition the pilot beam
transmitter so that the beam would avoid the heated ionosphere and to
introduce compensating phase corrections on the satellite.

The second guestion involves possible interference with the pilot
signal by the high-powered transmitter on the satellite. If the high
power caused nonlinear effects in the pilot signal receiver, the phase

information essential for properly collimating the microwave beam might
be distorted.

Laser Transmission

The possibility of using laser radiation rather than microwaves to
transmit electrical power from an SPS satellite depends on a number of

factors, some of which are discussed below. First, we ennumerate some
of the potential advantages.

The shorter wavelengths of laser radiation would permit the use of
much smaller transmitting and receiving antennas. For example, the
wavelength of the carbon dioxide (COj) laser (10 micrometers (um))
would be shorter than the wavelength (about 0.12 m) of SPS microwave
radiation by four orders of magnitude. Savings in costs would result
from smaller antennas and rectennas. In addition, the short wavelength
of laser radiation makes it possible to shape the profile of the beam
accurately enough to keep the side lobes negligible, reducing the
radiated power outside the rectenna zone compared with what would occur
with microwave transmission. Finally, the problem of interference with
existing communications systems of all sorts would be nonexistent if
laser radiation was used.

These potential advantages, however, are more than offset by major
problems associated with laser transmission, including the fact that
attenuation of laser radiation by clouds makes laser transmission
undependable. There is no place in the optical spectrum, including the
infrared portion, where clouds are transparent. Switching the laser
beam among alternative rectennas might be a solution to this problem,
but meteorological studies indicate that large areas of the continental
United States are covered by clouds during certain seasons. In these
circumstances, having a diversity of rectennas for each satellite would
not be of much help.

The argument that laser radiation could continuously "burn"™ a hole
through the clouds does not have merit. A straightforward calculation
shows that for average cloud thickness and a cloud velocity of 1 mile
per hour, a laser intensity of greater than 1 wamz would be required
to pierce the cloud cover. For safety reasons alone, laser radiation
of such an intensity cannot be considered acceptable. Furthermore,
thermal "blooming" at an intensity of that magnitude might make laser

power transmission quite unreliable. (Thermal blooming is caused by
the heating of the atmosphere by the passage of the laser beam, with
consequent reduction of the refractive index nearer the axis, which in

turn causes divergence of the beam.)
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Moreover, the beam of a CO5 laser using natural isotopes would be
partially absorbed by atmospheric COs. Absorption of the strongest
optical component of the CO, laser radiation would amount to about 30
to 50 percent. The use of rare isotopes in CO, lasers would
alleviate this situation, since the laser wavelength for different
isotopes of CO, is different. However, the cost of using rare
isotopes would probably be prohibitive.

The electrical efficiency of practical, continuous-wave lasers is
far lower than that of klystrons or magnetrons. For example, even the

CO, laser, a prime candidate, has a demonstrated conversion
efficiency just above 10 percent and a theoretical efficiency of only

about 40 percent (Patel 1964, 1968).

Furthermore, the direct conversion of infrared radiation to
electricity (at the rectenna) is not as well developed as the
conversion of microwaves. Proposals have been made to reabsorb laser
energy using the same kind of system that generated the laser
radiation. However, this scheme would be applicable only to laser
systems using gases, and then only to gases in which the molecular
energy level of the laser gas was close to the ground state and hence
appreciably populated at ambient temperatures. An appropriate example
would be COy. The CO, laser emits in the 9-im to 10.8-im
region, where the "heat" gained by the gas from absorption of the
infrared radiation could be used to drive gas turbines for electrical
generation. It might eventually be possible to make this process
highly efficient (Christiansen and Hertzberg 1973), but substantial
additional work would be required to do so.

Based on the discussion of laser transmission in this section, the
Committee concludes that:

. The transmission of power from space to earth by means of
lasers appears unlikely in the near future because of
inefficiencies of energy conversion or perhaps ever because of

the fundamental limitation imposed by the opacity of clouds.

OPERATIONS AND MAINTENANCE IN SPACE

Although some experience has already been gained in operating and
maintaining satellites and vehicles in space, and much more experience
will be gained during the shuttle program, operating and maintaining an
SPS in GEO involve substantial uncertainties. It is not that the
problems themselves are not understood, but that there are so many
tasks for which the required base of technical knowledge has not been
defined. For example, SPS operations would require the routine
transfer of fluids, especially cryogenic fuels, over large distances in
space. Although this capability has been identified for some time as
important in future space programs, the United States has little
experience in the design, development, or testing of systems for doing
so. The USSR has successfully transferred liquids in orbit, however.

Another example pertains to the maintenance of the SPS transmitting
antennas. ©Since each antenna would have about 100,000 klystrons,
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several thousand klystrons per satellite would have to be repaired or
replaced each year, even if the klystrons had an average lifetime of 25
years. Under the reference system, a work force of several hundred
people was proposed for the task of repairing klystrons in GEO, since
it apparently would be less costly to repair them than to replace

them. Although the problem of servicing failed klystrons is not so
fundamentally hard as some other technical aspects of SPS, there is no
experience from which to judge how best to approach such an operation.
Accordingly, the task cannot yvet be considered solved. A general rule
of thumb for operations in GEO, obviously, should be to minimize the
number of people on site, either through alternative designs or through
far more use of robotics for servicing than visualized in the reference
system.

One important reason for minimizing the number of personnel in GEO
is to reduce the extent of their exposure to ionizing radiation (see
Chapter 4). The heavy shielding needed to protect workers in GEO under
ordinary circumstances and the need for workers to be close to a more
heavily shielded storm shelter during solar flares can be expected to
hamper maintenance operations. If our analyses are correct, however,
it might also be necessary to restrict the length of time spent by
workers in GEO, thereby increasing the number of people who would have
to be recruited and trained for the work. Consequently, the fewer the
tasks performed by people in GEO, the better.

A critical task that would be performed in LEC under the reference
system is the repair and refurbishment of the ion engines used in the
EOTV. It is anticipated that the electrodes in the engines would have
to be replaced frequently. These electrodes have very close tolerances
for positioning and alignment, and how they would be replaced in space
has not been specified.

The reference system deals with problems of operations and
maintenance by postulating ideal solutions. Yet past experience has
shown that unanticipated compromises in idealized designs are a
distinct possibility, and that such compromises will result in delays
and added costs. One area where the ideal and the practical may not
coincide is in the extensive docking, stevedoring, and warehousing
facilities and operations that will be needed in LEO to keep up with
400 HLLV launches a vear. Experience in LEO and GEO is needed to gain
an improved understanding of the problems of maintenance in space and
to demonstrate techniques for resolving them.

ENERGY RECEPTION AND INTERFACE WITH THE UTILITY GRID

The ground facilities of an SPS would consist of receiving antennas
(rectennas), to convert the microwaves received from the satellites to
high voltage 60-hertz (Hz) power without intermediate storage, and
transmission lines, to transmit the power to existing electric utility
transmission grids.

The rectenna postulated under the reference system would account
for about 20 percent of the cost of each satellite-rectenna
combination. About 10 billion half-wave dipoles feeding semiconductor
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diodes at each rectenna would be used to convert the microwave energy
into low-voltage, direct-current (dc) electricity, which would then be
converted to alternating current (ac) by conventional means. All of
the technology necessary to build the rectennas is at hand; the major
problem is that of scale. At 35° latitude, the field of dipoles would
cover an elliptical area approximately 10 km by 13 km. Building such a
rectenna and installing its electrical components, while technically
feasible, would be a challenging task that would certainly take several
years.

If an SPS were to be built, there would be no insuperable problems
in connecting the 5-GW output of each rectenna to the integrated
utility grid systems of the United States. By the time an SPS5 could be
built, we believe that domestic grids will certainly be large enough to
accommodate a single 5-GW block of power. The power from each
additional rectenna would be easier to integrate into the grid system
because the total amount of power feeding into the system would be
larger. If the load centers were a considerable distance from a
rectenna site, the ac voltage could be stepped up to a suitable level
for transmission; and conventional considerations would determine
whether the transmission would be by ac or dc. If it were feasible,
however, to locate the rectenna adjacent to or within a large load
center, the rectenna design might be modified to permit direct
injection of its low-voltage power into the system. It is more
probable, however, that some of the energy would be used locally, while
the rest of it was transformed to a higher voltage for transmission to
other load centers.

Considerations of Utility Reliability

A rule of thumb in the electric power industry is that no more than
10 percent of the power of a given system should come from any single
generating station. For this basic tenet to be observed, the power
system or .systems receiving the energy would need to have a baseload
demand of at least 50 GW. Furthermore, if the rectenna is considered a
baseload source, the demand of 50 GW would have to occur during
of f-peak periods. Otherwise, an unscheduled outage of the SPS during a
light-lcad period (i.e., a period when demand was less than 50 GW)
might well lead to a failure of power systems using SPS energy.

Furthermore, any single transmission line from a rectenna to a
power system should not be expected to deliver more than 10 percent of
that system's load. Hence, if a utility served by a rectenna had an
off-peak load of 10 GW, the transmission line connecting the rectenna
with the system should transmit no more than 1 GW.

These criteria are not as restrictive as they may appear, however,
since the power from one 5-GW rectenna could be connected to more than
one grid if need be. The eastern and western U.S. grids of today would
have no problem integrating the power from 5-GW baseload units.

Finally, a limitation on the length of a transmission line is set
by the economic feasibility of capital cost and power losses.
Experience has shown that this limit is on the order of several hundred
miles.
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The Committee concludes that:

If suitable sites for rectennas could be located within a few
hundred miles of large, integrated power networks, no
insurmountable problems would arise in building microwave

rectennas and integrating their power output into the U.S.
electric grid system.

USE OF EXTRATERRESTRIAL RESOURCES TO BUILD AN SPS

Because a high percentage of the cost of an SPS would be incurred
to lift large amounts of material from earth to GEO, it has been
suggested that the use of extraterrestrial materials might be less
costly. Since delivering a payload from the surface of the moon to GEO
requires only about one-twentieth of the energy needed to move the same
payload from earth to GEO (Criswell and Waldron 1978), the potential
savings in energy and costs have prompted proposals to use
extraterrestrial materials to build an SPS.

Expectations of potential savings, however, appear to us to be
premature. First, not all of the elements that would be required for
an SPS are found on the lunar surface or on asteroids. Aluminum,
magnesium, and silicon are available on the moon; but concentrated
deposits have not been located. 2Zinc, molybdenum, and other metals
important for making alloys are rare. Oxygen is plentiful in lunar
soils, but hydrogen is very scarce. It therefore appears necessary to
import water from earth for industrial activities on the moon.

It is clear that many complications would be introduced into the
construction of an SPS through the mining and beneficiating of
extraterrestrial materials to produce raw stock, followed by the
fabrication of finished products, and their transport from the moon to
GEO. It is not at all clear that the various steps in the extraction
and manufacturing processes could be accomplished in space with net
energy savings or at net costs less than those that would be incurred
by delivering materials directly from earth to orbit on HLLVs and EOTVs.

Developing the capability to recover resources from the moon or
asteroids for use in space construction projects would require a
long-range program not unlike an SPS program itself. It would take
several decades to achieve the necessary technological expertise. The
mining, processing, and fabricating of materials from lunar sources and
the development of an efficient means of transporting these materials
from the moon to an earth orbit would impose technological demands well
beyond those involved in building an SPS from resources on earth.

These technologies will probably become technically feasible in the
next century, however, starting with the extraction of oxvgen from
lunar resources to refuel spacecraft. But there is no way to predict
at this time whether extraterrestrial materials for space construction
projects in GEO will become competitive in cost with materials from the
earth. Appendix C discusses the steps that would have to be taken to
achieve lunar resource capability.
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To sum up, development of an SPS should be based on the use of
earth-based resources if it is desired to follow the path of least cost
and complexity. Once space-based construction is demonstrated, it may
be practical to fabricate materials in space from resources recovered
from the moon or asteroids. Accordingly, the Committee concludes that:

. A decision to proceed with an SPS should not invoke a
concurrent decision to develop the capability to use lunar or
other extraterrestrial resources. For the next several
decades, it would be more practical to use materials from
earth, thus minimizing the new technologies that would have to
be developed to construct an SPS.

THE TECHNOLOGY AS A WHOLE

We have surveyed the technologies associated with the various
subsystems of the reference system in the preceding sections. It
remains to capture those discussions and conclusions in a brief overall
statement about the technology of an SPS as a whole.

We have seen that photovoltaic conversion of solar energy in space
on a large scale appears to be technically possible, although such
serious difficulties attend the single-crystal silicon technology that
alternatives must be sought to meet acceptable goals of cost, mass, and
life. While space construction is not beyond our knowledge of how to
go about it, it is beyond our experience and hence beyond our ability
to make realistic estimates of construction times and costs. The
ability to transport heavy loads to LEO can be extrapolated with
reasonable confidence from space shuttle experience. However, the cost
estimates for transportation in the reference system appear to be
optimistic by a factor of two or three. Considerable technological
risk attends the EOTV, but the concept is valid. Transmission of power
to earth by microwaves appears possible provided that difficulties of
scale and device lifetime are overcome. There appear to be no
fundamental scientific obstacles, either of transport, safety, or
habitation, to the establishment of the work force needed for orbital
construction and operation, although further development of robotics is
clearly needed to reduce the high technical risk of space operations.
No insurmountable problems appear to be associated with the microwave
receiving antennas on earth and their interface with the electric
utility grid.

There are many technical areas where the details cannot yet be seen
and where much further development would have to be done. These
uncertainties will very likely delay the technical readiness of the SPS
concept well beyond the year 2000 postulated for the reference system.

The present costs of performing functions similar to those of
various SPS subsystems are extremely high compared with the cost goals
of the reference system. Our ability to predict future costs with
confidence is limited. The cost of overcoming the remaining technical
problems is not well known. These considerations, more fully discussed
in Chapter 3, suggest that the technical feasibility of the concept and
its economic feasibility are different aspects of a broader question.
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Weighing all the foregoing points, the Committee reaches the
general conclusion that:

. Some type of SPS would be possible from a technical point of
view within the foreseeable future. Even so, formidable
technical problems remain in many areas of development and
operation, and these probably could not be overcome within
economically feasible limits on cost.




CHAPTER 3
ECONOMIC ASPECTS

The question of how to assure long-term energy supplies at
affordable cost has received great attention in the United States
during the past decade. It is this concern, in fact, that has prompted
interest in various forms of solar energy, including an SPS.

This chapter seeks to answer the following gquestions that relate to
the economic aspects of an SPS:

l. What are the probable costs of an SPS per unit of installed
generating capacity or per unit of electrical energy output?

2. Would these costs favor the introduction of an SPS in the
normal course of events? That is, given a modest growth in demand,
could an SPS be substituted economically for other sources f supply at
the time that an SPS could go into operation?

3. Would these costs favor the introduction of an SPS in unusual
circumstances? That is, given a high rate of growth in demand or
severe constraints on the use of coal or nuclear energy, would an SPS
be cost-competitive with alternative technologies that are themselves
likely to be costly?

The chapter deals first with the cost of an SPS as central to its
economic aspects. We then discuss several related issues: the
prospects for financing an SPS, the demand for and supply of
electricity in the United States over the next four decades, and a "net
energy analysis" that compares the amount of energy that an SPS would
produce with the amount of energy that would be needed to build it.

The approach taken here is that an SPS would have to make economic
sense-~based strictly on cost-effectiveness, (including costs of
environmental protection--before the Nation could consider committing
itself to the development of such a huge, high-technology system.

SPS COSTS

Projecting the technological capabilities of a satellite power
system that would come into existence two or more decades from now, as
is done in Chapter 2, can identify trends and fields in which major
advances are likely to occur. Such projections are necessary for

30
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long-range planning, but they are not suitable for estimating costs.
Therefore, the approach taken here was to adopt 1980 price levels and a
1990 technology baseline--that is, to assume that scientific,
technical, and systems capabilities now in the research and development
(R&D) phase will be available by the 1990s at 1980 prices.

This approach avoids questions of inflation and real increases in
prices. The disadvantage is that it probably underestimates the
effects of long—-term technological advances. The advantage is that it
can be done readily.

Prior Estimates of Costs

Four different measures of cost of the reference SPS are useful.
These are the cost of the initial phases, the cost per unit of
installed generating capacity (dollars per kilowatt), the cost per unit
of electrical enerqgy output (mills per kilowatt hour), and total system
cost.

The costs of the initial phases, or "front end," have been
estimated by the National Aeronautics and Space Administration (NASA),
and published by the U.S. Department of Energy (DOE), as $102.5 billion
in 1977-year dollars ($128.3 billion in 1980-year dollars?!). These
costs are distributed among research, engineering, demonstration,
investment in plants and facilities, and production of the first
satellite-rectenna unit (Table 3.1).

The cost per unit of generating capacity may be obtained from an
estimate of the cost of the average 5-gigawatt (GW) SPS unit (after the
first one). An unofficial NASA estimate for the latter is $11.5
billion in 1977-year dollars, giving $2,300 per kilowatt (kW) as the
result (Table 3.2). Of more interest than the dollar amount of this
particular estimate, however, is the distribution of the total cost
among major categories, such as the satellite-rectenna unit and space
transportation. For example, in Table 3.2, about 15 percent of the
cost 1s ascribed to the solar cell array and about 17 percent to the
heavy-lift launch vehicle (HLLV). These percentages were important in
connection with the cost review made by the Committee.

Using an approach similar to that of NASA, DOE made its own
estimates of the range of capital costs per unit of generating capacity
that would be incurred in building two different kinds of reference
SPS--one whose satellites used photovoltaic cells made of silicon and
the other, of gallium arsenide. These estimates are shown in Table 3.3
and are taken as the most representative ones. (Table 3.3 retains the
degree of precision given in the source, although this may be greater
than is really meant.) The "nominal" estimate for the silicon system
is $4253/kW in 1980~year dollars, although a high estimate of
$19,478/kW is also given. In Table 3.4 we applied the percentage
distributions of Table 3.2 to the DOE nominal figure to produce
estimates for the various principal components of cost, in anticipation
of comparing them with the results of our own cost review. For
example, the HLLV component appears as $723/kW in 1980-year dollars by
this procedure.
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TABLE 3.1. A NASA estimate of costs of the initial phases of the
reference SPS program (in billions of deollars).

Major Initial Program Phase 1977-year 1980-year
Dollars Dollars
Research 0.4 0.5
Engineering 8.1 10.1
Demonstration 23.0 28.8
Investment 57:5 72.0
First Satellite-Rectenna 13.5 16.9
TOTAL $102.5 $128.3

NOTE: Cost as given by NASA in 1977-year dollars has been converted
to 1980-year dollars by multiplying by the ratio of the implicit
price deflators for gross national product for 1980 and 1977, given
in Note 1.

SOURCE: Adapted from U.S. DOE (1980d, Figure 3.6).
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TABLE 3.2. A NASA estimate of the cost of the average 5-GW capacity
satellite-rectenna unit after the first one, for the silicon solar cell
option of the reference system (in billions of 1977-vear dollars).

Cost Element Cost Percent

e —

Satellite and Rectenna

Solar array portion 1.7 14.8
Other satellite portions 2.3 20.0
Rectenna portion 2.2 19.1
Other 0,3 la©
Subtotal 6.5 56.5
Space Construction 1.0 8.7
Space Transportation
HLLV portion 1.95 17.0
Other 0.85 7.4
Subtotal 2.8 24.4
Management and Integration 1.2 10.4
Total $11.5 100.0%

NOTES :

l. Capital cost per unit of generating capacity is $2300/kW ($11.5
billion = 5 GW).

2. To convert to 1980~-year dollars, multiply by the ratio of the

implicit price deflators for gross national product for 1980 and 1977,
given in Note 1.

SOURCE: Adapted from Piland (1980) and H.E. Benson, NASA Johnson Space
Center, personal communication, 1980.
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TABLE 3.3. DOE capital cost estimates per unit of generating

capacity for 5-GW capacity satellites, for two solar cell
options of the reference system.

Solar Cell Dgtian

Tm—

Gallium Gallium
Aluminum Aluminum
Year; Level of Silicon Arsenideb Silicon Arsenide
Estimate? (1978 $/kW) (1980 $/kW)€
1978
Nominal 3,340 3,079 3,896 3,592
2000
Low 3,139 2,874 3,662 3,352
Nominal 3,646 3,362 4,253 3,922
High 16,698 15,398 19,478 17,961

Arow and high figures are indicators of uncertainties around
the nominal wvalue.

bGallium aluminum arsenide (GayAlj-xAs), also referred to as
gallium arsenide.

CCost as given by DOE in 1978-year dollars has been converted
to 1980-year dollars by multiplying by the ratio of the

implicit price deflators for gross national product for 1980
and 1978, given 1in Note 1.

SOURCE: Adapted from U.S. DOE (1980d, Table 3.7).
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TABLE 3.4. Distribution of DOE capital cost estimates per unit of
generating capacity, for the silicon solar cell option of the
reference system.

FLIUANE,

Percent Nominal Capital Cost
of System Estimate in Year 2000
Cost Element Costs 1978 $/kW 1980 $/kwW?

Satellite and rectenna

Solar array portion 14.8 540 630D
Other satellite portions 20.0 729 850
Rectenna portion 12.1 696 812
Other 2.6 95 111
Subtotal 5.5 2060 2403
Space Construction 8.7 317 370
Space Transportation
HLLV portion 170 620 7123€
Other 7.4 270 315
Subtotal 24 .4 890 1038
Management and Integration 10.4 379 442
Total 100.0% $3646 $4253

dCost as given by DOE in 1978-year dollars has

Note 1.

been converted to
1980-year dellars by multiplying by the ratio of the implicit price
deflators for gross national product for 1980 and 1978, given in

brhis Committee concluded that these estimates for the solar array

gnrtian are at least 10 to 50 times too small.

This Committee concluded that a better estimate for the HLLV

portion would have been around $2000/kW.

SOURCE: Tables 3.2 and 3.3 of this report.
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NASA also made estimates of the cost per unit of electric energy
(in mills per kilowatt hour) based on capital costs, operation and
maintenance, plant factor, system life, and rate of return on
investment. The agency's calculations for the average SPS unit (after
the first) are shown in Figure 3.1l. Corresponding to its assumption of
capital cost of $2261/kW (consistent with the rounded unit cost
derivable from Table 3.2), NASA arrived at 49.2 mills per kilowatt hour
(mills/kWh) in 1977-year dollars (or $2830/kW and 61.6 mills/kWh,
respectively, in 1980-year dollars). Corresponding estimates by DOE
are shown in Figure 3.2. The nominal value is comparable to the NASA
estimate, but a broad range of uncertainty has been included by DOE.

The cost per unit of electrical energy is tied closely to capital
costs because the solar energy is free and costs for operation and
maintenance are assumed to be small compared with capital costs. An
assumption sufficiently accurate for our purposes was that the cost of
electricity would vary in proportion to the capital cost of installed
capacity, as different base-year dollars are used or as different
estimates of capital cost are considered.

Finally, the cost of the entire reference SPS is of interest. A
figure sufficient to show the general scope of the venture under
various cost assumptions can be obtained by multiplying the system
capacity of 300 x 10° kW (i.e., 300 GW) by some particular unit
capacity cost in dollars per kilowatt. For example, by using the DOE
nominal figure of $4253/kW we obtain about $1300 billion for the whole
system. Front-end and capitalization costs may be added or not,
depending on specific assumptions about the means of financing and
recovering these costs.

Review of Selected Costs

Transportation to LEO

The contractors who have performed studies of the reference system
for DOE/NASA estimated that transportation costs would constitute 24 to
27 percent of the cost of deploying one satellite. Of this portion,
some 66 to 85 percent (depending on contractor design) would be for
transportation from earth to low earth orbit (LEO) by means of the
HLLV. Since prior space programs have produced a substantial amount of
knowledge on which to base both design and cost projections, the
Committee arranged for an examination of this subject by The Aerospace
Corporation (Wolfe 1981, reproduced as Appendix D in this report).

The Aerospace study first reviewed the characteristics of the HLLVs
and cost estimates developed for NASA by Boeing Aerospace Company and
Rockwell International. As the next step, the study identified
high-cost items in the contractors' transportation designs and _
reestimated their costs using an independent data base that included
cost information on a long series of civilian and military rockets and
on the space shuttle (Space Transportation System). Finally, the study
modified the contractors' designs where it was deemed necessary (for
example, payload, number of flights, fleet gquantity, cost per flight,
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0.9 x 8760

5 x 108 x 0.9 x 8760

= 5.2 mills/kWh.

where R = rate of return = 15%,
Y = plant lifetime = 30 yr,
CC = capital cost = $2261/kW
($11,305 million
per satellite),
E = 0.9 plant factor x
8760 h/yr,

= 44 mills/kWh.

Maintenance = $206 x 108
per satellite-year

Rated capacity = 5 x 108
kW per satellite

COST OF ELECTRICITY = CAPITAL RECOVERY + MAINTENANCE

=44 + 5.2 = 49.2 mills/kWh per satellite after the first,

SOURCE: H, E, Benson, NASA Johnson Space Center, private communication, 1980,

FIGURE 3.1. NASA estimate of the cost of electricity from the reference SPS (in 1977-
year dollars; to convert to 1980-year dollars, multiply by the ratio of the implicit price
deflators for gross national product for 1980 and 1977, given in Note 1).
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FIGURE 3.2. Estimated range of the cost of electricity from two reference SPS options
using silicon or gallium arsenide solar cells, respectively. Cost is “levelized” to a constant
amount, taking into account estirnated capital costs, operating costs, and production
output over the life cycle of each option.
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and operations) and agaln reestimated the costs. Table 3.5 gives the
results of the Aerospace study of the Rockwell design. A similar
analysis of the Boeing concept appears in Appendix D.

Table 3.6 summarizes the results, retaining for perspective the
lesser elements (unaltered in cost) of the entire transportation
system. The contractor estimates of HLLV costs were about $200 billion
to $300 billion; the reestimates are closer to $600 billion. The
Committee therefore concludes that:

* Costs of transporation from earth to LEO in the reference
system should be estimated at about $600 billion in 1980-year
dollars, or roughly two to three times the cost estimates of
contractors in the SPS study, even if quite optimistic
assumptions about foreseeable advances in technical
capabilities in the 1990s turn out to be correct.

The figure of $600 billion covers most of the cost uncertainties of
the HLLV. The principal exception is whether the necessary
refurbishing of the thermal protection system (TPS) after each flight
would increase operations cost. Aerospace (Wolfe 1981) has estimated a
12 percent increase in total system cost for every 10 percent of the
thermal protection system that is replaced per flight. The initial
space shuttle flight showed little degradation of the TPS, and any
remaining uncertainty about this question should be resolved in the
1980s.

Our conclusions on earth—-to-LEO transportation costs are both
encouraging and discouraging. The positive side is that the
technological developments now under way in the space shuttle program,
and developments that are likely to follow from it, should allow the
United States to transport heavy loads to LEO by about the year 2000.
Massive space projects would then become technically feasible for costs
substantially lower than in the past. The negative side is that
transportation costs to LEO alone would approximately equal the
replacement cost of the total U.S. electric generating capacity—-—about
$600 billion and 600 GW as of 1980.

Transportation Costs from LEO to GEO

The cost goals postulated by the reference system for
transportation from LEO to geosynchronous earth orbit (GEO) can only be
met through a revolutionary advancé in space transportation such as an
electric orbital transfer vehicle (EOTV). The difficulty and cost of
placing satellites in geosynchronous orbit are great. The Soviet Union
achieved this capability only a few years ago, and the United States,
using conventional one-shot rockets, is still limited to payloads of a
few metric tons per flight at a cost of about $50,000/kg from earth.
Yet the reference system assumes that transportation costs from LEO to
GEO would be only a small fraction of the total system cost, and that
payload capability per mission will be advanced to 3600 metric tons.

The cost of moving cargo by EOTV from LEO to GEO is estimated to be
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TABLE 3.5. Cost comparisons for transportation from earth to LEO, based
on the Rockwell heavy-lift-launch-vehicle (HLLV) design (1980-year dollars).

Estimates by

Estimates for Rockwell Aerospace for

Design by: Aerospace~-Modified
Item Rockwell Aerospace Rockwell Design
System Characteristics
Dry weight (00C 1b) 1,773 1,773 2,012
Payload weight (000 1b) 500 500 396
Total flights 13,849 13,849 17,486
Flights per wvehicle 300 300 300
Fleet gquantity 47 47 59
Vehicle Unit Cost (billion $) 2.2 2.8 2.9
Operations Cost per Flight
{million §)
Propellant 3.6 2.4 2.4
Manpower 3.6 3.4
Spares and overhaul 1.2 14.1 14.3
Subtotal $14.8 $20.1 $20.1
System Costs (billion $)
DDT&EX 12 27 29
Fleet of 47 wvehicles 103 132 169
Operations 205 278 352
Total $320 $437 $550
Unit Cost to LEOP ($/1b) 46 63 79
($/kg) 102 139 175

a ; . .
Design, development, test, and engineering.

Low earth orbit.

SOURCE :
report).

Adapted from Wolfe (1981, Table 4-8, in Appendix D of this
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TABLE 3.6. Summary of cost estimates for various transportation system
designs of the reference system (in billions of 1980-year dollars).

Design and Estimate hz;

Aerospace Estimates for Aerospace

Modification of Design by:

System Element® Boeing Rockwell Boeing Rockwell
HLLV (to LEO) 211 320 610 550
EOTV 60 28 60* 28*%
PLV 35 4 35%* 4%
POTV 4 1 4* 1%
PM 2 2 2% 2%
I0TV NA 1 NA 1*
GSF 7 21 T* 21*

Total $319 $377 $718 $607
Mass to LEO

(102 1b) 10.48 6.92 10.48 6.92

(10° kg) 4.75 3.14 4.75 3.14
Unit Cost to LEO

(S/1b) 20 46 58 19

($/kg) 44 102 128 175

NOTE: The Boeing and Rockwell satellite power systems and The Aerospace
Corporation modifications are described in the Aerospace report (Wolfe 1981)
which is reproduced as Appendix D of this report.
dHLLV = heavy-lift launch vehicle; LEO = low earth orbit; EOTV = electric
orbital transfer vehicle; PLV = personnel launch vehicle; POTV = personnel
orbital transfer vehicle; PM = personnel module; IOTV = interorbital transfer

vehicle; GSF =
*Not examined.

ground support facilities.

NA = not applicable.

SOURCE: Wolfe (198l1), in Appendix D of this report.
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between $10 per kilogram (kg) and $20/kg by Boeing and Rockwell. A
comparison of this amount with the cost of transportation from earth to
LEO~--3$128/kg to $175/kg as reestimated by Aerospace (Table
3.6)~--emphasizes how important the EOTV is for attaining low unit .
costs. The EOTV is the most speculative element in the cost of
transportation for an SPS, and without the capability assumed in the
reference system an SPS would be totally uneconomic.

Solar Cell Array

Uncertainties in the cost of the solar cell array on SPS power
satellites are addressed in detail in Appendix E. From that work, the
Committee concluded that Boeing's 1977 cost goal of $0.22 per peak watt
(W (peak)) in 1977-year dollars--about $0.30/W (peak) in 1980-year
dollars-=-could not be met in the year 2000 for arrays of space-
qualified silicon solar cells based on 1990 technology (see Chapter
2) . Furthermore, there seems only a slight chance (on the order of 1
percent) that current costs can be reduced to even 10 times the Boeing
goal. A better estimate (discussed in Appendix E) was taken to be 50
times the Boeing cost goal--that is, in the range of $16/W (peak) to
$20/W (peak) in 1980-year dollars. There is only a modest chance (say
15 to 20 percent) that even these figures can be achieved for single-
crystal silicon by the year 2000. As shown in Table 3.2, NASA has
estimated the solar array cost at $1.7 billion per satellite, or 15
percent of the estimated cost of $11.5 billion for one satellite-
rectenna combination. A factor of 10 applied to NASA's estimate would
more than double the system cost, while a factor of 50 would raise the
system cost by a factor of 8. The Committee therefore concludes that:

* The probable cost of a space—-qualified solar cell array
deployed for an SPS in the year 2000, based on single-crystal
silicon technology of 1990 as it may reasonably be foreseen to
develop, suggests that the cost goal of about $0.30/W (peak)
(in 1980~year dollars) is too low by a factor of at least 10
and possibly low by a factor of 50. The resulting increase in
system cost by a factor of about 2 to 8 would be so great that
a more advantageous solar cell technology would have to be
found before an SPS could be seriocusly contemplated.

Solar cells made of gallium arsenide (or related crystals, such as
gallium aluminum arsenide) are under intensive development in many
laboratories, and appear more advantageous. As research into these
materials proceeds in other programs, the possibilities of using them
for an SPS should be watched closely. Nonetheless, the usual lag of 10
to 15 years between scientific advances and large-scale exploitation of

those advances probably would delay the initial deployment of an SPS
satellite to at least 2010.
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Satellite Structure

An independent cost assessment of an entire SPS satellite or its
ground receiving station was not undertaken by the Committee. The
reason was, in part, that the limited resources available for this
study made it desirable to select a few issues for examination in some
depth. More importantly, fundamental uncertainties about our ability
to assemble, deploy, control, and maintain space structures the size of
an SPS satellite preclude accurate cost estimates. There is no
experience in building large space structures from which to
extrapolate. Structures a few tens or hundreds of meters in dimension,
however, will be tested in the 1980s using the space shuttle as an
experimental construction base.

The requirements for protective measures to shield space workers
from ionizing radiation in GEO and the effect of such protective
measures on worker productivity are unknown. Further, the solution of
problems in construction, spacecraft attitude control, stabilization of
large structures, automation, and remote control (robotics, artificial
intelligence) are not now foreseeable. These and related issues would
have to be addressed before meaningful estimates could be made of the
cost of the power satellites (perhaps 40 percent to 50 percent of the
costs of the entire system).

The history of aerospace activities suggests that uncertainty often
leads to growth in system mass. In the past, the growth in mass of
major, relatively well-understood projects has been anywhere from 20 to
30 percent betweep time of original commitment and first-unit
operation. Indeed a mass growth of 25 percent has been estimated in
the reference system. However, enough technical uncertainty exists
about an SPS to suggest that growth in the mass of the SPS satellites
could be much larger than in past aerospace projects.

For example, the design goal for the mass per unit of power output
of the solar cell array (1.5 kg/kW to 2.0 kg/kW) is some seven times
less than that of arrays being deployed on today's satellites (12.5
kg/kW), and today's satellite owners have a much greater incentive
(because of the $50,000/kg earth-to GEO transport costs) to reduce the
mass of solar cells. Difficulty in meeting the goals of end-of-life
efficiency or radiation protection could prevent achievement of the
optimistic design mass. The design mass of the solar array constitutes
about one~half of the total mass of the satellite, so that doubling the
mass of the solar array would increase the satellite mass by half.
Uncertainties in the end fittings for assembling the satellite's
structural beams easily and securely, the power conditioning and
distribution equipment, and the klystron amplifiers in the transmitter
might also lead to considerable increase in mass.

The Aerospace Corporation estimated that satellite mass was one of
the two largest contributors to uncertainties in total system cost, the
other being replacement of the thermal protection system on the HLLV.
Although we have not tried to provide a detailed estimate of the
increase in mass, we believe that it is not unreasonable to assume that
the mass could double. As shown in Figure 3.3, a doubling of satellite
mass of the Rockwell design from about 35,000 metric tons to 70,000
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FIGURE 3.3. Percent change in satellite power system cost as a function of satellite mass.
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metric tons might lead to a 40 percent increase in the system cost of
$1300 billion (in 1980-year dollars) estimated by DOE. That increase
would be about $500 billion, a figure comparable to the estimated cost
of transportation to LEO.

These observations lead the Committee to conclude that:

. Major technical uncertainties exist regarding the design
construction, deployment, control, and operation of SPS

satellites. For the designs of the reference system, these
uncertainties are likely to lead to a growth in satellite
mass. A doubling of satellite mass, which cannot be ruled

out, would lead to an increase of 40 percent in total system
costs.

Comparison with Prior Estimates

A NASA estimate (Piland 1980) of total reference system costs of
$781 billion in 1977-year dollars (i.e., $102.5 billion through the
first satellite and $678.5 billion for the next 59 satellites, at $11.5
billion each) translates into a capital cost per unit of generating
capacity of about $2300/kW {(excluding R&D) to $2600/kW (including
R&D). The corresponding amounts in 1980-year dollars are $978 billion
and about $2900/kW to $3300/kW. The DOE nominal estimate for an SPS
whose satellites used photovoltaic cells made of silicon is $3646/kW in
1978-year dollars or $4253/kW in 1980-year dollars. We have adopted
$4000/kW as a figure representative of the results of the DOE/NASA
study.

Our examination of potential costs of transportation to LEO and
solar cell arrays in the reference system concluded that costs are
likely to be higher in at least these areas. Expressed as cost per
unit of installed capacity in the 300-GW system, the increase of about
$300 billion for transportation to LEO, discussed above, would be
$1000/kW. Our most optimistic view of the solar cell costs would lead
roughly to a doubling of system costs, as discussed above, or an
increase $4000/kW over the basic $4000/kW figure. In addition,
accounting for potential increases in mass of the satellite could
increase the basic $4000/kW figure, by up to 40 percent, or $1600/kW.
These increases, added to the representative DOE/NASA figure, and
rounded, suggest a nominal cost of at least $10,000/kW for the
reference SPS. We adopt this figure for the purpose of assessing the
economic promise of the reference SPS. The figure falls within DOE's
"high" estimate of $19,478/kW, in 1980-year dollars, shown in Table 3.3
but exceeds that estimate if a more realistic cost of solar cells is
used.

The cost of electrical energy corresponding to $10,000/kW would be
about 200 mills/kWh. An SPS would avoid fuel costs, typically in the
range of 20 mills/kWh to 40 mills/kWh, incurred by coal and nuclear
systems. However, for these technologies, the capital and fuel costs

together, per unit of electrical energy, still lie far below 200
mills/kWh.
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All of the cost estimates discussed above are estimates of the
direct costs of the reference SPS. The estimates do not include

interest on borrowed capital, which could be one of the most important
cost factors given the long period between inception and revenues. At
this time, however, these costs are not counted because our main
purpose is to compare SPS costs only roughly with the costs of other
technologies and to identify areas where there is the greatest need to
reduce costs by research and development.

This cost analysis focuses on the reference system and reemphasizes
its role as a model to be analyzed but not necessarily to be built.

Indeed, the reference system would certainly not be built given its
capital costs, as developed in the analysis, coumpared with costs of
about $1000/kW projected for current types of generating plants. A
viable SPS, in the energy future that seems most likely, would require
new concepts radically different from those of the reference system.

Based on the foregoing analysis, we conclude that:

¢ The capital costs of the reference system would be likely to
exceed the typical cost of $1000/kW of today's other
alternatives for generating electricity by so much that, even
taking into account the fact that it has no fuel costs, its
introduction should not be considered further. New concepts
and major advances would be needed to achieve cost reductions
that would make a future, advanced SPS economically viable as
a substitute for other sources of baseload electricity.

FINANCING AN SPS

As long as the estimated cost of an SPS remains at the level of
$10,000/kW discussed in the previous section, it is academic to
consider the question of how to finance it. The system simply would
not be built. |

If an SPS became cost—competitive as a result of future
technological advances, financing problems would still be severe.
Current regulatory and economic conditions have presented electric
utilities with substantial difficulty in financing conventional
generating plants. An SPS would exacerbate these problems. The unit
of capacity in the reference system would produce 5 GW. The capital
cost of each such unit would almost certainly, even under the most
optimistic assumptions, exceed five times the cost of 1 GW of
conventional capacity, the largest-sized plant we normally finance
today. Thus the smallest increment of investment in SPS would have to
come in larger packages than we customarily handle--a characteristic
rather graphically called the "lumpiness" of the SPS investment.
Furthermore, an SPS would need to have a total capacity of several
hundred gigawatts in order to be economically competitive. Reasonable
assurance of financing for the total system would therefore be a
prerequisite for private financing of individual parts of it. The need
for a large initial capital investment and the long lag between
investment and salable output, combined with the high technological
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risks in the early stages, would make the enterprise less than
attractive to potential private investors. Utility financing would be

absolutely precluded if no way were found to insure against the risks.
The Committee therefore concludes that:

* Financing of an SPS by the investor-owned utilities could not
be relied upon. Public sector financing--direct or
indirect--would be required for research and development and
also, in the absence of major changes in the regqgulation of
utility rates, for most of the construction work in the early

.Xgarslaf deployment.

Since it is our judgment that an SPS will not be built for decades,
institutional changes that might alleviate the financing problem may
well occur in the interim. Large regional power generating entities,
for example, whether public or private, unregulated or federally
regulated, would be in a much stronger position to participate in the
financing of an SPS than smaller, state-regulated utilities. Another
possibility would be to entrust the financing of an SPS to a public or
quasi-public corporation that would sell power from the rectennas to
individual utilities or to consortia of utility companies. Some
initial federal appropriations, loan guarantees, or insurance
provisions for the utilities might well be necessary in either case.
Or, the corporation might be multilateral, with nondomestic companies
or other governments participating in its establishment and financing.

FUTURE DEMAND FOR AND SUPPLY OF ELECTRICITY

The likelihood that an SPS will be needed to help meet the future
demand for electricity will depend on (a) the magnitude of future
demand, and (b) the availability of alternative methods of generating
electricity, which will be determined by their costs, safety,
consequences for human health and the environment, and other factors
affecting public acceptability.

Demand in the Next Four Decades

The reference SPS, when completed at the end of a 30-year
construction period, would produce 300 GW of electrical generating
capacity. The question arises whether U.S. demand for baseload
electricity will be great enough in the future to require that much
additional capacity.

No one can answer that question with great confidence as far as the
United States is concerned. Projections of the future demand for all
types of energy in the United States are highly variable, as are
projections of electricity's share of the total energy demand (see
Figures 3.4 and 3.5). The critical unknowns in any attempt to project
total energy demand are how much conservation will be achieved as a
result of higher energy prices and regulation of energy use and what
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impact new technologies such as an electric automobile might have. As
shown in Figure 3.5, some projections of demand (NRC 1979) suggest that
the United States will not require an additional 300 GW (equivalent to
27 quadrillion British thermal units, or quads, of primary energy input
per year at an assumed SPS plant availability factor of 90 percent?)
of capacity in the second quarter of the twenty-first century, which we
believe to be the relevant period. Other projections, however,
indicate a higher demand that would make 300 GW from an SPS a desirable
addition to capacity® (EPRI 1979, NRC 1979, Schurr et al. 1979).

Furthermore, Hafele (1980) projects that by 2030 the world may need
about 150 quads of primary energy input per year from nuclear power
generation (corresponding to roughly 3000 GW of generating capacity at
an assumed average plant availability factor of 50 percent) in addition
to 500 quads per year from other sources of primary energy.®’ Thus,
an SPS might be used to replace part of the demand that would otherwise
be met through the construction of additional nuclear power plants.

The higher projections show total U.S. demand for energy continuing
to increase for the rest of this century and during the early part of
the twenty-first century, although at a significantly lower rate than
in the past.® They also show that electricity's share of the total
demand will continue to increase for a combination of reasons. First,
the price of electricity has increased (and is expected to continue to
increase) more slowly than the prices of oil and natural gas.
Secondly, electricity produced from domestic resources (coal, uranium,
and others) is a proven way of reducing dependence on oil from the
Middle East. Finally, societies prefer to use energy in its cleanest
and most convenient form as they become more affluent.®

If it becomes apparent by the year 2000, however, that the lower
projections were more accurate, the United States would have three
alternatives:

: To reduce the size of an SPS to 100 GW or 200 GW and thus
accept a substantial increase in the cost per unit of installed
capacity;

2s To cancel any research and development program that might have
been started to maintain an SPS option;’ or

3. To continue to develop an SPS but to make it a multilateral
program instead of a U.S. program.

In view of uncertainties about the size of U.S. and world energy
demand over the next 50 years, the Committee concludes that:

. Better information about larger or smaller satellite power
systems than the reference system would be important in
evaluating the concept. For example, if an SPS producing less
than 300 GW were built, how much would the system's cost per
unit of capacity increase? If it were determined that an SPS
producing more than 300 GW should be built, what factors might
limit its capacity? For example, would the amount of land
required for rectenna sites or the amount of space required
for SPS satellites in geosynchronous orbit prevent the
construction of an SPS capable of producing more than 300 GW?
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Although we believe that there would be no insurmountable technical
obstacles to building the 60 rectennas postulated by the reference
system, an SPS would have certain characteristics that would probably
make it desirable to place some limits on its size. For example, some
U.S. electric utilities have indicated that they would not want to rely
on electricity from such a technology for more than 25 percent of their
baseload.

In summary, the Committee concludes that:

The existence of some low projections of demand for
electricity in the twenty-first century should not be a
decisive factor in deciding whether to continue research and
development to maintain an SPS option. It is reasonable to

believe that an additional generating capacity of 300 GW, more
or less == characteristic of the scale of an SPS -- could be

used at some time in the twenty-first century.

Supply in the Next Four Decades

In attempting to determine the potential need for an SPS, it is
helpful to distinguish between what the competitive sources of
electrical energy will be in the next few decades and what they will be
in the long run. We discuss the next four decades here and consider
the long run in Chapter 6, which is a comparative assessment of an SPS
with other advanced technologies. Although the level of demand will
certainly influence the mix of supply, the uncertainties surrounding
both do not permit a much more precise discussion than is given below,
nor is one needed for our present purposes.

Table 3.7 shows the distribution of U.S. energy consumption and
electric energy production in 1978 by source of energy. These figures
can be expected to change considerably over the next four decades,
because the real costs of o0il and natural gas will continue to rise and
because of deliberate efforts to avoid dependence on unpredictable
foreign supplies of petroleum.

The prospects for meeting U.S. energy demands over the next 20 to
30 years have been thoroughly studied (Landsberg 1979, NRC 1979, Schurr
et al. 1979, Wilson 1980; also see Keeny 1977). Based on its

examination of these sources of information, the Committee concludes
that:

. The use of oil and natural gas to generate electricity will
decline irreversibly in the United States, and between now and
the year 2000 an increasing amount of electricity will be

produced by coal-fired generating plants and by light water
nuclear reactors.

By about 1990 new technologies will have evolved in which coal®
should become a much more efficient producer of electric energy, while
at the same time producing less air pollution. The introduction of
more advanced systems for generating electricity with coal will be
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TABLE 3.7. U.S. energy consumption in 1978 (in quads).

Primary Energy
Input to Electrical

Source Total Energy Generation
Coal 14.9 11.5
Petroleum 36.1 4.1
Natural Gas 20.0 3.2
Hydropower 3.0 3.0
Nuclear 3.0 3.0
Geothermal and Other 0.1 _0.1
Total 7.1 24.9

NOTE: 1 quad = 101> Btu.

SOURCE: Landsberg (1979, p. 82).
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determined by economic and environmental considerations that need not
be considered here. The cost of coal is likely to continue to increase
as the demand rises for use in producing both electricity and synthetic
fuels. Nonetheless, the U.S. supply of coal is expected to be
sufficient to meet domestic demands for at least another century. The
one potential obstacle to the growing use of cocal would be evidence
that the carbon dioxide (CO,) produced by combustion of coal is
accumulating in the atmosphere-—~along with CO, from other sources-—in
amounts large enough eventually to cause an unacceptable change in the
world's climate. 1In the absence of effective preventive measures, this

potential problem might make it necessary to restrict the burning of
coal in the twenty-first century.

Use of nuclear power in the United States will probably continue to
grow, but its growth is likely to be limited by public concerns about
the safety of nuclear power plants and the disposal of nuclear wastes.

Generating plants powered by light water nuclear reactors and
coal-fired plants have provided electricity at comparable costs up to
the late 1970s. Projections vary from continued comparability (Wolsko,
et al. 198l) to a faster cost increase for nuclear plants because of
more stringent safety regulations (Komanoff Energy Associates 1981).
Within these divergent projections, there remains the possibility of an
increase in nuclear generation for a while, which, however, may be
constrained by cost at some point.

Another potential obstacle to the growth of conventional nuclear
power is the limited supply of domestic uranium. If approximately 400
light water reactors are built in this country, the resource base of
uranium, estimated at 2.4 million tons, would all be needed to supply
fuel for these reactors over their 30-yvear life spans. As a result,
this country would begin to run out of uranium in the middle of the
next century.

If, on the other hand, breeder reactors were used to generate
electricity the available supply of uranium would last indefinitely.
There are, however, several concerns that have thus far resulted in
delayving the development of breeder reactors for generating
electricity, at least on the United States. These concerns revolve
around the fact that breeder reactors produce plutonium, a highly
hazardous element and one that can also be used for the manufacture,
and hence the possible proliferation, of nuclear weapons.

If it is assumed that the United States will need additional
electric generating capacity of up to several hundred gigawatts early
in the twenty-first century, it still seems likely that the total
demand for electricity could be met at acceptable cost through the use
of advanced coal-fired plants and breeder reactors (and advanced
converters).

As 1ndicated 1in the section on SPS costs earlier in this chapter,
the Committee believes that the DOE/NASA estimates of what it would

cost to deploy the reference SPS early in the next century are much too
low. But even if the DOE/NASA figures were correct, an SPS would still
be a far more expensive way to generate electricity than coal-fired

power plants, equipped with pollution-control devices, or light water
nuclear reactors. We therefore conclude that:
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Electricity generated by coal and nuclear energy will be so
much less expensive than an SPS over the next four decades

that the prospect of an SPS becoming an economic source of

supply during that time will be close to nil.

This is not to say, however, that it will be possible to provide an
adeguate supply of electricity by means of coal and nuclear power with
no difficulties. The financial problems that electric utilities will
face in raising adequate capital, in combination with governmental
regulation of the rates charged to electric customers, may well limit
the construction of both new and replacement generating plants, and
these financial problems may be exacerbated by the need to deal with
the problems of environmental protection (in the case of coal) and
plant safety and radioactive waste disposal (in the case of nuclear
power). Even if, the increased costs associated with these problems
should turn out to be greater than expected, an SPS would not offer a
competitive alternative over the next four decades because of its
extremely high capital costs alone.

Meanwhile, work is steadily progressing on a variety of ways to
make use of solar power by means of terrestrial facilities, either to
produce heat (and thus reduce the use of fossil fuels and electricity
for that purpose) or to generate electricity. The report of the
Committee on Nuclear and Alternative Energy Systems (NRC 1979),
hereafter called the CONAES report, estimates that as much as 11 quads
per year may be displaced by solar heating by 2010. Solar energy may
also be used to generate electricity if the cost of terrestrial
photovoltaic cells can be reduced by at least a factor of 10. Programs
and cost reduction goals have been established aimed at the generation
of electricity by terrestrial photovoltaic cells. Biomass is already
being used at a rate of about 1.5 quads per year (2 percent of total
U.S. energy demand), and it has been projected that biomass may account
for 4.5 quads per year to 5 quads per year by the year 2000 (OTA 1980).
Solar ponds may contribute between 1.5 quads per year and 2.5 quads per
year of primary energy, with perhaps 0.2 guads per year to 0.6 guads
pPer vYear being used to produce electricity.

There are other potential sources of electric power. The
techniques for producing electricity from geothermal energy are well
known, although the development of methods of doing s© on a large scale
and at acceptable cost has not yvet progressed very far. The use of
wind power to produce electricity is also being developed, and the wind
could provide as much as 2 guads per yvear of primary energy input for
electric power generation by 2010.

In view of these developments, the Committee concludes that:

The domestic demand for electricity over the next four decades
can be met without an SPS., Even if it becomes necessary to
restrict the construction of coal or nuclear power plants, the
various methods for converting solar, wind, and geothermal
energy by means of terrestrial facilities into other forms of
usable energy can be considered in their entirety as an

emerging, large-scale technology that may produce as much as
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20 quads per year of energy for domestic needs by 2010. All
have the great advantage over an SPS that they can be
introduced incrementally on a small scale as needs develop.

NET ENERGY ANALYSIS*

Since the construction of an SPS would clearly be an
energy-intensive process, it is prudent to examine the ratio of the
usable energy that would be produced by an SPS5 to the energy that would
be required to build and maintain it. Others have also examined this
question (Herendeen, et al. 1979; Cirillo, et al. 1980). We assume
that, other things being equal, the higher this ratio the better--e.g.,
5 Btu of electrical output is preferable to 4 Btu from the same
expenditure of energy for construction. The energy used for
construction and maintenance will be diverted from other uses by
society, some of which might be to produce electricity by other means.
In the formalism used here we do not assign any explicit energy wvalue
to input fuels not vet extracted from the environment, such as fossil
fuels, uranium, geothermal, or solar energy. Therefore, the guestions
to be answered are:

l. Would an SPS be a net source of energy or a net consumer of
energy over its lifetime?

2. If an SP5 was a net source of energy, how would it compare with
other available systems for producing large amounts of electricity?

We attempt to answer these gquestions in this section, fully
realizing that a net energy comparison cannot by itself determine
whether an SPS would be desirable. We might exclude petroleum, for
example, as a source of electricity for reasons of national policy,
thus preempting any net energy analysis favorable to that fuel.
Although it is easier to understand the net energy concept without
assigning any time value to energy, we also derive a useful net energy
ratio for an SPS and its major competitors based on the concept of
present value, borrowed from finance.

Several sets of energy ratios are calculated in this chapter for
the reference SPS whose satellites would have photovoltaic cells made
of silicon. Each set is based on certain assumptions:

l. The feasibility of laser annealing of solar cells. Up to now,
SPS studies have usually assumed that the degradation of solar cell

*Statement by Charles J. Hitch: A disaggregated energy flow analysis
can provide useful information which cannot be derived from financial
or cost analyses. But I do not believe that a net energy analysis like
the one reported in this section, which aggregates different forms of
energy on the basis of Btu content (with or without "thermodynamic
weighting"), while ignoring the Btu content of input fuels as well as
all other valuable productive inputs, can throw any significant light
on the relative desirability of energy conversion technologies.



56

efficiency due to damage from ionizing radiation could be corrected by
laser annealing. The analysis of Appendix E, however, indicates that
laser annealing may not be available by the year 2000, the year in
which the first satellite postulated under the reference system would
begin operation. This chapter analyzes the energy ratio of an SPS with
and without the benefit of laser annealing.

2. The energy cost of the satellite solar cell array. Cost
estimates of the solar cell array now vary by a factor of 50 or more.
Our analysis considers several possible costs to determine their effect
on the energy ratio through the coefficients that relate energy to cost.

3. The temporal value of energy. If we assume that society
"spends” or "invests" energy just as it spends or invests money, a
discount rate should be used in estimating the value of future energy
consumption or production. An energy discount rate is the mechanism by
which society implicitly expresses its willingness to divert presently
available energy into an energy-producing process so that a greater
quantity of energy can be created in the future. This analysis
considers three different discount rates.

Finally, some analysts argue that research and development
expenditures for a current project should not be attributed solely to
it because that effort will benefit future projects as well. The
counterargument is that, under this same view, any current project has
already benefited from the research and development of many previous
projects, so that the costs incurred are always in rough balance with
benefits received. The results reported here do not include energy
consumption in the initial, or front-end, phases of preliminary

research, engineering verification, demonstration, and initial plant
investment.

Method

Net energy analysis provides information about the physical
usefulness of a proposed system that traditional financial analysis
cannot provide. This is particularly evident when a discount rate on
energy use is assumed. A financial analysis cannot indicate whether
the new system will increase or decrease the total amount of available
energy.

As a help in understanding the concept of net energy ratio, a
general energy-producing system is defined in Figure 3.6. This system
receives fuel in its raw form and converts it into a form of energy
that is presumably more useful to society. In a coal-fired electric
generating plant, for example, a portion of the energy contained in the
input coal is transformed into electrical energy. The processing
energy consists of all the energy (apart from the fuel input) required
to build, operate, and maintain the system, converted into the same
quality of energy as the output. The usable output will always be less
than the energy content of the fuel because the conversion process is
inherently less than perfectly efficient. A certain amount of energy
is always lost in any practical conversion process because of
thermodynamic limitations.



57

Processing energies

- -1
i |
! |
) Self-use "
!

| I
| |

fuels | process | output
| |
| |
; Losses :
Lo e o _System J
boundary

FIGURE 3.6. Diagram of a typical energy-producing system. (Net energy output is the
gross output of the energy transformation process net of losses and self-use.)



58

Net energy analysis does not focus on thermodynamic efficiency,
however. Instead, it takes the view that the fuel is an enerqgy
resource available for conversion into another form and asserts that
the important point is whether the energy output is greater than the
energy required to build, operate, and maintain the system, apart from
the fuel input. Otherwise, the conversion process would, in effect,
consume all of its own output and energy from other processes as well.

The net energy ratio, R, can be defined as

R

(net energy output)/(processing energies).

In other words, the net energy ratio is the net energy output (that is,
the gross output of the energy transformation process net of losses and
self-use) divided by the energy required to build, operate, and
maintain the system (except for the fuel input). Both output and
processing energies are measured in terms of identical energy quality
in the thermodynamic sense.

Six cost estimates for the reference SPS solar cell array were
considered in our analysis (Hannon and Naughton 1980), four of which
are reported here. All of the cost figures are in 1980-year dollars.
The most optimistic of the estimates, $0.256/W (peak),® was made by
NASA (Harron and Wadle 1981). The least optimistic figure, $20/W
(peak), is within the range of our conclusions, reached by analyzing
the improvements that appear to be possible in space-qualified solar
cell technology (Appendix E). The two remaining estimates ($1/W (peak)
and $5/W (peak)) were chosen as intermediate values of this parameter.

The discount rate on the future use of energy is somewhat analogous
to a discount rate on the future use of money. An investor of money
makes choices based on the possibilities of future value, and his
choices hinge on the money discount rate, r, at which it is equally
preferable to him to receive one dollar today or 1 + r dollars a year
from today. It is the behavior of millions of investors of money that
allows us to infer a typical money discount rate.

We assume that an investor of energy, such as a utility that uses
energy to construct a new energy-producing process, will also choose
among various possibilities of energy flow. For any particular process
there will be positive and negative energy flows associated with the
construction and operation of a generating plant. The internal rate of .
return on these energy flows is the discount rate at which the net
present value of the energy flows is zero, or equivalently, the
discount rate at which the (discounted) net energy ratio egquals unity.
This discount rate is presumably acceptable to that investor. Thus,
the behavior of "energy investors" allows us to infer a typical energy
discount rate. Net enerqgy analysis might, by this view, more
accurately be called net energy flow analysis analogous to net cash
flow analysis in financial use.

Three energy discount rates were considered in our analysis. The
zero discount rate represents the traditional approach to energy
analysis: that is, energy is valued the same regardless of time of
use. The 8 percent discount rate represents the lowest return on a
small-scale energy investment that today's investor of energy appears
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willing to accept. This rate has been found empirically to correspond
to a light water nuclear reactor that will generate electricity for
electric heating (Hannon and Naughton 1980). The 19.6 percent rate
represents the lowest return that today's investor of energy will
accept on a large-scale investment. This rate has been found
empirically to apply to a light water nuclear reactor that will
generate electricity for home appliances and lighting (Hannon 1980).

The net energy ratios were calculated first on the assumption that
the reference SPS would have a laser annealing system that would repair
solar cell damage. The ratios were then calculated on the assumption
that annealing would not be available.

All of the ratios were calculated by means of a Monte Carlo
simulation. In other words, certain key variables (such as the
parametric solar cell cost and the energy content per unit of cost for
various materials) were assigned uncertainties. The calculations were
then made by computer several hundred times; and these key variables
were allowed to take on a value each time within their bounds of
uncertainty, according to a normal probability distribution. The
result was a distribution of numbers that characterized the net energy
ratio. Each distribution was described in terms of its mean and
standard deviation, as shown in Table 3.8 and Figures 3.7 and 3.8.%°

The enerqgy costs of some SPS subsystems were derived from their
estimated dollar costs. These dcllar costs were the Boeing/NASA
estimates, except for the cost of the solar cell array, which was
parameterized. To the extent that the cost estimates are optimistic,
the results for the net energy ratio are optimistic.!!

Results

The net energy ratios obtained when laser annealing is assumed to
be used are given in Table 3.8 and are shown graphically in Figure
3.7. At a zero discount rate, and excluding front end energy, the
ratio is 18.9 at a solar cell cost of $0.256/W (peak). In other words,
under the most favorable conditions the reference SPS would generate
nearly 19 times the amount of energy it took to build it (in energy of
equivalent quality). If the solar cell cost were $20/W (peak).,
however, implying correspondingly greater energy input to the solar
cells, the ratio would be only 2.02.

At a discnunt rate of 19.6 percent and a solar cell cost of
30.256/W (peak), the ratio is 2.96, about one-sixth the value for an

energy discount rate of zero. From these results the Committee
concludes that:

. Allowing for the typical discount rates that society appears
to attach to future energy generation, the net energy ratio of

the reference SPS becomes less attractive than it would be
undq; a discount rate of zero.

If laser annealing is assumed not to be practical, the output of
the reference SPS would decrease to half its original amount by the end
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TABLE 3.8. Mean and standard deviation of net eneray ratios for the
reference system with and without laser annealing.

Energy Ratios and Standard Deviations?,at solar array
Discount cost ($/@(peak)) of:
Rate (%) 0.256 . 5 20
With Laser Annealing
0 18.9 14.3 6.24 2.02
(0.64) (1.33) (1.21) (0.50)
8 8.14 .99 2.44 0.77
(0.32) (0.61) (0.50) (0.19)
19.6 2.96 2.28 1.02 0.33
(0.08) (0.20) (0.20) (0.08)
Without Laser Annealing
0 13.5 10.2 4.45 1.43
(0.44) (0.94) (0.86) (0.35)
8 6.61 4.82 1.97 0.6l
(0.24) (0.49) (0.40) (0.15)
19.6 2.63 2.03 0.90 0.29
(0.08) (0.18) (0.17) (0.07)

NOTE: Front-end energy consumption is not included in

calculations.

dstandard deviations are in parentheses.

SOURCE: Hannon and Naughton (1980).

these
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FIGURE 3.7. Mean value of the net energy ratios for the reference SPS with laser
annealing of the solar array and without front-end energy consumption.
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FIGURE 3.8, Mean value of the net energy ratios for the reference SPS without laser
annealing of the solar array and without front-end energy consumption.
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of the system's lifetime and result in lower energy ratios (see Table
3.8 and Figure 3.8). At a solar cell cost of $0.256/W (peak) and a
zero discount rate, the elimination of annealing changes the ratio from
18.9 to 13.5. At a discount rate of 8 percent, the elimination of
annealing changes the energy ratio from 8.1 to 6.6. At a 19.6 percent
discount rate, the ommission of annealing changes the ratio from 3.0 to
2.6. Thus in analogy with the characteristics of net present monetary

value:

. At higher energy discount rates, long-term power generation in
the reference SPS becomes less significant relative to
near—term power generation. This result is favorable for the
omission of annealing the solar cells because long-term power
generation is affected more severely than near—term by the
absence of annealing.

The Desirability of an SPS in Comparison with
Two Conventional Technologies

An undiscounted net energy analysis of an SPS can be used to
determine whether the system would be feasible in terms of energy
production-~-that is, whether it would be capable of producing more
energy than was required to build and maintain it. Moreover, the
desirability of an SPS in energy terms can be assessed by comparing its
net energy ratio to the energy ratios of other technologies.

In Table 3.9 the net energy ratio of the reference SPS is compared
with the net energy ratios of a coal-fired power plant equipped with
scrubbers (to reduce sulfur emissions) and with a conventional nuclear
power plant. The ratios for the two plants (data from Hannon 1980) do
not include research and development energy and therefore may properly
be compared with SPS ratios that exclude front-end energy consumption.
The two sets of SPS ratios are for different assumptions about the
level of technological development--that is, whether laser annealing
and low-cost solar cell arrays will be achieved by the year 2000 or
not. All ratios were calculated once without an energy discount rate
and once with a discount rate.

Assuming that silicon cells will cost $0.256/W (peak) and that they
can be annealed in space according to the design of the reference
system, an SPS would be highly desirable from an energy viewpoint if
the future value of energy is not discounted. That is, the SPS enerqgy
ratio of 18.9 is much higher than that of the coal-fired or nuclear
power plants. For a discount rate of about 19 percent, however, an SPS
becomes less desirable than a coal-fired plant but more desirable than
a light-water reactor facility. It would then have a ratio of 3.0,
compared with a ratio of 1.0 assigned to a nuclear plant and a ratio of
more than 5.0 for a coal-fired plant. (The reader will recall from the
earlier section on "Method" that when the discounted net energy ratio
of a large scale nuclear plant is set equal to unity the associated
energy discount rate is empirically found to be 19.6 percent.)
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TABLE 3.9. Comparison of net energy ratios for three electric power
generation technologies.

Ratios Discounted at:

Generating Plant 0% 19% Comments
Coal? Surface mines; limestone-
s
Western U.S. 10.0 5.4
losses
Nuclear? 6.8 1.0 Light water reactor;
includes distribution
losses
Reference SpsP
With annealing 18.9 3.0¢ Array cost = $0.256
(1980 $/W (peak))
Without annealing l.4 0.3¢ Array cost = $20

(1980 $/W (peak))®

Apata for these conventional technologies were obtained from Hannon (1980).
Both scenarios include distribution losses; R&D energy costs are omitted.

Discount rate = 19.6%.

NASA estimate.

€pstimate of this Committee.

SOURCE: Hannon and Naughton {(1980)}.
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If, on the other hand, we take our estimate of cost for the solar
cell array, ($20/W (peak)), the reference system would be much less
advantageous in terms of its net energy ratio, with or without energy
discounting.

Clearly, the conclusions drawn from this analysis are highly
dependent on the notion of net present value of future flows of energy
(i.e., discounting) and on the assumptions made about the level of
technological development. Further research on laser annealing and on
solar array fabrication would be necessary to clarify the level of
technology that would actually be available for an SPS over the next 20
vears. The Committee therefore concludes that:

* A highly developed SPS technology that used low energy inputs
and maintained high energy outputs would result in favorable
energy ratios for an SPS5 at low energy discount rates.
However, if the technologies of solar cell fabrication and
annealing should not reach levels favorable to these
objectives, the energy ratio of an SPS would be inferior to
that of conventional power plants.
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NOTES

1. Conversion from current dollars of a given year to current
dollars of another year is accomplished by multiplying by the ratio of
the implicit price deflators for gross national product. This index is
published by the U.S. Department of Commerce in Survey of Current
Business as follows (index for 1972 equal 100.00):

Year Index Issue, page

1977 141.70 July 1979, p. 61
1978 152.05 July 1979, p. 61
1879 162.77 March 1981, p. 14
1980 177.36 March 1981, p. 14

2. The electrical energy output, E,,+, ©of a generating plant of

conversion efficiency, n, and primary energy input, E;pne is

Eout = N Ejpe

Also, the energy output of a plant of nominal power capacity, C, and

plant availability factor, f, expressed as a fraction of a period of
time, T, is

E, 4 ™ ECT.

Therefore, E;j,/T and C are related by the expression,
Ein/T - fC/T],

where, of course, Ej,, T, and C are to be expressed in the same .
system of units.

Often, however, it is convenient to express E;,/T in quads per
vear (quads/yr) and C in gigawatts (GW). To convert C to its physical
equivalent in quads/yr, it must be multiplied by the conversion factor,
1 (quad/yr)/33.4 GW. The conversion factor derives from the fact that
1 quad = 101> British thermal units (Btu), 1 year = 31.56 x 10°
seconds (s), 1 GW = 10° watts (W), and 1 Btu = 1.055 x 10> W°s.

Accordingly, the appropriate numerical relationship between E;,/T
and C is

E; /T(in quads/yr) = (£/n) C(in GW) (1 (quad/yr)/33.4 GW).

For the typical values, £ = 0.50 and n = 0.30, the relationship
becomes (to two significant figures),

Ein/T (in quads/yr) = (1/20) C (in GW).

For illustration, if C is 20 GW, E;i,/T is equal to 1 quad/yr,
expressing the fact that 20 GW of nominal power capacity in plants of
typical characteristics will consume 1 guad of primary energy input in
the course of a year, taking into account conversion losses and
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operation at less than rated capacity (that is at less than full plant
availability).

3. The study of the Committee on Nuclear and Alternative Systems
(CONAES) (NRC 1979), Energy in Transition 1985-2010, examines
scenarios, produced by its Demand and Conservation Panel, of energy
demand ranging from 53 quads to 134 quads (Btu content of primary
fuels) in the year 2010 compared with 71 quads in 1975 (pp. 82-83).

The share of purchased electricity in the total varies from 24 percent
to 55 percent, compared with 28 percent in 1975; and total primary
energy input for electricity ranges from 19 gquads to 71 gquads, compared
with 18 quads in 1975 (p. 558). The corresponding values of capacity
are approximately 380 GW (for 19 guads/yr) and 1420 GW (for 71
quads/yr). (Here 20 GW of capacity is taken to correspond to a primary
energy input of 1 quad/yr, assuming an overall average availability
factor of 0.5. This factor depends on load patterns and the mix of
different modes of generation with their respective plant availability
factors.) Clearly the 300 GW of the reference SPS (or an alternative)
could not be accommodated at the lower levels, and could easily be
accommodated at the higher. Presumably the higher projections would be
still higher in the second quarter of the twenty-first century,
although the CONAES study expects the growth in demand to taper off
even during the period it examines.

4. The CONAES study (NRC 1979, p. 521) reaches qualitatively
similar conclusions. It expects world energy demand in 2010 to be 3 to
4 times as large as now, and world demand for electricity to grow even
more rapidly to 3 to 5 times present levels (over 60 quads of primary
energy) in 2010.

5. Schurr and his coworkers (1979) analyze several projections.
Their midrange projection for the year 2000 is 114 quads (primary
energy) of which 40 percent (45 quads, or a capacity of at least 900
GW) is electric.

6. CONAES (NRC 1979, p. 521) cites the first and third of these
reasons. The direct combustion of coal is an alternative to the
conversion of coal to electricity as a means of saving oil, but has not
vet begun to penetrate the market to a significant extent.

7. Many analysts believe we are now spending a disproportionate
amount on electric options.

8. We are using coal in this section as shorthand for solid
fossil fuel.

9. The figure of $0.256/W (peak) used here is for all practical
purposes eqguivalent to the figure of $0.30/W (peak) mentioned in the
section "Solar Cell Array"” earlier in this chapter. The difference is
ascribable to consulting slightly different sources.

10. Note that in the net energy analysis calculations, SPS output
is converted to the same thermodynamic guality as the energy used in
construction and maintenance. Specifically, 1 Btu (electric) is
equivalent to 4 Btu (thermal), or, the number of Btu (thermal) 1is
equivalent to 4 times the number of Btus (electric).

ll. For example, The Aerospace Corporation (Wolfe 1981, reproduced
as Appendix D in this report) recently estimated that the Boeing/NASA
estimates of the cost of transportation to LEO were too low by a factor
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of 3. The new estimates may be considered in principle to introduce a
second value for the HLLV dollar cost parameter. However, rather than
to try to express results in terms of too many parameters, we simply
note that the effect would be to lower the net energy ratio for the
reference SPS by a factor of slightly less than:3 (assuming that the
energy content per unit of transportation cost remains constant and
restricting the conclusion to the lower ranges of the photovoltaic

array cost parameter). These recent Rerospace cost analyses were not
available when the net energy calculations were made.



CHAPTER 4
ENVIRONMENTAL EFFECTS

An SPS would have various consequences for the earth's environment,
including effects on the biota, on the upper and lower atmosphere, on
man-made electromagnetic systems, and on optical and radio astronomy.

EFFECTS ON THE BIOTA

The Committee initially identified five types of effects of a
reference SPS that might pose unique and serious risks for human health
or for ecosystems: (1) the effects of ionizing radiation on persons
working on SPS satellites in space; (2) the effects of zero gravity on
persons working on SPS satellites in space; (3) the effects of
microwave radiation from SPS satellites on ecosystems in the vicinity
of the rectenna; (4) the effects of microwave radiation on persons
working on either a power satellite in space or on a rectenna; (5) the
effects of low-level microwave radiation on humans outside the rectenna.

Of the potential effects on workers in space, those of ionizing
radiation were chosen as a focus. The effects of zero gravity were
deemed to be less significant, since the data appear to be more
certain, and mitigation of the effects is more easily accomplished. 1In
addition, many of the effects of zero gravity on human beings appear to
be reversible, whereas the effects of ionizing radiation may not be.

Of the potential effects of microwave radiation, the question of
human exposure outside rectenna sites was chosen as a focus. As for
the effects on ecosystems, the Committee agrees with the U.S.
Department of Energy (DOE) that the data now available are insufficient
for a valid assessment of the ecological impact of microwave radiation
from reference SPS satellites to earth. A substantial amount of
additional work needs to be done to obtain a more definitive assessment
of effects on ecosystems within and close to rectenna sites. However,
although ecosystem effects are uncertain, they are expected to be
small. The Committee therefore considers an assessment of the
potential effects on humans more critical to an imminent decision on
whether to proceed with a research and development program to maintain
a future SPS option. Further, the exposure of workers at the rectenna
site or at the satellite antenna would be intermittent and could be
controlled by having workers wear protective clothing and by using

69
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operational safequards, while the exposure of the general population
outside rectenna areas would be both involuntary and continuous. Also,
potential effects are more uncertain at the lower levels, of exposure
that might be experienced Ly the general population than that by
workers on the system.

A great deal is known about the effects that ionizing radiation has
on people at the levels of exposure anticipated in geosynchronous earth
orbit (GEO). Little is known about the effects of microwave radiation
at the low power levels anticipated outside rectenna sites. The two
types of radiation are completely different in their mode of physical
interactions with and their effects on the components of biological
systems. Ionizing radiation releases amounts of energy large enough to
eject electrons from atoms and thus to ionize water and the molecules
of living cells. 8Such ionizations have a high probability of
destroying the enzymatic activity of proteins in the body and the
biological activity of deoxyribonucleic acid, or DNA, the genetic
material in cell nuclei.

In general, the ionization of molecules in living tissue has a much
more devastating effect than does the absorption of nonionizing
radiation such as light or microwaves. For example, if an electron in
a molecule is not ejected but only raised to an excited energy level,
say by the absorption of a quantum of ultraviolet light (energy
approximately 200 x average thermal energy), the probability that the
molecule's biological activity will be affected is approximately 100
times less than the probability of its being affected by an ionization.
Microwave quanta do not even have sufficient snergy to excite the
electronic energy states in an atom or, for that matter, to change the
vibrational or rotational states of molecules in solution. Thus, it is
more appropriate to approach the interaction of microwaves with
biological material as that of electromagnetic waves with the electric
dipoles in water or on macromolecular structures. The energy
transmitted during these interactions is dissipated as heat or results

in configurational changes in membranes or other macromolecular
structures.

The Ionizing Radiation Environment in Space

For our assessment of ionizing radiation we have drawn extensively
on four sources of information: (1) A DOE report issued in December
1979, Workshop on the Radiation Environment of the Satellite Power
System (SPS) (Schimmerling and Curtis 1979). (2) A working paper by
Harald Rossi (Appendix G) of Columbia University estimating the
radiation doses that space workers might receive by reviewing the
estimates given in (1) above. (3) A working paper contributed by
Charles Land (1980) of the National Cancer Institute in which he
calculates the expected excess cancer mortality among space workers
exposed to either 30 rads or 50 rads per 90-day tour of duty in
geosynchronous orbit, and for the total of 10 tours of duty over 5
years. These calculations use the latest values given in The Effects
on Populations of Exposure to Low Levels of Ionizing Radiation (NRC
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1980) (hereafter referred to as BEIR-III). (4) A working paper by Paul
Todd (1980) of Pennsylvania State University surveying the biological
effects of energetic particles of high atomic number (high Z), since
there are appreciable numbers of these particles in space.

Radiation of Low Linear Energy Transfer (LET) and Cancer

Since the doses of ionizing radiation in space would be
substantial, workers would have to be shielded in some way. The dose
estimates reviewed here and in Appendix G are those contained in
Madey's (1979) summary of a DOE-sponsored workshop held in September
1978 (Schimmerling and Curtis 1979) and assume shielding of 2 grams per
square centimeter (g/cm2] of aluminum. (The doses given by Madey
(1979) and by most subsequent DOE reports are doses in aluminum targets
and must be increased by about 30 percent to show the dose that would
be received in tissue.) Although less shielding would result in
appreciably greater dose rates, and 3 g/’cm2 would lower the dose
rates by 2-fold to 3-fold, more than 3 gfcmz of aluminum shielding
would not further decrease the dose rates appreciably (Schimmerling and
Curtis 1979). This is because secondary radiation produced in the
shielding itself dominates the dose behind aluminum thicknesses greater
than 3 g/cmz. Composites would have to be used to provide more
shielding. In more recent reports (U.S. DOE 1980c, 1980d) doses to SPS
space workers are estimated assuming 8 g/'f:m2 of shielding.

The largest doses would be received by workers in geosynchronous
earth orbit. In GEO the geomagnetically-~trapped electron flux and the
resultant bremsstrahlung are high. Estimates of the dose that would be
received, depending upon the longitude of the satellite, vary from 30
rads to 60 rads (in aluminum) for a 90-day tour (Madey 1979; Seltzer
1979; U.S. DOE 1980c, 1980d). The agreement between the various
estimators is in part fortuitous. Madey describes a dose behind an
infinite slab of 2 g/cm2 of aluminum, whereas Seltzer and DOE
estimated the dose at the center of an aluminum sphere of radius
corresponding to a shielding of 8 g/cm2 3 g/bmz of shielding from
the habitat and work stations and 5 g/cm“ of alumium equivalent
shielding from human tissue). Desgpite the high shielding, the latter
estimates agree with the former because Seltzer used a different
geometry and seems to have made a more sophisticated estimate of the
effects of bremsstrahlung. For Seltzer's method of calculation, the
dose for a 90-day tour estimated at the center of a sphere of radius
equivalent to 2 g/cm2 aluminum would be approximately 350 rads; for a
3-g/cm2, 110 rads; and for a radius equivalent to Bng/cmz, 60 rads
(Figure 4.1).

Radiation doses in low earth orbit (LEO) would also not be
negligible. They would come mainly from trapped protons and would
range from about 20 rads during minima in solar activity to 10 rads
during solar maxima for a 90-day tour (Madey 1979).

Workers passing from LEO to GEO and back would cross the Van Allen
belts. The traverse time would be relatively short, however, and a
person shielded by 2 g/cm2 of aluminum could expect to receive a dose
of approximately 3 rads on each one-way trip (Madey 1979).
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FIGURE 4.1. Depth-dose distributions in aluminum targets for the radiation encoun-
tered from trapped electrons during 1 year in geosynchronous orbit at 160° W longitude.
Insert shows incident electron fluence. Results are given for the dose D at depth z in

a semi-infinite slab and for the dose D, at the center of a sphere of radius z.
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At the doses estimated for GEO, effects are manifested months or
years following exposure (and are called late or delayved effects). The
effect of greatest concern is cancer induction. Estimates were made
for us of the cancer mortality that would result from one tour of 90
days in geosynchronous orbit and from a 5-year career of 10 tours of 90
days each (Land 1980). Such estimates are uncertain, since the precise
relationship between dose and response at these dose rates is not well
known. The risk of dying from cancer increases dramatically as age at
first exposure is lowered, since the individual would have more time to
develop cancer before dying of some other cause. Land provides
estimates based on two dose-response models (linear and
linear-quadratic) and two risk-projection models (absolute and
relative) developed for the BEIR-III report (NRC 1980). The estimates
were also calculated by age at exposure and by sex.

We use here the linear—quadratic, relative-risk model. For a dose
(in tissue) of 50 rads per tour to workers exposed for the first time
at age 30 and working 10 tours, the excess cancer mortality above that
otherwise occurring would be about 6 percent for males and about 8
percent for females. (The higher value for females is due to the
higher risk of breast cancer.) The other models give values ranging
from about 3.5 percent to about 18 percent.

The outlook might be even more serious than the Land estimates
would suggest, however. 1In the most detailed calculations (Madey 1979,
Stassinopoulos 1979) reviewed for us of ionizing radiation doses to
workers in GEO shielded by 2 g/cm2 aluminum, it appears that some
secondary and higher—-order radiations produced in the shielding have
been underestimated, resulting in a dose estimate low by a factor of 4
(Appendix G). This is probably because a semi-infinite slab geometry
was assumed. Dose estimates based on a spherical shield model, which
is more appropriate in spacecraft applications, would be about 4 times
greater at the center of the sphere than in a slab of thickness equal
to the radius of the sphere (Seltzer 1979). As noted above, assuming
a shielding in the reference SPS of 8 g/umz instead of 2 g/c:m2
would reduce the estimated dose to workers somewhat. However, the
increase in the dose estimate when a spherical model is used 1in place
of a semi-infinite slab model overrides the reduction resulting from
thicker shielding-—an overall increase in the dose estimate results.
Furthermore, all of the estimates are an additional 30 percent too low
because the dose rates are given for aluminum targets rather than human
tissue. 8Since the dose estimates of 30 rads to 60 rads in GEO depend
critically on geometrical factors, the amount of shielding, and the
tissue irradiated, they could be low by an appreciable factor.

Thus, if the doses were approximately 100 rads per tour, the
estimates of excess cancer mortality obtained by using the
linear—quadratic, relative-risk model would be approximately 10 percent
for males and 15 percent for females. That is, for a worker population
of 1000 males approximately 100--or for 1000 females, approximately
150-—would be expected to die of cancer from exposure to the ionizing
radiation environment in GEO, in addition to cancer deaths from all
other causes. Note that these numbers refer to deaths from cancer. In
BIER-III, a ratio of incidence to mortality for radiation-induced
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cancers was calculated separately for males to be 1.54 and for females
to be 2.00 (NRC 1980). Thus, the rates of incidence of cancer could be

as much as 2 times greater than the mortality rates discussed above.
The Committee concludes that:

The predicted excess cancer mortality in space workers exposed
to the ionizing radiation environment in GEO associated with
the SPS reference design is on the order of 10 percent, a risk
much greater than that in other occupations. It would be
necessary to establish some level of risk for SPS workers

lower than now predicted and to design measures to stay within
it.

The hazard from ionizing radiation might be mitigated by changing the
number or the length of tours of duty, by new shielding designs, by
shifting construction to LEO, or by arranging to have most of the
construction done by robots.

The estimates of excess cancer mortality discussed above indicate
that an increase in the individual dose per tour, from 50 rads to 100
rads, would result in almost a doubling--from 6 percent to 10 percent
for males and from 8 percent to 15 percent for females--of the risk

associated with a career of 10 tours. The Committee therefore
concludes that:

Accurate dosimetry in geosynchronous orbit is absolutely
necessary as a prelude to designing manned systems in GEO,
since the dose estimates are so large that errors of even a
factor of 2 would affect several percent of the work force.

Solar Flares

In addition to the doses of radiation caused by the trapped
electron flux in GEO, workers in space would be subject to aperiodic
‘radiation caused by solar flares. The magnitude of solar flares and
the time at which they will occur cannot now be predicted. The data
indicate, however, that flares could be lethal to space workers. It
has been estimated that a flare that occurred in August 1972 wnuld have
delivered 300 rem over a short time despite shielding of 10 g/cm of
aluminum (Stassinopoulos 1979). Such a dose will produce early health
effects, i.e., effects that occur within hours, days, or a few weeks,
such as damage to bone marrow, white blood cell formation, and testes,
and an expected mortality on the order of but not more than 10 percent

within 30 days. Workers in low earth orbit would be shielded from
solar flares by the earth's magnetosphere.

The Committee concludes that:

Radiation doses from solar flares may be so high in

geosynchrongus orbit that workers must be able to get into a

heavily shielded area (storm shelter) within an hour or two of
warning.




75

Accurate measurements of radiation doses in geosynchronous
orbit with and without shielding would be needed in order to
determine the appropriate types of storm shelters that would
have to be constructed. Continued research on how to predict
the magnitude and the time at which solar flares will occur is
also needed.

High—Z Particles

Workers in space would also receive doses of energetic particles of
high atomic number (high-Z particles, Z 2 2), most of which would
come from cosmic radiation. The most significant characteristic of a
high=Z particle is its ability to inactivate a large number of cells in
its path. Since a high-Z particle loses energy rapidly after it
strikes tissue, the physical event is sometimes called a thin-down hit,
and the corresponding biological event, a microlesion. A microlesion
can be thought of as a core of dead cells surrounded by some
nonlethally damaged cells.

Although microlesions occur during exposure, macroscopic effects
can be expected to show up only some time after a 90-day mission. 1In
an assessment of several earlier studies (Arcos et al. 1968,
Malachowski 1978, Tobias and Grigor'yvev 1975), Todd (1980) suggests
that small decrements in visual acuity might result from damage to the
cones in the retina and to ganglion cells, and that late cataracts
could develop as a result of the tremendous energy deposited locally by
these particles. There is also reason to believe that the microlesions
produced by high-Z particles in the liver and the lungs might be
carcinogenic (Todd 1980), although there are no direct data on this
guestion. The carcinogenic risk will depend on the probability of a
microlesion inducing a malignant focus. This probability remains to be

determined in laboratory experiments. The Committee therefore
concludes that:

. More accurate quantitative data are needed on the biological
effects of high Z-particles.

Due to the very high energy of high-Z particles, it would be more
difficult to shield against them than it would be to develop protection
against energetic electrons or protons. A shield for high- Z particles
would have to be 10 g/cm2 of aluminum to be between 25 and 40 percent
effective. It is impossible to say what biological effects might
result given this amount of shielding, without better information.

Consequences for Mutagenesis

The BEIR-III report estimates that a radiation dose of between 50
rem and 250 rem results in a doubling of spontaneous mutations in human
beings (reaching an equilibrium in perhaps 10 generations after
exposure) (NRC 1980). Space workers in the reference SPS would be
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exposed to much larger doses. A single 90-day tour alone could expose
a worker to a doubling dose.

The number of space workers postulated in the reference system
would be only a small fraction of the total U.S. population and, hence,
the average mutagenic load of the entire U.S. population would not
double. The increase would be confined to the descendants of the
exposed workers. Nevertheless, the prospect of mutagensis in the
descendants may present a serious problem in terms of costs to the
descendants and to a responsible society as a whole. Before an SPS was
deployed, the extent of this problem, its implications, and possible
mitigating techniques would have to be further examined.

Exposure Guidelines for Space Workers

A number of Federal agencies presently have authority to set
radiation protection standards. The Occupational Safety and Health
Administration (OSHA) and the Mine Safety and Health Administration in
the U.S. Department of Labor were created to regulate worker safety in
areas not otherwise covered. A space work force, which in the case of
the reference SPS would include tens of thousands of workers, would
fall into this "not otherwise covered" category. While the National
Aeronautics and Space Administration (NASA) has set limits for the
exposure of astronauts, it is unclear whether NASA, OSHA or a group of
agencies should be responsible for setting the exposure limits for a
space work force. Nor is it clear what the exposure limits should be.
It is possible that the Radiation Policy Council, established in 1980
by former President Carter, might be used for this purpose. The
Council is composed of representatives from 13 federal agencies and.,
among other things, is intended to provide advice on radiation
protection policy and to assist in the resolution of disagreements.

The current OSHA and Nuclear Regulatory Commission exposure limits
for ground-based workers are 3 rem in 90 days or 5 rem per year
(Schimmerling and Curtis 1979). The accumulated whole~body dose over a
lifetime must not exceed 5(N - 18) rem (where N is the individual's
age). NASA astronaut limits range from 6—-fold to 22-fold higher for
90-day or vearly exposures than the ground-based worker limits. The
average exposure per person with measurable exposures in each of the
four covered categories for Nuclear Regulatory Commission licensees is
roughly 0.7 rem per vear (U.S. NRC 1977). 1In 1966, the occupational
limit in the naval atomic propulsion program was reduced to 5 rem per
vear. Should similar limits apply to a large work force in space, or
should space workers have different guidelines because other risks in
space work may be dominant?

The ionizing radiation exposures estimated by the Committee for the
reference system represent a many-fold increase over the exposure
limits for terrestrial workers. The Committee therefore recommends
that:

. OSHA and NASA should begin joint discussions, possibly using
the offices of the Radiation Policy Council, to decide how
exposure limits might be established and what such limits
might be for space workers on future space projects.
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The Microwave Environment Beyond the Rectenna Site Boundaries

Our assessment of the hazards of the microwave environment
associated with the reference SPS to the general population comes from
three sources: (1) A report prepared for DOE by the Environmental
Protection Agency (EPA) entitled Environmental Assessment for the
Satellite Power System——Concept Development and Evaluation
Program——Microwave Health and Ecological Effects (U.S. DOE 1980b) that
summarizes the available information published up to that time. (2) A
workshop held under the Committee's auspices on July 15-17, 1980, at
which 17 experts in the field addressed the subject "Mechanisms
Underlying Effects of Long-term, Low-level, 2450 MHz Radiation on
People." A summary of the workshop prepared by Christopher H. Dodge of
the Library of Congress is contained in Appendix H. (3) Comments on
the summary of the workshop solicited from interested parties.

In the reference system, solar energy would be transmitted from
satellites to rectennas by means of microwave radiation (Figures 1.1
and 1.2). As the system is designed, the power level immediately
outside the boundary of a rectenna site would be slightly .less than 1
watt Eer sgquare meter {W/mz) (0.1 milliwatts per square centimeter—-
mW/cm“) , and would decrease rapidly with distance from the site
(Figure 4.2). The minimal background power level to which the total
U.S. population would be exposed would be about 0.001 w/m? (10”4
mW/cm“) for 60 rectennas. Tell and Mantiply (1980} measured ambient
electromagnetic power densities for 15 U.S. cities—-representing 20
percent of the total U.S. population--and found that these populations
were ex| sed tn electromagnetic fields with a median power density of
5 x 10° wym (mostly FM radiobroadcasts at 88 megahertz (MHz) to
108 MHz). DOE concluded from those measurements that the reference
system would expose nearly all of the U.S. population to "levels
significantly greater than the current background levels" (Valentino
1980, p. 13). Accordingly, it is necessary to analyze potential health
effects.

It is not now possible to determine the effects, however, since no
satisfactory theory at the macromolecular or microstructural level
exists for extrapolating from observed effects to effects expected at
levels of 0.001 W/mz to 1 mez. The mechanisms of interaction at
power levels below 1 W/mz are unknown, and data at these levels,
where they existé are controversial. Animal studies at power levels
well below 1 W/m“ would require so many animals to observe a small
effect, if one exists, that the experiments could become not only
prohibitively expensive but impossible to carry out because of
variations in the experimental system. Epidemiological experiments to
detect the effects of power levels ranging from 0.001 ij to 1
'W/mz would be close to impossible, because the very small expected
effects require the use of huge human populations that would have two
inherent variations that would confound the results—--variations in the
exposure levels of different individuals and variations in the response
of different individuals to fixed exposures. Even though a great deal
is known about the mechanisms and effects of ionizing radiation (NRC
1980, U.S. GAO 1981), so far it has not been possible to extrapolate
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FIGURE 4,2. Reference SPS microwave power density characteristics at rectenna sites.



79

with confidence its effects on people from high levels of exposure to
low levels. It is likely to be all the more difficult to extrapolate

from the effects of high-level microwave radiation to low-level
exposures.

Hence, the Committee concludes that:

Although it has not been demonstrated that microwaves at
levels of from 0.001 W/mz to 1 W/m2 have harmful effects

on human beings, without good theory and knowledge of

mechanisms it is not now possible to prove that exposures at
such low levels are safe.

Thermal Effects

Most of the experiments in which animals have been exposed to
microwaves have been performed at power levels high enough to create
heat stress on a specific organ or on the whole body. The extent of
the thermal effect depends on the energy absorbed per unit of weight
compared with the basal metabolic rate. The energy absorbed is in part
a function of the microwave wavelength relatlve to body or organ size.
For example, an adult exposed to 10 W/m of energy at 2450 MHz would
absorb energy at the rate of 0.04 watts per kilogram (W/kg), a small
value compared with the basal metabolic rate of 1.2 W/kg for human
beings. The exposure of rats to the same power level would result in 5
times more absorption because rats are of a size close to the
wavelength of 2450 MHz radiation (0.122 m or about 5 inches).

For biological effects that obviously have a large thermal
component, such as those observed at power levels appreciably greater
than 100 W/m r there is a threshold below which no effect can be
demonstrated even if subjects are exposed for long periods of time (for
example, see Figure 4.3). Because the threshnld for gross thermal
effects in humans is well above 100 W/m r the thermal effects of an

SPS such as the reference system on the human porulation outside the
rectenna sites would not be a matter of concern.

Mutagenic Effects

Bacterial and yeast cells used extensively to assess potential

mutagenic effects of chemicals have also been used to determine whether
microwave radiation would cause mutagenic effects. No effects have
been observed from exposure to microwaves ranging from 10 W/mz to 450
W/m (Appendix H, Dutta 1980). McKee et al. (1981) investigated
potential mutagenic bioceffects of 2450 MHz radiation by measuring

sister chromatid exchange in bone marrow cells of mice and found no
statistically significant increase.
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FIGURE 4.3, Production of fetal exencephalies in mice by exposure to 2450-MHz
microwave radiation. Environmental conditions were: (1) temperature, 25°C; (2) rela-
tive humidity, 50%; (3) airflow, 38 liters per minute; (4) forward power at all times,
7.37TW (1230 W;'m&); (5) exposure time, between 2 minutes and 5 minutes to obtain
various absorbed doses; (6) preexperimental conditioning of animals, 30 minutes.
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Effects at Power Levels Below 10 W/m?

At power levels below 10 mez, microwave radiation is reported to
have had effects on (a) immunological systems, (b) reactions to drugs,
(c) the efflux of calcium from brain tissue, and (d) behavior of
animals (see Appendix H for details). The latter two effects were not
observed with continuous waves but only with waves modulated at
frequencies between 4 hertz (Hz) and 30 Hz. The microwave pattern that
would occur in the reference system would be modulated by frequencies
in this range because of interference between the beams of different
satellites (Ott and Rice 1981); such effects on humans are therefore
conceivable. However, the change in the average power level due to
such modulation is estimated to be appreciably less than 0.1 W/mz,
and hence it is doubtful that one could observe such effects in
experimental systems.

The Committee concludes that:

* What is needed is a good way of extrapolating from
observations to predicted effects at low power levels. If

these effects occurred at the low power levels (below
1 Wsz) and waveform characteristics of microwave radiation

outside rectenna sites, it would then be necessary to
determine if such effects were harmful.

The research necessary to reduce uncertainty in our understanding
of the possible health hazards of low=level microwaves is shown in
Table 4.1. This research should establish with reasonable certainty
whether the phenomena discussed above would occur in human beings, and
if so, the extent of the risk. Because of increasing public exposure
to and awareness of microwaves (e.g., microwave ovens), research into
the effects of frequent or continuous exposure to low levels of
microwave radiation will probably continue independently of an interest
in an SPS. Conversely, data from research into SPS microwaves would
also be applicable elsewhere.

International Exposure Standards

There is no international agreement on microwave exposure standards
for the general population; a number of countries currently have
national standards (see Table 4.2). East European and Soviet standards
are significantly more stringent than those of western countries. The
United States has a standard for exposures in the workplace but not for
exposures to the general population, although such a standard has been
proposed. An SPS consistent with currently proposed U.S. guidelines
could expose parts of the U.S. population to levels of microwave
radiation that are unacceptable in other countries. The result——
whether founded on scientific evidence or not-—-would be a large,
environmental health concern in the United States and, just as

important, a conceptual barrier to making such an SPS an international
system.
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TABLE 4.1. Research needed to help reduce uncertainties concerning public health
effects associated with exposure to SPS microwave power densities and frequency.

Loecal or General Thermal Effects

e Long-term animal experiments at power densities =1.0 mez at whole body, organ, and
organelle levels, testing for biological endpoints such as alteration of enzyme reaction
rates and cell membrane conformational changes.

@ Studies of basic physical interactions of electromagnetic fields with molecular
components of living tissue to develop models of biclogical effects or phenomena.

(For example, biophysical experiments are required to determine the role of microwaves

at SPS freguencies and intensities at the molecular level and their action on ionic
conductivity. Any responses, biological, biochemical, or physical, should be investigated
from the point of view of alteration of enzyme reaction rates, and cell membrane phase
transitions and conformational changes.)

® Better dosimetry techniques for calculating and measuring (such as a probe that
could be used within an organism toc measure in a nonperturbing way) internal field
patterns.

Interactions with Drugs or Other Chemicals

® Repetition of selected animal experiments showing effects (including the potential
of microwaves as a cocarcinogen), using carefully controlled dosimetry and statistical
analysis.

@ Development and testing of hypotheses to explain effects.

e Long-term dose-response animal experiments at power densities around 1.0 W/m<
and with a larger number of drugs at whole body, organ, and organelle levels.

Imminological Effects

® Repetition of selected Russian research at levels of 0.0l Ww/m? to 5.0 W/m<; repetition
of selected U.S5. work to validate it.

® Mechanistic and molecular biclogical experimentation.
e Long~term animal studies, particularly autoimmune response.
Effects on Caleiwm Ion Efflux in Brain Tissue

® Studies to determine biceffects using 2450 MHz as the carrier frequency or studies
to determine whether the power density "windows" are carrier-frequency dependent.

® Studies to establish the interaction mechanism (the interaction site) of the modulated
fields and extremely low frequency fields on calcium ion efflux.

e Studies to determine whether the phenomenon will occur under the modulation and
power characteristics expected of the SPS microwave beam.

@ Studies to determine whether the calcium ion efflux phenomenon correlates with

Russian and East European findings of neurological/behavioral decrements in people and
animals exposed to levels of microwaves below 1.0 W/mZ.

@ Experiments to determine whether other ions--sodium, potassium, magnesium--are
similarly affected.

Effects on Organized Structures

e Studies of changes in behavioral responses under simulated SPS conditions, using
behavioral tests (such as time-based schedules of reinforcement) that are both sensitive
and reliable measures of such effects.

® Studies of long-term effects.
® Neurological and blood-brain barrier experiments at SPS power levels.

® Determination of the neurological and physiological significance of behavioral
responses.

® Molecular-level studies of biological relaxation times.

® Consideration of long-term animal experiments at 2450 MHz to evaluate, if possible,
whether there is any trend toward life-shortening in animals.

SOURCE: 1980 Workshop on Mechanisms Underlying Effects of Long-term, Low-level, 2450
MHz Radiation on People (Workshop Summary is in Appendix B of this report).



TABLE 4.2. Comparison of major microwave exposure standards or guidelines.

Country, Date, Frequency Comments Occupational Exposure Public Exposure
Source of Standard (in GHz) Limit Duration (Continuous)
Canada, 1966 0,01 - 100 Continuous 100 W/m2 No limit None
Canadian Standards wave
Association 0.01 - 100 Pulsed 10 W h/m? 0.1 h None
Canada, Proposed 0.01 - 300 10 W/m2 No limit 10 W/m?
Health & Welfare
Czechoslovakia, 1970 0.3 - 300 Continuous 0.25 W/m2 Working day 0.025 W/m?
Government wave
.3 - 300 Pulsed 0.10 W/m?2 Working day 0.01 W/m2
Poland, 1972 0.3 = 300 Stationary 2 W/m2 10 h 0.10 W/m2
Government antenna
Sweden, 1976 0.3 - 300 10 W/m? 8 h None
Worker Protection
Authority
United States, 19749 0.01 - 100 Continuous 100 W/m’ No limit None
American National wave
Standards Institute (ANSI) 0.01 - 100 Pulsed 10 Wh/m? 0.1 h None
United States, Proposed 0.3 - 1.5 Fregquency Averaged Frequency (in MHz) /30
ANSI (in MHz)/30 over 0.1 h
1.5 - 300 50 W/m2 Averaged 50 W/m2
over 0.1 h
U.S.S5.R., 1977--Occupa- 0.3 - 300 Antenna sta- 0.1 W/m2 Working day 0.01 W/m2
tional; 1970--Public tionary for
Government occupational;
either for
public

NOTE: The International System of Units (SI) is used in this table, as in text. To express W;mz numerically
in mW/cm?2, divide by 10, e.g., 100 W/m? = 10 mW/cm<.

dwith slight modification this line also applies to the United Kingdom, the Federal Republic of Germany,

the Netherlands, and France.

SOURCE: Adapted from Health & Welfare Canada (1978).

£8
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Further, there appears to be a trend for western countries to make
their standards more stringent. Even though there is no proof that
microwave radiation at power levels below 1 W/m2 constitutes a hazard
to human health, scientists have conjectured that future U.S. public
exposure guidelines might be as low as 0.1 ﬂ/m to 1 w/m (Appendix
H). This would affect the design and cost of an SPS, the design power
level at the boundary of a reference system rectenna being 1 Wymz.

Taking these issues into consideration, the Committee concludes
that:

. It would be desirable to examine the various criteria that
have been emploved to establish microwave exposure standards

in countries around the world in order to design an SPS that
would be acceptable to the international community, if at any
time in the future an SPS is a viable energy option.

EFFECTS ON THE LOWER AND UPPER ATMOSPHERE

Rocket Effluent Effects in the
Troposphere, Stratosphere, and Mesosphere

Impacts on the troposphere, stratosphere, and mesosphere {(which are
also referred to here as the lower atmosphere) from the reference SPS
are expected to be due mainly to effluents from the heavy-lift launch
vehicle (HLLV). The effects of rectenna operation and absorption of ,
microwave power in the lower atmosphere are expected to be small and of
little consequence. The rectenna structure itself would modify the
thermal and radiative properties of the ground on which it was built
and its operation would generate some waste heat. However, the
influence of these effects on weather and climate is not expected: to be
much different from that of a typical suburban development (Valentino
1980) . Construction modifications and careful rectenna site selection
can be used to minimize effects. The microwave absorption coefficient
of atmospheric air is well known and predicts that absorption of
microwave energy in the lower atmosphere will be negligible in clear
air. During rain storms, the absorption will increase somewhat, but
the effects of microwave heating are still expected to be smaller than
the natural variance of cloud and storm phenomena (Valentino 1980).

The impact of personnel launch vehicles (PLV), if used, will be much
smaller than that of the HLLV because of the PLV's smaller size and
less frequent launch rate.

After consultation with several experts in the field. the Committee
concluded that DOE's identification of the major lower atmosphere
issues was sound. These issues include:

l. The air quality impacts of nitrogen oxides produced by
afterburning of HLLV rocket effluents in the HLLV ground cloud.

2. Temporary local weather modification by HLLV rocket effluents
and cumulative effects that might impact climate (a) by producing
cloud-condensation nuclei (CCN) and ice-forming nuclei (IN) that could
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alter the microphysical processes of clouds, and (b) by contributing
heat and moisture that could enhance convective activity.

3. Chemical composition changes in the mesosphere and, to a lesser
extent, in the stratosphere due to rocket effluents and to the
production of nitric oxide (NO) and ablation products on reentry. The
extent of the effects of changing the chemical composition of the
stratosphere and mesosphere, e.g., climatic effects and noctilucent
cloud formation, are unknown because of the many uncertainties in our
current understanding of stratospheric and mesospheric chemistry.

None of these issues can be assessed with any confidence at this
time, given the current state of knowledge and paucity of data. For
the first two issues, which involve effects of ground cloud formation,
there are some useful data from an Atlas/Centaur rocket launch in
November 1978. A number of parameters were measured during that
launch, including the concentrations of several gases and CCN and IN.
These data have been used in predicting concentrations of these
products from HLLV launches. From these calculations it is predicted
that an HLLV launch could contribute a significant fraction of the
proposed federal standard for the maximum hourly concentration of
nitrogen dioxide (0.25 parts per million by volume). Measurements of
CCN and IN production from Titan III and Atlas/Centaur launches
indicate that the formation of these nuclei during HLLV launches might
have meteorological significance, and a potential for cumulative
effects and climate modification exists since from 375 to 500 HLLV
flights would be required each year for 30 years to construct the
reference SPS.

No experiments have been conducted in the stratosphere and
mesosphere specifically in connection with the SPS; chemical
composition changes and noctilucent cloud formation were predicted
using models. However, better models reflecting improved understanding
of atmospheric chemistry are needed to make more confident predictions
of HLLV effects. The consequences, if any, of these effects for

climate or in other areas need elucidation. Nevertheless, the
Committee concludes that:

. None of the lower atmosphere issues is likely to present
insurmountable problems in the planning or development of an
SPS. In fact, these issues are less critical than SPS impacts
on the ionosphere and on telecommunications. However, further
study of all three issues listed above would be necessary
before an SPS should be built.

SPS Impacts on the Ionosphere and on Telecommunications

The microwave beam of the reference system would heat that part of
the atmosphere through which it passed. In this section we consider
the effect that the microwave beam would have on that part of the upper
atmosphere known as the ionosphere. There are four critical issues
(apart from the possible degradation of the control of the SPS power
beam by the ionosphere, which is discussed in the section of Chapter 2
on "Energy Transmission"):
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1. The effect on the design--and cost--of the system of a change
in the power density of the microwave beam.

Original predictions of the ionospheric heating that would be
caused by the microwave beam resulted in a reference system design
limit of 230 W/m2 for the beam. Recent theoretical and experimental
studies, however, indicate that the design limit could probably be
increased to between 400 mez and 500 W/mz. Such an increase would
have a ripple effect throughout the system design and the system cost.

2., The cumulative effect on the ionosphere of repeated launches of
large rockets.

Emissions from the large rockets (HLLVg) that would be needed to
carry materials for an SPS into space would cause the electrons and
ions normally in the ionosphere to recombine, leaving a "hole" in the
ionosphere. The size and duration of the hole calculated from models
are in general agreement with observations from a single launch, but
unanswered questions remain about the consequences of repeated
launchings. Such repeated launchings would be necessary if the
materials for an SPS were sent from the earth as recommended.

3. The effect on the ionosphere of emissions from an orbital
transfer vehicle. |

An orbital transfer vehicle would emit certain quantities of
contaminants, such as argon ions in the case of the reference system,
into the outermost region of the atmosphere known as the
magnetosphere. It is possible that the persistence of these ions might
modify the physics of the magnetosphere, but little information is
available on this subject.

4. The impact on radiocommunication and radionavigation systems of
an SPS-disturbed ionosphere.

Many radiocommunication and radionavigation systems make use of
signals propagated through all or part of the ionosphere. Thus, the
question arises as to whether the ionosphere would be sufficiently
disturbed by an SPS microwave beam to affect performance of those other
systems. So far, telecommunications tests at fregquencies below 3 MHz

using a simulated SPS microwave beam have indicated that the beam would
have little or no effect.

Description of the Issues

Increasing the power of the microwave beam. There are three
aspects to the problem of the interaction between the microwave beam
and the ionosphere. The first is that changes in electron temperature
and density would occur in the lower ionosphere (Perkins and Roble
1978), the second is that thermal self-focusing would cccur in the
upper ionosphere (Perkins and Valeo 1974), and the third is that
parametric instabilities might be generated in the ionospheric plasma
by the microwave beam (Carlson and Duncan 1977, Gurevich 1978).

A theoretical limit of 230 W/m2 was originally set on the power
flux density to avoid "thermal runaway" in the lower ionosphere.
Thermal runaway occurs when the ionosphere is heated sufficiently,
€.9., by the energy in the SPS power beam, to saturate the operating
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heat-dissipation mechanism before another comes into play. Thermal
runaway can cause changes in the temperature and density of electrons
that may interfere with the normal propagation of electromagnetic
waves. However, refinements in theory, particularly better
understanding of certain cooling rates, and experimental studies now
indicate that the expected changes in electron temperature and density
would not have a significant effect on telecommunications systems.
Self-focusing of the microwave beam would be caused by natural

irregularities in ionospheric density acting as lenses. These "hot
spots” in the beam would produce additional lenses through thermal

expansion and spatial amplification of the effect, leading to
large—~scale striations of electron density in the upper atmosphere.
Little is known either theoretically or experimentally about the extent
to which thermal self-focusing would occur at SPS frequencies. Neither
frequency scaling nor the thresholds for the onset of these striations
have been validated experimentally.

Finally, a microwave beam can pump energy into pairs of resonant
frequencies occurring in an ionospheric plasma when the frequencies
satisfy certain matching conditions; the result is an amplification of
pPlasma waves. The process is a form of parametric instability that is
observed when the heater frequency is less than the ionospheric plasma
frequency. The microwave beam of the reference system is not expected
to produce this type of instability, since the beam frequency is about
2 orders of magnitude higher than the plasma frequency. But this
guestion and related ones—-—such as the possibility of induced
scattering instabilities, and interaction between an SPS transmitter's
center freguency and noise bands--need further attention.

The original prediction, based on early heating theory (Holway and
Meltz 1973), that the microwave beam should be limited to a flux
density of 230 wymz has been changed as a result of revised theory
and new experiments in the lower ionosphere (Duncan and Gordon 1981).
Heating theory on the upper ionosphere is still unsettled. Progress
will require tests of the frequency scaling laws and more werful
heaters, but the impact on telecommunications of a 230 W/m“ beam
would not be significant (U.S. DOE 1980a). The following questions
remain to be answered: (a) How powerful would a microwave beam have to
be in order to cause unacceptable effects on telecommunications? and
(b) What are the system design and cost impacts on an SPS of using a
flux density of 400 W/m2 or 500 W/m2?

Rocket emissions in the ionosphere. Rockets used in heavy-lift
launch vehicles emit large quantities of water and other exhaust
products. The water reacts with atmospheric gases, including the
ionized gases in the F-region of the ionosphere, in such a way that the
free electrons and the positive ions recombine so rapidly that the
recombination becomes locally complete (the ionosphere goes away, in a
limited volume) (Zinn and Sutherland 1980). The recombination
continues until the water is used up and photoionization resulting from
solar radiation replaces the electrons and ions.

The spatial and temporal scales of ionospheric depletion are
influenced by the diffusion and convection of exhaust products from
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their initial point of deposition. A portion of the water deposited in
the F-region of the ionosphere forms ice and falls to the D-region (65
km to 90 km altitude), where its presence is much less serious. When
the concentration of water along the rocket trajectory has decreased by
diffusion to levels below the normal ion concentration of 10+2 per
cubic meter in the F-~region, local ionization would probably be
replaced by sunlight—-induced photoionization of atomic oxygen in about
4 hours.

The launch of Skylab I in 1973 involved an unusually long
second-stage "burn" through the F-region, and nearly simultaneous
Oobservations of a large ionospheric hole were reported (Mendillo et al.
1978). The depletion was apparently approximately 2000 km in
diameter. The ionosphere may have recovered within 4 hours, or the
hole may have drifted beyond the observational line of sight. 1In
either case, the large depletion in ionospheric electron density can be
attributed directly to the rocket emissions during launch. Obserwvation
of this effect was also reported after a 1979 launch of an
Atlas/Centaur rocket. These observations confirm the earlier
measurements and are in agreement with theoretical models of the
atmospheric chemistry.

Although the basic processes that affect the size, depth, and
lifetime of ionospheric holes seem to be understood (Zinn and
Sutherland 1980), there are potentially important details (e.g.,
striations and their extent in the upper ionosphere) which are not
understood. Nor are the possible effects of persistent and repeated
depletions understood.

Emissions from orbital transfer vehicles. Orbital transfer
vehicles may emit large quantities of materials that would interact in
an unknown way with the local plasma (F.W. Crawford, Institute for
Plasma Research, Stanford University, personal communication, 1980).
For example, argon ions emitted by such vehicles would remain in the
plasma long enough to change its local properties. Experiments in the
Plasma would be necessary to make reliable predictions about the extent
of the change and its impact.

Telecommunications impacts. Many telecommunications systems depend
on the reflection of radio signals by the ionosphere to establish a

path, or on propagation through the ionosphere to or from a
communications, navigation, or information-gathering satellite. Thus,
the question arises as to what might happen to telecommunications if
the ionosphere were changed by an SPS microwave beam. The effect of
such a microwave beam has been simulated by directing high-frequency
radiowaves vertically over Platteville, Colorado, and Arecibo, Puerto
Rico (Duncan and Gordon 1981). Studies under way are providing answers
to many questions about the lower ionosphere, but questions about the

upper ionosphere do not appear to be amenable to study with the
facilities presently available.

Recent experiments at Platteville (U.S. DOE 1980a), in which the
reference SPS beam was simulated in the lower ionosphere, show that an
SPS with a peak power density of 230 W/'m2 would not adversely affect
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the performance of telecommunications systems of very low frequency--3
kilohertz (kHz) to 30 kHz; low frequency--30 kHz to 300 kHz; and medium
frequency--300 kHz to 3000 kHz. The remaining issues to be studied are
(a) the scattering of higher frequency waves in the lower ionosphere by
electron clouds that behave like natural sporadic E clouds; (b) the
scattering of radiowaves by magnetic field-aligned striations in the
upper atmosphere, should striations be produced; and (c) the effect of

ionospheric holes. These holes might be avoided by rerouting
telecommunications traffic.

Additional Work Needed

Of the four issues discussed above, the potential effect on
telecommunicationg or navigation systems is probably the most
important. Tests so far have been limited to interactions in the lower
ionosphere (the D and E regions) and, therefore, to frequencies below a
few megahertz. Before the effects of a microwave beam on the upper
atmosphere can be predicted with a high degree of certainty, testing
would have to be done simulating the SPS frequency and power density.
Testing interactions in the upper ionosphere (F-region) would require
more powerful simulators than are presently available, a careful
development of the physics, and the test diagnostics to scale
confidently the simulation. Such testing would require antenna
apertures of thousands of square meters, transmitter power in the
megawatt range, and a substantial research effort. Another approach
would be to assume various levels of ionsopheric disturbance and ask
what measures that could be incorporated into the communications
systems of two to four decades from now would allow us to avoid
disruptive effects.

The next most important issue is the impact of changing the
intensity of the microwave power beam. If the intensity is changed,
the effects of the change will propagate through the entire satellite
power system. These effects, including cost impacts, would have to be
determined.

The problem of emissions from the heavy-lift launch vehicle would
probably be a localized problem. If so, any degradation of
communications could be avoided by alternate routing of the
transmission. The cumulative effects of a series of launches would
have to be established by theoretical models and by experiments. The
impact of emissions from the orbital transfer vehicle is essentially
unknown, but we believe that it is not likely to present a major
difficulty.

The Committee concludes that:

¥ If an SPS were pursued, some important questions about its
effects on the upper atmosphere would require further study.
The most important of these are (1) consequences for
telecommunications.systems, (2) the system impacts of changing
the power density of the microwave beam, and (3) the effects
of emissions from the orbital transfer vehicle. These
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questions, however, are unlikely to present insurmountable
obstacles to an SPS.

EFFECTS ON ELECTROMAGNETIC AND ELECTRONIC SYSTEMS

An essential task in the evaluation of an SPS is to determine its
compatibility with other users of the electromagnetic spectrum and the
geosynchronous orbit. We therefore examined the potential effects of
the reference SPS on terrestrial, telecommunications systems and
electronic devices, and on space systems, especially on those in
neighboring positions in the geosynchronous orbit. Appendix I reports

the results of this examination and provides the basis for the
following discussion.

The Compatibility of SPS with Terrestrial
Communications and Electronic Systems

Susceptibility of General Electronic Equipment

Studies sponsored by the Department of Energy on the effects of the
reference SPS on communications and electronic equipment suggest that
these would be concentrated within about 50 km of a rectenna, and that
mitigative action would permit operation of these devices at the
boundary of a rectenna (approximately 7 km £rom the center of the
rectenna).

Recently, however, the Federal Communications Commission (FCC)
initiated an inquiry into the susceptibility of general electronic
equipment to radiofrequency interference. At about the same time, the
Amer ican National Standards Institute (ANSI) held consultations with
representatives of various interested parties in the communications and
electronic industries and recommended, as a minimum design objective,
that equipment be able to withstand interfering fields of 1 volt per
meter (V/m) (corresponding to a power flux density of 2.7 x 10~
EU%F}. To avoid fields larger than this, terrestrial
telecommunications and electronic equipment would have to be farther
than about 200 km from a rectenna; to be able to operate at the

boundary of a rectenna, such equipment would have to be able to operate
in fields up to 20 V/m.

Although DOE-sponsored studies suggest that shielding, filtering,
nulling, and other mitigation techniques are available that could
possibly facilitate operation in fields up to 20 V/m, in view of the
substantial difference between the standard recommended by ANSI and
field strengths in the reference system, the Committee concludes that:

¢ Further study is necessary to determine how to mitigate the
potential effects of an SPS on terrestrial telecommunications
and electronic systems, with particular attention to the cost
and practicality of such mitigating measures.




91

Susceptibility of Terrestrial Telecommunications Systems

The effects of SPS on terrestrial radiocommunications systems are
similar to those on electronic equipment in general, but require even
closer controls. Any proposed SPS design must include a fundamental
requirement that there be no out-of-band emissions at a level that
could cause interference to terrestrial communications systems.

Earth terminals of satellite communications systems are among the
most sensitive types of telecommunications equipment in use today.
Because these antennas are directed toward the geosynchronous orbit,
they would be particularly vulnerable to SPS emissions, especially any
out-of-band SPS radiation that fell in the reception band of the
terrestrial station. Such radiation might originate as a harmonic of
the SPS power beam, as noise sidebands of the microwave power frequency
extending to the adjacent Fixed-Satellite and Broadcasting-Satellite
bands at 2500 MHz to 2690 MHz, or as spurious radiations resulting from
the nonlinear mixing of SPS signals with other radiations incident on
the SPS. Unfortunately, estimates of the intensity of such radiations
from an SPS satellite (or a system of 60 satellites) are extremely
uncertain.

The Committee thus has reached the following conclusion:
- Detailed information on the emission of adjacent channel

noise, harmonics, and spurious radiations from an SPS will be
required before the effects of such radiation on terrestrial

and space telecommunications systems can be estimated.

Rectenna Siting

The rectennas are of necessity nonlinear devices and are therefore
likely to be major sources of signals at harmonics of the SPS power
frequency. In addition, out—-of=band interference may also be caused by
the nonlinear mixing of the SPS power signal with other electromagnetic
signals present at the rectenna site.

Preliminary studies on where to locate rectennas have not included
adequate consideration of the effects of such rectennas on civil
communications systems in the continental United States. Any
radiocommunications systems (for example, the microwave relay links now
used by telephone systems) located within a rectenna site would have to
be relocated, and for considerations stated earlier it is possible that
those within 200 km would have to be substantially altered through
shielding, redesign, or relocation. This could seriously affect the
availability and cost of essential communications services.

In view of these concerns, the Committee concludes that:

e No studies on the location of rectenna sites can be considered

to be conclusive unless they include a thorough examination of
the effects of rectennas on civil communications systems.
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The Compatibility of SPS with Other Satellite Systems

Use of the Geosynchronous Orbit

The geosynchronous orbit is the only orbit where satellites remain
in a fixed position in relation to points on earth. Placing
communications satellites in this orbit permits the use of fixed
antennas with high gain to transmit and receive communications wvia the
satellite. Even more important, using this orbit reduces the number of
satellites and antennas required to provide continuous service.

Without the use of the geosynchronous orbit, the cost of international
satellite communications would probably rise to prohibitive levels.
Meteorological satellites in GEO are able to maintain a continuous
watch on the hemisphere's weather below. In the future, direct

television broadcast satellites will join today's communications and
meteorological satellites in GEO.

Because of the unique advantages of the geosynchronous orbit, it
represents a significant, though limited, international resource.
Morgan (1980) lists 30 satellites that are now on station in the
geosynchronous arc that is proposed for use by the U.S5. reference SPS
(i.e., between 65° and 135° W longitude) and identifies 26 more that
are planned for launch to this region in the near future. It is
extremely difficult to estimate the number of satellites of all types
that will be on station in this section of the geosynchronous orbit in
the year 2000, but it seems likely that this number will be within a
factor of 3 of 300. It is possible that this number may be reduced by
increasing the capacity per satellite rather than just increasing the
number of satellites. ©Since there are already some difficulties in
finding enough positions for new geosynchronous satellites, any new
system that would use up a significant amount of this resource will
face considerable competition.

There are at least six reasons to believe that an SPS would be a
uniquely large user of both the electromagnetic spectrum and orbital
space, and would therefore produce severe problems of compatibility
with other types of satellite systems:

l. The number (60) of reference SPS satellites postulated for U.S.
use is considerably more than the number now used in GEO for any other
single service. Sixty SPS satellites would at least double the number
of geosynchronous satellites of all types currently active or planned
for the longitude sector appropriate the United States.

2. The power radiated by each reference system satellite would be
some 30 million times larger than that now radiated from any other
single geosynchronous satellite.

3. The directivity of each reference system transmitting antenna
would be some 10,000 times greater than that of any other

geosynchronous satellite now operating at frequencies of 1000 MHz to
5000 MH=z.

4. The combination of high radiated power and high antenna
directivity would mean that the intensity of the main beam would be
more than a hundred billion times greater for a single SPS satellite
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than for any other geosynchronous satellite operating near this
frequency.

5. Each reference SPS satellite would be more than 100,000 times
larger in cross-—-sectional area than any other current or envisioned
geosynchronous satellite. It would therefore be a much greater
potential source of scattered electromagnetic radiation (including
sunlight) and a much larger radiator of thermal radiowaves than other
satellites.

6. An SPS might also become a major source of interference outside
of its own frequency band (produced by the nonlinear mixing of the SPS
carrier frequency with other electromagnetic signals) because of the
large amount of power radiated, the variety of materials used, and the
huge size of the SPS satellite and rectennas.

We therefore conclude that:

* - An SPS is likely to preclude use by other satellites of a
significant fraction of the limited geosynchronous orbit and
associated electromagnetic spectrum resources. Hence,
obtaining international acceptance of a purely U.S. SPS is
likely to be difficult not only in the administrative sense
but also in the broader context of political decisions.

Sharing the Electromagnetic Spectrum

The electromagnetic waves used to transmit radio signals would
become worthless if those who transmit radiowaves failed to coordinate
their operations to avoid electromagnetic interference. This fact was
realized at the turn of the century, when several countries began
working together to establish institutions and procedures to guarantee
that all who use the radio spectrum do so harmoniously. The primary
treaty governing the use of the radio spectrum is the International
Telecommunication Convention, to which the United States is a party.
This convention established the International Telecommunication Union
(ITU) , which is now one of the specialized agencies of the United
Nations. The Radio Regulations annexed to the International
Telecommunication Convention set forth the services for which the radio
spectrum can be used and allocate certain portions of the spectrum to
each service. The regulations also stipulate the procedures to be
followed by all member nations in notifying each other of their intent
to establish new radio services. The ITU has no police powers and
achieves its mission by gaining accommodation among users.

The relationship between an SPS and the frequency bands allocated
to various radio services is illustrated in Figure 4.4. Since an SPS
would convey no signs, signals, writing, images, sounds, or
intelligence of any nature, it does not fall within the ITU definition
of "telecommunications."” Consequently, it may be appropriate to
consider it (in ITU terminoclogy) as an industrial, scientific, and
medical (ISM) device. Such devices are recognized by the ITU, and a
number of specific frequency bands have been designated for them. One
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of these bands is the frequency range 2400 MHz to 2500 MHz, in which
the reference SPS is postulated to operate. Within these bands, other

radio services must accept harmful interference from ISM devices. In
the words of the Radio Requlations,

Administrations shall take all practical and necessary steps to
ensure that radiation from industrial, scientific and medical
equipment is minimal and that, outside the bands designated for use
by this equipment, radiation from such equipment is at a level that
does not cause harmful interference to radiocommunication services
and, in particular, to a radionavigation or any other safety
service operating in accordance with the provisions of these
Regulations. (ITU 1980, paragraph 5002 A)

As a safeguard against interference, the Radio Regulations contain
quantitative limitations on power flux density at the earth's surface
from space stations of the Fixed-Satellite Service and certain other
protected space services, but those limitations are only appropriate
for the named services when they operate in bands allocated for coequal
sharing by specific space and terrestrial services. An SPS using the
2400 MHz to 2500 MHz ISM band would not, under the current Radio
Regulations, be operating in such a coequal, shared allocation. Thus
the limitations would not apply to the power flux density of an SPS at
2450 MHz. Only the general prohibition against harmful interference
would be applicable, as it is to all users of the spectrum.

It is important to recognize, nevertheless, that the limits on
power flux density given for cochannel operation do not mean that space
stations (such as the SPS) operating in other bands are permitted to
produce spurious emissions in the protected bands up to such
densities. The International Radio Consultative Committee (CCIR) of
the ITU is studving this issue, and states in a recent report that
spurious emissions would have to be 10 decibels (dB) to 20 dB below the
cochannel limits. One of CCIR's assumptions, however, is that the
satellites in gquestion would have differing characteristics. In the
case of SPS, where all the satellites would be of the same type, it
seems likely that the power flux density of the spurious emissions from
a single SPS satellite might have to be 30 dB to 40 dB below those
required for cochannel operation.

Interference Between SPS and Other Satellites

The power level at which a reference SPS satellite at a frequency
of 2450 MHz would interfere with a typical communications satellite can
be quantitatively estimated, given appropriate assumptions. This
estimate must take into account the 6.7 GW radiated from the SPS
satellite antenna, an estimate of the SPS antenna gain in the direction
of the communications satellite, an estimate of the effective aperture

of the communications satellite antenna at 2450 MHz, and the inverse
square law.
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This power level from a reference system satellite is much greater
than the in-band noise level for the typical communications satellite,
even at an orbital separation of 10°., The SPS signal is, however,
out-of-band interference for the communications satellite receiver, and
therefore is potentially less of a problem than the in-band noise
level. 1In certain circumstances, however, nonlinear frequency-mixing
processes may transform a strong out-of-band signal into in-band
interference of sufficient intensity to degrade the satellite's
communication capability.

At a longitudinal separation of 1° the power level from an SPS
satellite could well equal the intentional saturation flux density
level of the transponder on a typical communications satellite. Thus,
until detailed interference mechanisms are known, SPS power levels of
the same order as the intentional saturation flux density must be
regarded as potentially harmful.

Regardless of the uncertainties as to detailed mechanisms mentioned
above, the interfering power level of an SPS satellite is bound to
decrease inversely as the square of the separation between an SPS and a
communications satellite. This is a relatively slow variation
expressed in decibels. Thus, greater separation between the two
satellites along the orbital arc may not be sufficient by itself to
reduce the electromagnetic interference caused by an SPS satellite to
acceptable levels.

An SPS satellite could also interfere with a communications
satellite through indirect coupling. In this case the coupling would
occur as a result of penetration by the SPS power.radiation into the
internal circuitry of the communications satellite--that is, by
bypassing the antenna of the communications satellite.

The potential for this tvpe of interference can be estimated by
assuming that the commonly-used level of 1 V/m for the immunity of
well-designed electrical equipment to interference is applicable to
this case. For a field strength of 1 V/m or less, the separation
between the two satellites might have to be 2° or more, depending upon
the design of the SPS. If the angular spacing were reduced to 0.1°,
the communications satellite might have to be designed to operate in
field strengths up to 20 V/m.

In view of the above, the Committee concludes that:

. The electromagnetic compatibility of SPS power satellites and
communications satellites is a significant problem.
International cooperation would be necessary to resolve the
problem, since satellites from many nations use the
geosynchronous orbit.

Amount of Geosynchronous Orbit Required Exclusively for SPS Use

Studies conducted by NASA have concluded that each satellite in the
reference SPS would have a 24-hour elliptical motion of *0.11° about
a stationary position in the geosynchronous orbit. Given the size of
the SPS satellites, however, it would be prudent to create a guard
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space for them in the event of random drift or unforeseen control
problems. Thus, if it were decided, for example, that the distance
between the nominal position of an SPS satellite and any other type of
satellite should be no less than 0.3°, the net effect would be to
reduce the total arc of 70° currently available for non-SPS satellites
to an available arc of 34°, assuming 60 SPS satellites in orbit.

Any attempt to use closer spacing would increase the possibility of
collisions between satellites, particularly between SPS and smaller
satellites. It might therefore be necessary to equip all types of
satellites with additional propellant in order to enable them to
maneuver in order to avoid collisions.

The Committee thus concludes that:

" The main question to be resolved with respect to sharing the
geosynchronous orbit is the unknown length of the orbital arc
around the nominal orbital position of an SPS power satellite
that would be rendered unsuitable for use by other satellites,
either because of the risks of collision, or of excessive
radiofrequency interference from the SPS.

Lesser Priority Problems

Several problems of perhaps lesser priority will also affect the
electromagnetic compatibility of SPS with itself and with other
satellites. These are (a) the generation of spurious electromagnetic
radiations by its power generation, rectification, and associated
subsystems; (b) the creation of additional propagation paths on
satellite-relayed communications circuits through scatter or
reflection; (c) excessive illumination of satellites in lower orbits
that may traverse the SPS power beam, and (d) the compatibility of SPS
with its own power beam command and control systems (discussed in
Chapter 2). In addition, the huge size of each SPS satellite means
that the possibility of satellite collisions must be taken seriously,

even though it has been appropriate hitherto for ITU to ignore the
possibility of such collisions.

Additional Work Needed

It has not been possible to reach guantitative conclusions
concerning the magnitude of the electromagnetic compatibility problems
SPS would produce, or the costs of finding and implementing strategies
to avoid them. Such conclusions will require a detailed assessment of
electromagnetic compatibility based on knowledge of the scattered and
radiated fields produced by the SPS and the sensitivity of all systems
that might be interfered with. For example, an SPS design change to a
much higher microwave frequency would profoundly alter the
considerations of electromagnetic compatibility. The following four
points identify the types of information that would be required if the
combined effect of other studies indicates that further detailed
analysis of an SPS is warranted.
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l. The electromagnetic fields resulting from the operation of an
SPS satellite would have to be determined as a function of fregquency,
distance, and direction.

Frequency =« at the SPS power beam frequency, in adjacent bands
where noise sidebands of the microwave power
frequency will exist, at harmonics of these
frequencies, and at any additional frequencies

produced by nonlinear mixing of SPS and non-SPS
signals. Also included must be any incident fields

scattered by SPS.
Distance -— in the near, transitional, and far fields.

Direction == 1in all directions, including angles near 90° to the
main beam, and in the rear hemisphere.

Progress toward this goal, as required, should be made in a series
of successively more detailed approximations as the configuration of an
eventual SPS is more fully defined.

2. The field distributions and electromagnetic compatibility of
the total system of power satellites (60 in the reference system) would
have to be identified.

3. The susceptibility of all relevant classes of terrestrial
electronic devices to SPS radiation fields would have to be determined
quantitatively. In many cases carefully documented tests would be
required involving pickup of SPS radiation via the antenna (if any) of
the affected system, as well as coupling of SPS radiation into the
device by other routes.

4. In cases where the use of mitigation measures is proposed to
avoid adverse effects, the total costs involved would have to be
carefully determined. These will include component, installation,
additional servicing, and lost revenue costs.

OPTICAL AND RADIO ASTRONOMY

Optical Astronomy

There are two principal ways in which sunlight falling on an SPS
satellite could modify or confuse astronomical observations and
measurements on the earth. The first is by diffuse scattering of light
incident on the satellite. The second is by specular reflection from
the flat mirrorlike surfaces of the solar blanket or the microwave
antenna structure (Figure 1.2).

The diffuse scattering would consist of a small amount of
scattering from the solar cells themselves and specular reflection from
individual facets of the solar blanket structure, the magnitude of
which can only be estimated. Ekstron and Stokes (1980) estimate that
the albedo (reflectivity) of a reference system power satellite would
be 4 percent, compared with about 7 percent for the moon. The 4
percent figure is low, probably the lower limit. A satellite's
reflectivity would be apt to increase over time as the satellite
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surface became contaminated with local waste products and as the solar
cells deteriorated.

Specular reflection from either the solar blanket or the
satellite's transmitting antenna would produce a spot of light that
would be visible on earth. The spot of light reflected from a
satellite's solar blanket would be some 330 km in diameter. If the
solar blanket were kept facing the sun exactly, the spot would be
visible on earth only at local sunset and sunrise for a brief period.
Since it would not be necessary to maintain the alignment of the solar
blanket with the sun with more precision than was required for the
efficient collection of energy, however, the reflected spot could fall
within a much larger portion of the earth's night side.

The transmitting microwave antenna would face its companion
rectenna with precision at all times, and the path of the spot of light
that would be reflected from the antenna to the earth can be predicted
accurately. It has been calculated that a location on earth would be
illuminated for perhaps two successive nights in the spring and two in
the summer for periods of up to 2 minutes (Ekston and Stokes 1980).
Calculations have been made indicating that the specular brightness of
the solar blanket of a single reference SPS satellite would be 10 times
that of the full moon, while that of the antenna would be about 4 times
that of the moon (Ekstron and Stokes 1980).

For optical astronomers, the continuous, diffuse scattering of
light by the satellites is of greater concern than the flashes of light
from specular reflection. Scattered light from an SPS satellite would
enter a telescope on earth whenever the telescope was pointed in the
general direction of the satellite, or even to some degree when it was
pointed away from the satellite. In other words, there would be a
diffuse sky brightness, which would be greatest near the satellite and
which would decrease with increasing angular distance from the
satellite.

To the degree that the well-understood model of enhancement of sky
brightness near a star can be applied, the effect produced by a single
satellite can be estimated. The effect of each additional satellite is
then superimposed to produce an estimated overall effect for the 60
satellites in the reference system. The result is a band of visible
light centered on the string of satellites and extending outward on
either side and from each end. Close to the band--say, within a third
of a degree on either side--the sky would be perhaps 10 times as bright
as the dark night sky. Serious effects would be apt to extend 15° or
20° on either side, and detectable effects as far as 30° on either
side, of the band. Consequently, optical astronomy observations in a
region of the sky from 30° to 60° wide in declination and from 70° to
90° in right ascension would be interfered with to a greater or lesser
extent (Ekstron and Stokes 1980).

Astronomical measurements are made with photographic plates and
photon detectors. Photographic plates are not able to improve the
measured "signal-to-noise ratio" through increased exposure. They must
be exposed long enough to record a measurable image, but exposure
beyond that time increases both the signal and the background noise.
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Photon detectors, on the other hand, can increase discrimination
between signal and noise by means of longer counting or integrating
times, and the precision of the measurement is limited by statistical
considerations. Photon detectors can be used to measure extremely weak
signals, but they are highly sensitive to the diffuse background
illumination of the sky.

To understand the seriousness of the problem that would be caused
by an SPS, one must realize that advances in astronomy usually come
through observations made at the extreme limits of signal
detectability. An increase in diffuse sky brightness by even a factor
of 2 could prevent astronomical measurement of faint objects. For
photon detectors, which are being used to an increasing extent, an
increase of 10 to 30 percent in diffuse sky brightness produces
noticeable effects, an increase of 30 to 100 percent produces
demonstrable loss of sensitivity, and an increase of more than 100
percent means a significant loss of otherwise retrievable astronomical
information (Ekstron and Stokes 1980). Most optical objects of
cosmological interst in astronomy are fainter than 3 percent of night
sky brightness.

As an example of the effects on astronomical observations, for the
Kitt Peak National Observatory in Arizona, the reference system would
produce a significant contamination zone from +4° to =16° in
declination for photon detectors; for photographic-plate detection
there would be significant contamination from perhaps +14° to -28°
(Gallagher and Faber 1980). The Orion nebula, one of the most
important areas of the sky for studies of stellar formation, would be
permanently lost to Kitt Peak for faint-source observation, even using
Photon detectors. This area of the sky, however, and almost all other
areas would not be totally lost for studies of faint objects, since
observatories at other latitudes in other countries would be able to
observe objects lost to Kitt Peak; other observatories would be denied
other areas of the sky. The area denied to photographic detectors at
Kitt Peak would extend close to the galactic pole and would seriously
limit faint-object observations of the large-scale structure of the
universe.

In summary, the Committee concludes that

g The diffuse night-sky brightness produced by the reference SPS
would interfere seriously with optical astronomical
measurements from the earth. This interference would be
concentrated in an area on either side of the satellite arc

and would prevent the measurement of weak astronomical objects
in those areas.

Radio and Radar Astronomy

There are also two principal ways in which an SPS using microwave
transmission could interfere with the operation of radio telescopes.
The first is through radiation that was close in frequency to the bands

assigned to radio astronomy; the second is through radiation within the
astronomy bands.
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Radiation close to the bands would lead to the overloading of
sensitive receivers used in radio astronomy, while radiation within the
bands would lead to general degradation of the performance of a radio
telescope and to the masking of radio signals of astronomical
interest. These problems would loom large because the substantial
amounts of power transmitted by a satellite power system would lead to
hundreds of megawatts of power in unwanted modes and because radio
astronomy receivers are extremely sensitive, being able to measure
power levels as low as 10721 y,

As with all antennas, energy at the SPS power frequency could be
radiated in directions other than the intended ones through many
mechanisms. For example, a considerable amount of power would be
scattered into the side lobes due to electrical and mechanical
tolerances within the antenna (Arndt 1980). Even minimal errors could
mean the transmission of hundreds of megawatts of off-axis power, some
of it at large angles to the axis. There are also so-called grating
lobes, which could cause relatively large "spikes" (fractions of a watt
per square meter) of radiated power in particular directions. These
spikes would appear on earth at spacings of about 440 km and could
occur many hundreds of kilometers from the rectenna. Finally, the
rectenna itself would be capable of reradiating signals at significant
power levels (tens of megawatts), more or less in all directions.

Harmonics of the power frequency would also be generated by the SPS
transmitting system, and these too would be radiated over a broad
area. Unless special measures were taken, these harmonics would
probably be no more than 30 dB to 60 dB below the power level of the
microwave beam. The rectenna also could generate harmonics and radiate
them in all directions.

The side lobe pattern in the receiving antennas of radio telescopes
is another complicating factor. Just as an antenna transmits
attenuated signals in unintended directions, it also receives signals
from unintended directions; this characteristic is a function of
frequency and geometry and is described by its side lobes. So, even
when a radio telescope is pointed away from an SPS satellite, it could
receive scattered SPS radiation through its side lobes at the power
transmission frequency. Although the received radiation is at the SPS
transmitter frequency and a radio telescope would be tuned to operate
at another frequency, the effect could be to overload the telescope.

As little as 0.003 microwatt (uW) of unwanted signal would begin to
cause serious overloading problems in state-of-the—art radio telescopes.

Among the existing radio astronomy bands are the 2690 MHz to 2700
MHz and the 4990 MHZ to 5000 MHz bands. The former is close to the
reference SPS power frequency, while the latter is near the second (and
strongest) harmonic of the reference system. Receivers operating in
both bands would therefore be likely to experience serious problems of
overloading due to the SPS. In addition, there would be SPS
interference with observation of important molecular radiofrequency
spectral lines that lie outside the designated bands, such as those of
formaldehyde at 4830 MHz.

Radiation from an SPS at frequencies far from the SPS power
frequency but within the radio astronomy bands could arise through many
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mechanisms. For example, "blackbody" thermal radiation--that is,
continuous radiation over a wide range of frequencies with intensity
characteristic of the temperature of the emitting object--from an SPS
would be likely (depending on the actual emissivity of the satellite)
to exceed the interference levels proposed for radio astronomy by
recommendation number 224-4 of the CCIR.

Other potential interference mechanisms include noise generated by
the microwave transmitting system; intermodulation in nonlinear devices
of scattered radiation with radiation from radio, television, and
communications systems; and radiation from rectennas. Except for
thermal radiation, it is difficult to estimate the power levels of
these various forms of radiation. In view of the large power in the
primary SPS beam and the extraordinary sensitivity of radio astronomy
receivers, however, these radiation sources would be likely to be
troublesome.

It is difficult to make reliable estimates of the degradation in
performance of radio telescopes that would be caused by SPS radiation.
One can conclude, however, that the reference system would produce an
area in the sky--its width might be as much as 30°--where radio
astronomy observations with single antennas would be impossible, even
with cryogenic filters designed to exclude unwanted radiation. From
important U.S. radio observatories, this band includes some of the most
interesting radio astronomical objects in the sky, for example, in the
Orion nebula.

The reference system would also pose a problem for radar astronomy,
in which signals are transmitted from earth and reflected from the
object of interest back to earth. The Arecibo Observatory in Puerto
Rico, for example, is one of the major radar astronomy observatories;
it operates on a principal frequency of 2380 MHz, which is only 70 MHz
from the reference SPS power frequency. Overloading of the 2380-MHz
receiver caused by SPS radiation would be likely to be severe and would
probably reach intolerable proportions if a rectenna were placed in
Puerto Rico. Furthermore, most of the objects of interest in the solar
system lie close to the plane of the ecliptic. During certain times of
the year, at least, the closeness of an object of interest to the
satellite arc might prevent any observation at all. However,
earth~-based radar studies of the planets are likely to decrease in
importance as deep-space mission capability grows.

An SPS would also present problems for so-called synthesis arrays,
such as the Very Large Array in New Mexico, and for very long baseline
interferometer systems. For these systems, however, the width of the
precluded zone would be substantially narrower than for single
telescopes and, in general, the interference problems would probably be
less severe. In fact, use of synthesis arrays and very long baseline
interferometer systems has been regarded as a mitigating strategy where
such systems can be used.

Certain aspects of an SPS, particularly its continuous operation
and its relative inaccessbility for modification once in orbit, would
make the interference it produces much more serious for radio
astronomers than interference from earth-based transmitters, which is
usually relatively limited in both time and space. Thus, the Committee
concludes that:
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¢ The overloading of sensitive radio astronomy receivers
operating at frequencies close to the SPS power transmission
frequency and spurious SPS radiation within radio and radar
astronomy frequency bands would confuse and obscure
faint-object signals. Efforts to make radio astronomy
measurements of faint objects in certain parts of the sky from
most earth-based observatories would be seriously hampered.

Some of the problems discussed in this section can probably be
mitigated to a considerable degree through various techniques, such as
the use of special filters, nulling of the interfering signal, and the
siting of telescopes to provide the maximum amount of shielding by the
terrain. Shielding from radiation coming directly from an SPS
satellite cannot be achieved, however. SPS satellite design and
maintenance standards of the highest quality would be vital in
minimizing interference. No matter what measures were taken, SPS

satellites would preclude certain measurements in certain portions of
the sky.

Implications

An SPS in this hemisphere would cause interference in varying
degrees with astronomical observations and measurements throughout the
North and South American continents. An international SPS with
satellites in orbit over Africa and Asia as well would mean worldwide
interference with astronomy.

How seriously should we take these potential problems? That is a
guestion which we find impossible to answer now. Optical and radio
astronomy have been rich sources of information about our cosmic
surroundings. Any development which significantly limited our ability
to observe, to measure, and to understand our universe would diminish
the spirit of human inquiry and should be guarded against. On the
other hand, the world has a serious energy problem. If a satellite
power system were critically needed as a source of energy, astronomy
might necessarily have to suffer some setbacks to its progress. As
both astronomy and the SPS concept evolve, assessments and adaptations
should be considered, including investments in advanced astronomical
observation techniques, instruments, and stations (e.g., in space) that

might compensate to some degree for observational losses caused by an
SPS.



CHAPTER 5
SOCIOPOLITICAL FACTORS

INTERNATIONAL LEGAL, POLITICAL, AND MILITARY QUESTIONS

Serious international issues would be raised if the United States
decided to build a satellite power system (SPS). These would include
the allocation of positions in the geosynchronous earth orbit (GEO) and
the allocation of radiofrequencies. In addition, an SPS has global

economic and strategic implications that also must be taken into
consideration.

The Orbit

Use of the limited amount of space in the geosynchronous orbit is
an international issue that has not yet been resolved. 1In 1976, seven
equatorial countries--Brazil, Colombia, Ecuador, Indonesia, Kenya,
Uganda, and Zaire--issued the Bogota Declaration, in which they claimed
that the segments of GEO directly above their national boundaries were
an integral part of their territory and that they therefore had
complete and exclusive sovereignty over those parts of the orbit.
Consequently, the Bogota Declaration said, any other nation that wished
to place satellites in GEO above the territory of any of the signers of
the declaration would have to obtain express permission to do so. This
claim of sovereignty, however, was subsequently rejected by the United
Nations Committee on the Peaceful Uses of Outer Space (COPUOS). 1In
1977, a COPUOS working paper expressed the view that geosynchronous
orbits are included in the term "outer space" as that term is defined
in the 1967 United Nations Treaty on Principles Governing the
Activities of States in the Exploration and Use of Outer Space,

Including the Moon and Other Celestial Bodies. Article I of this
treaty states:

The exploration and use of outer space, including the moon and
other celestial bodies, shall be carried out for the benefit and in
the interests of all countries, irrespective of their degree of

economic or scientific development, and shall be the province of
all mankind.

104
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At the present time, designation of parts of the geosynchronous
orbit for the use of specific satellites is a task performed on an
informal basis by the International Telecommunication Union (ITU). The
ITU, however, does little more than collect and publish the uses of
specific positions in GEO by satellites already placed there.
Technically the designation of slots in GEO does not fall within the
jurisdiction of the ITU, and it is possible that in the future the

allocation of orbital positions may be decided by some other agency of
the UN.

In any event, a serious international issue might then have to be
resolved if the United States wanted to place SPS satellites in orbit
for periods of as long as 30 years. The issue would be whether such
long-term occupancy met the definition of "use" under the 1967 treaty.,
or whether it constituted an "appropriation" of geosynchronous space.
Any appropriation of space would be a violation of the treaty.

Under the international legal principle of res communis, which
applies to such unlimited or renewable "resources"” as the high seas,
all countries have unrestricted access to the resource. 1In other
words, no country can legally claim to exercise national sovereignty
over a portion of the high seas.

But for resources that are limited or depletable--for example,
minerals in the deep-sea bed—--the international legal principle of the
"common heritage of mankind"™ applies. Under this principle, use of the
resource is subject to international regulation for the purpose of
ensuring equitable distribution of the resource among different nations
and also of ensuring that the resource will be preserved to the
greatest possible extent for the benefit of potential future users.
Although the legal subcommittee of COPUOS has recognized that the rule
of equitable distribution in the "common heritage™ principle applies to
the geosynchronous orbit, it is not clear at this time whether the res

communis or the "common heritage" principle would ultimately prevail
for SPS satellites.

Potential international legal issues would arise from the fact that
a U.S. SPS would have a serious practical impact on use of GEO at
longitudes conincident with North and South America by other types of
satellites——i.e., the 70 degrees of arc between 65° and 135° W
longitude. Fifty-six satellites will be using this portion of the
orbit within the next few vears (Table I.4), and in subsequent years
the other nations that share this longitudinal band with the United
States——for example, Canada, Mexico, and Peru-—are expected to want to
make increased use of it. Furthermore, recent steps taken by the
Federal Communications Commission (FCC) are expected to mean that the
geosynchronous orbit at longitudes coincident with the continental
United States will be populated to an increasing degree by domestic

telecommunications satellites, eventually including direct television
broadcast.

It is difficult to predict the actual number of satellites
(excluding SPS satellites) that will be in GEO between 65° and 135° W
longitude by the year 2000. A straightforward projection of past
growth in the number of satellites yields an estimate of as many as
2000 in the relevant arc by the year 2000 (Appendix I). Such a figure
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may be unrealistically high in view of need, cost constraints, and
improved technological performance in future satellites. A more

conservative estimate, given in Chapter 4, is on the order of 300.
Whether the actual number approximates either of these estimates,

there is little doubt that the addition of a large number of very large
SPS satellites would lead to crowding in GEO. Although a conclusive
determination of the necessary distance between an SPS satellite and

other types of satellites has yvet to be made (see the section, "Effects
on Electromagnetic and Electronic Systems," in Chapter 4), estimates of
the minimum necessary distance--a substantial fraction of a
degree--would severely constrain the room for the many satellites of
other types that will be occupying the orbit at the same time. Future
improvements in technology may make it possible to reduce the necessary
distance between SPS satellites and other types of satellites and to
aggregate communications satellites into large antenna complexes, but
that possibility is not yvet firm enough to be relied upon.

This discussion of orbit congestion was limited, for specificity,
to consideration of the orbit over U.S. longitudes. It will be
sufficient to note qualitative rather than quantitative changes in the
discussion if a global rather than national SPS is contemplated. The
number of satellites elsewhere in orbit can alsoc be expected to
increase. Orbit positions over land masses rather than over oceans
will be most useful for both SPS and most other satellites. Thus GEO
slot scarcity can be expected to develop around the world, although
perhaps not quite as severely as at the longitudes of its highly
developed regions.

The placing of SPS satellites in orbit might also raise
international issues because of their interference with optical
astronomy and radio astronomy equipment (see the section, "Optical and
Radio Astronomy," in Chapter 4). Any.astronomical investigations at
SPS longitudes conducted by other nations would be affected no less
than those of the United States. How these international problems
would be resolved, should they occur, cannot be predicted at this
time. A process of continual assessment and adaptation of future
system designs by both the astronomy and the SPS communities would be a
natural approach.

The demands placed by an SPS on scarce geosynchronous orbital
space, together with the attention being given to clarifying the status
of an SPS in international law, lead us to the following conclusions:

The requirements of the reference SPS for use of segments of
the geosynchronous orbit are greater than can be accommodated
under even a conservative projection of the requirements of
other types of satellites using the orbit. Furthermore, the
interests of other countries in the geosynchronous orbit as a
whole are strong. Accordingly, the United States or even a

group of countries seeking to establish an SPS would have to
consult with other states and international bodies to obtain

agreements accommodating the proposed use of the orbit.
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The Spectrum

An SPS would also raise international problems because of its
potential interference with use of the electromagnetic spectrum by
other countries (see the section, "Sharing the Electromagnetic
Spectrum," in Chapter 4). Legally, an SPS would have to operate within
the terms of the International Telecommunication Convention (ITC). An
Annex to the 1973 ITC defines telecommunications as "any transmission,
emission or reception of signs, signals, writing, images and sounds of
intelligence of any nature by wire, radio, optical or other
electromagnetic systems."™ While it seems at this time that the use of
microwaves to transmit power would not constitute "telecommunications™
and therefore would not fall under ITU jurisdiction, it is clear that
the necessary communications between SPS satellites and SPS ground
controls (for example, the pilot beam) would be within ITU
jurisdiction, and that frequencies for such communications would have
to be in accord with ITU and national allocations.

The International Frequency Registration Board (IFRB), formed by
the ITU, registers individual users of radiofreguencies and seeks to
minimize interference between them. Registration is based upon prior
use and international law. In requesting registration of a frequency
assigned to a satellite in GEO, an applicant must notify the IFRB of
the power flux density likely to result from the satellite's
transmissions. Like the ITU, however, the IFRB has no enforcement
authority and can only register users of GEO.

Annexed to the ITC are Radio Requlations that establish the types
of services for which the radio spectrum may be used and allocate
portions of the spectrum to each type of use. The current regulations
do not contain any category that would clearly include the microwave
power transmission of an SPS. The frequency band of 2400 megahertz
(MHz) to 2500 MHz, within which the reference SPS would operate is set
aside for industrial, scientific, and medical (ISM) applications.

While it might be argued that SPS power transmission would be covered
under the ISM category, it is very possible that the Radio Regulations
would have to be amended to embrace an SPS, because the current version
urges that radiation from ISM equipment should be minimal.

A number of actions taken at the 1979 World Administrative Radio
Conference (WARC), which dealt with international issues concerning use
of the electromagnetic spectrum, would also affect an SPS. Resolution
3 (BP) calls for the convening of another WARC not later than 1984, in
order to guarantee in practice that all countries have equitable access
to the geosynchronous orbit and to the frequency bands allocated to
space uses. Resolution 2 (AY) states in part that all countries have
equal rights in the use of both the radiofrequencies allocated to
various space services and the geosynchronous orbit. Resolution 4 (BY)
suggests that frequency assignments for space communications be limited
to the design lifetime of the satellite network, as a concept which
could promote the rational and efficient use by all countries, with
equal rights, of the spectrum/orbit resource.

The WARC's Recommendation 3 (X0O) recommends that the International
Radio Consultative Committee (CCIR) study all aspects of SPS radio
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transmission on other radiocommunications services. This
recommendation was forwarded to the UN Secretary~General, who has
referred the matter to the UN Outer Space Committee. In addition,
Resolution 63 (AG) urges the CCIR to continue its study of the effects
of electromagnetic waves from ISM equipment on the entire spectrum of
radiofrequencies and to make recommendations to ensure the protection
of radiocommunications services. This would affect an SPS if it was
classified as an ISM application.

Finally, Recommendation 66 (L) urges the CCIR to study spurious
emissions from the transmission of signals from space and to develop
recommendations for maximum permissible levels of spurious emissions.
Work on this topic is already under way, and CCIR's recent Report 713
concluded that spurious emissions would have to be subject to rigorous
limits, as explained more fully in Chapter 4. 1In light of the above,
the spectrum/orbit aspects of an SPS would surely trigger complex and
multi-faceted international considerations. Much evidence already
exists indicating that an SPS would constrain other users of the radio
spectrum (see Chapter 4). It remains problematical whether the
reference SPS could comply with current and future international
noninterference regulations.

Since the international institutions involved in arbitrating among
users of the electromagnetic spectrum have no enforcement powers, the
United States could, in principle, choose to build an SPS regardless of
whether or not the system threatened to interfere with use of the
spectrum by other countries. This would be a self-defeating and
unacceptable course of action, however, in light of the very strong
interest of the United States in the continued vitality of the ITU.
Any decision on the part of the United States to abandon the ITU would
have dire conseqguences for global telecommunications.

To sum up, the impact of an SPS on worldwide users of the
electromagnetic spectrum is bound to be extensive although its fine
detail cannot yet be ascertained. The nature and scale of the SPS
concept strains the only international machinery available for
addressing SPS spectrum issues. Given these circumstances, the
Committee concludes that:

. On the basis of present technology, U.S. deployment of the
reference SPS would be incompatible with our international
obligations to avoid interference with recognized
telecommunications uses of the electromagnetic spectrum. To
accommodate the unusual use of the spectrum contemplated by
SPS would require design improvements in SPS itself, design
improvements in telecommunications systems, and some revision
of the international arrangements for spectrum management in
order to make room for an SPS.

Global Energy Demand

Although the reference system postulates that the United States
would be the builder and beneficiary of an SPS, a different scenario
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may unfold in the future. Some projections indicate that the demand
for additional sources of energy in the United States may not grow
significantly over the next 50 years (see Chapter 3, section on "Future
Demand for and Supply of Electricity"). There would then be no need to
make the large investment that would be required to build the reference
SPS. Furthermore, it is likely that the demand for additional energy
in other parts of the world, particularly in the developing countries,
will increase over the next 50 years.

Thus, it is conceivable that in the future the United States might
find itself promoting preservation of the geosynchronous orbit and the
electromagnetic spectrum for telecommunications use while other
countries that possessed access to the technological capability sought
to use the orbit and the spectrum for an SPS. All of this is highly
conjectural, of course, and reliable predictions cannot be made without
a much more detailed study of future global energy demand. The subject
is raised here only to illustrate the need for much additional study
before either a national or international requirement for an SPS can be
established.

Military Implications

Another international guestion raised by the SPS involves the
potential military implications of such a development. Would an SPS be
considered an attractive, wvulnerable target? Would it be feared as a
potential power source and site for new weapons?

Like other types of satellite systems, an SPS could become
vulnerable to attack or to being held hostage by a technically
advanced, hostile nation. Indeed, there is a difference between attack
on installations in the physical territory of another country versus an
attack on installations in space. The USSR has been developing an
antisatellite weapon that is presently operational at relatively low
earth orbits--about 1000 kilometers. Such a weapon will become
technologically possible at geosynchronous orbit by the time an SPS
could be developed. Terrorist action in space, however, is unlikely

since major antisatellite technology and facilities would be needed to
launch an attack.

Hardening of commercial satellites for defense against attack does
not seem a useful apprcach. As in the case of merchant ships, the
hardening costs would be disproportionate. The principal protection of
an SPS would be the deterrent effect of potential retaliation. There
would be no symmetry of retaliation, though, unless the attacking power
also possessed an SPS or other space investments. Without this,
deterrence outside the attacking nation's boundaries would have to
depend on the attacking nation's merchant marine or other such assets
being considered vulnerable and available for retaliation. Questions
of the attractiveness of an SPS as a target for attack would diminish

to the extent that an SPS had international sanction and was a
multilateral enterprise.

Large bases for operations in space are planned for low earth orbit
by several nations during the next three or four decades. Such bases
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would be vulnerable to low-altitude antisatellite weapons. While SPS
ground manufacturing, launch, and rectenna sites would be wvulnerable to
military or terrorist attack, the entire system would be so extensive
and dispersed that the damage from such attacks would likely be no more
than that in the case of attacks on conventional terrestrial generating
systenms.

The fact that an SPS could conceivably be adapted as a potential
source of power and a site for military and weapons uses might lead to
fears or charges that an SPS could constitute a military threat, and to
allegations by unfriendly countries that this was in fact planned by
the United States. Laser or ion beams powered by an SPS might be
developed for antisatellite weapons, for antiearth-target weapons, or
for antimissile weapons. This last would be in violation of the
Antiballistic Missile Treaty of 1972, in which the parties agreed not
to deploy antiballistic missile systems in space. The 1967 Outer Space
treaty's prohibition on weapons of mass destruction would probably not
preclude the use of lasers or conventional weaponry in space. Specific
military systems would be more likely, however, than overt or covert
adaptations of a commercial SPS.

The fear that an SPS would be used for military purposes would
decrease significantly if other nations were mutual stakeholders in an
SPS venture, after the requisite international approval for use of GEO
slots and a segment of the electromagnetic spectrum were secured.

The Committee concludes that:

e The military implications of an SPS need not constitute a
significant obstacle to its development. A multilateral
approach involving other participating nations would be
effective in reducing SPS vulnerability to attack, and in
allaying fears of potential conversion to weapons uses, or
allegations of such conversion by unfriendly nations.

The Multilateral Approach

Any decision to develop an SPS would raise such questions as who
would pay for it and own it, who would control its operations, who
would receive its benefits, and who would be liable for any harm that
might be caused by it. As seen, a number of problems in international
relations would probably arise if the United States decided to build
and operate an SPS primarily for its own benefit. However, many of
these problems might be avoided by taking a multilateral approach. For
example, a multilateral approach would give all countries some reason
to find ways to use the geosynchronous orbit for the production of
energy as well as for telecommunications.

A multilateral approach might be particularly attractive because of
the potential liability problems that might arise from an SPS. The
1972 Convention on International Liability for Damage Caused by Space
Objects holds that any country that launches a satellite or other
object into GEO is liable for any harm sustained on earth as a result,
and no monetary limit is placed on potential claims. Harmful microwave
radiation from an SPS would fall within the purview of the treaty.
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In addition, the Outer Space treaty of 1967 contains a provision
requiring all of the signers of the treaty to avoid "adverse changes in
the earth's environment." Since this phrase is not defined in the
document, it is not clear whether a phenomenon such as microwave
exposures resulting from SPS operations would come under that
provision. This particular problem is complicated by the fact that the
Soviet Union supports much more stringent standards for acceptable
microwave exposure than the United States (Table 4.2).

Even assuming that a multilateral approach was adopted, a private
international enterprise (e.g., one similar to the International
Telecommunications Satellite Organization--INTELSAT) would still face
formidable financial and administrative obstacles. Construction of an
SPS would be a far more complex and more expensive venture than
deep-sea mining under the proposed Law of the Sea Treaty, and it may
prove particularly difficult to establish a sound institutional
framework and management in order to raise the necessary capital and to
achieve eguitable participation by the intended beneficiaries (see
Chapter 3, section on "Financing an SPS"). There is also the problem
of long—-deferred and, possibly, speculative returns on investment.

Although a multilateral approach would face considerable
institutional hurdles, taking into consideration the benefits of
international cooperation in terms of orbit use, spectrum allocation,
future global energy needs, and potential military significance, leads
the Committee to the conclusion that:

» A multilateral approach involving the participation of other
countries is probably the only viable one if an SPS is ever to
be established. The questions of who would manage, finance,
own, control, operate, maintain, receive the benefits of, and
assume liability for an SPS would have to be decided prior to
the commitment of significant resources.

SOCIAL ACCEPTABILITY IN THE UNITED STATES

It is difficult to predict with any degree of certainty public
reaction to a future solar power satellite system. The reference
system, for example, is postulated for construction during a period 20
vears to 50 years from now. Before then there may be significant
changes in the growth of demand for electricity and new constraints on
the supply. Public opinion about technological innovations that
promise to increase the supply of energy will evolve over time as the
effects of changing demand and constraints on traditional sources of
supply become clearer. The direction in which public opinion evolves
will depend to a dreat extent on external events that may or may not
occur—-the foreclosure of nuclear power for example, a breakthrough
that makes fusion a valid way of producing energy, development of
cost~competitive solar cells and energy storage systems, or a
demonstration that the continued accumulation of carbon dioxide in the
atmosphere will have disastrous effects. Dramatic changes with regard

to any of the traditional sources or applications of energy will have a
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correspondingly strong effect on public perception of the
attractiveness of an SPS.

There are, however, several points that can be safely made
regarding probable public concerns about an SPS. Most of these matters
are dealt with at greater length elsewhere in the report, but here we
focus attention on their relation to public opinion. The issues of the
greatest relevance appear now to be concerns about the effects of an
SPS on health, land use for rectennas, regional and international
relations, and attitudes toward large-scale, capital-intensive "high
technology."

Concerns about Public Health

Scientific opinion about the possible health hazards associated
with the deployment of SPS satellites and the beaming of microwave
radiation to earth stations will strongly influence public opinion. As
microwave ovens have become more commonly used in the home, the public
has become more familiar with microwave radiation and the attendant
questions about the safety of long-term exposures to low levels of
radiation. Nonetheless, public knowledge about the difference between
ionizing and nonionizing radiation appears to be low. The term
"radiation” is usually associated in the public's mind with x-rays,
atomic bombs, and nuclear power, and the different question of exposure
to microwave radiation is not likely to be readily understood without
an extensive educational campaign.

Although there is no scientific documentation to show that
long-term, low-level (0.001 watt per square meter {W/mzj to 1 W/m2)
exposure to microwave radiation has harmful effects on human beings,
without good theory and knowledge of mechanisms of molecular biology we
cannot now rule out all possibilities of harm (see Chapter 4).
Scientific opinion is divided about the guidelines for exposure that
should be adopted nationally. We are thus left in the uncomfortable
position of considering a huge investment in a large-scale enterprise
without any certainty about its possible long~term health risks. 1In
such circumstances, it is to be expected that reasonable people will
disagree about the extent of the risk they are willing to accept.

Our inability to determine the long-term health risks of an SPS is
not unique. Many other technological advances may also pose long-term
risks to human health, and in recent years the public has become more
aware of these risks. Since the reduction of risk is often associated
with an increase in scarcity and costs, the public is also becoming
aware that at some point questions about the need to reduce these
risks, given the cost of doing so, will have to be answered. Since
people differ in their understanding of and willingness to take risks,
and since the people who would enjoy the reduced risks will not always
be those who would have to pay to reduce them, we can expect the debate
over relative risks and costs of taking or not taking them to be sharp
and prolonged. While science can contribute to the debate by providing
sound theories and data on the relative levels of risk associated with
different technologies, it will not by itself be able to settle the
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debate unless it can show that the risks are below the minimum
acceptable level or that protection can be achieved at an acceptable
cost. There will not be many such cases.

Rectenna Siting

The rectenna sites envisioned in the reference system are large
(approximately 10 km x 13 km), but even 60 of them would occupy only a
minute portion of the total land surface of the United States. From a
local point of view, however, the sites are apt to be considered
unacceptably large, especilally if they are near concentrated
populations where the demand for electricity is highest. The history
of past efforts to find sites for analogous installations--large radar
stations and Project Sanguine/Seafarer with its 25,600-sguare-mile
underground radio antenna--suggests that strenuous local opposition to
such projects can effectively stop them. If, on the other hand,
rectennas were placed at a distance from the areas where the
electricity was used, citizens in the distant areas may argue that they
are bearing the esthetic, ecological, or economic costs while others
are obtaining the benefits. If the sites were located in the
wilderness or in areas with a fragile ecology--coastal marshes, for
example--opposition from conservationist groups would be strong. In
short, even if there were strong general support for an SPS, strong

local opposition to particular rectenna sites would be likely. A good
thing might be deemed good only if it were somewhere else.

Regional and International Problems

We have already mentioned that the costs and benefits of an SPS may
be distributed unequally. This is also true of generation by coal,
0il, nuclear, hydroelectric, and natural gas facilities. A major
portion of the output of each of these facilities is consumed in places
remote from the point of origin of the resource. When energy supplies
were plentiful there was no serious divergence between regional and
national interests. Lately, however, regional needs and preferences
have come into conflict and tensions have been developing between
different regions of the country. Many of the western states, for
example, possess large deposits of coal but do not need the coal
themselves. They may not be willing to allow the extensive strip
mining necessary to extract the coal, or they may raise the price of
their coal sc high that it may not be competitive. If regional
rivalries over energy supplies continue to grow, an SPS might possibly
become attractive as a national program that circumvents regional
rivalries, assuming that local siting of rectennas did not become an
insuperable problem.

Serious consideration of an SPS would also mean paying attention to
public opinion regarding the relationship of the United States to other
nations. If it were possible to develop an SPS only in a context of
international control and use, for example, would the American public
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be willing to finance the developmental costs? Or would there be

sufficient political support for an SPS if its primary benefits were
intended for other countries? These are the international aspects of
the general problem stated above, namely, those who bear the costs of

an SPS may not be the people who enjoy its benefits, at least in a
direct sense.

General Attitudes Toward Technology

Public debate about energy problems has given rise to a more
general debate about "appropriate technology"™ and about "hard" and
"soft" paths toward solutions to the energy problem. To some extent
this is an ideological debate that challenges the belief that modern

science and large-scale technology have or will continue to improve the
lot of humanity. While recent evidence on public attitudes in the

United States (Miller et al. 1980) indicates that the belief in the
benefits of science and technology is still very strong and that future
benefits are expected, the public is also becoming more aware of
potentially negative consequences of scientific development,
particularly with respect to nuclear power, food additives, new
Pharmaceuticals, and chemical wastes. For that reason, we can expect
general attitudes toward new technology and the implications for other
aspects of society to become a more important part of the energy debate.

It is difficult to say more at this point except to note that value
judgments on such issues as economic growth, social equity, and
centralized versus decentralized energy systems will play a role in the
debate over the desirability of developing an SPS. Even if there were
no technological problems, the development of such a system would
require a commitment to massive government financing over a long period
of time before a substantial pavoff made its appearance. It is a large
investment in a centralized power system. The issues discussed in this
chapter will be important in determining the public's response to the
concept of an SPS, and acceptance of the desirability of such a system
will have to precede the appropriation of funds for the necessary
development.

In summary, we can conclude only that:

There is little evidence that questions about the desirability
of an SPS are matters of wide public concern now, but it is

impossible to predict whether or not they will become so in
the future. The evolution of public opinion about acceptable
forms of electrical energy production in the future will
depend on developments in alternative sources of energy.
Negative public reaction, however, couldmake an SPS
politically impractical.




CHAPTER 6
COMPARISON WITH OTHER LONG-TERM TECHNOLOGIES

The technical, economic, environmental, and sociopolitical aspects
of a satellite power system (SPS) are described at some length in the
preceding chapters. At this point the question arises as to how
promising an SPS would be in relation to other technologies for the
generation of electrical energy that may become available in the long
run--that is, beyond the next four decades. An answer to that
question, however imperfect, is needed to provide some basis for

choosing a future strategy for research and development on alternative
sources of electricity, including an SPS.

APPROACH TO THE COMPARISON

The Period of Comparison

For the reasons that follow, we concluded that SPS is most
appropriately compared with other advanced technologies for long-run
electrical generation that might be employed after the next four
decades. Enormous amounts of time, labor, and capital have been
invested in the present system of producing electricity, and its
costs=--in economic, environmental, and social terms-=-are reasonably
well understood. Because those costs are reasonably well understood,
it has been possible to make reasonably accurate predictions of what
proportion of electricity will be produced by what methods in the
near-term future, and how much that electricity is likely to cost. It
is on that basis that this report concludes in Chapter 3 that the
United States will not need to introduce an SPS as a source of electric
power over the next 40 years or so.

Most of the electricity now used in the United States is produced
by processes burning one of three major fossil fuels (coal, oil, and
natural gas), by hydroelectric facilities, and by nuclear power plants
fueled by uranium. The mix of sources arose from the fact that each of
these five methods offered certain advantages--in terms of cost,
availability of primary resources, public acceptability, or
environmental protection--depending on the circumstances of when,

where, and how a particular type of generating plant was built and
operated.
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The scope of the national system of electric generation,
transmission, and distribution necessarily means that it cannot be
transformed quickly. Institutional and social inertia, together with
the time for physical construction and the problem of raising large
amounts of new capital, prevent that, even in the face of sudden
change, such as a rapid increase in the price of foreign oil. Thus,
any new methods that prove to be acceptable will necessarily be
introduced slowly in response to changing circumstances in science and
technology, cost of materials, fluctuations in electric demand, and so©
on. This process may well go on for several decades before a markedly
different equilibrium of supply develops.

Nonetheless, it is evident that the economic, social, and political
forces that have kept the various methods of producing electricity
relatively competitive in the past are undergoing far-reaching
changes. There is no doubt that the system is now in a process of
transition toward an era when this country, as well as the rest of the
world, will come to rely much more heavily on more permanent sources of
energy for the production of electricity. Domestic supplies of oil and
of natural gas have been steadily depleted over the last 100 years, and
it is apparent that the availability of these resources will continue
to diminish despite increased exploration and drilling. Meanwhile,
U.S. dependence on 0il and natural gas from politically unstable
regions overseas has become increasingly risky. As a result, there
will be both economic and social pressures to replace oil- and
gas—-burning plants with conventional coal-fired generating plants,
light water nuclear reactors (LWR), and hydroelectric facilities.

Yet coal, light water reactors, and hydroelectricity all have
drawbacks, especially as sources of electricity for the long-run.
Although coal is still an abundant fuel in the United States, any
large-scale increase in its extraction, transportation, and combustion
is bound to raise serious, social and environmental problems, the
solution of which will tend to make ccal more expensive. The
construction and operation of larger numbers of light water reactors
would mean the eventual depletion of domestic supplies of uranium. It
appears as 1f there remain no additional sites in the United States
where large-scale hydroelectric facilities can be built; future
expanded use may be limited to small dams or to artificially built
(pumped storage) facilities. These problems with conventional energy
sources will become more sharply defined over the next few decades.

Because of problems of the kinds mentioned above, the Federal
Government, utility companies, industrial firms, and the technical
community are now investigating alternative methods of producing
electricity for the future. The best known of these methods are the
nuclear breeder reactor (a reactor that produces more fissile material
than it uses) and solar energy transformed into electricity at
terrestrial facilities. 1In addition to an SPS other prospects are
being pursued as well: advanced methods for extracting energy from
coal more efficiently, advanced reactor designs that would make more
efficient use of uranium, thermonuclear fusion, wind power, and
geothermal energy. Considerable effort is being directed at developing
these technologies; others, such as photosynthetic production of fuels,
are just beginning to be explored in the laboratory.
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Many of the advanced methods of producing electricity, including an
SPS, may need several decades of research and development before
becoming capable of meeting large—scale demands. This requirement will
determine the length of the transition from our current mix of energy
sources to an era that is expected to be more stable because of the use

of resources that are either renewable or available in amounts
sufficient for centuries.

The Approach of the DOE Comparison

Under the auspices of the U.S. Department of Energy (DOE), the
Argonne National Laboratory undertook a series of studies to develop an
initial understanding of the reference SPS in comparison with six basic
technologies (U.S. DOE 19804): (1) improved conventional coal
technology; (2) the pressurized water nuclear reactor; (3) coal
gasification/combined cycle; (4) the liquid metal fast breeder reactor
(LMFBR); (5) central station terrestrial photovoltaic systems; and (6)
magnetically confined fusion. To quantify the analysis, a reference
system that could be precisely characterized in each case was defined,
even though in some cases technical and economic practicality has not
been demonstrated. The hypothetical systems were compared in terms of
cost and performance, health effects and safety, environmental welfare,
use of resources, macroeconomic and socioceconomic considerations, and
institutional problems. Three different projections of energy demand
were used as a basis for side-by-side comparison of the technologies.

The Approach of the Committee

It did not seem useful to us, however, to attempt to compare all of
the reasonable alternative technologies in all respects. Some of them,
such as coal, LWRs,; and hydroelectricity are well known and fully
characterized. Their use in the future can be projected reasonably
well by extrapolation from present performance. Others, such as
fusion, are at such an early stage of development and so poorly

characterized that conclusions about their ultimate form, performance,
or cost are speculative.

Moreover, circumstances will never permit a de novo selection of
energy technologies. The present combination of technologies will
change only slowly as new technologies are introduced. The questions
to be dealt with now are (a) whether enough is already known to decide
which of these technologies merit further development, and if so, at
what pace and on what scale, and (b) if not enough is known, what
public expenditures are justified to provide a timely base for
subsequent decisions. The pace of development of future energy sources
and the manner in which the development is approached will help to
determine the structure of the system 30 to 50 years from now.

Since some of the technologies now under study are likely to take
30 years or more to mature, our comparative assessment relates to the
extent to which research or development is likely to advance the time
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of commercialization. Therefore, the first guestion is whether, on the
basis of what we know now, any of the systems have decisive advantages
or decisive liabilities. When decisive advantages or liabilities
cannot be discerned, the task is to identify the critical questions
that must be answered or the critical technical problems that must be
solved before future decisions can be made.

Such comparisons cannot be static, since choices made at one time
may preclude other choices at a later time. The comparisons must also
take into account the possibility that some technologies (e.g., nuclear
power or an SPS) may turn out to be unacceptable for political
reasons. The ideal approach is to look at a range of ways in which the
energy situation may unfold and to make comparisons that will define
the options available and courses of action that will make the best
options available when they may be needed.

The features important to the comparison are, not surprisingly, the
same as those in terms of which the reference SPS has been discussed:
the readiness of the technology, its costliness, its capacity, its
environmental effects, and its social or political acceptability. We
did not make detailed assessments of the several technologies as we did
for the SPS, but we did characterize them broadly, if not
guantitatively.’

ALTERNATIVE TECHNOLOGIES FOR PRODUCING
ELECTRICITY IN THE TWENTY-FIRST CENTURY

The principal methods of producing electricity with which an SPS is
likely to compete in the twenty-first century are:

l. Advanced coal systems (gasification/combined cycle, fuel
cells, magnetohydrodynamic generators).

2. Advanced nuclear systems (the liquid metal fast breeder
reactor or other types of breeders, advanced converters,
fusion) .

3. Solar—electric systems (solar—-thermal conversion, terrestrial
photovoltaic conversion, ocean—thermal energy).

4. Geothermal energy.

Coal Systems

Coal seems certain to play an expanded role in the production of
electricity and other forms of energy during the rest of this century
and probably for well into the twenty-first century as well. 8Since
this country's reserves of coal greatly exceed those of o0il and natural
gas, coal is likely to be used to an increasing extent both to produce

electricity and to serve as a substitute for oil and natural gas in
industrial processes through liquification and gasification. A

variety of technological methods for making coal more versatile, as
well as cleaner and easier to use, are now in various stages of

research and development; these methods will gradually find their way
into commercial use if favorable costs are achieved.
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Studies do not suggest that greater use of coal will be painless or
inexpensive. The United States already exports substantial amounts of
coal, and it is possible that future world demand for this fuel may be
3 to 5 times what it is today. An expansion of that magnitude in the
amount of coal mined in the United States would produce even more
severe problems of land degradation, since the cheapest and most
accessible coal is available by surface mining. New rail and slurry
pipeline facilities would have to be built and ports expanded. Burning
much larger amounts of coal in this country to produce electricity
would exacerbate the problems of preventing air pollution, disposing of
enormous quantities of ash, and preventing the leaching of metal salts
from the ash into soils or water supplies. Burning coal also produces
atmospheric emissions of heavy ‘metals, whose long-term effects on human
health are not known. Controlling these environmental effects will
cost money.

Over the very long run, however, the greatest obstacle to use of
coal may be emissions of carbon dioxide (CO5) from burning coal.
Although coal combustion is not the only source of atmospheric CO,,
it is one of the major sources, and there is no doubt that the amount
of CO, in the atmosphere has increased substantially over the last
100 years. It has been predicted theoretically that ultimately the
increase in atmospheric carbon dioxide may cause a so—-called
"greenhouse effect" on earth--that is, preventing the reradiation into
space of solar energy reaching the earth--thereby increasing the
earth's average temperature. One prediction is that the average world
temperature might rise by as much as 2 °C to 3 °C by the year 2050 as a
result of increasing CO, concentrations (Thompson and Schneider
1981). This, in turn, might lead to melting of the polar ice caps and
a rise in water levels sufficient to threaten coastal cities. It
should be noted that the greenhouse effect has not yet been
demonstrated as inevitable in this time period, either theoretically or
experimentally. If it were, it would undoubtedly mean that worldwide
constraints would have to be placed on the use of coal, although at
some point it may become technically and economically feasible to
dispose of atmospheric CO5 in the ocean depths or to store it in
geologic reservoirs. The Committee concludes that:

. Despite its actual and potential problems, coal is likely to
be the Nation's basic source of electricity for another
century. The technolocgies for using coal to produce
electricity are well developed, and advanced systems for doing
so more efficiently should become available for commercial use
over the next several decades. With the possible exception of
unacceptable carbon dioxide build-up in the earth's
atmosphere, the safety and environmental problems arising from
the use of coal can be managed by present and future
technologies. Excessive accumulation of carbon dioxide in the
atmosphere, however, is eventually likely to require a
curtailment in the use of coal.
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Nuclear Power Systems
Fission Reactors

Light water reactors similar to those now in use will be an
important source of electric power through much of the twenty-first
century. Gradually, however, the natural supply of uranium (U) for
such reactors will diminish. At some point in the future, then, the

present generation of LWRs will be replaced by more efficient "advanced
converter™ reactors and breeder reactors. In an advanced converter the

amount of 238y converted to fissile material is almost as large as
the amount consumed. In a breeder reactor more fissile material is
produced than is consumed from the mixtures of uranium and plutonium
oxide that it uses. The result in either case is to allow the use of

¢ which is some 150 times more abundant than 233y, The use of
uranium for fuel will also be extended by the use of thorium in either
advanced converter or breeder reactors.

The scientific and technological knowledge necessary for building
and operating the LMFBR currently exists; a reactor of this type is now
being tested in France. One expectation is that the capital costs of
breeder reactors will be more than those of LWRs, but less than twice
as much.

One objection to the development of the LMFBR in the United States
has been that this type of reactor produces significant amounts of
Plutonium. The plutonium separated in reprocessing spent nuclear fuel
is suitable for use in nuclear weapons. Because breeders produce more
Plutonium than ordinary reactors, the United States in recent years has
unilaterally reduced its effort devoted to breeder reactors and has
tried to prevent the reprocessing of spent fuels elsewhere, on grounds
that the material might be stolen by agents for other countries or by
terrorist groups seeking to build their own nuclear weapons. Another
objection is the higher cost of electricity from breeders compared to
LWRs, at the current price of uranium.

Other than the weapons issue, breeder reactors are neither more nor
less safe than LWRs. Since breeders require much less uranium, the
amount of mining necessary to obtain uranium would be reduced, as would
the amount of radioactivity in the environment from mine tailings. On
the other hand, breeder reactors also produce high-level wastes, and
these wastes would have to be safely stored just as the wastes from
LWRse. The Committee's Working Group on Comparative Assessment
(Appendix B) accepted prior estimates that safe geologic storage could
be achieved without undue technical difficulty (NRC 1979, p. 221).

Advanced converter reactors would reduce the possibility of
plutonium being diverted into weapons production, and their capital
costs would be significantly less than those of breeder reactors.
Advanced converters, however, would use a great deal more uranium than
breeder reactors. Thus, advanced converters are likely to be seen by
utility companies as cost-effective ways to produce electricity only if
demand increases slowly and the price of uranium remains within a range

ii about 8100 per pound to $200 per pound. The Committee concludes
at:
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Breeder reactors can be developed that can supply electric

enerdy on a large scale and at competitive cost far into the
future.

Controlled Thermonuclear Fusion

Controlled thermonuclear fusion for the production of electricity,
on the other hand, is still the subject of research. Aalthough
considerable progress has been made in this work, a technique has yet
to be developed for confining the plasma of the fusion reaction for a
sufficiently long time and at a sufficiently high temperature to
produce more energy than the reactor uses. In other words, the
technical feasibility of a fusion system has not yet been
demonstrated. However, recent increases in the capabilities of
experimental equipment for magnetically confining the reaction have
been achieved, and scientists working in the field are optimistic that
a laboratory demonstration of ‘an actual sustained reaction will occur
within the next decade.

Meanwhile, the engineering design of a fusion reactor, or its
capital costs, remain matters of pure speculation. Much less
speculative is the matter of the preferred fuel for the fusion
reactor--deuterium and tritium. The supply of deuterium is unlimited,
and tritium depends on the supply of lithium, a common substance that
would be available far into the future. The radiocactivity produced by
the fusion reaction is 10 to 100 times less than that of a fission
reactor. Also, the problem of dangerous wastes containing long-lived
ea-active actinides would be avoided in the fusion process because the
principal fusion reactant, tritium, has a half-life of only 12 years.
Thus, the Committee accepts the view that:

Even though fusion's technical success and economic
practicality have not yet been demonstrated, its
attractiveness is that it holds the prospect of becoming a
boundless source of energy that would produce relatively
little harmful waste material. In its current early stage of
research however, fusion can only be considered a dark horse

in the competition to produce electrical energy in the
twenty—-first century.

Terrestrial Solar Energy

The terrestrial solar technologies for producing electricity that
can be compared with an SPS are solar-thermal generation, terrestrial
photovoltaic systems, and ocean—-thermal energy conversion. Each of
these is discussed separately in the following subsections. Other

terrestrial solar technologies are discussed briefly in a fourth
subsection.

The immediate conversion of incident solar energy to electricity,
as accomplished by solar-thermal and terrestrial photovoltaic systems,
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although attractive in many ways, is not by itself a source of baseload
electrical power. Sunlight reaches the various parts of the earth for
only part of each day, and even then many parts of the globe are under
a cloud cover that screens out much solar energy. A related constraint
is that, unlike fossil fuel, directly incident solar energy cannot be
stored for use at a later time, although research is being conducted
into indirect methods of storing energy from the sun--for example,
using compressed gases, pumped water, and electrochemical batteries,

photolysis of water with subseguent recombination in fuel cells. None
of this research has progressed to a point where it can be determined

whether any of these methods of storing solar energy will become
economically practical, however.

In the absence of storage, terrestrial solar energy could
supplement the basic supply of electricity, since it tends to be
available during that period of the diurnal cycle when the demand is
greatest. It would be useful for supplying about 10 to 15 percent of

the demand at peak levels. Beyond this contribution, storage would be
required.

Solar-Thermal Electric Power

The construction of solar-thermal electric systems would present no
unusual technological or environmental problems, since such systems are
relatively simple, using mirrors to collect solar energy, a boiler in
which solar heat turns water into steam, and an electric generator.
Demonstration projects are in various stages of development. There is
insufficient information available thus far to make reliable estimates
of future costs, but it has been estimated that the first successful
demonstration plant will produce electricity at a cost of between 5 and
10 times that of the current busbar cost of electricity from
conventional generating plants. Since the technology for building
solar-thermal electric power plants is well known, large-scale
reductions in the cost of these plants appear unlikely.

Terrestrial Photovoltaic Cells

In the long run, terrestrial photovoltaic cells probably offer
greater promise of producing substantial amounts of electricity from
solar energy than do solar—-thermal facilities. Terrestrial
photovoltaic conversion of solar energy into electricity has been
demonstrated in many specialized installations (Ehrenreich 1979), and
with adequate efficiency (16 percent) and reliability.

In particular, the semiconductors that are being pursued for
further development include silicon (Si), gallium arsenide (GaAs),
cadmium zinc sulfide with copper sulfide (CdZnS/CuyS), and copper
indium selenide with cadmium sulfide (CulnS/Cds). It is expected that
photovoltaic efficiencies can be improved by tailoring the
semiconductor structure to the spectral distribution of the incident
radiation. Further progress is expected from improved control of the
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charge production, recombination, and collection processes within the
solar cell through ingenious design of materials and dimensions.
Concentration of the incident radiation by reflectors and useful
recovery of rejected heat can lead to more efficient systems. In
short, the readiness of the technology appears to exist.

At present, however, the cost of electricity from terrestrial
photovoltaic cells is more than 20 times the prevailing cost of
residential electricity. Thus the critical objective of research and
development is to develop methods of reducing the cost of photovoltaic
systems. DOE is already pursuing such a program with cost goals of
$0.70/W (peak) in 1980-year dollars by 1986 and $0.15/W (peak) to
$0.50/W (peak) in 1980-year dollars by 1990. Reduction of the cost of
terrestrial photovoltaic cells may be easier to achieve than that of
space-qualified cells for several reasons. Terrestrial cells are not
constrained by the requirement of low mass per unit power. There are
not such rigorous standards of reliability and lifetime. Because
terrestrial cells are not exposed to damage from penetrating radiation,
high purity is not critical. Finally, terrestrial cells are not
subject to the extreme temperature cycles that SPS cells would
experience. Such novel processes as dendritic web growth of
crystalline silicon have already been shown to be capable of reducing
the cost of photovoltaic cells, but large-scale use of such cells would
require even greater cost reductions. Such reductions may be achieved
by using cells of amorphous silicon with an efficiency of between 8
percent and 10 percent, and projections in the range of $1.00/W (peak)
have been made recently by manufacturers.

The generating capacity that could be provided by terrestrial
photovoltaic cells of sufficiently low cost could be introduced in
broadly distributed increments of manageable size. The equivalent of
many hundreds of gigawatts could be achieved by using a combination of
centralized stations and widespread rooftop installations. However, at
any such total capacity, the susceptibility of terrestrial photovoltaic
systems to diurnal, meteorological, and seasonal variations becomes
basic. As terrestrial photovoltaic capacity is introduced, its initial
uses will be for supplying peaks in daily demand, thus displacing more
expensive plants now allocated to this need. However, since the peak
variation in the daily load about its average is only about 5 percent
to 10 percent, the amount of photovoltaic generation that can be used
for this purpose is limited. Another application is for fuel saving at
central plants, but this saves only fuel and not plant investment.

Hence it appears that there will be a period when the development
of terrestrial photovoltaics will occur independently of SPS and will
penetrate the market to a limited degree. Further penetration will
depend on the development of storage technology at acceptable costs.
Opportunities for the independent parallel development and the staged
sequential introduction of various storage technologies are
recognized. The extra cost imposed on electricity storage depends
greatly on details of the storage methods and how they are incorporated
into utility system design and operation. In discussing the long~term
prospects of terrestrial photovoltaics, we can note only the broadest
features of the problem. Reliance on terrestrial photovoltaics for



124

baseload electricity will require storage of the order of several days
to bridge unfavorable meteorological conditions. For storage times of
this magnitude the cost is dominated by the capital cost per kilowatt
hour, typically $50/kWh now and possibly $25/kWh in the future. It can
be seen that a 20-hour storage requirement adds significantly to the
system cost per unit of generating capacity, and a 100-hour storage
requirement does not look economic in comparison with available
alternatives.

Solar sources of energy must be investigated seriously because
circumstances may bring us to reliance on them in the long run. A
comparison of the promise of terrestrial photovoltaic systems with SPS
is especially interesting because of the clearcut similarities and
differences in the two. Given the basic technology of photovoltaics,
the terrestrial system must add storage to supply an important portion
of electrical demand. SPS must go to orbit to do the same. Hence the
important comparison is between the cost of storage on the scale of the
billions of kilowatt hours involved and the cost of those features of
the SPS that make storage unnecessary. Both costs are very high and
uncertain, though susceptible to reduction by future technological
advances. We do not see a basis for ruling out one or the other at
this stage, and we believe that continued research in the various
component technologies will be fruitful. Such research can easily be
related to valid interim goals short of establishing either an SPS or a
terrestrial photovoltaic system with storage.

Environmentally, the main consideration in terrestrial photovoltaic
systems is to manage the manufacturing and waste disposal processes
carefully to avoid harmful effects from toxic materials like arsenic
and selenium. Large capacity storage by means of underground pumped
water or compressed air will require attention to their environmental
effects, but these methods are more promising than prospects for
finding additional surface reservoirs for pumped hydroelectric storage.

- Sociopolitically, terrestrial photovoltaic systems seem to present
no critical issues. ©Site selection for central stations seems to be
the most likely problem. The amount of ‘land required within the
perimeter of an array of photovoltaic cells is about 5 hectares per
megawatt, so that a sizeable installation of, say, 200 MW would require
a site of about 10 kmZ2.

Ocean-Thermal Energy

Ocean—-thermal energy recovery is based on the difference in
temperature of approximately 20 °C (36 °F) between surface water and
deep water. The principal technical problems involve the pumping of
enormous quantities of water, corrosion of equipment, fouling of heat
transfer mechanisms by biological organisms, and distribution of the
power. The conversion of ocean-thermal energy to electricity would be
feasible chiefly in coastal areas in the tropics, such as Hawaii,
Florida, or Puerto Rico. There is no current basis for making
plausible cost estimates. As a result of the conversion process,
certain environmental problems are likely to occur, including plankton
growth in the "upwelling,"™ change in the albedo of the ocean, and
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possible climatic effects. The conversion of ocean-thermal energy
might contribute the equivalent of 1 quadrillion British thermal units
(quad) per year or so of primary energy input to the generation of
electricity by the year 2000, and perhaps more eventually; but no sound
prognostication can be made at this time.

Other technologies for producing electricity, based on ocean waves
and currents or gradients in salinity, may make contributions under
special circumstances; but they do not appear likely to add to our
future energy supply in any substantial way.

Other Terrestrial Solar Technologies

Other solar technologies appear less promising, lack sufficient
information for even speculative comparison, or are expected to
contribute only a minor amount to the future electricity supply. The
Committee on Nuclear and Alternative Energy Systems, referred to here
as CONAES (NRC 1979), judged that new dams are so destructive of
ecosystems as to make hydroelectricity a poor candidate for further
development, and we did not consider it further.

CONAES also estimated that biomass fuels might eventually be used
to produce 5 quads per yvear from organic municipal and agricultural
wastes, from plants grown on otherwise useless land, and from seaweed.
Reliance on biomass, however, would compete for land, water, and other
inputs that could be devoted to uses of greater value, such as growing
food. This conclusion is disputed by some, but we did not explore this
question further.

In addition, CONAES considers the photosynthetic production of
fuels--for example, by way of the photodissociation of water on
catalytic surfaces--to have great potential. The primary goal is to
generate liquid fuels, but the hydrogen and oxygen stored in the
process might be used in fuel cells to generate electricity. However,
present conversion efficiencies are so low (e.g., 0.02 percent) and the
pProcess is in such an early stage of research that data are
insufficient for even speculative comparison with other technologies.
The thermal dissociation of water using nuclear, solar, or other heat
sources to produce inexpensive hydrogen and oxygen is also under
investigation in several laboratories.

Wind power has been used throughout the world on a small scale for
centuries. One of the principal technological challenges in making
wind power more accessible is to make this type of power plant cheaper
and more durable, especially in areas with very high winds. Wind power
also presents some environmental and safety problems. Facilities that
use the wind to produce electricity are noisy, interfere with the
reception of television signals, and require large amnunts of land. It
would take from 500 square kilometers {km ) to 1300 km2 (about 200
square miles to 500 square miles) to produce 1000 MW, from windmills,
although the land would not be lost to other purposes such as
agriculture. Nonetheless, despite its decentralized character and
rather small capacity, wind power will probably make some contribution
to the production of electricity in the future, especially where
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intermittent production is valuable in saving fossil fuels or where
energy storage capability is available.

The Advantages of Terrestrial Solar Systems

In many ways, terrestrial facilities that would make use of solar
energy efficiently would be an ideal way of producing electricity.
Solar energy produces low pollution, and it will always be available.
Most of the terrestrial solar technologies can be used economically on
a small scale and are thus amenable to private-market decisions. They
can be installed incrementally. Solar powered electric facilities can
be built for various outputs up to 100 MW or 200 MW and can therefore
be well matched to various local end uses. Yet another advantage of
terrestrial solar power is that it is available during the day, when
demand for electricity is highest. Thus, solar power facilities are
particularly useful for saving fossil or nuclear fuels during peak and
intermediate periods of electric energy use.

However, most terrestrial solar electric technologies require
significantly more land area than coal or nuclear technologies because
of the relatively modest power flux density of sunlight (about 1
kWVm ) and the unavoidable conversion losses. It happens that the
land requirements for terrestrial photovoltaic systems are comparable
with those of the reference SPS for reception at 2450 MHz. Both take
of the order of 5 hectares per megawatt. If an SPS were to go to
shorter wave-lengths and higher power beam intensities, its land
requirements could be reduced.

On the basis of the conversion processes described above, the
Committee concludes that:

. There are a number of solar technologies for generating
electrlclgx__pat do not pose fundamental technical questions
but that are characterized hx_engineering and economic
problems. As these problems are overcome, solar energy will
likely become an lmpnrtant source of energy per year and could
replace fossil fuels in some applications. Solar power
produces little pollution, can be incrementally installed and
Poses few sociopolitical problems,

Geothermal Production of Electricity

The technology has been developed for producing electricity from

underground geothermal steam, and natural steam is now used to produce
about 900 MW of electricity in the United States. There are few

prospects for increasing the amount of electricity from natural
geothermal steam, however, since about 99 percent of all geothermal

energy in this country is contained in hot--but dry--rock underground.
To extract heat from hot dry rock, the rock has to be fractured and

then water circulated through the rock to produce steam. The current

technology for doing this is too expensive to be practical, although
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projections have been made indicating reduced costs in the future. At
the moment, however, the possibility of large additional amounts of
electrical energy from geothermal sources remains speculative. The
Committee notes that:

. There is a substantial amount of geothermal energy that may
eventually be used, but geothermal resources will probably
make only a minor contribution to national production of
electricity well into the twenty-first century.

AN SPS IN RELATION TO OTHER ADVANCED TECHNOLOGIES

In this section we make a brief comparison of an SPS with the other
advanced methods of producing electricity already discussed.

The first point of importance is that the technical readiness of an
SPS is low. Like a terrestrial photovoltaic system for producing
electricity, an SPS would use large numbers of photovoltaic cells.
Unless these cells can be manufactured to achieve high performance at
costs that make them practical, neither an SPS nor a terrestrial
photovoltaic system will be economically feasible. It should be noted,
however, that cells for use in SPS satellites would have to meet more
stringent requirements than cells for use on earth. The SPS cells, for
example, would have to be much more efficient; precluding the use of
amorphous silicon as the cell material. Furthermore, cells in
satellites at geosynchronous orbit are damaged by energetic electrons
and protons. Thus cells in SPS applications would have to be annealed
periodically. We concluded that silicon cells are probably unsuitable
for SPS satellites, (see Chapter 2 and Appendix E); therefore, the
development of other cells would be critical to the successful
development of an SPS.

As mentioned earlier, a terrestrial photovoltaic system could
become cost-competitive--at least for producing about 15 percent of the
country's demand for electricity--through a single technological
advance, namely, about a 10-fold to 20-fold reduction in the cost of
terrestrial photovoltaic cells. A much larger reduction in the cost
of space-qualified solar cells and comparable reductions in the costs
of space transportation, coupled with sufficiently low costs of
manufacturing of satellites in space, 1is required to make an SPS
competitive. In short, an SPS would depend to a much higher degree on
many expensive, high-risk technologies than a terrestrial photovoltaic
system. An SPS, of course, would have the advantage of producing
electricity continuously and steadily without storage capabilities,
unlike some other solar-based methods. At this time, however, it would
appear that storage costs would have to be very high indeed to make a
terrestrial solar energy system anywhere nearly as expensive as an SPS.

An SPS would also present a variety of environmental, health, and
political problems that differ from those of other advanced methods of
producing electricity. As discussed in other chapters of this report,
an SPS would have effects on the earth's upper and lower atmosphere,
the severity of which is as yet unevaluated. Although available data
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do not now indicate it, the microwave beam might have adverse effects
on human beings and other biological systems near ground rectennas.
Steps would have to be taken to minimize the interference of SPS
satellites with communications satellites using the geosynchronous
orbit and with ground-based optical and radio astronomy.

It appears injudicious for the United State unilaterally to put an
SPS into operation. Respect for the rights and sensitivities of other

nations would require the United States to gain international agreement
to such a system, either initially or at some time in the future.

THE LONG-TERM OUTLOOK

During the twenty-first century the United States will be making a
transition to the large-scale use of renewable, or very long-lasting,
energy resources for the production of electricity. Each of the
prospective methods for doing so has disadvantages in terms of cost,
feasibility, or acceptability.

Coal may prove to be acceptable over the long term if alarm over
the so-called greenhouse effect turns out to be unwarranted, or if we
learn how to control the release of carbon dioxide into the
atmosphere. The use of uranium as fuel in breeder reactors may prove
to be acceptable if the dangers of plutonium can be greatly reduced.
Controlled thermonuclear fusion may become attractive if it proves to
be technically and economically feasible. A system using terrestrial
photovoltaic cells may be found to be advantageous if the cost of the
cells can be substantially reduced and practical electric storage is
achieved. It is also conceivable that some new, long-term method for
producing large amounts of electricity=--such as photosynthetic
production of fuel--may emerge from future research and development.

The circumstances which, in some combination, would favor the
deployment of an SPS include a high demand for electricity, the
imposition of severe restrictions on the use of coal and uranium, an
inability to achieve practical controlled thermonuclear fusion, and
major reductions in the cost of an SPS that would at least approach the
marginal costs of alternative methods.

It is clearly desirable to keep pursuing a number of alternative
technical options for producing electrical energy in the long run, in
rough proportion to their promise. In a dynamically changing situation
no study of a single option--such as an SPS--can tell us which options
to keep open or how much to spend on each one. In other chapters we
have attempted to identify the critical advances in particular
technologies relevant to the concept of an SPS.

As a by=-product of our comparison of the promise of an SPS with
other long-term technologies, a number of methods displayed
characteristics indicating that they should be classified as "more
promising" than others for large-scale, baseload electric power

generation. Particularly attractive are advanced coal systems and
breeder reactors.

Terrestrial photovoltaic and solar-thermal systems might be
accorded a fallback position. So far, the storage problem for such
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systems has not been solved and they appear likely to be of limited
capacity and high cost; but they might be brought into operation if the
need were great enough.

Uncertainty surrounds an additional number of possibilities,
including SPS and nuclear fusion. Ocean-thermal energy conversion,

wind energy and geothermal energy are of more limited potential as well
as uncertain.

In view of the circumstances reviewed here, with all the

uncertainties about need, performance, cost, and the effects on the
environment and society, the Committee concludes that:

* It is too early for haste in achieving the capability to
deploy an SPS. However, there will certainly be a need for
new technologies some decades from now. Since an SPS may be
one of them, it would be equally premature to discard the

concept Ebtallx.

Consequently, the Committee also concludes that:

’ The prudent approach to meeting the need for electricity in
the long run (beyond the next four decades) is to continue to
explore all of the prospective methods with the expectation
that some of them will prove to be acceptable for the
long—-term, large—-scale production of electricity.

NOTE

L We have relied largely on published material (Landsberg 1979,
Keeny 1977, NRC 1979, Schurr et al. 1979, Wilson 1980). In addition,
and more importantly, we assembled a Working Group on Comparative
Assessment (Appendix B). The group was composed of experts on five
energy-producing technologies--coal (conventional and advanced),

breeder reactors, fusion reactors, centralized and decentralized
terrestrial solar technologies (including wind, biomass, and

ocean-thermal energy conversion), and geothermal--plus three members of
our Committee. This group assessed the character of each technology in
30 to 50 years with respect to (a) the likely state of the technology,

(b) associated environmental (including health and safety) questions,
(c) economic aspects, and (d) institutional or political aspects.



CHAPTER 7

EXAMINATION OF THE CONCEPT DEVELOPMENT AND EVALUATION PROGRAM
AND FINAL REPORT

The principal objective of the Satellite Power System Concept
Development and Evaluation Program (CDEP) was "to develop, by the end
of 1980, an initial understanding of the technical feasibility,
economic practicality, and the social and environmental acceptability
of the SPS concept.™ At the time the objective was established the
likely outcome was also conjectured:

It must be realized that this effort is unlikely to achieve a
firm recommendation to implement the SPS concept. Rather, if
no insurmountable barriers are found, one would expect
recommendations concerning the direction of the SPS program
after fiscal vear 1980 toward further laboratory
experimentation and field testing. It is conceivable that
some space testing recommendations as a companion to the

[space] shuttle program might result. On the other hand, a
recommendation based on identification of a major barrier

might be to discontinue further research and development.
(U.S. DOE 19804, p. 1l.)

The results of the program were summarized in Program Assessment
Report: Statement of Findings (U.S. DOE 1980d). The DOE report

(hereafter called the Report) is the statement on the accomplishment of
the objectives of the CDEP.

THE CONCEPT DEVELOPMENT AND EVALUATION PROGRAM

The Committee reviewed the objectives and results of the Concept
Development and Evaluation Program through informal briefings provided
by DOE, NASA, and their contractors; through published reports on parts
of the program; and through the formal 4-day public review of the
program held in Lincoln, Nebraska in April, 1980. As a result of our
examination, we believe that the three-year DOE/NASA study was surely
one of the most thorough ever conducted so far in advance of the
possible deployment of a technology. The program's method and
structure were well conceived, encompassing broad classes of issues and
specific issues in those classes. The execution and documentation of

130
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the assessment was thorough. We commend Mr. Frederick A. Koomanoff of
DOE for his competent direction of the study and Mr. F. Carl Schwenk of
NASA for his equally competent management of the supporting
investigations of NASA.

The CDEP included studies of the technical, environmental,
economic, social, and political aspects of an SPS as well as
comparisons of the SPS concept with other potentially competing
technologies for generating electricity. These evaluations were
carried out using a detailed model, the "reference system", of what an
SPS might look like. The purpose of defining a reference system was to
provide a concrete basis for study so that performance and cost goals
might be set, areas of uncertainty and concern might be discovered, and
research needs might be identified in a systematic and quantitative
manner. A reference system is a legitimate tool to use for developing
an initial understanding, but using it can create pitfalls. A
too-detailed reference system may convey the erroneous impression that
we are technically ready to deploy such a system or that such a system
is likely to be the preferred one when that time comes. With the
advantage of hindsight, we believe that the CDEP reference system may
have been more detailed than was justified in some areas and not
sufficiently detailed in others. Nonetheless, it was an effective tool
and almost all of the data now available on the SPS concept were
developed using the reference system as a basis for study.

The CDEP follows the recent practice of examining to the degree
possible the consequences and impact of major decisions by the Federal
Government. It is, however, unique in the scope of its assessment, in
its attention to detail, and in its attempts to perform the required
analyses so far in advance of the availability of economically
practical technology. The result of this effort has been an improved
understanding of the advantages and disadvantages of the SPS concept,
from which we and others can make recommendations about whether to
proceed with its development and, if so, how. In this sense, for all

the criticisms that may be laid against it, the CDEP was a success.
The Committee concludes that:

’ The Satellite Power System Concept Development and Evaluation
Program of the U.S. Department of Energy and the National
Aeronautics and Space Administration was a thorough study and
provides valuable information for policy-making purposes.

The remainder of this chapter does not deal with the entire
DOE/NASA program. Instead, we focus on the Report, because it is this
final product that will be most widely read.
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GENERAL VIEW OF THE FINAL REPORT*

The Report unfortunately consists only of a series of findings on
the SPS concept. No conclusions are drawn, and no recommendations are
made. Nor is the reader given a framework within which the findings
might be interpreted and evaluated. Each reader may assign varying
significance to the findings and interpret them according to his own
views. In the end, the reader is left with an unclear impression of
what has been done so far with respect to the SPS concept and what
direction should be taken in the future.

The problem is that it is risky to make generalizations about
future satellite power systems from findings that concentrate on the
reference system. If the reference system is a viable approach to
translating the SPS concept into concrete terms, then one concludes
that at least one viable system exists. If the reference system is not
viable, one should not conclude that no viable SPS is ever likely to
exist.

The Report recognizes many problems that would have to be overcome
in order to establish and operate an SPS to meet part of the Nation's
energy needs. In fact, the Report identifies 47 problem areas and
briefly discusses each, usually in terms of what is currently known,
what the uncertainties are with respect to our understanding of the
problems, and what types of research would be required to clarify these
uncertainties.

The Report pays little attention, however, to the fact that future
research may not provide the answers to problems in all 47 areas. In
some cases, future research may only lead to determinations of the
extent of the problems. Nor does the Report point out that many
problems not foreseen now are almost certain to arise in a
technological endeavor as complex and costly as an SPS, which requires
development of many technologies far beyond their current states.

In reviewing the Report, the Committee was particularly struck by

the complexity of most of the 47 problem areas and the extent of

*Statement by Dale R. Corson:

After the Committee's last meeting and after the final version of
its report was accepted by the Committee, we received single copies of
each of several final topical assessment reports from DOE. Each of
these reports is comparable in length to the Program Assessment
Report: Statement of Findings (U.S. DOE 1980d) and each is devoted to
a single area of SPS concern. I have examined three of these reports
and I find them more useful than the Program Assessment Report:
Statement of Findings submitted to the Committee as the DOE/NASA
summary report last December. Each summarizes the relevant factors
bearing on the area of concern, distinguishes what is known from what
is not known, draws conclusions and, in some cases, makes
recommendations. These assessments provide the reader with a better
view of the SPS than does the Program Assessment Report: Statement of
Findings.

These topical assessment reports in no way change the Committee's
conclusions regarding SPS.
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information still to be obtained to quantify the uncertainties about an
SPS, let alone to resolve them. Although a number of technical groups
have spent millions of dollars in addressing these uncertainties, the
Report conveys the impression that their clarification and resolution
have hardly progressed beyond the point of formulating a set of
intelligent questions that must be answered before the feasibility of
the concept can be properly assessed. Nor does the Report estimate the
additional costs of answering those questions.

Another problem presented by the Report is that the 47 problem
areas are not ranked in terms of such important dimensions as cost,
technical feasibility, amount of time likely to be required for
solution, and likely degree of public acceptance.

Finally, the Report implies that none of the problems identified
raises an insurmountable barrier to the deployment or operation of a
reference SPS. As pointed out elsewhere in this report, this
implication may be unjustified. Of the 47 major problem areas
identified, many are likely to raise problems of far greater severity
than suggested in the Report.

The Committee therefore believes that:

» The Program Assessment Report: Statement of Findings must be
augmented by the material in the separate technical,
environmental, societal, and comparative assessment reports to
provide a framework for the development of policy on the
future of the SPS concept.

SPECIFIC TOPICS IN THE FINAL REPORT

We believe that the Report's treatments of alternative SPS concepts
and the atmospheric effects that would arise from the construction and
operation of the reference system are well balanced statements of the
possibilities and problems. A number of other important topics,
however, pose major difficulties and deserve treatment beyond that
given in the Report. The topics include the cost of solar cells; space
transportation, construction, and maintenance; comparative assessment
and costs; international considerations; the hazards of microwave and
of ionizing radiation; future electrical energy demand; and limitations
on the potential growth of an SPS. These topics are discussed briefly
below in the rough order of their importance, as we see it, to SPS.

Solar Cells

The Report does not discuss the dramatic reduction that would be
needed in the cost per unit of peak power from today's single-crystal
silicon cells to make an SPS economically viable, although this need is
described in supporting documents. Neither present nor future SPS
solar cell costs are cited. Current costs are more than $500 per peak
watt (W (peak)). Currently known science and technology of silicon
cells might be able to reduce this figure to about $20/W (peak) in
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large-scale production by the year 2000, but reductions below this
range are unlikely by that date (see Appendix E). Even a cost of $20/W
(peak) 1s nearly two orders of magnitude above the cost assumed in the
DOE/NASA program. The Report does not suggest how the assumed cost
reductions would be achieved. Without entirely new scientific and
technological developments, which cannot be predicted, the cost of
solar cells alone would seem sufficient to make the reference SPS (or
any variant using single-crystal silicon solar cells) prohibitively
expensive. Further, development of gallium arsenide solar cells is at
such an early stage that no sound basis currently exists for predicting
costs of space-qualified cells of that type.

In addition, the efficiency of solar cells is degraded by
penetrating radiation in geosynchronous orbit (GEO). The feasibility
of projected means for limiting this loss in efficiency by various
methods of annealing in space has not been shown.

Space Transportation, Construction, and Maintenance

The Report barely identifies the elements that would be needed for
the space transportation part of the reference system. The extent of
the increase over current space shuttle performance that would be
required for the heavy-lift launch vehicle is not adequately described,
and the challenge that would be presented in developing a
transportation vehicle capable of moving massive cargoes from low earth
orbit to GEO is given only a brief reference (U.S. DOE 19804, p. 51).
In short, the Report implies that the SPS transportation system would
be an extension of current NASA work (mainly, the development of the
Saturn V and space shuttle), with some supplemental work to meet SPS
goals. A proper appreciation of the technological challenges of the
electric orbital transfer vehicle (EOTV) and other transportation
requirements of the reference system is not communicated.

Although automation of space construction is referred to, its

importance is not stressed. The construction schedule outlined for the
reference system would involve the construction in space of a power
satellite every 6 months, using a technology which as yet is completely
undeveloped. The stringency of this goal is not acknowledged or
addressed, however. Although the Report does mention robotics, its
importance in both the construction and maintenance of SPS satellites
is passed over, as is the current embryonic state of that technology.

Finally, the Report does not clearly emphasize that control system
requirements for SPS satellites and EOTVs are well beyond current
capabilities; and the operation and maintenance of the reference system
as a whole, which would require extensive manpower, facilities, and

egquipment, are hardly discussed except from the viewpoint of health and
safety.

Comparative Assessment and Costs

The Report's attempt to compare the cost and performance of the
reference SPS with six alternative energy technologies was not
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realistic, because the reference system assumes the launch of the first
satellites in the year 2000. This goal almost certainly cannot be
achieved at any cost, and certainly not at the nominal value of capital
cost assumed in the comparison, namely, around $3600/kW in 1978-year
dollars for the silicon option (U.S. DOE 1980d, Table 3.7) or around
$4300/kW in 1980-year dollars.

The SPS capital cost is compared in the Report with the
following=-a "nominal" capital cost for magnetically confined fusion in
the year 2000, which is approximately equal to that of the reference
SPS in dollars per kilowatt; the cost of terrestrial photovoltaics,
which is only a third as high (presumably because storage for baseload
power was not included); and the cost of coal and nuclear fission
systems.

Because neither the SPS nor controlled fusion will be operating in
the year 2000, and because the costs of terrestrial photovoltaics by
then are uncertain by perhaps an order of magnitude, it is difficult to
attach meaning to these cost estimates. Accordingly, it did not seem
worthwhile to analyze them in detail. In the two cases in which the
Committee examined costs in some depth (space gualified photovoltaics
and transportation from earth to LEO) we found the nominal costs
assumed in the comparison unrealistically low. The Report does give a
range of estimated capital cost for the reference system with a high
estimate of approximately $16,000/kW (in 1978-year dollars), which
would make it unacceptably expensive in any readily conceivable
circumstance. -

High capital cost per unit of installed power capacity is not the
only deterrent to SPS deployment. The complexity of the system, its
"all or nothing"™ character, and the necessity of investing on the order
of $100 billion before the first unit can begin operation would all
strain our ability to introduce an SPS into the mix of electrical
generation in the U.S. economy. On the other hand all six of the
systems with which the SPS is compared can be deployed and financed
selectively and incrementally. These critical issues receive sketchy
treatment in the Report.

International Considerations

The Report correctly states that the allocation of positions in
geosynchronous orbit for SPS satellites would constitute a problem
requiring extensive international negotiations. We disagree with the
Report's tentative judgments that there would be sufficient space in
GEO for 60 reference SPS satellites serving the United States and that
the problem of compatibility with other uses of the electromagnetic
spectrum is manageable (see Chapter 4). 1In addition, the Report does
not mention the probability of competition for orbital positions at
longitudes common to the United States and other countries.

Although the Report briefly discusses the problems of compatibility
with neighboring geosynchronous satellites as well as with
terrestrially based radio astronomy systems, the radio interference
that would be caused by an SPS is not discussed. Various CDEP studies,



136

however, show that microwave radiation from an SPS could impair the
performance of a wide range of terrestrial electronic devices as well
as that of satellites in nongeosynchronous orbits. Hence, mitigating
such interference could be an important environmental consideration.
The Report's assertion that the reference system would be no more
vulnerable to advanced weapons than terrestrial baseload energy systems
fails to take account of the greater concentration of SPS facilities
and of the difference between an attack on installations in another

country's territory and an attack on installations in space. Moreover,
SPS satellites might be tempting hostages, since a substantial fraction

of the U.S. energy supply could be put in jeopardy.

Ionizing Radiation

Instead of taking account of the most realistic current
assessments, the Report tries to put the best face possible on the
effects of ionizing radiation on human beings who would work on the SPS
satellites in GEO. The Report asumes a dose of 40 rem over a period of
90 days spent in GEO (U.S. DOE 1980d, p. 16), but no emphasis is placed
on the fact that exposure would depend critically on the type and
amount of shielding. The Report suggests that 40 rem is probably an
overestimate of the likely dose, possibly by a factor of 5 or 10 (U.S.
DOE 19804, p. 16). Data available to the Committee indicate that 40
rem may instead be an underestimate, probably by an appreciable factor
(see Chapter 4 and Appendix G). If the dose were actually about 100
rem, the excess over the normally expected number of deaths from cancer
among workers would be about 10 percent for males and 15 percent for
females. These risks are far in excess of risks in other occupations.
Further, neither the DOE figure of 40 rem nor our estimate of 100 rem
includes radiation from aperiodic solar flares, which might rapidly
deliver 300 rem or more to workers in space, unless storm cellars with
thick shielding were readily available.

The Report may give the wrong impression in stating that the
present limit for workers on earth over a period of 90 days is "less
than 10 rem" (U.S. DOE 1980, p. 16). The actual limit is 3 rem
(Schimmerling and Curtis 1979). Thus, doses in space might be as much
as 30 times (100-rem dose divided by 3-rem limit) above the present
limit for terrestrial workers. Radiation doses that high, which appear
likely, raise serious gquestions as to whether construction or
maintenance workers could be permitted to work on satellites in GEO for
as long as 90 days. Shorter work tours, however, would probably mean a
substantial reduction in efficiency and would require a larger work
force. Another alternative might be to construct shielded enclosures
where the workers would both live and work by using highly
sophisticated robots and teleoperators for outside activities.

Microwave Radiation

The Report often does not distinguish carefully between what is
well known and what is not well known about the effects of microwave
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radiation. Furthermore, the Report does not make it clear that the
substantial current interest in revising the standards for exposure to
microwaves involves making the standards more rather than less
restrictive. Some experts believe that the ultimate U.S. standard may
be as low as 0.1 watt per sguare meter {HfmZ} to l'ﬂfmz. Since the
current standard is 100 W/m“, a new standard as low as D.I'W/m2 to

1 me2 would influence the design and, hence, the cost of an SPS

based on microwaves. Finally, the Report does not make it clear that a
quantitative assessment of the effects of microwave exposure at these
low levels is not likely to come from either direct experiments on
animals or from epidemiological research, but only from theoretical
understanding and extrapolation from dose-response relationships at
higher power levels.

Future Electrical Energy Demand

The Report has little to say about future demand for electricity in
relation to the capacity of the reference SPS, and points to a single
source (Ridker and Watson 1980) for its demand projections. The base
case demand projection for the United States in Ridker and Watson (171
quadrillion British thermal units, or quads, in the year 2025, of which
65 quads, or 38 percent, are for the generation of electricity)
comfortably accommodates a 300-gigawatt (GW) system corresponding to
about 20 quads of primary energy input per year for electric energy.
But future energy demands are highly uncertain, both in demand for
total energy and for electrical energy. For example, projections by
the Electric Power Research Institute (1979) and the International
Institute for Applied Systems Analysis (H&fele 1980) are higher; the
lower projections of the Committee on Nuclear and Alternative Energy
Systems, or CONAES (NRC 1979), are much lower.

It is therefore important to consider whether an SPS can be
exXpanded to provide significant proportions of electrical energy in
high~-demand cases, or scaled down without substantial penalties of cost
in low-demand cases. The ability to expand the SPS is particularly
important if it is to be an international, hemispheric, or global
electrical energy system. The Report does not address these questions.

Limits to SPS Growth

Although the reference system might be able to provide one-fifth or
more of the United States' electrical energy needs in the year 2030
depending on demand, such a system might be at a disadvantage in
comparison with coal or nuclear power, for example, because of the
limited prospect for increasing the amount of power available from an
SPS.

The Report does not point out that the power output from the
reference SPS would be limited because of the finite number of suitable
geosynchronous orbit positions for SPS satellites. Each SPS satellite
would prevent other uses of the space around it. The 60 power
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satellites in the reference system satellites might preempt 30° of arc,
somewhat less than half of the 70° of arc at the longitudes of the
United States currently suitable for communications, weather, defense
and other satellites. Expansion of the system by occupying additional
positions in GEO would greatly affect other users, but some estimate of
the severity of this constraint is not found in the Report.

Power radiated from a single satellite antenna is limited by waste
heat per unit area and the power density of the beam that the

ionosphere can tolerate. Accordingly, the report gqualitatively
suggests that use of GEO could be reduced or that system capacity could

be expanded by placing one structure with several antennas, each
delivering on the order of 5 GW to earth, at one orbital position.
Further exploration of the limits of this approach, and similar ones,
would have been useful. For example, it might be found possible to
replace each single satellite with perhaps six, arranged in a
figure-eight pattern. This idea has been put forward in connection

with communications satellites and it might warrant further analysis
for an SPS.

ASSESSMENT

The DOE/NASA Concept Development and Evaluation Program was a well
conceived and well managed project in which an exhaustive number of
aspects of an SPS were examined in detail by experts. The many
supporting documents developed during the 3-year program provide a
tremendous amount of information useful for policy-making as well as
other purposes.

The Report taken by itself, however, does not do justice to the
imaginative work accomplished in the program. Consequently, the Report
must be taken together with the materials in the separate technical,
environmental, societal, and comparative assessment reports to provide
an adequate basis for judgments on the future development of an SPS.
The usefulness of the Report for this purpose would have been enhanced
if its findings had been accompanied by conclusions and recommendations.

Finally, we believe that many of the contractors that contributed
to the CDEP were substantially more optimistic in their estimates of
costs and in their projected development and deployment schedules than
is warranted. The Report adopted an optimistic rather than a pragmatic
outlook.



EPILOGUE

In retrospect, several considerations stand out from our
deliberations. A commitment to develop a system on the scale of an SPS
would bring into being the largest technological enterprise in the
history of the world. An SPS would surpass such previous programs as
the Panama Canal, World War II shipbuilding, the Tennessee Valley
Authority, the Manhattan Project, the Federal highway system,
commercial nuclear power, and Apollo. Over a 30~year period investment
in the reference SPS would add up to the equivalent of about the gross
national product of 1980, requiring a huge technical work force and
large quantities of natural resources. Such a program would strain the
managerial, skilled labor, and capital resources of the country and
require unprecedented technological and financial support structures.
The global implications are so complex and far-reaching that a
unilateral approach appears to be impractical.

Would a 50~year commitment to such a challenging development ever
be possible? We do not know, but we can imagine future circumstances
in which an SPS might become realistic. By then, a more advanced
system concept might take advantage of expected technological progress
over the next few decades in low-cost space transportation, in
lightweight "gossamer"™ structures, in robotic space construction, in
low-cost, high-performance photovoltaic cells, and in wireless power
transmission. Even so, we believe that an SPS would have to meet the
same general conditions that must be met by any large-scale
technological system before a national commitment is made to its
development and deployment. Such conditions include the following:

a. The scientific foundation of the system under consideration
must be sound, and the technology must have been developed to the point
where it will support projections of performance and cost. It is
possible for scientific understanding to lead to demonstrable technical
achievement, but at unacceptable cost. For the reference system, in
its role as a tool for inquiry, there are unavoidably a number of

features for which the science is available, but for which the
technology and cost remain uncertain.

b. The research and development required to bring the system from
a stage of conceptual design to demonstration of prototypes, where
deployment decisions can be made, must be clearly defined. A major
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research, development, test, and engineering program must be laid out
and then consistently and adequately supported. A great deal of
critical but undefined research and development underlying the SPS
falls into this category.

C. There must be commanding evidence that a future need will
exist and that it can be met by the time of deployment. The future
need for an SPS is uncertain and will depend on the changing form of
demand for electrical energy in the next century, on the economic
competitiveness of an SPS with other advanced alternatives, and on the
sociopolitical attitudes of new generations.

d. The system must be socially, politically, and economically
acceptable. Unacceptability related to any of these considerations
could block a technological project, no matter how sound the technology
on which it is based. The development of nuclear power in this country
is currently foundering on some of these very issues, and an SPS could
encounter similar troubles.

e. There must be step-by-step demonstrations of success with each
part of the system as it progresses. The Apollo program was an
excellent example of a well-structured program with well-planned
milestones. An entirely new system like the SPS, by its nature, makes
sequential, partial demonstrations costly and difficult.

E. The Congress and the public must have continued confidence in
the system and in the team developing it over the years from inception

through deployment, during which inevitable setbacks and criticisms
will occur.

The likelihood of a future national commitment to the development
of an SPS can be examined taking these general conditions as a starting
point. We sought to identify the issues critical to an SPS in light of
these conditions and to highlight them in our report. As the reference
system is now conceived, it is estimated to require at least 20 years
of development and an expenditure on the order of $100 billion before
its performance and viability could be demonstrated. Even so, critical
technologies may not be ready to support an SPS by then. We doubt that
any administration or any Congress would commit the country to a
program of such a speculative nature. Nor should they. The future
holds too many uncertainties--and possibilities—--in expected advances
in SPS and competing technologies 20, 30, or 40 years from now; in
future demands for electrical power; and in the global political
environment of the twenty-first century.

We pondered a further question: 1Is it worthwhile to study in
detall a specific "reference system" design of a large, complex, system
in the way DOE and NASA assessed the SPS, far in advance of any
possible deployment? If the necessary science and technology were all
in place, we can imagine circumstances in which it would be productive
to make such detailed analyses of a hypothetical design, as was done
for the reference system, in competition with projected alternative
systems to meet estimated future needs. This type of analysis could
Provide valuable guidance to those who must make major policy
decisions. We cannot, however, endorse detailed mechanical and
electrical design down to the component level, which characterizes the
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DOE/NASA SPS study, so many decades ahead of a system's possible
deployment.

We have a final concern. It is hard to project the course of
technology 20 yvears into the future, and yet the future practicality of
an SPS5 will depend upon advances in space technology, photocells, and
power beams in coming decades. We can make reasonably sound
predictions about development based on existing science and technology
for the SPS and competing systems. We can see far enough to know that
any practical future SPS concept will be substantially different from
the reference system. We can see that oil and gas will become scarce,
that the breeder reactor will be needed to extend uranium resources,
and that the environmental consequences of coal combustion must be
controlled. We can even make the roughest sort of cost estimates. But
it is impossible for us to foretell those scientific developments like
fusion, which in time could, perhaps radically, alter energy technology
and costs. To take account of new science and technology we must
reexamine today's projections periodically and make fresh assessments.
In the meantime, it is important to assure the vigorous conduct of
research in areas relevant to SPS technologies, where such areas are
already being investigated in pursuit of the goals of other programs.

We enjoyed the challenge of grappling with a concept as immense as
the SPS. We hope that our report will be useful to those who must make
decisions on the direction and pace of U.S. research and who cannot
defer their judgments until the last fact is known.
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GLOSSARY AND ABBREVIATIONS

ac: Alternating current.

Albedo: The fraction of the total visible radiation falling on a
surface (e.g., of a satellite) that is reflected or scattered

diffusely; a number that can only be estimated in the case of solar
power satellites.

Ambient: The prevalent condition of an environmental factor, e.g.,
power density of electromagnetic radiation.

Amorphous silicon: 8Silicon having no real or apparent crystalline
structure; some preparations of amorphous silicon contain hydrogen
bonded to some of the silicon.

Annealing: Freeing from internal stress by heating and gradual
cooling.

ANSI: American National Standards Institute.

Array: A grouping or arrangement of units; e.g., a solar cell array

is a group of solar cells complete with supporting structure and
wire interconnections.

Atmosphere: The mass of air surrounding the earth: The lower
atmosphere includes the troposphere, extending outward about 10 km
to 13 km from the earth's surface; the stratosphere, beyond the
troposphere, extending to about 50 km above the earth's surface;
the mesosphere, beyond the stratosphere, extending to about 80 km
above the earth's surface. The upper atmosphere is composed of the
thermosphere (80 km to 500 km) and the magnetosphere (110 km or 150
km to many thousand kilometers) which is dominated by the earth's
magnetic field so that charged particles are trapped in it. The
plasmasphere extends from about 1000 km (or somewhat lower) well

into the upper magnetosphere and is highly ionized. See also
Ionosphere.
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Band: (1) A continuous sequence of frequencies within given limits;
e.g., the band 2400 MHz to 2500 MHz is designated for industrial,
scientific, and medical (ISM) applications.

(2) A range of energy levels, in a semiconducting solid.

Bandgap: The gap between the valence band and the conduction band in
a semiconductor. In the valence band, electrons are more or less
bound in position relative to the crystalline structure. In the

conduction band, electrons are free to move under the action of an
electric field.

Bandwidth: The range within a band of frequencies, wavelengths, or
energies.

Baseload electricity: The minimum load of an electric utility company
over a given period of time. Thus a baseload plant is one designed
for continuous operation to satisfy the system's constant demand.

BEIR-III: The 1980 report by the Committee on Biological Effects
of Ionizing Radiation [BEIR], Assembly of Life Sciences of the

National Academy of Sciences, entitled The Effects on Populations
of Exposure to Low Levels of Ionizing Radiation.

Blanket: A sheet of photovoltaic cells on a solar power satellite.
BMEWS: Ballistic Missile Early Warning System.
BOL: Beginning of life.

Bremsstrahlung: Refers to the secondary electromagnetic radiation
produced by the sudden deceleration or deflection of a charged
particle in an intense electric field.

Btu: British thermal unit; a unit of energy defined as the heat
required to raise the temperature of one pound of water one degree
Fahrenheit; it is egqual to approximately 1055.056 joules.

Carrier: An electrical oscillation (for example, a radiowave) that

may be modulated at lower frequencies for the purpose of conveying
information.

Cathode: The electron—-emitting electrode of an electron tube, such as
a klystron.

CCIR: The International Radio Consultative Committee of the Inter-
national Telecommunication Union, which studies and issues
recommendations concerning technical and operating questions
relating to radiocommunications.
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CDEP: (Satellite Power System) Concept Development and Evaluation
Program; the name of a study conducted by DOE and NASA from 1977

to 1980 culminating in a final report, Program Assessment Report:
Statement of Findings.

cm: Centimeter(s); a unit of length equal to 10™% (one-hundredth)
meter.

CO,: Carbon dioxide.

CONAES: Committee on Nuclear and Alternative Energy Systems of the
National Academy of Sciences. The acronym, as used in the text,

refers to that Committee's 1979 report, Energy in Transition
1985-2000.

Continuous-wave radiation: Single-frequency, uniform-amplitude
electromagnetic radiation.

Cosmic radiation: High energy particle and photon radiation
resulting from cosmic rays, which are streams of atomic nuclei of
heterogeneous, extremely penetrating character that enter the

earth's atmosphere from outer space at a speed approaching that of
light.

Coupling: The mechanism by which electromagnetic energy is delivered
to a system or device.

cw: Continuous wave(s); see continuous-wave radiation.

dB: Decibel; a logarithmic measure of a ratio, equal to 10 times the
logarithm (base 10) of the ratio.

dB(W): Decibels with respect to a reference level of 1 W.

dc: Direct current.

Dipole: An electrical antenna consisting of two colinear rods with
their adjacent ends slightly separated.

Directivity: The property of being directional, that is, suitable for
sending radio signals in limited directions or receiving them from
limited directions.

DNA: Deoxyribonucleic acid; the genetic material in cell nuclei.

DOE

e

U.S. Department of Energy.

Dosimetry: The accurate measurement of doses, e.g., of energy
deposited by radioactivity or ionizing radiation. See Rad.
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Electromagnetic compatibility: The condition of shared use of the
electromagnetic spectrum without unacceptable interference.

Electromagnetic spectrum: The entire range of wavelengths or
frequencies of electromagnetic radiation extending from gamma rays
to the longest radiowaves and including visible light.

Electromagnetic wave: One of the waves that are propagated by

simultaneous periodic variations of electric~ and magnetic-field
intensity, including radiowaves, infrared, wvisible light, and

others.
Electron: A subatomic particle having a negative electrical charge.
EOL: End of life.
EOTV: Electric orbital transfer vehicle.
EPRI: Electric Power Research Institute.

FCC: Federal Communications Commission.

FET: Field-effect transistor; it has various features that make it
superior to conventional transistors for certain uses.

Field: A region of space within which magnetic or electrical lines of
force exist.

Field strength: The magnitude of an electric or magnetic field.

Flux: The rate of transfer of particles or energy across a given
surface.

Frequency: The number of complete oscillations per unit of time of an
electromagnetic wave, measured in hertz (Hz).

Gallium arsenide cell: A solar cell made from gallium arsenide, Gals,
or gallium aluminum arsenide, GayAlj.y As.

g/cmg: Gram(s) per square centimeter.
GEO: Geosynchronous earth orbit. See Geosynchronous orbit.

Geosynchronous orbit: Denotes an orbit in which it takes an object
24 hours to circle the earth. Approximately 36,000 km (22,300
miles) above the earth's surface. A satellite at this point
appears not to move when viewed from earth. See also GEO.

GHz: Gigahertz; a unit of frequency equal to 102 (one billion)
hertz.
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Grating lobes: In the reference SPS, microwave power-density patterns

which appear as isolated spots arranged in a grid surrounding the
receiving antenna; spacing =400 km, power density = 0.1l W/mz.

GW: Gigawatt(s); a unit of power equal to 10° (one billion) watts.

Harmonic: A component frequency of an electromagnetic wave that is an
integral multiple of the fundamental frequency.

Heterojunction cell: A photovoltaic cell in which the major components

of the semiconductor on either side of the active photovoltaic
region are different.

HLLV: Heavy-lift launch vehicle; used to transport SPS materials from
earth to low earth orbit.

High Z: High atomic number energetic particles (Z > 2); the most
significant biological characteristic of a high-Z particle is its
ability to inactivate many cells along its path.

Hz: Hertz; a unit of frequency equal to 1 cycle per second.

Interference: Unwanted electromagnetic signals preventing good -
reception.

International Telecommunication Convention: The primary treaty

governing the use of the radio spectrum, to which the United
States is a party.

Ion: An atom or group of atoms that carries a positive or negative

electrical charge as a result of having lost or gained one or more
electrons.

Ionizing radiation: Any electromagnetic or particulate radiation
capable of producing ions, directly or indirectly, by adding
electrons to, or removing electrons from, an electrically neutral
atom, group of atoms, or molecule. The SPS would be built and
operated in an ionizing radiation environment.

Ionosphere: The part of the earth's atmosphere (extending from about
50 km to 1000 km above the surface of the earth) containing free
electrically charged particles of sufficient concentration to
affect radiowave propagation over a broad frequency range. The
ionosphere is coincident with the mesosphere and the thermosphere
and reaches into the magnetosphere. The ionosphere consists of
several ionized lavyers or regions, each having chemical and
electrical characteristics different from those of the other

regions; the D and E regions make up the lower ionosphere; the F
region, the upper. See also Atmosphere.
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Ionospheric heating: A conceivable increase in the energy (and
corresponding temperature) of the electrons in the ionsophere
resulting from SPS microwave power transmission through the
ionosphere, so that radiocommunications might be affected.

Ionsopheric hole: A neutral hole in the ionized ionospheric medium
caused when rocket effluents of heavy-lift launch vehicles result
in recombination of ions and electrons.

ISM: Industrial, scientific, and medical; an International Telecom-
munication Union category for devices that convey no signs,
signals, writing, images, sounds, or intelligence of any nature.

ISM band: Industrial, scientific, and medical band; one such band
occurs from 2400 MHz to 2500 MHz, including the radiofrequency of
2450 MHz proposed for an SPS.

ITC: International Telecommunication Convention.

ITU: International Telecommunication Union; a specialized agency of
the United Nations, established by the ITC, to which the United
States is a party. The ITU, which has no police powers, achieves
its mission by gaining accommodation among users.

J: Joule; a unit of work or energy equivalent to that expended by one
watt in one second.

Klystron: A vacuum tube with several ultrahigh-frequency applications;
one of three alternatives studied by DOE and NASA for converting
direct current power to microwaves in a solar power satellite,
klystrons are assumed in the reference system studied in this
report.

km: Kilometer(s); a unit of length equal to 1000 meters. One
kilometer is about 0.6 mile.

kV: Kilovolt(s); a unit of electrial potential difference equal to
1000 volts. -
kW: Kilowatt(s); a unit of power equal to 1000 watts.

kWwh: Kilowatt hour(s); a unit of work or energy equivalent to that
expended by 1 kilowatt in 1 hour.

LEO: Low earth orbit, altitude approximately 500 km.

LET: Linear energy transfer; average amount of energy lost per unit
of particle track length.
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Linear hypothesis (L): The hypothesis that excess risk is
proportional to cumulative dose; it is usually assumed that excess
risk is independent of the degree of protraction and fractionation
of dose. It assumes that a dose-response curve derived from data
in the high dose ranges may be extrapolated linearly through the
low dose range. See also Linear—-quadratic hypothesis.

Linear-quadratic hypothesis (LQ): The hypothesis that excess risk
is given by a polynomial of the second degree in dose, that is,
the dose~response curve is linear in the low-dose range and as
dose increases becomes an upward curving quadratic function of
dose (until cell killing occurs); it assumes that excess risk from

an instantaneous exposure is the sum of components proportional to
dose and to dose squared. It is usually the case that the

dose-squared component is less important if dose is spread out
over a period of time. For this report it was assumed that the
dose-squared term was of negligible importance for exposures on
the order of less than 1 rad per day over a 90-day period. See
also Linear hypothesis.

LMFBR: Liquid-metal fast-breeder reactor(s).

Lower atmosphere: See Atmosphere.

ILWR: Light water (nuclear) reactor(s).

m: Meter(s); a unit of distance. One meter is about 3.28 feet.

Macromolecule: A large molecule (as of a protein) built up from
smaller chemical structures.

Magnetosphere: See Atmosphere.

Magnetron: A two-element vacuum tube used to generate extremely short
radiowaves; an alternative to the klystron for converting direct-
current power to microwaves in an SPS.

Metric ton: A unit of mass equal to 1000 kilograms. One metric ton
is approximately 1.1 U.S. ton.

MHz: Megahertz; a unit of frequency equal to 109 (one million)

hertz.

um: Micrometer(s); a unit of length equal to 10~ (one-millionth)
of a meter.

WW: Microwatt(s); a unit of power equal to 10~® (one-millionth)

watt.

WW/cm?: Microwatt (s) per square centimeter.
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mW: Milliwatt(s); a unit of power equal to 10”3 (one-thousandth)
watt.

mW/cm?: Milliwatt(s) per square centimeter.

Microwave: An electromagnetic wave between approximately 1 mm
and 1 m in wavelength, or, equivalently, between 0.3 GHz and 300
GHz in frequency. Microwaves are a form of energy potentially

suitable for beamed power transmission, e.g., for beaming energy
from a solar power satellite to its ground receiving antenna.

Microwave beam: A beam that transmits energy from a solar power
satellite to its receiving antenna on earth.

Microwave radiation: Electromagnetic radiation at microwave
frequencies. Unlike ionizing radiation, microwave radiation does
not have sufficient energy to ionize biological molecules, but at

relatively high intensity it can cause agitation in molecules that
produces internal heating of tissue.

Mills/kWh: Mills per kilowatt-hour.

Modulation: The process of varying the amplitude, frequency, or phase
of a carrier wave; the resultant variation.

Molecule: The smallest particle of an element or compound that can

exist in the free state and still retain the characteristics of
the element or compound.

MW: Megawatt(s); a unit of power equal to 106 (one million) watts.

NASA: National Aerocnautics and Space Administration.

Noctilucent cloud: A luminous, thin cloud occurring at a height of
about 80 km.

Noise: Electrical or electromagnetic oscillations {(as radiowaves) that
are composed of several frequenies and that involve random changes
in frequency or amplitude.

Nonlinear: Of or pertaining to a system such as an electric circuit
whose response or output is not strictly proportional to stimulus
or input. 1In particular, outputs proportional to higher powers
and cross products of the inputs may occur.

NSF: National Science Foundation.

OSHA: Occupational Safety and Health Administration.
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Out-of-band interference: Interference caused by a
radiofrequency device to systems operating outside the fregquency
band allocated to the device.

Parametric instability: An instability that may occur in an
oscillating system characterized by more than one natural
frequency, when a driving force at a different frequency is
applied.

Phase: The measure of the progression of a periodic wave in time or
space from a chosen instant or position.

Photon: A quantum of electromagnetic energy.

Photoionization: 1Ionization (as in the ionosphere) resulting from
interaction of a photon with a molecule or atom.

Photovoltaic: The power conversion process in which sunlight
is directly transformed into electricity.

Photovoltaic cell: A cell that generates electrical energy when light
falls on it.

Pilot beam: See Pilot signal.

Pilot signal: A signal sent from the ground (at the receiving
antenna site) to the transmitting antenna of the solar power
satellite, used in forming and directing the microwave beam from
the satellite to its receiving antenna. Also called a pilot beam.

Plasma: A collection of charged particles exhibiting some properties
of a gas but differing from a gas in being a good conductor of
electricity and in being affected by a magnetic field.

PLV: Personnel launch vehicle(s), used to transport SPS workers to
low earth orbit.

POTV: Personnel orbital transfer vehicle(s), used to transport SPS
workers between low earth orbit and geosynchronous earth orbit.

Power density: The quantity of electromagnetic energy that flows
through unit area per unit of time.

Primary beam: Main microwave power transmission beam as distinguished
from the pilot beam.

Proton: An elementary particle identical with the nucleus of
the hydrogen atom; along with neutrons it is a constituent of all
other atomic nuclei, and it carries a positive charge numerically
equal to the charge of an electron.
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Pulse: A momentary, sudden fluctuation in an electrical quantity, as
in voltage.

Quad: 10'° (one quadrillion) British thermal units (Btu).

Quantum: An elemental amount of energy.

Radiofrequency heating: Heating of a medium, such as biological
tissue or the ionosphere, by the absorbtion of radiowaves.

Radio Regulations: Annexed to the International Telecommunication
Convention, Radio Regulations set forth the services which use the
radio spectrum and allocate certain portions of the spectrum to
each service.

Radio spectrum: The range of frequency or wavelength appropriate to
radiowaves.

Rad: A unit of energy absorbed from ionizing radiation, equal to 100
ergs per gram or 0.01 joules per kilogram.

R&D: Research and development.

Rectenna: Coined term for a receiving antenna on the ground to which
microwaves are radiated from a solar power satellite and there

converted into conventional electric power, which is injected into
utility grids.

Reference system: The theoretical satellite power system studied in
the DOE/NASA Concept Development and Evaluation Program. The
reference system consists of 60 satellites in geosynchronous orbit
above the conterminous 48 states. Each satellite would collect
energy from solar radiation and convert it into microwaves
radiated to its own receiving antenna on earth. The receiving
antenna would collect the transmitted energy and convert it into

electricity, which could then be fed into the utility grid.

Rem: (roentgen equivalent in man): a unit of dose equivalent equal
to absorbed dose (in rads) times quality factor times any other

necessary modifying factors. It represents a quantity of ionizing
radiation that will cause the same biological damage (of a
specified sort) as one rad of 250 kV (peak) x-rays.

RF: Radiofrequency; an electromagnetic wave frequency intermediate
between audio frequencies and infrared frequencies, used in radio
transmission.

Satellite power system: See Reference system.

Scattered power: Power that is reflected or dispersed as the result
of an obstruction in the path of the primary power flow.
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Side lobe: Refers to the power radiated from an antenna in a
direction other than the desired direction of transmission.

Signal: Electrical impulses, sounds, etc., received or transmitted.

Solar cell: A photovoltaic cell that is able to convert sunlight into
electrical energy and is used as a power source.

Solar (cell) array: A group of solar cells with supporting structure
and wire interconnections; the array converts sunlight into

electricity and is the single most important element of the SPS.

Solar flare: A sudden temporary outburst of energy from a small area
of the sun's surface.

Solar maximum: A period of maximum solar activity in the solar cycle

of approximately 11 vears duration, characterized by variations in
sunspot number. See also Solar minimum.

Solar minimum: A period of minimum solar activity in the solar cycle.
See also Solar maximum.

Solid-state (microwave) amplifier: A device that could be used in a
solar power satellite to convert direct-current power to
microwaves. See also Klystron.

Specular reflection: A bright, directed reflection, like that
produced by a mirror or mirror-like surfaces.

SPS: Satellite Power System(s). See Reference system.

Spurious power: Electromagnetic energy produced at frequencies that
are not easily related to a specified operating frequency.

STS: Reuseable Space Transportation System, popularly known as the
"space shuttle."

Terrestrial photovoltaic systems: Technologies involving

photovoltaic cell arrays on earth for converting solar energy to
electricity.

Terrestrial solar systems: Technologies, in various stages of

development, amenable to small-scale use on earth, for converting
solar energy to electricity; they involve soclar«thermal,
photovoltaics, wind, ocean-thermal energy, and biomass.

Thermionic emitter: A conducting material that when heated to high
temperatures emits electrically charged particles.

TPS: Thermal protection system.
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Transmitting antenna: The antenna, about 1 km in diameter, attached
to the solar power satellite that beams microwaves to a receiving
antenna on earth.
TVA: Tennessee Valley Authority.
U: Uranium.

UHF: Ultrahigh frequency.

Ultraviolet: Electromganetic waves lying just beyond the violet end
of the visible spectrum.

Upper atmosphere: See Atmosphere.

Van Allen belts: A region comprising two broad zones of intense,
natural ionizing radiation encircling the earth at varying levels
in the upper atmosphere.

VHF: Very high frequency.

W: Watt(s).

WARC: World Administrative Radio Conference. One of various
conferences of the ITU that deals with international 1issues
concerning use of the electromagnetic spectrum.

W/kg: Watt(s) per kilogram.

W/m2= Watts(s) per square meter.
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