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PREFACE

This IIASA Research Report compares the liquid-metal fast breeder
reactor (LMFBR) and the deuterium-tritium (TOKAMAK) fusion reactor.
Both nuclear reactors can potentially produce practically unlimited amounts
of energy. This relates exactly to the theme of IIASA’s Energy Program,
which studies the transition from today’s supply systems that use limited
but cheap resources to future supply systems that will use unlimited but pos-
sibly expensive means for the supply of large amounts of energy.

The conclusions obtained by comparing these two nuclear breeder types
are summarized in the first chapter.

It should be pointed out that, in order to delimit the study, it was
decided not to write a monograph on breeders in general. For instance, the
now often debated concept of hybrid breeders is reported on only briefly.
Also, comparisons of costs have been omitted on purpose since they can be
made only after a great number of reactors have been sold commercially.
This is not even the case with the fission breeder, let alone the fusion breeder
whose physics is still under development. The report does include a detailed
comparison of the nuclear safeguard features of the two breeder types, but
an attempt has not been made to keep up with the development of the last
months. Data and developments up to November 1976 that contribute to
the comparison of the two breeders have been included.

The draft of this study was distributed to several experts for comments

in March 1977. A considerable number of comments have been received,
most of which are incorporated in this final version.
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I. INTRODUCTION AND CONCLUSIONS

1. TIME PHASES OF THE ENERGY PROBLEM

It is useful to view the problem of energy supply in terms
of three time phases: the near-term phase, a transition phase,
and a long-term phase [I-1, I-2].

The dominant issues in the near-term phase, which includes
the recent past, involve: (a) supply and price of the particular
energy sources upon which industrial society has become most
heavily dependent, namely petroleum and natural gas; and
(b) the impact on health and the environment of the immediately
available principal supplements to those fuels, namely coal
and thermal fission reactors. Included in the issues of supply
and price are the political ramifications of the world's growing
dependence on a relatively small number of petroleum-exporting
nations; the differential impacts of rising energy prices upon
rich and poor, as nations and as individuals; and the degree to
which a more efficient end-use of energy can be elicited by
higher prices and/or requlation without undue economic disruption.

The long-term phase will be characterized by reliance on one
or more of the essentially inexhaustible energy sources: solar
energy, energy from nuclear fission by breeding, and energy from
nuclear fusion (conceivably, geothermal energy from hot dry rock
will some day prove to be a viable addition to this group, but
that is by no means certain). With the basic constraint of fuel
supply removed, the questions that remain will be: (a) what mix
of these long-term options should be used, and (b) at what level
should energy use be stabilized? The answers will be governed
to some extent by economics and to a very important extent by
constraints imposed by the physical and social environments on
the handling of very large energy flows with these various
technologies [I-3]. These constraints can be viewed as involving
the problem of embedding large-scale technological systems into
the combination of the atmosphere, hydrosphere, ecosphere, and
sociosphere [I-1]. Potentially at risk if the disruptions are
too great are the stability of climate, natural services of
ecosystems, social structures, and international relations, not
to mention direct impacts on health due to leaks of toxic
substances from energy systems into the broader environment.



The transition phase is the bridge between the immediate
problems of the near-term and the still imperfectly discerned
features of the long-term steady state. Of critical importance
are the timing of transforming society from reliance on scarce
energy sources to inexhaustible ones {including the research
strategies needed to bring this about); the extent to which
reliance on intermediate sources such as coal, oil shale, and
non-breeder fission reactors is justified; the rate of growth
of energy use as a whole that is desirable or manageable during
the transition period; and the nature of the institutions and
mechanisms needed to implement the transition with minimum
disruption (including the special problems of decision making
in the face of uncertainty). It is important to recognize also
that the transition phase involves different timing and different
choices in different geographical, cultural, and economic
groupings of countries, since both technologies and institutions
must be tailored to be appropriate for different physical and
socio-economic environments {(the latter including goals as well
as initial conditions) [I-4].

It is obvious that intelligent energy planning requires
accounting for the characteristics of the problem's three time
phases, as well as for differences and similarities among various
groupings of countries, in an integrated way. The great
challenge of the transition period is to devise pathways
compatible both with the initial conditions and with the desired
endpoints, and having the characteristic that the pathways chosen
in different regions are compatible with each other.

2. IIXIASA AND THE FISSION-FUSION COMPARISON

The International Institute for Applied Systems Analysis
(IIASA) was established with the goal of contributing to intelli-
gent planning of responses to precisely the sort of multi-time
phase, multi-regional, and multi-disciplinary problems we have
just described [I-5]. The Energy Program was a major component
of IIASA's efforts from the organization's inception, and the
systematic assessment of supply options for the long term was
identified early as one worthwhile focus of this project's
activities. 1In this connection, J. Gvishiani, Chairman of the
Council of IIASA, observed that it is a confusing and undesirable
situation to have vastly different assessments of the fast
breeder reactor and the fusion reactor in different groups and
countries; the major world-wide challenges ahead of us require
that such differences be reconciled insofar as possible, he
felt, and, accordingly, IIASA should take the initiative to
contribute toward a better and more consistent assessment.

An earlier exchange of views on the fission-fusion comparison,
papers by W. Hafele and C. Starr [I-6, I-7), J.P. Holdren [I-81,
F. von Hippel [I-9], and Y.V. Sivintsev [I-10), provided a
starting point. In subsequent discussion involving primarily
W. Hdfele, J.P. Holdren, C. Starr, and M.A. Styrikovich it was
agreed to undertake a larger study as part of the IIASA Energy
Program using, wherever possible, common assumptions and yard-



sticks for the fission and the fusion sides. A team of principle
authors was formed that represented, on an equal basis, fission
and fusion: W. Hafele, G. Kessler, J.P. Holdren and G.L. Kul-
cinski. A complementary effort was made in the Soviet Academy

of Sciences. As part of the project, two major seminars were

held in Moscow (February 1975 and May 1976), providing direction
to the study as a whole and an opportunity for coordination and
cross—-fertilization between the Soviet and Western participants.
Besides these two major seminars in Moscow, the team of principal
authors met separately at IIASA in Laxenburg, near Vienna, in
July 1975 and January 1976, and in October 1976 in Madison,
Wisconsin. Some of the Soviet participants spent time at IIASA
during August and September of 1976 for coordination with one of
the principal authors. In addition to the coordination and
interaction made possible by the Soviet participation in the
project, some specific written contributions were prepared by
Soviet authors; these are included and identified in this report.

It is not the contention of any of the participants that
the final report presented here represents a definitive and con-
clusive treatment of all the issues addressed. Comparisons are
difficult by their nature. Even when the technologies being
compared have basic similarities in function and approach, as
do the two nuclear technologies under consideration here, it is
impossible to avoid entirely the situation in which aspects being
compared are fundamentally incommensurable--one faces the problem
of comparing apples and oranges. A further difficulty is that
technical fields related both to fission breeders and to fusion
are evolving, sometimes rapidly. This is especially so for
fusion because the subject is at so early a stage in its develop-
ment. We have used the most recent information we could find,
but some details without doubt will change even between the final
writing and publication. We hope the main conclusions will prove
to be more robust, but even there it is possible that some of
our conclusions rest on premises which will be shown to be
invalid by subsequent work.

Finally, it must be emphasized that, even if our comparison
of fusion and fission could be definitive, it would not by <tself
be a suitable basis for deciding whether to develop and deploy
specific energy technologies. Answering such strategic guestions
requires a broader assessment than we have undertaken here,
incorporating, among other things, evaluations of energy needs,
of other alternative long-term sources such as solar energy, and
of transition sources such as coal, 0il shale, and non-breeder
fission systems.



3. SUMMARY OF THE MAIN CONCLUSIONS

Chapters II through X of the main report address the
following topics:
II. The Problem of Fuel Resources
ITI. Present Status of Fission and Fusion Reactors
IV. Reference Reactor Systems
V. Radiocactive Inventories of Reactor Economies
VI. ©Normal Operating Losses and Exposures
VII. Non-routine Releases
VIII. Safeguards
IX. Materials and Impact of Radiation Damage
X. What Would Be Required for Commercialization?

Programs, Timing, and Funding

We present in the following paragraphs a capsule summary of our
conclusions on these topics. References and supporting material
are found in the corresponding chapters of the main report.

3.1 The Problem of Fuel Resources

Nuclear fuels for fission and for fusion represent energy
resources almost incomparably greater than the fossil fuels now
relied upon for most of the world's energy use. Fission breeder
reactors (breeding plutonium from uranium) and fusion breeder
reactors (breeding tritium from lithium) can extract 0.3 to
1.0 MW(th) -day per gram mined of their natural metal fuels,
uranium and lithium. Light water reactors extract roughly 100
times less and fossil~fuel burners a few million times less
energy per gram of the naturally occurring fuels.

Uncertainty of at least a factor of two to three is evident
in estimates by different groups (International Atomic Energy
Agency, Vorld Energy Conference, US Energy Research and Development
Administration) of the magnitude of US and world uranium resources
available at costs of $66/kg U3;0g or less. Uncertainties in the
intermediate cost range of $66/kg to perhaps $250/kg are even
larger. These uncertainties are significant in the context of
estimating how long nations could rely on non-breeder reactors
to supply a significant part of their energy use, but the
uncertainties are not significant in the context of the energy
potential of fission breeder reactors. This is so because:
(a) the breeder's high energy extraction per gram of fuel stretches
even the smallest estimated quantities of low-cost uranium out to
2000 TW:yr of electricity (1 Tw = 10!'? w = 1,000,000 MW); and
(b) the insensitivity of electricity cost to fuel cost in the
breeder means that high-cost, dilute uranium resources, which
exist in quantities far larger than the low-cost resources,



become economically acceptable as breeder fuel (the supply in

the oceans alone represents a quantity on the order of 2,000,000
TWeyr of electricity). With fission breeders, therefore, nuclear
fuel supply can be considered inexhaustible far beyond any time
scale of conceivable planning interest.

The situation is similar for lithium, the limiting fuel
resource for D-T fusion. There are uncertainties of a factor
of three in US resources available at low cost ($60/kg of Li
metal or less), and still larger uncertainties about world
resources, but these uncertainties are essentially irrelevant
to the outlook for D-T fusion. The smallest estimated global
guantity of low-cost lithium represents at least 2500 TW-yr of
electricity in D-T fusion reactors. Much more expensive lithium
could be used economically, including presumably that in sea
water, which alone represents at least 100 million TW-yr of
electricity. There is no reason to suppose then that lithium
resources will limit D-T fusion on any interesting time scale.
Deuterium in sea water (by weight) is 200 times more abundant
than lithium, and is more economic to extract.

For the fission breeder, the high utilization of ores is
reflected in a very low fraction that ore costs contribute
to the total busbar cost. These fractions are a few tenths
of a percent. This not only makes the low grade ores accessible,
but it also provides for a different class of security
for ore supply because such low grade ores can be found almost
everywhere, and storage of ores does not impose an unaccept-
able economical burden on the owner of a power plant. Therefore,
ore supply embargoes are eliminated and, indeed, the operation
of power plants is essentially decoupled from the traditional
problems of fuel supply. For the fusion breeder, the situation
is fundamentally the same as far as lithium in its function as
a fuel is concerned. Indeed, the burn-up ore costs for both
breeder types are on the order of 1072 mill/kWh. But, for the
case of the fusion breeder, lithium may have the additional
function of serving as a coolant, which would raise the total
inventory ore costs to a few tenths of a mill/kWh. 1In any event,
for both breeder types, the ore costs are so low that the large
existing uncertainties in ore prices that reflect geological and
political conditions simply do not matter.



3.2 Present Status of Fission and Fusion Reactors

The development and evolution of new major technologies
seem to follow a pattern that distinguishes three thresholds
of feasibility:

(a) scientific feasibility;
(b) engineering feasibility:;

(¢) commercial feasibility.
This pattern is important for judgments or assessments.

The development of fast breeder reactors first followed the
line of metallic fuel elements and power-reactor sizes of only
few hundred megawatts. It is represented by early concepts
such as that of the Enrico Fermi Fast Breeder Reactor (EFFBR).
The second line of fast breeder reactor development is distinctly
different in terms of fuel technology, reactor physics, safety,
as well as power plant characteristics; it uses mixed plutonium/
uranium oxide as reactor fuel. After the BN 350 became critical
in November 1972, it was the French PHENIX reactor which was
the first reactor of the 300 MW(e) class that came to designed
power (1974). It has been in full operation on the grid, with
load factors in the neighborhood of 85%.% The British PFR and
the Soviet BN 350 are also in operation now after initial engi-
neering difficulties, mostly on the steam generator side, have
been overcome. The German/Belgian/Dutch fast breeder prototype
reactor SNR 300 is in the middle of its construction period;
so is the Soviet BN 600, while construction of the US Clinch
River Breeder Reactor (CRBR) and the Japanese MONJU reactor is
expected to start soon.

The various fast reactor groups of the world now have
available a large set of physics and engineering test facilities
whose build-up was a major part of the overall effort, in terms
of capital investment, manpower and time. The technologies
for liquid sodium as a coolant and for mixed oxides as fuels are
essentially in hand. A major share of out-of-pile and in-pile
tests is devoted to proofing tests as required in the licensing
process for large power reactors of the 1200 MW(e) class.

Preparations for the semi-commercial class of 1200 MwW(e)
are well under way in France, the UK, FRG and the US.

It can, therefore, be concluded that the thresholds of
scientific and engineering feasibility of fast breeder reactors
have been passed; the threshold of commercial feasibility,
however, has not yet been passed. Present projections in the
FRG and in France anticipate this threshold for about 1990.

* PHENIX was shut down at the beginning of October 1976, due
to sodium leak in an intermediate heat exchanger which is
currently being repaired.



For fusion power, demonstration of scientific feasibility
means creating in an experimental device a combination of fuel
density, temperature, and confinement time which would lead to
a net output of energy in a reactor. No such scientific feasibility
demonstration has yet taken place as of late 1976. Of the two
main approaches to the problem--magnetic confinement and inertial
confinement--magnetic confinement has the longer history (it
originated in the early 1950s) and the greater number of
variations (TOKAMAK, Mirror machines, and high-density Pinches
are the most important at present). The idea of inertial con-
finement for a fusion reactor dates from the early 1960s, and
the two main variations are to use lasers or electron beams to
initiate the required implosions. Many proponents of magnetic
confinement believe that large TOKAMAK devices, now in the late
stages of design or early stages of construction, will achieve
scientific break-even (i.e. the Lawson criterion) in the early
1980s (DOUBLET-III and TFTR, for example). Some advocates of
laser fusion believe that such systems can also achieve scientific
break-even by the early 1980s, although this view is more
controversial and is clouded by classification of relevant
results. Once scientific feasibility is achieved with either
magnetic or inertial confinement, formidable problems of
materials and engineering will have to be solved before techno-
logical feasibility can be demonstrated in the form of a working
reactor. This is unlikely to be achieved before the year 2000.
Commercial feasibility will not be assured even when such a
reactor exists; it is possible that fusion will work but that it
will simply be too expensive. Even if it does prove commercially
feasible by the early twenty-first century, a contribution of as
much as 10 per cent of the electricity used in industrial nations
still seems unlikely before the years 2020 to 2030.

3.3 Reference Reactor Systems

A useful comparison of fusion and fission breeders requires
that the analysis be undertaken at a level of detail that can
only be provided by reference to specific reactor designs.

The basis for our choice in fission is that the Liquid
Metal Fast Breeder Reactor (LMFBR) clearly dominates research
and development programs on breeder reactors around the world,
making the LMFBR by far the most likely breeder for commercial-
ization. Historically, fast reactors have been preferred to
thermal breeders because of their higher breeding ratios, which
provide optimum fuel utilization and the possibility of a relatively
rapid expansion of the number of reactors. Among fast reactors,
liquid-metal-cooled reactors have received much more attention
than gas-cooled reactors for partly technical and partly
historical reasons. 1In any case, no prototype gas-cooled fast
reactors are under construction at present. Among various
existing LMFBR designs we chose the German/Belgian/Dutch fast
breeder prototype reactor SNR 300 because we had full access to
all the details of the program.



On the fusion side, it is impossible to state with any
certainty which configuration will actually lead to a working
reactor. At the present time, the TOKAMAK concept seems to
provide the greatest promise of success from a scientific
standpoint and, therefore, has been the object of most conceptual
reactor designs. However, its toroidal geometry and complex
magnet configuration make the TOKAMAK a very difficult system
to design for electricity production; the construction of such
large-scale power plants will undoubtedly be more difficult than
that of similar-sized fission breeder reactors. Perhaps some
other approach to fusion (Mirrors, laser fusion, etc.) will lead
more easily to a reactor than the TOKAMAK concept, but it is
too early to say. We have chosen to discuss here the liquid-
lithium cooled TOKAMAK because more extensive and detailed
information has been accessible for this concept than seems to
be available for other approaches.

3.4 Radioactive Inventories of Reactor Economies

It is evident that both fast breeder and D-T fusion reactors
will contain high inventories (®1000 to 5000 Ci/kW(th)) of radio-
isotopes after a few months of operation. Furthermore, the
finite limits on fuel burn-up in fission reactors and finite
blanket structure lifetimes in fusion reactors will result in
large volumes of high level waste (10 to 100 m?® per GW (th) «yr).
This waste must be properly processed and stored for periods of
several thousand years for near-term (stainless steel) fusion
reactors, and at least ten times longer for fission reactors.
More precise numbers require more precise criteria. The length
of surveillance can be shortened to less than 50 years in
fusion reactors if certain alloys of vanadium are used. How-
ever, the probability of this element being used in early fusion
reactors seems small, because very little is known about its
properties in a fusion reactor environment, and no commercial
industry presently exists to produce the thousand metric ton
quantities that would be required for an early fusion economy.

It is also recognized that the inventories of radioactivity
in fission and fusion reactors, measured in curies, do not
provide an adequate basis on which to compare the relative
hazards. A somewhat better approach (although still imperfect
because it does not include the pathways to release--see Chapter
VII) is to use the Biological Hazard Potential (BHP). The BHP
index incorporates the effects of radioisotopes on humans either
by inhalation from the air or by ingestion through the water
route. The inhalation BHP is mainly applicable in the event
of an accidental release of radioisotopes either from the reactor
or during any of the reprocessing steps before they are inserted
into the final waste storage location. The ingestion BHP is
mainly applicable to the long term storage of wastes but could
also be important in specific accidental releases. On the basis
of Znventory alone (disregarding the probability of release,
which is treated in chapters VI and VII), we find that the BHP
for inhalation is ene to two orders of magnitude higher for the



LMFBR system than for fusion up to the point of the reprocessing
of fuel wastes. After most (99%) of the Pu isotopes have been_
separated from the spent fuel, we find that the BHP for ingestion
of the <nmventory (not the amount that would necessarily be
released) is a factor of two to 100 times higher for fission

than fusion for the first 1000 years after shut-down. For the
next million years, the BHP for ingestion of the stored wastes

is two orders of magnitude higher for fission than the struc-
tural material of a stainless-steel fusion reactor.

The economic incentive to reprocess fission fuels soon after
discharge in large reprocessing facilities, serving about 10 to
30 GW(e) FBR plant capacity, means that large amounts of high level
wastes must be handled, transported, and eventually solidified
for long-term storage. Fusion systems have an integrated fuel
cycle (tritium separation); and after appropriate compaction,
structural steel and other waste material can directly be stored
as solids. This tends to reduce the potential for a release of
radioisotopes to the environment and could lessen the hazard
potential associated with the final transportation of fusion
reactor wastes to the ultimate storage facilities.

Finally, there is the question of measuring the total burden
of radioisotopes to society. If one considers the BHP integrated
over the lifetime of the various isotopes, allowing for the fact
that any given isotope could pass through ‘several biological
generations, one finds that stainless steel D-T fusion reactors
represent a factor of ten smaller burden than an LMFBR on
the basis of a unit of energy produced. The use of vanadium
alloys could increase this advantage for fusion to two orders
of magnitude. As mentioned above, the probability that such
alloys can indeed be used in economic fusion power reactors is
much smaller than for similar reactors with a steel structure.
However, hopes remain that structural materials for fusion with
even better activation properties than vanadium, such as per-
haps titanium alloys, will eventually be shown to be feasible.

3.5 Normal Operating Losses and Exposures

Because the inventory of tritium is likely to be around
250 MCi/GW(e) in fusion compared to around 0.025 MCi/GW(e) in the
LMFBR, the degree of tritium control would have to be about four
orders of magnitude tighter in fusion to meet the same requirement
on environmental doses from tritium (achieving 5 mrem/yr at the
fencepost would mean tritium control to about 1 part in 10" per
year for a 1 GW(e) fusion plant).

For the case of the fission breeder, the limiting factor
is the release of o-emitters, iodine 129, and krypton. In all
cases the reprocessing facility appears to make the largest
contribution. Confinement factors (annual flow/annual release)



of 2+10° for transuranium emitters, 2:10* for iodine, and 10 for
krypton would permit meeting the regulations now under consider-
ation in the US. As long as confinement factors of 10!° can be
achieved, the fuel fabrication facilities do not seem to contribute
significantly to the overall releases. The fast reactor itself

is a small contributor compared to both reprocessing plants and
fuel fabrication plants. All these confinement factors appear

to be within reach.

Comparing fusion and fission with respect to routine
releases, the degree of control required in the most sensitive
part of the fuel cycle (tritium in fusion reactors, transuranium
a-emitters and iodine 129 in fission-fuel reprocessing plants)
appears to be attainable, but it still must be demonstrated in
daily operation of large facilities. It also remains to be seen
in both cases what the cost burden associated with these controls
will be.

It is important to recognize the magnitude of the impact on
technology of regulations concerning releases from the fast-
breeder fuel cycle. It is necessary to define clearly the nature
of such requlations and the specific levels that will have to be
met, so that the technologists can adjust their designs accordingly.
This illustrates a more general observation. While originally
the inherent technical characteristics of nuclear power shaped
the development of the technology, it is now more and more
also the nature of regulations and standards which is shaping
its development.

3.6 Non-routine Releases

Early concerns about the safety of LMFBR focused on control
characteristics and the possibility of core recompaction in
accidents that begin with sodium boiling and local fuel melting.
These concerns were accentuated by the emphasis on compact cores
and metallic fuel elements in breeder designs of the 1950s and
early 1960s. For the case of the large cores and mixed-oxide
fuels typical of all prototype and commercial LMFBR designs in
the 1970s, it is now known that in their crucial respects the
control characteristics are substantially similar to those of the
LWR. Moreover, a large and growing body of theoretical and
experimental evidence supports the view that the propagation of
local fuel failures in a way that leads to recompaction in the
large-core, mixed-oxide fueled LMFBR would require combinations
of events and degrees of spatial and temporal coherence that
are not physically realistic.

The large LMFBR prototypes that are in operation in France
and in advanced stages of construction in the FRG have undergone
licensing reviews as stringent with respect to safety as the
ones that are applied to the LWR. The design basis accidents (DBA)
for these large LMFBR encompass the possibility of failure of both
independent shut-down systems, following a hypothetical large
insertion of reactivity or coast-down of the main sodium pumps.
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The calculated consequences of melting and core disassembly in
these maximum hypothetical accidents define the design character-
istics of the containment systems required for licensing (strength
of reactor vessel and primary piping; strength and leak rates

of surrounding double steel and concrete containment structures).
In addition to the pressure loads during a DBA, large commercial
LMFBR would also have to cope after a DBA with long-term cooling
of large masses of molten and dispersed fuel. While this capability
appears to be at hand for the 300 MW(e) class LMFBR, additional
development work is needed for larger LMFBR power stations.
Meeting these design requirements, which as the French and German
experience indicates can be done with reasonable technical effort,
can restrict radiation doses to 1 rem or less at the plant
boundary in the event the DBA occurs. The overall conclusion is
that the LMFBR can meet the same predetermined safety standards

as are applied to other fission reactors. This will also hold

for the LMFBR fuel cycle (fabrication and reprocessing plants).

In the case of fusion, reactor safety analysis is necessarily
much more primitive because the technology cannot yet be described
in detail. Examination of stored energies and potential pathways
for energy release in conceptual Controlled Thermonuclear Reactor
(CTR) designs indicates that sudden failures of the magnet support
and vacuum systems could produce enough mechanical energy to severely
damage the reactor. Loss of coolant or coolant flow coupled with
failure to shut down the fusion reactor could cause local interior
structural damage. The characteristics of fusion plasmas and
the very small amount of fuel present in the reaction chamber at
any time mean that reactivity accidents will not be an important
concern. Decay-heat due to neutron activation of structural
materials is/small enough in most designs to be substantially
easier to handle than in fission reactors. For CTR designs
where liquid lithium serves as breeding medium and coolant, the
very large chemical energy stored in this coolant and the high
flame temperature of the lithium-air and lithium-water reactions
(somewhat worse in both respects than the sodium in a comparable
LMFBR) probably represent fusion's most important vulnerability
to accidents capable of releasing sizable quantities of radio-
activity. Both LMFBRs and liquid-lithium cooled CTRs require
careful design of steam generators to handle safely the possibility
of leaks that bring water into contact with liquid metal.

Many of the possible accident pathways for CTR can be
minimized in importance by intelligent design, which includes
the apparent possibility of tritium breeding in ceramic lithium
compounds, and cooling with pressurized helium instead of liquid
lithium. Such an approach may also be able to reduce the
inventory of blanket tritium that could be released in an
accident, but other sources of tritium in proximity to the
blanket (i.e. vacuum pumps, diverter collector plates, etc.)
will not be affected by the change to solid breeders. Enthusiasm
about the potential flexibility in design of CTR must be tempered
with the recognition that there may be important trade-offs--for
example, the probable need to use toxic and relatively scarce
beryllium for neutron multiplication if solid breeders are
employed in realistic blanket designs. Designers of fusion
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systems can anticipate that the approaches they devise to control
energy release from magnets, vacuum systems, coolant, and so on
will doubtless be subjected to much the same critical scrutiny
and demand for high reliability experienced now in fission-
reactor licensing proceedings.

It is possible to make a very crude comparison of fission
and fusion reactors with respect to the consequences of events
worse than the design basis accidents--resulting, for example,
from acts of war, sabotage, or hypothetical events exceeding the
design capabilities of the safety systems. Applying the conse-
quence model of the Reactor Safety Study (Rasmussen Report) of
the US Nuclear Regqulatory Commission shows that hypothetical
release of a substantial fraction of the fission products and
0.5 percent of the actinides in an LWR (release PWR-1 in the
Reactor Safety Study) would produce roughly 100 times more early
deaths under adverse meteorological conditions than a release
of 10% Ci of tritium oxide from a CTR under the same conditions.
Much in need of further investigation is what fraction of the
activation products in a CTR and of the actinides in an LMFBR
could be released in such hypothetical events, as these could
significantly affect the calculated outcomes. Comparative exam-
ination of delayed as opposed to early casualties is also needed.

In the CTR most of the fuel cycle is within the reactor con-
tainment structure in the form of the tritium cycling systems.
For the LMFBR there must exist in addition fuel reprocessing and
fuel fabrication plants, and the potential for accidents on the way
to or at these facilities needs careful examination. Such analysis
is not yet nearly as refined as that of the LMFBR itself. Both
LMFBR and CTR will require some form of radicactive waste
management facilities, for which accident analysis will also
have to be done.

3.7 Safeguards

Understanding and comparing safequards aspects of fission
and fusion can be facilitated by making several important
distinctions:

- spread of knowledge vs. spread of nuclear material:;

- explosive vs. radiological threats;

- vulnerability of power reactors vs. that of the
rest of the fuel cycle;

- diversion (countered by detection) vs. theft
(countered by protection);

- offenses by governments vs. offenses by private groups;

- national vs. international controls.



As fission power spreads, the associated spread of bomb-
related material is more important than the spread of bomb-
related knowledge. (This is a problem of all forms of fission,
not just breeders.) 1If fusion power spreads, the associated
spread of bomb-related knowledge (in the inertial confinement
approach) would be more important than the spread of bomb-
related material. However, neutrons from any D-T fusion reactor
could be used by the operators to produce fissile material;
this raises the question of "safequarding neutrons”.

Misuse of nuclear material as a radiological rather than
an explosive weapon is a threat associated with both fission
and fusion. (Here fusion's hazard is from the tritium associated
with all approaches, not just the inertial confinement approach.)
With respect to airborne dispersal of plutonium or tritium,
fusion appears to have a quantitative advantage over fission of
two to five orders of magnitude, depending on the chemical form
of the materials; with respect to waterborne dispersal, the
two are approximately even.

In the case of fission power, safeguarding other steps in
the fuel cycle is a greater problem than safeguarding power
stations. Moreover, the fission fuel cycle is spread out
{requiring transportation of nuclear materials), and it will
remain so unless nuclear energy centers become the norm. In
the case of fusion, the tritium for the most part remains in
the power stations; transportation is necessary only when new
power stations are being started up.

The detection of diversion of nuclear material is of concern
between governments, and the Non-Proliferation Treaty is addressed
to this issue; it calls more for international than national
controls. The protection of nuclear material frem theft is a
problem for individual nations and calls more for national than
international controls.

For a state, the most direct route to the fabrication of
a few crude nuclear explosive devices is probably the construction
of centrifuges; it is not the deployment of economically
significant civilian nuclear fission power. Without adequate
safequards, the latter may, however, be a permanent temptation
to divert some nuclear material, possibly at a later date.

Technical, managerial and institutional measures can
increase the efficiency of safequards. Establishing an eguili-
brium of any kind between risks, benefits and costs is, in the
first analysis, a step that entails social and political
considerations as well as technical insights. The guestion has
been raised whether adequate safeguards would entail too heavy
social costs, for instance infringements of civil liberties.

We have not felt capable of properly addressing this issue here.
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3.8 Materials and Impact of Radiation Damage

It is clear that one of the major factors limiting the
efficiency and economic viability of both fission and fusion
reactors is the degradation of materials performance in the
reactor environment. The reduced component lifetime affects
the economies of nuclear power plants in six major areas:

(a) reduced thermal efficiency (lower operating
temperature) ;

(b) reduced plant factors (to change damaged components) ;

(e) 1increased capital costs (for remote handling
equipment) ;

(d) increased operating costs (for component
replacement and manpower) ;

fe) increased volume of radioactive wastes;

(f) 1increased demand for scarce elements.

These problems have been studied for over 20 years for the
LMFBR and resulted in the choice of Pu0,/U0; as a fuel, SS 316
as a cladding and core structural material, and B.C as a control
rod material. However, it is quite probable that even these
materials will not be sufficient for a completely economical
breeder economy, and carbide fuels and high nickel-base alloys
are being investigated for possible long-term application.

The process of selecting the optimum structural materials
for fusion reactors is, by comparison, in its infancy. Early
reactor designs almost exclusively used Nb alloy, but present
thinking strongly suggests the use of austenitic steels at least
for the first generation of power reactors. However, due to
the high helium production rates, the pulsed nature of most
viable reactor concepts, and the extreme reliability that will
be demanded on the reactor components with respect to vacuum
leaks and dimensional stability, it is now widely accepted that
most of the reactor components will not last the lifetime of
the power plant. The necessity to qutckly replace damaged
components in a very high radiation environment will put a severe
strain on the design of a fusion power plant.

Both fission and fusion structural components and fuels
share some of the same intrinsic radiation-damage problems.
Void swelling in metals is probably more important in LMFBR
because of the close tolerances for coolant flow, but high-
temperature helium embrittlement will definitely be a greater
problem for D-T fusion reactors than for fission because of the
higher energy neutron spectrum. Irradiation creep will prove
to be a major problem in both types of reactors because of:
(a) high displacement rates in the LMFBR, and (b) the high thermal
stresses in a fusion reactor. Fatigue is likely to be more severe
in fusion reactors, especially in inertially confined systems.
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Suggestions have been made to use alloys other than the
austenitic steels in fusion reactors, mainly for the purpose of
reducing the radiation levels in the wastes. However, essentially all
of the proposed alloys suffer from one or more serious deficiencies
in the fusion reactor environment. Aluminum alloys are subject
to even more modest temperatures. The refractory metals Nb and
V offer higher temperature operation with less irradiation-in-
duced embrittlement, but they are extremely susceptible to pick-
up of interstitial impurity atoms, which also causes embrittle-
ment, and they suffer from a lack of a commercial industry to
supply a mature fusion economy. Molybdenum alloys are probably
the best suited of the refractory metals but require major ad-
vances in joining of large-scale reactor components. For these
and other reasons, it is of debatable validity to compare fusion-
reactor systems based on these untested and ill-understood materials
to workable LMFBR reactors. For the foreseeable future, fusion
reactors based on austenitic steels will probably be the standard.

Because of the low power density in the blankets of all
fusion reactors (not just the TOKAMAK), the nuclear-island
requirement for materials is likely to range from 10 to 40 t/MW(e)
of steel versus 3 t/MW(e) in fission breeder reactors. 1In
addition, the replacement of damaged structural components may
range from 0.1 to 0.5 t/MW(e)*yr of steel for fusion compared to
0.06 t/MW(e) *yr for fission breeder reactors. These large
material resource requirements for sometimes rather scarce
materials will certainly be a greater problem in a fusion economy
than in a fission economy. Careful attention will have to be
paid to methods of reducing those requirements for fusion, or
they could prove to be the limiting factor to the amount of
energy that can be produced by fusion, despite essentially
unlimited fuel resources. For example, one material which has
been proposed for fusion reactors utilizing solid breeder blankets
is beryllium. If this element is required, the ultimate amount
of fusion generating capacity that can be built could be limited
to as little as a few TW(e}, and the electricity generated to a
few hundred TW(e) - yr. (Total world generating capacity in 1976
is around 1.5 TW(e), and annual use around 0.8 TW(e)*yr.)

We conclude that materials problems are much more diverse
and severe in fusion reactors than in fission reactors. Without
intensive long-range development programs it is possible that
fusion may never transcend the engineering feasibility phase
into a commercial regime.

3.9 What Would Be Required for Commercialization? Programs,
Timing, and Funding

It is expected that it will take 50 to 60 years to
pass through the scientific and engineering feasibility
stages before demonstrating commercial feasibility of the
fast breeder reactor starting from 1942. This is based on
the belief that commercial feasibility of fast breeder
power stations could be attained between 1990 and the
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yvear 2000, while the related fuel cycle services are expected
to require an additional 10 to 15 years.

Approximately the same time frame is anticipated for fusion
reactors (although the uncertainty is greater): commercial
feasibility of large-scale power stations could be achieved in the
time period of 2010 to 2020. Unlike the LMFBR, there are no
fuel-cycle~related services which will be required after a large
number of fusion reactors are constructed, and, therefore, the
point of commercial feasibility should be easier to define.

Three generations of reactors seem to be required for
both types of energy sources to demonstrate commercial feasibility:

- experimental power reactors (10 to a few 100 MW(th));
- prototype or demonstration reactors (250 to 500 MwW(e)):

- semi~commercial reactors (1000 to 1500 MW(e)).

Along with these major facilities, there are a large number of
smaller but equally important test facilities that need to be
developed for:

-~ physics;

- engineering;
- materials;

- safety.

Beyond the physics facilities, the materials testing facili-
ties can be particularly costly and time consuming to the overall
program development. There is hardly any way to circumvent these
problems, as each generation of reactors requires higher perform-
ance characteristics which are difficult to test in facilities
existing up to that point. In order to be useful, fast breeders
and fusion reactors must fit into existing schemes and rules of
electricity production. Demonstration of availability, maintain-
ability, and repairability is in itself a complex procedure that
requires time. Especially important is the aspect ot licensing.
In fact, the rules and fundamental data underlying the licensing
process must be developed almost in parallel with the reactors
and facilities that are so to be licensed. Aspects of public
acceptance broaden the scope even further.

Finally, the fuel cycle that serves fast breeder reactors
must also be developed. By necessity, the hot part of the fuel
cycle can be developed on a technically significant scale only
when irradiated fuel is available in significant quantities from
reactors whose acceptability often seems to require the services
of such fuel cycle. 1In fact, the LWR seems to be presently in
such a situation. The problems of final waste disposal extend
the time horizon even further.
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In the US, with a broad and stretched-out development
program, more than ten billion dollars are expected to be necess-
ary for reaching commercial maturity of LMFBR. By contrast, in
European countries, the development programs seem to be less
broad and less stretched out and, thereby, seem likely to be
considerably cheaper. The difference in funding points to the
degree of flexibility that such programs seem to have. In any
event, it must be borne in mind that there are parallel develop-
ment programs in the world whose positive interactions contribute
significantly to each other. The value of such positive inter-
actions is rather high. 1In fact, that may explain the lower
cost that European programs seem to have when compared with the
US program.

The situation for the fusion program is much less well
defined, but recent projections in the US program reveal that
it may require 20 to 25 billion dollars to bring fusion through the
demonstration power reactor phase, and it is not unreasonable
to expect that another five to ten billion dollars will be
required to progress through the commercialization stage. 1In
contrast to the breeder program, the European fusion program is
much smaller and of a longer time duration. The Soviet program
is approximately the same as the US program in level of effort
now, and it is expected to keep pace with the US program.
Therefore, it is reasonable to expect that--worldwide--it may
require as much as 50 billion dollars to reach commercial feasi-
bility of fusion. The same benefits for international cooperation
in fusion research as in fission are expected to allow for
considerable flexibility in design and should increase the
probability of long-term success.

4. OVERVIEW

The foregoing section summarized, on a topic-by-topic
basis, the specific conclusions of our comparison of LMFBR
and D-T fusion. We attempt here to integrate these results
and insights into an overview of the significance of these two
technologies and their role in the evolving time phases of the
energy problem.

Of central importance is that both fission breeders and
D-T fusion have the potential, in terms of fuel supply, of
providing very large amounts of electricity almost indefinitely.
In this respect, there is no difference between them that is of
any practical significance. To answer the question of fuel supply
for the indefinite future is an enormous benefit, but the benefit
has its price. Both for fission breeders and for fusion, the
price includes: a heavy investment in research and development
before the commercial stage is reached; continuing high capital
costs for the commercial reactors and supporting facilities;
and a commitment to maintain a high degree of meticulousness
and vigilance in the construction and operation of these tech-
nologies and the sequestering of their wastes.
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Notwithstanding significant differences in the basic physical
processes of fission and fusion, the presently envisaged tech-
nologies of using these processes for electricity production have
much in common: complex large-scale engineering based on large,
central-station power plants; material damage and activation
by neutrons; the need to contain inventories of radioactivity
within the plant and to manage radioactive wastes beyond the
lifetime of the reactors; and, for many present designs, use
of liquid-metal cooling and heat-transfer technologies. At the
same time, the nature of the fusion process in principle allows
for a degree of flexibility in the technologies used to harness
it. This flexibility, if explored and utilized, offers the
possibility for D-T fusion to be guantitatively superior to
fission in important environmental respects, despite the quali-
tative similarities already mentioned.

Specifically, D-T fusion has the potential for guantitative
advantages in the form of: lower hazard potential in its radio-
active inventory (and, accordingly, smaller predicted conseguences
of hypothetical large releases); lower radioactive decay-heat;
smaller hazard potential and shorter hazard lifetime associated
with radioactive wastes; less shipment of dangercus material
outside the reactors; and smaller hazard potential for use of
tritium as a radiological weapon {compared with plutonium in
fission). There are, of course, qualitative differences in
accident pathways in fusion and fission. With respect to the
spread of the capability of making nuclear bombs, we conclude
that fission spreads relevant material more than knowledge and
fusion spreads knowledge (related to the inertial confinement
approach) more than material.

It must be emphasized that achieving the potential environ-
mental advantages of fusion in a practical system will require
that high priority and prolonged attention be given to environ-
mental characteristics from the earliest stages of designing
fusion systems. The advantages will not materialize automatlcally
simply because fusion is fusion. It is possible to envision
fusion systems in which many of the most important environmental
advantages compared to fission do not materialize.

Those environmental advantages of fusion that are achieved
will have to be weighed against the cost of achieving them. No
such weighing can be done today, both because the technology has
so far to go {(the thresholds of scientific and engineering
feasibility have yet to be passed), and because the value that
society will place on such advantages has yet to be determined.

The LMFBR, by contrast, has passed the thresholds of
scientific and engineering feasibility, with commercial feasibility
still to be demonstrated. Herein lies a dilemma of timing. The
LMFBR meets the fundamental reguirement for long-term energy
sources--namely, a nearly inexhaustible fuel supply--but the
timing of its development has been such that the LMFBR's commer-
cial feasibility, as well as its environmental and social
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characteristics, are being judged against the yardstick of
existing energy technologies of only short-term or transitional
significance such as oil, natural gas, light-water reactors,

and coal. Such comparisons are relevant for helping to determine
the appropriate timing for commercial introduction of a technology
such as the breeder, but since o0il, gas, LWR, and coal do not meet
the basic fuel-supply criterion as long-term sources, they do

not provide suitable yardsticks for judging the LMFBR's viability
and desirability as a way to meet these long-term needs.

Just as part of the present predicament of the LMFBR arises
from evaluating a long-term source against short-term competitors,
so also is there a related pitfall (another confusion of time
perspectives) that could damage the future of fusion. The pitfall
is that the desire to bring fusion to commercial fruition in time
to compete in the transition time frame (say, in the period 2000
to 2030) may lead in fusion programs around the world to a dis-
proportionate emphasis on early engineering feasibility at the
expense of potential environmental advantages. If fusion technol-
ogy 1s steered too early in the direction of doing whatever seems
necessary to produce commercial power, the field may be shaped
for a long time to come by approaches that exclude the principal
environmental benefits that represent fusion's greatest asset as
a long term energy source. This would be a serious misfortune.

It is essential, therefore, to try to keep separate in
technology assessments the differing requirements of the short-
term, transitional, and long-term phases of the energy problem.
The most significant comparison of long-term sources is with each
other, as we have done here with LMFBR and D-T fusion. As the
needed information becomes available, such comparisons should be
extended to include large-scale use of solar energy and perhaps
fusion and fission fuel cycles other than D-T and plutonium-
burning LMFBR.
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II. THE PROBLEM OF FUGEL RESOURCES

W. H&fele, J.F. Holdren, CG.L. Kulcinski

1. BREEDING REACTIONS

1.1 Fission Breeder Reactions

In the case of fission reactors, two kinds of reactions lead
to breeding. The chain for the production of plutonium from
uranium 238 is:

U238 + n > U239
B_

u239 £3:2 min 539
B_

Np239 2:33 day pia3g

U238 is not fissionable by neutrons below 1.4 MeV, while
Pu239 is fissionable by all neutrons. By capturing one neutron
the fertile U238 is transformed into the fissionable Pu239. If
this neutron originates, for example, from the fission of this
Pu239 nucleus, it may be possible to combine the chain reaction
and the breeding cycle [II-1].

Similarly, in the case of thorium, the breeding reaction is
the following:

Th232 + n -~ Th233
g-

Th233 23:3 Min 533

B—
pa233 274 day 4533

Again, if this neutron originates from the fission of a
U233 nucleus, the chain reaction and the breeding cycle can be
combined [II-2].



Under real technological reactor conditions, plutonium is
always a mixture of Pu239, Pu240, Pu241, and Pu242. It should
be realized that under such circumstances Pu240 must be con-
sidered a fertile material. Pu240 cannot be fissioned by thermal
neutrons. Neutron capture, however, leads to the fissile Pu2i1
isotope:

Pu240 + n > Pu2i1
Pu241 is unstable and undergoes a B-decay with a half-life

of 13.2 years. This is long enough for it not to impair the
value of this breeding reaction,

1.2 PFusion Reactions

The reaction almost certain to serve as the principal
energy source in first-generation fusion reactors is that of
deuterium with tritium:

D+ T > n(14.1 MeV) + Hel (3.5 MeV)

The energy released amounts to 94,000 thermal kilowatt-
hours [kWh(th)] per gram of reacting nuclei; this is roughly
1800 times the energy that must be supplied to the reactants in
order to initiate fusion. Because tritium is almost nonexistent
in nature (global natural inventory of approximately 70 kg), it
must be bred. The main breeding reactions involve the neutron-
induced fission of lithium:

Li6 + n - T + Held + 4.8 MeV
Li7 + n » T + Hell + n - 2.5 MeV

The overall reactions for D-T fusion are therefore effec-
tively:

D + Li6é - Hel + Hel + 22.4 MeV (75,000 kWh(th)/g reactants)
D + Li7 - Held + Hel + n + 15.1 MeV (45,000 kWh(th)/g reactants)

The Hel "ashes" of the D-T fuel cycle are nonradioactive, as
are both isotopes of lithium. Radiological considerations enter,
however, in the form of tritium (its half-life is 12.3 years)
and the copious production of 14 MeV neutrons (this is a direct
radiation hazard during reactor operation and the source of in-
duced radioactivity in the reactor structure).

Additional fusion reactions of deuterium with itself and
with He3 will play a secondary role in first-generation fusion
reactors, and perhaps a primary role in more advanced systems.
These reactions are:



D+ D » He3 (0.82 MeV) + n (2.45 MeV) (22,000 kWh(th)/g
reactants)

D+D~>+T (1.01 MeV) + H (3.02 MeV) (27,000 kwh(th)/g
reactants)

D + He3 - H (14.67 MeV) + Held (3.67 Mev) (98,000 kwh(th)/g
reactants)

Accordingly, burning deuterium to completion would give:
6D > 2Held4 + 2H + 2n + 43.2 MeV (96,000 kWh(th)/g D)

The two D-D reactions occur with roughly equal probability.
The peak cross-sections for these and the D-He3 reaction are
considerably smaller than those for D-T, and the reactant energies
corresponding to the cross-section maxima are much higher than
for D-T. Achieving a net energy gain from the D-D reaction
chain therefore will be significantly more difficult than for
D-T; the ratio of the energy of the reaction products to the
energy supplied to the reactants in the D-D chain is about 70,
a margin about 25 times smaller than for D-T.

Plotted in Figure II-1 are the fusion reaction-rate para-
meter <ov>, and the figure of merit <ov> E_/E_ for the principal
fusion reactions. Here ¢ is the fusion créssZsection for parti-
cles moving with relative velocity v; < > denotes an average
over Maxwellian velocity distribution functions for the reacting
species; E _(which is identical to kT for a Maxwellian velocity
distributiofl) is the mean kinetic enerqgy of the reactants; and
Efis the energy yield per fusion reaction.

Other more exotic fusion reactions exist: for example,
H-Li6é, H-Li7, and H-B11. These reactions have higher Coulomb
barriers than the others discussed here. They therefore require
higher mean reactant energies for ignition, and their energy
gains are smaller. These reactions are potentially attractive
in environmental terms because they produce no neutrons. But
we do not consider them in detail here because they appear so
difficult to harness, and because little detailed information
about them is available.

2. A REVIEW OF RESOURCES

2.1 Uranium and Thorium Resources

Reviewing uranium resources is a constant and open-ended
process. More recently, there have been three studies:

(1) The joint OECD/IAEA report in its latest version of
December 1975. It takes into account only uranium
resources of the price category below $ 30/1b U304
[II-3].
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Fusion yields (E_) are: D-T = 17.6 MeV, D-D = 3,65 MeV,

£ D-He3 = 18.3 Mev.

Note: D-He3 reaction cannot realistically be considered
separately from D-D, because no independent source of He3
is known, and because it must be produced by D-D reactions.

Figure II-1: Reaction-Rate Parameter and Energy Production
Figure of Merit for Principal Fusion Reactiaons
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(2) The Survey of Energy Resources 1974 by the Ninth
World Energy Conference, Detroit, [II-4].

(3) The Report of the Liquid Metal Fast Breeder Reactor
Program Review Group, (ERDA-1 report of January 1975
[II-5]. This report incorporates results of the Pre-
liminary National Uranium Resource Evaluation Program
(PNURE), and uses a classification of resources of
its own.

For the present purposes it suffices to report on the re-
sults of these studies in aggregate form.

The OECD/IAEA study gives values not only for the US but
also many other countries. One can obtain a total figure for the
world with the exclusion of the Soviet block and China. The
data published by the World Energy Conference are essentially
consistent with those of the OECD/IAEA study. The ERDA-1 report
employs much more recent data but is limited to the United
States. By comparing the US data in this report with those of
the OECD/IAEA study, one can get an idea of (non-communist)
world figures. Similarly, such comparison also gives a clue as
how to extrapolate from the $ 0-30/lb U;0s range to uranium of
much higher cost classes. Tables II-I and II-II are made for
such comparisons and extrapolations.

Besides uranium there is thorium. The World Energy Confer-
ence of 1974 also identified thorium reserves. These are given
in Table II-III, which uses the same format as Tables II-I and
II-II, and which also gives the uranium data for the purpose of
comparison. The thorium data are by far more uncertain because

Table II-I: Uranium Resources® (OECD/IAEA, [II-3])

(1000 t U)
Reasonably Estimated Total
‘Assured Additional
USA 454 812 1266
"Worlg"® 1810 1680 3490

Price range: $ 0-30/1b U304 in 1975 dollars;

World being the total of the following countries: Algeria,
Argentina, Australia, Brazil, Canada, Central African Re-
public, Denmark, Finland, France, Gabon, Federal Republic of
Germany, India, Italy, Japan, Korea, Mexic©, Niger, Portugal,
South Africa, Spain, Sweden, Turkey, United Kingdom, United
States, Yugoslavia, and Zaire.
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Table II-II: US Uranium Resources (ERDA, [II-5])
(1000 t U)
Cost Rangea Identified Potential Total
($/1b U;304)
0-15 400 1200 1600
15-30 140 930 1070
at 100 Chattanooga shales 4oo0
60-80 ppm
at 150 Chattanooga shales 6000
25-60 ppm

Costs given here are the so-called forward costs, which do
not include operating costs and capital investments incurred
prior to the time the resource estimate is made. Thus they
are lower than total extraction costs and probably much
lower than the price at which the uranium would be sold.

Table II-III: Thorium and Uranium Resources (World Energy

Conference of 1974, [(II-u4])

(1000 t U)
Identified Potential Total
Thorium® 320 ? -
usa®
Uranium 730 1300 2030
. Thorium 800 1960 2760
World
Uranium 1960 2080 4040

a Data from Bureau of Mines,

Bulletin 650,

1971;

Total of 28 non-communist countries in the case of U, and

a total of 14 non-communist countries and the USSR in the
case of Th, including the US;

¢ Only up to $ 10/1b;

d  Cost range mostly unknown.
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much exploration is still going on. The same is true for low-
grade uranium; data for the Chattanooga shale are only re-
presentative. The fission breeder does have the potential of
using such low-grade uranium. Its use in LWRs recently has
also been studied by J.P. Holdren [II-6]. The World Power
Conference of 1974 observes [II-7]:

"4t costs up to § 200 per kilogram of uranium, the amounts
of uranium available are in tens to hundreds of megatonnes
and at costs to § 500 per kilogram in thousands of mega-
tonnes. In the present period, during which only non-bree-
der reactors are commercially available and for which
relattvely low-cost nuclear fuel ©s required, much further
exploration and development of resources will be necessary.
Later when breeder reactors become predominant, economic
urantium (and thorium) resources will become near-infinite
in extent.”

For reasons of completeness it must be mentioned that there
is uranium in seawater (but no thorium.) The average concentra-
tion is at 3.4 ug/liter. Using a seawater volume of 1.4 + 10®m?
this gives almost 5 - 10? t uranium. The related technology is
still highly uncertain, however. This is reflected in the un-
certain costs of such uranium. Estimates range from $ 35 to
$ 300/1b U303. At the recent IIASA Conference on Energy Resources,
A. Brin reported on these uranium resources [II-8]. His con-
clusion is as follows:

"The importance of the reserve butlt by the uranium in
solution in the oceans, should not blind one to realities.
According to one of the classifications mentioned by M. Grenon,
"it can be said that:
(1) This reserve is proved;
(2) It is 'submarginal'.”

2.2 Resources of Deuterium and Lithium

One in 6700 atoms of hydrogen in seawater is deuterium.
This amounts to 33 grams of D per m’, or a total resource of
4.6 ¢« 10M g in the oceans of the world. Burning this amount of
deuterium to completion in the D-D reaction chain would produce
4.4 « 10* kwh of thermal energy, an amount equivalent to some
60 + 10° times the world energy use in 1975. At the market price
of deuterium prevailing in the early 1970s, i.e. $ 0.30 to 0.40
per gram, the contribution of the raw fuel to the cost of elec-
tricity in a D-D fusion reactor would be on the order of
0.01 mill/kwh (e).

For the D-T fuel cycle—~in which the raw fuels are deuterium
and lithium--it is the lithium supply that limits ultimate energy
production. The amount of energy that will be obtained in
practice from each gram of natural lithium (7.4% Li6, 92.6% Li7)
depends on the details of the geometry and composition of the
breeding region in each reactor, including the chemical form of



lithium, the degree of enrichment in Li6 (if any), the presence
of neutron-absorbing and neutron-multiplying materials, and the
method of utilizing the excess tritium from the breeder reactors.
It is shown in Appendix II-A that there is no unique value for

Li but a whole range exists depending on parameters as those
listed above. However, the most reasonable value based on the
present concept of utilizing liquid lithium to both cool the
reactor and breed the tritium reveals an energy content of

12,000 kWh(th)/g of natural lithium. This assumes a total breed-
ing ratio of 1.3 after all neutron leakage, non-productive breed-
ing zones, and toroidal neutronics are considered. Such an
energy content may be too high as it presumes that all tritium
can be instantaneously transferred between reactors (no delay),
that all the tritium atoms that are bred can be burned (not used
to fulfill the inventory requirements of new plants) and that

the excess tritium is fed into plants utilizing depleted Li
(which is pure Li7 essentially) for cooling and some further
breeding of tritium (referred to hereafter as a "near-breeder").
If one were to simply use the excess tritium in "burner reactors"
where no more tritium is bred, then the energy content would

drop approximately to 9500 kWh(th)/g of natural Li. Finally, if
one were to use solid breeders containing Li highly enriched in
Li6, then the energy content would approximately drop to

5700 kWh{th)/g for a breeding ratio of 1.15 and a breeder/burner
economy. If a "breeder/near-breeder" combination were used with
solid breeders, the energy content could be as high as

6000 kwWh(th)/g of natural Li.

Lithium resources have been reviewed by a number of authors
in the past several years [II-9 to II-14]. Most attention has
been given to the United States, where exploration for lithium
has been somewhat more extensive than elsewhere. Specialists
appear to agree, however, that exploration for lithium has not
been exhaustive in the US nor elsewhere, because the existing
reserves are very large compared to the conceivable non-nuclear
requirements for many decades to come. In this situation, there
is little incentive to conduct expensive exploration programs to
find and classify additional reserves. Should the success of
D-T based controlled fusion eventually generate very high
demands for lithium, it is generally agreed that the resulting
further exploration would yield large additional deposits.

The present status of lithium supplies in various categories,
as appraised by various reviewers, is summarized in Table II-IV.
Substantial uncertainty has been introduced into the picture for
US reserves at present prices by a recent report [II-13] that,
at these prices, less than a tenth the amount of Li previously
estimated will actually be extractable from the Silver Peak
Nevada brines. From the standpoint of fusion, however, the
lithium price could increase two to three times with little
effect on the price of electricity. At the recent market price
of $ 0.02 per gram of Li metal, burn-up of Li at 12,000 kWh(th)
per gram in a fusion reactor producing 0.4 kWh(e)/kWh(th) would
correspond to 0.004 mills per kWh{e), excluding carrying charges
on lithium inventory. The highest Li inventory requirement of



Table II-IV:
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Lithium Resources

Nature of Deposit ppm Li 1012 Grams of References
by Weight Contained Li,

Range of

Estimates
Silver Peak (Nevada) 300 0.04-0.49 [I1-12, II-13]
brines (present prices)
All US brines (to- 35-300 3.9-4.8 [II-9 to II-14]
3-times-present-prices)
US pegmatites (to-3- 6000~-7000 0.94-1.2 [TI-9 to II-14]
times-present-prices)
US total, (to-3-times- - 4.8-6.0 [ITI-9 to II-14]
present-prices)
Canadian and African 5500~ 0.34 [I1I-13]
pegmatites (to 3-times- 22,000
present-prices)
Chilean brines 20007 1.1? [IT1I-13]
{(present prices)
Non-US world total - 1.4-2.0 [TI-9, I1-13]
{to-3-times-present-
prices, exc. USSR,
China)
World oceans {(price 0.17 240,000 [11-9]

uncertain)

any fusion-reactor design published to date is about 1.2 t/Mw(e)
[II-13], which contributes 23 US dollars/kW(e) at $ 0.02 per

gram. *
ated,

the reserves at present prices.

Clearly, a tripling in Li prices could easily be toler-
so it makes sense in the fusion context to look at more than
In Table II-IV, the category

labeled "to-three-times-present-prices” is synonymous with the
classification "known plus inferred or conditional reserves",
The fraction of these reserves that

used by many reviewers.

* The lowest inventory is approximately 0.2 t/MwW(e)

Chapter IX).

(see




will actually be recoverable by a given date--say, the year
2000--depends on details of technology and economics that cannot
be accurately predicted [II-14].

US Li reserves to-three-times-present-prices would support
the inventory for 2.7 to 5 million MW(e) of fusion generating
capacity at 1200 k?/MW e), or a burn-up corresponding to 15 to
30 quadrillion ) kWh(e) at 12,000 kWh(th) [4800 kWh(e)]
per gram. The generatlng capacity stated is 7 to 13 times
the total US electricity-generating capacity in 1975, or about
three times that of the world in the same year. The interme-
diate generation figure of 20 +« 10 kWh(e) corresponds to roughly
10,000 times the electrical energy generated in the US in 1975.

The consumption of lithium in the US in non-nuclear appli-
cations stood at about 2.4 - 10° kg/yr in 1970 [II-9], corres-
ponding to 0.004 of the US reserves at present prices (taking
the lowest estimate for the Silver Peak brines) and < 0.0005 of
the US reserves at to-three-times-present-prices. Lithium
consumption for these non-nuclear uses has been increasing at
eight to ten per cent per year, however, and applications in
catalysis and advanced batteries suggest that this growth may
continue for some time [II-15]. Nevertheless, the present
high ratio of reserves to consumption, and the good prospects
for further discoveries upon additional exploration make it
unlikely that an absolute shortage of lithium could constrain
the prospects of D-T fusion in any time frame of practical
interest. (Naturally, a total failure to carry out additional
exploration and mine development could lead at some point in
the future to temporary Li shortages, but such short-sighted-
ness should be avoidable.)

The resource picture in the very long term (perhaps beyond
a hundred years from now) is somewhat obscured by two uncertain-
ties. The first is whether the D-D fusion fuel cycle becomes
successful; if it does, the need for lithium is eliminated
and the encrmous and already economically accessible supply of
D in seawater removes all fuel supply constraints for millions
to billions of years. If D-D fusion does not work, the situation
in the very long term depends on whether Li can be extracted
economically from seawater. At 0.17 ppm by weight, Li in the
ocean is about 200 times less concentrated than D, but some
50 times more concentrated than uranium. Extraction of uranium
from seawater is already being seriously considered, and very
tentative cost figures mentioned fall in the range of $ 80 to
$ 670 per kilogram U [II-8]. Should Li be extractable at $ 100 to
$ 200 per kilogram, which is certainly not inconceivable, the
associated cost of burn-up in fusion reactors would still be
negligible. The contribution of this expensive Li as inventory
at 1200 kg/Mi(e) would be in the range of $ 100 to $ 200 per
kW(e), providing some incentive to work out designs with smaller
inventories (e.g., using Li only for breeding T but not as the
coolant). This is even more important in solid-breeder designs
when the initial lithium breeder compounds may not last for the
lifetime of the reactor. (See Chapter IX).



3. BUS BAR SENSITIVITY TO FUEL COSTS

3.1 Fission Breeder Reactors

Fusion breeders and fission breeders make use of isotopes
that are abundant in nature; thus a situation arises where the
supply of primary fuels is no longer a determining parameter.

In the following the fuel cycle costs of breeders are discussed.

In the case of fusion breeders, attention has been given
not only to the ore costs for first inventories and of consump-
tion but also to the costs of processing the fuel throughout its
cycle. This has been done because the development of fusion
breeder reactors is still in the early phases, when indicators
as to the costs involved are necessary information. The fission
breeder is a different matter; there are not only the aspects
of conceiving a fuel cycle but also an operational and technical
experience at different levels. Such experience is significant
in the case where the LWR fuel cycle experience can be applied,
for the LWR agnd FBR fuel cycles are basically the same. For
this very reason we are aware of the differences between costs
and prices, between a concept and its commercial reality.

So it makes sense to give a break-down of electricity
production costs at bus bar as shown in Table II-V [II-16].

Table II-V: Electricity Production Costs for Various Fuels
(US mill/kWh(e) for new plants, at 7000 h/yr
load factor)

Lignite Hard Coal L 0il/Gas Nuclear Power
(LWR)

Fuel Includ- 6.8 23.2 19.2 5.5 to 7.2
ing Fuel Cyclg
Operation and 2.0 2.8 1.2 2.4
Maintenance
Capital Cost 9.6 6.4 6.4 14.4
Total 18.4 32.4 26.8 22.3 to 24.0

Source: Data published by German utility RWE, January 1976.
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It refers to the situation in the FRG as of February 1976. It
is striking to see the high fraction of fuel costs for hard
coal and oil/gas. In the case of the FRG, there are finite
resources of 10° t of lignite that allow for a fraction of fuel
costs that is significantly lower and compares with the low
fraction of LWR fuel cycle costs. Such LWR fuel cycle costs
are made up by ore costs, enrichment and processing costs, in-
cluding final waste disposal. The value of 7.2 mill/kWh(e)

in Table II-V already reflects the recent sharp increases in
cost for ore, enrichment, and processing.

The fuel cycle costs of 5.5 mill/kWh(e) for LWRs of
Figure II-2 relate to present realistic costs for:

LWR Fuel Cycle Cost Parameters

natural uranium 30 $/1b U304
Pu costs 27 $/g9 Pu
conversion to UFg 4 $/kg U
enrichment (tails

assay 0.25%) 100 $/kg SWU
fuel element fabrication 120 $/kg fuel
transport, reprocessing,

waste disposal 360 $/kg fuel

price escalation 5%,

interest rate 9%.

Figure II-2 also compares fuel cycle costs of fast breeders,
It explains that there are essentially three almost equal con-
tributions to the total fuel cycle costs of fast breeders:

- fuel element fabrication;

- interest costs for the plutonium inventory;:

- transport, reprocessing, and waste disposal costs.

The cost break-down of Figure I1I-2 relates to cost para-
meters of the LMFBR fuel cycle which appear attainable under

future commercial conditions, all other cost parameters being
equal to LWR parameters:

LMFBR Fuel Cycle Cost Parameters

fuel element fabrication 1200 $/kg core fuel
transport, reprocessing,

waste disposal 1100 $/kg core fuel
breeding ratio 1.17

The assumed breeding ratio of 1.17 is rather pessimistic.
Values up to 1.35 for the LMFBR appear attainable. With such
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Figure II-2: Structure of Fuel Cycle Costs for LWR and LMFBR

higher ratios the Pu gain would increase and the total fuel

cycle costs decrease.

It is not the purpose of this paper to go into the technical

and commercial details of fuel cycle costs.

Instead we refer to

a survey publication [II-17]). The point is rather that in the
case of the fast breeder, ore requirements will go down by a
factor of 60 to 100, and enrichment services will he eliminated.

Therefore, a total of only 70 per cent of LWR

fuel costs may,

pessimistically, be expected. This would be equivalent to

roughly 4 to 5 mill/kWh(e).

From one gram of natural uranium one can
(1 + o) MW(th)-day, if a is the ratio between
cross—-sections. Assuming a value of 0.15 for
an equivalent of roughly 20 Mwh(th), which is

extract 0.95/
capture and fission
a one arrives at
higher by 70 per

cent than the figure for fusion, which is approximately



12 MWh(th) per gram of natural Li mined. Let us continue to
assume that $ 80/kg of natural uranium is a high but not un-
reasonable price for uranium in the foreseeable future. Let
us further assume that 80 per cent of this amount can be
fissioned in a fast breeder reactor. Then 1 kg of U mined
relates to 0.8 - 10° - 20 MWh(th), or $ 1.6 - 10° (at 25 mill/
kwh(e)). This must be related to the cost of 1 kg of natural
uranium mined of $ 80. The ratio is 2000:

Besides the yearly requirements for burn-up, there are
inventory requirements. A 1000 MW{(e) fast breeder reactor
may have an inventory of 50 t of natural uranium. At $ 80/kg U
this relates to 0.6 < 10® $/yr at 15 per cent annuity. This
compares to an income of 1.75 + 10°® $/yr (25 mill/kWh{e) and
7000 h/yr). This ratio is 300. Uranium inventory costs are,
therefore, significantly higher than burn-up costs, but both
costs are indeed negltgible.

It is a deep-seated feature of breeders that they are

essentially decoupled from the supply of fuel resources. The
results of these considerations are summarized in Table II-VI.

Table II-VI: Fast Breeder Fuel Cycle Costs

Total Fuel
Cycle Costs mill/kWh (e) =5
Burn-up -
Ore Costs mill/kWh(e)| 1.5 « 10

Burn-up Ore
Costs Relative

to 25 mill/kwh(e) 0.6 « 10
Inventory N
Ore Costs? mill/kWh(e)| 0.9 - 10

Inventory Ore
Costs Relative_to

25 mill/kwh (e)® 0.36 - 1077

at $ 80/kg natural uranium

% at 7000 h/yr load factor and 15% annuity.



3.2 Fusion Reactors

It is commonly assumed that the fuel cycle costs of a D-T
fusion reactor are negligible (usually less than 0.01 mill/kWh (e)
[TI-18]. Such an assumption is true if the costs are only based
on the amount of fuel consumed and if factors such as enrich-
ment, fabrication, inventory, and reprocessing costs are not
included. We have attempted to examine this subject in more
detail than have previous reports, and to also examine the
sensitivity of the electrical generation costs to changes in
fuel prices. This analysis requires a great number of assumptions
which we will carefully list so that as the picture becomes
clearer one may update these numbers.

The first step in this type of analysis is a listing of
the burn-up rates of the various fuels¥ and an inventory of
"fuel" materials. Such a compilation is given in Table II-VII.
We have chosen to use two types of fusion reactors as examples;
the liquid-lithium-breeding scheme (UWMAK-I [II-19]) and the
solid-breeding scheme (UWMAK-II [II-20]). The burn-up numbers
are consistent with the reactor operating parameters listed
below:

Liquid-Breeder Solid-Breeder
(UWMAK-I) (UWMAK-II)
maximum breeding
ratio 1.49 1.16
enerqy per neutron,
MeV 20.08 21.56
kWwh(e) per year 1.03 « 101 1.2 « 10%

The burn-up numbers for Be include the following reactions:
(n,2n), (n,v), (n,p), (n,T), and (n,c).

The materials inventory is quoted in terms of MW(th) and
again represents the natural elemental amounts, because enrich-
ment factors tend to cloud the picture. For example, most
solid-breeders for fusion reactors require that the lithium
be enriched in Li6, and values of approximately 90 per cent
enrichment are typical. This means that one gram containing
90% of Li6 requires approximately 12 grams of natural Li
(7.42% Li6) to be mined. We have also assumed that the

* Here, fuels in fusion are interpreted loosely in order to in-
clude Be, which generally is only present in a fusion reactor
when there is a need to achieve breeding ratios greater than 1,
with solid-lithium-breeding materials.



Table II-VII: Fuel Requirements for Current Nuclear Reactor

Designs
Burn-up Inventory
mg /kWh (e )@ kg/kwW(th)
Fusion——Liquidb e
Lithium 0.53 0.237 _,
Deuterium 0.013 1.2 « 10
Fusion~-solid® c
Lithium 0.55 0.117 _
Deuterium 0.010 1.9 « 10
Beryllium 0.03 0.08
Fission (LMFBR)A
Uranium 0.125 _3
Plutonium 1.5 « 10

Natural isotopic abundance;
UWMAK-I [II-19];:

UWMAK-II [II-20];

French SUPERPHENIX class;

& N T W

1]

Natural Li equivalent;

™

Natural Li equivalent.

solid-breeder and Be multipliers have lifetimes as long as the
reactor, and that no replacement is required. This assumption
will be examined later. Finally, the deuterium inventory was
calculated on the basis that there would be one day's through-
put in the fuel cycle, and that one would require a ten day
supply of D, in reserve. This means that for our reference
UWMAK-I reactor the D, inventory is 61.6 kg, and it is 94.3 kg
for UWMAK-II; the difference in inventories comes mainly from
the burn-up fraction per pass.

It is interesting to note that the amount of Li required
to be mined from out of the ground for liquid systems is only
twice that required for solid-breeders. This is due to a
complex balance between increased parasitic absorption, neutron
production by the Be, softened spectrum, and essentially no
tritium from Li7 in the solid-breeder case. If the solid-
breeder does not last for the plant lifetime (on account of
burn-up, swelling, sintering, etc.), then the total plant
demand on Li resources could actually be larger in the solid-
breeder case, even 1f one chose to reprocess the breeder material.
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The next step in this analysis is to calculate the con-
tribution of fuel burn-up alone to the overall electricity
production costs. The following raw material costs are used:

$/kg
Lithium 20
Deuterium 440
Beryllium 220
(90% Li6) LiAal0, 35

The calculations (see Table II-VIII) show that approxi-
mately one half to two thirds of the fuel costs for burn-up
lie with lithium, and only one third with the burn-up of deu-
terium. The burn-up of Be contributes approximately 30 per
cent to the cost of fuel in the solid-breeder system.

A more realistic assessment of fuel cycle costs should
include the inventory costs of the breeding material; i.e.,
liquid lithium or the solid-breeder/berylllium combination.

It is straightforward to calculate the appropriate numbers for
the solid breeder and neutron multiplier if one can assume a
full reactor lifetime. After that time it is assumed that

the "fuel" components can be stored until the activity that is
due to contamination and impurities decays away. We will use

a 15 per cent per year carrying charge for this calculation,
which includes payment of the original material, enrichment,
and fabrication costs as well as a reasonable return on capital.
Both the direct and indirect charges should be considered, and
we will use 35 per cent for the indirect costs, although others
might use higher numbers.

The situation for liquid lithium is not so clear because
it serves a dual role, being breeder and coolant. For example,
the thickness of the Li zone in the UWMAK-I blanket is 55 cm
(1159 t), and there is another 541 t in the piping and heat
exchangers. For the purposes of these simple calculations we
will attribute the Li inventory costs only to that lithium in
the blanket, and the Li external to that will be charged to
the reactor itself. The inclusion of this inventory cost for
Li contributes another 0.46 mills per kWh(e) to the fuel cycle
costs, while the inventory cost for D, only contributes another
0.0005 mills per kWh(e) to the burn-up costs of 0.0057 mill/kWh(e).

The inventory costs for solid-breeder fusion reactors are
about four times as high as for liquid systems mainly because
of the cost of the neutron multiplier beryllium. This amounts
to almost three-fourth of the fuel cycle costs and could in-
crease if the low level of Be reserves are depleted by a large-
scale fusion economy [II-21].



Table II-VIII:
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Summary of Fuel Cycle Costs
(mill/kWh(e)?)

Burn-up First Core "Total" Fuel
Oonly LoadingP Cycle for
Finite Component
Lifetime ¢
Fusion: Liquid Lithium
Lithium 0.011 0.47 0.47
Deuterium 0.0057 0.0062 0.0062
Tritium extraction
equipment - - 0.14
Total 0.017 0.48 0.62
Fusion: Solid Breeder
Lithium (enriched a
Lial0;) 0.011 0.36 1.43
Deuterium 0.0044 0.0051 0.0051
Beryllium 0.0066 1.62 4.77°
Tritium extraction
equipment - - 0.19
Total 0.022 1.99 6.4

a Using raw material costs stated in the text;

Includes direct and indirect (35%)

raw material costs,

cation, enrichment, burn-up, and a 15% carrying charge over

the life of the plant;

Includes all in-first-core loading, reprocessing or replacing

of the solid-breeder and neutron multipliers every two years;

Assume that costs are depreciated over the core lifetime

(2 years);

Same assumption as

d, but the reprocessed and refabricated

price is $ 150/kg including 4% loss during refabrication.

fabri-
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The final way of estimating fuel cycle costs would be to
include (a) fuel extraction equipment (either from the breeder
or the coolant.system), and (b) any reprocessing costs associ-
ated with a reduced lifetime of the fuel components.

We have chosen to use a 35 per cent indirect cost factor
for these studies, although more conservative estimators may
argue for 50 per cent or higher. The results can be scaled
accordingly if the reader wishes to use a new number.

The fuel extraction costs involve items such as absorbers,
regenerators, distillation columns, diffusion windows, fuel
injectors, reprocessing of divertor-particle collection streams,
etc. The estimates for these components can only be order of
magnitude numbers at this time because of the uncertainty of
the final reactor configuration, and because so many components
in a fusion reactor play a dual role. For example, how much
of the vacuum system should be charged to the fuel cycle, or
how much of the divertor-particle collection system should be
included? Both systems are necessary for a TOKAMAK to operate
and yet must be a part of the overall fuel system. We have
tried to extract appropriate numbers and realistic fractions
of costs attributable to fusion from the UWMAK-I and UWMAK-II
cost studies [II-22], and have come up with the following
approximate numbers for the fuel-extraction cycle only:

Direct Capital Costs

UWMAK-I $ 7 million
UWMAK-TI $ 11 million

The need for reprocessing of the breeder can cause a con-
siderable increase in the fuel cycle costs of a fusion reactor.
This does not apply to a liquid Li system, because the burn-up
rate is so small that it hardly affects the neutronics of the
plant over a 30 year lifetime. However, solid ceramic breeders
can undergo a great deal of swelling due to helium gas generation,
sintering, and restructuring over periods as short as a year
or two [II-23]. The same situation can occur in Be [II-24], so
that it is probably safe to say that these two components of a
fusion reactor blanket will have to be replaced after a year
or two of operation (we have arbitrarily chosen two years in
this calculation), which means one needs 14 "cores” in addition
to the first loading.

The next question to ask is whether one can afford to
simply dispose of the o0ld "fuel"” and replace it with fresh fuel,
or whether one would wish to reprocess the radioactive material,
adjust the enrichment, and refabricate the elements. This is
especially critical for beryllium because of the limited re-
source picture. Considering how expensive remote handling
facilities are, we have assumed that one would simply replace
the LiA103; with new material each time and one would reprocess
the Be. Estimates of reprocessing costs are as high as
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$ 150/kg (versus $ 220/kg of new material) because of the desire
to use powder metallurgy techniques to form a porous solid. We
have also assumed that there would be a four per cent loss during
each reprocessing operation.

The "total" fuel cycle costs are now increased by 30
per cent for liquid systems and by a factor of approximately
three for solid-breeders. Obviously, the use of solid-breeders
can significantly increase the fuel cycle costs and must be
carefully considered, before it can be used to offset higher
tritium blanket inventories.

A summary of the fuel cycle costs, obtained by using the
above reasoning, is given in Table II-VIII. The first column
represents the traditional method of estimating fuel costs, and
the figures are approximately 0.02 mill/kWh(e). When one includes
the fuel inventory, the fuel cycle costs increase by a factor
of approximately 30 for liquid systems and a factor of 90 for
solid systems. Finally, inclusion of the tritium-processing
equipment and the replacement of cores raises the fuel cycle
costs to 0.62 mill/kWh(e) for the liquid system and to over
6 mill/kWh(e) for solid-breeders. This latter value represents
a 300-fold increase over the traditional method of quoting fuel
costs.

The final area to consider is the sensitivity of the numbers
in Table II-VIII to fuel prices. We have chosen to quote this
sensitivity in terms of the mill/kWh(e) increase per doubling
of current fuel price values. The results are given in Table II-IX.

The burn-up costs in both types of systems and the first-
core loading costs in the liquid-lithium system are directly
proportional to the cost of the fuel. The first-core loading
and the "total" fuel cycle costs for the solid-breeder include
the enrichment costs, which presumably would be independent of
the raw materials cost. Hence the increase in the cost of
electricity is approximately 60 per cent of the fuel cost increase.
Finally, one contribution of Be to the total costs is through
the 4 per cent loss factor that is assumed during the reprocessing
and refabrication stage. This only contributes approximately
0.24 mill/kWh(e), and the rest of the increase (0.07) is due
to the increased cost of two initial cores--one for loading and
the other to be used when the first is reprocessed--spread out
over the reactor lifetime.

The important conclusion to be drawn from Table II-IX is
that the doubling of fuel costs in liquid lithium systems con-
tributes less than 0.5 mill/kWh(e) to the cost of electricity,
and this figure is dominated by the cost of Li.

The second point is that solid breeders are more sensitive
to fuel prices by a factor of two or more, depending on the
lifetime of the breeder and neutron multiplier.



Table II-IX:

Effect of Doubling Fuel Prices on the Cost of

Electrical Power Generation in Fusion Reactors

Increase in Costs over those in Table II-VIII
(mill/kWh(e))

System Burn-up Only First Coge Total Fuel
Loading Cycle Costs?

Fusion: Liquid

Lithium 0.011 0.47 0.47

Deuterium 0.0057 0.0062 0.006
Total 0.017 0.48 0.48
Fusion: Solid b

Lithium 0.011 0.21 0.86

Deuterium 0.0044 0.0051 0.0051

Beryllium 0.0066 0.74 0.310 ¢
Total 0.022 0.96 1.18

? Amortized over lifetime of plant except where noted;
b Average value over 30 years, cost of core repaid in two years
from purchase;

Including 4% loss during reprocessing.

The calculations of a two-year lifetime show that a 1.2 mill/
kWh(e) increase in electricity costs might be expected per a
doubling of fuel prices for solid-breeder systems.

While this analysis clearly favors liquid over solid-breeder
systems from an economic argument, it shows that the resource
demand is about equal for both systems, and the solid-breeders
would be favored if tritium inventory in the blanket alone was
a consideration (remember, less than ten per cent of the T in-
ventory is normally in the blanket of a magnetically-confined
fusion reactor). Nevertheless, one can now say that the con-
tributions of the fuel cycle to the costs of liquid-metal,
magnetically-confined fusion reactors are still small but not
negligible. The fuel cycle costs of a solid-breeder system will
be higher and could be as much as five per cent of the total costs
of generating electricity.
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4. TOTAL NUCLEAR FUEL RESOURCES AND ORE REQUIREMENTS

The amounts of energy available in various nuclear and non-
nuclear energy sources are tabulated for comparison in ?able I1-X%,
wherein present and hypothetical future energy consumption rates
are also given.

Table II-X: Some Fuel Resources and Consumption Rates (in
10263 = 102 3 = 0.948 + 10® BTU = 0.95 Q)
[II-25, II-26]

Energy Content

Fuel Resources

World uranium, to $ 33/kg, used in LWR

World oil, ultimately recoverable, 1976 13
World gas, o0il, coal, ultimately re-

coverablea 80
US lithium , at BR = 1.25 250
US uranium, to $ 250/kg, used in LMFBR 700
World lithium, to $ 60/kg, BR = 1.0° 7,600
World uranium, to $ 250/kg, used in LMFBRb 9,000
Uranium in oceans, used in LMFBR 200,000
Uranium in continental crust, to

500 m, used in LMFRBR 10,000,000
Lithium in oceans, 12,000 kWh(th)/g 11,000,000
Deuterium in oceans 16,000,000,000

Consumption Rates
World energy use, 1975 0.26
US energy used for electricity, 1975 0.02

Total annual energy use, 8 + 10°
people, at 6 kW/cap ¢ 1.5

Reference [II-26]) emphasizes the distinction between recover-
able and geological resources;

Extrapolated from US on the basis of land area, see [II-27];

Rate corresponds to Sweden, 1973.
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In addition to amounts of contained energy, of course, it
is also of interest to know how much material (ore) must be

handled to make the energy available.
various energy sources,
required for each source,
world electrical energy generation

are given in Table II-XI.

Ore requirements for the
normalized to the amount that would be
if it alone had to provide the 1975
(about 600,000 MW(e) -yr),

Table II-XI: Ore Requirements to Produce 1975 World Electrical
Energy by Various Processes
(60C,000 MW(e) *yr per year at assumed efficiency
of 40% = 1,500,000 MW(th)-yr per year)

Process Ore (Fuel ppm by Weight) Ore Required
(108 t)
D-D Fusion Seawater (32 ppm D) 4.2
D-T (Li) Fusion Pegmatite (6000 ppm Li) 0.18
Silver peak brine
(300 ppm Li) 3.7
Seawater (0.17 ppm Li) 6,400
LMFBR Fission Colorado sandstone
(2000 ppm U) 0.51
Chattanooga shale
(60 ppm U) 16.5
Seawater (0.003 ppm U) 330,000
LWR Fission Colorado sandstone
(2000 ppm U) yy
Chattanooga shale
(60 ppm U) 1,400

HTGR Fission

Coal Fired Steam

Seawater (0.003 ppm U)

Chattanooga shale
(60 ppm U)

Bituminous coal

28,000,000

700
1,700
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Assumed energy contents for these tables are:

Assumed Specific Energy Content

kWh (th) /g

Terrestrial and oceanic lithium

Breeding ratio 1.3 12,000
Uranium, LMFBR

Fissions 60% of natural U 13,200
Uranium, HTGR

Fissions 1.4% of natural U 308
Uranium, LWR

Fissions 0.7% of natural U 154

7.75

Coal

5. ANOTHER APPROACH TO THE ASSESSMENT OF URANIUM RESOURCES AND
FUTURE URANIUM-ORE REQUIREMENTS

(A.M. Belostotsky)

All the calculations for the whole world mentioned above are
based on the national calculations of individual countries. The
assessments given by these calculations are not satisfactory
because of the following points:

(1) They do not take the whole world into account;

(2) The calculations for different countries are made with
different degrees of reliability;

(3) A more or less careful assessment has been made only
for resources that are commercially efficient.

But during the energy crisis it became evident that the
upper limits of what are considered commercially efficient
(feasible) resources can be raised rapidly. Aspects of the
energy crisis included the movement of nuclear fuel prices
toward their maximum permissible levels, which also had an
effect on coal-fired plants. Coal is cited here because coal
resources are the only conventional resources which can provide
for long-term energy development and thus--if corresponding
environmental-protection measures are taken into account--can
be treated as a possible substitute for nuclear energy. Another
important aspect of the crisis was the marked stimulation of
new discoveries of nuclear fuels. But for now it is too early
to sum up both these aspects. Thus in order to assess uranium
resources, we will use the latest data given by national sources
and international organizations (IAEA), and the methodology des-
cribed by A. Alexandrov and N. Ponomarev-Stepnoy [II-27, II-28].
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For an assessment of the uranium resources in the world, the
authors of the section above took the USA as a base, a country
with a rather large, geologically-varied territory in which a
rather good job of investigating uranium resources has been done.

Let us assume for the USA that reasonably assured resources
of Ui0s up to $ 30/1b are equal to 454 + 10° t of U, and that
estimated additional resources within the same cost range equal
812 « 10° t [II-3}). This gives a total of 1266 +« 10° t of
uranium,

Since the ratio between the growth of reserves and the cost
of new discoveries has not tended to decrease in previous years,
it is possible to consider these figures as the lowest estimation.
Next, generalizing these figures to all the earth's territory
excluding Antarctica and the sea shelf, one gets a total of
world uranium resources equaling 17.5 + 10° t. Surely there can
be no final agreement as to whether this figure is an upper or
lower estimation, but there are some good reasons to consider
it a lower estimation:

(1) With regard to the world the uranium resource figure,
the US basis is taken at random and has no peculiari-
ties. Rather it seems that uranium resources are
rather uniformly spread throughout the world:;

(2) We took only those US resources which have already
been discovered and, as mentioned, there are good
prospects for further discoveries;

(3) There is a good chance that the upper cost limit for
available uranium resources will probably rise, be-
cause the limit for conventional resources is also
rising.

Thus we feel that a value of 17.5 « 10° t of U at present-
day costs is not excessively optimistic, though it is five times
higher than that given by the IAEA in its latest Report on
Uranium Resources [II-3]}.

Taking into account the assessment of world uranium re-
sources of 17.5 + 10® t, it is possible to compare this figure
with the demand.

There are many projections of future uranium needs. For
our calculations we have used the latest data issued by the
IAEA [II-29])]. This organization predicts that the world's
total nuclear power plant capacity will be at the levels shown
in Table II-XII,.

Let us take the capacity of 2000 GW(e) predicted for the
end of this century and assume that 200 t of natural uranium
is required per year for 1 GW(e) in thermal reactors. This
gives a consumption level of 400,000 t of uranium per year in



Table II-XII: Forecast of Total World-wide Nuclear Power Plant
Capacity.

Year 1975 1985 2000

Nuclear Power GW(e) 70 500 2000

the year 2000. In the case of uranium resources totaling

17.5 » 10®% t, it is clear that such a nuclear option involving
uranium ore would be available only for several decades. Thus
the development of nuclear energy based solely on thermal
reactors will not lead to unlimited energy resources.

6. CONCLUSIONS

Nuclear fuels for fission and for fusion represent energy
resources almost incomparably greater than the fossil fuels now
relied upon for most of the world's energy use. Fission breeder
reactors (breeding plutonium from uranium) and fusion breeder
reactors (breeding tritium from lithium) can extract 0.3 to
1.0 MW(th) -day per gram mined of their natural metal fuels,
uranium and lithium. Light water reactors extract roughly 100
times less and fossil-fuel burners a few million times less
energy per gram of the naturally occurring fuels.

Uncertainty of at least a factor of two to three is evident
in estimates by different groups (International Atomic Energy

Agency, World Energy Conference, US Enerqgy Research and Development

Administration) of the magnitude of US and world uranium resources
available at costs of $ 66/kg U305 or less. Uncertainties in the
intermediate cost range of $ 66/kg to perhaps $ 250/kg are even
larger. These uncertainties are significant in the context of
estimating how long nations could rely on non-breeder reactors

to supply a significant part of their energy use, but the un-
certainties are not significant in the context of the energy
potential of fission breeder reactors. This is so because:

{a) the breeder's high energy extraction per gram of fuel
stretches even the smallest estimated quantities of low-cost
uranium out to 2000 TW * yr of electricity (1 Tw = 102 w=
1,000,000 MW); and (b) the insensitivity of electricity cost

to fuel cost in the breeder means that high-cost, dilute uranium
resources, which exist in quantities far larger than the low-
cost resources, become economically acceptable as breeder fuel
(the supply in the oceans alone represents a quantity on the
order of 2,000,000 TW+.yr of electricity). With fission breeders,
therefore, nuclear fuel supply can be considered inexhaustible
far beyond any time scale of conceivable planning interest.
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The situation is similar for lithium, the limiting fuel
resource for D-T fusion. There are uncertainties of a factor
of three in US resources available at low cost ($ 60/kg of Li
metal or less), and still larger uncertainties about world
resources, but these uncertainties are essentially irrelevant
to the outlook for D-T fusion. The smallest estimated global
quantity of low-cost lithium represents at least 2500 TW-yr of
electricity in D-T fusion reactors. Much more expensive lithium
could be used economically, including presumably that in sea-
water, which alone represents at least 100 million TW.yr of
electricity. There is no reason to suppose then that lithium
resources will limit D-T fusion on any interesting time scale.
Deuterium in seawater (by weight) is 200 times more abundant
than lithium, and is more economic to extract.

For the fission breeder, the high utilization of ores is
reflected in a very low fraction that ore costs contribute to
the total busbar cost. These fractions are a few tenths of a
percent. This not only makes the low grade ores accessible,
but it also provides for a different class of security for ore
supply because such low grade ores can be found almost every-
where, and storage of ores does not impose an unacceptable
economical burden on the owner of a power plant. Therefore,
ore supply embargoes are eliminated and, indeed, the operation
of power plants is essentially decoupled from the traditional
problems of fuel supply. For the fusion breeder, the situation
is fundamentally the same as far as lithium in its function as
a fuel is concerned. Indeed, the burn-up ore costs for both
breeder types are on the order of 1072 mill/kWh. But, for the
case of the fusion breeder, lithium may have the additional
function of serving as a coolant, which would raise the total
inventory ore costs to a few tenths of a mill/kWh. In any event,
for both breeder types, the ore costs are so low that the large
existing uncertainties in ore prices that reflect geological and
political conditions simply do not matter.
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APPENDIX TO CHAPTER II

II-A FACTORS EFFECTING THE ENERGY CONTENT OF NATURAL LITHIUM
IN D-T FUSION REACTORS

(G.L. Kulcinski)

The energy content of a gram of natural lithium used in
a D-T fusion reactor is not a simple guantity to arrive at;
it depends on the form of lithium, the amount and type of
structural material, and the strategy that is used for the
management of this resource. We can make an attempt to esti-
mate what the energy content might be by examining the various
reactor designs that have been published in the literature.
However, one must always keep in mind that, generally, these
designs have not been optimized to get the greatest energy
release per gram of Li.

For the purposes of discussion here, we will assume that
tritium has an infinite half-life (this is the same as saying
that tritium is rapidly transferred between plants so as to
make full use of its energy content), and that no tritium atoms
escape the plant. These assumptions will tend to make the
energy content values higher than might be realized in practice.
We will also assume that we have a steady-state fusion economy
in operation, that is, no further expansion of the electrical

generating capacity is occurring. This means that every tritium
atom procuced can be burned and does not have to be used for
plant inventory in new facilities. This again will tend to

make the energy content values higher than might be realized in
a fusion economy which i1s expanding at a finite rate.

We will consider the general case of the primary breeder
reactor, containing both Lié and Li7 (where the BR > 1), feeding
one of two secondary types of reactors:
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- near-breeders (utilizing primarily Li7 as a breeder,
where the breeding ratio is less than 1 but more than
0.5);

- burner-reactors (containing no Li, and where no further

breeding of tritium is performed).

In reality, one might have a mixture of both types of
secondary reactors, because of environmental concerns over
large tritium inventories in the center of cities and the
desire to extend the fuel resources.

Examination of this general problem reveals that the
energy content of a gram of natural Li is a function of four
parameters:

(1) the total energy released (including blanket multi-
plication and breeding) per D-T plasma reaction in
the ith type of reactor (i.e. primary or secondary)
(EL):

R
(2) the breeding ratio (BR);

(3) the ratio of tritium produced from Li6 to the total
tritium produced (R);

(4) the number of tritium atoms that can be produced per
D~T neutron by Li7 in a blanket concept (P).

The general relationship between the energy content of Li
and the reactor parameters is shown in Figure II-A-1.

The general equation is then:

Breed
E -A
h
kwh(th) _ ™R ¥
g nat.Li BR-R
Breeder
Reactor
o
R_ .
¢ (BRZDIA L gSec .y +E P (1)
BR-R T
n=1
From From Burning
Burning of T Atoms in
Excess T Secondary

from Breeder Reactors which
in Secondary were Bred in
Reactor Secondary Reactor
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Since P < 1 in all cases, we can rewrite:

P

:E:P" = — .
1-P

Then equation (1) becomes:

Sec 1
kwh(th) _ B _ {gBreed 4 (BR-1)-E.° '(—)] ' 2)
g nat.Li BR-R 1-P
where:
A = 6-10% Atoms Li6/mole « (0:0742:6 g Lié
6 g Li6/mole 0.0742-6 g Li6 + 0.9258-7 g Li7
1.6-107 " wsec . 1&7) _ ,gg Li6 Atoms _ kwh
MeV. 3.6-10"Wsec g nat.Li MeV

Typical values for tritium breeding in various systems are
given in Table II-A-I.

From Table II-A-1 we can see what range of values one might
use for Ep, BR, R, and P. For four different liquid-Li-cooled
reactors reported in the literature which utilized steel, Nb,
and Mo alloys as structures, we find that the total energy re-
leased per D-T reaction is an average of approximately 20 MeV.
This increases to approximately 21 MeV when Be is used with
liquid 1lithium, but some of that energy increase is due to the
Be. Finally, the use of solid-lithium breeding compounds and
Be can raise the value of Er to approximately 22 MeV (again
approximately ten per cent of that increase is due to the Be).
Therefore, it appears that a reasonable value for most fusion
reactors is 20 MeV per D-T reaction. This value is not expected
to change much if the Li6 is replaced with an absorber like
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Table II-A-I: Summary of Selected Neutronic Characteristics

of Various Fusion Reactor Designs

—

Design Breeder Fraction BR 1 R Pb Structure ER(MeV)
Li6 Te /T
| ‘ 8/ rotal
[ —
Ligquid Li (No Neutron Multiplter)
UWMAK-I Li . 0.0742 1.49 0.59 0.60 SS 20.1
UWMAK-ITI Li 0.0742 1.25% 0.58 0.52 TIM 21.1
ORNL Li 0.0742 1.44 0.58 0.59 Nb 19
LLL Li 0.0 1.36 0.63 0.50 ss 19.2
-

Liquid Li + Be
PPPL Flibe 0.0742 1.07 0.87 0.13 PE16 21.4
LASL Li + Be 0.0742 0.70 0.72 Nb 20.5

0.90 0.34 1.0 ‘ L47
Solid Li Compounds + Be

UWMAK-II |LiAlO,+Be 1.18 0.99 0.003 SS 21.6
BNL LiAl+4Be 1.48 1.0 0.0023 SAP 22.6

average (nat.Li, no Be) = 19.9 MeV

average (liquid Li + Be) = 21.0 MeV

average solid enrichedl+ Be| = 21.1 MeV

Li6 compounds

Breeding on outside of torus only;

T atoms produced per D-T neutron in Li7.

boron 10, because although the exothermic Li6 (n,T) reaction is
no longer present, the exothermic B10 (n,a) and the (n,y) re-
actions in the structure will compensate for this loss. A

first approximation to Eg burner might also be approximately

20 MeV per D-T reaction. A similar argument might be made for

a near-breeder reactor, where the endothermic Li7 (n,nT) reaction
will be partially offset by increased exothermic reactions in

the structure. Again for simplicity, ENear-Breeder = 20 MeV

per D-T reaction is a reasonable approximation.

Next, one notes that, R, the ratio of tritium produced from
Li6 to the total T production, is remarkably constant at 0.6
for the various liquid-lithium systems considered. This value
jumps to 1 in the enriched system, where essentially all of
the tritium comes from Li6.
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The breeding ratio is normally quite high in liquid-lithium
systems, ranging from 1.36 to 1.49 in early designs, which have
been studied with uniform isotropic neutron sources completely
enclosed by slab or cylindrical geometry. When toroidal
neutronic effects are included along with the loss of neutrons
in the divertor slots, beam tubes, and parts of the reactor,
that are generally inaccessible, breeding ratios of 1.2 to 1.3
are more likely in liquid-lithium systems. It is expected that
the proper treatment of neutron losses and peaked neutron fluxes
typical of non-circular, non-uniform, and toroidal neutron
sources will produce much lower breeding ratios than previously
calculated in liquid-lithium systems.

The BR values for solid Li compound breeders are generally
quite low (approximately one in most cases), and one is forced
to use a neutron multiplier to get a breeding ratio greater than
one. This may even be true with materials of high lithium den-
sity, such as Li,0 and Li;Pb,, when one includes the 10 to 20
per cent losses due to penetrations and inaccessible parts of
the blanket as well as satisfying low neutron leakage to magnets.
The effects of structural material are also particularly im-
portant with solid breeders, and they must be properly included
in the calculation of overall breeding ratios. It is not satis-
factory to simply calculate what BR one can get with complete
enclosure of the neutron source and no significant parasitic
capture in the structural material that is required to contain
the high pressure gas usually used to cool solid-breeder systems.

The effect of adding non-breeding elements (oxygen, silicon,
Pb) is to soften the spectrum such that Li7 reactions are re-
duced and the value of P is lowered, further reducing the BR.

Finally, the value of P is quite important in the overall
fuel management strateqgy. If one were able to burn only the
Li6 in Li then, as we will see later, the maximum energy con-
tent of one gram of natural lithium is approximately 6000 kWh
(th) /g Li. Utilizing the Li7 reactions that would occur simul-
taneously in a liquid-Li system would raise this value to approxi-
mately 10,000 kwh(th)/g. However, this would leave roughly 0.9
gram of Li7 left over for every gram of natural Li originally in
the reactor. One could still get some energy out of this excess
Li7 if it was bombarded with D-T neutrons from the excess T
produced in the fusion breeder reactor. 1In this case, one
would want to keep the neutron spectrum as hard as possible in
order to maximize the T; production. Calculations show that in
liquid-Li7 systems, the number of T atoms produced per incident
D-T neutron is approximately 0.50 to 0.6 (Table II-A-I). Ob-
viously, one could do worse if the Li7 were in a solid compound
with other non-fuel elements, or if a large fraction of neutrons
escaped down penetrations in the blanket. It seems reasonable
that when the toroidal neutronics and reasonable leakage is
included, P is approximately 0.5 for liquid-Li7 systems (i.e.,
UWMAK-III in Table II-A-I). It is obvious that to use a solid
breeder would lower P significantly and thus reduce the energy
content of our lithium reserves.



Going back to equation (2) and assuming that as a first
approximation,

E Breed E Secondary ., EPrimary ,
R R R
we find
kWh (th AEg
L [1 + (BR-1)- (—)];
g nat.Li BR*R 1~-P

with our assumptions about

ER ~ 20 MeV/D~T Reaction

and

we find

—B = 9533 Kb

R g nat.Li

If we allow the breeding ratio to be greater than one, then
the energy content of the lithium in the primary breeder reactor
is reduced, but this is actually more than compensated for if
we burn the excess tritium in reactors containing the depleted
Li from the breeder reactors. At a value of P = 0.5 we find
that total energy content increases from 9533 kWh(th)/g nat. Li
at BR = 1 to = 12,000 kWh(th)/g nat. Li at an initial BR = 1.3
and 13,620 kWh(th)/g nat. Li at an initial BR = 1.75 (see
Figure II-A-2). Since, as we previously said, breeding ratios
of approximately 1.3 are probably the most likely maximum value
for operating CTRs using liquid Li, a reasonable value of the
energy content is approximately 9500 kWh(th)/g of natural Li
if used in a breeder-burner combination, and it is approxima-
tely 12,000 kwh(th)/g of natural Li if used in a breeder/near-
breeder combination. This latter scheme represents a 20 per
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cent increase in fuel reserves compared to the breeder/burner
combination. Future generations will have to decide whether
this expansion of fuel reserves is worthwhile versus having
some reactors which have lower tritium inventories than the
near-breeder reactors.

Other comments might be made about Figure II-A-2. For
example, using lithium in solid-breeders (and discounting the
energy contribution of Be which could be obtained in all
configurations) we find that in the most probably BR range
(1.0 to 1.1) the energy content of one gram of Li varies from
5700 to 6300 kWh(th)/g nat. Li if it is coupled with liquid-
Li7-cooled near-breeders. However, 1t is not certain whether
such a combination makes sense when the object of solid-bree-
ders in the first place is to remove the difficulties associ-
ated with a liquid-metal system and to reduce the large tritium
inventories associated with liquid-Li systems. If one used
Li7 in solid form in the near-breeders very little benefit
would be derived, and such a scheme hardly seems worth the

effort.

Finally, if one could find a way of increasing the T;
fraction and still maintaining high BR in breeder reactors,
then the energy content could also be extended. This can
only be done by reducing the energy degradation of the D-T
neutrons by non-fuel atoms (i.e., structure, coolant, or
alloying elements). It is unlikely that this number can be
increased much above 0.7 in a realistic system, and it could
easily drop as low as 0.4. We have included a curve for
R =0.5 and P = 0.6, which shows that at a BR of 1.3 the
energy content could be improved approximately 60 per cent

over the most likely case of R = 0.6 and P = 0.5.

In summary, if one has to specify the energy content of
natural Li used in fusion reactors, it is most likely to be
in the 12,000 kWh(th)/g range in a breeder/near-breeder
scenario. If a breeder/burner scenario is used, then the
energy content is approximately 9500 kWh(th)/g and in a solid-
breeder/burner scenario a value of 6000 kWh(th)/g of natural
lithium is most likely.
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ITI. PRESENT STATUS QOF FISSION AND FUSION REACTORS

G. Kessler, G.L. Kulcinski

1. FISSION REACTORS*

1.1 1Introduction

The principle of breeding has been recognized from the very

beginning of nuclear reactor development. Realizing that the
n value--which characterizes the average number of neutrons
produced by fission per absorbed neutron [(n,y) + (n,f)]l--is

high for fast neutrons inducing the fission process, E. Fermi

and W.H. Zinn began to design a fast breeder reactor as early

as in 1944 [III-2]. This started the first round of fast

breeder development, lasting from 1944 until roughly 1960, leading
to reactors that are often referred to as fast breeders of the
first generation. The US reactors EBR-I, EBR-II, and EFFBR, the
British DFR, and the Russian BR-5 are the more prominent ones
among them (see Table III-I) [III-3 to III-8].

Consistent with the general approach to reactor technology
of these early years, the principal fuel was metal, more
specifically U metal [III-9]; interconnected to that was the
choice of Na as the principal coolant. The cores were small,
the Na temperatures modest, and the breeding took place in the
reflecting blanket and not so much in the core itself. With
respect to long-term reactor strategies most attention was given
to the doubling time [III-9, III-10]; the core inventory and
fuel cycle costs were not so much in the focus of interest.

All of these factors had certain consequences upon the way in
which the problems were attacked.

Around 1960, with the background of a maturing thermal
reactor technology, economic considerations developed which
caused attention to shift to the nuclear fuel cycle as a whole
[IITI-11]. 1In particular, it became clear that the burn-up of
the fuel must be increased in order to achieve economic feasibility
of fast breeder reactors. A light water reactor, for instance,

* The following two subsections are a shortened and updated
presentation of an article on Fast Breeder Reactors published
in the Annual Review of Nueclear Science in 1970 [IIT-1].
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requires a burn-up of only 25,000 to 35,000 MW(th)-day/t in order
to burn effectively all original fissionable atoms. Fast reactors
inherently require high enrichment, and burn-ups of =100,000

MW (th)-day/t are required in order to keep the number of passes
of an individual fissile atom through the full fuel cycle to a
tolerable level. To achieve these required high burn-ups, it was
mainly UQ,/Pu0, which offered the best chance (see Chapter IX}.

This led to the so-called second generation of fast breeders.
The paper by J.B. Sampson and E.A. Luebke [III-12] was the first
step. After the IAEA seminar on the Physics of Fast and Inter-—
mediate Reactors in Vienna in 1961 [III-13], this ceramic fast-
reactor scheme received worldwide attention together with the
shift of emphasis from breeding to economy [III-14 to III-16].

It became apparent that the reactor design would differ
somewhat from that of the first generation, because of neutron
moderation by the oxygen atoms in the UO,/Pu0, fuel. At first,
then, most effort concentrated on calculating the Doppler
coefficient [III-17, III-18]. Major undertakings such as the
SEFOR reactor resulted [III-19, III-20]: it was specifically
designed to measure and demonstrate the Doppler coefficient for
a variety of fast-reactor transients. The possibilities of
measuring the Doppler coefficient in a critical zero-power facility
were also explored, and finally understood in the early sixties.

After it had been realized that the Doppler coefficient
would be of sufficient negative magnitude, interest turned to
the sodium-void effect [III-21]--the reactivity change that
occurs after the core has been fully or partly voided of sodium.
It was found to be positive for sufficiently large fast cores
[IITI-18], which caused major concern in the fast-reactor community
as of 1964. The four large 1000 MW(e) design studies of General
Electric, Westinghouse, Combustion Engineering, and Babcock and
Wilcox greatly concentrated on this problem [III-22]. Among other
things, these studies revealed that it was too restrictive to
demand that all power coefficients be negative.

Related to these problems is the question of the target
size of a reference fast reactor. 1In the first fast-reactor
generation the considered sizes were very small, up to 66 MW(e)
(EFFBR), but it became clear in the early sixties that much
larger reactor stations had to be envisaged. Between 1959 and
1963, 500 MW(e) was often considered a good target size [III-23],
but after the above-mentioned four design studies in the US
and other studies [III-24], 1000 MW(e) was generally accepted
as a target value for realistic fast reactor designs.

With the power coefficients these questions are interrelated
to inherent fast-reactor safety. At the Argonne Conference of
1965, the various then existing fast-reactor reference designs
[III-25] were analyzed with respect to possible chains of events
that could lead to a major accident. It became apparent that
the Na-void effect becomes important only if a very unlikely
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type of major accident takes place, for instance the malfunction
of the shut-off systems followed by Na-boiling effects. Along

the same lines it was recognized that