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Chapter 6
SPS IN CONTEXT

ENERGY

Introduction

Because of its long development leadtime,
solar power satellites (SPS) will not be avail-
able to any extent before the early part of the
next century and will therefore do very little to
relieve our dependence on imported oil. SPS'’s
primary use would be to replace old power-
plants and meet any new demand for elec-
tricity. Consequently, the potential value of
the SPS must be determined in competition
with other future electricity sources and in the
context of U.S. and global electricity demand.
This chapter examines this topic in detail by
looking at the future demand for energy, and
electric power in particular, in the United
States, and the various supply options that
could compete with the SPS. Global energy de-
mand and the SPS in a worldwide context is ex-
amined in chapter 7.

Overview

The U.S. energy future can be divided into
three time periods according to the supply op-
tions that will be available. These periods are
roughly the next 10 years (near term), from
1990 to approximately 2020 (the midterm or
transition period), and beyond 2020 (the long
term). Although these boundaries are not hard
and fast, they roughly define periods in which
particular energy supply forms will dominate.

Near Term

In the near term, there will be no significant
change from our current reliance on oil, natu-
ral gas, and coal. Currently about 92 percent of
our Nation’'s energy supply comes from these
fuels. About one-quarter of the total is im-
ported (almost all in the form of oil). Because
of finite supplies, overall consumption of these
liquid and gaseous fossil fuels must eventually
be reduced. However, the most important goal
over the next decade is the reduction of oil im-
ports in order to avoid the severe economic

problems that would result from potential sup-
ply interruptions and to improve the U.S. trade
deficit. To do this, concentration must be
placed on lowering demand growth by increas-
ing the efficiency of energy use, and switching
to the use of more abundant domestic fuels.
Of the two, improving energy efficiency will be
the major new source of energy because of the
much longer leadtime needed to bring on new
fuel supplies such as coal and nuclear. Do-
mestic oil and natural gas can be developed
more quickly, but it is not likely that they will
contribute to reducing oil imports since both
will probably decline in production for the
decade. A recent OTA technical memoran-
dum’ estimates a 25-to 45-percent drop in U.S.
oil production by 1990. Thte use of nuclear
energy will increase, but at a slower rate than
in the 1970’s. Finally, solar and biomass energy
production will grow rapidly during the 1980's
but the absolute magnitude will be low com-
pared to oil imports. Therefore, although an in-
crease in the amount of coal, solar, biomass,
and possibly nuclear energy sources is ex-
pected, they will probably not be able to con-
tribute enough by themselves to relieve the
pressures caused by U.S. dependence on im-
ports.

Transition Period: Midterm

In the period from 1990 to 2020, substantial
supply shifts will occur. Although the period
will begin with heavy dependence on coal, oil,
and natural gas, it will end with a much greater
reliance on renewable and inexhaustible ener-
gy resources. U.S. dependence on imported oil
will almost surely come to an end if for no
other reason than that the availability of oil on
the world market will have dropped substan-
tially. World oil production may drop as much
as 20 percent by 2000 and fall off sharply
thereafter. The dominant fuels during this

‘Office of Technology Assessment, U.S. Congress, “World

Petroleum Availability, 1980-2000,” technical memorandum, Oc-
tober 1980, OTA-T M-E-5
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period are likely to be coal (for synthetic fuels,
direct combustion, and electricity generation),
natural gas, and possibly conventional nu-
clear. During this period, strong growth of re-
newable and inexhaustible sources such as
solar and biomass can be expected. Uranium is
a small enough resource that conventional
nuclear must be considered a transition energy
source. However, the supply of coal appears to
be substantial enough to play a major role well
into the 22d century. Whether these fuels con-
tribute significantly beyond the midterm de-
pends on the successful resolution of their
short- and long-term environmental and safety
questions.

It is also during this period that SPS and
other long-term candidates such as breeder re-
actors and perhaps fusion may begin to reach
commercial status. The transition period will
be the time when a number of long-term tech-
nologies will compete with one another for a
role in the future on the basis of economics
and public acceptance. This competition will
also depend heavily on the relative economic
efficiency of different ways of using energy, as
will be discussed below.

Long Term

In the long term, the United States and the
world will be almost totally fueled by in-
exhaustible energy sources. Although rapid
growth of sources such as the SPS during the
first decades of the century may be seen, it will
not be until the middle of the next century that
they could become as commonplace as coal,
electric, or even nuclear plants are today.

It is not clear which renewable and in-
exhaustible sources will dominate. It may be
that small-scale, onsite solar systems coupled
with an extremely energy-efficient economy
will be the ultimate future. It may also be that
a mix of technologies such as onsite solar,
biomass, fusion and/or SPS will be used.
However, the choice will be made in the transi-
tion period and will be based primarily on the
projected costs of competing supply systems
and demand technologies.

Determinants of Demand

SPS would fit most easily into a high electric
growth future. Such a future is contrary to re-
cent low growth trends. In fact, many conser-
vation initiatives have been directed at reduc-
ing the use of electricity because of the high
energy losses at powerplants. Nevertheless,
changes in relative fuel prices and gains in the
efficiency of electric generation and use could
dramatically change the picture.

The energy technology choices the United
States and the world will make in moving
through the three periods described above will
be primarily dictated, as always, by relative
costs. Until recently the dominant factor deter-
mining the development of energy tech-
nologies has been the type of resource and its
availability. The abundance of oil and natural
gas, and the ease with which it could be
transported and burned, dictated the de-
velopment of most of the energy-using equip-
ment currently in existence. Some of this
equipment could have been powered more ef-
ficiently by electricity, but this advantage was
often dwarfed by the cost advantage these
fuels had over electricity. However, many ap-
plications such as electric motors can be made
significantly more efficient, reducing the fixed
cost penalty.

In the past few years the relative prices of
these energy forms have changed because of
the rapid increase in oil and natural gas prices.
Current average electricity prices are about
twice that of oil and four times that of natural
gas. In 1960, the ratio of electricity to oil and
natural gas prices was 7 to 1. Even though the
costs of new powerplants are rising rapidly,
those of electricity will probably rise more
slowly than oil and natural gas, primarily
because of the relative abundance of coal and
uranium. Itis even possible that synthetic fuels
from coal and biomass may be more expensive
than electricity from coal, particularly as
newer, more efficient coal combustion tech-
nologies are introduced.

The total cost to the energy user also in-
cludes the cost of the energy consuming equip-
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ment. Electric powered equipment is often
cheaper than gas or oil fired counter parts.
This advantage will become increasingly im-
portant as the prices of oil and gas narrow the
gap with the price of electricity.

The implication of these effects is that elec-
tricity may become the cheapest energy form,
when both supply and demand are considered,
for many applications that could use a multi-
plicity of energy forms. The reason is that the
price differential between electricity and the
other energy forms (liquid and gaseous fuels,
direct solar, etc.) will likely be small enough
that it could be overcome by cheaper and
more efficient electric end-use technologies.
Some of these, such as heat pumps for space
and water heating, are already in use, while
others, such as inexpensive electrochemical
processes and long-life storage batteries, re-
quire further development, [f such develop-
ment is successful and electricity does become
the cheapest energy form for most uses, then
electric demand growth could become quite
rapid even though total energy demand may
grow very slowly or not at all.

If this holds, solar power satellites will have
an easier market to penetrate than if the elec-
tric utilities continue their recent slow growth.
Thus, the fate of SPS rests as much on the abili-
ty to create energy efficient electrical end-use
technologies as it does on the relative eco-
nomics of other electric generatin technol-
ogies. One caveat must be added, however. If
demand technologies for fuels keep pace with
the efficiency improvements of electric de-
mand technologies, such dramatic switchin,
may not occur.

Electric Demand Technologies

To see if such a future is technically possible
a closer look is taken at current and potential
uses of electricity. Because of electricity’s
unique properties it has been used for
specialized tasks such as lighting because of
the high temperature needed to excite the visi-
ble spectrum. Here, electrical energy is con-
verted to visible electromagnetic radiation as
well as to heat. Nearly 60 percent of all elec-
tricity is used to perform mechanical work

through the use of motors. Electricity is also
used for industrial electrochemical processes
such as in aluminum and steel production, for
specialized induction-heating applications and
for microwave and infrared furnaces. A small
but crucial amount is used to power the Na-
tion’s electronic systems. Finally, electricity is
used in the crudest form possible, namely for
direct conversion to heat.

Although these uses are more varied than for
the other major fuels, they account for less
than 12 percent of the total end-use energy de-
mand in this country. The other 88 plus percent
is direct combustion to provide direct heat,
steam and mechanical drive. As indicated, for
electricity to penetrate this latter market it will
be necessary to make technical advances to
give electricity a cost advantage at the end-use
that can compensate for its higher cost at the
production point.

To do this requires making use of the special
character of electricity as an energy form.
Electricity is a high-quality fuel (thermo-
dynamically work that is heat at infinite tem-
perature). Therefore, it can be used for any
kind of mechanical work or it can be con-
verted to heat at any temperature. The best
known example of the latter property is the
heat pump for space heating. This is now being
applied to water heating and certain drying ap-
plications with a substantial reduction in
energy use over electric resistance heating and
apparent cost advantages over solar.

In the industrial area, there is considerable
potential for increased use of electricity. For
instance, in steel making it can be used for the
plasma-arc process and direct-electrolytic re-
duction of iron. Although these processes have
been arourd for several years, technical de-
velopment is still needed. In a nearer term ap-
plication, the direct reheating of steel by high,
pulsed electric currents could result in a sig-
nificant reduction in fuel use compared to
direct-fired processes, and also reduce mate-
rial loss by eliminating oxide formation that
occurs with direct firing. In other areas ad-
vances have been seen recently in the efficien-
cy of electric motors that are now competitive
with steam drives in many applications such as
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mechanical presses for metal forging. A more
speculative but very interesting area is the use
of laser or microwave radiation to drive in-
dustrial chemical reactions, instead of heat.

In ground transportation the principal prob-
lem is the development of long-lived, light-
weight, reliable storage batteries. Electric
drive using motors with precise solid-state
speed control can be made very efficient, as
has been demonstrated on many of the world’s
railroads. Advances have recently been made
in battery technology but the general feeling is
that “ideal” batteries are at least a decade
away.

The industrial sector is presently only 13-
percent electrified, while the transportation
sector only uses a negligible amount of elec-
tricity. Thus, these are the markets that elec-
tricity must penetrate to become the dominant
energy form. However, some new technologies
have the potential to reduce industrial de-
mands without creating new markets for elec-
tricity. In the chemical industry, for instance,
biogenetic methods of feedstock synthesis
could replace thermochemical methods, re-
ducing fuel usage without substituting elec-
tricity. About half the present industrial elec-
tric demand could be offset by cogeneration, a
technology that is not strictly a demand tech-
nology but which could nevertheless reduce
electricity needed from the grid. 1n the trans-
portation sector, battery research as a key to
electric vehicles must compete with the effi-
ciency improvements possible with high-
mileage advanced vehicles using synthetic or
biomass-derived liquid fuels. The buildings
sector is already the most heavily electrified
and some electric technologies, such as com-
mon appliances, are nearing saturation.

The achievement of highly efficient, electric
demand technologies would change not only
the balance of fuels now used but also the sec-
toral usage patterns of electricity, with
dramatic growth in the industrial and transpor-
tation sectors, and less in the buildings sector
which has shown the greatest postwar growth
in electric demand.

Conclusion

It is likely that as technologies using elec-
tricity are improved or new efficient uses are
found, improvements will be made in using
other future nonelectric energy sources such
as biomass and direct solar. While all of these
developments are many years away, it is this
environment in which the SPS will compete.
The success or failure of these new electric
technologies will have a great deal to do with
determining whether or not a market exists for
SPS as well as the other large-scale, electric-
generating technologies.

Energy Supply Comparisons

Introduction

Comparisons with other energy technol-
ogies, both current and future, are a critical
part of assessing a proposed new energy tech-
nology. A host of criteria, only some of which
are readily quantifiable, is available for com-
parison purposes. Costs, environmental im-
pacts, scale, complexity, versatility, safety,
and health risks are some of the more impor-
tant factors of choice that ultimately deter-
mine the relative desirability of a given energy
technology. For technologies currently in
place these factors are generally well known.
For future technologies they are more often
only poorly known. Nevertheless, choices
among future energy technologies must be
made, either in the R&D phase, or, later, in the
marketplace.

Criteria for Choice

Whenever decisions to proceed with or halt
the development of a given technology are
made, it is important to lay out the framework
of choice, to develop a set of criteria by which
one may judge the relative benefits and draw-
backs of different technologies. In addition to
providing a basis for choice, such a list can
also help to identify the essential distinctions
between technologies and highlight areas that
will need further R&D.

Table 14 lists 32 criteria developed in an
OTA workshop that are often used in compar-
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Table 14.—Criteria for Choice

Plant description

1. Scale of power output (range in megawatts)

2. Power output in relation to load profile (baseload,
intermediate, peaking)

3. Versatility (other output besides electricity)

4. Complexity (high, medium, low) and maintenance
requirements (controllability)

5. Reliability (percent of time available to the grid)

6. Nominal capacity factor (percent time operating)

7. Material requirements

8. Labor requirements

9. Land requirements

10. Construction leadtime (years)
11. Lifetime (what are key determinants)

costs

12. Opportunity costs of RD&D (dollars and people)
13. Net energy ratio

14. Operating costs (cents/kWh)

15. Capital costs ($/kW)

16. T&D costs (cents/kWh)

17. “Decommissioning” costs

Impacts

18. Institutional (organization and ownership) impacts
19. Safety and health risks (magnitude and distribution)
20. Environmental risks (magnitude and distribution)
21. National security risks of normal or unintended use
22. Military vulnerability

Deployment consideration

23. Time period to commercialization

24. Geographic location; location of plant with respect to
load centers

25. Compatibility with other technologies and utility grid

Other

26. Probability for success (high, low, medium)

27. Initial demonstration requirements (large or small)

28. Resource constraints (domestic, international)

29. Risks/impacts of RD&D failure (chance it may become
prematurely obsolete)

30. Relative uncertainties to be resolved by RD&D (e.g.,
sensitivity of efficiency to design parameters)

31. Is it a viable example for rest of world?

32. Nature of R&D process (public, private, classified)

SOURCE: Office of Technology Assessment

ing electrical generating technologies. Most fit
into four broad categories: plant description,
costs, impacts, and deployment considera-
tions. These criteria establish a context for
evaluating the SPS in relation to other future
energy technologies.

Five Future Energy Technologies

In the timeframe that the SPS would be most
likely to play a role in the U.S. energy future,
the other energy sources that are likely to
contribute will be predominantly the renew-
able and inexhaustible ones. OTA has chosen
to study the SPS in comparison to terrestrial
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solar thermal technologies, terrestrial solar
photovoltaics, advanced fission (the breeder),
and fusion. If the health and safety problems
of coal are satisfactorily solved, it could also
be a major electric supply technology in the
period that SPS could become available. In ad-
dition, there may also be a component of con-
ventional nuclear power still operating in the
second and third decades of the 21st century
(the timeframe after 2010 that is most likely for
SPS deployment).

The data that OTA generated for these tech-
nologies are supplemented by the electrical
supply comparisons which Argonne National
Laboratory made for the Department of
Energy (DOE/SPS) assessment program.’DOE
chose to study conventional and advanced
coal technologies, light water reactors, liquid
metal fast breeder reactor (LMFBR) breeders
fusion, the reference system SPS, and ter-
restrial photovoltaics operating in a peaking
mode. Their data will be discussed along with
the results that OTA obtained. Coal and con-
ventional nuclear power will be presented first
to provide a reference for the future energy
technologies in the discussions that follow.

THE COAL BENCHMARK

The coal resources of this country are
almost incomprehensibly large. Even if pro-
duction were to triple, in that case coal would
serve about half the present U.S. energy needs,
known recoverable reserves would not be ex-
hausted until late in the next century. Es-
timated additional reserves could take this
production well into the 22d century. Thus, for
all practical purposes, the supply of coal is in-
exhaustible.

Unlike any other long-term energy source,
coal can be exploited with known, proven
technology at costs that are competitive now.
Advanced coal technologies such as com-
bined-cycle gasifiers and magnetohydrody-
namics, are not vital to coal’s future but could

M E Samsa, “SPS and Alternative Technologies Cost and
Performance Evaluations, ” The Final Proceedings of the Solar
power Satellite program Review, CON F-800491 (DOE), 1980.

‘Program Assessment Report Statement of Findings, SPS Con-
cept and} valuation Program, DO F/E R-0085, 1980
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improve the efficiency and economics of coal-
fired electric power. Thus, of all the options
for large-scale, long-term production of elec-
tricity, coal is the least uncertain technolog-
ically and economically and it is appropriate
to view it as a benchmark for evaluating the
others, including SPS.

Technological and economic criteria are not
the only alternatives to consider. Any energy
source must have generally acceptable health
and environmental impacts. Coal evokes de-
pressing memories of scarred landscapes, suf-
fering miners and smokey skies. Today, this
reputation is no longer deserved. Modern coal
mining and combustion techniques, when
properly applied, have reduced virtually all
these objectionable impacts to the point where
damage is clearly a small fraction of what it
once was.

The actual future of coal, however, is much
less certain than its potential. Issues arising
when expanded mining and use are considered
can be divided into three categories: interrup-
tions, control costs, and risks. These will be
discussed in some detail because if coal does
not realize its potential, the reasons will prob-
ably be found here.

Interruptions are intermittent events that
prevent scheduled plans from being fulfilled.
Strikes by miners and transportation break-
downs are obvious examples. Opposition by in-
tervenors that prevent facilities from being
built might be included here. These factors
can't be completely eliminated, but proper
planning can reduce disruption. The major
long-term effect is to deter potential users
from turning to coal if they have other options
and are concerned about the reliability of the
coal supply.

The cost of controlling coal’s negative im-
pacts is high. Reclaiming surface mined lands
and reducing the emissions of combustion
have received the most attention. For instance,
the Clean Air Act Amendments of 1977 have
required the use of the “best available control
technology” for limiting emissions of sulfur
oxides. Utilities have been concerned not only
because of the expense of the flue-gas scrub-

bers, but also because the equipment in use
has generally shown disappointing reliability.
However, current systems appear to be consid-
erably better than early designs, so utilities
can, if they are careful, be confident that their
equipment will function reliably and effec-
tively.

The regulatory approach has been to ensure
that the impacts are controlled to the point
where it is clear that known damages are
sharply reduced. As mentioned above, it ap-
pears that this goal has been achieved. As
more information is gained, it is possible that
control can be loosened without increasing the
risk. For instance, new data on the damage
caused by sulfur oxides and sulfates, and bet-
ter data on the long range transport and chem-
ical transformation of these and other pollut-
ants might allow more selectivity in emissions
control. Thus, the costs of controlling impacts
may be reduced rather than increased in the
future. Such a reduction would improve coal’s
competitiveness with nuclear power or SPS,
unless some of the unproven risks are con-
firmed.

There are three major risks to long-term coal
combustion that could limit expansion or
make it much more expensive: public health
effects, acid rain, and carbon dioxide (CO0,).
Coal combustion pollutants have been linked
by statistical analyses to tens of thousands of
deaths per year. These studies are highly con-
troversial and have been neither proven nor
disproven. If they are generally accepted, con-
siderable reduction of sulfur and nitrogen
oxides would probably be necessary. This
reduction would probably call for greater use
of coal cleaning before combustion, combus-
tion modifications and higher efficiency flue-
gas desulfurization systems. Such changes
would be expensive but unavoidable if the
public demands cleaner air because of con-
cerns over health risks.

The documentation for damage by acid rain
is better than for public health effects, but is
still not conclusive. Acid rain is evidently
caused by the same pollutants suspected in the
public health issue, but the scientific under-
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standing of pollutant transport and chemical
conversion is poor. Furthermore, while acidifi-
cation of certain lakes and streams is strongly
suspected, extensive damage to terrestrial eco-
systems is only surmised. If this damage is
proved and found too costly, the remedy
would be the same as for public health effects.
However, it must be emphasized that proof of
damage is insufficient. The pollutants must be
traced back to their source in order to know
where to implement controls. Otherwise inef-
fectual or overly expensive control strategies
may be implemented.

The final risk, excessive CO,released to the
atmosphere, is by far the most intractable. The
adverse impacts that have been suggested
dwarf those of any other human activities with
the possible exception of nuclear war, The CO,
produced by burning fossil fuels and clearing
forests accumulates in the atmosphere. Some
of the CO,that is produced is absorbed in the
oceans, but the dynamics of the CO,balance
are not well-understood. The concentration in
the atmosphere is increasing by 5 percent per
year since 1958. CO,is transparent to most of
the incoming sunlight that warms the Earth.
Normally much of this is radiated back to
space in the form of infrared radiation, but
CO, tends to absorb and block this longer
wavelength radiation. This mechanism, the
greenhouse effect, is an essential ingredient in
maintaining the proper temperature balance
on the Earth. However, if sufficient quantities
of CO,are added to the atmosphere, addi-
tional heat will be trapped to warm the Earth
significantly.

A number of studies of atmospheric CO,
levels predict that concentration will rise to
two to eight times today’s level in the 21st and
22d centuries. While there is continuing discus-
sion about the effects of this buildup, the ma-
jority of the scientific community agrees that
the probability of global warming and other
climate changes is sufficiently high to warrant
exceptional attention.”Changing climate pat-
terns, even if they turned out to be ultimately
beneficial, would cause enormous disruption,
especially with agriculture. At least 10 years

‘Office of Technology Assessment, U S Congress, The Direct
Use of Coal, OTA-E-86, 1979

will be required before enough is known to
make intelligent decisions about the signifi-
cance of the effects of increased CO,in the
atmosphere. The contribution of fossil fuel
combustion to the CO,buildup, the results of
this buildup on the heat balance and climate,
and the effects of climate changes must all be
studied extensively. At some point, however, it
may be necessary to limit coal combustion in
order to limit CO,emissions since it is highly
unlikely that any practical means of removing
CO,from the flue gases will be devised.

In summary, as far as we can tell now, coal is
capable of supplying most of the electric
power this country is likely to need for many
generations. The effects of the release of extra
CO, to the atmosphere are sufficiently in
doubt that other options must be prepared in
case they are required. However, until we
know that it constitutes a serious problem the
development of other options must be justified
on the basis that they will be cheaper or more
attractive in some other way than properly
control led coal.

CONVENTIONAL NUCLEAR

Conventional nuclear plants totaling 55,000
MW of power are now operational and another
106 reactors totaling 118,000 MW are either on
order or under construction.’This is a substan-
tial base for the nuclear technology, but it is
guestionable whether it will be fully realized
or expanded because of public opposition,
licensing problems, financial uncertainties,
and eventually resource limitations.

Public opposition has been especially visi-
ble. While public opinion polls still show sup-
port for nuclear energy, this support has been
weakened for several reasons. Low-level radia-
tion release and other problems with routine
operations contribute to public concern. Pub-
lic support has also eroded because of con-
tinued lack of a suitable site and demonstrated
means for nuclear waste disposal. Further mis-
haps such as the accident at Three Mile Island
could condemn the technology in the eyes of
many who now reluctantly accept it. Finally,

‘Department of Energy, “U S Central Stations Nuclear Gener-
ating Units, " September 1980
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the possibility that nuclear energy could con-
tribute to nuclear weapons proliferation dis-
turbs many, though it is debatable whether
renunciation of the nuclear option by the
United States would materially reduce this
risk.

Most of these problems, except prolifera-
tion, can be ameliorated by improved technol-
ogy, procedures, and regulations. But if im-
provements are not made quickly, public
opinion could swing against nuclear power in
the United States as it has on occasion in other
Western democracies (e.g., Sweden and Aus-
tria). Even if opponents remain in a minority,
they can find many opportunities to trouble
the industry through legal actions, regulatory
appeals and ballot initiative. None of these
may Kkill a particular project, but they could
discourage utility executives from choosing
the uncertainty and frustration associated with
nuclear power as long as they have other op-
tions such as coal.

Utility decisionmakers also have to consider
licensing and financial uncertainties. At pres-
ent, many design criteria for nuclear plants are
so poorly defined that it is virtually impossible
to get a new reactor licensed. ' This problem
may be resolved over the next few years, but
recent trends have not been reassuring. For in-
stance, a review now underway—to determine
if fundamental changes in reactor designs are
necessary to contain melted fuel cores in case
of severe accidents— is expected to last sev-
eral years.

Some regulatory rulemaking problems stem
from a lack of conclusive data. Others appear
to reflect the Nuclear Regulatory Commis-
sion’s lack of a clear picture of what it wants
to accomplish and how to do it. Both types of
uncertainties have to be resolved before the
utilities will consider ordering many more reac-
tors.

Utility companies also face uncertainty con-
cerning both the capital available to build
plants and the risk of a long-term shutdown.
The cost of a new nuclear plant is now close to

*Office of Technology Assessment, U S Congress, Nuclear
Powerplant Standardization, OTA-E-1 34, April 1981

$2 billion. Not many utilities can raise that
much capital, even when the projected costs
of power at the busbar are favorable. Even
now, many plants are being built as joint ven-
tures by several companies. A continuation of
high interest rates could delay many plans for
capital-intensive projects. And after an expen-
sive reactor starts operation, the utility bears
an additional economic risk due to the possi-
bility of unplanned shutdowns. The Three Mile
Island (TMI) accident and the Browns Ferry f ire
led to lengthy shutdowns that forced huge ex-
penditures by the owner utilities, which then
had to generate or buy expensive replacement
power. The present financial difficulties of the
owner of Three Mile island, General Public
Utilities, illustrate how critical this concern
will be for other utilities.

Availability of fuel will eventually be a
serious constraint if conventional reactors are
used in the midterm to long-term future, with-
out a shift to advanced nuclear breeders. The
Committee on Nuclear and Alternative Energy
Systems (CONAES) estimated that enough ura-
nium exists in this country to fuel at least
400,000 MW for the lifetime of the reactors (40
years). ' This would allow the construction of
another 227,000 MW of capacity. If ordering of
new reactors resumes in 1985 and continues at
the rate of 10 reactors per year, the last one
would be ordered in 2008. Because of retire-
ments, by 2050 nuclear power would be back
to near its present level. Peak energy output
under this scenario would be about 5.6 (end
use) Quads in 2015. However, discovery rates
for uranium ore and imports and exports of
uranium could change the total availability in
an unpredictable way.

The greatest single long-term uncertainty
facing the industry is the future electricity
growth rate, just as it is for the SPS. Over the
next several decades, moderately high growth
rates might require much more nuclear power,
but as discussed in this chapter, the growth
rate may be more modest. However, low
growth need not preclude nuclear, and might

‘tnergy in Transiton, Committee on Nuclear and Alternative
Energy Systems {CONAES), National Academy of Sciences,
Washington, D C, 1979
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enhance the attractiveness of nuclear com-
pared to other future central power options,
such as SPS, that require large deployments to
justify the development cost.

Nuclear energy can have a future if its prob-
lems are addressed effectively and decisively.
To some extent this is happening. The accident
at TM | has revealed weaknesses in reactor
plant design and operator training, to which
the industry and the NRC are responding with
initiatives such as the Institute for Nuclear
Power Operations and the Nuclear Safety
Analysis Center. As a result of the events in the
past 2 years, both regulators and utilities seem
more conscious that extreme safety is in every-
one’s interest.

Whether these measures will ensure safety
in the future and enhance the industry’s public
image without pricing the technology out of
reach is still an open question.

FIVE FUTURE TECHNOLOGIES

The following discussion summarizes the
salient characteristics of the four central
renewable or inexhaustible energy technol-
ogies that have been chosen for comparison
with the SPS. While each of these alternatives
is compatible with centralized electricity pro-
duction in a utility application, they are not
equally applicable for baseload power produc-
tion. Photovoltaics and solar thermal sources
vary over the course of a day and the season in
a fashion that makes them well-suited for
peaking applications. Fusion, the breeder and
SPS would work most efficiently producing
constant power 24 hours per day, so they are
naturally suited for baseload power produc-
tion. The applicability of photovoltaics and
solar thermal can be broadened to cover in-
termediate and possibly baseload applications
by the addition of storage capability, but over
the next 10 to 20 years there may be little
cause to do so, for two reasons. The first is that
the most cost-effective application of solar
thermal and photovoltaic systems is likely to
be as fuel savers until all the oil and gas-fired
generating facilities have been retired from
utility systems. Second, electric storage is far
more versatile and cost effective for a utility if

it is not restricted for use with a single plant. A
recent study by the National Academy of
Sciences’ concludes that when wind, photovol-
taics, or solar thermal is used in a utility
system, “it is typically not desirable to have
dedicated storage but wiser to provide the
backup energy from the grid.” Except for a
small amount of storage to handle short-term
variations of sunlight in solar thermal applica-
tions, the conclusion that dedicated storage is
not appropriate for terrestrial renewable elec-
tric technologies is generally well-accepted.

Currently, electrical generation is fueled
largely by oil, natural gas, coal, fissionable
material, and stored water. For the time period
when the SPS is most likely to find applicabili-
ty, there may not be as great a diversity of
energy supply technologies connected with the
utility grid as is now enjoyed; hence terrestrial
solar technologies may be used in a different
mode than the one that seems most desirable
now (i. e., peaking or intermediate). It is also
desirable to compare all the future electric
technologies on a common basis. For this
reason, OTA has prepared cost estimates for
solar thermal and photovoltaics operating in a
baseload mode. Because photovoltaics also
possess the unique property among these
future energy systems of being modular on a
very small scale, its use in a dispersed mode—
both connected to the electric grid and inde-
pendent of it—will be discussed in a separate
section. In the future, it would be also worth-
while to compare SPS to an energy scenario
composed of a number of dispersed solar tech-
nologies working in complementary fashion.

The following discussion will give the major
characteristics, cost sensitivities and uncer-
tainties, factors affecting deployment, and
foreseeable impacts of the different renewable
and inexhaustible energy sources. First, a short
summary of each technology will be given, fol-
lowed by comparisons. Table 15 presents the
relevant characteristics of each of the 5 tech-
nologies in matrix form.

*Energy Storage for Solar Applications,” Committee on Ad-
vanced Energy Storage Systems, National Academy of Sciences,
1981
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Table 15.—Characteristics of Five Electrical Technologies

Criteria Fusion Breeder SPS Solar thermal Photovoltaics
Plant description
Scale of power 500-1,500 MW 500-1,500 MW 1-100 GW (lasers 10 kW to greater 10 kw-100 MW
output smaller) than 100 MW
Power output in  Baseload Baseload Base load Peaking, intermediate, Peaking, intermediate,

relation to load
profile

Versatility

Complexity
Reliability

Also large-scale, high-
temperature process
heat; synfuels, pro-
duction of fissile
materials

High
Between 0.6 and 0.75

Nominal capacity 0.6 to 0.75

factor

Material
requirements

Labor
requirements

Land
requirements

Construction
leadtime

Lifetime

Costs of RD&D

Net energy
balance
Operating costs

Capital costs

T&D costs

Decommission-
ing costs

Impacts
Institutional im-
pacts (owner-

ship)

Design specific, can
design around; stay
away from specialized
alloys

Like LWR

Same as LWR. Less
than 1 acre/MW (in-
cluding fuel cycle)

5to 12 years?

Greater than 30 years
(first wall material)

$20 Billion to $30

Unknown

Almost no fuel costs.
Same as LWR, but
less confidence

$2,000 to $2,500/kW;
lower for a 5-GW plant

Same as any central
system

Minor

Similar to present
institutional structure

Also large-scale, low-
temperature process
heat; synfuels; pro-
duction of fissile
materials

Medium

Same as LWR (fuel
cycle reliability?)

Same as LWR

None

Like LWR

Same as LWR

5 to 12 years (including
licensing)

Greater than 30 years
(replace steam
generator;

$10 billion to $15
billion (?)

l-year payback

1to 2¢/kWh

$1,500 to $2,000/kW

Same as any central
system

Minor

Similar to present
institutional structure

Centralized, limited ver-
satility. Some military
connection and
relevance to space
colonies and space
manufacturing

High

No good reason to
think it’s worse than
steam technologies.
Between 0.6 and 0.9
(laser-exception)

Between 0.6 and 0.9

Can design around,
common material, so-
phisticated process-
ing

Few and skilled for
space construction,
less skilled for receiv-
er construction

Comparable to other
centralized solar
systems; 6.5
acres/MW or less

Similar to other cen-
tralized technologies,
5to 12 years

Greater than 30 years;
design like other
systems, but limited
experience

$40 billion to $100
billion to achieve first
operating satellite

2- to 20-year payback

0.3 to 1.5¢/kWh; low as
percentage of
delivered cost

$1,500 to $17,000/kW

Similar or greater than
other central systems
(reliability). Need to
consider outage prob-
lem

Push out of orbit. Small
at 4-percent discount
rate over 30 years

Requires new manage-
ment organization; in-
ternational involve-
ment possible

baseload (with stor-

age, but expensive at

high-capacity factor)
Also cogeneration,

baseload (with storage
expensive)

Cogeneration?

high-temperature proc-

ess heat

Low

Between 0.6 and 0.9,
like other steam
plants

Without storage:

0.2 to Without storage:

Lowest
Greater than 0.9 (= 1-
time for repair)

0.2 to

0.25. With storage: up 0.25. With storage: urp

to 0.

Plentiful, domestic
materials; need to
build manufacturing
industry

Moderate to large, de-
centralized larger

5 to 10 acre/MW

5 years for 100-MW
plant

Greater than 30 years

Low $0.5 billion plus
$0.5 billion to $1.0
billion

1- to 2-year payback

to 0.9. Also depends
on region

Plentiful, domestic
materials, like nuclear

Moderate to large,
decentralized larger

10 acre/MW incre-
mental addition could
be zero

Short; minimum 48
hours for 7 kW

Greater than 30 years

$1 billion to $2 billion

2-to 20-year payback

1to 4§ercent of capital 1 percent; $20/kW/yr;

costs; $40 to
$60/KWIyr
$1,500 to $3,000/kW

less for centralized

$2,000 to $3,000/kW
(peak) ($1.60 to
$2.20/PW) (without
storage)

Centralized—same as Centralized—same as

other systems; decen-

tralized is negligible

Negligible

Decentralized— medi-
um to high impacts;
centralized— similar
to present infra-
structure

other systems; decen-
tralized is negligible

Negligible

Decentralized— medi-
urn to high impacts;
centralized— similar
to present infra-
structure
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Table 15.—Characteristics of Five Electrical Technologies (continued)

Criteria

Fusion

Breeder SPS

Solar thermal Photovoltaics

Safety and health Safer than PWR

risks

Environmental
risks

National security
implications

Military
vulnerability

Deployment

Time to commer-

cialization

Small for routine opera- Small for routine opera- Upper atmosphere ef- Small

tion
Designs other than

hybrid less significant Proliferation potential

than breeder -
Same as any central
ized powerplant

considerations

30 years plus

Geographic loca- Low population area

tion with re-
spect to load
centers

Compatibility
with other tech-
nologies and
utility grid

Other
Probability for
commercial

success
Demonstration
requirements

Resource
constraints
Risks of RD&D
failure

Relative

uncertainties
Is it a viable ex-

ample for the
rest of the
world?
Nature of RD&D
process

Good

Low to medium

Large, but not as large
as SPS

None

High, but for next 10
years little risk, $20
billion

High, complex

Yes

Magnetic—public;
inertial —classified

SOURCE: Office of

Technology Assessment.

Fuel cycle? Same as
PWR (higher power
density, lower
pressure)

Microwave bioeffects
uncertain; ionizing
radiation in GEO

fects uncertain

Not efficient weapon
but transportation ca-
pabilities significant

Slightly greater than
other central power-
plants, depends on
space capability of
other nations

tion
Significant weapons

Same as LWR

(Developed) 15 to 20 Long (greater than 20
years domestic (licen- years)

sing)

Low population area Low population, no

water needed; mixed

Good
ited to 20 percent.
Competes with other
technology. Nothing
obviously unsolvable

High Low to medium

Moderate cost for 500 Large cost (0.3 to 1

to 1,000 MW. About $1 GW)

billion

None Manageable

Technology is here, but High—big program;
public views regarding depends on program

waste? size (wait until HLLV
available)
Small High

Proliferation? for de- Yes, if t works
veloped countries

only?

Public funds for
RDD&T. Then private
capital

Much public money
spent, remainder
might be private, but
for regulatory uncer-
tainties

Small
Low; possible safety
hazard with decentral-
ization in event of fire
Low possible manu-
facturing risk of PV
None, possible benefits None, possible benefits
of exporting benign of exporting benign
technology are good technology are good
Low Low

Between 5 and 10 years Decentralized—b5 years;
centralized— 10 years

Decentralized—very
close; centralized—
S. W.-less than or
equal to other sys-
tems. Geographic de-
pendence high

Decentralized—very
close; centralized—
S. W.-less than or
equal to other sys-
tems. Geographic de-
pendence high

Penetration may be lim- Goes down with higher Goes down with higher

percentage penetra-
tion; negligible prob-

percentage penetra-
tion; negligible

lems

High High

Small (100-MW Small (community sys-
aggregate of 2to 3 tems are medium)
demos)

Small Small

Negligible Negligible

Small (O&M costs) Cell costs

Easier to digest in
small chunks; need
manufacturer capac-
ity, but good example

Needs to be demon- Need not be demon-
strated by Government strated by Govern-
with private partici- ment, large private
pation; industry will contribution
develop

Easier to digest in
small to moderate
chunks
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1. Central Solar Thermal.— Solar thermal
technology is the oldest of the technologies
under study. It may also be the one that is
nearest to commercial application, since a
pilot plant is already under construction in this
country. The concept involves simply collect-
ing concentrated solar radiation to heat a
working fluid in a central receiver (boiler),
which in turn drives a turbine to generate elec-
tricity. It has the versatility to provide either
electricity or process heat (steam) for in-
dustrial applications.

Two generic systems have been proposed for
the solar thermal approach: line-focus and
point-focus systems. In the line-focus scheme,
the Sun’s radiant heat is reflected and focused
by parabolic trough mirrors onto tubes con-
taining the working fluid. The working fluid is
pumped to a central site where it may be used
to drive an irrigation pump, produce hot water
or steam for a factory, or produce a combina-
tion of heat and electricity for a small com-
munity. The line-focus approach is also
favored for process heat applications such as
enhanced oil recovery, but is not being ac-
tively considered by DOE for central electric
applications.

In the point-focus or “power tower” system,
a field of reflectors (called “heliostats”) is
focused on a central receiver atop a tower in
the center of the field. Although there are
several designs, a heliostat is basically a flat
reflective surface mounted on a computer-
monitored gimbal that allows it to automati-
cally track the Sun’s course across the sky. The
heliostat/power tower approach is being pur-
sued by DOE as a central generating system,
though not exclusively so. * It can be used for
electrical generation either in a stand-alone
system or as a method for repowering existing
fossil-fueled power stations. The place of solar
thermal in a utility system —whether it serves
as a peaking, intermediate, or baseload unit—
depends on the storage capability of the solar
thermal plant. Without any auxiliary storage,

*|n 1980, DOE initiated six major studies of the applications of
the power tower to a variety of industrial heat demands, ranging
from low-quality steam for uranium leaching to high-tem-
perature steam for reforming methane to ammonia,

its effective capacity factor will be about 23
percent in a location such as the southwestern
United States. Addition of a modest amount of
storage (sufficient for 3 hours of extended
operation per day) will increase the capacity
factor to about 40 percent and make it possi-
ble for the plant to supply part of the late-
afternoon electric consumption peak that oc-
curs in many utilities. Because it is desirable to
smooth out the effects of short periods of
cloud cover, it is likely that the technology will
incorporate at least a small amount of thermal
storage (up to 1 hour). Solar thermal plants
could be made to operate in a baseload mode
with the addition of a large amount of storage,
but this increases the system’s conversion loses
and raises the overall cost per kilowatt in-
stalled. Solar thermal will, therefore, probably
be better suited for intermediate or peaking
uses since its daytime availability corresponds
closely with the peak of the electricity load
profile in many areas.

Solar thermal plants will be intermediate in
scale between today’s coal or nuclear plants
and small onsite generators. They can be ex-
pected to be deployed relatively quickly— per-
haps within 5 years for a 100-MW plant.

The technical feasibility of solar thermal
technology is established. Engineering ques-
tions remain about the materials to be used in
the design of the central receiver. What is at
stake in making the technology commercially
viable is whether plants can be produced eco-
nomically. The single most important factor is
the cost of heliostats, which accounts for
about one-half the cost of solar thermal de-
signs. Present cost estimates range from $1,000
to $3,000/kW of capacity installed.

Much of this high cost reflects the cost of
materials. Savings realized from future auto-
mated production techniques are built into
these projections. Thus, the economic viability
of solar thermal technology depends on attain-
ing heliostat cost goals.

The research, development, and demonstra-
tion (RD&D) costs associated with the solar
thermal development are expected to be in the
range of $0.5 billion to $1 billion. In addition
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to continuing tests and studies to reduce helio-
stat costs, R&D for efficient and cost effective
storage methods, improved receiver designs
and transport fluids are also needed.

2. Solar Photovoltaics. This technology is the
newest of the terrestrial solar options under
study and it is conceptually the simplest, since
it converts sunlight directly to electricity
without any working flu ids, boilers or genera-
tors. Because the essential element—a semi-
conductor wafer or “cell” — is modular at a
very small size, the technology has a versatility
in scale of deployment that surpasses any
other option. Photovoltaic (PV) cells have
already proved feasible in small-scale applica-
tions for both space and terrestrial purposes.
However, central PV systems have not been
tested yet, even in a pilot plant size. Because
the technology is so intrinsically modular, the
R&D program is not geared to the demonstra-
tion of a series of prototype plants but to the
improvement of the cost and performance
characteristics of the cells.

A variety of different semiconductor materi-
als is being developed for possible use in cen-
tral PV systems. When sunlight falls on wafers
of these materials, it produces a direct current
of electricity. The efficiency of this process
depends on many semiconductor properties,
and how well those properties match the wave-
length spectrum of sunlight. Typically, the
materials produce a direct current (DC) voltage
level of about 0.5 volts. Some of the more
promising PV developments include the four
technologies discussed below.

» The single cell silicon technology is the
most highly developed, and its introduc-
tion dates back 23 years to the beginning
of the National Aeronautics and Space
Administration (NASA) space program. Its
properties are well understood and cells
sold commercially for small-scale applica-
tions routinely achieve efficiencies of 10
to 13 percent; experimental cells have
achieved 15 percent and the theoretically
probable maximum is 20 to 22 percent.
The single most important barrier to com-
mercial use is the high production cost,

even though costs have dropped and per-
formance improved over the past decade
in line with DOE projections. Further cost
reductions to ($95/m®) $0.70/peak watt)
and performance improvement to 13.5-
percent efficiency are the DOE goals for
1986.

+ The cadmium sulfide/copper sulfide tech-
nology is another approach that is com-
mercially available and holds promise for
improvement. This material can be used
in thin films because of its high ab-
sorbance of sunlight, with a reduction in
fabrication costs and materials require-
ments. Experimental cells have achieved
efficiencies of 9 percent, with limited
lifetime. Improved cells have the poten-
tial for cost reductions to $10/m*at 10-
percent efficiency. A number of other
cadmium sulfide technologies are under
study for thin film and standard cells.

+ The gallium arsenide technology is
another alternative that has achieved effi-
ciencies up to 24.5 percent in experimen-
tal cells. The material can be fabricated in
thin films (with experimental efficiencies
to 15 percent) and can withstand concen-
trated sunlight at high temperatures. Its
major disadvantage is that commercial
production is still some time away and
costs remain much higher than for single-
crystal silicon.

* The polycrstalline and amorphous silicon
technologies have the potential for orders
of magnitude cost reductions compared
to the single-crystal silicon technology,
but the experimental cell efficiencies
have so far only reached 9 to 10 percent.
(The probable maximum is estimated to
be at least 15 percent for the amorphous
technology in thin film cells.) These tech-
nologies are not limited to silicon, but are
currently being investigated along with
other novel materials concepts.

All the technologies discussed above are
candidates for use in flat-plate arrays of cells
that absorb unconcentrated sunlight. Gallium
arsenide is also an example of a high-effi-
ciency material that can be used with a con-
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centrating system. Concentrating systems in-
volve different tradeoffs and are further from
commercial viability than flat-plate systems.
Both line- and point-focus collectors are under
consideration for PV concentrating systems.
Costs of concentrating systems can in principle
be low, since the receiving area needs only to
be covered with a thin reflective sheet, but the
technology is not developed enough to make
project ions yet.

Up to half the cost in a flat-plate design ter-
restrial solar photovoltaic plant today is for
the cells themselves. Other requirements for a
complete plant are materials for packaging
and supporting arrays of cells, support struc-
tures, cabling to connect the arrays and
modules, and power conditioning equipment
to convert the DC voltage to alternative cur-
rent compatible with the utility grid. About 300
cells would be combined into one panel, 30
panels into one array, and 10,000 arrays into
one module supplying 25 MW of peak power.

A central plant might produce 200 MW from 8
modules. Storage could be added to extend the
capacity factor of the plant, at additional
system cost. As discussed in the introduction
to this section, the economic merit of
dedicated storage for utility-based PV systems
has been seriously questioned.

The pace of technological breakthroughs in
PV technology is impressive. Today single-
crystal silicon cell arrays cost 15 percent of
what they did in 1974, as can be seen in figure
27. It is on further orders-of-magnitude cost
reductions that both terrestrial and SPS PV
systems depend. Such price reductions are
common in the semiconductor industry for
products with large markets (e.g., digital
watches, hand calculators, and now hand com-
puters), but they are nearly unheard-of in the
energy industry. Therefore, planners familiar
with conventional thermal and nuclear energy
technology sometimes find them difficult to
accept. The goals for the DOE PV program are

Figure 27.— Recent and Projected Solar Photovoltaic Prices
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for array prices of $2.80/peak watt in 1982,
$0.70 in 1986, and $0.15 to $0.40 in 1990 (all in
1980 dollars). At the 1990 level, complete sys-
tems are expected to cost $1.10 to $1 .80/peak
watt.

Although significant breakthroughs have oc-
curred in the past 5 years, the principal thrust
of PV research is still directed toward the iden-
tification, selection, and engineering refine-
ment of the cheapest possible semiconductor
materials. A concomitant part of this effort is
the development of suitable mass-production
techniques (now being most intensively pur-
sued for single-crystal silicon and cadmium
sulfide) to open the way for mass market
penetration. It is upon the outcome of this
two-pronged effort (development of cells and
development of better manufacturing tech-
nigues) that the success of central terrestrial
PV plants will depend.

The time-scale for commercial readiness of
central terrestrial PV plants could be as short
as 5 years or as long as 15 years. The balance of
a central PV plant uses familiar building
materials and readily available power-handling
equipment. Once arrays are available, plant
construction leadtime should be short. Ac-
cording to the DOE program, commercial
readiness could occur in the early 1990’s. If the
RD&D program for PV cells is accelerated this
date could be earlier; on the other hand, slip-
page in the schedule for cell development
could delay commercial introduction.

Subsequent deployment of central PV sys-
tems would be paced by the rate of growth of
national manufacturing capacity for PV cells.
To achieve substantial penetration of central
PV in the time period of 1990 to 2010 will re-
quire an aggressive program for PV man-
ufacturing plants. It is possible that decen-
tralized PV centralized terrestrial and SPS
energy systems could all be competing for the
output of the PV industry during this period.

3. Advanced Fission (Breeder Reactor).— Con-
ventional reactors use uranium ore very ineffi-
ciently because only a small fraction of the
uranium is tapped for energy. Natural uranium
consists of two isotopes 99.3 percent U-238

and 0.7 percent U-235. Only the U-235 is usable
directly in a conventional reactor. With con-
ventional reactors, uranium resources would
be exhausted relatively rapidly by an expand-
ing nuclear energy base. Breeder reactors on
the other hand, can extract 100 times as much
energy from a ton of uranium ore and thus ex-
tend the nuclear energy resource by several
centuries.

In a breeder, the core of the reactor is sur-
rounded by a blanket of the type of uranium
not burnable in conventional nuclear plants.
This uranium captures neutrons escaping from
the chain reaction in the core and is trans-
muted into plutonium, a premium value
nuclear fuel. In this fashion, a breeder
“breeds” new fuel that is extracted from the
blanket, converted into fuel rods, and later
burned in the same or another reactor. An ad-
vanced breeder will produce about 10 percent
more fuel than it burns. A different fuel cycle
could use thorium in the blanket. Thorium is
an element similar to uranium, but it cannot be
used directly as a fuel. In the blanket, it
transmutes to U-233 which is a good fuel.

Breeders may also be distinguished by the
different types of coolants used to carry heat
from the core to the generating side of a
nuclear plant. Because the interconnections
between the core and the generators are quite
complex, requiring considerable engineering
refinement, the choice of coolant defines con-
ceptually different types of breeders as much
as or more than the choice of fuel. Early in
its program, the United States emphasized
breeders with liqguid metal (usually molten
sodium) coolants and the reactor concept that
evolved —the liquid metal fast breeder or
LMFBR- has become the reference system for
breeder research in other countries, represent-
ing more than 95 percent of the dollar effort
devoted worldwide to breeders. Thirteen reac-
tors using the LMFBR concept have been built,
the most successful being the French Phenix
reactor, and seven countries with major
breeder programs (table 16) have all empha-
sized the LMFBR type. Alternatives are helium
gas, molten salt coolants, and water.
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Table 16.—Description of Milestones of Major Breeder Programs

France

Federal Republic
of Germany

Japan

Reactors

Rapsodie (24 MWt)
Phenix (250 MWe)

Super Phenix (1,200 MWe)

Milestones »Planned
1. 1962—Rapsodie construction
starts
2. 1967 —Rapsodie goes critical
3. 1969—Phenix construction starts
4. 1973—Phenix goes critical
5. 1976 —Super Phenix construction
starts
»6. 1985—Super Phenix goes critical
»7.1983—1987 Early Super Phenix
orders

KNK-I (58 MWHt)

KNK-11 (58 MWt)

SNR-300 (300 MWe)

SNR-2 (nominally 1,600 MWe)

1. 1960—GFK, Karlsruhe project
begins

2. 1964—Design study for 1,000 MWe
LMFBR

3. 1966—SNEAK startup

4. 1975—SNEAK experiments for SNR
300

5. 1967—INTERATOM F.R.G. and
BENELUX cooperation
begins

6. 1972—KNK-I goes critical

7. 1976—KNK-11 goes critical

8. 1969—SNR-300 safety report

9. 1970—SNR-300 company estab-
lished

10. 1971—SNR-300

11. 1972—SNR-300
tested

12. 1973—SNR-300 construction begins

13. 1974—SNR-300 steam generators
and IHX test

14. 1975—SNR-300 specification of fuel
and cladding

15. 1980—SNR-300 goes critical®

16. 1974—SNR-2 company established

17. 1976—SNR-2 preliminary design®

18. 1981 —SNR-2 construction begins®

revised safety report
sodium fuel pumps

Joyo (100 MWt)
Monju (300 MWe)

[

1967-Joyo conceptual design

1969—Joyo safety evaluation

1970—Joyo construction begins

1977—Joyo goes critical

1968—Monju preliminary design

1969—Monju conceptual design

1973—Monju safety evaluation

. 1978—Monju construction begins

» 9.1984—Monju goes critical

-10. 1986—Demo plant begins

-11.1991 —Demo plant goes critical

-12. 1988—Commercial plant 1 con-
struction begins

»13. 1995—Commercial plant 1 goes
critical

-14.1991 —Commercial plant Il con-
struction begins

»15. 1996 —Commercial plant Il goes

critical

PNOOAWON

agchedule as of 197& In 1980, the SNR program currently in flux. SNR-300 designed but not yet licensed. SNR-2 not Yet designed. Entire program will SIi P substantially,

but the new schedule is not known at this time.

SOURCES: France: U.S. Energy Research and Development Administration, The LMFBR Program in France, ERDA 76-14, March 1976; M. D. Chauvin, “The French

Breeder Reactor Program,” 1976.

Federal Republic of Germany: U.S. Energy Research and Development Administration, The /_ MFBR Program in Germany, ERDA 76-15, June 1976.
Japan: Report of Ad Hoc Study Committee organized by Japanese Government Science and Technology Agency, October 1977.

SOURCE:

International Energy Associates Limited, 1980.

United Kingdom

United States

U.S.S.R.

Reactors

DFR (60 MWt)

PFR (250 MWe)

CFR (commercial size)

Milestones » Planned

1. 1953—first nuclear power program
begins

2. 1964—second nuclear power pro-
gram begins

3. 1963—DFR goes critical

4. 1984-PFR construction begins

5. 1972—PFR goes critical

Clementine (25 kWt)

EBR-1 (1.2 kWt)

Fermi (200 MWt)

EBR-11 (16.5 MWe)

Clinch River (375 MWe)

Fast Flux Test Facility
(equivalent of 160 MWe)

PLBR (commercial size)

CBR (commercial size)

1. 1946—Clementine goes critical

2. 1951—EBR-1 goes critical

3. 1963—Fermi goes critical

4. 1966—Fermi shuts down

5. 1983 -EBR-Il goes critical

6. 1971-SEFOR (U.S. and F. R. G.)
goes critical

BR-5 (10 MWi)
BOR-60 (60 MW)
BN-350 (1,000 MW)
DN-600 (600 MWe)

1958—BR-5 goes critical
1965—BR-5 operates full core
1969—BOR-60 goes critical
1973—BN-350 goes critical
1973—BN-600 construction begins
1979—BN-600 goes critical
1975—1,600 MWe reactor design
underway

NoOOAWONE
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Table 16.—Description of Milestones of Major Breeder Programs (continued)

United Kingdom

United States -

U.S.S.R.

Milestones » Planned

6. 1973—PFR shuts down for repairs
7. 1974—third nuclear power program

7.1979—Fast Flux Test Facility con-
struction complete

begins 8. 1975—Clinch River order com-

8. 1972—CFR design

ponents

9. 1977—Clinch River construction

begins

»10. 1982—Clinch River construction

completea

11. 1975—PLBR start conceptual

designa

»12. 1982—PLBR construction beginsa
»13. 1988—PLBR construction com-

pletea

»14. 1986—CBR-l construction beginsa

»15. 1988 —CBR:-| goes critical2

»16. 1989—GCFR 300 MWe demonstra-
tion plant goes criticala

aThis was th.U.S. program i,1978. Currently there ;s no planned pLBR schedule, penal ing final ‘decisions on CRBR. CRBR Is “in Construction, " but has been in @ hold-

ing pattern for 2 years.

SOURCES: United Kingdom: Prepared by IEAL from compilation of U.K. documents.

United States: U.S. Energy Research and Development Administration, Liquid Metal Fast Breeder Reactor Program, January 1977, U.S. Energy Research and
Development Administration, The LMFBR Program in France, ERDA 76-14, March 1976; Ford Foundation, Nuclear Power Issues and Choices: Report of the
Nuclear Energy Policy Study Group, 1977. Note on U.S. program: Items 9-15 refer to the program as it stood in April 1977, The plan and schedule has been in

revision since then, but it is not yet available.

U. S. S. R.: United States Nuclear Power Reactor Delegation, “Report of the United States Nuclear Power Reactor Delegation Visit to the U. S. S. R., June 1-13,

1975,” 1975.
SOURCE: International Energy Associates Limited, 1980.

As a source of centrally generated electric-
ity, the breeder has been proven feasible at the
pilot plant scale and at an intermediate
scale but awaits demonstration at commercial
scale —that is the 1,000-MW size of new con-
ventional reactors. Its operating character-
istics are expected to be similar to a conven-
tional (light water) reactor, except that it will
have higher thermal efficiency and therefore
less thermal pollution. Breeders may also in
principle be used for industrial process heat.
The Russian breeder BNR-600 produces elec-
tricity and desalinated water.

The technology was demonstrated at a pilot
plant scale in the United States in 1963, when a
10-MW reactor named EBR-Il started produc-
ing electricity in Idaho. Between the 1960's
and 1970’'s, technical leadership shifted from
the United States to France. The Phenix which
has produced electricity for more than 5 years
at Marcoule, France, demonstrated successful
scaling from 10 to 250 MW, but suffered some
technical problems that required the plant to
shut down for more than a year. Its breeding
rate is considered too slow for commercial use,
and some components (especially steam gen-

erators) are not extrapolatable to commercial
size. France, together with the Federal
Republic of Germany and Italy, is now build-
ing a 1,250-MW reactor incorporating an im-
proved design — Superphenix — at Creys-
Malville. Due to go critical in 1985, it will be
the first commercial prototype breeder.

The time until commercialization of the
breeder is 5 to 20 years depending on which
breeder technology (French or U. S.) is meant.
On the face of it, commercial readiness will
occur in 1985, assureing success of the Super-
phenix. After that, France plans an aggressive
program of breeder deployment, starting a new
plant every 2 years for the rest of the century. *
The French central utility (EdF) has already
ordered the first two of these “commercial”
plants. Progress on the U.S. plant comparable
to the Phenix (the Clinch River breeder) has
stalled, and its technology is outmoded in
some respects. Some argue this intermediate
plant step should be skipped to go to a com-
mercial-size or nearly commercial-size plant.

*A reevaluation of these plans is apparently underway in
France following the recent election
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The leadtime for constructing a conventional
nuclear plant in the United States is 12 years
and design and construction of a full-scale
breeder prototype under the same ground rules
could take 15 years. Thus, U.S. breeder tech-
nology could be commercialized sometime in
the 1990’s, depending on the development se-
guence.

The major difference between the French
and American technologies is whether the
reactor vessel uses a “loop” or “pool” method
of bathing the core with liqguid sodium coolant.
The pool method is simpler, has more thermal
inertia, and is considered by the French to be
an added safety factor. The loop method is
more similar to conventional reactor technol-
ogy and has been tested on an intermediate-
scale U.S. breeder used for fuel development
(the FFTF). Britain and France espouse the pool
approach; the United States and Japan use the
loop method; and the Soviet Union and the
Federal Republic of Germany are testing both.

In principle, a U.S. utility could order a
Superphenix reactor now for delivery in the
early 1990’'s and in that sense the breeder
could be said to be commercially available
already. But no utility would invest in a central
nuclear plant without reasonable assurance it
would be reliable and could be licensed in this
country. The licensability of the French tech-
nology is an open question.

The RD&D cost of commercializing the
breeder is uncertain because the national
policy for 1976-80 was to not deploy the
breeder. It is also dependent on the demon-
stration strategy chosen (. e, whether to go
straight to a commercial prototype). Estimates
made by the U.S. program managers in 1975 of
$10 billion to $15 billion for commercial dem-
onstration should still apply.

The obstacles that the breeder program
must overcome before commercialization are
not primarily technical. There is little doubt
that a strong breeder RD&D effort could result
in a reactor that utilities could order in a few
decades. The questions are economic and in-
stitutional and generic to nuclear power. For
the purposes of this discussion, the economic

guestions are less important. Unless the
breeder costs are so high that it is uneconomic
compared to other options, the major concerns
are related to light-water reactors. These will
not greatly affect the SPS decision.

Deployment of the breeder is predicated on
the continued expansion of light-water reac-
tors. The problems facing the industry are
complex and difficult as discussed in the sec-
tion on conventional nuclear reactors above. If
these problems are not resolved, the fission op-
tion will be foreclosed, at least as a major
energy source. Fusion may also be threatened.
The breeder exacerbates some of these prob-
lems. Proliferation of nuclear weapons will be
considerably harder to control if breeders are
worldwide articles of commerce. While this
might not have a direct bearing on a utility’'s
decisionmaking process, the safeguards imp-
lemented to prevent diversion might be quite
onerous, and public opinion could be hostile.
Health and safety issues will be important
because of the plutonium and the operating
characteristics of the reactor. Waste disposal
will not be qualitatively different, but the vast-
ly greater potential of breeders to produce
waste make the problem greater, especially if
disposal sites are difficult to find. While these
problems, individually or collectively, need
not be overwhelming, they can all adversely af-
fect a utility’s inclination to order a nuclear
plant. As long as a utility has a choice within a
reasonable economic range, it is likely to
select the less controversial options. Thus,
while breeders could in principle supply all the
electric power needed in the 21st century, they
may in fact supply little or none.

4. Fusion.— Of the future energy sources
considered here as competitors to the SPS, fu-
sion is the furthest from realization. Fusion
consists of nuclear reactions that are created
by bringing together light nuclei at speeds
great enough to exceed their mutual repulsive
force. The result of this reaction is the creation
of nuclear energy that is carried off by neu-
trons and/or charged particles, depending on
the nature of the reactants. In order to create
this reaction it is necessary to: 1 ) raise the
temperature of the fusion fuel to very high
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levels and, 2) confine the fuel for sufficient
time. The criterion to be met by these two con-
ditions is that more energy is released by the
nuclear reactions than is used to heat and con-
fine the fuel that is in a wispy, gaseous form
(plasma).

Since the fusion reaction would be rapidly
cooled by the reactor walls, containment by
solid materials is not possible. Such an ap-
proach would quench the plasma. This dif-
ficulty, incidently, would also make a fusion
reactor easier to turn off, making it safer than
fission. Two alternate approaches are being
taken: using a magnetic field in one of many
possible shapes that have been proposed,
(magnetic fusion); and using a laser or ion
beam to produce a miniexplosion of the fuel in
solid form so that confinement occurs by the
inertia of the fuel (inertially confined fusion or
ICF). The second approach draws on nuclear
weapons work for some of its research and is
partially classified. The discussion to follow
will center on the magnetic approaches.

Among different magnetic confinement con-
cepts—or types of “magnetic bottles” —the
leading contender is a toroidal shape called
the tokamak, after the Russian acronym given
by its inventors. As a reactor, it would be con-
siderably more complex than a conventional
powerplant. The mixture of deuterium and
tritium fuel planned for use in first-generation
fusion reactors burns at a very high tempera-
ture, 100 million °C. The natural current in a
tokamak system is not sufficient for heating
the fuel that hot, so additional and complex
heating systems are required. The fusion core
will be large enough that electrical losses in
the magnets would be a significant drain on
the output of the plant, unless superconduct-
ing magnets are developed specifically for fu-
sion applications. Other complexities arise
from the fuel requirements and operating re-
quirements. Any fusion system must breed half
its fuel (the tritium component), and tokamak
systems currently under development must
operate in a pulsed (few hour) mode rather
than a continuous power mode.

These factors make fusion more complex
than either conventional reactors or breeders.

Particular difficulties in understanding the
behavior of the fusion fuel in its very hot
(plasma) state explain why scientists have had
so much difficulty making progress in fusion
research (which began in 1954).

Fusion is unique among future energy tech-
nologies because it has not yet been proven
technically feasible—that is to say, no con-
trolled fusion reaction has yet operated in a
self-sustaining fashion or produced electricity
even on a small scale. It has a broad range of
potential applications, e.g., electricity produc-
tion, high temperature process heat, synthetic
fuel production, and fissile fuel production.

The fusion community can point to a recent
string of successful experiments as evidence
that fusion is on the verge of a scientific
breakthrough. One of the goals is “break-
even,” meaning the achievement of positive
net energy production. DOE expects break-
even to be achieved before 1985, and a recent
review by the research oversight board of
DOE’concluded that fusion was ready to
move from the research stage to the engineer-
ing development stage. Nevertheless, the
weaker understanding of the principles of con-
trolled fusion compared to other energy tech-
nologies means that more emphasis is neces-
sarily being placed on basic research. Con-
sequently, the engineering-related considera-
tions that influence commercial readiness and
acceptability—that is the technical, eco-
nomic, and environmental factors — are more
uncertain than for breeders, solar thermal, PV
or SPS.

Despite the high degree of uncertainty,
much more can be said about the engineering
features of fusion than was possible a few
years ago, based on a set of thorough and
detailed engineering studies. Using the toka-
mak as a reference system, a powerplant is
likely to be in the range of 500 to 1,500 MW,
with 1,000 MW being the nominal planning
size. A tokamak fusion reactor would operate
as a baseload plant, with capacity factors, con-
struction leadtimes, plant lifetimes, land,
labor, and materials requirements similar to

ERAB Report (DOE), 1980
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conventional nuclear plants. The high-tech-
nology core would constitute a substantially
larger percentage of the total plant than for
conventional (or breeder) nuclear plants, and
fusion would have some unusual maintenance
problems that arise from the character of the
fusion reaction itself. Since the nature of the
fusion core must be considered hypothetical
until technical feasibility is proven, the eco-
nomics of fusion is perhaps the most uncertain
characteristic at this time. Two different engi-
neering studies prepared at the University of
Wisconsin® and Argonne National Labora-
tory” put the busbar costs at 75 and 44 mills/
kW respectively (in 1980 dollars).

Because of the special character of fusion,
estimates of the timetable to commercial read-
iness vary widely. A recent survey of opinion
found the majority of estimates to fall be-
tween 2000 and 2025, with some as early as
1990 and a few extending to the 22d century or
never. * It appears unlikely that fusion will be
commercialized before 2010— the earliest like-
ly date for SPS — and the present DOE program
is on a schedule calling for “demonstration” in
2015, with the dates 1995 or 2000 considered
possible at increased cost. The DOE program
calls for two steps after breakeven in 1985, the
first a fusion engineering demonstration in
1990 that produces thermal power but no elec-
tricity. Pending success with this plant, a fu-
sion demonstration plant would be started by
about 2000, that could produce 500 to 1,000
MW of electricity. However, more steps are
likely to be needed prior to commercializa-
tion. Fusion research is in such an early phase
vis-a-vis other technologies that it is difficult to
determine reliably the path to “commercial”
fusion.

To be commercialized, fusion must also find
public acceptability. From an environmental,
health, and safety standpoint, the principle ad-
vantage of fusion over fission power is that

" NUWMAK: A Tokamak Reactor Design Study, " FusionkEn-
gineering Program, Nuclear Engineering Department, University
of Wisconsin UWFDM-330, March 1979

“*Argonne National Laboratory, Starfire

“’Chase Delphi Study on Fusion, First Round Results, " Chase
Manhattan Bank, September 1979

there is no conceivable possibility of a run-
away reaction. But first-generation fusion
plants will use relatively large quantities of
tritium, a radioactive gas harmful to humans.
Advanced fusion fuel cycles would greatly
reduce the quantity of tritium that must be
handled. To make fusion safe, the problem of
handling industrial quantities of tritium with-
out routine small emissions will have to be
solved. There will also be a substantial waste
disposal problem, because the “first wall” of
the containment chamber for magnetic sys-
tems will have to be replaced every few years
due to radiation damage. Since the replace-
able “wall” may be up to 1-m thick, the quanti-
ty of waste could be high, measured in the tens
or hundreds of tons per reactor per year. This
material will be highly radioactive and will pre-
sent a long-term waste disposal problem,
though the radioactivity will not be as long-
lived as conventional fission reactor wastes.
The amount and lifetime of radioactive
material can possibly be reduced substantially
by using other materials for the first wall
without changing the nature of the fusion reac-
tion. Analogous changes for fission reactors
are not possible since the waste material
generated is an inherent part of the fuel ele-
ment. Finally, fusion carries some proliferation
risk because the energetic neutrons of the fu-
sion reaction comprise a high quality source
for producing weapons material. It is con-
ceivable that unless proper safeguards are
developed, a world full of fusion reactors
could be highly proliferation prone. However,
there are many other technologies that are
available or could be available for the same
purposes earlier, more readily, and more
cheaply than fusion.

To a degree, fusion may also inherit the
public acceptance problems of nuclear fission.
Fusion is a different technology, with fewer in-
trinsic risks but greatly increased complexity.
But since it is a nuclear technology, even if it
turns out to be relatively benign compared to
fission, it may remain associated with conven-
tional nuclear power in the public mind.

The greatest uncertainty in the development
of fusion remains the physics associated with
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breakeven. Although many of these uncertain-
ties can be resolved by small experiments
costing on the order of $1 million to $10
million, complete resolution will still require a
few large sophisticated experiments, costing in
excess of $1 billion. It should be noted,
however, that the nature of the fusion reactioc
is such that a demonstration reactor would re-
guire very little increase in scale or cost from
these large experiments. The total cost to de-
velop fusion to the stage of commercial
viability depends significantly on the cost of
this “hardware” and is projected by DOE to be
$20 billion to $30 billion. If more than two ma-
jor steps are needed before a commercial pro-
totype can be built, the cost will be somewhat
higher.

5. Comparisons of Central Electrics. -Because
each of these future electric technologies is
designed for use in a central plant mode, they
are best compared in the context of a utility
company’s needs. If each of the different tech-
nologies were at the same stage of develop-
ment, comparison based on projected power
costs would be the most powerful and appro-
priate method of analysis, particularly if all
were close to commercial maturity. But the
five are at quite different states of technical
maturity —so much so that even the defini-
tions used for “commercial” maturity used in
the different programs may be qualitatively
different. Lacking information that may take 5
to 20 years to acquire, a close look was taken
at other characteristics, with particular atten-
tion to properties—such as complexity, health
effects, and safety — which past experience has
shown to be closely related to both capital and
operating costs.

After costs, the most important issue the
utilities must consider in deciding to risk
capital on a particular investment in a genera-
ting technology is the way in which a plant is
expected to function and its associated im-
pacts. Can the proposed technology be suc-
cessfully integrated in the grid and meet the
associated requirements for reliability and
capacity? These issues are discussed for the
SPS in chapter 9. This section will highlight the
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factors most important for the other central
base load technologies.

Scale of Power Output. — Plants must be
designed on a scale that can be readily inte-
grated into the existing grid at the time of de-
ployment. Using the rule of thumb that no one
plant should comprise more than 10 to 12 per-
cent of the system’s capacity to guarantee in-
tegrity of the grid during a plant failure, the
largest plant that could be presently accom-
modated by a single utility in the United States
would be 2,500 MW, and that only by the Ten-
nessee Valley Authority. (See ch. 9. for a
discussion of this issue.) Cooperative agree-
ments among utilities on the same grid can ex-
pand the maximum acceptable size. Current
baseload plants generate from 500 to 1,300
MW. Both fusion and breeder plants are plan-
ned to fit closely within this range. Very large
powerplants (greater than 1,500 MW) were the
rule in fusion planning several years ago, but
encouraging new research results coupled with
new interest in smaller powerplants allowed
fusion engineering designers to direct efforts
toward conceptual designs in line with present
powerplant scales. Larger plants would mean
improved economies of scale for the breeder
(as it would for fusion), but for utility com-
patibility reasons (as well as licensability), the
projected size of the breeder has also been
kept below 1,500 MW.

Solar thermal and solar PV plants achieve
their economies of scale at much lower out-
puts—-100 to 200 MW maximum. Both can
function economically at still smaller scales.
Photovoltaics are modular and economic at a
few kilowatts or less.

Only the reference system SPS appears to
have economies of scale that make it imprac-
tical at a size that can be accommodated by
the present utility systems. Whether it could be
accommodated in future utility systems de-
pends on the growth of future electric de-
mand. Smaller microwave systems or a laser
system would fit the utility grid more readily.

Reliability and Capacity Factor. — Prior to
the demonstration of a technology, both its
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capacity factor and its projected reliability are
subject to considerable uncertainty. However,
it is expected that breeders will operate much
as conventional light water reactors do today,
with capacity factors of 60 to 75 percent and
forced outage rates (that is, unplanned shut-
downs) of less than 15 percent.

The steam and electric generation parts of
fusion plants are expected to be similar to con-
ventional reactors and breeders. But the fusion
core will be much more complex than the
nuclear parts of a conventional or breeder
plant. One indication of this is that the fusion
core is expected to represent a much larger
fraction of the plant investment (50 v. 10 per-
cent for nuclear). Because of the vast uncer-
tainties surrounding the actual operating
characteristics of fusion technology, it is im-
possible to predict what capacity factors and
forced outage rates are likely to be. ltis clear
that to compete with breeders or light water
reactors, fusion should be just as reliable and
capable as they are.

Solar thermal is a steam technology, with a
balance of plant that will be similar to, though
smaller than, that for a conventional baseload
plant. The solar-thermal part will be chiefly
vulnerable to failure of the heliostats or the
boiler. The heliostat fields could have tracking
or maintenance problems, the boilers could
have materials and integrity problems due to
the high solar flux. Nevertheless, it is projected
to operate with reliability similar to other
steam technologies —60 to 90 percent.

Solar PV is the simplest technology, without
steam systems or moving parts or (necessarily)
high solar flux, if flat plate systems prove most
economic. Because it is simple, the reliability
of solar PV is expected to be very high (greater
than 90 percent). There may be unsuspected
durability problems with some solar PV cells,
however. Although PV are an intrinsically sim-
ple technology, it currently has higher material
and manufacturing costs than other alter-
natives. Both solar thermal and solar PV have
an inherent limitation of plant capacity factor,
due to the daily and yearly variation of am-
bient sunlight, which differs with latitude and

climate. In the Southwestern United States, the
capacity factor of a plant without storage
would be 23 to 25 percent. Storage for a solar
thermal or solar PV plant redistributes the col-
lected energy to other times of day, but does
not appreciably change the amount of energy
Collected per year per acre of plant area.

The SPS would circumvent the 25-percent
capacity factor limitation of terrestrial solar
plants by being exposed in space to direct
sunlight 24 hours per day all year (except for
brief, predictable eclipses if located in geosta-
tionary orbit, or unpredictable cloud cover if a
laser or mirror system). The question with SPS
is not solar capacity but availability. As with
fusion, it is impossible to predict just how
reliable the SPS would be. As a system it is very
complicated, involving a massive transporta-
tion system, untried satellite technology, and
large ground systems. Reliability factors as
high as 95 percent have been predicted for the
operation of the satellite and rectenna com-
bined, “but they have not taken into account
the entire SPS system, including maintenance
and repair. Research on transportation and
space platforms will provide considerable in-
sight into the expected reliability of the
satellite.

Complexity. —Given the extreme range of
physical requirements for a sustained, con-
trolled fusion reaction, fusion is clearly the
most complex technology under considera-
tion, requiring a plasma hotter than the core of
the Sun, powerful large superconducting
magnets bigger than any yet built, and
materials problems in a radiation environment
more severe than that of the breeder. The
reference system SPS is less complex than fu-
sion, since it uses more nearly proven technol-
ogies. Nevertheless, the overall engineering
and logistics problems of the SPS could make
it an undertaking that approaches the com-
plexity of fusion when all the technical hurdles
are considered. It should be noted, for in-

” SPS/Utility Grid Operations, ”
port No D 180-25461-3

sec 14 of Boeing Corp , re-
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stance, that the SPS as it is described in the
reference system could only begin to be
assembled as a system after major break-
throughs in two other technologies—space
transportation and PV — are achieved.

The breeder is considerably less complex
than either the SPS or fusion, but is more com-
plex than conventional nuclear systems. The
main potential difficulties are the nuclear
properties of the breeder core, the peculiari-
ties of the liquid metal coolant, and the poten-
tial difficulties of the breeder fuel cycle.
Although these factors are incremental addi-
tions to the complexity of a nuclear plant, they
are the driving factors behind the projections
that the breeder will cost 25 to 100 percent
more than a light water reactor (LWR).

The solar thermal plant is also a steam
system that has much of the complexity of
other steam systems, such as coal or nuclear,
mitigated by the reduced size of the plant and
the modularity of the heliostat field. There
may be special problems in having a central
plant boiler at the top of a tall tower, but solar
thermal plants appear to be less complex than
nuclear, fusion or SPS technologies. Their com-
plexity may be comparable to current base-
load coal technologies.

Central PV plants have by far the least com-
plexity of the alternatives discussed here, for
two reasons. First, the basic technology is sim-
ple, modular, and should be manufactured
cheaply if the experience with mass-produced
semiconductor products holds as expected.
Second, the additional technology needed for
a central plant is electrical rather than me-
chanical or thermal, and is already proven at
the appropriate scale.

Costs. —The cheapest acceptable technol-
ogies available in any future time period will
be the ones deployed, so cost is the most im-
portant — and most problematic —factor. Two
aspects of technology cost will be discussed.
The busbar cost is the cost at which truly com-
mercial versions of the various electric tech-
nologies will produce power. The opportunity
cost is the total cost of RD&D for a technology
from inception through the construction of a

commercial prototype plant. It is the cost of
lost opportunities in other areas for which the
money could have been spent. A component
of the opportunity cost is the cost of the com-
mercial prototype itself, which is the dem-
onstration cost.

The busbar cost is the actual cost of produc-
ing electricity with a technology when capital
costs, fuel costs (if any) and operation and
maintenance costs have been considered. For
current technologies, these costs are well-
known and therefore detailed comparisons be-
tween technologies are possible. However,
even for current technologies the task can be
difficult—-witness the debate over whether
coal or conventional nuclear is cheaper. For
future technologies, the task is much more un-
certain. Therefore, cost estimates of delivered
electricity are of little use in deciding between
technologies in early development stages. Fur-
thermore, technologies reach commercializa-
tion at different times. Therefore, cost es-
timates for one technology are more reliable
than for another, with the most fully de-
veloped technologies having the most thor-
oughly tested cost data. For example, coal
plant costs are well known, but breeder costs
are less so, and fusion costs are much less so.
Though it is a current technology, the future
costs of PV for onsite, central, or SPS plants,
depend strongly on the future costs and effi-
ciencies of PV cells and are consequently un-
certain as well. A final note on busbar cost es-
timates is that as a technology matures, the
projected cost may fall (as has happened with
computers) but much more often rises. The
maturation effect of costs during R&D has
been particularly borne out in aerospace and
energy technologies.”*

Although busbar cost estimates are useful in
the research phase to identify cost sensitivities
and indicate preferred research directions to
reduce costs, they become crucial at the

‘U S General Accounting office, “Need for Improved

Reporting and Cost Estimating on Major Unmanned Satellite
Projects,”” PSAD-75-190, 1975.

""FW Merrow, S W Chapel, and C Worthing, “AReview of
Cost E stimationin New Technologies Implications for Energy
I'recess Plants, ” R-2481-DOE, Rand Corp , 1979
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deployment phase. The DOE prepared cost
estimates for coal, light water reactors, coal
gasification systems using combined cycle
systems, LMFBR breeders, peaking terrestrial
PV plants, fusion and the SPS (fig. 28). " The
figure indicates the high and low ends of the
range of estimates for each technology in
2000. It shows that capital costs do indeed in-
crease with complexity, rising steadily for coal,
LWR, LMFBR, fusion, and SPS systems. Costs
are also relatively high for the terrestrial PV.
Although it is an unlikely circumstance, the
chart indicates that all could cost the same in
2000.

OTA prepared estimates that considered
these future electric technologies including fu-
sion (but not combined cycles), in terms of
their busbar costs in 2010. The results are given
in table 17, using common financial consid-
erations, equal capacity factors (65 percent in

“Program Assessment Report statement of findings, SPS Con-
cept and Evaluation Program, DOE/E R-0085, 1980

Figure 28.—Levelized Lifecycle Cost of Electricity
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SOURCE: Program Assessment Report Statement of Findings, SPS Con-
cept and Evaluation Program, DOE/E R-0085, 1980.

all cases), and the assumption of baseload
operation for each technology. As noted
above, these numbers may be indicative but
are limited in their use because the uncertainty
range represented by the range of costs means
different things for each different technology.
Factors that are small contributors to the
estimated costs may have uncertainties that
are substantial (such as nuclear waste disposal
costs) but are difficult to identify and measure.
Finally, baseload operation is not necessarily
the most attractive operating mode for solar
thermal and solar PV though it provides a basis
for comparison.

RD&D Costs. -One of the most difficult
tasks in choosing the wisest course for RD&D is
to maintain the proper balance between the
risks and the potential payoffs associated with
a particular line of research. The goal is to
minimize the risk and maximize the payoff. In
energy research, the risk is associated with the
expenditure of RD&D funds for a project that
could conceivably fail. The hoped-for payoff is
cheap energy. The associated RD&D funds re-
quired to pursue some of the future electric
options under consideration are so great that it
is likely that not al | can be pursued at an op-
timum rate. By according priority to some, op-
portunities for payoffs from others will be
foregone.

As the matrix of table 16 makes clear, SPS
will have the highest front-end costs by a con-
siderable margin, followed by fusion and the
breeder. The solar thermal and solar PV sys-
tems will have lower RD&D costs, in the range
of $0.5 billion to $2 billion.

The costs of the breeder will be large-in
the range of $10 billion to $15 billion—
assuming the United States does not change
the present policy of developing domestic
rather than foreign technology. But this figure
is nevertheless comparable to the front end
costs of other centralized energy technologies.
Cumulative RD&D for light water reactors, for
instance, is estimated to have total led $10
billion. Fusion’s costs will be the same or
somewhat higher, estimated at $20 billion to
$30 billion, including a commercial prototype
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Table 17.—Summary Assessment

Prospective

Commercial

economic-cost Relative
range®(1 980 $) environmental Engineering/ readiness
Technology (mills per kWh) costs Scientific technical Commercial (year)
Satellite power system . . ... .. 80-440 Unknown Proven® Unproven — 2005-2015
Solar photovoltaic with storage 65-86 Negligible Proven Proven Unproven Late 1980’s
Solar thermal with storage. . . . 62-89 Negligible Proven Proven . Unproven Late 1980’s
Breeder reactors . ... ........ 58-73 Substantial Proven Proven Proven 2000
Fusion.................... 44-75° Moderate- Unproven — - ?
substantial
LWR-2010 .................. 58 Moderate- Proven - Proven Proven Operational
substantial
LWR-1980.................. 47 — - - - -

apjant startinc_in 2010.

Environmental impact still unknown, other aspects generallY accepted.

CNutdhisrangereflects differences between two studies’ estimates (footnotes 10 and 11 On p 120).

aMassive scale-up of known technologies.

SOURCE: OTA working paper.

plant. Fusion and the breeder may thus com-
pete with each other for R&D funds.

The costs of the SPS will be substantially
higher than for any of the other options, at an
estimated figure of $40 billion to $100 billion. ’
The high number assumes all space develop-
ment and plant investment costs are allocated
to the SPS (see ch. 5), while the lower number
assumes the total cost but allocates $60 bill ion
to other space programs that could benefit
from the same technical capability.

The SPS RD&D cost is so high that commit-
ment to it could foreclose fusion or the
breeder. As such, a decision at some point in
the future to commit to the SPS would be a
decision with potentially far-reaching con-
sequences.

In fact, the SPS is the first proposed energy
option whose RD&D costs enter the budgetary
range that has previously been limited to very
high-technology, high-cost national defense
programs such as the MX missile system. That
system, as proposed, will cost” $34 billion to
$50 billion. Thus, from a policy point of view,
the SPS is qualitatively different from any
other proposed long-range energy solution.

Institutional Impacts. — Neither fusion nor
fission requires much that is new institution-
ally because their size, health and environ men-

"7OTA Workshop on Technical Optlons, December 1979

tal impacts, and operating structure are similar
to current LWR technology. As technologies
used in the centralized mode, the solar tech-
nologies will not require different institutional
attention than do any other peaking or inter-
mediate plant. As dispersed plants, they are
likely to be subject to a much different regula-
tory regime’ * and utility structure that encom-
passes a much broader technological scope
than is now the case.

SPS, however, because it is a space system
requiring very high capital investment, would
likely involve an institutional structure very
unlike those in use today in the utility industry
(see ch. 9). The main point is that the utilities
are unlikely to want to invest directly in
satellites, or perhaps even rectennas. It will
create far fewer regulatory and capital prob-
lems for the utilities for them to buy power
from a single SPS corporation and incorporate
It directly into their grid. A national SPS
monopoly would necessarily be federally, as
well as internationally regulated (see ch. 7).

National Security Risks. — Both of the nu-
clear technologies urider consideration
(breeders and fusion) can be used to generate
weapons material and therefore they carry
some risk of increasing nuclear weapons pro-
liferation. The terrestrial solar technologies

“Office of Technology  Assessment,
“Decentralized Electric Energy Generation Systems,”
report, fal 1 1981

U.S. Congress,
upcoming
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seem to have purely beneficial national securi-
ty effects, however. They can be exported and
used around the world for peaceful purposes.
Because they would be used in relatively small
units, they would be much less vulnerable than
any larger unit and less of a military risk for a
country selling the technology.

SPS would have indirect military potential,
largely from the technology that would be
developed for space transportation and space
construction. However, the system itself would
serve as a poor weapon. The question of vul-
nerability of an SPS system to nuclear or other
attack is a different issue. On the whole it is lit-
tle more vulnerable than any of the larger ter-
restrial electricity options (see ch. 7).

Economic Risks of RD&D Failure.— In
general, the risks of failure are tied directly to
the opportunity costs for the different central
electric technologies. Therefore, the risks are
higher for fusion and SPS than for any of the
others. However, the financial risks of failure
may be mitigated if some of the RD&D costs
are recoverable for other uses. For example,
the space spinoffs from developing the SPS
could be significant (an upgraded shuttle,
space platform technology, an orbital transfer
vehicle technology, high powered microwave
or laser transmission devices), which would
reduce the economic risks. Here, as in the
strictly research phase of an SPS program, it is
very important to be cognizant of other space
and energy programs that could benefit from
dollars spent on SPS research and vice versa.

Safety and Health Risks. —OTA pursued no
independent study of health and safety risks of
the five technologies. This assessment has
therefore relied on the work of Argonne Na-
tional Laboratory that was funded by the SPS
office of DOE. '9 The reader is referred to its
report for a comprehensive treatment of the
problem (see also app. D). The Argonne study
attempted to quantify risks in terms of the
number of fatalities that would occur per year
for a specified plant output (see fig. 29). Some
of the issues are unquantifiable, and for the

"G R Woodcock, “Solar Power Satellites and the Evolution
of Space Technology, ” presented at A | AA Meeting, May 1980

Figure 29.—Quantified Health Effects
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SPS and fusion, most of the issues are in this
category. The difficulty of quantifying issues
for SPS and fusion is a function of the uncer-
tainties about the final configuration these
technologies will take as well as the lack of ex-
perience with them upon which to base esti-
mates of fatalities. This is an area that needs
considerable further study, not only for SPS
but in every other comparative study of energy
technologies. The major needs are to put all
the data on as common a basis as possible and
to quantify risks where they are currently un-
guantified (see ch. 8 for a summary of SPS
health and safety risks).

Environmental Risks. —As with health and
safety risks, OTA attempted no independent
analysis and has relied on the comparative
assessment study of Argonne National Labora-
tory.*Table 18 summarizes the most impor-
tant environmental effects for each of the
technologies under study, plus coal. The nu-
clear technologies have been grouped together
because their effects are common to all the
nuclear technologies.

L) H abegger,] R Gasper, and C D Brown, “Health and
Safety Preliminary Comparative Assessment of the SPS and
other Fnergy Alternatives, " DOE report No DOE/E R-0053, April
1980
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Table 18.—Major Environmental Risks

Coal Nuclear SPS

Air pollution
Atmospheric changes
(CO,, particulate)
Esthetic deterioration
Land use

Land use

disposal

Catastrophic events

Thermal discharge waste

Atmospheric changes
Bioeffects from microwaves,
lasers, reflected light
Electromagnetic disturbance
Land use

SOURCE: Office of Technology Assessment

Other factors. - How well would SPS com-
pete with other baseload electric tech-
nologies? This question can ultimately be
answered only in the context of overall de-
mand for electricity, considerations that are
taken up at the end of this chapter. However, if
demand for electricity is such that SPS may be
needed to supply a portion of that demand,
then the competitive position of SPS vis-a-vis
the other technologies will depend primarily
on its being cost competitive, and presenting
comparable health or environmental hazards
to the other technologies. Other utility con-
cerns such as its reliability and rated capacity
factor have direct and obvious economic im-
pacts that are subsumed in the condition of its
being cost competitive. It is too early to tell
whether SPS can compete effectively. What is
clear, however, is that factors beyond the
scope of control of an SPS program may deter-
mine more effectively whether SPS is com-
petitive than the important concerns over
costs or health and environmental effects. The
effects of reduced coal useage are examined
below. However, before the United States
needs to decide whether it is prudent to con-
tinue or expand coal burning (c 2000), it must
make a decision about the use of breeder reac-
tors (c 1990). If we institute a strong breeder
program, then SPS is less likely to be needed
than otherwise, simply because breeders are
apparently cheaper to build and operate than
the SPS. They have the further competitive ad-
vantage that they strongly resemble LWRS,
both in operating characteristics and in health,
safety and environmental impacts.” Thus, util-
ities are more likely to purchase breeders than
to take on a brand new technology whose ma-

“E. P Levine, etal, “Comparative Assessment of Environmen-

tal Welfare Effects of the Satellite Power Sytem and Other
Energy Alternatives, ” DOE report No DOE/E R-0055, April 1980

jor resemblance to terrestrial technologies is
the fact that it produces electricity. However,
perhaps more important is the fact that
breeders could play a significant role in sup-
plying electricity 10 to 20 years before the SPS,
thus giving them an automatic competitive ad-
vantage.

Although the fusion program has not yet
proven that it is possible to generate more
energy than is fed to the fusion process, the fu-
sion community is confident that the produc-
tion of electricity from fusion is a matter of
continued R&D. The costs are more uncertain
than for SPS. However, fusion has a strong
followlng inside and outside the fusion com-
munity. Furthermore, the utilities are already
actively pursuing fusion studies. Therefore, if
fusion’s costs turn out to be competitive with
SPS, it too may be chosen over SPS because it
has a strong following and because beyond the
first wall, it is similar to other nuclear options
in the way in which it generates electricity.
However, it may not be capable of making a
significant impact on the supply of electricity
until well after SPS, i.e., not until 2030 or later.

Because several proposed versions of the
SPS are designed to use PV cells, a terrestrial
PV system constitutes an obvious comparison
to the SPS. The satellite or SOLARES ground
site would receive continuous sunlight. A ter-
restrial system, however, receives constantly
varying sunlight. Table 19 compares the peak
and total annual insolation in space, at a
SOLARES ground station and in Boston and
Phoenix for an optimally tilted flat-plate, non-
tracking solar collector. Therefore, a terrestrial
PV in Phoenix the size of a reference system
rectenna would, in theory, be capable of pro-
ducing as much electricity on a yearly basis as
the reference satellite. However, the output of
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Table 19.—Terrestrial and Space Insolation Compared

Average annual Area needed to produce 1,000 MW

Peak insolation (per insolation  (per (per continuous output on Earth
square meter) square meter) (17-percent efficiency cells)

SPACE. . i 1.3 kw 11,800 kWh 10 km?
SOLARES GND Station (29° latitude). . . . ... .. 1.3 kW 9,734 kWh 6 km’
BoStoNn. .. ... 0.8 kW 1,430 kWh 44 km?
Phoenix......... ... ... i, 1.0 kW 2,410 kWh 26 km’
Equivalent rectenna area for reference

- - 28 km’

system—35° latitude. . .. ........ ... ... ...

SOURCE: Office of Technology Assessment,

such a central terrestrial system would be sub-
ject to short-term and seasonal variations in
output due to fluctuations in insolation
brought out by cloud cover. This effect is il-
lustrated in table 20 for the Boston and
Phoenix areas. The daily insolation for the
month of December is 28-percent less than for
the average month, resulting in 28- percent less
PV output for the same sized array. Phoenix,
by contrast, experiences average insolation
values only 14 percent lower than the average
in July, its month of lowest insolation.

Decentralized Electrical Generation

Although technologies that are capable of
producing electricity in a dispersed mode may
not be direct competitors of centralized
technologies, they will compete for a percent-
age share of overall electricity supply in this
country and the world. In 1977, the residential
sector of the electrical market constituted 36
percent of this Nation’s demand for electricity.
If a significant portion of this demand as well
as part of the demand for commercial and in-
dustrial consumption can be met by dispersed
technologies such as solar PV, wind, and
biomass at costs that are competitive with cen-
tralized electricity, then the demand for cen-
trally produced electricity will drop. Low de-
mand for centrally produced electricity will in
turn reduce the need for new, large-scale
generating technologies and place them in a
poor competitive position with respect to
proven technologies. Thus, it is of considerable
interest to investigate the role that dispersed
electrical technologies may play in the Na-
tion’s energy future.

Dispersed modes of generating electricity
are first and foremost attractive in remote
regions where the electricity grid has not yet
penetrated. It is in these areas where windmills
and PV, with storage, are now being installed
even though their cost is high relative to the
price of grid-supplied electricity.

As experience with these technologies
grows, and their price decreases due to deeper
market penetration and increased commensu-
rate production, they are likely to penetrate
areas that are now served by the utilities. Such
a shift will be aided by the Public Utilities
Regulatory Policies Act of 1978 (PURPA) that
requires utilities to purchase electricity from
renewable-based powerplants at their avoided
cost of power. To date, State regulatory com-
missions have established prices that are equal
to, or higher than, the retail price of electricity.
If this practice should continue into the mid-
1980’s, onsite electrical generating systems will
not only provide energy for their owner’s use,
but will become income generators as well.

This shift will be further aided by the attrac-
tiveness of modular units that allow a home-
owner or community to become relatively self-
reliant and independent of large-scale generat-
ing systems over which they have little control.
Additionally, onsite systems can be erected
rapidly and incrementally, allowing a close
match of supply to local demand. Under such
conditions, it can be expected that there would
be a rapid increase in demand for small-scale
systems.

The role of dispersed electrical generating
technology in the Nation’s electrical supply is



Ch. 6—SPS in Context . 129

Table 20.—Terrestrial Insolation at Different Latitudes and Climates
Boston: Latitude 42.2

Jan. Feb. Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec.
kWh/m? 34 3.7 4.1 4.0 4.4 43 46 4.4 4.4 4.1 3.0 2.8
kwWh/m?*/month 104 104 126 119 135 129 142 137 131 126 90 85

Total insolation per year 1,430 kWh/m®

Average daily insolation: 3.9 kWh/m’

Phoenix: Latitude 33.3

Jan. Feb. Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec.
kWh/m?/day 6.0 7.0 7.4 7.5 6.6 6.2 5.7 6.2 7.0 7.3 6.7 6.0
kWh/m?/month 184 195 228 225 204 186 178 185 218 227 200 185

Total insolation per year 2,414 kWh/m®

Average daily insolation:

SOURCE: Solar Photovoltaics: Applications Seminar, Planning Research Co

the subject of another OTA study that will
discuss the full array of dispersed electrical
technologies: wind, PV, and biomass. How
ever, because much of the technology for con-
structing space-rated solar cells will be ap-
plicable to terrestrial applications and vice
versa, this report explores the possible role of
dispersed PV systems in filling part of this
country’s electrical needs in the time frame of
the SPS.

Dispersed Photovoltaic Systems. —The most
important single characteristic that makes PV
of considerable interest for dispersed uses is
their relative insensitivity to economies of
scale for generating electricity because PV are
modular, allowing considerable flexibility in
their location. Economies of scale are very im-
portant in their production, however. The pres-
ent high cost of PV (about $7/peak watt) is
largely due to a very small production capaci-
ty. About 4.5 MW (peak) of terrestrial capacity
were produced globally in 1979, by only a
dozen manufacturers. Demand exceeds sup-
ply, however, even at $7/peak watt and thus
the market will surely expand, especially
as new manufacturing techniques allowing
cheaper PV are developed. All indications are
that continued reduction in price in line with
DOE cost goals will accelerate the demand for
PV cells for all applications and in particular
for dispersed systems that are either con-

6.6 kWh/m’

nected to the utility grid or stand alone.
Meeting this cost goal is important for the SPS,
which in the reference design, is highly sen-
sitive to PV array costs (34 percent of satellite
costs).

The total penetration of PV and other decen-
tralized energy technologies into the residen-
tial, commercial, and industrial sectors of the
energy economy will depend on a number of
interrelated factors in addition to cost. The
following summary indicates the most impor-
tant ones.

Average Available Sunlight. —The best
areas for dispersed PV are the same ones
where centralized applications are most
plausible, i.e., in desert climates such as
the Southwestern United States. However,
the variation of regional average insola-
tion across the continental United States
is less than a factor of two. Changes from
year to year are considerably less. Both ef-
fects are smaller than variations in energy
consumption and price patterns. Thus,
regional or annual insolation variations
are not likely to be a strong determinant
of PV penetration. This will be even more
true in areas where biomass and wind
systems can work in complementary
fashion with PVs.



130.Solar Power Satellites

+ Storage. — Advances in storage technology
could have a significant effect on the mar-
ket penetration of PV systems, particular-
ly for remote and stand-alone applica-
tions. Itis generally agreed, however, that
low-priced storage, if it is ever developed,
is a decade or two away.

+ The Use of Centralized Photovoltaic Sys-
tems. — Using PV for peaking or inter-
mediate generating capacity will enhance
the development of low-priced PV cells
and the auxillary equipment (mounting
panels, inverters, etc.) and speed the in-
troduction of dispersed PV systems to
marginal areas (i. e., areas where the cen-
trally generated electricity is cheaper than
onsite generation).

+ Conservation. —Conservation has already
resulted in important reductions in per-
capita energy use. In the Washington,
D. C., area for example, use of electricity is
increasing by only 1.4 percent a year,”a
sharp contrast to the 7 percent yearly in-
crease in consumption that was common
in the mid-1 970’s. Continued price in-
creases for energy will increase the desire
to conserve energy and make the total
needs of a residence, for instance, much
less. The Virginia Electric Power Co., for
example, reports that in its service area
all-electric homes, used about 24 MWhr/yr
in the mid-1 970’'s, but consumed only 19
MWhr for 1979,”a 20-percent drop. De-
creases in total consumption make it
more likely that PV systems can be sized
to meet the needs of the residential sec-
tor,

+ Other Dispersed Sources of Electrical
Power. —-The acceptance of wind and bio-
mass for dispersed electrical generation,
or as substitutes for electricity, may en-
hance the desire for photovoltaics as indi-
viduals and the utilities become accus-
tomed to working with dispersed sources.
However, if other sources failed to make a
significant impact because they were ex-
pensive or because they didn't work well,

22Washington Post, Mar 25,1981, P D-9
“Washington Post, June 23,1980, p B-1

they could have the opposite effect on the
use of PVs.

+ Cost of Photovoltaics. - Single-crystal
silicon cells are highly energy intensive.
Thus, the energy cost of producing them is
high, and if energy prices increase, the
cost of the cells will be higher than the
DOE goals. New production techniques
for amorphous silicon or other materials,
however, may lead to less energy inten-
sive cells, and the problem could be
avoided.

* Reliability y. -One of the major reasons for
preferring centralized power generation is
the high reliability of electrical service.
Dispersed systems must be reliable in
order to capture a significant portion of
the electricity market. The PV themselves
are extremely reliable. However, the asso-
ciated equipment is subject to a higher
failure rate. Market penetration will
therefore depend on a highly reliable
product and effective, timely service to
repair failures.

+ Institutional Effects. — PURPA regulations
will enhance the use of dispersed-systems.
If these regulations are retained and if
they are carried out effectively on the
local level, then they will be effective in
speeding the introduction of dispersed
electrical capacity. However, a number of
negative effects (e. g., low reliability, high
costs, etc.), could cause such regulations
to be repealed if they are found to work
inefficiently.

In summary, it can be said that the future of
dispersed electric systems, and PV in par-
ticular, is subject to considerable uncertainty.
If cost goals are met, and the effect of the
other factors is positive overall, then dispersed
electrical systems could make a significant
contribution especially in a future in which the
demand for electricity is relatively low. As
table 21 illustrates, the cost per kilowatt-hour
for grid-connected PV systems, though subject
to considerable uncertainty, is competitive
with baseload systems. By combining several
different kinds of dispersed sources of elec-
tricity (e.g., wind, PV, and biomass), the pros-
pects for dispersed PV sales becomes even
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Table 21.-Costs of Onsite Photovoltaics (1980¢/kWh)

Household

Industry

Without storage With storage*

Without storage

With storage*

Boston Phoenix Boston Phoenix Boston Phoenix Boston Phoenix
Roof replacement. . .. .......... 3.0¢ 1.8¢ 9.0¢ 7.0¢ — - - -
Flatonroof ................... 3.9¢ 2.3¢ 9.9¢ 7.6¢ — - - -
Columns on roof or ground . . . . .. 8.3¢ 4.9¢ 14.7¢ 10.4¢ 8.0¢ 4.7¢ 18.9¢ 12.9¢

NOTE: These costs were developed assuming photovoltaic arrays costing $35/m? and 17-percent efficiency in space (18 percent on ground). Further details of the

assumed systems can be found in app. B.
o Assumed a 80-percent capacity backup generator,

SOURCE: Office of Technology Assessment.

stronger than when used alone. As in the case
of the baseload technologies, these figures
must be seen as indicative of the range of costs
that may be attained and should not be used as
a basis for comparison at this time. Con-
siderable development will be needed to deter-
mine whether the various cost goals can be
met.

Implications

Introduction

The discussions just completed illustrate
that the future of the SPS, assuming it can be
developed technically, depends on a variety of
factors. These include the future demand for
electricity and how SPS compares with other
supply technologies. There are two questions
to be answered: 1) is the SPS necessary at all?
2) if so, when do we need it? The section on de-
mand showed that future electricity needs are
highly uncertain and are dependent on techno-
logical developments that can profoundly in-
fluence the costs of various end use technol-
ogies. The section on supply contained discus-
sion of several technologies that would com-
pete, partially or completely, with the SPS to
supply electricity for the long term. The sec-
tion gave criteria for choosing between these
technologies and the range of uncertainty
about their potential success. From the discus-
sion it is clear that a variety of factors beyond
purely technical success will determine which
supply technology(ies) will emerge.

To see this more clearly, OTA chose three
hypothetical U.S. energy futures in order to ex-
amine possible future supply mixes. They were
chosen to span a wide range of possible elec-

tricity demand scenarios for 2030. The lowest
assumes no change from our present end-use
demand for electricity, the highest uses the
1979 Energy Information Administration (E IA)
high projection for 2020 extrapolated to 2030,
and the mid-level is halfway between. These
futures were chosen as an exercise to illustrate
the way various technologies might be used
and the constraints placed on this selection.
OTA does not treat these demand levels as
forecasts of what will occur, but as a plausible
range of future end-use demand.

The extremes of the three scenarios are
characterized by zero growth in electricity de-
mand for the low scenario, and an average
growth of 2.8 percent per year for the high
scenario from 1980 to 2030. The growth in the
high scenario is not steady, however, but starts
at 4.1 percent in the 1980-95 time period, and
declines to 1.9 percent by the end of the sce-
nario in 2030.

The low scenario represents a conservation-
oriented energy strategy, in which the in-
creases in industrial output and residential and
commercial space are offset by improved effi-
ciency of electricity use for industrial proc-
esses and drives, and residential and commer-
cial heating, air conditioning, lighting, and ap-
pliances. The end-use electricity level in the
low scenario, taken from the CONAES sce-
nario A, assumed electricity demand at a con-
stant level of 7.4 Quads for 1980 to 2010, and
extrapolated the same constant level to 2030.
That level is very close to the actual end-use
electrical consumption in 1979 which was 7.6
Quads. The total primary energy consumption
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in the CONAES scenario A is 74 Quads, com-
pared to actual use in 1979 of 78.9 Quads.”

The high scenario represents a major expan-
sion of the use of electricity in all sectors. The
scenario is taken from the E 1A Series C projec-
tion from the Long-Term Energy Analysis Pro-
gram. The total primary energy use in this
scenario is 169 Quads. The scenario projects a
major shift in residential fuel use, with elec-
tricity supplying 60 percent of all residential
needs and 55 percent of residential heating.
(Water and space heating alone are projected
at 8 Quads end-use electricity in 2020.) Elec-
tricity is expected to provide 70 percent of the
commercial energy demand in 2020. In this
project ion, EIA forecasts that the industrial
sector will grow faster than any other sector,
and that industrial use of electricity will triple
or quadruple by 2020. Total energy use in the
industrial sector in the scenario is 63 Quads in
2020. Electricity’'s share of the industrial
energy sector rises from 11 to 20 percent. The
dominant supply technologies in the scenario
are coal and nuclear, with coal providing 60
percent, nuclear 33 percent, and hydro and
other renewable the remainder. The E 1A sce-
nario was extrapolated to 2030, using the same
electric growth rate as assumed in 2010 to
2020, namely 1.9 percent. According to the ex-
trapolation of this scenario, the total energy
use in 2030 is 196 quads and the total electri-
city use is 30.2 Quads (end use).

The middle scenario is chosen to be the mid-
point between the high and low scenarios at
each of the decades projected. The end-use
figures for each of these three scenarios are
given in table 22.

OTA does not suggest these demand levels
as forecasts of what will occur. These futures

uEne,gyinTransition, opc'!t

Table 22.—Range of Energy Demand in 2030

End-use electrical Primary total

Scenario (Quads) energy (Quads)
High.............. 30.2 196
Mid............... 18.8 135
LOW . ...ovviennn 7.4 74

SOURCE: Office of Technology Assessment.

were chosen to illustrate the way various tech-
nologies might be used and the constraints
that might be placed on their selection.

To characterize the mix of supply technol-
ogies possible under these scenarios, a number
of questions was addressed. Among these
guestions were the numbers and kinds of tech-
nologies that would contribute to the supply
mix under the various scenarios, the maximum
reasonable SPS contribution under each sce-
nario, the most likely technologies to replace
SPS were it not deployed, and the relative im-
plementation rates of the various technologies
under different demand conditions. The exer-
cise carried the simplifying assumption that
one technology could be substituted for
another These questions cannot be answered
precisely, but their discussion leads to in-
teresting insights into the potential role of SPS.

Low-Demand Future

For this case, end-use energy demand for
electricity is selected to be 7.5 Quads (today’s
level). A zero electric growth future is likely to
be the result of substantial conservation —
probably resulting from high energy prices —
and the failure to develop end-use technol-
ogies that use electricity at a lower net cost
than technologies using liquid or gaseous fuels
and direct solar. The principal feature of this
future is that electricity demand can be satis-
fied without SPS, fusion or breeder reactors.
The supply potential of coal, hydro, ground
based solar (including wind) and conventional
nuclear would be more than sufficient to meet
demand Even if coal were to be phased out
due to negative findings about the CO, build-
up, its share could probably be absorbed by
other sources. Zero growth in electricity de-
mand gives the nation considerable time for
developing new technologies.

In this situation utilities would only need to
replace retiring plants. Therefore they would
have considerable latitude in choosing tech-
nologies. Further, a zero growth rate would not
favor large plants because they would add too
much capacity at one time. Therefore, small-
scale, dispersed technologies may play a major
role in this future. If any of the new tech-
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nologies under discussion are introduced they
will have to appear in relatively small in-
crements in order to maintain system reliabili-
ty. For example, one could expect SPS to pro-
vide no more than 1 to 2 Quads at any given
time to the 7 to 8 Quad total. This would act
strongly against an SPS the size of the ref-
erence system since it would only require 7 to
15 units of 5,000 MW at a 90-percent capacity
factor to supply this much energy. Therefore
deployment of any SPS would depend on an in-
ternational demand for electricity and/or the
development of much smaller units than the
reference system (perhaps on the order of 500
MW). A similar argument could be made about
fusion and breeder reactors, although current
development plans show the size of eventual
commercial plants to be 1,000 MW or less.

In summary, a scenario that shows little or
no increase in electricity demand for the next
several decades does not appear to be attrac-
tive for accelerated SPS development, particu-
larly of the reference system. At the same time,
development of other central, baseload supply
options ultimately competing with SPS could
also be slowed. The choice among these, if
needed at all, would primarily depend on
which ones could most economically be de-
veloped in smaller sizes.

Middle Demand Future

In this case net electricity demand reaches
about 20 Quads in 2030 representing about a 2-
percent growth rate per year that is close to
that which the Nation is now experiencing.
Although this is about 2.5 times current elec-
tric energy demand, it too could be met with-
out using the SPS, fusion or the breeder reac-
tor. For example if two-thirds of the 20 Quads
were produced by coal, it would require a tri-
pling of present yearly production, which is
within the Nation’s capability. Current esti-
mates of domestic uranium reserves are suffi-
cient to supply another 6 Quads in 2030. In ad-
dition, a major contribution from terrestrial
solar (wind, onsite PV) can be expected to help
meet increased intermediate and peak load
demands that coincide with solar peaks (space
heating and cooling). If growth continues past

2030, this mix may be insufficient. Yearly coal
production could probably not be expanded
too much beyond this (tripled) level without
straining other sectors of the economy, and by
2030 the Nation may be near its uranium re-
source limits. Therefore, to ensure supply
beyond 2030 and to replace retiring nuclear
plants, some level of new, centralized tech-
nologies would probably be needed.

If coal and conventional nuclear remain ac-
ceptable, it is not likely that all three of the
major centralized technologies under develop-
ment would be needed. The contribution they
could make by 2030 would be small because of
the time needed to bring them on line and the
fact that they would be starting from a zero
base sometime near 2010. A 10-percent con-
tribution to 20 Quads would require anywhere
from 60,000 to 100,000 GW, depending on
capacity factor. Unlike the low demand future,
this would allow SPS units of up to 5,000-MW
size to be added if continued growth past 2030
is expected. A 2 percent per year growth rate
means about 0.4 Quad/yr added at that time.
This could be supplied by three SPS plants per
year at the reference design size, in addition to
baseload units to replace retired plants. This is
still a small enough increment that smaller SPS
plants appear to have an advantage. In addi-
tion, this demand increment is still not too
large to rule out its being met by onsite solar,
wind, and centralized solar. All have much
lower energy densities than fusion or breeders,
however, and eventually their contribution will
be limited by available area. About 25 m*are
required to supply a continuous kilowatt of
solar electricity assuming PV conversion effi-
ciencies of 20 percent. The entire 0.4 Quad
could be supplied by about 125 mi?, not an
unreasonable area.

If coal is not acceptable because of CO,
then there will have to be a substantially larger
contribution by the newer technologies. In this
case it is plausible that all three, plus substan-
tial ground based solar, would be needed.
Such a replacement could be achieved with
these new technologies but it would be a
sizable effort. If coal supplied just half of the
electricity in the case discussed above, about
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10 Quads of new electric energy would have to
be found, requiring 300 to 500 GW. If new
plants were on the order of 1,000 MW in size, a
construction rate of 15 to 25 per year would be
needed assuming they were first available in
2010. Under this future of constrained coal,
then, there would appear to be sufficient de-
mand for al | technologies to be introduced at a
rate that would pay for their development in a
reasonable period. Also, it is not likely that any
one technology would be relied upon to supply
the entire 10 Quads at the end of this 20 year
phasing-in period. An even three-way split, for
example, would mean that SPS would supply
about 100 to 150 GW by 2030.

High-Demand Scenario

This future assumes a final demand for elec-
tricity of 30 Quads (about four times the cur-
rent level), meaning a growth rate of about 2.8
percent per year. At that rate, about 0.8
Quad/yr would be added in 2030. If one
assumes an increase in net conversion effi-
ciency from today’s 29 to about 35 percent and
an increase in capacity factor from 42 to 55
percent, then this total demand could be met
by an installed generating capacity about
three times today’s figure. Efficiency and
capacity factor will almost certainly have to
increase if a 30-Quad demand is to be met.
Total system capacity would be in the range of
1,200 to 2,400 GW (1,800 GW at 55-percent
capacity factor).

To be able to supply this much electric
energy, all technologies would probably be
needed. Further, larger plants are likely since a
demand increment of 0.8 Quad/yr would re-
quire about 40,000 to 50,000 MW of new ca-
pacity per year. Therefore, addition of plants
ranging from 1,000 to 5,000 MW would not
cause any significant short- or long-run over-
capacity problems. Because of the large
amount of capacity needed, conventional nu-
clear and coal will probably be able to supply
only about two-thirds of the total (i. e., about
1,200 GW) before they reach the limits dis-
cussed above. Thus, about 600 GW must be
supplied by hydro, ground based solar, geo-
thermal, and some combination of SPS, fusion

and breeders. Breeders are likely to supply the
bulk of this by 2030, provided they are accept-
able, since they are the closest to commercial
readiness. Even so, as much as 200 GW of SPS
could be needed by 2030. The SPS develop-
ment would have to be accelerated if it is to
meet a goal like this. The same holds true for
fusion, which could also be required to supply
around 100 GW by 2030.

The mix of technologies will be determined
substantially by constraints such as environ-
mental concerns, capital, land and water avail-
ability, materials limitations and labor require-
ments. For example, limited water would favor
SPS and ground-based solar PV. Limited cap-
ital, however, would favor the least capital-
intensive technologies such as coal and act
against the SPS. In any event, these constraints
will be very important at this demand level
because of the large number of powerplants
needed

If coal must be phased down or eliminated
then even larger demands will be put on the
new technologies. For example, if coal and
conventional nuclear could only meet one-
third of the demand, an additional 600 GW of
capacity would be needed. In this case it is
probable that an all-out breeder program
would be needed. This should not affect the
SPS- in fact, more satellites may be needed—
but it could actually reduce fusion’s contribu-
tion since it is a competing nuclear technol-
ogy. The terrestrial, onsite solar contribution
will have to be large in either case but is very
unlikely to be able to supply even one-half of
the 30 Quads. Even 20 percent of the demand
would require a very large deployment of PV
systems — nearly 400 GW of dispersed gen-
erating capacity.

Conclusion

The size of future electric demand will be
the major determinant in the amount of SPS
capacity installed, assuming successful de-
velopment and competitive price. Table 23
shows estimates of the upper range of SPS
capacity available for each future for the case
of full coal development and coal phaseout.
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Table 23.-Upper Range of SPS Use (in GW)

Future (Quads) With coal Without coal
75 0 0-30
20.0 0-60 100-200
30.0 100-200 100-200

SOURCE: Office of Technology Assessment

In addition to determining the upper range
of the contribution of SPS the demand level
and rate of growth will also determine the
preferred unit size. For the low scenario,
smaller plants would be preferred since over-
capacity problems caused by adding too much
at once would probably more than offset gains
made by any economy of scale. For the upper
future, however, for even the largest SPS pro-
posed plant size, it is unlikely that too much
can be added at once for any reasonable con-

struction schedule. The mid scenario, however,
gives somewhat ambiguous results, although
the smaller size SPS systems appear generally
to be more desirable.

For the first two scenarios it is unlikely that
all three major, centralized supply technol-
ogies will be needed simultaneously, even if
coal cannot be used. Onsite, dispersed solar
will be able to make up a larger percentage of
the needed capacity and could eliminate the
need for any new centralized technology in the
low demand case. In all cases, coal can be the
dominant source and continue in that role for
several years past 2030. Finally, as the demand
for electricity increases, decisions about ca-
pacity mix will become more and more de-
pendent on physical and labor constraints be-
cause of the sheer size of the capacity re-
guirements.

THE EFFECTS OF SPS ON CIVILIAN
SPACE POLICY AND PROGRAMS

The effects of SPS development on the U.S.
civilian space program would be great, though
their precise type and magnitude would de-
pend on the kind of SPS built, the overall
speed of the development program and the
status of space capabilities at the time. An SPS
program would stimulate more rapid develop-
ment of space transportation, large-structure
assembly and manned-mission capabilities,
and automated operations. SPS development
would also have a bearing on national space
policy and institutional structures, both Gov-
ernment and private sector. The following
discussion will examine four areas: 1) space
policy, 2) current and future space projects, 3)
institutional structures, and 4) indirect effects
and “spin offs.”

Space Policy

The Nation’s space policy is a reflection of
broad national goals. The principles guiding
the U.S. civilian program were first enunciated
in the 1958 National Aeronautics and Space
Act, and have been periodically reaffirmed

with minor modification and changes of em-
phasis. The 1958 Act states that “activities in
space should be devoted to peaceful purposes
for the benefit of all mankind,” to promote the
“general welfare and security of the United
States © The Act specifies that civilian ac-
tivities shall be directed by NASA, and mili-
tary/defense operations by the Department of
Defense. The specific aims of the space pro-
gram include: expansion of knowledge, im-
provement of space transportation, “the pres-
ervation of the role of the United States as a
leader in aeronautical and space sciences,”
and cooperation with other nations. NASA was
established to “plan, direct and conduct
aeronautical and space activities. ”*

These general goals and this framework
have been reaffirmed subsequently, most
recently in the “Directive on National Space
Policy” and the “White House Fact Sheet on

“'Natlonal Aeronautics and Space Act of 1958, as Amended, "
in Space Law, Selected Basic Documents, Senate Committee on
Commerce, Science, and Transportation; U.S. Government Print-
ing Of flee, 1978; pp 499-503
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U.S. Civil Space Policy,” both issued in 1978. In
these documents the Carter administration
committed the United States to increase scien-
tific knowledge, develop useful commercial
and Government applications of space tech-
nology, and “maintain United States leader-
ship in space technology. ” Establishing and
maintaining satisfactory relations between the
civil and military programs was recognized as
a priority issue, and the National Security
Council was charged with providing coordina-
tion for all Federal agencies involved in space.
Cooperation with other nations, including joint
programs and the development of a stable
legal regime allowing all nations to use outer-
space for peaceful purposes, were emphasized
as important goals. The investment and direct
participation of the private sector in space ac-
tivities was addressed in the context of remote-
sensing systems. NASA's responsibilities for
the operation, as opposed to research, de-
velopment, and testing, of applications sys-
tems have yet to be clarified.26

The U.S. civil space program can thus be
said to have an ongoing set of policy goals:

+ scientific — increasing knowledge,

* political — maintaining U.S. preeminence,
and

+ economic—developing useful commer-
cial applications.

It also has a continuing policy framework:

+ separation of civil and military programs
(with various mechanisms for coordinat-
ing different efforts),

* cooperation with foreign countries and
agencies, and

+ separation of NASA R&D and prototype
development programs from commercial
applications (an unclear relationship).

Would an SPS program alter the basic thrust
of U.S. policy? | n terms of goals, an SPS pro-
gram would be primarily an applications effort
for commercial purposes, and hence would

*" Description of a Presidential Directive on National Space
Policy, June 20, 1978, " and “White House Fact Sheet, U.S. Civil
Space Policy, Oct 11, 1978,” in Space law, pp 558-564.

further the economic goals that have been em-
phasized in recent policy proclamations.

The political end of U.S. preeminence in
space, though no longer stressed as strongly as
during the Apollo program, would also be
served by commitment to an SPS. (This
assumes that the project would be successful;
failure of such a high-visibility effort could be
extremely damaging to U.S. prestige. Interna-
tional cooperation might tend to mitigate this
danger.)

The SPS program would not be focused on
increasing basic scientific knowledge, but
much of the research and experimentation re-
qguired would provide some scientific gains; in
addition, the infrastructure for SPS (e. g., plat-
forms, transportation vehicles) could be used
for a multitude of scientific projects in space.
There is some danger, though, that focusing
the national space program on such a major
applications project as SPS would divert re-
sources and attention, at least temporarily,
from scientific missions.

The effects of SPS on the U.S. policy frame-
work will depend on how it is financed and
managed. Civil-military relations could be
altered. Although the SPS is not technically
suited to be used as a weapons system, much
of SPS technology and infrastructure, espe-
cially the transportation vehicles, would have
military uses (see ch. 4). Furthermore, it is
unlikely that a project with the scope and im-
pact of SPS could be approved by Congress
without at least the tacit consent of the De-
partment of Defense (DOD). In the foreseeable
future, DOD requirements for aerospace ex-
pertise and facilities will be great, and SPS may
be seen as a competitor for scarce resources
unless direct defense benefits can be realized.
Although an SPS program would not be run by
the military, it might be necessary for the civil
and military sectors to be more closely coor-
dinated than has previously been the case.

Foreign cooperation and joint ventures
might be encouraged not only by the desire to
improve international relations but by more
direct economic considerations. (see ch. 7).
These considerations would be strong enough
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to provide for a greater degree of shared
responsibility than in any equivalent U.S. pro-
gram to date, unless U.S. military involvement
proves an insuperable obstacle. International
participation might be such that the project
could no longer be run as a U.S. venture with
limited foreign cooperation, but would be-
come a truly multinational effort with no
dominant U.S. role.

The relation between public and private
participants would be a major issue in any SPS
program. Policy in this area has not been clear-
ly established, though there is precedent for
detaching applications projects, such as satel-
lite communications and Landsat, from NASA
after development is completed. NASA has
conducted all U.S. civilian launches on a
reimbursable basis; it is unclear what would
happen if private firms wished to build and/or
launch their own vehicles, as has been sug-
gested for the shuttle. If, as is presently the
case, a Federal SPS program were managed by
DOE or some other agency besides NASA,
NASA might be responsible for only a limited
part of SPS development and NASA restric-
tions and policies might not apply.

Current and Projected Space Projects

SPS would be strongly affected by current
space programs and capabilities, and in turn
might also determine what many of those pro-
grams would be. However, since an SPS devel-
opment decision is unlikely to be made before
1990, and may not be possible until 2000, (see
ch. 4), SPS will not shape NASA projects con-
ducted during the next decade (though it may
affect long-range planning).

Historically, NASA has devoted the major
portion of its resources to a single major proj-
ect, first the Apollo lunar-landing program,
and then the Space Shuttle. However, there are
currently no plans for a similar “centerpiece”
project to follow the Shuttle; the White House
Fact Sheet asserted explicitly that: “it is
neither feasible nor necessary at this time to
commit the United States to a high-challenge
space engineering initiative comparable to
Apollo.” Instead, present plans call for a

83-316 0 - 81 - 10

number of smaller scale operations and scien-
tific missions centered around use of the Shut-
tle and other components of the Space Trans-
portation System (STS). The lack of a single,
clear, overriding project goal for the civilian
space program has been criticized for squan-
dering NASA and contractor capabilities, and
leaving the United States without a visionary
and profitable use for the new transportation
capabilities under development. This problem
will undoubtedly be addressed during the
1980’s, but jurisdictional and philosophical
differences, as well as budgetary constraints,
may make consensus difficult to achieve.

For the next 5 years, NASA plans to concen-
trate on a number of areas: those most directly
relevant to SPS include:

1. Transportation and Orbital Operations:
Transportation efforts will concentrate on
meeting shuttle schedules but also in-
clude other elements of STS: the inertial
upper stage, for placing payloads in geo-
synchronous orbit (CEO) (under devel-
opment by the Air Force); Spacelab, for
manned and unmanned experimentation
(joint program with ESA); development of
orbital transfer vehicles such as an elec-
tric orbit transfer vehicle (EOTV); systems
to handle payloads outside of the Shuttle;
and free-flying platforms. Each of these
programs will be important for improving
our capability to move and work in space,
and hence directly relevant to SPS. The
key element is the Shuttle, which must
work and work well if these projects are to
proceed during the 1980’s. Delays in Shut-
tle operations, or in building additional or-
biters, will not only retard these projects
but also might prevent SPS-specific re-
search flights as envisioned in one of the
policy Options from taking place in the
late 1980’'s (see ch. 4).

2 Immediate Applications: In this area,
space processing experiments to be con-
ducted on Spacelab could be important in
determining the proper kinds of materials
for SPS construction, as well as prospects
for direct processing of raw materials in
orbit. Communications and remote-se ns-
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ing development will involve work with
microwave transmission, lasers, and mir-
ror systems, as well as detailed studies of
the upper atmosphere,”which will be
vital in determining the environmental ef-
fects of launch effluents and energy trans-
mission beams.

3. Solar Radiation:The Solar Maximum Mis-
sion (launched February 1980) and the up-
coming International Solar Polar Mission,
scheduled for 1983, will study solar radia-
tion and its effects on the near-Earth
space environment. Such information
could be important in designing SPS solar
cells and in adding to our knowledge of
the effects of radiation on SPS workers:
ionizing radiation in CEO is a potentially
serious obstacle to human effectiveness
and could be decisive in determining the
optimal “mix” between automated and
human-controlled operations.

4 Humans in Space: The studies of Shuttle
crew performance as well as specific
Spacelab experiments will provide a basis
for determining the long-term effects of
weightlessness and cramped quarters, and
for designing appropriate equipment to
improve manned performance. 28

The above projects are already underway
and are those for which funding or explicit
planning are in place. NASA has also outlined
other, longer term plans that would be impor-
tant to SPS. NASA'’s Office of Space Transpor-
tation Systems’ long-term goals are predicated
on the assumption that “the growth of U.S.
civilian space programs in the 1990’s will prob-
ably continue to be moderate and evolu-
tionary, rather than rapid or ‘Apollo-like,” *“
and that “space projects will increasingly have
to demonstrate significant economic return or
perform essential services to obtain approval.”
The specific goals are: 1) routine operation of
the STS by the mid-1 980’s; 2) routine operation
of unmanned large low-Earth orbit (LEO) plat-
forms by the mid-1980’s; 3) a permanent
manned facility in LEO for research, construc-

*’National Aeronautics and Space ADM inistration, NASA Pro-

gram P/an, Fiscal Years 1987 Through1985, 1980, p 107
*lbid, pp 3-5

tion, and operations, by the end of the 1980’s;
and 4) a permanent facility in GEO, eventually
manned, by the late 1990’s. Meeting goals
would involve:

augmenting the Shuttle’s thrust, perhaps
via a liquid booster;

+ developing EOTVs, such as the low-thrust
ion-propelled Solar Electric Propulsion
System (SEPS) for service to geosynchro-
nous orbit;

* equipping the Shuttle and its modules
with a 25-kW add-on electrical power sys-
tem; and

* carrying-on a ground and space-based ef-
fort to fabricate and assemble precision
structures in orbit .29

All of these projects could have direct bear-
ing on SPS and on any future decision to pro-
ceed with SPS development. Some of the
longer term aims, such as SEPs, might overlap
with an SPS development program, that would
provide a strong impetus for their completion.

NASA is not the only body with plans for
space. DOD goals, though largely classified,
include large platforms, orbital microwave
radars, and space-based lasers. DOD require-
ments could drive NASA projects such as Shut-
tle thrust augmentation, or lead to separate
development of SPS-useful equipment.

Other long-range projects have been sug-
gested by many individuals and organizations,
in and out of government. In the transporta-
tion area, these include very large fully
reuseable launchers; laser-propulsion; 30 light-
sails, to power low-acceleration transfer
vehicles or deep-space missions; *and mass-
drivers to lift material off the lunar surface, or
as a solar-powered propulsion system for
space vehicles.*Other than the building of
full-scale permanent colonies, SPS is the
largest space project proposed to date, in

#Ibidpp 190-205

‘A Hertz berg, K Sun, W Jones, “Laser Aircraft, Astronautics
and Aeronautics, March 1979 p 41

*'KEricDrexler, “Spinoffs To and From SPS Technology: A
Preliminary Assessment,” OTA Working Paper, June 1980, p. 9

‘2(, O’'Neill, G Driggers, B. O’Leary, “New Routes to Man-
ufacturing in Space, " Astronautics and Aeronautics, October
1980 pp 4651



Ch. 6—SPS in Context . 139

terms of expense, returns, timeframe, and
amount of people and materials placed in or-
bit; if developed it would be a spur to all forms
of cheaper space transportation.

SPS’s effect on space projects would depend
to some extent on the type of SPS that would
be developed, the size of each unit, and the
size of the entire system (as well as the scope
and type of space program in place at the
time). A geosynchronous microwave SPS simi-
lar to the reference design would require ex-
tensive transfer vehicle capacity and hence
lead to accelerated development of EOTVs,
chemical-powered personnel vehicles, and
manned GEO construction stations. A laser-
SPS in LEO, on the other hand, would require
relatively little LEO to GEO transfer capacity.
A mirror-system might need even less up-
graded lift or construction capacity in order to
be fully deployed (see ch. 5).

A large SPS system consisting of many satel-
lites would tend to have greater economies of
scale, leading to the development of more and
different sorts of vehicles, and greater mass-
production and automation. In-orbit process-
ing of lunar or asteroidal raw materials would
also be feasible only if a very large system
were built, to justify the front-end costs of
lunar mining and orbital processors.

Institutional Structures

Would an SPS program require a change in
current national institutions? The completed
SPS Concept Development and Evaluation
Program®was a joint DOE/NASA effort, with
DOE providing most of the management and
NASA providing technical support. A decision
to have further SPS research, development,
and demonstration efforts managed by DOE
would likely prove awkward, since the bulk of
the up-front development costs would be for
space systems; hence DOE would have to pass
most of its SPS funding to NASA, or attempt to
develop its own contractor relations and in-
house space capability, which would be time-

“Satellite Power Systems Concept Development and Evalua-
tion Program, “Program Assessment Report Statement of Find-
ings,” November 1980, DO E/E R-0085

consuming and wasteful. SPS would require a
much clearer and stronger coordinating mech-
anism than currently exists for national space
programs, since not only NASA and DOE but a
number of other departments and agencies
would be involved. 34

Extensive NASA involvement in SPS would
require clarification of NASA’'s appropriate
role in commercial applications ventures, and
perhaps modification of NASA’s charter. Both
underlying policy— i.e., to what extent NASA
should operate applications systems, such as
Landsat and communication satellites—and
specific procedures for turning over patents,
technology, and hardware to private industry
or other Government agencies, have been sub-
ject to continuing controversy. *

It is probable that a separate public or
quasi-governmental body would eventually be
set up, outside of NASA and DOE, to manage
an SPS program. Such a decision would be in-
fluenced by, among other things, the desired
mix of public and private funding, and the
degree of international involvement. Possible
forms such a body might take are discussed in
chapter 9, Financing Ownership and Control,
and in chapter 7.

Indirect Effects and “Spinoffs”

There would be three kinds of indirect ef-
fects of SPS development:

+ technology and hardware developed for
SPS that could have other uses (and that
otherwise would not be developed or
would be developed at a much slower
pace),

* uses of the SPS itself other than providing
terrestrial baseload electric power (and
that would otherwise not be provided for),
and

+ economic/technological changes and ba-
sic shifts of national attitudes

SPS developed technologies and hardware:
Most, though not all, of these spinoffs would
relate to space capabilities. We have already

‘DO)report on SPS and Government agencies — in press

*see OTA assessment, Space Policy and Applications, in
preparation
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seen that NASA’s transportation plans include
many elements directly useful to SPS, which
SPS development would tend to accelerate or
modify. Although the reference system calls
for heavy-lift launch vehicles able to carry 400
tons to LEO, and a 5,000-ton payload EOTV,
the exact types of vehicles needed cannot yet
be specified. The proper mix between size,
numbers, and types of vehicles depends on
many unknown factors, including the type of
system, its location, and the number of satel-
lites to be built.

The combination of improved and cheaper
transportation, robotics and teleoperation,
possible new construction materials (such as
graphite composites), and human expertise,
would make possible many commercial space
activities. Large communications platforms,
scientific and industrial research facilities,
processing plants for chemical and raw mate-
rials —these are a few possibilities. Past ex-
perience teaches that commercial exploitation
follows in the wake of the development of new
capabilities, and cannot be accurately fore-
seen. 35

Space industrialization could be greatly
enhanced by the use of extraterrestrial raw
materials. SPS could lead to lunar or asteroidal
mining by fostering the development of trans-
port and robotics capacity, as well as by pro-
viding a major market for processed products
such as aluminum, steel, silicon, and oxygen.
The most detailed studies have examined min-
ing the lunar surface, and launching raw
materials to orbiting processors via an elec-
trically powered mass driver. Others have sug-
gested mining or capturing a small asteroid,
preferably a carbonaceous-chondrite asteroid
rich in carbon and high-grade iron/nickel ore.”
Establishing such facilities, which might be
done in the later stages of SPS development,
could considerably reduce the costs of
transporting material to high orbits.

On the ground, SPS would require large-
scale automated production of solar cells;

**Woodcock, op cit, p 12
**Drexler, op. cit , pp 10-11

some of this technology could also be used for
ground-based solar projects.

Space or ground-based industries using SPS-
developed technology or hardware could, at
least temporarily, compete with SPS for scarce
resources. A mechanism for allocating prior-
ities might have to be established to resolve
competing claims.

Alternative SPS uses; Depending on the elec-
tromagnetic environment (i.e., on the type of
system used and the amount and type of
shielding available), the SPS platform, whether
in (GEO or LEO, could be used as a station for a
variety of communication and remote-sensing
equipment. A GEO SPS would be especially
useful, due to the relatively small number of
positions available. Remotely operated optical
astronomy devices could be placed near or on
SPS as a way of escaping the interference
faced by Earth-based telescopes. Given a large
amount of space traffic associated with in-
creasing industrial and military space flights,
the SPS station could become a focal point for
local storage, refueling, and rest and relaxation
for crews — a kind of spaceport. Living quarters
for maintenance crews and construction
workers could be expanded and upgraded into
occasional (and, initially, very high-cost)
tourist accommodations.

SPS electricity could be used in orbit, either
at the satellite itself or at remote sites
equipped with receiving antennas, to provide
power for industrial activities. Processing,
especially of extraterrestrial raw materials,
could require large amounts of electrical
power that might be more efficiently supplied
by a central SPS than by building specific elec-
trical capacity.

Some SPS designs, especially the mirror-
systems, might produce enough power to be
used for local climactic modification. This
would require more precise understanding of
weather systems than is now available. Orbital
mirrors have also been suggested as a way of
providing nighttime illumination of cities
and/or of cropland to enhance growth. 37

YWoodcock, op cit
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Special mirror surfaces that reflect only
specific wavelengths would need to be de-
veloped for such purposes.

Generic economic and social effects: A suc-
cessful SPS could be instrumental in provoking
an economic upsurge by stimulating new pro-
duction in the aerospace and energy indus-
tries, and new industries altogether in space
fabrication, solar cells, antenna construction,
and so on. Specific technical advances neces-
sary for SPS and likely to provide economic
spinoffs have been mentioned. The likelihood
of a revolutionary new product, comparable in
effect to the transistor or microchip, resulting
from SPS is unpredictable. Estimates of the ag-
gregate economic and technical effects of
large research and engineering projects, such
as Apollo or nuclear reactors, vary enormous-
ly. Some credit a large portion of the U.S.
economic vitality and technical leadership in
the 1960’s, especially increases in research,
engineering, and project management skills, to
Federal investments in the Space program .38

“Drexler, op cit , pp 89

SPS might prove equally stimulating. Others
argue that these resources would have been
available anyway, and could have been used in
more efficient ways.

Arguments about long-term social vitality
also often revolve around the Apollo ex-
perience. The optimism and vision that
characterized the “Apollo decade” are con-
trasted with the pessimism, uncertainty, and
sense of limits of the post-Apollo 1970's. Skep-
tics, however, argue that Apollo represented a
misguided effort to escape from more pressing
social and political problems, and that the
space program lost public support when this
became apparent® (see ch. 9). Whether the
United States will regain some of its former en-
thusiasm for large high-technology projects
will depend partly on the success of current ef-
forts, such as the Space Shuttle, and on the
magnitude and type of benefits that such proj-
ects offer.

*Klaus Heiss, “New Economic Structures for Space in the

I ighties, Astronautics and Aeronautics, January 1981, p 17



