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Chapter 5

Fusion as an Energy Program

The primary long-term goal of U.S. fusion re-
search is to develop a fusion reactor that is an
attractive source of electricity. * The overall role
that fusion might play in the future energy sup-
ply of the United States depends on the charac-

'Fusion a | so may be valuablein an um her of non-electric appl:-
cations, descri bed i n app. A.

CHARACTERISTICS OF FUSION

Pre-conceptual designs and feasibility studies
for fusion generating stations were developed as
long ago as 1954.°However, it was not until the
early 1970s that studies began to simultaneously
address the plasma physics, structural materials,
operating characteristics, economics, and envi-
ronmental implications of fusion reactors.’Dur-
ing the late 1970s and early 1980s, comprehen-
sive system studies and comparative models were
developed to evaluate the interdependence of fu-
sion reactor performance and various scientific
and technological parameters.

These studies represent a mix of technological
optimism and conservatism. They optimistically
assume that the research and development (R&D)
effort mapped out in chapter 4 of this assessment
will be successfully completed and that it will
permit a fusion reactor to be designed and built.
At the same time, studies are inherently conserv-
ative in that they cannot account for as-yet-
unforeseen developments and innovations i n fu-
sion and competing technologies.

The studies have been especially valuable in
identifying improvements in fusion physics or
technology that appear to have the greatest po-

2. Spitzer, Jr., et al., Problems of the Stellarator as a Useful Power
Source, NYO 6047 (Princeton, NJ: Princeton University, 1954),

‘The evolution of fusion reactor studiesis d i scussedin Fusion Re-
actor Design: On the Road to Commercialization, by G. L Ku lcin-
ski, Fusion Engineering Program, NuclearEngineering Department,
University of Wisconsin, UWFDM-529, Madison, WI, May 31, 1983,
p. 3.

teristics of such a fusion reactor and on the char-
acteristics of other energy technologies with
which fusion will compete. It is too early to evalu-
ate either of these characteristics: fusion’s com-
mercial prospects are not yet known and neither
are the prospects of developments i n other tech-
nologies. However, preliminary analyses can be
performed on the basis of fusion system studies
conducted to date.

ELECTRIC GENERATING STATIONS

tential for making fusion reactors attractive and
competitive. Their value to the fusion program
notwithstanding, system studies should not be
considered definitive assessments of future fusion
reactors. Given that the scientific and technologi-
cal base for fusion has not yet been established,
fusion system studies are inherently based on in-
complete information, and the values calculated
for reactor parameters such as capital cost and
cost-of-electricity must be considered highly un-
certain. As a result of the technical progress made
in fusion research, system studies today describe
reactors that are very different from those envi-
sioned 30 years ago. It is likely that the fusion re-
actor that eventually enters the marketplace wiill
make today’s designs appear just as dated.

The discussion that follows identifies generic
features of future fusion reactors as well as fac-
tors that depend on particular design choices. The
focus is on reactors that produce electricity from
fusion alone, called pure fusion reactors, as dis-
tinguished from fusion reactors that draw part of
their energy from fission or that are used to make
fissionable fuel.“Much of the discussion draws
on comparisons of fusion technology to present-
generation light-water reactor fission technology,
the closest analog to fusion for which significant
operational data exists. Fusion and fission plants

*These devices, called fission/fusion hybrid reactors, are discussed

in app. A.
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are comparable because both are nuclear tech-
nologies suited for central-station power gener-
ation, and because they share some of the same
environmental and safety concerns. However,
the further that a technology is extrapolated be-
yond present experience, the less certain any of
its features become. As a result, all characteriza-
tions of future systems—including the ones in this
chapter—should be treated with extreme caution.

Risk and Severity of Accident

The D-T fusion process has several advantages
over fission that should make it easier to assure
the safety of a fusion reactor than of a fission re-
actor. This statement does not imply that exist-
ing fission reactors are unsafe, or that fission tech-
nology will not continue to develop and improve.
However, assuring public safety with fusion tech-
nology should be easier for the following reasons:

. Fusion reactors cannot sustain runaway re-
actions. Fuel will be continuously injected,
and the amount contained inside the reactor
vessel at any given time would only oper-
ate the reactor for a short period (probably
seconds or less). A fission reactor, on the
other hand, contains several years of fuel in
its core—a far greater amount of stored energy
potentially available for release. Moreover,
the conditions necessary to sustain a fusion
reaction are difficult to maintain; any signif-
icant system malfunction would stop the re-
action.

« Fusion reactors should require simpler post-
shutdown or emergency cooling systems
than fission reactors, if such systems are
needed at all. Due to the decay of radio-
active materials in the reactor, both fusion
and fission reactors will continue to gener-
ate heat at a small fraction of the full power
rate after they have been shut down. | n a
fission reactor, this decay heat, or afterheat,
is largely due to fission byproducts that ac-
cumulate in the spent fuel rods. In a fusion
reactor, afterheat results mostly from radio-
activity induced in the reactor structural ma-
terials, and the afterheat level is highly de-
pendent on the choice of those materials.

With appropriate materials choices, afterheat
from fusion reactors should be much less
than from fission reactors.

® potential accidents that could occur in fu-
sion reactors should be less serious than
those that could take place in fission reactors.
With suitable materials choices, the radio-
active inventory of a fusion reactor should
be considerably less hazardous than that of
a fission reactor. Fusion reactors would not
contain biologically active fission products
such as strontium and iodine. Moreover, the
radioactive materials in a fusion reactor
would generally be less likely to be released
in an accident than would those in a fission
reactor, since they would largely be bound
as metallic structural elements. The only
volatile or biologically active radioactive
component in a fusion reactor would be the
active tritium inventory; gaseous and vola-
tile radioactive products in a fission reactor
would be present in amounts orders of mag-
nitude greater.

A recent study of fusion’s environmental, safety,
and economic attributes quantitatively compares
the safety of fusion and fission designs. ‘This
study, referred to here as the ESECOM report,
sorts various fission and fusion reactor designs
into four categories according to the means by
which prompt off-site fatalities are prevented in
the event of an accident. Some of the designs
studied depend on active safety systems to pre-
vent off-site fatalities. These reactors can be safe,
but demonstrating their safety involves certifying
that the safety systems will work as expected dur-
ing all conceivable accidents. In other designs,

sjohnHoldren, et al., Exploring the Competitive Potential of Mag-
netic Fusion Energy: The Interaction of Economics With Safety and
Environmental Characteristics, excerpts from the Report of the Sen-
lor Committee on Economic, Safety, and Environmental Aspects
of Magnetic Fusion Energy (ESECOM). Interim results from this study
were presented to the Magnetic Fusion Advisory Committee in
Princeton, NJ, on May 19, 1987; the full report should be published
as a Lawrence Livermore National Laboratory report in Septem-
ber 1987. This study will be cited hereinafter asthe ESECOM report.

ESECOM analyzed and compared the environmental, safety, and
economic aspects of eight pure fusion reactor designs, two fission/fu-
ston hybrids, and four types of fission reactor. Of the pure fusion
reactors, six were tokamaks and two were reversed-tield pinches;
both the hybrid reactors were tokamak-based.
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and the safety of these systems is much easier to
demonstrate.®

The levels of safety assurance derived by
ESECOM, ordered by increasing ease of demon-
strability, are:

. Level 4: Active Protection. This level of pro-
tection depends on the proper operation of
active safety systems to ensure safety.’lt is
extremely difficult to certify that such systems
will indeed work as expected in case of ac-
cident. These systems must be designed to
respond to particular contingencies, and
deciding which accident scenarios should be
covered is not easy. Furthermore, as the
1986 Chernobyl accident in the Soviet Union
showed, active safety systems can be discon-
nected. At this level of protection, it is im-
possible to eliminate the risk of operator
error.

. Level 3: Small-Scale Passive Protection. At
this level, safety does not depend on active
safety systems. Moreover, failure of compo-

6The analysis in this study computes “worst-case” radiation ex-
posures to members of the public by calculating the maximum ra-
diation dose deliverable to an individual at the worst possible loca-
tion at the plant boundary, under weather conditions that keep
the radiation from dispersing. Effects that would serve to mitigate
the delivered dose, such as buildings, rain, or fallout, were not in-
cluded (except that the effect of buildings on the wind pattern was
included). Absence of prompt fatalities corresponds to limiting the
“worst-case” dose to under 200 reins, an amount of radiation ex-
posure generally accepted to be the minimum capable of causing
a prompt fatality in the absence of medical treatment. This radia-
tion dose is about 2,000 times the total dosage typically received
in one year due to cosmic rays and other naturally occurring sources
of radiation.

In addition to prompt radiation dose, the study also considered
the long-term dose from ground contamination due to an accident.
However, these long-term dosages were not used to define the cat-
egories of safety assurance. Long-term effects of radiation release
are more difficult to determine than prompt effects because the
effects of long-term, low-level exposure to radiation are highly con-
troversial. Estimates of the cancer fatalities resulting from a given
long-term, low-level exposure vary by more than a factor of 10.

7,rider the ESECOM analysis, any system such as an emergency
cooling system that would have to be activated or powered at the
time of an accident, or any system that would have to be actively
turned off, is considered an active system. A containment build-
ing is considered an active system under this definition since pene-
trations such as airlocks, ventilation systems, and plumbing are man-
aged by active systems. Therefore, designs relying significantly on
containment buildings to prevent escape of radiation could not
achieve a rating higher than Level 4.

nents such as relief valves and pump seals—
in conjunction with the failure of any active
systems—could be tolerated without risking
off-site fatalities. However, ensuring safety
at this level requires assuming the integrity
of key systems such as coolant loops, as well
as maintaining the large-scale physical integ-
rity of the overall structure. It would have
to be proven that passive design features
alone could keep these critical components
or systems from being damaged under credi-
ble accident scenarios.

® | evel 2: Large-Scale Passive Protection. A
large-scale passively protected reactor would
be able to prevent the release of dangerous
amounts of hazardous materials as long as
certain large-scale structures remained intact.
Such a system would not rely on active safety
systems and would be able to withstand any
combination of small-scale component or
system failures. Demonstrating the safety of
such a reactor would only require showing
that no credible accident could destroy the
large-scale geometry of the device.

e Level 1: Inherent Safety. A reactor with this
degree of safety assurance could be shown
to be incapable of causing an immediate, off-
site fatality in the event of any conceivable
failure, including total system reconfiguration
(e.g., it would remain safe even if the entire
reactor were somehow crumpled up into a
ball). This level of protection is assured by
the properties of the reactor materials in one
of two ways: either the radioactive inventory
must be so small that, if totally released, it
could not constitute a lethal dose to the pub-
lic, or the inventory must consist of materi-
als that could not be melted, converted into
volatile oxides, or otherwise dispersed by the
sudden release (in an explosion, fire, or
power surge) of all the plant’s stored energy.

According to the ESECOM report, attributes
of the fusion process show that fusion reactors
should be able to achieve greater degrees of
safety assurance than fission reactors. Of the
eight fusion designs that ESECOM evaluated, one
was a Level 1 system, three were Level 2, one
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was Level 3, and three were Level 4. Design
changes were identified for several of the Level
3 or 4 fusion systems that could raise them to
Levels 2 or 3, respectively. ESECOM found that
present-generation commercial light-water fission
reactors are Level 4 systems, and that two “in-
herently safe” fission reactor designs now under
investigation should be capable of reaching Level

3 on this scale.

Different fusion designs varied significantly in
terms of the maximum radiation dose that could
be delivered to the public in an accident. Designs
using low-activation materials, which do not gen-
erate long-lived radioactive byproducts under
neutron irradiation, and designs operating on ad-
vanced fuel cycles were calculated to have a
higher degree of safety assurance than the “refer-
ence” design, an updated version of a tokamak
reactor study originally published in 1980.8 How-
ever, materials selections and design choices are
also possible that yield fusion reactors that require
active safety systems.

ESECOM concluded that Level 2 fusion reactors
should be possible to design, and that Level 1
designs-although more difficult due to limited
materials choices—should also be possible. None
of the fission designs ESECOM analyzed could at-
tain these levels of safety assurance. Although fis-
sion designs are being developed that appear to
have greater degrees of safety assurance than ex-
isting fission reactors, fusion appears to have
some fundamental advantages. Many of the po-
tentially dangerous substances present in fission
reactors are either fuels or fission byproducts that
are inherent to the fission reaction. The products
of the fusion reaction, on the other hand, are not
in themselves hazardous. Tritum fuel does pose
a potential hazard, but according to the ESECOM

8Charles C. Baker, et al., STARFIRE—A Commercial Tokamak
Power Plant Study, AN L/FPP-80-l, Argonne National Laboratory,
1980. The STARFIRE study, conducted by a team of 70 research-
ers, is one of the most comprehensive fusion reactor design studies
completed to date. It presents a conceptual design of a full fusion
powerplant, including descriptions of the tokamak reactor as well
as all the associated subsystems in the remainder of the facility.

The STARFIRE study has been extensively drawn upon by, and
provides a base of comparison for, many subsequent analyses of
fusion reactors and system designs. The ESECOM report chose the
STARFIRE design, updated with lower activation materials and a
more recent blanket design, as its “point-of-departure’ reference
case.

report even the complete release of the active
tritium inventory of current reactor designs un-
der adverse meteorological conditions would not
produce any prompt fatalities off-site.’There is
much greater freedom to choose appropriate ma-
terials that minimize safety hazards in fusion re-
actors than in fission reactors. Therefore, a higher
degree of safety assurance should be attainable
with fusion.

Occupational Safety

Most of the occupational hazards a worker
might encounter at a fusion reactor site are al-
ready familiar from other occupations. Table 5-1
shows the locations of potential hazards during
the operation and maintenance of a D-T fusion
reactor.

Of the potential hazards listed, the least is
known about the effects of magnetic fields. There
is no reason to suppose that the steady or slowly
varying magnetic fields associated with fusion re-
actors could cause adverse health effects. How-
ever, little is known definitively about the bio-
logical effects of such fields; after many years of
research, the technical literature is “extensive and
often contradictory. ” 10 The U.S. Department of
Energy (DOE) established interim occupational
magnetic field exposure guidelines on an ad hoc
basis in 1979, although the committee that de-
veloped these guidelines expressed “strong con-
cerns about the lack of data upon which one can
construct appropriate exposure criteria,”"

°Joh n Hold ren, et al., ESECOM Report, op cit. Larger “inactive”
tritium supplies would be stored in the plant in addition to the ac-
tive working inventory, but these could be divided up and extremely
well protected.

107.8.Cannon (ed ), Background Information and Technical Ba-
sis for Assessment of Environmental Implications of Magnetic Fu-
sion Energy, DOE/ER-01 70, prepared by the Oak Ridge National
Laboratory for the U.S. Department of Energy, Office of Fusion
Energy, Division of Development and Technology, August 1983,
p. 6-2.

This document, hereinafter referred to as Background /nforma-
ion, served as the principal reference for a generic Environmental
Impact Statement that was prepared for the magnetic fusion pro-
gram. The generic statement, although completed, has not been
reviewed and approved by DOE. DOE has chosen not to file a
generic impact statement for the program as a whole but rather
to prepare specific statements for individual fusion facilities as
needed.

1t Letter from Dr. Edward Alpen, Director of the Dormer Labora-
tory, University of California at Berkeley, and Chairman of the com-
mittee established to set interim magnetic field exposure standards,
to Dr. Kenneth Baker, U.S. Department of Energy, July 23, 1979.
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Table 5-1.—Principal Locations of Potential Hazardous Agents in D-T Fusion Reactors

Locations of possible exposure

Locations of possible exposure

Hazard during operation during maintenance
Radiation from tritum. . . . . ... ....... . Tritum recovery systems Reactor hall and structure
Coolant loops Blanket processing
Fuel recycling
Radiation from activation products. . . . . Coolant loops Reactor hall and structure
Blanket processing
Steam generator
Radiation from neutrons . . . ... ....... . Not present in accessible areas Not present
Non-radioactive toxic materials . . . ... .. Possibly in auxiliary reactor systems . Chemical processing
Radiofrequency (RF) fields . . . ... ...... Near power sources Not present unless RF components
- Along waveguides are being tested
Magnetic fields. . . . .................. Environment of reactor hall Not present unless magnets are

being tested

aHazards are only listed for areas where personnel will be permitted, personnel will not be permitted in the reactor hall during reactor Operation, so activation products
and neutron radiation present there are not considered occupational hazards in this table.

SOURCE Adapted from J B. Cannon (ed), Backrground Information and Technical Basis for Assessment of Environmental Implications of Magnetic fusion Energy,
DOE/ER-0170, prepared by Oak Ridge National Laboratory for the U.S. Department of Energy, Office of Fusion Energy, Division of Development and Technol-

ogy, August 1983, table 6.1, P 6-2

These standards are still being used on a trial
basis; although researchers analyzing this issue
have flagged uncertainties that call for further re-
search, they have still not found many well-docu-
mented studies that show detrimental biological
effects of static (non-varying) or slowly varying
magnetic fields such as those to be found in fu-
sion reactors. The National Committee on Radi-
ation Protection and Measurement has estab-
lished a subcommittee on Biological Effects of
Magnetic Fields to recommend limits on magnetic
field exposure; this subcommittee is in its final
stages of document preparation prior to submis-
sion to the full committee. * *

Significant exposure to magnetic fields in or
near a fusion reactor probably would be limited
to plant workers because magnetic fields extend-
ing beyond the site boundary are not expected
to be stronger than the earth’s field. The interim
standards established by DOE were for occupa-
tional exposure only, and the committee that de-
veloped them stated that it was “not prepared
to offer an exposure criteria for general popula-
tion exposure."”

12y nformation provided to OTA staff by Dr. Donald Ross, Acting
Director, Occupational Safety and Health Division, Office of Oper-
ational Safety, U .S. Department of Energy, Apr. 22, 1987; and b,
Dr. Dennis Mahlum, chairman of the National Committee on Ra-
diation Protectlon and Measurement Scientific Committee 67 on

Biological Effects of Magnetic Fields, Apr. 28, 1987.
13 Letter from A | pen to Baker, note 11 above.

Environmental Effects

Radioactive Waste

The main environmental problem with fusion
reactors is expected to be radioactive waste. Al-
though the reaction products of the D-T fusion
reaction are not radioactive, the fusion reactor
itself—particularly the first wall, blanket, shield,
and coils—will be. The first wall will be the most
severely affected; the cumulative effects of radi-
ation damage will require that the first wall be
replaced every 5 to 10 years and disposed of as
radioactive waste.

The type and amount of radioactive waste gen-
erated by a fusion reactor is highly dependent
on the choice of materials. With appropriate ma-
terials, fusion reactors can avoid producing the
long-lived, intense, and biologically active wastes
inherently produced by fission reactors. Accord-
ing to the ESECOM report, although fusion wastes
may have greater volume than fission wastes, they
will be of shorter half-life and intensity and should
be orders of magnitude less hazardous. ” The
wastes from fusion reactors operating with ad-

1sESECOM measuredradioactive waste hazard by calculating the
dosages that future “intruders” could acquire by excavating or farm-
ing a radioactive waste site hundreds of years from now. Radio-
active waste produced by the fusion designs ESECOM studied were
orders of magnitude less hazardous than those produced by tis-
sion designs by this measure.



110 . Starpower: The U.S. and the International Quest for Fusion Energy

vanced, non-tritium-based fuel cycles would be
even less radioactive than those from D-T fusion
reactors.

ESECOM'’s estimates of radioactive waste haz-
ards also indicate that fusion designs differ
among themselves by several orders of magni-
tude. The study found that advanced “low-
activation” fusion designs could be tens to hun-
dreds of times better than the fusion reference
design, and that other designs could be hundreds
or thousands of times worse if the wrong mate-
rials are chosen. ESECOM concluded that with
proper materials selection, radioactive waste from
all of the fusion designs could qualify as low-level
waste under existing Nuclear Regulatory Com-
mission regulations.”

Figure 5-1 shows the dependence of fusion re-
actor radioactivity levels on materials selection.
Figure 5-2 shows the corresponding dependence
for afterheat produced by radioactive decay. For
the top curve in each figure, the reactor first wall
and blanket are assumed to be made out of a type
of steel. The lower curve, having radioactivity and
afterheat levels thousands to millions of times
lower, assumes that low-activation materials are
used in the blanket and first wall.”

These figures represent the potential of low-
activation materials to reduce radioactive wastes
but do not necessarily address the feasibility of
using these materials. The source for figures 5- |
and 5-2 was a preliminary conceptual design
study that attempted to design credible replace-
ments using low-activation ceramic materials for
all reactor structures in the high neutron flux zone
of the STARFIRE reactor (footnote 8, above). Engi-
neering feasibility of these materials was consid-
ered, and at an initial level of analysis the designs
were found to be achievable. However, using

1 5john Holdren, et al., ESECOM Report, OP- €l

'6The induced radioactivity intrinsic to the low-activation mate-
rials themselves is extremely small; the majority of the radioactiv-
ity shown by the “low-activation” curve more than one day after
shutdown is due to iron impurities. According to Cannon, Back-
ground Information, op. cit, p. 3-41, realizing impurity levels as
low as those assumed in this figure is a “difficult and expensive
task at the present time, and may or may not be achievable at the
time low-activation/low-impu rity structural materials are required
in a fusion reactor economy. ”

Figure 5-1 .—Post-Shutdown Radioactivity Levels
for Fission Breeder Reactor, Reference STARFIRE
Fusion Reactor, and Low-Activation Fusion
Reactor Design
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ceramics for these components poses engineer-
ing issues quite different from those encountered
with the metals typically used in engineering ap-
plications today. Substantial development of ma-
terials and fabrication techniques would be re-
quired to use ceramics in a fusion reactor.
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Figure 5-2.— Post-Shutdown Afterheat Levels
for Fission Breeder Reactor, Reference STARFIRE
Fusion Reactor, and Low-Activation Fusion

Reactor Design
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Routine Radioactive Emissions

The total estimated radiation dosages attrib-
utable to routine releases from fusion reactors
would be a very small fraction of the radiation
dose due to naturally occurring background ra-

diation. " Two types of radioactive substances
may be emitted by fusion reactors: activation
products, which are substances made radioactive
by neutron irradiation, and tritium, which is
produced in the reactor blanket and used as fuel.
Activation products would be released either
through liquid waste processing systems or plant
ventilation systems; most of the tritium releases
would be to the atmosphere.

Activation products released by fusion reactors
should be no more hazardous than those routinely
released by fission reactors. Tritium discharges
from fusion reactors, in terms of radioactivity
levels, would be much larger than activation
product emissions. However, since tritium differs
significantly from activation products in the type
of radiation emitted and the method of absorp-
tion in the body, the total radiation dosages due
to tritum releases would not be correspondingly
large.

Very preliminary estimates of trittum emissions
from fusion reactors are on the order of 5,000
to 10,000 curies per year from a 1,000-megawatt
plant.*Most of these emissions would occur dur-
ing major system maintenance, and they might
be removable by an atmospheric detritiation sys-
tem before release to the environment. Tritium
releases of this amount are well within the range
of routine tritium releases from some existing
DOE facilities. By comparison, tritium emissions
from an equivalently sized pressurized-water fis-
sion reactor—the predominant type of commer-
cial nuclear fission reactor—would be about

17Naturally occurring background radiation is due primarily to
cosmic rays and to radioactive elements contained in rocks and
soils. In the United States, the dosages due to these sources vary
by factors of 2 to 4 depending on location; the typical contribu-
tions of the two sources are comparable.

Medical X-rays and radiopharmaceuticals provide, on average,
a radiation dosage about equal to the natural background. A sub-
stantially smaller contribution comes from the sum of other man-
made sources such as atmospheric nuclear weapons tests, occupa-
tional radiation exposure, nuclear powerplant emissions, and con-
sumer products.

180ne curie of a radioactive substance is the amount needed to
have 3.7 X 10" radioactive disintegrations per second. Ten thou-
sand curies of tritium have a mass of about one gram.
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1,400 curies per year.”lt is estimated that the
total dose to the population within 80 kilometers
(50 miles) of a routinely operating fusion reactor
should be less than 0.01 percent of the dose from
natural background sources .20

Routine Nonradioactive Emissions

The energy generated in a fusion reactor that
is not converted into electricity would be dis-
charged as heat, primarily into the atmosphere.
In this respect, a fusion reactor would resemble
fossil fuel and nuclear fission generating stations.
Like a fission plant, but unlike a plant that burns
fossil fuels, a fusion plant would not emit com-
bustion products such as carbon dioxide into the
atmosphere. Since carbon dioxide emissions may
potentially affect world climate, this aspect of fu-
sion (and fission) technology could prove to be
very advantageous. Carbon dioxide emissions are
discussed later in this chapter under “Compari-
sons of Long-Term Electricity Generating Tech-
nologies. ”

Nuclear Proliferation Potential

A fusion reactor’s ability to breed fissionable
materials such as uranium or plutonium could
possibly increase the risk of nuclear weapons
proliferation. A pure fusion reactor would not
contain fissionable materials usable in nuclear
weapons, and it would be impossible to produce
such materials by manipulating the reactor’s nor-
mal fuel cycle. Therefore, normal operation of
a pure fusion reactor poses negligible prolifera-

'9Fusionreactor radioactive discharge and radiation dosage esti-
mates are from Cannon, Background [nformation, op. cit., chs. 4
and 8, particularly tables 4.19, 8.8, and 8.9. Pressurized water re-
actor emissions are from Nuclear Regulatory Commission, Calcu-
lation of Releases of Radioactive Materials in Gaseous and Liquid
Effluents From Pressurized Water Reactors, NUREG-0017, Rev. 1,
1985, p. 2-70.

20Dopsages estimated from tritium releases assume that all the
tritium is in the form of tritium oxide, or tritiated water. Tritiated
water is water in which one or both of the hydrogen atoms are
replaced by tritium atoms, and it is absorbed by and discharged
from the human body like ordinary water. These dosages repre-
sent conservative upper bounds, and are tens of thousands of times
higher than the dosages that would result if the tritium were re-
leased in the form of tritium gas. Tritium gas is not readily absorbed
by the body.

tion risk.zl However, if the blanket of a pure fu-
sion reactor were appropriately modified, fission-
able fuel could be bred there. To ensure that
fissionable materials were not surreptitiously
produced, changes to the reactor blanket would
have to be prevented. The difficulty of detecting
such changes would depend on the design of the
reactor; it is plausible that reactor designs could
be developed that would make undesirable modifi-
cations easy (or difficult) to monitor.”

Proliferation concerns are not unique to fusion
reactors; fission reactors also pose this risk. De-
pending on the fuel cycle used, the proliferation
potential of fission can be much greater than that
of a pure fusion reactor. After being irradiated
in the core of a fission reactor, uranium fuel wiill
be converted into plutonium, which can be ex-
tracted from the uranium and other byproducts
by chemical reprocessing, Alternatively, pluto-
nium can be produced in breeder reactors (pure
fission or fission/fusion hybrid) designed explicitly
for plutonium production. If either reprocessing
or breeder reactors become used on a wide scale,
it is possible that material usable for nuclear
weapons could be produced and extracted dur-
ing the production, processing, and transporta-
tion of fissionable fuel.”

21Pure fusionreactors do contain tritium, which could be used
in thermonuclear weapons such as the hydrogen bomb. However,
such weapons cannot be built by parties who do not already pos-
sess fission weapons, and possession of tritium will not provide any
assistance to a party that is trying to develop fission weapons.

22 fission/fusion hybrid reactor would incorporate a blanket de-
signed specifically to breed (and/or utilize) fissionable fuel. Prolifer-
ation concerns for hybrids are therefore considerably more seri-
ous than those for pure fusion reactors.

23The Plutonium produced in a fission reactor consists of amix-
ture of different isotopes whose relative proportions depend on how
long the original uranium is irradiated. Any mixture of plutonium
isotopes can be used to make a nuclear explosive, but weapons
designers prefer to minimize the percentage of the heavier isotopes
that are produced when the fuel is irradiated for longer periods
of time. Therefore, short fueling cycles are preferable—but not
required—for producing plutonium usable in nuclear weapons.
Since plutonium can be produced in this manner in existing fis-
sion reactors, the International Atomic Energy Agency operates a
safeguards program to assure that production and diversion of fis-
sionable fuel would be detected, minimizing the possibility of covert
production of nuclear weapons.
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Resource Supplies

Much of fusion’s allure stems from the essen-
tially unlimited supply of fuel. D-T fusion reactors
will require two elements—deuterium and lithium
—for fueling. Deuterium will be used as fuel
directly in the reaction chamber and lithium will
be used in the blanket to breed tritum fuel. Ad-
vanced fuel cycles discussed in chapter 4 that do
not use tritium would not require lithium.

It appears that domestic supplies of fusion
fuel will not constrain the development and use
of fusion power. Deuterium contained in water
is readily extractable, with each gallon of water
having the energy equivalent of 300 gallons of
gasoline. This supply offers bilions of years’ worth
of energy at present consumption rates. Similarly,
domestic lithium supplies probably offer thou-
sands of years’ worth of fuel with vastly greater
quantities of lithium contained in the oceans. Al-
though recovering lithium from seawater is not
currently economical, it could be in the future;
fuel costs are such a small part of the cost of fu-
sion power that lithium could become many
times more expensive without substantially affect-
ing the cost of fusion electricity. According to a
study of fuel resources for fusion, it appears “un-
likely that an absolute shortage of lithium could
constrain the prospects of D-T fusion in any time
of practical interest.”

Preliminary studies of the materials required to
build fusion reactors also do not foresee any im-
portant materials constraints, although the pre-
liminary nature of fusion reactor designs makes
firm conclusions impossible. In 1983, Oak Ridge
National Laboratory conducted a study that esti-
mated a “per reactor” materials demand from
a set of fusion reactor design studies completed
in the 1970s. These estimates were converted into
annual fusion demands by assuming that in the
long run, close to 40 fusion reactors would be
built per year.”

24y Hafele,). F. Hold ren, and G. L. Kulcinski, “The Problem of
Fuel Resources, " Fusion and Fast Breeder Reactors (Laxenburg, Aus-
tria: International Institute for Applied Systems Analysis, 1977), p. 32,

Cannon, Background /nformation, op. cit., ch. 9. The study as-
sumed a worldwide installed electric generating capacity of 1,500
gigawatts, or about 2.4 times the 1986 U.S. installed capacity [given
by the North American Electric Reliability Council, “ 1986 Electri-
city Supply and Demand, ” figure 8, p. 25]. Assuming this capacity

The study compared these estimates to non-
fusion demand projections, based on U.S. Bureau
of Mines estimates, which were extrapolated over
a time span comparable to that assumed for the
fusion estimates. The study also compared de-
mand estimates to estimated world supplies.

The study did not find any materials for which
total fusion demands exceeded non-fusion de-
mands. Therefore, in those cases for which total
demand appeared to exceed available supply
when projected over many decades, overall scar-
city would not be due solely to fusion. There
would be ample motivation other than fusion for
either identifying substitutes or finding new sources
of Supply. *

At this stage of fusion reactor design, substitutes
can be found for any of the materials that might
be in short supply. However, replacing several
materials simultaneously, such as all those that
would be in short supply if foreign sources were
not available, would be much more difficult than
finding substitutes for any one material. If re-
source constraints affect fusion reactors, they
will concern materials for reactor construction
rather than fuel supply.

cost

Estimating the costs of fusion reactors that can-
not yet be designed in detail is difficult. The task
is considerably complicated by the fact that eco-
nomic projections, more than many other fea-
tures discussed so far, depend critically on pa-
rameters that can be little more than guessed at

to be supplied by generating stations averaging 1 gigawatt each and
having an average lifetime of 40 years, an average of
1,500+-40= 37.5 plants would have to be replaced per year. The
study assumed that all replacements would eventually be made with
fusion reactors.

26]hid., table 9.24, p. 9-36. Although fusion materials demand did
not constitute the majority of the total (fusion plus non-fusion) de-
mand for any of the materials studied, fusion requirements con-
stituted between 10 and 50 percent of the total demand for five
materials: beryllium, lithium, helium, tungsten, and vanadium. All
of these except tungsten were found to be in ample supply.

Fusion demands were calculated from an ensemble of 10 differ-
ent reactor designs. Such an ensemble represented a diversity of
reactor concepts, and using the ensemble kept the analysis from
being too dependent on a single design. Any individual reactor de-
sign, however, may have materials requirements significantly differ-
ent from the ensemble average.



today. Many non-technical factors such as inter-
est rates, construction time, and the licensing and
regulatory process will have a profound and un-
predictable impact on ultimate cost.

Fusion will be a capital-intensive technology.
Existing system studies show that most of the cost
of electricity will come from building the power-
plant. Costs for the deuterium and lithium re-
quired to fuel fusion reactors will be a negligible
fraction of the total cost. More significant as an
effective “fuel” cost will be the expense of peri-
odically replacing the blanket components as
they exceed their service lifetimes. Even includ-
ing these replacements, however, total opera-
tional and maintenance expense is projected to
constitute less than half of the total cost of fusion-
generated electricity.”

In analyzing how the costs of fusion electricity
depend on various physics and technology pa-
rameters, system designers can determine impor-
tant cost drivers and identify high-payoff areas for
further research. Because of overall uncertainties,
however, the actual costs estimated in system
studies are less dependable than their variation
as design assumptions are changed. A National
Research Council report on fission/fusion hybrid
reactors”identifies many sources of uncertainty
in present cost estimates, including:

* incomplete design information;

* limited understanding of the required fusion
technologies, methods of fabrication, mate-
rials, and support systems, including in par-
ticular incomplete knowledge of the effects
of high-energy neutron irradiation;

* complex requirements for tritium recovery
and handling, and the need for remote han-
dling and storage of large, radioactive com-
ponents;

* the degree of containment facility that wiill
be required for the reactor and for associ-
ated tritium handling systems;

* the approach taken towards licensing, in-
cluding the need for in-service inspection,

7. Sheffield, et al., Cost Assessment of a Generic Magnetic Fu-
sion Reactor, Oak Ridge National Laboratory, ORNL/TM-9311,

March 1986, table 1.2, p. 7. .
28N ational Research Council, Outlook for the Fusion Hybrid and

Tritium-Breeding Fusion Reactors (Washington, DC: National Acad-
emy Press, 1987), p. 90.

seismic qualification, redundancy and di-
versity;

* the costs of waste disposal and decommis-
sioning; and

* the life expectancies and failure modes of
plant components, which depend on the
combined effects of neutron irradiation,
magnetic fields, high temperatures, and cor-
rosion.

Existing information on the costs of fusion ex-
perimental facilities does not necessarily provide
much guidance for estimating the future costs
of commercial reactors. No experiment to date
comes close to integrating the various systems
that would be required in an operating reactor.
Many individuals argue that the proposed costs
of future experimental facilities—an engineering
test reactor, for example, which will cost at least
$1 bilion and very possibly several times that
much—do not bode well for inexpensive power-
plants. However, experimental facilities and com-
mercial devices have very different missions and
design constraints.

A number of factors would tend to make com-
mercial facilities less expensive than experimental
devices that produce comparable amounts of
power. Experiments are necessarily based on in-
complete knowledge—otherwise there would be
no need for them—and their designs must be con-
servative to ensure that their objectives can be
fulfiled. Experiments must be flexible; they must
have the ability to operate under a wide range
of conditions, since the operating parameters that
will be of most interest for future commercial re-
actors are not yet known. They must be exten-
sively instrumented with diagnostic equipment,
since their primary objective would be to pro-
duce information, not electricity. The result of this
information and the experience with the technol-
ogy acquired through the research program should
make it possible to reduce the cost of subsequent
facilities, including commercial ones.

On the other hand, a different set of factors
would tend to increase the cost of commercial
facilities over that of their experimental counter-
parts. Expenses may be incurred in ensuring long
life, reliability, ease of maintenance, and ease of
operation, qualities that are crucial for commer-
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cial facilities but that may not be so important
for experimental devices. Many of the design fea-
tures and requirements introduced in the proc-
ess of licensing, optimizing, and commercializ-
ing fusion reactors wil also tend to add to the
expense of commercial facilities. It is therefore
very difficult to draw conclusions about reactor
cost from existing experience or from the cost of
proposed experiments.

ESECOM has conducted the most extensive
analysis to date comparing costs of various fusion
designs to one another and to fission reactors.
In the ESECOM report, construction cost estimates
varied by about a factor of 2 among the fusion
designs, and the pure fission costs were similar
to or below the low fusion estimates. “Cost-of-
electricity’ estimates varied over a somewhat
smaller range, and the fission designs again were
at the low end.

The lowest operating cost of any of the reactors
examined by ESECOM was for the “best experi-
ence” light-water reactor, representing the lowest
cost fission reactors now operating. The highest
operating cost of all designs was for the “median
experience’ light-water reactor, representing a
cross-section of present light-water reactor experi-
ence. Estimated operating costs for all the fusion
designs fell in between these cases. Construction
cost (as opposed to operating cost) estimates var-
ied similarly, with some of the pure fusion de-
sign construction costs exceeding that of the “me-
dian experience” light-water reactor.

One feature of fusion reactor design that could
significantly affect economics is its level of safety
assurance. The easier it is to demonstrate the
safety of a fusion reactor, the easier that reactor
will be to license and site. in particular, if the
licensing process does not depend on complex
and controversial calculations concerning the
performance of active safety systems, it might pro-
ceed more quickly and with greater consensus.
If in turn the construction process were sped up,
considerable cost savings could result.

Higher degrees of safety assurance could also
have a more direct effect in reducing construc-
tion cost. Because safe operation of commercial
nuclear reactors today depends on active safety
systems, those systems must meet exacting quality

assurance standards. Components and systems
built to meet these “nuclear-grade” standards are
considerably more expensive than similar com-
ponents in less critical applications. Since the
safety of reactor designs with higher levels of
safety assurance would not be as dependent on
particular components or systems, fewer “nu-
clear-grade” components would be required. The
ESECOM report estimated that up to 30 percent
of the “overnight” construction costs (e. g., the
total cost if construction could be completed in-
stantaneously, not including interest charges or
inflation) could be avoided if nuclear-grade con-
struction were not required. Such a decrease in
construction cost would lower the cost of elec-
tricity by about 25 percent. This savings is over-
estimated in that no fusion system is likely to be
able to avoid nuclear-grade construction entirely;
tritum-handling systems, for example, wil always
have the potential to release some radioactivity
in the event of sufficient component failures.
Nevertheless, the ability to relax construction
standards through higher levels of safety assur-
ance could lead to cost savings.

Possibly mitigating these cost savings is the
price of achieving increased safety assurance in
the first place. In the ESECOM report, the costs
of the pure fusion designs (before any savings due
to safety assurance were taken into account)
tended to be higher for those designs with higher
levels of safety assurance. The net effect of safety
assurance on reactor cost, therefore, depends on
whether savings can outweigh the price of addi-
tional design constraints.

Future technological developments could also
decrease the cost of fusion power. For example,
the recent discovery of new superconducting ma-
terials that do not require liquid helium temper-
atures could affect fusion design and economics
if these materials can be used in fusion magnets.
Cheaper magnets, by themselves, will not dra-
matically alter the price of a fusion reactor. Even
if the magnets in the STARFIRE design were free,
the total capital cost would only be reduced by
about 12 percent .29 However, if new magnet ca-
pabilities in turn make possible the use of sign if-

29| Sheffield, et al., Cost Assessment of a Generic Magnetic Fu-
sion Reactor, op. cit.,, tables A.4.1 and A.4.2, pp. 84-85,
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icantly different designs—e.g., the use of substan-
tially higher magnetic fields, which could ease
the requirements on other systems or permit the
use of advanced fuels—then significantly differ-
ent economic estimates might result. JO

If reactors running on advanced fuel cycles
were developed that had substantially lower
levels of neutron irradiation, blanket components
would not have to be changed as often, reduc-
ing operating costs, However, in the case of the
D-'He cycle, the costs of the actual fuel would
no longer be negligible due to the expense of
generating or recovering °He, which is not found
in nature. Capital cost for the fusion core of a re-
actor using advanced fuels might be higher than

30Possible applications of high field superconducting magnets to
fusion reactor design are discussed in Tokamak Reactor Concepts
Using High Temperature, High Field Superconductors, by D.R.
Cohn, et al.,, Massachusetts Institute of Technology Plasma Fusion
Center, PFC/RR-87-5, Apr. 14, 1987.

that of a D-T reactor since the advanced reactor
technology would be considerably more chal-
lenging. On the other hand, if an advanced re-
actor were able to generate electricity directly,
without the use of steam generators and turbines,
it might be able to bypass some of the balance-
of-plant costs.

Given all the uncertainties, OTA finds that the
economic evidence to date concerning fusion’s
cost-effectiveness is inconclusive. No factors yet
identified in the fusion research program conclu-
sively demonstrate that fusion will be either much
more or much less expensive than possible com-
petitors, including nuclear fission. Fusion appears
to have the potential to be economically com-
petitive, but making reliable cost comparisons will
require additional technical research and a bet-
ter understanding of non-technical factors, such
as ease of licensing and construction, that can
have a profound influence on the bottom line.

THE SUPPLY OF AND DEMAND FOR FUSION POWER

The factors that influence how successfully fu-
sion technology will serve as a source of energy
include how well fusion’s characteristics meet the
requirements of potential customers and how
well fusion compares to alternate electricity-gen-
erating technologies. How well fusion will meet
the needs of its users, primarily electric utilities,
depends in turn both on when it can become
commercially available and on what its users
want. These issues are discussed first below. Next
is a brief summary of competing energy supply
technologies that provides some context for fu-
sion power. Finally, the implications of estimates
of future electricity demand are analyzed.

The Availability of Fusion Power

Financial resources permitting, the research
program outlined by the Technical Planning Ac-
tivity (TPA)*and described in chapter 4 is tar-

31The Technical Planning Activity was a fusion communitywide

effort to identify the technical issues, tasks, and milestones that char-

acterize the remaining fusion research effort. Its primary output was
Technical Planning Activity: Final Report, prepared by the Argonne
National Laboratory, Fusion Power Program, for the U.S. Depart-

geted toward enabling a decision on fusion’s
overall potential to be made by 2005. Accord-
ing to TPA, if the decision is made to proceed
with fusion at that time, an “Integrated Fusion
Facility” (IFF) based on “commercially relevant
fusion technology” could be built that would
mark the “beginning of the commercialization
phase of fusion.” TPA did not specify the na-
ture of the IFF. It could be a demonstration or
prototype reactor, although the IFF parameters
TPA presented in an example show it to be well
short of commercial performance (see ch. 4, foot-
note 28). Thus, the technical steps that might fol-
low the research phase, in terms of the neces-
sary facilities that would lead to a prototype
commercial fusion reactor, have not yet been de-
termined.

The institutional process by which any dem-
onstration fusion reactor might be built and oper-
ated is also highly uncertain. Under present Fed-

ment of Energy, Office of Energy Research, AN L/FPP-87- 1, Janu-

ary 1987. The Technical Planning Activity is described in the sec-

tion of ch. 4 titled “The Technical Planning Activity. ”
32Technical planning Activity: Final Report, op. cit., PP. 9and 26.
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eral policy, building and operating a demonstration
reactor is the responsibilty of the private sector,
which has certainly proven capable of demon-
strating major new technologies in the past. How-
ever, involving the private sector in an effort of
this scale may not be straightforward. According
to one utility executive:

... there is a certain level of concern for the
enormous gap in perception that exists between
industry and government concerning private sec-
tor commercialization. It may be unrealistic to as-
sume that once a scientific and related technol-
ogy data base is established in the program, the
stage will be set for private sector commerciali-
zation of attractive fusion energy sources.”

Unless the Federal Government becomes re-
sponsible for owning and operating fusion gen-
erating stations—a change whose ramifications
would extend far beyond fusion’s development—
some mechanism for easing the transition from
government to private responsibility will be re-
quired.*

The timing of the commercialization process
is difficult to predict for both technical and in-
stitutional reasons. Conceivably, if the research
program provides the information necessary to
design and build a reactor prototype, such a de-
vice could be started early in the next century.
After several years of construction and several
more years of qualification and operation, a base
of operating experience could be acquired that
would be sufficient for the design and construc-
tion of subsequent reactors. If the regulatory and
licensing processes proceeded concurrently, ven-
dors could begin to consider the manufacture
and sale, and utilities could consider the pur-
chase, of commercial fusion reactors midway
through the first half of the next century.

The subsequent penetration of fusion reactors
into the energy market would take time because

33Kenneth |, Matson, Vice President, PSE&G [Public Service Elec-

tric & Gas Co.] Research Corp., Newark, NJ; quoted in “Panel Dis-
cussion on Industry and Utility Perspectives on Future Directions
in Fusion Energy Development, ” Journal of Fusion Energy, vol.5,
No. 2, June 1986, pp. 144-145. This issue of the journal of Fusion
Energy presents an edited transcript of a symposium sponsored by
Fusion Power Associates titled “The Search for Attractive Fusion
Concepts. ”

34For more discussion of the role of the private sector in fusion’s

development, see the section in ch. 6 on “Private Industry. "

existing electrical generating capacity will not be
replaced overnight. If early fusion plants can be
built and operated without undue delays or sur-
prises, they may begin to develop a satisfactory
track record that will stimulate further construc-
tion; if early plants show unfavorable operating
experience, commercialization will be delayed.
At any rate, it will take decades from their first
successful demonstration for fusion reactors to
generate a considerable fraction of the Nation’s
electricity. Even under the most favorable cir-
cumstances it does not appear likely that fusion
will be able to satisfy a significant fraction of
the Nation’s electricity demand before the mid-
dle of the 21st century.

The Desirability of Fusion Power

Ultimately, fusion’s commercial potential will
be determined by its ability to meet societal needs
more effectively than its alternatives. This deter-
mination will be made by the eventual purchasers
of fusion technology, most likely electric utilities.
However, given the long-term nature of the fu-
sion program, it is difficult to predict what char-
acteristics will be important to future customers.
The best that can be done is to identify those at-
tributes that are important to utilities today, rec-
ognizing that utilities and their requirements may
evolve with time.

Certainly one of the most important factors will
be the capital cost of fusion plants and the cost
of fusion-generated electricity. Although fusion
may be economically competitive with other
energy technologies, it is not likely to be substan-
tially less expensive. Nevertheless, without a
demonstrable economic advantage, it might be
difficult to convince potential purchasers to risk
substantial investments in what would be an un-
known and unproven technology.

Even if fusion cannot beat its competitors eco-
nomically, it stil may be judged preferable on
environmental, safety, and resource security
grounds. If the potential of fusion technology in
these areas is achieved, and if these attributes are
important enough to compensate for an eco-
nomic penalty, explicit policy decisions could be
made to promote fusion through legislation or
regulation. Barring such direct intervention, how-
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ever, the primary determinant of fusion’s market
penetration probably will be cost.

In addition to purely economic factors, a num-
ber of additional factors—-most of them indirectly
infuencing the cost of energy—are also impor-
tant to present utilities. The Electric Power Re-
search Institute (EPRI) surveyed a number of elec-
tric utilities in 1981 to determine how important
factors other than the cost of energy would be
to their acceptance of fusion. The results of the
survey are shown in table 5-2.

EPRI found that utilities identified four factors
as “vital” and ten as “very important” for future
fusion reactors. Although it is too early to evalu-
ate how well fusion will be able to satisfy these
requirements, the potential of the technology i n

Table 5-2.—Utility Requirements Summary
(in addition to cost of energy)

Requirement Weighting
A. Utility planning and finance
1 Plant capital cost " Vital
2 Plant  O&M’" and fuel cost Important
3 Outage rates Very important
4 . P I a nt I i f e Important
5. Plant construction time Very important
6. Financial liability , .. Vital
7 Unit rating ~ ~ Moderately important
B. Safety, siting, and licensing
, Plant safety Vital
Flexibility — of sing ~ ~ Very important

1
2
3. Waste handling and disposal .Very important
4 Decommissioning " Important
5 Licensability. Vital
6. Weapons proliferation Important

C. Utility operations
1. Plant operating requirements Very important
2. Plant maintenance requirements Very important
3
4
5

Electrical performance . Very important
Capability for load change Moderately important
Part load efficiency Moderately important
6. Minimum load Moderately important
7. Startup power requirements Important

D. Manufacturing and resources
1, Hardware materials availability Very Important
2. Industrial base. . . . . Very Important
3. Fuel and fertile material availability Very important

Order of significance
Vital
2. Very important
3. Important
4. Moderately important
No factors were judged “slightly important’; factors judged
“unimportant’ have been deleted from the list. )
aOperations and maintenance

SOURCE Electric Power Research Institute Utiity Requirements for FUSIiON EPRI AP-2254 February
1982 table 2-1 p 2-3

some areas can be noted. For example, success-
fully designing fusion reactors with high levels of
safety assurance could satisfy plant safety require-
ments, lessen financial liability*, and improve
plant licensability. In addition, if fusion reactors
could be convincingly demonstrated to be safe,
siting flexibility might be increased; reactors could
be located close to population centers on sites
that would not be considered for fission reactors.

potential advantages for fusion reactors also
emerge with respect to other utility requirements.
Due to its virtually limitless fuel supply, fusion
should be able to satisfy the fuel availability cri-
teria. Moreover, it appears that the waste han-
diing and disposal should be better addressed by
fusion than by fission.

A number of uncertainties remain for other fac-
tors of importance to utilities. At present, there
is virtually no industrial base for fusion, although
existing fission, aerospace, and materials indus-
tries all have capabilities relevant to fusion’s
needs. Developing fusion’s industrial base is es-
sential if the commercialization process is to suc-
ceed. Moreover, due to uncertainties in eco-
nomic studies, how well fusion will be able to
minimize plant capital cost cannot yet be deter-
mined. In addition to affecting the cost of energy
through life-cycle capital amortization, large cap-
ital expenditures can complicate corporate finan-
cial management in areas such as debt-to-equity
ratios and capital flexibility. It is clear that fusion
reactors will be capital-intensive, but at this stage
of development their costs cannot be accurately
determined.

Hardware availability, which measures the
cost, scarcity, and supply dependability of ma-
terials required for plant construction, cannot be
determined at this stage of design. Factors such
as outage rates, plant construction times, plant
operating requirements, plant maintenance re-
quirements, and electrical performance, also
viewed as very important by utilities, probably
cannot be evaluated until fusion reactors are well
into the commercialization process. Experience

Financialliability measures the maximum potential financial

losses due to death, injury, property damage, loss of revenue, and
other costs in the event of an accident.



Ch. 5.—Fusion as an Energy Program .119

with construction, operation, and maintenance
of the reactors will be necessary to fully under-
stand these aspects of fusion technology.

A factor that is interesting due to its relatively
low weighting is unit rating, or the electrical ca-
pacity of a particular generating station. In the
early 1970s, fusion reactor conceptual designs
had electrical outputs considerably higher than
those of existing generating stations. Subsequent
designs have lowered electrical capacities to
1,000 megawatts of electricity or less, more in line
with existing stations; some recent studies have
even considered fusion plants generating as lit-
tle as 300 megawatts of electricity, although at
a higher projected cost of electricity.” Now that
fusion reactor designs are sized within the range
of utility experience—together with the relative
unimportance of this parameter —fusion reactors
should have little trouble meeting unit rating re-
quirements.

Comparisons of Long-Term Electricity
Generating Technologies

This section summarizes the long-range poten-
tial of various electricity generating technologies
in the 21st century and discusses possible prob-
lems associated with their use and/or further de-
velopment. A detailed examination of the char-
acteristics of these energy technologies, however,
is beyond the scope of this report .1’

The role of demand modification, such as con-
servation and improvement in the efficiency of
energy use, is critical in determining future energy
requirements. However, as shown in the follow-
ing section on “Fusion’s Energy Context, ” the
level of electricity demand does not strongly af-
fect the relative demand for fusion power com-

3Qne study presenting cost of electricity as a function Of electri-
cal output is J. Sheffield, et al., Cost Assessment of a Generic Mag-
netic Fusion Reactor, op. cit., figure 4.17, p. 48.

37Selected ota studies that have examined other energy tech-
nologies i n more detail include New Electric Power Technologies:
Problems and Prospects for the 1990s, OTA-E-246 (Washington,
DC: U.S. Government Printing Office, July 1985); Nuclear Power
in an Age of Uncertainty, OTA-E-216 (Washington, DC: U.S. Gov-
ernment Printing Office, February 1984); and /ndustrial and Com-
mercial Cogeneration, OTA-E-192 (Springfield, VA: National Tech-
nical Information Service, February 1983).

pared to its alternatives. Therefore, improved effi-
ciency of energy use is not specifically discussed
here as a generating technology.

Fossil Fuel Technologies

Coal.—Coal is the most abundant energy source
in the United States and is currently used to gen-
erate over half of the Nation’s electricity .38 Ac-
cording to the Energy Research Advisory Board:

Coal supply for the 1985-2020 period does not
seem to require any special attention at this time
... It has been the conventional wisdom that the
U.S. coal resource base is of such magnitude that
it can be safely relied upon to supply any demand
for the foreseeable future. This would be true
even if nuclear generation does not grow and if
a major demand for coal-based synthetics should
arise,”

Many coal technologies are highly developed
and well understood, and they are economically
attractive. Proven domestic reserves of coal are
adequate to maintain present rates of use for sev-
eral hundred years. However, there are serious
environmental impacts associated with or antic-
ipated from the combustion of coal. Mitigating
these adverse environmental impacts increases
the cost of coal combustion and may reduce the
efficiency of conversion to electricity. Further-
more, coal combustion inherently produces car-
bon dioxide gas, which may affect world climate
and make the use of coal undesirable.

The main near-term problem associated with
the use of coal appears to be emissions of com-
bustion byproducts such as sulfur and nitrogen
oxides and particulate. These emissions are a
major contributing factor to acid deposition, also
called “acid rain. ” Air pollution from coal and
other fossil fuel combustion can harm natural

381n 1985, coal generated 1,401 billion of the 2,469 billion
kilowatt-hours of electricity generated in the United States, accord-
ing to Annual Energy Review 1985, published by the U.S. Depart-
ment of Energy, Energy Information Administration, DOE/EIA-
0384(85), table 81, p. 185.

MEnergy Research Advisory Board, “Appendix D: Coal Research
and Development, " by Eric H. Reichl, Guidelines for DOE tong
Term Civilian Research and Development, vol. VI, Report of ERAB
Supply Subpanel, Long-Range Energy Research and Development
Strategy Study, A Report of the Energy Research Advisory Board
to the U.S. Department of Energy, DOE/S-9944, December 1985,
p. 65.
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ecosystems, damage economically important ma-
terials, impair visibility, and may affect human
health.@

The near-term environmental problems asso-
ciated with coal and fossil fuel combustion,
though serious, can be controlled. The release
of combustion byproducts can be mitigated by
using cleaner fuels, attaining more complete com-
bustion, or cleaning (“scrubbing”) the combus-
tion exhaust. Several technologies to reduce un-
desirable combustion byproducts are currently
available, and more are being developed.”Such
pollution abatement systems make coal-fired
electricity somewhat more expensive, but they
do not eliminate coal as a major source of future
electricity supply. With the exception of carbon
dioxide buildup, discussed below, issues con-
cerning the environmental acceptability of coal
combustion are resolvable by burning cleaner
fuels or by using “clean coal” technologies.

Oil and Gas.—Oil and gas today generate sub-
stantially less electricity in the United States than
coal.”The domestic resource bases for oil and
gas are considerably smaller than coal’s, and for
this reason oil and gas technologies are not gen-
erally included in discussions of long-range elec-
tricity supply over the periods in which fusion
may make a major contribution.

In the nearer term, however, these fuels—par-
ticularly gas—may have an increasing role in elec-
tricity generation and may very well form part of
the mix of generating technologies at the time that
fusion reactors are first introduced. Advanced gas
turbines now under development may be highly
efficient sources of electricity emitting far less
combustion byproducts than current coal plants.
Furthermore, such turbines would produce only
about one-third as much carbon dioxide per kilo-
watt-hour as a coal generation plant, reducing
(but not eliminating) carbon dioxide emissions

s0|.S.Congress, Office of Technology Assessment, Acid Rain and
Transported Air Pollutants: Implications for Public Policy, OTA-O-
204 (Washington, DC: U.S. Government Printing Office, June 1984),
pp. 9-13.

#11bid., Appendix A.2: “Control Technologies for Reducing Sul-

fur and Nitrogen Oxide Emissions, " p, 152.
42Totaluse of oil and gas, however, including uses other than

electricity generation, is greater than that of coal.

as well.“Near-term electricity generating tech-
nologies are discussed in a separate OTA assess-
ment .“

Carbon Dioxide Buildup.—Carbon dioxide
(CO0,) is formed as a byproduct of the combus-
tion of fossil fuels—-coal, oil, and gas. in the past
several decades, the amount of CO,in the atmos-
phere has increased about 10 percent, largely as
a result of fossil fuel combustion. Atmospheric
carbon dioxide gas can trap some of the heat radi-
ated from the earth instead of allowing it to es-
cape into space. Therefore, the buildup of CO,
is associated with a global warming effect, some-
times called the “greenhouse effect. ”

Increased use of fossil fuels is only one poten-
tial contributor to global warming. Other gases
released into the atmosphere, such as methane,
nitrous oxide, and chlorofluorocarbons, have
similar heat-retaining properties and may, in ag-
gregate, contribute as much as CO0,to global
warming. Moreover, the connection between fos-
sil fuel use and global warming is influenced by
factors such as the production and use of CO,
by green plants, its absorption by the oceans, and
vegetative decomposition. Global warming is po-
tentially a very serious problem, and the con-
sensus within the scientific community studying
the issue is that such a warming appears inevita-
ble if emission of C0,and other “greenhouse
gases” continues to increase. However, there is
no certainty to date about the timing and mag-
nitude of the effect, nor about what its climatic
implications might be.

The use of fossil fuels will always produce CO,;
there is no way to eliminate C0,as a product
of the combustion process. As noted above, how-
ever, different fossil fuels and combustion tech-
nologies produce different amounts of CO,per
unit of generated energy. Techniques to capture
the CO,from fossil fuel combustion emissions
have been proposed, but they are generally con-
sidered to be impractical for either economic or
technological reasons. Neither is there a practi-
cal way to recover CO,and other greenhouse

43Part of th,reductionsdue to the higher efficiency of these

turbines; part is due to the lower carbon content of the fuel.
44New Electric Power Technologies: Problems and Prospects for

the 1990s, op. cit, chs. 4 and 5.
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gases that are already in the atmosphere. The only
way to reduce CO,emissions from fossil fuel
combustion is to curtail the combustion of fossil
fuels.

Limiting the use of fossil fuels will not be easy.
The simplest way, up to a point, would be to in-
crease the efficiency of energy use, lessening the
growth of energy demand. Displacing fossil fuel
usage with other energy technologies will be
more difficult. Coal will continue to be a major
source of electricity for the early 21st century, and
deemphasizing its use would foreclose a substan-
tial resource base. Oil and gas currently gener-
ate more Co,annually than coal due to their
heavier use; much of their use is in decentralized
applications such as transportation and space
heating where they will be difficult and expen-
sive to replace.

Without government intervention, technologies
developed to reduce fossil fuel usage must be
economically preferable to succeed. Because
C O,buildup would be a global problem, fossil
fuel combustion would have to be reduced on
a global scale. It is not clear that developing na-
tions would be wiling or able to shift from fossil
fuels to other energy sources if doing so would
impose serious economic hardship. Furthermore,
those regions of the world that might benefit from
CO,-induced climatic change would have no in-
centive to reduce CO,emissions unless they were
otherwise compensated.

Possible global warming due to carbon dioxide
buildup is a complex problem with a number of
contributing causes. It provides an incentive to
develop new technologies that can substitute for
or otherwise curtail the use of fossil fuels. How-
ever, the degree to which these new technologies
reduce fossil fuel use will depend heavily on their
economic advantages, and any reductions they
contribute to fossil fuel use will occur gradually.

Nuclear Fission Technologies

Nuclear fission currently appears to be the main
alternative to the widespread future use of coal.
The technology is well developed and relatively
well understood, and it is supported by a sub-
stantial research and development infrastructure.
In 1985, 95 nuclear powerplants produced 16

percent of U.S. electricity supply,”and nuclear
power is likely to remain the second largest
source of domestic electricity generation (after
coal) into the 21st century. Nuclear fission may
become a more important source of electricity
if CO,or other environmental problems require
constraint of coal combustion. The main impedi-
ments to increased use of nuclear fission appear
to be its unfavorable economics and concern
about health and safety. 1n the long run, many
decades from now, fuel constraints may affect the
potential of nuclear fission unless more efficient
technology, fuel reprocessing, or fuel breeding
is instituted.

Public Acceptance.—The long-term feasibility
of nuclear fission technologies will require reso-
lution of health and safety concerns. Nuclear
power is currently the target of widespread oppo-
sition for several reasons. Members of the public
feel that mechanisms to dispose of radioactive
wastes are inadequate to prevent the ultimate re-
lease of dangerous radioactive effluents. More-
over, there is concern about the safety of nuclear
reactors, particularly in the aftermath of the Three
Mile Island (U. S.) and Chernobyl (U. S. S. R.) ac-
cidents. The potential for mechanical failure and
operator error casts doubt on the integrity of re-
actor safety systems.

Economics.—The economics of nuclear power
are currently uncertain for several reasons, not
all of which are related to characteristics of the
technology. The technology is complex and de-
mands strict quality control; nuclear plant con-
struction requires longer lead times and greater
capital investment than coal plants. Changing reg-
ulations, inadequate management at some plants,
and time-consuming litigation add to its cost. The
combination of these factors with the soaring in-
terest rates of the late 1970s resulted in costs
much higher than expected. Although some
plants—even in recent years-have been built on
schedule and within budget, the more common
experience has been so traumatic that utilities will
continue to be extremely cautious about under-
taking new nuclear construction. Furthermore,
large-scale plants-the only type available at
present for nuclear fission-are unattractive in the

“Annual Energy Review 1985, op. cit., pp. 185, 205.
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situation of uncertain demand growth that utili-
ties now face. Smaller scale, modular plants that
track load growth more flexibly are preferred in
these circumstances.

Fuel.-The light-water reactor technology cur-
rently used in fission reactors is capable of ex-
tracting only a small fraction of the energy po-
tentially available from uranium fuel rods. In the
“once-through” fuel cycle currently in use, the
fuel rods are withdrawn from the reactor and
stored or disposed of once they become unusable.
With greatly expanded use of fission reactors of
this type, the demand for uranium would increase
and the supply of inexpensive uranium would
eventually be depleted. At some point, the price
of uranium would rise high enough to make light-
water reactor technology economically prohibi-
tive, although current projections indicate that
such a point is not likely to be reached before
the middle of the next century. Advanced con-
vertor reactors, which extract much more energy
from the uranium fuel, are being developed and
could extend uranium supply still further.

If the price of uranium rises too high for even
advanced convertor reactors to be economical
on a once-through fuel cycle, other fuel cycles
may be possible. These fuel cycles are sufficient
to give fission technology a very long-term re-
source base. However, since these cycles involve
the production, separation, and transportation of
fissionable fuel, they could increase the risk of
nuclear proliferation over that of a once-through
fission economy. (See the discussion of “Nuclear
Proliferation Potential” earlier in this chapter).

Research and Development.— It does not ap-
pear that nuclear fission technology is unusable
or necessarily uneconomical. Extensive research
is currently directed at developing advanced fis-
sion reactors that will be more acceptable to the
public and more attractive to utilities; the intent
of this research is to demonstrate that future nu-
clear fission reactors with very different charac-
teristics than current plants can be a viable source
of electricity. in particular, the nuclear industry
is attempting to develop passively safe reactors
that could not release large amounts of radioac-
tivity due to operator error or mechanical mal-

function.“Research and development are also
focusing on making modular reactor systems,
which could be constructed with shorter lead-
times and less financial risk to the utilities, and
on developing systems that use fuel more effi-
ciently.

The nuclear industry appears to have the po-
tential to develop a superior advanced reactor,
and a number of designs for such powerplants
exist. However, it is less certain that public con-
fidence in the nuclear industry will improve sig-
nificantly, particularly in the near term. Without
restoring public confidence, the long-term nu-
clear option may be unattainable.

Renewable Energy Technologies

In addition to coal-fired and nuclear fission
powerplants, there are several renewable energy
technologies. Two well-developed renewable
technologies currently contribute significantly to
world energy supply: hydroelectric power and
conventional biomass (wood), although only the
former is used significantly to generate electricity,
Several other technologies, such as wind, uncon-
ventional biofuels, solar photovoltaics, geother-
mal, solar thermal, and ocean energy, may offer
significant contributions during the 21st century.”

Renewable energy sources are attractive be-
cause many of them do not require construction
of large facilities for optimal economic operation
and because their fuel supplies are continually
replenished. Other attractive features of some,
but not all, of these technologies, according to
an OTA report, “include fewer siting and regu-
latory barriers, reduced environmental impact,
and increased fuel flexibility and diversity.”*

46Such designs have been called “inherently safe. ' However, in-
herent safety in this sense differs from the usage adopted by the
ESECOM report and discussed earlier in this chapter in the section
on “Risk and Severity of Accident” under “Characteristics of Fu-
sion Electric Generating Station s.” The ESECOM report found that
passively safe fission reactors—although having greater safety as-
surance than existing nuclear plants—would not attain the highest
levels of safety assurance, including the level ESECOM labeled ‘“in-

herent safety. ”
47 energy ResearchAdvisory Board, “Appendix D,” op.cit., P. 11.

“8New Electric Power Technologies, op. cit.,p.19.
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Problems associated with renewable energy
sources, however, may limit their role as major
sources of electricity. Few of the technologies are
currently economically competitive in other than
highly specialized applications. Many renewable
resources are only available intermittently, and
their availability depends on factors like the
weather and the time of day. Moreover, the avail-
ability of renewable technologies depends on
geography and climate. The average amount of
available solar energy varies significantly across
the United States, largely as a result of differing
weather conditions. Wind energy is most effec-
tively recovered in California and Hawaii. Finally,
most renewable energy sources are diffuse, re-
quiring central-station powerplants to occupy
more land than those using technologies such as
coal and fission. On the other hand, the diffuse
nature of renewable also makes them well-suited
for decentralized applications, which may offset
the need for large centralized facilities.

In general, both technical and economic im-
provements are needed to make renewable
energy technologies competitive i n the 21st cen-
tury. Research is being conducted on a wide va-
riety of approaches for harnessing these energy
sources, and significant improvements are likely.
Nevertheless, it is not expected that renewable
technologies will eliminate the need for central-
station generating technologies such as coal and
nuclear fission.

Nuclear Fusion Technology

Unlike the other supply options, nuclear fusion
is still in a pre-development stage. Much of the
technology required for generating electricity
from magnetic fusion has not been demonstrated,
and the commercial potential of fusion cannot
yet be determined.

Nuclear fusion appears to have attractive fea-
tures. First, it could have significant environ-
mental advantages with respect to other central-
station generating technologies. The fusion proc-
ess does not produce CO,, nor—with appropri-
ate choice of materials—does it appear that radio-
active waste will be as high-level or as biologically
hazardous as waste produced by nuclear fission.

Second, it appears possible to design fusion re-
actors that will not depend on active safety sys-
tems to prevent serious accidents; such reactors
could have a higher degree of safety assurance
than fission reactors. Finally, high levels of safety
assurance, environmental advantages, and inde-
pendence from geographical constraints could
make siting a nuclear fusion powerplant consider-
ably easier than siting a plant based on another
energy technology.

The ultimate feasibility of nuclear fusion will
not be known until the technology is developed
and can be compared with the other energy op-
tions that exist at that time. At this point, it is only
possible to make projections based on the char-
acteristics of the technology and the research nec-
essary to overcome problems identified to date.

Table 5-3 compares various future electricity
supply options, based on extrapolations of cur-
rent technologies. On this basis, magnetic fusion
has the potential to be a very attractive energy
source. Obviously, unanticipated developments
in any of the technologies described in this ta-
ble could significantly alter their future role.

Fusion's Energy Context

The anticipated need for energy over the period
in which fusion would undergo commercializa-
tion will influence the urgency of fusion research
and the pace of its entry into the energy supply
marketplace. OTA convened a workshop in No-
vember 1986 to examine the factors that would
determine demand for electricity in general and
fusion in particular. Several points became clear
during the discussion:*

. The overall size and composition of elec-
tricity demand, by itself, should neither re-
qguire nor eliminate fusion as a supply op-
tion. Economics and acceptability, rather
than total demand, wil determine the mix
of energy technologies. If fusion technology
is preferable to its alternatives, it will be used

“9Fysion Energy Context Workshop, Office of “[ethnology Assess-

ment, Washington, DC, Nov. 20, 1986. A list of participants is given
at the front of this report.
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Table 5-3.—Comparison of Prospective Long-Range Electricity Supply Options

Energy source Advantages

Disadvantages and research needs

Coal + Plentiful
e Technology exists today
* Safe
Oil and gas + Technology exists today
+ Fewer combustion byproducts emitted than
coal
Less CO2zemitted per unit energy than coal
Fission + Plentiful

No emission of CO,
No emission of combustion byproducts
+ Technology exists today

Renewable e Unlimited fuel supply
+ No net CO,emission
« Technologically simple
Modular design

Fusion ® Unlimited fuel supply
e Potential for higher degree of safety assur-
ance than fission
No CO,production or combustion
byproduct emission
+ Substantially less hazardous nuclear waste
than fission”

Near-term environmental implications require de-
velopment of “clean coal technologies” or fuel sub-
stitutions that may increase the cost of energy

+ CO,buildup may make increased dependence on fos-

sil fuels undesirable

* Questionable long-term resource base

Does not avoid CO,emission

+ Unfavorable economics and safety concerns suggest

development of advanced reactor designs that are
smaller and passively safe

Nuclear waste disposal not yet resolved

Public confidence must be improved and may or may
not result from technical improvements

Uncertain economics and technical problems require
more R&D

Intermittence and diffuseness may make renewable
inadequate substitute for central-station power gener-
ation in arbitrary locations

- Significant R&D effort required to establish technical
feasibility

Environmental and safety potential highly dependent
on design, especially on materials choice
Economic potential unknown

SOURCE" Office of Technology Assessment, 1987.

to replace retired generating capacity even
if overall demand is low. If fusion proves in-
ferior to its competitors, it may not be used
even at very high demand levels. Fuel sup-
plies for both coal and nuclear fission are
adequate to meet high levels of demand for
at least a few hundred years without fusion.
However, late in the next century, fission
may require the use of breeder reactors.

Should fusion technology prove favorable,
rapid growth in demand would facilitate its
introduction because the opportunities for
new powerplant construction would be
greater. Nevertheless, demand alone cannot
turn an unattractive technology into an at-
tractive one.

« It is unlikely that any one technology will
take over the electricity supply market, bar-
ring major difficulties with the others. At
present, a number of supply technologies
have roughly equivalent marginal costs of
production, and all participate in the supply
mix.

. Given that technologies such as coal com-

bustion and nuclear fission are already
commercialized, fusion will have to prove
better-not only comparable—before it can
start to displace them. The criteria on which
fusion will be judged include economic,
safety and environmental issues as well as
resource security. Advantages in one area
may, but will not necessarily, compensate
for shortcomings in another.

. Potential problems with the major technol-

ogies currently viewed as supplying electri-
city in the future provide incentives to de-
velop alternate energy technologies and/or
substantially improve the efficiency of en-
ergy use. Considerable expansion of coal use
may prove undesirable due to the “green-
house effect”; safety or proliferation con-
cerns may similarly impair expansion of the
nuclear fission option. Over the long run, fu-
sion could provide a substitute for these
technologies. The urgency for developing fu-
sion, therefore, depends on assumptions of
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the likelihood that existing energy technol-
ogies will prove undesirable in the future.

. There is little to be gained and a great deal
to be lost if fusion is prematurely intro-
duced without attaining its potential eco-
nomic, environmental, and safety capabil-
ities. Even in a situation where problems
with other energy technologies urgently call
for development of an alternative source of
supply, that alternative must be preferable
in order to be accepted. It would be unwise
to emphasize one fusion feature—economics
or safety or environmental advantages—over
the others before we know which aspect will
be most important for fusion’s eventual
acceptance.

. New energy technologies take a long time
to develop and gain wide use. It currently
appears that it will be many decades before
fusion will be able to supply a significant frac-
tion of U.S. electricity even under optimis-
tic assumptions concerning its technological
development.

With respect to global energy demand, in par-
ticular, as a motivation for fusion, workshop par-
ticipants discussed various estimates of future
energy demand. Models attempting to chart the
evolution of global energy demand over many
decades have been developed in the last few
years. Because the time periods of interest are
much too long for projections of recent experi-
ence to be valid, these models must instead simu-
late the future world economy and use of energy.
These models start with a number of assumptions
concerning world economic and population
growth; the relationship between economic
growth, technological development, and energy
use; and the resource bases and costs of various
energy technologies. The models calculate the
evolution of those parameters assumed to be de-
terminants of energy use and then determine
desired outputs such as the supply and price of
various types of energy.

These models are most useful for parametric
analysis: What might be the consequences of
some set of actions? Which parameters appear
to be the most sensitive determinants of future
demand? The models are, however, much less
able to project future behavior in any absolute

sense. They are inherently simplified, and even
if they accurately reflect the behavior of the sys-
tem they represent, the input data they act on
are in many cases highly uncertain.

A recent review of a number of world energy
models discusses their respective methodologies
and compares some of their results, finding that
there is more than an order of magnitude varia-
tion in their respective estimates for energy de-
mand in the year 2050 (figure 5-3).”The variation
results largely from differing input assumptions,
as is shown by the fact that, for several of the
models, a number of different projections are
plotted based on different assumptions or differ-
ent sets of input data. Nevertheless, unless it is
known which assumptions are correct, even a
model known to be valid cannot produce valid
predictions.

The relative contributions of different forms of
energy supply are no better determined than the
total energy demands calculated by these models.
The costs of different supply technologies can-
not be known over the periods of interest and
must be assumed. The mix of supply technologies
computed by these models therefore depends
primarily on the corresponding input assump-
tions. Furthermore, a detailed sensitivity analy-
sis using one global energy model shows that
overall energy consumption figures appear to be
much more sensitive to parameters relating to
demand-e.g., relative rates of economic devel-
opment and productivity growth-than to param-

5

eters describing supply technologies and costs. 1

This finding further reinforces the conclusion
that predictions of future energy use provide lit-
tle information about the demand for any par-
ticular supply technology. The urgency for de-
veloping fusion technology, therefore, depends
on one’s assumptions as to the likelihood that
existing sources of energy supply cannot be
counted on in the future. Little justification can
be provided from demand estimates alone.

50Bill Keepin, “Review of Global Energy and CarbonDioxidePro-
jections,” Annual Review of Energy, Jack Hollander, Han ev Brooks,
and David Stern light (eds. ), vol. 11 (Palo Alto, CA: Annual Reviews
Inc., 1986), p. 357.

s!.MReilly ] A Edmonds, R. H. Gardner, and A. L. Brenkert, “~' n-
certainty Analysis ot the | EA/ORAU CO, Emissions Model “ Energy
Journa/, vol. 8, No. 3, July 1987, pp. 1-30.
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Figure 5-3.—Projections of Global Primary Energy
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CONCLUSIONS

Characteristics of Fusion Reactors

Fusion reactors appear to have the potential,
using only passive systems, to assure safe opera-
tion and shutdown in the event of accident, mal-
function, or operator error. If this potential for
a high degree of safety assurance is realized, a
fusion reactor would be easier to certify as safe
than a reactor that depends on active safety sys-
tems, such as today’s fission reactors. Moreover,
fusion reactors do not appear likely to pose new
types of occupational hazards.

With proper choice of materials, the environ-
mental characteristics of fusion reactors would
likely be preferable to other energy technologies.
Unlike fossil fuel combustion, fusion does not
produce carbon dioxide that could contribute to
overall global warming. Fusion reactors will pro-
duce radioactive waste, but these wastes should
be less radioactive, less hazardous, and easier to
dispose of than those from nuclear fission re-
actors. However, fusion reactor designs can dif-
fer by orders of magnitude in the amount of radio-
active waste to be generated. In principle, waste
generation can be greatly minimized by the use
of materials that would not generate long-lived
radioactive isotopes inside a fusion reactor; such
materials must still be developed and tested. Rou-
tine radioactive emissions from fusion reactors
are expected to be insignificant.

One of the most attractive features of fusion
is its essentially unlimited fuel supply. Sufficient
deuterium is available and recoverable at low
cost from water to provide energy for bilions of
years at present rates of use. The lithium needed
to breed tritum in D-T reactors is not as plenti-
ful as deuterium, but it is nevertheless present in
sufficient quantity that supply of adequately priced
fuel is very unlikely to constrain the prospects of
D-T fusion over any time of conceivable inter-
est. Pending detailed fusion reactor designs, other
resource requirements are harder to estimate;
however, there is no reason to believe that other
resource requirements will constrain fusion’s de-
velopment.

Projections of the economics of fusion reactors
are inconclusive at this stage of fusion’s devel-

opment. Existing studies tend to show the cost
of electricity from present fusion designs would
be somewhat more expensive than that of exist-
ing energy supplies. However, these studies can-
not be considered definitive for a number of rea-
sons. First, any comparisons between prospective
technologies and existing ones are highly uncer-
tain, considering the disparate levels of develop-
ment. Second, fusion’s costs are difficult to estimate
because substantial research and development
remains to be done. Technical features that may
lead to decreased fusion costs are being explored,
and the ultimate success of these features is un-
certain. Alternatively, technical problems that
drive up the cost maybe encountered. More sig-
nificantly, fusion’s economics will be profoundly
affected by non-technical factors— e.g., the ease
and length of the construction and licensing proc-
esses—whose impact on fusion costs is not well
understood at present. Finally, the costs for fu-
sion’s potential competitors are uncertain.

Timetable for Fusion Power

Considering the remaining technical research
to be done and the time period needed for the
commercialization process to result in substan-
tial market penetration, it does not appear likely
that fusion will be able to satisfy a significant frac-
tion of the Nation’s electricity demand before the
middle of the 21st century. The degree to which
fusion is indeed able to penetrate the energy mar-
ket depends on how effectively it meets the needs
of its customers in comparison with other energy
technologies. Although the needs of 21st century
utilities cannot be predicted with confidence, a
number of features desirable to utilities today can
be identified. Economic competitiveness is cer-
tainly one of the most important; other crucially
important attributes are plant capital cost, safety,
licensability, and maximum financial liability in
case of accident. Developing fusion reactors with
high degrees of safety assurance would make fu-
sion attractive in many of these respects.

Competitors with fusion have the potential to
supply most or all of the electricity required by
the United States in the first half of the next cen-
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tury; the overall size of future electricity demand
should neither require nor eliminate fusion as a
supply option. However, there are potentially
fundamental problems involving the alternate

suppliers of electricity that could make fusion the
technology of choice. The degree to which fu-
sion will replace its competitors is impossible to
predict today.



