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Utilization of nuclear fuels and management of nuclear wastes have become major topics of public
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FOREWORD AND ACKNOWLEDGMENTS

Use of nuclear fuels and the management of nuclear wastes have
become major topics of public discussion as part of broadened public
consideration of all aspects of comniercial nuclear power. Until
recently, plans for completion of the nuclear fuel cycle emphasized
reprocessing of spent reactor fuel, recycling the recovered plutonium
and unused fissionable uranium, and disposing of the high-level and
transuranic nuclear waste in terminal geologic storage to isolate the.
waste from the biosphere. The public discussion now has widened to
question not only the technical feasibility and potential benefit of
such plans, but a]so the viability of tke safeguards that might be
necessary to achieve secure domestic operation as well as negotiations
and insti tuti ons needed to control international proliferation of
nuclear weapons.

This study was undertaken by a study group for the American
Physical Society as an independent evaluation of technical issues in
the use of fissionable materials in nuclear fuel cycles. The effort is
another step by the Society to extend its contribution beyond its
traditional activities to address an important and timely subject that
involves substantial scientific and technological content. The study
group participants were selected under the auspices of the Society to
provide a wide range of scientific and engineering training and
viewpoints. Whereas a few of the group had some background in
aspects of the fuel cycle, the majority had not previously considered
these issues. Several had participated in other technical assessments of
broad national issues; for several others, this study was their first such
experience. In view of this diversity, it is noteworthy that a high
degree of consensus was achieved within the group concerning both

concl usions and recom mendations.

The work of the study group was monitored and the technical
content of their report to the Society was reviewed by a Review
Committee established by and reporting to tke APS Council. The
report was also examined wIth respect to its public release by the APS
Panel on Public Affairs, Both groups have recommended release and
publication of the study group report by the Society.

The group met at Los Alamos throughout the month of July 1976,
and also held approx i n&ately a dozeri Ih ree-day meeti ngs and
conducted niuch correspondence during the past year to complete their
work. 1 he hospitality of tke I os Alanios Scientific I aboratory and
the administrative assistance of the Anierican PhysIcal Society are
gratefully «cknowledged. The stud~ was supported by the National
Science I"oundation.

f ke cooperation of the nucleai fuel cycle commuriity, a»d of
experts iri related fields such as biological effects of radiation, was
outstanding; we acknowledge the help of niany experts, including both
propo»etits «nd opponents of nuclear power, who supplied us with

information and presented briefings. The individuals involved are too
numerous to mention by name. %e also appreciated the cooperation
which we received from many major U.S. laboratories and from the
staffs of the Energy Research and Development Administration and
the Nuclear Regulatory Commission. It is fair to say that we were not
denied access to any information which we felt was important for our
task.

CHAPTER I. SUIBI118I'g Of tIIC StUdf

A. Scope and Approach

This study has been carried out under the auspices of the
American Physical Society and provides an independent evaluation of
the technical issues in nuclear fuel cycles and waste management,
together with their principal ecoriomic, environmental, health, and
safety 'implications. The topics and emphasis were chosen by the
study group as it proceeded, Technology for fuel reprocessing and for
plutonium and uranium recyclirig was examined, along with costs and
fuel cycle economics. Technical nieasures proposed as safeguards were
also eval uated for their pote n tia 1 in preven ti ng m i su se of the
materials. Emphasis was given to Iight water reactors; but attention
was also devoted to fuel cycles for some advanced reactors having
potential resource or safeguards significance, especially, fast breeder,
advanced converter, and so-called denatured" fuel cycles. , Much of
the work centered on the principal alternatives for storage and
disposal of radioactive wastes--in particular, high-level and
transuranic wastes, and tailings from uranium mills. Occupational
exposures in fuel cycle facilities and public health effects from fuel
cycle effluents were studied. The group also examined the research
and development programs sponsored by government agencies, along
with associated relationships among agencies and between government
and private industry.

Many important issues were addressed in the course of the study,
'

i nclud ing the fol lowi ng:

--I-Iow safely can nuclear waste be managed and effluents be
controlled? Is the technology ready for these tasks, or is more
development .needed? What are the potential environmental
and health effects? Is the choice of fuel cycle an iniportant
consideration for effective waste managenient; in particular, is
reprocessing a necessity? Are government programs focused on
the critical issues and making timely progress?

--Is the technology ready for reprocessing options and for recycle' ?

Can they be practiced reliably at full industrial scale? Is recycle
economic? How long can we expect uranium resources to
support I.W R fuel cycles with and without recycle? Can

technical nieasures contribute to a safeguarded I WR fuel cycle
if pl u ton i uni is recycled?

--A i e advanced con veriers and improved I.W I&'s sign if icarit
options for future ~esource utilization? Hov iniportant is the
fast breeder relative to «dvanced converter options for the long-
ierni? I3o adv;»iced fuel cycles prese»t any special features that
~;in influence domestic or iIiternai lo»al safeguards? Is
reprocessitig teclinology for advanced cycles keeping pace with
«d variced reactor developnient?

The effort centered on normal fuel cycle operation and did not
reexamine reactor accidents; thus it is complementary to the previous
study of light water reactor safety carried out for the American
Physical Society (APS, 197Q) Overall, the study group looked for
features and differences among various fuel cycle assumptions that
could influence choice of paste management alternatives, improve use
of nuclear fuel resources, or influence effective implementation of
safeguards. The study group did not address the complex political and
institutional considerations necessary for complete evaluation of fuel
cycles on a national or international scale. Neither did they examine
nuclear versus non-nuclear energy alternatives. The group felt that, as
niembers of the technical community, they could make their most
valuable con tri bution by independent evaluation of the present
technical foundation of nuclear fuel cycles as well as prospects for
future improvement.

B. Principal Conclusions

Detailed conclusions are presented t'n the first section of each
chapter. 8'e summarize here our overall conclusions and the main
conclusions of each principal topic area.

81. Overall Conclusions

For all L%'R fuel cycle options, safe arid reliable management of
nuclear waste and control of radioactive effluents can be accomplished
with technologies that either exist or involve straightforward extension
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of existing capabilities. However, technical choices, including those
for geologic waste disposal, require further delineation of regulatory
policies. For normal operation of all fuel cycle options studied,
potential radiation exposures from either wastes or effluents do not
appear to limit deployment of nuclear power.

The decision to reprocess nuclear fuel does not depend
significantly on waste management considerations but rather on
resource and economic incentives and on international and domestic
safeguards constraints. The technology for LWR reprocessing-recycle
options is well advanced. However, the present recycle economics are
uncertain and depend on technical, regulatory, and policy choices. As
uranium- ore availability becomes an important future constraint,
advanced reactors, including breeders, could provide more effective
options than do present LWR's; such options require reprocessing.

Safeguarding the fuel cycle raises important unresolved
institutional a»d political issues. Pending their resolution, recoverable
storage of spent fuel rods (stowaway) offers a fuel cycle alternative
requiring minimal 'safeguards and preserving energy- resources; safe
interim stowaway measures exist, and geologic stowaway could be
safely continued indefinitely. If permitted by resolution of safeguards
issues, reliable industrial-scale operation could be attained for
reprocessing and refabrication for recycle in LWR's or for use in

advanced reactors, with safe isolation of high-level and transuranic
waste in geologic repositories.

82. Management of Nuclear H astes and Radiation Fxposure, and
Control of Effluent s

Federal regulations and standards are»ot yet complete co»cerning
required solidification, processi»g, transport, a»d subsequent storage or
isoiatio» of high-level ~»d tra»sui a»ic wastes. I=.»capsulated spent
fuel can be an acceptable wastefor»i. The technology exists fnr
recoverable storage of the spent. fuel wit. h»&ininial deterioration to
preserve the «ssociated resou rces, but f ul 1 -scale i ns pie~me» ta tio» is

required. Where reprocessi»g is e»iployecI, solidification of liquid
high-level waste is currently a required step. Technology is well

developed to i »i »gobi I ize such waste in borosi I icate glass cast in

stainless steel ca»isters for ha»dli»g a»d transport. Prese»t
understanding is not sufficient to rely upon this wasteform, in itself,
as a principal long-term barrier to release.

Effective long-term isolation for spent fuel, high-level or
transuranic waste can be achieved by geologic emplacement. A waste
repository can be developed in accord with appropriate site selection
criteria that would ensure low probability that erosion, volcanism,
meteorite impact and other natural events could breach the repository.
The possibility of inadvertent human intrusion also can be made
remote and limited in consequences, Hydrogeologic transport is the
most important mechanism for potential transfer of radionuclides
from a geologic repository to The biosphere. We conclude that many
waste repository sites with satisfactory, hydrogeology can be identified
in continental U.S., in a variety of geological formations. Bedded salt,
proposed for the first repository in current ERDA plans, can be a
satisfactory medium for a repository, but certain other rock types,
notably granite and possibly shale, could offer even greater long-term
advantages. Irrespective of the time scale adopted for reprocessing,
two geologic test facilities in different media should be completed. As
a possibly superior disposal option for the future, rock melting
concepts are attractive, and techniques associated with superdeep
drilling could provide an effective means of waste emplacement.

The dominant fuel cycle gaseous effluents that affect long-term
public exposure are "C, 8 Kr and, to a lesser extent, tritium and 9I.
Even as the number of facilities becomes large, the increment to
background dose rate is small and can be reduced even further by
suitably engineered controls. More attention should be given to the
control of collective occupational dose, which exceeds collective public
dose. We find no evidence to justify major reductions in p1utonium
inhalation concentration 1 imits, proposed with the "hot particle"
hypothesis. For long-term waste management, the hazard associated
with radium is more significant than that for plutonium. In addition,
for regional population exposure, rad Ion ucl ides in uranium mill
tailings are potentially at least as important as the actinide chain
elements in high-level waste; the relative accessibility of mill tailings
contrasts with the isolation proposed for other actinide-containing
wastes.

83. Reprocessi ng, Refabrication and Recycle

An essentially complete technology is at hand for industrial-scale
chemical reprocessi»g of present LWR fuel. The chen' istry and
engi»eeri»g «re well u»dersstood a»d have been tested in several plants.
Mixed-oxide fuel fahi icalion also has been denio»strated at the level
of a pilot-scale batch process. Subsequent -reprocessi»g of mixed-
oxide fuel requires «»d is receiving further work. Reliable operat. ion
of a» i»dustriaI-scale reprncessi»g-t efabt icatio» syslen& has»ot yet
been attai»ed a»d repiese»ts &n inlporta»t step early in i»dustrial
deployme»i. Operatio» of the i»dustrial-scale repi ocessi»g-
refabrication system would yield a much broader understanding of the
operating features and a firmer design base for future facilties.

Recycle would provide significant reduction in ore requirements,
but resource considerations alone for LWR fueling provide little
urgency to begin industrial-scale reprocessing within the next decade.
At this time various uncertainties preclude an unequivocal assessment
of the possible economic benefits of recycle options. Sensitivity
analysis of the fuel cycle cost-benefits indicates that the dominant
uncertainty is the cost of reprocessing and the second most important
uncertainty is the future price of uranium ore, The reference case
defined in Chapter IV indicates a net benefit, of order 9% of fuel
cycle cost or 1% of the net cost of nuclear electric energy; other
reasonable cases lead to an increased benefit or even a loss. None of
these cases include the cost of safeguards.

Another important reprocessing consideration is provided by the
fast breeder program, which is predicated on start-up with plutonium
from LWR reprocessing. Breeder commercialization in 1993 would
require industrial-scale reprocessing of LWR fuel by the late 1980's.
If breeder commercialization were delayed or start-up based on other
resources, present estimates of uranium ore resources and projections
of LWR growth indicate that industrial-sca1e reprocessing would not
be necessary for resource extension until near the end of this century.
LWR reprocessing experience provides useful background for the
reprocessing required for advanced fuel cycles, but breeder fuel and
thorium fuel reprocessing a»d refabrication need further development
before industrial-scale operations can be undertaken.

84. Fuel Cycle Safeguards

Tech~ical measures for safeguards, by themselves, do not provide
adequate protection against theft or diversion of fissile material, but
such measures can play an i mportan t role in con& plemen ting and
reinforcing necessary conventional physical security measures. For
this purpose real-time accountability systems are attractive and merit
further development. Coprecipitatio» of plutonium a»d uranium at
the reprocessi»g plant is technically feasible, albeit »sore costly, and
would have the iniportant safeguards advantage that plutonium never
would appear separately in the entire fuel cycle. Effectiveness of
either cfon&estic or inter»atio»al safeguards depends as much on
political agreenients and choice of institutions as it does on physical
security and technical safeguards measures. We regard 1o»g-term and
short-term co»sideralions as equally important; design for long-tern)
effectiveness of safeguards appears to be the more difficult task.

We have considered isolopicaIIy denatured fuel cycles involving
ura» i u m a»d thorium cycles with de»a tured reactors located at
"national sites" a»d with plutonium-burning reactors, reprocessi»g and
e» rich me»t restricted to "in ternatio»al sites". Such cycles»~igh t
contribute- to safeguards by diminishing the threat of sub-national
theft and by impeding the use of fuel cycle facilities and materials for
weapons production. Even so, nuclear weapons capability can be
attained independent of the spread of fuel cycle facilities. Denatured
uranium cycles, with low-enriched uranium in national reactors,
provide near term alternatives. Plutonium inevitably is present in the
spent f'uel; denatured thorium-uranium cycles reduce such plutonium
production by about a factor of seven and may have iong-term
safeguards benefits, Ho~ever, thorium cycle costs are uncertain; in
addition, potential safeguards problems are introduced by the use of
highly enriched uranium make-up fuel and in the use of U-Th fuel
which can be enriched to weapons grade with comparatively little
ef for t. The nature of the necessary institutional and poli tical
safeguards arrangements are not substantially different from those
required for denatured uranium fuel cycles.
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B5. Advanced Fuel Cycles

For the long term, significant resource extension could be obtained
from several advanced reactors utilizing mixed-oxide fuels with
uranium and thorium cycles. Fast breeders are the most resource
efficient of a11 options. Breeders can be started with Pu, U and

U; Pu start-up is much more economic than U start-up; U is
intermediate but supplies are not available. Advanced heavy water
reactors seem to be the next most resource efficient. Such options
require development and would become competitive as uranium ore
costs rise.

Shorter term advantages are possible through improved LWR's,
especially with thorium. Significantly improved uranium resource
utilization can be achieved thereby in LWR's with higher conversion
ratios in the 0.7 to 0.8 range. However, versions with even higher
conversion ratios, such as the light water breeder reactor, have no
short-term advantage primarily because of the long time required to
achieve a net resource saving.

C. 1'rincipal Recomraendations

O«r detailed recommendations are presented at the beginning of
each chapter. H e summarize a few of the maj or ones here, according
to each mai n topi c area.

Cl. Management of Wastes and Effluents

a) High priority should be given to ti»iely co»ipletio» of Federal
regulatio»s a»d st;»~dards, includi»g the required data base, coiicerni»g
appropriate wastefoi. »is, transport, a»d subsequeiit storage or isolation
of high-level and tra»sura»ic wastes a»d spe»t fuel eleiiients.

b) Waste dna»agenie»t prograiiis should co»iplete a»d imple»ient
the tech»ology for recoverable i»teri»i storage, either surface or
geologic, as well as provide for long-term geologic isolation for spent
reactor fuel.

c) Whatever time scale is adopted regarding a decision on
reprocessing, two test facilities for geologic isolation should be
developed in di fferent media. The program should include
hydrogeologic measurement and modeling, as well as geological
exploration. Upon completion of two satisfactory test facili ties,
procedures should be initiated for licensing of the more favorable of
the two. When the needs for storage dictate, that facility can be
expanded into a full repository.

d) Criteria for selection of a waste repository site should include
specif!cations of appropriate hydrogeologic parameters that must be
satisfied by present-day hydrogeology and by the projected bounds of
the future hydrogeology of any specif ic site.

e) The waste solidif ication program should complete the
implementation of present technology for the treatment of high-level
wastes and continue to develop advanced wasteforms. Transuranic
waste deserves comparable atten tion, especially with regard to
compaction and wasteform suitable for geologic disposal. The goals of
such programs, especially regarding immobilization, should be defined
more clearly and quantitatively.

f) We urge active research on rock melting concepts as a possible
futurq alternati ve for waste disposal. The technology should be
evaluated for emplacement of waste canisters using superdeep drilling.

g) %'e support re-exaniination of the criteria and practices for
management of Uranium mill tailings, to make their treatment
consistent with that for other actinide wastes.

h) The major sources of collective occupational dose in the entire
fuel cycle should be identified, and design effort should be directed to
dose ni in im ization. Regulatory guides should be developed for
collecti ve occkpatio»al dose in future facilities.

i) Technology should be completed for control and sequestering
of ' C, " Kr, a»d ' 91, a»d eventually H; steps should be taken toward
development of international agreements for the degree and timing of
control.

C2. Reprocessi ng, Refabri cation and Recycle

- a) If reprocessi»g is to be a niajol colilpollefit of the U.S. nuclear
l »d ustl )' i rl the iiear futu re, we recoi» is& e»d aha t « pp ropri;ite ex isti ng
reprocessiiig f;facilities be co»ipleted a»d operated to gaiii experience
wi Lh irilegr. i Led tech»~&logy on i»dustrial scale; f u r ther, the
correspo»cii»g ref;ibi'ic;itioii facility should be built arid operated with

siiiiil;ii go;il. We e»iphasize iliat resolulio» of the issues iiivolved in
the Gl-:SMO decisio» a»d in i»ter»atio»al fuel cycle safeguards
strongly influence the timing of such operation.

b) The technology and engineering of the dissolution and
separations steps needed to reprocess fuels for advanced fuel cycle
should be carried forward to a state of readiness sufficient for future
engineering scale-up.

C3. Fuel' Cycle Safeguards

a) We urge evaluation of safeguards fuel cycles using low-
enrichment uranium fuel, especially the economic, institUtional and
technical arrangemeiits associated with co-located reprocessing,
refabrication, and plutonium-f ueled reactors.

b) Real-time nondestructive assay-accountability systems should
be developed further for possible use for control of special nuclear
materials in industrial-scale reprocessing a»d ref abrication plants.
Design criteria should be set, and costs involved in meeting these
criteria should be evaluated.

c) The economic impact on the fuel cycle of coprecipitating to a
fixed Pu/U ratio should be evaluated.

C4'. Advanced Fuel Cycles

a} We urge evaluation of advanced heavy water thermal reactors
and also of improved light water reactors with higher conversion ratio,
as candidates for development in addition to the already existing
program to develop fast breeder reactor technology.

b) The development programs for future reactors should include
their associated reprocessi ng-ref abrica tion tech riology and should

emphasize providing options, so that future commercialization can be
chosen from several nuclear f ission power alter»atives to fit
circumstances now too uncertain to assess accurately.

D. Specific Questions and Answers

1. Should there be a moratorium placed on the construction and
licensing of new reactors in view of uncertainties about how to
dispose of nuclear waste?

We see no need for such a moratorium. We are confident that
1ong-term isolation could be effective for either spent fuel or the
high-level and transuranic waste, and that there are no important
technical barriers to the development of a repository on a pilot plant
scale by 1985. The corresponding regulatory and licensing basis is not
yet available, but we see no reason why it cannot be completed in an
orderly way.

2. 8'hat about high-level waste from the Nuclear Fuel Services plant
i n New Yor k State?

. The bulk of the high-level waste from the NFS plant operations
were neutralized and stored on the site in large tanks. Their chemical
form is quite similar to military program wastes stored at the Hanford
and Savannah River military plants and is very different from that Of
the future commercial practices examined by the APS group. We did
not study the neutralized wastes in detail, nor did we examine the
range of options that might be available for their disposal. Our
examination was sufficient to satisfy Us that management of future
commercial high-level waste would not be limited by the major waste
disposal problems encountered at the NFS site.

3. W'hat is the value of a full-scale demonstration of high-level
waste disposal?

The technology for waste solidification and for constructing and
operating a geologic nuclear waste repository has been developed to a
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point ~here a test facility can be carried out. A test facility would
provide checks on short-term stability of wasteforms and
encapsulation, operational experience with waste handling equipment,
and initial verification of the predicted effects of the emplaced waste
on the immediate geologic environment. Such a facility a1so could be
used for retrievable storage of spent fuel.

The demonstration by itself cannot establish the long-term
viability of the site for a waste repository. Confidence would be
based oi~ a combinatioI~ of' measurements and calculations ot which
considerat. ions of the groundwater hydrology and pathways to nian are
paramount. Some additional factors, e.g. «nthropogenic concerns, will
be evaluated i» the course of the lice»sing procedures. We believe
that the need for storage should dictate whether a test facility should
be developed into a full repository.

4. I@ha( does the APS Study Group think of the ERDA plan -for
deali ng with high-level waste?

7. How long will U.S. uranium supplies permit nuclear power to
continue if reprocessing and use of plutonium are not permitted.

Projections of uranium ore supply for the long-term are one of
the most uncertain aspects of nuclear power. Present ERDA estimates
of present reserves and potential uranium resources up to $30/lb,
approximately 3.6 million short tons, would supply the lifetime ore
commitment of at least 500 LWR's without recycle. ERDA's 1977
projections of LWR growth indicate that such a dep1oyment would be
reached between 2000 and 2010 A.D., and those reactors would remain
in service for their 30 year life. We are unaware of dependable
information concerning how much uranium ore may be available in
the U.S. at prices up to the several hundred dollars per pound which
would still permit further LWR use or growth.

We strongly support efforts to improve our knowledge of available
future uranium supply. We also recommend serious evaluations of
improved LWR's and other options to stretch our resources as far as

possible.

We are confident of the ability to develop and deploy the
technology to treat and dispose of high-level and transuranic waste
from reprocessing plants. We are concerned that insuff icient
attention may be given to procedures to store spent fuel in a fully
retrievable fashion i n the event of an extended def erral of
reprocessing. Technologies exist for such a "stowaway" cycle but need
full-scale implementation.

We recommend emplacement of high-level and transuranic wastes
in a geologic repository. If reprocessing were to be deferred for the
long term, we recommend that provision be made for the storage of
spent fuel in a geologic repository. We expect that many waste
repository sites with satisfactory hydrogeology can be found in
continental U.S. in a variety of geological formations, including
bedded salt. We consider it important that two satisfactory test
facilities, as contrasted with full repositories, be developed at the
earliest possible time consistent with an adequate data base. We
believe that bedded salt may be a satisfactory medium for a repository
but that granite, and possibly shale, could provide even greater long-
term advantages. Thus, we consider it important to evaluate fully
other geologic formations for repository sites in addition to salt.
Current projections of waste accumu1ation would allow for the orderly
and timely development of a second test facility in a medium other
than salt. We favor an orderly program involving hydrogeologic
measurements and modeling followed by development of test facilities.
Two sites, developed in different geologic media, represent a minimum
number for adequate demonstration of acceptability of different
geologies.

5. Is reprocessing required to avoid accumulation of spent reactor
fuel and have orderly disposal of wastes?

Reprocessing is not an essential step in the management of nuclear
wastes but rather a means of extending fuel resources. Safe interim
measures exist for spent fuel storage. If longer-term measures are
needed, the design and operation of facilities for the recoverable
geologic storage of spent fuel are of comparable difficulty to that for
geologic isolation of solidified waste frona reprocessing plants.
Reprocessed high-level waste has lower actinide content than spent
fuel, but misce/laneous transuranic ~aste is created as a result of
reprocessing and refabrication; on balance the two waste disposal
situations are coniparable.

6. Does the A PS Study Group favo'r 8 n i ndust ri al-scale
dernonst rati on of reproeessi ng?

Operation of a reprocessing plant n~akes sense to us primarily in
the context of industrial deployment to utilize the reprocessed
material. Operation of such a plant would yield valuable information
on costs, plant reliability, occupational and public radiation exposures,
and achievable security levels. However, operation without intent to
use the reprocessed material is not warranted. We emphasize that
resolution of the issues involved in the GESMO+ decision and in
international fuel cycle safeguards strongly influence the timing of
such operation.

8. Does the APS Study Group think that fuel cycle safeguards are
likely to be effective enoug h to permi t use of plutonium?

In the absence of a GESMO' Supplement on Safeguards, we did
not attempt a comprehensive evaluation, but centered on possible
contributions of technical measures. If safeguards for plutonium use
were strictly a U.S. domestic matter, we think it possible that effective
security could be imposed throughout the fuel cycle by a combination
of tech n ical and con ven tional physical security measures.
Nevertheless, an overall assessment. of plutonium utilization, including
its international ramifications for weapons proliferation, involves a
far broader evaluation than we have made.

Even given a GESMO+ resolution permitting commercial use of
plutonium, does the APS Study Group think that we should defer its
recycle in LS'R's in favor of more efficient future use in advanced
conver ters or fast breed ers?

Under such circun&stances one need not be concerned about using
some of the LWR pluloni«n& for recycle. There would be sufficient
pluto»iuns avaiIable from LWR's at a later time for fast breeder start-
up.

1'0. 8'hat does the APS Study Group think of the U.S. program to
develop the liquid metal fast breeder?

We have not examined the reactor safety issues of the liquid metal

fast breeder, which comprises a complex study in itself. %'e do
analyze the role of several fast breeder fttel cycle alternatives and find
fast breeders to be the most resource efficient of all the long-term
nuclear fission alternatives. To realize the benefits of fast breeders,
resolution of the reactor safety, the fuel cycle safeguards and the
plutonium utilization issues must be accomplished.

11. Should the U.S. develop an ad vanced converter reactor?

Advanced converters would not be necessary for resource
coriservation in this country if the fast breeder were to be
commercialized in this century. Therefore, developnient of advanced
converters should proceed with the near-term goal of identifying well-
defined options which can be selected for more intensive development,
should there be a significant deferral in commercialization of the fast
breeder and/or a significant shortage in uranium resources.
Candidates for development are improved LWR-thorium reactors, the
HTGR, and the plutonium thorium fueled heavy water reactors.
Cooperation with the longer-range Canadian heavy ~ater reactor
development program would be mutually benef icial and should
include the examination of U.S. licensing criteria for such reactors.
Development of advanced converter alternatives should include the
development, at the pilot-plant scale, of associated. reprocessing and
refabrication operations.

+NUREG-0002, Final GESMO (Generic Environmental Statement on Mixed

Ox ide Fuels).
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/2. 0 hat does the APS Group use as a standard of comparison in
evaluati ng potenti a/ publi c health effects from the fuel cycle?

We have examined potential doses in terms of {1)comparison with
»at. ural background, {2) the calculation of health effects by linear dose
response techniques, and {3)by examination of various hazard indices.
The typical hazard i nd ices have 1 im i ted usef ul»ess. The second
approach is a well known technique but runs into difficulty because of
the uncertainty in the frequency of occurre»ce of health effects at
very low radiation levels and because of the»ecessity to make
assunsptions about future generations.

We find that. the n&ost n&ea»ingful conipariso»s are with natural
background, pri»warily because one can co»spare the incrensent to
gener;&lized background which would he associated with any assunled
ni tg»itude a»d tinge scale of the»uc1ear power industry. This is

p ~rticul;ttla useful with respect to natural fliictuatio»s in backgrou»d
which occur i» a typical persot~'s lifetinse or whicl& occur over the
san&e ti»se scale &s i»crei»en ts froni the fuel cycle.

/3. Do (hc present regu/a(ion's need (o be (igh(ened (o reduce gaseous
radioac(ive «ffluents «nd occupation«/ «exposures in exis(ing p/an(s?

There are recent EPA regulations (40CFR190) limiting gaseous
effluents. %'e see no need for a further tightening of regulations prior
to formulation of international agreements governing the extent and
timing of controls. Reduction of effluent releases may become
desirable in the future if the number of facilities grows very large.
For example, even without additional controls on gaseous effluents, it
would take 500 years of normal operation of 600 reactors and
associated reprocessing plants to produce increments in average global

whole body dose rates that reach even 0,1% of that from natoral
background. With feasible controls in the future, such doses could be
made much smaller if desired.

The collective occupational dose from fuel cycle facilities exceeds
the collective public dose, and occupational dose occurs at dose rates
typically much higher than background. Of all aspects of the fuel
cycle, improvements here may be most effective in reducing potential
biological effects. Regulatory guides should be developed for future
collective occupational exposure limits, to guide design and operation
of future reactors and re processing plan ts.

14. How do different parts of the fuel cycle contribute to potenttal
publi c radiation exposures? 8 hat parts are most significant?

The parts of the fuel cycle that contribute the most to public
radiation exposure are fuel reprocessing, uranium mining and milling.
For normal operations, we expect reprocessing plants to contribute
more than reactors to. average global whole body dose commitment;
even as the number of such facilities becomes large, the increment to
background dose rate is small and can be reduced even further by
suitably engineered contro1s. The long-term potential for nationaI
publ ic radiation exposure from uran i um m ill i ng and mining is
estimated to be less than that from reactor reprocessing facilities.
Accessibility of uranium mill tailings, as handled in the past, appears
undesirable from the point of view of local and regional exposure.
Accordingly, procedures and criteria for handling mill tailings need to
be reexamined. For high-level and transuranic wastes, we are
confident that geologic waste repositories can be effective in isolating
such wastes from the biosphere with little risk of public radiation
exposure.

Rev. Mod. Phys. , Vol. 50, No. 1, Part I I, January 1978



S10 APS study group on nuclear fuel cycles and waste management

Rev. Mod. Phys. , Vol. 50, No. 1, Part II, January 1978



CarAFTEa. II. Introduction

A. Background of the Study

Until recently the near term focus of U.S. nuclear power has been
the demonstration of the safety, technical adequacy and economic
viability of the use of slightly enriched uranium fuels in commercial
light-water reactors (LWR). In the lo»ger term both government and
nuclear industry have been considering a fuel cycle that would utilize
plutonium which is created as. a by-product of the normal LWR
operation. Industry has planned to recycle such plutonium to augment
uranium resources in LWRs. Many people also have recognized the
potential of plutonium to fuel the liquid metal fast breeder reactor
(LMFBR) which is being developed to extend the nation's energy
resources.

The options for a future breeder reactor give an important
perspective on the fuel cycle. Early work on nuclear reactors had
indicated that one might transform abundant uranium and thorium
isotopes into useful nuclear reactor fuels by either of two breeding
cycles: 38U producing 239Pu, or 232Th producing fissile 233U. In
principle, a long term source of nuclear energy could be based on
either cycle. However, the first cycle, producing plutonium, was found
to have a significantly higher ratio of nuclear fuel produced to fuel
consumed. Thus, R and D efforts in the U.S. and in several foreign
countries turned toward development of special fast neutron reactors
like the LMFBR to breed the plutonium and open the way to a
plutonium-powered economy with fuel enough to extend indefinitely
into the future.

The long range plans anticipated commercial utilization of mixed
oxide fuels in LWRs by the 1980's. The AEC began to lay the
technical groundwork at Ha»ford, Washington in the late 1950's.
During the 1960's additio»al experiments were conducted in several
existing reactors in the U S. and in many countries overseas to
demonstrate the viability of the use of mixed oxides in commercial
reactors. Of course to obtain the plutonium one must reprocess the
spent nuclear fuel. The Purex chemical extraction process for
uranium a»d plutonium had been worked out by the AEC to supply
material for its weapons programs. In the early 1960's the f irst
commercial plants were built a»d operated in the U.S. by Nuclear Fuel
Services at West Valley New York, a»d in Belgium by Euroche»&ic, in
order to separate u ra» i u»i a»d pl utnn i u»~ for recycle. Larger
reprocessi»g plants with i»&proved fuel ha»d1i»g technology were built
in the early 1970's at Bar»well, South Carolina, a»d at La Hague,
France. Effort was ~iso under way to obtai» a more accurate
assessment of the overall fuel cycle which ultimately must i»elude
treatme»t a»d per»ia»e»t storage or disposal of' nuclear waste.

However, events of the past few years have changed the situation
considerably. Both reactor technology develop»ie»t and plans for its
utilization received growing public attention in the 1960's and early
1970's. Many people were convinced of the critical need for a strong
nuclear component in the U.S. power picture and publically advocated
its rapid adoption. Other members of the public were skeptical of the
overa11 value of nuclear power. While public participation in the
1960's was often limited by availability of public information, passage
of the Freedom of Information Act and the National Environmental
Policy Act of 1970 (NEPA) did a great deal to open up the debate. A
number of individuals and groups raised questions about the safety of
power reactors themselves. By the mid 1970's public attention
broadened to include the whole back end of the nuclear fuel cycle--
spent fuel storage, reprocessing, recycling and waste disposal.

The plutonium recycle controversy came to a head with public
release of the AEC's August 1974 draft of the Generic Environmental
Statement on Mixed Oxide Fuels (GESMO), which was required under
the procedures of NEPA. Plutonium has been the subject of a great
deal of study since its discovery in World War II. Plutonium health
hazards to lung tissue and to bone marrow are extensively
documented, and i n ternational standards (e.g., for occupational
exposures) have been developed to regulate the nuclear industry, albeit
with some debate remaining on specific points.

The main public concern over plutonium centers on its possible
contribution to the international proliferation of nuclear weapons as

well as on Its potential, attraction to terrorists or criminal
organizations. One pote»tial reason for theft would be the
commercial value of the element. But the biggest fear arises from its
potential use as a weapon that could have enormous impact. There is
the well publicized risk of construction of a nuclear bomb by a
deter'mi»ed group, were they to gain access to sufficient quantities of
pl uton i um. Even co» ventio»al explosives could d issem inate
plutonium into the at»oosphere, ~here it could pose both acute a»d
lo»g-term radiological hazards to those who inhaled the air-borne
pat ticles. Thus, utilization of plutonium in commercial reactors
requires. both domestic a»d international safeguards a»d poses
dilemmas for society which were recognized long ago by the nuclear
community itself. Similar considerations arise with highly e»riched
uranium considered for some advanced reactors.

The origi»a1 GESMO draft was criticized as emphasizing the
eco»onsic benefits of plutonium recycle while incompletely evaluating
e»viro»mental, health a»d safety risks a»d, especially, the safeguards
issues. The co» ti overs)' was set tied by the Federal Council on
E» vi ro» me» t;~1 Quality wk ich reviewed the d t af t a»d related
coin»&e»tary as a part of NEPA proceedings. The Council returned
the 6 F:.SMO draf t to the N uc1ea r Regulatory Cons mission with
i»structio»s to evaluate the e»viro»»se»tal impact in»&ore detail,
especially the feasibility of pluto»ium safeguards as well as their
eco»one ic, social, legal .a»d . i»sti tu tio»al impact.

In addition to the plutonium recycle issues, public attention has
focused on the radioactive waste, either the spent fuel rods themselves
or high-level ~aste, which arises from nuclear fuel reprocessing. The
U.S. weapons programs have already generated a significant amount of
high-level nuclear waste stored in tanks at government facilities near
Hanford, Washington, Idaho Falls, Idaho and Savannah River,
Georgia. Similar waste from commercial reactors is comparatively
much smaller in amount; the commercial waste is projected to grow to
equal volume by the mid to late 1990's with an order of magnitude
greater specific activity. Nuclear waste contains both fission products
and long-lived transuranic elements created by the nuclear reaction,
and both must be isolated until the various radioactive isotopes have
decayed to insignificant levels. For fission products this requires a
period of perhaps six hundred years; some of the acti»ides have
sufficiently long half-lives that hundreds of thousands of years may
be required for adequate isolation from the biosphere. While there
are theoretical possibilities for transforming these elements into less
long-lived forms, such a process poses great technical difficulties as
well as occupational hazards.

Thus, all solutions proposed in the near-term focus on geologica1
isolation of nuclear wastes. Since the time scales for waste disposal
transcend man's experience and the viability of his social and
governmental institutions, it is clear that i nstitutional as well as
technical aspects of waste management require very careful attention.
Well-institutionalized long term procedures must be put in place not
only for tra»suranic a»d high-level waste but also for low-level waste,
now placed i» burial grounds, and tailings from the uranium milling
operations, along with decommissioning of fuel cycle facilities at end
of life.

These problems a»d their prospective solutions are at the center of
attention in the federal government. Following their creation in 1974
the Nuclear Regulatory Commission (NRC) and the Energy Research
a»d Developme»t Administration (ERDA) broadened and accelerated
their technical a»d adnainistrative reviews of the wide range of fuel
cycle issues. The NRC undertook extensive studies of nuclear energy
centers, of nuclear security forces and of safeguards and overall safety
consideration for pluto»ium recycle in order to guide policy decision.
The NRC has released recently a revision of the GESMO dealing with
the health, safety and e»v!ronme»t issues. As of this writing a special
supplenie»t dealing with the safeguards issues- has yet to be presented
to the public. 1'he NRC had expected to conduct reviews and reach a
decision on the use of mixed oxide fuels in 1977. However, policy
statements in late October 1976, by the White House raised the
possibility of a ba» on reprocessi»g u»t. il a better international basis
can be worked out to avoid the risks of weapo» proliferation. This
pol icy has developed fur ther under the new adm i n istration.
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FRDA has also conducted a review of the whole fuel cycle and
broader aspects of nuclear waste management, published as a Task
Force Report (ERDA-33) in March 1975. The ERDA Task Force
focused attention on the many unresolved issues in the fuel cycle and
urged a vigorous program to demonstrate the technical feasibility and
acceptability of recycle technology and waste management alternatives.
The October White House policy statement put additional emphasis on
a demonstration of high-level waste management and established a
ti me table for I i censed operation of a federal h igh- level waste
repository by 1985.

It is our intent to carry out a careful assessment of the principal
technical features of fuel cycle alternatives and of the factors entering
into evaluation of the risks. We recognize that the hazards and risks
posed by widespread commercial use of nuclear materials raises
questions of a social, political and ethical nature that transcend
physical science and technology. ' Nevertheless, we hope that an
independent assessment of the technical issues and their implications,
by a broadly constituted tech n ical group, co uld be a usef ul
contribution to public debate on the nuclear fuel cycle as well as to
the members of government who are responsible for the conduct of
research and development programs. It is with this spirit that we
present the information contained in this report.

B. Organization of the Report

The bulk of our conclusions and recommendations are found in
the main text of the report and are collected at the beginning of each
Chapter. A summary of the more important appear in Chapter I. The

background and organization of the study are contained in Chapter II.
Chapter III of the report provides a primer on the fuel cycle and
relevant issues--technical and institutional. In the first sections, III-A
and 8, we provide background on the various parts of the fuel cycle.
In I II-C we review the basic aspects of the biological effects of
radiation. Fuel cycle safeguards are introduced in Section III-D, and
the private and governmental bodies involved in development,
operation and regulation of the fuel cycle are discussed in Section III-
E.

The main review and critique of the LWR uraniuns-plutonium
fuel cycle is fotrnd in Chapters IV through VII. Chapter IV examines
the technology for reprocessing and refabrication for LWR cycles in
comparison with that. for advanced alternatives; LWR fuel cycle
eco»or»ics and recycle are also analyzed there. Chapter V provides an
evaluation of pote»tial ptrblic and occup &tiorial radiation exposures
for various I WR fue~l cycles ir&cltrdirig both plant effluersts ar&d mill
taili»gs. Chapter YI treats I.WR fuel cycle safeguards cer&tering on
techr&ical nieasures but ieviev irig in~portar&t aspects of physical
saf eguards meastr res for cori tex t. Chapter Y I I provides the main
discussion of «Iternatives for nsanager»crit of high-level and
transul;rnic waste, ir~cluding I-:l&L)A and NRC plans. Otrr analysis and
critique of advanced fuel cycle alternatives is contained in Chapter
VIII and centers on improved LWR's, advanced converters and the fast
breeder as well as "denatured" cycles proposed for safeguard purposes.
Finally, Chapter IX provides an evaluation of fuel cycle institutional
responsi bil i ties and relationships, including a critique of their
coordination and its effect on fuel cycle management. Following the
report are Appendices and a list of commonly used abbreviations.

For a broader discussion of the nature of safety and the dilemmas that must be
faced in evaluating benefits and risks, we refer the reader to: Lowrance, W. W. , Of
Acceptable Risk, (William Kauf mann, 1976).
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TABLE 3A-2. The nuInber of neutrons emitted per fission
(from Bennett, 1973).

1000—
Isotope Incident

neutron energy
Number of neutr ons

emitted per fission 100

235U

239p u

2330

232T h

2380

0. 025 ev

1 MeV

0. 025 eV

1 MeV

0. 025 eV

1 MeV

1.5 MeV

1.1 MeV

2. 44
2. 50
2. 87
3.02
2. 48
2. 55
2. 12
2. 46

l
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238 U
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102 10 10 10 eV

Neutron energy

10
MeV

FIG. 3A-3. Fission cross-section of 35U and 3 U (Bennett,
1973).

q = v/(1 + n) (3)

which is a hetter index of fuel perforn&ance. Figure 3A-4 plots g as a
function of neutron energy for -'3U, -' U, and ' Pu. At thermal
energies, U is the nlost favored, with q = 2 28.

The Pu so produced is also fissionable with thermal neutrons and
therefore represents an important energy source in the thermal reactor
as its concentration builds up during the life of the fuel. Pu has
the highest number of neutrons emitted per fission of all the isotopes
listed in Table 3A-2, whether in a fast or thermal neutron reactor.
However, in the very tight neutron economy of a reactor core, it is
important to consider the correction due to neutron captures in the
fuel. Taking v to be the nun&ber of neutrons emitted per fission, and
cx to be the ratio of neutron captures to fissions, the average fission
neutron yield per neutron absorbed, g, is given by

Because of the properties of U, the virtues of thorium as the
fertile material in thermal reactors has been discussed by many
investigators over the years. This cycle was chosen for use in the High
Temperature Gas Reactor (HTGR), developed by General Atomic, as a
possible advanced thermal reactor having a greater uranium ore
resource efficiency than existing LWRs. The use of thorium can also
improve the resource utilization of either light water or heavy water
reactors. (See Section III-A2 for a description and Chapter VIII for
an evaluation. ) The thorium cycle has even been considered for a
thermal breeder reactor, one that could produce a net amount of
fissile material (2 U) with a thermal neutron spectrum. However,
this type of breeder does not have the potential for as high a breeding
ratio as do those operating on a fast neutron spectrum.

The production of new fissile material, by neutron absorption and
the resultant conversion of fertile to fissile material in the core, is an
important source of energy during the residence of the fuel in the
reactor. The additional fissile isotope production per unit fissile
isotope fission is expressed by the conversion ratio (CR}, where

Note also that only ' U has an g greater than 2.0 over n&ost of
the energy range. From the point of view of neutronics, U would
be the first choice for a thermal reactor. However, given the natural
abundances of uranium isotopes, the U cycle had to be developed
first, and it was simple to then turn to Pu bred from the fertile

8U. (Equation 2). Nevertheless, it is also possible to breed U by
neutron absorption in naturally abundant and fertile Th; that is,

(» 'Y) p- p-
232Th „) 233Th „) 233Pa „) 233

22.2m 27d

cR = qa - 1 - losses.

The losses include not only neutrons leaking out of the core without
capture or fission, but also the absorption of neutrons by the
moderator, by the reactor components and cladding, and by the fission
products and actinides produced in the fuel during operation; the
neutron required to sustain the reaction is also subtracted. The factor
i is the ratio of total fissions to fissile fissions; it is inserted to take
into account the fission of fertile isotopes at higher neutron energies.
Thus CR is an important index of the net efficiency of use of fissile
material in the reactor.

0.4

At thermal neutron energies, e is very close to 1. For present
comn&erical LWR's, CR is usually about 0.6, while for other present
types such as the CANDU (deuteriuni moderated) and the HTGR
{graphite nioderated) it is somewhat higher. Reactors with CR less

0.3

TABLE 3A-3. Moderating ratio of several moderators (from
Glasstone and Sesonske, 1963).

0.1 Moder ator Moderatinq Ratio

1 1 1 I

2 3 4 5
Neutron energy, F, MeV

FIG. 3A-2. The fission neutron energy spectrum for
~3~U (Bennett, 1973).
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tt&an 1 are usually refei red to as converter or "burner" reactors, since
there is a net. consutnption of fissile inaterial during operation.

Reactors with a Cf& greater than 1.0 are called "breeders", since
the~ produce n&ore fissile fuel than they constin&e. Since -- U has «n

g greater than 2.0 over n~uch of the neutron spectruin, a them&al

breeder using the Th- 2 U cycle-is possible. However, the rapidly
increasing value of q for all three isotopes in the vicinity of the
fission neutron spectral peak, favors the use of a fast neutron
spectrum for breeding. Such reactors, known generically as fast
breeders, can have CR values high enough. not only to self-sustain,
but to produce additional fuel to start up new' reactors.

For a reactor designed to operate with a fast neutron spectrum, the
1ow capture ratio advantage of U does not exist, and the larger
value of q for Pu, as shown in Fig. 3A-4, gives it an edge. There is
an additional advantage to the U-Pu cycle at high energies in that, as

1.0

0.8

0.6

O
Ch
V)
LL

b 0.4

0.2

shown in Figure 3A-5, U has a somewhat higher cross section for
fission, which increases e and therefore the CR.

The higher CR possible with the 8U-~39Pu cycle makes it the
most resource efficient choice for a fast breeder cycle. In addition,

Pu is available from spent LwR fuel to start up the cycle.
Nevertheless, ~ U has sufficiently good characteristics to provide fast
breeding with CR considerably greater than 1.0. However, since it is
not abundant in nature, the use of U would entail a new program to
generate start-up cores. Such reactors could, in principle, be started
with U cores with significant penalty, as discussed in Chapter VIII.
The attractiveness of the ~Pu fast breeder has led to major
development efforts both in the U.S. and abroad. However, recent
concern over the safeguards implications of plutonium use has led to
increasing consideration of isotopically denatured fuel cycles based on

U or ~U, diluted to less than 20% concentration in 8U. Fast
breeder, as well as advanced converter, cycles based on 2 U are also
discussed i n Chapter VIII.

For a given initial fuel composition, depletion of fissile material and,
to a lesser extent, the build-up of neutron-absorbing fission products,
mandates eventual replacement of the fuel. This "spent" fuel still
con tai ns an in ven tory of f i ssi le material that is an appreciable
fraction of the initial fissile content. This is the source of the
potential economic benefit of reprocessing the spent fuel to recover
fissile material. As the primary purpose of a breeder reactor is to
generate additional fissile material, reprocessing is required for all
breeder cycles. In addition, many of the advanced converter cycles
discussed in Chapter VIII will also require reprocessing, particularly
those based on 3U bred f rom Th.

In a typical reprocessing operation, nlore than 99% of the uranium
and plutoniun& (and thoriuns when applicable) are recovered from the
spent fuel by chemical dissoiuiion and separation, as discussed in

Chapter IV. I he recovered products tnay then be treated further for
re- use of their fissile values. The ren&a inder of the spent fuel,
consisting of the residual uranium and plutonium, all of the
neptunium, ai»ericiutn, cui. iuni, and the non-volatile fission products,
tnakes up what is usually referred to as the high-level wastes (HLW).

0'
0 EQ A2. Commercial Power Reactors

E(MeV)

FIG. 3A-5. Fission cross-section of 2 2Th and 3 U (QRNL/
TM-5565) .

The preceding discussion focussed almost entirely on the physical
neutronic processes underlying reactor design. The translation of
these princip1es into a commercial design, however, invoIves a wide
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range of physical and engineering considerations beyond the scope of
this primer. Among the more significant are operating temperature
and heat transfer considerations, net core reactivity and its control,
operational reliability and safety, maintenance, and capital cost. In
many ways, such factors have had much to do with the history of
reactor design and development. The two primary conditions for a
commercial reactor in a competitive energy market are economic and
resource efficiency. The first of these, measured as lifetime average
cost per kw-hr of delivered electricity, dominates commercial
investment and planning. An economic analysis for present reactor
types and fuel cycle plans is performed in Chapter IV, Section G. For
the alternate fuel cycles discussed in Chapter VIII, precise economic
determinations are difficult. Resource efficiency, measured in units
of metric tons of ore mined to produce a certain amount of electrical
energy, most conveniently expressed in terms of Mw(e)-yrs, provides a
useful and socially meaningful method for comparison.

As is described in Chapter VIII, the resource efficiency and,
therefore, the fuel cycle economics of different reactors depend upon
thermal efficiency, CR, and the specific core power density (expressed
in Mw(th)/Mg). The latter enters not only for breeder reactors, where
the doubling time will depend on both CR and specific power, but for
converters as well. Reactors with low specific power have larger
initial core inventories, larger reloads, and longer equilibrium times
than those with high specific power. It is important to note, however,
that fuel costs are typically less than 15% of the cost of nuclear
generated electricity, so that utility preferences are more likely to be
determined by the capital costs and reliability of different reactor
types than by details of fuel cycle economics.

BWR

Electric Power, Mw(e) (net)
Thermal power, Mw(th)

Avg. spec. power, Mw(th)/Mg"

Avg. bur»up, Mw(th)-days/kg
Refueling interval, days

37.5
33.
365.25

1000
3067
23.8
27. 5

365.25

Steady State Charge, kg

U-234
U-235
U-236
U-238
Total

9.57
903
76 ~ 6

26450
27350

10.1

838.5

90. 3

31315
32250

Steady State Discharge, kg
U-235
Total U

Fissile Pu

Total Pue

219
26, 150
170
248

233
31100
198
282

TABLE 3A-4. Assumed characteristics of model PWR and
BWR enriched uranium reactors (ORNL, 1976).

A2a. Light Water Moderated Reactor (LR'R)

At the present time, the commercial power reactor market in the
U.S. and abroad is dominated by the LWR. There are two distinct
varieties, the boiling-water reactor (BWR) i» which steam is generated
directly within the core, a»d the pressurized-water reactor (PWR), in
which a pressurized water coolant circulates to an external heat
exchanger, generating stream in a second, independent water circuit.
Ge»ericall~', however, the two types are quite similar.

1» an l.WR, ordi»ary (light) water is used as both»moderator a»d
coolant. The use of water as a coolant has obvious adva»tages; light
water is the n&ost effective»eutro»»moderator. However, hydrogen
nuclei also have a fairly laige cross section foi neutro» absorption.
1his con&bi»atio» of factors»ot only allows, but requires, a fairly
co»&pact core design. I he fuel is in the for»i of narrow rods. The
fission neutrons escape the rods, are slowed in the moderator, and
then diffuse back into the rods where they induce new fissions. The
combination of physical design considerations and neutron losses in
the moderator mandates the use of fuel with a higher concentration of
fissile isotopes per unit volume than natural uranium. Present day
fuel for LWR's consists of uranium that has had its content of fissile

U enriched to 2.5- 3%. It is also possible to operate LWR's on fuel
in which the fissile content has been increased by the addition of
fissile 2 Pu or U.

Present design LWR's have a CR of about 0.6. As discussed in
Chapter VIII, however, modifications to existing LWR designs are
possible that would increase the CR to roughly 0.7-0.85.

A2a, 1. The Pressuri zed-Water Reactor (PWR)

In a typical present-day PWR, heat from the core is conveyed via
the primary pressurized water circuit to a secondary circuit used to
generate steam to drive the turbines. Table 3A-4 lists the
characteristics of a model 1000 Mw(e) PWR. The fuel consists of
small pellets of,sintered U02 placed in zirconium alloy (zircalloy)
tubes about 1 cm in diameter and 4 meters long. A- large PWR
contains about 40,000 fuel rods, bundled into fuel rod assemblies; a
typical assembly consists of a 15 X 15 array.

The reactor is shut down annually for refueling. At that time, the
one-third of the fuel that has had the highest exposure in the core
(burnup) is removed as spent fuel. Fresh fuel is then inserted to make
up for the one-third removed. As shown in Table 3A-4, for a
nominal 80% load factor with annual refueling, the spent fue1 will
have been expcsed for an average burnup of 33 Mw(th)-days/kg. and

Based upon full power and total fuel charged.
b At 80% load factor

Annual charge and discharge of one third of PWR and one quarter of

BWR.

Plutonium isotopes Pu «nd Pu.

~PU + 3 Pu + Pu + Pu + P

will contain about 390 kg of fissile material as compared to an annual
fresh fuel charge of about 900 kg fissile.

A2a. 2. Boiling-0'ater Reactor (88'R)

In a BWR, there is only a single water circuit, and steam is
generated directly by circulation of water within the core. Table 3A-4
also lists the characteristics of a model 1000 Mw(e) BWR. The fuel
rods differ only in detail from those of a PWR. As a rule, they are
somewhat larger in diameter -- about 1.5 cm --, a»d are assembled
into 7 X 7 or 8 X 8 arrays. A large BwR contains about 40,000 such
rods. The core is soniewhat larger tha» for a PWR a»d the core
average specific power is lower, in the range of 24 Mw(th)/Mg.

Fuel nba»ageme»t schedules and shutdowns differ only in detail
from those of a PWR. One-fourth of the core is replaced at each
fueling, compared to one-third for a PWR, and fuel bur»up at
discharge is soinewhat lower. As shown in Table 3A-4, a ~nodel BWR
discharges about 430 kg of fissile nsaterial per year, compared to an
a»»uzi charge of roughly 840 kg fissile.

A2b. Heavy-Water Moderated Reactor (HR"RP

The use of deuterated (heavy) water as a moderator has some
advantages for thermal reactor operation, owing to the 1ower capture
cross section as compared to light water. The improvement in neutron
economy allows for the use of natural uranium as a fuel, eliminating
the need for enrichment, as well as simplifying adaptations to the use
of other f issile materials as fue1. However, two problems are
introduced: the neutron energy loss per collision is less for heavy than
for light water, requiring a larger spacing between the fuel rods to
allow for moderation; heavy water also has been fairly expensive. A
number of conceptual designs exist for HWR's. Single pot systems
similar to current LWR designs would entail very large and
correspondingly expensive pressure vessels.

The only commercial heavy water reactor at present is the
CANDU, designed and developed by Atomic Energy of Canada, Ltd.
(AECL), in which fuel and coolant are confined to a system of
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pressure tubes, with a heavy water moderator at low pressure in the
intervening spaces. In the presently commercialized CANDU, heavy
water is used in both coolant and moderator circuits. But the
separation of moderator and coolant circuits allows for a variety of
possible coolants. AECL has designed several variants in which
different coolants, such as organic liquids, are used. The British have
also designed a similar reactor, the steam-generating heavy water
reactor, that is modified to allow the use of light-water as a coolant
despite its relatively large neutron absorption cross section.

A typical CANDU fuel bundle consists of an array of rods
considerably larger than those for an LWR, and containing natural
rather than enriched UO&. The 1ow fuel burnups i» natural uranium
CANDUs necessitates frequent fuel rod replacement, and one of the
most important features of the Canadian design is the use of
individual fuel rod tubes to allow for continuous refueling without
shutting down the reactor. A pair of refueling machines replace
individual fuel rods according to a programmed fuel burn schedule.
Present CANDUs have a CR of about 0.75. Thermal efficiency is
about 30%, some~hat lower than for I WRs. As discussed in Chapter
VIII, considerably higher CR's are possible particularly through the
use of U -1 h fuels.

oiher»eutro» absorbers such as control rods, niust be avoided. 1 he
I..WBR achieves cotltrol by»droving fuel «sse»tblies with relatively high
enrichment i» and out of the core, rather than the usual pt'ocedure of
inserting a»d re»novi»g»eutt'on absorbers. I'he core is i»te»ded for
insertion in the pressure vessel of curre»t. I'wR designs, as a substitute
or replacet»e»t. In order to obtai» the necessary quantities of '. U to
start up the cycle, it would be necessary to run a series of "prebreeder"
reactors on the U-Th cycle for a number of years; the tight neutron
economy of the L%8R. would not allow its initial fueling on other
isotopes for star tup.

One other thermal breeder design, the Molten-Salt Breeder Reactor
(MSBR) has been studied, but has not been commercialized. It was to
have used a fluid fuel-coolant combination consisting of 232Th and

U dissolved in a Li BeF2 molten salt; the combination was to
circulate through a graphite moderator matrix. A small experimental
MSBR was operated for several years, but no subsequent work has
been done -- largely because of the maintenance problems entailed by
corrosion d ue to the molten salt and the circulation of highly
radioactive fuel throughout the coolant and heat exchange systems.

A2e. Fast Breed er Reactor s

A 1000 Mw(e) CANDU would contain about 130 Mg of natural
uranium, as U02 in zircalloy rods &bout 1.2 cm in diameter. These are
assensb1ed into circular arrays co»taining typically, 37 rods each.
Operatio» with»a1. ur;tl ura»iuni, with o»ly 0.7% . U, limits t.he fuel
residence tin~e to about a year. FueI bur»ups are therefore far' lower
than for «» l WR, o» the order of only 7500 Mw-days(th)/Mg. The
«»»ual t~atural ura»iu»l charge has a fissile co»te»t of about. 940 kg,
a»d the «»»ual discharge co»tait&s about 220 kg of remaining . U a»d
350 kg of 2'"P u. (See Cha pter V I I I).

At the present time, CANDU reactors are not licensed for use in
the U.S. Pending an application for such a license, it has not been
determined what modifications to present designs would be required to
adapt CANDU-type reactors to meet U.S. criteria.

A2c. The High-Temperature Gas-Cooled Reactor ('HTGR)

Water-cooled reactors have a thermal efficiency limited by the
temperature to which- the coolant can be raised. The HTGR was
designed to use helium gas as a coolant, allowing higher heat exchange
temperatures and improved thermal efficiency. Current design
HTGRs have a core consisting of a massive assembly of hexagonal
graphite moderator blocks, each containing fuel made up of small
coated particles. The total core mass is about an order of magnitude
higher than for an LWR, since the relatively large mass of the carbon
nuclei requires many more collisions to thermalize neutrons in
graphite than is the case for water.

Alternate means of fueling HTGRs are described in Chapter VIII.
Current designs use a combination of highly-enriched (93%) uranium
for fissile pellets, and thorium as fertile. As the intention has been to
recover the 2 U bred in the fertile pellets for recycle as future fuel,
the HTGR cycle as presently conceived requires reprocessing. A
representative HTGR has a thermal eff iciency of almost 40%,
compared to roughly 32% for an LWR and 28% for a CANDU. Fuel
burnup is very high, approaching 100 Mw(th)-day/kg; one-fourth of
the core is to be replaced with fresh fuel each year. Present HTGR
designs have a CR of about 0.66 and, as described in Chapter VIII,
much higher CRs are possible. The use of thorium fuel and
especially, the use of a graphite fuel matrix, imposes an additional set
of requirements upon reprocessing for this reactor, as described in
Appendix 11. At the present time, the only commercial manufacturer
of HTGRs has suspended production.

A2d. Thermal Breeder Reactors

As previously discussed, it is possible to design a reactor with a CR
greater than 1.0 (breeders) using -'U, since q is greater than 2.0 for
this isotope over almost the entire range of neutron energies. This is
the basis for many of the breeder and near-breeder alternate fuel
cycles discussed in Chapter Vill. There is, in addition, a conceptual
design for the U-Th breeder cycle using light water moderation and a
thernsal neutron spectrum -- I'he Light-Water Breeder Reactor
(LWBR). Because light water is used as a»toderator a»d coolant,
breeding is already limited by neutron absorption in the water, so that

Generically, fast breeder reactor designs involve the use of a core
and blanket. The blanket consists of assemblies of fertile materials
surrounding the core, so that the fast neutrons that leak from the core
can efficiently breed fissile material. It is necessary to operate the
core with unmoderated (fast) neutrons in order to achieve CRs
appreciably greater than 1.0

Because of the smaller fission cross section for fast neutrons than
for thermal, a fast reactor core requires more hi„"hly enriched fuel
than for a thermal reactor, typically in the range of 15 20%
enrichment. The core must be compact and operated at high power
density, typically three to five times that of an LWR. This requires a
coolant with excellent heat transfer properties, but one which is a poor
moderator. Currently, two choices are under consideration. Liquid
metal is an excellent coolant, and most developmental work is
currently being done on Liquid-Metal Cooled Fast Breeder Reactors
(LMFBRs). Considerations of low neutron moderation and good heat
transfer properties has led to the choice of sodium as a coolant in
such designs. This requires very careful attention to design, as sodium
will burn rapidly in air at the temperatures maintained in the prin&ary
coolant circuit. Sodiuns is also used in the secondary circuit, and must
be carefully isolated f rom water, with wh ich it is very reactive.

An alternate choice is the Gas-Cooled Fast Breeder Reactor
(GCFR) which, like the hTGR, uses helium as a coolant. However,
the core of a GCFR is r»ore compact than that of an HTGR, and uses
no graphite. Unlike sodium, helium does not absorb or »moderate
neutrotss, and is»ot reactive with air or water. I he lack of a liquid
coolant to act. as a ther»cal sink requires that very careful attention be
paid to heat tra»sfer a»d to the prevention of sudden loss of coolant
in the high pressure helium gas circuit.

The neutron ecotto»ty of fast breeder reactors is based o» neutrons
in the vicinity of the fission neutro» spectral peak (c.f. Fig. 3A-2).
The large value of q for these neutrons (c.f. Fig. 3A-4) provides for
enough excess neutrons to overcome the increased absorptive losses in
coolant, fission products, and structural materials. In addition, there
is an appreciable contribution from the fast fission of fertile isotopes,
(c.f. Fig. 3A-5), leading to values of e in the neighborhood of 1.1 to
1.2.

Since the intention of the fast-breeder is not merely to be self-
sustaining, but to provide new fuel for the cores of additional reactors,
CRs in the vicinity of 1.4 or greater are sought. From the point of
view of technical efficiency and resource use, both factors favor the

"U-2 Pu cycle. 3 Pu has the highest value of g of the three fissile
isotopes considered, and the fast fission cross section for 2 3U is
significantly greater than that for 2Th. The combined value of ge
for th" U-Pu cycle is in the vicinity of 3.0, somewhat higher than for
the Th-U cycle. As discussed in Chapter VIII, however, it is also
possible to operate Th-U breeder cycles at sufficiently high CR to
allow for breeding gain. Such fuel cycles are currently being given
consideration in response to concerns about the nuclear proliferation
implications of the widespread use of plutonium in the nuclear fuel
cycle; we discuss them in Chapter VIII.
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There are some substantial differences between fuel cycle
operations for the breeder and those used for thermal reactors, even
with recycle. The projected very high burnup of breeder core fuel will
require mod if ications to existing reprocessi ng plant designs, as
discussed in Chapter IV. The high fuel burnup and high plutonium
content, impose more stringent conditions on handling and
transportation systems and on reprocessing technology than do present
LWR fuel cycles.

temperatures and high irradiation characteristic of the GCFR is less
well understood. than for the LMFBR.

A3. Fission Products and Transuranic Elements

A3a. Natura/ Radioactivity

A2e. j. The Liquid-Metal Cool ed Fast 8r ceder Reactor
(LMFBR)

Natural radioactivity is an important source of background
ionizing radiation. As discussed in Section C of this Chapter, natural
radiation currently accounts for about two-thirds of the average per
capi ta dose in the United States.

Current L MFBR designs use molten sodium as the coolant.
Because the sodium in contact with the core will become radioactive,
an intermediate sodium loop is used to convey heat frolll the primary
coolant to the steam-generating ~ater system. There are two basic
design philosophies. In the "pot" type LMFBR, both core and primary
coolant loops are immersed in a sodium bath at roughly atmospheric
pressure. This reduces the an&ount of external piping, and provides
fluid coverage for the core at all times. The "loop" arrangen&ent
currently favored in the U.S. is similar to current PV/R systenss in that
o»ly the core «nd associated equipment are contained in the reactor
vessel, sin&plifying maintenance. Elevation of loops and the provision
of guard tanks is lo provide core submergence. 'I wo types of fuel rods
are to be used in I.M I- Bll's. Blanket assen~ bl ies will have rods
cot~sisting only of fertile n&arterial. Coi e assembly rods will have
fissile loads in t.he center, but fertile (axial blanket) loads at t.he ends.
Thus the coi e is totally surroundL'd with fe~ tile m arterial.

A2e. 2. The Gas-Cool ed Fast 8r ceder React or (GCFRg

Helium-cooled GCFRs have received some attention. Higher CRs
than for the LMFBR are possible, owing to the absence of neutron
moderation or absorption in the helium coolant. Helium has other
advantages in that it is not chemically active, and because a gaseous
coolant minimized reactivity changes due to voids in the coolants.
However, a massive prestressed concrete vessel is needed for helium
retention, and coolant provides little heat capacity for stabl izing
thermal excursions. The behavior of fuel cladding at the higher fuel

Naturally occurring radionuclides can be divided into those that
occur singly, such as long-lived 4OK of'terrestrial origin or short-lived
3H produced by cosmic rays, and those that, are components of three
distinct chains of decay of naturally occurring actinides. These chains
are: the thorium (4n) series, originating in nature with 23~U; the
uranium (4n +2) series, originating with 38U; and the actinium (4n +
3) series, originating with 235U. A fourth series, the neptunium (4n +
1) series, completes the set but is not found in nature. The decay
schemes of all four of these series are diagrammed in Figs. 3A-6
through 3A-9, with naturally occurring radionuclides denoted by solid
boxes. The abundance of these elements in nature is determined by
the half-lives of the parents compared to the age of the earth and the
equilibrium between parents and daughters in the decay chain.
Uranium is fairly common in nature, and is present at the 1-5 ppm
level in most surface rock, as well as in the richer ore deposits.
Thorium is about four times as abundant, on the average. In genera1,
the greatest potential biological hazard is presented by one of the
intermediate daughters in the chain, such as Ra in the uranium
(4n+2) series.

6Ra is an alpha-emitter of special concern because of its high
solubility and ready. biological takeup, and because its daughter Rn
is an alpha emitting noble gas that diffuses readily into the
atmosphere. 6Ra is present in many foods and in almost all public
water supplies in the U.S., usually at levels below 0.2 pCi/liter. This
figure is exceeded only at a very few locations in the U.S., although it
does range as high as several pCi/liter. Rn from decay of 2 6Ra is
readily identified in the atmosphere. Both directly and through the
deposition of ' Pb, it contributes a measurable amount to natural
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FIG. 3A-8. Uranium-238* (4n +2) series, [from ERDA-1541;
adapted from R. D. Evans, The Atomic Nucleus (McGraw-Hill,
1965)]. The solid boxes denote naturally occurring nuclides.
Diagonal arrows indicate n, and horizontal arrows
P decay.

FIG. 3A-9. Uranium-235* (4n +3) series, [from ERDA-1541;
adapted from R. D. Evans, The Atomic Nucleus (McGraw-Hill,
1965)1. The solid boxes denote naturally occurring nuclides.
Diagonal arrows indicate u, and horizontal arrows P decay.
Chain branches of &1%% omitted.

dose. The contribution of 22""Ra fron& the thorium (4n) decay series is
about an order of magnii. ude less important, on the average, priniarily
because the thoi iurn chain decays quickly all along the series without
the holdup (at. 26Ra «nd '-' Pb) characteristic of the uraniunl series.

A3b. grani i~m Cycle

wastes. It should be noted that fueling with mixed-oxides increases
the inventory of transplutonic isotopes due to irradiation of
pIutonium throughout the cycle. The inventories of an~ericium and
curium are important not only because of their intrinsic alpha-decay,
but because, as is shown in Figs. 3A-6 through 3A-10, they are also
the parents of pluto»ium isotopes during their decay.

As v as shown in Fig. 3A-1, fission results iri a broad distribution
of radioactive fission prodtrcts divided between two mass peaks. All
of the lo»ger-lived products must be considered wastes whose half-
] i ves, chei» i st ry, a»d biological effects va ry widely. I hey are
predominantly emitters of beta «nd ganinia radiation. As described in
Chapter Vll, the tinge scale for the decay of the fissiori products is
such that, after roughly 600 years, the alpha-emitting actinides and
their daughters plus Tc and 2 I become the dominant radiological
concern.

A wide range of actinides is also produced by neutron absorption
processses in the fuel. As is shown in Fig. 3A-10, the absorption of
neutrons not entering into fission reactions can eventually build up
significant quantities of transuranic elements. . As these are
increasingly higher-order processes, the greater the fuel burnup, the
greater the production of higher isotopes. One of the most important
reactions for the fuel cycle is the production of 39Pu from 38U by
the reaction of Eq. (2). Non-f ission capture of neutrons by 239Pu

produces 2 Pu which is not fissile by thermal neutrons. In turn,
capture by "OPu produces thermally fissile 2 «Pu. Some of the 24~Pu

will decay to form 24~Am, leading to the ultimate production of
higher actin ides, and some will be converted to 242Pu by neutron
absorption, leading to yet another higher actinide branch, as is also
shown Fig. 3A 10. The net result is that the thermally fissile
plutonium isotopes, 239Pu and Pu, are inevitably mixed with other
isotopes, It is important to note that 24OPu is not fissile by thermal
neutrons, but is fissile for fast neutrons, such as those characterizing a
nuclear weapon. The desirability of low fuel burns for "weapons-
grade" plutonium is a consequence of the spontaneous neutron
emission of "oPu, and not because it constitutes a non-fissile diluent.
(See Section 0 of this Chapter. )

At higher fuel burns, increasing quantities of the transuranics are
formed, including "Pu which is a principal source of 6Ra in the

A3c. Uranium-Thorium Fuel Cycles

Figure 3A-11 illustrates the principal actinide chains for the use
of thoriumuraniurn fuel cycles, and should be compared to the
uraniuni-plutonium characteristics shown in Fig. 3A-10 Because the
primary fueli»g isotopes are lighter than those used from the
uranitrni-plutoniuns cycle, relatively little plutonium, anger icium, and
curium tte foii»ed during irradiation of thoriut»-uranium fuel. As a
result, The actinide;tlpha-activity of high-level and other actinide
wastes will be considerably lower for this case. I he net activity of the
wastes will be smaller initially for periods in excess of 1000 years,
when the fission products have decayed away.

However, after roughly 10 years, the theoretical irigestior& hazard for
both cycles is governed by "&'Ra from the decay of '-~'"Pu or 2-'4U in
the wastes (see Fig. 3A-8). I he larger production of '"-'"U «rid ~"Pu

in the thorium-uranium cycle results in the buildup of 6Ra activity
between 105 and 106 years to a level greater than that for uranium-
plutonium high-level wastes, an'd comparable to that for unreprocessed
discharge uranium fuel. The decay chain originating with 3 Np or
residual 33U (Fig. 3A-7) results in the additional buildup of 5Ra,
which governs the potential ingestion hazard at times between 106 and
10 years. This is discussed further in Chapter VII of this report.

The primary reaction of importance in using thorium-uranium
cycles is that which produces 33U from 2 Th, equation {4). The
relatively long 27-day half-life of' 233Pa affects the time the fuel must
be stored before reprocessing. Accordingly, most flowsheets for this
cycle specify reprocessing after one year of storage to minimize
contamination with highly radioactive 233Pa. This results in a greater
inventory of fissile material in the thorium-uranium cycle, delays the
time to reach equilibrium recycle, and increases total uranium ore
requirements, when compared to the uranium plutonium cycle.
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A second problem of the thorium-uranium cycle results from the
activity of U and its daughters (shown in Fig. 3A-6) U is
produced in thorium-uranium fuels by a number of reactions:

2'2Th
{n,2n) p- ny p-

231Th ) 231pa ) 232pa ) 232U
25.5m 1.32d

(n, 2n)
233 U & 232U

P 23&
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n, y n, y n, 7

The last of these is important when thorium is a byproduct of
uranium mining, since 3 Th is a daughter of 38U. The alpha activity
of the 72-year half-life 232U is less of a problem than the activity of
its daughters. As is shown in Fig. 3A-6, the decay daughters are all
short lived compared to 2"Th, and come to secular equilibrium with
it. The decay of ' Bi and 0"Tl are accompanied by very energetic
and penetrating gammas, so that extensive shielding is required for the
handling, processing, and fabrication of recycle fuel containing 23 U.

At the time of reprocessing, all the 2 Th will be separated from
the uranium. The subsequent buildup and decay of the gamma
activity in the separated uranium product, owing to 23 U decay, is
described in Appendix I I I. There is considerable incentive to
refabricate and recycle the uranium quickly, to avoid the gamma
buildup. On the other hand, the "'I h does go off with the thorium
product, so that it is not practical to recover and recycle the thorium
for about 10 years. Ov ing to the coniparatively large inventories of
23"Pu and the relatively low production of 239Pu and 4'Pu, it is
expected that there will be no incentive to recover plutonium frons the
tho~ iunl-uraniitm cycle. However, if 3~U in appreciab1e quantities is
used to denature the . 3U isotopically, as has been suggested f'or
sateguards fuel cycles, appi eciable quant. ities of '--"Pu will be
produced, as discussed in Chapter V I I l.

B. The LWR Fuel Cycle--A Description of Options

As an LWR operates and fissile uranium is progressively
consumed, fissile plutoriium is produced by the transmutation of 3"U,
as described in Section IIIA. The plutonium in turn contributes to the
nuclear fission reaction and the energy produced by the reactor. The
average conversion ratio, CR, for an LWR is about 0.6, which means
that 6 atoms of plutonium are produced in the fuel for every 10 atoms
of U that are fissioned. At the time the spent fuel is discharged
(with a typical burnup of about 30 Mw(th)-days/kg) more than half
the fissions occurring in that fuel are from self-produced plutonium
rather than 35U.

T.H. Pigtord
I97T

Fuel is considered spent when it can no longer sustain the neutron
chain reaction at economic power levels because of the depletion of
fissile materials and the accumulation of neutron-absorbing
byproducts in the fuel and fuel hardware. At that point, however, the
fuel still contains appreciable quantities of fissile isotopes, typically
about 6 grams of fissile plutonium and 8 grams of unused 2 5U per
kilogram of spent fuel. The fissile isotopes can be recovered from the
spent LWR fuel after it is removed from the core by treatment in a
reprocessing plant. At this point several options are possible:

1. The spent fuel rods can be disposed of without reprocessing.
This is the no-recycle option, with two variations depending on
whether the disposition is regarded as permanent or recoverable. We
will refer to these as "throwaway" in the first case or "stowaway" in
the second.

FIG. 3A-11. Actinide chains in the uranium-thorium nuclear
fuel cycle.

2. Uranium can be recovered by reprocessing the spent fuel. Such
fuel can be enriched or used as is to replace some of the virgin natural
uranium in the preparation of new fuel assemblies. This option is
called uranium-only recycle. Again, there are two variations with
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respect to the plutonium contained in the spent fuel: permanent
disposal (throwaway) or recoverable storage (stowaway).

3. Plutoniutis can be recovered from spent fidel and combined
with uranium having a lower - U content than that of norn&al fresh
uraniuni fuel; that is, a substitution of recovered plutonium can be
made for some of the 2-'5U fissile content of the fuel. Further, it is
possible to n~ &ke useful fuels using plutonium in combination with
a n y p r eel o ns i n a t e I y - "U u I'a n i u m, i n c l u d i n g a 1 ow -e n r i ch ed u ra n i u nl

product from an enrichment plant. , recovered uraniuns frons spent
fuel, virgin natural ura»iunl, or depleted uraniun& en' ichment plant
tails. Any such fuel is called plutonium uranium nsixed oxide or
simply ~inixed-oxide fuel, and the use of plutonium for this purpose is
known «s plutoni urn recycle.

produce a semi-refined uranium oxide product called
yel'lowcake (assayed as equivalent U308)

--Refining and converting yellowcake to volatile uranium
hexafluoride UF6, which is the feed for isotopic enrichment
faci 1 i ties.

--Enrichment of UF6, (currently by the gaseous diffusion process)
to yield a product enriched in the fissile isotope 35U and a
depleted stream (en rich ment plant tails).

--Conversion of enriched UF6 to oxide.

--Fabrication of the oxide into pellets, encapsulation into fuel
rods, and assembly into fuel elements.

lt is inlporlant to exanllne the fuel cycle operations that occur it&

each of the three options to describe their siniilat ities and differences.
lt is useful to assunse a particular size and rate of growth for the
nuclear industry to help the reader understand the scale of the various
operations. For illustrative purposes we use the same case treated in
the GESMO, which projects 507 nuclear reactors of 1000 Mw(e) each
by the year 2000. The illustrative numbers provide a snapshot
reflecting the projected production quantities and varying lead times
for such a growing indnstry, not steady state numbers. For more
detail the reader is referred to the GESMO. The wastes associated
with various cycles are described in detail in Appendix I.

Bl. No Recycle (Throwaway or Stowaway)

LWR's require many supporting operations, most of which relate
to the supply of fresh fuel and treatment of spent fuel. Where no
uranium or plutonium is recycled, all LWR fuel comes from virgin
natural uranium enriched to about 3% in 23 U content. Fuel cycle
operations are diagramed in Fig. 38-1 and include the following:

--Mining of uranium ores, both underground and in open pit.

--Milling, to concentrate uranium values from the ores and to

--Spent fuel storage, to perm it fuel to cool thermally and
radioactively to levels suitable for transportation.

--Long-term storage or disposal of spent fuel, which is pern&anent
in the case of a "throwaway" option or recoverable for possible
future use in the case of a "stowaway" option. It should be
noted that. the th rowa way option would result i n spen t fuel
being designated as high-level waste.

82. Uraniujn-only Recycle (Throwaway or Stowaway of Plutonium)

If spe»t fuels are reprocessed for recovery and recycle of uranium.
~dditional operations (designated by *) are added to the fuel cycle.
I he overall cycle is diagramnled in Figure 3f)-2 and includes:

--Mining.

--Milling.

--Refining and con-version.

--Enrichment.
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FIG. 38-3.. Light water reactor fuel cycle —no uranium or
plutonium recycle (GESMO).

FIG. 38-2. Light water reactor fuel cycle —uranium recycle only
(GESMO).
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--*Chemical reprocessing of spent fuels to separate and recover
residual uranium from plutonium and radioactive wastes.

--'Conversion of the recovered uranium to UF6.

--'Re-enrichment of that recovered uranium in the enrichment
plant simultaneously with enrich»&ent of virgin natural UF6 to
make a combined enriched product.

--Conversion of combined UF6 product to oxide.

-- Fabrication.

--Spent fuel storage, to cool suf ficiently for subsequent
reprocess ing.

--'High-level and transuranic waste disposal in Federal
Repository. The plutonium is discarded in this waste in the case
of the throwaway option. For stowaway of plutonium for
future recovery, one would expect to separate the plutonium but
store it indefinitely, rather than remine the plutonium from the
high-level waste at a later date.

The chemical reprocessing step opens up many new features
relative to the No-Recycle option. In the fuel reprocessing plant, the
spent fuel is chopped into pieces, the fuel is dissolved in nitric acid,
and the Purex solvent extraction process is used to separate the
constituents into separate dissolved material streams. The whole
process has been practiced on a large scale by the AEC a»d by private
industry for 20 years, a»d many refi»ements in technique a»d
technology have been introduced, as described in Chapter IV. The
uranium is converted to the hexafluoride for shipment. The
pluto» i un' and nuclear wastes streams are con ve~ ted into suitable
che»11cal a»d physical forms depending on whether the plutonium is
to be recycled, stored, or merged wi th the waste.

83. Pluloni um-Urani urn Recycle

With pluto»ium recycle, two new operations — pluto»ium
conversio» a»d»inixed oxide fuel »sa»ufacture — are «dded to the fuel
cycle, a»d the reprocessi»g step r»odified so»~ewhat fro»i that of !he
ura»iuin-o»Iy-recycle. 'I'he overall fuel cycle is diagra»&oned i» Figure
38-3. I»dividual steps «re as follows:

M i n i »g.

M l I I 1»g.

--Refining and conversion.

--Enrichment.

--*Reprocessing of spent fuels to separate and recover uranium
and plutonium from radioactive wastes and from one another.

--~Conversion of recovered uranium.

*Reenl lchmen t of recovered uran turn.

--Conversion (of enriched UF6).

--Fabrication of en r iched u ran i u m pellets.

--*Conversion of recovered plutonium into a solid form (e.g. ,

Pu02).

--*Combination of recovered plutonium with uranium to make
mixed oxide fuel, fabrication of pellets, encapsulation in fuel
rods and assembly into fuel elements.

--Spent fuel storage.

--*High-level and transuranic ~aste storage and disposal. For this
option permanent disposal is required.

FUEL

.F ABRICA T IOXI

L'A POKE R REACTORS

p-mh
Rf PROC t SSIHG

If recovered uranium and plutonium are recyc. ed to LWR's, the
separative work a»d yellowcake requirements for sustaining the LWR
economy are substantially reduced. However, there will not. be enough
plutonium to make mixed oxide fuel for all LWR requirements, and
there will be a continuing need for the present type of slightly
enriched UO2 fuel. For the GESMO model estimate of uranium and
pluto»ium recycle over the period 1975-2000, it is projected that 87%
of- the LWR fuel over this period would be the standard UO2 fuel,
whereas 13% would be mixed oxide. At the e»d of the period this
model shows the quantity of plutonium being recycled to be such that
20% of the I. W I fue] in the year 2000 would be mixed-oxide.

f HR ICHE 0 UF 6
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84. Comparison of the Three Fuel Cycle Op/i ons

Study of the projections made in the GESMO shows the following
»&ajpr effects for the year 2000. These will be discussed at le»gth in
our report.
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1. When both pluto» i un& and uranium are recycled, e»riel&ed
ura»iu»s supply operations for the year 2000 are reduced by about
0% co»spared to the ura»iu»s-o»ly-recycIe op'. io»; U&O& a»d»atural

UF&, require»ie»ts u'e reduced by about 30% co»spared with the Ilo-
recycle opt. io»; «»d ura»iu»~ e»rich»&e»t supply operat. io»s are reduced
by about 20%,

2. 1 he i ecycle of pluton i um a»d u ran i u»& i»troduces a
co»»neicial traffic i» put ified plutonium, with all the attendant
safeguards requirements;
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FIG. 3B-3. Light water reactor fuel cycle —uranium and pluto-
nium recycl.e (GESMO).

3. 1f all spent fue1 is reprocessed and the plutonium recycled
promptly, but no mixed-oxide fuel is reprocessed, the quantity of
spent fue1 plutonium discarded in various nuclear wastes is about 1-
2% of what it would be without recycle. Since americium and curium
decay to various plutonium isotopes, and since the amount of
plutonium as well as of americium and curium in mixed-oxide fuel is
greater than for UO& fuel, the reduction in plutonium in high-level
wastes depends upon the fuel mix and the time that has elapsed since
the fuel was reprocessed. The overall reduction will be about an order
of magnitude for most cases. Ho~ever, recycli ng, the plutonium
requires reprocessing, mixed oxide fabrication, and management of
various additional types of waste, all of which raise serious questions
of economics, health and safety, and environmental matters.
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85. Wastes from the Nuclear Fuel Cycle

Each step of the nuclear fuel cycle generates wastes, much of
which is non-radioacti ve and is handled in the normal manner.
Appendix I provides more comprehensive details on the various fuel
cycle steps and the origin of the several wastes from each.
Miscellaneous waste is contaminated at low level with fission products,
and is customarily buried below the surface in special low-level burial
sites. Mill tailings are a potentially significant source of long-term
public radiation exposure and are discussed in Chapter V. Particular
attention is given in Chapter VII to those wastes that are likely to be
required to be shipped to a federal repository for disposal. This
includes either spen t fuel or high-level wastes from reprocessing
operations, the fuel cladding hulls and other miscellaneous hardware
froiTi which the fuel has been dissolved if reprocessed; another very
important portion includes miscellaneous wastes contaminated by
transuranics from both reprocessing and mixed-oxide fuel fabrication
operations. As the discussions in Chapter V and Chapter Yll point
out, the most significant issues arise less from the quantity of the
waste than from the viability and long-term predictability of the
technical alternatives and institutional procedures to manage them.

C. Radiation Exposures and Biological Effects on Humans

Mans' laboratory experience with highly ionizing radiation dates
from the discovery of- x-rays by Roentgen in 1895. The research of
Becquerel and the Curies concerning radiation~ from uranium
pitchblende ore attracted world-wide scientific attention, and their
isolation of radium is a landmark in twentieth century science. The
level of understanding expanded greatly in the twenties and thirties
with extensive research on the electron, positron, and neutron as well
as on a wide spectrum of ionized nuclei. In addition, studies of
radium watch dial painters in the 1920's, and later of uranium miners
and of people subjected to intense x-radiation, laid the basis for the
extensive study of biological radiation effects that was to follow the
discovery of fission and -the creation and use of nuclear weapons.

At this time, no complete, integrated theory of the biological
effects of ionizing radiation exists. Even the simplest organism
displays radiation effects which are exceedingly complicated. Of
necessity, the classical scientific pattern of experiment is not available
in studying radiation effects on humans. In fact, information on the
reactions of humans to radiation is limited to the rare cases of
exposure in wartime, under accident. conditions, or in specific medical
treatment regimes. Accordingly, much of the experimental work that
does exist is based on eff ects on relatively short-lived animals.

(moderated} by the light atoms in tissue. As a result, the effects of
gamma radiation and neutrons usually can be expressed in terms of
whole body radiation, iri which all tissue is assumed to be exposed to a
roughly uniform flux.

Biological effects are caused by the loss of energy along the path
of the radiation; whether by collisions or ionization, there will be
molecular damage. The energy loss is of'ten expressed in terms of the
linear energy transfer (LET), which is a n&easure of the density of
ionizing events along the radiation path. A high LET implies large
local biological damage. Beta and gamma radiation typically have a
low rate of energy transf'er to tissue, and are characterized as low-LET
radiation. Alpha particles are high-LET because of their short range.
Neutrons are also classif ied as high-LET; although their average
energy loss rate over the path is small, when they are scattered by
nuclei a large local energy transfer occurs. The recoiling nuclei have a
very high LET. Thus, a neutron track is a series of relatively widely
spaced high-LET events.

The effects of radiation exposure result from deposition of energy,
conventionally specified as dose. Ideally, the unit of dose should be a
measure of the effect produced. Current in ternational
recom m endations attempt such a def i n tion i n several stages.
Historically, the problem of radiation protection and the need for
radiation protection standards arose in connection with x-ray
(equivalent to gamma ray) exposure. The unit introduced at that time
was defined in terms of resulting ionization density in air. In terms
of energy deposition, the unit of gamma radiation exposure is the
roentgen = .0877 J kg dry air at STP. However, the energy
dependence of energy loss to tissue differs from that to dry air. A
unit with more general significance is that of dose absorbed in the
material of interest. The unit. for Absorbed Dose is the rad, defined
as the amount. of radiation depositing .07 J per kg of tissue.

Equal absorbed dose alone may not imply equal risks of any given
biological effect since biological effectiveness n&ay be affected by
diffeiences in types of radiation or in irradiation conditions. An
indication of the effect on a given organ may be inferred by weighting
the absorbed dose in. that organ by certain inodifying factors. I he
quantity thus obtained is caffed the Dose Equi&'alent. I f)e n)odifying
f &coors include a Qu;rlity F actor (0), which takes into account the
differences in f I='T along the tr ick of the particle iran the tissue.
Fui tf&er ruodifications n&ay be necessary to accour&t for spatiaf i&on- .
uniformities in tissue absorptio», radiosensitivity and the effect of
dose iates (anno»g others). Dose eq&riv;ilent. is defiried as H = D Q
N, where D is the absoi bed dose, Q the Quality Factor and N

cor~iprises all other inodifying. factors.

Two approaches may be used in dealing with the effects. The
first, is to consider physical and chemical views of the interactions of
ionizing radiation with matter, emphasizing those features considered
to be fundamental to subsequent biological effects. The second,
considers gross pathological effects of radiation'exposure and attempts
to relate them to the conditions of exposure.

Cl. Radiation and Its Interaction Nith Matter and Dose

The term ionizing radiation includes both directly-ionizing
particles (charged particles with sufficient kinetic energy to ionize by
coulomb collisions) and indirectly-ionizing p;irticles (neutral particles
which can interact to free directly-io»izing particles or which can
initiate nuclear transformations). The directly-ionizing particles of
interest include beta and alpha radiations such as ai.e emitted from
fission products and frown naturally occurring radionuclides. These
particles lose energy continuously and so have a f in i te enei gy-
dependent range in matter. Typically, alpha particles can penetrate &(
1 nuns of tissue, while beta rays have ranges up to a few cm of tissue.
Thus, effects are likely to be nsore pronounced for radiation sources
internal to the body and close to refeva»t orgaris. '1 he iridirectly-
ionizir~g particles with which we are concerned include ganinia rays
and »cut. roris. The fission process itself is a prolific source of both of
these; gamma rays are also eniitted in the decay of n&any radioactive
substances. Gan&nba radiation is very perpetrating, and g imma rays
characteristic of fission product decays are generally attenuated only
slightly by tissue of the thickness of the human body. Neutrons also
penetrate the body relatively freely, being scattered and slowed

The Quality Factor is determined by LET independent of all other
exposure factors. LET for electrons (either beta radiation or resulting
from gamma radiation) is nearly independent of energy and is the
smallest of those for radiation. Accordingly, Q for low LET
radiations is defined = J. Alpha particles and recoils from neutron
interactions are classified as high LET radiations and have values for
Q as a function of energy as high as 10.

The modified radiation unit that takes into account different dose
equivalents per unit energy loss is the rem (radiation dose equivalent,
man). Although lacking the precise definition of the rad, use of the
rem allows at least a rough comparison between dif'fering radiations.
One rad of alpha particles at energies characterizing fission processes
is usually assigned a dose equivalent of 20 rem. Neutrons are assigned
a value in the neighborhood of 10 rem per rad.

Most of the radiation to which the public is exposed as a result of
normal operation of' the nuclear fuel cycle is low LET, as shown in
Table 3C-1. The sources are primarily released fission products and
activation products, all of which emit beta and gamma radiation. The
radiation exposure to which radiation workers are exposed may
include high LET as well as low LET radiation. Neutron exposure is
possible at the outside surfaces of reactor shields but is at completely
negligible levels outside the reactor building. Alpha exposure is
possible in the mines and mills as a result of emission from naturally
radioactive uranium and its decay products and in reprocessing and
fuel fabrication plants, where there is additional alpha emission from
transuianic elements {particularly Pu) produced as a result of neutron
activation of the fuel.
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TABLE 3C-1. Identification of the major contributors to dose from the nuclear fuel
cycle by portion of cycle, radiation type, and exposed group.

Radiation Type
Low Let High I. ET

Exposure Group Exposure Mode

Occtlpatiollnl Public I» tern;ll External

Mining

M i 1 1 ing

Refining
1,» I I Ch I fig
I 'lbricatlOn

Reactor Operation
I- &Iel Process i»g

Wasste Mallagelllent

X

X

X

X

X

X

X
X(a)
X
X

X

X

X

(b)

(c)

X
X

X X

(a} Most of this work is confined to
&II.;I» I u 1~i which is ge»era 1 ly agreed

(b) Ptlblic exposul e can occur if

(c) If' Ptl is used in Iecycle ftlel,

exposllre wi il exist.

the plocessing of rlat&Iral, depleted, and slightly enl'iched

lo be Illo re of a ch 8»1 I ca I t hcI » I ad I olog Ical haza I d.

nl I I 1 tall i ngs;I I e»ot pl ope I ly col) tl oiled.

then Lhe pote»lial fol' occllp'Itio»HI a»d environmental

C2. A'adiobi ologicaI Fffeets and Mechanisms-

- Among the additional factors capable of influencing the likelihood
of inducing biological effects are: rate of delivery of dose, the
fractionation (i.e., periods of intern~ittent non-exposure), the spatial
inhomogeneity of radiation and the radiation sensitivity of various
organs. It is necessary to invoke niodeling or inferences from the
observation of actual biological effects in order to evaluate the roles
of these latter factors.

Radiation effects manifesting themselves in the exposed individual
are ca1led son&atic. The ei"fects are called acute if they occur within
several weeks of the exposure, or late»t, in which case they may occur
tens of years later. Acute effects follow the delively of very large
doses (many hundred reni) to all or nsost of the body within a tin&e

interval of hours. I here is roughly a 50/~ chance that death will
I'esult, . within several weeks f loni f;lilure of blood forlning tissile for
doses of about 400 ren&, while at n&tlch higher doses (thousands of
rem) death will all&&ost certai»ly occur in»lnuch shortel tinge as the
result of failure of the gastro-intestinal system or even the central
nervous system. For doses nltlch below 100 ren~, there are usually no
acute somatic symptoms. Latent somatic effects in specific cases may
include the appearance of leukemia and/or other malignant diseases,
opacities of the leos of the eye, impairment of fertility, defective
development of the fetus and non-specific life-shortening. Studies of
somatic effects in animals have been carried out with dose rates
ranging from about 0.3 rem/day to about 100 rem/min. Effects
below 0.3 rem/h are infrequent and difficult to detect, as is discussed
in Chapter V.

It is generally conceded that the most important somatic effect in
man is cancer. For that reason, the analysis of health effects per unit
of radiation dose has tended to focus on estimation of carcinogenic
potential. Most quan ti tati ve estimates for this come from
epidemiological studies of latent effects in which populations exposed
either occupationally, purposefully in medical treatment, or in war. In
such studies care has been taken to estimate the doses received.
However, the degree of uncertainty in the dosimetric estimates
depends on the study, conditions of exposure and on the observed
effects in humans. Further uncertainties are introduced in
extrapolating these observations to other conditions.

The radium dial painters have been a particularly important group
in that the occurrence of bone sarcoma (cancer) in this group has been
the basis for setting of standards for the body burden of bone-seeking
alpha-emitting radionuclides. Uranium miners have been studied for
the effects of radon daughters and other heavy-metal alpha emitters in
the lungs. The survivors at Hiroshima and Nagasaki, the group
accidentally exposed in the Marshall Islands, the groups who have
undergone extensive external irradiation treaternents for the treatment

of various diseases--all have been studied to determine the induction
of leukemia and other cancers as a function of exposure. These
studies have been supplemented by animal studies, in particular, to
infer the relative guidlelines for bone-seekers other than radium and
the relative tox ici ties of various rad ion ucl ides.

Equally important are the mutagenic effects of radiation, which
have been recognized since 1927. Early protection guidelines were
based solely on somatic effects of radiation. Subsequently, both
classes of effects have been considered. There is very little
information which would allow one to estimate the mutagenic effects
of ionizing radiation on man. The only mammalian work with a
sufficient number of animals for valid statistics is based on studies on
the mouse, where it has been. observed that dose-rate effects are of
importance. The data from which radiation standards have been
derived are based on exposures in the range of 1 rem/day for female
mice and slightly lower for male. It was noted in that work that.
repair of the oocyte damage appears to take place under conditions of
chronic irradiation. Thus, most of the mutations originate in males.
Mutagenic effects i nclude both point and chromosome changes.
Where the change occurs in germ cells, hereditary consequences are
expected among the descendants of the irradiated individual. For
those mutations which persist through many generations, it is
irn material whether tQe changed genes are introduced by many
individuals who have received a small dose or a few individuals who
have received a larger dose.

C3. Inter nar Radiation Sources

We have noted that the biological effect of a particular quantity of
beta and alpha-emitting radionuclides is likely to be maximal if the
material has somehow entered the -body. National governments
generally have codified standards for whole-body radiation exposure,
usually based on the recommendation of international or national
committees on radiation protection (ICRP, NCRP, FRC) as shown in
Table 3C-2, In order to construct recommendations for internal
sources, it is necessary to consider the behavior or metabolism of the
materials once inhaled or ingested. Depending orl their entrance route
and chemical form, individual elements may tend to concentrate non-
@n iform ly wi thin the body. Th us, their effect depends on the
radiosensitivity of their effective host. Further, the time over which
they may deliver their effect depends on their biological half-life.
For instance, tritiated water remains in the body with an effective
half-life of about eight days as compared to its inherent half-life of
about 12 years. Thus, secondary standalds, referred to as Radiation
Concentration Guides, have been promulgated that specify limits to
the concen tl a tloll of va I ious n ucl ides ln al 1' 01 ITI wa tel' fol' val ious
chemical forms consistent. with the radiation protection guide limits.
These noway differ frons guides that refer to whole-body I adiation,
since internal activities may be distributed inhotssogeneously and
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TABLE 3C-2. Dose-limiting recommendations (C. F. NCRP, 1971).

Maximum permi ss ib1 e dose equi val ent for
occupational exposure

Combined whole body occupational expos
Prospect. ive annual limit
Retrospective annual limit
Long-term accumulation to age N yrs.

Skin

Hands

For earms

75 r ems in

30 r eins in

any one year (25/qtr)
any one year (10/q tr)

ure
5 r ems in any one year
10 —l5 rems in any one year
(N-1O) x5 r ems

15 rems in any one year

Other or gans, tissues and organ systems 'l5 i ems in any one year (5/qtr)
Fertile women (with resepct to fetus) 0. 5 rein in gestation period

Dose limits for the public, or occas ionally
exposed individuals

Ind~v~dual or occasional
Students

Population dose limits
genetic
Somatic

Emergency dose limits-life saving

Individual (older than 45 years
if possible)

Hands and Foi earms

Eiiiergency dose 1 imi ts-less urgent

Individual

llands and forearms

Fani 1 ly of l adl oacti ve pat, 1 erl ts
Individual (under age 45)
Individual {over age 45)

0, 5 rem in any one year
0. 1 rem in any one year

0. 17 rem aver age per year

0. 17 rem aver age per year

100 rems

200 reiiis, addi t i ona 1 ( 300 reins,
total )

25 reins

100 i eii;s, total

0. 5 rem in any one year

5 rems in any one year

organs have differing sensitivities. For specific cases (such as iodine
and the thyroid) for which there is known to be very inhoriiogeneous
distribution md for which there is some kriowledge of radiation
sensitivit~', these considerations are taken into account. Brrt human
data tend to be nieagie, ;ind there is continuing ieassessi»ent of
methodology and standards. Additional uncert'ainty is introduced by
the need to determine pathways for introduction of radionuclides into
the biosphere, in order to utilize the concentration guides to estimate
the extent of potential effects in a given situation.

C4. Plwtoplt ural

In Chapter V, we review plutonium as an example of an internal
radiation source. Plutonium has been chosen because of a widely held
perception regarding its toxicity. The biological effects of plutonium
are due to its alpha radiations, which are classified as high LET. For
reactor grade plutonium, the alpha activity over the first few centuries
is dominated by "1'u; at later times first 24oPu then Pu become
relatively more important (c.f. Chapter VII). Like all heavy metals,
plutonium would remain in the body were it to be taken up by tissue.
The primary pathways into the body are by ingestion or by inhalation. -

Inhalation of fine plutonium particles is an especially important
consideration in assessing potential plutonium health hazards. Small,
insoluble particles tend to remain in the lung if inhaled, although
there are mechanisms that move the particles toward the lung
periphery, Insoluble plutonium, when ingested, tends to be eliminated
readily by the body. However, the potential radiotoxicity of soluble
plutonium compounds was recognized when they were first produced
aver 30 years ago. It was found that the main sites for the deposition
of soluble plutonium entering the body were the bones. Experiments

on dogs have shown plutonium produces five to ten times as many
osteosarcomas as radium delivering the same average dose. The
i n creased effecti veness is because pluton i u m collects on the bone
surface, irradiating the cells lining the bone, while radium disperses
more uniformly through the bone, where its radiations are less
effective. Thus, the maximum body burden for plutonium is 4xl0
Ci, while that. for radium is 2xl0 Ci. In Chapter V, we discuss

recent suggestions that these standards should be altered.

C5. Radi ati on Exposur e and Assessment of Risk

Radiation dose is not a new, artificial experience. As shown in
Table 3C-3, humanity has existed in a radiation background from
external cosmic rays and radioactivity of primordial and cosmogenic
origin. The dose equivalents from these sources include internal
emitted radiation primarily from beta active (low LET}"K and alpha
and beta active (high 1..ET) decay products of the natural uranium and
thoriuni chains (25 to 30 mrem/y) and exterrial radiation from the
same sources. Smaller contributions are provided by cosmogenically
produced ' C, H, Be and -Na. The dose equivalents from cosn&ic
rays vary v ith altitrrde and latitude over a range of about 25 to 90
nireni/y in populated areas of the continental United States. Those
from terrestrial radioactivity will depend or~ local soil co»iposition
and vary from 15 to 5S n&reni/y. I he suinnied dose, averaged over
population, is about 80 to 85 mrem/y with niinima of about 65
m reni/y al orig the A tlan tie Coast plain to about 125 n& rens/y in
Denver and even higher in other Colorado areas. Thus, there is broad
spatial variability in the radiation environment which we inhabit. In
addition to changes which occur as one moves from one place to
another, variations in effective background dose may be attributed to
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Natu& al Radiation
Ex ter na1 ir radiation;
Cosmic rays
Terrestrial radiation

44
40

Internal irradiation

14C

al pha emi tter s"

15
1.6

(0.3

Man-Made
Medi cal and Denta l (1970)
Diagnostic
R ad I oph aro~e ceu t.i ca 1

72

Other
Fallout (1970}
Occupationa 1 (1970)
Mi seel 1 aneous

0. 8
2

TABLE 3C-3. Average body tissue does rates in "normal" re-
gions of the United States (rem per year) (BEIH, 1972).

a»d societies or i»dividu &Is could judge the degree of risk that, would
be «ccept ~ble i» order lo g iI» so»ie be»ef it relative to other
alter»a(ives. At this tii»e tI&e rel;~tio»ship be&wee» dose a»d risk is»ot
k»ow11 precisely, 1loI a I e i he I isks «sssoc lated w i th al ter»at i ve

procedures w h ich ni igh t. res ul t i » the same be»ef I r. Most. bodies
responsible for setting limits have assumed that a linear relationship
exists between dose and effect, on the basis that such a procedure is
unlikely to lead to an underestimate of risks. However, it is important
to distinguish between an estimate of risk as opposed to an estimate of
upper limit of risk. The hypothesis used amounts to interpolation
from observed effects to predicted effects. Observable somatic effects
occur at doses greater than tens of rem delivered over periods on the
order of hours, whereas for nuclear fuel cycle analyses, it is desired to
make assessments of the effect of incremental doses and dose rates
many orders of magnitude smaller than such reference values. We
discuss these points further in Chapter V and consider the relative
merit of the various procedures that may be used.

The final resolution of the cost-benefit decision clearly revolves
about the public perception of short and long-term risks and benefits
from nuclear power in comparison to those afforded by other viable
energy alternatives. In Chapter V, we indicate one basis for assessing
the level of biological risk that seems to us to be most useful for such
a purpose.

To tal:
coinn~e~ c ial nUcl ear f'uel cycle exclUded. (1970)

Niiclear fuel cycle (1970)
Nuc lear f Uel cycle (2000) (es tirrIated)

0. 003
(1

~iris'» nr i I y R H, R &s, ;&rid Pb a»d it» d& &lgll ters.
I)

b;&sad o~& ll&c abdvn& in;&I duse.

material and design choices in housing, to fat/muscle ratio, and to sex.
Time variabil ity of dose rate occurs on seasonal time scale with
moisture content of soil (up to 30% of 40K contribution to external
terrestrial radiation source) and on a sunspot cycle scale (about Il
years) in which the cosmic radiation component of dose varies from a
few percent to factors of several depending on latitude and altitude.
Finally, the possible association of galactic cosmic radiation
production with the occurrence of supernovae indicates that there may
be small step changes in the level of cosmic radiation with subsequent
changes. in cosmogenically produced activities. Current evidence is
that the average level has remained constant to within 10-20% over
the past 30,000 years, with temporal variations of order a few percent
of the average over the 70 year typical lifetime of an individual.

The objectives of radiation protection guides are both to, prevent
acute radiation effects and to limit the risks of latent effects to an
acceptable level. However, the various ways in which dose can be
turned into effect, as well as varying definitions of "acceptable", make
consensus difficult to achieve. For instance, the effects can be
expressed on a per capita or a total population basis, and can be
evaluated annually or i»tegrated over all future times; they can also be
expressed either as a total effect or as an incremental effect
superimposed on that arising from natural background. Further, the
production of nuclear power from LWR's has benefits that accrue
primarily to present populations whereas at least part of the risk, e.g„
froni waste, is delayed to generations in the distant future. , Thus apart
from the usual uncertainties in source terms and pathways to the
biosphere, which make the radiation dose itself somewhat uncertain,
the evaluation of effects a»d the basis for using conventio»~I risk-
benefit analysis are open to debate.

. If the quantitative relationship between dose a»d the risk of an
effect were known, a» «bsolute calculation of risks would be possible,

In Chapter V we compare the average public dose rate to present
and any future generation due to the nuclear fuel cycle with that
already due to natural background and with the fluctuations in natural
background. It is worth noting here that, at present, man-made
radiation sources (particularly diagnostic radiation sources) provide an
average dose rate in the U.S. of roughly half average natural
background rates.

D. Fuel Cycle Safeguards and Security

Even while they were designing and constructing the first atomic
bomb, the developers of nuclear energy viewed nuclear fission as a
potentially limitless resource, one that could supply arbitrarily large
quantities of energy for society. They also recognized that commercial
nuclear development carried with it the seed of weapons proliferation.
After the end of World War II, the U.S. sought to embargo the spread
of nuclear technology and information unless strict international
controls were established, as contained in the Baruch Plan of 1946.
However, other nations ref used to negotiate on that basis; the Soviet
Union, in particular, created its own nuclear programs for both
weapons and civilian power. By 1950, the U.S. shifted from its
strategy of containing foreig nuclear development unilaterally. In a
major new initiative the U.S. launched the Atoms for Peace program,
modifying the Atomic Energy Act of 1946 to allow certain
information to be released to its allies.

Under the 1954 revision of the Atomic Energy Act, the U.S.
embarked on a policy of active dissemination of information on
reactor and fuel cycle technology, and promoted the spread of
commercial nuclear power throughout the world. Much U.S.
information was declassified and released, and many foreign scientists
and technologists were trained in the U.S. At the same time as it was
promoting the dissemination of the technology, the U.S. sought
commitments against the development of military uses of nuclear
power and, both through bilateral treaties a»d through the creation of
the International Atomic Energy Agency (IAEA), sought to provide
for safeguards on the nuclear fuel cycle. It was recognized that both
domestic and international safeguards were needed to control access to
enriched uranium a»d plutonium and to prevent diversion of fuel
cycle materials. Codification of adequate, -comprehensive and reliable
safeguards remains a critical task facing the world today.

D l. Hi st ori cal Per specti ve

I» the 1940's a»d early
tech»olog ies a»d weapon
priority, «»d all the work
classification. In addition,

1950's co»trol of proliferation of weapon
k»owledge was considered of highest

o» nuclear energy remai»ed under tight
the U.S. »uclear laboratories searched for

It is not our purpose in this report to dwell on the complex
political a»d institutional considerations required for protection of
fissIo»able materials on a»atio»al or international scale. Instead, we
essay in Chapter Vl to perform an independent evaluation of some
technical aspects of' nuclear safeguards and of possible contributions
of selected technological approaches toward protection of fissionable
materials. As the context in which such technology would be used has
a great deal to do with its practicality, we review below some salient
features of the history of weapon and critical material contro1 as a
prel ude to discussion of the possi ble role of technology.
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"fABLE 3D-1. Critical mass of uranium vs enrichment: Sphere, 19 g/cm3, 15 cm
natural uranium reflector (Taylor, 1975).

F nr i chmen t. {% .5U) Crit, ical Mass of Core (kg) Content- (kg)

100
80
60
40
20
10

-250
-1300

17
22

50
-130

various technical means to "control" a nuclear explosion. For
uranium, dilution of U, "isotopic denaturing", with 38U can serve
as a means of protection because isotopic separation capability is
required to obtain weapons-grade material. The critical mass of 5U

as a function of concentration is shown in Table 3D-1 for natural
uranium used as a "tamper" to reflect neutrons back into the core.
One should note that below 20% enrichment, the critical mass rises
prohibiti vely. This is the basis for one technical strategy for
protection of fissile U, or, with some~hat different dilution factors,
for 3U as well, The means for isotope separation presently used are
based on slight differences in the mechanical motions of different
mass isotopes, e.g. , slightly different diffusion rates of gaseous isotopes
through porous barriers. To achieve significant mass flow needed for
separation from natural uranium, an advanced technology is involved
with large capital expenditures and power requirements. So long as
efficient small-scale isotope separation methods remain unavailable,
isotopic denaturing of fissile uranium isotopes can be an important
tactic for protection.

It was hoped initially that the 3 Pu used for weapons could also
be "denatured" through the addition of Pu in appropriate
quantities. Although 24oPu is not fissile by thermal neutrons, it has a
fairly large fission cross-section at high energies; unlike 2 3U, " Pu
has a finite bare critical mass of' about 50kg. Therefore, this is not
dilution in the same sense that U, with its very high fission
thr eshold and large absorption cross-section, dilutes U. The general
principle of spherical implosion bombs is the compression of a less
than critical mass to a denser, and therefore more than critica1 one.
There is, at some point along the compression, an optimal time to
initiate the chain reaction in order to maximize the yield. " Pu is a
spontaneous neutron emitter at a rate of about 1000 neutrons per
second per gram. The higher th'e concentration of oPu, the greater
the probability that less than optimal initiation (preinitiation) will
occur, limiting the weapon yield and making it rather unpredictable.
It is for this reason that the distinction is often made between
"weapons-grade" and "reactor-grade" plutonium, Tables 3D-2 and
30-3 list the critical mass of plutonium nsetal spheres as a function of
the concentration of various plutonium isotopes. This should be
compared with the isotopic concentiations predicted for reactor
plutonium in the GFSMO, as listed in Table 3D-4. lt can be seen that
the critical mass of plutonium does not depend strongly on isotopic
composition over the range of mixes likely to occur in the fuel cycle.

Further work o» the proble»i of prei»itiatio» induced by " Pu
showed that »sore sophisticated designs could reduce the difficulties.
Othei possibilities were investigated to seek either a pluto»ium isotope
that could pievent the chain reactio» froni occurring, or one that
wotild guaiantee predeto»ation at very low "fizzle" yields. After n&any
yeai's of work, such efforts are genera1Iy coiiceded to have been
unsuccessftil. (ll&T, 1975} No new diluent for plutoniuns has been
discovered that cannot be separated by conventional, albeit sometimes
risky and/or expensive, chemical procedures. Indeed, even plutonium
oxide can be used directly for a nuclear explosive, with a critical mass
of about 50kg with tamper, (Willrich and Taylor, 1974), compared to
less than 10kg for pure plutonium metal.

Indeed, what the -U.S, experts accomplished at so much cost and
effort during World War II has now been repeated by expert design
teams in other countries. Some have even gone to the effort of
obtaining or producing the necessary materials and testing weapons to
prove out their designs -- the USSR in 1949, the UK in 1953, France
in 1960, China in 1964, and, after a long hiatus, India in 1974. The
case of India is a particularly troubling one, in that the necessary
plutonium was obtained by chemical separation of fuel irradiated in a
research reactor originally obtained to explore the peaceful uses of
atomic energy. However, it has also been argued that France did not
set out solely to develop a weapons program (Scheinmann, 1965); their
commercial nuclear research and development program provided them
with an important technological and personnel base. This base already
exists in many other countries.

It is important to distinguish caref ully between the weapon-
making capabilility of subnational groups and states. A government
wishing to embark on a nuclear weapons program can devote the
resources necessary to produce the required material, either by
constructing the large and expensive isotopic separation facilities or by
the less expensive route of constructing a production reactor and the
associated reprocessing facilities to produce weapons-grade plutonium.
Neither route is likely to be-within the means of a sub-national group,
especially since they would have to operate clandestinely.

Widespread commercial use of plutonium, on the other hand,
wo Uld create a new situation because of the large amounts of
plutonium that would be involved. The concerns most frequently
expressed center on (1) diversion of plutonium in shipment or from a

TABLE 3D-2. Critical Mass Data (Paxton, 1975). Plutonium (1975). Plutonium Metal
(6 Phase) Spheres.

Cr~t~cal Neutron PU-239 PU —240 PU-241 Pu-242 "Other" Calculated
Mass

(tcg)

Reflector
(Tamper ) (%) (%) (%) {%)

or
Measur ed

16, 85
18.8

19.68
23. 02
25. 83

bare
-bar e

bare
bare
bare

75

65. 4

46. 3

39.7

23. 3

21.6

19.2

0.3

15.1

13.9
16.0

26. 2

1% Ga

1% Ga

1% Ga

1% Ga

1% Ga

M

M

C

C

C
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TABLE 30-3. Critical mass of plutonium vs isotopic composition {Taylor, 1975).

Volume Fraction of
240P„+ 242Pu

Cr i-t, ical Mass of
o-phase 2 ~pu in2&9

a Thick 0 Ref l ec tor (kg)
Total Pu

(:rit ical Mass (kg)

4. 5

5. 0

5 ~ 6

6. 7

50 4. 8

con~mercial separations facility by either national or subnational
groups, or (2) covert or overt utilization of a commercial separations
facility located within the territory of a nat. ion which wa»ts to move
quickly to nuclear weapons status. A range of safeguards n&ethods
have been proposed to deal with such situations. We have already
discussed the lin)itations of isotopic denaturing of plutonium.
Reactor-grade plutonium, particularly if de»atured with traces of high
neutron emissio» rate isotopes, »sight be difficult for terrorist or other
sub»atio»al groups to ha»die or separate. 1'hese problenis are not
much of a deterrent to a state, wh!ch has much greater resources at its
disposal. It is ofte» argued that a sub»atio»al group does not need a
high-i ield weapo». But this is to sonic exte»t true for a state,
pf.ovided that the yield is»ot belov t.he t.hreshold of external
detection; the demonstrated c &pabI I ity to design and construct a
nuclear weapon is sufficient. to elevate a state (e.g., Indi; &) t.o nuclear-
weapons status.

In spite of classif ication of weapons technology and design
concepts, information gradually has become available not only to
groups of experts in various countries but also to individual members
of the public. As we review in more detail in Chapter VI of this
report, the design principles for fission explosives are distributed quite
widely in the open literature. A good example is provided by the
Encyclopedia Americana article by John S. Foster, who is a we11
known expert on nuclear weapon technology and formerly the
Director of one 'of the AEC's weapons development laboratories. His
article presents a broad view of the nature of the nuclear explosion
and requirements for its initiation. In addition, skilled people can use
other information now in the public domain that was originally
classified, concerning the measured and critical masses of. various
fissionable materials with several types of neutron reflectors, as well
as the properties of explosives and other materials used in fission
weapons.

A wide range of information is pub)ished in technical literature
concerning the chemistry and metallurgy of plutonium and uranium.
Of the two metals, uranium is the easier to handle by far, with respect

to both radiological hazards and practical concerns like combustibility;
given isotopic enrichment capability, uranium would offer the
simplest and most straightforward route to a weapon. However, the
procedures for handling plutoniun~ metal also are well described. The
required chemical and metallurgical apparatus for small scale
operation also is available on the open market for those willing to
practice in its use and subject themselves to some radiological hazards.
In addition to the chemistry and»metallurgy, details of the Purex
process a»d even flow sheets of separation plants are public
informatio» readily obtai»able. Of course such a design group would
lack the advanced mathematical and experimental tools a»d data
needed fof sophisticated weapon designs. Many months of study and
practice no doubt would be required. Nevertheless, based on the wide
range of i»for»iation a»d equipme»t available, a determined and
i»telligent group probably could create a credible fission weapon if
they could gain access to 10 kilogranss or so of plutonium or highly
enriched uranium. The role of safeguards is to prevent or inhibit such
access by either national groups or groups of individuals.

D2. Physi ca( Securi fy Measures and Techni ca! Measures for
Safeguards

Proposed safeguards systems consist of both co»ve»tional physical
security»measures and tech»ical measures whose aim is to prevent
nsisuse of the fissile materials prese»t in the»uclear fuel cycle.
Physical securits barf iers are irate»ded to co»tai» fissile »material in
authorized cha»»els «»d ge»eralls co»sist nf standard»measures, such
as guard forces, which»iight be ifsed i» the protectio» of any valuable
and/or potentially dangerous commodity. The level of
implementation and theref ore the cost required for adequate
protection remains to be set, by the Nuclear Regulatory Commission.
Presumably, the GESMO Safeguards Supplement will help resolve such
questions.

Technical saf eguards refer to measures designed to account
accurately for fissile material or to modify the fissile material so as to
hinder its misuse. In Chapter VI, we provide an evaluation of some

TABLE 30-4. Calculated fuel cycle plutonium coxnposition (NUHEG-0002, 1976).

Pu Recovered
From Spent 0
Fuel

Pu AFter
One 4-year
Recycle

Pu Af ter
Two 4-year
Recycles

Pu Recycl e
Model BMR

238pu

'-"P u

240p u

241p u

242p

Puf

1,9

24. 7

11.0
4. 4

68. 9

3, 46
38. 2

29. 4

17.2

11 7

55. 4

4.87
29. 4

33.5

17.4

14 ' 9
46. 8

3.4

41. 7

29 ' 2

15.2

10.4

57. 0

Pu — - Pu + Puf'
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proposed technical saf eguards measu res. Accountabi 1 ity obviously
directly complements the conventional physical security safeguards; we
will examine real-time accountability systems in considerable detail.
Some perspective can be gained on requirements for accountability
systems by comparing the amount of plutonium produced from
reprocessing versus a critical mass needed for a plutonium weapon. A
typical 1500 Mg/yr reprocessing p1ant produces about 30 kg of fissile
plutonium per day. Comparison with Tables 3D-2 and 3D-3 shows
this to be equivalent to two to five critical weapon masses depending
on whether or not an efficient tamper is used. We consider in
Chapter VI the potential contribution of real-time nondestructive
assay methods for improving accountability.

Modification of the fuel form centers upon "spiking" or
denaturing the fue1. Spiking refers to placing in or near the fuel
materials which would make unauthorized access to the fuel
dangerous; for example, intense gamma ray sources, such as Co, have
been proposed. Denaturing would degrade the value of nuclear fuels
for use in a nuclear explosive. As already noted in section I31,
incorporation of neutron emitters might limit crudely designed
implosion weapons to low-yields. The fact that different elements can
be separated chemically has led to emphasis on isotopic denaturing,
meaning denaturing with isotopes of the fissile material under
consideration. We discussed that the most abundant isotope of
uranium, "U, serves to denature U; in fact 10 CFR 73 based on
data such as given in the critical mass table (Table 3D-1), defines
uraniuni with 20% U or greater as 'special nuclear »material'. As
discussed in the preceeding subsection, the situation for plutonium
unfortu»ately is different. While only - Pu and 'Pu are thermally
fissile, all plutonium isotopes are fissio»able i» the fast »eutro»
spectrum of a nuclear explosive device. Consideration of plutonium
isotopic denaturi»g has focused upon the»cut. ron backgrou»d, which
is fairly large for plutonium produced in high burn-up con&mercial
»uclear fuel a»d which could be further increased with the addition of
other isotopes such as ~ Cf. Such approaches ai e exa»&i»ed in
Cha pte~ V I.

l»ler»ation;jl safeguards considerations, especially i eduction of the
da»gers associated v ith»uclear weapo»s proliferatio», «ie havi»g
sigi&ifica»t iiiipact. o» do»lestic fuel cycle policy. O»e approach for
reduci»g ihe possible impact of co»&i»erci;&I »ucle &r activities upon
proliferation is that offered by isotopically denatured fuel cycles. In
particular, considerable attention has focused recently upon avoiding
or at least limiting the "plutonium economy" by employing the

U/Th cycle with denatured uranium. The main idea is to supply
only isotopically denatured fuel to "national" reactors, with a11

plutonium-related activities restricted to "internationally controlled"
fuel cycle centers, We provide a partial evaluation of a wide range of
potential denatured fuel cycles, including the present 2 U/ U cycle,
in Chapters VI and VIII, together with some of the technical
information needed for evaluating some of the benefits and debits of
such proposals.

E. Nuclear Fuel Cycle - Organizational and Institutional Structure

On October j.l, 1974 President Ford signed into 1aw the Energy
Reorganization Act of 1974, which abolished the Atomic Energy
Commission and created two new agencies: the Energy Research and
Development Administration (ERDA) and the Nuclear Regulatory
Commission (NRC). The main purpose of the Act was to bring
together in one agency, ERDA, federal activities relating to research
and development of the various sources of energy, and to increase the
eff iciency and reliabili ty of the use of energy. It was also an
important purpose of the Act to separate the nuclear licensing and
regulatory functions of the former AEC from the other nuclear power
and development functions which were assigned to ERDA. ERDA's
mandate in energy was broadened to include strong emphasis on all
energy forms, as opposed to specializing on nuclear areas,

aspects of the fuel cycle have a major bearing on the efficacy of its
options and alternatives. W'e will briefly outline here the defined
responsibility of each of the individual organizations, and then in
Chapter IX of the report we will focus on their interactions and
problems related to these interfaces.

El. Energy Research and Development Agency (ERDA)

ERDA is headed by an Administrator appointed by the President
with the advice and consent of the Se»ate. Under the respo»sibilities
of the Administrator the general functions of ERDA are spelled out
as fo 1 lows:

--Existing central responsibility for policy planning, coordination,
support a»d n~a»agement of research «»d developme»t. progra»&s for
all energy sources, i»eluding assess»ient of «nd policy pla»ning for
long-range energy research a»d develop»ie»t needs.

--Co»ducti»g a»d encouraging research a»d developnie»t of
extraction, conversion, storage, transmission a»d utiliz;etio» phases of
all e»ergy sources.

--Supporting a»d co»ducti»g enviro»me»tal bio»medical, physical,
«»d safety research related to the develop»ie»t of energy sources a»d
t he i r ut i 1 i za tio».

--Coord i»at i ng wi th othe' public «»d private 1&8cD «cti vi ties.

--Developi»g, collecting, distributi»g a»d disse»ii»atit~g scientific
and technical information on energy manufacture, development,
extraction, conversion, transmission and utilization.

--Encouraging and conducting R8cD in clean and renewable
energy sources and on energy conservation.

--Encouraging and participating in international cooperation in
energy and en vi ron mental R8cD.

--Increasing the supply of manpower for energy R&D through
assistance to education and training programs.

The 1974 Act established six areas of responsibility, each headed
by an Assistant Administrator. One of these is the office of the
Assistant Administrator for Nuclear Energy. Within the office is the
Division of Waste IVlanagement, Production and Reprocessing with
which we will be especially concerned in this study; it is this
organization that is responsible for ERDA's programs on the uranium
supply and enrichment as well as on improved reprocessing and waste
management technologies for the back half of the fuel cycle. The
responsibility of ERDA is to bring fuel cycle technology to a level
that 'can be transferred to private industry, should that decision be
made with regard to a particular portion of the fuel cycle. W' e
consider ERDA's waste management technology program in detail in
Chapter VII of this report.

E2. Nuclear Regulatory Commi ssion

In Title II of the Act the duties an(1 organization of the Nuclear
Regulatory Com m ission are described. Five comm issioners give
direction to the organization and are selected by the President with the
advice and co»sent of the Senate. The Chairman is designated by the
President and acts as the Chief Executive and Administrative Officer.
A Director of Regulation is appointed to serve as a coordinator of the
functions of the three main offices of the Commission which are
descri bed as follows.

li The Off ice of NucI ear Reactor Regulation has the
respo»sibility of licensing and regulating all facilities and niaterials
within nuclear power plants. It also reviews safety and safeguards of'

such facilities including monitoring and testing. It may recommend
changes in systems for safety purposes as well as research necessary
for the discharge of the 5RC's duties.

In addition to these two principal agencies, several other
organizations of the federal government have responsibilities with
respect to the fuel cycle; along with them the various states and the
International Atomic Energy Agency (IAEA) also p1ay important
roles, Finally, the focus of economic concern is on utilities and
private industry. It is important that the reader understand the roles
of each organization and how they interact, since the institutional

2. The Office of Nuclear Materials Safety and Safeguards has the
responsibility for lice»sing a»d regulation involvi»g all facilit. ies and
»iatetials handli»g outside nuclear reactors. 'I his involves primarily
processi ng, transport. ha»dl i ng of » uclear n~ materials and i»cl udes
provisio»s for safeguards against threats, thefts, a»d sabotage of such
licensed facilities a»d»materials. Licensing and regulatio» of waste
ma»age»sent also fall u»der this office's respo»sibility. lt also has
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safety and safeguards review respo»sibilities like those described for
the Office of Nuclear Reactor Regulation.

3. The Office of Nuclear Regulatory Research is to engage in, or
contract for, research which the Commission deems necessary for the
performance of its licensing and regulatory functions. It is also

.directed to develop reconimendations for research deemed necessary
for the Com ns ission.

Thus the N uclear Regulatory Coni mission has responsibilities
under the Act for regulati»g all parts of the nuclear fuel cycle. Under
the Energy Reorganization Act, the NRC was given licensing
respo»sibility for long-teii» storage and disposal of future high-level
radioactive wastes arising froni commercial operations. In addition,
the National Enviro»me»tal Policy Act (NEPA) provides the NRC the
opporti&nity to review the enviro»me»tal i»impacts associated with fuel
cycle developments or facilities for which an environr»ental impact
statement, has been filed.

When the NRC was created, the regulatory basis for power
reactors was al ready i n ex istence. The N RC assumed the
responsi bil i ty f'or developing si m i lar regulations for corn mercia1
utilization of pluto»ium a»d for high-level waste management. In the
preparation a»d evaluatioii of the Generic Environmental Statement
on Mixed Oxide Fuels {Gf-:SMO3, the NRC is charged with considering
a broad range of health, safety, and e»vironn&ental problems involved
with reprocessing a»d plutonium use in I WRs, including the matter of
safeguards that would be appropriate to the protection of the
plutoniui» for wide-spread use. This review was expected to result in
a ruling by the Commission so»~eti»ie i» the latter part. of 1977. If
the decision is for recycle, perforn&ance goals and i'egulations,
standards a»d guides for the tra»sport and safeguarding of plutonium
will be required. If the decision is agai»st it, then plutoniuni issues
will becoi»e i»oot for the tinge being, i»d attention will focus on the '

nba»agenient of spe»t reactor fuel--either on an interim basis or as a
»uclear waste.

Recognizing that priorities need to be clearly assigried to i»eet the
growing need for defi»itio» of waste»management goals, the
Co»ii»issio» has moved to establish w;iste manageme»t as a high-
priority eff ort, a»d kas i»ade the conii»it»rent lo develop waste
1»a»age l11e» t pel foi »la»ce goals, specif ic regula tio»s, standards and
guides foi;i licensed high-level waste»ia»age»ie»t facility. The
i»a»;ige»ie»t. of low-level «rid transur;inic waste is also u»dergoi»g
exte»si ve I'eview by tfle N RC.

E3. Envi ronment al Prot ecti on Agency {'EPA)

A jurisdiction in the field of radiation protection standards was
established by the Federal Reorganizatior~ Plan of 1970. It transferred
to EPA the authority to advise the President on all radiation matters
affecting public health. In addition, EPA was given a broad genera1
mandate to insure the protection of public health from hazardous
materials in the environment. This, as well as the opportunity to
review environmental impact statements as defined under the National
Environmental Policy Act, gives EPA considerable authority to review
in detail the radiation protection and other environmental aspects of
projects proposed by ERDA or industry, or NRC licensing proposals.
In practice, the jurisdictional relationship between EPA and the NRC
has been defined such that the EPA kas broad authority for setting
standards for acceptable total radiation levels and ambient standards
for the environment; the Nuclear Regulatory Commission has the
responsibility for radiation eniission standards for each particular
facility of the nuclear fuel cycle. As indicated above, problems at this
interface will be addressed in Chapter IX.

EPA's program thus has the following basic parts: (1} establishing
the underlying principles for the evaluation and setting of general
radiation standards to protect the public; (2) assessing health effects
from such radiation; {3)evaluating the economics of risk reduction in
order to advise the President. and other agencies with regard to
rad i ation standards.

EPA's role recently has been apparent from its advocacy of tighter
general e»vironmental standards for several specific effluents from
the nuclear cycle. It has proposed» e w general en vi ron mental
standards, in particular for " Kr, and ' I. These guidelines are now
being discussed in other parts of the executive branch. It is

anticipated that the final ruling on these guidelines will be provided
by EPA soi»ctime in 1.9/8-as part of fin~1 general ambient standards
for the e»tire nuclear fuel cycle, including guidelines for high-level
waste disposal.

F4. Counci I on Environmental Quali ty (CEQ)

The Cou»cil on Vnviro»i»ental Q&iality acts as a clearing house
withi» the f":xecul;ive Office of the President on all i»atters related to
the e»viro»»le»t. Its»iost i»&porta»t fu»ction concerns the review
a»d iecoi»»&e»datio» to the Preside»t on tke «dequacy and
i»iplicatio»» of;ill e»viro»n&e»tal i»&pact state»le»ts prepared by the
fedei;i1 age»cies. As a» evai»pie, when El&DA pi'epai es an
f..»viro»»&e»l;il In)pact. Slate»le»t co»cer»ing a federal waste
repository, it v ill be reviewed by the NRC and hy EPA as well as
other age»cies. The co»»»e»ts of these age»cies as well 'ls co»l»lents
bi i»e»ibers of the public v ill be co»sidered by F:.RDA in issui»g the
fi»al draft of the Statei»e»t. 'I'his draft. a»d ill of the coi»»mentary is
then considered by the Council on Economic Quality in making its
recommendation to the President on approval or disapproval of the
impact statement in question. The Council already has had a major
impact on preparation of documentation in this field through its
review of the original GESMO draft. By returning that document to
the NRC for further analysis, the CEQ in effect called for a much
broader treatment of' environmental matters and set the tone for all
subsequent treatnient of such matters by the agencies.

E5. The States

State governments historically have exercised the first controls
over radiation and radioactive materials. States were originally
concerned largely with the registration of X-ray machines and radium
sources, and in some cases the licensing of' X-ray technicians. In the
1950's some State governments entered into agreements with the
Atomic Fnergy Commission to take over the regulation of possession
of small amounts of radio isotopes and of the disposal of low-level
nuclear waste materials other than those classif ied as transuranic
wastes. These are the so-ca11ed "Agreement States, " which numbered
24 by the end of 1972 and had regulatory responsibility for about
8 500 licenses to regulate various kinds of nuclear materials. In
addition, there are five waste burial facilities on State land which are
licensed by State regulatory agencies.

In the last few years states have become more active in nuclear
pol. icy areas, especially with regard to waste management. New York
a»d ICentucky have taken the initiative wIth regard to locations for the
deposition of transuranic waste in their states. It is well known that
the State government of Kansas played an important role in the
rejection of the proposed 1 yons, Kansas, waste facility which had been
co»sidered by ERDA for the deposit. of high-level nuclear waste. In
other states, Michigan as one example, the Governor has reserved for
himself a role i» decisions to locate any nuclear waste facility in State
territory. The states certainly look to the federal government for
developi»ent, consistent, iniplementation, and regiilation of the nuclear
waste practices, but »evertheless wish to play a» iinportant role in the
si te selection for any futu re waste facili ties.

F6. International Organizations

Decisions taken by intel'natio»al orga»izatio»s «»d foreig» atomic
energy age»cies h ive a direct i»flue»ce on do»&estic policies and
aetio»s. Withi» the Organizatio» of Econoi»ic Cooperatio» a»d
Developnient, Of=..CD, there are tv o age»cies with»»clear i»terests a»d
respo»sibility, the Nucleai I'. »ergy Agency, NI=A, a»d the l»hei»atio»al
V»ergy Age»cy, If-'. A. I'I&e other i»ajoi' I-uropea»»uclear oiganizatio»
is the I»tei»agio»&I Atoi»ic f='»ergy Age»cy, fAI-;A. I» the case of
Nl-.:.A, If-.'A, a»d IAI-. A, the U»ited States is;& participati»g i»e»aber,
and thei'efoi e held to certain decisions i»ade by these agencies.

a. Nuclear Ener gy Ag ency {NEA)

The NEA is primarily a coordinating agency, and is responsible
neither for policy formation nor direct research. Its job is to facilitate
agreements and cooperation between countries, to collect data and
perform surveys, a»d to arrange joint programs. Its charge is
specifically nuclear. NEA has studies on the international demand for
reprocessing of plutonium, on fast breeder reactor development, on
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waste management, and on saFety and regulations, as well as other
areas. The agency has attempted tn stay out of areas which are too
heavily politicized, and to operate primarily on a tectinical level.
With the U.S. recently joining the NEA, even more cooperation on
waste management is expected. It is hoped that cooperative
international programs on waste ma»agement will be developed
further. Because countries have been reluctant to consider handling
foreign-generated wastes, NEA envisions that each country will have
its own natio»al program in waste management, at all levels, low,
medium and high. The desire of the NEA, however, is to foster
cooperative agreements on finding one or two best sites, either within
or outside of Europe.

b. International Energy Agency (JEA)

Unlike the NEA, the IEA is primarily a poIicy coordination
agency, originally fol»1ed originally to coordinate OECD policy on
fossil fuels and conservation in response to tt&e 1973 OPEC oil
embargo. It has since expanded its role to include some aspects of
nuclear energy policy, particrrlarly with regard to surveying R A, 0
efforts in member states. T' he IEA also has a cooperative program
concerning nuclear safety with which the U, S. is involved as a
member.

c. International Atomic Energy Agency (IAEA)

For a number of years the IAEA has been the principal
internatio»al coordinating agency for the nuclear power field. It has a
wide span of activities ranging frons inforniation services through
coordi»atio» of different national progranss to facility i»spectiols and
safeguards verification. Of particular in~portance to this report is the
IAEA role in the reprocessi»g and waste nba»ageruent aspects of the
fuel cycle.

The IAEA was established iri Vien»a in 1957, largely as a
consequence of U.S. i»itiatives under the Ator~ls fol Peace plan i» the
early 1950's. I'he ilge»cy is part. of the U»ited Nations syste»&, a»d
prese»tly t&as a neer»bership of over 100 riatio»s. Urider its statutes,
the agency is charged boih with pro»emotion of the peaceful uses of
r&@clear technology a»d witt& - the resporisibility to e»silre that tI&e

tech»ic;ll lssistarrce provided is»ot «sed in ariy wa) to further
nsilittary pill poses. Suet& issues. «s techriology tra»sfel, rlilclear waste
disposal, a»d s lfeguards f ill under its aegis as a coordiriating,
inspecting, and verifying agency. The first set of agency safeguards, in
1964, was largely limited to control of items provided by the IAEA in
its nuclear assistance role, a»d to voluntary arrangements. The
safeguards role of the agency was expanded greatly with the advent of
the Treaty on the Non-Proliferation of Nuclear Weapons (NPT) in
1970. Under this treaty, the TAEA has the special responsibility of
providing safeguards to ensure that non-nuclear weapons states party
to the treaty do not enter into nuclear explosive programs. In general,
IAEA safeguards concentrate on verification of national programs,
through the vehicle of an international i nspectorate, a»d on the
regulation and registry of transfer of nuclear materials. In exchange
for acceding to the treaty, non-»uclear weaporls states insisted on an
even larger role for the IAFA in piomoting the transfer of nuclear
technology a»d equipment for peacef ul uses of atomic energy.

A number of countries now have plans to proceed with nuclear
power generation programs at an accelerated pace. These countries
will also have to decide at an early stage of their program what should
be done with the spent fuel from the power reactors; that is, whether
to reprocess the fuel and, if so, how to manage that process. Thus, the
same issues that coricerri the U.S. are being raised around the world
with regard to the back-end of the fuel cycle. If a decision is made in
a particular situation to store the spent fuel, long-term storage must
be carried out under specific arrangements between the country
contractirrg to supply reactor facilities and the country it~ which the
reactors a»d the fuel will be located. However, if their desire is to
recycle the fuel, then arrangements must be. considered that will allow
all the countries involved to realize their natiorial goals in a way
consistent with adequate safeguards for the materials.

The IAEA recently examined whether the best way to solve this
complex of in terr'elated probl e»~s m ight be th rough in te r»ational
cooperatio» on a regio»al basis, in order to coordinate effectively the
devetopnient and regulation of all steps of the fuel cycle. The
advantages were stated to be not only economic benefits from large

regional centers, but also i»&proved manpower utilization, more
eff icier& t tech riot ogi cat operations,

tagore

reliable w;iste management
and disposal, better secill ity of inateriats, arid more effective
international safeguards to be applied to pttrto»iu»& separation and
stol.age f;lcilties. However, others (Chayes a»d I ewis, 1977) in the
field h;lve been n&or'e skeptical of the effectiveriess of i»ter rl:ltio»al
co»trot procedules;l»d i»telriatio»at safeguard». Views vary widely,
rangirig froni those who;»e opii»listic on the v;llile a»d effectiveness
of legiorl;lI celiters to t.hose wt&o feel that, silch ce»ters»lay actual!y
pro»sole the v idesprcad use of pluto» iilm, thel eby pl oniot irig the vel y
prot if erat i ori ot » irclea l i~ capo»s they are i» terided to cori trol.

Special tiiet cyc:tes ir~terided to tirlEit we;lpo»s ploliferatio» will be
ex;»»i»ed i» Chapter Vtlt of this report. I'he rote of i»tel rl;ltiorlal
orgariizatior~s «rid i»siittitio»s has beers»ewly e»&ph;lsized, however, by
the Ford «drnii~istration's October pronouncement concerning its new
nuclear fuel cycle policy. Af ter many months of study, the
ad n& i n istration concluded that fuel reprocess ing and recycl ing of
pl utoni um should not proceed unless there was sound reason to
conclude that the world community can effectively overcome the
associated risks of proliferation. The prese»t administration is
following a similar corrrse. This policy, and the international
negotiations it supports, attempt to harmonize specific U.S. nuclear
policies with n~uch broader foreign policy consideratio»s with major,
albeit urrcertain, implications for long-range U.S. domestic energy
policy.

ET. Utili ti es and Private Industry

One of the cardi»at tenets of U.S. domestic nuclear policy since
the early 1950's is promoting involve»sent and leadership of U.S.
private industry in the»uclear power field. in the case of LWI&s,
technology transfer to private industry was essentially complete . The
nuclear portion, of an L.WR power station is manufactured by one of
four private U.S. vendors, each of which has been in business since the
early days of nuclear power and carries out its own extensive R8cD
program. The power plants themselves are owned and operated by
utilities which ale responsible, as licensees, for safe design,
construction and operation. The NRC's responsibility is that of
regulator to ensirre tt&at the licensee a»d his contractors take all the
necessary steps to protect the health and safety of the public.

In the front (fuel supply) e»d of the fuel cycle, mini»g' and
milling operatio»s as well as fabrication of oxide fuel pellets and fuel
rod assemblies «re all cal ried out by private industry under NRC
regulation. In the U.S., eririchtnent has always been performed at
government facilities. The future of recent proposals to encoilrage the
entry of private industry i»to enrich»&ent in the U.S. is u»cei tain.

For the back e»d of' the fuel cycle, both ind&rstry and govern»&ent
have assir»red until recently that the san&e approaches to private entry
would apply as t&ad beers' the c lse for power reactors. I»fornication on
filet reprocessi»g was declassified in the 1950's, arid a private
cornipaIiy, Nilcte'lr Fuel Services, blritt. «»d operated the first U S.
co»&merciit reprocessi»g pla»t-i» New York State in the cally 1960's.
Gerlerat I-.'lectric co»stl«cted a plant. at Mori. is, Itli»ois that was never
oper ated owi»g to desigri probter»s with a renew process. A larger
l apl ocessl»g pl'lilt with ildv'l»ced Pl» ex techrlology was co»sir'ucted ill
ttle e'»'ly 1970 s «t Bar'Ilwell, S.C., by '1 collsol

ilier»1

of Allied Che»lical
;l»d Giltf Qe»erat Ato~»ic. Other private plarits are o» the drawi»g
ho, lrds. K. ey portio»» of the tahar»wetl plaint. «re cols&pteied, a»d ttie
decisiori «s to whether to corliptcte «r&d oper lie it is the»lost
i»lrs&edi;rate pl;retie;ll »&atter i»volved i» tlute over;ill replocessirig debate.

I tie Irrl porta»ce of pi'eplrr l»g adequa Le e» vl I oil rllerl tat l rllpact
statements under NEPA, as well as the role of Federal environmental
agencies in their review, are well known to private industry.
Nevertheless, there was still considerable shock at the course of events
in which the original GESMO draft, was rejected by CEQ and the
Bar»well plant operating license approval held up by the NRC. The
nuclear industry had not anticipated the extent of the broad public
fuel cycle debate and the larger issues of safeguards, weapon
proliferation and waste management which have been raised.

Spokesmen for private nuclear industry have generally stated that,
in their view, further developm'ent of the nuclear fuel cycle is impeded
by the lack of consistent industry-governmental relationships and the
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lack of a firm and reliable regulatory basis. As we have already noted,
the Nuclear Regulatory Commission has been concerned with the
widespread utilization of plutonium for some time, but it will be well
into 1977 before a ruling can be given. Even if that ruling permits
plutonium recycle, more time will be required to work out the specific
regulations that will have to be followed with regard to packaging of
the separated plutonium, saf eguards, procedures, requirements for
transportation, and requirements and approved technologies for waste
disposal.

Because of the difficulties manifest in the private sector's role in
the heavily regulated fuel cycle, it has sometimes been suggested that

all parts of it in which plutonium or enriched uranium, are handled
should be under d i rect govern mental control and operation.
Presumably this would include enrichment, reprocessing and mixed
oxide fabrication. Others still advocate a strong role for private
industry in fuel cycle supply and reprocessing-fabrication functions
once the regulatory requirements and constraints are clarified. The
choice of inst', tutional relationships can have a significant effect on
the way technology is developed and on the manner i n which
i11l pl oved technology is introduced. Following our discussion of the
status of fuel cycle technology, we will seek in Chapter IX to point out
where the present relationships have a positive or negative influence
in working toward safe and effective practice.
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CHAn. ER IV. L%R Fuel Cycle
Reyrocessiag

Technology And Economies Of
And Recycle

A. Issues, Conclusions and Recommendations

Al. Issues

This chapter discusses and evaluates the technology and economics
of fuel cycles, that would utilize reprocessing. It begins with an
examination of the chemical treatment of spent fuel, especially the
Purex process and its immediate derivatives, to recover either uranium
alone or uranium and plutoniun& for further use as nuclear fuel.
Conversion of uranium and plutonium into oxides and the
refabrication of these oxides into mixed-oxide fuel elements are also
considered. All saf eguards issues are relegated to Chapter VI.

The individual steps of reprocessing and refabrication of uranium
and plutonium have been practiced for many years. W'e ask are they
now well understood? All have been implemented at the pilot-plant
level, and many have been incorporated in full™scale plants. Does a
sound basis now exist for the design of commercial reprocessing
plants? No commercial reprocessing plant has yet operated in the U.S.
at design capacity; in fact, no commercial. reprocessing plants are
operating in the U.S. today. Three have been built, of which one has
operated for a time at reduced capacity and with some problems. A
second has never operated because design deficiencies were uncovered
during cold testing. Another plant stands ready to begin operation as
soon as equipment can be added for the conversion of plutonium
nitrate solution to plutonium oxide and for the soldification of the
fission product waste stream. Thus, what can we say about &he very
important subject of operational reliability at industrial scale?

The reprocessing of spent fuels from reactors using thorium and
fuels from breeder reactors is known to present some special problems.
We ask &hat is the present status? Although the cheniistry of the
individual primary compounds is well known and the separation steps
are understood, there is little if any operating experience with
separation plants for such spent fuels. How adequate is experience
available on the refabrication of recycle 3U fuels, which leads to the
buildup of U and the need for additional shielding? Are further
eng i neer i ng and pi lot- plan t testi ng needed before industrial-scale
plan ts to reprocess these n&ate rial s should be bu il t?

Such issues and the technical problems associated with the
processes used for dissolving, purification, and refabrication both of
today's 1 VVR spent fuel and of possible future mixed-oxide and
breeder fuels are summatized in this chapter, Alt. hough the methods
of n&a»ufacture are tried and reliable for conventional 1 WR fuel,
several questions arise concerning modifications that may be required
to handle fuels produced when plutoniun& is recycled or when breeder
Ieactors are en&ployed. These are given special attention in the body
of the Chapter.

The overall economics of various fuel cycle options are evaluated
for both existing and proposed facilities. The evaluation includes
assessment of the sensitivity of economic estimates to uncertainties in
the cost of spent fuel reprocessing, in the future price of uranium ore,
and in other factors. The effects of delaying the implementation of
commercial reprocessing are also considered.

Because of the similarities in the chemistry and enginering of
reprocessing spent fuel from reactors using thorium and from breeder
reactors to those for LWR's, we have departed from our format of
considering only the U-Pu L%'R fuel cycle in Chapters IV, V, VI, and
VII to present a summary of the reprocessing technology for these
advanced fuel cycles here. For spent fuels containing thorium,
questions similar to those for the Purex process are addressed, as we11

as others arising from additional complications. We consider to what
extent we stand ready to practice the reprocessing and refabrication
technology for advanced cycles in comparison to the LWR cyc1e.

The enhanced difficulties in dissolving the spent fuel containing
thorium oxide, and of the greater corrosivity of the dissolvent, are
discussed. The difficulties in separating radioactive zirconium from
thorium are considered, as is the complication of large quantities of
4C from HTGR fuels. Especially, we assess whether fuel from

thorium cycles can be processed reliably using exist'. ng technology and
engineering.

In the same sense, we consider the technologies available and
proposed for reprocessing spent fuels from breeder reactors. The
important question of fuel solubility is again addressed. The effects
of the high fissile content in spent breeder fuels are evaluated,
including an assessment of greater radiation damage to the solvents in
the extraction steps potentially resulting from the higher burn-up and
fission product content of these fuels.

The viability and reliability for refabrication of MOX fuel rods is
likewise evaluated. We consider if mixtures of UO2 and Pu02 can be
niade in a way to ensure their easy solubility in nitric acid after use in
a power reactor. We ask if a refabrication plant can be operated
safely, recognizing the toxicity of air-borne plutonium oxide, the
ganima and neutron activity of refabricated mixed-oxides, and the
need to safeguard separated plutonium with great care.

I

From our considerations of the technological aspects of
- reprocessing and mixed oxide fuel refabrication, and of the associated
economics, we arrive at a number of conclusions. and
recom mendatlons.

A2. Conclusions

1. Present information on U.S., uranium ore leads to a very
uncertain supply picture for the long-term. Nevertheless, available
information on proven reserves plus potential resources indicates that
lifetime ore commitments for L8'R's through the year 2000 can be
satisfied without recycle for all but highest currently projected L8'8
growth rates.

We have considered the effect of fuel reprocessing on the uranium
resource requirements for light-mater reactors if constructed according
to a high-growth case of 600 6%(e) by the year 2000 and a low-
growth case of 300 GW(e} over the same period. Without fuel
reprocessing, proved uranium resources at $30/lb. , i.e., "r'serves", are
adequate for the cumulative consumption through 2000 for the low-
growth case but inadequate for the high-growth case. The ERDA
estimates of potential U.S. resources of uranium at a cost up to $30llb
U308 indicate suf ficient resources for the 1ifctime comm i tment for
the high-growth case only if there is recycle of spent fuel, but for the
1ow-growth case, potential resources will be adequate to fuel the
reactors without recycle. However, even with absence of recycle, the
larger potential resources of uranium available at much higher costs
could be used for the high growth case without destroying the
economic viability of nuclear power. In this iater case, while fue1
reprocessing and recycle are not required for lifetime commitments,
the higher uranium costs introduce greater economic incentive for fue1
reprocessing.

2. There are four major options for the disposition of spent fuel
elements from the light water reactor cycle. Our analysis indicates
that only b) and d) below offer suitable alternatives when both
resources and fuel cycle economics are considered.

a) "throwaway", in which spent fuel is treated as waste for
permanent disposal.

b) "stowaway", in which spent fuel is stored in a manner which
does not preclude the later recovery and utilization of its energy
content.

c) reprocessing to recover uran ium only.

d) re processing to recover both u ran i um and pl u ton ium. ,

Discharged fuel from light water reactors is an energy resource
whose long tern~ value presently cannot be determined. From both
economic and resource points of view, stowaway of spent fuel is a
reasonable alternati ve to reprocessi ng at this time. I rreversible
disposal or throwaway of a major portion of the spent fuel would be
inappropriate, at least for the next few decades pending the
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developinen] of alternative sources of energy. Similarly, we can see no
purpose at present to reprocessing and letting the plutoniun& follow
th e h ig h 1 eve I waste.

3. At this time, various uncertainties preclude an unequivocal
assessment of the possible economic benefits of various recycle
options.

3a. Sensitivity analysis of fuel cycle costs indicates that the
dominant uncertainty in evaluati ng the economic benefits is that
associ ated with the cost of spent fuel reprocessi ng; also very
important is the uncertainty in future uranium ore costs. Especially
important are uncertainties in the costs of constructing and operating
future plants, uncertainties in the means of financing these plants, and
uncertainties in the costs of required safeguards measures. With a
U308 price of $28/lb, we find an economic benef it if reprocessing
costs are less than $292/kg-HM; a U308 price of $56/lb raises this-
breakeven cost to $474/kg-HM.

3b. A reprocessing cost of 5165/kg-HM gives a 9% reduction in
fuel cycle costs and a 1% reduction in the net cost of nuclear
generated electrical energy ('a cumulative thirty-year saving of
several billion dollars). This is our reference case, in which we
assume semi-direct maintenance and median industrial financing for
the reprocessing plant, no costs for safeguards, and a U308 price of
$28/lb. Other assumptions being the same, government financing with
semi-direct maintenance leads to a reprocessing cost of $90/kg-HM
(14% fuel cycle cost reduction), while high-risk industrial financing
of a remotely maintained plant could lead to a reprocessing cost as
high as $450/k'-Hm (resulting in a net loss of ll%%uo}. Safeguards costs
will increase reprocessing costs but cannot be estimated prior to
establishment of safeguards performance criteria (see Chapter VI).
Future uranium ore costs are uncertain but are likely to increase over
the long term.

3c. Only for government financing of a reprocessing facility or
for a future era of very high uranium costs do we predict a financial
incentive for uranium recycle only. Deferred reprocessing does not
appreciably increase fuel cycle costs over that for prompt reprocessing
and js more cost effective than reprocessing for uranium recycle-only
with storage of recovered plutonium.

4. Reprocessing of spent fuel from vvater reactors has potential
technical and resource benefits that must be weighed against social
and political costs that are more difficult to quantify. The benefits
include: the acquisition of experience in industrial-scale reprocessing
which, with further development and modification, is important for
advanced fuel cycle alternatives; the production of the plutonium that
may be needed to fuel various advanced reactors; and significant
reductions in uraniuni ore requirements for water reactors if uranium
and plutonium are recycled. Separative work requiren&ents would also
be red uced.

Social and political costs arise f rom considerations such as:
efforts to prevent the proliferation of nuclear, weapons states and

requirements for domestic surveillance for physical safeguards. Public
and occupational health and safety in normal operation do not appear
to be controlling variables. (See Chapter V).

5a. An essentially complete technical base exists for industrial-
scale chemical reprocessing of spent uranium fuel elements from
light water reactors. 'I he chemistry and engineering involved are well
understood, have been tested in a variety of. plants, and are unlikely to
produce problems. The engineering of large plants is well advanced,
having gone through several evolutionary stages. Large scale
experience is needed in the chopping operation, the dissolving of
PuO2, and in the conversion of Pu(NO3)4 to Pu02.

There presently exists one industrial-scale separations facility at
Barnwell, S.C. This plant has been designed carefully and competently
to minimize operational hazards and radioactive emisions. Proof of
the reliability of some segments on a large scale has not been reached,
but wi11 very likely be obtained if this plant is operated. Such
opera'tion would test predictions of reliability and performance of an
industrial-scale facility which integrates the best currently available
technology and which depends on a carefully chosen combination of
remote and hands-on maintenance and operation.

5b. The technology of chemical reprocessing of mixed-oxide fuel
rods from light water reactors is not complete; however, the logical
extension and development of present designs shov. 'd lead to reliable
and safe technology. Although the reprocessing chemistry is
essentially unchanged from spent UO2 fuel, the presence of PuO& in
the starting fuel may make dissolution in nitric acid more difficult,
requiring control of fuel rod refabrication or the addition of fluoride
ion to the dissolvent. In addition, increases in the n-activity in the
process streams may complicate the separations chemistry. Experience
is needed to understand these aspects of MOX spent fuel reprocessing
more fully. The need to reprocess recycle fuel will not arise for many
years because of the increasing accumulation of first cycle spent fuel.
Therefore the need for this technology is less urgent.

5c. Reprocessing of spent fuel from reactors which use thorium
requires extensive engi neeri ng development for the separation of
uranium, plutonium, and thori um, from fission products and from
each other. Enhanced difficulty in the dissolution of the spent fuel
elements, requiring niore corrosive dissol vents than for UO2 fuel
elements, must be overcome. A more complicated solvent extraction
technology will be required for thorium-containing fuels.
Implementation of engineering and technology at the pilot-plant scale
is required for reprocessing fuel elements containing thorium before
advancing to full industrial-scale deployment.

5d. Reprocessing of spent fuel from breeder reactors also
requires extensive engineering development, follo~ved by experience at
the pilot-plant scale. A modified Purex process seenis pron&ising for
this purpose, but substantial modification of- the dissolution and
separation steps will be needed. The high plutonium content of the
breeder fuels necessitates additional redesign for criticality contol.
These modifications should be demonstrated before proceeding to full
industrial-scale breeder fuel reprocessing.

6. Mixed-oxide fuel fabrication for LWA's has been developed
and demonstrated at the pilot-scale level.

Commercial plants have not yet been needed on a full industrial
scale, but designs are already much advanced for this purpose. We
expect that reliable industrial-scale operation could be attained in
conjunction with fuel reprocessing when and if commercialization is
approved.

7. The technology of removing the gaseous radioactive effluents
C, ~I, and Kr is available, although it has not been

demonstrated at the plant level for C and Kr. We believe these
isotopes could be removed f'rom the critical gas streams. A technology
for removal of H has been suggested, but has not yet been proved.
The technology for safely sequestering these four effluents, once
removed, has not been completely developed.

A3. Recommendations

l. If reprocessing-refabrication is to be a major component of the
U.S. nuclear industry in the near future, we recommend that
appropriate existing reprocessing facilities be completed and operated
to gain experience with integrated technology on an industrial scale
and, further, that the corresponding refabrication facilities be built
and operated with a similar goal. We emphasize that resolution of the
issues involved in the GESMO decision and in international fuel cycle
safeguards strongly affects the timing of such operations.

2. Because of significant differences between the processing
technology needed for LWR spent fuel and that for advanced reactor
cycles, such as breeder and thorium fuel cycles, we recommend that
technology and engineering of the dissolution and separations steps
involved in the reprocessing of these later cycle fuels be advanced to a
state of readiness sufficient for future engineering scale-up (See
Chapter VI II).

3. Consistent with the recommendations in Chapter V, we
recommend that adequate technology be developed for concentration,
disposal, and isolation of the gaseous effluents 2 I, C, 8 Kr, and
eventually for 3H.

4. We endorse the philosophy followed in the design of the
Barnwell reprocessing plant that only solids and gases should leave the
plant in radioactive form. The absence of a contaminated liquid
effluent stream greatly enhances the control of radioactive wastes.
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5. We urge the prompt delineation of policies which are
prerequisite to sound assessment of the benefits of reprocessing spent
reactor fuels, especially with regard to safeguards constraints, direct
versus indirect maintenance, and policies for government or private
financing.

B. Perspective on the Technology

Spent fuel rods from today's light-water- reactors contain
plutonium, some higher actinides, and highly radioactive fission
product elements, in addition to a residue of fissile uranium. At the
present time about 2500 Mg of irradiated spent fuel are being stored;
existing reactors are discharging spent fuel at the rate of 900 Mg per
year. The uranium and plutonium in this spent fuel are potentially
valuable national energy resources. However, to be utilized they must
be separated from the fission products and from each other, the
uranium enriched, and new reactor fuel elements formed. Also, the
fission products and residuaL transuranic elements from processing
must be separated as waste and sent to permanent storage or disposal.
If this were accomplished, the need for freshly mined uranium would
be reduced.

There are many technical diff iculties associated with such
operations on a scale sufficient to support the nuclear power industry,
either at today's level or especially at the levels projected for future
years. The separations must- be performed in a chemical plant of
special and secure design; new-type fuel-rod refabrication plants must
be designed and operated; the plutonium product must be protected
very carefully from theft and sabotage; the fission products must be
put in a form suitable for handling and isolation; and secure, safe,
long-term ~aste isolation must be provided.

For our evaluation it is important to distinguish several stages of
evolution of nuclear technology toward a mature industrial-scale
process. Another important consideration is the relationship between
process maturity and the maturity of the corresponding regulatory
requirements and constraints. Early development efforts typically take
p1ace on a smail laboratory scale where a few people can examine the
prospects and problems at minimum cost with rapid response to new
ideas. Successful demonstration at laboratory scale often leads to an
initial engineering scale-up where practical concerns can be examined
but where the scale is still small enough and the approach flexible
enough to accomodate innovation. Continued success may then lead
to further scale-up to a pilot-plant demonstration, where investment
and size result in an emphasis on evaluation of practical operation
and verification of yield and cost projections. As a broader base of
experience and data are gained during scale-up, it may be necessary to
develop an enlarged or even a new regulatory methodology to deal
with the new process. While an initial regulatory basis usually exists,
the principal regulatory requiren&ents a»d constraints generally evolve
and mature along with the process itself.

Finally, a full industrial-scale denionstration may be undertaken
to co»firin the process a»d its costs prior to extensIve industrial
deploynie»t. lt. is iniportsnt to work toward reliable i»dustj ial-scale
operatio» early in the. deploy»sent, but extensive experience with
successfully demonstrated technology, i.e., a ma turity or learning
curve, is usually necessary to attain the ultimate in process yield, cost
reduction and day-in and day-out reliability. We will try to clarify
the degree of technological maturity of the processes for the various
fuel cycles in our discussion, including aspects where regulatory issues
have significant impact.

C. The Chemical Reprocessing of Spent Fuel:

Cl. The "Purex" Process for Vrani umPP/utoni um:

The Purex solvent-extraction process, still thought to be the best
and most reliable available, originated in the early fifties. A closely
related process was used at the

Hartford

Engineering Works, the
Savannah River Plant, and elsewhere for the separation of plutonium
for military use; this process was modified and extended to recover
purified uranium and isolate fission products. Although there are
small variations in the types of equipment used in some process steps
in modern plants, the chemistry of the process has not changed much
since its origin. It is now a well developed production method.

The principal steps of the process, illustrated in Fig. 1, are:

1) Cutting the zirconium-clad fuel rods into short sections so
that the contents can be dissolved in nitric acid. The chopped
cladding material ("hulls" ) remains undissolved and, after washing,
must be disposed of as a portion of the trans-uranic contaminated
(TRU) waste.

2) Dissolution of the fuel into an aqueous nitric acid solution.
/

3) Separation of uranium and plutonium nitrates from the
fission products by extracting the aqueous phase with a solution of
tributyl phosphate ("TBP"or (n-C4H9)3PO4) in a hydrocarbon solvent.
The reactions

UO+, + + 2NO, + 2TBP ~ UO, (NO, ), (TBP),

Pu+ + 4NQ3+ 2TBP W Pu (NO3)4 {TOP)2

reach an equilibrium which favors the transfer of the uranium and
plutonium ions into the light organic phase when the aqueous phase
has a high concentration of nitrate ion, as in concentrated nitric acid
solutions. Tetravalent plutonium is more easily extracted than the
trivalent state of the element. The ions of the fission products are
strongly retained in the aqueous nitric acid phase. (For details, see
Cleveia nd, 1970.)

4) Reduction of plutonium to the-trivalent state, either with a
chemical reducing agent or electrolytically, followed by reverse
extraction with nitric acid, Now, because of the change in valence, the
plutonium returns preferentially to the aqueous phase, which is easily
separated from the orga»ic phase still containing most of the ura»ium.

5) Purif ication of both uranium and plutonium nitrates by
additional solvent extraction.

6) Chemica1 conversion of Pu (NO3)4 to Pu02 and UO2 {NO3)2
to UF6.

Figures 2 and 3 give additional details about the principal steps
listed above. Other processing steps include recovery and
concentration of nitric acid from several solvent extraction and
dissolving steps, purification of the organic solvent, concentration of
the highly radioactive liquid waste before temporary storage at the
reprocessing plant, and decontamination of evolved gas streams before
they are discharged through a tall stack.

The feed material to a commercial Purex plant would be typically
a mixture of oxides containing about 96% U, 1% Pu, and 3% fission
products as obtained from LWR's in which the "burn-up" of fuel has
reached about 30 to 40 MW(t)day/kg. Such plants are ordinarily
designed to handle feed material having somewhat higher U content .

or higher Pu content from more prolonged irradiation, . although at
somewhat smaller plant capacity. They can also accommodate mixed-
oxide fuels, also at a reduced throughput.

Since it is essential in the Purex process to obtain nearly complete
separations in the many solvent extraction steps, efficient,
countercurrent extractions are required. They require extensive
interfacial areas between the phases. Moreover, to minimize radiation
damage to the solvent and to avoid problems with near-critical masses
in the units, small-volume equipment capable of high mass &ransfer
rates is very desirable. Several kinds of extrac'tors have been tried,
starting with the conventional packed column {a vertical tube filled
with irregular solid packing over which one of the liquid phases is
dispersed to obtain a large interfacial area). This kind of equipment
is used frequently for conventional chemical processing where the
requirements are less stringent. For the Purex extractions, however,
packed columns have to be very tall, complicating the design of a
plant that must be shielded and cannot use external mechanical
pumps.

An alternative extractor is the "mixer-settler", a succession of
pairs of stirrers for mixing the phases with each other and settling
vessels in which fluid motion is gentle so that the phases can separate
from each other. Here the chief disadvantage is the large volumes of
liquid which must be kept in the settler units, leading to chemical or
radiolytic changes a»d possibly to critical masses. An advantage;
however, is the ease of design for remote maintenance.
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An extractor generally preferred today is the "pulse column",
which consIsts of a vertical tobe containing horizontal perforated
plates. The light and heavy phases pass steadily through the
perforations but, in addition, the fluid n&otion is given an oscillating
component. This causes the fluid to pass up and down through the
perforations and increases the interfacia1' surface area considerably
without requiring a large liquid volume in the apparatus. Still another
unit of recent design is the centrifugal contactoI', in which phase
separation is assisted by centrifuga1 force.

Such progressive development has produced machinery in which
mass exchange between the phases and their separation from each
other is rapid, even in equipment having small volume (Bebbington,
1976). Therefore, the time of exposure of the organic fluids to
radiation leading to degradation is substantially reduced. Moreover,
remote operation is possible.

C1a. Solubility of Recycled Fuels

A frequent question raised about the reprocessing of mixed oxide
fuels centers on the solubility of the fuel rods when mixed oxides, not
UO2 alone, are used for the feed. Results and experience of 5 years
ago or longer have identified difficulties with complete dissolution of
all of the plutonium oxide contained in MOX fuel rods.

If plutonium oxide is in solid solution with uranium oxide, it is
soluble in nitric acid. In fact, evidence shows that irradiated fuel
elements are more readily so1oble than before irradiation {ORNL-
TM-3534, 1971). Tests run at Kerr-McGee showed 15% Pu-85% U
oxide fuel dissolved readily in nitric acid, but 30% Pu-70% U did not.
Homogeneity and solubility of mixed-oxide fuels manufactured from
blended powders can be enhanced by sintering in an argon-air
atmosphere at 1600 C, followed by hydrogen reduction to control
oxygen stoichiometry. Electron microprobe analysis of the sinter
shows no traces of the original Pu02 particles and indicates a uniform
distribution throughout the m ixture (IAEA, 1967). The initial
homogeneity of the fuel pellet is also an important factor in its later
sol.ubility.

If plutonium is not fully dissolved in the HNO3 process, the
dissolver must be flushed and the solids filtered out. Alternately, HF
can be added with HNO3 to increase solubility. The mixed HF/HNO3
solvent is extrt.". eely corrosive. Furthermore, the presence of fluoride
is undesirable.

It is probable that solubility difficulties can be avoided by careful
control and preparation of mixed oxide fuels. {Schiefelbein and
Lerch, 1971; Lerch, 1972) Ho~ever, the technology has not been
demonstrated on an industrial sca1e. Proper monitoring and detection
capabilities for undissolved materials must be incorporated into the
d issol ver and related downstream piping and reservoirs. Timely
corrective measures can then be taken.

C1b. Radiation Damage to Solvents in the Extraction Train

In the Purex separation process, dissolved uranium and plutonium
are pu rif ied i n sequential cycles to obtain the required
decontamination factors of 10, The concentrated plutonium is
extracted with a solution of TOP in kerosene, n-dodecane, or some
other hydrocarbon solvent. and stripped with diltt te nitric acid.

Several potential problems occur in this process. One involves the
radiolysis of TOP, yielding dibutyl phosphoric acid. I his compound
forms very stable complexes with tetravalent ions, thereby inhibiting
strongly the stripping of Pu'". The quality of the separation between
ura»iom and plutonium i» the partitioning colttmn is impaired, and
plutoniun& travels with the solvent to process steps where the solvent is
purified. Another problen~ arises froni the reoxidation of Pu'-' by
nitric acid in the aqueous phase after plutonium has been transferred
from the organic phase. This reaction is catalyzed by one of its
products, nitrous acid, causing plutonium to reenter the organic phase.
Moreover, nitrous acid is so1uble in the organic phase and tends to be
carried toward the uranium-rich end of the partitioner and to
promote production of organic-soluble Pu'4 throughout the column
(Burkhart, et al. , 1977), thus complicating control of the partitioning
step. The strongly complexed Pu'4, and the ambivalence of the
oxidation state, also complicates the separation of plutonium from
zirconium, which occurs preferentially in the +4 valence state.
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With extended raJiolysis, a third liquid phase called "red oil" is
formed. Although this material is poorly characterized, it contains
TBP, nitric acid, and atranium, or their radiolysis products. "Red oil, "
if formed, presents a special hazard in the separation stream as it is
highly explosive and detonates readily. Problems of radiolysis of the
hydrocarbon diluent are less serious, leading simply to chemical
degradation of the solverit, which can be repurif ied by acid and
alkaline scrubbing and if necessary by suitable fractionation.

Spent fuel assemblies are stored before reprocessing to permit
decay of fission product radionuclides. Nevertheless, contact time of
the radionuclides with the TBP must be minimized to reduce side
effects due to radiolysis. Techniques for this are known, e g. ,

centrifuge extractors are available, a»d flow photolysis schemes are
being investigated. The usual mixer-settlers and eve,~ pulse extraction
columns may not be -suitable, however; for high burn-up fuels because
of relatively long con tact times wi th TBP phase.

C2. Reprocessi ng Spent Fuel from Reactors Using Thorium

C2a. General Features of Reprocessi ng Thorium Fuels

Among the options for alternate fuel cycles available to the
nuclear power industry, the incorporation of thorium into the fuel
assembly to generate additional fissile material offers some important
advantages. These thorium fuel optio»s are described a»d evaluated in
Chapter VI I I. To take advantage of a fuel cycle wi th thori um,
reprocessi»g to recover the bred fissile material is essential. The
thorium-containing fuel cannot sir»ply be reprocessed i» a Purex
ura»ium-pluto»ium separation plant because the chemistry of
thorium-containing materials is differe»t. Fuel with thoriu»& oxide is
more difficult to dissolve in nitric acid, a»d added fluoride is usually
employed. Thorium separatio» is more diff icolt. to control, &»d

satisfactory partitio»i»g of uranium froris thoriu»s prese»ts extra
difficulties. The presence of protact. i»iuni further complicates the
deconta»ci»atio» of ura»ium a»d thoriu»&. Thorium reprocessing
technology has been developed in the Thorex process, a»d li»iited
experience with this process technology has been obtained.

An alllactive irnpleme»tation of thorium-co»tai»i»g fuels is i]&

the high temperature gas reactor, the HTGR. Spent HTGR fuels wi11

require reprocessing operations beyond those of the simple Thorex
process. These dif ferences arise beca'use the high irrad iation of
HTGR thorium and the special design of HTGR fuel require special
head-end reprocessing treatment. A more detailed description of
HTGR thorium reproeessing is given in Appendix II.

C2b. Thorium Repr ocessi ng Technology

The general features of the Thorex process are given here. The
engineering philosophy of the Thorex process for treating spent
reactor fuels containing thori um parallels that used in the Purex
separation scheme, with additional complications described below.
Th.e principal steps are:

1; Chopping the fuel rods into short sections and dissolving the
spent fuel. To dissolve thorium, a very concentrated 13 M nitric acid
solution with 0.05 M hydrofluoric acid is used. In the early version of
Thorex, 0.10 M aluminum nitrate was also included. The presence of
the fluoride ion to enhance dissolution results in a much more
corrosive solution than that used for the dissolution of UO2-PuQ2
fuel. The highly acid solution must be denitrated by evaporation to
about 10 M HNO3 prior to solvent extraction. The highly oxidizing
conditions of denitration require formic acid addition to suppress the
oxidation and subsequent dispersion of fission-product ruthenium.
Furthermore, Al(NO3)3, if used, adds to the ultimate solids in the
high-level rad ioactive wastes.

2. Separation of thorium, uranium, and plutonium from the
fission products by extracting the denitrated aqueous phase with a
solution of TBP in a hydrocarbon solvent. Because the nitrate-TBP-
thorium complex is relatively weak, a concentrated TBP solution is
used as the extractant, and concentrated nitric acid is added below the
feed point of the extraction column to increase nitrate ion
concentration. Careful control of conditions is required to separate
fission product zirconium, including 65-day Zr from thorium in
Thorex processing, because thorium, present in the tetravalent state, is
chemically similar to zirconium.

Another problem in Thorex processing arises because of the
relat. ively long half life (27.4 days) of Pa, the precursor of the bred
--'-'U, as contrasted with the 2.33 d ~y half life of 9Np, the precursor
of - Pu in the ura»ium-pluto»ium fuel cycle. Co»seque»tly, a greater
fraction of the pote»tial ura»ium fuel will be in the form of its
undecayed precursot at the tinge of reactor discharge i» the thorium
fuel cycle. 'If the pote»tial fissile »material is to be recovered, either
the disch;~rged fuel »boost be stored lo»ger prior to reprocessi»g, or an
«ddilio»al separalio»»lust be added in Thorex processi»g to recover
pro tact i » i um t ro») the fissio» product. raff i»ate f ro»& sol vent
exlractio». Also, o»less relativel] long preplocessi»g cooling peliods
«re specit ied for thoriu»& f uel, the prese»ce of chemically si»~itar
protactinium contributes to the difficulty of the achieving low levels
of radioactive contamination in the separated uranium and thorium.

3. Reverse extraction to separate the uranium froni the thorium.
Highly irradiated uranium-thoriuriz fuel will also contain appreciable
quantities of plutonium, both from neutron absorption in the 8U

present in the enriched U make-up as well as 2 8Pu from the
neutron-absorption chain initiated by non-fission capture in U.
Plutonium will extract more easily than thorium, so it will follow the
uranium stream and m ust ultimately be partitioned in a Pu rex
extraction step to achieve a sufficiently decontaminated product.

4. Purification of the uranium (and possibly plutonium) nitrates,
and subsequent processing to provide suitable fuel.

The technological basis for reprocessing thorium fuels
'

is well
understood, but much less experience has been obtained in . its
implementation than with the Purex. separation scheme. However, a
Thorex pilot plant was operated sucessfully on solutions of irradiated
thorium at Oak Ridge over twenty years ago, and U production
campaigns with Thorex separations have been carried out in the AEC,
now ERDA, facilities at Hanford, Savannah River, and Oak Ridge.
Also, some of the first fuel reprocessed in the NFS plant, the first
commercial reprocessing plant in the U.S., was thorium-uranium fuel
from the first core of the Indian Point-1 nuclear power plant. Thus,
small-scale ope-. ation of the process has been achieved, but full-scale
engineering design and subsequent demonstration would be needed to
provide confidence in the Thorex process as a reliable element of the
technology to provide n uclear energy in the Un i ted States.

Reprocessi ng of HTG R fuel will involve many add i tional
operatioris not found. in the earlier Thorex systems. (See Appendix
II.) The problem of plutonium decontamination is only one of these.
A»other difference from earlier Thorex tech»ology is the greater
irradiation exposure of the HTGR thorium. When first developed,
the Thorex process was used with fuels with relatively low exposure, in
the range of 10 to 30 MW(t) day/kg. I he HTGR thoriu»~ will have
been exposed to about 95 MW(t)day/kg. Other differences arise from
the design of the H1GR fuel a»d the special head-end treatments.

C3. Reprocessi ng of Breeder Fuels

Various breeder reactor cycles have been proposed to extend the
resources of fissile materials. Some of these bieeder options are
described and evaluated in Chapter Vill. All breeder fuel cycles
would require reprocessi»g to recover the fissile»material generated in
the reactor.

The first generation liquid metal fast breeder reactors {I MFBR)
would use mixed pluto»iiim «»d ura»iu»s oxides (MOX) as the fuel.
Ca»did;ate fuels that are»ow being developed a»d tested as adva»ced
fuels for future breeder reactors are the mixed plutonium and
uranium carbides (U, Pu)C and the mixed nitrides (U, Pu)N.

Because of high plutonium content, and because of higher
irradiation, the complete dissolution of spent MOX breeder fuel can
be difficult to attain. Furthermore, direct dissolution of carbides
(U,Pu)C and nitrides (U, Pu)N in nitric acid is unlikely to be suitable
(Tennery, 1976). For example, dissolution of carbide fuels in nitric
acid results in the formation of soluble organic compounds that
couple complex plutonium and may interfere with the solvent
extraction steps of the separation processes. Therefore most proposed
flowsheets for carbid" and nitride fuels include an oxidation step at
the head end to convert the plutonium and uranium to oxides before
dissolution.
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The basic Purex separation process has many advantages over
alternative separation schemes. Therefore, it would be desirable to
adapt this process to high burn-up, high plutonium-content fuels.
Baumgartner (Baumgartner, 1976) has done this successfully for
kilogram quantities of fuel, but larger scale experience would be
essential before proceeding to a full industrial-scale breeder
reprocessing plant. The major problems to be addressed are the
insolubility of Pu02, the radiolysis of TBP to form dibutyl phosphate
with its concommitant adverse effects on the separations steps, and
criticality control with the higher concentration of plutonium.

If the MOX were not completely soluble in nitric acid, then head-
end treatment in the reprocessi»g plant will be more difficult. Either
fluoride would need to be introduced to catalyze the dissolution of
Pu02, or the undissolved Pu02 would have to be removed by filtration
or centrifugation. The Pu02 could then be dissolved in a smaller
dissolver designed to minimize equipment corrosion.

The dissolver solution wou1d go to a Purex type solvent extraction
system to recover the uranium and plutonium, The larger radiation
flux from the high burn fuel and the increased quantity of fission
products will cause greater radiation damage of the organic solvent.
The radiolysis products will tend to complex with the plutonium and
complicate efficient separation.

returned to the reprocessi»g plant for recovery of the plutonium by
solvent extraction. This «rrangeme»t will elimi»«te liquid discharges
f rom the co» version plant.

This co»ti»uous precipilatio» process h«s been used successfully at
H«»ford for m i»y years but on a s»&«lier scale. Nevertheless, the
1-1«»ford experience pl &!s the experience obt !i!ied i» batch
precipit«tio» processes used at seve! «I other sites assures us that the
technology is well known and workable. What remains to be worked
out is the design, construction and operation of a large scale, semi-
remote operation as is proposed for the Barnwell plant.

CS. Release of Radioactive Substances in the Gaseous Effluent from
Fuel Reprocessing Plants (Bonka, . et al. , 1974; Draft
Environmental Impact Statement for LMFBR Appendix, Chapt.
IV; ERDA-43, 1976; Trotter, et al. , 1958; USEPA, 1973;
U N SCF.AR, 3.972).

Fine particulates carried in the gas stream, including Pu02, are
removed effectively with high efficiency filters and become part of
the TRU waste. The release of radioactivity as gas from the fuel
reprocessing step depends both on the type and history of the fuel and
on the details for the reprocessing plant. A discussion of these wastes
from proposed .HTGR fuel reprocessing is given in Appendix II.

Thus, . while modifications of the known Purex technology will
probably be satisfactory for breeder fuel reprocessing, and indeed have
been used for kilogram quantity processing, redesign of the head-end
treat»lent. «nd of the separation steps is required. Different off-gas
tre«l!&ie»t ni«y be necessary, «»d revised e»gi»eering for criticality
control is required. Co!isider«ble scaling up is therefore iieeded to
proceed from be»ch top tech»ology to a pilot. pl«»t a»d eveiitually an
i»dustri«l-scale reprocessing plant.

C4. Pluroni urn Conversion Facilities

In 1974 a Federal regulation was issued to prohibit the shipment
of liquid plutonium nitrate as of 1978. Consequently all reprocessing
plants are required to convert. the liquid plutonium product from their
plants to a shippable form. Technology is available for conversion to
solid Pu02 by either direct denitration or oxalate precipitation and
calcination.

One of the proposed reprocessing plants is considering the use of
direct denitration, but such a process has never been used on more
than laboratory or small pilot plant scale experiments.

I

-The Harnwell (AG NS) plant selected continuo". is oxalate
precipitation followed by calcination to the oxide (Pu02) for
conversion. Their stated reasons for selecting this process were that it
has been used for more than 20 years in many nuclear installations,
the reactants and products are stable, and the process can be safely
controlled. In addition, it is a process that can be operated in a semi-
remote mode. In this process, all of the solutions are moved by
vacuum or by pumps, controlled by remote sv itches. The precipitate
is removed on a drum filter which is scraped so that the solids fall
info the feed end of a rotary calciner. The proposed Barnwell design
is semi-remote in that normal operation is remote but maintenance of
equipment will be done from a maintenance aisle through a glovebox
type arrangement. Such an arrangement is designed to reduce
occupational radiation exposure.

The conversion plant will accept plutonium nitrate solution from
the reprocessing plants. The sol ution will be placed i n feed
preparation tanks where the acidity and plutonium valence will be
adjusted. The acidity will be 3 molar, the plutonium, predominantly
in the tetravalent state, will be about 150 glliter, and the solution will
be heated to the desired temperature. The adjusted feed and a 1 M
oxalic acid stream will be fed continuously to a precipitation vessel.
The slurry from the precipitation vessel will flow to a digester, where
crystal growth is achieved, and from there to a rotary drum filter.
The precipitate is fed to a rotary calciner where it is heated to 750 C
to convert the Pu oxalate to Pu02. The calcined oxide is screened and
blended to achieve a uniform product. The oxide is then sampled for
analysis, packaged, and stored until the analytical data are available to
determine if the product can be shipped to a fuel fabricator or if the
PuO& must be recycled to meet fabricator specifications. The filtrate
v ill be concentrated by distillation and the evaporator bottoms

Isotope

3H
l4C
"'Kr
129I

Range of Activities
Ci/GW yr

1.5-2.7 x 104
15-40 a

2.4-3.8 x 10s
2.3 x 10 3 to 3. x 10

14The wide variation for C is in part due to varying assumptions concerning
the level of N impurity in fuel and cladding, including no release from clad-14

ding.
b Value depends on the decontamination factor achievable at the reprocess-

ing plant; the lower value corresponding to a D.F. of SOO represents current state
of the art.

Techniques for removing each of these elements from the off-gas
stre«»& are know» a»d niany are discussed in the 'I'AD (ERDA-43,
1976). Others which will merit consideration are being developed in
Europe. lodi»e scrubbers have been incorporated into reprocessing
plants in cxiste»ce in the Uiiited States. The technology for high
efficiency renioval of '

1 is at hand. I tie difficulty of removal of
the other elements increases in the order '"C, " Kr, a!id - H.

Tritium is most easIly handled as an effluent if it is i» gaseous
for»&. O»ce in solutioii, recovery becomes much more difficult, if not

For light ~ater reactors, essentially all of the radioactive fission
gases are trapped physically or chemically in the zirconium cladding,
in the fuel matrix itself, and in the fission gas plenum. These gases
are released in the early stages of reprocessing, usually during
chopping or dissolution. 5Kr is released in the chopping and
dissolving stages and goes into the off-gas system. Under current
practice, some of the tritium is released from fuel or cladding during
dissolution and goes into solution as HTO with only a small fraction
(1 to 10%) gc ng into the off-gas. The remainder of the H is
retained by Zircaloy hulls. I exists in a wide variety of chemical
forms within the fuel a»d accordingly is released in many forms, but
usually as elemental iodine or organic iodides. lt has been found
largely in the off-gas, but signficiant amounts can enter a liquid
effluent stream if one exists. C is produced as an activation product
from the action of neutrons on l 70, naturally occurring as a
constituent of UO2, and on C and "N impiirities. lts chemical form
i» the fuel or clad is unknown, although it is believed that release to
off-gas would be as CO or CO2.

Representative values for the principal radioactive gaseous
effluents released in the reprocessing of LWR fuel are given in the
following table. The releases would also be expected to be appropriate
for conventional natural U fueled CAN DU reactors.
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impossible. A method for retaining 3H in gaseous form, called
voloxidation, has been proposed. In this process, chopped, undissolved
fuel is heated in air to 450-550 C. UO2 undergoes chemical oxidation
and a crystal phase change takes place. The fuel disintegrates and
trapped gases are released. Approximately 99% of the H and 50-75%
of I are released under these conditons. Air concentrations of several
vppm are expected but seeding with hydrogen carrier to concentrations
of 100-1000 vppm makes it possible to trap HTO quantitatively on
metal catalytic con ver ters while main tai ning the total volume of
trapped gas at an acceptable level. Subsequently, HTO can be driven
off and retained on molecular sieves. Voloxidation has been
demonstrated only at the laboratory scale. It can not be considered
suitable for industrial-scale use until pilot-scale and demonstration-
scale studies have been made. If the humidity is low, the iodine
released could be removed using molecular sieves. Several problems
associated with the possible use of voloxidation in a reprocessing plant
are identified in the TAD (ERDA-43, 1976). In particular, its use
tends to increase the flow of air out of the plant and require much
larger gas handling systems to maintain the plant at a pressure
negative with respect to the outside ambient pressure.

The form in which C is present in spent LWR fuel is not well
understood and is a subject of current concern. 4C is expected as a
product from known nuclear activation processes. It has been found
in spent LWR fuel in sma11 scale laboratory experiments, but has not
been -observed directly in commercial reprocessing wastes. The sites
and magnitudes of "C releases in reprocessing, and the chemical form
in which it is released, will depend in detail on the design of the
specif ic reprocessing plant and the head-end treatment. If
voloxidation were used, "C present in the fuel and some of that from
the cladding would be converted into CO2 and released at that stage.
Methods for trapping and isolating CO2 are known, and could be
incorporated into the off-gas stream.

Krypton is a noble gas and does not ordinarily enter into chemical
reactions. Accordingly its removal may be effected only by the use of
physical techniques such as adsorption on solids, absorption in liquids,
or cryogenic trapping and distillation. Although these techniques are
known in the cryogenic industries and have been used at Idaho and
tested in Europe, they have not yet been used on industrial-scale
reprocessing pl tnts. Since Federal regulations now require the control
of " Kr effluent release at future reprocessing plants, they will
probably be part of any reprocess i ng plan t operating in the US.

The process gas may need a pretreatnient clean-up to prevent
overloading or plugging of the piping associated with the cryogenic
surfaces, and to limit t. he volunie of trapped gas. Subsequent cyclic
distillation and trapping allow deco» tarn i nation factors of several
thous tnd to be reached. The krypton can then be transferred to
cylinders for isolation. Storage of gas for about a century will assure
that the decontamination factor attained would not be negated by
subsequent release. (Bohnenstingle, et al. , 1976; Broothaerts, et al. ;
Glass, et al. , 1974; ERDA 43, 1976; USNRC Report, 1976).

D. Commercial Reprocessing Plants

Three plants for the reprocessing of spent commercial fuel rods
have been built in the United States to date and at least one proposal
has been made to construct an additional plant by industry. One large
engineering study of the cost of construction of a new plant is under
way. The existing plants are (a) the Allied-General Nuclear Services
plant (AGNS) at Barnwell, S.C.; (b} the General Electric Midwest Fuel'

Recovery Plant. or Morris Operation (MFRP) at Morris, Ill. ; and (c)
the Nuclear Fuel Services, Inc. facility (NFS) at %'est Valley, N.Y.
The proposal for a new plant construction license is by EXXON
Nuclear Co., to be built at Roane County, Tenn. The engineering
study is in progress at the Engineering Department of E.I. duPont
deNemours and Co. in Wilmington, Del. ; and is part of a larger LWR
fuels reprocessing study which ERDA has contracted out to a number
of National Laboratories, universities, and industrial firms.

None of these plants is operational today. Only the NFS plant has
processed commercial spent fuel rods, but at present it is being used as
a storage facility only. Tables 1 and 2 list some of the characteristics
of the existing facilities.

Dl. Nucl ear Fuel Services (NFS), 8'est Valley, N.Y.

Dla. History

An implicit policy for the total nuclear power industry in the
United States over the past two decades has been, that certain
functions, including fuel rod fabrication, power generation, and spent
fuel reprocessing, would be carried out by private industry. The AEC
first attempted to have private industry undertake fuel reprocessing in
1956. In seeking bids, the AEC offered its already working defense
reprocessing technology, assured a supply of spent fuel and a market
for the product, set specifications for the products, set standards for
in plant operation and effluent releases to the environment, and
agreed to let the reproc'essor negotiate charges with its customers.

In 1962, Nuclear Fuel Services, . Inc. (at that time Davison
Chemical Co., a subsidy of W.R. Grace and Co.) negotiated to build
and operate a privately owned demonstration (sic) commercial fuel
reprocessing plant in West Valley, New York. The plant was designed
to meet the established criteria for safety and security of the early
1960's as laid down by the AEC, but the proposed construction was at
a Spartan level, adequate to stay within the regulations, but not
aspiring. to state-of the art technology.

The plant was to be used for a variety of spent fuels, partly
because of their availability and partiy to demonstrate the range of
feasible reprocessing. It is located on a 3345-acre site in a relatively
remote area 28 miles frotn Buffalo, N. Y. On the site is the NFS
reprocessing plant, a con&tnercial solid waste burial ground operated by

NFS, and a discontinued plutonium storage facility operated by the
New York Atomic and Space Development Author'ity, ASDA,

TABLE j.. Irradiated fuel reprocessing plant site data and demography (USNRC, 1976).

Pl a n t and Locati o n

Nuclear Fuel Services
West Valley, N.Y.

Morris Operation
Morris, Ill.

(General Electric)

Plant
Capacity
Mg/day

Site Size
Acres

3,500

890c

Major Nearby
Cities

l3uffalo, N.Y.
Olean, N.Y.
Springville, N. Y.

Morris, Ill.
Juliet, 111.

Aurora, 111.

Population

463,000
19,000
4,350

8,000
79,000
74,000

Distance
Miles

28
25

4.5

8

15
27

Barnwel! Nuclear Fuel Plant 5
Barnwell, S.C.

(Allied-General
N ucl ear Serv ices)

1,700 Barnwell, S.C.
Aiken, S.C.
Augusta, Ga,

4, 500
16,000
60,000

7.5
26
33

NFS applied for a license to operate at 2.5 Mg/day. This application was subsequently withdrawn.

Formerly called the Midwest Fuel Recovery Plant, now used to store spent fuel.

Adjacent to the Dresden nuclear reactor site of 2, 230 acres.

Adjacent to ER DA's Savannah River Plant exclusion area.
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YAH J E 2. Fuel reprocessing plants —Major waste systems (USNRC, 1976).

Plant Gaseous Effluenls
Liquid %astes

High Level Other tha» High Level Sol id 7'astes

To atmosphete via
iodine scrubber,
I-IEPA filters,
61 meter stack.

Stored onsite as
neutralized
liquid in tanks

in vault.

Controlled release to
creek.

Stored onslte
in drums in
impervious

clay deposits.

MFRP To atmosphere via
iodine scrubber,
sand filter,
91 meter stack.

Converted to solid
Stored onsite in

containers under
water in storage
basin.

Stored onsite in tanks
in vault as immobile

salt. cake.

Stored onsite in
in underground
l i n ed vau It.

AGNS To atmosphere via
iodine scrubber,
silver zeolite
adsorber, HEPA
f i I ters, 100 meter
stack.

Stored onsite as
acidic liquid in

tanks in vault.

Stored onsite in tanks
in vault.

Stored onsite
&n concrete or
steel drums.

Note: Information in this table has been compiled from the safety analysis reports for these facilities. Only the

NFS plant has actually generated waste to date.

Plans were to add tanks for storage of high level radioactive liquids in acidic conditions for ultimate
conversion to solids and transfer to a Federal storage facility.

Prior to shipment to Federal storage facility.

Plans for solidification of high level radioactive liquid wastes for transfer to Federal storage facility.

subsequently reorganized as the New York State Energy Research and
Development Authority, NYSERDA. The land -was leased from
ASDA. .

In April 1966 the NFS plant was issued an operating license. As
agreed, the AEC then withdrew from commitments to reprocess fuel
from privately owned reactors. Through 1971, NFS produced both
purified UO2(NC3)2 and Pu{NO3)4.

Djb. Technology

The NFS plant recovered uranium and plutonium from spent fuel
rods using. the Purex separation method. Fuel elements removed from
reactors were held for a minimum of 150 days to permit the decay of'

short-lived radionuclides. Much of the spent fuel processed by NFS
had been aged considerably longer.

Processing proceeded by cutting off the nonfueled ends of the fuel
rod assemblies and mechanically chopping the remainder into two-
inch pieces, which were co1lected in a perforated stainless steel basket
with a mild steel sacrificial liner to retain the chopping fines. The
basket was loaded into the dissolver, HNO3 added and heated, and the
solution analyzed for accountability purposes. The hulls and basket
were intermittently monitored for residual U and Pu and were sealed
with the assembly ends in scrap containers for burial.

The nitric acid solution was then processed using the conventional.
Purex method with pulsed extraction columns, and the separated
solutions were concentrated, Pu to 250 g 1 and U to 300 g 1
Waste was concentrated to about 60 gal per MTU and committed to
high level waste storage tanks as neutralized waste.

The facilities were a mechanical piocess cell, a chemical process
cell, f'our Purex extraction cells plus equipment to clean up and
recover HNO3 and solvents, six evaporators, two for waste, one for
rework, two for U, and one for Pu, analytical laboratories with five
hot cells, one storage cell, and six backup radiochemical laboratories,
two 750,000-gallon mild steel storage tanks for neutralized high level
waste, two 15,000-gal stainless steel tanks for acid waste, two lagoons
for low level liquid waste, and the necessary water, ventilaiton, and
utilities support. Criticality was controlled by geometry, solution
concentration or mass control, and by the use of neutron absorbers.
Maintenance was remote for the mechanical and chemical process
cells, and contact for other operations.

The uranyl nitrate product from NFS was of adequate quality for
conversion to UF6 and subsequent enrichment by gaseous diffusion;
however most was taken by the AEC and reduced to uranium metal to
meet government needs. The Pu(NO&)4 product was stored as an

aqueous solution in plastic bottles in a facility provided by the New
York State Atomic and Space Development Authority.

The wastes from the NFS plant include the fuel rod hulls, the high
level fission products, transuranics and unrecovered Pu, and processing
wastes, in solid, liquid, or gaseous forms. The gaseous effluents have
been released to the atmosphere through a 61-meter stack after passing
through a series of HEPA filters to remove radioactive particulate
matter with high efficiency. The fuel was aged sufficiently to allow

~I to decay. I was not recognized as an important harmful
effluent and was vented. High level wastes have been and are being
stored on-site in tanks as neutralized liquids. This waste form is
similar to that used by military plants at Hanford, Savannah River,
and Idaho Falls. Low level liquid wastes have been released from the
plant after proceeding through a system of lagoons. Solid wastes have
been stored on site, in an inventoried burial ground, and low level
solids have also been buried on site.

Dl c. Exp eri ence

The NFS facility was used for a variety of fuels, including many
not typical of commercial power reactors. Numerous technical
difficulties arose, which were on the ~hole accommodated. The NFS
plant capacity was 1 Mg per day, with an expected working schedule
of 300 days per year. During its active period it processed about 600
Mg of fuel, 100 Mg per year, one-third of its design capacity. Most of
the spent fuel, about two thirds, came from the Hanford N-reactor.
This fuel had a high burn for a Pu produ~tion reactor but a low burn
for a power reactor. It was metallic fuel, a U alloy in Zr, not the
usual oxide, and the mechanical configuration was also atypical. This
spent fuel was contracted to NFS as part of the AEC agreement to
guarantee feed for processing. Most of the remaining assemblies
processed were conventional LWR spent fuels except one batch of
uranium-thorium fuel from the Indian Point 1 reactor. This fuel was
processed by the Thorex process using mixed HNO3/HF, and the
waste from this core was stored in the 15,000-gal stainless steel tank
in acid form.

The NFS plant operated for over 5 years without exceeding the
AEC limits of 10 CFR 20 required by its license. The liquid waste
level in Catarraugas Creek was typically in the range of 10-25% of
allowable limits. Nevertheless, some incidents did occur. One fire
burned a hole in the dissolver tank. This was believed to result from
N-reactor fuel cladding becoming defective in transport and hydride
being formed in the fuel assembly, which ignited on contact with acid
in the dissolver. In another incident, an Alliea Chemical HNO3 tank
truck crashed into an NFS building. An operational problem was
encountered when a line became plugged with solids. Direct
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maintenance was required, in which repairs had to be effected using
short-term entry of personnel. These occupational exposures are
reviewed in Chapter V. There were 13 occasions on which a total of
39 people were affected by inhalation of radionuclides. At one time, a
HEPA filter bank failed owing to inadequate mechanical support.

Dl d. Changes in Performance Requirements

NFS recieved a great deal of bad publicity, both on the grounds
that its technology did not keep radioactive effluent levels "low
enough", and on the questions of operator exposure and the use of
temporary personnel. . Increasing awareness and a changing social
climate led to the implementation of "as low as reasonably achievable"
as an operating criterion, as well as to major changes in AEC licensing
requirements.

In response to these changes, NFS announced its intention to
modify the plant and operations to:.

1. reduce radioactive effluents

2. reduce personnel exposure

3. expand annual capacity from 300 Mg to 750 Mg

4. increase security towards natural phenomena such as storms
and earthquakes.

5. provide HLW storage compatible with waste solidification.

In 1972, recognizing its poor competitive position in the future
reprocessing market, NFS shut its plant down for enlargement and
modifications. They continued to operate a storage facility, and to
prepare a revised and extended license application.

In October 1973, NFS (now a subsidiary of Getty Oil Corp. )
applied for a license to modify the West Valley facility to comply
with current and proposed regulatory practice and to increase capacity.
They sought permission to process spent fuel for an additional 40
years. They proposed to follow the Federal regulation concerning
effluents, and to redesign and reconstruct the plant accordingly. They
also proposed to add a UF6 conversion facility, a Pu02 conversion
facil i ty, and a HLW sold if ication and storage un it. This would
include six stainless steel tanks, each of 150,000 gal capacity, to be
used for high!evel acid waste prior to solidification. Capacity would
be increased to 750 MTU per year.

D Ie. Present Stat us

Much opposition was raised to this relicensing, partly on the
grounds of the bad publicity from earler NFS operations. NFS stated
that it. could not meet the proposed seismic requirements without
unacceptable cost penalties and construction diff iculties.

The initial lease to NFS by the State of New York was from May
15, 1963 to December 31, 1980. Thereafter, at the option of NFS, one
to ten renewals of ten years each could be made extending the
effective lease to at least 2080. Significantly, an option for NFS to
turn over custody of the site and of the wastes to the State was written
into the lease. The detailed questions. of decommissioning the NFS
plant are less clear.

Four principal options were open to NFS:

1. withdraw completely from reprocessing.

2. limit the plant to its present level at the existing site.

3. expand operations at the West Valley site.

4. relocate, at the same or at some different level of operation.

In its 1973 application, NFS sought to pursue option (3). It has
since, however, officially withdrawn its application, and has informed
the N.Y. State - ERDA of its intention to transfer custody of 600,000
gallons of neutralized high level waste and low- and high-level solid
waste burial grounds to the NYS-ERDA in accordance to the
provisions of the lease.

D2. General Electric Midwest Eue/ Recovery Plant (MERE)
Morris, Ill.

D2a. Hi story

The Midwest Fuel Recovery Plant or Morris operation of the
General Electric Company was the second commercial reprocessing
facility to be built in the United States. It was designed as a
development project to determine whether a small reprocessing plant
could be an economically viable entity, and if so, whether it could
prove feasible and desirable to colocate a smaller reprocessing plant
with a group of nuclear po~er reactors. The Morris Operation is
located on an 890 acre site adjacent to the 2230 acre Dresden nuclear
reactor site. It is about 15 miles from Joliet, Ill. , and about 27 miles
from Aurora. At this time the General Electric Company has elected
not to operate its Morris facility, which is currently being used only. to
store spent fUel assemblies.

D2b. Technology

The Morris Operation is the only reprocessing plant not designed
about the Purex separation scheme; it used the "aqua-fluor" scheme.
In this design, fuel elements removed from reactors would be held for
a minimum of 150 days to permit decay of short-lived radionuclides.
lt was proposed to disassemble the spent fuel assemblies and pull the
active fuel rods prior to chopping. The chopped rods would be
transferred to the dissolver. and the fuel dissolved in HNO3.

A single solvent extraction step would concentrate 'the uranium,
plutonium, a»d neptunium fractions, and reject 98-99% of the fission
products and unwanted trans-neptunium elements. The actinides
would then be separated into three streams -- U, Pu, and Np -- by
ion exchange. The U-stream would be calcined to UO3 in a high-
temperature fluidized bed, but the product would still be quite hot
with 1% of the fission products. Therefore remote handling woold
be required for this and the next stage, a high temperature
fluorination with F2 gas to give UF6. This UF6 would then be deaned
up by passing through salt beds and by distillation. The Pu would be
purified by ion exchange.

Results of preoperational tests with nonradioactive simulated spent
fuels revealed technical difficulties with these remote'operations. It
was judged too risky to attempt the high temperature calcining and
fluorination steps as a completely remote operation. Anticipated
maintenance and safety problems would have led to low productivity
and high unit operating costs.

These difficulties might have been circumvented if one additonal
solvent extraction cycle had been incorporated into the flow scheme.
However, the Morris Operation was designed as a very closely coupled
plant, with no holdup tanks between processes. This design has the
advantage of a minimum inventory of radionuclides in the process
stream, but reduced flexibility in operation. If one unit has to be shut
down, it becomes necessary to shut down the entire plant. Also, the
close coupling leaves little room for design changes.

Concern w. ,s also expressed about the ion exchange technology for
purifying Pu; since the plant was never operated hot, this aspect was
never tested.

Criticality was to be controlled largely via geometry constraints.
Gaseous effluents would be purified by an iodine scrubber and a sand
filter bed, and then vented from a 91-meter stack. HLW would be
converted to solid on site and stored under water in containers
pending shipment to a Federal repository. Other liquid wastes would
be retained on site in a waste vault as immobile salt cake. Solid wastes
would be stored on site in an underground lined vault.

D2c. Experience

Experience with the Morris Operation has been limited to cold
testing. However, problems with. these preoperational tests were of
such a magnitude that the management concluded some of the remote
operations could not be performed satisfactorily. As a result General
Electric has opted not to commission the plant for radionuclides.

The ccncept of the Morris Operation, namely a small reprocessing
plant colocated with a number of nuclear power reactors, has not been
evaluated with this trial. Neither this aqua-fluor nor a full volatility
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process appear to be promising technologies for the reprocessing
industry. 0iff icul ties can be an tie i pated with the re nlote, high
tcnlpcl'aturc oper atlolls.

D3. The Allied-General Nuclear Services Plant (AGNS) - Barnwell,
S.c.

D3a. General

The AGNS plant at Barnwell, S.C. was meant to be a commercial
venture to reprocess light-water reactor spent fuels. The plant is
larger than any commercial reprocessing plant heretofore built in the
United States. In. that sense, it is an important new step in the
application of nuclear fuel reprocessing technology.

The Barnwell Nuclear Fuel Plant is owned privately by the Allied-
General Nuclear Services Company, which is in turn jointly owned by
the Allied Chemical Corporation and the Gulf -General Atomics
Company (USAEC, 1970, 1973). It is located on a 1700-acre site on
the Savannah River near Barnwell, South Carolina. Aiken, S.C., and
Augusta, Georgia are 26 and 33 miles away, respectively. Its design
capacity is five metric tons of uranium per day or 1500 Mg/yr.
Designed by the Bechtel Corporation of San Francisco, California, and
built by the Daniel Construction Company of Greenville, S.C., the
plant uses an improved version of the Purex process. The principal
variation from the conventional Purex system is electrolytic reduction
of Pu' to Pu' in the partitioning step. This eliminates the need for
a chemical reducing agent and the consequent disposal problems.

The plant is unique in that there are no contaminated liquid
effluents. Any water introduced into the process with reagents such as
nitric acid is either recirculated or discharged through a 100-meter '

stack as water vapor. Cooling water, which is obtained from deep
wells, does not come into contact with process fluids in the plant.

Although plant construction was completed over a year ago and
the plant facilities have undergone prcstart-up tests, no license to
receive and process sperit fuel cler&lerits has yet been issued by the
Fedcr;rl Govcrrlnlcnt. Facilities are not yct availablc «t Barnwcll for
the conversion of plutoniLrnl nitrate solution into solid PuO& or for
the solidification ot high-level waste. Design of such facilities is not
yet complete and probably will have to await resolution of the
national energy policy concerning use of mixed-oxide fuel in power
reactors.

The original cost of the Harnwell plant is estimated to have been
about $250 nlillion, including the cost of a UF6 facility, blurt excluding
that of Pu'02 conversion and high level liquid waste solidification
facilities; at 1976 prices the cost would have been about $600 million.
AGNS has proposed Federal funding for the remainder of the
facili ties. Tables 3 and 4 show the sim ilari ties ancl clif fererices
between the Barnwell plant and the older ones at NFS and MFRP.

D3b. Provisions for Safety in the Barneell Separation Facility

The process for spent fue1 handling at Barnwell is quite unlike the
process of generating electric power from reactors. Temperatures are
much lower and, rather than being high, pressure in process equipment
is kept below atmospheric pressure. Moreover, the plant . and
operations are designed to prevent criticality accidents.

Nevertheless, because of the presence of fission products and
fissile materials in process fluids and in storage, very careful attention
has been given to safe design and safe plarrs for operation. A few
provisions for the Harnwell plant are worth noting:

a) Use of only a few intra-cycle process vessels and employment
of efficient, low-volume pulse-column extractors limits the in-process
inventory of hazardous materials.

Before entering the stack, gaseous effluents are sent through a
mercuric nitrate liquid scrubber and silver-zeolite adsorbers to rcnlove
iodine, and efficient filters to remove particulates. No provisions
were made for the removal of " Kr, H, or "C froril the gaseous
effluent streams because of the estinlated low concentrations of these
materials after dilution and release to the atmosphere.

Two 300,000 gallon stainless steel tanks, continuously cooled, are
available for temporary storage of' highly radioactive fission-product
waste. Solid wastes, including the washed zirconium hulls, are stored
on-site in steel drums. Low-level liquid wastes are stored on-site in
tanks inside a vault. The plant includes facilities for corlvertirlg
recovered uranium into UF6 needed by enrichment plants.

b) Process controls are of the conventional reliable type, but
double protection is always provided. No single credible equipment
failure or human error can cause criticality, which is prevcntccl by
geometric control, fissile material mass or concentration control, fixed
and soluble neutron absorbcrs, or a combination of two or more of
these methods. Both geometry and concentration control of
modcrators are used where needed for safety. Criticality control in
the dissolver is provided by adding gadolinium to the solution, and the
rate of dissolution is controlled to limit release of gases to the
purif ication system.

c} Chemical damage to the solvent, and generation of the
explosive "red oil" complexes of TBP, HNO3, and uranium in the

TABLE 3. Principal similarities of the AGNS separations facility compared to other com-
mercial reprocessing facilities (USAEC, 1973).

Compar ison Item

Fuel Unloading and
Storage

AGNS

Under water

NFS

Underwater Underwater

Headend Process

Stored Fuel
Criticalit'y Safety

Chop-Leach

Spacing

Chop-Leach

Spacing

Chop-Leach

Spacing

Fuel Chopping

Fuel Dissolution
Material

Fuel Dissolution
Technique

Mechanical Shear

Nitric Acid

Semi. .ontinuous

Mechanical Shear

Nitric Acid

(No Similarity)

Mechanical Shear

Nitric Acid

Semicontinuous

Fuel Dissolution

Sol ven t Clean up

Fi n al Exhaust

Baskets in Dissolvers

Alternate Contact with
Sodium Carbonate and
Nitric Acid Solutions

Roughing and HEPA

Baskets in Dissolvers

Alternate Contact with
Sodium Carbonate and

Nitric Acid Solutions

Roughing and HEPA

{No Similarity3

Alternate Contact with
Sodium Carbonate and

-Nitric Acid Solutions

(No Similarity}

Final Generic Environmental Statement of the Use of Recycle Plutonium in Mixed Oxide Fuel in Light
Water Cooled Reactors, NUREG 0002, Vo). '3, Chapter IV, C-42.
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TABLE 4. Principal differences of the AGNS separations facility compared to other com-
mercia1. reprocessing plants (USAEC, 1973).

Comparison Item

Location

Design Capacity

Shearing

AGNS Separations
Facility

South Carolina

5 MTU/day

En ti re fue l el em en ts

including end fittings

NFS

New York

1 MTU/day

End fittings removed
before shearing

Illinois

1 MTU/day

Pins removed from
fuel elements before
shearing pins only

Criticality Control
in Dissolver

Soluble poison Geometric limitations Geometric li m i tations

Fuel Dissolution
Technique

Semicontinuous Batch Semicontinuous

Fuel Dissolution
Equi p men t

Baskets in Dissolvers Baskets in Dissolvers Vibratory Leacher Tray

HA Contactor

Partitioning
Technique

Centrifugal Contactor

Electropulse column

Pulse Column

Solvent extraction with
chemical valence adjtstment

Pulse Column

Ion exchange

In teri m H igh-Level
Waste Storage Form

Acidic solution
(1-5 molar)

Basic solution Calcined solid

Iodine Removal From
Process Off-gas

Mercuric Nitrate
iodine Scrubbers plus
iodine Silver Zeolite
Adsorption Beds

Silver Reactor Sodium Hydroxide
scrubbers. Heated
Silver Zeol i te

Process Vent Filters

Final Exhaust Filters

Feed Clarification

Tritium Disposal

Roughing and HEPA

Roughing and HEPA

Centrifuge

As vapor up stack

Uranitim Product Form Nitrate solution

HEPA

Roughing and HEPA

None

As water to creek

Nitrate solution

Packed Fiberglass Filter

Sand Fil ter

None

As vapor up stack

Hexafluoride

Liquid Effluent Noncontaminated Contaminated Noncontam inated

Final Generic Environmental Statement of the Use of Recycle Plutonium in Mixed Oxide
Fuel in Light Water Cooled Reactors, NUREG 0002, Vol. 3, Chapter IV, C-42.

evaporators are avoided by keeping boiling temperatures below 135 C.
The solvent is always below its flash point in air, It is continuously
purif ied by washing with acid «nd alkali, and f iltering.

d) Trititrm accumulates in process solutions and is eventtralty
released to the stack. Concentral. ion is monitored and dilutio» or
delay of r elease ca» be accon&pl ished if needed.

D3c. Radiological Fnvi t onnrental I..ff'ects of' Plant Gaseous
Effluents and Their Possible Removal Before Discharge

The principal sources of radioactivity in the gases leaving the
plant through the 100-meter exhaust stack are the isotopes 1"C, 85Kr,
~2 I, H, and a small fraction of the 03Ru and Ru. Of these,
tritium is the most difficult to deal with because it cannot be
separated from the very much larger quantities of water vapor also
leaving. However, the quantity of tritium released from the operation
of this plant would not contribute signif icantly to the global
env'ironmental dose rate. (See Chapter V.)

C as CO2 could be easily removed by absorption i~to alkaline

aqueous solutions using proven technology. I and 1 I are released
from the spent fuel during dissolution. At least 90% of the I and

I present is volatilized during fuel dissolution and is almost
quantitatively removed by two Hg (NO3)2 scrubbers and one silver
zeolite absorber. About 10% enters the process streams and eventually
leaves through the stack because there are no radioactive liquid
effluents. After absorption into Hg{NO3)2 solution and deposition on
silver zeolite, the residue presents a potential thyroid dose of only 4
mrem/yr from ingestion of contaminated milk pius the whole-body
exposure. This amounts to 0.3 percent of the individual limit of 1500
rem/yr.

8~Kr is difficult to remove because of its chemical inertness, but it
can be adsorbed preferentially on porous solids or it can be condensed
cryogenically. Processes for accomplishing this have been tested on
small scales, but operating experience does not yet exist. If recovered
and concentrated, the gaseous ~5Kr would have to be stored under
pressure. Provisions for adding " 1&r removal capability exist at
AGNS,

Rutheni um goes eventually into the high-level acid waste in
various chemical states. Some may escape as the waste is ventilated
but, fortunately, redcrction of the acid solution with sugar, used to
red uce acid i ty and cor r osion of the storage vessels, makes the
ruthen i um less volatile.

D4. The FXXOA Reprocessi ng Plant Proposal

The Exxon Nirclear company has announced {Exxon Ntrclear Co.,

1976a, Wall Street Jourr~al, 1977) its intention to co»struct a nuclear
fuel storage arid reprocessilig facility riear Oak Ridge, Terinessee at a
projected cost of $1 billiori. Initially a perlnit is being sought front
NRC to construct a $300-n&illiori storage facility for sperit fuel, but
the lorig range plans iriclude chemical plants foi separating uraniuni,
plutonrurn, arid frsslon pr'oducts and for pl'oducrng UI.

&
and F u02.

1'he capacity nf the iritegrated unit is expected to be 2.100 Mg of spent
farel per year. Design calcul actions are b rsed ori 8 Mg/day U

er&riched up to S.S percent. or 8 Mg/day of heavy n~etai as nrixecl oxide
fLlel cof1 tail& ing up lo 3 5 per ce»t Pu adn& ixed with U.

Exxon plans to use the Purex process. The first operation in the
chemical plant would be chopping of the spent fuel rods into small
pieces about 1 cm. long, fol lowed by dissolution in n itric acid.
Addition of small amounts of Ce "4 ion is mentioned as a possible aid
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to the dissolution of Pu02 particles. Such an operation would require
a tantalum or a titanium vessel. Evolved gases will be treated for
recovery of I, Kr, and Ru. Undissolved solids, including Ru, are
expected to amount to about 15 kg per Mg of heavy metal processed.
They will be separated from the aqueous phase by centrifuging.

Tlie solvent extraction plant will employ pulse-column extractors.
Reduction of plutonium will be acomplished chemically rather than
electrolytically, by addition of hydroxylamine nitrate. Four different
extraction steps are incorporated in the design. One is separation of U
and Pu from fission products, another for separation of U and Pu
from each other, and two for purification and decontamination of the
plutonium stream. Solvent treatment will occur by washing with
sodiu»i carbonate followed by an ion exchange. Recovery of nitric
acid and nitrogen oxides will take place by conventional means.

Plutonium nitrate will be converted into the oxide by heating it to
400 to 450" in a horizontal-trough screw calciner, rather than through
the wet oxalate precipitation process. It is expected that the oxide can
be milled to produce a oxide having the required characteristics. We
note that thermal denitration is a new process, not tested beyond the
laboratory' scale,

Uranium nitrate hexahydrate will be converted to UO& by
calcining in a fluidized-bed reactor. The reaction with fluorine will
take place in a second fluidized bed. The UF6 product is condensed
on cold surf'aces and can be purified by selective solid adsorbents and
by disti l lation.

D5. The DuPont Design and Engineering Study:

At the request of ERDA the Atomic Energy Division of the
DuPont Company's POIymer Intermediates Department at Sava»nah
River, S.C. is e»gagecl in a» engiiieering study of an iiitegrated plant-to
receive speIit LWI& fuel, reprocess it, store and solidify high level
waste, produce decontaminated UF6 and Pu02, a»d ma»ufacture MOX
fuel rods. (E. I. DuPont de Nemours- 8c Co. , 1976a) A conc'. eptual
design, to be completed in 1980, is bei»g done by the Company's
Engl»eeri»g Departinent. (E. I. DuPont de Nemours 8c Co., 1976b)

I

of AGNS, where the Purex purification steps after removal of fission
products will be operated remotely but maintained directly. Thus, the
estimated plant. cost of the DuPont design will very likely be much
greater than that of AGNS, per unit of capacity. (See Section E.)

The six major arear' of the plant, fuel storage, reprocessing, U
co»version, Pu conversio», MOX plaudit, and waste ha»dli»g will be
decoupled from each other with lag storage betwee» them for ease of
reliable operation. However, the six units will be located o» the same
site to avoid shipnient of hazardous niaterials except solid waste and
new MOX fuel.

Ihe separatioii. steps in the repr'ocessing plant will be those of the
Purex process witli which considerable expel ietice has bee» att;&I»ed.
A cheniical reduciIig age»t, . hydroxyla»ii»e»itr;lte, will be eliiployed to
ch;inge the valeiice of Pu before recoveri»g it. froni the U/Pu»iixture
a»d a series of »iixer-settler stages may be used for ttie solverit
exlract io» steps. I he hfgfl' Ievel waste sol utio» wl I I be stored i» six
600,000-gilfo» stainless steel ta»ks. O»e ta»k provides eiiough space
for o»e yeaI's oper;ition. After storage the solution will be reduced to
solid form in. spray calciners and incorporation in glass niatrices
inside containers. Close coupled waste solidification without interim
tank storage is also being investigated.

D6. Foreign Lxperi ence with Power Reactor Fue/ Reprocessi ng

All plants now in operation or urider construction use variants of
the Purex prdcess. Si&bstantial foreign plants exist at Marcouie, France
{900-1200 Mg/yr), La Hague, France (800 Mg/yr), Windscale, U.K.
(2500 Mg/yr), Tokai-Mura, Japan (250 Mg/yr), and Tarapur, India.
Wiih the expariding nuclear power capacity, the construction of many
additional reprocessing plants can be anticipated. We. .t Germany,
Italy, and Belgium all have limited experience with pilot plants. The
Belgian plant was shut down in 1974.

E. The Cost of Coromercial FueI Reprocessing

E). Introduction

fhe pfa»t is being designed for a capacity of 3000 Mg/yr or 10
Mg/day, orresponcfing to about 80 percent overall operati»g
«tl lin»ie»t. I'he feed»iaatet ial will be spe»t. I WR f uel which has
Ieceived reactor exposule of 33 MWday/kg a»d llas bee» cooled foi'
niore tha» o»e year. It will contain»o niore tha» 1.6 perce»t U
a»d 1.0 perce»t pluto»iu»i (75% fissile). Feed niate& iaI v ill have met
clissol vab I 1 i t y sta»da rds bet ore i i r;id Iatio» in reactors. I- I uoride wi I I

be used only rarely if necessary to assist solubility in the reprocessing
plant. Over short periods feed material containing as nzuch as 4
percent plutonium can be processed if the 235U content is below 0.7
percent. Recovery of uranium and plutonium wi11 be about 99
percent. The plant will not recover neptunium, americium or curium;
they will go to the high-level waste,

Reduction of fuel rods to small pieces will be accomplished in two
steps. The end pieces will be removed first in a "wet cell";, this will be
followed by shearing in a "dry ce11" having an argon atmosphere to
minimize fire hazards from zirconium chips. - The "Vofoxidation"
process is being eva'uated for releasing ~"C and 3H as gases before
dissol ving the pieces, but Du Pont has concluded that further
development work is needed to niake the process reliable for remote
operation and remote maintenance.

As in the AGNS plant at Barnwell, the flowsheet provides for zero
emission of liquid waste to nearby streams. High levei liquid waste,
intermediate level liquid waste, and new mixed-oxide fuel rods exit in
solid form, zirconium hulls and other solid wastes are encapsulated
and stored temporarily, and radioactive gaseous effluents are co11ected
and stored again temporarily. Only very smail concentrations of
radioactive substances should appear in the large volume of air, about
4x10" cu ft/day, emerging from the tall stack.

It seems likely that the plant will be de~'gned around the
successful experience in ERDA operation of the existing Savannah
River Plant, as described by Bebbington (Bebbington, 1976). The
operations involving radioactive substances will be conducted remote1y
in two parallel concrete canyons within which maintenance wi11 be
carried out remotely. This i's in sharp contrast to the Barnwell plant

The econoinics of corn mercial fuel reprocessing can not be
estimated reliably at this time, Any estimates are subject to
considerabie uncertainties because an entire commercial-scale
reprocessing facility has not yet been constructed and because nzany of
the regulations relevant to the licensing of such a facility are still not
completely formulated. Coristraints from domestic and international
safeguards are not yet elucidated clearly.

Also, there are two different approaches in designing commercial
fuel reprocessing plants which can significantly affect the construction
cost. One approach involves completely remote maintenance, as is
used in the present ERDA facilities at Hanford and Savannah River
and is reflected in the recently initiated ERDA-sponsored design
studies by .E.I. duPont de Nemours and Company for a commercial
reprocessing facility (E. I. DuPont de Nernours and Co., 1975; ERDA,
1976). The other approach involves remote maintenance for feed
preparation, , first-cycle decontamination, and high-level waste
treatment, with remaining portioris of the plant being designed for
direct maintenance (Kupp, 1977). The AGNS plant (Cholister, et al. ,
1976} at Harnwell, S.C., the proposed Exxon project (Exxon Nuclear
Co.; 1976a; Wall Street Journal, 1977) at Oak Ridge, Tennessee, and
the Western Reprocessirig Group Study (Stoller, 1976), are current
exeamples of the semi-direct maintenance approach.

A principal factor affecting the cost of fuel reprocessing is the
riiethod of f inancing. The variables here include the relative
proportions of debt and equity financing and the necessary rate of
return cI» equity to attract. the investme»t capital. The latter is
logically affected by uncertainties to the investor, such as the costs of
many yet undefined regulations which will govern reprocessing
operatioris and which can cause delarys in project completion, as welt
as the possibility that a project once underway into construction or
operation could be aborted by Federal action.

Data and estimates which illustrate the cost of commercial fuel
reprocessing, expressed as the cost per unit amount of fuel reprocessed,
are analyzed in the following sections. 'I hen, in Section IV.G we
a»alyze the effect of these varIous estimates of the unit reprocessing
costs on the overall economic incentive for fuel reprocessing.
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TABLE 5. Reprocessing plant estimate —Western Reprocessing Group Study (Stollei. , 1976)
1500/'Mg/yr, 1986 completion.

Reference
Capital Cost -106$

Fuel receiving and storage
Process Building and equipment
Site and support services

Subtotal

40
275
120
435

Owner's cost -10%
Con ting enc y 1 9%

Total direct 1975
Escalation
Subtotal

45
83

562
343
905

interest during construction
(1986) startup Q 8%/yr)

TOTAL PROJECT COST 1224

Capital Expenditure Rate {$million per year)
Reference Costs — $905 million"

1975- 0.3
19?6- 2.8
1977- 12,0

1978- 28.2
1979- 47.2
1980- 78.7

1981- 135,8
1982- 311.8
1983- 200.0

1984- 149.3
1985- 37.1

1986- 1,8

Direct escalated cost without indirect cost.

&;2. I7te Cos( of Fiita~rcing - The ~es(em Re~processing Gi'oup 5(lesly

1 he recent an'&lysis by S.M. St oiler (Stol ler, 1976) of " I'he

Morpholog~ of Reprocessii&j;: A C;tse fol l&egional Utility l'la»ning"
provide~ useful insight into the effect. of financing valiables on the
cost of fuel leplocessing. 1'his sLudy was based upon a 1500 Mg/yr
con~merci;tl reprocessitig f «cilit) desigr~ed for the Western

Reprocessing Group Study. ]500 Mg/yr is calculated on the basis of
the; quantity of actinides iri the fuel prior to reactor irradiation. For
the purpose of this study the project was assumed to begin in 1975 and
to be completed and operable in 1987. As showi& in Table 5, the
estimated direct cost of construction is $562 million, in 1975 dollars.
Fscalation throttgh L986 adds 61% more, or $343 million. Interest on
the. increasi»g capital investment prior to completion of construction,
calculated at the rate of 8% yr, adds $319 million, bringing the total
project cost to $1,224 risillion. This total is properly interpreted as the
curn ulati ve cash flow to project completion, so it is no longer
references to a co»stant-dollar uninf lated cost. For simplicity, it is
here referred to as cost in "1986 dollars".

Stoller also estimates costs of operating and maintenance and costs
from local taxes, for 1986 operation and in "1986dollars», in Table 6.

The second column is obtained by dividing the yearly cost by the
yearly throughput of 1.5 x 10 kg.

To determine the contribution of the capital investment to the
unit reprocessing cost the method of project financing must be
considered. This depends lnainl y upon:

1. The extent to which the project is debt financed a»d the cost of
debt financing, &nd

2. the expected yearly return o» the equity-f inanced portion of
the capital investment.

The effect of these variables is illustrated in Figure 4, where the unit
reprocessing cost {i.e., "the service charge"} in "1986 dollars", has been
plotted against the percent of the total project cost which has been
debt f inanced. There has also been included in this figure the
contribution from off-site waste management at a constant value of
$30/kg. , but the off-site waste management cost is not relevant to the
present discussion.

1 wo regions are shown in Figure 4. The upper one is for a private
industrial entrepreneur with a high comportment of equity and a high

TABLE 6. Yearly costs, for operation, maintenance, local taxes, and insurance, Western
Reprocessing Group Study (Stoller, 1976).

10 $/yr
{1986 dollars)

$/kg. of fuel
r eprocessed

Operation and maintenance
Local taxes and insur ance

25. 5

19.5 13
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equity during construction is to increase the unit reprocessing cost to
about $205/kg as shown by point "A" in Figure 4.

The estimates in Figure 4 for an industrial entrepreneur with a
relatively large component of equity financing include allowance for
return on equity during construction. The lower and upper bounds of
this region correspond to 18%/yr and 22%/yr, respectively, for the
discounted after-tax return on investment (Kupp, 1977). For example,
such an industrial project at 25% debt might cost from $335 to 405
$/kg', with an average of about $370/kg . A government-financed
project would result in a yearly charge on total capital cost of about
10%/yr, assuming a federal bond rate of 7-1/2%/yr and a plant life
of 15 to 20 years (Kupp, 1977). I his value also adjusts for the savings
due to less interest during construction. Government payments in lieu
of local taxes are not inc1uded. The resulting unit cost of reprocessing
is then $142/kg'. .

The Nuc1ear Regulatory Comn&ission's GESMO Final
Environmental Impact Statement (USNRC, 1976) considers 22.5 to
36.0%/yl to represent the appropriate rat~ge of yearly charge rates for
industrial investment in f tteI reprocessing. l'hese yearly charges would
yield unit teptocessing costs falling within the range of the A/estetn

Reprocessing Group Stttrly. The large differences in the unit cost of
reprocessing tesulting from this large range of finaticing strategy are
i 1 1 ttst t ated i ti 'I able 7.

l o conspate estint;tterl teprocessing costs obtained fron& rlifferent
sources, it is necessary to cortect for escalatiott betweeti cliffetet&L ti»te
pel ior1s of the estitll ltes. It'tdices provided by l&%. K ttpp (K upp,
1977) allow the de-escalatiott of i3;tta in I'able 7 to 1976 clollars. I'he

total project cost, iticl«ditig 8%%u interest duti»g cottstrttction, tt.;tttsl;ttes

to $760 million i n 1976 dollars, Dele ting costs of off -site
management, we obtain the unit reprocessing costs list;ed in Table 8.

60
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E3. Cost of the AGNS Plant

Allied-General Nuclear Services has designed and partly
constructed a 1500 Mg/yr reprocessing facility at Barnwell, S.C
(Cholister, et aI., 1976). The construction cost' and estimated
operating cost of the now-completed separatio~ facility, as well as the
estimated costs for the facilities for Pu02 conversion and storage and
for high-leve1 waste soldif'ication, are shown in Table 9.

PERCE'NT DEBT

FIG. 4. Unit cost of fuel reprocessing-Western reprocessing
group study.

after-tax returt& oti equity investment, consistent with a venture of
substantial risk. The other region is for a special project ot'gatiization
u»det a utilitytype ownership with a higher percentage of debt
financing. For each region tlte lower bottnd cot responds to an
a. sttn&ecl contin tt;tt ton of present t egttlatory cri tet'ia, with 1i ttle
expect;ttion for t tttttre ch;t tages affecting costs. I he ttppet bound
allow s for possible additiotta1 regulatory t'equiretnents v hich can
it~cte;tse the c;tpit. ;tl;tttrl opetatitig costs. I'he tnagnitude of this ttppet'
botttid is t~ecessarily of gteater ttncert;titity becattse the extettt and
con~plexity of sot~ie of the tegttlatoty teqttitemet~ts, such;ts s;tfeguards
reqtti t.en&e» ts, are not trow kt~own.

The reference estimates in Table 5 of the total project cost result
in a unit reprocessing cost which are the median of the upper and
1ower bounds of Figure 4. For example, if 80% debt financing were
possible, though not characteristic of normal industrial operations, the
effective annual charge on total capital investment could be as low as
13-1/2%/yr, resulting in a unit reprocessing of about $170/kg. This
falls within the lower band of' Figure 4. Alternatively, assuming that
the project could be financed by a group of utilities, with normal
utility-type financing of about 50% debt, the yearly charge on total
capital investment of about 16 to 17%/yr for uti1ities (Kupp, 1977)
would result in a unit reprocessing cost of about $195/kg. The data

' within this lower band were calculated with the assumption of full
debt financing during construction, with a debt service charge of
8%/yr. However, if equity financing is involved at the same
proportion during construction, the total project, cost increases
considerably. For the example of 80% debt financing, the effect of

The estimated total AGNS project cost is 22% less than the
estimated 1976-dollar project cost for the %'estern Reprocessing Study.
AGNS estimates a net unit reprocessing cost of' $140 per kilogram of
heavy metal (actinides) processed'), calculated in 1976 dollars and
assuming that processing began in 1976. Assuming that the AGNS
data for a capital cost of $595 million include interest during
construction, and using the operating cost of $40.8 million/yr. , we
calcu1ate that the net. yearly charge on capital investment used by
AGNS is 31%/yr. This is consistent with the after-tax return on
investment of 15%/yr. quoted by AGNS. AGNS estimates an
uncertainty of %20% in the capital cost of the Pu02 conversion and
storage facility and +30% for the on-site waste management facility,
resulting in reprocessing costs varying from 127 to 171 $/kg.

The AGNS plant at Barnv ell had the technical capability of
beginning reprocessing in 1976 and either shipping the recovered
plutonium to the fabricator as liquid Pu(NO3)4 or storing the liquid
Pu(NO3)& at Barnwell. However, there are several reasons why the
schedule for beg i n ning reprocess ing at Bar trowel 1 has become
increasingly uncertain:

1. The Barnwel 1 storage capacity for liquid Pu(803)4 can
accotnmodate the plutonium produced from full-capacity operation
for about 15 months.

2. Federal regulations now require that; after June 1978,
plutonium be converted from a liquid to a solid before off-site
shiptnent. This would require operation of a new Pu02 conversion
facility, which AGNS estimates will not be completed until about four
years after funding is committed and after design and construction are
in itiated.

"1986 dollars"

f Does not include cost of off-site waste management.
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7. Effeet of financing on unit reprocessing costs from Western Reprocessing Group
Study.

Type of
financing

Annual charge
on capital
investrn en t

Interest
duI 1 ng

cons tructi on

Percent
debt .in

f inancing

Unl t cost of
r eprocessing"
(1986 dol 1 ars)

$/kg

Feder al
Government

10 %/yr debt 100 142

Special
pr oject

13.5%/yr 8%/y r 80

Special
project,
debt + equity

13.5%/yr debt+equity 80 205

Special
project
utility-type
financing 16.5%/yr 8%/yr 195

Industrial 18 to 22%/y r debt+equity 25 335 to 405

a
after-tax retur» on i»vestment

b
includes $30/kg for off-site waste management

3. Recent legal decisions indicate that it nlighL not. be possible to
liceI&se Ba~ nwell even for uranium recovery alone until the hearing
and decision on l he Matter of GeIleric EnviIonI&leIltal Statenlent ot
M i ~ed Oxide (USN RC, 1976) f. uel (Dock 't No. I&In-50-5) is
coIlIplcted. I'he heaI'ing is not likely to be conIpleted IIntil Illid-1977
oI lateI. (In a recent policy decision, the President has requested that
the GESMQ hearing be terminated. )

4. The safeguards sI.Ippletnent to the NRC Ellvironl1lelltal IlrIpact
Statement for the GESMO proceeding has rot beets issued. It is not
known what new req»irements for safeg&Iards may be placed upon the
Barnweil operation.

5. Presiderttial orders have deferred commercial fuel reprocessing
for an ind. finite period. The impact of the presidential order on the

TABLE 8. Unit reprocessing costs from Western Reprocessing Study translated to ].976
dollars (1500) Mg/yr.

Type of
financing

Annual charge
on capital
investrn en t

Interest
dul lng
construction

Percent
debt in
f inancing

Unit cost of
reprocessing
(1976 dollars)

$/I&9

Feder al
Government 10%/yr debt 100 73

Special
pr oject 13.5%/yr 8%/yr 80

Special
project 13.5%/yr debt + equity 80

Special
project,
utility-type
financing 16.5%/yr 8%/yr 50 108

Indus tr i a l 18 to 22%/yr debt+equity 25 200 to 250

After-tax return on investnient
b

Includes $11/kg for operation and rnaintef lance and $8/kg for local taxes and insurance.
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TABLE 9. Allied-General Nuclear Services estimates of cost of 51el reprocessing facilities
at Barnwell, S.C. (Cholister et al ., 1976). (Capacity=1500 metric tons/yr. Costs are in
1976 dollars. Reprocessing was assumed to begin in late 1976.)

Separations"
Pu02 conversion and s tor age
High-level waste solidification

Investment
g106

250
115 ( ~20%)
230 (+30/)

Estimated Annual

Operating Costs
06/ye ar

23. 1

7.6
10.1

Total 595 (+ 16%) 4b. s

Cost per kilogram of f'uel (actinides) processed:
after-tax r etur n on investment' = 0. 15/yr
yearly charge on capi tal investment, ' = 0.307/yr
cost, per ki logr am =

I {595xp.307+40. 8)x10 j/1. 5 x 106 = $149/kg (+15%)

a Does not include cost of off-site v aste management
b includes fuel stoi age and disasscnibly, chemical separations, and

Used i n AG NS cost analysis

Deduced from AGNS cost analysis

U F& conversion.

tinting of the Cif.', SMO pjoceeding and upon the financial feasibility
of the Bar»well opetation has not been assessed. These presidential
orders do not precl ude the ultimate util ization and recovery of
pluton ium.

emergency basis during the 1940's and early 1950's for ihe weapons
program. For this purpose of the present analysis, we assume that
differences in maintenance philosophy account for the higher costs of
the duPont design.

E4. Cost of the Exxon Plant
I

The next project for which there is an announced construction
commitment is a 2100 Mg/yr reprocessing plant to be built at Oak
Ridge, Tennessee by the Exxon Corporation {Wall Street journal,
1977). fhe initial construction phase of the project, expected to begin
in 1979, will be a $300 million storage facility for discharge fuel,
followed by a fuel-reprocessing center, The Exxon facility is being
designed by the Bechtel Corp. , which also designed the Barnwetl
facility. The AG NS and Exxon facilities are- understood to
incorporate a similar approach towards direct and remote
maintenance, one of the key factors affecting capital costs. The recent
published an nounceme» t of the Exxon facility does not explain
whether the $1 billion estimate of plant cost includes interest during
construction and whether it is based upon actual dollars expended
through project completio». However, a 1976 letter (Exxon Nuclear
Co. , 1976b) fI'om Exxon Nuclear Corp. , in connection with its PSAR
application, quotes a construction cost of $600 million in 1975 dollars,
not including escalation a»d interest during constructio». Therefore, a
total project: cost of $1 billion in 1975 dollars will be assunted for the
purpose of this analysis. We then estimate the capital cost per unit of
throughput to be $500 per kg/yt', which compares with $540 per kg/yr
for the Western Reprocessi»g Plant Study and $400 per kg/yr for the
AGNS estimates, all in .1976 dollars.

E5. Cost fi orn the DiiPont — ERDA Design Study

1 he DuPo»t Co. , at the Savannah River L.abor;&tory, is developing
designs a»d cost esti»iates for a representative co»i»iercI;&I
reprocessi»g pla»t that could be conipleted with an eight-year lead
ti»se. We have received some of their preli»ii»ary esti»tates directly
for our preseli t study (O'Rear, 1976), a»d ot he t du I'o» t clat a are
reported by VR DA i» "Be»efit A»alysis of 1&eprocessi»g a»d
Recycling Light %'ater Reactor Fuel" (ERDA, 1976). Although ERDA
does not quote the cost of interest during construction, we deduce
from their other data a completed project cost of $1.44 billion, in
1977 dollars, for a 1500 Mg/yr reprocessing plant. This agrees with
data supplied to us by duPont (O'Rear, 1976). This is 128% greater
than the AGNS estimates and 68% greater than the Stoller estimates,
all brought to the same basis of 1977 dollars, One reason for the
higher costs of the duPont design is the adoption of completely
remote maintenance in that design. This reflects the design and
operating experience from the AEC reprocessing plants at Hanford
and Savannah River, which were designed and built by duPont on an

The effect of scale upon plant cost is indicated by ERDA's
(Tooper, 1977; ERDA, 1976) estimates of the construction costs,
excluding interest cluring construction, for reprocessing plants of two
different capacities, as shown in Table 10.

These data follow the familiar empirical rule that plant cost is
proportional to the capacity raised to some power near 0.6. Also
DuPont (Tooper, 1977; ERDA, 1976) estimates a 3% saving in total
plant cost if' the plant is designed to reprocess spent fuel that has been
cooled for 5 years instead of 1 year.

E6. Costs Esti mated by NRC

In its cost-benefit analysis of reprocessing for the purpose of the
GESMO Final Envi ronmental Impact Statement, the Nuclear
Regulatory Commission (USNRC, 1976) has used data identical with
the AGNS estimates (Cholister, et al., 1976) for the plant capital
costs. The AGNS cost estimates are for first cycle fuel, although the
Bar»well plant was designed and built to process MOX fuels fabricated
from uranium and recycle plutonium. The additional technical
problems associated with MOX reprocessing are discussed elsewhere.
NRC (USNRC, 1976) estimates that the cost of reprocessing MOX
fuel will be 20% greater than for UO2, but there is too little
experience to make accurate projections at this tin&e.

E7. Other Estimates of Reprocessing Plan( Costs

Other data and estimates of reprocessing plant costs, including the
cost of the 1963 Nuclear Fuel Services plant, «re su»&marized in Table
11. Rodger's (Rodger, et al. , 1975) analysis of the evolution of

pl ant, capacity

Mg/yr

construction cost
(excluding interest during

construction)
$ b i 1 1 i ons

1500
3000

TABLE 10. Effect of plant capacity on construction cost (ERDA, ,
1976).

Rev. Mod. Phys. , Vol. 50, No. 1, Part I I, January 1978



352 APS study group on nuclear fuel cycles and waste management

TABLE 11. Comparison with previous estimates for fuel reprocessing. costs.

Source and Date
of Estimate

Plant yearly charge
capacity on capital

metric tons investment
per year . % per year

reprocessing
cost
$/kg

Allied Gener al Nuclear
Ser vices, (1976):
start late (1976)

1500 30. 7

121 to 171

Nuclear Fuel Services, (1963)
Mol fe and Lambert (1975)
idol fe, et al. (1976)
Schwoer er (1975)
Rodger, et al. (1976)
Nuc lear Fuel Ser vices, (1976)

300

1500
600

25 45
126"

126 to 290
150
170

-1000'

Esti mated by R odger (R odyer, et a!., 1975) for 1963 operations.

Does not include conversion to PuO 2
Estimates by Nuclear Fuel Ser&ices of possible cost if NFS plant sc;&le-tIp to 600 MT/yr is con&pleted to new

N RC rea ti la tory requi retncnts, including net seismic specifications for West Val ley, N. Y.

comniercial replocessing plant costs reveals the effect. ot uncertainties
which can be expected for future coliilllet clat veIltures Into fuel
reprocessing. T)ie 300 Mg/yl NI-S plant tt West Valley, N. Y. cost
about $35 million in .1963 dollars, whereas the 1500 Mg/yl' ACORNS

plant will cost about $600 niilliol~ in 1976 dollars, it conipleted. 'I'he

twenty-fold increase in cost is in part attributable to the larger
capacity. Assuming costs scale as the 0.6 power of capacity, the five-
fold greater capacity of AGNS would result in a cost greater by a
factor of

5" = 2.6

Much of the increase is also due to inflation, which occured at
6%/yr from 1963 through 1969 and 9%/yr thereafter, resulting in an
overall factor of

(1.06} (1.09}' = 2.6

Other influences on the cost must account for the remaining factor of

20/(2. 6x2.6) = 3

Rodger attributes these to the following:

1. Regulatory rules have changed

2. Partly because of changing regulations, the Barnwell plant
contains equipment capable of carrying out functions not included in

the NFS plant, e g., conversion of UNEI to UF&, conver ion of
Pu(NO3}4 to Pu02 and Pu02 storage, and waste solifi ication.

3. Regulations required for orderly design and construction have
not been made on a timely basis; consequently design and construction
delays have resulted in large cost overruns. To illustrate the last point,
if such factors result in a two-year delay in the construction of a
committed and funded $600 million project, the increased cost during
a period of 9%/yr infla tion is $100 mill ion.

The other cost estimates in Table 11 are within the range of the
more recent estimates already summarized in Tables 8 and 9.

E8. Operciti ng Costs

Because the capital cost dominates the unit cost of reprocessing
variations in operating cost are of lesser importance at this time in the
consideration of the econoniics of fuel reprocessing. Operating costs
are compaled in Table 12. It is not clear why the operating costs of
DuPont's design of a reniote-maintenance plant should be greater than
for the two estimates for direct-maintenance plants. However, it is
possible tliat this higher operating cost, which was quoted by ERDA,
results because this is a more recent estiniate and is assumed to ir&cl&tde

the more recent cost effects of appropriate safety, environmental, and
safeguards criteria. IL is these ctiteria which are still not. well defined
for repro«essing plants and are still subject to considerable
uncertainty.

fAQLE 12. Estimated operating costs of a reprocessing plant.

Plant Capacity
Mg/yr

Operating Cost
(1976 dollars)

106$/yr

Western Reprocessing Group Study' 1 500 28.5

Allied General Nuclear Services
(Cholister, , et al., 1976)

1 500 40.8

DuPont (Savannah River Lab) 57

Estimated from data i n Table 4

$60x10 /yr in 1977 dollars, de-escalated by 6%/yr (ERDA, 1976).
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TA&LE 13. Illustrative costs of fuel reprocessiug (1500 Mg/yr, 1976 dollars).

Plant
Investment
g106

Year ly
Char ge On

Capital
Investment
%/yr

Uni t
Cost of
Reprocess inga
$/kg

Semi-di r ect-mai ntenance
p 1 ant:

low cost (government)
f inancing
uti 1 i ty-type
f inancing
median industrial
financing
hi tjh- r i sk indus tr i al
financingf

Remote maintenance plant:
low cost (government)
financing
utility-type
financing
median industrial
financing
high-risk
industrial

760+

1360g

1360

1360

1360+'

16.5

25

90

120

165 (APS reference value)

220 to 270

130

190

360 to 450

Includes $33/kg for operation, maintenance, local taxes, and insurance.
Western Reprocessing Group Study

' (1976 dollars, 8% interest during construction)
Estimated cost of governmerit financing (Kupp, 1977)
A "mid-range" value used by ERDA {Tooper, 1977; ERDA, 1976) and duPont (O'Rear, 1976).
Plant investment increases because of equity during construction. .

Deduced from S.M. Stoller's (Kupp, 1977; Stoller, 1976) estimates of industrial financing witli 75% equity.

DuPon t p rel i m i nary esti mates, de-escalated by 6% to 1976 dollars.

Any operatio»al difficulties which niight co»tribute to dow»-tii»e
«»d loss of p1,1»t. capac&ty directly affect the capit&&1 cost co»tributiol&
per unit of' product. There are insufficient data available at present to
determine whether there will be important differences in the capacity
factors for direct-maintenance and remote-maintenance reprocessing
plants.

E9. Estimates of Unit Aeprocessi ng Costs Used in This Study

For the purpose of illustrating the effect of reprocessing cost on
the ince»tive to reprocess discharge fuel from light water reactors, we
will adopt the unit reprocessing cost estimates summarized in Table
13. The cost of the semi-direct maintenance plant is based upon the
Western Reprocessirg Group Study. The cost of the remote
maintenance plant is based upon the DuPont design study (ERDA,
1976). The operating cost from the DuPont study is assumed to apply
to all cases. All costs are translated to constant-value 1976 dollars.
The methods of financing include the full range from government
debt financing to high-equity industrial financing, using indices
developed in Section F. The median-range industrial financing is that
adopted by ERDA (ERDA, 1976}, which assumes a yearly charge on
total capital investment of 25%/yr. This is consistent with an after-
tax return of 13%/yr, which is representative of the required return on
capital for the chemical industry (Tooper, 1977). For the s'arne

reprocessing p1ant with a given direct cost of construction, these
different methods of financing the project result in a three-fold
variation in the unit cost of fuel reprocessing at that plant. Return on
investme»t, tax structure, debt/equity ratio, equity during construction,
competing demands for capital, and risk factors to allow for
uncertainties in federal action are the most important set of
parameters that affect the cost of fuel reprocessing in the U.S.

For our subsequent fuel cycle cost analyses in Section IV.G we will
adopt as the reference case a semi-direct-maintenance plant with
media» i»dustrial financing, resulti»g in a unit reprocessing cost of

$165/kg. We will later calculate the break-everi reprocessing costs for
various fuel cycle options, and these break-even costs will be
compared with the other cases in Table 13.

F. Mixed Oxide Fuel Fabrication

Fl. Background

Mixed oxide fuel elements have been fabricated in the United
States and in France and England for several years. The principal U.S.
Fabricators have been the Kerr Mcoee Plant in Oklahoma and the
Babcock and %ilcox Nuclear Materials Division Plant in
Pennsylvania. Flowsheets at these plants are similar, the main
difference being in the headend treatment. The Kerr Mcoee plant
used co-precipitation to form the mixed oxides whereas the Babcock
and Wilcox plant prepares the oxides of U a»d Pu separat"ly and then
mechanically blends the two oxides prior to calcining, slugging, and
pellet pressing.

Each method has advantages, but the 1974 decision to ban
shipments of plutonium in solution form after June 17; 1978 leads
fuel fabricators towards admixing the two oxides rather than co-
precipitation if the fabrication plant site is remote from the
reprocessing plant. If the reprocessing plant and the fuel fabrication
plant were located on the same site, then co-precipitation could be
used. Also co-precipitation at the reprocessing plant to a plutonium
rich MOX powder is viable, to be followed by final blendirig at the
fuel fabrication plant.

The Kerr Mcoee plant is no longer in operation and the orily
mixed oxide fuel fabrication plant presently in operation is that of
Babcock and Wilcox in Pennsylvania. The Babcock and Wilcox plant
uses the admixing flowsheet which will not be affected when the ban
on shipment of plutonium nitrate solution goes into effect. This plant
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is a g]ovebox operation with a throughput of about 1000 fuel pins per
month for the Fast Flux Test Facility (FFTF) in Richland,
%'ashington. It is basically a hand operation that is operable, from an
occupational exposure viewpoint, only when the plutonium isotopic
blend is 12 percent Pu or less.

A second generation fuel fabrication plant has been proposed and
desig»ed by Westinghouse to be built at Anderson, South Caroli»a.
They have chosen to use. the adI&iixture flowsheet, which will be
compatibIe with receiving solidified plutonium. If a fuel fabricator
opts for the co-precipItatio» method to make powdered fuel with the
final fuel composition, then he must include a Pu02 dissolution step
in his plant, thus increasing the size a»d cost of plant and t, he cost of
opei ations. Since reactor desig»ers wi I I accept fuel made by the
adniixture route, the choice of the adniixing flowsheet offeis econoniic
ad va» tages.

I'he proposed Westi»ghouse Recycle Fuels Plant (WRI P) is

represe»tative of mixed oxide fuel fabric;itio» plants for the 1980
tii»e period. Such a pl;int coiild fabricate either an I..MFBR or a
recycle I WR fuel. I he plant has several automated features to ieduce
occupational exposure as we11 as cost of fuel fabrication. The major
design feaiures of the plant are given in Table 14, which was
reproduced from Chapter IV, Volume 3 of GESMO (USNRC, 1976).

F2. The 8'esti ng house Recycle Fuels Plant (WRFP)

The process used in the Westinghouse Recycle Fuels Plant {WRFP)
for fabrication of fuel rods is a dry system including powder blending,
pelletizing, sintering, and encapsulation of the sintered pellets into
stainless steel or zircalloy cladding. For production of thermal fuel
rods to be loaded into Light Water Reactors (LWRs), natural UO2
would be blended with recycle Pu02 mixture. The technology of all
unit operations is well established and safe operation of such systems
has been demonstrated in gloveboxes on laboratory and pilot plant
scales. The WRFP design has adapted these pieces of equipment to
remote and semi-remote control on "cell" and "canyon" design
concepts and on a much larger production-type scale.

F2a. Feed Material Receiving and Storage

The feed rriaterial for the WRFP will be Pu02 and UO2 powders
packaged for transportation in containers approved by ERDA and
DOT. The dock, the materials receiving area, and the UO2 storage
area are outside the Class 1 manufacturing building since the material
will remain in the DOT-approved container until needed in the
process. The Pu02 containers are brought into the manufacturing
building for storage in a shielded area to minimize personnel
exposure.

F2b. Powder Unloading, Blending, and Storage

Containers of Pu02 are taken from storage to an unloading area
where the pressure vessel is vented. After working through a series of
compartments to remove the outer containers, the container of oxide
is opened and pneumatically transferred to a critically safe storage
tank within the Restricted Access Area (RAA). Drums of UO2 are
connected to a drum-dumper mechanism and the contents are
transferred into a storage hopper. The transfer system is confined
within a special barrier and vent system to contain any UO2 that
might become airborne.

The blend i ng process consists of corn p uter ized, programmed
transfer of the Pu02, UO2, and recycle mixed oxide (MOX) into feed
hoppers, then into their respective weight hoppers, and then into the
mechanical batch-type blender. Both mechanical auger-type transfer
and pneumatic transfers are used during this series of »manipulations.
Plugging or blockage of p»eu»vatic transfer lines is one of the
dominant operational proble»ls which could have adverse safety
insplicatio»s. I'he desig» provides for all tra»sfer lines to be in
restricted access areas. Malfu»etio» of screw feeders and blender
connectors requIring Inai»te»a»ce will be correctable through remote
manipulators. All hoppers and vessels are equipped with level alarms.
Program sequence includes interlocks to prevent double batching as
well as logic to prevent valves from opening at the wrong time. A
system upset in this area would shut down thc process and necessitate
corrective measures by operating personnel to prevent release of
material to the environment.

F2c. MOX Condi tioning and Pressi ng

Analyzed powder that meets specifications is transferred
pneumatically from one of the nine MOX silos to the feed hopper of
the slug press. The powder is pressed into short cylindrical wafers, or
slugs, which are discharged onto a convertor that feeds a granulator.
The resulting granules pass through a set of classifier screens and
acceptable material is pneumatically transferred to the feed hopper of
a pellet press. The oversize granules are recycled to the granulator
feed or to scrap and the undersize granules are recycled to the slug
press feed hopper. Press feed is pressed into circular cylinders (green
pellets) which are loaded into molybdenum sintering boats. Loaded
boats are transferred to green pellet storage to await programmed
demand for sintering furnace feed. This complete system operates
continuously with the master control centered in the high/low level
controls of the pellet press feed hopper. System interlocks at both
ends of the system can stop all operations if no certified powder is
available to feed the slug press, or if no empty boat is available to
accept green pellets.

The complex instrumentation and control systems require many
penetrations of the confinement barrier between the process enclosure
(Restricted Access Area - RAA) and the gallery (Limited Access
Area - LAA). In order to meet the stringent criteria for confinement,
final design will incorporate the necessary HEPA filtration, backflow
preventors, or breaks in instrument air supply systems to maintain
positive control and to eliminate the possiblity of back-migration into
normal access areas (NAA).

Another area requiring special consideration is the treatnient and
control of lubricants. Non-flammable lubricants will be used
wherever possible, but the special lubricant used to assure smooth
release of pellets from the die cavity must be a low residue»material
that will burn off in the sintering operation. Only about 0.1% will be
used, which will be about one liter per press per 24 hours of
operation. Most of this amount will be cairied by the pellets, but an
overflow collector will catch any excess from the press. Transfer of
all spent lubricants or solvents io the waste treatme»t area will be on a
daily basIs to keep the inventory of flansmable materials in the RAA
to a m in 1 m u111,

F2d. Pellet Sintering, Grinding, and Inspection

GI'ee» pellets are taken f rom storage and transferred by sh ut tie car
to the entrance conveyor of one of several sintering furnaces. Sintered
pellets coming out of the furnaces onto exit conveyors are transferred
by another shuttle car to a sampling station for process control testing
of density and other physical characteristics. Low density pellets can
be routed for re-sintering, rejects can be sent to scrap recycle, and
acceptable pellets are moved into storage to wait for grinding. Pellets
are transferred from the boats onto a conveyor feeding a centerless
grinder using coolant. The pellets are dried of surface moisture as
they leave the grinder, and move single file through final inspection
for diameter. Acceptable pellets are loaded onto storage trays and are
then dried, sampled, and placed into pellet storage to await
certif ication for fuel rod loading.

Furnace operation, grinding, inspection are done remotely.
Provisions have been made in the design for manual calibration and
adjustments of certain inspection equipment. Safety-related
instrumentations and controls are adequate to assure containment of
the material within the RAA.

F2e. Fuel Rod Loading, 8'elding, and Inspection

Fuel rod tubing, end plugs and springs are inspected, cleaned, and
fed into the system, as required for production. One end plug is
fielded, x-rayed, and the subassembly and spring are transferred to
fuel rod loading. Pellets are taken from storage, loaded into the tube,
the spring is inserted, the tube end is decontaminated as required, and
the final end plug is inserted. Loaded fuel rods are transferred by
shielded carrier to the welding station where the plug is girth welded,
the fuel is purged with helium, and the tip of the plug is seal welded.
Completed fuel rods are transferred through an airlock from the
manufacturing building into the rod inspection building. Fuel rod
inspection includes mass spectrometer helium leak check, weld x-ray,
gamma scan for fuel placement, and dimensional checks.
Contamination control of the unsealed fuel rod will require constant
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attention of well trained operators. The potential for alpha
contamination spread exists until after fuel rods are leak checked and
given a final smear count as they go into inspection. The only place
where flaniniable solvents will be, used is at the hardware cleaning
station. The standard safety can for solvents will be used, airflow
l.hroughhoods will be controlled, and the inventory of solvents will be
liniited so the anticipated evaporation rate in the minimum airflow of
the hood will not be a flammable mixture.

F2f. Scrap Recycle and Storage

From the pov der ancl pellet handling areas there will be physical
and chenlical reject nsaterial, spillage; and certain process residues that.
nlust be handlt'd. Clean MOX will be returned to a set of reaction
vessels designed to recondition the matel ial by successive oxidation-
reduction cycles «»d leturn acceptable product to ihe blending area.
Pellets and powder that ale chemically un acceptable are packaged and
stored for future recovery.

Clean scrap is transferred from the various areas to a receiving
station where batch ing is done for the oxidation-reduction reactors.
Storage of the scrap before and after reconditioning is in critically
safe arrays. Operation of the reactors will be interlocked to preclude
the operation of one unit on reduction while one or more of the
others are on the oxidation cycle, which could result in a flammable
mixture of gases in the exhaust header.

F2g. Product Handling, Storage, and Shipping

Fuel rods passing all final inspection and certif ication
requirements are placed in shielded storage to await shipment.
Shielded carriers, dollies, the storage components, and mechanisms for
loading fuel rods from storage into trucks for transport to the
assembly plant are all well designed, standard mechanical concepts and
are readily available for adjustment or repair. Radiation exposure
from an array of fuel rods can easily be controlled.

F3. Al'ternati ves in Technology

The use of UO2 and Pu02 as starting feed material for a mixed
oxide fuel fabrication plant seems to be the favored process, and
assumes that the reprocessing plant will carry out the purficiation and
conversion of both streams to usable UO2 and PuO„. This scheme also
assumes that virgin or recycle uranium coming from an enrichment
plant must be converted from UF6 to UO2 before being transferred to
the fuel fabrication plan, t.

The fuel fabrication plant described does not contain, a scrap
recovery or recycle capability where chemically impure MOX in
various process residues can be purified and converted to a re-usable
MOX which can be blended with virgin UO2 and Pu02 at the head-
end of the plant. If a fabrication plant were to be co-located with a
reprocessing plant, scrap recovery could be accomplished in the Purex
system along with the irradiated feed. The economics would have to
be evaluated, since the MOX containing no fission products could be
handled in a less elaborate plarit.

TABLE 14. Cornlnercial scale model mixed oxide fuel fabrication plant characteristics
(EHDA, , 1976).

Production Rates:

Oper ating Capacity
Scrap Recycle

360 MT ( U, P u }02/ye a r
36 MT (0, Pu) 02/year
30 MT cl ean scr ap

6 MT dir ty scr ap

Process Procedures:
l

Product: Dry blend of Pu02 and 002 (to pell etize and
encapsul ate in LWR fuel rods }

Scr ap: Clean: oxidation and r eduction

Dir ty: nitr ic acid disolution, solvent
extr action to recover nitrate solution,
coprecipitation and calcination

Liquid Waste Treatment: Process chemicals are recovered and recycled;
all contaminated liquids are either,
(1) sol idif ied in concrete, or (2) evaporated,
with water being r ecycled or sol idif ied with
evapor ator bottoms, or, (3) sampl ed and r eleased
as liquid effluent

Sit, e Size:a

Ventilation Rate:

Electrical Requirements:

1,000 acres

45, 000 cfm

7 MMe

Mater Requirements:
Cooling'Mater Bl owdown

Sanitary Mater
Potential ly Contaminated

Liquids

Cooling Tower Capacity

70, 000 gal. /day
12, 000 gal. /day
15, 000 gal. /day

5, 600 gal. /day

15, 000, 000 Btu/hr

Although mixed oxide fuel fabrication plants may be colocated with reprocessing or uranium fuel

fabrication plants, the model MOX plant has been assumed to be located on a separate site.
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FIG. 5. Material flowsheet for
pressurized water reactor, no
reprocessing.
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An alternate to dry blending that has been proven on a pilot scale
is the co-precipitation process. Mixed nitrate of U and Pu are
blended, precipitated with NH3 or NH4OH, and the ammonium
diuranate and plutonium hydroxide mixture (ADU-Pu(OH)&) is
filtered. The filter cake is calcined in air to produce UO3 or U308
and Pu02, or can be calcined in a reducing atmosphere to produce
UO2 and Pu02. This (U, Pu)O& then becomes the feed to the
pel 1eti z i ng process. P roponen ts of the co-preci pi ta i ton process
emphasize the advantage of being able to recycle recovered mixed
nitrates to the solution blend stage and producing press feed with
more pI.ed ictable pressing and sin ter ing- characteristics.

I he principal differences in fabricating mixed oxide fuel for the
LMFHR instead of the LNR appears to be personnel exposure and
criticality considerations because of handling more concentrated
materials and different plutonium isotopic compositions (Smith, et
ai. , 1973). Since the use of recycle plutonium in either. case will
necessitate ren1ote operation and adequate shielding, it would appear
that the incien1ental Increase in handling costs would be overshadowed
by other considerations.

G. Fuel Cycle Economics and Resource Utilization

G1. Fuel Cycle Descript ons and Flow sheets

The current and near term fuel-cycle alternatives available to the
U.S. power industry are those resulting from uranium fueling in light-

water reactors (Pigford and Ang, 1975). These alter11ative fuel cycles
are illustrated for pressurized water. reactors, which constitute about
two thirds of the U.S. reactors. The general conclusions reached in
this study are also applicable to boiling water reactors. At present the
only available alternative is the light water reactor fueled with slightly
enriched uranium (UO2) with no fuel reprocessing, as illustrated by
the material flowsheet shown in Figure 5. The material quantities
shown are the annual quantities, averaged over the 30-year reactor
lifetime. These were calculated from detailed data (Shapiro, 1977) for
the initial reactor loading and for each annual refueling, when one-
third of the core fuel is removed and replaced with a new fuel reload.
The quantities shown in these simplified flowsheets are the result of
more detailed flowsheet calculations wherein the effects of process
losses and scrap recycle have been taken into account.

The second alternative involves reprocessing the discharge fuel to
recover and recycle uranium, containing about 0.8% enrichment of

U (See Figure 6.). The effect of uranium recovery and recycle is
to reduce the equilibrium consumption of natural uranium by 18%
and the separative wor k by 2%. This alte. ' native could be
implemented now with operation of the A 1 I ied- General N uclear
Services reprocessing plant at Barnwell, S.C., with liquid storage of the
separated Pu(NO3)4 and the high level wastes. Ho~ever, the present
storage capacity for Pu(NO3)4 at Barnwell, woold limit full scale
(150Q metric tons/yr) operation on this fuel cycle to about fifteen
months.

The third alternative fuel cycle involves the recovery and recycle of

IOOO Mw
Pigford-Yang, l977

FIG. 6. Material Qowsheet for
pressurized reactor with ura-
nium recycle and plutonium
storage.
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I IG. 7. Material flowsheet for
pressurized water reactor with
self-generated U -Pu recycle.

both uranium and plutonium as illustrated in Figure 7. This is the
cycle planned by the nuclear power industry and for which the U.S.
commercial fuel reprocessing plants have been desigtEed. Here the
flowsheet illustrates "self-generated plutonium recycle", whereby 'the
plutonium recovered from discharge fuel is recycled to the same
reactor in which it was produced. The recycled plutonium is blended
with natural uranium as a Pu02-UO2 mixture, referred to as "MOX'-'

fuel, to fuel a portion of the reactor. The remaining fuel rods i» the
reactor «re forI»ulated froin the same slightly enriched UO2 fuel as in
the previous flowsheets. Mixing the discharge UO2, fuel and MOX
fuel in reprocessitEg would reduce the etEricht»ent of the recovered
ura»ium to 0.75%. Alter|Eatively, UO2 fuel eleiEEents and MOX fuel
eletnents could be reprocessed separately, resulting in a» enrichI»ent of
about 0.83% in the recovered atEd recycled ui'aniun&. As coinpaI'ed
v ith the non-reprocessi»g cycle of Figure 5, the effect of recycli»g
both plutoniuin and uratEiunE is to reduce the lifetiine «verage
consumption of natural uranium by 32% and the separative work by
24%. Extensive studies and designs have been made on techniques to
fuel water reactors with combinations of UO2 fuel and MOX fuel so
that the reactor characteristics are essentially the same as with UO2
fuel. Water reactors operating with .plutonium loadings in MOX fuel
15% greater than the amount of self generated recycle have been
considered in the recent GESMO study (USNRC, 1976). The extra
15% plutonium would be obtained from reprocess ing the fuel
discharged from uranium-fueled water reactors not utilizing
plutoni um recycle.

An alternative fuel cycle which is described in some, nalyses, but
not considered here to be realisitic, is that of reprocessing for uranium
recovery only and allowing the plutonium to follow the high-level

fission-product wastes. Although technical ly possi ble, allowing
plutonium to follow the wastes would make later recovery of the
plutonium for its fuel value difficult and expensive. Better options
are 1) to recycle both uranium and plutonium or 2) to store the
unreprocessed fue1 pending the development of al ternate energy
sources.

Similarly, the alternative of treating the discharged fuel as
disposable waste, while described in some analyses of alternative fuel
cycles, is not considered here to be realistic for the present or near
future. As will be shown later, the non-reprocessing storage option of
Figure 5 places no immediate strain .upon our uranium resources. If,
for possible reasons d iscussed else where in th is report, fuel
reprocessing is delayed so that discharged fuel is stored, this stored
fuel remains an already-mined resource that should be preserved for
future use, pending the development of alternate sources of energy.

The above three fuel-cycle alternatives are all technically feasible
with the existing water reactors. Once plutonium recycle is established
commercially, there will arise some incentive to increase further the

plutonium loadings in some reactors, while leaving other reactors to be
fueled with uranium. As the amount of plutonium fuel in the reactor
increases, the relatively high neutr'on-absorption cross section of
plutonium reduces the effectiveness of the boron control absorbers,
and more absorbers are required to maintain reactivity control. Some
of the newer pressurized-water reactors have been designed with the
flexibility of adding sufficient cont, rol absorbers so that these reactors
can be fueled entirely with natural uranium and plutonium. The
flowsheet of such a U- Pu fueled reactor, also

refers

red to as a
"plutnniu»E burner" reactot, is shown in Figure 8. 1 he plutonium
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I IG. 8. Material flowsheet for
U-Pu fueled pressurized water
reactor.
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recovered fron& the discharge f oe1 is recycled, and make-up plutonium
is obtained' f rom reprocessing discharge fuel f ron& uran iunt-fueled
wa ter reactors.

TABI K 15. 30-Year lifetime ore requirements for pressurized-
water reactors (1000 MWelectrical power, 80% capacity factor).

The plotoniti~s& burner water reactor is adaptable to those concepts
wherei~i it is desirable to localize the issues connected with utilization
of plutonium fuel, Such a reactor could be located at a nuclear energy
center, where are. also co-located facilities for fuel reprocessing and
MOX fuel fabrication. Discharged fuel from off-site uranium-fueled
reactors could be shipped to such an energy center, and the plutonic&m
recovered from this fuel could be utilized on site as fuel for the
plutonium-burner reactor. An overall system flowsheet for this
concept is discussed under "Low Enrichment (Denatured) Safeguards
Fuel Cyc1es" in Section VIII-F. For similar reasons, a utility company
may find it desirable to centralize plutonium-burner reactors on some
of its sites, to be fueled with make-up plutonium produced in its
uraniu m-f ueled reactors at other sites.

If plutonium recycle in water reactors is authorized, it is likely
that the recycle plutonium wHI ipitially be utilized as a partial loading
in uranium-fueled water reactors, with more interest in higher
plutonium loadings developing as the plutonium recycle industry
grows and matures. However, the utilization of plutonium in water
reactors may give way to the competitive demand for this plutonium
as start-up fuel for the fast breeder. If commercialization of the
breeders were to begin in the 1990's, as had been expected by ERDA,
the first-generation breeders would require several core loadings of
plutonium recovered from water reactor discharge fuel for start-up.
The present administration, however, has deferred fast breeder
commercialization for an indefinite period and has similarly deferred
reprocessing of spent LWR fuel. The amount of plutonium required
for breeder start up is discussed in Chapter VIII. If breeders are
introduced at a significant rate in the 1990's, it, will be necessary to
discontinue plutonium recycle in water reactors to furnish enough
plutonium to start t.he breeders, Given the previous ERDA schedule
of introduction and growth of the breeder program, plutonium recycle
in water reactors might be limited to the 1980's. Present policies,
however, leave breeder corn merci al ization u neer tain and make it
impossible to forecast accurately the time frame in which recycle
might be viable.

Regardless of plutonium recycle in water reactors, introduction of
fast breeders requires the capability of reprocessing uraniun& fuel from
water reactors to obtain the discharge plutonium. Breeder
introduction in the early 1990's would require that this capability exist
in the latter half of the 1980's. The breeder program also requires the
capability of reprocessing discharge core and blanket fuel from
breeders for plutonium recovery and recycle. Although founded upon
the same basic chemical technology, breeder reprocessing requires a
differen& facility than that used in water reactor foel reprocessing.
r»erefore, breede] introduction at a given tinge woold require the
existence of two different fuel reprocessi»g technologies; i.e., water
reactor fuel f' or pluto»ion~ production reprocessing at least a few years
earlier tha» breeder commercialization, and breeder fuel reprocessing
with ln a few years afterward.

U308
Shor t Tons

g. 2%
Depleted U

No Recyc1 e 6410
U r ecycl e 6280
U-PU sel f-generated recycle 4340
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Depleted U

6970
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4770
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time delays between new start-up and reprocessing-recycle of
discharge fuel, we obtain the estimated cumulative consumption of
uranium ore for the high growth case, as shown in Figure 10. The net
benefit of uranium-plutonium recycle is to reduce the cumulative ore
consumption through the year 2000 by 25%. Be ause of the time
delays and the effect of the increasing number of new start-ups, the
cumulative ore saving is considerably less than the 32% saving derived
from the lifetime ore commitments (Table 15). The 32% saving can
eventually be realized over the lifetime of each reactor, however. The
calculated lif'ctime commitments of uranium ore for the high growth
case, with and without U-Pu recycle, are also shown in Figure 10
More advanced fuel cycles with greater savings are discussed &n

Chapter VI [I.

The ERDA-USGS estimates (ERDA, 1975; USNRC, 1976) of ice
U.S. uranium resources at a 1976 cost up to $30/lb of U30& are also
shown in Figure 10. The identified and probable resources within to!s
cost are suff icient to supply the high growth cumulative or~
requirments through the year 2000. However, the reserves and
probable resources are c1early insufficient to supply the high growth
lifetime corn m itments. Resources of even higher cost should be
considered, since 1976 cost data for power plants to be completed in
1985 indicate that uraniun~ ore can be purchased at prices well over
$100/lb, in 1976 dollars, without destroying the economic viability of
n uclear power.

Also show» in Figure 10 are the ERDA-USGS estimates of the
potential -- but not. proved -- U.S. resources of ore up to $30/lb
030/ A more recent govern nugent esti mate (Shapi ro, et' al. , 1977)

G2. Uranium Ore Requirements

The yearly requirements of natural uranium for the fuel cycles are
sho~n on the flowsheets, The total ore required by a given reactor
over its operating life must include the ore to supply the start-up fuel
inventory as well as the cumulative replacement loadings over the
operating life. With recycle operation the equilibrium condition may
not be reached for a decade or more, and the additional ore
requirements during this transient period must be included. The
lifetime ore requirements calculated (Pigford 4 Yang, 1977) for the
light-water reactor fuel cycles appear in Table 15. Ore requirements
for these same light water reactors operating on the thorium cyc1e are
presented in Chapter VIII.

IOO-

An estimate of the total uranium consumed and committed for the
U.S. electric power industry through the year 2000 can be made on the
basis of the assumed nuclear power growth curve of Figure 9. Shown
are the ERDA 1976 high growth to 625 GWe and the low growth to
300 G%'e by the year 2000, assumed to be accomplished entirely by
light water reactors. Assuming that plutonium recycle from
commercial fuel reprocessing begins in 1981, and taking into account

0
1970 I980

Year

I

1990 2000

FIG. 9. Growth of U.S. nuclear electric generating capacity
(EBDA 1976 estimates).
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recoveries, and transaction times for the fuel-cycle operations, adopted
here as reference-case values, are given in Table 16. I he costs are
quoted in 1976 dollars, and they are considered representative of non-
inflated costs appropriate for nuclear power plants ~ begInning
operation in 'the mid-1980's. 'I he discount factor used in calculating
the carrying charges for advanced oi deferred payn~ents and credits is
7.SS%/yr {Pigford, 1976), typIcal of that «ppropriate for investor-
owned electrical utilities.

F:or each of the fuel cycle options data were developed (Pigford 8c

Choi, 1977; Pigford and Yang, l977; Shapiro, ef al. , 1977) for the
initial loading of fuel in the reactor and for the charge and discharge
quantities and compositions of each replacement loading throughout
the reactor life. The cost of electrical energy generated by each batch
of fuel was determined, and the fuel cycle cost levelized over the 30-
yr, plant life was calculated.

63a. Costs of the Non-Aeprocessing ("Stowaway") I'uef Cycle

For the non-reprocessing fuel cycle it is assumed that the
discharge fuel is stored in a water canal, either at the reactor site or
else~here, until its heat generation rate by fission-product decay is at
the same level as in high-level reprocessing wastes which could be
shipped to a federal repository. It is assumed that the discharge fuel
is then shipped to a federal repository, where the fuel is stored on a
retrievable basis and is available, if needed, for later reprocessing to
recover the uranium and plutonium. No credit for future reprocessing
is considered.

0
1 970 l980

Year
l990 2000

indicates potential U.S. resources of 8,710,000 tons at a cost up to
$50/lb U308, including resources anticipated with additional geologic
data. Searl (Searl, 1974) has estimated a median resource of about
13.2 million tons recoverable at a cost of less than $100/lb U308
(1974 dollars). However, since these are not proven reserves, it is
uncertain whether the U.S. resources will be sufficient for the lifetime
ore commitments of these reactors if uranium and plutonium are not
recycled. The uncertainty is less if both are recycled.

The cumulative and lifetime ore requirements for the low growth
case are half .those shown in Figure 10. The present reserves are
su ff icien t for the low growth cumulative requiremen'. s, with or
without recycling. The potential resources, if realized, would be
sufficient even for the lifetime requirement, with or without recycle,
but again the certainty of adequate supply is greater with recycle.

FIG. 10. Ore requirements for U.S. nuclear power industry for
the high growth case (0.25 jp

3 U in depleted uranium).
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The quantities of U308 required for each yearly fuel loading are
shown in Figure 11. The initial fuel loading consists of three fuel
batches. Each year thereafter one third of the core is replaced with a
new fuel reload, i.e., a replacement "fuel batch". Although each fuel
batch contains essentially the same mass of uranium, the enrichment
varies from one batch to another, especially for the three initial-load
batches and the next few replacement batches. The large first-year ore
requirement in Figure 11 is a result of purchasing the entire initial
load. The smaller amount of ore required for the second and third
years reflects the lower enrichment required for these reload batches.
Thereafter each annual reload is of constant enrichment and requires
the same amount of ore, except for the last two reloads which are of
lower enrichment and require less ore.

With uranium resources of the magnitude indicated above, the fast
breeder, if successfully introduced, would make it possible to continue
nuclear fission power at a steady or growing level for many centuries.
The depleted uranium stock-piled from isotope separation will be
sufficient to fuel the breeders for a very long time. The only ore
requirement attributable to the breeder is that associated with the
production of plutonium for start-up loadings of the first-generation.
breeders. This plutonium must be obtained from light-water reactors,
and these reactors will then require more ore because they are thereby
deprived of the benefits of plutonium recycle. If the doubling time
for subsequent growth in breeder capacity is no shorter than the
doubling time for the breeder to produce excess plutonium, no ore is
required for subsequent breeders. For each GWe of first-generation
breeder capacity installed in the 1990's, 44 GW-yr of light water
reactors would be operated without plutonium recycle during the
1980's and early 1990's to furnish the start-up plutonium.
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G3'. Economics of Fuel Cycle Opttons

The costs of the various fuel-cycle options for a given pressurized
water reactor are analyzed here to present some of the incentives for
fuel-cycle choices as they might appear to an electrical utility. - The
comparative economics of the fuel cycles have been analyzed on the
basis of the cash-flow model (Pigford, 1976}. The unit costs,
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l5 20 25 30
Reactor Operating Time, yeors

FIG. 11. Natural uranium required for yearly fuel loading of a
1000-MW pressurized-water reactor.
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TABLE 16. Unit costs, recoveries, process times and fuel cycle operations.

Operation

U308 pur chase
($28 per pound
of U308)

Uni t Cost
in 1976
do 1 1 af s'
$/kg

$72, 64/kg U

Recovery
factor in
operation

1.00

Time of Expenditure
Relative to Relative to
beginning of fuel discharge
fuel operation yr'

yr

U3o, t UF,
convef sion

Isotope
Separ ation
U02 conversion
and fabrication $95.00/kg U 0.99

$75. 00/kg SWU 1.00

-0. 5

Shipment of
discharge fuel $15.00/kg HM 1.00

Fuel
proces sing $166.00/kg HM 0. 99 Pu, U

Waste management-
federal repository $50.00/kg HM 1.00

P u02 —
UO&

conversion
fabrication $198.00/kg HN 0.99 -0.5

Shipment of
fissile Pu
(as Pu02) $40. 00/kg Pu 1.00

Canal storage of
discharge fuel $5.00/yr kg HM 1.00 +1, 2,

Long-term storage
of discharge fuel
in r epos i tor y $100.00/k g HM 1.00

'" "HM" denotes heavy metal, i.e., tot&l actinides charged to the reactor. All unit cost data are frown NRC
(USlVRC, 1976), except the cost of ftiel reprocessing. 1'he reference cost of UO2 fuel reprocessing w cs derived in

Section lV-E9. (See Table 13.) MOX fuel reprocessing is assumed to .cost 20% more than UO2 reprucessing,

For each fuel batch the electrical energy generated is calculated,
and a cask-flow account for that batch includes all advanced payments
for preparing that fuel and all later payments for storing and shipping
that fuel when discharged. Thus, an apparent fuel-cycle cost for the
complete handling of the fuel involved in each year of reactor
operation is determined, and the results are plotted in Figure 12. The
first-year cost reflects the large purchase of ore for the initial core
loading, balanced in part by the savings from the lower enrichments

of the first fuel batches. '
Savings from lower enrichments of the first

two replacement loadings continue up to the fifth year. The higher
costs for the last two cycles occur because of the lower burnup of fuel
purchased for these cycles.

The contributions to the 30-year leve1ized fuel cycle costs of
stowaway cycle are shown in Table 17. The total fuel cycle cost is

greater than the arithmetic mean of the yearly costs shown in Figure
12 becatfse the Ievelizing calculation weights the costs occuring earlier
in the reactor lifetime.

'E 6—
COo
Q woe

47
5 ~

Pi@ford Chai, f977

@&1

No Fuel Reprocessing
gmmwwmwuwmmmmmmmwmmmumema wmammiw auwwimmmmmmwmmmmmaal

The unit yearly costs of canal storage of discharge fuel are such
that an estimated fuel cycle cost with continued long-tert' canal
storage is less than the cost shown here with 10-year canal storage
followed by long-term storage in a geologic repository.

G3b. Costs of the Fuel Cyc1'e with Reprocessing and Uranium-
Pl ut oni uw Recycle

I

Reprocessing with Self-Generated U-Pu Recycle

3
0

I I

IO I5 20
Reactor Oper'ating Time, years

l

25

FIG. 12. Yearly fuel cycle cost for pressurized-water reactor
{reference costs in 1976 dollars).

The fuel cycle costs for reprocessing with uranium-plutonium
recycle can be calculated directly from the cycle-by-cycle data on the
fuel material quantities charged and discharged to the reactor. For
self-generated recycle no plutonium or uranium is sold or purchased.
Instead, the recovered plutonium is recycled, when available, thereby

~WWWMWWMMWW

Although the present analysis assumes that for the reprocessing
case all fuel batches are reprocessed for U-Pu recycle, it would be more
economical not to reprocess the first batch, discharged af ter the
first year of operation.
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TABLE 17. Fuel cycle cost for a pressurized water reactor
with no reprocessing of the discharge fuel (30-year levelized
cost in 1976 dollars with unit costs from Table XVI.

TABLE 18. Fuel cycle costs for pressurized water reactor
with self-generated recycle of uranium and plutonium (pigford
and Choi, 1977) (30-year levelized cost in 1976 dollars with
unit costs from Table 16).

U308 pUrchase

U30& to UF6 conversion
Isotope Separat, ion

Fuel conver sion and fabrication
Total cost of fuel char ged to r eactor

Storage of discharge fuel for 11 years
Ship to federal repository
Store in federal repository

Total Fuel Cycle Cost

Fuel Cycle Cost
mi 11/kMIh

2 ' 72

0 ' 12

1.51

0.65

4 ' 90

0. 13

0 ' 02

0 ' 17

5 ' 22

U30& purchase

U308 to UF6 conver sion

Isotope Separation

Fuel eonverstion and fabrication:
U02
MOX

Fuel Cycle Cost
(mill/kwh)

0 ' 09

1 ~ 24

0 F 47
0. 16

reducing the amount of natural uranium and of enrichment service
which must be purchased for subsequent cycles. The plutonim is
followed through the five successive recycles during the 30-yr. period,
and it is assumed that the plutonium in a given batch of discharge
fuel is the same as that later recovered from reprocessing, i.e., cross-
over between fuel batches in reprocessing is neglected. In this way the
continued build-up of the higher-mass isotopes of plutonium, e.g.,

Pu, and their effect upon reactivity and burnup are properly taken
into account.

Total Cost of Fuel Charged to Reactor

Ship dischar ge fuel':
U02
MOX

Fuel reprocessing:
UO~

MOX

4 ' 02

0 ' 05
0 ' 01

0 ' 51
0 F 09

Similarly, the uranium recovered from fuel reprocessing is recycled
for isotopic enrichment to 3% 2 U, further reducing the amount of
natural uranium and enrichment which mast be purchased for later
replacement fuel loadings. It is assumed that, discharge UO2 fuel is
reprocessed separately from discharge MOX fuel, to avoid the
degradation in isotopic concentration of 3 U that would otherwise
occur if the two types of discharge fuel were reprocessed togeth -,

The uranium recovered from the discharge MOX fuel is store'

The effect of 6U in the recycled uranium is taken into acco~: '. t

by calculating (de la Garza, 1977)- the amount of 2 U which would
folio~ the U in the isotope enrichment process. It is assumed that
a hypothetical captive isotope separation facility exists which operates
only on the natural uranium and recycle uranium needed for this
particular reactor. Thereby, the actu'al dilution of 3 U by the large
amount of first-cycle uranium in the single U.S, enrichment system is
neglected. The slightly incre". sed enrichment of U necessary to
compensate for neutron absorption in the recycled 6U from the
recycled uranium is then calculated. The increased 235U enrichment
requii'. es greater amounts of natural uranium and of separative work.
The presence of 236U also slightly increases the separative work to
produce a 'given 3~U enrichment. These perturbations in the
composition of the fresh fue1 are followed through the entire fuel
cycle, and equilibrium perturbations in the concentrations of 5U,

U, and Pu in the discharge fuel are calculated. The corrections due
to U recycle with this model are found to be very small, resulting
in an increase in fuel cycle cost of less than 2%. This is in agreement
with other published work on the effect of 6U in recycle fuel
(Colglazier & Weatherwax, 1976; de la Garza, 1977; Geller and
Gueron, 1969: Goellner, et al. 1967; Peak, 1975; Sprauge, 1974).
Separate corecti'ons are not made for the build-up of "Pu when
plutonium is recycled because this build-up is already taken into
account in the cycle-by-cycle calculations (Shapiro, et al, , 1977) for
plutonium recycle used in this study.

The quantities of U&08 required for each yearly fuel loading
(Pigford and Choi, 1977), are shown in Figure 11. The initial loading
and the first two replacement loadings are identical with those for the
non-reprocessing cycle, because during this period no plutonium and
uranium have been returned for fuel reprocessing. Thereafter the
yearly requirement is smaller for the reprocessing cycle. The
fluctuations in the yearly quantities from the third through the eighth
year reflect small adjustments in the U enrichment to finally
achieve an equilibrium cycle of constant uranium enrichment in the

Waste Management in federal repository 0. 08

TOTAL FUEL CYCLE COST 4 ~ 76

fuel charged to the reactor. The ore requirements for the last two
reloadings are less than those of the equilibrium reloadings because of
the lower burnups and lower enrichment requirements for these last
reloads.

The contributions to the 30 yr levelized fuel cycle costs with
reprocessing and recycle are shown in Table 18. The total fuel cycle
cost for our reference case is 9% less than that for the stowaway cycle
of Table 17.

63c. Costs of the Fuel Cycle with Uranium A'ecycle and
I'/utoniurn Storage

Here it is assumed that the discharge fuel is reprocessed and
uranium is recycled. The plutonium is to be stored for some arbitrary
period, such as ten years, after which it, too, is recycled as water-
reactor fuel or used for breeder start-up. To establish the plutonium
value, a cash flow account was calculated over the lifetime of two
identical reactors: one operating in self-generated U-Pu recycle, as in
F3b, and the. other operating with uranium recycle and the sale of its
plutonium at the time produced. Equating the lifetime levelized fuel
cycle costs of these two concepts, the value of plutonium as a water"
reactor recycle fuel v as established. Since all unit costs in the present
model are assumed to remain constant with time, when expressed in
constant-value dollars, the value of plutonium thus calculated applies
as well when the plutonium is sold ten years later. However, the

The apparent fuel-cycle costs for each year for this fuel cycle
(Pigford and Choi, 1977) are shown in Figure 12. During the first
three years the fuel cycle cost is higher than for the non-reprocessing
cycle. This results because during the first three years the fuel cycle is
bei»g charged with the eventual cost of reprocessing these batches, the
burnup of the first two discharge fuel batches is relatively small, and
no reduction in ore and enrichment purchases due to recycle have yet
:occurred. The yearly fuel cycle costs are essentially constant after the
beginning of the seventh year, except for the higher costs in the last
two years due to the lower bt~rnup of the last two reloads.
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TABLE 19. Fuel cycle costs for a pressurized water reactor
with uranium recycle and 10-year plutonium storate {Pigford
and Choi, 1977) (30-year levelized cost in 1976 dollars, with
unit costs from Table 16).

TABLE 20. Fuel cycle costs for a pressurized water reactor
with 10-year delay in fuel. reprocessing (pigford and Choi, 1977)
(30-year levelized cost in 1976 dollars with unit costs from
Table 16).

Fuel Cycle Cost
(mill/kwh)

Fuel Cyc 1 e Cost
{mi 1 1 /kwh )

U308 purchase

U, O„ to UF, conversion

Isotope Separation

2. 26

0. 11

1.48

U30& pur chase
U&0& to UF6 conversion
Isotope Separation
Fuel converstion and fabr ication
Storage of discharge fuel for 10-years

2. 72
0. 12
1.51
0.55
0. 13

Fuel conver stion and fabrication Total Cost of Fuel Charged to Reactor 4. 90

Total Cost of Fuel Charged to Reactor

Ship discharge fuel

4. 40

0.05

Ship dischar ge fuel
Fuel reprocessing
%rllaste Management in federal repository
Credit for recovered uranium and plutonium

0.02
0.28
0. 04

—0. 42

Fuel reprocessing 0. 58

TOTAL FUEL CYCLE COST 4. 95
Maste Management in federal repository

Plutonium storage

Plutonium credit

TOTAL FUEL CYCLE COST

0.08

0. 38

-0.. 16

5. 33

reprocessing. The contributions to the 30-year levelized fuel cycle
costs are shown in Table 20. The cost of this fuel cycle is 5% less
than that of the stowaway cycle. Further, concerning the results in
Table 19 and 20, the cost of immediate reprocessing with uranium
recycle and 10-year delay in plutonium recycle is greater than the cost
of 10-year delay in reprocessing the discharge fuel. This difference
results because the cost of storing separated plutonium for 10 years is
much greater than the cost of storing discharge fuel for the same
period.

present value of that deferred sale of plutonium is less than if the
plutonium had been sold immediately.

The contributions to the 30-year levelized fuel cycle costs (Pigford
and Choi, 1977) are shown in Table 19. The total of 5.33 mill/kwh is
2% greater than that of the stowaway cycle. However, if plutonium
were not stored and later sold but instead allowed to go to the waste,
the fuel cycle cost would become 3% less than that of the stowaway
cycle. As discussed earlier, degradation of plutonium to a nuclear
waste seems undesirable pending a resolution of the longer-term issues
aff ecting uti 1 ization of pluton i u m as a nuclear fuel;

It is conceivable that the possibly higher value of plutonium at
some future date would reduce the economic penalty for delaying
plutonium utilization. For this option of a 10-year delay in
plutonium use to cost no more than the non-reprocessi»g option of
Table 17, the plutonium value would have to increase by about 70%
over the ten-year period, all other unit costs remaining constant.
Possibly higher values of plutonium as fuel for start-up of future
breeders, when and if they exist, are not likely to be realized until
much later, when there is cost experience from commercial breeder
construction and operation. However, a rise in the constant-dollar
price of uranium dtiri»g the reactor life is a real possibility, and this
will affect both the plutonium value and the financial incentive for
this fuel cycle. The effect of increases in uranium price on fuel cycle
posts are discussed in Section 63e,

G3'd. Costs of the Fuel Cycle with Delayed Fuel' Reprocessing

Here v e assume a 10-year delay in fuel reprocessi»g, during which
discharge fuel is stored. I'he fuel is then shipped a»d reprocessed for
recoverv a»d recycle of ura»iu»s a»d pluto»ium. The»on-inflated
u»it prices of uraniu»s;&»d pltitoniuin and of all the fuel cycle
operatio»s are assu»&ed to re»&ain co»stant. 1 he credit for recovered
pluto»iu»~ is calculated using the plutot~itini fuel value described in
Section 63c. By a similar techtiique, the fuel value of recovered
uranium levelized over the 30-year reactor lifetime is calculated and
used to establish the credit for the uranium recovered after delayecf

G3e. Effect of Price of Uranium Ore on Fuel Cycle Costs

Table 17 through 20 show that the greatest single contributor to
the fuel cycle costs is the purchase of natural uranium. The future
price of natural uranium is one of the greatest uncertainties affecting
analysis of fuel cycle options. The reference price of $28/lb U308 is
understood to be representative-of many contracts which extend well
along the operating life of reactors started in the mid 1980's, provided
these ura»ium prices are expressed in terms of constant dollars.
However, further contracts must be made. Even if de-esclated to 1976
dollars, the price of future contracts may increase because of {a) the
depletion of the more readily available uranium resources and (b} the
rise in the fr.e-market price of alternative fuels.

To illustrate the effect of the price of uranium ore, we consider
two additional cases:

(1) The constant-dollar price of U308 increases linearly from the
initial reference cost. The annual increase is 5% of the reference cost.

(2) The U30& price is doubled.

The results of calculations for the 30-year levelized costs for the
different fuel cycles with the three different assumptions of ura»ium
price are shown in Table 21. For those options involving 10-year
deals and credit -fo'r recovered uranium and/or-pluto»ium, the credits
were established by recalculating the fuel value of plutonium and
recovered uranium by the mode) described earlier. The values of the
recovered uranium and plutonium increase with the ptice of natural
uranium.

The assumed linear increase in the price of »atural ura»iun& rest&its
in an i»crease of about 1.8% in the fue)~ cycle costs for both the
stowaway cycle and for reprocessi»g with recycle. The 9% benefit of
recycle is affected little by this assumed linear i»crease i» ura»ium
price, because the early part of the operati»g life is weighted whe»
calculati»g the 30-year levelized cost of the fuel cycle. Hov ever, a
two-fold i»crease i» the ura»iun& price over the e»t. ire operati»g life
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TABLE 21. Costs of various fuel cycle options as affected by the cost of natural uranium (1976
Dollars) (Pigford and Choi, 1977). (All unit costs are the same as in Table 16 except for the in-
dicated increase in U308 cost. )

U308 cos t
constant
at $28/1b

U308 co s t U30$ co s t
increase" constant
5%/yr at $56/lb

1. Stowaway Cycle
U30$ purchase, mill/kwh
other costs, millkwh
Total fuel cycle cost, mill/kwh

2. 72
2. 51
5. 23

3.65
2. 51
6. 16

5. 44
2. 61
7.95

2. U + Pu Recycl e

U30) pur chase, mil 1 /kwh

other costs, mill/kwh
Total fuel cycle cost, mill/kwh

Change from stowaway cycle

2. 06
2. 70
4. 76
-9%

2. 89
2. 70

5.59
-9%

4. 12
2. 70

6. 82
—14%

3. U Recycle 10-yr Pu Storage
U30& pur chase, mi 1 1/kwh

other costs, mill/kwh
Pu cr edi t, mi 1 1/kwh

Total fuel cycle cost, mill/kwh
Change from stowaway cycle

2. 26
3.23
-0. 16
6. 33
+2%

3.26
3.23
-0.23
6. 26
+2%

4. 62
3.23
-0.24

7.61
-6%

4. 10-yr Storage Followed by U-Pu

U30& purchase, mi 1 1 /kwh

Other costs, mill/kwh
U-Pu credit, mill/kwh
Total fuel cycle cost, mill/kwh
Change from stowaway cycle

Recycl e

2. 72
2. 66
-0.43

4. 95
-5%

3.66
2. 66
-0.65
6. 66
-8%

5. 44
2. 66
-0. 76

7. -35

-8%

A linear increase, beginning with $28/lb.

increases the fuel cycle costs by about S0%. The reprocessing benefit,
defined as the percentage difference between the cost for the stowaway
fuel cycle and the cost for this cycle of reprocessing and recycle,
increases from 9% to 14% as the uranium price is doubled. Similar
increases in fuel cycle costs and in benefits relative to the stowaway
cycle occur with the other two cycles, as sho~n in Table 21. %ith a
two-fold increase in price of natural uranium, even reprocessing for
uranium recycle and plutonium storage results in a 6% benefit over
the stowaway cycle. Ultimately, at even higher uranium prices, the
benefit from this fuel cycle will become as great as that for 10-year
storage prior to reprocessing.

G3f. Effect of Changes in Unit Costs of Fuel Cycle Operations

The effect of an arbitrarily assumed two-fold increase in the unit
cost of each of the fuel cycle operations is sho~n in Table 22. Each
change is assumed to occur while all other unit costs are held at the
reference values of Table 16. Although the cost (or price) of natural
uranium is the most important individual contribution to the total
fuel cycle cost, as demonstrated by the previous tables, the same
percentage change in the cost of fuel reprocessing has more effect
upon the reprocessing benefit than the same percentage change of any
of the other parameters. For the reference case, a two-fold increase in
the cost of fuel reprocessing would result in no benef it from
reprocessing, i.e., the stowaway cycle would be the more economical.
The possibilities of such a change in the reprocess ig unit cost were
discussed in Section IV.E and will be reviewed in the next section of
this chapter.

The effect of uranium cost (or price} on the reprocessing benefit

has already been demonstrated in Section 63e. The effects of two-
fold i ncreases i n the other parameters are relati vely small.

The only other parameters whose increase would reduce the
reprocessing benefit are the cost of' MOX fabrication, UO2 and MOX
shipment, spent fuel storage, and the ratio of the cost of geologic
disposal of radioactive wastes to the cost of geologic storage-disposal
of disc. harge fuel. However, it would require a very large increase in

any one of these paranleters, with no compensating increase in the
others, to result in no reprocessing benefit. In its analysis of the
possible variation of the unit costs, NRC (USNRC, 1976) estiniates a
possible 50% increase in the cost of MOX fabrication and a possible
two-fold increase in the costs of fuel storage and transportation,

It is clear that. the reprocess. rig benefit is most sensitive to the cost
of fuel reprocessIng. It is also sensitive to the cost of natural ur'anium
but is relatively insensitive to the cost of the other fuel cycle
operations. %e turn in section 63h to the evaluation of the
reprocessir&g benefit in ternls of the parameters which are expected to
affect the unit cost of reprocessing.

G3g. Effect of Concentration of Depleted Uranium From Isotope
Separation

The fuel cycle costs for the four different fuel cycle options in
Sections 63a through 63f were calculated on the assumption of 0.2S%
2~5U in the depleted uranium from isotope separation. For the unit
costs listed in Table 16 the economic optimum concentration of U
in the depleted uranium is nearer to 0.2%. Operation at this lower
concentration reduces the fuel cycle costs by 2 to 3%. The
reprocessing benefit remains at about 9% of the fuel cycle cost.
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TABLE 22. Effect of unit cost parameters on the benefit from reprocessing with U—Pu recycle
(Pigford and Choi, 1977).

Oper ation Change in Unit Cost
(1976 dol 1 ar s)

Reprocessing Benefit"
with changed unit

cost of fuel cycle oper ation

Refer ence Case:
U30& purchase

2. U308 to UF6 conver sion
3. Enrichment
4. U02 conversion

fabrication
5, MOX conver sion and

fabrication
6. Ship UO& spent fuel
7, Ship MOX spent fuel
8. Spent, fuel stor age
9. Fuel reprocessing b

10. Long-term storage in
feder al r epositor y:
a ~ spent fuel
b. high-level and

TRU waste
c. both a and

b together

no change
28 to 56 $/lb U308

3 ' 5 to 7 $/kg U

75 to 150 $/kg SMU

95 to 190 $/kg U

200 to 400 $/kg U+Pu

15 to 30 $/kg Hm

18 to 36 $/kg HM

5 to 10 $/kg yr HM

165 to 330 $/kg HM

100 to 200 $/kg HM

50 to 100 $/kg HM

9.0%

14. 1%

9.2%

10.8%

9.2%

5. 7%

8 ' 3%

8, 6%

10.9%

-2. 7%

11.6%

7 ' 2%

9.4%

"Reprocessing benefit*' is the percentage difference between the fuel cycle cost for the stowaway fuel cycle

and the fuel cycle cost with reprocessing and U-Pu recycle. For each change listed all other unit costs are held

constant at the reference values given in Table 16 where a discount factor of 7.55%/year has been used.

MOX reprocessing unit cost = 1.2 X UO reprocessing unit cost.2

G3h. The Fue! Cycle Reprocessi ng Benefi ts for Different
Reprocessing Plants

We define the reprocessing benefits as the percentage difference
between the fuel cycle costs for the non-reprocessing stowaway cycle
and the fuel cycle cost for reprocessing with U-Pu recycle, i.e., the
negative of the percentage changes from the stowaway cycle listed in
Table 21. The data in Table 21 were calculated for a constant unit
cost of UO2 reprocessing of 165$/kg, which is the reference case for a
1500 Mg/yr reprocessing plant with semi-direct maintenance and with
median industrial financing as developed in Section E. Similarly, the
reprocessing benefits for other methods of financing the reprocessing
plant and for remote-maintenance plants can be estimated, using the
other unit reprocessing costs in Table 13 of Section E. The results are
shown in Table 23, where the effect of different prices or uranium is
also shown. For the reference case of 28$/lb U308 and for the case of
a linear increase from this reference price, the reprocessing benefit
varies from a high of about 14% for the semi-, direct-maintenance
plant with government fiancing to about 2 to 3% for the same plant
with high-risk industrial financing. For these same uranium prices,
the reprocessing benefit for the remote-maintenance plant is about
11% for government financing, 2 to 3% for median industrial
financing, and is negative for high-risk industrial financing. For a
constant uranium price of 56$/lb U30& the reprocessing benefit ranges
from 17.6% to 9.4% for the semi-direct maintenance plant and from
15.8% to 1.2% for the remote- ma i n tenance plant.

No reprocessing benefit is predicted for the remote-maintenance
plant with high-risk industrial financing and with a uranium price of
28$/lb U308 or 1 i nearly increasi ng from that price.

lt is apparent that within the context of these calculations there is
a likely reprocessing benefit for the semi-direct-maintenance plant
with «ny of the indicated methods of financing. Similarly, there is a
likely benefit of the remote-nsaintenance plant for any but the high-
risk-h igh-equity methods of f ir&ancing.

G3i. The I3i eak-Fven Uni( Costs of' UO& F!&el Reprocessing

We defir~e the break-even u»it cost of UO2 reprocessing as that

cost which results in zero benefit from reprocessing, i.e., the cost of
the stowaway fuel cycle becomes identical to the cost of the fuel cycle
with uranium-plutonium recycle. The break-even reprocessing costs
for the three different assumptions of uranium price, holding all other
unit costs at the values in Table 16, are sho~n in Table 24.

Because all of the reprocessing fuel cycles except the one involving
10-.year plutonium storage result in net costs less than that of non-
reprocessing storage of discharge fuel, the break-even UO2
reprocessing costs of 292 to 319$/kg for these cycles are greater than
the presently estimated reference cost of 165$/kg for direct-
maintenance UO& reprocessing, These break-even co.ts are also
greater than the upper estimate of 270$/kg for semi-direct-
maintenance reprocessing with high-risk industrial financing, as
shown in Table 13 of Section E. Therefore, there is a financial
incentive for fuel reprocessing over the estimated range of costs of
direct-maintenance reprocessing, assuming other unit costs are at the
ref erence val ues.

Our estimates shown in Table 13 of Section E indicate that for the
1500 Mg/yr remote- maintenance plant with high-risk industrial
financing, the unit cost of reprocessing is greater than the break-even
cost unless the uranium price is increased to about 56$/lb U308.

For the cycle involving reprocessing with uranium recycle, with
plutonium recycle deferred for 10 years, to be more economical than
non-reprocessing storage the unit reprocessing cost must be less than
131 to 134$/kg, assuming a uranium price of 28$/lb U30&, or linearly
increasing therefrom, and assuming all other costs are at the reference
values. According to Table 13 of Section E, this could be obtained
with a semi-direct-maintenance plant with government financing. If
the uranium price is 56$/lb U308 many other options of financing the
reprocessing plant become viable for uranium recycle.
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TABLE 23. Reduction in fuel cycle cost by reprocessing and recycle as affected by reprocess-
ing plant design and financing and by uranium cost.

Reprocess ing

plant
a»d method of
financing

Unit
reprocessing
cost
$/kg

28$/Ib V308

Reprocessing benefit . as a
- b

function of uranium cost
28$/lb U308 +
1.40$/I b yr
increase

56$/Ib U308

Semi-direct-maintenance plant

low-cost
(government)
financing 90 14.2 13.7 17.6

util i ty-type
financing 120 12. 1 11.9 16 ' 3

median industrial
financing 165 9.0 9.2 14.2

high-risk
i»dustrial

financing

220
to
270 1.7 9.4

Remote-maintenance plant

low -cost
(government)
financing 130 11.4 11.3 15.8

utility-type
fina»ci»g '190 7. 2 7. 8 13.1

median industrial
financing 265 2. 1 3, 4 9.6

high-risk
i»d »st r i «I

f I tla»ci»g

360
to
450

-4. 5

-10.7

-2. 2

-7.5

5, 3

1.2

From Section F. Table 13. Costs are i» 1976 dollars.
'I he reprocessi»g be»efit is, the perce»tage differe»ce betwee» the fuel cycle cost for the stowaway cycle and

the I'uel cycle cost for reprocessi»g with V-Pu recycle. All other u»it costs of fuel cicle operatio»s are the same as
the values in T ibie 16, except for the i»dic &ted i»creases i» the costs of U &08,

G3j. Fuel Cycles Involving Disposal of Nuclear Fuel as H aste

An al ternative fuel cycle involving treating discharge fuel as
radioactive waste by en~placing it in essentially non-retrievable storage
has bee» discussed (USNRC, 1976). Discharge fuel is an already-

mined, val nable encl gy resottrce. lf »ot reprocessecl discharge fuel
should be stot ed in retrievable form pending the development of
alternate sources of energy. Similarly, if uran i u ni were to be
I'eprocessecl without pluton iun& recycle, the plutonium should be stored
for future fuel value rather than allowing it to follow the high level
wasstes into non- I etrievable disposal.

TABLE 24. Break-even costs of fuel reprocessing by fuel cycle options as affected by cost of
natural uranium (1S76 dollars) (Pigford and Choi, 1S77). (For each fuel cycle option the break-
even reprocessing cost results in the same fuel cycle cost as for the stowaway cycle. All unit
costs are the same as those in Table 16 except for the indicated increase in the cost of U308.
Cost.of MOX reprocessing remains 20% greater than for UQ2 reprocessing. )

Break-even UO2 Reprocessing Cost, $/kg

U308 U308 U308

constant increase a constant

at 28$/lb 5%/yr at 56$/Ib

U+Pu recycle 292 320 474

U-Recycle, 10-yr Pu storage 131 134 287

10-yr storage, followed by
U-Pu recycle 319 449 514

A linear increase, beginning with 28$/lb.
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TABLE 25. Total cost of electrical energy from pressurized-water reactor (70% load factor,
yearly charge on capital investment =167G/yr. , reference unit costs of fuel cycle operations).

Storage of

discharge fuel

mill/kwh

Reprocessing discharge

fuel, recycle U and Pu

m il 1/k wh

Reprocessing discharge

fuel, U recycle, 10-yr

Pu storage and recycle

m i 1 1/k wh

10-yr. storage

of discharge

fuel, U -Pu

recycle

mill/kwh

Capital
cost 26.l 26.1 26.l 26.l

Operating

cost

Fuel cyc le

cost 5.2 4.8 5.3 5.0

Total cost of
electr i ca 1

energy 33.3 32.9 33.4 33.l

Percentage
difference 0 -0.6

TABLE 26. Unit costs of fuel cycle operations used in ERDA analysis (ERDA, 1976) of re-
processing benefits.

This study
(Table 16 ERDA (197? dollars)
1976 dollars) base case r ange

(ERDA, 1976}

U308, $/lb

U30& to UF6 convgr sion, $/kgU

Isotope separation, $/kg SMU

UG2 conversion and
fabrication, $/kg U

3.50

75

4. 40 4 ~ 40

75-125

90

34 and higher'a see Fig. 13

Shipment of dischar ge
f uel, $/kg HM

U02 fuel reprocessing,
$/kg IfM

MOX fuel reprocessing,
$/kg HM

Maste management-federal
repository, $/kg HM

198

50

280b

not specif ied

220-340

25-50

MOX conver sion and fabr ication,
$/kg HM 200 260 260

Shipment of' f i ss il e
plutonium, $/kg Pu

Canal storage of discharge
fuel, $/kg HM yr

Long-term stor age of discharge
fuel in federal
repository, $/kg HM 100 60-200

Plutonium storage,
$/kg fissile Pu yr,

Discount factor %/yr

2000

7, 55

300

10

300

10

See U30& price schedule, Fig. 13
b Corresponds to entry in Sect. IV.E Table 13 for a remote-maintenance plant, median industrial financing,

adjusted to 265$/kg for 1976 doll mrs. Apparently ERDA uses the same value for MOX fuel reprocessing,
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Gjk. 'I'ot col Costs of' tV inc!ear Generated /: lect r i ca/ Energy

1 he tot'll costs of nucI&'. dr generated elect i ical encl gy c'ln now be
estit»ated, using a capital cost. of' $1000/kW for the pov er station «nd
assuming 2 mill/k%h for the operating cost, as shown in 'lable 25.
Closing the fuel cycle by reprocessing to recycle uranium and
pl uton ium decreases the total generating cost by 1.2%. The
uncertainties in the unit costs of many of the fuel cycle operations are
large. Nevertheless, the variations considered herein, including
uncertainties in construction costs and financing costs of reprocessing
plants, indicate that with direct-maintenance reprocessing and median
industrial financing, the savings in fuel costs are about 9 to 14% and
those in generating costs are about 1 to 3% over the range of uranium
prices considered. Similar savings are possible with a remote-
maintenance reprocessing plant if financed with a sufficiently low
yearly charge on capital investment or if operating in a period of
higher uranium costs. Clearly, the matter can only be resolved when
policies are clarified that affect the plant construction costs and
methods of financing.

A reprocessing plant capable of handling 1500 Mg of uranium and
mixed-oxide fuel per year, and waste-management facilities necessary
to complete the fuel cycle, could service 53 reactors operating in self-
generated plutonium recycle (Figure 7), resulting in a saving under the
base case assumptions of $150 million/yr. for full uranium-plutonium
recycle. For a mature nuclear power industry of 600 Gw by the year
2000, the annual saving is $1.7 billion, which is 1.2% of the total
electrical generating cost for that year, For 300 Gwe in that year, the
annual dollar savings are half of those indicated above.

G3l. EDDA Analysis aof the Benefits of Reprocessi ng and
Recycling Light Water Reactor Fuel

The unit costs used by ERDA in its analysis (ERDA, 1976) of the
benefits of reprocessing and recycle are listed in Table 26. Alto listed,
for comparison, are the reference unit costs used in our present study
(from Table 16). The most important difference is in the unit cost of
reprocess i ng.

The ERDA unit cost of 280$/kg is based upon a preliminary
forecast for the duPont design of a 1500 Mg/yr remote-maintenance
plant costing $1.224 billion, in 1977 dollars, financed with median
(25%/yr) industrial financing. This reprocessing cost has been
included in our present analysis, where the ERDA-duPont estimate of

280$/kg has been translateld to 265$/kg in 1976 dollars ancl appears
in Table 23.

ERDA uses a schedule of uranim price as a function of the
cun&ulative ore consutnpt. ioi& as shown i» Figure l3. The cost of
conversion of UF&, is included in the uraniuns price. ERDA's an;&lysis
is concerned with the toul cost, of fuel cycle operations fo~ a U.S.
nucle;u power i»dustry growing, fo& the base case, to 500 Gwe of
light-water-reactor capacity by the yeat 2000. T' he& calculate the total
and discounted cun&ulative cash flow for the case of no fuel
&eprocessing «nd co~»pate with sinsilar cuiuul itive costs for fuel
reprocessing with uranium-plutonium recycle. The fuel reprocessing
is assumed to begin in 1981, with plants operating at 40% capacity the
first year, 67% the second, and 100% thereafter. In the reprocessing
case the plutonium is assumed to be recycled only in light water
reactors; possible introduction of breeders is not included. The results
for the 500 Gwe base case are summarized in Table 27.

ERDA estimates of the range of variations in the unit costs of
fuel cycle operations are shown in Table 26 and 27. The resulting
changes in the cummulative reprocessing benefit are shown in Table
28.

The data in Table 27 correspond to an average price of uranium,
averaged over the period from 1976 to 2000, of 42$/lb U308 for the
non-reprocessing cycle and 40$/lb for reprocessing and recycle, with a
beginning price of 34$/lb. For these uranium prices and for the
ERDA-estimated reprocessing unit cost, the calculated percentage
benefit from reprocessing is in general agreement with that predicted
in our analysis (see Table 23), although our analysis is for a single
plant and extends over the entire plant. lifetime.

We note, however, that the ERDA analysis does not reflect the
very large range of reprocessing costs that seem possible, and even
realistic, depending upon the method of financing and upon the
design approach towards direct or remote maintenance. As shown in
Table 23, the method of financing remains the mo. .'. important single
variable. A high-risk approach towards industrial financing, which
might result from the considerations discussed in Section E, would
lead to such high unit costs for a remote-maintenance plant that no
reprocessing benefit should occur under the range of U308 prices
considered in the ERDA analysis. Conversely, there seem to be many
financing approaches, beyond the one median-industrial financing
rate (25%/yr} assumed by ERDA, which would significantly increase

I

Rev. Mod. Phys. , Vol. 50, No. 1, Part II, January 1978



S68 APS study group on nuclear fuel cycles and waste management

TABLE 27. ERDA analysis (ERDA, 1976) of effects of fuel reprocessing on recycle in LWR's
from 1976 through 2000. Base case =500 Gwe of LWR in the year 2000. Costs are in 1976
clollar s .

Non-r epvocess ing Repr ocessing with
fuel cycle U-Pu recycle

Difference
(/)

Amoun t of mater i al thr ough
year 2000, 10 Mg:

Ur anium r epr ocessed

Fissile plutonium processed

U308 mined 1392

1.0

1025

144

1.0

-267 (-28%)

Costs through the year 2000,
$billions:

Mininga

Separ ati ve wor k

Uranium fabrication

Chemical repr'ocessing

Pu storage

Pu fabr ication

Spent fuel storage and

disposalb
Interim fuel storage and
reprocessing waste disposal"

135.9

73. 8

18.7

13.0

95.4

60. 5

18.7

40. 9

0. 1

5. 0

4. 2

-40 . 5 ( -30%)

-13.3 (-18%)

+40.9

+0. 1

+5. 0

+4. 2

Total 241. 4 224. 8 -16.6 (-6.9%)

Total, with 10% /yr discounting
Power gener ated, 10l2 kwhr
Fuel cycle costs/mi1 1 s/kwh

58. 1
37. 2

6. 5

56. 1
37. 2

6, 0

-2 0 (-3 4%)

-0. 5 (-8.0%)

includes conversion to UF6. The average u»it price of U30& is 4, 7% less with reprocessing because of less

ctln1ulative ore requirelllent. ,

Some fuel irradiated before the year 2000 has remaining in pool storage and as disposal liability at the year
2000. Also, some fuel reprocessed before theyear 2000 ge»crates»aste which is disposed of after the year 2000.
These costs are included in the total.

the reprocessing benefits, such as government financing or a special
industrial project financed with a high ratio of debt to equity. Also,
data from three recent U.S. industrial designs of plants with semi-
direct maintenance indicate that these designs, if successful, could lead
to even further reductions in unit reprocessing cost than those
considered in the ERDA study.

TABLE 28. ERDA (ERDA, 1976) analysis of the effect of un-
certainties in the unit costs of U308 and of fuel cycle operations.

Cumulative fuel
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A. Issues, ConeIosions, and Recommendations

AJ. Issues in Potential Radiation Exposure

In this section we address the issue of the radiation exposure
associated with the complete Light Water Reactor fuel cycle and
examine radiation exposure to man as the most significant part of this
problem. Specific issues considered include: what are the principal
sources of potential exposure to radiation; how do the various fuel
cycle contributions compare; what are the magnitudes of exposure to
the general public and to those employed in the nuclear facilities; and
what is the significance of the potentia1 exposure to this and to future
generations?

In particular we wish to address the question of the relative
importance of several specific effluents and wastes: the gaseous
effluents (which result from fuel reprocessing and produce global
doses), mill tailings (which produce regional and local doses and
potentially long-term buildup) and the fission products and long-lived
actinides in high-level and transuranic wastes. As described in detail
in Chapter VII, current plans are to place this latter waste in geologic
repositor ies where it wo61d produce public exposure only under
conditions of unanticipated movement of the emplaced high-level
wastes. I.inal! y, we consider changes in exposure that occur with
various fuel cycles and the nature of the effluent or waste control
procedures that are of interest in assessing risk-benefits of advanced
fuel cycles.

The total fuel cycle is considered since analysis of reprocessing
and waste management alone would»ot provide an adequate
perspective. We discuss the radiation doses expected to be delivered to
the ge»eral public on a national and global scale and to occupationally
exposed populations. We have not analyzed local doses or even
regional doses in detail since these two categories of' exposure seem to
be well treated elsewhere. Sin&il;&rly we have not examined in detail
the consequences of re &ctor accidents or of »on-tra»suranic low-level
wastes, in any detail; these too have been treated in other studies.
However, in order to study the basis for possible future controls, we
have analyzed the consequences of release of gaseous radionuclides
from the reprocessi»g plant.

The significance ot the radiation doses is explored from three
points of view: by compariso» with backgrou»d, by calculation of
health effects assuming a linear dose-health ettect relation, a»d by
exat»i»atio» of hazard i»dices. We «»alyze the extent of buildup of
radialion exposure associated with the irrett tevable release i»to the
e»viro»»ie»t of radioactive»material which wou1d be associated with a
worldwide»ucfear power i»dustry operatir~g for a lo»g but finite time
i n to the f uture.

A2. Concl usi ons

a. With engineered effluent control for 129I, the major gaseous
effluents released from a reprocessing plant are C, Er, and H14 85' 3

in decreasing order of delivered whole body dose. T' he average

global public whole body dose rates due to released radionuclides
are greater and persist for longer periods of time for C than for14

85Kr and 3H.

The technologies for control of these effluents are discussed in

Chapter IV. Because the gaseous effluents of fuel reprocessing plants

would be distributed over the entire globe, a unilateral decision by one

nation to control effluent releases would not be completely effective
without similar actions by other nations. In the long-term,
international agreements are necessary in order to establish timing and

control strategy.

b. 8 e find that the most meaningful reference for assessing the

gt'obal public radiation dose caused by the nuclear industry is the

natural radiation background. The radiations for both are similar in
nature, and the increments to background dose rates due to the

normal operation of the industry should be small compared to

fluctuations in background, even wi th a large and developed
industry.

Especially useful are comparisons ~ith natural spatial and
temporal fluctuations in background that occur in a typical person' s
lifetime or that occur over the same time scale as increments from the
fuel cycle.

c. Standards for acceptibility of operation should be based on
the /imitation of dose rate increment to any futiire generation as well
as to the present generati on.

I'he dose rate increment resulti»g from the release of Q units of
radioactivity per year for T years is just the dose coinnaitment from
the release of g units of radioactivity eval ua ted to year T. At
subsequent times, that i»crerne»t will change according to the usual

decay laws for the radionucl ides released.

cl. The average g/oba/ pub/ic whole body radiation dose rates
froid the operation of' LJVR fiie/ cycle with r eprocessing do not /imit
siibstan(i a/ national and international development of nuc/ear
e/ectri c power.

We co»elude that even without e»gi»eered retentio» of ' C, " Kr,
OI H at. the I'eprocesst ng pla» ts or lhe re 1ctors, the co» L l n uous3

operatio» for 500 years of 600 large I.WR elect| ic ge»erat. i»g plants
(each with 1,000 MWI' i»st;&fled capacity) a»d the reprocessi»g of their
tuel would i»crease the «verage global whole body radiatio» dose rate
«bout. 0.1. perce» l. «bove»atu raf backgI ou»d (taken as 100»& rent/y).
The corresponding skin dose rate would be increased roughly 1 percent
above background. With engineered retention of the indicated gaseous
effluents, the corresponding radiation levels could be reduced further.

e. For regional and local population exposure, radionuclides in
uranium mill tailings are potentially at least as important as the
actinide chain elements in high-level waste; the relative accessibility
of mill tailings ' contrasts wi th the isolation proposed for other
acti ni de-contai ni ng wastes.

f. 8'e have exarni ned and concur wi th the posi ti on of the
National Council on Radiation Protection and Measurements, that
current estimates of the probability for the induction of radiogenic
cancer by low LET radiations, based on linear, no-threshold
extrapolations from information collected at high doses and dose
rates, provide an upper limit and not a best estimate to the health
effects ascribed to exposures at rates comparable to background.

g. Estimates based on current operating experience indicate that
the co//ective occupational doses may be up to four times larger than
the collective global public doses. Our evaluation indicates that
because the co//ective occupational dose is larger and delivered at
higher dose rates than the globa/ public dose, it is likely to be more
important in producing biological effects in humans.

The collective occupational doses, ranging from 1 to 4 person-
renis/MWe-yr, may be delivered at dose rates up to 10's of rem per
hour. Individual occupational doses are limited by regulation to a
1ong-term average dose rate to 5 rem/yr with no more than 12 rem in
a single year. Accordingly the dose and "instantaneous" dose rate
delivered to occupationally exposed individuals may be greater by
factors of roughly 100 and 10, respectively, than those associated with
average backg round radiation.

Operating experience shows that the major contributions to
collective occupational dose in the L%'R fuel cycle come from reactor
operation, from reprocessing, and from mining. The reprocessing
plant exposure is sensitive to the plant design ancl operating
proced u res. Esti ma tes of the col 1ecti ve dose expel ie need a t
reprocessing plants (contact maintenance type) range fron& 0.6 to 2
person-rem/MWe-yr. Estimates for presently planned state-of-the-
art contact mai»tenance plants are as low as 0.01 person-rens/MWe-
yr. Whether this is a realistic estimate can be deter»iined conclusively
only by exa»&i»i»g the occupational exposure experience during
ope ratio» of such plants.

h. f Vi th fue/ reprocessi ng and r ecyc/e, there are potenti a/
improvements in overa// health and safety in the fuel cycle
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associated with the decrezzse in urizniuzn nzi]zizz@ czlzcf mz'llizzg. 'I hese
decreases our» ei gh, o jz b(zl ai zce, the (zd ziti ona! occupati ozzal (znd
envi ronnzental exposure attendarzt to fuel z eprocessi ng cznd

refabri cati on.

assessment commonly used in connection with ionizing radiation
exposure. We will select among them the ones we judge most
appropriate for the purpose of providing perspective and reaching
judgements.

However, there are sufficient uncertainties in the assessment of
biological effects in both modes that no clear difference in risk of one
mode of operation versus the other are demonstrable.

i. The utility of simplistic hazard indices for decision making is
li mi ted and may even obscure a realistic understanding and
assessment of hazard.

Simp!istic hazard indices involving dilution are widely used in
waste management decision processes. A proper hazard index should
include not only source magnitude but release terms, pathways to the
biosphere, pathways to man, dose to man, an evaluation of dosimetric
consequences, and a proper treatment of the set of probabil. ities
in vol ved.

j. For nuclear wastes the hazard associated with Ra appears to
be inherentl'y greater than that for Pu. The differences are due to
greater environmental mobility, the existence of a gaseous daughter
product, and greater uptake across the mammalian gut.

k; 8'e have examined and concur with the conclusions of recent
examinations that reject major alt erati on of exi sting plutonium
inhalation concentration limits based on the "hot particle" hypothesis.

A3. Recommend ati on s

a. The major sources of collective occupational dose in the entire
fuel cycle should be identified, a»d design effort should be directed to
collective dose minimization. Regulatory guIdes should be developed
by NRC for the collective occupational exposure limits. This is not a
recommendation on individual occupational exposure limits.

b. Practices for the disposition of uranIum mill tailings require
re-examination with respect to limiting the dispersion of
radionuclides in the tailings piles, either by human intervention or by
natural processes.

c. Steps should be taken towards developnlent of international
agreements for the degree and tIining of control of gaseous effluents
from reprocessi ng plants, principally '"C, I, K r.

d. I'he chemical forms and sites of release of '4C in the fuel cycle
should be deternlined so that effective strategies foi its control nlay be
d es i g il ed.

e. Iodine treatnlent units in reprocessing plants should be operated
for '-

I relnoval.

f. Methods and technologies should be developed to sequester
radionuclides which have been reinoved fi'oin gaseous fuel cycle
effluent, in order to iso1ate the radioactivity from the biosphere.

g. High importance should be given in the design of fuel cycle
facil i ties processing Pu (i.e., reprocessing plants, nitrate to oxide
conversion facilities, and mixed-oxide fuel fabrication plants) to limit
the internal occupational exposures.

h. Present research on the effects of long-lived actinides in
animals shou1d be continued and expanded to include 2 U, U, Th,
Arn and Cm.

i. Study should be continued toward a better understanding of the
radiogenic induction of lung cancer in animals and man. Further
epidemiological study of uranium miners, particularly the dosimetric
aspects, should be included.

8. Assessment of Risk Associated with Radiation Exposure

B). Introduction

A variety of techniques can be used to assess the degree of risk
associated with a given operation, a generic type of operation, or a
collective fuel cycle. This chapter will review various forms of risk

The most simplistic type of risk estimate is based on a hazard
index taken as the ratio of some anlount of material to some measure
of its potential for producing biological effects. One such estimator
has been the amount of radioactivity associated with a practice
divided by the Radioactivity Concentration Guide (RCG) in air or
water. The RCG is not really a true measure of biological effect but
rather is associated with the calculated dose rate to man, given long-
term ingestion of air or water at the Radioactivity Concentration
Guide. This estimator is quite incomplete and limited in
applicability.

A second type of assessment is based on the "health effect
estinlate" in which a direct proportion is postulated to exist between
the radiation dose and the likelihood of inducing an effect. This type
of estimate, has been popularized by the Biological Effects of Ionizing
Radiation (HEIR) Comnlittee of the National Academy of Sciences
(HEIR, 1972), and is widely used in effects assessment analyses. There
is an implicit assumptioil that biological effects are independent of
dose rate, that no repair of damage occurs and that consequently, all
damage is cumulative. However, it is now well established, especially
for low LET {i.e., beta and gamma) radiations, that dose rate exerts an
influence (NCRP, 1975). The literatui'e abouilds with investigations
of the tinle constants and mechanisms of repair of radiation damage
iil bacteiial and cell culture systems as well as nlammals. For low
LET radiation, at low dose or low dose rate therefoie, this estimate
gives a i»easure of upper v &lue rather than of expected value to risk.

A third approach characteiizes the risk in terms of those from
other exposures v:ith sinlilar characteristIcs. A natural background
exists v ith radiation characteristics sinlilar to those from the I.WR
fuel cycle and sei ves as the most reasonable basis for coinpai ison. To
extract ail absolute i isk from this asscssinent woiild i equire a
knov ledge of the absolute cleti'inient. associ;&ted with ilalural
b'ickgl'ouiicl exposures. We h lve noted above tll'it such an estinlate
wotlld rcqiiI i.e a v;ii Iely of 'issunlplions any of wh ich in igh t be over
sii&lplific;itions. As we dIscuss below in Section I33, an «Iternative
approach toward detei nliiiing absolute iIsk is obtained by notiilg that
fluctuai. ious in b;ickgi oii«d exIst in tIine «ld in space that »lay be
conlparable irl 'ill;igililude wiLIl b;ickgiound itself (I3eninson, 1. 977a).
Since, in the course of human existence no statistically discernible
effects have been associated with such fluctuations, it follows that the
effects of increments in. dose and dose rate small compared to
background fluctuations will be small compared to an already
undetectable level of effects.

B2. Hazard Indices

A variety of hazard indices have been used to assess the risks in
nuclear waste management. To the extent that specific hazard indices
are incomplete indicators of the real hazard involved in a total
process, they are inadequate and may even tend to distort perceptions
about the absolute and relative risks involved. As a result, in our
opinion, they tend to divert both attention and efforts from analyses
which should be undertaken. The problem is not that the concept of
the hazard index is inappropriate, but rather that the manner in which
it has been applied in the waste management field is so limited that
the adjective hazard, is inapt. Most indices which have been applied
are not indicators of hazard but instead measures of such things as the
time required for an arbitrary amount of radioactive decay to 0.1
percent (10 half-lives) of its initial value or the amount of water or
air required to dilute a given amount of activity to its RCG.

Hazard indices for waste managemen t must ultimately be
characterized in terms of dose to or effects on humans. It is our
judgement that hazard indices are precise only if they take into
account the amount of activity at issue, the radiological and chemical
nature of the material, the degree to which the material is confined
and handled, the degree to which material may escape, the degree to
which material will become available to various parts of the
environment (i.e., the geosphere and the bios'phere), the degree to
which the material will be reaccumulated by man and biota, the dose
resulting to man, I also as a function of time with emphasis on the
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TABLE 5B-1. Summary of average dose equivalent rates {mrem/yr) from various sources
of natural background radiation for the United States {NCRP, 1975c) and for the world {Ben-
inson, 1977a).

United States
Sour ce Gonads Lungs

Bone

Surfaces Marrow

c, r.
Tract

Cosmic Radiation
Cosmogenic Radionuclides
External Terrestrial
Inhaled Radionucl ides
Radionuclides in the Body

U. S. Totals (rounded)

28

26

27

28

0, 7

26

100
24

0, 8

60

120

28

0 ' 7

26

24

0. 7

26

24

Aver age Mor 1 d

Total s {mr em/yr ) 91 ~r 39

11laxi mum doses or dose rates that may occui in tinie], and estin~ates
of the biological effects either by comparison with background or by
absolute means if warranted. These calculations should be carried out
as realistically as possible for each nuclide involved so that
comparisons may be made between the nuclides and also between
al tei native schemes of hand 1 i»g. One should compare the best
estimates of risk engendered hy alternative schemes as opposed to
coinparing arbitrary indices wIth unspecified a»d u»deterniined
relatio»ships to hazards. We do not intend to develop sucll indices
here, but note that exainples of a prelImi»aiy approach to this are
cI ted in Ch;iptei' V I I, Section F.

l)3. 8aekgroiind f&adi a(i on

The background dose rate varies with altitude, with geographic
location, and differs from organ to organ in the human body
depending on such things as self-shielding, the degree of uptake of
radionuclides by different organs, and even the living habits of people
(NCRP, 1975c; Oakley, 1972), For example, internal " K levels vary
slightly frona person to person according to sex and age and can
introduce changes amounting to -5% of the 80 mrem/y average;
changes in altitude can give rise to much larger variations in dose rate

gABLE 5B-2. Natural collective {population) doses {person-
rems) from natural background radiation.

Somatic: 70 year s U. S..

2 x 10" people 4 x 109 people

Gonads, GI tract,
bone marrow

Lung

Bone surface

1.1 x 10'
t

2. 5 x 109

1.7 x 109

2. 6 x 10'0

7. 5 x 10"

3.1 x 10

Genetic: 30 years

Gonads 4. 8 x 10" 1, 1 x 10'O

All persons are exposed to backgi ound i acl iation that consists
pri»&;-&rily of cosi»ic radiatio», exter»al terresti ial bet;i;iiid gannon&a

. radi;etio» froi» the»at, urally radioactive ele»le»ts i» soil «»d rocks,
i» hei »;illy deposited .i «dioactive i»;iteri;il, artif ici;il radio»ucl ides inade
in nuclear tests, as well as from a variety of man-made radiation
emitting sources such as' X-ray machines. These contributions are
described in Chapter III.

comparable to the average annual background dose rate itself. Within
the continental U.S. variations as large as a factor of two occur.
Alternatively, one might focus on the time variability at a fixed
location. There are three characteristic time periods: seasonal, in
which snow cover and soi1 moisture content changes result in changes
in shielding of soil activities; the solar activity cycle, which results in
an eleven year variations in cosmic ray intensity and hence in natural
background dose rate; the time variation of the earth's magnetic field,
which changes over a 9000 year time scale and again influences cosmic
ray intensity and background dose. The amplitude of variation from
solar activity is several mrem/yr while the amplitude from variations
in the earth's field may be up to 1 mrem/yr. (O' Brien, 1977). The
latter two changes can be larger at higher altitudes and/or higher
latitudes. In addition there have beets irregular changes in the
concentration of cosmoge»ically produced C. Thus over a typical
lifetime interval of 70 years the variations in background dose rate
even at a fixed location are at least of order several mrem/yr. If that
individual should move about, spatial variations as large as 100
mrem/yr. may be e»countered. In addition, the act of moving should
it involve high altitude flight; would impose doses on the order of 1
nlre m/2 hours of f 1 ig ht.

For purposes of this analysis we will use average values. The
dose may be expressed both in terms of the per capita averages and in
terms of the cumulative population or collective dose, with one year' s
background dose taken to express the dose rate ancl periods of a year
to a ge»eration for col lective doses. Table 5.8-1 shows that the
average dose equivalent rate (here rad has been converted into rein by
niultiplyi»g by the appiopriate quality factor) for the gonads is about
80 ini'em/yr; for lu»gs, 180; for bone stirfaces, about L20; for bone
niarrow, about 80; a»d for the Gl tract, about 80. No value for the
whole body is give»; however the go»adal value hei'e will be taken as
roughly r pi esentative of the whole body average.

The highei' value foi' the lungs obtai»s because of the contribution
of radon daughters i» surface air to irradiatio» of the lu»g {Vise»bud,
.1973). Higher v;ilues to bo»e surfaces reflect the co»ti ibut. ion of
i»ter»ally deposited i&'atiii illy occurring radio»ticlides of the ura»iun&

and thorium ser ies particularly 210Pb (210Po) 226Ra and 228R.

(NCRP, 1975c). Accordingly an average per capita figure for the
whole body can be taken as about 80 mrem/yr or over a reproductive
lifetime of 30 years or 2.4 rems per generation. This would roughly
be the genetically significant dose on a per capita basis from natural
background. For a life span of 70 years the dose would be 5.6 rems.

For a reference U.S, population of 200 million people the annual
collective dose commitment to the whole population due to natural
background is about 16 million person-rem/yr, over a generation (30
years) the genetically significant dose is 480 million person-rem, and
over a 70-year 1ife span about 1,100 million person-rem per
generation. Corresponding values for a reference world population of
4 billion people, would be about 20-fold those for the U.S. The
collective (population) dose for the. U.S. and world are summarized in
Table 5.8-2.
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TABLE 5B-3. Naturally occurring inventories of ~ C, 4 K, 6Ra, and Rn in arbitrarily se-
lected reservoirs.

Nucl i de klal f —Li f e

Average or
En v i ronmelita1 Typ ical
Inveritory(Ci }a CorIcentrat. iorI IIIrem/year

'"C 5, 730 y Biospher e 2. 8 x 108
and oceans

6 pCi/gC 0. 7 to soft
tissues

40K.

226Ra

222R

1.26 x

109y

1, 600 y

3.85 d

soll 9x107

soil 5x106

atmospher e 1.5 x 10

12 pCi/g

0. 6 pCi/g

19 inter»al
8 external

6. 6 internal"

0. 1 pCi/1 i ter 100 to 500
to lungs

For C the distribution is taken as global,14 .
For IC and Ra in soils down to 100 ( m, Issun~ing a soil density of 1,6 g/cc, the U.S, continental area

is assumed to be 7.7 x 10 m . Basic data taken from N('. RP-1975c.12 2

For Rn the equilibritim amount in the atmosphere from the continental U S, evolution is given.

This is the dose to bone surfaces {NCRP-45).

34. Intei nal Erni tter Exposure and Environmental Aadionucli de
Inventory, natural and Man-Made

The naturally occuring inventories of ~ C, " K; Rn and 2Rn in
arbitrarily s.lected reservoirs are listed in Table 5.8-3. . These nuclides
and their daughters are considered to be among the major contributors
of radiation dose to man from among the primordial and
cosmogenicnlly produced rnclionuclides. The reservoirs are: for C-
the global carbon pool; for 40K and Ra — soil in the continental
U.S. to a depth of 1 meter; for 222Rn - the atmosphere above the
continental U.S.

The inventories vary from, 106 to 108 Ci. However, the inventory
in the soil is approximately proportional to the depth considered so
that there are about 101~ Ci in the earth's crust to a depth of 10000 m,
the approximate depth of deepest drilled wells.

&Iccol'd I»gly Inost expel I ineII ttII I'epof'ts deal wr th dose I ates above 0.3
rem/day {Cassarett, 1977}.

It is generally conceded that cancer is likely to be the most
important somatic effect. For this reason many of the analyses of
health effects per unit of radiation exposures focus on an estimate of
the carcinogenic poten tial. Equally important however are the
mutagenic effects of radiation, which have been recognized since 1927.
Present standards take into account mutagenic as well as somatic
aspects. In this report we are not interested in assessing the radiation
protection standards but instead are assessing the relative detriment
that, might be associated with the nuclear fuel cycle and in particular
the waste management and reprocessing aspects.

B5a. Types of Studies Used As the Basis for Estimating Effects

Mut ag enesi s

85. Health Effect Estimates

Other groups have assessed the 1ikelihood and total number of
effects that might be induced from the radiation exposure of a person
or population. For completeness these estimates will be described here
although we have chosen to make the primary comparison of the
impact of the LWR fuel cycle in terms of its addition to background
rates.

Important factors influencing the likelihood of inducing biological
effects are the types of radiations, the rate of delivery, the
fractionation (i.e. , periods of intermittent nonexposure), and the total
amount of radiation delivered. The types of radiations may be
categorized by their linear energy transfer (LET). Low LET
radiatioiis include primarily X-ray, gamma, and beta radiations, and
high LET radiations, primarily alpha particles and neutrons. Rates of
exposure can be characterized as environmental level (circa 01
rem/year) nnd occupational level (up to 10's of rem per hour). It is
important to relate these to doses a»d rates that are characteristic of
the conditions and exposures that underlie the basis for our
understa»ding of biological effects in nian nnd animals. Bnckgrourrd
dose rates are about 0.1 rein per year arid global exposures for the
nuclear fuel cycle would add o»ly a s»iall fraction to this. Thus the
total dose experienced by no»-occupationally involved i»dividuals
would be delivered at rates characteristic of bnckgi. ound. External
occupational exposures, such as those to ninintennnce personnel at a
reactor or fuel processing plant, might be at instantaneous r;Ites as
high ns 10 I'en'/hl' for n» aver;Ige nccuniulntio» of 5 re»1/y. Mos't

exposures of animals in expel iinersts to study health effects are at rates
nppronchi»g 100 Ie»I/Ini», although some chronic long-term exposure
experilnents have beeri cnI ried out with lndioisotopic il radiators at
dose I Ites as low ns 0.3 reIn/dny. Below 0.3 re»i/d;Iy, bIologic;II
effects becol~re i»freque»t n»d difficult to observe i» Innn~lnnls, n»d

There is very little information on man that would allow one to
estimate the mutagenic effects of ionizing radiation. The only
mammalian work with suf ficient number of animals for valid
statistics is that on the mouse by Russell (Russell, 1970} and Searle
(f uning, 1971). Based partly on Russe11's work HEIR (HEIR, 1972},
UNSCEAR (UNSCEAR, 1972), and the ICRP (ICRP-14, 1969} have
nll made estimates of the frequency of induced mutations per rad
again with the assumption that a linear relationship between dose and
effect obtains. In the case of mutagenic effects, dose rate is accepted
as irnpcrrta»t and the effect of dose rate on specific locus mutations
observed in the mouse has been taker& into account (HEIR, 1972}. The
dose rate to mice upon which this experimental evidence is based was
in the range of 1 rad/day in the case of female mice and slightly
lower for male m ice.

Car ci nog enesi s

Most. quantitative estimates of carcinogenic effect in mnn come
from epidem iologicnl studies in wh ich populations exposed either
occupationally, purposefully in medical treatment, or in wnr (ns in the
bombing of Hiroshima a»d Nagasaki) have been studied for biological
effects. Care has been taken to estimate the doses received; however,
the degree of uncertainty i» the dosimetric estimates depends on the
study nnd conditions of exposure, (high, low or mixed LET, rates,
etc.). Accordingly, to relate these observed effects to exposures out of
the I'nrlge of doses de 1 i vered to the exposed pop u la tions requ i res
additiOnal assumptions.

856. The "Ii near" Hypothesis for Carci nogenesis

The question of the form of' the dose-effect relation has been the
subject of n nuI»ber of studies nnd reports over the past sever'nl years.
WhIle;Ill were based o» the same set of d;Itn, there hns Irot been
tI»alii»I i ty of the assesslnen ts n»d co»el usions especi illy for the
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important case of low LET radiations delivered at lov dose rates that
would characterize the radiation exposure to the general public. To
apply existing data, extrapolations were required from environments in
which there were mixed high and low LET radiations. In addition the
doses were greater by factors of 1,000 and dose rates greater by factors
up to 108-109 than those for which estimates of effect is desired here. "
It is essen tially impossible to make these extrapolations without
adopting a mathematical form for the relationship. Typical of the
reasoning used is that stated by the HEIR group who state "In view of
the gaps in our understanding of radiation carcinogenesis in man and
in view of its more conservative implic-tio»s, the linear nonthreshold
hypothesis warrants use in detern~ining public policy in radiation
protection; however, explicit explanation and qualifications of the
assumptions and procedures involved in such estimates are called for
to prevent their acceptance as scientifi c dogma Litalics ours].
Futhermore, the linear hypothesis is the only one which permits the
selection of the mean accumulated tissue dose to characterize the
radiation exposure of a group under conditions of nonuniform
exposure rate. The mean accumulated tissue dose is the only practical
quantity that can be used to estimate the risk of cancer in such
populations until the influence of the many interacting variables can
be better specified. "

It is generally agreed that at sufficiently low doses or dose rates
any effect. s would be due principally to "single-track" int. eractions and
so a linear dose-effect relation is expected on theoretical grounds.
However, should "inulti-track" interactions become important, non-
linear dependence on dose and on dose-rate would be expected for low
LET radiations at higher doses. Hence, even if a linear hypothesis is
adopted, the question of deterniining the slope appropriate for low
level dose conditions remains. In the body of the report, the BEIR
group states {page 99) "Estimates of risk are of course not
scientifically reliable except in the range of observations from which
they are derived and under corresponding conditions of exposure". In
the sumo'sary of the HEIR report, the high rate-high dose data is used
to evaluate the parameters of the linear, no threshold hypothesis to
calculate the number of health effects d«e to background, lt is clear
that this is a conservative process intended to estabIish limits for
radiation exposure guidelines. Yet, despite the praginatic motivation
and the clear caveat, many individuals have seized upon the linear
no-thresho1d hypothesis as scien tif ic dogi»a. 5

UNSCEAR 1972 (page 403) states "Estimates of the risk per tinit
dose derived frons the epidemiological i»vestigatio»s are v;ilid only for
iates at wl'ich they have been estimated, ;-iiid they can be applied to a

range of doses only if theie is a linear relation between dose and
effect siiice exti'ipol;itio» beyond that ra»ge noway le'id to gross errors. "

lt is the gener;il consensus of' NCRP that linear estii»ates at low
dose rates using slopes derived froid& high dose iates piovide
unrealistic overestimates of risk (for low LET radiations) rather than
expected estimates of risk. Accordingly these estimates are useful
only to the extent that they are used as upper limits. If they are
misused as measures of expected risk, they tend to distort perceptions
both among technical people and particularly the lay public. It is
interesting that the BEIR Committee indicated that "furthermore it is
becoming increasingly important that society not expend enormously
large resources to reduce very small risks still further at the expense of
greater risks (NCRP, 1975a) that go unattended (HEIR, 1972)."
Accordingly, the manner in which the risk estimates are used, as upper
limits or expected effects, is important. The EPA, for instance, tends
to treat these estimates as expected {USEPA, 1973).

The cumulative addition to the cancer risk is usually treated in
terms of its cumulative frequency; there is a wealth of experimental
literature both with ionizing radiation and other agents that shows this
to be an oversimplistic manner of estimating carcinogenic risks, since
not only is the frequency of occurrence important, but also the time
of occurrence. It is generally found that with decreasing dose and
dose rates, not only for radiation but for many substances, there is an
increasing time delay in the appearance of tumors. Accordi ngly,
sophisticated analyses of the effects on life shortening would tend to
show lower effects at lower doses and lower dose rates. In general,
however, this approach has not received sufficient attention and is a
biomedical area deserving of further research.

The quantitative estimates of carcinogenic risk fall into two

categories, absolute estimates of risk (i.e., frequency per unit radiation
exposure assuming the linear hypothesis and independence of dose
rate), and relative risk estimates. The latter comes about from
expressing the experin&ental information in terms of an increase in the
natura1 incidence of a cancer, whereas the former comes about from
expressing the total excess risk in terms of the radiation dose. It is
not definitively established which of the semiempirical procedures has
the most va1 icl i ty. The relati ve risk method may, under certain
circumstances, produce higher estimates of iisk. For instance, we note
that the presence of carcinogens and pronioters other than radiation in
the environment i»ay make the interaction of other substances with
radiation an insportant effect. Situations where this appears to be the
case should be studied. A striking exai»pie is provided by
experii»ental anii»al work which shows that irradi &tion by radon and
its d iughteis alone at soi»e levels is not an effective carcinogen, yet
radon and daughters along with diesel exhaust or cigarette snioke may
be.

I'he general approach has been to use the «bsolute risk nlethod.
The «bsolute I'isk of 'ill cancel 1»01't'illty 'is estlnlatecl by HEIR alld by
UNSCf-: XR is «bout 10 " per perso» per reni (Bf-:IR, .1972; UNSCf..:AR,
1972). Note however, that Bf-.:1R «pplies this esllnlator «t «11 doses a»d
dose rates while LJNSCf:.AR «ppl. ies it only t.o i;:ites;iiid dose i'ates
comparable to those existent when effects were observed. Leukemia
mortality from the Hiroshima and Nagasaki data is approximately 2 x
10 5 per rem. Information to date ~ould suggest that all other
cancers, although arising later than the leukemias, may be four times
more abundant. In short, about 10 " total malignancy related fatalities
per rem, for whole body irradiation is assumed.

Genetic defects are normally di vided into two components,
specific genetic defects (i.e., recessive lethal genes, for example) or
defects with a complex etiology. The latter is more difficult to
predict, and the scientif ic consensus is that each of these two
categories is on the order of magnitude of 2 x 10" per person-rem.
However, much of this would be expressed in the first generation, and
accordingly carcinogenic and mutagenic expressions of effect would be
roughly equal in the exposed generation and first-generation progeny,
respectively.

One can note the high dose and dose rates inherent in the data
base: tens to hundreds of rem/min, relative to the much lower rates at
or near background desired for our analysis (about 0.1 rem/year
including natural background). Some improvement might be made if
analysis were carried out with a statistically large enough population
undergoing exposure at lower radiation levels than the above (although
well above background). We identify the population of radiation
workers in the U S. as a group that may satisfy these criteria
marginally.

We note the recommendations of the HEIR Committee with
respect to assessing genetic effects, which is (page 52), "Our first
recommendation is that the natural background radiation be used as a
standard for comparison. If the genetically significant exposure is
kept well below this amoun t, we are sure that the additional
consequences will neither differ in kind from those which we have
experienced throughout hun~an history nor exceed them in quantity. "

We concur with the NCRP position that current estimates of the
probability for the induction of radiogenic cancer based on the linear,
no-threshold extrapolations froi» information collected at high doses
and dose rates provide only an upper limit {for low LET radiations) to
the health effects that may be ascribed to exposures at rates
comparable to background (NCRP, 1975a}. For high LET radiations,
the linear, no-threshold extrapolations i»ay in fact give expected rates
of health effect incidence.

85c. Reconimendati on

Attention should be given to the possibility of an epidei»iological
st. udy of radiaIion workers in the nuclear indus(ries for the purpose
of testing the v;ilidity of the linear no-threshold hypothesis for low
L.E 1' indications &t dose iates down to perh;ips 5R/year, still i factor
of 50 above background but much less than that characteristic of the
existing data from which the linear dose-ef feet relationship was
parametized. The highly-exposed uranium miners represent the
human population with the largest number of observed cancers from
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h igh LET radiation a vailable for study, and yet ha ve recei ved
relatively meager attention compared, for example, to the radium dial
painters. The opportunity to carefully study this population
intensi vely will exist only for the next several years. It is
recommended that further studies on this group be conducted.

C. I'.nvironmentÃ, BioIogica1, and Doshnetric Aspects of Specific
RB(if0Bll c11(le S

The Concept of Dose Commi t ment As Applied t o the
Assessment of Radiation Doses Resulting from Environmental
Cont ami nati on

The concept of Dose Commitment was introdrrced many years ago
by Lindell (Lindell 1960, 1976) and adopted in the UNSCFAR reports
(UNSCEAR, 1964) to take account of frrture doses from radioactive
materials already introduced into the environment from weapons
testing. The dose "ommitment to a given tissue was defined as
(U NSCEAR, 1966):

"The integral over infinite time of the average dose
rates delivered to the world's population as a result of a
specific practice. .." of release of activity to the
environment.

A complete mathematical description of the concept is given in the
1969 UNSCEAR report (UNSCEAR, 1969). This definition has since
been modified to include calculation of doses into the future for
finite times. The resulting dose is called the Truncated or Incomplete
Dose Commitment (Heninson, et al. , 1977).

We show in Appendix IV that the dose coinmitment to time T per
unit release is identical to the dose rate per unit release rate at the end
of a period of T years during which the release was maintained .at
constant rate. Therefore, the usual dose commitment is the increase in
dose rate which would be reached at a time far in the future if the
release practice were to continue forever. If the release terminates,
the associated dose rate at time of termination is called the Dose Rate
Increment. The maximum dose rate as a result of that release is
simply determined by considering the decay scheme for the activity.
In particular, for the very important cases: radionuclide with stable
daughter; release of all members of a decay chain in eqtrilibrium, the
Dose Rate Inclement is the maxrmum dose rate that will occur' as a
result of the release. ' The significance of this interpretation is that it
is potentially a basis for managenient programs. It is possible to
determine a limit for release of radioactivity such that any limit to the
increment of environmental dose rate to be experienced by the present
or any future generation will not be exceeded as a result of the release.

ln Figure 5.C-1, the envelope of the series of curves is the
trur)cated dose con&nsitment for 1 Ci of activity

iver'etrievahly
released.

Altel rlatively, the individual . curves represent the dose rrte which
would build up as a furiction of Lin&e if 1 Ci/year were released on a

continuotrs basis. l o illustrate the concept i» a gener al way the
horizontal axis is plotted iran tr»rts of the riunaber of effective half-
lives of the radio»trclide(s) with respect to its potential to irradiate
hun&a»s. If tlute practice is coritinuecl for a time period approacllir&g
several half-lives, the dose rate established in the environment will
reach an asymptotic value proportional to the release rate. If,
however, the practice of release is short compared to the half-life then
the situation is represented by the lower left portion and there will
tend to be a linear buildup of dose rate with time. The exponential
decreases shown labeled T=l, etc. refer to the rate at which dose is
delivered after the practice of release is terminated at time T=l, etc.
The situation with respect to the important nuclides considered in the
LWR fuel cycle are discussed nuclide by nuclide in Appendix IV.

Figure 5.C-2 shows the fraction of the equilibrium or asymptotic
dose rate increment which would be established for a nu lear fission
economy with assumed finite durations of 50 to 500 years during
which radionuclides are assumed to be released as effluents or into
waste at a constant rate. The dose rate for 3H and 85Kr reaches an
equilibrium value in a -few decades. Subsequently it will depend
primarily on the rate of generation of energy (power level) and not on
how long the release practice has continued. For the long-lived
nuclides in Iong-lived environmental reservoirs, the fraction of
equilibrium established depends primarily on the duration of the
nuclear industry relative to the half-life of the radionuclide. It is
readily seen that the most persistent radionuclides (such as 30Th,
parent of 26Ra and 22Rn in tailings) build only to a small fraction
of the equi librium or asymptotic value. The degree to which
environmental dose rates for these are increased depends on additional
factors, such as the magnitude of the source term, management
practices, future remedial actions and the Iong-terin environmental
behavior of the nuclide.

In the short term, the accumulation of long-lived radionuclides in
the environment will build up in proportion to the time that a given
release is practiced. These include "C (the long-lived pool of the
deep oceans), 39Pu, ~oPu, 3 Th 9I, etc. We bel ieve that the
assessment of the buildup of dose rate is therefore preferable from the
point of view of rational planning, since it is conceptually meaningful.
The alternative, assessment of the dose to individuals with arbitrary
lifetimes (as long as infinite) is not conceptually appealing nor readily
dealt with in our nor mal experience.

\

The parameter of duration of the L%'R industry can also be dealt

1.2

1.0

FIG. 5C-1. Identity of the trun-
cated dost commitment for a
single release integrated over
finite times (envelope of curves)
and the dost rate increment for
for continuous release for the
same times (individual com-
ponents) .
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with conceptually from the point of view of duration imposed by
resource limits. One may then examine the upper linlit of increase of
dose rate above background given certain emission or control
stl a tegies i nip lenlented over long time periods and beginning at
arbitrary t. i mes.

C2. Summary of Dose CommitmenlsECi Released for Individual
Nuclides

Ta bl e 5.C- 1 su nl niar izes the res ul ts of calculations of the
incomplete uld conlplete dose comnlitnlents for 1 Ci/year releases of
85Kr, &4C 3H, and 29I for times of 1; 10, 50, 100, and 500 years and
to time infinity. In section 5-D, we synthesize the dose commitments
or dose rate increments for any combination of releases of 3H, 8 Kr,
and ~4C, from such data for the overall L%R- fuel, cycle.

This approach allows the design of managemerit programs which
would have the objective that no future generation will be exposed in
excess of some predetermined incremental dose rate. In short, rather
than trying to focus on the integrated risk over all time (T = 00) the
approach would be to limit the risk for any future, generation.
Perspective is gained by such an analysis in judging the relative
importance of various nuclides. From Table 5.C-1, &4C is seen to be
over 3 orders of magnitude more important per Curie released than is

3H for time periods exceeding 50 years (i.e., if the practice of release
were to continue for that long).

Use of this table allows one to synthesize the global dose rate
buildup from the existence of any combination of sources of globally
distributed "C, "5Kr, 3H {whole body), and 2 I (thyroid).

D. Exposure and Source Terms for Specific I'ue1 Cycle Facilities

Dl. Mining

The mining process exposes previously inaccessible uranium so that
the daughter activities, particularly radium and radon, have a greatly
increased probability of transport to the general environment.

Dl a. Occupati ona/ Exposure

Exposure to radon daughters is considered the most important
occupational hazard in uranium mining. Following inhalation of
radon which has diffused into the mine air. from the ore body, the
alpha-emitting daughters irradiate the tissues and cells of the lung and
respiratory tract. The unit of exposure, the working level month
(WLM) is discussed in Appendix IV, section 5.3. Present standards

TABLE GC-1. Global per capita dose rate (rem/y) at the end of T years from a continuous
release of 1 Ci/y for T years.

T(y ). Kr-86 H-3b I-129 (Thyr old)

60

100

500

0.5(-14)

4. (-14)

8. (-14)

9. (-14)

9. ( —14)

9. (-14)

9(-11)

8( -10)

2( -9)

3( -9)

5( -9)

3.5( -8)

0.2(-12)

0.8(-12)

(-12)

(-12)

1. (-1z)

1. (-12)

0. 1(-13)

0.7(-13)

1.5(-13)

1.6(-13)

1.6(-13)

1.6(-13)

0.3(-8)

2. (-8)

7. (-8)

8. (-8)

10. (-8)

1.2(-4)

" Atmosphere release.

" Release to marine environment.
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allow 4 WLM exposure per miner per year (f"RC, 1967, 1976). Since
the particular health effect is clue to exposure to part of an organ, no
sinlple conversion to doses expressed in rem exists. However, we note
that increased incidence of lung cancer has been observed in uranium
miners exposecl to more than 400 WLM, and possibly observed at 120
V/f M.

Radionuclide Activity (Ci}

TABLE 5D-2. Isotopic composition and activity of mill tail-
ings generated in the production of 1 GWe-yr of electricity .

from light water reactors with U and Pu recycle.

Dl b. Populati on Fxposure

NRC has estimated that the release of radon in mine exhaust, as a
result of' the evel of riiiniiig required to supply a nuclear electric
power system, could inject as i1iuch as 2.4 x 10 Ci of 22Rn to the
atn1osphere between 1975 and 2000 (NUREG, 1976). .However,
because of its short half-life, the equilibriun1 aiilount of radon present
would be much less than this and depend on the instantaneous rate of
release. On the average, over the 25 year period, the equilibrium
aniount present would be about 1 Sx10 Ci, about 1% of' the
con tinen tal U.S. average radoi1 background.

0-na tur ale

230Th

226Ra

222Rn d

210p b
2108 i
210po

63
63
12.6 (in environment)
50. 4 (in pile)
63
63
63

D2, . hfi lli ng and Tailings

1 he separation of uraniuin from its ores and decay products
increases the accessibility of the decay products substantially beyond
that in ore. Ultimately, tliese radio»uclides are left in the residues
from cheinical processing. The process waste pioducts have a bulk
appi'oxi n1 itely equal to that of t he orig i iial ore;ind it has been
conin&ori practicI; to dump thenl into tailiiig piles ne il' the niills.
Sul&sequent conga n& inat ion of the en vi ron iiieii 1 h, is bee» observed
including leaching of - 'Ra into giound water «nd 2Rn into the
«tiiiosphei'e. The histoiy in this regaid has been ieceiitly ieviewed by
Sick (Sick, 1977).

D2a. Occupati onal Fxposure

1 he i elev-:&nt radionuclides foi' occlipatioiial exposure in»niilling
i ncl ude the r idon d i ugh Lei's;i»d in;addi t iori u r»s i uni;iiid . f'h.

Although Stuart, et al. {Stuart and Heasley, 1967; Stuart and Jackson,
1975) have shown that for ore deposited in the lungs of animals,

Th fractionates from the uranium and remains in the lung, limited
attempts to measure in vivo in millers have failed to detect 2 Th. The
leve1s of radon are much lower in the mills than in the mines.
Accordingly, we will assume that the occupational population dose
from milling is insignificant with respect to that from mining and
will treat it no further.

D2b. Envi r onment al Irnpact of Mi l l Tai li ngs

An assessment of the hazard of uranium mill tailings has two
distinct relations to policy in the fuel cycle and waste management
area. Most obviously, it is a hazard that is reduced son1ewhat by
iniplementation of plutonium or uraiiium recycle, simply because both
of these require less ore to be mined for a given nuclear electricity
production in the absence of recycle. Less directly, consideration of
mill tailings lends perspective on waste management policy, as the
long-range hazard of the surface-stored tailings can be compared to
that of both the geologically confined high level wastes and the
natural leaching of radium. The mass, area, and volume of mill
tailings generated in the production of 1 GWe-yr of electricity from
light water reactors with plutonium and uranium recycle are listed in
Table S.D-1,

Charac ter istic QLiantitative Impact

Ore mined

Mill tailing area
Mill tailing mass
Mill tailing volume

1.5x105 metr i c tons
32 acres 1 6x105 m2

1 ' 5x10 grams
2. 1x 10~ m3

For no recycle case multi ply values by 1.4 (G ESMO, 1976).
For U recycle only - m ill ti ply values by 1.2,

TABLE 5D-1. Physical impact and characteristics of mill tail-
ings generated in the production 1 GWe-yr of electricity from
light water reactors with U and Pu recycle.

For 0.1% U308 content in ore there will be 280 pCi of daughter product
activity per gm of ore assuming secular equilibrium (Swift, 1974). If ore is 0.15%

U308 by weight, daughter activity will be 420 pCi/gm. For 1.5X 10 metric tons5

of ore there will be a total of 63 Ci/GWe-yr activity for each daughter.
b For no recycle case multiply values by 1.4. For U recycle only multiply values

by 1;2.
c Assuming 95% U308 extraction in mill processing.
d - - 222Assuming 20% emanation of Rn from pile (Culot, 1973).

The radionticlides are more likely to impact ti e biosphere from
tailings than from their original location in ore bodies. Radionuclide
emissions from that fraction of the mill tailings attributable to the
nucleal production of 1 GWe-year of' electricity are given in Table
S.D-2. l hese are the resu1t of the 0Th decay chain after 9S percent
of the uranium has been renioved in the milling process. The thorium
half-life is 7.6 x 104 years, so that the rate of radon production will
be little dimiiiished over this time span. After times long compared to
the thoiium half-life, there will still be a residual radon production
rate at 5 percent of the original, governed by the remaining "U
decaying to 2 Tk at a half life of 4.5 x 109 years. Continued physical
stability and integrity of tailings piles is unlikely over these long tinie
periods, and accordingly the enlission i'ate to the atniosphere is»ot
accurately predictable. The emission rate depends on the aniount of
overburden, moisture coi1tent of the pile, temperature, meteorology,
etc.

Possi ble problenis wi th tail ii1gs ai'e in sevei'al categor ties:

1. Long-terna emission of Rn fioni piles arid the cuniulative

buildup of a radon source wi th cun1 ula tive ni i]s i ng and i» i 1 1 i i&g.

2. t)ispers il of the radionuclides ii1 t;iiliiigs into the environn&ent

hy either natural foices or hunian intei. verition.

To pili. the above in perspective, a key comp;irison is the natural
average background radon emission rate froi11 the earth's surface,
which is approximate}y 0.42 x ].0 ' Ci/m /sec (Atilkening, 1975). A
previous calculation estimating the 2Rn emission rate, from a model
inactive stabilized tailings pile at 480 x 10 Ci/m /sec (Swift, 1974),
is about 10 times greater per unit area than the average natural
evolution rate of radon (see Table 5.D-3). Assuming an atmospheric
inventory of 12.6 Ci of Rn per GWe-yr evolved from the tailings
as presented in Table S.D-2, a radon emanation rate from the model
tailings pile area of 188 x 10 I Ci/m -sec can be calculated. The
calculation is presented in Table 5.D-4. This emanation rate is a
factor of 2.5 times lower than that calculated by Swift, and is based on
an assumption of 20% escape of radon from the pile.

Though the tailings pile emission rate is much higher per unit area
than the continental average background, it obviously emanates from
an area trivial in comparison with the continental land mass. The
contribution to the natural radon background at large distances from a
typical tailings pile is only 10 1 to 10 Ci/m as compared to the
national average concentration of 10 Ci/rn (Harley, 1975). Table
5.D-3 gives the calculation showing that the total Rn emanation
rate from a reference tailings pile is 2x10 that from the continental
land mass.
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TABLE 5D-3. Relationship between continental and reference tailings pile emission of Rn.

Factor Tail ings Pile Continent

Ar ea
Rn Flux Rate

Total 2 Rn Emanation

1, 53x105 m2 "
480x10 Ci/m /sec"
7, 34x10 Ci/sec

7. 7x10' m

0.42x10 Ci/m /sec "
3.23 Ci/sec

Radon Emission Rat, io
Tailings Pile/Cont, inent= 2. 3x10 '

~ Swift, 1974

Wil keni ng, 1975

A reference source term for ~~2Rn emission from tailings piles can
be calculated by multiplying the radon emanation rate (2.27 Ci/day
per GWe-yr) by an attenual. ion factor. The rate at which radon gas
leaves t11e tailings pile decreases with i»el. easi»g the earth cover depth
over the pile and i»creasing moisture content of the cover (ORNL-
TM-4903, 1975). Very substa»tial 1 eduction of radon emission has
theoletica11y been shown to occur when a mud covel (37% moisture
conter1t) is »1aintained over the tailings pile. A mud cover as little as
6 inches in depth over the pile was calculated to result in an
attenuation coefficient of approximately 10 ". In ge»eral past practice
employed the use of a light ealth cover, which did r1ot minitnize the
escape of radon gas fro»1 the pile. Past practices and their domestic
conseqtle»ces have recently been described (Ken»edy, et al. , 1977; and
Sick, 1.977). -

Using a typical «ttenuatio» coefficient of 0.2, a refelence source
term for raclo» emission from t;1ilings piles of 2.27 Ci/day (0.2) = 0.5
Ci/d ly per 1 GWe yr would be expected if long term tailings
ma»age»1e»t were .»o better in the future than it has been iw the past.
Using this Ler»1 the U.S. radon evoltltio» would be doubled with the
ge»eratio» of 6 x 10 GWe-yr fro»1 the I.WI& cycle if future practices
of t;1ili»gs»1;1»age»1ent do»ot lesult in a ch;1»ge in e»1issio» r;1te
1 el a Li ve to past p ra& ti ces. As will be show il, relatively si »1ple
Lech»iques car1 be Llsed to leduce this soLlrce tel. »1 by factors up to 100
(see 'I''lbIe S.D-S) ovel Lhat characLerisLic of past pl actices.

I lie pole»t ltll lo»g tel 111 btll lcl lip of a raclo» soLlr'ce 1» tall lngs
requires better evaluation than it has had in the past. There was an
extensive environmental evaluation program in the vicinity of 4 large
tailings piles. Local doses even near large piles were not significantly
elevated above background at distances greater than 1/2 mile from the
pile (Shearer and Sill, 1969; USPFfS, 1969).

The highest exposiires to the general public from tailings have
come from the inappropriate practice of using mill tailings as fill for
foundation materials for buildings, i»cludi ng homes, schools, and
stores. The most obvious example of this was found in Grand
3unction, Colorado, where such practice was extensive (Sick, 1977).

The resulting indoor radon concentrations ranged from background {-
0.1pCi/1) to 100's of pCi/liter (Wren» and Spitz 1975; Sick, 1977),
and basecl on criteria suggested by the Surgeon General of the U.S. an
extensive remedial program had to be undertaken. This seems clear
evidence that the relative accessibility of tailings is the most hazardous
aspect of past practice.

Despite the uncertainties in these conversion quantities, a
significant question to be resolved in judging health implications is
the familiar one of how to total up collective doses and effects at a
very low rate over the full lifetime of the relevant isotope. This
requires more attention, and the dose rate increment approach
developed in Section V.C is suggested as an important analytical tool.
Pohl has calculated that 400 "deaths" would be committed over the
thorium decay span per GWe year electr icity. These should be
compared to a similarly calculated 400,000 deaths, which would be
predicted over the same period due to natural background radon
concentrations; we riote that statistical variations in the. estimated
"deaths" from variations in background alorie would be greater than
the estimate from tailings.

The second major environmental a»d health impact of the tailings
concerns the isotopes remaining in them and their proximity to the
biosphere. Table 5.0-2 lists the isotopic cor11position of the tailings.
As with radon, the other tailings isotopes will be in equilibrium with
the --' Th pare»t, so that the activity in the pile will not diminish by a
facLor of 2 over 80,000 years. I'hough the pile can be constl'ucted and
»11»aged fol »1i»imal erosion over a conventional engi»eering time
span, it cert. ;1ir1ly must be considered as no »lore secui. e than any other
sLlrface featLlre over a pel iod of several tens of thousands of years.

V/ith LI1is in »1i»cI, it is illu»1inati»g to co»1pale the hazard of the
iniII taili»gs with th;lt of the high level- v astes fro»1»uclear fuel
reprocessi»g. I'he 63 Ci/Gwe-yr of 22~I~a con1pares with roughly 10
Ci/0 we-y 1' of f issio» products (ER DA-76-43, 1976). The mill
1;chili»gs are cnl11palable Lo the high leve1 ~astes «s a potential health
haz lrd 'lftel;1 few htl»dred yeal's. When we consider the relative
I lkellIlood of blosphel lc co» t'1cL wtlh geologically bill'lecl pltltonlll»1 Qs

TABLE 5D-4. ~ Rn emanation from reference tailings pile produced in the generation of 1
G&e-yr electricity.

Fact, or
(222Rn ) Value

decay constant (~)
mean 1 i fe
rate of Rn prodLlction" = 12.6 Ci/5. 56
refer ence area

Rn emanation

0. 18 day ~

5.56 day

2. 27 Ci/day
1.4x10~ m2

2. 2? Ci/day divided by

(1.4x10 m x 8. 64
x104 sec/day)
1.88x10 0 Ci/m sec

' This is the equilibrium» «tnount prodticed i» the tailinys pile environinent per d;~y dtie to the prodtiction of
1 GWe-yr electricity.
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TABLE 5D-5. Possible alternatives to reduce uranium mill tailings emissions (NUREQ-

0129, 1977).

Radon Cost

Al ter native Comments Reduction (millions}

Tailings pond with scarified,
compacted basin floor; 6 ft.
tailings cover including
topsoil; vegetation

90% 3.3

Same as I with the addition
of a clay liner to reduce
ground water seepage

90% 3.4

IV

Same as II with the addition
of a cl ay cap

Same as I with the addition of
an ar tif icial liner to hal t
seepage into ground water s

Same as IV with the addition of
an artificial (impervious cap)

-98.6%

90%

100% "

3.6

5.9

VI Pipeline transport of slurry
tailings to remote mine pit
or to lined pond (Same as I)

90% 3.9-10.9

VII Temporary holding area then

dry transport to pit
-90/ 6.6-15.5

VIII Slurry pipeline to pit and

'stabilization of' tailings
with asphalt or concrete

100% 34.3-42. 3

100'7c reduciior& co»iiotcs r;odor& en';«&atiori ideiitical to backgroluid.

opposed to su~'f ice piled -'Ra, the n&i11 t &ilings n&ay we11 be niore

important for the 1oiig-term.

Another useful comparison is that with the natural runoff of
Ra in rivers and streams. Approximately 150 Ci/yr of ~ Ra are

found in the U.S, watershed runoff due to natural leaching. The

tailings pile generated by the production of only 1 Gwe-year of
nuclear generated electricity contains an amount comparable to this in

a very precarious and erodible form. Thus, by a measure of potential

perturbation of' background radiation in water supplies, past practices

for storage of the mill tailings appear rather precarious by comparison

to plans for the emplacement of high level waste.

Following the implementation of strong guidelines to curtail the

easy accessibility of tailings materials for constructional or other

unintended purposes, serious efforts can be made in the direction of
reducing radon emissions, gamma emissions and seepage into ground

and surf ace water supplies from tailings piles.

Possible alternatives to reduce Uranium mill tailirigs emissions

utilizing practical available technology have been summarized in the

ORNL-TM-4903, Vol. 1, 1975 and in the Environmental Statement

related to the operation of the Rock Mountain Energy Company's

Bear Creek Project (NUREG-0129, 1977) and appear in Table 5.0-5.
Of the eight alternatives listed in Table 5.D-5 number III, the

utilization of a tailings pond with a compacted clay bottom liner as

vI ell as a 10 inch clay cover was thought of a.. being the most

environ men tally sound, reliable, and reasonable me thod of tail ings

management using existing, available technology. A radon emission

reduction of 98.6% (i.e., ensueitig radon emission from the pile would

be approximately twice background) was envisioned using this

alternative. In any case, the subject of mill tailings management

warrants attention.

D3, Nuclear Power Reactors
l

Electricity is generated at nuclear power stations using energy

de&'ived from fission. In;addition to radiations directly connected

with the fission process, there is possible atmospheric or liquid

releases of radionuclides produced as fission products or by neutron

ac ti va tion.

D3a. Occupational Exposures at the Power Plant

Occupational radiation exposure at L%Rs is due prin~arily to
external exposure to low LET radiations, mainly gamma radiations

from fission and activation products. Less information is available

than desirable on the breakdown of the exposi&re by type of operation,
but much of it appears to be associated with refueling, maintenance,

inspection, and waste treatment operations. The size of plants on-line

in the U.S. is increasing, and niost new plants are in the 1,100 to 1,400
M%'e range. There is insufficient operating experience with these

larger plants as yet to accurately predict the collective doses required

to operate them during their total design lives. The best estimate of
expected performance may be taken from the record of current

operational experience.

The exposures for 1973 to 1975 from the collective U.S. licensed

plants are presented in Table 5,D-3. At this time there seems to be no

clear trend of increase or decrease in exposure with size or age of the

units. During 1973-1975 it required an occupational average

population dose of about 400 to 500 person-rem to operate a unit for
a year. Assuming the ratio of generated power to rated capacity was

0 7 for each year leads to an estimate of average occupational
exposures of 1.2 person-rem/MWe(y) for the period 1973-1975 (see

I able 5.D-3). I his differs from the NRC estimate of 0.6 in the

GESMO for the future,
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Avg ~ Rated
Capaci ty

(MMe)
No.

Year BMRs

TABLE 50-6. Reactor experience: Occupational exposure
personnel (NUREQ 75/032, 75/108, 1975; Brooke, 1976).

Annual"
El ectr ic
Energy

Produced

of LWR operating and maintenance

To tal
J

Man-rem/ Man- rem/ rrian-rem
unit/yr MMy(e) in year

1973
1974
'1975

14
14

12
1S

26
32
44

546
581
640

9900
13000
19700

542
448
482

1.4
1.1
1.1

140S3
14337
21223

Fstiinated usiiig 0.7 capncity f actor o» the average.

l=. vposures to i»diviclu;ils at reactor plailts are generally kept below
5 re»l/y with exposures exceeding that level rare. Since the usual
practice in quoting average dose is to include inany workers ieceivi»g

5 re»1/y, a» estinlate of the average occup itio»al dose is not
sigilifica»t without i»for»«itio» on the dose f'requeilcy distribtitioll iil
the populatioil of workers.

DZb. Populati on Exposures

I xter»al expostii e Lo Iow I I'T radi itio»s;lppeai's to be the
cjoill i ila fl t. I11ocle of exposure fOi' 1 he gt ll era I p Lib 1 ic. 13ose ra Les Lo local
i esldell ts ile'li I..W I( i eaclors «rt ge»ei"illy ( 10 Ill i e111/yi' i ll Lhe U.S.
aild iil facL, the clesigii dose r;iLes froi» ihci" efflue»ts i11ust I)e below
this .value «s a coilditioii of' Iicciisi»g. I(egio»aI poptilatioi1 closes fi'o»1
f issiori pi od Lict »oble g ises i;iiige bet wee» 10 Lo sei ei.;.il htiiidred
per'so» rei» pei I irger pl i»L, clepeildi»g oil Lhe i eactor si~e, type,
loc;itioil, w;iste Lre;itille»L pl;int, ;lild geogi;ipllic;iI clisti ibtitio» of L.he
regional population.

Contribution of Kr from reactors to the global close may be
considered negligible relative to those from reprocessing since less
than 1% of " Kr escapes at the reactor. An additional source of very
local expostire is turbine shine (from the ' N decay) with BWRs.
Radiation exposure at a given site depends on the power level, turbine
design, incorporated shielding, and the site size and layout, as well as
the distance to the nearest exposure location. Individual exposures up
to 0,02 rem/yr have been reported. The population dose, -however, is
very snlall (typically less than 1 person-rem/yr} because the racliation
intensity falls off .rapidly with distance.

The nuclide, C is also produced at I.WRs. However, the amounts
and forn1s and routes of release are not well established. This
potential source should be studied carefu1ly, since C releases at
reactors give a global dose that may not be insignificant relative to
"C releases at reprocessing plants. Releases may be in the several

Ci/y range. (NRC uses 8 Ci/y in GESMO. ) The recognition of the
importance of "C in the collective doses is relative1y recent. As a
result, no mention of "C was n1ade in the EPA environmental study
of the fuel cycle {USEPA520/9-1973) nor in the ERDA study on
alternatives for ~aste management (ERDA-76-43, 1976).

D4. Fue/ Reprocessi ng P/ants

At the reprocessing plant, spent fuel is chopped and dissolved in
acid. Chemical separation procedures produce separated streams of
Pu, U and f ission products.

D4a. Occupationa/ Experi ence

Occupationa/ Exposure at Commercial Fuel Reprocessing Plants

Prior to 1969, there were no regulations requiring detailed
reporting of occupational exposure. Nuclear Fuel Services (NFS, West
Valley, New York), the o»ly commercial fuel reprocessing plant ever
in operation in the U.S. carri'ed otit most of its repiocessing prior to
1969. As a result, the available records for occupational exposure at
NFS are not complete. We estimate the exposure in the following
manner. Prior to 1970, about 530 tons of fuel were processed, A
1,000 MWe plant has a fuel load of about 100 tons, of which roughly
30 tons per year are replaced. Accordingly this represented roughly
the eqtiivalent of 18 L.WR reactor operating yeai. s. No acocunt w;is
i11ade for the degree of btii nup of the reprocessed fuel which was less

than that which wo«ld be chai'actei istic of pieseilt. I.WR's. Based on
repoi Ls filecl with NI&C or& e»lployees of Nl'S .(i»cludi»g co»tiactoi's)
tei'l11i iia Li llg eill pI oy lllei1L betwee» 1969 Llilcl 3 LI lie 1975, a col lec tive
dose of 7, 300 person-rein was del ivei ed. I'he tot,ll dose associated
with oper;itiilg Llie plailL»lust eyceed this iltiillber, ;iild the degree Lo

which tile true collecLlve dose exceeds it is Llllkllowil. I"oi' pul poses of
this analysis it will be assumed that this (7,300 person-rem) is not a
substantial underestimate. Accordingly the person-rem per MWe-
year, is about 7, 300/(18 x 1,000 M We-y x 0.7 0.6 person-
rem/MWe-y. We have examined information furnished by NRC on
the distribution of individual exposures f'or NFS by annual dose level
(NRC, persona) communication, 1976). Exposures in excess of 5 rem
per year were not uncommon, but the records we examined showed all
exposures less than 12 rem/year, the upper limit allowable in any one
year under fecleral regulations (USNRC, 10CFR20).

Al 1 i ed-General Nuclear Ser vices (AG NS, Barnwel I, S.C.) has
estimated that about 300 person-rcm/yr will be sufficier. t to operate
the I3ar»weil plant if operation is in accord with design aims. In that
plant mechanical operations associated with preparation of the fuel
for dissoIution incltiding the chop-leach dissolvei can be serviced
remotely. At, NFS, a much more complicated procedure was followed.
Operations in which the exposure would be incurred are esti»1ated as:
production {45 percent), maintenance (27 percent}, health physics {16
percent) and analytical (12 percent). 1'his exposure, servicing 50 large
reactors, would be ecluivalcnt to roughly: 300/{50,000 MWe x 0.7) =

0.008 person-rem/MWe-yr. In evaluating the occupational experience
at reprocessing plants AEC came to the conclusion that 0.045 person-
rem/MWe-yr was a reasonable estimate .for a modern generic .Fuel
Reprocessing Plant (I=RP) (WASH, 1974). The NRC generic estimate
in GESMO is 0025 person-re»1/MWe-yr for a modern plant
(NUREG-0002, 1976). UNSCEAR, citing operating practice in the
U. K. (unpublished) suggests that the experience is 2 person-
rem/MWe-yr, 2 orders of magnit. ude higher {UNSCEAR, 1972;
Beni nson, 1977b).

D4b. Environmental: Population Exposure from Effluents fram
a /, 500 Mg ly Repr oce.vsi ng Plant

The effluents of the fuel reprocessing plants account for most of
the public population dose in the fuel cycle, and the nlost important
nuclides are '"C, "5Kr, ' "I, and H (half lives = 5,700, 10, 1,6 x 10
and 12 y, respectively). Typically', all or »lost of the H, " Kr and
so»le of the '

I and ' C produced during reactor operation is released
froin the fuel at the reprocessing plant during shearing and
clissolutio». 1 hat which is released as gaseous ef flue»t is quickly
dispersed. Kr»1ixes rapidly with the tioposphere in its henlisphere
of iele;lse and»lore gradually with the global at»1osphere. H aild I

ti lnsfer to the sui'f;ice w;lters «ild eveilLllally to the deep oce;iils. For
'"C, neither the productioil rate i» the fuel cycle nor t11e fiactio»
rele;ised is well k»ow». Magilo, et al. esti»1ate th;it 30 Ci aie prodiiced
per 1,000 MWe-vr;iild»lost of this is rele;ised;it. the fuel reprocessing
step (M;igilo, 1974). It »lay be both possible ai1d relatively easy to
preveflt: I ele'lse of Illost of the '"C, but f'or ptii poses of this iil ilysis it
will be;isstiilled th;it it is;ill released. A detailed clescriptioil of the
d ispei. s;i I;iild i es Li I t i» t doses fol loivi»g releases of these va rious
ef'fluents is given in' Table S-C.1 and Appendix IV.

In this section we calculate the dose rate increment which would
result from the release of various effluents f'rom a reprocessing plant.
We assume as a reference reprocessiilg plant, a level of operation of
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FIG. 5D-1. Global whole body
dose rate increment due to T
years of operation of a refer-
ence (1500 Mg/y) LWR re-
processing plant with no en-
gineered retention of effluents.
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1,500 Mg/y. We assume that engineered effluent systems normally
present for iodine retention aie operated to prevent the release of ~291.

Although technologies foi the retention of 3H, "~Kr, and ~4C exist in
varying states of technological readiness, we assume that they are not
used. In all cases, sufficient "cooling" of the fuel is assumed so that
no other gaseous effluents need to be considered. The production and
release of 85Kr from the reference reprocessing plant is taken as 9.8 x
10 Ci/y. We assume that N impurity at 25 ppm is present in the
irradiated fuel. All "C produced is assumed to escape as CO2. Under
these conditions the release would be - 660 Ci/y. This estimate is in
the range reported by several authors foi' "C in LWR fuel (Chapter
IV). It is assumed that the plant releases no liquid effluent and that
75 percent of H generated is released as gaseous effluent at a level of
8 x 10 Ci/y with the remainder being occluded in various metallic
wastes.

The 1,500 Mg of LWR fuel contains 62 Ci I. The amount
released to the air depends on the efficiency of the engineered
retention systems. Typical values for retention factors vary from a
factor of 10 to 1,000. We assunie arbitrarily that the ' I release will
be 1 Ci/y.

The problem of estimating the cumulative global public dose to all
future generations, resulting from curi. ent or planned release of
radioactivity is difficult (generally insoluble) and worst of all, of
uncertain significance. The difficulties include incomplete krsowledge
of the population sizes a»d living habits far into the future. The
uncertainty is in assigning significance to the numeric value of an
integral obtained by integrating a nearly zero rate over a» infinite
interval. This problem has generally been dealt with by analyzing the
dose commitment for a finite time into the future. Integration times
chosen have been 50 years {NUREG-0002, 1976), 100 years (USEPA,
1977), and 500 years (Beni»son, 1977b; Pochin, 1976). T' he rationale
has been best expressed by Beni»son, et al. , who suggest. that 500 years
is the length of time a nuclear fission economy might exist. We have
chosen to avoid both the difficulties a»d uncertainties by calculating
the Dose Rate Increment for operatio» of a reference reprocessi»g
plant for an aibirtrary but fi»ite tisane T at co»sta»t effluent release
rates cori espond ing to ou r predictions for prod uct. i o» and release.
'Ihe finite integiatio» tinies chosen hy others correspond to our
opei ating ti»res. Figure 5 D 1 shows the whole body Dose Rate
Increment after T years of conti»ued operatio» at coiista»t release. I»
additioii, the results are given iii Table 5.D-4 for T = 1, 10, 50, 100,
500, a nd oo years.

Note that C delivers the largest part of the dose commitment

and that the ratio of 4C dose rate to that from ~~Kr and 3H increases
steadily after several years. There is a reasonably flat portion of the
curve between 50 and 500 years, indicating little builclup of dose rate
(about 50% increase) in this time period. Hence, if a nuclear economy
were to last 50 or 500 years the dose rate increment would not differ
greatly.

Af ter 50 years of operation of a single Reference Fuel
Reprocessing Plant the global whole-body dose rate would be 3 x 10
mrem/y, about half from C a»d the remainder distributed between
H and " Kr. Operation at the same level for 500 years (i e.,

operation of N reference plants in tandem, each for 500/N years)
would inciease the dose rate by only about 50 percent. The operation
of 100 reference plants would increase the global whole-body dose
rate by 0.3 mrem/yr after 50 years of operation (5/8 is due to "C)
and to 0.4 mrem/y after 500 years (3/4 due to C).

We note that the important gaseous effluents can be classified by
their characteristic times. The nuclides, H, ~ Kr, and C in the
tropospheric pool have relatively short. (10 to 30 y) characteristic
times, whi le C in the global pool and I have very long
characteristic times (5 x 10 - 16 x 10 y). Thus, those in the first
group will reach an asymptotic dose rate contribution in several
decades at a level depending only on the number of reprocessing
plants. If control is then exercised, the contributions will decay
according to their characteristic time periods.

The dose rates for the second group will depend on the number of
plants and the time over which they have operated. When control is
exercised, the incremental dose rates will remain nearly constant for
very long periods of time, at the levels existing at the time control was
exercised. (See Figure 5.C-2.)

1 he EPA has issued general environmental standards (USEPA,
1977) which will limit, after 1983, the allowable emission of 8 Kr to
50,000 Ci/6%e-year. The expected emission (Chapter IV) from LWR
reprocessiiig per GWe-yr is 372,000 Ci. If control facilities operate to
limit the discharge to the standard, then the "5Kr dose rate will be
reduced to about 1/7 that without controls. At 50 and 500 years the
whole body dose rates would be reduced by 22% and 17% respectively.
However the skin dose will be reduced to roughly 1/7 that without
coll ti ols. The coi responding limit for I will be 5 mCi/GWe-yr
correspo»ding to about 0.2 Ci foi a 1500 Mg/yr FRP. Under those
co»ditio»s the '91 values in table 5.D-7 would be reduced by a factor
of - 50.
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TABLE 5D-7. Per capita global dose rate (rem/y) after T years of operation from a continu-
ous release from a reference 1500 Mg L%B fUe1-reprocessing plant with no engineered reten-
tion of 85Kr, ~ C, 3H.

T(y) "Kr

129I
(Thyroid d)

1

10
50
100
500

0.5(-7)
4. ( —7)
8. (-7)
9.{-7)
9, (-7)
9 (-7)

6. (-9)
5. (-7)
1.5(-6)
2. (-6)
3. (-6)
2. 3(-5)

1.3(-7)
6 (-?)
8 (-7)
8. (-7)
8. (-7)
8 (-7)

1.8(-7}
1.5{-6}
3.1( —6)
3.7(-6)
4. ?(-6)
2.5{-5)

0.1{-7)
0.6(-7).
1.2(-7}
1 3(-7)
1.3(-?)
1.3{-7)

0.6(-7)
1.0(-6)
2. 4(-6)
2.-8(-6)
4. (-6)
2. 4(-6)

0.3(-8}
2 ~ (-8)
7 (-8)
8. (-8)
10.(-8)
1.2(-4)

indicates atmospheric release of H

refers to the sum of . the dose rates from

indicates ocean release of H.

refers to the sum of the dose rates from the

the individual nuclides if H is released to the atmosphere3

individual nuclides if H is released to the marine environment.

D4e. Consequences of cocci iten( s I rz t ol i i ng Gaseous Effl uent
Release at Fuel Repr ocessi ng Plarzts

I I&e calculations preset&ted in this sectiorl assume nearly con&piete

release of all gaseous effluents. Accordingly they correspond on a
global basis to maximum accident conditions.

If control were exercised over effluent release, the major accident
wooid then be instantaneous release of the sequestered radionuclides.
The global public environmental dose rate would approach the level it
would have reached had no control been exercised over the period
during which the nuclides were collected. On the other hand, the local
dose rate in the vicinity of tile storage facility would be very much
higher.

Accordingly we recommend that if release of effluent
radionuclides is to be controlled, appropriate storage technologies
should be developed and attention directed to minimize the local
consequences of accidental releases.

D5'. Mi xed-Oxi 1e Fabri eat t'on and Ãi t rate-to-Oxide Conv ersi on
Plants for Plutonium

Following its separation as plutonium nitrate, the plutonium is
converted into oxide form, Subsequently, mixed plutonium and
uranium oxide fuel is fabricated for use in appropriate power reactors.
The plutonium is potentially toxic because of its alpha activity and
biological behavior. In addition neutrons are emitted both as a result
of induced (n, n) reactions and from spontaneous fission.

Background and experience with plutonium appropriate to the
fabrication of mixed-oxide fuels for piutonium recycle ir. light-water
reactors is discussed in Chapter II of GESMO (NUREG, 1976), There
is broad interest in this subject around the world, and there are and
have been a number of pilot facilities around the world that are able
to produce limited amounts of mixed-oxide fuel, inclucling facilities
in the United States, Belgium, Canada, Germany, India, Japan, the
Netherlands, the United Kingdom, and Sweden. In the United States,
Westinghouse at Cheswick, Pennsylvania, has made mixed-oxide fuels
for reactors operating in Europe while Kerr-McGee and Numec have
made mixed-oxide fuel for developmental work on the U.S. breeder
reactor. There are, however, no large-scale commercial level fuel
fabrication production plants.

Westinghouse currently has an application pending for a
construction permit for a commercial level plant at Anderson, South
Carolina, The design of this plant is different from past designs in
that much of the work. would be done remotely; gloveboxes, which
were so widely used for handling military grade plutonium, would not
be a major part ot the environmental control. Indeed the high
specific activity of the plutonium produced in tight-water reactors as
well as the neutron background engendered by the high alpha activity
makes the questions of radiological protection frorri the point of view
of occupational exposure more difficult. %'e note that fuel

fabrication appear's to be a point in the fuel cycle for which neutron
exposures may be important. Accordingly the Westinghouse design
that incoporates both neutron shielding ar&d remote operation appears
to be a logical and reasonable desIgn step for the fabrication of
rn i xed- ox ide fuel.

I tr tore fuel fabrIcation plants should mI nimize contact and
opportunitIes for Irihalation ancl should make mavin&trna use of temote
handling to avoid netrtron exposutes {IAL'A, 1969; ICI&P, 1969). The
cIeslgn of the Westinghouse plant would seem to take the Iatt. er ir~to

consideratio» «nd pet haps the forn&er. Most ptojections ot collective
dose as a resu1t; of occopatlo»al evpos&rre rt mixed-oxide f trel

faht'icalio» plarils is, of necessIty, hypothetical becatlse no illdustl'l lI-
scale plant. has operated.

The qtrestio» of er~vironn~erital releases is «Iso inipot tant. Past
exper lerkce wrth Pu I abr teated 1H the nltlr tat'y progr'anl shows that
releases to the environnment from a routine operation can be held to
a very low level. Aerosol release factors at least as low as 10 to 10
have been attained (Comar, 1976}. Since well developed technologies
exist, there is little reason to doubt that such containment is possible.
Special efforts to preclude accidental releases will be necessary lest
they become the major source of release. The fabrication of mixed-
oxide fuel for the breeder or for recycle plutonium involves handling
plutonium with roughly similar radiological hazards. Both are high
burnop plutonium, with high specific alpha activity and the ability to
produce neutrons by (O. ,n} reactions with light elements. In addition
external gamma exposure may result from the Am daughter of

Pu, which grows in with the decay of " Pu.

We note that the fabrication of mixed-oxide fuel in particular and
operation of the nuclear fuel cyc/e in general would be strongly
influenced by hypotheses reasserted a few years ago concerning the
possible effects of small "hot particles" of plutonium as an inhalation
hazard. If it were true that such hot particles would be orders of
magnitude more carcinogenic than a similar amount of plutonium
uniformly distributed over the lung, the result could have an
important effect on the whole fuel cycle. We have reviewed the
available data a»d calculations concerning such effects and describe
the details in Appendix IV. We find no substantial evidence that
supports the hot particle hypothesis and, consequently, support the
recent reexaminations by NCRP and others that reject proposals for a
major reductior in plutonium inhalation concentration limits (NCRP-
46, 1975; NAS/NRC, 1974; Bair, 1977) based on the hypothesis.

GESMO describes the fabrication of mixed-oxide fuel to be
expected in the year 2000. NRC suggests that as many as eight mixed-
oxide fabrication facilities might be required, each with a capacity of
360 MGI-IM/yr. By comparison the five pilot scale plants now
licensed to fabt. icate mixed-oxide fuel have a total estimated capacity
of 50 to 70 MGH M/yr. The proposed %estinghouse plant to
manufacture mixed-oxide fuel rods would have a nominal capacity of
200 MGI-IM/yr with eventual expansion to 400. Because these plants
would be large, the incremental costs associated with the use of the
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nsost modern engirieering a»d desig» features to optinsize corrt;rin»lent
dur ir~g»orr»al operation cari be mini»sized although the capital
requireme»ts f' or safety, safeguards, a»d protectio» of the e»virorsnierrt
will be substa»tial for each plarit. For purposes of co»caparison it is
»oted that. possi bly f i ve model f uel reprocessi»g plants would be
requried to support the input to eight such fuel fabricatio» plarits.
l he isotopic conipositio» of plutn»iu»~ i» t. he i»odel reactor (recycle)
would var - so»&ewhat as to specif'ic activity, pi i»rarily because the
-'' Pu co»te»t would vary fro»i 1.9 to 4.9 percer&t, depe»di»g on the
riu»&bet of recycles. 'I'he toral alpha specific activity of &tie pluto»ium
would rarige hetweer& a specific activit. y ot 0.5 a»d I Ci/g»&; 1 Ci/g»l
rs: ahou t 16 tl»les higher thall " Pu Ila»died 1» tile weapolls progra»1
«»d roughly 16 t. i»les lowet tha» '"I'u har&died i» tt&e space»»clear
program. Chapter IV, Section G of GESMO describes the mixed-
oxide fuel fabrication and its environmerrtal impact, with respect to
light water reactors. NRC concludes that the releases to the
environment from 1981 to 2000 would be less than 1 Ci total of
plutonium alpha activity, with 83 percent being released to the
atmosphere, and the remainder to liquid effluents.

NRC has estin~ated that the largest dose that might be received by
a resident 500 m downwind from such a mixed-oxide f'3brication
plant would be on the order of 170 mrem to bone, which is equivalent
to two years of' average natural background exposure. NRC suggests
thnt individual occupational doses may be about 1.2 rem from external
radiation and 0.2 rem from internal radiation, implying that the
neutron and gamma exposures are more important than internal
exposure to plutonium. This is an interesting prediction because the
handling of plutonium inevitably is associated with the opportunity
for internal exposure. Evperience with the operation of these plants
will be required to demonstrate conclusively- whether neutron and
gamma exposures are more important tharr internal exposure. For
planned occupational exposure the control of internal exposure is
easi er than the control of external exposure. W it h respect to
accidental exposures this may not be the case, and the ratio of internal
to external exposure in occupationally exposed personnel will likely
depend on the accidental exposure experience i» such facilities. We
note that the NRC analysis of the total body collective dose
commitment shows that the fabrication of MOX fuel contributes less
than 0.005 person-rem/M We-yr. Most of the exposure is
occupational, and accordingly, if the NRC analysis is correct, MOX
fuel fabrication would not appear to be a dominarrt contributor to the
total fuel cycle exposure.

Nitrate to Oxi d'e Conversion Plant

This is not explicitly analyzed in the GESMO statement. It would
be, of necessity, located at the fuel reprocessing plant, since present
NRC regulations prohibit transportation of the plutoniu»& nitrate
solution. There is no existing commercial plant arid therefore no
experience yet with large-scale conimercial operations. When in
operation substar~tial potential evposure to plutonium would exist;
careful attention must be paid to health and safety in the design of
such a facility (IAEA, 1969; IAEA, 1974).

Chapter VII. Hazards associated with these operations ultimately
should be evaluated in terms of incremental dose rate to humans.

D/. Low-Level and Transurani c 8 aste

There have been several practices employed for the disposal of low
level wastes including the burial of both packaged and unpackaged
waste-in surface trenches a»d the percolation of liquid wastes into the
earth. Definitions of "low-level" have undergone dramatic changes in
the last five years and still are not entir'ely unambiguous. Until 1974,
broad categories of waste could be disposed of as "low level" waste.
At that time a rule was proposed to bar all transuranic contaminated
material, (TRU), f'or this treatment. I»stead, it has implied that all
»material with alpha activity greater than 10 »Ci/g be buried in a
geologic repository as for Hl W (USAEC, 1974). For our purposes, we
will define all waste not already defi»ed as HI..W to be low level
waste. Within our class, all material with alpha activity greater than
10»Ci/g will be classified. as TRU waste.

Table 5.0-5 gives the activities in thr'ee classes in the "no»-high-
level" wastes from each fuel cycle step. These are expressed as Ci
generated per GWe-yr of electricity generated. In&porta»t assumptions
include: tuel burnup of 25 GWe-days per MGHM, and a 0.5 percent
Pu loss in »inixed oxide fuel fabricatio». E»tries»rissirrg in the table
indicate a contribution at least two orders of mag»itude less than
those that do appear in tl&e same row. I'he key observatiorrs to be
made fi on& the table are that reactors ar&d reprocessi»g plants
corrtribute coniparable w rste activities of fissio» a»d activation
products. However, these levels are»early three orders of magnitude
less tha» the «ctivity of similar»uclides in the high-level reprocessi»g
wasre stream. For pluto»ium waste, the mixed oxide fuel fabrication
pl a» t is a»major co» tri hu toi'. 1've» with opt i»l islic pl u to» i urn

co»tain»le»L esti »lares, the qua»ll ty of plutoniu»i in the fuel
fahr icatio» waste strea»1 v;ould he roughly equal i» mag»itude to that
i» h igh level waste ot ttre f uel & epi ocessing pla»t.

I'he polici implicatio»s are clear. If co»trin»se»t ot acti»ides in
III.W for ma»y thousa»ds of years «f ter e»&place»ter&[ is impoitarrt, it
is equally important to assure the same degree of containment for
plutonium-bearing fuel fabrication wastes. The ERDA plan for HLW
containment (ERDA, .1976) does not. associate specific barriers (i.e.,
waste form, packaging, geologic site) with control of specific isotopes
or time periods. The analysis presented in Chatper VII of this report
suggests that at present only the geologic barrier can be relied upon as
a prime barrier for the very long time period we are considering.
Clearly, plans for actin ide containment- must be applied to fue1
fabrication wastes as well as to HLW.

Another policy implication concerns waste volumes. Needed
geologic storage capacity cannot be calculated from that of the
classical "high-level" waste form. The much larger volume waste
streams of other forms must be included. Similarly, though the
treatment and packaging of the non-high-level waste streams is not
yet defined, design plans must include the capability for treatment and
pac kagi ng.

D6. Hi g h l..ev el PVast e

I-Iigh level waste (Hl W) is defined as the waste solutiori from the
first dissolution of' spe»t fuel rods in a reproccssi»g pla»t (Fry, 1976;
CI-1&1050-F)); in case a "throw-away" fuel cycle was i»trocluced, spent.
fuel would he cor~sidered as FILW. Prese»t regulatio»s require that
HI..W be co»verted to solid for»i, shipped to a»d e»&placed in a
geologic repository.

The intense radiation from HLW requires remote operation for a11
operations involved in its handling. We believe that suf ficient
experience exists for such hand1ing to allow the operations of
solidificaiton, transportation and emplacement to be carried out with
occupational exposure held within statuatory dose limits. Since the
number of individuals involved would be small, therefore, the
collective occupational dose from high leve1-waste management is
expected to be small compared to that incurred in the rest of the f'uel

cycle.

Because the waste is in solid form, there is no mechanism for
widespread transport of the entrapped radionuclides (Brad.haw, 1970).
The more local environmental aspects of HLW storage are treated in

A perspective on waste treatment plans in general can be gained by
considering - torical treatment of the "non-high-level" material.
Waste cor~', : ng plutonium equivalent to the "high-level" waste
stream of "',.) GWe-yr of »uclear electr ici ty prod uction with
reprocessing has been intentionally percolated into shallow ground
disposal sites on the Hanford reservation. Sixteen GWe-yr equivalent
plutonium waste has been buried in groundwater inundated surface
tr'enches at M'. :ey flats a»d at Oak Ridge. While such practices have
not been demonstrably detrimental to public health, they would not be
permitted under present regulations and so inferences for the future
operation of waste disposal repositories should»ot be derived from
the examples just given. We believe that attention to nuclear power
waste contr ol should not be focussed on HLW alone.

D8. Qualitative Treatment for Advanced Fuel Cycles

All fission cycles produce the same fission products although the
absol ute yields of particular nucl ides depend somewhat on the
particular fissioning nuclear species. On the other hand, the
production of acti»ides is quite different for varying fissioning
species. We will show in Sectio» V-E that the average background
dose rate to the public and the whole body occupationa1 dose
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TABLE 5D-8. (ERDA, 1976). Non-high-level process waste activity. '

Mine Mill Reactor
Spen-t Fuel

Str rage
Mox

Reprocess Fabrication

Fission and
Activation
Products

Plutonium

Total Act.Inides' 70

5. 5x103 b 8 ' 8 2. 6x10

2. 7x10 5. 6x104
(71m. volume)

' All entries are in curies per gigawatt-year of
contributiun at le &st two orders of nsagnittide less

Exclusive of gaseous effluents.

Exclusive of Pu.

Fur comparison, the high level waste stream

clectricit) produced. Entries ~nissing it& the table indicate a
titan the snial lest cntrv appearing in the sante ruw:

contains, after ye ir cooling, 10 Ci/Gv e-~:r total actinides.7

co»i~»it»le»t f'or the»uclear i»dustry do»ot. chaiige substa»ti;illy if
the recycli»g of pltiioniui» is begun in present. reactors. It should be
»oied that the redticed oie iequire»ie»t the» restilti»g would lead to a
red»ciiori i» i»iiii»g with a coiicoiiiitaiii. reductio» in collective lung

o &e f ol' ui ti» i» ill »1»lers. I» lhe prese»l secllo» we wi ll qllc~il itatively
ex;»»i»e the exte»t lo v hich cha»ges I» r idi ilio» doses niIght be
expectecl if a»~ ot the adva»ced ftiel cycles discussed i» Ch;ipter Vill
i~ ere i ts& pie i»e» ted.

D8a. Inta oductto» oj' I hot iurn Cp cles

To the extent that the introduction of any advanced cycle reduces
the need for further mining and milling of uranium, radiation
exposures associated with those practices will be reduced. The long-
term tailings problem is much less for thorium milling than for
uranium milling since the longest lived Th decay product, Ra has
a half life of 5 7 yr.

Use of thorium in a reactor leads to several changes i' the nature
and amounts of resulting radionuclides. The magnitude of release of
gaseous effluents in reprocessing is changed (Appendix IV) with about
double the 85Kr productIon and half the 11 production. If U were
to be recycled eve;i higher " K.r production might be expected
(Appendix IV). As a result, the skin dose rate could be higher for a
thorium cycle industry than for a U-Pu industry. Substantial
quantities of 2 U and "U are formed in the fuel. 1.9 yr "Th, a
decay product of U quickly builds up an intense, high energy
gamma source. Thus there would be an incentive to minimize the
time between reprocessing and fuel refabrication to minimize
occupational exposure at the fabricating plant. In addition special
handling procedure would have to be instituted during transport and
at reactors to minimize exposure during fresh core loading. The
consequences of the accidental release of high specif ic activity
uranium isotopes is likely to be much more severe than for plutonium
because of its high uptake at the mammalian gut (Durbin, 1973). It
should be noted that the RCG for high specific activity 'uranium
isotopes such as U and 3 U are likely to be dec. eased by about an
order of magnitude in the near future.

Although the production of heavy actinides is i»signficicant in a
thorium fuel cycle, the presence of large amounts of U and 2 "U
assures that at secular equilibrium there will be amounts of radium in
the HLW quite comparable to those from a U-Pu cycle (Chapter VII-
Figure 702). Accordingly, any long term I-ILW problem associated
with the U-Pu cycle would not be. alleviated by the use of a thorium
cycle.

Dgb. Heavy Water and High Temperature Gas-Cooled Reactors

Neutron activation of 2H in the moderator of HWR leads to large
H inven tories. Th is could lead to a somewhat h igher collective

occupational dose at HWR reactors a»d may modify the dose
coniniit»ie»t ascribeable to accidents. The laige amounts of carbon
present i» a» HTGR core results in an increase of '"C in the
reprocessi»g streanis by about an order of magnitude relative to that
fol' water reactors. In this case the form (CO2) «»d site of niajor

rele;&se (ctioppi»g) of the»»elide ale kriow» so that effluent control
should be t easible.

D8c. l..i rltti d,4f «tal Cooled Fast breeder Reactor

The ch;i»ge iii g;iseotis efflue»t productio» f'ro»i LMFBI& fuel will

depend on the mix of thoriuin and uranium in the fertile material.
This pioduction should be within a factor of 2 of those for the LWR
cases. The expected increase in 2 8pu and 4~Cm does lead to eventual
higher concentrations of Ra in HI.W/unit energy generatior~ than
would be true for LWR fuel. I'he use of sodium coolant introduces a
new source of potential occupational exposure at the reactor resulting
from 15 hr "Na,

Dgd. Summary

In general, the environmental and occupational exposures
attributable to the U-thorium fuel cycle are less well investigated
than those for the Pu-U cycles. The biological effects of the external
radiations are comparable. There noway be differences in the amounts
and likelihood of exposure to the internal eniitters, particulaily the
acti»ides and alkaline earths (i.e., U U Ra, Pb, Ra, etc.).
Accordingly additional research in animals and humans may be
required to adequately assess the r isks in the U- Th cycles.

K. Surnrrrnry of Occupational and I ublic 5:xposure From the Fuel Cycle

EJ. Jnt rod ucti on

Occupational and public exposures from a variety of nuclear fuel
cycles have been analyzed by several orgariizations and individuals.
Most in&portant among these analyses are those conducted by
UNSCEAR (UNSCEAR, 1972, presently being updated foi' a 1977
version; also see the study by Beni»son, et ul. , 1977), the Nuclear
Regulatory Commission (NUREG-0002, 1976), and Pochi» {Pochin,
1976). The summary that follows is based partly on these and partly
on our own analysis. The types of exposure that may occur either to
the public or to occupationally exposed groups are identified in
Chapter III, Section C of this report, which divides the radiation into
high LET (alpha and neutron) and low LET (beta and gamma). The
public exposures are no different in kind, quality, or dose rate than
those from natural background.

Tables 5.E-1 and 5.E-2 list estimates of collective whole-body
occupational and population dose comm itments from fuel cycle
facilities expressed in terms of the number of person-rem/MWe-yr of
power generated by nuclear means. Important exposures to other
organs are discussed in the sections related to specific facilities in the
fuel cycle or to the specific nuclide. We particularly note that
contributions to dose commitment from mines occur only while the
mines operate, with magnitude depending on the ! vel of operation.
Mill tailings, on the other hand, provide a release that depends on the
total amount of processed ore to that point in time and noway continue
at a constant rate from that tiine on.
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TABLE 5E-1. World population dose commitment from fuel cycle facilities person-rem/MWe-
yr ' (whole body or gonadal).

' Pochin CESMO ' APS Study
(500 years) (-50 years) (500 years)
(Pochin, 1976) (NUREG0002, 1976)

Mines
Mil 1 s
Fuel f ab. , enr i chment

conversion
Reactors
Reprocessing Plants

(U or Pu recycle)

Waste management
Tr arispor tation
Reactor Accidents
Other

0. 1
1.35

0. 004
0 05

0. 51
0. 10
0, 01

0. 077
0. 35

2x10-6

0.0002

(0 08c
&0. 06

0. 1
0 4 Cl

Total '1. 5 1.05 -0.6

This is numerically equal to the incremental per capiu annual dose rate in mrem for. a world installed
capacity of 1 kW per capita, after many years of operation. For column 3 this time is taken &s 500 years.

Pu + U recycle option.

The contribution from mines continues only during period of their operation.
d This estimate is made assuming no engineered retention of gaseous fission products.

Estimated from WASH-1400. Using I able 5-6 (Ex c. Sun&mary, p. 85) &nd using prob tbility of cancer
de&th=10 " per person-rem (Exec. Summary, pp. 85, 74) we tieduce that the centr;&1 average rate of de &ths from
long term ef1 ects is «pproxirnatley 0.02 per reference reactor year and the equivalent. Population Does Commitment
is 02 person-rem/i~l We-yr, T'his nun~ber must be regarded as quite uncertain, and we qtiote the order of
nsagnittide for reference purposes only.

E2. Public Population Doses

Table 5.E-l l.ists the public population dose commitment froni the
opeiation of the fuel cycle, as projected by Pochin, by NRC (CJESMO
Repor t} a»cl by this APS study group. In preceding sections we have
sigiiified that we prefer to interpret the dose commitment to be the
inciease in an»u &I dose rate if the practices of release assunied iii the
estinniates were corstir&ued for a very long. tin~e. We note that. for l
worlcl in which there is a geiierated den&and of C kwe/c ipita arid a
population dose coinmitrnerst D persori-reni/MWe-yr, Lhe asynsptotic
i»cre ise in global ptiblic close rate would be C D »harem/yr. Also
shown i» Table 5I".-I., for refer'ence purposes, is an estiin ate of Lhe

equivalent long-Lei ni aveiage contributior& iiifei'red frolic estii1iates of
I;iteiit cancer fat ilities f'rois) reictor accidents, as reported irl WASH-

, 1400. I he 1 eaclei should regard this estiriiate as quite trlicei tain.

Vhe entries iii the table suggest quite different sotirces foi the
corilributioris to the collective dose co«»~iitment. I'he a»ai~ sis by

I'ochiii sl.;ites Lh tL ef'fltieiils frolic Lhe reprocessing pla»L 'lre expected
Lo»lake Llle do»i in;lilt collli'ibution. Ol& the oLhei' haiicl, Llie NI&C

a»;ilysis aLLributes i»ost. of Lhe whole body dose Lo 1.ado» e»iissio»s in

mining. The present analysis concurs with the assertion by Pochin
that reprocessing effluents are responsible for the most important
portion of the pop u la ti on dose. "C and H pi od uce a rela tive
uniform whole body dose with no specific organ receiving an absorbed
dose significantly different from the average. For -' I, the thyroid
receives the bulk of the dose while the whole-bocly cor»ponent is
negligible. I"or Kr, the largest dose is delivered to the skin.
Although the skin is considered more tolerant to radiation than many
other organs, the skin dose should not be ignored.

E2a. Discussion of the GFS'MO Report

The population doses estimated by NRC for mining and milling
are surprising and, at first glance, seem to be at a variance with our
knowledge abotit the contribution of radon and its decay products to

TABLE 5E-2. Collective occupational dose from fuel cycle operations person-rem/MWe-yr.
(whole body or gonadal).

Pochin
(Pochin, 1976)

Gesmo "
(NURFG0002, 1976)

APS Study

Mines
Mi 1 1 s

Fuel Fab. 8 enrichment
Reactors
Reprocessing Plants
Other:

Maste management

Transportat. ion

0. 1

&0. 1

2. 0

2. 0

. 03

. 005

0. 26
0 . .12
0.01
0.56"
0.025

0.002
0 ~ 0004

0. 1

0. 1

1.1b

0, 008 to 0.6

Total 4. 2 to 2

Entries marked -- were estimated to give negligible contribution.

NRC and APS consider only reactors iri the U.S.

U or U + Pu recycle.
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the whole body dose. The situation may be an artifact of the
caiculationai models that were used. Mine efflueiits, solely 2Rn, are
identif'ieci as having a normalized public whole body con~mitmerit of
0.62 person-rei»/MWe-yr. This value is not only in excess of that
due to other mine effluents but is over three times as large as the
normalized public lung commitment from the same source. The
combination appears inconsistent with behavior expected for radon in
ai r (Tab l e 5 8-1).

We have discussed the NRC-estimate with their staff and offer the
f'ollowin ' coniments. The NRC estimate is foi an industry that
opei'ates foi 40 years with «dose calculated 50 ye;irs further into the
futu re. I'h us, their whole body dose ni ust be clue to the 2'OPo

daiighter of 22y '~Pb, the only lor&g-lived d«uglllel of' ~~R» which
distributes iri soft tissue. I'Iie result of this calculation, with such a
non-stand«i'd choice of tirries, is pai ticulariy sensitive to the half life
of the «ct i vi ty involved. W'e conc 1 ude that while the calculation
quoted by NRC n&ay be correct for their condit. ions, the results do not
coi respo»d to the usLial nie«ning of dose cor»mitr~~ent and so may be
I»isLlilder. stood. f'Lir ther i t is an ex,i»i pie of d istor tio»s th«t occur
because of the «r»bigL~ities possible in the usual dose cor»nsitnient
concept. 'I'he source tei i» used by NRC ilso seems Iiigli. F or i Iai'ge

Lir«niL»» r»iree with a ve»tilation of 300,000 cfm, a coricentratiori of
"Rri of 300 pCi/1 (the NRC limit) would ei»it about 3 Ci/day, or

roughiv 10-/Ci/yr. Using the source tern& of' 2.4 x 107 Ci emittecl
froni 1975 to 2000 i»applies about 24,000 mi»e-yeais, oi' «n average of
about .1000 i»iiies opei itI»g per year for 24 years.

We will Lise the NRC source ter'n& to c;iIcLri«te the dose
coi»»iiti»eiit fro»i niir~es i» «»iore st«»ciarg i»ariiier. NRC assunies a
reieise r rte of 2 4 x 10 Ci/yr of -.--Rii while i»iriirig sLrft'icient
LII '1»lu»1 to t Llei 1 e«clots gerleratlf'tg 4732 G We VI. We state i» Se(.'tloil
Dlb ot 'LI&is ci&«ptet th«t rI&e NRC assL»»ed iele;ise i«te woiild iricr'e«se

27~
r tlL coil ce il r r« troll of ' '

l4» i rl « i I iii?0 ill 1% ot LJ.S. coll t i lit il L«I

;ivei"ige. SLlcll «il iricl'e«se wli I Ie«d, wl /h cofiser v'itive «sslll»pLlofis, to
an estimated asyi»ptotic increase in the background due to radon and
its daughters (-0.8 i»rem/yr) of about 1%. Thus we estimate the
norr»alizcd public whole body conimitment from mines will reach Qn

asymptotic value (i.e., after 100 years) of 0.08 person-re»i/MWe-yr.
Tlie actual value will also ciepend on the duration of mine operation,
so that for 25 year operation the estimate would be 0.04 person-
reni/MWe-yr. I"or mill tailings the source term, corri:sponding to
processing of ore for 4732 Gee-yr operation, is estinlated to be 0.8%
of background radon concentration in air in continental U.S. In a,
manner analogous to the preceecling analysis of miries, noting the mi11

tailing source emits indefinitely, this leads to an estimated normalized
pubi ic whole bocly comniitmen t of 0.06 person-rem/M We-yr, as
shown in Table 5E-l. As we have sho~n in the section on mill
tailings, future tailings management practices could reduce the source
term from tailings piles several orders of magnitucte to smail multiples -~

of background Radon evolution per unit area.

E2b. Summary

We concluded that the operation of reprocessing plants would
become a major source for the fuel cycle contribution to the public
whole body dose commitment unless controls on effiuents are
eventually introduced. After 500 years of operation at constant level,
70% of the contribution comes from C, 18% from "5Kr, and 12%
from H. If operation ceased, the contributions from " Kr and H
would decay t~ negligible levels in several decades. The degree to
which ~4C is released at reactors themselves is not yet weil established.
lt woLild certainly appear possible to maintain the norri&alized public
whole body dose commitment well below 1 person rem/y/MWe-yr by
the identification of '"C release sites and forms for both reprocessing
plant and reactors, followed by the introduction of carbo» capture
technology with subsequent sequestration

' from the biosphere.
Removal of "5Kr then would be most important in reducing dose rate
fol lowed i ri turn by I-.I and I.

The infinite time population dose commitr»ent due to '
I appears

very l«rge. However, the associated rate is very sniall because the time
scales of interest are rTrirch smaller than its half lite of 16 nonillion

year s. We focus our attention on a period of 500 years. . Of the
efflLients released, the dose rate/MWe-y for ' I is less tha» that for
the other isotopes. We note that, '

I and, almost cei tai»ly, ' C
appe;ii' to be effluents whose control is possible a»d prob«bly niucQ

less cosLiy th«ii those t or '" K r or H. I t is desi r«b ie t t&at

dei»o»str«Lio» «t iiiclListi i,ii-sc;iie of the capability foi' rer»ov«I of
thole two»Liciides froi» iI&e eftlLlellts of Ieprocessl»g piallts {allci C
f r'ol» i eaclors) be Llrldei takerl. We f rote th«t trite» Lloil i» LlsL be gi veil
to LI&e i»;iii»er ir& which tlie cor'i(rolled»Ltclicies;ii e lo be seqtlesLCI eel,
sr ri ce t h i s p rob le Ill does [rot ye I a p pe«1 to h«ve bee11 «ciecliia 1ei y
«(ILI 1 essed. '" K r cori t& oi is;ilso desi i',ihle, especi;ii iy if the '. 'U—
I'Iioriui» cvcle were to be Liseci iii the fLrtur e, bec;iiise of the higher
skin dose it delivers.

Except for the NI&C analysis there appears to be only a rather
small global. or national pLiblic whole body comn&itmerit generated by
the operatic?ri of mills or mines. The possibility of loca!. and regional
exposure does exist, particularly with respect to tailings from mills.
VVe note once more that the hazard indices for high-level wastes
decrease raclically within the thousand or so years during which the
bulk of fission product decay takes place. The inagnii:ucle of an
appropri:ite hazard index must be very low because the HLW waste is
buried underground with negligible ac'cess to the biosphere. Given the
practice of retaining:he mill tailings on or near the surface, accessible
to human intrusion, it would appear that the potential for future
population exposure exists. We urge a reexamination of procedures
for handling 'mill taili»gs, to make their treatmerit more consistent
with other waste man«gernent practices.

F3. Col lecti ve Occupational Dose

A summary of the collective occupational exposure per MWe-y is
presented in Table 5.E-2. It includes estimates by Pochin (Pochin,
1976), NRC (GESMO} (NUREG-0002, 1976) and this APS study
group. Both Pochin and NICC identify the reactor plant as a major
contributor to the collective occupational dose from nuclear fuel cycle
operations. There is a difference by a' factor of 4 between their
estimates for that contribution and an even greai:*.r. factor between
their estimates for the contribution of the reprocessing plant. Ihe
APS group also identifies the reactor plant as the inajor source of
occupational exposure. We have exansined NRC reports on operating
experience and conclude that the expected value for collective
occupation«I dose, basecl on current operatir~g history, lies between the
estiriiates of the NRC and Pochin. The APS estimates are based on
U.S. experience alone.

Pochin identifies occupational exposure at reprocessing plants to
be as important as that at reactors. Although a few reprocessing
plarits have operated for niany years, theie is scaiit i»t'orniation on
their occup«tion'ii 'expostire history and it is not easily accessible. TI&e

Pochin estimate is based on private coinmunicatio»s and so canr~ot be
checked. It appe«is likely that his estir»ate is based on experience at
plants that have operated for a number of years. NRC on the othei
hand has iised estimates b;ised on a niocier», next-gerieration plant
sLich as the AGNS pl;i»t. We have examined the operating recoids
froi» the NI-S pl'int a»d the analyses by the designers of the AGNS
plant. We I&ave concluded i. hat, in .'& r»oderr& pI«rent such «s the AGNS
plan t, i t shoLiid be possible to cori trol the col lect i ve occtipationa1
close/MWe-y «t reprocessirig pl«rats to a le@el below tie«t typical of
ie i«ior pi;iiits. I IiLis the c;ollective occupatioiial dose estiniates are 4
persoii-re»i/ MWe-y (Pochiii); 0.95 persori-rer»/ MWe-y {NRC) arsd
1-2 persoii-reI»/ MWe-~ (AVS Study Gr' oup). We li;ive riot i»clucled
the category of HLW managerisent because there is no operating
experience with the system. We note, however, for collective dose it
should be possible to keep the waste management contribution low
compared to that at the reactor and reprocessing plant.

All of these estimates of collective occupational dose are equal to
or greater than the population dose commitment with or without
reprocessing. Not only are the collective occupational doses greater,
but in addition the individual exposures are much larger and take
place at much higher rates. Estimates for the incidence of health
effects based on linear, no-threshold extrapolation of high dose-high
dose rate data may be more appropriate for occupation;il exposure
than for public environmental exposure. We identify occupational
exposure as the most significant external exposut. e in the fuel cycle
and the occupational group as that most affected.

We conclude that opportunity noway exist for exposure reduction at
the reprocessing plant, but the degree cannot- be well ascertained at
this moment because of lack of operating irIformation at a industrial-
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scale reprocessi»g plant. Accordingly, it would be useful to know
whether the estimate of occupational exposure for a next generation
plant wi 11 indeed turn out to be real istic. In any event, the
reprocessing plant occupational exposure should not provide the
largest fraction of the total fuel cycle collective occupational radiation
dose, given present LWR design and operating experience. Operatirig
experience is required, however, to know whether this conclusior& is
correct.

A summary of the various contributions to the average annual
ionizing radiation background is presented in Fig, 5E-1. Naturally
occurring backgrou»cl is presently the largest cornpone»t. Radiation
from»medical a»d dental diagnostic radiology is next most i»important.
The potential f' or increased examiriaton r ate means that, unless
technical improvemerits «re made to reduce the exposure per
exa»ii»ation, this compo»ent may i»crease with time. The
coritrib«tio» f'rom the»uclear power industry will not be «s large as
that from nuclear weapori fallout for many decades a»d then only if
the worldwide level of »uclear electric power productiori reaches the
level of electric power product;ion curre» tly prevalent in the U.S.

See also EPA policy statement on the use of linearity in dose effects
estimates (USEPA, 1976).

The dose rate 3 x 10 mrem/y is approximately 4 x 10 of average
background, or expressed-in another way, 20 additional minutes of background
exposure/y. In still other terms, it is equivalent to flight at high altitude in a
jet aircraft for about 20 seconds.
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Footnotes

An earlier synonym for RCG was Maximum Permissible Concentration
(MPC). The term MPC has fallen into disuse, and is commonly replaced with
terms 'like "concentration limit, " or "derived air concentration (DAC), " or
annual limit of intake.

As a matter of curiosity, the life expectancy in the U. S. is lowest for
those states for which natural background is lowest and no decrease in life
expectancy for those states with highest background, See also Frigerio
(Ber&inson, 1977a).

It has been pointed out by HEIR that "no radiation injuries have been
documented in man or other mammals under exposure conditions compatible
with existing radiation protection guides" (BEIR, 1972). The current dose
limit recommendations' of the International Commission on Radiological
Protection (ICRP, 1965) and National Council on Radiological Protection and
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A. Issues, Conclusions and Recomnlendations

21. Issues

Safeguards in the nuclear fuel cycle are extremely important in
reducing the risks to society associated with possible theft or diversion
of fissionable nucjear materials. As outlined in Chapter III, it is
accepted by many (Foster, 1973; OTA, 1977; Willrich and Taylor,
1974) that the nlost difficult step in building a nuclear device is
acquisition of strategic quantities of enriched uranium or plutonium.
There are two main safeguards concerns with an expanding
commercial nuclear industry. First, the commercial fuel cycle may
directly or indi rectly lead to increased proliferation of nuclear
weapons states. Of course, nations which wish to devote the resources
can obtain nuclear weapons materials through isotope separation or
production reactors, completely independent of commercial facilities.
Nevertheless, the concern is that commercial facilities may provide
additional impetus and possible sources from which nations might
divert nuclear materials into a weapons program. Second, commercial
nuclear nlaterials or facilities may become targets for sub-national
groups desiring to steal fissionable materials. Given the difficulties
presented to sub-national groups by isotope enrichment and by
che»lical reprocessing of intensely radioactive spent fuel, commercial
pltttonium recycle introduces a safeguards problem: fresh fuel would
con tai n large quan ti ties of pl u ton iu m which would circulate in
commercial traf fic in a form obtainable by corn para ti vely
straightforward chenlical separation. The highest. standards of security
must therefore prevail over the lifetime of the nuclear industry.

measures. Such complementary barriers are especia!ly pertinent to the
problem of maintaining effectiveness over a substantial time period,
which is a concern of equal importance to that of initially establishing
and codifying fuel cycle safeguards.

3. Technical safeguards measures fall into two broad categories:
modification of the fuel form itself and fissile material accountability
or measurement systems.

3a. For safeguards considerations, it would be preferable lo ship
PuO& only when diluted with UO2. The purpose is to necessitate
chemical processing for stolen material to be put into a form usable in

a nuclear explosive. Such dilution can be accomplished without
esse» tial co»i pl ication either by adm i xi»g PuO& a»el UO2 or by
coprecipitating U a»d Pu at the separation facility to reach a Pu/U
ratio below that required for fast critical assembly but compatible
with the specificatio» needed for MOX fuel rods. The coprecipitation
approach has the important safeguards advantage that Pu never
«ppears separately itl the e»tire fuel cycle; this may be especially
i»l porta» t i» addressi ng the pl'oblem of ma in tat»1»g effecti ve

safegua t ds for the entire life of a nuclear rept ocessing plant.
Hov ever, utilization of the coprecipitated mixed oxides i»volves
eco»o»lic pe»;tlties i» i»cteased U recycle- and in co»lplications for
the f uel fabt'icatio» because of varyillg ura»ium e»rich»le»t.

3b. Afodifications of the fuel form by incorporation of neutron
emitters or absorbers, gamma emitters, or radioactive tracers to lead
to recovery of stolen materi al do not appear very promising.

When the study began, we anticipated that a comprehensive review
of safeguards would be available in the Safeguards Supplement to the
GFSMO (NUREG-0002, 1976) and wouId form the basis for our
considerations. Hov ever, this supplement has not been released as yet
although i»formatio» on its scope of work is available (NUREG-
75/060, 197S). 1» its absence, we have not attempted a broad and
definitive analysis of the nlany physical and technical measures which
may contribute to safeguards. Neither do we analyze the many
institLttio»al, political and legal issues that arise, with their economic
consequences as well as potential social costs. Rather, we focus our
work upon several technological approaches which are especially
pertinent to the control of nuclear nlaterials. Where necessary, we
also deli»cate so»le of L?le broader»o»-techtlic;ll matters that, form
the esse»ti;ll co» text. i» which the various tech» ic il safeguards
nleasures would be- ut. ilized, but we»lake»o atte»lpt to a» tlyze the
»o»-lech»ical »latiets i» detail. We examine to what extetlt. selected
tee ?1 tl Ical »leasll res cUll ve I'I fy t ha t th e tl uclea t' nl;l ter ia 1s h « ve beet&

co»t;ti»ed in authorized ch;&»»els a»d, in the event th lt a theft has
occut'ed, »laximize the time a»d tale»ts»ceded for co»verti»g the
material into a form useful as a nuclear explosive. We also center on
certain technical aspects of so-called denatured fuel cycles and
examine to what extent their technical features may permit them to
contribute to international safeguards. Based on this primarily
technical analysis, we reach a number of conclusions and
recommendations.

A2. Conclusi ons

1. The heart of an effective safeguards system must consist of a
set of conventional physical security measures as barriers to the theft
and subsequent misu. -. e of fissile material, which are institutionalized
through regulations, standards and other procedures. There are a
variety of "standard" measures, similar to those used in protecting any
valuable and/or dangerous material, available to help accomplish the
safeguards objective, e.g., guard forces and specially designed
containers. However, the degree to which these measures will be put
into effect rests upon a complicated social/political decision, which
must balance the risks, costs and benefits offered by nuclear power
against those offered by other energy strategies. Further, complex
international arrangements and agreements must be reached.

2. Technical measures do not, t hemsel ves, provide sufficient
safeguards protection. They can play important roles in
compl ementi ng and reinforcing conventional physical security

3c. Strict accountability of fissile, material cannot be achieved
practically throughout the entire fuel cycle. Nevertheless, an
automated nondeslructi ve-assay, real'-time accountability system,
after separation of plutonium from the fission products at the
reprocessing plant and at the MOX fabrication plant, is feasible and
would be very valuable for safeguards. Real-time methods could be
an effective complement to standard assay-accountability methods.
An added benefit would be enhanced process control. The elements of
such a system, based upon the unit process concept, ai: largely at
hand. These elements must be integrated, and necessary measurements
must be performed at or in the process streams of commercial scale
plants, with proper sampling of the various process and waste streams.
Different signal attenuations in the widely varying chemical and
physical forms present in the fuel cycle contribute uncertainties to a11

measurements.

4. Isotopically denatured fuel cycles -- involving "national"
reactors operating on low-. enriched uranium, and plutonium-burner
reactors, reprocessing and enrichment restricted lo "international"
sites -- may diminish the threat of sub-national theft and impede the
use of fuel cycle facilities and materials for weapons production.
Even so, nuclear weapons capability can be attained independent of
the spread of fuel cycle faci li ties. The lead time required for
weapons construction invariably will be shortened as nuclear
technology becomes more widespread. Without the constraints of
large throughput or competitive economics, many nations can
reprocess spent fuel from a commercial or research reactor and/or
enrich natural or low-enriched uranium to weapons grade material.
This may become increasingly easier as the number of trained
personne1 increases. Political agreements and international inspection
are still necessary to deter misuse of commercial facilities and also
construction of non-safeguarded faci1 ities.

5. We have considered various denatured LWR fuel cycles for
international safeguards. Further information on advanced de»atured
fuel cycles is contained in Chapter Ylll.

Sa. Plutonium i nevitably is produced in all denatured fuel
cycles. Thoriunt cycles reduce such plutonium production but do not
eliminate it.

Sb. The international "stowaway" fuel cycle with low-eririched
LrrrIrR fuel i s ar~ irnniedi ate option. For safeguards pitrposes, the
pluto»ii»ll-beari»g spent fuel should be stored urider i»ter»atio»al
co» trol.
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5c. 7hcre are rro techirical barr. iers to irear (ei'rn impleincn(a(ion
of air iso(upi ccrli&& dc'ncrture'cf fuc'I cycfe in ivhich natiorrerl rc'c&ctors are
fueled wi t h low-enr i ched ur ani um dphil e i nt er nati onal fuel cycle
centers contain repr ocessi ng and plut oni um-bur ner reactors.
However, the associated political agreements and institutional
arrarrgements are complex, and economic burdens are largely
un evaluated.

Sd. Denatured thorium cycles, in which national reactors are
fueled with thorium and uranium with U isotopic content less than
20%, offer a long-term alternative. However, such cycles have both
advantages and disadvantages with respect to the denatured uranium
cycle. An attractive feature for safeguards is that the associated
plutonium production may be reduced by as much as a factor of
seven, with a correspo»ding increase in the number of denatured
national reactors per reactor at each international site. The plutonium
nlust be stored or fissioned at the international facility, and the
safeguards considerations are not qualitatively different from those in
the denatured uranium cycle. Disadvantages lie in the increased
complication of the associated reprocessing - refabrication operations,
in the possible safeguards problem of introducing highly-enriched
uranium as make-up, and in the utilization in national reactors of
denatured fresh fuel wh ich can be enriched further to weapon grade
with comparatively little work.

A3. Recommendations

The fol 1 o;. i ng pri nci pal r ecomrnendati ons are based on our
examination of several selected technical measures for safeguards. We
recognize that these recommendations should be reevaluated when a
broader study is completed of the many physical security and technical
safeguards measures that might be utilized.

1. We urge evaluation of "safeguards advantageous" fuel cycles
using low-enrichment uranium fuel, especially the economic,
institutional and technical arrangements associated with co-located
reprocess in g, refabrication, and p I u ton i um- fueled reactors. (See
Chap ter V I II)

2. Real-time, nondestructive-assay accou»tability systems should
be developed further for possible use for control of special nuclear
materials in industrial -scale reprocessi ng and refabrication plants.

3. The economic impact on the fuel cycle of copr'ecipitating to a
.fixed Pu/U ratio should be evaluated. Evaluation should include the
penalty associated with increased 'U recycle and the co»seqrrerices to
the MOX fuel fabrication ar ising frons varyi»g urarrion& enr ichme»ts.
Data are r'. ceded or& the conditions under' which a solid solutiori ot
PLIO2 arid UO2 can be «chieved reliably iri copi ecipitation.

B. Perspective on Nuclear Safeguards

It is far from trivial to implement an acceptable and effective
system for safeguarding strategically significant quantities of the
special nuclear materials (SNM) present at various stages of the
nuclear fuel cycle. The functions of a safeguards system are clear;
first, to deter unauthorized access to SNM by either unauthorized
persons or "insiders"; second, to reduce the probability that any such
attempt will be successful; and finally to reduce the probability that
illegally acquired SNM will be used successfully against the public. It
is also clear that such a system is needed. For example, possession of
significant amounts of plutonium by terrorist groups would render the
public susceptible to the real or threatened use of the material as the
core of a nuclear explosive weapon, or possibly in a radiological
dispersal device.

Many proposals, focusing upon combinations of nuclear materials
accountability and physical containment, have been advocated as
providing adequate safeguards protection. Nevertheless, definition of
the words "adequate" or "acceptable" or "effective" in the context of
the nuclear safeguards issue involves a perception of the societal risk
that the public is willing to accept in return for the benefits of
nuclear-generated electricity. The social decision rests upon a
comparison of the risks, benefits, and availability of alternate energy-
producing technologies, the comparison involving public health and
safety, environmental impacts, the approach to "energy independence",
etc.

A further dimension of the safeguards problem concerns the
poss i ble impact of the corn merci a 1 n uclear fuel cycle upon the
proliferation of nuclear weapons throughout the world. The concern
here is that the availability of nuclear »materials and technology,
especially spent fuel reprocessing facilities, should allow non-nuclear
weapons states either to construct. weapons or at least to shorten
substantially the lead time»ceded to co»struct weapons (Lan&arsh,
1976; Keeny, e( al. , 1977; OTA, 1977). Consequently, American
nuclear policy must be fornsulated with regard both to the export of
nuclear f&rels and technology a»d to the implications of' a domestic
pluton i un' recycle decision for proliferation.

The issues outlined above v ill ultin&ately reqrrire national decisions
based upon a conlplicated s t of tech»ical, econoniic, social and
political consideratior~s which will i»volve econor»ic costs, both direct
lnd

irked

i rect, as well «s poteriti r 1 social costs, ;rrisi r'rg f ronl effect of
instit&rtior~s, procedures a»d laws o» our way of lite, Obviously, we
ca»riot give the ultir»ate ariswer to such pi ohlenls i» this report.
Rather, our goal i» tl~ls chapter will be to detir&e so»mewl&at more
expl rcr r ly the basic p1 oble»3, outl ) ne var rorls proposed safegual ds
appro;rches, «roc) ev rlrrate ihe tecli»ic;&I hase releva»t to fulfillislerit of
the esse» (i;rl saf egrrards fursctio»s.

81. 8'hat is the problem?

An inescapable consequence of the generation of electric power by
nuclear fission is that large amounts of fissionable uranium and/or
plutonium, potentially useful in the manufacture of nuclear weapons,
are present throughout the nuclear fuel cycle. Furthermore, the
amounts required for nuclear violence, e,g. , several ki lograrns of
plutonium, are insignificant compared to the amounts needed in a
nuclear-fueled economy, so that substantial measures of vigilance and
security are. required to prevent theft of nuclear materials by sub-
national groups. Other commercial activities involving extremely
valuable commodities, for example banks, require extreme security and
real-time accountability to guard against theft of very small fractions
of their inventories. However, the combination of extraordinary
security measures and the potential for unacceptable social harm
resul ti»g from any failure probably is unparalleled in other
commercial ventures. It is i mportan t to remember that we are
discussing the problem in the context of a commercial enterprise,
since the safeguarding of SNM has been an AEC-ERDA function and
that of safeguarding assembled nuclear weapons obviously has been a
government function for many years.

We shall now attempt to narrow the problem somewhat. First, we
shall make the assumption that the technology for isotope separation
is not available to subnational groups from whom the SNM is being
protected. Tl;is assumption should be valid both for technological
reasons a»d because of' resource requirements. The means for isotope
separation presently used are based upon slight differences in the
mechanical motions of' different n~ass isotopes. The American system
hinges upon the slightly different diffusion rates of gaseous 2 5UF6
and 8UF6 throrrgh porous barriers. To achieve significant mass
f'lows, an advanced tech nology is i n vol ved, a»d enormous capital
expenditures and power requirements must be met. This capability is
beyo»d that of sub-national groups and, in fact, is preser~tly beyond
that of most non-nuclear nations for commercial scale operation.
Futherniore, the chance of performing the enrichment clandestinely
on the scale necessary for prodrrcing nuclear weapons is very small.
However, it must be kept in mind that this assumption is crucial to all
that follows, and the emergence of a cheaper, simpler isotope
separation scheme would necessitate a con&piete re-evaluatior& of the
saf eg ua rds question.

1» contrast to the difficulty in separating isotopes, the separation
of differ e»t elen&ents by chen&ical oceans is conlparatively inexpensive
a»d straig!ltfor'ward. This, of course, is what pr'ovides the option of
plutor~ium recycle. However, it also le rds iri&rneddiately to a basic
safeguards conclusion, »a»ately, that the only "srrre" way to den iture
fissile isotopes is b~ diluti»g then& v ith roon-fissile isotopes of the
sa»ie elenierrt. 1-:or exaniple, uraniuni with a cor»positiori of less than
20% -'-'U plus . 'U is considereci denatured (Willr ich a»d I'rylor,
1974); for uranium, the dilutent is ~ U, the most abundant isotope
found commonly in nature. As discussed in Chapter III, such isotopic
denaturing is not possible for plutonium, 2 so that plutonium-bearing
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materials will always lead to a safeguards problem after chemical
separation. Indeed, since 2 9Pu is bred by transmutation of 2 8U in
the reactor, the implication for the safeguards question is that all
nuclear fuel cycles must involve fuel assemblies {fresh and/or spen. t)
that con tai n potentially dangerous SN M in forms obtainable by
chemical separation. We stress that equally stringent safeguards
measures are required for fuel containing 3 U {if not diluted with

"U) and pl utoniurn.

To a large degree, the SNM in spent fuel is se1f-protecting, since
the fuel is then intensely radioactive and the chemical separations
work must be carried out remotely and in a heavily shielded
en vi ron ringent. Conseqnen tl y, we shall assume that the saf eguards
problem for spent fuel assemblies is manageable, since such irradiated
fuel assemblies do not represent a very desirable target for theft by
subn«tional groups. We certainly do not mean to ir»ply that no
security problem exists in the transport of irradiated fuel rods but
only that thieves wouId be confronted by a formidable problem in
processing clandestinely the spent fuel; nevertheless, stringent security
measures are required. Therefore, with this assumption, the low-
enriched uranium "stowaway" fuel cycle presently in use in the United
States does not represent a great safeguards risk. The situation would,
of course, be quite different with the advent of plutonium recycle,
since then the plutonium would be separated from the irradiated fuel,
transported to a fuel fabrication facility, and incorporated into fresh
fuel assemblies. One 1000 MWe reactor typically produces 200 to 250
kg of Pu per year contained in the spent fuel. Consequently, with
recycle large «mounts of pluton i um would circulate through the
economy in forms requiring tight physical security. Therefore, the
decisons involving acceptable safeguards and plutonium recycle are in
fact intimately connected.

Some qualifications should be added to this last statement. First,
the dangers of sabotage and of theft of spent fuel are present in any
fuel cycle, with or without plutonium recycle. For example, cooling
ponds f il led with spent fuel rods could present, a target for
conventional explosives, the aim being to disperse the radioactive
actinides and fission products in the atmosphere. This is a security
question that we sha11 not address. Second, we have been concerned
it»plicitly with the theft of SNM in ansounts sufficient to construct a
n ucle«r ex plosi ve dev ice. Consiclerably sn~;~11@i quan ti ties i» ight
suffice for possible bl«ckm«il sche~»es or for radiological dispersat
devices. However, it is difficult to he1ieve that overt thefts of heavily
guarded SNM would be «ttenlpted for either of &I&ese purposes, since
pote» tia I l~ n&ore d«»ge rous chen& ical agen ts could be obtained wi t h

less difficulty. This is not to say that the problens is trivial. I'here is
still tI~e possibility of covert theft of sn&«II «»amounts of SNM at
various commercia1 fuel cycle facili ties and, perhaps even of
radioisotopes from commercial or research activites totally outside the
commercial nuclear power industry. Needless to say, such activities
are widespread and rapidly expanding, and the control of these non-
strategic quantities of SNM presents a serious safeguards problem.
Nevertheless, our concern in this report will be primarily with the
protection of strategic amounts of SNM in the nuclear fuel cycle.

A final qualification concerning the causal dependence of the
safeguards problem on domestic plutonium recycle is that the
international proliferation problem may prove insensitive to our own
national decision. Other countries are proceeding witl: plutonium
recycle, and the separations technology is available in the open
literature. The possible domestic benefits must be weighed against the
projected international political consequences (Keeny, et al. , 1977),
Our approach in this chapter will be to examine the safeguards
problem for the domestic LWR fuel cycle {with plutonium recycle}
and then to discuss briefly (in section E) some of the - technical
information needed in considering the proliferation problem.

B2. Safeguards in the LR'R Fuel Cycle

In the LWR fuel cycle with plutonium recyc1e, safeguards must be
imposed effectively both at fixed-site nuclear facilities and during
transportation of SNM between sites. As described above, the fuel is
self-protecting from the tinge it is inserted into the reactor until the
chemical separations are performed. The product of the separations
process is plutonium nitrate solution, which according to current
regulations will be converted to solid plutonium oxide at the fuel
reprocessing plant and temporarily stored, The plutonium oxide may

be shipped to a fuel fabrication facility, where it would be mixed with
uranium oxide and incorporated into MOX fuel assemblies. Actually,
mixed oxide rods may be sent to another facility for bundling into
fuel assemblies, but this does not qualitatively change the safeguards
problem. The fuel assemblies would fi»«)ly be transported to the
power reactor, where the fuel again becomes self-protecting. During
the transportation and storage periods, the plutonium» would appear
only in sealed integral containers. I hus, it would be inipossible to
divert system«tically small amounts of m«teri«1; i.e., accountability
reduces in this case to a simple counting problen&. On the othe' hand,
tight security is necessary to prevent overt theft of the containers.

However, white resident in the process streat»s at the separations
a»d fuel f«bi ication facilities, the plutoniiit» would not be in a form
allleflabte to conl pletely accu r«te account i ng proced ures, thereby
r«isi»g the possibility of long-teri» systet»«lie diversion. This
possibiiity is reduced sot»ewI&«t by the fact that, aln&ost by definition,
the S N M is least «ccessi ble to the thief when the «ccoun ti»g
p~ ocedures are niost difficult. Nevertheless, long-teri» undetected
diversion is a particularly unset tli~~g problens because the ch &nces for
recovery of diverted materials before their use are considerably less
than chances of recovery following overt theft. It is clear that an
effective safeguards system must include reinforcing elements of
physical security and accountability; that is, the accountability system
should reduce the rate of possible undetected diversion, which is
limited by the intrinsic uncertainty of specific physical measurements,
to a level requiring such. a large number of thefts for acquisition of
strategic quantities of SNM that the probability of escaping the
physical security system would be negligible. It is also clear that an
effective accountability system should detect any flow of SNM outside
the normal channels; that is, a periodic inventory is not sufficient if
substantial quantities of SNM were unaccounted for during the
intervening period.

Table VI.1 summarizes the nuclear safeguards concepts which have
been proposed. The various entries in the table are grouped according
to safeguards function and according to the nature of the barrier
presented to theft and subsequent use of SNM. The safeguards
functions have already been mentioned in the introduction:
deterrence indicates the ability of a safeguards measure to discourage
would-be thieves; containment indicates the ability of a safeguards
measure to reduce the probability that an attempted theft will succeed;
and recoverability indicates effectiveness for preventing misuse of
stolen SNM either by leading to recovery of the material itself or by
degrading the materials with respect to unauthorized use.
Furthermore, physical security barriers refer to safeguards measures
taken with respect to the material, planning, and personnel intended to
contain the SNM, while technical barri ers refer to measurement
schemes intended to provide accurate materials accountability and to
modification of the fuel form itself to render it more difficult to steal
and/or use. Technical barriers depend on the specific nature of the
material being safeguarded. It is obvious that there are several
multiple entries in the table, since particular safeguards measures may
contribute to the fulfillment of more than one function. For example,
any physical barrier highly effective in enhancing containment and
recoverability will also act as a deterrent.

Most of the concepts listed in the table are easily understood. The
physical barriers center upon designing containers and upon
establishing the guard and response forces needed to defeat the
"maximum credible threat" for overt theft. Witl» egard to covert
theft, the need is to design a plant surveiII«nce systen~ which prevents
the removal of SNM. In addition, there are personnel consider«tions,
e.g. , recluired security clear«nces «nd/or psychologic«1 profile testing
a»d organ'. zation«I decisions, e.g. , the forced co-location of fuel cycle
facilities so as to minii»ize tr«»sport«tion of SNM, which »lay
acconlpl ish safeguards goals. An it»portant technical barrier is
it»position of a real-time «ccountability system to t»onitor flows of

'SN M ttirough fue1 cycle facilities, thereby est«bi isI&ing that other
protective safeguards systenss are it& f«ct ~vorking. It should be noted
that all of these measures basically are desigiied to keep track of SNM
at all times and, in doing so, they fulfill additiona1 roles in assuring
occupational health and safety. For example, they would certainly
help in preventing a nuclear criticality accident. Other concepts listed
deal with the direct modfication of the fuel. form itself to accomplish
one of several goals: to maximize the time and talents needed for
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TABLE VI.1. Proposed nuclear safeguards concepts, grouped according to safeguards func-
tion and according to nature of barrier presented to theft and subsequent use of SNM.

Deterrence Containment Recoverability

Physical
security
barr iers

Specially designed
conta incr s,

Guar d forces.

Spec~ally designed
container s.

Guard forces.

Spec.ially designed
co»tainers.

llomiog devices.
Surve ill ance, alarms Surveillance, alarms
Spec~ al communi-

catio»s.
Personnel consid-

el atio»s,
Co- location of fuel
cycle fac i 1 i ties.

S p e c 'i a 1 c.' o mt n && fi i

cat ions,

Technical
barrier s

Materials account-
abili ty.

Restricted l'uel

forans .

D l 1 LI t. i 0 ll .
Pr otec tive r adi-
ation hazard.

Dilution

Protect ive radi-
ation hazar'd,

Degraded SNM

Chen~i cal ly r e l eased
tr acers.

Dilution.
Pl 0'tect. I ve rad 1"

ation hazard.

converting stolen SNM to "useful" forms (restricted fuel forms); to
increase the amount of material which must be stolen to achieve a
strategic value of plutonium (dilution); to increase the hazards of
stealing and processing the SNM (protective radiation hazards); to
diminish the value of the stolen material for use in a nuclear
explosive device {degraded SNM); to aid directly in the recovery of the
stolen material (chemically released tracers). An optimization must be
performed since some of the modification concepts will very clearly
lead to increased difficulty with accounting measurements and to
possible occupational exposures.

The limitations on the extent and nature of physical security
measures quite possibly may be determined by social and political
considerations rather than by technical and economic ones. For
example, if a Federal security force were established, the latter
considerations might constrain the size of the force, but the scope of
activities and the jurisdiction and authority of the force would most
likely be fixed by political considerations. Concerns over the civil
liberties implications of a security force with broad investigative
powers either for preventive measures or for action in time of crisis,
have been expressed already (Ayres, 1975). Analysis of broader social
costs has also been presented (Keeny, et al. , 1977).

Before proceeding to a discussion of various safeguards concepts,
we must note that our information is drawn entirely from sources
available to the public. The decision as to how much of an in-place
safeguards system is to be made public is a delicate one. Complete
revelation would presumably have the greatest deterrent value but
might seriously compromise the containment and recoverability
functions. We do not attempt to resolve this question.

C. I'hysical Security Measures as Safeguards Barriers

In the absence of the special Safeg ua rds Supp lenient to the
GESMO, we have not performed a detailed analysis of physical
safeguards measures, since these generally do not involve new or
unique technological approaches. Physical barriers are obviously
crucial in containing SNM, and many measure es and degrees of
impien&e»tatioii are possible. A detailed evaluation, presumably
includi»g a social/political decision defining «n "acceptable" level of
safeguarcls protectio», is forthcon&ing in the Gf..SMO supple»&eiit. To
provide a background for our subsequent discussion of tech»ical
barriers, we shall discusshriefly some of the more obvious physical
ssafeguarcls me tsures. It is important to note that, with the exception
of co-location of fuel cycle facilities, the safeguards measures listed in
Table VI.1 as physical barriers are not peculiar to the task of

containing SNM. Similar precautions are taken in the protection of
any valuable and/or dangerous comtnodity.

%e start by describing some of the measures possible for
protection of the SNM during transportation. Each shipment could
have a separate armed escort vehicle which would maintain constant
visual and communications contact with the transport vehicle.
Furthermore, since the routes travelled will probably be standardized,
frequent periodic contact could be maintained with appropriate
response forces. The transportation cask itself could be massive, as
they must be for spent-fuel assen&blies; giant cranes woulcl be needed
to remove it from the vehicle. The cask could require special tools to
be opened, and, of course, these would exist only at fixed-site nuclear
facilities. In fact, the last two possibilities could be combined by
requiring that the cask be lifted by crane to allow access to the inside
of the cask. The transportation vehicle could have independent
immobilization mechanisms, operable from inside, from the escort
vehicle, and perhaps remotely as well. Homing devices could be
attached to the cask to facilitate recovery. At some level of
implementation, a combination of these and possibly other steps can
presumably be made effective. The question is one of setting that
level. One estimate of the personnel costs (Willrich and Taylor, 1974)
required for implementation yields an increase in the cost of nuclear-
generated electricity of less than 1%; other costs, such as those for
providing sophisticated communications systems and transport
vehicles, cannot be estimated rel iably prior to specif ication of
safeguards performance criteria.

At fixed-site facilities, the problem reduces to one of surveillance
and of limited access. Presumably, these facilities should be designed
so as to allov minimum personnel access to SNM, especially in storage
areas. In these areas, each container could have a separate alarm
system, for example, by remotely storing the cannisters on load cells in
fairly tight-fitting compartments. Access to the process streams
cannot be avoided entirely, since sample points are necessary for
controlling the product quality. However, such access can be strictly
controlled {e.g. , by having fingerprint-reading devices grant access)
a»d could be done mechanically {e.g. , to avoid hostage scenai ios).
Also, doorway neutron and/oi gansnia monitors, perhaps together with
metal detectors, could prevent unauthorized removal of SNM from the
access area, a»d coniplete changes of clothing could be required of
workers for both occupational health and safeguards reasons.

lt is clear that, i» the normal course of operations, certain
personnel n&ust h &ve access to a»d control over the flow of SNM, for
exa»~pie, tech»icians sampli»g a process stream oi drivers of transport
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vehicles. Co»seque»tlat, the requtire~»e»t of t-;Rl)A secure ity cleara»ces
«»d of various psychologic;&1 reliability assess»&e»ts has been proposed.
The effectiveness of this as a key element in a multi-barrier
safeguards approach is suspect; the important considerations remain
limited access and surveillance. With an effective safeguards system, a
possible situation for an attempted theft of strategic quantities of
SNM from fuel cycle facilities should be one of abnormal operation.
That is, during an emergency, whether caused by accident or by
sabotage, rapid evacuation might preclude application of normal
safeguards precautions. For this eventuality, an additional outer
security ring could be activated.

One regulatory decision having a direct impact on safeguards
would be to require co-location of reprocessing, plutonium storage,
and MOX fuel fabrication facilities. This would eliminate the
problem of safeguarding during shipment material directly usable in a
nuclear explosive. Si.hach regulation nsight well create commercial
problems, in that different companies performing differe»t fuel cyc1e
functions would have to operate as closely-coupled partners. It might
also entail increased costs to one or more of these companies. %'e see
no insurmountable obstacle to overcoming the interfacing problems,
especially since, at, least for the near future, industry coupling would
be dictated' by the small number of facilities in operation. The
question as to balancing the va1ue of eliminating one fugal cycle link
requiring safeguards versus the economic costs and institutional
problems is not one that industry should resolve. Such decisions,
involving the distributed social benefit of safeguards versus the cost to
industry, are properly adjudicated by the approriate Federal agency
{i.e., NRC). Additional data which would be useful in reaching the
co-location decision are a comparison of the environmental impacts
resulting from co-location versus dispersed siting and a study of
possible cost reduction from integration of conversion and MOX fuel
fabrication plants.

In summarizing this section, it appears quite possible that effective
physical security can be imposed throughout the fuel cycle at an
economic cost small compared to that of nuclear-generated electricity
(Willrich and Taylor. , 1974). The measures described above are all
extensio»s of those already used in other social activities requiring
security a»d it must be accepted that physical security measures for
safeguards are esse» tial in any Pu recycle power economy.
Presumably, the GESMO Safeguards Supp1eme»t will include a
detailed analysis both of the level of proteci. ion required and of the
associated social a»d eco»omic costs.

D. Technical Measures for Safeguards Barriers

Physical security lies at the heart of any system designed to
conf ine SNM to authorized channels. Technical measures for
safeguards are important in complementing and reinforcing
conventional physical security barriers, especially with regard to the
problem of maintaining effectiveness over a substantial time period.
As already remarkecl, technical measures fall into two broad categories:
modification of the fuel form itself, especially during transportation,
and accurate SNM accountability systems at fuel cycle facilities.
These measures aim primarily at preventing overt theft and covert
diversion, respectively. As in the last section, we are concerned
primarily in this section wi th the national safeguards problem.

D)'. Modified Fue/ Form

Dl a. Dilution

In the event of successful overt theft of SNM, an important factor
in determining the likelihood of successful recovery of the materials is
the time necessary for converting the material into a form usefu1 for
constructing a nuclear explosive device. This is especially so if highly
ref ined technjcal and industrial skills are needed and if special
equipment, such as heavy cranes, must be employed. Consequently, it
is preferable for safeguards that SNM not be shipped in a form
directly usable in nuclear weapons and therefore that the
transportation of pure Pu02 in strategic quantities not be allowed.
Practically, such a regulatory decision would allow two options: either
co-location of the spent fuel reprocessing and MOX fabrication plants
or shipment of Pu02 diluted by depleted, natural, or low-enriched
UO2. In this case, a large amount of' material would require chemical

processing to achieve a critical mass of plutonium. For example,
about 2000 liters of concentrated nitric acid are needed to dissolve a
mixed oxide fuel with 5% plutonium to obtain 50 kg Pu02. To
process several k i log rams of the m ixed oxide fuel per day, a
substantial glove box facility would be needed for the dissolution,
precipitation, filtration and ca1cining steps. Approximately 4000 liters
of liquid efflue»t would be generated. Alternative processing with
additives such as fluoride ot ceric ions to enhance the solve»t activity
would decrease the volumes to be handled. However, the difficulty in
handling these exiremely corrosive solvents would be so enha»ced as
to more than offset a»y advaiitage gai»ed by the volume reductio».
Thus, in the absence of quite substa»tial and sophisticated
reprocess i ng faci1i t. ies, mo»i. hs m igh t be requ i red to corn piete the
operatio», a»d this wo»ld greatly;&id local a»d Federal respo»se forces
i» t. heir recovery operai io»s.

'I'he co-locatio» opiio» has been discussed aire ~dy, bui the dilution
«pproach iiselt offers iwo choices, admixil&g o~ copr. cipitatio». As
prese»ily e»visioned, MOX fuel .f;&b& icaiio» pla»ts will ieceive
separately Pi~0& and»atural or depleted UO& powder a»d the» «d»iix
these to a Pu concentration of about 5%. It must be noted that, since
shipment of plutonium nitrate solution will not be allowed and since
the fuel fabricator justifiably does not want to redissolve the Pu02
powder, the fuel fabricator is in any case dependent upon the
conversion plant for the quality of his feed product. Therefore, it
would not be unreasonable to require that the Pu02 be admixed with
UO2 before leaving the conversion plant to a Pu concentration
somewhat above that to be used in MOX fuel rods, for example, in the
5 to 15% range. This amounts to co-locating part of the blending
operation envisioned at the fabrication plant with the reprocessing
plant.

A question arises concerning the effectiveness of admixing in
retarding conversion of stolen SNM to weapons material. Since the
crystal densities of Pu02 and UO2 (11.46 gm/cm3 and 10.96 gm/cm,
respectively) are slightly different, physical separation of the oxides
{e.g. , by elutriation) may seem possible. Nevertheless, many factors
besides the nominal crystal densities enter in determining the
feasibility of such approaches, and, to the best of our knowledge, such
separations have not been performed. For example, the oxide
particles, as produced, generally have considerable porosity, so that the
effective densities may not be very diff erent, Therefore, while
theoretically possible, elutriation is almost certainly more difficult
than dissolution. This is especially so for the admixed oxides since 3-
4M nitric acid v ould dissolve most of the UO2 but only little of the
Pu02, assuming it is calcined at 750-900 C. While the residue would
not be pure PuO2, it ~ould probably be usable weapons material for a
low yield device, and the separations step could be avoided. Therefore
admixture would require steps at least as complicated as chemical
dissolution, but a solid solution of the oxides, as might en&erge from
coprecipitation, would require the somewhat lengthier procedure of
dissolution plus che»&ical separation.

Coprecipitation of Pu and U at the separations plant offers the
additional safeguards advantage that the Pu never appears undiluted
throughout the entire fuel cycle. We shall discuss coprecipitation in
some detail but si»filar remarks apply to other nitrate to oxide
conversion n&ethods. For exanlple, direct co-calci»ing could be used
(see the discussion of the proposed EXXON plant in section D4 of
Chapter IV). Coprecipitation is effective in addressing both the
transportatio» problem and the problen& of theft or diversio'n at the
reprocessi»g plant, especially fro»l Pu storage areas. This feature may
be especially importa»t with regard to the proble»1 of mai»taini»g the
necessary vigilance for the entire lifetime of the pla»t. With regard to
diversion, the i»creased amou»t of niateiial which &rust be stolen to
achieve the saine Pu val ue is a signif ica»t be»ef ii.. I'he exii erne
approach (Puechl, 1975) is to coprecipiiaie al1 Pu «»d U, thus loitering
the Pu/U ratio fot recycle fuel to about. 1/100. 'I'here are several
problen&s v iih this approach. The most obvious economy»ic pe»alty is
thai, assu»iing the oxide is»ot redissolved, the remote expe»sive
fabrication steps designed for MOX fuel wouId have to be used for a
substantially larger number of fuel rods. Second, all of the U in
spent fuel is returned to the fuel cycle with this approach, rather than
discharging almost half of it to the tails during enrichment. Further,
the reactivity of the coprecipitated fuel would be so low that more
high1y enriched uranium would be needed as nzake- up, thereby
introducing another safeguards problem. It should be remembered
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that highly enriched uranium presents the least difficulty in weapons
fabrication (i.e., in handli ng and design).

A better approach might be coprecipitating directly to a Pu/U
ratio of about 5-15 parts per hundred. Basically, one would like to
achieve the lowest P u/U ratio corn pati ble with the specif ications
needed for MOX fuel rods while not imposing a sizable economic
penalty on the industry. With this scheme, there is still an increase in

6U recycle but it is considerab]y less than in the complete
coprecipitation approach. However, the fabricator may still be
confronted with receiving uranium of greatly varying enrichments.
For example, the enrichment in discharge fuel during reactor start-up
varies by about 50% (Shapiro, et aI, 1977) while discharges from low
burnup uranium loadings or from MOX fuel loadings would have
higher and lower enrichments, respectively. A detailed analysis of the
economic impact in the fuel cycle of coprecipitation to a specified
Pu/U ratio should be carried out for the various fuel cycles of
i nterest.

"Partial" coprecipitation can be accomplished in several ways. For
example, in the Purex flowsheet, after solvent extraction of U and Pu,
reduction of Pu+" to Pu returns the plutonium to aqueous solution
in the partitioning column. This step also reduces so»se U' to U+,
both of which still complex strongly wi th TBP at high acidity.
Therefore, the partitioning column is operated at high acidity in order
to.keep the U in organic solution and thereby effect the partitioning.
Lowering the acidity favors movement of U from the organic to the
aqueous phase and thus one could control the Pu/U ratio extracted in
the aqueous phase. The uranium and plutonium in aqueous solution
would then be coprecipitated. It should be noted that the
precipitation process will increase the Pu/U ratio with regard to that
in the aqueous solution, since the Pu precipitates more cluantitatively.
This can be used to advantage. For example, the partitio»ing column
instead could be used as a stripping column by operating at low
acidity; all the Pu a»d most of the U could be extracted in aqueous
solution, «nd the final Pu/U ratio could be controlled entirely at the
conversion step, e g. some oxidation of the U by increasing the
»~ol«rity of the nitric acid solution would i»cr ase the Pu/U ratio i»
the ox«late precipitate. An objection to this pi.oposal »iight be that
the ox«1«le super»«t«»t would require further repiocessi»g i» oider to
extract the ur«»iu»i value; there will also be «sni«ll, perhaps 50
»&g/liter, conce»tiation of Pu. However, this additio»«l step is not a
serious requireme»t, since a sii»pie solvent extr;ictio» oi. io» exchange
process could be used in an unshield'ed facility. Obviously, this would
be a factor in the economic study advocatecl above.

A question which remains concerns the accuracy and reliability
with which &specific Pu/U ratios can be obtained with the
coprecipitation scheme. The data for this can be obtained easily, and
one would expect that reliability can be achieved. However, there is
no need for very high accuracy, since the isotopic composition of the
product will be measured accurately in any case and since further
admixing will allow flexibility in changing the Pu/U ratio somewhat,
We repeat that the advantage of this approach is that plutonium
appears only in dilute form. Nevertheless, this certainiy does not
"solve" the safeguards problem and strict physical security must be
maintained.

Another question concerns the reliability with which a solid
solution can be formed by copreci pitation. Presently available
evidence indicates that solid solution is not achieved consistently
(Walling, 1977), although consistency might be achieved with further
research and experience. Sintering the calcined product at high
temperatures (-1600 C) would lead to a solid solution but is likely to
make subsequent pressing into pellets very difficult. On the other
hand, there is evidence (Walling, 1977) that, for pl u ton iu m
concentrations less than 15%, nitric acid does not preferentially
clissolve the uranium oxide even if a true solid solution is not formed.
Detailed investigations are needed in these areas.

Dl b. Gamma Erni tters

Another fuel modification that has received serious consideration
is the incorporation of gamma emitting isotopes in the fuel or
adjacent to it (i.e. , attached to the fuel rods, fuel assemblies, or inner
surfaces of the transportation casks). It is clear that such concepts
must be evaluated carefully with regard to public and occupational

safety a»d with respect to increased costs to the fuel cycle resulting
from increased ha»dli»g'problems. Io be effective, spiking must lead
to -disabling doses (o» the oider of at least several thousand rems).
l»coiporation of such lai'ge amou»ts of gamma activity into the fuel
itself is impractical, siiice then all steps in the entire fuel cycle would
have to be carried out renlotely behind heavy shieldi»g and
occupatio»«l risks would be great. The only feasible alternative (I R 1,
1975) is att«chnient of iiite»se sources, presuinably Co, to the
tr«»sport ition casks, thtis requiring only that the loading a»d
u»lo«di»g of casks be h«»clled ie»iotely. The price of ' Co ($0.50 per
cui ie of 25 Ci/gra»i '"("o) is sufficie»tlat sin«1! so .that the direct
eco»o»iic pe»«ltd is»ot prohibitive. Nevei'theless. we believe that. this
is»ot;i very;ittiactive co»cept. Assuini»g that a gioup cap;ible of the
theft of;i» e»tire tra»spoit vehicle;ilso has subst«»li;il resources, the»
the «dciitio»;il proble»& posed by the '"(.".o soui'ce is»si»i»&«l; the cask
siiupl&' »lust be u»loaded behi»d heavy shieldi»g. 11«vi»g
accomplished that, the massive Co source itself becomes a possible
threat in a radiological dispersal device. Furthermore, an accident in
the normal handling of the source might easily lead to occupational or
even public exposure.

DJc. Neutron Emi tters and Absorbers

Other f'uel mod if ication poss i bi li'ties focus upon clegracl i »g the
SN M for use in n uclear explosives by altering the fast neutron
spectrum. Appropriate fast neutron absorbers do not exist in nature
(IRT, 1975). 5 Another approach is offered by the fact that a
significant increase in the neutron background would make plutonium
weapon design more difficult. The problem posed by the neution
background is that a neutron might initiate the explosion when the
device just reaches criticality, rather than when the desired degree of
su pere ri tical ity is achieved. Then, the device wi ll disassemble
pre»maturely, thereby preventing further fissioning of th SNM and
res ul ting in a comparatively low yield. The p robabi li ty for
predetonation clearly increases with higher neutron background and,
for comparable reliability and efficiency, places greater demands on
the designer for short assembly times and sophisticated initiation.
The so-called "fizzle" yield is still significant (perhaps tens of tons of
TNT} but small on the scale of attainable yields. A possible candidate
for this scheme is Cf, with a spontaneous fission half-life of only
85 years. Reactor grade, plutonium emits approximately 400
neutrons/grn/sec from the spontaneous fission of "Pu and 4 Pu,
with spontaneous fission half-lives of 5 x 10~ years and 10 years,
respectively, plus a comparable amount from (n, n) reactions on
oxygen. A Cf/Pu ratio of 10 would increase the spontaneous
fission neutron background by roughly an order of magnitude. With
this ratio, and at a cost of $10/pg (Crandall, private communication,
1977) of 2~2Cf, the incremental direct increase of the cost of nuclear-
generated electricity would be about 0.3%. Furthermore, both the
incremental occupational hazards and the rnodif ication of reactor
operating characteristics would appear to be manageable.

The remaining question is the dif'ficulty required to purify the
pl uton i um by renlo Yi ng at least, 90% of the added Cf. The
chemisti'y of Cf is very similar to that of dysprosium, a rare earth
present in the fission product yield; its only common valence &state is
+3 although both +2 and +4 are known, whereas it is the +4 states that
form ion complexes allowing separation of plutonium from dissolved
nsixed oxides. I-lowever, in che»lica1 extractio» of individual i'are
earth elenients from Th, U, - and Pu, 10 seen~s to be a "limiting
co»ce»tinction" (Ry«bohikov, 1970); for example, with 10 to 10
parts Dy/Th, TBP extraction is only 85% efficient, and a complex
series of extractions increases this efficiency to 93-95% (i.e., still in
the 10 " r;i»ge) (Clevel«»d, 1970; Kellei', 1971). Sii»ilar re»&arks apply
to othei possible purificatIo» schetnes, such «s electroche»&ical
refi»irig of pluto»iuni »iet«l. I herefore, the best estrin&ate seeius to be
that such tr;ice «»sou»ls of Cf c«» be separ«ted froi» Pu but o»ly by
those havi»g veiy high sophistication technology, (R. Pe»»eiuan,
priv«le conrnlu»ication, 1977) such as «Purex separalory f«cility or
the tech»ology for pluto»iu»s»set«l production aiici purification. For
those havi»g to rely on & battery of separ;itory fu»»els a»cl lacking
access to anhydrous glove box facilities able to operate under corrosive
conditions at high temperatures, the problem is formidable, requiring
several steps to go from spiked to clean plutonium. Thus the goal of
significantly retarding conversion of stolen SNM to useful form may
be accomplished, and this alternative should receive more detailed
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consideration. In particular, little knowledge exists concerning the
separation of rare earths at the-10 8 - 10 level from uranium and
plutonium, and such data should be obtained.

DI'd. C/chemi cal 1y Rel eased Tr acer s

As a last fuel modification possibility, we consider the idea of
including a radioactive element in the fuel which will act as a tracer
leadi»g to recovery of the stolen material. Elements which are easily
entrapped in the chemical separations process can be shielded so that
the signal outside the clandestine laboratory will be small compared to
background. Consequently, we examined the idea of including in the

- fuel a radioactive noble gas, "5Kr, which would be released upon
chemical processing and present a significant problem for entrapment.
Evaluation of this concept is difficult, since it depends upon local
terrain and meteorological conditions. Using NCRP "standard"
meteorological conditions (NCRP, 1975) we find that this spiking
approach is not effective with presently available detection schemes
and with reasonable amounts of "5Kr in the fuel. Reevaluation may
be warranted if meaningful advances in detection technology occur.

In concluding this section, it appears that the only modification
concept th t. t emerges as an economically feasible, safe and effective
technical safeguard is that of dilution. Admixi»g Pu02 and UO2 at
the conversion plant eases the problem of safeguards during
tra»spo~ tation; coprecipitation (or cocalcining) additionally reduces
the problem of diversion of Pu02 from the reprocessing plant, and
this may be in&portant in addressing the probler» of maintaining
effective safeguards for the life of the plant. Detailed economic
studies are called for. The Cf spiking concept also seems possibly
useful, but it should be recognized that the higher neutron background
would not prese»t an insurniou»table obstacle to construction of a
reliable device if the designer has access to advanced and sophisticated
(and classified) design i»for»sation and to the resources and high
technical skills needed to realize the design. Finally, the utility of
tracers seems questionable.

We stress that »one of these approaches is i»te»ded to be a
"solution" of tl&e safeguards pioblem. Rather, the aim is to complicate
the process by which' stolen SNM ca» be co»verted i»to n)aterial
usabIe i» a higli-yield»uclear explosive device; it is assu»&ed that the
i»cteased ti»le a»d tale»ts»ceded by tl&ieves sigtiitica»tly e»ha»ces the
oppot tu»itic» toi tecovery by appropi iate security forces. I his is
clea t 1 y a case where a polit ical decisio»»& ust be»iade bala»ci»g
i »creased fuel cycle costs «»d pote» t ia I I) i »c t eased occu patio»al
exposures against less quantifiable factors, such as confidence in the
primary physical barriers. To the extent that physica1 safeguards
measures are deemed completely reliable, these t uel t11odif ication
approaches are unnecessary.

D2. Accountabi ki fy

A central ingredient in the overall multi-barrier safeguards scheme
is an effective accountability system capable of measuring accurately
the amounts of SNM resident in or flowing through various process
steps in fuel cycle facilities, e,g. , in MOX fuel fabrication or in
irradiated fuel separations facilities. Accounting is comp/ementary to
physical security measures and is an independent measure of the
effectiveness of the latter. Present-day methods emphasize periodic
inventory with chemical and mass spectrometric assay. To be most
effective, the accountability system should also provide "real-time"
information on flows of SNM as it leaves normal channels and on
inventories of SNM in each unit process in the facility. Real time
information is especially important during or immediately after
periods of abnormal operations, e.g., during an industrial accident at
the facility. In principle, the process flowsheet should be broken
down into as many measurement units as possible, e.g. , a dissolving
tank at the. separations facility or a pellet press at the fuel fabrication
plant. This is significant for several reasons. First, any diversion of
SNM by a plant employee may focus upon a particular unit and an
accountability system which isolates that unit clearly supplies the most
sensitive signal that diversion is taking place. Effectively, a much
smaller amount of material is involved in such a measurement as
compared to net balance of total plant input and output. Second,
accountability measurements at a specific unit process is likely to be
most accurate when the SNM is in its purest form and is most
accessible; consequently tke measurements wi ll be most etfective

precisely when the material represents the most desirable target for
theft. This increased effective»ess would be weakened if a material
balance were drawn only about the entire plant because of the
inherent difficulty of making completely accurate measurements, as
discussed below. Finally, such a system e»ha»ces plant and quality
co»trol, including critica1ity control, since the goal of the
accountability system is to keep track continuously of the SNM. We
shall attempt to. sun&marize present capabilities for providing such a
system. It should be clear that, i» the absence of the GESMO
supplement, we are not attenspting a co»ipse ehensive review of the
many proposed accou»tability schemes; in particular, we focus upon
realti»ie systenis which have the greatest potential for improvement,
rather than upon present systems rely i»g on pet iod ic in ve»tory.

Proposed «ccou»tability syster»s ge»erally combi»e non-destructive
assay (NDA) techniques with «dva»ced conlputer tecI&»ology, the NDA
»ieasuie»ie»ls piovidiIip the co»ipulet v ith data fot ical-tl»le a»alysis.
DeveIopme»t ot such a sysle»1 ls co»1plicated by the fact th 1t SNM
occurs i» ma»y ditfere»t. che»&ical a»d physical foru ms throughout the
fuel cycle, so that i vatiety of »seasuren~e»t tech»iques are»ceded.
Fol exa»1 pie, plu toll 1 u»1 wi I I «ppear 1» acid sol ut loll a t the
reprocessi»g plant, i» pellets at. the tuel tabi icatiot& pla»t, a»d, in

s»sa11 a»sou»l», in wasLe stt ea»ss throughout the fuel cycle.
Nevertheless, the measurements will involve some combination of
weight measurements (to determine the total amount of material
present), chemical analysis (to determine the amounts of various
elements) and gamma ray and neutron measurements (to determine the
amount of various isotopes present). We shall concentrate for the
most part on the isotopic measurements. The fissionable isotopes of
greatest interest have well defined gamma signatures resulting from
their own decay or from the decay of a daughter isotope; for example,

Pu emits a moderately intense (3.5 x 10" sec gm ), interference-
free line at 413.7 keV. Consequently, high resolution Ge(Li)
spectrometers offer a powerful technique for isotopic measurements.
Passive neutron detectors are useful when the isotopic distribution of
a sample is already well known. Most actinides decay primarily by
alpha emission and these produce neutrons in interaction with light
materials in the matrix. Coincidence counting of spontaneous fission
neutrons yields a quantitative measuren&ent of the amount of emitting
isotopes. Thermally-f issile isotopic content, of a sample can be
determined by active neutron interrogation in which the sample is
irradiated and the resultant fission neutrons detected in coincidence.
This technique can achieve high precision only for well characterized
materials.

It is clear that there are certain generic difficulties with the
gamma ray and neutron measurements. First, the signal must be
reasonably strong compared to the background„This generally implies
that high resolution detectors are needed, such as Ge(Li) detectors for
gammas versus the higher efficiency, lower resolution Nal crystals,
and neutron coincidence counters for neutrons. Second, lack of
precise knowledge about the composition and distribution of matrix
material in the sample can lead to significant error, since gamma ray
atteriuation by the matrix very often requires a substantial correction
fact.or. Furthermore, self-attenuation will be signficant if the
particles containing the gam»sa emitting isotope are too large. The
attenuation problem is mitigated somewhat by concentration on high
energy gan~ma rays ()120 keV), where absorption is less dependent
upon the composition of the material. Also, attenuation can be
checked by measuring tra»sn1ission strength through the sample of
appropriate gamma rays f ron& a cal ibi ated source. Nevertheless,
gam»~a attenuation remains a source of significant uncertainty in
interpreting the results of NDA measurements.

Of course, »measurement of any given radioactive isotope involves
errors. The proble»&s just outli»ed produce u»certai»ties a»d, in
«dditio», factors such as detector efficie»cy a»d geo»retry of the
»measure»&e»t »~ust. be folded i». 'I his u»certai»ty leads to the concept
of MUI- (r»ateria1 u»accou»ted for), defi»ed as the differe»ce between
the amou»t of SNM which sliould be i» the pla»t a»d that which is
measured to be there. It »iust be stressed that existence of a MUF
does no(»ecessat'ily»sea» that. SNM is»sissing, a»d the

tecum»iight

appropriately be replaced by MID (»materi;&I i»ve»tory dittere»ce) or
HPID (book-physical inventory difference). For example, self-
attenuation effects lead to a MUF by producing a counting rate lower
than expected for the quantity of SNM actually present. In general,
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FIG. VI.1. Accumulated
MUF for a unit process as
a function of successive
batches. Data were gen-
erated using a simple
Monte Carlo model. The
upper curve is for uni-
form diversion of 10 g
from each 1-kg batch,
while the lower curve is
for the same throughout
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there can be several contributions to MUF, including the inherent
measurement uncertainties, statistical and/or systematic, unmeasured
in-plant holdup, unmeasured losses to waste streams, bookkeeping
errors, as well as diversion or theft of SNM from the plant. The last
component is the object of concern with regard to safeguards, but a
meaningful bound on this can be attained only by strictly liiniting the
remaining MUF contributions.

Real-time system' are being studied at several laboratories. As
one example, we have examined in detail the DYMAC (Dynamic
Materials Control) system being developed at Los Alanios. This
accountability system is based upon automated measurement devices at
each unit process in the plant, each device interactively coupled to a
central computer. First, the improved plant control resulting from the
comprehensive unit process approach will appreciably reduce MUF
contribution from unmeasured hold-u'ps and losses and will lend
confidence to the attenuation correction factors applied to
measurements. Irr addition, this approach will minimize the effects of
a fixed fractional measurement uncertainty by greatly reducing the
amount of' SNM involved in a measurement "batch". Finally, the
computer will both eliminate many possible bookkeeping errors and
statistically analyze the measurements from every unit process and
keep a record of the accumulated M U F between

corn

piete plant
inventories. Consider a simple example, namely a Monte Carlo
simulation of the unit process taken from Los Alamos Report LA-
UE-7S-1817. The niodel assumes that measurements of input, product
and residue are distributed normally about the true (representative)
values J =1000g, P =900g and R =100g, respectively, for each batch
passing through the unit process. The associated standard deviation is
assunred to be 10g for each measurement with the residue
measurements comparatively less precise, so that each MUF valrre has
a standard deviation of 17.3g. Asstrming that 100 batches pass
through the unit process between plant inventories, after which we
start from zero again, the total process throughput would be 100 kg of
SNM.

In order to illustrate the effectiveness of the DYMAC approach,
consider the Monte Carlo simulation results shown in Figui'e VI. I. for
the cases of no diversion and uniform diversion. We repeat that
"diversion" here would include any unmeasured hold-ups or losses.
For the uniform diversion, the diverter was assun&ed to have taken 1.0g
from each of the 100 batches, so that a total c'f 1 kg of SNM would
have been diverted without. any orle diversion being detectable, i.e., the
10 g increment is less than one staiidard deviation of the MLIF for a
single batch. The figure shows the accumul ited MUF, the »midpoint of
each bar representir~g the sum of the MUF values and t.he length of
the bar, the standard deviation of the suin. 1 he val tie of the

cumulative MUF at the end of the 100 batch run corresponds to the
MUF value that would have been obtained at physical inventory. The
interesting result is that the uniform diversion case displays a clear
signal that. material is missing after only a few batches. Consequently
if a diverter is to achieve some target quantity of SNM, the DYMAC
system will force a considerably greater number of thefts of smaller
amounts, i.e., of amounts very small compared to the uncertainty of
any one batch measurement. Th us, such trend analysis greatly
increases the time r'equired for significant theft and consequently the
probability that other safeguards measures will lead to detection.

The system must also be tamper proof. The NBA instruments will
probably have to be designed with sealed, internal calibration sources
that can be assayed (looking at a slightly different, but significant,
gamma energy level) in corrjunction with the assay of the Pu and/or U
with all signals fed to a central computer for analyses to detect any
attempt at instrument modification, accidental or deliberate. In
addition, having the NBA instrument output sent automatically to the
accountability system computer would remove an opportunity for
someone to modify records to hide a diversion. Access to the data in
the computer file could be limited via remote terminals in the plant.
Identity cards, fingerprint readers or some other method must be
developed to allow only authorized personnel to activate the terminal.
This procedure would still allow someone to enter falsified data, but
diagnostics in the computer as well as procedural requirements could
be developed to minimize if not eliminate the possibility of such an
entry going undetected. For example, it might be a requirement that
two people act in unison to make data entries to the accountability
computer via remote terminals, Equipment and proecedures must be
developed and demonstrated -in an operating plant to show that the
accountability system is not susceptible to cover t man ipulation.

The question & emains as to the present status of dyr&amic
accountability systems effective for monitoring flows of SNM through
MOX fuel fabrication facilities and spent fuel separations facilities.
Fully integrated data acquisition a»d computer systems do not
presently exist. Various NBA instruments alluded to above, especially
those based upon gam ina assay, have proved h igh ly rel i able for
measuring SNM in specific forms. In the absence of high background
fission p roduct acti vi ty and in a wel I characterized matri x,
measurenie»ts of various important isotopes, such as - Pu, can be
made to accuracies of a few percent. However, these measurements
have been carried out in what are esserrtially laboratory conditions and
it rensairis to be seen hov reliably stich n&e&surernents can be carried
out. remotely ir& or at the pi.ocess stieain of a coniniercia1 scale fuel
cycle facility. Co»sider;ihle tI&ought »first be given to the inechanics of
obtarnirig representative n&easuren&ent sansples at. each trnit process. In

Rev. Mod. Phys. , Vol. 50, No. 1, Part ll, January 1978



LWR fuel cycle —Safeguards S't 0't

additio», &lie cotisidetable electtotiic i»terfaciiig of the oittput troi»
erich SNM t»e;tsltret»etit' device lo a central data processor' ittilizitig a
it»ifot't» accotttititig fori»;it re»i;iins to be worked out. I'he»ewly
constructed Los Alamos plutonium processing facility (TA-55 site) is
fully equipped to perform unit process accountability measurements.
The cost of the DYMAC system was approximately 2% of the cost of
the plaiit, and this might be a representative number for commercial
plants. However, the "complete" costs will become known only with
specification of safeguards criteria and with operation of a
commercial scale facility, since there can be savings due to increased
process control and less frequent con&piete plant inventory or losses
due to increased maintenance demands, for example, for the cryogenic
system needed for Ge(f i) detectors.

In considering the possible application of a rea1-time system in a
commercial reprocessing plant, it must be stressed that the idea of
applytrig complete accountability on the entire fuel cycle is probably
unrealistic. There is a significant uncertainty in not knowing how
much plutonium has been produced in the reactor, Direct
measurements are not feasible because the plutonium is produced very
unevenly throughout the core, so burnup codes must be used to pI'edict
the amount. However, the amount produced depends upon the
detailed operating history of the specific core and the prediction
cannot be relied upon for high accuracy. The first point at which
accurate measurements can be made is after dissolution of the spent
fuel. However, several waste streams will have been created by this
poi nt, and these do not lend themselves to highly accurate
measurement; e.g. , the small plutonium value rer»aining with the hulls
cannot be measured accurately without complete dissoluton of the
hulls themselves. Also, accurate measurement of the plutonium
content in the dissolved fuel or in the HL.W stream would require a
series of separation steps on an appropriate saniple. In fact, the first7

point at which accurate measurements are both practical and fairly
easily made is after the separation column, when the plutonium is free
of the fission product. and other transura»ic activity. Prior to this, the
intense radioactivity and consequent inaccessibility make the
plutotiiurn-bearing material difficult a»d unattractive to steal.
Therefore, the goal of an accountabi lity system should be to monitor
accurately the flow of pl ut orii um from the separations st ep unti I
MOP fuel is inserted into a reactor.

After separations, solution assay systems {SAS) can be used to
follow the ' I'u, which is always iri liqitid fortii. The SAS would
consist of Ge(Li) detectors, in some cases coupled to flowt»eters
r»e;tsuring total flow throitgh pipes. Pt ese»tly, t»easttt'ement accuracies
of 1-2'K at'e obuined with SO g/Iitre soluriotis with reside»ce tit»es of
aboiit otic»iitiiite iti a holding batik;;t SO t»g/litt'e co»ce»ttatioti, as
t»ight Lupi:",tlly be pt'esetit i»;in oxalate siipet'tiataiit, wottld 1'eqtlire at
1east «» hoiit' residetice titiie fot' reaso»;ibIy;icciir;ite r»easul'et»ell t.
Collseqtlell tlv, sol»e elig t Iieet i tlg Is tleeded to l ftslll e lhaL et ther the
»ecess;iry restderice ti tiie or sai»pie liot»oge»ei ty is provided.

Varioits solid waste stteat»s piese»t a problei». These ge»erally
contain small amounts of plutonium in a variety of matrices (hu11s,
rubber gloves, filters, sludges, etc). Measurements of these streams can
be expected to be far more inaccurate. One problem is that, with
high-Z elements in the matrix, the gamma ray measurements must be
replaced with coincidence neutron counters and for the latter to be
effective, the sample composition must be well known. Consequently,
determination of the Pu isotopics after the separation column (with
gamma and neutron counters) would aid later in measuring Pu in
waste streams. Also one must consider the conversion plant which
takes the plutonium nitrate solution from the separations plant and
produces solid Pu02 powder. The calcination/filtration process by
nature is very dusty and will lead to some loss of Pu into waste, e.g., in
ventilation fi lters, Again, these waste streams are not accurately
measured. In general, very accurate measurements in these various
waste streams will be possible only if the plutonium is separated from
the considerably larger amount of diverse matrix materials, e.g., by
complete dissolution followed by solvent extraction. However, it is
quite possible ~that such a process, besides being time consuming and
costly, would both increase the total waste volume and further
aggravate the safeguards problem. The small amount of plutonium
with the solid wastes is not easily accessible. Obviously, the separation
process would result in having the plutonium readily accessible in
many "batches" at points outside the main process stream. This

creates a new safegcrards problem, namely, strict physica1 safeguard
requirements at the analytical services facility. Consequently, it seems
better to monitor the solid waste streams directly, siniply. , to affirm
that a large amount of plutonium is not going out with the waste.
Research to lower the uncertainty in these measurements should be
con ti n ued.

The situation is quite different for a MOX fuel fabrication plant.
The input to the plant, Pu02 a»d UO2 powder, is well characterized
both chemically and isotopically, and these remain in solid form
throughout t, he fabrication process. Consequently, accurate weight
measut. emerits should suffice for the main process stream. Again, the
solid waste streanis reqttire a different approach; ganima scans and
coincidence tieutro» rneasureme»ts will be needed for low-a»d high-Z
matrix material, respectively. We stress that at both the reprocessiiig
and fuel fabric ition facilities, the accountability measureme»ts can
probably be made with high accuracy in the process streams but with
considerably lower accitracy i» the waste streams, which presu»iably
contain o»ly a few percent of the plutonium. This eniphasizes the
i tliportarl t cotil piet»en t;vari ty between u tii t pr ocess acco ttnta bili ty
nieasiirei»etits a»d good process control. Control »iust. be etiforced
over the Ittett tiie of the plant-, overconiing;;ny problems of plant
ag i»g, of pet soti tieI t or»over, a tid of si »iple ca relesstiess.

In co»cliidi»g this sectioti, we repeat that the elenie»ts of a i'eal-
tit»e NINA uiiit, process accountability syste»i are largely at haiid atid
cari aiig»ietit. the present tioti-t'eal-tit»e»iethods. Siich a systet» is

highly desirable for safeguards considerations as well as process
control at the "back-end" of reprocessing plants and at MOX fuel
fabrication plants. A, rea1istic goal of such a system -for overall fuel
cycle accountability might be an uncertainty of a few percent of the
plutonium. Such an uncertainty obviously represents a great deal of
plutoniuni. Nevertheless, the safeguards value of such a system is
significant because the unit process approach isolates and, in general,
provides the most accurate measurements for units in which the Pu
represents the most desirable target for theft; thus it can greatly
complicate diversion by "insiders" and enhance the deterrent value of
the overall safeguards system. Integration of the various elements
remains to be done arid demonstration of effectiveness and reliability
in remote operation at industrial scale plants remains to be proved.
While the parts largely exist and several systems have been under
development for several years at different laboratories, the engineering
of a complete, integrated, accurate system remains to be completed.
We recommend that real-time, nondestructive-assay accountability
systems be developed further for possible use for control of special
nuclear materials in industria1-scale reprocessing and refabrication
plants.

E. International Safeguards--Denatured LVVR Fuel Cycles

Internationa1 safeguards issues in vol ve both certif ication of
nationa1 safeguards programs in countries generating nuclear power
and prevention of the use of commercial nuclear fuels and technology
in advancing nuclear weapons programs. Denatured fuel cycles,
meaning fuel cycles in which strategic quantities of weapons grade
material appear separate from radioactive fission products only in
secure, internationally controlled fuel cycle centers, have been
proposed as an effective means to accomplish the safeguards
objectives. In this section, we shall discuss denatured LWR fuel
cycles" within the co;itext of the technic'al information, expertise and
facilities needed for nuclear weapons capability.

The aim of national safeguards programs is, in principle, identical
to that already discussed for the United States; i,e., nuclear materials
are to be protected from sub-national groups. The problem deserves
special attention in the event that pluton i um is recycled. It is
expected that nuclear power reactors will be operating or under
construction in about fif ty nations within the next decade. If
plutonium is to be an important energy resource of the future, then all
countries will want a secure source of supply plus the knowledge and
facilities to use it. International control must deal with all three
factors.

Several governments have expressed the desire to develop spent
fuel reprocessing technology in order to supplement their fuel supply.
Doubts have been expressed (Wohlstetter, et al. , 1976) that small
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and/or developi ng nations can i nsti tute saf eguards programs as
effective as those in advanced industrial nations. This problem is
clearly one of international concern, since it is not difficult to move
stolen materials across national borders.

The possibility of national diversion presents a considerably
different problem. States have significant resources at their disposal.
Further, physical security measures alone would»ot prevent
gover»mental diversion fronl natio»ally-owned and co»trolled
faciliLies. Everl with i»ter»atio» rl safeguards supervision of rlational
facilities, the safegrrards syste»1 »lay detect but, not pl eve»t overt
govel. » mental di version. The safeguards system must also guard
against covert use of fuel cycle facilities.

'I he deploynlerlt of derEatured fuel cycles alleviates both of these
problenis irl restr ictirlg the av;lilability of weaporls glade tEEaterial.
I he preserltly used "st~&wawly:" LWI& fuel cycle fits our definition of a

derlatured cycle, &I(hough it v ould be pr efer;~hie for safegu;lrds to
h ive spe»t fuel retur»ed to a fuel supplier st rte or sent lo an
irl tel ala t io»;lI .f lci I it& for storage. Wi th t Ile «dverl t of pl utoni unl

recycle, ttle derlal&rred I.WR fuel cycle involves an exteilsiorl of the
co-Iocatio» coilcept discussed i» Sectional C. A detailed flow sheet. is

gi veri i» Chapter V I I I, L- igu re I I. Basic;ll ly, "rla tio» &I" reactors
consume low-enriehed uranium, and the spent fuel is returiied to an
internatiorlally operated fuel cycle facility, where it is reprocessed to
extract the plutonium and uranium. I'he plutonium is consumed in
"international" reactors located at the fac i lity, and low-enriched
uranium fuel is returned to the national reactor. Obviously political
and economic agreements are needed to fix the values of the nuclear
materials arid services involved. With the LWI& U/Pu cycle, the ratio
of "national" to "international" reactors is only about 2 5;
consequently, economy of scale implies that clusters of "Pu-burners"
would enhance the attractiveness of this cycle with regard to
economics. The problems of having large concentration of power
production capacity at international sites could be avoided if nuclear
supplier countries, under IAEA supervision, executed the function of
the international site. These countries could iitilize the plutonium
domestically without qualitatively alteririg the safeguards situation,
assuming they are prepared to use MOX fuel. Therefore, to the extent
that plutonium recycle proceeds in nuclear supplier states, there are no
technical barriers to iniplementing such a denatured LWR fuel cycle.
However, the political obstacles may be significant, since such a cycle
may both restrict the options of and impose an ecoriomic penalty
upon a participating nation. Implementation can be expected only
with a clear consensus that such a cycle effectively reduces
proliferation of nuclear weapons and, in fact, that. such a reduction is
indeed beneficial to all.

It must be remembered that with any denatured farel cycle,
international inspection is still essential in guaranteeing that fresh fuel
and/or natural uranium are not being diverted to small enrichment
facilities, that reactors are not being misused to produce plutonium,
and that small non-safeguarded separation facilities are not operated
in addition to those at international centers. Such inspection goes
beyond present IAEA agreements but »lust become part of any future
political arrangements which institutionalize den ltured fuel cycles.

An alternative advanced LWR denatured fuel cycle involves
U/Th fueling (Feiveson and Taylor, 1976). The attraction here is

that -'-"U, which is formed in the r.eactor by neutron capture in Th,
can be denatured by dilution with 2-~U. A detailed flow sheet for the
denatured fuel cycle is shown in Figure 12 of Chapter VIII; As
discussed in Chapters III a»d IV, reprocessi»g-refabrication are both
essential a»d more cor»plicaied for this fuel cycle. Note that we have
analyzed in detail o»ly one exa»lple of a denatured thermal-reactor
thorium cycle; this irlvolves light. -water reactors at both national arid
i»ter»atio»al sites. Also, we have i»sisted that the amount ot
plutolliurEE outside the irlterrlatiollal site be t»i»inEized by workirlg at
the highest. -'. U/2-""U l at io cor1sisten t: with the def i » i tion of
de»atured fuel. ' '

I»spectio» of the deriatuled U/Th flow sheet r.eveals advantages as
v ell as sever';&I problel»s for safeguards. First, the -. "U derlatur'alit
leads to the production of pluton ium. For comparable power
generation in national reactors, the amount of plutonium produced is
reduced by about a factor of seven compared to that in the U/Pu cycle
(See Chapter VIII); this is primarily a reflection of the comparative

23~U initial loadings in the two cases. Nevertheless, the amount is still
large compared to that needed for a weapon and still represents a
potentially signf iciant energy resource. Consequently the same
safeguards considerations that apply to the low enriched uranium cycle
apply here as well. Assuming that the energy potential of tlie bred
plutonium is to be realized, an internationally operated plgtonium-
burner reactor is needed. However, the ratio of riational to
international power generation is approxi»1ately fifteen, so that the
international fuel cycle center could serve a comparatively large
number of national reactors. This is a signficant improvement
relative to the previously discussed LWR-uranium-plutonium cycles.
On the other hand, if the plutonium were intentionally left with the
wastes during reprocessing, then the wastes themselves become a
safeguards issue (as are the spent fuel rods in the uranium stowaway
option), and should be stored under international control.

A second problem is that highly enriched urnaium is needed as
make-up to maintain reactivity of the recycled fuel. While this
enricliment would go on under international control, the special
attractiveness of high enriched uranium for both handling a»d
weapo»s design makes this a potentially significant safeguards
problem. This requirement could be eased by working with more
dilute ~U in the fresh denatured fuel, but more plutonium would be
produced in the national reactors as a result.

Another safeguards issue is raised by the use of 20% U-co»tent
fuel. The work required to enrich this further to weapons grade
material is comparatively small. Th is can be i I I ustra ted
quantitatively for .~U;. in raising U enrichment from 0.7% to 93%,
approxinlal. ely 90% of the work is done in reacliirlg 20% enrichl'11ent.
Ful'thermore, the substarltially larger mass difference between - U
and "U reduces the relative v ol.k needed to enrich denatured U to
weapons grade. Although the rad ioacti vi ty of recycled urani um
containi»g 23-U arid - U presents difficulties for corlll»ercial scale
isotope separation, the technology to carry out such erErichrEEeilt on
»o»-eco»omical, »o»-conlmercial scale is available in the operi
I iterature. Th is r equ i r es further evaluation.

'I'herefore, derlatured I. WR thorium cycles have both safeguards
acl v'1» t'lges 'lllcl clisad v'ill rages wl t tl respect to the ll rail i urEE cycle. Less
pl utorEiurEE is produced, but. the safeguards corlsider. atiorls «r e not
quality;rtively alteted. I'he ratio of »atioiE 11-to-irlter lEatiorlal power,
'issur» I llg pl lltorl iulll burrEei 1'eac to( s al e used at rlEe rrl ter rlatiorlal site,
is i»cr'eased sigrEficarltly. If rile plu[orliur» is»ot utilized, safeguards
iEEust still he «pplied to the stoled plutorliul». Dis;-Edv;E»t;Eges Iie i» the
i»creased corilplicalio» of the associaated rept ocessirig-ref;lbr icalio»
and in the possib1e safeguards prob1enis of introducing high-enriched
uranium make-up and of utilizing fuel which can be enriched to
weapons grade with comparatively little work. In any case, the
thorium denatured cycle does not represent a near-term alternative
because of the technical developments still needed (see Chapter IV).

Whether safeguards on nationally located isotopic enrichment
plants are considered adequate depends upon the technology employed.
For example, gaseous diffusion plants designed to produce only 3%
uranium would not be readily convertible to weapons production. If
appropriately constructed, it would be necessary to take over the
facility iri open violation of safeguards agreements and. largely to
rebuild the plant. A centrifuge facility, on the other hand, is more
suited to the clandestine production of weapons and, in such a
situation, these facilities should be placed at international facilities.

In summarizing the role of denatured fuel cycles, it must be
remembered that these options may be very important not only with
regard to proliferation but also with regard to the national safeguards
problem which would exist when many nations have sign if icant
nuclear power generation. Denatured fuel cycles have the effect of
restricting easily accessible weapons material to a comparatively small
number of internationally contro11ed sites. Consequently, the
safeguards measures could be enforced uniformly and stringently, as
might not always be the case with a multitude of individual national
programs. The thorium cycle has additional bene. its with regard to
reinforcing na'tional safeguards in that the spent fuel is less attractive
for thef t. This follows because U in the fuel appreciably
complicates the handling problems, after separation, for subnational
groups and because the lowered concentration of plutonium in the
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fuel ilnplies that a correspondingly greater amount of intensely
rad ioacti ve fuel must be processed to obtai n weapons material.

Category 0: Nuclear explosion detonated, but no weapons
claimed.

In evaluating the effectiveness of denatured fuel cycles for slowing
nuclear weapons proliferation, it is important to examine the
technology needed for assembling a weapon. There are several
avenues toward nuclear weapons capability, entailing either completely
ind igenous efforts or misuse of commercial fuels. 3

. Proof that
developi ng nations can construct nuclear explosives ',without the
benefit of a nuclear power industry is offered by the Indian test of
such a device, fueled by plutonium bred in a research reactor and
separated in a small-scale non-commercial reprocessing facility.

For the purposes of this discussion, it is useful to adopt
Wohlstetter, et al. (%'ohlstetter, 1976) classif ication of countries
according to competence for nuclear weapons construction. These are:

Category 0: Nuclear weapons built and tested.

Furthermore, we have discussed LWR denatured fuel cycl'es in
order of decleasing near-term availability. It is clear that the nature
of the II&ternational institutional/political agreenients needed to
i m plelnen t any of the cycles is esse li tially the sante and that the
tec hn i cal development needed to i m ple men t the Inore advanced
resoillce-efficient denatured fuel cycles applies most directly to the
ftlel cycle facilities at the international site. Therefore, if the energy
potent, ial of plutonium bred in them&al reactors is to be realized, a
"Iiat.tll al" evolution of denatured fuel cycles can be envisioned in

which the intel. Iiational site progresses fIoln a stowaway site to a U/Pu
I epI'ocessi Iig/I ef Ibl ication cen ter to a U/Th fuel cycle center.
Siniilltan~ously, the transition f I olii the U/Pu to the U/ I'h c:ycle
wollld ni;lrk a decl'ease in the ratio of ililelIi;ItioIial to»alioIial Ieactor
power; co»seqIIe»tly, it. Iuight be natIII;&1 th &t the filst ilitel'national
centers be located in pl. ese»t iiIIcleaI soppliel states, which alle;idy
have «ccess to plutoniuI&& and which pl'eseI&tly have luost of the
wol ld's liucleal genel at. iIig capacity, while the 1 &ter Iuol e advanced
centers could be located elsewhere as part of a regional multinational
fuel cycle. In any case, as implied above, the most difficult problems
reside in formulation and ratification of the necessary international
agreements, which are equally in~portant for near-term denatured fuel
cycle options as for those offered by the U/Th cycle.

Category 1: Well-developed nuclear technological base and
access to f issile material.

Category 2: Operating reactor (a power or research reactor)
and some technological base.

Category 3: None of the above.

The majority of nations are still in Categories 2 and 3. A concern is
that, even without an explicit decision to acquire nuclear weapons,
non-nuclear weapons states may "drift" toward the acquisition of such
weapons as the necessary materials and technological expertise grow;
i.e., with the development of nuclear power, Category 2 and 3 nations
will rise to Category 1. For nations possessilig this level of Iiuclear
technology a»d experience, theI'e is no technic'll barrier to constructing
a weapon. Wohlstetter, et al, (%ohlstetter, 3976) estimate that this
could be done within a year at a cost of less tha» a liiillion dollars; in

turn, the shortened lead tin&e could itself' be I factor in tlute decision as
to whether or»ot to build; & device. Fol' our purposes, it is not
necessary to accept all the details of the algllnieIit leading to this
est il»ate. It is clear that soII&e drif t n&ay occtll with or without
denatured fl.lel cycles. TEze aim oj' the dejzatz(r'ed fuel cI:cle is to tiniit
arzdlor co»Implicate access to ~'eaporzs gtade rnateriaj.

Fol govel'Il»IeIl ts collsclolis1y elubal'hi ng tlpon «» &Icleal weapo»s
developlklelll pl'ogl alii, seveI"ll possibi1ll les exist eve» with dell It'll ed
f'IIel cycles. Possible roiltes' for O'Itegory 2 or 3»ations are
summarized in Table VI.2, together with a very general
characterization of the availability of the requisite knowledge,
experience and facilities and of the design effort required for a
modest weapons program. The first two approaches, using plutonium
production reactors or isotope separation, offer completely indigenous
approaches; the last involves misuse of commercial spent, fuel. We
shall discuss these approaches below because they form the context in
which denatured fuel cycles must be evaluated. . It is worth noting that
development of commercial nuclear power is likely to have the
indirect effect of making generally available the experienced personnel
and facilities (research reactors and small-scale non-commercial

TABLE VI.2. Possible routes to nuclear weapons capability for small or developing nations
(assuming access to lour-enriched or natural uranium).

Production
Reactors

Isotope
Separ ation

Comme r c i a l

Reprocess ing

Technical
Information Available

Limited
Avai l abi 1 i ty Available

Experienced
Per sonlie 1

Gener al ly
Available Limited Limited

Fac~lit~es Limited Unavailable Unavailable

Fissile
Material
Produced

Meapons grade

pl utonium Elir iched ~35U

Reactor grade

pl u ton i um

Weapons

Oesign
Sophistication

(implosion
weapon)

Low (gun-
type weapon)

Medium to hi gh

(implosion weapon;
high neutron
background)
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reprocessing plants) for the production reactor and reprocessing
routes. Further developments in isotope separation are likely to do
the same for the enrichment route. Needless to say, a significant pool
of personnel experienced in fuel cycle activities is an important asset
in a developing weapons program.

Lamarsh (I amarsh, 1976) studied the possibility that a small
and/or developing nation might design and construct its own
plutonium production reactor. He concludes that, ,except for natural
uranium, all design information and components are openly available;
furthermore, the necessary natural uranium resources exist in many
nations and can be fairly easily purchased in international trade. As
an example, the reactor analyzed was a natural-uranium-f ueled,
graphite-moderated, air-cooled nuclear reactor, basically a simplifed
version of the Brookhaven Graphite Research Reactor, for which all
design and performaftce parameters have been published. This is a
simple reactor to design, build, and operate, involving neither
enrichment nor production of heavy water. A 30 MW teactor would
take about four years to design and build, assuming only moderate
personnel requirements, and would produce about 10 kg Pu/year. For
low bur»up, the separations would be comparatively easy and the
plutonium of better quality for explosives design (i.e., almost pure
"'39Pu) than is

corn»&ercia1

ly produced pl u to» i u m. - Furthermore,
virtually all the information needed to construct a low to modet'ate-
yield itnplosion type weapon is available in the open literature,
including»eutron transport theory and fast critical asseti&bly, c& itical
mass tables, high explosive design and performance, etc.; an obstacle in
co»structi»g reliable, high-yield devices might be in initiator design.
'I herefore, alLhoL'tgh the result will nsost likely be so»iething less than
the reliable, high-yield, cotnpact explosives tested by the »Ltclear
powers, it is clear that indigenous nuclear weapons progratns are
possible even for cott»tries with»modest i»dust. t i",tl bases.

A»othe. it&dige»oits»method for acquit'i»g weapo»s wottld be
Lh I ough ell r tell»le» L of »a t ul Ql u ra tl i llll). I h ts 't ppl oach has tile
«dv;t»Luge of yieldi»g high-e»riched '-' U, v ith which LI&e simple gLt»-

type we;~poti is possible. Co»i»~etci;t1-sc;&le isotope separ etio» pla»ts,
such «s Lhe A»america» gaseous diffusio» pl~»ts, tequite e»orn&ous
capital expet~ditut es;t»d powet tequiretne»Ls. Howevet'. , Lhe bott»d try
conditions for a small weapons program are very different, not
requiring large throughputs or competitive economics. Several
separation technologies, such as those using nozzles, thermal diffusion,
gas centri fuges or, eventually, lasers, may be su i table for these
purposes. For example, Wohlstetter, et al. (Wohlstetter, 1976}
estimate that an adequate centrifuge facility could be established in
approximately five years at a cost on the order of one to two hundred
million dollars.

Other routes to nuclear weapons might employ either spent or
fresh fuel from commercial reactors. In effect, neither the self-
protection nor the enrichment assumptions used in discussing national
safeguards may be valid in reference to small-scale governmental
efforts. The technology for separating plutonium from high-burnup
commercial fuel (reviewed in Chapter IV) is well known, although
experience is not yet widespread. However, without the constraints of
high throughput, economics, and low occupational exposures, this
technology is within the grasp of most nations. An even simpler
variant might be to insert natural uranium in the core of a power
reactor with the purpose of breeding in short irradiations~6 enough
plutonium for a weapon.

%'ith regard to fresh, low-enrichment fuel, it is important to note
that more than half the separative work necessary to produce highly
enriched ~&5U has already been done in producing low-enrichment (3
to 3.5%) LWR fuel. Consequently, a nation may be willing to invest
the time and money to "top off" the enrichment of a small fraction of
supplied LWR fuel using a technique which does»ot have a
sufficiently great mass flow to be practical commercially. Centriftige
technology has been mentioned already. A technically simpler
example would be calutron enrichment. The Calutron program at Oak
Ridge achieved currents of 0.1 Amps with a high resolution beam (0.8
Amps with low resolution); higher currents are difficult to obtain
because of space charge limitations. Starting with 20% enriched
uranium, which was fixed by the AEC as the enrichment below which
nuclear weapons construction becomes impractical, such a device could
produce a critical mass of weapo»s grade uraniutn in about ten years;
obviously, this time could be reduced by the construction of several

such cyclotrons. In any case, misuse of fresh and/or spent fuel in
dettatured fuel cycles is within the technological capacity of a large
nu tn ber of coun tries.

I» suniniary, international s;tfegttards problenis in the 1%R U/Pu
fuel cycle i»volte both certificaLion of »atio»al safeguards programs
and avoida»ce of nLtclear we &po»s prolifetaLio». %iLh regatd to the
lattet, it is inipoit. ;t»t, to disti»gLtish betwee»;t coi»mitn&e»L to»uclear
weapotis a»d a drift. tow;ttds acqLtisitio» of s&tch we;tpo»s;ts the
nttclear technology;tt&cl »stet'i;tls base grows. I)etiatuted fLtel cycles
could cot~t~ ibttte substa»tively i» dit«i»ishitig the thteat of sLtb-

»;tLiotial LhefL;t»cl i» lit»itit&g access to v capo»s gtade t»;tteti;tl. 0»
the other hand, there are no insurmountable technical barriers
preventing a small or developing nation, committed to a nuclear
weapons program, from successfully constructing a nuclear explosive.
The lead time required will invariably be shortened as nuclear
technology becomes more widely available; ultimately, political
restraints against proliferation must be relied upon.

Footnotes

The term special. nuclear materials (SNM) was defined in the Atomic
Energy Act of 19S4 to include enriched uranium, plutonium, and U.
However, we shall apply the term SNM to a slightly more restricted set of
materials, namely, materials usable in nuclear weapons without isotopic-
separation, i.e., low enriched uranium is excluded.

Pu could be used as. a denaturant in the sense that large amounts of
this isotope would lead to such a significant self-heating that the nuclear
device could not be assemb1ed, but it would be impractical to incorproate such
amounts in commercial nuclear fuel.

The fabrication plant flowsheet does not involve liquid streams in the
main process stream. However, chemical operations are involved in scrap
recovery.

Very Iow acidities ( O.SM) must be avoided so that the Pu does not
po1 ymer ize.

This represents an extensive examination of fuel "spiking" concepts,
namely, incorporation of gamma emitters and of neutron emitters and
absorbers in or near the fuel.

This could probably be lowered to $6-7/mg if the market were to grow.

A direct solvent extraction process would n~t be adequate, since there
could be non-extractable species in the sample.

A more general discussion of the technical aspects of denatured fuel
cycles, involving both Pu and U recycle in LWR. and breeder reactors, is

given in the discussion of advanced fuel cyc1e alternatives {Chapter VIII).

9 For example see Wohlstetter et al. , 1976.

Suck a denatured LWR U/Pu fuel cycle can, of course, be applied also to
the domestic power economy. However, the large clusters of nuclear reactors
required in such a plan do not appear likely in the near future. 'See the
Nuclear Fnergy Center Site Survey, N UR EG-0001.

By lowering the 3 U/23"U ratio, the enrichment of the uraniun& make-
up fuel could be lowered at the expense of having more pltjtonium produced in
natio»al reactors. Since the make-up .fuel would be generated inside the
international site, we have assumed minimization of the plutonium production
is the control I i ng con s tdera tion.

It must be ren&embered that the 20% cutoff in enrichn&ent is somewhat
arbitrary (see I'able 3D-I in Ch;ipter Ill). IL is still co»ceivable that. weapons
could be made with such n&atet ial, although large masses would have to be
assent bled in short times for non-negi igi hie y teld.

We are not concerned with other possible routes which do not use
natural or low-enriched uranium as the starting material (e.g., purchase of a
fabricated weapon from another country).

"It should be noted that less "conventional" approaches are also possible.
For example, a possible safeguards problem in the use of protactinium in a
weapon is discussed in Appendix VI.1.

For example, see j. Foster, Encyclopedi a Americana.

With the CA'NDU reactor, this can be done with minimal impact on the
commercial operation.
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CITAL TER VII. High-Level and Transuranic %astt.* Management

Issues, Conclusions and Recommendations

A1. Issues

The source of the largest potential radiological hazard associated
with wastes froni the nuclear fuel cycle is the high level waste (HLW)
stream from fuel reprocessing, or the spent fuel assemblies in the
absence of reprocessing. The viability of a nuclear energy industry
depends upon the ability to dispose of this material reliably and
safely. A second category of solid wastes, which includes a wicle
variety of materials such as cladding hulls and misce11aneous wastes
from fuel reprocessing and refabrication steps, and which wi11 be
referred to as transuranic (TRU) wastes, represents a problem
comparable in importance to that posed by isolation of the actinide
component of the HLW. The first set of conclusions in this section
of the report addresses the question of the feasibility of long term
isolation from the biosphere of high level and transuranic waste.

This report considers plans and options relevant to the future
development of the nuclear energy industry and therefore does not
address two additional problems of HLW management. One is what
to do with the stored HLW currently stored at the non-operating the
Nuclear Fuel Services (NFS) Plant in West Valley, New York
(NVREG 004~). The other concerns plans for the disposal of the
wastes generated by the AEC-ERDA weapons program. The fission
product activity (-600 MCi) of these weapons associated wastes is
comparable with that of commercial spent fuel currently in storage
pools (Willrich, et al. , 1976). Tlute magnitude of the disposal problem
may also be put in perspective by noting that the current volume of
stored defense wastes is comparable with (Rowe and Holcomb, 1974)
or greater than (Willrich, et al. , 1976) that projected to be generated
by the commercial i»dustry to the year 2000, assu»&i»g reprocessing of
corn»iercial spent fuel. The difficulties of disposal of the NI-S and
the military prograni waste inventories are exacerbated by problems of
older tech»ologies involving both the chemical composition and the
details of,physical storage of the waste, wh ich precl ude
straightforward application of the techniques developed for treatment
of future commercial wastes. We en&phasize the need for careful
evaluatio» and solution of these problems but confine the present
discussion to the p~ oblem of fulul e co»i fl)el clal H LW.

Federal regulatio»s, 10 CFR 50, require that the high level liquid
wastes fro»i fuel reprocessing pla»ts be converted lo solid for»& withi»
f ive years if hei reprocessin ~ ~»cl that this solid waste be delivered to a
federal waste repository withi» te» years af ter rep~ ocessi»g. I'he

desig» t»d oper &tio» of this repository is the respo»sibility of I..RDA.
I= ROA is;&iso actively e»gagecl i» developinent «nd cle»~o»stration

pl ojecls Lo show the feasibility of one or several soliclif ication
processes.

ERDA 76-43, Technical Alternatives Document or TAD (ERl3A-
43, 1976) is a five volume document summarizing the state of
development. as of September 1975 of many aspects of the waste
managerrient program and includes descriptive summaries of work
both in the U, S. and Europe. It includes discussion of treatment
methods appropriate to non-high level wastes as we11 as high level
wastes, of "main line" processes, which could form the basis of a waste
management technology within a few years, and of more sophisticated
concepts which could not be brought to fruition until 10 or more
years in the future, Estimates of the environmental impact of the
waste management portion of the fuel cycle, based in large part on the
GESMO (NUREG-0002, 1976}, have recently appeared in NUREG-
0116. The discussion in this chapter is based principally upon
information available as of the early winter, 1976, but is occasionally
tempered by more recent developments.

A likely sequence for handling HI W from fuel reprocessing
involves the calcining (high temperature drying and conversion
dominantly to the oxides) of tive liquid wastes, mixing of the resulting
powdered calcine with powdered glass of appropriate composition,
melting of the mixture, -1/4 wastes and -3/4 glass, and casting and
sealing in canisters, possibly stainless steel, about 0.3m in diameter
and 3m long. These canisters would then be shipped to a federal
nuclear waste repository for first temporary or "retrievable" and then

"terminal" storage. "Retrievability" implies the ability to remove the
waste from storage with essentially the same techniques and equipment
as were required for emplacement. "Terminal" storage would be a
second phase in which the need for recovery was no longer
anticipated. In the event of' an extended deferral of reprocessing,
spent fuel may be stored for possible future reprocessing, either in

surface facilities or in geologic repositories, or may be treated as a

waste and isolated much as HLW produced in fuel reprocessing.

Several time scales are of relevance in the character ization of
encapsulatecl wastes or spent fuel. l ens of years or less represent
typical times anticipated for the operational phase of a waste
repository during which one might wish to ha»die waste ca»isters
without concern over loss of mechanical integrity. In a thousand years
the activity of the wastes or spent fuel decays by three or niore orders
of magnitude because of decay of the fission products. Residual
activity of the acti»ides»say be of concern for as long as 10 to 10
years.

Because of the extensive data base ancI evperieiice gained with

salt over tl&e past. twenty years, the first waste repository test facility
probably will be mi»ed cavet»s in deep bedded sa1t deposits. The
Hl. W would be stored retrievahly for a period of two to tive years
while tests «re ca~ried out. to verif) t. hat the predictecl behavlol
ther»&al, cl&emical, a»d n&echanical -- of the surroundi»g salt

foehn&ation

is indeed obset ved a»d that. no u»foreseen diffic&)Ilies arise.
The data and experience gained in this stage would then add to the
basis for a decision whether to convert the facility to operate in a
non-retrievable or terminal storage mode, A second group of
conclusions concerns ERDA's program to cope with waste management
needs in a timely manner. Problems of technological readiness as well

as regulatory and licensing delays are involved, and strategies depend
upon choices among recycle and non-recycle options for the nuclear
fuel cycle.

The TAB describes additional options in was)e management
techniques including alternate geological waste isolation modes, more
sophisticated wasteforms, and the partitioning of HLW;nto fission
product and actinide components. A final group of conclusions
comments on some of these advanced ~aste management concepts.

A2. Concl usi ons

A2a. Feasibility of 8'aste Isolatt'on

1. The geologic and hydrogeologic conditions that can provide for
satisfactory isolation of radioactive waste exist in a suffi cient
number of places that we anticipate no difficulty in locating several
suitable sites i n different geologic media wiihin the immediate
future. (Secti on F6/

2. Considerations of the management of HLR', TRU waste and
spent fuel do not put significant constraints upon choices among t'h e
various fuel cycles discussed in this report. In particul'ar, arguments
concerning such waste management are not important in deciding
between recycle and non-recycle fuel cycle options. (Section 83$

3, Current knowledge. and technology are adequate to design and
locate a suitable waste repository of the conventional mined type, if
utilized with appropriate site selection criteria. (See recommendation
A3-3 and Section E.) In particular,

a. the repository would not be breached instantaneously as a
co»sequence of either surface nuclear explosions or
meteorite impact and it would not be directly

corn pron~ised by erosion;

b. it is highly unlikely that the repository would be
cornpio»&ised by tectonic or volcanic activity;

c. mod if icat io»s of the geologic en vi ro» me»t related to
emplacement of t.he waste would not coinpromise the
waste isolat. ion.

4. No»-random drilling or mining by a future generation
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sear chi rrg f'or natura/ resour ces mal r.epr'eserit a thr eat to the
t]ltegritv of' a r'c'posrlor'c'. I'hrs threat wotrlcI 1rkel) he olored sertous for'
a repositoti i» salt lharl irl othet &ecorn»le»ded»ledia; however, we

conclude that a repository could be located so as to minimize this
possibility. (Section E3}

S. Ground water is the only transport medium of importance for
radioactive waste emplaced in a repository. A favorable groundwater
regime can provide isolation as stable and as effective as that provided
by the physical integrity of the geologic unit in which the waste is
emplaced, i» that the radionuclides would be transported so slowly
that they would not reach the biosphere during the desired period of
isolation. (Section F6}

6. Our confidence in the ability to isolate HLH, TRU waste and
spent fuel from lhe biosphere for periods greater than 30 years is
based upon esti males of the efficacy of geologic i solati on,
irrespective of wasteform solubility. Leachability data characterizing
currently available glasses suggest that immobilization of HLW in
glass may provide substantial protection against dissolution and release
of radionuclides to a transport medium on time scales of 10 years or
more. However, there are uncertainties in the extrapolation of these
data to the behavior, in geologic environments and for long times, of
actua1 waste-glasses produced in routine industrial-scale processing.
These uncertainties preclude reliance on the durability of glass as the
principal barrier, in itself, to the release 'of radioactive species.
{Section 63)

A2b. Current Progr am

l. 8 e expecl that a repository site in bedded salt wilh suitable
hydrogeology can be founc/, although an adequate data base does not
yet exist to permi t completion of the recommended analysis of
groundwater flow and mass transport. We foresee no difficulty in
obtai»ing the required data for a specific site and in coinpleting such
an analysis within the next few years. We conclude that at least one
test faci I i Ly should be developed in a medi u m other than salt,
preferably gra»ite, and thoroughly evaluated before the decision is
made to develop a facility into a full repository. (Section H3a)

2. fVe foresee no important tcchnical bar ri er lo the
imp/ementati ort by /985 of the tech»ology for the soli di ficati on,
encapsulation, transport and enrplncement of commercial HLH into
rrrirred salt caverns. Retrievability would reqilire improved design of
protective sll eat h i»g a»d of enl place»lent details to protect the
c'lrl ister s fl onl col'1 osi ve aLLack by occluded brine in the salt a»d f r' om
nlechanlcal e»tr lprllent by creep defornl ltio» of Lhe sall. (he absellce
of appropr. iale lice»sirlg regulaliorls a»d the»eed for Nl-'. VA

procedures m;ly i»lroduce-a subsla»Lt;rl linle delay Lh;ll could preve»t
ope! at101l of a waste reposiLor y by 1. 985. (Sectiorls C1, C2 arid C3)

3. Spc'rrt rruc/ear fuc'1 which has robot beers repr oc'c's, sc'd should be
sto! ed t rt suc/1 a rrl(lrlrrcr' a.s 10 a/low r'eco ver'v og the f ue/ wi r h 111111111111l

ecortorruc pc'rra/tres. Several lech»leal oplrorls «re «v;lrlable rnc1uctrng

pool storage, air cooled surface storage and geologic storage. Geologic
interim storage, particularly in salt, may require special care to avoid
damage to the fuel by corrosion but is easily converted to terminal
storage if that is desired at a later time. In any event, whatever time
scale is adopted regarding a decision on reprocessing, we conclude that
two waste repository test facilities, in different geologic media, should
be completed in an orderly and timely manner and one should be
demonstrated to be l icensable. {Section 3C)

4. A greater and more clearly defined effort directed toward
improved understanding of waste-rock interactions is required that
would i nclude experi mental evaluation i n a waste repository test
faci li ty. (Section H3a)

Modeling techniques under current development, which include
considerali on of transport processes and concentration attenuation
mechanisms as well as some direct measure of the potenlial hazard
to man of a particular radionuclide, are essential to provide a sound
basis for waste management planning. In contrast, arguments for
waste management decisions based on simple hazard indices or rules
of thumb concerning the number of half lives of decay of a particular
radionuclide, can be very misleading. (Section 82 and F7)

A2c. . Future Alternatives

1. 8'e expect that- increased confidence in our ability to handle
HLW and TRU wastes wil/ lead to removal of the current emphasis
on retrievability. Of various disposal concepts for deep continental
-geologic isolatiorr that cou1d lhen be considered, we conclude thaI a
rock melting technique and waste canister emplacement utilizing
superdeep drilling may provide the best alternati ve. (Section D3c)

2. 5'e consider seabed isolation an unacceptab/'e alternati ve al
this lime, because of u»certainties about the reliability of fabricated
contai»ment a»d about the migration of radiorluclides within ocean
sedinlerlts and in the underlying rock once waste contairlers are
bleached. Work in progress may remove these urlcertainties. (Section
D3a)

i

3. Uncer tairrties about climatic factors' and ice sheet stability
arrd about residerice times of both ice and glacier-derived water
within ice sheets make ice sheet isolation an unacceptable a/(err&alive.
{Section D3b)

4. The development of wasteforms that provide a reliable barrier
(o /o»g-term radionuc/ide release, andlor increased under star]ding
of r adi orruc. /i de I r arrsport, could open addi ti orna/ op(i orts for the
isola(i orr of ///. l'V. Fo) Lhe U.S. Lllese options »light be»lore desir;lble
for a variety of i e;lsorls, i»cl ud i ng geogl';lph ic d iver si ty «»d cost
effective»ass. For sonle olller courltr ies they»lay open i»lporlarlt
;tiler»ali ves for isola liorl. L)eveloping a highly dur «ble wasleforrll
should be possible; estab1ishing confidence in its long-term durability
will be more difficult. (Section 61 and 63)

5. Transmutation of partitioned actinide waste is not a sensible
procedure for disposal of actinides without the development of highly
effici ent chemical parti tioni ng of the wasles and of dramatic
reductions in the magnitude of the Tl&U waste g enerated in
refabrication and other steps of the fuel cycle. Such chemical
processing is unlikely to be available before the next century and clear
incentives to pursue partitioning and transmutation of actinides have
not been established. Analyses of the i ncen tives for reactor
transmutation of partitioned wastes must include consider. ~tion of the
consequences of the resultant much larger actinide inventories in
reactors and reprocessing plants. (Section D2)

A3. Recommendali ons

1. High priority should be given to the timely completion and
continued refinement of Federal regulations and standards concerning
required solidification, processing, transport and subsequent storage or
isolation of high-level and transuranic wastes and spent fuel elements.
{Section 82)

2. We recommend the orderly development and construction of
two repository test facilities, each in different geologic media.
Procedures should be initiated for licensing of the more favorable of
the two, and the needs for storage should dictate when that facility
should be developed into a full repository. Depending upon projected
waste volumes, desired redundancy, and other factors, the seco»d test
facil i ty may or may not be developed as a full-scale repository.
Although we see nothing wrong with developing a test facility in salt,
we recommend that, because of unresolved factors such as future
anthropogenic activity that may most affect salt, a test facility also be
developed in at least one other medium, preferably granite, before the
decision is made to complete a full-scale repository. Whatever time
scale is adopted with regard to reprocessing, we stro»gly reconlmend
that development proceed until licensability can be demonstrated for
one fac i I ity. (Section H 3c).

3. For selection of sites for geologic waste repositories, we
reconlmend the following criteria which we regard as necessary and
sufficient to define the basic geologic integrity of the repository for
the long tern&:

a. Appropriate depth «»d /ocation. Site selection criteria shoiild
include specifications on the depth of;1 repository which lllust
be nlel Lo nlininlize the possibiliLy of bleachi»g by surface
explosio»s, nleteoi'ile inlpact, or erosion, as well as
specitic;lliorls orl Lhe probability of breaching by faulting or
volcanism. (Sectio» E)
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b. Suitable mcdiuri~. A waste repository should be placed in a
geologic medium that is Sufficiently clevoid of mineral or
element concerrtrations or that is found in a sufficient number
of places that it would not be inadvertently breached by a
future generation seeking mineral resources. (Section E3)

4. High-temperature gas-cooled reactor {HTGR) with uranium
recycle.

The high-leve1 wastes from these fuel cycles are compared in terms of
a hazard index, def ined as

c. Satisfactory hydrogeology. Criteria for selection of a waste
repository site should ir~clude specifications of appropriate
hyd rogeologic parameters. These specif ications should be
satisfied by the present-day hydrogeology and by the projected
bounds of the future hydrogeology of any specific site.
(Section F7)

We recognize that addi tiona1 criteria will be needed to def i»e
economic, general environmental and other factors such as exploration
and erigirieering procedures emp1oyed in the location, development and
operation of any particular site; such factors must not be allowed to
compromise the criteria listed above, which are central to safe long-
term nuclear waste management.

4. Because unreprocessed spent fuel is a potentially valuable
resource, the waste managcmert t program should develop the
capability to store L,WR spent fuel for several decades. if required.
Storage, either in surface or geo1ogic facilities, should allow later
recovery of fuel without substantial eco»omic penalties. (Section C3)

5. Further engineering development should be carried out to
assure protection of waste canisters from corrosive deterioration and
mechanical entrapment during the period of retrievable storage.
Detailed studies are needed of the effects of the possible generation of
hydrogen a»d other gases of raclio1ytic or corrosive origin. (Section
C3 and H3e)

6. Modeling techniques should be further developed for improved
assessment of both generic and site specific waste isolatio» options.
Such studies should also be used to provide clefinition of quantitative
goals for improved waste(or m developriier&t programs. (Sectior& 82, F7
and G2)

7. The relative nragriitudes of the actinide activity in mill tailings,
TRU w rstes and l-ll W OI spent fuel, per unit of eriergy generated,
suggest th It all t h I ee waste st reams may present pr obler11s of
con~paI ab1e Is&ag»itude for the ver y long tern~ (i.e., greater than a
thous;Iricl years}. Careful evaluatior~ of the relative hazaI'ds to present
arid f tltll I e ge»el'a tIorrs assocra ted wi th ctrl'I'erlt. ar)d pI oposed
tre, rtI~ie»ts of a11 w;Iste st t.ean&s is»ceded to provide a r~ecessary
perspective to decisio»s coIicer nirig waste nba»;Iger»crit. , (Section 02
a»d G5)

8. We I eco Ill lilt»d «itive resea rch o» rock Iree 1 ti »g corlce p ts of
wrste disposal th It wotrld be c Irried ortt i» p II Illel with ctII I'e»t

programs related to conventional minecl cavities. Because salt,
limestone, and shale may not be appropriate host meclia for
emplacement that involves rock melt, we further recommend the
immediate development of a test facility in granite, which would be
appropriate fo& this purpose. tn addition to being a high1y acceptabIe
rock type for retr ievable storage in conventional m ined cavities,
development of a repository in granite could lead 1ogically and
systematica11y to a superior future disposa1 alternative involving rock
melt by perhaps the mid 1990's. (Section D3c and H3b)

9. We recommend evaluation of the technology for emplacement
of waste canisters utilizing superdeep drilling. {Section 03c)

B. Alternate Fuel Cycles and XVaste Marragernent

81. Fuel Cycle Comparisons

The nuclear fuel cycle alternatives considered here are:

1. Pressurized water reactor {PWR) with no fuel reprocessing;

2. PWR with reprocessing for uranium recycle and plutonium
storage;

3. PWR with reprocessing for uranium recycle and self-generated
plutonium recycle;

hazard index'- = XX,&,l'(RCG);
I

where

Ni
(RCG)r=

Radioactive decay constant of nuclide i
number of atoms of nuclide i

radioactivity concentration guide for nuclide i for public
consumption

a Also denoted as "toxicity index" in some references. Even
though referred to herein as a "hazards index", a true and proper
measure of hazards must include other factors not incorporated
in the presently defined index.

For geologically implanted wastes the ingestion hazard index is a more
meanirngf'&Il measure than the inhalation hazard i»clex (Cohen, 1977).
Usir~g the water RCG for publi= drinking water, the i»gestion hazard
inclex is then the total volume of water required to dilute the wastes to
public drinking ~ater standards. This'calcu1ated haz'trd index is thus
a crude measure of the pote» tial danger of radioacti ve material.
However, it is quite limited in validity as a true measure of hazard
because it takes»o accoIInt of the pathways, and barriers thereto, for a
radio»uclide in a solid waste maLerial to reach the biosphere and to be
assi mila ted by nlan kind.

The ingestion hazard indi es for the higk-level wastes from
repracessing non-I ecycled PWR fuel are shown in Figure 781,
calcul;Ited o» the basis of wastes produced ftoni one gigawatt year of
re;Ictor. operatio» (Pigford;It~el Choi, 1976}. After a fission-product:
dec;Iy period of about 600 ye;. Is, the haz;Ircl ir~dex is governed by
"""-'Ani, followed s&Iccessi vely by

-'-' Pu, 'l&a, - Ra, ' 1, «r&d

fin;Illy by dec Iy d;Itrghters of I'esidrral -"V. However, these are the
inipoIta»t. Iadionttclides during e;Ich time period only if «11 rluclides
have the sari&e probability of bei»g i»gested by the same r&trn&ber of
people, a»d t ha t is ir»1i kel y Lo be the case.

'Hazard indices of high-level wastes from the four alternate fue1
cycles {Pigf'ord and Choi, 1976) are compared in Figure 782. Relative
to the example of Figure 781, recycling plutonium increases the
production of americium and curium, whose radioactivity and decay
daughters increase the ingestion hazard index by about an order of
magnitude during the period governed by actinides and Ra. The
hazard index of unreprocessed fuel, which contains a11 of the
plutoniuni discharged from the reactor, is about thirty times higher
than the hazard index of wastes from reprocessing non-recycled fuel.
The hazard index of HTGR high-level wastes is low after' the fission-
product period because there is relatively little 8U in the fuel to
form 2 9Pu; however large quantities of 2 6Ra and 225Ra appear during
the interval from a few hundred thousand to a few million years.

The ingest on hazard indices for the high-level wastes from
reprocess ing non-recycle fue1 are corn pared wi th those of other
residuals from this same fuel cycle in Figure 783 (Pigford and Choi,

Also to be considered are the low-gamma-level and intermediate-
gamma-leve1 transuranic wastes from reprocessirig and similar wastes
from fabricating recycled fuel. Although the acti»ides are at relatively
low concentrations in these wastes, the total amount of plutonium is
within the same order of magnitude as that ultimately appearing in
the high-level wastes. The sources of waste plutonium and radium for
self-generated plutonium recycle are compared in Table 781. The
hazard indices of these transuranic wastes are about 14% of those of
the high-level wastes af ter f ission products and americium have
decayed.
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TABLE 7B1. Amount of ~Pu, 4 Pu, and 6Ra potentailly present in wastes from pressurized
water reactor with self-generated Pu recycle. a

Hi cJIi-level Maste Low-1 eve I and In ter med i ate-1 evel
Transuranic Maste

kg/Ge yr

f'ue 1

I ep I oces s '1 ng

kg/Gw yr

fabricating
recycle fuel

kg/Gw yr

Sources of 2~9Pu

23'pu
24'Wm

'4'Cm

To t. a 1

0. 8

0.
0.
0. 8

0.
0.

Sour ces of ~pu
240 p

244Cm

Total

Sour ces of 226Ba

2340

238pu

242rnAm

'4'Cm

To ta1

. 01

. 08

. 08

. 7

. 9

0. 4

0.
0. 4

. 01

. 06
0.
0.
. 07

0.
0. 6

. 07

. 08

0.
~ 15

Quantities are caIc&iiated for waste formed after 1 Gw yr of operation + 150 days pre-processing cooling
(Pigford and Ang, 1975). L.osses to wastes (KI.c, eI a/. , 1976): 0.5% of U and Pu and 100% of An& and Cra to
l&igloo-level wastes, 0.38~/0 oi U a»d Pu to interniediate and low-level reprocessing waste, and 0.5% of U and Pu to
low level fal&ricatiof1 wastes.

1976). These indices are normalized to that of the uranium ore niined
for one gigawatt year of reactor operation. The ore hazard is due
mainly to Ra, which is in secular equilibrium in the U decay
chain. In the processes of niilling and concentrating uranium ore

Ra and its precursor 80,000 yr Th follow the tailings, so the ore
ingestion hazard is preservecl there for a few hu»drecl thousand years
until Th decays. Thereafter the tailing hazard continues at a lower
level determined by the residual uraniuns in the tailings, assumed here
to be 5% of the uranium processed. If the depleted uranium from

isotope separation is never used for breeder fuel, the uranium
daughters, particularly 'l&a, in this stored UI-&, will be eventually
restored to a hazard index level within a few percent of that of the
or igi » a I o re.

The hazard index of' the high-level wastes falls below that of' the
original ore afte& a pel iocl of about 600 years. I'he total hazard index
of all residuals falls below that of the original uraniun& ore after a

IOI 3

l2
IO

W IOo
CU

rn ICI
E

9IO—
O

IO—
O

IO—

6lo—
239 pU

226 Ra

pijford, 1976

l

IO IO~ lO ~ ICf lO~ 106 10~ /08
Storage Time, years

FIG. VB1. Principal contributions to the ingestion hazard index
at HLW from the reprocessing of a uranium fueled LWR as a
function of time.
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FIG. VB2. Ingestion hazard index of high-level wastes from
LWR, with and without reprocessing, and from HTGR (LWB
= Light Water Reactor, HTGB =High- Temperature Gas-Cooled
Reactor) .
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82. IIazard Indices and Criteria

lt is misleading, however, simply to make comparisons of this
hazard index in evaluatin'g alter»ative waste managemerlt options. For
example, for a g i ven radioacti ve waste the relative value of the
ingestion hazard iridex is a measure of the relative hazard at a given
decay time only if the radionuclides principally contributing to the
hazards at this and other decay times all have the same probability of
reaching mankind. This is unlikely to be the case. For example,
Figure 781 indicates that for the high-level wastes from a uranium-
fueled PWR the ingestion hazard index of 2 Pu at 10,000 years is
about the same as the hazard index of 2 Ra at 200,000 yr. However,
these relative hazard indices do not reflect meaningfully the relative
hazards if there are appreciable time delays involved in radionuclide
transport. Assuming geologically isolated wastes reach ground water at
the same rate during each of these decay periods, and assuming that
the ground watei moves a considerable distance through earth before
surfacing, more of the radium would be expected to reach potable
water because of- 1ess aclsorption and ion exchange of radium with the
soil and because of the longer half life of the radium parent, 80,000-
yr Th. Therefore, it would be expected that the radium would
ultimately, at some later time period, result in a greater dose rate and
a greater individual hazard than the Pu. This is borne out by the
calculations of Burkholder, et al. (Burkholder, et al. 1975) for
transport of radioactive nuclides through desert soil. Only in the case
of some postulated accident, which might intrude upon the geologic
isolation and bring the wastes relatively quickly to a source of' potable
water, do the theoretical ingestion hazards appear to have much direct
relation to real hazards.

Another index frequently quoted in discussing hazards of
radioactive waste is the ingestion hazard per unit volume of material.
This is illustrated in Figure 784, where the high-level waste hazard
indices of Figure 781 have been divided by the volume of high-level
wastes produced per gigawatt year. This volumetric hazard index is
freque»tly compared with the hazard per unit volume of natural
uranium ores, as indicated in Figure 784. This comparison has led to
the proposition that the waste hazard index per unit volunie mulct be
reduced to that of pitchblende or of some tower-grade ore to achieve
an acceptable solution to the problem of radioactive waste

FIG. 7B4. Ingestion hazard index per unit volume of waste from
the reprocessing of uranium fueled LWR with and without par-
titioning compared with the index for pitchblende and a typical
uranium ox'e.

manageme»t. Fron~ the sante compariso» it. has been proposed that
bee ruse the waste hazard inclex does not fall below that of pitchblende
u»til about o»e n&illio» years, these wastes co»st:itute a racliological
hazard a»d nsusst be co»tai»ed «»d isolated for as lo»g as one i»illion
years (W i11rich, er a1., 1 376}. This sa»ie .ompariso» wi th the
volunietric hazard index of ore has feel to the proposal that if' the
acti» ide hazard index pe1 u» it. vol un&e could be reduced about a
hu»dt ed folcl, as show» by the suggested t ecovery para»&eters for
acti»ide partittotsi»g a»d rec) cle i»dicated in Figure 784, the
volunletric hazard i»cfex v ou1d fill below that of natural ore a»d the
time period of concern over the hazards of radioactive wastes could be
reduced to the several hundred years of fission product decay
(Claiborne, 1972), It is obvious that regardless of whether the hazard
is presented per gigawatt year or per unit volume, a hundred-fold
reduction in actinides results in a hundred-fold reduction in the
hazard index, What is not demonstrated, however, is that comparison
with the hazard index per unit volume of pitchblende or of other ore
is a meaningful criterion for assessing the hazards of radioactive waste
management.

It is not contemplated that these w'astes are to be distributed
throughout the earth's crust in a manner simiAating» tural ores.
Assessment of hazards from a waste isolation facility must instead
take into account the effectiveness of the many barriers that isolate

. the wastes from the biosphere. Instead of relating hazards on the
basis of a hazard index per unit volume, it would seem more logical to
credit the potential benefits from the highly concentrated forms of
wastes. The smaller volumes to be handled should more easily result
in practicable technology for reliable geologic emplacement and
isolation. If improperly used, the measure of hazard index per unit
volume of wastes may obfuscate the potential hazards of the low-
concentration transuranic wastes, which have already been discussed
above. Indeed, if low hazard per unit volume were a principal
measure of our objectives in waste isolation, it would be far easier to
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obtain the goal of low volumetric hazard by dilution than by such
sophisticated and expensive schemes as acti»ide partioning and recycle
schemes requiri»g very high chemical recoveries. 1-1owever, the index
of hazard per un i t volume could be mean ingf ul in relation to
an thropogen ic issues. I n considering the possibility of later
inadvertent mining of wastes in&planted in a geologic repository,
highly diluted wastes would remove the chance of striking
concentrated radioactive material.

Another criterion frequently assun&ed for suggesting the tin&e span
over which radioactive wastes are a significa»t hazard to the piiblic is
the time for the decay of a particulatly toxic radionuclide to a trivial
leve1. Adopting the usual rule that a radionuclide is of no real
concern after it has decayed for te» half lives, i.e., its antount has been
reduced by a factor of about 10., we find the freque'»t assumption
(Willrich, 1976) Lhat the geologic waste isolation facility»iust provide
special protection to the public for te» half lives of -'

Pu, i.e., 244, 000
years. divide»tly this is based upo» the recognition that -- Pu is one
of the radio»uclides ot pote»tial hazard, as shov» in Figure 781.
Co»side& i»g the other nuc1ides which are co»trollitig at later periods,
one could just as we11 dema»d te» h, ~If lives of the -'Ra precursor
-' f'k ot Sx10- ye &rs, te» half lives ot '

I or 1.7x10 years, or ever&

te» half lives of ' U or 4.5x10'" years. 1'he "'"U ct iteriot~ is
obviously v ithout »hei it, because it see»&s likely lhat «»y geologic
waste isola t io» facil it y reaso»abler selected w i11 provide a gi eater
protecl10» a»d lowel hai «rd to»la» k 1»cl f l o»l the U dc'cay chal »

than the hazards already experienced from natural uranium ores--not
because the wastes contain a higher or lower concentration than the
natural ores but because they are in geological formations selected for
the purpose of isolation. Sin&ilarly, physical phenomena, such as
insolubility, ion exchange-adsorption and slow migration, can yield a
low estimated hazard for plutonium in a properly selected geologic
isolation facility. Therefore, there is no basis now for assuming that
isolation for ten half lives of any of these radionuclides represents
any rneaningf ul criterion for facility design.

It is apparent that there is a growing need for more realistic
analyses of the hazards from geologically isolated radioactive wastes.
The problem differs from that of evaluating hazards over the lifetimes
of reactors or of reprocessing facilities where, by suitable
decommissioning the hazards from those facilities disappear at the
end of the operating life. Here we do not know over what length of
time hazards may exist. However, the basic criteria as to reasonable
and allowable radiation exposures for normal releases, if they occur,
and for accidental releases could be reasonably adopted from those
criteria developed for other licensed operations. One of the first tasks
is to apply such criteria in analyses which have the purpose of
defining the time span over which the hazards are non-trivial.

As a first step the hazards could be reasonably assessed in terms of
i nd i vid ual dose rates, calcu lated over a ti me span suf ficient to
encompass dos rates in the ranges considered significant to nuclear
facility 1icensing, i,e., as specif ied in 10 CFR 20 regulations.
Calculating population exposures is more nebulous because of the
difficulty of making any mea»ingfu1 estimates of population densities
and locations so far in the future. However, there do not now appear
to be specified criteria in nuclear facility licensing in terms of
population exposures, and there is no apparent reason for burdening
the designers of the geologic disposal facility with making such an
estimate if we have no yardstick for its evaluation in present licensing
practice.

Estimates of enormously large population doses result from
integrating what may be very small dose rates over large populations
a»d very long periods of time, as ill.ustrated by Comey (Comey, 1975}
in his calculation of population exposures from mill tailings over a
80,000-yr. period. Such estimates can be put in perspecti ve by
comparison with reference estimates of exposure of the same
population for the same ti me period to other sources such as
backgrou»d radiatio». (See Chapters 111 and V.}

Claiborne and- Geta (Claibot»e «»cl Gera, 1974) and Hurkholder,
e1 al. ( 13u rk holder, e( al. , 1975) ha ve illustrated the k i »ds of
»le1hodology that ca» be applied towards Lhe evaluation of hazards
f rom geologica1ly isolated radioactive wastes. Tke f fact that the
hazards fron»miff tailings »say also be important over a similar time
span is all the more reason for proceeding with this kind of hazards

analysis. Hopefully, we will begin to learn more about the hazards
than what is so vaguely implied by the hazard indices now used.

83. lrnpli chili ons

In the absence of more refined measures of the relative hazards of
different, radioisotopes, the hazard index may be used as a crude
measure of the potential waste problenis associated with the different
fuel cycles. Figure 782 i nd icates that there are no dramatic
advantages of o»e fuel cycle as compared with another in terms of the
radiological hazards -:ssociated with isolated HLW. On the 300 year
time scale, the fission products dominate and are essentially the same
for all cycles. On the longer' time scale there is a range of about thirty
in the ingestion hazard. The most favorable cqse, however, is for
uranium only recycle wi th pluton i um storage, which cannot be
compared with the others until the ultimate fate of the plutonium is
decided. In view of the anticipated efficacy of geologic isolation, the
range of 30 or less in hazard of the wastes after 1000 years does not
give a strong incentive for choosing one alternative fuel cycle over
another.

The magnitude of the TRU waste problem, as indicated by Table
781, is made substantially worse by reprocessing and fuel recycle.
This is a consequence of the creation of new low and intermediate
level was te streams associ ated wi th the repro."essi ng and fuel
refabrication which were obviously not present in the stowaway or
throwaway cycles in which all wastes, except perhaps some volatiles
associated with the spent fuel, are contained by the fuel cladding and
subsequent encapsulation. Thus the advantage of the reduced actinide
content of the HLW in the case of recycle, as compared with that in
the spent fuel for non-recycle, is offset by the need to process the
TRU waste streams. The uncertainties (discussed in detail above)
implicit. in the use of the hazard index further indicate that arguments
such as these are hardly persuasive one way or another in deciding
among alternative fuel cycles.

Other d i fferences between fuel cycles may influence the waste
management problem. f: or example, the ther»~al effects on long tinge
scales (&10' years) are greater by substantial factors (-x3) for spent
fuel t.ha» for Hl W. Fco»on&ic factors are unlikely to be important in
view of the estimate (Section IVG) that waste manageme»t costs «re
about. 1 "~% of the total fuel cycle cost. Although i»fluenci»g details
of repository desig», none of the factors v e have identified
concer»ing waste»ianageme»t &re of detetmi»i»g importance in the
choice a»song fuel cycles.

C. Currently Available HLWV Management Technology

Cl. Solidi fi cati on

Calcination at full commercial scale and glassification at reduced
scale have been demonstrated with both hot and cold simulated wastes
and tests are in preparation for a full scale demonstration of
glassification in a remote facility (ERDA-43, 1976); The adequacy of
the resulting glass as a satisfactory wasteform is an important and
complex question. Two rather distinct time scales are of importance.
One concerns the thermal stabi 1 i ty and meehan ical strength and
integrity of the material during the time of manufacture, handling,
transport to the repository, emplacement and retrievability, namely the
time in which the internally generated heat is high and during which
an accident might expose the waste to man's immediate environment.
The other concerns the stability and leachability during the time after
conversion of the repository to a terminal storage mode when the
wasteform durability offers a possible barrier to radionuclide release.
This second question of the adequacy of the glass wasteform as a
barrier to radionuclide release is discussed in Section G. Present
ERDA planning relies on geologic isolation as the principal barrier to
transport of radionucl ides to the biosphere (Kuhlman, 1976), and
current arguments for the safety of HLW management techniques do
not rely on wasteform durability on time scales of 100 years or longer.

On the short time scale (™30years) the glass encapsulation of the
wastes gives a preferred solution to the handling problem, despite
some advantages of the alternative of storage as powdered calcine. An
argument in favor of storage as a powdered calcine is that it avoids
the expense and the additional occupational exposure associated with
operation and maintenance of the vitrification step in the
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solidification plant. The availability of a single step process (ERDA-
43, 1976) for conversion of liquid waste to a glass wasteform could
remove this ad va» tage. Also, the h ig h res id ua1 can i ster stresses
(BNWL-1932, 1975) produced by the ditfere»tial contractio» of metal
and glass during cooling, may lead to problen&s of stress-induced
corrosion during the period of retiievable storage which could be
avoidecl by usi»g the powdered calcine.

'I hese possible advantages of the calcine, however, are outweighed
by concerns over the proble»ss associated with dispersal of the waste
in case of an accide»t, eithei in ha»dIi»g or transport. With the
calci »e the waste is eas i I y d ispei. s;i hie ei t hei by a i r tra»spor t or
dissolution a»d watei tiarisport. A mo»oIithic glass block, oi even
glass reduced to frag»)e»ted or gr;ii&ul;ir forin by inipact. 'issociated
v ith a» accide»t oi' by clevitrif icatio» (Sn&i[h and I&oss, 1975),
represe»ts a i»uch inore satisfactory for»& to care for i» c;ise of a spill
tI&a» a powdered c iIci»e with p ii ticle size the oi der of »m icro»s
(McE:Iroy, «t al. , 197C~). Siinilarly if, fni a»y reason, it is»ece~sary to
i ecovei stored waste f ronl i waste repository «f tei suI~sta»tiaI
deterioration of' the encapsulating canister, the glass wastef'orm will
make that task far simpler. In addition the higher thermal
conductivity of the glass over the powder allows the use of larger
diameter canisters without the development of an excessive centerline
temperatur~ which couid lead to the release of volatile species from
the waste. This affords some advantage in ease of handling simply by
reducing the number of canisters involved. Finally the much higher
durability {lower leachability) of the glass may provide an additional
barrier to- radionuclide release on the 100 year time scale or longer,
although, for reasons discussed in Section 6, currently available data
do not warrant the extrapolation of experimentally determined leach
rates of test glasses to longer times or to uncertain hydrochemical
environments. There may be questions, as well, concerning the quality
control that would be required to achieve these leach rates routinely in
a commercial scale operation. Nevertheless, the choice of the more
durable wasteform seems a prudent one, irrespective of one's ability to
prove conclusively its adequacy on the longer time scale.

C2. Transportation

Concerning the transportation of solidified ~aste from
reprocessing plant to repository, the extensive experience in the design
and transport of spent fuel bundles provides the necessary design base.
Risk analysis studies are in progress at Battelle Northwest Laboratory
to develop material for the Environmental Impact Statement on waste
management. A'e see no reason to suppose that the transport of the
solidif ied wastes should represent a serious hazard.

C3. Emplacement and Retrievability

Emplacement. In the concept of conventional mined cavities, the
waste canisters are to be stored in widely separated (e.g., 10m} holes in
the floor of the nsined cavern. Current concepts of equipment for
ka»dling a»d emplacing the canisters were developed by ORNL. during
the development of the l..yons, Kansas site for waste disposal a»d are
described in Project Salt Vault (Bradsliaw a»cl McClain, 1971) and
TAD (ERDA-43, 1976). As with the tiansportation, the extensive
experience in the nuclear industry with reinote ha»dling equipment
should allow the develop»sent of a satisfacrory technology for the
emplacement, and retrieval if »ecessary, of canisters which are in good
mechanical condition.

Retrievability. There are several »motivations for operating a
waste-isolatio» repository i» a retrievable mode, at least for an
i»terim period. Experin~e»ts possible dui i»g a retrievability period
v iII;iIIow i»iproved corifidence in the estiniates of the tI&erinal «»d
»secha»ical response of the geoIogic;il e»viro»nse»1. to the heat load
produced by the waste. Although o»e ca»»ot "prove" tI&e coiicept of
geologic isolatio», o»e ca» i»crease o»e's co»fide»ce by den&o»strati»g
tltat Hie short. -time effects are co»siste»t with piedictio»s. A vai iety
ot experiine»ts co»cei»ed with the i»ter;iction of the waste with the
surrounding medium will also be possible, extending those already
carried out in Project Salt Vault (Bradshaw and McClain, 1971). If
improved waste treatment technologies are developed during the
period of retrievability it may be desirable to retrieve the waste for
further processing to a more durable form. Finally, the adoption of
the retrievability concept, simply by keeping open a variety of options,
seems a prudent decision in the early stages of technology evolution.

There are of course penalties resulting from the requirement of
retrievability. The technica1 facilities must be designed to allow for
this added option, ventilation must be maintained during the period
of retrievability, an:I the encapsuIation and emplacement of the
canisters may become more con~plex as a corisequence of the need for
protective sleeves and/or overpacking. Mo»itoring of the stored
canisters may imply higher occupational exposures. There may be
prob1ems associated with the creep of the surrounding rock and the
need to mai n tain access to the storage vaults.

For the case of a repository in bedded salt the effects of the
interaction of the salt environment with the waste canistei during the
proposed 2-5 year period of retrievability are of some concern.
Current plans call for the insertion of a carbon steel liner in the
emplacement holes to isolate the ~aste canister from direct contact
with the salt and to allow easy removal of the canister for visual
inspection and for overpacking if deterioration is observed.

The main threat to the concept of retrievability in this instance is
the presence of smal1 inclusions of brine, a fraction of a millimeter in
size, typica11y found in bedded salts. In the presence of a thermal
gradient these inclusions »migrate toward the source of heat and as a
consequence can deliver the brine into the cavity in which the waste
can isters are emplaced. Esti mates (Jen ks, 1972) based on a
concentration of trapped brine of 0.5% by volume and a well-
developed theory of the migration mechanism suggest that a total of
about 30 I of brine will be delivered to the canister in the 50 year
period during which the thermal gradients are of significance. This
corresponds to roughly one cm3 of brine per cm of canister surface
aiea. Two possible proble»is associated with the brine migration are
the evolution of H2 and other gases, and the corrosion of the waste
can ister.

'I'he rate of generation of H2 is calculated to be such that the
»ormal ve»tilation provided in the storage caver»s to keep heat levels
toler ible will be inore th'in adeqtiate to preveiit the build-up of an
explosive n&ixture of H2 i»;iir (Je»ks, 1972). 'I hese estirn ites in f ict
i»dicate that explosive co»ce»tiatio»s would biiilcI up only aFter a year
with»o ve»tilation whatsoever. Siinilarly any toxic gases releasecl as a
pi'oduc t of r;id inly t ic ic t ion are i eleased s uff icie» tly slowly that
ve»tiiatio» aclequ'ite to mai»tai» reasoi&able te»&perature foi' human
access «ssures th;it Lhere will be»o significant accumulatio» of these
gases. 'I'Iie effects of possible build up, aftei co»version to terini»al
storage, of H2 or other gases generated by the interaction of the waste
canisters with the salt are unlikely to be important, but require more
detailed study. In particular we would urge the direct eniplacement of
a few canisters, without concern for retrievability, during the test
phase of a repository to gain additional information about corrosion
and gas evolution which would be relevant to later development of the
repository af ter the retrievability requirement is dropped.

The corrosion of the waste canister represents a more severe
problem. Results of the Project Salt Vault experiment (Bradshaw and
McClain, 1971} sho~ed attack in the salt environment of heater
shrouds and simulated waste canisters constructed of type 304L
stainless steel, this attack presumably resulting from the release of the
included brine. The surface of' the simulated canister and heaters
which were maintained at temperatures well above the boiling point of
the brine, though superficially in good condition, showed extensive
stress corrosion cracking to a depth of one-half of the wall thickness
of about 6 mm in the case of a stainless steel heater shroud. Much
more severe was the attack of the stainless steel conduit feeding this
heater. This attack was at a position on the cond. uit surmised to be
where condensation of the brine-generated steam was occurring. A
similar corrosive attack of an unprotected HLW canister would seem
likely; in view of the substantial variation in temperature along the
canister resulting from the dead volume above the waste, condensation
woUld be expected at some point on the canister. Clearly such attack
must be prevented if the canister is to maintain the strength to allow
removal up to 5 years after emplacernent. A carbon steel shrouded
heater showed minor scaling during the one year heater experiment
but was not severely attacked either at the level of the heater or at the
level where water condensation occurred. These results form the basis
of the suggestion for protecting the waste canister from exposure to
the brine vapors and salt with a carbon steel sleeve. Comparison of
the brief testing time, - 1 year, during which severe corrosion
occurred, with the target retrievability period of 5 years shows the

Rev. Mod. Phys. , Vol. 50, No. 1, Part II, January 1978



APS study group on nuclear fuel cycles and waste management

need of caref ul testing and design of pi otective shields if easy
retrievability is to be maintained.

An additional probleni associated with »t'ai»taining rett ievabi1ity
of H LW oi spent fuel e»ip1aced in s«1 t, resu1ts f rom the gr td ual

mechanical deformation or creep of Ehe salE in response to thermal
stresses a»d stresses i»ducecl by the nsi»ing excavation. This creep is

likely to be accelerated by the high a»ibie»E teniperatures associated
with the storage of the Hl. W or spe»E fuel. 1'he e»gineering clesig»
niust assure both that «ccess lo the e»&placed waste ca» be ni«intai»ed
duri»g Lhe reE~ ievabilily period, and EhaE the c &»islels are»ot
n~echa»ically e»Lrappec1 by the defot nlatio» of the surroundit&g salt.
1'he proposed carbo» steel sleeve th us ser ves a double fu»ct io»,

p~ otecEi»g Ehe canister against boLh corrosio» «nc1 e»Lt ap»kent.

'I'he co»cepl of reit ievability takes on added in&portance in the
case of an extended or indefinite delay in reprocessing. What is to be
the long term technique, in that case, used for the storage of spent fuel
assemblies~ In view of the uncertainties in current estimates of
uranium reserves and in absence of the availability of a long term
alternate energy source, solar or fusion, this spent fuel repesents a
valuable resource and should be kept available, not treated as waste.
ERDA (and AEC) planning seems to have been predicated on the
assumption of the development of a commercial reprocessing industry
and there has apparently been little or no planning for long-term
storage of spent fuel. Such storage could be accomplished either in
interim surface storage facilities or in geologic repositories. Surface
storage avoids the problem of corrosive attack of fuel-containing
canisters that may be present in a geologic repository, particularly in
salt. The geologic storage has the advantage, however, that the
conversion of the storage facility to a terminal storage mode would be
easily accomplished were there an ultimate decision never to reprocess
the stored fuel.

We are concerned about the suggestion to encapsulate spent fuel in
an overpack equivalent to that. anticipated for HLW and to store it
"retrievably" using simply the technology developed for the geologic
disposal of HLW (Kuhlman, 1976). The retrievability period
anticipated for the test phase of a HLW repository is of the order of 5
years or less. It is easily conceivable that final decisions on the
question of reprocessing of stored LWR fuel could be delayed as long
as 10 to 30 years since they depend upon such factors as the better
definition of uranium resources, breeder development, availability of
alternative energy sources and establishment of international
agreements. Retrievability on a time scale of 5 years does not assure
retrievability after 30 years, particularly when two of the threats are
corrosion by the migrating brine and mechanical entrapment by creep
of the salt; both processes are expected to continue for a time the
order of 50 years or more. Thus the emplacement design for test-
phase retrievable storage of HLW will differ from that for interim
storage of s pen t fuel; a 1 though these are c learl y related design
problems, the solution of the easier should not be assumed adequate
f'or the harcter.

C4'. TRU H'astes

Although this section of the report focuses on the problens of
HL.W, a closely relatecl problem is the handling of TRU wastes. These
are wastes involving a wide variety of materials slightly co»ta»~i»ated
with n-e»iitti»g acti»ide radionuclides. I'he low activity 1evel of these
v astes per unit. volume greatly eases the proble»&s of handli»g and
treati»ent as compared with the 1-11.W; but the long range pote»tial for
contan~inatio» by these wastes is considerable. I able 7B1 i»dicates the
total «cti»ide contekt of the I'l&U wastes Eo be greater tha» 10% of the
acti»ides in the HL W in Ehe case of plutonium recycle, which suggests
that the problem of' disposal of the '1RU wastes is of con&parable
magnitude to that of the HLW when talking of the time scales 103 to
106 years.

The absence of significant heat generation allows a wider variety
of options for disposal of these wastes. These include encapsulation
in bitumens, cements, grouts, glasses, or ceramics. The encapsulated
TRU wastes could then be transferred to a geologic repository for
retrievable, and then terminal, storage as is proposed for the HLW.
Those of the options that involve no fire hazard seem entirely
adequate in the context of the current waste management program.

Since the principal barrier to release is the geologic containment, the
criteria for deter»&ining encapsulation techniques are reasonably based
on factors such as volume reduction a»d ease of handling, Although
(see Table 781) the TRU waste problem is made substantially more
severe by the i»tl oduction of reprocessing and plutonlllm recycle, the
total waste volumes involved are compatible with disposal in mined
caverns and so this additional problem does not argue significantly
agai nst fuel cycles involving reprocessing,

D. Alternative Options of %aste Isolation

Dj. Preface

The different options which have been proposed and seriously
considered for isolation of radioactive waste can be separated into two
general categories: (1) elimination of portions of the wasEe from
existence on earth, and (2) storage or disposal of the wastes in various
geologic n&edia. The options have been rather extensively discussed in
ERDA 76-43, technical Alternatives Document (or TAD) and, earlier,
in BN WL-1900, High-level Radioact ive Waste Managenient
Alter natives.

D2. Eliminalion from Earth

The observation that the ingestion hazard inclex of the waste after
1000 years is dominated by the actinides (see Figure 781) which are a
minor chemical constituent, has led to the suggestion that the actinides
be separated, or partitioned, from the fission-product and processing-
chemical wastes at the time of fuel reprocessing. The total quantities
of the actinides involved would be sufficiently low that one might
imagine such "tota1" disposa1 schemes as ejection from the earth by
rocket or elimination by transmutation. The efficacy of any such
technique relies not only upon finding a satisfactory scheme for rocket
ejection or transmutation, but also upon reducing greatly the actinides
lost to low level waste streams (TRU wastes) in co»&parison with
current practice, and upon having an exceedingly eff icient partitioning
technology. The practicability of chemical processing with adequate
partitioning efficiency is under current study. We do not anticipate
the availability of such technology before the year 2000, if then, and
hence these schemes are not near-term alternatives nor should they be
relied upon as long-term options. The magnitude of fission-product
wastes precludes the consideration of such a "total" disposal scheme
for this component of the waste.

D2a. '

Ej ecti on by Rocket

The technical feasibility of extraterrestrial disposal depends upon
(1) providing a reliable space flight system for a solar escape mission
with adequate pay1oad, and (2) providing a high-integrity capsule to
assure»o breach of containment even for a worst case abort or launch
pad explosion. Because activity and thermal power restrict payload-
to-package ratios, the potential for permanent disposal of waste by
this al ter»ative depends cri t ical ly upon partitioning eff icie»cy.
Allhough the basic engi»eeri»g technology for transpoi t exists,
estimates regardi»g the development of a re1ial-le space shuttle system
indicate the e«i liest likely date to be 1990.

D2b. Tr a nsrnat'a&i on

We co»cur with the conclusion reached in TAB that Ehe concepts
of transmuting actinides using direct bombardment by coulomb-
excitation-enhanced beta decay or by photon initiated transmutation
are unfeasible on the basis of inapplicability or of power
consumption. Transmutation by fusion reactors is hardly to be relied
upon in the absence of fusion reactors; if they did exist, we would not
be concerned v ith long-. term incentives for actinide transmutation.

Another possibility to be considered is the use of neutrons
produced by accelerator induced reactions. The intense flux of high
energy neutrons produced by certain accelerators make them
candidates for actinide transmutation facilities. We consider three
such accelerators. (See Table 701)
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TABLE 7D1.

Acce1erator Reaction Peam ' Neutron Y ield

rnA MeV n-sec

Specific Fnergy

w lit-sec-n

An n ua I Y ie1d

n-yr (300d3

(A3 LASL

(03 BN L

((:) 1NG(A EC L3

d- T 100

d-Li 100

p-spa11 65

10"
30 2 x10"
1000 8 x 1.0

2x10
1.5 x 10 '0

8x10

26 x 1022

5 x 1023

x 1026

The "specific energy", or energy required to produce each neutron,
for the best case (C) may be con~pared with an estimate of the energy
generated in a typical reactor per actinide nucleus in the waste of 7 X
10 ' watt-sec/nuclide to show that at least 1% of the power generated
would be requirecl to operate the transmutation accelerator, assuming
that atl of the energy to operate the accelerator appears in the beam
and that all of the neutrons produce transmutations. A comparison of
the accelerator neutron annual yield, again for the best case (C), with
an estimate of the annual actinide yield, in one 1100 MWe reactor, of
4 X 1025 acti»ide nuclei, st&ows the need of one accelerator to service
each five reactors. The capital and operating costs of such a device
are not known at present but it would appear that the incremental cost
per reactor makes this concept unattractive.

The acti»ides separated by chemical partitioning may also be
recycled a»d destroyed by trans»&utation in reactors. At the end of
each reactor irradiation cycle the actinides in the reactor discharge are
recovered in fuel reprocessing and - fabricated into recycle target
elements. Because of the low transmutation rate of these recycled
actinides of «bout 7% per year, the total «ctinides inventory builds up
in this recycii»g to a steady state value of roughly 14 times the yearly
act, itlide productio». The actinide wastes get~elated in each cycle are
proportional to the inventory in the reactor and to the fractional
losses to wastes in leprocessing a»d refabrication. After the reactor
and fuel cycle i tiventory have reached equilibrium, the acti nides
accumulate in wastes linearly with time.

Claibor»e (Claiborne, 1972) has calculated this rate of 1'elease of
actitiides to high-level wastes when partitioned with assumed recovery
factors lislecl it& the fil'st, two columns of 1;tble 7D2. Claibor»e's
c ttcttlated i»gest. iotl hazard index (Section 01, 2) per utiit volume of
the high level wastes get&crated in lhese 1ecycie operatio»s ls show» ill

Figttre 7B4. Aftet' a dec;ty pel iod of about 1000 years, t, he hazard
i»ciex of ttle t&igt&-tevet w'tstes with parlitio»t»g 'l»cl Iecycie is about a
tlu tld 1 ed-fold less lha t& th;1 1 of the high-level wastes without
p trtitiotlttlg. il is this ledltction factol' of;lbout 100 in the at»ou»t of
actitlides in ttie w;lstes which tltttstrates the objectives of the ERDA

.partitioning program. A meaningful evaluation of the magnitude of
this incentive for partitioning requires, among other things, an
assessment of the hazards of geologic disposal of unpartitioned waste
and of the occupational exposures associated with the more complex
processing.

When the incentives of actinide partitioning and recycle are
presented in terms of a hazard index per unit volume of waste, as in
Figure 7B4, attention is focused on the high-level wastes, which are
relatively concentrated. However, as has been discussed elsewhere in

this report, actinides in low-level wastes, even though more dilute,
probably contribute to the potential hazard in disposal to an extent
comparable to the hazards from high-level wastes. Furthermore, when
actinictes are partitioned g.nd recycled there are greater amounts of
acti»ides to be processed and fabricated. Extreme care must be taken
to tnaintain very low losses of these actinides to the low level wastes
from reprocessing and fabrication of recycied fuel. It is obvious that
if the partitioning program is to develop the degree of hazards
reduction implied by the hazard comparisons of Figure 784, the total
losses to the wastes from ail process sources must be of the magnitude
indicated in the above table.

Evaluation of the reduction in actinide residuals by partitioning
and recycle must also include the inventory of acti»ides in the reactor
a»d fuel cycle, on the grounds that. upon the eventual termination of
f ission power th is actin ide i n ve» tory ns ust also be d isposed of.
Therefore, we v ill define here a more realistic time-dependent
reduction factor as the ratio of accum u latecl actin ides in wastes
without recycling to the total inventory of acti»ides in the reactor,
fuel cycle, and wastes with recyciing. The results for a pressurized
water reactor, calculated (Pigfold a»d Choi, 1976) from Claibor»e's
cycle-by-cycle tra»smutatiotl data, are shown in Figure 701. The
asyniptotic reduction factor, which is that calcltiated by Claibol»e and
others and illustrated in Figure 7nl, occurs at a ti»le totlg enottgh that
the actinides accumulated in wastes with recycle are of t»uch greater
quantity than those in the reactor and fuel cycle inventory. The time
constant to reach the asymptotic value is '1'oughly equal to the
reciprocal of the fraction of acti»ides lost to the wastes pet. yeat. For
0.1% loss to wastes per cycle, normally quoted as a reasonable
objective for acti»ide recycle, sevetal thousand years are required to

, reach reduction factot's apptoaching the asytnptotic values. l-lowever,
waler leactors will probably be liniited by fuel resources lo»g before
apprec table reductio» factors are obtai»ed.

A fast bleeder reactor would be nluch»&ore effective in
tl a»stll t.lll»g ttle '1ctitl ides, sl tice 'lit of ttlese ac1.1»1des f issiotl 1» '1 fast'
neuttotl spectt. tttn. t)can&;tn;ttid Aitketi (Beatles-;tti a»d Aitketi, 1976)
leave c;licui;lted the tta»stntttatiot& of acti»ides i»;1 typicat cot»»ietciat
1 M F t&l&. l-iowevel, they tlave assunlecl a 1 elativei)' shot't

tillage

(.l. l yr. )
for 111e;lcti»icie irt;ldi;ltio» cycle, resulli»g in;1 iatge tatio of exter»;11
inventory to in-core inventory. Using their data, we calculate time-
dependent reduction factors for LMFBR transmutation which are
slightly lower than those shown in Fig. 701 for a pressurized water
reactor. The breeder transmutation results could be improved with
longer in-core time for acti nide irradiation.

The asymptotic reduction factors of Figure 7D1 are the reduction

TABLE VD2. Actinide losses to high-level wastes assumed to illustrate partitioning-recycle
inventive s.

pl utoniurn
neptunium
uranium, amer iciutTt,

curium, iodine

recovered from
wastes and
recycled,
with
par titioning

99.99%
96%
99.9%

lost to
high level wastes
per cycle,
with
pal t1 tlonirtg

0.01%
5%

0. 1%

lost to high
level waste per
cycle for nortTtal
I Qp I oces s i llg,
without speci al
partitioning

0. 5%

100%
100%
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A ccumula ted Np, Am, Cm Without Recycle

Therefore, we assume an arbitrary reduction in the number of
reactors at some arbitrary time, e.g., 100 yr. , after the beginning of
actinide recycle. The Np, Arn, and Cm contained - in these
decontmissioned reactors are now loaded into the remaining breeders.
The overall reduction factor now increases mole rapidly with time
because these earlier reactors are r1o longer generating new Np, Am,
and Cm.
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10~ 104
Recycling Time, Years
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factors which are calculated when the only residuals considered are
those in the radioactive ~astes. These are the reduction factors which
have been used to illustrate the incentives for actir1ide partitioning,
recycle, ar1d transmutation. For exan1ple, recovery and recycle of
99.5% of the Np, An:, Cm reduces the amounts of these radionuclides
in the actual wastes by about a factor of 100. However, to illustrate
the importance of also considering the recvcled actinide inventory, we
will postulate that breeders begin operating to transmute self-
generated recycled actinides in the year 2000. At the end of a 30-yr.
reactor lifetime, i e., in the year 2030, the inventory of recycled
actinides is 1/2. 4 of the total actinides produced during that period.
The total actinide production is v hat would have gone to the wastes if
there were no recycle. Assuming that very little of the actinides have
actually been allowed to go to the wastes, the overall reduction factor
by the year 2030 is still only 2.4.

The actinide inventory from these retired breeders is then
transferred to the replacement breeder and its fuel cycle, and
pal titioning and transmutation corrtirrue. Assumin' such replacement
of retired breeders by new breeders to maintain constant total power,
after 100 years the actinide inventory in the reactor and fuel cycle is
now only 1/8. 1 of the total actinides produced since the beginning of
the original transmutation operation. Consequently, the overall
reduction factor has been increased to 8.1. With a continued program
of transferring actinide inventory from a decommissioned reactor to a
replacement reactor, the actinide inventory in the wastes from
recovery and recycle f inally, af ter a few thousand years, becomes
comparable to, or greater than, the inventory irl the reactor ar1d fuel
cycle, and the overall reduction factor t i nally approaches the
asymptotic val ue described earl ier.

The U.S. ur'anrum and thorium reserves are probably adequate to
continue breeders for such a long period, assun1ing that the total
power fron1 fission is not increasing rapidly over this time.
Furthermore, all during this long period of a few thousand years the
actinides accumulated in the actual wastes are small. They are less, by
a factor equ;ll to the asyl»ptotic reduction factor, thal1 the total
acti»ides produced. However, it is the prospect that fission powel nlay
possibly discontinue at son1e time during this lo»g period of
trarlsl11 ul'ltlon, opel'ation that, QI gtres fol tl'e;jtl rig the acti »icle lnven tol'y

in the re;1ctol' al1d fuel cycle as a poter1tial waste, ir1 which case the
lower overall redtrctior1 factor of' Figure 7DI is appropri;1te. We mtlst
;Il low for this possi bi l ity, s i I1ce we h Ive no way of' kl1owi ng the
criteria, constraints, and alternatives which may dictate the choice of
power systems even during the next century.

FIG. 701. Actinide reduction factor resulting from partitioning
and recycle as a function of time for different values of actinide
loss to the waste stream.

Our calculated results (Pigford and Choi, 1977) are i'!ustl'ated in

Figure 7D2, for an assumed step redtlction in the ntrntber of br.ceder
reactors by a factor y at the end of the tirst 100 years. The remaining
reactors continue at constant power. The effective reduction factor,
nor»1alized to the asymptotic value, is calculated as a functiol1 of the
continued coristant-power operating time for the remair1i»g reactors,
for various assumed values of' the paran1eter y. The overall reduction
factor increases to the same asymptotic value at infinite time as that
calculated for continuous self -generated recycle (y = 1}, but it
approaches the asymptotic value more rapidly than in the case of self-
generated actinide recycle. These results illustrate that transferring
residual actinide inventories from terminated reactors to the fewer
continuing reactors can be an effective way of handling the residual
inventory.

The curves of Figtlre 7D2 have been calculated without constraints
on the amount of acti»ides that can actually be loaded into the
remaining reactors. Soigne such overloading shotlld be possible, since
in self generated recycle only a few percent of the core voltlme is

occupied by the Iecycled actinides. In the neutron spectrum of a fast
breeder core the actinides are roughly equivalent in reactivity and
fission power density to the normal Pu02-U02 fuel that they replace.
Therefore, the contirruing breeders should be able to take over the
actinides from a large nun1ber of c}iscontinued 'reactors and their fuel
cycles.

The previous discussion a11d illustratior1s for simplicity have
concentrated on reduction factors in terms of the masses of Np, Am,
and Cm. However, it is the reduction in potential hazard front these
radior1ucl ides that is the incentive fol' actinide recycli rig and
tl arts»1tlt Ition. I'I ar1sl»lltation does btlild up relal. ively large activities
of' "~C»1, al1d when the hazard index of the tot;Il Np, An&, CI», gl'oup
is exal11il1ed;It the ti»1e of waste genelatiolt, we find greater hazard
associ;Ited with the SI»;Illel mass ot recycle w;Istes th;ln it& the wast s

withotrt «cti»ide pal. titioning ar1d I ecycling. However, 17.6-yr 24~C»1

dec;Iys ovel a few elec;Ides, ;I»d the lor1g-terl» ingestion hazard of the
wastes with p;Iltitiro»illg alld recyclirlg is ther1 Ieduced below th;It of
the w Isles wltllout p lrtlt Ion lr1g a11cl I ecycllllg. 1 he h lzal'cl I eduction
tactol therl becor»es essent'rally Ihe SIII»e as the 1»tlss I'edllctroll factol'.

The above discussion has emphasized recovery and transmutation
of' Np, Am, arrd Cm, to reduce the long-term ingestion hazard index
of the wastes. However, to obtain a total reduction in the long-term
hazard index of about two orders of magnitude, as has been the
indicated incentive for partitioning and recycle, the losses of uranium
and plutonium to ~astes Inust be reduced considerably below the
losses now considered to be typical of fuel reprocessing. Likewise, the
fission product t291 must be recovered ancl transmuted. Claiborne has
assumed a reduction in plutonium loss from 0.5% to 0.005% and a
reduction in iodine loss to 0.1%; we have not determined whether such
reduction factors are realistically achi-vable.

Also, if some breeders are eventually to be decomrnissioned
witho»t replacement, as has been assumed in calculating Figure 7D2,
the large inventory of plutonium in these decomrnissioned breeders
must be consumed. This should be possible by operating the
remaining breeders at a breeding ratio of less than unity long enough
to consume the residual plutonium. The remaining uranium inventory
can also be consumed by the continuing breeders.

In summary, actinide partitioning and recycle offer possible long-
term benef its to the waste management program; because no
technology is expected to be available during this century, such
schemes do not provide near-term options. It is apparent that the
incentives for actinide partitioning, heretofore identified in terms of
asymptotic rec.'.Iction factors, n1ay need re-evaluation, taking into
account the increased actinic}e inventories. - Much effort is
appropriately directed towards the chemical technology of partitioning
to obtain very low actinide losses to the high-level wastes. Reducing
the losses to low-level and intermediate-level wastes from reprocessing
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FIG. 7D2. Constant-power operation with self-generated actinide recycle for 50 years, followed by discontinuous de-
crease in nimber of reactors, with all remaining actinide inventory transferred to a remaining LMFBH reactors.

and refabrication operatio»s is also important in achieving the .long-
term incentives for partitio»i»g and recycle. However, the u»certainty
of the future suggests that more emphasis be given to reducing the
inventory of recycled acti»ides in the reactor a»d fuel cycle. When
this inventory is considered as a pote»tial residual, as in the overall
reduction factor in Figure 7D1, during the first few hu»dred years of
partitioning a»d recycle the overall reduction factor depends little
upon attai»i»g extrel»ely low fractional losses to the wastes. 1»stead,
it is controlled more by the irradiation time a»d specific power for
acti»ide trans»&utation a»d the external hold-up ti»le in acti»ide
leprocessi»g a»d refabrication. Means of ilnprovi»g these variables
a»d the feasibility of high acti»ide loadi»gs i» breeder re:lctors as a
n&ea»s nf tla»si»uti»g the residual inve»toly of Pu, Np, AI», a»d Cn&

f rol» decoii~ »i issio»ed re lc tors skollld be explored.

Other aspects of the acti»ide pat titio»iilg-recycle piogia»s which
bear upo» its sig»ifica»ce to t.he futliie w;tsste-i»a»agel»e»t proglals&
;ll'e lhe tech»ologic;ll ploI)le»&s, the ti»deli»ess, the cost a»d the he;filth

h 17 ll'ds &ssoci;&ted with possi ble sol il tIolis Lo ca rry out low-loss
sep'll"1tlo»s 'l»d I ef'lbl lcalloll.

ERDA estimates that if the present program on actinide
partitioning and re'cycle leads to successful and practicable technology,
the technology could not be reasonably implemented prior to the year
2000. Consequently, the present waste management program for
geologic waste isolation must proceed on the basis of solidifying and
isolating radioactive wastes formed during this century. Actinide
partitioning and recycle falls in the category of continued research
and development which may result in process improvement for later
waste-management processes in the next century.

D3. Geologi c i solati on

Seabed isolation, ice sheet isolation, and deep continental geologic
isolation are the alternatives that exist for storage or disposal of
radioactive waste on earth. Numerous concepts have been advanced
for each of these alternatives, which are made specific by choice of
site, wasteform, and emplacemeri t medium and method.

D3a. Seabed isolation

This alternative would involve placement of solid wasteforms in
sediments or in rocks under selected areas of the oceans. The
transportation engineering, capability of locating and recovering lgst
waste canisters, and capability of emplacement and recovery of waste
canisters at site locations all appear, in principle, to be achievable with
straightforward extension of existing technology f~r working in the
deep ocean environment. However, critical emplacement parameters
and breaching modes remain to be iden tif ied and evaluated.

A continuing effort since 1973 to assess the oceans as potential
sites for radioactive waste disposal has led to identification of the
North Pacif ic . m id plate/m idgyre region as one appropriate for
research and development feasibility studies. Various glacial cycles
have had no obvious effect on the bottom environment in this region,
as sediment cores reveal extreine u»iformity of sedime»tation during
the last four million years. Studies of rock samples a few hundred
meters below the sed i »&en t/rock interface in sem i related areas
elsewhere suggest, however, that fluids tnay percolate through this
upper layer of oceanic cl ust. Moreover, current-»dieter data indicate
that even in such a supposedly "tranqitil" ocea» basin area, water is
moving with sufficient advective e»ergy that the ocean ~ater itself
would not represent any sig»ifica»t barrier to tuigi ation of
radio»uclides. Where "residence tiines" have been calculated for water
in ocean basins, the "lge" may be»o greater tha» 1000 to 3000 years,
a»d it is fl.eque»tly»such less. I&aclio»uclides i» solution i» the deep
ocea»' thus might be expected to leach the sea surface in 3000 ye;lrs or
less.

Uncert;linties exist with regard to the breaching of waste
containels «»d the»'ligration of radio»uclides withi» oceai~ sedi»se»ts
once released f tom f &bricated co»tailli»ent. . Because of the typically
high porosity of the sediments and their saturation with water, a
thermal potential produced by emplaced waste could cause significant
mass and energy transport through the typically thin (20-40m} bottom
sediment. It is clear that current understanding of ion transport
phenomena in the marine environment lags far behind existing
engineering capabilities of working in the deep ocean or ocean floor.
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Thus, at our present state of knowledge, seabed isolation is not. an

acceptable alternati ve for radioactive waste isolation. Conti nu ing
research on both wasteform and radionuclide migration in marine
sediments seems appropriate a»d may remove the uncertainties that
now exist with regard to this disposal alternative.

D3'6, Ice Sheet Isol ati on

Radioactive waste could be placed on, within, or under existing
glaciers such as those of Antarctica. The dIsposal of radioactive waste
in Antarctica has appeal primarily in that it offer s geograp/&ical
isolation in the largest area on earth that is essentially devoid of any
flora or fauna and it is the nsost remote region from normal human
contact. All systems required for transportation, emplacement, and
retri eval are available or could be developed through ex is ting
technology. Disposal in ice has the additional apparerit advantage
that, like salt, ice is impermeable to water, and fractures developed in
it are self-healing through recrystallization arid plastic flow. The
thermal output of high-level waste would, however, result in a
meltwater envelope arourid a waste canister a»d in descent through the
ice sheet at a rate that would place the ca»ister at the bottom of the
typical ice sheet within about 10 years «fter emplacement near the
surface. Iri that location the canister, and its contaiiied radioactive
waste, would be accessible to transport processes operative in the
underlying bedrock as well as those within the ice sheet.

Current knowledge of ice sheet physics and history makes
prediction of the stability of ice sheets for periods greater thaii a few
thousand yeais uncertain. As quoted in the I'AD fron& an
international coiiference on this radioactive waste disposal alternative,
"Everi a complete understanding of the behavior of the ice sheet with
respect to the present bou»dary conditions, including climate,
geothertn, 'il flux and sea level is insuff icient to. allow the precise
deter»iinatio» of the ice sheet's future. For that we»eed at least a
coi responding knowledge of the f uture ch;inges in the boundary
cond i tioiis".

'I he obsei ved pi esence oF water «t the icebedr ock irit'ei face
beneaih 2 k»i ot ice at. the Ikyrd Station, the irnceiiainty regar'dirLg

reside»ce tissues of both ice;iiid glacier-clei ived v atei witli'iri the ice
slieet witli the possibility of rapid traiisfer of ice, basal »reltwater, a»d
arly contained radioiiuclides Lo ihe world oce;iii (possibly within 1.0-
1.0 year's}, as we11 «s urlcei'iil i lilies i eg&ii'd i»g c1i illa t. ic factoi's ill the
tuiure a»d ice slieet stability m;ike ice sheet isolatio» u»acceptable.

D3c. Deep Continental Geologic Isolati on

A variety of concepts for deep continental geologic isolation have
been advanced and include (1) conventional mined cavities, (2)
solution-mined cavities, (3) a matrix of drilled holes, (4) superdeep
holes, (5) hydrofracture eriiplacement, (6) deep-well injection, and (7}
various rock-melting concepts. These alternatives differ in the nature
of the wasteform (solid or liquid), the manner of emplacement, and
the geologic medium in vhich the waste is to be emplaced. %ith the
exception of. conventional mined cavities, . the remaining alternatives
are disposal concepts in that retrievability of the emplaced waste,
although possible, would be beyond existing technology, significantly
more expensive, or appreciably niore difficult ihan emplacement of
the waste. As long as retrievability of the emplaced waste remains a
basic tenet of waste isolation philosophy, disposal alternatives cannot
be employed. Several disposal alternatives could represent viable
options for the future, however, and these deserve serious
consideration and research support.

(1) Conventional mined cavities constitute the only deep
continental geologic isolation coricept based on a demonstrated
technology for both the emplacement and the retrieval of radioactive
waste. In this option solid radioactive wasteforms would be lowered
through a vertical shaft to a mined cavity, located several hundred
meters below ground level, and emplaced in a series of holes made in
the floor of tl;. cavity to receive the waste containers. The depth of
the mined cavity would be dependent, in part, on the mechanical
properties of the rock; the depth would be limited for a rock such as
salt which flows readily under moderate pressure, but less so for a
rock such as granite. Spacing of the holes would depend upon thermal
properties of the rock and on waste loading of the containers. Qf

priniary concern are the potential modes of' breaching the geologic
corifinenient and. possible modes of transport to the biosphere once
the radionuclides are released froni fabricated coiitai»me»t. These
co»cei ns are addressed in Sectio»s E and F.

Concepts utilizing (2} solution-n&ined cavities, (3) a matrix of
drilled holes, arid (4) superdeep holes all involve emplacenient of
canisters containing the r;idioactive wastes. The tech»ology exists for
the first two alternatives but not for large-dianseter superdeep holes of
10 thousal1d ol more»ieters. I »;ismuch as the f i I'sl two al tei natives
i»volve einplaceme»t at clepths»ot likely to exceed 2 kns, pi'i»cipal
coiicer'»s»i us). be the naiure ot the grouisd water regi»&e a»d the
physic;il iritegi ity of the geologic ii»ii. i» which ttie waste is e»)placed
(see section F}. I Ittle is know» at present ibout the stability of
solutior&-»iir&ed cavities that h;ive dried out. , the tuethods of clt'yiiig
tile»i oink, oi' «boiii the optiiu i1 size ot depth ot such c i vi ties.
1"urther»rory, ibis coricept is iiecessai'ily restr icted io e»i pl, ice»ie»t iri;i
geologic»iediu»i that is soluble--viz. , i'ock salt. Although the i»;itrix
of di illecl 1101es is riot rest i'ictecl Lo &i speclf ic geologic»led iulll, rt cloes

require identification of a geologic unit with limited or no fractures
or other features capable of transmitting ground water at significant
rates. Moreover, the probability of compromising the integrity of
containment is greatly increased by the multitude of holes that would
penetrate the disposal formation and that would have to be sealed.
Because of this we feel that this alternative is unacceptable. In both
concepts of disposal the number of canisters that could be placed in a
given cavity or drilled hole and/or the waste loading of canisters
woulcl have to be restricted in order to prevent the melting of the
emplacement meclium by heat generated by the high level waste--
unless, of course, this were desired. Some promise of the possibility
for superdeep emplacement is provided by the fact that large-dia~neter
holes have been completed to several thousand meters; extension of
existing technology and the development of' associated techniques to
permit emplacement of waste canisters through such holes to greater
depths would make this a highly attractive future disposal alternative.
Such a m ode of emplacement would eliminate the need for
conventional mining to the desired disposal medium and, thus, also
eliminate certain costs and problems associated with conventional
mining.

(5) Hydrofracture emplacement and (6) deep-well injection
concepts both involve the pumping of liquid waste into deep geologic
units. The technology for both alternatives is well established and
ioutinely practiced by industry. We conclude that principal safety
concerns prior to emplacement are containment duiing transportation
and the integrity of all pipes arid well casing. (It should be recalled
that Federal regulations, 10 CFR 50, currently require that high-level
liquid wastes be converted to solid form within five years. ) The major
safety consideration after emplacement is to insure the integrity of
long-term isolation in the geologic medium. If the restriction of
retrievability were removed and an appropriate niatrix (cement, resin,
etc.') were developed to provide initial confinement, we conclude that
th is al ter native could be acceptable for disposal in fa vorable
hydrogeologic regimes (see section F).

(7) Rock melting concepts involve various methods of
einplacement, in a variety of geologic media, of both liquid arid solid
wasteforms ttiat have sufficiently high therr»al power to bring the host
geologic mediui~i to its n~elting range locally. Waste haviiig a thermal
power of 10 KW/m-, foi example, would result in n&elting of typical
basalt if emplaced in a cavity 1m in dian&etei; some high-level wastes
can generate up to 200 KW/»i'. Several specific rock iuelting disposal
scheines have beers' foriiially proposed: these are discussed irc V. RI.)A
76-43. Provided that;i» appropriate host medium is selected, such
»&eltiiig «nd siibsequent cryst:illizatiori of the n&elt upon coolirig coiild
provide a» integral rock m;iss, with extreinely low permeability, in
which the iadio;ictive w;isie is most iieai ly in chen~ical equilibi iuns
with its enviroii»ient. Cei tain rock types, such «s sha1e aiid liniestone,
noway»ot be suitable for siich a disposal alter»;itive because it is
possible that vapors, particularly water and carbon dioxide, will be
expelled clue to decomposition of the rock. No disposal technique
invol ving melting has yet been extensively investigated, but
preliminary calculations and experiments suggest to us that one or
another of the rock melting concepts may be a highly attractive
radioactive waste disposal alternative for the future.
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E. Potential Modes of Breaching Geologic Co»firwment

E1. Introd uctory Remar ks

For purposes of this section, the breaching of confinement refers
to the inability of the geologic medium to prevent exposure of
radioactive waste emplaced within it to a medium of transport--viz. ,
air or water. T'hus, breaching of the repository vault and exposure of
its contents to either air or water would result in loss of confinement
but, as discussed in section F, this need not imply the 1oss of geologic
isolation -- i.e., the groundwater regime itself may represent an
effective means of restricting transport to the biosphere.

Either natural or anthropogenic causes may result in the breaching
of confinement by directly effecting a transfer or exposure of
contaminant in the repository to the biosphere, or by indirectly
effecting a transfer or exposure by altering the hydrogeologic regime.

E2. Natural Causes of Breach ng Geol'o gi c Confi nernent

In principle, the integrity of a radioactive waste repository may be
compromised by natural events such as tectonic or igneous activity,
erosion, and meteorite impact. Several natural hazards (e.g, , impact by
a huge meteorite and volca»ism) would, if they were to affect a
repository, result in an essentially instantaneous breaching of' the site
and immediate dispersal of contaminants. Most geologic processes,
however, operate at extremely slow rates and couid require tens of
thousands of years to effect the breaching of confinement.

F2a. Tectonic Activity

The specific types of tectonic activity of greatest possible
consequence to the integrity of a radioactive waste repository are
fracturing, faulting, and diapirisn&. Fracturing is important primarily
in regard to i ts possi ble effect on the hydrogeo logic reg inde and
subsequent transport of contaminants by ground water; the effects of
fracture ing v ill therefore be considered in section F dealing with
hyd t ogeolog ic transport. Fau 1 ting a»d diapi rism both may effect

contango

i nant transfer by large-scale movensen t of rock n&asses--
faulting by relative displacement along a surface or zone, diapirism by
the mass flow a»d penetration of overlying strata by a rock unit of
high ductility. Tra»sport to the biosphere would still require coiitact
of the waste bearing rock niasses with surface or ground water.
Faulting ca», alter»aiively or concomitantly, affect the hydrogeologic
regin&e a»d groundwater flow patter»s, as well. 1'he latter effect will
also he treated in the section on hydrogeologic iransport. 1 his section
deals o»ly with the 1arge-scale displacer»ent of rock n&asses that could
be effected by fauliing a»d by diapirism, respectively.

1» theory, either or both of two conjugate faults synii»elric'&lly
orie»ted with respect to the maxi»&un' pri»cipal stress axis could
develop in sufficiently stressed rocks. Each would typically make an
angle of about 30 with this axis and their line of intersection would
be the direction of the intermediate principal stress. Thus, a vertical
fault typica11y reflects a horizontal maximum principal stress and is
characterized by horizontal displacement along it. Similarly, a fault
dipping 60' typically reflects a vertical maximum principal stress and
is characterized by vertical displacement which is a component of slip
parallel to the dip of,. the fault.

The rate at which relative offset occurs a1ong a fault surface or
fault zone can vary by several orders of magnitude for different
faults. Available data indicate that the rate tends to be faster for
nearly vertical faults along which the relative displacement is
horizontal than for steeply dipping faults with large components of
vertical displacement. The horizontal movement along the San
Andreas fault in California, for example, is estimated to be about 4
cm/yr; that for vertical displacement on major faults in the Basin and
Range Province of the western United States probably does not exceed
a few mm/yr and is more likely to be an order of magnitude slower
than that. Horizontal displacement along a vertica1 fault would be of
significance with regard to a waste repository site only insofar as it
affects the hydrogeologic regime. Vertical displacement at a rate of 1
mm/yr would indicate a realistic estimate of the maximum vertical
displacement in 250,000 years to be about 250 m. We conclude that a
repository could be located at sufficient depth that faulting, if it were
to occur at the site, wou/d not transfer the rock mass containing
radioactive waste to the biosphere during the period of concern.

For site specif ic studies, an estimate can be made of the
probability of a fault i»tersecting the repository. To provide an
estiniate of what this might be for a specific site in SE New Mexico,
Clai borne and Gera (Clai borne and Gera, 1974) calculated a
probability of 4 x 10 per year thai. a fault will i»tersect the 8 km2
area of the site. As they point out, it carinot be assur»ed that this
probability is necessarily that of breaching the geologic confinement.
1'he relationship between the two probabilities is dependent upori the
probability that the fault would either provide for a hydraulic
connection or for co»tact of the disposal horizon with an aquifer.
DetaiIed geologic information that would per mit an a»alysis of the
mechanics of faulting would provide for the most reIiabii: estimates. of
these probabilities. Because of the possible effect of a fault, eve» of
limited displace»&ent, on the hydrogeologic regin&e, we feel that such a
site-specific fairli a»alysis should be niade part of the site selection
criteria for a»y proposed i.epositoi y site.

l3i;& pi rism is a phe»otneno» n)ost co»&mon in salt a»d other-
evapot ites, but. diapirisn& can occur in shale and ceriai» oiher rock
types as well. Pr.essure disequilibriuiu a»d high duciiliiy, both of
which c r» t&e enha»ced by high te»ipetature, are the pri»cipal
cor&it'ibutit&g factors to diapitis»i. Ot ptima]y concei» with regard to
the integrity of a repository are the ductility and rupture strength of
rock units immediately overlying the disposal unit, and the pressure-
ancl time-dependent behavior of the mobilized unit (which may be the
disposal unit). These factors control the mass flow of the involved
units and the likelihood of diapiric penetration.

For conditions most likely to be encountered in radioactive waste
disposal sites, rock salt is likely to display the greatest mobility of the
geologic media being considered. Estimates of the rate of salt
movement based on studies of the development of salt domes suggest a
maximum of about 0.3 mm/yr. This rate would produce a total
vertical displacement of less than 100 m in 250,000 years. We
conclude that a repository can be located at sufficient depth that
possible salt mobility would not be capable of transferring the waste-
containing salt to the biosphere during the period of concern.

E2b. Igneous Activity

Geologic processes that involve molten rock and associated gases
constitute igneous activity; volcanism includes all such processes that
occur at or near the earth's surface. Because the heat generation and
fluids associated with volcanism can totally dominate transport within
the vicinity of the activity, the probability of such activity occurring
in the vicinity of a possible repository si te m ust be eval uated.
Volcanism is almost invari'ably associated with faulting or large-scale
fractur ing of 'he earth's crust, although many major faults and
fractures commonly have no volcanic activity associated with them.
As Claiborrie and Gera (Claiborne and Gera, 1974) point out, the
probability of volcanism being initiated in a tectonically stable area
must therefore be significantly lower than the probability of
formation of a great fault. The association of volcanisrn with major
crustal features is we11 documented, and its distribution within recent
geologic periods is reasonably well known. However, intrusive bodies
such as d i kes and si 1 ls are commonly observed i n sed i mentary
sequences, and other evidence of igneous activity such as diatremes,
which are breccia-filled volcanic pipes formed by gaseous explosion,
are so nieti mes encoder n tered in unexpected places. Nevertheless,
i»for»sation on past. igneous activity and faulting as .determined from
geologic exploration can be used to identify areas with high and low
probabi 1 i ties of volcan ic acti vi ty, and we conclude that n u numerous

repository sites can he located for which the probability of breaching
by faulti»g or by volcanism can be reduced to very low levels.

E2 c. Erosion

I'he effects of erosion of possible co»seque»ce to a radioactive
wasie repository siie «re (-1} loweri»g of the land surface a»d exposure
of the wasie to ihe agents of erosio» a»d (2} cha»ges in the hydI. aulic
he &d distributio» a»d sig»ifica»t a1ieraiion of ihe hydlogeologlc flow
I eg i 11le.

Various geologic observations indicate that a general lowering of
the land surface by erosion of more than 50 m in 250,000 years is
unlikely. Where the principal agent of erosion is stream action the
rate of erosion locally could possibly be several times greater.
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However, the -Iiniiting depth of erosion can be assessed in terms of the
potential base level for the streams (e.g. , sea level). Even if the most
rapid known rates of erosion are used to predict the total depth of
erosion over a significant length of geologic tinie, and the maximum
likely regional uplift is assumed, we conclude that it would be possible
to locate a repository site well below the depth of the projected
erosion. Moreover, inasmuch as the maximum local relief would be
associated with stream valleys, the probability of exposure by' erosion
would have to be coupled with the probability of a stream valley being
developed directly above the repository.

For repository sites to be located in areas of possible future
glaciation, an estimate of the maxium possible scour {erosion) by the
glacier would need to be made. Estimates of glacial scour indicate
that this could be as much as several hundred meters in some
instances. A repository could be located at greater depths.

Although exposure of a deep repository by erosion is highly
improbable, modification of the hydrogeologic flow regime by erosion
is possible. The nature and extent of such modification would depend
largely on the magnitude of the local relief but also on the areal
distribution of this relief, insofar as these affect tI configuration of
the water table. The effect of the maximum probable erosion on the
hydrogeologic regime at a specific site should be a required part of the
hydrogeologic analysis, as will be discussed in section F on
hydrogeologic transport.

E2d. Meteorite Impact

Claiborne and Gera (Claiborne and Gera, 1974) have discussed at
length the probabi 1 ity of nieteor i tie impact and i ts possible
consequences. Two cases are identifred with respect to a waste
repository: (1) the depth of cratering reaches or exceeds the depth of
burial; and {2) the depth of cralering is less than the depth of burial
but fracturing associated with the impact extends to the burial
horizon.

Craters produced by impact have a total depth about one-third of
the diameter. For an assumed depth of bui ial of radioactive waste at
600 tn, for ex uiiple, Claibor»e a»el Gera point out that. a craters' nearly
2 kni i» dia»ieler would be required to cause an i»slant ineous release
of part of tlie radioactive niaterial a»d th;it the pi obability of
fo~ »ration by»ieteoritic inipact of a crater of this size or larger is
about 2 x 10 ~/ kni2/yr. For an assu»ied repository «rea of about 8
kni the probability of a catastrophic hit o» this are;i would thus be
about 2 x 10 7 i» a period of 10~' years. We co»elude tliat a repository
could be located at sufficierit depth tliat it would»ot. be bre;iclied by
meteorite impact.

E3. Ant Aropogeni c Causes of Breachi ng Geologi c Confi nement

Possible causes of loss of confinement that may result from the
activities of man include: sabotage, surface nuclear explosions,
drilling, and modifications of the geologic environment related to
emplacement of the waste. The first three of these have been
discussed by Claiborne and Gera (Claiborne and Gera, 1974).

E3a. Sabotage

If the intent of sabotage were the release of large quantities of
radioactive materials to the environment, this would be extremely
difficult to impossible once the respository is sealed. Si&ch actions
would require utilization of machinery far drilling and excavating,
and the protection for considerable periods of time by an armed force
capable of resisting counter-measures by the authorities. Prior to
seal ing of the repository, appropriate protective measures against
possible sabotage would need to be implemented, but we conclude that
sabotage is not a likely mode of breaching the geologic confinement
once the repository is sealed.

E3b. Sur face Nuclear Explosi ons

According to Claiborne and Gera (Claiborne and Gera, 1974) a
50-megaton explosion would produce a potential crater depth in dry
soil of 340 m and a fracture zone extending to 500 m. We conclude
that a repository site can be located at depths well beIow thc direct or
indirect effects of a surface burst of nuclear weapons of known or
projected capacity.

E3c. Dri lli ng

Inadvertent encounter with radioactive waste canisters in a
repository by drilling fro»i the surface would presumably occur only
wit, h the loss of records caused by war or political or social upheaval.
Claibor»e and Gera {Claiborne and Gera, 1974}co»elude that, even if
the coniplete collapse of our preserit civilizatio» is postulated, the
possibility of a r~ndorii encounter with the radr'oactive waste by
dri I 1 i»g is suf f ici e» tl y snial I and the conseque»ces, if raridoni
e»counter were to occur, are so restricted that this is thought »ot to
prese» t, a serious liazard.

CI;&iboirie a»d C~era did riot consider' the possible effects o» the
h~ drogeologic regi»ie of drill i»g for water ol the possibility of a
sflbseque»t civilizatiori i»adverle»tly e»counteL i»g the disposal
horizori i» iis «Lle»ipL to exploit a»ii»eral deposit. Grou»d water is a
v,iluable resource uid i~ exte»sive1): "»ii»ed" i» «reas that require
ii rigatiori f or «g&'ici&l lural p& oduction. I'he ~~ it. lidrawa1 of large
«»iou» ts of grourid w iver can sig» if icaritly;&i ter the water t &hie

collf igurat lorl a»cl, «s a co»sequef lee, cha»ge both g& ou»dwater t low
velocities ancl directions. Factors that affect hydrogeologic transport
will be discussed in section F of this chapter.

Man commonly drills in an effort to uncover or exploit resources.
It is conceivable that at some time in the future such activity may
occur in the vicinity of a repository because of the possible
association of the repository with a resource. When the resource being
sought is salt, it is further possible that solution mining may be
instituted and, as a result, radioactive material might, be brought to the
surface. We. cannot evaluate this possibility quantitatively but believe
it to be small. Because man lias historically sought first deposits that
are characterized by the highest concentration of desired material, we
strongly recommend location of a repository in a geologic medium
that is sufficiently devoid of mineral or element concentrations or
that is found in a sufficierit number of places that it. would likely be
un at tracti ve to a future generation seeking mineral resources.

E3d. Modifications Related to 8'ast e Emplacement

The stability of the repository vault during the desired period of
demonstrated retrievability is a short-term consideration; it is affected
both by heat produced by the emplaced radioactive waste, and by
altered stress distributions caused by excavation and related to the
cavern geometry. I'he short- term effects can be evaluated wi th
reasonable confidence by means of in situ testing and appropriate
modeling. Mo:.e difficu1t is the prediction of long-term consequences
of thermal loading in the disposal unit owing to the continued heat
generation of the contained radioactive waste. Specific effects will be
dependent upon the rock type involved a»d upon temperature levels
achieved. For salt, the effects may be predominantly mechanical; for
shales and other rock types containing water or hydrous phases, the
effects could be more complex, and could involve changes in both the
mechanical and transport properties of the rock mass. It is clear that
the nature of the wasteform co«ld be quite important in this regard;
for exaniple, the thermal history after emplacement of spent fuel
elements wou1d be very different from that produced by waste derived
from reprocessed fuels. We strongly su ppor t a nd encou rage
appropriate research on the therniaI effects on the mechanical and
cheniical stability of candidate rock types and upon the groundwater
reginie so that specified therriial 1oadings for i»dividual rock types can
be made an integral par t of the design .basis for each proposed
repos i tory.

F. Transport to tire Biosplrere

I"I. Introductory Remarks

For buried radioactive waste the only important medium of
radionuclide transport -- i.e, , capable of potential transfer of
radionuclides from a repository to the biosphere -- is ground water.
A favorable groundwater regime can by itself provide effective waste
isolation in that radionuclides would be transported so slowly that
they would not reach the biosphere during the desired period of
isolation. Because of the extreme importance of hydrogeology to
HLW management, the parameters that characterize the h;drogeologic
system and an appropriate means of quan titati vely analyzing the
groundwater regime are discussed in some detail in this section.
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F2. Contaminant Transport in Groundwater Systems

Contaminants move in the subsurface as a result of two physical
processes, convection and dispersion. Disper'sion will be discussed in
Section F5 along with other concentration attenuation mechanisms.
With convective transport, the ground water carries the contaminant
along in solution; the direction of convective contaminant transport
therefore coincides with the direction of groundwater flow. As a
first approximation, the rates of convective contaminant transport
and groundwater flow often are assumed to be equal. However, it is
well known that other phenomena that are related to the electrical
properties of the porous niedium can act to enhance or impede
convective ion transport (Corey, et al. , 1963; Krupp, et al. , 1972;
Merten, 1966).

The fact that ground water generally moves in the subsurface
implies the existence of a thr ee-dimensional potential field that
provides the driving force. The configuration of the potential field
depends on at 1east four factors:

1. The par'ticular forces or potentials that act within the region
(e.g., gravity, chemical or ter»perature pot'entials).

2. I he geometry of the region in which the potential field exists.

3. The existing boundary conditions.

4. The nature a»d vuiation of properties that control the flow
wit. l&in the region.

configuration. Thus, this surface can be appioximated from
topog rap?i ic rela ti o»s. To»measure the ac tloral wa ter-table
coll f rgllr"lt roll i t rs tlecessary lo place obser va troll we1ls I» the basin.

F4. The I-/p'di auli c J'otenli al F'i eld

1 he gravity poter&LI;11 field clrivi»g grou»dwater flow is deper&der&t
on the tollowi»g three factors (Freeze, 1969):

l. 1'he ratio of depth to 1 &ter;&I exte»t. of the gro«»clwater basin.

2. The configuration of the water table.

3. The geologic configuration controlling contrasts in hydraulic
conductivity.

Depth/Jateral Extent Ratio. As the depth to lateral extent (D/L)
ratio of the groundwater basin becomes small, the lateral extent of
the flow field becomes greater than the depth of circulation, and an
extensive area of lateral flow exists. As the 0/L ratio becomes large,
the region of lateral flow vanishes, or shrinks to a line, with major
components of flow being directed both upward and downward. In
general, D/L ratios varying from 1:12 to 1:4 appear not to a1ter
significantly the largely lateral flow that occurs in the lower third of
the basin. However, if the water-table configuration (see below) is
hummocky, one might expect significant vertical convection at several
places throughout the basin, with specific effects being very much
dependent upon the distribution of hydraulic conductivities (cf.
Freeze, 1969).

Wheri these factors are conlplctely defi»ed, the res«1ti»g potential
clisti ibut. ion dictates the. flow velocities thro«gho«t the field.

1» shallow gio«»dwater systems gtavit&' is t?&e cloi»I»;mt Qr'iving
force rllov l»g water lh r'o«gh the sysle»1, 'l»cl t?le coIlf Igllr ltlon ot the
w &ter t &ble;»rd the geolo ic corsfiguratio» -- i e., the srrbsurface
varia rior& iri hydra«1 ic co»cluctivi ty" -- «re pri»ci pal factors that
determine the potential. distribution. This particular case of
grounclwater flow will be used as the basis for analysis in section F6.
In deep basins thermal gradients and other potentials may affect
groundwater flow; such possible effect,:would have to be considered
in the analysis of specific sites {cf. Olsen, 1972).

F3. The Groundwater Basin

The groundwater basin is a fundamental concept for the analysis
of groundwater flow in shallow systems over extensive regions. (The
term should not be confused wi th "sedimentary", "structural", or
"topographic" basin. ) 1» its simplest form, the groundwater basin is a
closed three-dimensional region in that all waters that enter the
groundwater systems within that region also exit within that same
region. In other terms, the lateral and bottom boundaries of the
region are no-flux boundaries (i.e., flow cannot pass through them).
Water moves into and out of the region only through the upper
boundary, which is the water table.

Field studies indicate that the extent of a groundwater basin is
controlled by major topographic features -- i.e., major groundwater
divides create the lateral boundaries of the region. These boundaries
will be exactly vertical only if the water-table conf iguration is
symmetric on opposite sides of the divide. Theoretical analysis
demonstrates, however, that deviation from the vertical would
generally not be large and the eff ect on the flow pattern of
asymmetry across water-table divides is small (cf. Freeze, 1969). In
practice, the lateral boundaries of the basin are placed at the major
water table divides in recharge and discharge areas.

A groundwater basin is assur»ed to be bounded on the bottom by
an impermeable surface that is typically nearly horizontal. In
practice, the effective depth to the basal-impermeable boundary can
be taken as the depth to the bottom surface of the lowermost,
high-per'meability layer in the system. Although units below this
boundary may not be actually impermeable, the equipotential lines
there are usually vertical a»d the boundary will behave as though it
were impermeable. This statement will be quantitatively more exact
as the per»&eability contrasts increase (Freeze, 1969).

Toth (Toth, 1962, 1963) has emphasized that the configuration of,/ /

the water table is of ten a subdued replica of the topographic

Water-Table Configuration. The driving potential for isotherma1
groundwater flow in a region is related to the water-table
configuration, and careful determination of the water-table
configuration is essential to accurate definition of the groundwater
flow system.

The ge»eral effects of water- table conf iguration have been
evaluated by Freeze {Freeze, 1969) in several theoretical models in
which the D/L ratio was varied from 1;4 to 1:12 and the total relief
of the water table (difterence in elevation between its highest and
lowest points) to lateral extent (R/L) ratio was varied from 1:20 to
1:60 for several water-table configurations. His conclusions include
the following:

1, A gen tie, con stan t regional water-table slope over a
homogeneous medium results in flow that is essentially horizontal.

2. The existence of a hummocky water-table configuration
results in »«numerous sub-basins within the major grouridwater basin;
instead of movii~g laterally for large distances, ground waters tend to
have significant upward arrd downward flow components.

3. Larger depth/lateral extent ratios result in a smaller influence
on the total flow pattern by individual hurnmocks in the water-table
conf igui ation.

The latter two co»clusioris confirm the findings of l oth (1'oth, 1963)./ . , /

that the Influence of the hummocks increases as {a) their ainplitude
i»creases «nd (b) the depth/lateral extent ratio decreases.

Geologic Cour fi g«rati on. T he water- table conf ig«] ation a»d the
geologic co»fIg«rat. ion aie the princip;&1 governing factors that control
grou»dwater flow in isother»ial systems. Both can exist i» i»finite
variety. However, as with the analysis of water-table configuration,
the general influence of the geologic configuration can be assessed
effectively by means of theoretical models. For each of two
represen tati ve water- table conf ig urations, Freeze (1969) has
investigated a wide range- of hydraulic conductivity configurations
including 2-layer cases, 3-layer cases, partial aquifers, and sloping
aquif ers and aquicl udes. Conclusions especially relevant to the
subject of this report include:

1. The vertical flow through a low-permeability layer becomes
more pronounced with an increase in the permeability ratio between
it and an underlying layer of higher permeability.

2. The flow pattern resulting from a 2-layer case in which the
upper layer has the higher permeability is almost identical to that of
the homogeneous single-layer case.

i
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3. The presence of a partial basal aquifer in the recharge half of
the basin results in a vertical upward flow in the midclle of the basin,
above the downstream termination of the aquifer.

F5. Concentration Attenuation AIechani sms

The primary mechanism of contaminant transfer through a
subsurface f'low system is convective transfer, by which contaminants
travel at the same rate of flow and in the same direction as the
carrier fluid. Other processes are secondary mechanisms and tend to
produce a divergence from this idealized transport process. Both
cheniical and nuclear processes act in addition to the physical
processes to affect radionuclide migration. Of greatest significance
are sorption and radioactive decay. The former has the effect of
reducing the flow velocity of contaminants relative to that of the
groundwater; contaminant ions in solution are coupled via exchange
reactions with the solid phase of the porous medi u»i Lo br i»g about a
reduction of contango i»an t concen trations in sol ution (cf. Robinson,
1962; Borg et al, 1976). Spo»taneous radioactive decay of
contami»ants constitutes an important concentration atte»uation
mechanism that is indepe»dent of gi oundwater flow velocity and
dispersion, the physical a»el chemical environ»sent, and properties of
the niedium.

Dispersion. Mechanical dispersion is a mixing pheno»ienon. It is
caused by variations in 'velocity which on a niicroscopic scale result
fro»i heterogeneity of the pore structure and on a n&acro- and
»seg;iscopic scale f& one heteroge»eit~ of LIie porous»iediu»1 wltll

respect to hyd~ aulic conductivity, Differe»ces i» velocity between
dissolved conLai»i»a»ts a»d the co»vective front wiII Lypicaliy occur
because of differe»ces in le»gLk of flow paLhs foi the tra»spoi ted
ions. Dispeisio» causes a co»vective co»ra»ii»a»L fro»t »roving

thorough a porous n&ediu»& Lo spread laterally «»cl lo»giLudi»ally a»d,
hence, Lo dilute; it is therefore an inipor ta»L co»ce»tration
attenuation mechanism. 'A secondary component of the dispersion
mechanism -- mass flow in response to a concentration gradient, or
dif'f'usion -- can also contribute to dilution. However, diffusion is
only important when the velocity of ground water is very small
(Reddell and Sunada, 1970) and, hence, it is generally subordinate to
convective mixing as a concentration attenuation mechanism. Freeze
(Freeze, 19/2) comments that many authors have included molecular
diffusion in their mathematical analyses, but all have concluded that
its attenuating influence is unimportant in coniparison with
dispersion.

The magnitude of dispersion effects is generally considered to be
directly proportional to the product of the velocity of groundwater
flow and the dispersivity, a characteristic parameter of the porous
medium (Bear, 1972). Porous medium dispersivity is diff icult to
measure because the magnitude of dispersion appears to be heavily
dependent upon the scale of the field of measurement. As the scale
increases, macroscopic and megascopic, as well as microscopic,
heterogeneities affect the dispersion. Laboratory measurements have
been shown to underestimate porous medium dispersivity of natural
systems by as much as three orders of magnitude (Reddell and
Sunada, 1970). Field measurements are most satisfactory, but may
not be possible if flow velocities are very low. Some recent work
suggests that independent estimates of porous medium dispersivity
may be possible if sufficient data on the conductivity characteristics
and spatial su.icture of the porous niedium are available.

ln media with 1ow dispersivity, the extent of contaminant
transport approximates that resulting entirely from forced
convection. As the dispersivity increases, the contaminants are spread
over a much larger area--in some instances, the area nearly doubles
with each order-of-magnitude increase in the dispersivity. Moreover,
the contaminant zone is enlarged significantly when a layer of higher
dispersi vity overlies a layer of lower d ispersi vi ty, than vice versa.
And, the position and extent of a contaminant zone is highly
dependent upon the contaminant inflow location relative Io the
groundwater flow pattern in the basin (cf. Schwartz, 197S).

I'ke disL~'ihutio» coefficie»r character. izes the degree of coupling
betwee» Lhe so~bed phase:~»cl Llie co»La»ii»a»t in solutio». It. is often
assui»ecI that tlie i»ovenie»L of a cn»Lai»in;»iL species past an active
exchange siLe is slow e»ougli LhaL poi»Lwise equi Iibt iu»& is obLa i»ed
beLwee» sol ut io» 'l flcl excIE'l»ger. The effect of this react ior& is to
parLition tire co»ta~»i»a»L n&aLet'iaI betwee» ttie pore soluLio» «»d the

solid phase. When the distribution coeffici-nt has a high value,
strong coupling occurs via the cation exchange reaction. In these
instances, and if the solution is suf ficiently dilute that the ion
exchange sites are far from bei»g saturated by the contaminant, the
average velocity of the contaminant ion is reduced to the pore
solution velocity times the fraction of the ion in solution. The
fraction in solution is (1 + Vdp ) where p, is equal to the bulk
density of the solid divided by its effective porosity.

The CEC measures the capacity of the sorptive reservoir provided
by the porous medium, and it is primarily dependent on the
abundance and the t,, pe of clay minerals present. Because of this, the
CEC may vary considerab1y within a basin owing to the presence of
geologic layering. As would be expected, the extent of the
contaminant zone is reduced in direct proportion to the magnitude of
the, cation exchange capacity. It should be emphasized that the
measured CEC is mean i ngf uI on ly when groundwater f'low is
interg ran ular; the CEC of a porous med i um is reduced as an
increasing proportion of transport occurs within a fracture network.

Ion va1ence is a third parameter controlling cation exchange.
Contaminant spread is minimized when two monovalent contaminant
species dissolved in the pore fluid are able to exchange with one
adsorbed divalent ion in the solid phase; the least amount of
confinement occurs when the dissolved contaminant is divalent and
the adsorbed species is monovalent. The area of the contaminant
zone is essentially quadrupled from the former to the latter situation.

The exchange process is influenced considerably by ion size,
hydration, and seat of the exchange position on the clay mineral, as
we11 as valence, concentration of competing ions in so1 ution
(especiaIly Ca++, Mg++, and Na+), and pH of the pore solution. An
excellent review of factors affecting cation exchange is provided by
Robinson {Robinson, 1962).

5'eathering (I caching) Rute. The maximum rate at which Ieachates
(contami»a»ts) might enter the groundwater system is controlled by
the chem ical wea ther i ng (leach ing) rate of the radioactive waste
materiaI. The effect of increasing the time required for a11 the waste
to enter the groundwater system is to decrease the degree of
co»tan&i»ation by increasing the area of the contaminated zone and
by shifting the center of this zone toward the recharge area (cf.
Schwartz, 1975). Although data are being accuniulated regardiiig
leaching rates of waste forms {cf. Sections 62 and G3), little is
known about Lhe weathering or leaching rates of fission products and
«ct i» ides i n natural m rterials.

Sonic i»sight in Lkis regard h is been provided by the OKI..O
phenon&e»on in the G;~bon 1&epublic of West Africa {OK[..O, 1975),
where co»vincing a»d quantitative evidence exists that a riatural
reacLor operated theI;e approxiniately 1.8 billio» years ago. Because
of the obvious difficulty of devising experiments to evaluate the
stability over 10 - 10 years of ions included in or adsorbed on
various mineral species, information regarding i'on mobility at OKLO
may have particular relevance to problems of radioactive waste
management. At least half of the approximately 30 fission-product
elements - have remained immobilized; Rb, Cs, Sr, and Ba, and
probably Cd, all made in the reactor, have mostly disappeared. Yet,

Zr produced by the decay of 9 Sr, is accounted for, indicating that
little of the Sr was transported from the vicinity of the reactor.
Walton and Cowan (OKLO-7S) concluded that the principal
radioactive products that were released into the biosphere in
measurable amounts at the time of the reaction were " Kr and
possibly a little Cs and OSr. Plutonium was efficiently confined.

Cation Exchange. Parameters representing the possible exchange
between contaminant ions in solution and those in the solid phase of
the porous medium include the distribution coefficient (Kd), cation
exchange capaci ty (CEC), and ion valence. The effects of these
para»&eters on contaminant. distribution by grourid water are
evaluated by Schwartz {Schwartz, 197S).

F6. Quantitative Analysis of Groundwater F/oe and Mass Transport

Of primary concern in the evaluation of a radioactive waste
storage/disposal site are accurate determination of the expected degree
of conf inement in the subsurface and accurate prediction of the
probable pattern of contaminant migration. The complexity of the
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processes involved in the transport of radioactive ions makes it
impossible to evaluate simultaneously by empirical means all of the
factors that control transport and attenuation. With the added
complexity of a real geologic situation, the advantages of a predictive
mathematical approach become evident (cf. Schwartz, 1975}.

The contaminant transfer problem is formulated mathematically
by a coupled pair of partial differential equations; one describing the
flow of ground water and the other describing the flow of dissolved
radioactive co»tarn i nan t. The parameter that couples these two
equations is th» groundwater velocity, and a quantitative description of
the veloci ty is a necessary requi remen t for a solution of the
contaminant flow equation. 'I'he velocity distribution can be
calculated from the temporal and spatial distribution of hydraulic
head which, with specification of appropriate boundary conditions, is
described by solution of the fpilowing equation, where S equals

specific storage, L; K equals hydraulic conductivity, LT ~; h equals
head, L:

[C--—— = S-—,~ = xy
BX0 $X~ 6t

The contaminant flow can be represented by the following form
of the convection-dispersion equation that is obtained by combining
the continuity equation for the ith contan&i»ant in a muiticomponent
system, a flux-force equation involving the concentration gradient and
an equation of state:

time during the period of concern (possibly up to 106 years) will be,
in fact, located within an active groundwater flow system. Thus,
careful consideration must be given to the factors that most affect
tra»sport and attenuation mechanisms associated with groundwater
flow, and quantitative analysis of groundwater flow and mass
transport should be an integral part of the site selection criteria for
each proposed repository. In this regard the following are appropriate
general co»ditio»s that could be expected to lead to acceptability if
den&onstrated for a specif ic site:

1. 1 he direction of groundwater flow, if any, in the disposal unit
is h or izon ta1.

2. The waste can be placed at locations in the unit where upward
vertical flow of ground water is»ot likely or possible.

low.
3. The hydraulic conductivity in the disposal u»it is extremely

I'he i»te»t ot the third co»dition is to I»sure that the qua»tity of
walei that »soves through tiie unit is sufficiently sniall;&»d is
sufficie»lly slow Lhat co»tan)i~&;&»ts will »ol re;&ch the biosphere with
unacceptable «ctivity du~ i»g the desii ed pei iod of isoiat io». This
restricted transport is dictated largely by characteristics of' the medium
(e.g. , permeability, effective porosity, sorption characteristics). The
first and second conditIons depend upon the co»figuration of the
water table, on the geologic configuration of hydraulic conductivities,
and on the i n flue»ce of other po tentials. The intent of these
conditions is to increase the path length and, hence, increase the time
required for transport to the biospi~ere.

Qf& = xyz

As Schwartz (Schwartz, 1977) points out, it is unreasonable to
expect a model to yield a precise description of contaminant
distributions in a real subsurface situation, Problems of accurately
specifying the actual configurations and of determining appropriate
values of transport parameters add uncertain ties to the analysis.
Nevertheless, the predictive methodology provides the only way to
evaluate simultaneously all signif icant transport and attenuation
processes. By selecting realistic and conservative parameter values the
minimum and maximum extent of subsurface contamination can be
obtained from two deterministic model trials. Taken together, the
results yield a range in contaminant distributions that reflects the
uncertainty of the input parameters.

I'6a. General Ground eater Conditions Required for Site
Suitability

Although a proposed site may at the present time be "dry" and
seem free of the effects of ground water, it undoubtedly is, or at some

where D,„p = dispersion coefficient which is a second rank tensor,

L T '; C = concentration of the dissolved form of the constituent, in
nlequiv. /»ii; U = velocity of the fiuid mixture in the n direction; Rk

rate of' production of constituent in reaction k fro»& n different
chei»ic. ~i processes, ML 1 '; e = porosity, diniensio»less; X are the
coordi»ates of a three dingle»sio»aI cai tesian system, a»d the
su»si»atio» conve»tio» has been used i» both equatio»s. I'his equation
is based o» the assu»option that co»vective mixii~g or dispersion is
descry ibable in a»&alI&e»i ~tical fo~ i» si»iil &r to I-ick's diffusion
eciuaLIon afld that si»gie-phase, isothermal-flow co»ditio»s exist.
Eiecti icai forces a»d/or»ieclla»ical frictio» forces that n&ight force a
porous»iediii»i to behave as a se»&i-pei»~cable»ie»~br ~ne aie»ot
considered here. A complete description of the subsurface
distribution of multicontaminants requires the sot. ution of an array of
mass-balance equations, one for each of the dissolved contaminant
species in the system and one for each of the major ion constituents
that react chemically with the contaminant species, If steady recharge
conditions obtain and the fluid density is independent of the aqueous
contaminant concentrations, it is sufficient to solve the flow prob1em
once, independent of chemical considerations, and incorporate the
steady velocity field into the mass-balance equation.

Although the quantity of water transmitted through a geologic unit
depends also on the hydraulic gradient, a hydraulic conductivity less
than 10 cm/s would result in a negligible amount of groundwater
flow for typical grad nts. Second, by selecting a geologic unit for the
disposal site location which has a permeability one or more orders of
magnitude lower than units overlying it, but higher than units
underlying it, the direction of any groundwater flow at the site would
be horizontal if gravity is the major driving force. Finally, the
probability of upward vertical flow at the site produced by gravity
flow can be reduced to a negligible level by locating the site in or
adjacent to the stagnant zone beneath a recharge area of the
groundwater basin. The rate and extent of contaminant distribution is
especially sensitive to site location re1ative to the groundwater flow
system. Although location in a stagnant zone may be most desirable, a
site in the transient zone between recharge and discharge areas can be
quite acceptable for sufficiently long path lengths to the biosphere. It
is important also to evaluate the mechanisn~ of discharge for the
particular flow system -- i.e., whether discharge is into a closed basin
or an open valley, in to a lake or a river, or directly into the
atmosphere by evaporation.

In addition to quantitative analysis of the groundwater flow and
mass transport for existing conditions at a proposed site, an analysis
should be made for extreme conditions that could possibly affect the
site during the desired period of isolation. Thus, the effects on the
water-table configuration of possible changes in climate, in
topographic configuration, and in cinema»ds on water supply need to be
evaluated, along with the effects on the geologic configuration (i.e.,
the permeabitity distr ibutions} of possible faulting and fracturing, in
order to determine that unacceptable variations in the grou»dwater
velocity field are»ot likely to develop during the desirable period of
isolation.

F6b. Groundwater Af odeli ng as a Predictive Methodology

We have u»dertake» son1e modeling of an isothermal
grou»dwater system for which gravity is the most i»important drivi»g
force, and present the results here to illustrate the essential
character istics of a predictive methodology. I'wo grou»dwater basi»
»models are used for this purpose: Lhe first illustrates grou»dwater
flow a»d co»tan&i»a»t distribution i» a layered seque»ce of
ho»eloge»eous «»d isotr0pic geologic units of differe»t permeabiiities;
the second illustrates the effects on the groundwater flow and
contaminant distribution of a major high permeability (e.g. , fault}
zone that passes through the layered model. The geologic
configurations of the two models are shown in Figures 7Fl and 7F2.
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The hydraulic conductivities assigned to the layers are given in the
captions; these may be compared with typical measured values for
different-geologic formations given in Table 7F:L. The sides and the
bottom of each model are no-flux boundaries, and the hyclraulic head
distributions used to determine the velocity fie1ds solely reflect the
water-table configuration which has a uniform gradient of 8.3 X 10 3.
In this modeling we have not considered the effects on hydraulic
potential of sediment compaction, osmotic pressure, fluid density or
temperature variation and other factors that may need to be
considered in site-specific analyses. The contoured hydraulic head
distribUtions thus derived for the two models are shown in Figures
7F3 and 7F4. Because these cross-sections are close to true scale and
the geologic units are isotropic, flow directions will be perpendicular
to the equipotential lines shown on the diagrams.

The respective velocity fields def ined by the hydraulic head
distributions are used to determine the effects of time, dispersivity,
ancl contaminant source location on the distribution of a non-
decaying contaminant that does not interact with the porous
medium -- i.e., we do not incorporate here the effects of such nuclear
and chemical processes as radioactive decay and sorption. In the
modeling of contaminant distributio~ presented here a finite number
of reference particles (e.g., 20} are supplied to the transport medium
(ground water) during a fixed time step (e.g., 104 years}. Each model
consists of a rectangular array of nodal points that define 13
horizontal rows and 36 vertical columns of cells, and the particles
initially are randomly distributed along a horizontal line that extends
&0 05 one cell length from the center (indicated by a S in the
figu res}- of a designated cell with i n the niodeled disposal un i t.

For each time. step each particle moves in two displacement
steps -- the first is deterministic, the second is random. The first
displacen&ent step is deternsined by the groundwater velocity vector,

The groundwater velocity (hydraulic conductivity Xhydraulic
gradient/effective porosi ty) at each particle coo "d i nate posi ti on within
a cell is calculated from the velocities at' the four - nodal points
defining the cell. I he character of the randon& displacenient step is
deternsined by a nornzal distribution for which one standard deviation
in the longitudinal direction {parallel to flow) is O.

l =(2(V&5,t)" and
f/~in the transvelse direction is cr& (0 4(&&t)" where ( is t!&e

dispersivity, V is the niagnitude of groundwater velocity, and h, t is
the tin&e step. 1he effect on contan&inant distributio» of the
dispersivity can be appreciated f ion& these rel;It. io»shIps. 1-'or these
~nodels the longitudin;tl dispersivity is t iken to be five tenses larger
than the tl lnsverse, similar to v hat knight be expected in a natural
geologic si t uation.

The resultant particle density distribution af ter any specified
period (number of time steps) can be used to determine concentrations
by assigning mass values to each particle as it enters the transport
(ground water) system. The concentration in a given cell is equal to
the total mass of all particles contained in the cell divided by the
volume of water in the cell (cell area X porosity}. The amount of
mass supplied to the transport medium (ground water) is determined
by the leaching rate of the contaminant at the source and the period
of time during w'hich leaching occurs.

The distribution of contaminant 'with increasing time is seen in
Figure 7FS. For this and the other similar figures that follow, the
number of particles found at any point within the intermediate
contoured area would be between 2 and 10 percent of those in the
system at that time; the outermost contour encloses all particles in the
system. For the model configuration shown in Figure 7FS, 99.8
percent of the particles added to the system remain confined within a
zone 3800 m lateral by 630 m vertical even after 0.8 x 10 yrs. The
remaining 0.2 percent lie within an additional lateral distance of 1270
m.

Mater ial Hydraulic Conducti v i~t

sl ate 1.1 x 10 cm/sec

quar tzi te

gr aywacke

clay, montmorillonite

1.6 x 109

2. 6 x 109

4. 7 x 109

till, cl ay-loam (inter granul ar) 2. 7-6. 0 x 10 9

salt, bedded'

tl 1 1, cl ay loam ( f ractUl ed)

shale"

6. 3 x 10 '

1.8 x 107

0. 7-2. 0 x 10 7

siltstone

limestone, argillaceous

dolomite

sandstone, silty

limestone

1.2 x 10 7

0.9 x 10 7

0 ' 9 x 10 6

2. 2 x 10 6

6.6 x 10 6

Sl 1 t 1.0-7. 8 x 10 5

graywacke (fractured)

sandstone, coarse

sand, r iver alluvial

3.9 x 105

0.9 x 10 3

1.7 x 10 2

Measurements for some salts give values as high as 1..5 x 10
b Measurements for some shales give values as low as 0.8 x 10-10

TABLE 7F1. Hydr8ulic conductivities of geologic media. Figure 7F6 illustrates the effect of dispersion length on the
distribution of contaminant for the same model configuration after
0.8 x 106 yrs. A dispersion length of 15m can be taken as typical. It
is clear that longer dispersion lengths cause the contaminant to be
more extensive. .-y distributed. Nevertheless, 98 percent of the particles
added to the system during this period remain confined within a zone
3800 m lateral by 630 m vertical even with a dispersivity of 30 m.
Most of the remaining 2 percent is distributed in the layer overlying
the disposal unit, with some particles havIng reached the'uppermost
aquifer by that length of time.

The effects of a major vertical zone of higher permeability, such
as might, characterize certain fault zones '(it should be noted that other
fault zones may represent effective barriers to flow), that passes
through the disposal unit are illustrated in Figures 7F7 and 7F8.
Comparison of the contoured hydraulic head distributions sho~n in
Figures 7F3 and 7F4 shows that the presence 'of a vertical zone of
high permeability alters the velocity field of groundwater flow.
Figure 7F7 illustrates how this can «ffect contaminant distribution
with increasing periods of time when the zone 1ies to the discharge
side of the contaminant source location. As might be expected, the
consequences of a zone ot high pel meability passing through the
contan&inant. source location are serious, As suggested by Figure 7F8,
significant 1osses of particles to .the biosphere occur with increasing
tl nle 9 pcf cefl t at Le I 10,000 y rs. a lid 2 5 pe rcell t af ter 15,000 y rs.
Fol tunately, as previously stated, we have concluded that l, he
probability of a fault intersecting a repository cc~uld be niade very
small, perhaps 10 ' ' per year or less.

The values of hydraulic conductivity and dispersion length used
for these models are not extreme (see Table 7F1); indeed, the assigned
values and the geologic situation represented by the uniformly layered
model are sufficiently ordinary that we anticipate no difficu1ty in
locating several sites with. suitable hydrogeology within the immediate
future. Although the layered model is characteristic of a sedimentary
rock sequence--which would include salt, shale, and limestone,
currently being considered by ERDA--a single-layer or.more complex
model can be developed for crystalline rock (e.g. , granite), with or
without overlying sedimentary layers. The values of hydraulic
conductivity and dispersion length, and the number of layers (as well
as their configurations} can be changed to simulate either an existing
or a hypothetical situation.
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FIG. 7F6. The effect of dispersivity on contaminant spread after a period of 800, 000 yrs; dispersion lengths assigned are:
{a) 3 m», {b) 15 m; {c) 30 m. Contaminant source location indicated by Q.
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FJG. 7F7. The effect with time of a vertical zone of high permeability located between contaminant source and groundwater
discharge area: (a) after 200, 000 yrs; (b) after 400, 000 yrs; (c) after 800, 000 yrs, Hydraulic conductivities as given in
Fig. 7F2. Contaminant source location indicated by S.
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F'IG. 7F8. The effect with time of a vertical zone of high permeability passing through a contaminant source: (a) «te», 000
yrs; (b) after 10,000 yrs; (c) after 15,000 yrs. Contaminant source location'indicated by S.
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F7. Site Sui tabi li ty Cri teri a

The examples of groundwater modeling we have presented, as
previously stated, are solely to illustrate the essential characteristics of
a predictive methodology. Because the effects of concen tration
attenuation mechanisms, which most certainly would be operative in a
natural environment, were not incorporated, the modeling is
conservative. (Recall, however, that the effects of potentials other
than gravity have also not been incorporated. In certain site-specific
evaluations, these could have sign if ica'nt influence. ) Conservative
modeling of this type would be appropriate for establishing a site
suitability criterion. Incorporation of the e;"fects of various
concentration attenuation mechanisms would lead to realistic
modeling which could provide a quantitative basis for comparing the
relative desirability of acceptable repository sites. We feel strongly
that the criteria for suitability of a site for a repository stiould include
specifications of appropriate hydrogeologic parameters, and that these
specifications should have to be satisfied by the present-day
hydrogeology and by the projected bouncls of the future hydrogeology
for the specific site. 1 his, in addition to criteria for site selection that
would minimize the possibility of the repository being breached

during the period of desi red isolation, either by»atu ral or by
anthropogenic processes, should constitute the necessary and sufficient
conditions that would ensure safe and reliable isolatio» of radioactive
waste from the biosphere. We recognize that additional criteria will

be needed to define exploration arid e»gineering procedures (as well as
satisfy envrroni»erital arid other factors) fo" any particular site, so as
not to compro»iise the geologic factors given above.

I» closing this sectIori we should emphasize th it any consider'ation
of the "appropriate" geolog Ical cond i tio»s for waste eni pl icenient
sli oil lcl ta ke i ll to accou lit riot oil 1y the I r kel r lloocl that wastes rli rgll t
»iove (i.e. , be tr'arispor ted by gr. or»id w;reer), burl;&Iso the probabIlity of-

these e»terI»g the blospher e;rrid the dosir»eti ic conseqrrerices if th rt

were to occur. A»iearis of evaluatirig the potential healrh effects of a
r'elease could be irsed to der'ive generic «s well «s site-specific criter'ia.

A question that needs to be addressed is: What are acceptable
consequences in terms of dose to a future exposed population? This
question should not have to bc answered prior to an analysis if a set of
reference criteria vvere established. For example, it niight be specified
that a population living in the 1ocale where the wastes might contact
the biosphere should not be exposed to (a) levels above some percent
of background; (b) levels greater than background (i.e., 0.1 rem/yr. );
(c) levels above present standards (i.e., 5 rem/generation); {d) chronic
exposures at levels at which biological effects might be manifested but
are unlikely to be observed (i.e., 0.5 rem/day); or (e) levels that would
elicit acute biological effects.

We recommend that modeling of the process from emplacement to
ultimate exposure by man be undertaken to determine the sensitivity

' of the dosimetric consequences to the parameters and assumptions
used in the modeling. The modeling should include the effects of
such processes as sorption and radioactive decay. Such modeling could
assign different leaching and sorption rates to different radioactive
species, which would affect their mobility rates, as well as include the
respective decay constants, which should determine levels of activity
with time. The results coulcl be used to define both research needs
and the critical parameters that might be incorporated in criteria for
site suitability; these could also be utilized in determining the period
over which isolation is required.

G. Improved WVasteforms

GZ. Motivation

In view of the conclusion that the emplacement of vitrified waste
into a geologic repository is likely to provide an adequate solution to
the problem of HLW management, is there motivation for further
research and development on wasteforms and if so what should be the
aims and goals of this development? The incentives for improved
wasteform processing are several: technical improvements and
modifications in existing processes can increase operating efficiency
and reduce occupational radiation exposures associated;vith routine
operation and maintenance; alternative wasteforms, e.g. metal-matrix-
encapsulated calcine pellets, may offer bet ter solutions than
vitrif ication to the problem of meeting design objectives of low

dispersability in case of accident, and of retrievability, at minimum
radiological hazard a»d economic cost; alternative wasteforms, e.g.
insoluble ceramics, which allow for safe waste disposal despite
continued contact with rapidly flowing groundwater would open a
wider range of geological disposal possibilities, perhaps useful for the
U.S., but most important for countries, e.g. Japan, with very limited
options for waste disposal; and such a wasteform would offer the
advantage of double protection if used in conjunction with a "safe"
geological environment.

62. Criteria

As in any engineering problem, the decisions concerning
solidif ication technologies require trade-offs among a variety of
objectives, a»d ca»riot be made without some definition of the costs or
benefits associated with these various objectives. In the case of
solidificatiori technology, U.S. pilot plant and European full scale
operations are providing a base for estiriiating the economic and
radiological exposure costs of at least the calcination and glassificatio»
processes and reasonable estiriiates of similar costs are possible for
various proposed alter'natives. Similarly one may evaluate the
ad v in tages of the various optioris as related tn the proble»is of
tl allspol t to, arid eniplacer»crit i», a federal waste repositor y arid of
retrievability. 1'he diff icrrlty i» r»aking reasoriable overall assess»ients
conies in defining criteria for wasteforrn perforniance on time scales
longer t.han 100 years.

Orie measure of the lorig term radiological hazard associated with
the ) ILW is t.he rrigest, iori hazard Iridex defI»ed in sectio» Bl, i»d a
v'i I r 0 Ly 0 f was Le Illa li'rge rile Il r st I a tegr es ll'i ve bee rl sir p pol red r?y

consideratio» of this iridex. II. shorrld be rioted tti rl.. Lhi» li;izard index
gives rio iridicatio» of absolute hazards frorii radio;rcllve wastes, si»ce
it rakes rlo «ccourlt of rile rl1ecliallrslils 'ilid pathways for' the
rridlvId&ral r'adIorruclldes ro reach the biosphere «rid u1tir»atel)' to reacli
illa ri k i rid. A iso, «s di scrrssed I » sect iori 152, o» ly in very 1I r» i ted cases
is the haz;»d Iridex a r»e;rriI»awful rneasur'e of everi the r'elative h;rzards

of radioactive wastes.

The establishment of well def ined criteria for wasteform
performance is essential to the orderly development of i»iprovcd
wasteforms. As indicated by the discussion of section B2, there will
be no simple index which can be used to defirie the hazard associated
with waste isolation. Sensible criteria can be developed on the basis
of modeling calculations and associated sensitivity analyses in which
wasteform leach rates are an input parameter. Development of
modeling techniques and the collection and evaluation of appropriate
geological input data are essential to the meaningful definition of
these criteria.

The impact of such studies upon development of new wasteforms
may be substantial. A possible conclusion is that the confidence in
geologic isolation is suff icient that the prime wasteform criteria
should relate only to short term safety, i.e., processing, handling and
retrievability problenis. Will modeling calculations show that actinide
transport in relevant environments is negligible and that the concern
is therefore only with behavior for 1000 years, not longer? Will the
model i ng show that there are indeed unlikely but conceivable
circumstances where wasteform durability on a 10 year or 105 year
time scale would offer significant added protection? Answers to these
sorts of questions and the development of more meaningful criteria
than "as low a leach rate as possible" are necessary as a guide to a
sensible resear h program on f'uture wasteforms.

One sees already the conflict between short a»d long term goals in
the development of glass if i ca tio» tech nology. In i m proving the
behavior of glasses wi th long term goals in m i nd, i.e., good
homogeneity and low leachability, programs have shifted to higher
melting point glasses to reduce leachability, a»d melting at as high a
temperature as possible to improve, through lower viscosity, the
mixing and the uniform dissolution of the HLW in the glass. I'he
resultant short term penalties involve problems of rrrtheriium
volatility, equipment maintenance, corrosion of the canister by the
melt, and high residual canister stress resulting frorTr the differential
contraction of stainless steel and glass upon cooling of the canister
from the higher te»iperatures. Without well defined development
goals and criteria it is impossible to decide how to make the necessary
desigri trade offs.
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Since the principa1 niear&s of tr'a»sport of radionuclides from the
geolo Ic:il e»~placeriient site to the biosphere is via aqtreotis tra»sport,
a» obvious design objective is to develop a wastefornl of strfficler&tly
high iesistar&ce to dissoltrtlors by gr'otrr&dwater' that whatevei' the rate of
gruuiiclwater tr;i»spoi t, the ri&te of rele;ise of har~»ftrl »material to the
ac1 Lleous fu eel 1 unr wou1d be su'f f rcre rl t1y 1ow to a void excess i ve
subseqtrerit expostire of «i)y i»dividtr;rl. Is it reasoii rble to siippose
Lhat wastefol 1»s of suff icierlt cher»ical durability «le achievable? Ale
the leach rates in the range, 10 " - 10 g/cm day quoted in the TAD
in a range which is useful?

Although meani ngf ul predictions and design cri teria wi11 be
obtained o»ly by careful modeling of specific situations, a very simple
example will serve to illustrate that a leaching rate of 10 g/cm day,
if reliably achievable, cou/d be a meaningful barrier to radionuclide
release, Consider the extreme case that a canister containing vitrified
high level waste is left in the drinking water reservoir of a small city,
without the protection of an outer can. Combining the leach rate
above, with the canister dimensions, a reservoir volume of 10 m, anci
a flushing time of 100 days leads to concentrations of radionuclides
below those specified as maximum permissible concentrations under
the regulations 10 CFR 20 during the time in which the fission
product activity dominates the hazard, that is for the order of 500
years after disposal. For the exposure to the transuranics, equal
protection (concentrations belo~ RCG's) would be obtained with leach
rates 10 times greater. We are well aware of many subtle difficulties
with such arguments; we make it only to illustrate that low leach rates
can give a very meaningful assist in the isolation of radioactive wastes.
The effectiveness of a low leach rate is not predicated on assuring no
release to the biosphere but on the knowledge that, in the event of the
failure of' complete confinement, the stability against leaching can
limit the release rate to what may be deemed acceptable levels. This
argurrient is modified if one anticipates a loss of mechanical integrity
of the glass, perhaps due to devitrif ication, to give characteristic
dimensions the order of millimeters instead of tens of centimeters,
thus increasing the surface area exposed to the leachant. Such a
granulation of the waste increases the steady state concentrations by a
factor of one hundred and the previously "safe disposal" of the waste
in the reservoir now gives rise to significant, though not disasterous,
health effects. Clearly one needs not only a low estimated release rate,
but a high degree of conf'idence in the reliability of that estimate.

Thus an important longer-term goal for the waste nianagement
program is the development of a wasteform with predictably low
leachability. The developn~ent of criteria for "suf f iciently low"
obviously requii'es more soph rsticated mocleling than the previous
argunient a»d we have already contin&ented on the need for such
model i ng. Our co»cer»s here are with two othe& aspects of the
problem. First, as noted above, some existi»g data indicate there
already exist n&ateri;&ls with attractively low leach rates. We wish to
address the question of' the extr;ipol etio» of these data to 1o»g times
a»d to geologic e»vir. orcome»ts. Second, we consider son&e alterriate
wasteforr» coricepts which r~&ay prove»iore satisfactory in provIdi»g
higher chemic;rl clur ability than the borosil Icate glasses.

63. 8'asteform Durability

Leachabi ti ty. Conf idence in the ability of a wasteform to
prevent long-term radio» uclide release to groundwater requires
detailed characterization of the leachabil ity of a variety of
radionuclides from the wasteform, and the ability to extrapolate that
characterization for long times to uncertain hydrochemical conditions.

Leach rates are measured by exposure of the wasteform to water
and determining either the erosion rate of the matrix or the rate of
leaching of' individual chemical species from the matrix. Results are
typically, though not invariably, expressed in units, of g/cm day. If
the leach rate is determined by sample weight loss, the units are
natural ones and the rate is calculated simply as the weight loss per
day divided by the exposed area of the sample. If the rate is
determined by radioactive or chemical assay of a particular species in
the leachant the rate is quoted in terms of the mass of material that
would have to be dissolved to release the measured amount of assayed
species under the assumption of no internal diffusion of that species
within the solid and no penetration of the leaching solution into
micropores of the material. In many examples, leach rates so

expressed are much larger than the actual dissolution rate of the
material because of rapid solid state diffusion of the assayed species
to the surface. Note that a dissolution rate measured by sample
weight loss may grossly underestimate the release rate of a highly
mobile species.

The difficulty of extrapolation of such test results can perhaps
best be illustrated simply by listing some of the sources of complexity
a»d uncertainty that arise.

1. Leach rates
one or niore orders
and dissolution at,
«ctin ides, typically
glass matrix.

of different chemical species freqtier~tly differ by
of' magnitude. Alkalis may leach by diffusion to,
an external surface or crack, while leaching of

slower, may result from direct dissolut;ion of the

2. Leach rates may be time dependent, raising questions about
lo»g term extrapolation, partictrlarly if the relevant »mechanisms are
riot undeistooc1. 13iffuston of ions to the surface, for exaniple, gives a
leach rate decreasi»g with time (Cxodbee ar~d Joy, 1974} as t '

3. p H of the leach i»g sol u tIon is i »~ porta» t for sonic
nlecha»rsr»s. Cat ion diff Lrsiors to the surface cail be ni irkedly
e» har&ced ir& low p H sol ii t iorr". (E11 iol arid A

uter,

1968); Lhe rapIcl
dIffusio» of hydrogen lror~» into a glass cars produce space charge
electric fields whIch drive other' catio»s out. of the glass at a rate
r»uch higher' Lheri predicLed froi» sii»pie dlfftrsion aigtrr»e»ts. 1'he

bre;rkdov n of the glass niattix, possibly the rate lirniti»g step for the
I elease of «cti » ides, is obser'ved to iricr ease wIth i »creasi »g pH i ii

some gl;isses (Vlliot a»d Atrty, 1968}.

4. Flow rate of the leaching sot. ution is' often an important
paranieter, and its effect may, be of either sign. For slow flow or
nearly stagnant conditions the dissolution rate may be limited by the
solubility of the ion in question or its rate of diffusion through a
stagnant surface layer of water to flowing water beyond. Increasing
flow rate will increase the dissolution rate. Hut the contrary is also
possible (Ikelley and Wallace, 1975). Stagnant. conditions can lead to
an increase in pH due to hydrogen-cation interchange; this increase
in pH then enhances the attack of the glass matrix. In this case,
increasing the flow rate can decrease the dissolution rate.

5. Concentrations of' appropriate ions in the leaching solution
may result in the precipitation of new minerals upon dissolution of
particular cations from the wasteform, thus effecti vely preventing
their release to aqueous transport. Other chemical species in the
water might increase the concentration of low solubility ions through
appropriate formation of chemical complexes.

8. Leach testing of i»homogeneous material, such as partially or
completely devitr if ied glass, offers fur ther problems of
interpretation. Two examples might serve to illustrate. A wasteform
consisting of highly soluble crystallites in an insoluble matrix could
serve as quite a satisfactory waste form, A leach test in which the
material was crushed to expose a large surface area, as is frequently
the practice, would expose many of the unprotected soluble crystals
and hence the material would appear to perforate poorly in the test.
In coritrast consider a material in which the radio»uclides ar'e tied up
in fairly low solubility crystals in a highly soliible matrix containing
little radioactivity. A short terna test on a monolithic sample, such as
the lAEA test, might result primarily iri dissolutiori of the r»atr'ix and
a few exposed waste-containtng crystals. Prolonged leaching,
ho~ever, could destroy the matrIx rather rapidly, exposing orders of
tnagnitude niore surface area of waste crystals to dissolution. Such a
materi;i1 would show a release rate of i ad ioacti vi ty which would
increase with tirile. Sirch i»tergranular leachi»g has been observed
(De, et al. , 1976) in sttrdies on r g1ass-ceramic wasteform.

6. Comparison of dif feren t glasses under a set of standard
conditions, e.g. , the IAEA standard leach test (EIespe, 1971), may give
misleading implications concerning their relative performance under
substantially different circumstances which might better approximate
actual conditions of exposure.

7. Because of the likelihood of devitrification of glass cooled for
tens of years in canisters with initial centerline temperatures as high
as 800" C, leaching tests made on the homogeneous glass may have
little relevance to the long term behavior of the wastes.
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9. L)evitiificatio» of glass does»oi le;id to a u»iquely defi»ed
state, but i a(her to one of a»uinber of states whose pi opei ties,
i »el ud t»g Ieachabi 1 ity, l»a)' clepe»d upo» the detailed l hei l»al afld

stress history of the glass. Simulation of the devi trif ication
anticipated in actual storage conditions may be difficult.

These ideas should indicate some of the difficulties inherent in
tryi ng to predict rel iably the long term behavior of the glass
wasteform. Establishing confidence in any such predictions will
require a much broader empirical data base, such as is currently being
obtained at HNW'L, on a variety of materials and over a wide range
of conditions. It will also require a deeper detailed unclersta»ding of
the leaching mechanisms and the consequences of devitrification. We
do not feel that the data base or the understanding currently justifies
reliance completely upon low leach rates as the principal barrier to
radionuclide release.

Mechanica/ Integrity. A second question of concern is that of
mechanical integrity of the wasteform after devitrif ication. The
devitrification of glasses can in some instances lead to a ceramic with
mechanical properties superior to that of the parent glass; i» other
cases it may lead to a complete loss of mechanical integrity, The
reduction of the waste from a monolith of characteristic dimensions
10's of centimeters to a powder of characteristic grain size 100's of
microns would naively be expected to increase the release rate to the
environment by a factor of 10 . For a given glass composition there
are a large number of stages involved in the devitrification process
(Roy, 1962), and the state which obtains depends upon the detailed
thermal (and . adiation) history of the material. "The devitrified
state" of a given glass composition is hardly a uniquely defined state
of the material, raising the obvious question again of the relevance of
the laboratory tests on material devitrif ied, using some pai ticular
thermal cycling, to the behavior of a real waste product which may
experience quite a different thermal history.

Radioactivity. A final set of problems deiiv s frons the presence
of radio»uclides in the waste a»d the effects upon the wasteforr» of
the radioactivity and transmutations associated with the decay of
these radionuclides. The integratecl radiation exposures duri»g the
decay of the waste are i»ipressive. Figure 7G1 shows, as a furiction
of storage tinge, the accuinulated a dose for (1.) UO2 fuel and (2) the
additional dose associated with moving to mixed oxide fuel (Me»del,
et a1., 1976). Note that in the n decay, the recoil »ucleus creates
about 1500 atomic displaceinents before it comes to rest. At a dose
of 2 x 10' n-decays/grai» the»ui»ber of ato»iic displaceme»ts is 3 x

10 -/grai» or roughly o»e displace»le»t for each atoi» in the glass.
1» additio» to the radiatio» dai»;ige one i»ust be co»cerned with the
possible i»echa»ic;il degi idation of the waste by the sti esses
associated with the plecipitatio» ot heliu»i ge»eratt. d by the n decays;
l?1 e elle i» 1ca 1 c ha»ges assoc i a L eel w i I h th e Ll a ii sin u i at I 0» of lh e f i ss i 0»
prodiicts, pai tie»I;iily the Cs --) Ba and Sr --& /r dec;iys, piesent yet
another problei».

These pioble»is, with the exception of the tia»s»iulatio»
chem istry, have been addressed experimentally, primarily with
vitreous glasses and to some extent with devitrified material. The
effect of ionizing radiation is simulated by exposure of experimental
glasses to intense y-radiation; the n damage is simulated by doping of'

glasses with Pu or " Cm which, because their decay is faster than
that of typical actinide components of the wastes, can deliver in a
few years, doses comparable with those expected from high level
wastes over thousands of years (Mendel, et al. , 1976). Despite the
extremely heavy doses, a few x 10 a decays corresponding to several
x 10 ~ atomic displacements, there seems remarkably little effect on
the properties of the glasses, including the leach rates; presumably
there is extensive annealing, perhaps enhanced by the irradiation, at
the ambient temperature.

Again the question arises as to the relevance of these results to the
real problem. In devitrified material will the crystalline phases be as
insensitive to the radiation damage as the vitreous phase appears to
be? Will future, chemica11y more durable glasses show comparable
insensitivity? The segregation of the actinides to specific components
of the devitrified material implies a spatial inhomogeneity in the
distribution of the n-damage. The lattice expansion (-tenths%)
produced by the n damage will then cause local strains as grains
containing high actinide concenti'ations expand, but neighboring

grains, depleted in actinides, do not. Do these strains represent a
threat to the »mechanical integrity of the devitrified material?

Helium generation by the cx decay is also a threat to the
mechanical integrity of the glass a»d canister. Whether or not the
generated helium rei»ains entrapped in the glass o& is released to the
dead space above the glass in the canister depends in detail on the
temperature of the glass, which controls the diffusion constant of the
helium, and the mecha»ical integrity of the glass, which determines
the characteristic distance of diffusive tia»sport required to release
the gas to pores, or cracks, via which it is then easily released to the
canistei enclosure. With a dead volun&e of 20% of the glass volume
the accumulated helium, if immediately released to the dead space,
will produce one atmosphere excess pressure only after several
thousand years of storage of ura»iuin fuel waste. For waste fron~
mixed oxide fuel, however, this tinie is reduced to less than te» years,
and one »lust either rely 0» heliuni entrap»rent by the glass or design
the waste canister to support niodeiate i»ter»a1 piessuie (a few
atmospheres) to maintain integer ity foi' the 5 year time spa» of the
retrievable storage. lf helium release requires diffusion of the helium
through a glass mo»01]th of di»le»sio» 1 the ol der of 10 cln, the» the
characteristic; ti i»e for release 1 /1), is aboiit 300 ye ii s for the
»)easui ed diffusio» rate;it 350"C (Mendel, et af. , 1976). f'hese

»u»ibers iinply adequate piotectio», but o»ly»i;~rgin;ill~ so, a»d the
argu»~ent ielies boih on the mecha»ical i»tegrity of the glass a»d a
low glass te»iperature. Fracture i»g v hich reduces the charactei istic
diff usio» le»gth to 1 ci», reduces the release tinge to 3 ye irs, a»d
removes the barrier to helium release (at 350OC).

Another point of concern is the possible accunsulation of helium
in existing or newly developed voids in the wasteforn&. Using the
solubility of helium in waste glass at STP of .6xl0 cm of He/cm
of glass (HNWL-1932, 1975), and assuming the equilibrium solute
density proportional to the helium pressure in the void, indicates the
possibility of establishing void pressures of 1.6 kilobars (-2,5 X 10"
psi) at an n dose of 10~9 decays/gm (105 years of uranium fuel waste
but only -100 years of MOX waste), if the fractional void volume
remains small (-10 ). This pressure may be of sufficient magnitude
to th rea ten the mechanical integrity of the glass, al thxough such
factors as void size and the microstructure of the glass would be of
crucial impoi tance.

Finally the question of the stability of wasteforms against'
transmutation, although occasionally raised, seems not to have been
seriously addressed. About 40% of the monovalent fission produce
cesium decays to divalent barium after the decay of the 7Cs with 30
year half life and 50%%up of the divalent strontium decays to tetravalent
zirconium. Again there are the questions--what will be the long term
consequences in terms of the chemical stability (leach rate) and
mechanical integrity of the material, be it in a vitreous or crystalline
form, of this substantial modification of chemical composition?

These arguments provide the basis of the statement in an earlier
section of this report that our present knowledge of the properties of
the borosilicate glass as a wasteform is inadequate to place reliance on
the glass as the principal barrier to radionuclide release, On the other
hand, if the currently measured leach rates of the more durable
glasses could be relied upon for geologic environments and times,
then the use of such a v ell characterized glass wasteform could open
a variety of new disposal techniques or, alternatively, offer a reliable
additonal barrier to radionuclide release using the current concept of
disposal in conventional i»i»ed cavities. Thus current programs to
iniprove the characterization of wasteforms, and to investigate in
detail the effects of devitrification upon the glass durability are most
appropriate. I hese progra»ss must address, among otheis, the
questions raised earlier in this section.

G4. Aiternati ve Forms

A»umber of possible futtire wasteforms, altei'natives to glass, are
also described in the L AL3 (1RDA43, 1976). 1 here are two
ii»porta»t coiicepls which, with differing weights a»d i» diffeieiit
fori»s, u»dei ly these;alter»atives. 1'he first is to develop a wastefol I»
i» wh ich the w;iste io»s ai e i»corpora ted chenzically not as aii
i»cide»tal io», or soliite, in a glassy structure, but as a» essential ion
i» a stable cr)stalli»e fori». 1'he seco»d is to en&bed particles or
pellets of w;iste »material in a» inert a»d chemically durable »matrix.
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One of the principal difficulties in the use of glass is the high
probability of devitrification with the associated uncertainties in. the
mechanical integrity and chemical durability of the resultant partially
crystalline state. Since the source of the difficulty is the metastability
of the glassy state, why not prepare the material intentionally in a
polycrystalline state in which each radionuclide is-incorporated as an
essential chemical component of one or another crystalline phase of
high stability and low solubility~ Having prepared the matcriai in a
mixture of thermodynamically stable phases the ambiguities of thc
effects of future phase changes are removed. If suitably insoluble
phases can be found, it may be possibl- to tailor a material to have
satisfactorily low leachabil ity.

This concept is being pursued in several laboratories. At Sandia
Laboratories (SAND-76-0105, 1976) a process is proposed in which
the radioactive ions are renIoved from liquid wastes by ion exchange
columns with Na [Ti205H] as the ion exchange medium. Subsequent
drying and treatment at -600 C leads to the formation of a calcine
containing a number of fission product and tra»suranic titanates,
species which are much less soluble than the various simple oxides
resulting from the usual calcining processes. A group at Penn State
(McCarthy, 1976) proposes to add appropriate species such as nitrates
of Ca, Sr, Al plus colloidal Si02 to the liquid wastes to promote, in a
normal calcining process, formation of stable mineral forms. In both
cases the powdered form needs f'urther treatment, either to convert it
to a ceIaniic fc rm via pressing and firing, or to consolidate it at least
loosely for incorporation in pellet form into a metallic matrix. A
less an&bitioLIS scheme, but one with s™arobjectives, is that being
developed at the Hahn-Meitner Institute in BeIlin {Dk, el al. , 1976}.
Here the proposal is again to produce a mixture of stable crystalline
phases, but now by the addition of chemical species to a glassy melt
to promote crystall ite nucleation, with subsequent cont rolied
devitrification of the glass obtained by appropriate therI»al cycling of
the glass. By control of the devitrification one obtains a very fine
grained glass ceramic, grain size -10p„as opposed to uncontrolled
devitIific'Ition which can lead to grain sizes as large as millirrIeters.
The most important features of the glass ceIamic process are the good
I»eclia»ic'II integrity of the product resulting fron& the fine scale of
the grain structure, and sonic ability to control the phases precipitated.

It is too early to predict whetl~eI' these processes will ultimately
com pete wi th the glassif ica t ion tech n iqLIe. Although at tracti ve in
terI»s of the f i»al anticipated pI'odLIct, there are diff iculties.
1&eaIIzation of the advantages of. the nloI'e sophisticated calciIies still
reqLIiI es tl e develoPI»e»I. Of LechI~iqLIes to pI odLIce . low porosity
ceI'»»ics f roI» tlIese calci»es. Co»Ip;Itibility of [hesse techIiiqLIes with
I'eIIIote opeI';Ition;I»d I»i»iII&;II I» IiI~ten;II~ce IeqLIiI e»IeIits for - the
assocIIILed eqLIIpl»ellL wIll be IlllpoI lant. I'eqllII'eI»ellts fol' accepta11ce
of such tech»ologies. It m'Iy be dif f icLIlt &o jLIstif y sLIbst I»tial
I»cleases I» cLII I'e»l occLlpilLlo»;Il exposLIIe I Isks I» ol'del' to achieve
an improved wastetorm. The German proposal is compatible with
the existing glassification programs, requiring only appropriate
additions to the glass melt and control of an appropriate thermal
cycle to establish the desired devitrification. It is therefore likely to
be availablc as a workable technique long before the other two
schemes.

Because of the necessary tailoring of the additives to the specific
waste composition (although some latitude in composition is possible)
there is concern over the possible lack of tolerance of these processes
to variations in the waste composition at the input end of a
solidification plant. %'ould extensive monitoring of the input waste
composition be necessary in order to make appropriate adjustments in
the subsequent treatment?

Given thc final product, we are now back to most of the same
questions that were raised about thc glasses, with, of course, the
exception. of the effects of devitrification. . Again leaching
mechanisms must be understood before empirical leach rates, may be
extrapolated for any substantial length of time, and the effects of
radiation damage upon chemical dissolution rates and mechanical
integrity must be established.

stability, However, the radiatio» daI»age from the activity in the
waste, y's and P's from the fission products and the n's from the
actinides, leaves considerable stored energy in the material, typical
numbers for both y and cx damage at. doses relevant to our problem
being tens of calories per gram (Mendel, et al. , 1976). The heat of
fusion of cristobalite, a form of crystalline quaI'tz of 40 calories per
gram gives a measure of the I»agni tLIde of the thermodynamic
instability of the glass relative to the crystalli»e form. I'he fact that
the radiation induced instability {stored energy) is COI»parable with
the extra stability gained by transformation to the crystalline state
must make one at least somewhat cautious about casual acceptance of
the importance of the thermodynamic stability criterion (McCarthy,
1976). We not only need a chemically dLIrable product, but we must
have confidence in its lo»g term dLIIability. Siniilarly, o»e must be
caLIt. ioLIS in assLII»iIIg microscopic integIity of' the crystalline phases
after o' damage aI»oLIIIting to the order of one radiatio» induced
displaceI»e»t peI atoI» of w;Iste product.

rhe tr;InsI»LIt;Ition pI'obleI» seems paI'ticLII;II. ly tI.OLIblesoI»e for
tliose w IstefoII»s which depe»d upo» the high stability of specific
cI')'sL;Ill I»e ph Llses. I oil LlcI te Is the f'I voI'ed I» I lie rcl l ph'lse fol
stabilizatioIi of' the '- Cs. What will be Lhe cheI»ic;Il st;Ibility of a
cI')'sL'Illite of pollLIcite «fteI the dec;Iy of 50% of the " Cs, oI' 20% of
the tot ll I»oIlov'llellt Cs i» the pollucite, to divale»t Bag O»e I»ight
expect a glass with a random network structure to be more forgiving
of such a transmutation than a crystalline material with a highly
ordered structure. Note that this problem cannot be simulated simply
by studying crystalline phases with appropriate mixtures of Cs and
Ba, since in the transmutation problem the P -decay electron is
maintaining charge neutrality, while in a mixed Cs-Ba compound,
that function would be carried out by an appropriate variation of
anion stoichiometry, Unless there is a reasonable way to produce
material heavily enriched in «3Cs there seems to be no
straightforward accelerated simulation of this problem, although an
acceleration of a factor of 2-1/2 could be obtained by using 100%

Cs in place of the 40% anticipated in the HLW. A similar
problem exists, of course, for the 9 Sr which decays in two steps to
tetravalent Zr.

A possible solution to the transmutation problem is the
incorporation of the waste atoms in a compound or mineral
containing ambivalent elements which, on accepting the decay
electrons from the fission product transmutation, could take on a
dif ferent role in the crystal structure, but without destroying i.ts
stabi1 ity (Matthias, 1976), The Sandia proposal to incorporate
strontium in titanates or zirconates of the perovskitc structure
suggests some possible alternatives to the Sr --& Zr decay problem.
SrPb03, PbZr03, and SrZr03 crystallize in similar perovskite
structures. The Pb in the first is tetravalent, but in the second is
divalent. A mixed crystal Sr(Pb, Zr)03 could then sustain the Sr --&
Zr decay by conversion to the mixed crystal (SI',Pb)Zr03 with the
initial Pb concentration being chosen equal to or greater than the
concentration of radioactive strontium. "All that is required" is the
interchange in the lattice of the newly formed Zr with the Pb and the
appropriate change of Pb valence from 4+ to 2+. Is TiZr03 a stable
perovskite? If so, one might also expect SrTi0& to be stable against
transrn utation, partial decay .of the Sr' taking SrTi03 to
(Sr,Ti)(Ti,Zr)03. For the Cs incorporated in pollucite are there
simHar ways to get around the transmutation problem?

I

Although the transmutation pI oblem is noted in a variety of
.reports (MCCarthy, 1976; SAND-76-0105, 1976; D(, e( al. , 1976), it
seeI»s»ot to be seriously addressed in current research efforts. For
glasses it certainly raises questions which I»LIst be answered before
one has co»fidence in the long term behavior of these materials. For
the various super calciIIe a»d cerInIic concepts, in which the. aim is to
incoI por;Ite the waste atoms in a highly specific chemical
e»viro»I»eIIt, the tI'ansI»LIt. Ition raises serious. questions co»cerning
the basic concept a»d»eeds to be 'IddI'essed siI»LIltaneoLIsly with the
developI»ent of the releva»t, IIIineIal species. Ii. is Iiot a pIoblenl that
c'I» be postpo»ed foI consider IIio»;Ifter other details of the pIocess
are woI ked oiIt.

There is a point here of particular concern relating to the basic
philosophy of the use of crysta1line wasteforms as opposed to glasses.
One of the principal argun'sents in favor of the cr. stallinc form over
the glass is its higher thermodynamic stability and hence predictabIc

1 he «Item;Ite .wastefoI m pI oposal of I»atI ix isolation suggests the
isolation of the waste by physical encapsulation in an inert matrix
rather than chemical stabilization in a glass network or crystalline
form. This separation of function allows the choice of the most

Rev. Mod. Phys. , Vol. 50, No. 1, Part 1 1, January '1 078



APS study group on nuclear fuel cycles and waste management

suitable matrix from the point of view of stability, without concern
about the chemical incorporation of waste ions, and the choice of the
si mpl est possible stabil ization process for the hot, waste, without
concern for Ieachability. If the waste is itself in a desirable form,
one may of course have achieved a double barrier by this scheme.

The development of this idea has concerned itself primarily with
the use of metallic matrixes, either melt casting, or sintering of a
powdered metal in the U.S., and lead or aluminum casting in Europe,
to give a co&Iple of examples (ERDA-43, 1976). The high thermal
conductivity of the metal matrix allows the lise of canisters of
relatively large diameter, a»d the metallic ductility eliiiiinates the
problem of fracture upon in~pact that would be associated with a
handling or transportation accident. Considerable further
development of this concept and the design and iinplementation of
characterization studies will be required before one can evaluate the
likelihood that. the metallic matrix idea wil1 contribute significantly
as a long term (1000 year) barrier to raclionuclide release.

If the highly sophisticated wasteforms now being developed or
considered for the disposal of HLW are to contribute »1eaningfully to
the reduction of hazards of waste management on time scales longer
than 10 ye'lrs, corresponding impi ovements are required in the
disposal of TRU wastes. As noted earlier, recycling of nuclear f'uel

implies that the total acti»ide activity to be disposed of in these two
forms, I-I LW and TRU ~astes is, within about one order of
magnitude, the same. Effoi'ts are in progress to improve the
chai acteristics of cements for encapsulation of TRU wastes, a»d
polymer impregnated ceme»ts have beeii tested with leach rates the
order of 10 g/cm day, a value comparable with many waste glasses
{Colonibo a»d Nielsen, 1976). The probleni of the I'RU wastes has
not however received the atte»t. io» it »lerits a»d thei'e is a signific'I»t
inibala»ce in&plied by the Ielative s&IppoI t of the I RU a»d HI W
e»capsulation problems. There is little poiiit in developiiig;I highly
sophisticated solution, such as a supeic IIci»e cer;l»1ic, to the HL W
pi obleis~ without, in p li allel, eithei developing ari "u»leachable
ceI»e» t.

" of predi ct able re!i abi li tp oi lear» i isg how to i»col'porate
coiitaITiiiiated rubber gloves iii the cerai»ic.

sleeves. Obviously a siinpler solution should be the clevelopment of
alternate canister materials that wouId both bc compatible with the
ultimate solidification process ai~d be sufficiently resistant to brine
exposure. Note that once confidence is established in the concept of
disposal in conventio»al »lined cavities and the interim storage is
converted to permanent storage this motivation for an improved
canister disappears since fur ther. emplacement of new waste will
presumably be done without concern for possible retrieval.

A more ambitious goal is to develop a canister of sufficient
durability to provide a barrier to radiorluclide release on time scales
of thousands of years or more. There has been no serious
consideration by this gioiip to such alternatives nor does it represent
an area of developnsent in the ERDA program. As in the
development of d urable waste forms, the very tough question to
answer will be the predictability of the behavior of the "impregnable"
container. To what stresses will such a canister be exposed as the
surrounding medium responds to chaiiging geologic conditions; can
one guarantee that ale apparently attractive alloy container will not
become embrittled a»d be subject to fracture on the very long time
scales; and what will be the corrosion rate of such a container'7

H. EDDA Higl&-I, eve1 WVaste (I I LYV) 1M:&iiwgeri&ellt Program

H1. Program Rationale and Genera! Description

The conceptual framework for the present U.S. HL% management
program was formulated in ail April, 1957 r'eport (NAS-I) by a
National Academy of Sciences committee which was formed at the
request of the USAEC to study the geologic aspects of radioactive
waste disposal a»cl. to recomniend appropriate solutions for the long
term. The 1957 report, reconfirmed by a second National Academy
review (NAS-II) in 1969, evaluated various environmental situations
and geologic foiinations th'lt seen~ed suitable and worthy of further
detailed study. The Academy comm ittee recommended burial of
radioactive waste in underground salt beds to be the method of' first
choice. In addition, th ick shales were deemed to be very good
potential sites; low permeability, high-exchange capacity siltstones and
sandstones werc suggested as a third choice. The coi»mittee also
recommended that the liquid l-lL. W be put into a solid, stable form for
trarisport and emplacement in the geological waste repository.

G6. Irnproi ed C'anisters

I he cnirosive att;lck of s(ainless steel waste ca»isters by the s'lit
e»vii onnient as obsei vecl in Vi'oject S lit Valllt (I3i lclsh lw &I&d

McClai», 1971) can likely be avoided by;Ippi opri;Ite protective

Our views on these matters have been clescribed in the preceding
sections of this report. We pl'lce more enlphasis on modeling the
containment and possible breaching modes of the HLW repository,
both as an analytical tool and as;l means of guiding the program.
This section of our report is i»te»ded as a review and critique of
ERDA's progr m. We first describe the program fi'amework and
timetable and then provide our evaluation and recommendations.
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FIG. 7G1. Cumulative alpha dose of typical glass containing
HLW, as a function of storage time, for HLW from urania fuel
and from mixed oxide fuel.

Because of the lack of commercial HI. %' in the Iate 1950's and
early 1960's the AEC instituted a measured and relatively low level
program to study the main features of geologic HLW storage as
I econ' me»ded by the Acadeniy

corn»i

i ttee, culminating in an
experimental program (Bradsliaw «nd McClain, 1971) carried out in a
bedded salt form;Ition near L.yoicks Kansas. Although much knowledge
was gaii~ed in the experiments co»dticted at the site, a viable waste
repository was»ot established because of the presence of nearby
co»iineicial solutio» milli»g ot salt: in that p;Iiticlilai location, as well
as II»cert Iinties about the ability to seal adeqliately old oil and gas
exploration wel ls.

Following the creation of ERL3A in 1974, that agency carried out
a» ad»1ii~isti'ative ieview (ERL)A, 1975} of the»IIclear fuel cycle and
foclised i»ajor atte»tion on the indeed foi' a viable deinonst. ration of
H I .W Illa ilagei1leil t.. A co i» pi ehe iis i ve lech» ical ev ll ii;I t ion of
av;Iilable w;lste tech»ology IIso w;ls c;lrried oils I» 1975 ai&d l. 976 with
the;lid of inost of the coiii&ti y's w;Iste-Illa»agei»eilt experts. This
ev;llii;Itio» ceiiteI'ed on the preseili. st;lie of the techilology, identifyi»g
t h Use a I elis wh 0 I'e Lec li » 0 1 og y wa sin I ss I fig 0 I' 11eed eel I 111p I'ov I llg «» cl

ev;Illl;Iti»g the oplioiis;Iv;Iil;Ible foi tel'n&i»aI disposal. The '1'echi&ical
Alieii):Itives L3oclii«e»t (L".'. RDA-43, 1976), pliblished i» M;I) 1976, was
I he I'es I I I t. I h e 'lgeilcy al so c'l I'I 1 ed 0 LI t a l11'lj ol' I'col gal il I i". I t ioil 'l»d
expansion of its waste-management program.

The revised and expanded ERDA commercial waste program has
three parts differing somewhat in objective. First ERDA is obligated
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to develop, construct, and operate repositories for the high-level waste
from the commercial industry. Such ERDA repositories are to be
licensed by the Nuclear Regula tory Com m iss ion. A pending

- rulemaking by the Nuclear Regulatory Commission could. extend this
obljgation to. transuran ic wastes.

Second, ERDA has an obligation to provide processes to convert
wastes into forms in vliich they can safely be packaged, handled, and
transported. The product of this phase of the EI&DA program is
technology that may be adopted by hand ustry at its option for
incorporation into a facili ty. The responsibility for seIecting,
constructing, licensing, and operating current'Iy resides with industry.

Third, a generic environmental impact statement must be prepared,
evaluating the impact of all viable alternative methods for dealing
with each of the'v aste streams from the post-reactor fuel cycle. The
technical basis for the alternatives to be treated has already been
presented in the Technical Alternatives Document. The draft generic
environmental impact statement is expected to be issued in 1977. Of
course, specific environme»tal i»~pact statements must be prepared
and issued for each plant or repository.

Thus, the program expansion includes a geologic isolation
program, with the target date foi begi»iiing the test phase of at least
one repository 'with HI..W by the end of FY85, The ERDA program
also calls for the completion of research and development suitable for
a full scale HLW solidification f acility to operate by 1983. In
addition, target dates hive been set for other associated feattires--
iniproved methods for volume reduct. io» and f'ixation of TRU wastes,
conceptual designs foi retrievable storage facilities, and the necessary
environmental impact and safety studies. ERDA is;ilso conducting an
accelerated program of research and development for permanent
disposal of its backlog of wastes fron~ defense programs. 'I'he fiscal
yeai 1977 budget. nu»lhers indicated a large increase in l.he program
for radioactive wastes from the U.S. inilitary progra»i, with emphasis
on the per»&anent disposition of the large backlog of the latter type of
waste. VR[3A expects that some of the developnse»ts originotiiig in
the defense w;iste programs will be opplic;ible to conimercial waste.
Bott& piogioins are structured to exploit this possibility. CORDA is flow
evaluoti»g o bedded salt for»sation i» soiit. heaster» New Mexico os a
proi~~isi»g site foi. o pilot repository looki»g toward per»sane»t
dispositio» of a large b;icklog of tio»sura»iun&-co»to»linated solid
waste fron& the niilitaiy progr in&. However, E'I&DA inte»ds this
i eposi tory to t&ave expei in&e»Lal cop;ibilily for sludies on tlie
su i t;ibi1 i ty of that p;ir ticular geological forniotio» for high-level
rodioocli ve waste.

revised timetable was presented in October 1976 in the President's
major statement on nuclear policy. The $60 million Presidential 1977corn»&ercia1

waste budget proposal provided for an i»crease in
termi»al-storage research and clevelopment from $4.6 nonillion in 1976
to $33.7 million in 1977 and an increase in waste-processing research
a»d development from $4.7 million in 1976 to $19.9 n&i1lion in 1977.

CORDA is «Iso the U.S. foc;il point for cooi'dination with HI, W
work that is bei»g done i» various I-'uropean countries. The si»hilarity
of ~ppro;ich taken to both waste-piocessing problei»s and to terminal
stoi;ige is striki»g. At present. , F:.I&DA is engaged in radioactive waste-
ino»ogen~ent exchanges with several coiintries including Canada, the
I=ederal I&epuI)lic of Ger»lo»y, the U»ited Ki»gdonl, Belgiu»i, I' rance,
It'ily, 'lild Sweden, I lie p;irticl patio» i11vol ves various w;iste-
i»otiogenlent. activities of the l»tei»oiio»ol Ato»sic Energy Agency,
includi»g service o» the Sleeri»g Co»sniittee for High-l. evel and
I'r;i»siira»ic Waste. E':RI3A is;ilso porticipoti»g in the work of the
I&odioaclive W;iste Co»i»&ittees of the Nuclear V»eIgy Agenc~ (NVA)
of t he 0vga» i z;gati on for I='co»on& i c Cooper;it io» a»d 13evel opine» t.
'I'he N I:.A 1&ad ioacti ve Waste Co»i tnittee is co»due. Ling the
collaborative research and development program identified by the
International Atomic Energy Agency,

H2. National 8'aste Terminal Storage Program ('1VWTS)

H2a. Pr og r am Stat us And Logi c

Organization Program responsibility

ERDA's Division of Policy forniulation
Nuclear Fuel Cycle Progra~» objectives and def initio»
Production Overall directioii for program n&anagement

Approval of key technical decisions
Final determ i nation of budget

ERDA's Oak Ridge
Operations Off ice

Program cordination
Federal in tei agency agreement
Participation of ERDA f ield organizations
Foci I i Ly design and construction contracts
Administration of UCC-ND contract

The principal organizations involved in the overall management of
the NWTS program (OWI, 1976} are ERDA's Division of Nuclear
Fuel Cycle and Production, ERDA's Oak Ridge Operations Office, and
the newly created Office of Waste Isolation under Union Carbide
Corporation direction. I he program responsibilities of each
oi ganization are as follows:

The review of available methods for the disposal of high-level
waste and transuranic waste rather decisively settled on deep geologic
disposal as the only potentially final solution that could reasonably be
brought to reality in time to receive waste in the mid-1980's. Seabed
and ice sheet disposal, transmutation, and extraterrestrial options were
evaluated, and it was found that current technology has not progressed
to the point where any of these options could be depended on in the
next decade. The construction of a repository in a stable geologic
formation, on the other hand, was deemed to be well within present
state-of-the-art methods of geology, mining, engineering, and
construction. Emplacement of waste in such a geologic repository
provides a storage method that combines safety with a very minimum
requirement for human surveillance.

The associated FY77 proposed budget request to Congress totaled
$90 nonillion for commercial and defense waste compared to a fiscal
year 1976 level of just under $31 million--a threefold increase. The
increased emphasis on commercial waste is even more dramatic--a
fivefold increase from $12M to $60M. On June 29, 1976, both houses
of Congress voted for a budget that added $5.6 million to the
Administration's request. As further evidence- of the importance
attached to the commercial waste program by the Administration, a
statement by the Energy Resources Council (ERC), entitled
"Management of Commercial Radioactive Nuclear %'astes--A Status
Report, " was issued and discussed by the Chairman of the ERC. This
document is a consolidated view of the Council on Environmental
Quality, Department of Commerce, U.S. Geological Survey,
Environmental Protection Agency, Federal Energy Adm inistration,
and ERDA. The document contains timetables for major ERDA tasks
and also contains information about the roles of other agencies. A

Off ice of Waste
Isolatio» (OWI)

Progran& contracting and nianagement
I echr~icaI coordination of ERDA contractors
Development and presentation of overall budget
Accou» ting for all funds
Other itianagement activities deemed necessary

02b. Development Sequence

Although the sequence for developing a terminal storage facility
may differ slightly from one geologic formation to another, the
generalized sequence can be characterized as having six distinct steps:

1.
2,
3.
4
5.

Iden tif ication of formations of i n terest
Reconnaissance surveys
Area studies
Detailed coiif irmation studies
In si tu tests
Repository opei ations

The general plan for the NWTS program calls for the construction
of facilities for terminal storage in various geologic formations at
multiple locations in the United States. ERDA believes that this
approach incorporates a number of advantages into the program. In
their view the timely operation of a terminal storage facility becomes
more feasible because of the multiplicity of facilities. A retrievability
concept for stored waste becomes practical because other facilities are
available to receive the waste should it become necessary to remove it
from one of the facilities for any reason. It will make it possible for
more than one site to serve the country as a terminal storage facility.
Reduced waste-transportation costs are possible if more than one
faci I i ty is used.
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These steps»ot only in&ply a scientific program but also a decision
process. It is iniport~rit to eniphasize th«t it is the intent of O'At'I «nd
I-. l&l)A to conduct an extensive »erie» of reviews by Feeler«1, St«te, «nd
loc«1 orgariiz«tio»s «t appropri«re decisiori poirit» i» the develop»&ent
sequence for each fot matio». Although tlute review group» are still in

the proces» of being est«blishcd, it wotild be appropii«te to i»die«le a

few of the»1. I'I rst, « lorlg- ter») geoIogrc r'evrew - group h«» beers'

e»t«biished. Repot ting to tile director of 0%'I, it consists ot' »enior'

geologists, hyclrologist», md other «ppropr iate expert» who will review

the entire geologic program on a continuing basis. Second, basin or
regional review groups, consisting of experts knowledgeable about the
particular basin or region, also will be created. Third, Federal and
State review groups w HI be crea ted. These will consist of
representatives of agencies of the Federal and State governments and
other organizations that. would have responsibility for, or interest in,
some aspect of the NWTS program. A review group comprised of the
Association of A»aerican State Geologists has already been established.
In addition, to aid in the decision process, a draft environmental
impact statement will be prepared for each facility site, These draft
environmental impact statements will be circulated for comment by
Federal, State, and local governri1ent agencies as well as by the public.
A public hearing or hearings on the draft envi ron mental impact

. statements will also be convened as appropriate. The final
environmental impact statements will be issued and circulated with
substantive comments attached. Although the six steps are distinct,
one may anticipate that. some of them will be carried out
si mu1 taneously. For example, the in situ tests could proceed in
paral lel wi th area studies.

ldenti fi cati on of For matt'ons of Interest. The process of
identifying geologic formations of interest begins with a review that is

based solely on the general knowledge of the geologic properties
and/or fundamental properties of the rock type involved. If the
review is promising, a reconnai. ssance survey is undert, aken.

Aeconnai ssance Surveys. The purpose of the reconnaissance
survey is to collect all the available data on those properties and
characteristics of the formation needed for waste-disposal
considerations. This infor»~ation provides a regional evaluation of
the potential f'or using the formation for waste disposal and may
inc1ude (1) structure, stratigraphy, depth, and thickness; (2) hydrology;

'(3) mineralogy and petrology; (4) natural resources; and (S) general
surface characteristics. On the b'&sis of the i»for»&ation compiled at
this stage, the prospects for the formatio» are evaluated and reviewed,
and a number of smaller, perhaps "cotrnty size" regions are identified
for further geologic area studies.

Area Studi es. The geologic area studies that follow the
reconnaissance survey are designed to develop new and specific data
on the areas of interest. These studies include (1) core drilling at a
density of perhaps six to ten holes per 1000 square mHes to obtain
adequate definition of the import«»t subsurf«ce characteristics of the
fot n&«tion, (2) field geologic m«pping, (3) hydrologic studIes, (4)
geophysical surveys, «nd (5) other geologic studies. On con&pletion of
these studies, the»uitabiiity of the «rea is «gai» reviewed. If it. still
«ppe«rs pron&ising, one or niore specific locations will be identified
foi everl »lore det'riled conf iri»«t. ion investig«tions. I here will be
extensive reviews «t this point involving «11 revIew groups th«t have
beet& est«bi ished. I he selection by OW I a»d I-..R DA of specif ic
locations for more detailed confirmation investigations and the final
selection of pilot-plant sites will be firmly based on all these reviews
as well as on public comments obtained during public progress reports.

Detailed Confirmation Studies. The detailed confirmation studies
are directed toward specific locations of perhaps 5 to 10 square miles
each. The investigations involve primarily the drilling- and testing of
four or more core holes at each location as well as the continuation of
any specif ic geologic studies for which the previous results are
inadecluate, to evaluate the suitability of the location. The results of
this phase of the investigation would be to fully qualify locations for
consideration as repository sites.

ln Situ Tests. Once the formation is identified as a possible
candidate for waste disposal, a set of in situ experiments will be
conducted in parallel with the geologic area studies. These tests will
range from the emplacement of simple electrical heaters in exposed
surface outcrops of the formation t'o extensively instrumented vault

tests in excavations especially constructed at the expected depth of the
repository. In general, the vault tests are designed to permit tests with
both electric heaters and canisters of si m ulated waste, which are
removed at. the conclusion of the experiment. They provide extensive
information on the physical behavior of the rock and of the waste
canister, as well as the stability of the underground layout.

Repository Operations. After adequate review, a repository site
will be selected and a repository wil1 be constructed to evaluate the
handling and storage operation. using actual canisters of high-level
waste and to confirm all design calcu1«tions. This will be done with
surface h«»dling equipment and underground excavations that are
portions of the full-scale facilities. Experiments will be performed to
test retrievability devices and emplacement concepts, and to evaluate
the stability of the underground operations.

The data obtained dui ing the test phase ot the repository
development will be used to design the exp«»ded facility, which will
be operated until it has successfully de»constr«ted that (1) it ca» safely
receive, en)place, and store high-1evel w«ste «t the design rate; (2) «11

criteria for a Federal repository have been met; and (3) no anorualies
in the geologic formation have been found.

At son&e point in the c1evelopment: pt ogran&, when «ll license
require»&cuts imposed by the U.S. Nucle«r Regul«tory Conic»ission are
n&et, the f'«cility will he cor~verted. to ~ I-'eder«1 repository. At. that
ti»&e, I-..RDA expects th &t the rett iev«hility option will be dropped.

82 c. Sched rite for Faei (i ti es

As «result of the early work pert or»~ecI by ORNI. , the ftrst. two
»teps i» the genet«1 developruent »equence for geologic c1ispo»al have
been co»1 pitted for s«1L 1 ori»«tior&». SLil1 rers&ai»i»g are the «re«
studies and the subsequent steps leading to an operating repository. A
detailed pla.nning schedule for the first two pilot plants is shown in
Fig. 7H1. This fight&re is applicable to both pilot plants because they
are expected to be constr ucted in p«rallel at two different sites. Both
of these facilities will be located in sa1t formations. %hat the
plan»ing schedule shows is that the identification of acceptable sites
for the first two pilot plants will not occur until the end of fiscal year
1978, and it will take a total of 9 years before the pilot plants go into
operation.

It is now planned to construct six terminal storage facilities. The
planning schedule for these facilities is sho~n in Fig. 7H2. In this
figure the solid triangle indicates the time at which area studies are
starters iri the geologic formations of interest. Earlier work required
for formations other than salt are not sho~n on this schedule. As
already indicated, the first two pilot plants will be constructed in salt
formations. The ren&aining pilot plants are expected to be con»tructed
in other formations of interest. The startup for receiving waste in the
first two plants is scheduled for the middle of 1985. The next set of
two facilities wi11 start operations simultaneously two years later. The
fifth and sixth pilot plants will start at 2-year intervals after the
second set of two.

Formations of Interest. At present a number of formations are of
interest in the NWTS program. Many of these are sho~n in Figs.
7H3, 4 and 5. Figure 7H3 shows the rock salt forrnatio»s in the
United States. Of these, the Salina Formation, the interior province of
the Gulf Coast dome region, and the Permian Basin are all considered
to be formations of high potential for location of the first two pilot
plants. Figure 7H4 shows the crystalline rock formatiot&s in the
United States, and Fig. 7H5 sho~s tPe sh«le and clay formations in the
United States. Considerable work has yet to be doree in the
formations other than salt because the reconnaissance surveys have not
been initiated in n&ar~y instances and the in situ tests are yet to be
started.

Timetable. As established in the President's Nuclear Policy
Statement of Octobe~ 1976, the principal actions and dates for
development, construction, F.IS preparation, standards and licensing
formulation are as follows:

l976 — I=. RDA issued f'or public review the Technical Alternatives
Document which explains the cut rent state of waste
n&«» agemen t. technology.
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FY-77 FY-78 FY-79 FY-80 FY-81 FY-82 FY-83 FY-84 FY-85 FY-86 FY-87 FY-88

R EPOS ITOR Y FEAS I Bl LITY STUD I ES

Repository Site Selection
2. Preliminary Design Studies

LAND ACQUISITION AND LONG-LEAD ITEMS

1. Procure Long-Lead Items
2. Purchase Land and Land Rights

REPOSITORY DESIGN

1. Title I and Partial Title I I Design

REPOSITORY CONSTRUCTION

1. Complete Title I I, Construction
and Title I I I

2. Cold Testing
3. NRC License

REPOSITORY HOT OPERATION

SAFETY AND ENVIRONMENTAL STUDIES

1. Safety Studies
2. E nvironmentat Studies

a. Regional Study Plans
b. R egional Baseline Study
c. Site Specific Baseline Study
d. Draft Environmental Impact

Statement

FIG. 781. Preliminary schedule for federal repositories 1 and 2 (initial phase).

1977 — CORDA isstIes diaft geiieric eI~viionn&ental in&pact statenient on
waste nIaIi;IgeI»eIit no I;Iter than the e;Irly part. of the year and
begins evtensive progran& to ideI&tify, test «nd select a site.

I-'. &A pI oposes dr;If t of generally;Ippl icable standards t or
perI&i;anent stor;Ige of high-level wastes.

NRC publishes draft standards for solidified high-level wastes
and draft siting, engineering and operating criteria for
repositories for high-level wastes. Each element will include
the appropriate draft environmental impact statements.

1978 - ERDA completes initial demonstration work on canister
design, ~aste solidification, and preliminary repository design,
and continues site selection process.

NRC finalizes proposed site selection criteria, solidification
criteria, waste def initions and opel'ating criteria and
l'eg U 1ation s.

EPA issues final general ambient standards for high level
waste disposal.

1 (

FY-77 FY-78 FY-79 FY-80 FY-81 FY-82 FY-83 FY-84 FY-85 '

FY-86 FY-87 FY-88 FY-89 FY-90 FY-91 FY-92 FY-93 FY-94 FY-95

REPOSITORY 1

REPOSITORY 2

INITIAL PHASE OPERATIONS FULL-SCALE OPERATIONS

I I I I I

REPOSITORY 3

I I I

REPOSITORY 4

REPOSITORY 5

REPOSITORY 6

I'&G. 782. General plan for geologic terminal storage.
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FIG. 783. Rock salt deposits in the United States (After pierce and Rich, U.S. Geol. Su~v. Bul/. 1148).

1979 - ERDA selects a particular repository site, issues a draft site
specific EIS, and beg i ns in tensi ve si te and design work.

NRC performs early site review of ERDA repository; issues
next phase of draft regulations for canister design,
transportation, etc.

1

1980 - ERDA completes site and design studies, subn~its preliminary
safety analysis and environmental report to NRC in support of
construction permit.

I981 - ERDA begins construction with approval of NRC.

NITE AND
LCANICS

NITE

AND
ICS

Fj:G. VH4. Crystalline formations in the United States.
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FIG. 785. Argillaceous formations in the United States.

19S4 - Construction completed, repository tested with "cold" wastes.

1985 - NRC issues repository license.

Repository begins i ri itial commercial-scale operations.

02d. Regulati on Of Waste Management

The Nuclear Regulatory Comm ission has publicly stated its
recognition of the need for a high-priority national effort on waste
managemen t. While N RC respo»si bi I i ties are i n the area of
regulation, the Commission is»ecessarily working closely with other
agencies to help assure the soundness of tlute progranis for dealing with
nuclear wastes. The overall national program is intended to assure
that necessary facilities and arrangements will be in place when they
are needed to deal with nuclear wastes in a safe a»d e»vironineI&tally
acceptable manner. I'he N RC believes that pi esent lice»sing
procedures a»d criteria are adequate foi the shol t-tern&, and that
priority attention must be given to the longer teini, when the
quantities of waste to be ma»aged w i I I be g reate r.

The Comn~ission's nuclear waste nba»agement program has three
n&ajor tasks:

--First, to develop objective performance goals (technical, social,
economic, and environmental) against which nuclear waste
management programs and strategies can be evaluated;

--Second, to devise an evaluation methodology (and the data base
needed to make effective use of this methodology) for assessing the
performance of' proposed waste management programs and
strategies against these goals;

--Finally, to establish a framework of regulations, standards, and
guides for management of nuclear wastes within which NRC can
effectively and efficiently carry out the functions dictated by its
legislated role to protect the public health and saf ety. This
framework will have to be supported by a comprehensive
environmental impact statement (or series of statements).

The NRC has defined (NUREG-0116, 1976) the work that needs
to be done within these tasks and has assigned priorities to the work.

They have prepared a schedule, and are adding key staff needed to
meet that schedule. First, the NRC has established organizational
capabilities to handle both the regulatory responsibilities directed by
the Aton&ic Energy Act and inherited from the AEC, and the new
responsibilities given the Commission by the Energy Reorganization
Act. A first step in this development was the establishment of a
Waste Management Branch, in the Office of Nuclear Material Safety
and Safeguards, in June l975. Initial staff has been brought on board;
ho~ever, the staffing effort will continue until the program peaks
sometime in the late 1970's. I» addition, the NRC is developing an
overall waste management . program. Initial stages have been
completed, regulatory needs have been tentatively established and a
program is underway to meet these needs according to the target dates
I isted in the Pres i den t's estab l i shed ti metab le. The N RC is also
establishing a confirmatory research program to support regulatory
and licensing activities. A number of research needs have been
identif ied and son~e projects are already underway.

02e. HL8' Processi ng Technology

Our review of the processing technology clearly identifies
solidification of the high-level waste stream from reprocessing plants
as by far the most critical requirement in process development. Basic
technology was found satisfactory, but application development at
commercial scale was deemed necessary. It is generally agreed that the
product from a sol idif ication process should be chemically and
radiolytically stable and at least in its packaged form should retain a
monolithic character on impact. . The solid and its container clearly
must last for the period of transportation and emplacement as well as
for such time as the repository is operated as a pilot plant. More
quantitative criteria must wait for guidance from the regulatory
agencies and from a more detailed definiton of the operating mode of
the repository during the pilot plant stage to accommodate
retrievability. The conceptual design of the pilot repository required
for the establishment of these criteria is a part of the ERDA program
for FY77.

Considerable characterization of the various candidate solid-waste
forms has been done, The data obtained must now be used for formal
hazard analysis studies by both ERDA and the Nuclear Regulatory
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I-'. 1&DA's review of the technology fot ha»dli»g waste strea»&s other
l, lla» h lgh level ge» el al I y showed accepta bI e ll a 1 d ware a» d process jo
be co»i~»ercialli procurable. Although tlsere are eco»omic i»ce»tives
for i»1 proved processes in several cases, thei e are cui re» l. I y ava ilable
nietl~ods that ca» safely ha»die l. he»iiscella»eous v astes. I'wo areas
were ide»tified i» which the ince»live for tnethods of greater

efficiency was sufficiently great to receive special emphasis. These are
{1) methods for handling the hulls from the head-end step of the
reprocessing plant, and (2) n&ethods for reducing the volume of the
so-called combustible waste. Both wastes may contain suf ficient
plutonium and other transuranics to necessitate, Under proposed U.S.
regulations, disposal in a repository similar to that for high-level
waste. The cost saving from volume reduction would be particularly
important. The ERDA fiscal year 1977 program supports work on
five improved methods for handling hulls and five methods for the
"incineration" of combustible material. Processes suitable for
industrial use are targeted to be availabl- by the end of 1980 for hulls
and 1979 for handling the combustible wastes.

Obviously, a decision not to reprocess fuel from reactors requires
either the interim storage of fuel elements in anticipation of possible
future reprocessing, or else the handling of spent fuel elements as
waste. A possible technique for emplacing fuel elements in a
repository was demonstrated as 1ong ago as 1965 {Bradshaw and
McClain, 1971). However, ERDA acknowledges that more research
and development on techniques and processing steps are required.

H3. Evaluation of HLR' Management Program

As previously indicated, the general plan for the NW fS (OWI,
1976) program is based on the concept of multiple repository sites--
i.e., the eventual construction of facil ities for terminal storage in
various geologic forn&ations at multiple locations in the United States.
The plan includes a development sequence, a facility schedule, and
provision for review groups to help in the decision-n&aking process
leading to construction of the repositories. The repository design is
expected to be similar for all types of geologic formations, with
certain details to be dictated by the nature of the waste to be stored;
ERDA has the responsibility for development of waste form
technology. In the sections following we will comment on these
aspects of the program.

are:

H3a. Multi pie Repository Sites

The advantages cited by ERDA of having multiple repository sites

"1. Feasi bil i ty of a ti»rely operation of a terminal storage
facility is increased because of the sin&ultaneous and parallel
act i v i ties.

A retrievability concept for storage of ~aste becon&es
practical because other facilities are avaiIable to receive the
waste should it, be necessary lo re»cove it fro»& one of the
faci I it. ies for a»j i eason.

Commission. These analyses have been started by ERDA and will be
continued in the fiscal year program. A variety of potential
solidification processes are now available from former AEC work. A
calcined product has been routinely produced for over 10 years at the
ERDA Idaho site by fluidized-bed calcination of acidic high-level
waste. At Battelle Pacific Northwest I..aboratories an integrated spray
calciner/in-can melter vitrification process has been operated at a 1-
ton/day rate with simulated hot waste characteristic of a modern
reprocessing plant. The spray-calciner part of the process has been
operated at a 3-ton/day rate using cold simulated waste. Snsaller scale
work on other concepts such as a ceramic melter and the application
of wiped-film evaporator technology is directed toward slightly longer
range options. Scaleup and hot testing of both spray-calciner and
fl u id ized-bed calcination units are now planned to provide

om»lel cia l ly usef ul data. Though the borosi1icate glass is i eceiving
early proniinence in hot testing of these u»its, stabilized-calcine,
metal matrix, ceraniic, and concrete forms wil1 continue to be
l tl vestlgated. Desp I te the prom l»ence gl vef1 to gl tss at. th is ti nle, no
decisive basis exists for ruli»g out. other for»&s. ERDA expects that
nloI e than one waste form noway nieet the criteria eventual Iy established
for Lei »s i nal storage.

It will be possible for»ioie th i» one site to sei ve tl&e

country as a terminal storage facility so that no o»e location
need bear the burden for the entire United Slates.

Reduced waste transportation costs are possible if' more than
one facility is used since the faci1ities will be dispersed
around the country.

It eliminates concern regarding possible federal government
reluctance to abandon possible sites af ter significant
expenditure since other facilities will be available. "

We believe that the selection of sites for waste isolation will
undoubtedly reflect a complicated combination of political, social,
economic, and scientific factors. Because the relative influence of
these factors cannot be predicted, a multiple-repository approach
seems only prudent if an operating facility is to be available when
needed.

The current ERDA HLW-IManagernent Program Plan calls for the
completion of two waste repositories by the end of FY84, with cold
testing to be started during FY84 and testing with radioactive waste to
begin late in FY85. Site selection for these two repositories is to be
completed by the end of FY78 and repository design will continue
through FY79 a»d FY80, with construction of the repositories to
begin in FY81.

The severe constraints of the current schedule and the fact that
retrievability is a basic tenet of current policy require that ERDA
employ existing technology and demonstrated, techniques for
emplacement, storage and retrievability of the waste. (In this context
retrievability implies the ability to remove the waste from storage with
the same t chniques and equip»&ent as were required for
emplacement. ) It is understandable, therefore, that the greatest
attention would be given to a conventional n&i»ed cavity in bedded
salt, inasmuch as 20 years of effort have been directed at the problems
of e»emplacement of radioactive waste in this geologic medium. If the
time constraint were to be eased, we believe it would be preferable to
develop at least one of two test facilities -- i e., pilot scale
operation -- in a medium other than salt, as will be discussed below.

As we have noted, the conceptual framework for burial of
radioactive waste in undergrou»d salt beds was formulated in a 1957
report by a Con&mittee of l.he National Acade»ly of Sciences (NAS-I}.
This con&n&ittee's reco»smendations have been reco»firn&ed on several
occasions by subsequent ieviews, witlt the followi»g adva»tages of salt
as a disposal »iedium usually being cited:

1. Salt is plastic u»der moderate pressure and te»~perature;
co»seque»tly, any ft'actures or ope»i»gs in the salt will be self-sealing;

2. Salt has a good therniaI conductivity, approxiniately twice that
of other common rock types;

3. Salt is widespread geographically and inexpensive to mine.

The first is of importance with respect to long-term effects and the
hydrogeologic regime, the second with respect to short-term effects
and thermal loading in the repository, and the last with respect to
choice of geographic location and ease of construction. As already
noted, we consider hydrogeologic aspects to be of the greatest concern.

Based on our analysis of hydrogeologic transport we expect that
the conditions that would provide for satisfactory geologic isolation
of radioactive waste--i. e., a suitable groundwater environment--are
present in a sufficient number of places that several acceptable sites
in different geologic media can be located without difficulty within
the immediate future. 8'e expect that sites with adequate
hydrogeology can be located in bedded salt formations and that
EDDA's plans to locate several are li kely to meet wi th success.
Nevertheless, we are convinced that a broader program is appropriate
when all factors are taken into account.

We consider it to be in the best interests of the United States to
demonstrate in a timely way the technical base, on a commercia1 scale,
for alternative solutions to radioactive waste disposal. Thus, it is
highly desirable and appropriate that several geologic formations in
addition to salt be evaluated fully for repository sites. This would
serve not only to broaden our own options geologically and
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geographically, but would also help other nations avoid undesirable
alternatives that could ultimately af feet us adversely.

Present ERDA plans are to develop the first repository in bedded
salt, and the second in domed salt. Four additional repositories are
incllided in the general plan and these will be in other types of
formatio»s; ten tati vely being considered are shale, li mes tone, and
gra»ite. We find no co»spelling technical reason to place a second
repository in salt; the reason most con&monly advanced is that it is the
only way to meet the constraints of the current schedule because it
would allow utilization of the same tech»ology and tech» iques to
develop the fiist two iepositories. However, for conventional n&ined

cavities essentially the same techniques of mi»ing, transport, and
en&placement would be used for repositories developed in different
geologic for»~ations, a»d only modest desigi& changes would be
required to allow tor the different ther»&al a»d mechaiiical properties
of these fr~t inations. t'hese pioperlies need to be deter»&i»ed a»d
evalllaled fol olhel I'ock types; this need will be tddressed below.

We believe thai iL wolilcl be desirable Lo develop a lest facilily in a
»lec! 1 u»1 ollle i' Lhail sul L

" e.g. , gi" ill i Le, or possibly shale. IVe caf/
parti clif ar atti roti orr to the possi bi fi ti es off'er ed bp f'recarnbri an
grariites whi ch ar» located in sparsefy poptifated areas i rr the most
stabte parts of (Ae earth's crust, are typicaffy char'aeter'ized by fo~v

permeability, and generally ar. e unattractive with regard to mineral
resources and agriculture. Granitic masses have the advantage--
unlike sedimentary sequences, including bedded salt, shales, and
limestones--(1) of being homogeneous and isotropic over extensive
vertical as well as lateral distances {thus eliminating possible pathways
along sedimentary features for groundwater movement), (2) of not
being subject to compaction or other volume change owing to
decomposition or loss of water (which could contribute to hydraulic
pressure differentials), (3) of having substantial strength to resist any
stress differences that may exist or develop in the rock, and (4) of not
being part of a sedimentary basin (which typically can be expected to
contain active groundwater systems).

Among sedimentary rocks other than salt, we consider certain
types of shale to be possibly acceptable; however, we recognize that an
appreciable amount of work would have to be done to evaluate the
possible physical and chemical effects of heat generated by HLW or
spent fuel elements emplaced in the rock, Would signif icant
desiccation occur with concomitant fracturing? %'ould thermal
gradients and chemical potentials in the shale induce signif icant
hydraulic gradients? Would the normally high selectivity coefficients
of shales be realized under such conditions? Clearly, the answers to
these and related questions must be carefully evaluated. Because the
excellent sorption characteristics and low permeabilities of certain
shales, as well as their widespread distribution, make them highly
attractive as a possible v aste disposal medium, we would encourage
and support an active and orderly research program on shales and
other argillaceous rocks.

In regard to resources, concentrations of any element or minera1
are invariably the most valuable and thus the first to be exploited,
rather than dispersed or disseminated elements or minerals.
Formations characterized by such concentrations should be avoided if
possible. The purity of large salt formations makes these an

important resource. Although salt is an abundant resource, it is,
nevertheless, mined by man, often from considerable depth, rather
than obtained froni the processing of sea water or less pure sources.
The del i berate sol Lition mining of a salt. deposit and inadvertent
intrusion of a repository by son&e future generation represents an
anthropogenic activity of possibly serious consequence to the integrity
of a repository in salt. Although Lhe likelihood of this happening is
extreinely low, and presuinably would require the loss of records, we
can»nt dismiss the possibility. The consequences, if this wei'e to
happen, could be effectively evaluated throLugh «ppropriale n&ocleling

of slich «» occurrence. lf, indeed, the activity of a fliture uninforined
generalion were to lead Lo loss of geologic confi»enient, il should be
noled that Lhe piobabilily of this occurring would inciease
significantly i» the case of a salL dorr&e, the CORDA choice for its
seco»d repository. I'he distinctive characteristics associated with salt
don&es could be expected to altiact the attentio» a»d arouse the
curiosity of an intelligent civilization. The probability of such an
occurrence cannot be determined; the resolution of the associated
anthropogenic concerns will have to be obtained via the licensing

processes. It is not obvious to our group what the outcome of these
processes will be, and therefore we consider it prudent to pursue the
evaluation of other geological media in adclition to salt formations.

The solubility of salt is a clear disadvantage if the medium is
exposed to water. It has been argued that this susceptibility to
solution demonstrates that ground water has not circulated at the
levels where salt has been preserved for m ill ions of years.
Nevertheless, we would caution that man has the ability to alter
significantly the groundwater regime and that analysis of possible
anthropogenic effects must be made. As stated above, we foresee no
difficulty in locating a repository site in salt with satisfactory
hydrogeology, but cannot emphasize strongly enough our belief that
quantitative analysis of groundwater flow should be required for the
proposed site. Indeed, we recommend that such analysis be made
part of the site selection criteria for all proposed repository sites.

H3b. Development Sequence

Although the NWTS program is in its earliest stages of {1)
identifying formations of interest and (2) reconnaissance surveys, it is
clear that a well defined decision process has been established that can
be expected to result in the selection of several sati"factory repository
sites. The search for suitable alternative. rock types for radioactive
waste disposal appears to be thorough and progressing well. However,
because unclerstanding of the characteristics and properties of other
rock types for the most part lags far behind the research already
completed on salt, we strongly support and encourage immediate and
concentrated research on the appropriate hydrogeologic, time-
depe»dent, sorption, a»d thermal properties of alternative rock types.

In addition to the determination of basic mineralogic,
hydrogeologic, and mechanical properties for candidate rock types, in
situ tests a»d related laboratory experiments need to be undertaken as
soon as pracl. icable to evaluate the effects of specific thermal loadings
on n&i»eral stability, chemical changes, and fluid anrl »mechanical
propeities of these rocks for possible site locatio»s. ln some instances
it n&ay be appropi iate for such tests to be carried out in existing mines
or i» special excavations r'ltllel than in the actual excavation for a
repository. When this can be done it would provide the additional
benefit of pei i»itting the results to be utilized in the decision process
prioi to site selectio» and excavation.

Further, we wolild e»cour &ge an active and intensive effort on
rock mel ti»g concepts which »i igh t provlcle a supeI iol cl isposal
alter»alive 1)y the n&id 1990's. l'he possibility of coi»bining a rock
noel t i »g concept, w i th sta»dard em placeme» t tech » i qlies i n a
conve»tio»;tl ini»ed cavity (e.g. , in gra»ile) should be evaluated, as this
could provide the experience and conf idence needed to proceed
ultimately to less conventional emplacement techniques combined with
rock n&elting. Upon cooling and re-solidifying; the crystallized rock
selvage around the waste could provide a significant barrier, in and of
itself, to radionuclide migration. Some aspects of the problem that
require evaluation include determination of (1} waste loadings that
would produce heating and cooling histories resulting in the greatest
degree of physical integrity of the cooled mass, (2) observed melt radii
relative to those predicted, (3) relative merits of thin and thick
selvages of newly crystallized rock, and (4) distribution and
characteristics of crystalline phases in the selvages.

H3c. Faci li ty Schedule

We are not aware of either scientific or technologic barriers to the
realization of an operating repository in the inimediate future--i. e., by
1985. However, we are not completely confident that the current
schedule will be met because of difficulties and delays that may be
introduced by the licensing processes. The NRC is still developing its
regulations, standards and guides in this field; even the methodology is
not codified. Thus the impact of the licensing process and the NEPA
hearings on the time schedule will only become apparent as the
process unf olds.

We favor an orderly hand measured program that would involve the
development and construction of two test facil ities in di fferent
geologic media. Procedures should be initiated for licensing the more
favorable of the two, and the needs for storage should dictate when
that facility should be developed into a full repository. The second
test facility may or may not need to be developed into a full-scale
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repository. We recognize that the current schedule a»d other factors
may lead to further redundancy. The number of repositories to be
included in the schedule could be based on the projected growth of
ge»crated waste, or could reflect those needed to de»io»s trate
conclusively our ability to develop acceptable repositories in a variety
of geologic media. Two or three may be sufficient in the former
instance, whereas three or f our would be desirable in the latter,
deper~ding rrpon whether the first two are in salt. ln either i»stance
construction would»ot need to proceed to the level of a ftrll-scale
repository from each test facility. Current repository designs ar.e such
that the total projected volunies of high-level, interniediate-level, a»d
low-level tra»surariic con&n&erciaI waste through the year 2005 could
be accon&»ioda ted in one reposi tory.

I he orderly prograns we advoc&te would incltrde a quantitative
arialysis of grorrndwater flow a»d of possible ther rnaI effects for each
proposed depositor y site, in «dditiori lo i n silii testi»g «»d other
aspects of the develop»merit seque»ce «lready established. Vr oper
«tterrtiors to all aspects of the seq&rence corrld Iequir'e a less co»lpl'essed
allcl Illol'e evellly spaced seqHellcl»g of t ac 1 I 1 ty developlllerl t arid
construction than that represented by the current schedule. In this
regard, we see no technical reason why a repository would have to be
operative before 1988 at the earliest; a ten-year schedule is an
arbitrary choice, and it could be extended a few years if the
circumstances warranted takirr g longer.

H3d. Aevi ew Groups

In providing direction to the NWTS program and help in the
decision-n&aking process we consider the input from senior level
review groups of appropriate experts to be essential, and note that
establishment of a senior continuing review group and supplementary
ad hoc workshop groups to review specific aspects of the program has
already begun.

With reference to both reconnaissance surveys and area studies, we
strongly encourage and support the establishment and utilization of
the Basin/Regional Review and Federal/State Review Groups to assist
in the location and expert assessment of potential repository locations.
A large body of scientific and technical information exists for many
areas, in some instances unpublished, that could be identified through
the assistance of such groups. Moreover, these groups may provide
valuable assistance in identifying and dealing with important social
and political questions that will undoubtedly be raised.

We consider it imperative that such groups include individuals
outside ERDA, that their recommendations be made part of the public
record, and that 0%1 responses to these recommendations also be
made publ ic.

H3e. H aste Form Technology

The ERDA plan {ERDA, 1976a) in the area of solidification
technology emphasizes, both by explicit statement ar&d by budget
allocations, the use of borosilicate glass to immobilize the HLW, and
continues development of three different processes leacling to this
wasteform as likely technologies to be adopted in the first few
solidification plants to be i» oper'ation in the U.S. This program
seems »lore than adequate to assure the availability, for commercial
solidification plants, of technologies to convert liquid Hl. W safely and
econoniicaIIy to a solid wasteform of the low dispersability required to
assure safety i» handling arid transport.

1 orlger term plans involve the development of al terriative
wasteforms arid of improved»methods of wastefnrnE characterizatiors.
Apparently lacking in this program orrtlirie, however, is «ny focused
effort to deveIop deci sio» rsia k i»g cr i te i ia for eval uat i ng var'ious
alterr~atives or to develop specific desigr& goals for t. hose i»volved ir&

wasteforr&s developr&)e»l. . It is Iaudable to propose "irnpr'oven&ents in
both short-terri' a»d lo»g-terni dtrrabIlily of materials or~der interim
a»d f i»a I storage cored i t iorss, "

iricl appropriate to have t he
"work. ...narrowed in scope to one alternate. ..starting in 1981". Will,
however, the basis for this "narrowing" decision be available by 1981;
which time scale, "interim" or "final", presents the more important
problem? How would one decide, for example, which of the following
two wasteforms would be preferred? The first, a metallic matrix
form, has excellent properties on the 5 year time scale, is produced
easily with no significant occupational exposure, but is of dubious

stability over 1000 years or more. The second is a glass ceramic,
requiring significant occupational exposure for the maintenance of the
equipment, but which is effectively insoluble on the 106 year time
scale. Hopefully the section of the ERDA plan denoted "Supporting
Studies and Evaluations" will be devoted in part to the definition of
specific design objectives and decision criteria for waste form
development. Certainly there are no such objectives or criteria at the

preserve t time to guide the development of improved wasteforms.

A casual reading of the ERDA 1976 Plan would suggest that the
decisiors had already been made to start fuel reprocessing in the U.S.
The whole plan seems predicated on the assumption of reprocessing, a
reflection, of course, of the long-term thinking and planning in the
AEC and ERDA. Little explicit planning is described in the event of
a decision not to reprocess. "Preliminary evaluations do not indicate
any major d i ffic ul ties in developing repositories (ei ther interim
storage or geologic isolation) with enough flexibility for acceptance of
either spent fuel or waste canisters from a spent fuel processing plant.
Hence no funding is provided irr the FY 77 commercial waste budget
for the "throwaway" fuel cycle option. " {ERDA, 1976b)

lf a decision not to reprocess indeed means a firm commitment to
"throwaway", then there is no quarrel with this point of view. As
noted earlier in this report, however, in view of' current uncertainties
in natural urariium resources a»d the possibility of a reversal of a
decision not to reprocess it seems desirable to interpret a negative
reprocessing decision at this time as dictating a "stowaway" fuel cycle.
Because the retrievability period defined by the stowaway concept,
perhaps 30 years, is much longer than the 2-5 year test-phase
retr ievability per iod planned for the HLW repository, considerable
engi neer i ng is required to allow the use of geologic repos i tories,
particularly in salt, for interim storage of spent fuel. This
developnient shotrld be a» impor tant part of the ER DA program, and
this program should not simply co»sider spent fuel to be treated as
waste in the event of a decision not to reprocess.

One aspect of the section of the ERDA plan on "Suppor ting
Stuclies ar&d Evaluatiorrs" is a detailed evaluation of the advantages of
the par t. itioni»g of HI.W to allow for alterriative disposal tecliniques
for tlute lor&g-lived acti»ide co»&ponent of these wastes. We would

e»emphasize agai» the large actiriide co»terat of the l)&U w;sstes it& the
case of the recycle option, viz, greater than .I0% of that of the Hl, W.
There is r~o signific;rrit advantage iri par titior&ing u»less the losses of
the actinides to the low level ~vaste streams in both the reprocessing
plant and the refabrication plant can be kept at least two orders of
magnitude below current practice, or techniques can be found to
concentrate the actinide component of the TRU waste sufficieritly to
combine it with .the partitioned actinides from the HLW.

Finally, v e are puzzled by apparent inconsistencies in the past
AEC-ERDA program in waste managenient which suggest a lack of
perspective. Why have TRU wastes and the disposition of mi11
'tailings been treated so cavalierly when the magnitude ot these
problems is comparable with that of the problem of the actinide
component of the HLW, a problem which is receiving such
sophisticated attention? Part of the problem is the lack of design
criteria; we simply do not know yet how severe a problem exists. Pari,
of the difficulty may be one of compartmentalization of the research
in the various aspects of waste management with a consequent loss of
perspective on the relative magn itudes of the several problems.
Private discussions have suggested that these inconsistencies are
beginning to be recognized. . Some organized efforts, either within
ERDA or via an outside review group, to develop a more balanced
perspective in this area would be welcome.

Footnotes

Ra exists in nature as a daughter in the radioactive decay chain of
238U

, A proposed regulation that transuranic wastes at concentrations as low as
10 nanocuries/gram or greater be subjected to geological isolation would,
according to many in the nuclear industry, result in all radioactive wastes from
commercial reprocessing and recycle-fuel fabrication being sent to geologic
isolation as a less expensive option than performing the required radioassay to
separate those wastes which would be below this. limit.
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For the purposes of this section the actinides to be considered are Np,
Am, and Cm.

" Hydraulic conductivity is a parameter that reflects properties of both the
porous medium (i.e., permeability) and of the fluid (i.e. , density and viscosity).
Specific discharge has units of velocity and is defined as q = Ki, where K is
hydraulic conductivity and i is hydraulic gradient (dimensionless). The average
velocity of groundwater flow is equal to the specific discharge divided by the
effective porosity.

5 We are indebted to Dr. F. %'. Schwartz of the University of Alberta for
h is inva1 ua ble assistance with the modeling.

The principal results of the APS Fuel Cycle Study were released last
April 25, 1977 and the detailed text of this Chapter was completed in May and
June. Since that time some events indicate tentative redirection of
governmental' programs addressing the main points at issue for waste
management. (See, for exan&pie, minutes of the Meeting of I he Advisory
Committee on Reactor Safeguards at Richland, Washington, July 19, 1977.)
FRDA has put renewed emphasis on dealing with spent fuel elements; a Spent
Vnreprocessed Fuel Facility (SVRFF) is being designed for interim storage.
The development of SVRFF is apparently to proceed concurrently with the
basic long-terna geologic repository program. Changes in schedule of the later
pl ogranl will u»doubtedly reflect a renewed emphasis on SV R FF, but details
are not yet clear at the time this study report is printed.
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cH~~~~R. VIII. Advanced Foel Cycle Alternatives

A, Issues, Conclusions and Recommendations

A2. Issues

The preceding chapters have centered on the normal LWR fuel
cycles which utilize low-enrichment uranium, with options to recycle
or discard the unused 235U and the 39Pu produced. In this chapter we
consider advanced fuel cycle alternatives to examine their possible
contribution to more effective utilization of uranium ore resources.
Attention is focused first on alternatives involving improvement of
light water reactors, since these are the present reactors of the U.S.
nuclear power i rid ustry. To the ex ten t that sign if icant resource
extension can be obtained with modifications to LWR's, such options
are more readily implemented than options involving the introduction
of completely different reactor concepts.

However, continuation of nuclear power eventually will require the
greatest resource utilization possible with other reactor concepts, such
as the CANDU heavy water reactor operating with thorium fueling,
the high-temperature gas-cooled reactor (HTGR), and the fast-breeder
reactor. Since each of these other reactors concepts requires fissile
material for operation and/or startup, use of LWR plutonium for
these advanced reactors is a logical step 'and is included in our
analysis. A I ternati ve use of h ighly enriched uranium for these
advanced reactors is also considered in this chapter.

We also examine some of the safeguard implications for uranium
fuel cycles and thorium-uranium fuel cycles, including "national-
international" safeguards fuel cycles which involve ftieling national
reactors with denatured uranium and restricting operations involving
plutonium or highly enriched uranium to special "international" sites.

A2. Conclusions

1. The fast breeder reactor offers the potentiality for large
extensions in uranium resources and is the most resource efficient of
al l fi ssi on opti ons.

la. Plutottiunz is the nzost efficient choice for breeder. start-up
and provides the best performance of any fissile material. From the
point of view of technology and iesource utilization, the plutonium-
I.ira»ium fueled fast. bi'ceder is a logical follow-ois to the uranium-
fueled light water reactors. First-ge»er;ition breedeis c'i» be fueled
i»itially wiih pliito»iiim recovered frons LWR fuel. Reprocessi»g a»d
refabricati»g w;iter reactor fuel provide a useful technological base for
designing equivalent facilities for bieeder fuel cycles, but breeder fuel
presents special problems requiring further develop»sent. (See Chapter
I V.)

lb; Fast breeders can also be started on uraniu~ enriched to
20% 3~U, but with significantly higher, first™generation fuel cycle
costs than for plutonium start-up. If first-generation commercial
breeders were started on U instead of plutonium from LWR's, the
start-up fissile requirement would be increased by a factor of about
1.5 to 2.4, the total cost of the fissile material for start-up would be
greater by a factor of about 2.3 to 3.7, there would be a substantial
loss in breeding gain over many refueling cycles, and the life-time
levelized fuel-cycle cost should be increased by a factor of about 2.3 to
3.6.

lc. Fast breeders could also be started using ~3U if thorium
cycles were to precede the introduction of commercial fast breeders.

U is intermediate in start-up efficiency but supplies do not exist.
Fast breeder fuel cycles breeding U from thorium also may have
safeguards advantages for the long term (See Conclusion 6).

2. Thorium cycles with thermal reactors would provide a number
of advantages for the future. In particu1ar:

2a. a significant resource extension if uranium supplies become
short; such cycles may prove essential if the breeder is delayed
sign if i cantly or if the breeder is never commercialized;

2b. the possibility of more economical power generation as
uranium ore prices rise;

2c. another means of introducing denatured thermal-reactor fuel
cycles with possible safeguards advantages (as -summarized in
Concl usion 6).

3. Improved light water reactors can provide significant benefits
but would result in le'ss resource extension than would heavy-mater
and HTGR thorium reactors. Light water reactors are the most direct
means of i»tioducing thorium fueling. Future modif'ications to light
water reactors, such as "spectral shift reactors", may provide
significantly iniproved co»version ratios and can be expected to result,
in significant resource savings with thoriuin fueli»g. Even if light-
water breedei' ieactors could be imple»rented in existing LWR's, they
do not appear attractive relative to other thoriu»~ thermal reactor
alter»atives. I'horiu»~ fueling in LWR's requii'es the develops»ent of
i»dustri;&I-scale tech»olog~ for reprocessi»g and refabricating ura»ia-
thoria fuel a»d «dditio»al i»for»&atio» is needed oii irradiatio»
exposu re of u ra» ia-thoria fuel. (See Chapter 1 V.)

4. Heavy-water reactors offer as ntuch resource extension as can
be avai1able fr on»itonbr ceder reactors. A 1ogi cal choi ce is a
CANDC/-t ~'pe react or w it h t hori um fueli tzg, usi ng pl utoni unz from
water reactors or lti ghlv enriched urani ttm as ntaJ'e-ttp fissile
material. However, before cointuerci;clization in the U.S., this cycle
would require additio»al redesign a»d developnie»t of CANDU fuel
for high burnup, development of industrial-scale thoria reprocessing
and refabrication technology, and evaluation of acceptability under
U.S. licensing criteria. The higher uranium costs which would justify
thorium fueling will also justify redesign of the heavy water reactor to
higher conversion ratios. With such redesign, the resource savings
would be everi greater than estimated in this report. However,
operation at conversion ratios near unity, although possible, would
require a large initial f'uel commitment and would produce net
uranium ore savings only after many years of operation.

5. The current HTGR-thorium reactor is intermediate in resource
requirements between the LJVR and CANDU. The design flexibility of
the HTGR offers the possibility of modifications which could result
in conversion ratios and ore utilization comparable to that now
predicted for the thorium-fueled CANDU reactor, The HTGR is not
now commercialized, and the graphite-based fuel requires reprocessing
and refabrication technology which is more complicated and not as
well developed as for thoria fuel.

6. Several fuel cycles, proposed for international safeguards
control, have been considered in this study. 8 e also examine their
"national" and "international" safeguards implications, especially
the options for denatured fuel cycles. Denatured uranium cycles,
using low-enriched fresh fuel, are constructive alternatives for the
near term. However, plutonium inevitably is present in the spent fuel;
denatured thorium cycles may reduce sttch plutonium production by a
factor of about seven. Denatured thorium cycles can have long term
safeguards benefits, albeit with uncertain costs; but they do not alter
substantively the nature of the institutional and political safeguards
arrangements required for denatured uranium cycles. We sun&marize
these alternatives in order of their near-term signif icance.

6a. National reactors are fueled with low-enrichment uranium,
and discharged fuel is stored undei international control, i.e., the
"international stowaway" cycle. I his is the simplest cycle in terms of
fuel-cycle operations. lt could be implemented in the near term.

6b. National reactors are fueled with low-e»richment uranium,
discharge fuel is reprocessed at international centers, and the
plutonium is consumed in plutonium-burner reactors colocated at
these international centers. This utilizes existing technology a»d cou'id
be i n~ plemen ted in the near future.

6c. Natio»al reactors are fueled with thoriuiu a»d denatured
ura»iun&, i.e., ura»iu~n co»tai»i»g a fissile isotopic conte»t of 201~ oi
less. 1'he dischaige fuel is repi'ocessed at. an i»tei»ational center.
Recovered pluto»iu»i is co»su»~ed in a reactor colocated &t. the center,
a»d fissile »lake-up for the»atio»;il ieactors is obtai»ed from
coloca ted e» rich ine» t fac i 1 it ies. Pl uto» i u i» prod uction is reduced
below that of (b} by a factor of about. seven. There is cori.esponding
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reductio» i» eke ratio of power of the colocated pluto»iun~-bur»eI
reactors to the power of the national reactors, i. e. approximately 17
national reactors can be supported by one reactor at the center. The
fuel cycle operations are more complex. Relatively large and
colocated .isotope-separation capacity and colocated refabrication are
required. We note that the 20% fissile uranium noway be relatively easy
to enrich surreptitiously to weapons-grade concentration in non-
commercial facilities. If not consumed in a colocated reactor, the
plutonium in high-level wastes could become a perpetual safeguards
issue.

6d. National reactors are fueled with thorium and denatured
uranium, as in (c), and the fissile make-up is supplied by thorium-
blanketed fast breeders colocated at the international reprocessing
center. This offers excellent long-term ore utilization. A number of
breeder options appear possible with thorium in the breeder blanket
and/or core. During the early generation of breeders, start-up with

plutonium is likely, so complicated reprocessing and refabrication
systeriss are required. Excess fissile production by international
breeders would be quite limited and further breeder growth also would

be limited. Therefore, for the same national reactor po~er, the power
of such international breeder reactors would have to be much larger
than in (b). Variations on this cycle could include national breeders
with denat. ured uranium cores and uranium-plutonium-thorium fueled
international breeders which might have been started up with fissile
uranium produced in other breeders or in earlier thermal reactors.
Tkese concepts have not been evaluated completely, but they illustrate
the many very lorig-range safeguards and resource alternatives which
could involve thorium cycles and denatured uraniun&. These should be
evaluated further as a means of identifying future long-range
alternatives for the fast breeder program.

7. Any of the safeguards-motivated fuel cycles considered herein
will impose some financial burden upon the participating countries,
partly because each of these cycles involves operations not necessary
with the unrestricted fuel cycles described earlier. These costs of
complexity might be mitigated by economics of scale associated with

the inter»ational operations. Nevertheless, these financial burdens

may reduce the acceptability of these cycles. The financial burdens

and institutio»al feasibility of the proposed safejpIards-n&otivated fuel
cycles needs eval uat ion.

8. There is no resource, economic, or safeguards benefit of the
suggested "tandem" I.WR-HWR cycle which cannot be obtained more
easi fy, reli ably, and ecoizorni cally wi t h alter na(e t echnology.

9. l rnpr ovemenf s i n i sof opi c enri chment t echnol os and t he

evolution of small scale a»d' less expensive i'echniques of uranium

isotope s' parati on could make fissile niateri a/ i cadi l& avai !able
withoi&t regard to nuclear power fiiel cycles. (See chapter Vl.} Such
developIiients are also perti»e»t to the de»atIIIcd thoI iona fuel cycles
considered in this chapter, which have a development time scale of at
least 10 to 20 years, and which use material that is already appreciably
enriched.

A3. Aecornmendatt', ons

There is already an ongoing research and development program for
fast breeder technology. With respect to the other advanced fuel
cycles and within the context of the studies reported herein, ' wc

recommend that:

1. Reprocessing, ".nd refabrication technology should be developed
for mixed-oxide uranium-thorium fuels and for graphite-uranium-
thorium fuels, carried to a pilot scale suitable for engineering scale-up
to useful fuel cycle operations. The development program should
include plutonium in the make-up and discharge fuel, and the
modifications associated with denatured uranium should be
considered. The program should provide information suitable for a
pc11odlc rc evaluation of thc mc1'1ts of thcsc tho11um based fUc1

cycles. Carbide, nitride, and metallic fuels for fast-breeder
alternatives also should receive attention.

3. Relative feasibility should be evaluated for advanced HWR's,
HTGR's and spectral shift LWR's for achieving higher conversion
ratios. The study should address effectiveness of ore utilization over
the 30-year reactor lifetimes, practicality of the fuel technologies and
reprocessing-refabrication requirements, relative development costs,
and time scale of development and commercialization.

4. Necessary modifications should be studied for heavy-water
reactors and their fuel assensblies to achieve the higher fuel burnups
possible a»d desirable with enriched and recycle fueling, as well as the
necessary nsodif ications to obtain higher conversion ratios.

5. Fuel reprocessing-refabrication requirements should be studied
for both national and international reactors utilizing safeguard-
moti vated fuel cycles. The study should also i»el ude isotope
sepaIation reqtIiIeInents, fuel availability, special reprocessing and fuel
refabrication, approach to eq~Iilibriun&, and analysis of fiI~a»cial
btlrdens. The n1erits of such cycles should be ex.II»i»ed with in&proved

l %R's, HWR's a»d HTGR's as near-tern& a»d intermediate-term
soltItions while evaluating the breeder and other f tIture long-term
eIiergy sources.

6. SafcgtIards considerations suggest that the relative reqtIiren1ents

and merits (economics, resources, and safeguards) of various Pu-U-Th
fast breeder fuel cycle options should be evaluated. The normal Pu-U
breeder should continue to receive emphasis, but consideration of
breeder fuel cycles should be broadened to include the "denatured"
breeders as well as the possible synergy of mixes of Pu-U and Pu-Th

( U) breeders in equilibrium with LWR's and HWR's utilizing
denatured 233U.

B. LWR- Thorium aIId Advanced LWR Cycles

The most straightforward manner for the United States to take
advantage of improved fuel utilization capabilities of the thorium fuel
cycle is to substitute thorhIm for 238U in the conventional PWR and
BWR technologies. Uranium-thorium mixed-oxide fuels have been
fabricated, and satisfactory performance has already been
demonstrated in LWR's on an experimental basis. Full-scale fuel
fabrication and commercial-scale demonstration for extended time
periods has not yct been completed. Similarly, thorium-oxide fue1s
can be I eprocessed based on the existing thorex chemistry, as discussed
in Chapter IV. Such spent fuel has been reprocessed in the U.S. at the
Nuclear Fuel Services Plant in West Valley, New York. Thus, the
research base for use of thorium oxide fuels in LWR's is largely
completed, although process improvements mould be necessary for a

modern commercial thorex reprocessing plant in order to minimize
the solids content in radioactive wastes and to reduce environmental
releases of radionuclides. What remains is completion of development
and pilot-scale demonstration of the complete LWR-thorium fuel
recycle technology, including fuel refabrication. A demonstration of
irradiation performance of urania-thoria fuel is also needed,

The same type of pressurized water reactor considered in the
uran i u m- pl u ton i u m flowsheets of Chapter I I I has been analyzed
(Pigford and Yang, 1977} to illustrate the thorium fuel cycles in which
natural 3 Th replaces a fraction of 38U isotope in the previous
flowsheet. The make-up fissile material is either U or plutonium
recovered from discharged fuel, as shown in Figures 1 and 2. The
233U resulting from neutron absorption in thorium is recycled with
the other uranium isotopes. The recovered thorium is radioactive
because of 1.9 year 22"Th and thus is discarded in our analysis. It
could be recycled after being stored for about two decades. Referring
to Figure 1, the natural uranium is enriched, converted to oxide, and
mixed with the thorium oxide in the fuel fabrication. The uranium in

the discharged f'uel, which contains U and - U, is recovered and
recycled. To simplify comparison with the earlier discussion on
tllalliu111-fueled LWR's, the same total heat generation per fuel rod for
fueling with urania or thoria has bee» assumed. Because thoria is of
lower density than urania, the average thermal exposure of 30.4 Mw

2. We urge evaluation of the technical feasibility, safety, and

environmental features of heavy water reactors, including the
CANDU-type, under the U.S. licensing criteria; the evaluation should
include the HWR's with modified fuel, involvirfC enrichment and

recycle.

Safeguards isstIes relevant to highly enriched (93% -- U)
uranium make-up are discussed in Section VIII.F. Actinide reactions
in thorium fueling are discussed in Appendix III.
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day/kg for ura»ia is equivalent on this basis to 33.4 Mw day/kg for
thoria fuel. Refers i»g to Figure 2, 70% fissile pltltoliiuln is utilized as
the oxide with thorium »inixed oxide fuel. This pl&itonium must be
supplied by another reactor, a»d our calcillatinns of lifeti Inc ore
requil elne»ts will i»cl ude such a ul a»iuln-f ueled water reactor to
supply this I»ake-up i» pluto»iu»~. As show» in the diagra»&, the
rein;li»i»g pluto»iu»1;»&d the ura»iutn prodllced froln the thorium are
both recy cled, a»d the relnai»i»g thorium is stored. —

The thirty year lifetime requirements for all of these cases is

summarized in Table l. The first case, a), is the normal uranium no-
recycle case, a»d' b) and c) are the two previously discussed cases of
uranium-only recycle and uranium-plutoniurnn recycle. There is

sign if icant reduction in the 30 year lif eti me ore requirements. The
net lifetime gain from U-Pu recycle of case c) versus case a) is

approximately 32%.

Cases d), e) and f) involve the use of thorium mixed oxide fuels;

d) involves the flowsheet of Figure 1 and e) and f) the flowsheet of
Figure 2. By comparing cases c) and d) we note a further saving in

uranium ore of approximately 16% from the use of thorium. To fuel
the thorium reactor with plutonium one must consider two cases--
Case e) is the first generation situation wherein a uranium-fueled
water reactor must operate for a few cycles before plutonium is

recovered from discharge fuel. This plutonium must supply several

total fissile loadings for the thorium reactor, until uranium and

plutonium recovered from discharge fuel from this reactor can be
recycled. Additional ore is required to fuel the many cycles before

equilibrium is reached; the limitation is avoided in subsequent
generations of the same type of reactor, The new generation is started
from the fuel inventory of the previous generation, so equilibrium can
be reached almost immediately. The lifetime ore requirements of
second and subsequent generations of identical reactors are shown as
case (f) in Table 1. The second-generation reactors (case f) require
about 22% less, urani um ore than case e.

Recent estimates (Shapiro, et al. , 1977} indicate about the same
fuel-cycle costs with Pu-Th fueling (case e) as for U fueling with U-
Pu recycle (case c). - U fueling (case d) is estimated to be more
expensive, because of the relatively high costs of 93% U. However,

there is too much uncertainty in the cost of fuel reprocessing,
particularly for thorium fuel reprocessing, for the small differences in

the estimated costs for these fuel cycles to be significant. Also, the

additio»al cost of reseal ch and developn&ent to advance '1 horex
reprocessing technology to a con&mercial scale was not considered in

these esti mates.

Assui»i»g»o sig»ifica»t cost advantage for thol iuni fueli»g in the
near future, thol inn& fueli»g could become Inore attractive at a future
tilne whe» &Ira»iu»i sIIpplies are more limited and the cost of uranium

is relative1~ high. 1'he» reactors with less ura»iu»& co»sumption
would have a greater eco»o»iic advantage and would be»&ore useful to
the power eco»olliy. '1 here would also be gl eater i»centive to redesign

light water reactors to higher conversion ratios for better ore
utilization tha» is i»dicated in Table l.
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TABLE 1. 30-year lifetime ore requirements for pressurized-water reactors (1000 Mw elec
trical power, 80Vp capacity factor).

U30g

Short Tons

0. 2% 0. 25M Conver sion
Depleted U Depleted U Ratio

Th02
Shor t Tons

a} No r ecycl e

b) U recycle
ac} U-Pu recycle

5280

4340

e} Pu-Th, U-Pu recyclea 4220

f) 2nd Gen. Pu-Th,
U-Pu recycle

35U-Th, uranium r ecycl e 3650

6970

5820

3970

4650

0.60

0 ~ 613

0.665

0. 611

0.611

969

2?6

Irrcludes U-fueled LMR to sUpply make-up PU, with nor mal ization to 1000 Mw for
the total power -generating system. Cal col ated from cycle-by-cycle data of
(Shapir o, el al. , 1977)

l he proposed light-water breeder reactor is such a concept. lt
involves a higher ratio of fuel to ~ater than in present reactors,
separated and localized regions of fissile and fertile material, and the
use of movable fuel for reactivity control. A11 of these modifications
increase neutron absorption in thorium, resulting in higher conversion
ratio. Thorium-cycle conversion ratios of near unity seem achievab1e.
However, the breeding gain is very small and specific power is low, so
pre-breeders of intermediate conversion ratios are proposed as a
means of providing the start-up fissile inventory. A recent analysis
(Kasten, et aI., 1977} indicates an increased ore requirement during
the period of introducing prebreeders and breeders, with net ore
savings only after a very long period of operation. Thus its value is
marginal relative to other alternatives.

A possibly more useful and rea1 istic concept, to improve the
conversion ratio and ore consumption with near-term light-water
reactors, is to modify these reactors for "spectral shift" operation.
The reactor coolant system would be modified so that heavy water

(D20) could be in troduced into the coolant at controlled
concentrations. Af ter each ref uel i ng cycle the excess neutron
production from fresh fuel would be controlled by replacing enough
H20 with D20 for less efficient neutron moderation. This excess
neutron production, normally absorbed in boron or other non-fertile
absorbers, would be consumed by the absorption resonances of the
fertile materials U or 2Th, thereby increasing the f issile
production and conversion ratio.

As fuel bornup proceeds the D20 is replaced by H20 to maintain
reacti vity, and the process is repeated for each ref uel ing cycle.
Typically, at the beginning of' a refueling cycle the reactor coolant
would consist of about 85% D&O. During the cycle the coolant is
diluted with normal water resu1ting in a concentration of less than
about 25% D20 at the end of the one-year cycle. A facility must be
provided to reconcentrate the heavy ~ater. The spectral shift water
reactor received some attention over a decade ago, but it was not
justified economically at that time. Preliminary estimates indicate
significant improvement in conversion ratio over that of any of the
light water cycles listed in Table 1, even using the lattice of present-
day pressurized ~ater reactors. For fuel bornops of 33.4 ~negawatt day
per kg a -' U-Th loading was calculated to operat. e at an iritegral
conversion ratio of 0.7 and a - U-Th loading at a conversion ratio as
high as 0.87. This indicates the possibility of reducing the lifetime-
ore requirements well below 3000 Mg. Benef its f ron& the higher
conversion ratios of spectral shift 1.WR's most be balanced against
increased costs resulti»g f'rom the increased complexities of irsing
heavy water in LWR's. Facilities nsust be provided to adjust D20
concentration in the LWR coolant and to re-enrich the 020 dilotecl

by H20 during the fuel cycle. An on-site distillation system for
heavy-water e»richment is a possibility.

1 he pi esence of concentrated deuteriirm in the coola» t. will

increase the rate of production of tritium in the coolant. In the
pressurized water reactor this increase in tritium production by
neutron absorption in deuterium will be offset, in part, by the loss of
tritium production from fast-neutron reactions in dissolved boron
which will no longer be needed for reactivity control. A higher
concentration of tritium in the coolant may complicate the open-core
refueling techniques now used in L%R's because of the possibility of
tritium escape during ref ueling. It may also require additional
controls to minimize the environmental release of tritium via non-
condensable off-gases during normal operation,

Control of burnup reactivity by spectral shift boiling-water
reactors would el i m i nate the burnable-poison absorbers now
incorporated in the fuel rods in these reactors. However, since the
burnable absorbers also provide an ef'fective means of adjusting the
axial distribution of neutron flux and power density in these reactors,
some other technique must be developed for paver-density control in
a spectral sh if t boiling water reactor. The larger negati ve void
coefficient of reactivity in spectral shift operation would also be a
problem.

Nevertheless, the spectral shift concept might. be relatively easy to
implement in some present LWR's and should be included in further
evaluations of alternatives f'or improved resource utilization. Spectral
shift operation with thorium fueling provides the greatest gain in
resource utilization, but the improved utilization of uranium fuel with
spectral shif't operation may become justified when uranium ore prices
increases.

There is another way in which thorium may be utilized in a
present-day or spectral shift light-water reactor, not. merely to extend
resources but as a part of an overall approach to international
safegoards. As is discussed more completely in Section F of this
chapter, the recycled uranium in a uranium-thorium cycle is diluted
with 23"U to about 15 to 20% fissile isotopic concentration. This
resol ts i n somewhat less pl uton i u m production than r n a low-
enrichnlent uranium cycle. Such a fuel cycle is completed by storing
or reprocessing the discharge fuel to recover the oraniuns and
pl uton r um.

Oor overall conclusion is that the use of thorium in presenI light
vater reactors offers a real bot n&arginal advantage for resource
exterisio» alone. l.arger benefits are possible with redesign of the
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reactot core or of the»ioclerator-cool ~» t system. Were the fast
breeder reactor to be delayed or eli»&i»ated altogether, it »light be
desirable to i»t roduce the use of thorium» in L WR's niodif ied for
higher co»versio» ratios, si»ce the overall reduction i» uraniu»& ore
de»&a»d for a 1 urge»umber of l WR's could be in&portant.

i

C. CA'5 ill' a»d Advanced Heavy bYatcr Rc:actor Cycles

The pressure tube heavy water reactor already comniercialized in
Ca»ada is unique i» that it can be fueled directly with»atural
ura»iud» (Foster a»d Critoph, 1976; Meneley, 1976). 1 his re&ctor was
described in broad detail in Chapter ill where several variatio»s with
differe»t coolant were »mentioned, all of them moderated with heavy
water. As was poi»ted in Chapter 111, ordinary water has a greater
neutron absorptio» cross sectio» tha» heavy water but is more
effective in slo~ing down the neutrons quickly. Thus, a heavy water
reactor must. be larger to provide for neutron moderation, but the
larger heavy water reactor with lower neutron losses can operate with
lower isotopic enrichment. Because of the higher conversion ratio and
shorter irradiation exposure typical of the CANDU reactor, greater
quantities of fissile plutonium are produced per unit of thermal
energy. However the short irradiation exposure and high fuel
throughput result in plutonium in CANDU discharge fuel at relatively
low concentration. Present cos ts of u ran i um and of fuel-cycle
operations do»ot justify reprocessing now to recover the plutonium
from the CANDU fuel, so the discharge fuel is put into long term
storage. However, future higher costs of uranium ore may ultimately
justi fy reprocess i ng the d ischarge fuel to recover and recycle
plutonium. We consider here some variations of the present fuel cycle
in which plutoniuna is utilized and also consider variations in which
thorium is utilized rather than natural uranium.

The flowsheet {Pigford, 1977a) for a CAIv DU reactor fueled with
natural uranium is shown in Figure 3, and the flowsheet (Pigford,
1977a) for natural uranium and recycle plutonium (Till, et al. , 1977)
is shown in Figure 4. The depleted uranium and a sniall amount of
pl uton i um from fuel reprocessi ng are discarded. Recycl i ng the
plutonium makes a significant difference in the fuel burnup, which
rises from the low value 7.5 megawatt days per kilogram, typical of
natural uranium, to 16 megawatt days per kilogram as shown in the
flow chart (Till, et al. , 1.977; Slater, 1975; Kasten, 1977). I his is
approximately half the bur»up typical of light ~ater reactor fuel. The
data in this flowsheet are derived froni calculatio»s which assumed

that the pluto» ia uran ia fuel with the same f uel and c1add ing
di»&e»sio»s as prese»t. CANDU fuel can operate to the higher bur»ups
without »ioclific etio». '1'his is «n optit»istic assumption, since the
higher burnups will ge»crate more fissio» gases. Fissio»-gas plenums
and th icker fuel cladd i»g may be requi t ed.

As shown i» 1 able 2 the lifetime»e uranium ore requireme»ts for
the CANDU reactor with self-generated pluto»ium ~ecycle, variation
b), «re about tv o-fold less than for the present »on-recycle operation.
The require»&ents «re sig»ificantly less than the ore requiret»e»ts for
any of the light water fuel cycles shown in I'able L, i»dicative of the
overall higher co»version ratio of the heavy water reactor. However,
the but»up per cycle is still too low for this fuel cycle to be more
eco»oi»ical than the CAN DU»o»-repi ocessi»g stowaway cycle,
assu»lii&g the fuel-cycle cost para'»eters used i» a»alyzi»g the L. 'Ar'1&

fue1-cycle econimics in Chapter IV. At some future higher price of
uranium ore this fuel cycle could become economically attractive.

The same CANDU reactor can also be fueled with thorium and
make-up fissile material derived from an external source (Till, et al,
1977; Critoph, et al. , 1976; Hatcher, et al. , 1975; Kasten, et al. , 1977;
Till and Chang, 1977; Banerjee, et al. , 1977). Figure 5 is the flowsheet
{Pigford and Yang, 1977} for the equilibrium cycle of the CANDU
reactor fueled with 93.5% U, thorium, and recycled uranium. The
fuel burnup has been specified at 27 megawatt days per kilogram of
heavy 'metal, near that typical of light-water fuel. As shown in Table
2, uranium-thorium fueling increases the average conversion ratio to
0.92, a resu1t of the greater number of fission neutrons per absorption
for the bred and recycled 2 U. The uranium ore consumption is 39
to 45% less for this cycle than for uranium fueling with self-generated
plutonium recycle. Alternatively, the make-up fissile material for the
thorium-fueled CANDU reactor can be plutonium recovered from
uranium fuel discharged from a CANDU reactor or from a light water
reactor. The flowsheet (Pigford and Yang, 1977} for this cycle at
equilibrium, utilizing plutonium produced in a natural uranium
CANDU reactor, is show'n in Figure 6. The lifetime ore requirements
for the plutonium-thorium CANDU reactor, shown in Table 2, are
calculated for 30 Gwe-yr of electrical energy from a reactor system
consisting of a uranium-fueled CANDU reactor to provide the start-
up and make-up plutonium and a plutonium-thorium fueled CANDU
to consume the plutonium. The uranium ore required for this system
is 20% less than for the CANDU fueled with natural uranium and
self-generated plutonium recycle, and it is 22 to 36% greater than for
the 2 U- Th-f ueled CAN DU with uranium recycle.

T. Pigford, 8+6
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TABLE 2. 30-year lifetime ore requirements for heavy water reactors (Pigford and Yang,
1977) (1000 Mw electrical power, 80% capacity factor).

U308

Short Tons
Conversion

Ratio
Th02

Shor t Tons

a) Natural U f ue1, no r ecycl e 5263

. b) Natur al U fuel, Pu recycle 2861 0. 74

c) U- Th f ue l, U recyc1 e

0. 20% depleted U

0. 25% depleted U

1690
1870 0.92 1410

0.92d) Pu-Th fuel, U r ecycle 2290 771

Includes U-fueled HMR to supply make-up Pu. Total system power = 1000 Mw.

ln the present conceptual design of a thorium-fueled CANDU
reactor, the lattice spacing and specific power have been kept the same
as for the natural-uranium CANDU reactor. Because the fuel burnup
chosen for these thorium cycles is 3.6 times greater than for present
CANDU uranium fuel, the void volunse in each fuel rod has been
increased by 9% to provide for the accumulation of fission gases. The
cladding dimensions have bee» kept the same, although the higher
bui»ups may require thicker cladding. There are no published data on
the performance of CANDU fuel elements at these high bur»ups.

A heavy v ater reactor lattice can be modified to operate at yet
higher co'»version ratios, even as a thernial breeder with thorium
»lake-up a»d uranium recycle (Till, el al. , 1977; Critoph, ef a/. , l976;
Hatcher, er al. , 1975; Kaste», eI a/. , 1977). A co»versio» ratio of
unity can theoretically be obtained on the pres"nt CANDU lattice if
fueled with thoriiiic& and uraniun& of low fuel bur»up pei cycle. The
conversion ratio can also be increased by i»creasi»g the thorium
loading, operating at lowe] specific power a»d at lower bur»up, a»d
increasing the c ~landria lattice spacing. Although the fuel savings
frons higher conversion ratio are large, they ca»»ot be realized at the

beginning of reactor life time. In attaining the higher conversion
ratios possible in advanced heavy water reactors, a larger initial fissile
loading is required. The smaller cumulative ore requirements are
realized only after a number of years of operation, as illustrated in

Figure 7. For the thorium fuel reactor having a conversion ratio
approaching unity, the entire ore requirement is essentially that for
the in i tial inventory and for the start-up fuel cycles before
equil ibri um is reached,

The CANDU reactor, optimized with respect to the variations
described above, offers an attractive alternative for the future when
uranium ore prices rise. If the fast breeder is significantly delayed or
cancelled, a high-conversion-ratio reactor, such as the CANDU, may
become necessary to conserve uranium resources.

As was pointed in Chapter III the CANDU reactor has not yet
been licensed for operation in the United States. An analysis must be
carried out before the possible problems of licensing this special
reactor under the U.S. safety criteria can be ascertained. It is our
recommendation, therefore, that the U.S. government (ERDA and/or
NRC) carry out such an evaluation of the CANDU reactor, including
not only the presen t design but also reasonable modif ications
necessary to accomplish these incentives for future U.S. application.
The redesign of CANDU fuel rods for higher burnup, the failure
modes of the CANDU coolant system, and the emergency cooling of
CANDU fuel are all worthy of consideration. Kith interest in both
countries concerning effective utilization of uranium ores, it is a
matter of organizational coordination and cooperation to develop the

- desired information.

lOOO lVlw T. Pig fo~d, l 977

FIG. 5. Annual quantities for
CANDU reactor fueled with
3 U, thorium, and recycled

uranium (equilibrium fuel
cycle).

Thot lurn F uel
g4 g Mg Fabrication,

ll

955/ U

O. l34 Mg

Heavy Water
Reactor

E= 27 Mw day/kg
Fuel Life = 3.2 yr
q = 0.305
L= 0.80

Fission
Fuel Products

Reprocessing l Olg Mg

]~Thorium
33.5 tVlg

Uranium Recycle

0,484 Mg U, 0054 Mg U

0.838M' u

onve rs i on
Natural
Uranium I s o tope ~-Separative 0/ork

Op~ oj.»~U Separation 2g 0 Mg
27.0 Mg O. ZS i. '"U

~r 26.8Mg

Rev. Mod. Phys. , Vol. 50, No. 1, Part I I, January 1978



Advanced fuel cycle alternatives S149

lOOO Mw T. Pigford, ~97~
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D. High Temperature Gas Reactor (H"1 GR)

The high temperature gas reactor described i n Chapter I I I is
undergoing demonstration tests as an alternative nuclear power plant
of the future. lt is a helium cooled graphite moderated reactor using
natural ~Th as a fertile n&ateria] and highly enriched uraniuns as
fissile material. As shown in the flowsheet (Pigford, 1. 977a) of Figure
8, the reactor is fueled with thorium, make-up -' U, and uranium

( -'-'U, "U, "-~ U, -'6U) recovered from the discharge fuel and

recycled. I he fuel consists of coated part icles of uranium and
thoriunl en&bedded in a pris»&atic graphite matmix. Heliuns coolant
flows through holes in the graphite. 1 he .hexagonal cross-section
fuel-niodeiator prisms are stacked to forn~ the core structure. The
graphite n&atrix provides a means of obtai»ing very high fuel bur»up
without loss of n~echanical integrity. The desig» - burn«p is 94
megawatt. days per kilograni of uraiiiunl and thor ium, which is about 3
tlnles that experienced in typical 1 ight watel reactors. A conll11ercl tl

pl ototype Is now operating «t I"ort St. Vl ain i f1 Colorado. However
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IOOQ Mw 'K Pi@ford, 8/76
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tIic U.S. Inanufactulcr, Gelielal Atoiiiic, has recently withdlawn its
earlier sales ot full-scale consmercial plants. Dcvelopn~eiit of O'I GR
fuel reprocessing and refabrication technology continues under ERDA
sporisorship. It is uncertain when and if this reactor will return to the
commercial U.S. market.

Aii alternative means of realizing the fuel ~alue of plutonium
recovered from discharged L%R fuel would be to recycle this
plutonium in the HTGR in lieu of highly enriched 2 U make-up
normally used (Pigford and Ang, 1977; Brogli, .ei al. , 1975). The flow
sheet (Pigford, 1977a) for this plutonium utilization is shown in
Figure 9. The uranium produced as a result of neutron absorption in
thorium is recycled, along with the plutonium remaining in the
discharge fuel.

The thirty-year life-tilde ore requirements for the curt'ent design
of the HTGR are shown in Table 3, where three cases are described.
The first is the normal HTGR operation w'ith U-thorium fuel. The
second is the pluton i um-, thor i u rn fue1ed- reactor following the
flowsheet of Figure 9. The ore requirements listed for this case
include an ordinary LWR to supply the makeup plutonium. Much of
the requirements in cases (a) and (b) are to supply the extra fissile
material required. during the many irradiation cycles before the
equilibrium recycle shown in these flowsheets is attained. However a
second-generation reactor can start-up with the fuel-cycle inventory
lef t from a reti red f irst-generation reactor. The 1 ifet i me ore
requirements for such second generation reactors are shown in cases
(c) and (d). The HTGR can also be operated on low-enrichment
uranium, with or without U-Pu recycle. Comparing the data in Table
3 with those in Table 2, it is apparent that the thori um-f ueled
CANDU reactor requires about 50 to 60% less uranium ore than does
the current HTGR.

The current I'eference HTGR, which is a basis of the flowshcets of
Figures 8 and 9 and of the ore reqllircments of Table 3, is a design
optiniized fol current or near-term fuel-cycle cost parameters,
including uranium ore price. However, a featulc of the HTGR fuel
concept is the flexibility for niaking relatively large changes in the
fuel loadilig without altering the fuel thcrni;&1 performance of the
overall mechaliical design. Fol' a futule era of higher uranium ore
prices and greater incentive to iniprove ore utilization, the conversion
ratio of the H l'GR can be increased by the following niodifications:

l. 1»crc lse the thorium loading in the cole, which increases
nell(1 oil Qbsorptloll I ll ill ol'1 ll Ill I'cia tl vc to lloll pl'ocl I.lctl vc
absorption;ind leakage. Decrease the core pov er dcnsit~'. For
the sanic fissile concentlation, this decreases the lieutron flux
and reduces the flux-depclident. neutron ahsorpt. ion in '. Xe
and PQ

2. I he greatel' cole voltlli&e, fot the saliie thcrliial power, provides
volunie fol' ful ther i»creases in the thol. iuni loadi»g.

3. Decrease the time interval between ref uel ing, thereby
decreasing the loss of neutrons to control absorbers.

4. Reduce the thickness of the coatings on the fuel particles,
allowing greater thorium loading in the fuel holes in the
graphite prisms, allowing greater thorium loading per prism.

5. Distribute the fuel particles uniformly throughout the graphite
prisms.

Estimated improvements in the conversion ratio and ore
requirements possible by such approaches are shown in Table 4.

lOOO Mw
T. Plgford, a/re

FIG. 9.' Annual quantities for
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TABLE 3. 30-year lifetime ore requirements for high-temperature gas-. cooled reactors
(Pigford, 1977a) (1000 Mw electrical power, 80% capacity factor).

U308
Short Tons

0. 2% 0

Dep le ted U Dep1

Equiv.
. 25% Cony. Th02
eted U Ratio Short Tons

a}
b)
c)
d)

235U-Th fuel, U recycle
Pu-Th fuel, U-Pu recycle
2nd Gen. 5U-Th, U recycle
2nd Gen. Pu-Th, U-Pu recycle

Includes U-fueled water reactor to supply

2970
4990
2490
3340

3690 0. 66
5360

3690

make-up Pu. Total system power = 1000 Mw.

309
100
277

88

The first two modifications, which increase the conversion ratio to
0.76, can be achieved with the current fuel e1ement design, This
reduces the life-time ore requirement. to a level about 58 jg greater
than that of the CANDU reactor operating on the same friel cycle.

The most significant parameter in increasing the HTGR
conversion ratio is the increased thorium loading. This requires
corresponding increases in the initial and start-up loadings of fissile

5U, resulting in a greater investment in fuel early in the reactor life.
The higher initial investment contributes to a higher levelized fuel
cycle cost, but if the price of uranium increases more rapidly than
does the effective discount factor during the plant life, the lower
annual ore requirements for fuel reloads throughnut the plant. life
could possibly offset this higher initial f iiel investment.

One feature of the HTGR which benefits its fuel cycle cost and its
resource utilization is the very high fuel exposure of 94 Mwday per
ki1ogram of heavy metal. This means that for fuel reprocessing and
refabrication to make the same contribution to the cost of electrical
energy, the unit costs of these operations, expressed in cost per unit
amount of heavy metal processed, can be correspondingly greater for
these operations in the H1GR fuel cycle. However, whether these
HTGR operations, can be carried out within the greater allowable unit
costs is uncertain at this time. As discussed in Chapter 1V, the HTGR
reprocessing operations are yet to be carried out on a pilot-plalst scale,
so tI&e technological foundation for estiniating the cost of
corn nsercial-scale operations is now qu i te 1 im i ted.

The burnup advantage of H1GR fuel over LNR and CANDU
fuels decreases, but, does not disappeal. , as n~odifications are luade to
in' prove the H 1 G R conversion ratio. The 1 m proven&ents it&

convelsio» ratio and ore requirements listed in Table 4 v ere calculated
on the assulmption that the fuel would be irr:diated for a constant
tinge i»terval of four years, ;&s in the present H IGR reference design.
Therefol'e, as the thoI'iun& loading a»d fissile loadiiig ale increased to
insprdve the conversiots ratio, the burnup correspondingly decreases.

Although the Hl'GR reactor design is well founded and is readily
adaptable to the modif ications described herein, . the technical
complexities and lack of engineering-scale experience in the HTGR
fuel cycle suggest caution in. economic comparisons with other fuel
cycles.

'
Thorough and periodic engineering evaluation of . the

economics of the HTGR fuel cycle and of alternative thoriuril-based
fuel cycles is im portant to the ERDA program.

Similar reactors are under development in Germany, where designs
of the prismatic type as well as advanced pebble bed designs are being
considered. Uncertainties in the large investment to commercialize
this reactor and the lack of fuel reprocessing and refabrication
operations even at pilot scale make it unlikely that this reactor will

emerge during this century at a scale significant to the overall
consumption and utilization of uranium ore.

E. Fast Breeder Fuel Cycles

EJ. The Normal Pu™U Fast Breeder

The principles of fast breeder operation and a brief discussion of
the LMFBR were provided in Chapter III, The dis'cussion there
cen tered on the key features of breeder operation, namely the
production of 3 Pu from the fertile 3~U or U from fertile Th

I

TABLE 4. Conversion ratio improvements possible for the HTGR fueled with ~35U, Th, and
recyc led uranium.

Modif ication a Conver sion r atio a
Re]ative lifetime ore"

requirement

Refer ence HTGR 0.66 1.0

Increases thor ium loading by 26%

Change from year ly fueling to
semiannual fLieling

0. 71

0.76

0.89

0.80

Reduce core average power density
from 8. 4 to 6.0 watts/cm 0.82 0.68

Use modified fuel elements
and/or improved fuel par ticles

0, 90
0.95

0.67

From Brogli, et al. , 1975
b Includes initial loading and reloads over 30-yr lifetime, calculated from data of Brogli, el al. , 1975.
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FIG. 1.0. Annual quantities for
LMFBR fueled with natural or
depleted uranium (equilibrium
fuel cycle, Greebler, 1977).
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through the use of fast neutrons. Higher breeding ratios and shorter
doubling times are possible with the uranium-plutonium cycle, and
plutonium will be available from water-reactor fuel to start up the
first generation breeders. Moreover, the Purex reprocessing technology
is available for the uran i u rn-plutonium cycle. Consequently, the
LMFBR program is aimed towards the development of first-
generation breeders fueled with uranium and plutonium. In the Pu-U
fast breeder the core consists of plutonium-uranium mixed oxide fuel
pins. Surrounding the reactor core is a blanket of' depleted uranium
which absorbs neutrons leaking f'rom the reactor core to produce
additional plutonium. The blanket consists of two parts, both axial
and radial portions. Cooling is accomplished by means of liquid
sodium in the case of the LMFBR or helium gas in proposed gas-
cooled designs. Figure 10 shows a flowsheet for a possible early
LMFBR operating on an equilibrium fuel cycle (Greebler, 1977),
fueled with . natural or depleted uranium. The excess plutonium
production from this breeder can be used to start-up subsequent.
breeders, provided that the doubling time for increasing breeder
capacity is no shorter than the doubling time for excess f issile
production by the breeder.

A large amount of depleted uranium from isotope separation will
have been stockpiled by the time when present low-cost uranium
resources are consumed by water reactors. Assuming that breeders
replace the water reactors then being retired in the next century, and
assuming that total fission power continues at a constant level, the
stockpiled depleted oraniun~ is ari already-n~ined resource sufficient to
fuel these breeders for hundreds of years. The fast breeder is the most
efficient of ail fission systems in terins of long-terre ore utilization.

The on ly ore requ i reni en ts at tri b u table to the breeder is that
associated with the productiori of plutonium for start-up loadings of
the first-generation breeders. I his plutnr~ion& ntost be obtained froni
light-water reactors, and t, hese reactors will then require more ore
bee;tuse they are thereby deprived nf the benefits of plutonium
recycle. %he» operating witl&out Pu recycle, the 1-Gw !.WR (Figure
6 of Chaptet IV) ptoduces 17L4 kg/yr of fissile Po. I.WI&'s most
operate for 43.8 Gw-yr without Pu recycle in order to produce the
7500 kg nf fissile Po required to start-up a 1-Gw I MFBR (Greebler,
1977; see «iso 1'able 5 of Chapter Vill}. l he trtariiun& ore atttibtrtable
to Ptr prndtrctiori is the difference between the ore required for
operating LWR's with U recycle o»ly «nd that. required with U-Pu
recycle. Using the data of cases (Q} and (c) of Table 1 and scaling to
43.3 Gw-yr. , we estimate 1530 tons, U308for 0.25% depleted uranium
tails, attributable to Pu start-up as shown in Table 5.

If the doubling time for subsequent growth in breeder capacity is
no greater than the doubling time for the breeder to produce excess
plutonium, no ore is required for subsequent breeder generations. For
each gigawatt of first-generation breeder capacity installed in the
1990's, which was ERDA's projected era of breeder commercialization,
43.8 Gw-yr of light water reactors must be operated without
plutonium recycle during the 1980's and early 1990's .to furnish the
start-up plutonium (Pigford, 1977b). Therefore, ERDA's schedu1e of
breeder introduction would have required the existence of' industrial-
scale L%'R reprocessing before the 1990's. The present schedule for
commercialization is uncertain,

The data in Table 5 indicate that over a 30-year operating life,
three uranium-f uel ed light water reactors could produce enough
plutonium to start up two fast breeders, if no plutonium were to be
recycled in water reactors. Alternatively, nine water reactors operating
during their last ten years of life without plutonium recycle will
generate enough plutonium to eventually start up two breeders. The
1974 ERDA projections of U.S. nuclear power growth indicated a
growth to 124 GW of fast breeder capacity by the end of the century,
along with 644 GW of light water reactors. Calculations (Pigford and
Ang, 1975) of the amount of start-up plutonium required for such a
large scale of breeder iritroduction showed that plutonium recycle in
water reactors would have to be discontinued in the early 1990's to
insure sufficient plutonium for breeder start-up. However, events
since 1974 suggest that; such a rapid introduction of breeders is not
likely, and delays in LWR fuel reprocessing and in the construction of
additional L%'R fuel reprocessing facilities seem more likely to result
in an over supply in the 1990's of plutonium which can be extracted
from wa ter reactor fuel.

l

Fron& the above it is apparent that there are several situations, any
one of which could warrant operating water reactors entirely with
uraniirm fueling so that all of the plutonium produced woold be
available for breeder start up. - Examples are:

Fi ssi 1 e PU required for
fast breeder star t-up a 7500 kg

Oper ation of U-Fueled
water reactor to generate
PU start-up inventory 43.8 Gw Yr

U ore attributable to production of
startup Pu

0. 20% depleted 0
0.25% depleted U

1370 short tons U308
'1530 short tons U&08

Additional separative work due
to loss of Pu-recycle in
water reactors:

0.20% depleted uranium
0. 25% depleted uranium

1200 Mg

%020 Mg

Example: To start up 1 GW of FBR requires that 4.38 Gw of LWR be
operated for 10 yr. without Pu recycle. Total ore utilized = 8490 short tons
U308 (0.25% depleted U). Total ore attributable to breeder start-up = 2980
short tons.

Based upon 3000 kg fissile Pu for the initial core plus 4500 kg for re-
placement loadings before Pu in discharge fuel is recycled (Greebler, 1977).

TABLE 5. Fissile, ore, and enrichment requirements to start a
first-generation fast breeder reactor with water-reactor pluto-
nium (1000 Mw electrical power, 80% capacity factor).
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(a) a very linlited supply 'of uranium ore

{b) a sufficiently laige ratio of first-generation breeders to
previously i il st«lied water reactors

(c) a desire to»love as rapidly «s possible iilto a breeder power
sys teill.

E2. Fctst Hreeder Star t-up with U

Plutolliunl is the best. of «11 the fissile isotopes in achievi»g high
breeding ratios and low doubling times in fast breeders (Greebler,
1/77; Pigford, 1977b; Baker and Ross, 1973; Yamashita, 1970;
Yamashita, 1969). Although enriched (20 to 22%) U from isotope
separation could be used for breeder start-up, the relative penalties
associated with U start up are large. The smaller number of
neutrons per fission for U results in larger fissile inventory and a
lower breeding ratio than with plutonium fueling.

Calculations of the amount of uranium ore and separative work
for ~U start-up and of the cost penalties for 35U start-up are
presented in Appendix V. It is shown that for a corn»lercial fast
breeder optimized for an equilibrium plutonium-uranium fuel cycle,
the amount of fissile uranium required for start-up is from 1.5 to 2.4
times as large as, the amount of fissile pluto'nium that would be
required, depending upon the method of reprocessing the core fuel.

U start-up would consume greater quantities of uranium ore than
that attributable to Pu start-up from LWR's, and also would require
greater quantities of electrical energy . for isotope separation. As
shown in Appendix V, the corresponding total cost of the fissile
material for start-up would be greater by a factor of 2.3 to 3.7 for
enriched uranium than for plutonium.

a»d introduced with Pu02 — UO2 fueling could be converted later to
UO2 - Th02 fueling. A longer doubling tinle would result, but the
extent to which this would be a problem would depend upon the
desired rate of breeder introduction.

Ura»iform-thorium fueling in breeder cores may have some safety
advantage because of its smaller increase in reactivity from sodium
voiding thail with plutonium-uranium fueling. However, there are
/ther means of reducing the reactivity effects of sodium voiding, if
this proves to be ilecess«i y in the I M I BR develop»le» t progi am.
Irltroducing thoriuin fueli»g in bieeders would i»tioduce»lany of the
proble»ls that would be e»cou»tered with thoi. iu»l fueling in ther»la1
ieactors. I he build-up of . U iil the iri",ldi;lted fuel a»d the high-
energy gammas of the U-dec;ly darrghters would require more
shieldiilg arid remote ha»dling i» fahricati»g recycled fuel, a»d it
co»lplic;ltes fuel repiocessi»g. I'he U build-up iil a thoriuill-fueled
f lst re;lctoi is likely to be co»sidei;lbly gre;itei th«il in thol iur»-fueled
tllei»l;ll re«ctors. Also, the i'eprocessi»g would h;ive to be b'ised upon
I'hoi ex tecllilology, which is ilot «s well developed as Psrrex

reprocessi»g;irld is expected to be »lore difficult. ;liid expensive. I'he

corltiol of shirt dow» ie«ctivity is»loie difticult with - - U fuel
bec«use of the rel«tively loilg {27.4 d;ly) h;lit lite of '-'P«, the "U
precrrrsor. 'I'he loilg h;llf lite results iil iilci'e;ised precursor
collce ill I 'l l io»s du i iiig opei;l t i o». Sigil if ic«il l i e«ct i vi iy is added by
-. 'P;& dec«y after re;ictor shurdowil, a»d illore corlti'01 «bsorbers 'lie
reqrrired with ur«tliurll-thorirrill fueli»g. Also, the de1;lyed tleutron

fraction for U is lower than that for Pu, so lower worth for
individual control absorbers and slower withdrawal rates to avoid
prompt criticality may be required. These operational problems can
all be accommodated through proper design, but they can affect the
economics of uranium-thori um fueling.

The breeding ratio is significantly lower during start-Up cycles
with U, and this effect persists for many subsequent reloads until
most of the U has been recycled and consumed. The new deficit in
breeding-gain production of fissile plutonium due to U start-up of
a 1000Mw LMFBR is about. 1700 kg. This considerably increases the
breeding-gain doubling time and will delay the start-up of second-
generation breeders, assuming these are to be fueled initially with Pu
from f i rst generation breeders.

As has been shown in Chapter IV, for a given uraniunl enrichment
capability and an existing base of uranium-fueled water reactors to
produce pluto»i&i»l, the greatest resource benefit before the breeder is
i»troduced results from fissio»irlg both uranium a»d plutonitrnl in
these water reactors. If there are commercial water reactors and first-
generation fast breeders, it is best to fission uranium in the existing
base of water reactors for the re»i«i»der of their useful life, and to
fis'sio» pluto»iu»l in the breeders. I he techilical a»d fuel cycle cost
considerations i'«ised in this chapter i»dic«te that start, -up of breeders
with --U is to be avoided oilce breeder co»lmeicializatioil has begun.

E3. I ast, 8reeders with ~33U Cycles

There is some interest in breeders fueled with thorium and
recycled uranium. For example, if the breeder program were to be
significantly delayed and if thorium fueling of thermal reactors were
to be introduced, as discussed earlier, to conserve uranium resources,
these thermal reactors would eventually become sources of U
instead of plutonium for breeder start up. Although U is far better
than U for this purpose and results in reasonable breeding ratio, it
is still inferior to plutonium.

When Th02 is substituted for UO2 in the core fuel, case (b}, the
breeding ratio decreases. This is a result of the lower fast fission cross
section of Th and also from the partial replacement of Pu by

U as the latter builds up and fissions during the irradiation cycle.
(See Chapter III, section A for background information. ) Substituting
Th02 for UO2 in the blanket only slightly decreases the breeding ratio
because of the relatively few fissions in the blanket. A core fueled
with UO2 - Th02 res ul ts in an even lower breeding ratio.
Operation is also possible with a core of 3 UO2 diluted to 20% or less

with 2 8UO2, a denatured fast breeder, as discussed in Section F2c).

Since the irradiation behavior of UO2 — Th02 fuel appears to be
similar to that of PuO2 -UO2 fuel, it is likely that LMFBR's designed

More advanced sodi um-cooled breeders designed for higher
breeding ratios and higher specific powers may be based upon fue1
materials in the form of carbides, nitrides or metals. These advanced
fuel materials offer better theoretical therm a1 and neutronic
performance (see Table 6), but less is kilown about their irradiation
behavior than is known about oxide fuels. Also, C formation in
nitride fuels may result in greater expense in environmental controls
and in waste management, . Although uranium-'metal fuels have been
considered unacceptable for the high burnups required for breeder
cores, experience of the EBR-II experimental breeder now indicates
that alloyed uranium metal may be suitable. Fuels of thorium-base
alloy may be an even more attractive possibility. The isotropic face-
centered-cubic structure of thorium metal is more stable than uranium
to irradiation damage arid swelling. Thorium undergoes its solid-
phase transformation at 1365"C, which is much higher than the 660 C
transformation temperature of uranium metal. Also, thorium melts at
1725"C, as compared with 1132"C for uranium. However, because of
the linlited solubility of uranium and plutonium in thorium, the
irradiation behavior of U-Th and U-Pu-Th alloys for core fuel may
not be as good as that expected for thorium metal. The irradiation
behavior of such alloys at operating temperatures and design burnups
is not sufficiently known.

The higher. thermal conductivity of thorium-based alloys could
result in higher specific power than with oxide fuel. Also, the higher
ato»lic density of the metal should result in a breeding ratio higher
than that. attainable with oxides, as shown by cases (d) and (e) in
Table 6. The highei' specific power and breeding ratio both result in a
lower doubling time for the thorium-alloy fuel. Also, with nletal fuel
the reactivity effects from sodium voiding are further reduced below
those predicted for the oxides. These possible advantages from
thorium-alloy fue'1 in breeders, as co»lpared to thoiiunl oxide fuel,
»lust be weighed against the greater uncertainties in irradiation
behavior a»d possibly more expensive fuel fabrication. Also, thorium
alloy fuels will be subject:o the same problems of thoriunl technology
described above. Therefore, the present state of knowledge on
thoriu»l fueIiilg i» fast breeders does»ot suggest diversio» fr'orll the
Pllo2 — UO2 fuel liow Lllldel develop»letlt- Advanced clrbide arid
1horiu»l-alloy fuels do offer promise for longer-railge i»lproveme»ts
in advailced breeder designs.

I'horiuill-«lloy frrels for breeder cores «re»ot adaptable to the
co»cept of;& breeder fueled with a den«tarred uraniunl for s«feguards
fuel cycles. If the recycled -'-'U were diltrled by»atoll«I ul«rliurll to a
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TABLE 6. Comparison of Pu-U and U-Th fueling in LMFBR's (1000 Mwe, 0.8 load factor).

Excess Fissile Production

Core Fuel Blanket Breeding
Material Material Ratio 233

U 235U Pu "~PU net

Mixed-Oxide Fuels
a) 3 Pu02-UO2 U02 1.23 -31 3 i.65. 1 7. 6 141,4

b } "- P u02- Th02 Uo2- ThO 1.15 434 3 —341, 6, 3.8 96.5

Metal i c Fuels
c) Pu U-Th U-Thc 1.31. 335 8 —104.9 1.7 232. 6

d) U-Th U-Thc 1 ~ 21 —44 1 210 F 1 ---- 166 ' 0

Calculated for equilibrium fuel cycle (Sehgal, eI al. , l976).
b Depleted UO radial blanket, .Th02 axial blanket.

2

-Metal core, depleted U metal radial blanket. Th met tl axial blanket.

fissile content at 20% or less, as is proposed for the denatured
uranium fuel cycles, core reactivity limitations do not allow further
dilution with thorium.

Helium-cooled fast breeders have also been studied and are still
receiving research and development support. Higher breeding ratios
are theoretically possible. Ho~ever, less is known about the structural
stability of the fuel and the irradiation behavior of fuel cladding.
Also, approaches to emergency cooling which dif fer from those
designed for the LMFBR are necessary.

F. Technical Safegoards Features of Advanced Fuel Cycles

FJ. Safeguards i n Norma/ Thori um I'uelt'ng

Normal thoI'ium fueling consists of thorium mixed with fissile
make-up and recycled uranium. For the equilibrium fuel cycle of a
uranium-thorium fueled light water reactor the recycled uranium
typically contains about 55% U and 10% U, which is a fissile
content suff icient for nuclear explosives. However, the recycled
uraniltm will contain several hundred parts per million of U. As
iilusttated in Figure ll, the gamma activity and external gamma dose
rate due lo U daugiiters gl'ows rapidly after fuel reprocessing. Af'ter
100 days a metallic uran i um part, as small as one kilogram and
containing 100 ppm U will produce a gamma dose rate as large as
O. l rem/hr at one meter. Recycled uranium in a uranium cycle may
contain about 200 to 1000 ppm of U, depending in part upon the
content of ~3OTh in the make-up thol ium and also upon the energy
spectrum of the neutron flux. Consequently, the surf'ace dose rate will
be several times greater then shown in figure ll. Therefore, recycled
uranium from thorium irradiation will require more shielding than
reactor grade plutonium. This could affect the practical utility of

U- rich recycled u ran i u m for explosives.

The fissile make-up for thorium fueling consists either of highly
enriched (93%) U or plutonium recovered from discharge fuel from
uranium-f ueled water reactors. Highly enriched U is the least
radioactive of all the separated fissile materials. It can be handled
with relatively little hazard from its radioactivity. Although its fast-
assembly cri tical mass is gI'eater than that of' I'u, 2 U has a
relatively low neutron background from spontaneous fission and from
(o,n) reactions. It can be assembled into simple gun-type devices.
Uranium metal is less reactive chemically than plutonium metal.
Therefore, the use of highly enriched U introduces what may be the
most significant of all the safeguards concerns in the val. ious nuclear
fuel cycles.

ln reprocessi»g thol iun& fuels appreciable quantities of' undecayed
-'-'Pa may be plesent. Chetiiical separation soon afteI discharge can

yield pure prolactinuuns, which then decays to pure --U, which would
be an at tractive material for explosives.

F2. Fuel Cycles f'or lriternati orbal Saf'eguards Control
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FIG. 11. Growth of beta activity and gamma dose rate due to
3 U in uranium from irradiated thorium.

V;» iotIS special fuel cycles have been suggested as tech»ical nieans of
I»a k i »g t issI le Is~aterial less accessible for di ve rsio» to» uclea r

weapo»s. These s;Ifegual'ds fuel cycles ale associ.Ited with 1»stittItional
;I»d geo 1.;Iphic;11 aI I'aligel»e»ts such t.h'It those fuel cycle operatio»s
IIlvolvl»g gl O'Ilest 'Iccess113IIhb' to fissi1e Ill'IteI Ial wou1d be caI'I'led out
iII Iocatiolis &l»del' specia1 interlsational control. 1'hey al'e intellded to
plovide '1 Ills'Ills of locatll'lg powel' Ieactols In cotlntl'ies which would
«glee to SIIrrel&del theiI discharge fuel to a» i»ternatio»al center, in

exchanges for monetary value or for fresh fuel which contains
fissionable material not easily separated into material suitable for
weapons. However, it will be evident from the following discussion
that some international control and inspection will still be necessary
to avoid misuse of these national reactors. We have performed only a
prelinsinary examination ot the technical features of these safeguards
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fuel cycles. 1t is important to evaluate financial burdens of these fuel
cycles.

I 2a. Low-E'nrichment (Denatured) Uranium Safeguards Cycles

The non-reprocessing fuel cycle for a uranium-fueled light water
reactor, as shown in Figure 5 of Chapi, er IV, could be adapted to an
international safeguard fuel cycle. I he discharge f'uel, which contains
significant quantities of fissionable plutonium, could be stored under
international inspection or control (i.e., an international stowaway
cycle). This cycle will ultimately e»tail higher costs, since it is the
greatest consumer of natural uranium and requires a relatively large
supply of slightly enriched uraniuni. The alternative of reprocessing
the discharge fuel and storing the recovered plutonium under
international inspection or control may impose additional safeguards
financial burdens. The stored plutonium must be protected, and the
cost of storing separated plutonium is high compared with the cost of
storing discharge fuel. Nevertheless, the stowaway cycle represents the
simplest of the alternatives discussed below and can be consistent with
their later implementation. If such international safeguards fuel
cycles are to be utilized, the stowaway version represents a possible
first step that could be implemented with existing technology.

Another alternative is to fuel all such national reactors, to be
under individual safeguard control, with slightly enriched uranium
and to'ship the discharge fuel to a centralized fuel reprocessing center
under i nternational control. The recovered pl uton i um would be
consunsed on-site in plutoniun&-burner reactors operating as in Figure
4 of Chapter IY-F. 'I'he electrical distribution system receiving the
energy generated by plutonium-burner reactors would, require
relatively little uraniunl ore. The urban iurii ore thus saved could then
be used as feed to a centralized uranium-enrichn~e»t plant to supply
the slightly enriched uraniuni fuel for the externally located uranium-
fueled reactors. I'he tot'&1 uraniuns ore consumption for the entire
generating system would be the same as if all i'eactors were
natio»al ized and opei &ting with self-generated iiraniuin-plutonium
recycle. An overa11 f1ov sheet. (Pigford and Yang, 1977) of th is
safegiiards fuel cycle i» shov n in I-igure .1. 2. Since the fuel discharged
f loni tI)e uianiun&-fueled reactors would still contain plutoniuns, the
stor;age «nd shiprneni of the discharge fuel would have to be undei'
safeguard control. Again, this cycle represents a step based on an

existing technology and coiild be iinplen&ented in ihe near future.

F26. Denatured-Uraniun& Thorium Safeguards Cp cles

An alternative to the uranium cycles is the thorium-uranium cycle,
in which 3U is formed by neutron absorption in 2 Th. The U
can be isotopically denatured by dilution with natural uranium or
enrichment tails to about 15-20% fissile content. At such
concentrations critical mass for explosives becomes very large.
Thorium is then added as fertile material so that the overall fissile
concentration in the fuel is a few percent, typical of LWI& fuel, This
fresh fuel of denatured uranium and thorium is similar to low
enrichment (i.e., "denatured") uranium fuel in that isotopic
enrichment would be necessary in either case to produce uranium
suitable for an explosive assembly. It differs in that much of the 2 BU

has been replaced by thorium, so that the production of chemically
separable pluton i um has been suppressed. However, appreciable
quantities of plutonium are still present in the spent fuel, and the
same set of' issues as to its disposition still arise.

To obtain such a safeguarded international fuel cycle, the
uranium-thorium flowsheet of Figure 1 would be modif ied by diluting
all uranium streams with natural uranium, so that the fissile isotopic
content of uranium supplied to the reactor is no greater than about
20% as shown in the flowsheet (Pigford and Yang, 1977) of Figure 13.
The increased "V concentration results in considerably more
plutonium production than in the normal uranium-thoriiim cycles
described earlier, so the discharge fuel will still require safeguards
control. However, the amount of pl u ton i um prod uced in th is
denatured u ran i um- thor i um cycle is less than that in the low-
enrichment uraniun& cycle by a factoi of about seven. More practical
designs, wherein no compensation is made for the decreased self-
shielding of the "V resonances due to the lower concentration of

3 V in the fuel, may deere. ~se this factor from seven to about three.
Also, the assun~ption here of 20% fissile enrichment for denaturing is
based upon criticality data for U- "U mixtures. An even lower
fissile enrichment may be required for . U to give the same degree of
denaturing as for 3 V- -'~U. Till and Chang (Till and Chang, 1977)
have assumed that 12 j~ 2 - V in 3 V-2 "U is the equivalent limit.
This will further increase the plutonium production in national
reactors, ove] and above thai indicated in Figure 13. 'I he externally
located reactors fueled with denatured uraniun~ and thoIium reactors
could also be "spectral sh if t LW R's", gas-cooled, or heavy-water
1 eacto I s.
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F&6. 12. Annual quantities for L%R cycle for international safeguards, national reactors fueled with low enrichment (denatured)
uranium.
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F/Q. $3. Annual quantities for LWR cycle for international safeguards, national reactors fueled with thorium and denatured uraniun

The discha~ ge fuel could be shipped to an internationally
controlled ce»tralized reprocessing center. AIthough the plutonium
could be allov ed to follov the fission pi oducts to the high level
wastes, the reprocessing chenlistry is such that this would not
i»ateriall~ simplify the separation operations. If the plutonium were
to follow the high-level wastes, tlute fissile content of those wastes
could be as high as &bout two weight percent, which is greater than
that in discharge f uel f roni urani un'-fueled water reactors. 'I'hus, the
high-level wastes would have to be safeguarded. Alternatively, the
plutonium could be recovered and consumed in on-site plutonium-
burner reactors, as shown in the overall flowsheet (Pigford and Yang,
1977) of Figure 13. Safeguards issues remain whether plutonium is
allowed to follow the wastes or is consumed in a reactor at the
international center.

Using denatured uranium with a fissile content in the range of 10 to
20% creates a new safeguards issue in that relatively little work of
isotope separation would be required to isotop ical ly enrich this
uranium to the level of highly enriched material. This can be
illustrated in terms of the U equivalent. Highly enriched uranium
is usually regarded to be 93% U, which is made by isotopically
en rich ing natural urani um. Of the total work required to enrich
natural uranium to 93% ~ U, about 90% of the work is expended in
enriching to 20% U. Only 10% more work is required to further
enrich to 93% U. This illustrates the relative ease of making highly
enriched uranium from uranium containing 20% fissile concentration.
Because of the lower atomic mass of U, the re1ative work required
to enrich ~ U-~ "U denatured uranium to the high-enrichment level
would be even less than estimated here. Technology for this is
discussed in Chapter VI. Although recycled uranium containing ~ U
and U could not be enriched in commercial isotope separation
plants because of the radioactivity, it is conceivable that a relatively
small and not necessarily efficient isotope separation system could be
devised to enrich this 20% fissile uranium. The technology to carry
out such enrichment on non-economical, non-comnsercial scale is
available in the open literature. This is another aspect of the
denatured uranium-thorium cycle that requires further evaluation.

As compared to the low-enrichment uranium safeguards cycle
described in Section F2a above, the denatured uranium-thorium cycle
has the advantage that a single international reprocessing center could
service a large number of national reactors, with only a relatively
small total power of plutonium-burner reactors at the international
center. However the required uranium enrichnsent capacity would be

greater than in the case of the Iow-en' ichment uranium cycle of
Figure 12. The ent iched product, containing about. 69% U in
uranium, would have to be safeguarded until it is diluted with the
recycled uranium i» the fuel fabrication facility. Also, the denatured
U- Th cycle requ i res far more complicated reprocess ing and fuel
refabrication operations. I'he technology base for this would require
further developnlent and engineering scale-up before industrial-scale
operations could begi n.

F2e. I. a,&I-Breeder Safeguard s Cycles

I-ast breeder reactors u»der international control could also be
used as the source for the t issile uraniuns niake-up for national
denatured uraniunl thol'Iunl I eaclols. Pol tions of the breeder blanket,
such as part of the racllal blanket, cotild contain thorium instead of
depleted uranium. The thorium blanket would be reprocessed along
with recycled uranium-thorium fuel from the national reactors. The
recovered uranium would be diluted with natural or depleted uranium
prior to off-site shipment as denatured uranium. It is likely that this
concept would be technically possible by modifying the blanket
loadings for even the first generation LMFBR's, which are expected to
be started on plutonium.

A flowsheet (Pigford and Yang, 1977) of a safeguards fuel cycle
involving international breeder reactors is shown in Figure 14. This
has been calculated from the characteristics of commercial-scale
LMFBR's designed for possible introduction in this century (Pigford
and Ang, 1975). It has been assumed that all of the breeding-gain
fissile production of the breeder is drawn off as U to be used as
fissile make-up for the denatured U-Th national reactors. As a result,
no fissile breeding gain is available from this breeder to start up
additional breeders, i.e., the effective doubling time for breeder fissile
inventory becomes infinite. In principle additional breeder capacity
could be introduced as needed, even when existing breeders operate at
zero breeding gain, by starting the new breeders with isotopically
enriched uranium. However, we have shown in Section E that U
start-up is not a good economical alternative for commercialized
breeders. Therefore, operating an international breeder as shown in
Figure 14 would be possible only after many decades when, even with
an assumed zero growth of total fission electric power, the assumed
breeders have finally been introduced to a level sufficient to replace
the water reactors then being retired.

During the first few decades of breeder introduction the excess
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fissile production froni these breeders likely to be needed to start up
new breeders, so less fissile productiori is available as make-up for

- U for national reactors. Consequently, the relative power of the
international breeder shown in Figure 14 is the minimuni breeder
power, relative to the power of the national reactors, to supply the
fissile make-up for the national reactors. To maintain a finite
breeder doliblirig time an even larger relative po~er of the breeder
would be required. However, the necessary breeder . power cari be
reduced somewhat if the niore favorable breeeding gains calculated for
future advanced breeders «re assunied.

continue to be available from water-reactor uranium fuel. I here is
presently no thorium fueling in water reactors, thorium reprocessing
technology is a very lo»g way from being commercialized, and there
are no plans for its commercialization. Thei efore, the idea of
introducing conir»ercial breeders with anything other than plutonium
seems unreal istic for the first gerieralion. These breeders could,
however, eventually be converted to full uranium-thoriuni fueling if
there were some clear incentive to do so.

F2d. The Tandem Cycle

I he fuel cycle flowsheet of Figure 14 has been calcul ited on the
assliniplion that thoriirni can be rrsed in both radial and axial blankets.
I'he radi;il hl'inkel;ilorie will not produce sufficient . -'U at lhis power
level. Howevei. , lhoriurii iri lhe;ixial bl;inkct req&rires tliat the axial-
bla»kel lhorilrni pellets be segrcg;ried froni the core pellels prior to
repiocessirig. Otherwise riornial ieprocessirig of the entire fuel rod
wo&ild dilute the -'. U with core urariiuni to the exlenl ilial it wolrld be
linsuilable foi' use iri the de»alured-ui &»iuni cycle. However, if the
breeder power were iricreased lo 3500 Mw, sufficient. -'-'-U would be
produced in the separate radial blanket. , and norr»al head-end
reprocessing techniques for core fuel could be used.

Safeguards fuel cycles in vo1 vi ng denatured therma1 national
reactors and international breeders- can provide excellent long-term
ore utilization, but they require the greatest total power and the
greatest reprocessing-refabrication capacity at the international
facility. Also, such cycles have all the complexity of reprocessing and
refabrication facilities necessary for both uranium-plutonium fueling
and uranium-thorium fueling, They appear to be the least realistic in
terms of time schedule and availability of any of the cycles considered
here. It is also technically possible for the national reactor to be a
breeder with a denatured 233U uranium core, with the fuel discharged
from core and blanket sent to the international center for
reprocessing. As illustrated in the flowsheet of Figure 14, the breeder
at the international center would consume the plutonium produced in
the national breeder, and 2 3U produced in the international breeder
would be denatured by SU dilution and exchanged f'or the plutonum
produced in the national breeder. An example of such an
international breeder is provided in case b) of Table 6. Although the
breeding gain possible with U fueling in the breeder core is less
than for plutonium in the core, the international-national breeder
system has more advantageous performance than a system with
thermal reactors at national sites, and thus it remains a possibility for
the very long-term.

In principle, thy breeder could be operated entirely on the ~33U-
thorium cycle, eliminating the need for dual reprocessing facilities.
However, the fast breeders being developed in the U.S. and Europe are
planned to be introduced on the plutonium cycle, since plutonium is
the most desirable start-up material and since plutonium is and will

A tandeni cycle has been proposed as a means of obtairiing
additional energy fror» discharge fuel from light water reactors,
thereby rcducirig the ur;iniuni ore requirenients and r'educing the
alilollllt of flrel repr'ocessing. lt could have sonic safeglrard advantige
i» th;il the additional eriergy would be obtained witliout reprocessing
and wirho&it pllrtoiiiuni appear ing iri a separated fori». The coricept
irivolves iecorisi, iluting discharged flrel froni liglit w;iler reactors into
fresh frrel tor he, rvy water reactois. t-ven lho(rgh «ll fission products
reniain, the reaclivily of the recoristiluled fuel is roughly equivalent to
that of natural uranium supplied to CANDU reactors. If additional
burnup equivalent to that of natural uranium in the. CANDU is
obtained, the uranium ore requirement decreases by about 20%, as
compared to the non-reprocessing cycle in water reactors.

However, considerable experience form earlier AEC programs,
wherein attempts were made to fabricate recycle fuel from discharge
fuel containing fission products, indicates that this concept will be so
expensive as to be impractical ~ Fuel fabrication must be precise and
reliable, and this could not be achieved at anything approaching an
economical cost in the presence of the fission products. Such high-
level fabrications would likely be far more expensive than
conventional fuel reprocessing. Also, the tandem cycle would result in
increased quantities of plutonium in the final discharge fuel, which
would have to be safeguarded.

The non-reprocessi ng incentives of this cycle can already be
achieved with present LWR fueling. , Greater ore saving can be
obtained with many of the realistic riear-term alternatives discussed in
Chapter IV and earlier in this chapter. Given suitable incentive to do
so, present LWR's can be redesigned to operate at greater burnup and
greater ore saving without reprocessing, and this is also true of heavy-
water and gas-cooled reactors.

F2e. Comparison of Safeguards Cycfes

ft is not at all clear that any of these safeguards fuel cycles, by
itself, solves the nuclear proliferation issue. Ne do not find a marked
safeguards advantage of one over the other, except in terms of near-
term versus long-term availability. In all cases fissile content in the
charged and/o. " discharged fuel still present safeguards issues. In all
cases, political agreement supplemented possibly with inspection, must
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be relied upon to insure that the reactors are used in the way specified
by these fuel cycles. U»fortunately, restricting commercial-scale
reprocessing plants to international centers is no assutance that small-
scale non-comn~ercial reprocessing cannot a»d will not be carried on
elsewhere; other non-proliferation «gree»ac»ts would be needed to
Iinsit this. Also, any of these safeguards fuel cycles noway impose
additional financial burdens upon the participating cou»tries, because
each of these cycles i n vol ves operations not necessary w i th
u n res t r icted f u el cycles.

However, the denatured fuel cycles do have useful characteristics
in that the fresh fuel requires isotopic e»richrnent capability to
produce weapons-grade i»ate~ iai, and the spent fuel is to so»&e extent
self protecting. It son~e foi»i of safeguards tuel cycle were to be
required, the stow iway fuel cycle is the simplest. of alI the aIterI~atives
co»sidered here. A»Iong those safeguards fuel cycles which seek to
obtai» greater utilizatio» of usa»iuna ore through reprocessi»g a»d
recycle, the low ent ichnite»t ut ~niuni cycle of Figure 13 is the
siniplest, requires the least a»&ou»t of »ew tech»ological developn~ent,
and is the most likely to be available on a time scale useful to these
issues. It also may be the most economical, in that it requires only
uranium-pl uton ium reprocessi ng technology,

It may be possible to turn to advantage the fact that all the
safeguards fuel cycles considered in our study require basically the
same type of institutional and political safeguards agreements. In all
cases the national reactors receive qualitatively simila~ denatured fresh
fuel, and all discharge fuel contains unused energy resources including
enough plutonium to require its safeguarding. What changes from one
of the cycles to another are the detailed facilities at the international
sites. Therefore, if appropriate institutional and political agreements
can be negotiated to make possible even t.he siniplest of the cycles, i.e.,
the international stowaway fuel cycle, then substantially the same
agreements and arrangements can remain in effect as more and more
resource-efficient fuel cycles are introduced in the course of time.
Thus it is important to fully analyze such safeguards fuel cycles for
their economic, social and political consequences as well as their
technical viability so that the practical advantages and limitations of
such an evolutionary strategy can be more widely appreciated.
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CHAPT« IX. Institutional and Organizational Issues of the
Nuclear Fuel Cycle and WVaste Management Program

A. Issues and Conclusions

Superficially, an analysis of the technical aspects of nuclear fuel
cycle planning may not appear to involve the associated institutional
and organizational relationships. However, public concern in nuclear
matters has been so acute for so many years that procedural and
organizational constraints have become very major factors in
technology design and development. The viabil ity of alternative
strategies in fuel cycle and waste management technology cannot be
assessed without considering these organizational matters. In the
primer (Chapter III) we have catalogued the basic formal
responsibilities for governmental and non-governmental organizations
involved in the fuel cycle. In this Chapter we will examine the
interfaces between organizations in areas of overlapping or unresolved
jurisdiction, as well as problems, benefits, and implications of the
existing set of relationships.

The organizational and institutional structure of' the U.S. nuclear
fuel cycle is marked by a high degree of decentralization of authority
and responsibility. The decentralization has been increasing in recent
years. Many factors have contributed to this trend, particularly the
percei ved need for independent .regulatory autirority in nuclear
development, and a generally widening public sensitivity to the broad
impacts of technology and industrial development. An institutional
framework has emerged, and continues to evolve, which strongly
influences the technological directions and the public perception of
presen t and projected tech nology. Principal federal government
components, as outlined in the primer, are the Energy Research and
Development Administration (ERDA), with responsi bi I i ty for
research, development and demonstration of nuclear technologies; the
Nuclear Regulatory Commission (rrtRC), with authority over licensing
and regulation of nuclear facilities and materials; and the
Environmental Protection Agency (EPA), with jurisdiction over the
an& bien t standards for radiological con tarn i nants i n the general
environment. The goals and constraints of these governmental units
are then juxtaposed on those of the private nuclear equipment
manufacturers and operators of nuclear facilities.

These principal agencies are also affected by other organizations
and ir~fluer~ces. Individual state agencies Lrse a variety of legal and

political pressures to inject their own views i»to the system.
Abundar&[ opportunities for adjudication of regulatory and procedural
steps pr ovide a route for public and special interest group
participation. International economic, enviror&n&ental, and nuclear
weapon proliferation considerations involve the State Department and
the Ar111s Con trol ar)d Dlsa1 nlament Agency, along with that of
international nuclear energy agencies. Relationships of civilian
nuclear technology to that of the weapons program indirectly link the
Defense Department and ERDA military programs to the civilian
industry.

The diversity of these influences and the conflicting goals of the
various organizations have a strong impact on the planning and
operation of the nuclear fuel cycle, often overriding strictly technica1
considerations. Consideration of these interactions in the body of this
Chapter has led to the following conclusions:

3. Decentralized policy-making and strong public and political
input to decision-making provide an extremely difficult climate for
the partici pation of private industry. Regulatory and technology
policy decisions are slow and susceptible to unanticipated change. In
an industry where capital costs are high, construction lead times long,
and investment return slow, the delays and instabilities make private
investment difficult to justify.

4. Though changes toward more streamlined organization and
regulatory procedures are possible, the heterogeirei ty of views on
nuclear fuel cp cle i ssues will remain a key factor in policy
fornrulation. It would be unrealistic to estimate nuclear economics or
timetables without full consideration of extensive review procedures
and publ ic participation.

5. The rate al which NRC issues regulations and criteria, and at
which j iidicial review is obtained i n cases tested in court, is a
li»riting factor iir fuel cvcle activi(ies of FRDA and private industry.
This noway in part be a result of NRC being understaffed or
urideifr»ided, but. may also be a product of poorly chose» priorities in
the past.

6. To achieve noir-proliferation goals such as those outlined in
the White House statement of October 29, 1976, and in prelivrinary
announcements of current Administration policy, it is important to
have a unified national nuclear policy in those areas which have
intern ati onal rami fi cati ons. Interagency and eongressi onal
coordination and cooperation will be needed to achieve this unified
policy.

7. Because of the possi ble impact of domesti c technology
decisions on international discussions of plutonium use and on non-
proli feration treaty obligations, foreign policy considerations have
entered strongly into domestic nuclear technology strategy formation.
The existing regulatory framework for domestic facilities does not
provide an orderly pathway for these considerations to enter into
licensing decisions.

These specific conclusions .lead in turn to the following general
conclusion;

Coordination of fuel cycle policy and its implementation should
be improved. Consideration should be given to the establishment of a
coordinating mechanism in the Executive Office of the President.
This entity would not have operational responsibilities, but instead
have a charter broad enough to look for problems, issues, and
opportunities which cut across individual agency responsibility, and
authority sufficient to catalyze action among the operational units.
Creation of a Department of Energy, in itself, is insufficient for this
purpose becau-. e other key organizations, the NRC, EPA and State
Department in particular, play a strong role in energy policy decisions.
A %hite House Energy Council, or the new Office of Science and
Technology Policy, might provide a base for such a mechanism. The
system of "checks and balances" will be most viable if each of the
independent units can depend on some coordinating mechanism to
consider opti mization of the overall system.

1. The decentralization has augmented our system of "cheeks
and balances" and review procedures in nuclear fuel cycle decision-
making. This review system has led in specific instances to stringent
standards for safety and environmental protection in individual
facilities of the overall nuclear system in the U.S. Public participation
in licensing actions, judicial review through NEPA procedures, and the
independent standards-setting role of EPA have all contributed to the
"checks and balances" mechanism.

2. At the same time, the decentralization and review have made
developments in U.S. nuclear technology slow and costly. I'urther,
although the decentralized review procedures may result in
optimizing safety and environmental protection of individual facilities
of the overall system, there may not be sufficient regard for the
safety and reliability of the whole.

There is a further need for a forum for input and exchange of
views among the diverse participants in the nuclear fuel cycle, many
of which normally interact primarily in adversary or contractor-
contractee relationships. The high-level coordinating office could also
provide support and overview for such a forum.

It should be noted that the purpose of this coordi nati ng
mechanism would not be to preempt the role of Congress and the
public in nuclear policy, nor to subordinate regulation to. economic
and technical pressures. Its primary purpose ~ould be to avoid
dispersion and duplication of effort, arrange priorities, suggest the
tin~ing of activities, establish comniu»ication among the diverse
organizational elensents, and otherwise provide for a coordinated
program with an identifiable and reliable time schedule.
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B. Historical Evolution of Civilian Nuclear Oeveloparent .and
Regulation

By the mid 1950's a national objective had been defined to develop
nuclear power as a major source of electricity. It was decided as a
matter of policy that major parts of this industry, reactor manufacture
and operation, fuel rod fabrication, and even tually spent fuel
reprocessing, wou1d be in the hands of the private sector. The federal
government would be responsible for licensi'ng, regulation, and
guidance of the overall technology, and for uranium enrichment.

Within this overall framework, the Atomic Energy Act of 1954
(Ref. 1) was an initial attempt to institute clear, centralized, and well-
defined allocation of responsibility in civilian nuclear development
and regulation. A basic preemption of regulatory authority from state
to federal jurisdiction was established, ln the years that followed,
however, a variety of conditions have led to a series of authority-
diluting measures, , with only occasional attempts at reclarification.
Many of these measures were based on widely accepted new
perceptions of the i'mplications of a large scale nuc1ear industry, but
the contradictory currents they sometimes represented have led to
many of the organizational tensions existing today.

The seeds of authority dilution were sown in 1957 amendments to
the 1954 Act, allowing formal agreements for limited transfer of the
preempted regulatory authority from the Atomic Energy Commission
back to individual states, This was permitted in matters concerning "
1) by-product material, 2) source material, and 3) special nuclear
materials in quantities not sufficient to form a critical mass. " ln the
1970's, however, states have attempted to assert their authority far
beyond these narrow areas, often seeking to impose general regulations
much more stringent than those of the federal government. In a
prime example, the state of Minnesota's Pollution Control Agency was
able to secure Utility agreement in 1970 to a reactor off-gas storage
system in order to reduce plant emissions by 95% below otherwise
allowable limits (Ref. 2), even though the courts later upheld the basic
federal authority in this area. This trend has continued iri a variety of
approaches, the most notable being the several state ballot initiatives
of 1976 and the California legislature's requirements that certain
aspects of waste disposal technology be demonstrated as a condition
for further power plant construction within the State (Ref. 3). Many
of the most recent state actions have not yet been fully tested against
the 1954 law and its interpretation in the courts, though the
traditional state control over land-use is as inuch a part of the claimed
basis for authority as any implications of the Atoniic Energy Act. It
should be made clear that in a strictly legal sense, the federal
preemption of authority for regulation of radioactive emissio»s and
determination of an&bient standards should be well established.
However, in the more political arena, state authorities can be potent
adversaries to federal i ri ter~ tions if co»fl ict develops.

Within the federal establishment, the 1970 Clean Air Amendments
(Ref. 4) and the creation of the Environmental Protection Agency
(Ref. 5) were a serious challenge to the authority of the AEC over
radiation control. The Clean Air legislation gave to EPA authority to
regulate "hazardous air pollutants" which are defined as any pollutants
which "may cause or contribute to an increase in mortality or an.
increase in serious. ..illness". Congressional critics of the AEC
immediately interpreted this as giving EPA authority over radioactive
emissions (Ref. 6). The EPA-administered solid waste legislations of
that same year (Ref, 7), and the %'ater Pollution amendments of 1972
(Ref. 8), were similarly interpreted. Equally important, the executive
reorganization of 1970 (Ref. 5), which created EPA, transf erred to it
the non-medical ionizing radiation aspects of the Bureau of
Radiological Health from the Department of Health, Education, and
Welfare, the Division of Radiation Protection Standards from the
AEC, and all functions of the independerit Federal Radiation Council.
The thrust of these transfers was to vest in EPA the authority to
determine generally acceptable levels of environmental radioactivity.
However, the extent to which EPA could regulate emissions to ensure
that these levels were not exceeded was left unresolved.

A conflict developed as EPA prepared in 1973 to set radiation
standards for the entire nuclear fuel cycle (Ref. 9). The Executive
Office of the President stepped in when the Office of Management
and Budget conveyed a Presidential decision that "EPA should
discontinue its preparations for issuing, now or in the future, any

standards for types of facilities; and that EPA should continue, under
its current authority, to have responsibility for setting standards for
the total amount of radiation in the general environment. ..an ambient
standard which would have to reflect AEC's findings as to the
practicability of emission controls (Ref. 10}." This blunt directive
seemed to stem the diffusion of authority, but EPA continued to exert
strong influence through i ts review of environmental impact
sta te men ts.

The full development, during the 1970's, of the environmental
impact statement (EIS} procedures mandated by the National
Environmental Policy Act of 1970 (NEPA) (Ref. 11) had, i» fact,
made centralized policy-making very difficult regardless of executive
branch oi.ganization. Federal and no»-federal agencies, as well as
private citizens and groups, had the opportunity for detailed review
and public coninients concerning policy plans, with the possibility of
court challenge to the adequacy of in&pact assessment. The Cour&cil on
Environ»~ental Q&i &lity, though never staffed to perform a real
coordinating function, gained considerable power in its role as advisor
to t, he President coricerriir&g adequacy and- acceptability of
envii o»nientaI in~pact statemer&ts.

The separation of the AEC into CORDA a»d the Nuclear
Regulatory Conin~ission iri 1974 (Ref. 12} once again moved toward a

non-centralized nuclear establishment. By vesting nuclear regulatory
authority in an independent regulatory agency, an attempt was made to
draw a clear distinction between the design, development, and
promotion of a nuclear energy industry, and the regulation of its
operations. Though a clear definition of responsibility was attempted,
ambiguity entered at several points via disagreements between the
House and Senate and vague language used to find a compromise (Ref.
13). One key element of ambiguity is the question of the need to
license ERDA demonstration faci1ities, as opposed to purely
commercial ventures. This issue remains unresolved, and blurs the
role of ERDA as a technology developer and of NRC as a detached
licensing authority. The entire notion of separability of development
and licensing authority has proven to be difficult in practice, because
of the need to consider licensing criteria at a very early stage of
technical development.

President Carter's energy reorganization plan of April 1977
proposes to bring an element of centralization into the over-a11 energy
structure by combining the Federal Energy Administration, ERDA,
the Federal Power Commission, and a few other elements into a
Department of Energy. However, the independence of NRC, ERDA
and, naturally, state authority, would be preserved. The basically
decentralized organizational structure related to nuclear fuel cycle
decisons would thus remain.

Policies of international trade and technology transfer in nuclear
matters have been evolving in parallel to the domestic institutional
developments. The Aton~ic Energy Act of 1954 and the broad
authority of the Joint Committee on Atomic Energy originally created
an unprecedented centralization of authority in the Executive branch
and Congress over both the development and international traffic in
nuclear technology. In recent years, however, basic foreign policy
goals, and weapon proliferation concerns, have begun to bring other
voices into U.S. decision making. Executive branch decisions against
the sale of reprocessing technology in connection with reactor trade
represented a major change in the momentum of developing
international trade, and created a major division between the attitudes
of the U.S. and other nuclear supplier nations. In 1976, Congress
considered, but did not pass, legislation which would have required in
one case a new set of criteria for NRC approval of foreign nuclear
technology sales, or in another specific findings by the Secretary of
State. In both cases, criteria for allowable exports revolved around
discouraging reprocessing in countries not currently possessing this
ca pab i 1 i ty.

In late October, 1976, the Ford Adininistration announced a policy
(I&ef. 14} very close to that which had been discussed in Congress. As
a candidate a»d as Presiderit, Mr. Carter has taken a sin~ilar position.
In each case, nuclear non-pro)iferation goals have become the major
consider atio» ii& international nuclear technology transfer decisions.
Further, the action of both administrations in linking domestic
reprocessing and uranium enrichment decisions to international
negotiations concerning prolif eration and plutonium use has
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intertwined foreign policy considerations with domestic nuclear energy
decisions.

In January and February, 1977, the Congress in effect ratified the
decentialization of nuclear planning and operations, adopting the
philosophy that nuclear matters were better understood in the broader
categories of energy development policy, foreign policy, regulatory
policy, and military affairs (Ref. 15). The jurisdiction of the Joint
Committee on Atomic Energy was drastically reduced, dividing its
legislative functions in the House among the separate Science and
Techiiology, Interior, Armed Services, and International Relations
Committees. In the Senate, the jurisdiction was similarly divided
among the Environment and Public Works, Armed Services, Foreign
Relations, and Energy and National Resources Committees.
Legislation terminating all statutory authority of the Joint Committee
was passed by the Senate in April of 1977.

C. Current Status of Jurisdiction at Interfaces in Nuclear Development
and Regulation

Historically, ebbs and flows of authority have occurred in the
various agencies, but most of the conflicts still exist. Key areas of
agreement and of ambiguity are evident in the fo!lowing interfaces:

1) FRDA-NRC. ERDA is responsible for planning, developing,
and demonstrating nuclear technologies. NRC, as an independent
regulatory agency, is responsible for licensing nuclear facilities, and
arranging for inspection and enforcement of regulations. Decision-
making in ERDA is often colored by its tradition as a technology
innovator; whereas, the regulatory responsibility of NRC may lead it
in some instances to push in quite opposite directions. Ambiguities
occur when licensing and regulatory actions of NRC override other
considerations in technical planning; NRC then becomes the key
determ i nant in techn ical choices and development directions.
Plutonium utilization criteria involved in the GESMO decision is one
example. Conversely, ERDA development choices may preclude
regulatory options which may have been open in principle to NRC.
For example, many ERDA»military nuclear ' waste operations are
outside NRC jurisdiction by virtue of the same Act even though they
have much in conimo» v ith those for commercial wastes under NRC
regulation. We currently have a situation where ERDA is pursuing
full-scale develop»ie»t pla»ni»g for a salt bed repository in Carlsbad,
New Mexico for its»iilitary w;istes. Yet the design a»d construction
of that repository ire»ot integrated into the cons»&ercial waste
reposi tory develop»&en t plan.

I'hough NRC is attempting to frame its regulatory criteria in
ter»~s sufticie»tly broad and perfor»ia»ce oriented so as to leave room
for a variety of technical approaches, in some cases these criteria may
in fact imply facility design specifications beyond the narrowest
interpretation of licensing authority. The fact that certain ERDA
demonstration facilities (the LMFBR and the high level terminal waste
disposal repository) are to be licensed by NRC, as specif ically
provided in the Energy Reorganization Act (Ref. 12) places NRC in
an important role regarding these technologies at a very early stage of
development.

2P ERDA-NRC-EPA: EPA's authority is generally considered to
be that of stating required conditions outside the boundary of nuclear
facili 1ties, with ERDA and N RC providing the techn ical and
regulatory framework neec}ed to maintain those conditions. Analogous
to the ERDA-NRC conflicts, however, are cases ~here a statement of
required ambient conditions may very strongly determine either the
technical or the regulatory approach. Gaseous fuel cycle effluents
could become an example. This situation has tended to bring EPA
into decisions about internal details of facility design. The October
1976 statement of nuclear policy by the Ford Administration (Ref. 16).
emphasized EPA's role in waste management design criteria, with
greater stress on a more narrow enforcement role for NRC. This may
tend to reverse, to a considerable extent, the waning of EPA's
authority brought about by the OMB memo of 1973 (Ref. 10).

EPA's decision-making processes may also lead, of course, to quite
different approaches from that of NRC or the technology innovation
thrust of ERDA. NRC, for instance, must deal direct1y and regularly
as an enforcement agency with the nuclear industry. It is not
unexpected, then, that notions of practicality and enforceability of

specific regulations should be stronger in NRC's considerations than
in those of EPA, where the more general concerns of protection of
public or ecological health form the dominant focus.

The problems of the giant Seabrook» uclear project in New
Hampshire present an excellent example of this different emphasis in
decision-making (Ref. 17). EPA, after reviewing its own earlier
preliminary decision approving the pla»t's cooli»g syste»i, decided that
the heated discharge water could cause serious harm to the coastal eco-
system, and refused to grant, an exception to the ban on once-through
cooling syste»is which is included in the Federal Water Pollution
Control Act. On the other hand, NRC, owing to concern over the
aesthetic impact of massive cooling towers as well as their fogging
chai acteristics, had specif

ideally

forbidden this alternative. The
i»~passe on this basic design factor was reached long after pla»»i»g
stages were co»iplcled, a»d four»months after construction had begun
on the basis of the earlier preliini»ary approval. I he utility, NRC,
a»d EPA all considered their acl. io»s on the basis of their perceived
goals a»d respo»sibilities, but. with very differe»t u»derlyi»g
assu»~ptio»s in the decisio»-»saki»g process they reached basically
i»compat. ible policy views.

3) States-NRC-EPA: Two conf 1 icting trends seem to be
occurring in the roles being played by individual states. Because of
costs involved, states are becoming less enthusiastic about their
position as routine regulators of sma11 amounts of by-product
materials, the authority available to them by the "Agreements"
program of the Atomic Energy Act of 1954. Similarly, a greater
awareness of the relative hazard of some so-called "low-level wastes"
buried in shallow trenches in state-regulated commercial sites has
made NRC and EPA less enthusiastic about putting such materials
under state control. On the other hand, the political impact of the
broader eleme» ts of n uclear power policy has made many states
acutely interested in re ulation of many details of nuclear facility
operation. Many claims of authority of this type are legally based on
traditional state land-use jurisdictions backed by the politica1 potency
of state institutions. The extent of state authority in regulating
nuclear facility design, siting, and operation is a major unresolved
issue at this time, and will only be decided when some of the existing
state regulatory attempts are fully tested in the courts or in political
decision making.

State regulatory. thinking has been quite appropriately much closer
to local health, environment, and economic pressures than to overall
national energy strategies. Further increase in State authority will
obviously increase the role of these local pressures and dilute the
coherence of any national planning.

4) State Depar tment -NRC-FRDA: A new potential for
jurisdictional ambiguity has arisen concerning nuclear export markets
arid nuclear weapons proliferation fears. Though authority for
negotiation and implementation of agreements for nuc1ear exports
historically rested with the former AEC alone (Ref. 1), both Congress
and the, Executive in recent years had begun to view these as parts of
overall foreign policy. I» one context this policy leans toward
limiting weapons spread, but sometimes in contrad'ictio», it seeks also
to assure valuable export markets. The independent Arms Co»trol and
Disarma»&ent Agency has also begun to voice its concerns over the
relation of c i vi lian nuclear equ i pmen t design to nuclear weapons
pro1iferatio». "I»sofar as the means for limiting diversion of civilian
nuclear capabi1i t ies to weapons appl ica tions focuses on technical
design features, these foreign policy concerns in~pact on both NRC
and ERDA activities. The resolution of authority in this area rests on
decisions as to the priority of nonproliferation over other goals; with
these decisions not yet resolved the jurisdictional authority ren&ains
mui ky. The preside»tial election debate of 1976 appeared to n&ove

toward a consensus, however, that nonproliferation constraints would
be given higher priority than has been true in the past.

A more fu»da»le»tal orga»izatio»al problem is becoming»&a»ifest
at the i»terface of foreign and domest. ic nuclear policy. Eve» the
choices and schedules for dor~~estic co»i»&ercial nuclear developments
are seen as impacting broad foreign policy nonproliferation goals.
Conversely, traditional flexibility of cr i teria for foreign policy
decisions may inevitably conflict with the need for a clear and
predictable regulatory code in a domestic commercial industry. Even
the formal provisions of the non-proliferaiton treaty link domestic
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technology choices to foreign policy goals. An obligation is implied
for the U.S. to fully develop and share its civilian nuclear technology,
and decisions to cut-off development options on other than technical
grounds could be interpreted as abrogations of this obligation. Yet, it
is not si mple to in terject considerations of the delicacy of
international negotiations into licensing procedures for domestic
commercial facilities, or the preparation of generic or specific
environmental impact statements. For the case of the AGNS
reprocessing plant, the apparent need for government financing of
necessary completion steps gives the President or Congress a practica1
veto on its operation through their role in the budget process.
However, were the facility already completed with private funds, there
might be no direct mechanism under existing law to allow foreign
policy considerations alone to prevent licensing and operation. The
exclusion of international issues from the preparation of the GESMO
statement illustrates that this organizational problem goes beyond the
specific case of the AGNS plant operation.

5) Industry-NRC-ERDA: The nuclear manufacturing industry
and utilities have sought, from ERDA, a clear and reliable indication
of technology development directions and investmeilt. Because of the
high development costs in nuclear technology, industry is unable to
support completely its own development program and to a
considerable extent is a captive of ERDA planning. Industry decisions
on capital commitments ultimately can be made only in response to
ERDA prioriti"s, though ERDA recognizes the need to solicit industry
views in setting those priorities. Similarly, industry has pressed
strongly for a reliable and stable regulatory climate from NRC.
Capital costs and amortization times are so long for nuclear facilities
that changes in construction or operating requirements can completely
negate conventional economic planning.

In the area of power reactors, regulation and development have
proceeded in a relatively orderly interactive manner. Flaws in early
reactor designs have been recognized and accounted for in subsequent
regulation. Where necessary, they have been corrected, but in all cases,
subsequent designs have built on the existing base. Designers,
const Llction f l rms, aJlcl ' util lltles have been able to wol'k with in the
frar»cwork as a tightly regulated but profitable industry. Even here,
however, there have been serious problems. The regulatory decisions
are slow enough that capital requirements in advance of power returns
are beyond the capabilities of many utilities. The Sacramento
Municipal Utility District in California is a classic case; Rancho Seeo
N2 was cancelled because the utility could not afford the capital for a
»ew plant (Ref. 18}. I he delayed Seabrook plant already discussed is
another; costly equipment stands idle while the regulatory impasse
continues (Ref. 17). Virginia Electric and Power has recently canceled
a unit in which it had already made considerable investment; once
again the demands for capital had outrun the expected timing of
returns (Ref. 19). In the latter case especially, uncertainties in future
demand coupled with regulatory delays to exacerbate the capital cost
problem.

With fuel reprocessing units, the experience has been even more
confusing, One of these, the Nuclear Fuel Services, Inc. (NFS) facility
West Valley, NY, was built and operated in conformance with
existing regulations in the 1960's. Changes in those regulations,
enacted after the plant had been licensed and was operating, required
extensive and costly changes. NFS recognized the need for some of
these, and initiated steps to reduce emissions and establish a cleaner
operation. Nevertheless, continuing changes that would have been
required were judged by NFS to be suff iciently costly as to be
impractical, and the company withdrew its application to modify and
reactivate the West Valley Plant.

Similarly, the AGNS plant at Barn well, S.C. was built as a
commercial venture with full expectation of meeting regulatory
requirements existing when the investment commitment was made,
probably incorporating a modest number of reasonably predictable
alterations. Moreover, it was built in response to ERDA planning
which projected and promoted a large reprocessing industry entirely in
the private commercial sector. Nuclear weapons proliferation and
other concerns have subsequently changed technical strategies and
greatly broadened regulatory emphasis, however, and the plant has not
been licensed to operate even on a provisional basis. The current
status of requirements leaves the future of Barnwell undecided. Its
management justifiably is reluctant to increase its investment in the

face of the existing uncertainities and NRC is not yet able to provide
assurances with regard to licensing and future operations.

These two examples illustrate an extremely difficult situation for
private industry. The inability of the government agencies to provide
relative stabililty in guidelines a»d regulations is a strong detractor to
the private sector making commitme»ts to investment in new nuclear
technology on a closed n uclear fuel cycte. Though many other
industries operate in a closely regulated c I i mate, the ca pi tal
intensiveness and long amortization tii»e for nuclear facilities
compound the problem of justifyi»g private investment.

An additional problein at the industry-NRC interface is illustrated
by the NFS plant. The high-level liquid reprocessing wastes were
allowed to «ccul»ulate there in te»~porary ta»k storage. Now that NFS
has decided to cease operations, eve»tuel restoratio» of this site would
require these wastes to be solidified alid conveyed to terniiiial storage,
as well as deco'»missioning of the e»tire plant. I'he cost for the waste
solidification alone is estimated at several hundreds of million dollars,
far beyond the assets of the NFS corporation (Ref. 20). It appears
thus that these costs will be borne by the public, and the existing 4
million dollar "decomissioning fund" stands only as a monument to
our inability to grasp the full ramifications of certain technologica1
activities(Ref. 20). The NFS decomissioning problem has vividly
raised the question of whether private fuel cycle participants wi11 be
required to post very large bonds to assure financing for plant
maintenance or dismantling in the event of insolvency of the owners.

6) Commercial-Military: An important motivation for spent
fuel processing is to provide plutonium usefu1 for the start-up of a
breeder technology. Plutonium reserves exist within the military
establishment; their availability in the long term would facilitate the
future option of a breeder economy without using commercial spent
fuel recycle and hence reduce the urgency for commercial
reprocessi ng.

Si milarly, some of ' those concerned with the saf eguarding of
nuclear materials from terrorist attack have suggested a much larger
role for the military in the security of nuclear installations and
transportation of nuclear materials. The very strong historica1
separation of the military from direct participation in civilian
activities argues against both of these concepts, however. That the
military and civilian nuclear waste management programs are kept
separated quite ostentatiously within ERDA is just one manifestation
of the bias against mixing these sectors. Any degree of mixing
military support into civilian programs would probably be seen by
many as a basic sign of failure of the fundamental concepts of the
civilian nuclear power industry.

7) U.S. Agenci es and Ind ustry-Internati onal Agenci es and
Foreign Insti t uti ons

Because of the complex structure of its domestic nuclear
establishment, it is often difficult for the U.S. to interact on nuclear
matters with foreign governments, corporations or international
agencies. The independent regulatory checks and reviews on the
actions of any single U.S. entity make it difficult to provide definite
commitments to more centralized foreign organizations. This problem
is shared, of course, by other U.S. industries in world markets, but is
probably greater by degree in the nuclear field giving to the broacler
concerns over nuclear matters. Illustrating this broader concern, the
U.S. has at least one entity, the Arms Conti ol and Disarmament
Agency (ACDA}, which has no parallel in the rest of the world. Thus
the agency must use indirect n~eans for playing an international role
in nuclear pol icy.

Considerations concerning U.S. use of the French waste
solidification process is just one example of the difficulties inherent
at the domestic-internatiorial interface. The French were indeed
willing to sell this technology, and its adaptation here could have
saved both development time and costs. However, because of the
public nature of NRC licensing procedures, the U.S. felt it had to
require that all details of the process be publicly released and made
available from federal files to anyone who would wish to inspect
them. From the French point of view, this would have involved
giving away a technology developed at great cost and with considerable
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commercial value. As a result, a potentially useful technology transfer
did not occur.

On a far larger scale, the importance of non-proliferation
concerns in the U.S. clearly limits technology transfer and exchange
activities of both ERDA and private industry. The Congress, State
Department, ACDA, NRC, and the general public all may have strong
voices in international decisions, and make it difficult for any foreign
institution to count on any single U.S. agency being an accurate and
reliable spokesman for U.S., Policy.

D. Advantages and Problems of tlute Current Fra&ne&york of Dispersed

Responsibility

The above discussion shows that there presently exists a divided
and somewhat ambiguously defined authority for development and
operation of the civilian nuclear fuel cycle. A number of advantages
and problems in technology management stem from this division and
ambiguity:

- D1. Advantages of the Current Framework

d) The division of responsibility may result in each unit failing
to perceive some problems in its planning, or passing over them on
the assumption that these problems will be faced elsewhere in the
organizational structure. Mason Willrich's (Ref. 22) report-to ERDA
has ci ted this diff iculty in the waste management field, where
temporary storage, treatment, packaging and transportation
responsibility fall upon independent components private industry, and
repository handling and long-term responsibilities fall upon the
federal government.

e) The division and ambiguity of authority within governmental
agencies is making private participation in nuclear fuel cycle
development extremely problematic. In the present jurisdictional
environment, private investments must not only face all the normal
uncertainties of marke) forces in long lead-time investments, but must
also be reconciled with the possibility of sudden and major changes in
technical emphasis or regulation. Expectation of private financing of
nuclear fuel cycle facilities may prove to be unrealistic as long as the
present division of respo»sibility for fuel cycle development and
regulation exists within government.

The primary benefit of the current system is the independent
review of nuclear policy and planning that exists in the several and
diverse authorities. Public distrust of nuclear policy, which developed
during the era when the AEC acted as both regulator and promoter,
may be relieved by vigorous open and independent action by NRC,
ERDA, and EPA. This factor alone may be worth the inefficiencies
and confusion caused by the dispersed jurisdictions. , ln addition, the
independent review may in some cases enhance the chances of
avoiding costly harm to health or environment, and may even lead to
more imaginative technical developments than might otherwise exist.
In any case, the tradition of independent regulatory authorities, with
both state and federal roles, is a strong one in our society and
probably will not be lightly discarded.

D2. Problems of the Current Framework

a} Though the division of responsibility provides opportunity. for
independent review of decisions, it also tends to promote conflicting
or contradictory suboptimization of technical systems. Historically,
for instance, ERDA has naturally tended toward favorable economics
and energy ef f iciency in reactor design; the Arms Control and
Disarmament Agency, in co»trast, has vie~ed such design problems
predominantly in terms of minimizing nuclear proliferation risks. In
many planning and policy problems, the various par tici pants
industry', EPA, ERDA, NRC, individual states, etc. -- all tend to see
the issue largely in terms of their own primary mission and goals.
When they act individually on this basis, the sum of these actions may
result. in a far from optimal system design.

b) The ambiguity of responsibility leads to costly delays and false
starts in research, development, and construction programs. ERDA
cannot optin&ize the use of its technical resources without knowing the
licensing criteria of NRC -- yet the independent regulatory role of
NRC i»iplies that. ERDA's and NRC's schedules a»d plan»i»g must
evolve independently. Similarly, FRDA a»d NRC plans can be upset
by impositio» of individual state, EPA, or State Departine»t aiithority.
Recent, General Accou»ti»g Office criticisms of the use of the Loss-
of-Fluid 'I'est Facility epitomize thb proble»& of optimizi»g technical
actions when goals a»d operation are responsibilities of separate
age»cies (Ref. 21). Delays in defi»i tio» of a waste repository
demonstration can also be attributed in part to the lack of correlation
of ERDA and NRC plans. Plans are further complicated by the need
to consider the political climate in individual states as one of the
constraints in waste repository siting.

c) The division of responsibility taxes resources of skilled and
experienced manpower. In areas where the technical expertise is
limited, and multiple agencies, each desiring independent support,
compete for this pool, severe shortages can result. As one example,
almost a11 of the nuclear waste disposal experience was concentrated in
ERDA af ter the division of the AEC. Despite the regulatory
significance of this area, NRC was left with an extreniely limited
internal technical program and had diff iculty even in locating
potential outside contractors whose personnel were not already heavily
committed to work with the ERDA waste program.

l.. I n~plications For Fuel Cycle Decisions

Given the organizatio»al arrangement of dispersed nuclear
development and operational responsibility, independent regulatory
authority, and constant attention by the public to detailed technical
factors, severa1 characteristics of the U.S. nuclear program seem
inevitable. On the o»e hand, it will be slow in development schedules,
slow a»d i»eiti«l in its ability to «dapt to cha»gi»g co»ditio»s, . avd
high i» capital «nd possibly also operational cost. On the other hand,
individual eleme»ts the»~selves will probably be extremely safe,
relatively be»ig» i» enviro»nie»t«1 impact, a»d highly reliable.

An example of the great inertia of our existing systen& can be
taken from current cn»sideratio» of «Iter» ~tive reactor types to nieet
newly perceived nuclear nonproliferation or resource efficiency goals.
Though the existing Canadian heavy water (CANDU) reactor has been
cited as advantageous in some situations, even proponents realize that
U.S. licensing requirements would probably require design changes,
studies, and procedures which could take more than a decade to
implement. Similarly, since the chief private developer of the High
Temperature Gas-Cooled Reactor, Gulf General Atomic halted its
marketing program, the time required to re-activate that option for
practical application has been rapidly growing. In this technically and
economically complex field there is no simple way to transfer
technology between the private and public sector, or maintain at
readiness currently non-marketable options in the anticipation of
changing economic, technological or political constraints. The
economic structure of the U.S. utility industry emphasizes
conservatism even further. The utililties must invest in future growth
to achieve the investment tax credits which are a large component of '
their cash flow income. However, their rate structure is largely such
that these investments must be made in extremely reliable and proven
technologies. Thus this particular investment potential will certainly
be directed toward continuation and expansion of the proven light-
water reactor cycle.

Similarly, developments in reprocessing concepts illustrate the
pressure on capital costs as a price for reliability and safety. The
AGNS plant, as corn'pared to the NFS facility, is designed for an
entirely new level of saf ety with respect to seismic stabi1 ity,
operational radioactive emissions, and waste handling, but it will
probably be an order of magnitude more expensive if completed.
Nonetheless, new, even more conservative designs already exist which
could again raise that cost threefold or more (Ref. 23). There will
always be considerable pressure to invest only in the safest and
therefore costliest design in each separately analyzed and administered
component of the fuel cycle, without optimizing total investment for
maximum system safety. This is only one example of the frequent
suboptimization of individual nuclear fuel cycle segments in the
decentralized U.S. planning system. The comparison of investment in
protection of the biosphere from high level nuclear wastes, with the
much more limited investment in protection from the comparable
hazard of uranium mill tailings, is another vivid example of
suboptim ization, which is discussed in Chapter V.
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F. Organization of the F'uel Cycle management

AIternative schenies of organization certain1y exist. With the

problems of decentr;rlized authority quite evideiit, inany ideas have
bee» offered involving re-creation of a niore centr;rlized systen&. 'I he

simplest of these ide;is would be a reunification of the ERDA»uclear
fuel cycle division wi th N RC. M or e coin preheflsi ve thinking has
involved a "Department of Energy" v hich could provide a» uinbrella
for FRDA, the Federal Fnergy Adn&inistratiori (I.l'A}, ind possibly
other regulatory authorities. The legislation proposed by President
Carter represents this point of view in combining ERDA, FEA, and
the Federal Power Commission. However, while the President's plan
would lead to some centralization of policy making, as noted above
EPA, NRC, and individual states would retain their current roles,
along with that of the courts via NEPA proceedings and other
opportunities for litigation.

A possible alternative or additional scheme of policy coordination
could involve an entity within the Executive Office of the Presient, an
office without administrative or operationa1 responsibility but instead
functioning as a coordinating staff for the President himself. Such an
office coUld address itself to identifying gaps between individual
agency programs, to identifying or resolving conflicts and
contradictions among them, and to setting priorities among diverse
efforts. A White House Energy Council, or possibly the new Office
of Science and Technology Policy, could fulfill this fUnction. In the
absence of a specifically defined unit, in some cases the Office of
Management and Budget must inevitably play this role as it did in the
case of the 1973 memorandum (Ref. 10) intervening in the EPA-AEC
conflict. However, many would argue that in a particularly important
policy area, a more visible and specifically designated entity is needed.
This would provide an identifiable focus for policy decision and
discussion.

Certainly many of the problems at the go., ernment-industry
interface could be resolved by maintaining all of the fuel cycle, save
possibly mining, milling and reactor operation, in government hands.
In this manner, broad public concerns over fuel cycle policy could
enter directly into decision making without involving competitive
commercial economics. The problems industry has had with
uncertainties in government regulatory and development policy may
make this organizational change a necessity, rather than a matter of
choice. Because of limited government operational capability in many
of these areas, private industry's role would undoubtedly be preserved
as contracting builders or operators of facilities. The advantages of'

such a change would, of course, have to be weighed against the
additional capital demands on the federal government, and the loss of
the efficiency incentives of competitive market econon&ics.

It should be noted, however, that organizational matters of this
kind involve values beyond that of energy investment efficiency, and
i nstead represent basic ph i losoph ies of pol i tical and economic
iristitutioris which are not likely to be lightly set aside by their
proponents. For this reason, siinple admiiiistrative reforn&s are not
likely to change totally the heterogeneity of inputs and diversity of
points of view in nuclear fuel cycle choices. Probleins in coordinating
nuclear policy form ulation and i in plen&e» ta tion ainong the several
agencies are li kely to reniain an inevitable consequence of that
d i vers i ty.
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Appendix I The Fuel Cycle as a Source of %astes

, The nuclear fuel industry is made up of a number of steps, each
requiring an operational facility which has its own environmenta1
impacts and in which both radioactive and nonradioactive wastes are
generated. In this section the model fuel-cycle facilities are reviewed
in terms of capacities, waste generation rates, and type of waste
produced. To provide the reader with an orientation on waste
management activities, numbers are provided from the ERDA fuel
cycle model, as referenced in GESMO and the NRC Task Force
Report on Waste Management; where necessary, the environmental
impacts associated with reprocessing and waste management activities
are normalized to a reference reactor year (RRY).

1. Mining

Uranium is present to the extent of about 4 ppm of the earth' s
surface; however, most deposits are of such low grade (& .001%) that
extraction of the metal is uneconomic. The principal deposits in the
United States are located in the Colorado Plateau which includes
portions of Arizona, Colorado, New Mexico, and Utah. The majority
of the ores mined in this region contain O, l to 0.5 w/o uranium. Most
of the uranium minerals from this region are of the carnotite
(K&O-2UO3U205 xH20) and austenite (Ca02UO3. Px05H20) forms.
Relatively high grade ores are available from sources outside the
country. These ores are approximately 1 to 4% uranium, primarily in
the form of pitchblende or uranite, of variable composition ranging
between UO2 and U308.

Uranium ore is obtained from both underground and open-pit
mining operations. Wastes from underground mines consist mainly or
rock removed in creating shafts and passage'ways. Wastes fronl open-
pit operations consist largely of overburden removed to expose the ore
body. A model mine size has been defined in GESMO as having an
annual production of 18.1 tons of natural U30& (14.0 MTU) for an
underground facility and 181 tons (140 MTU) for an open-pit mine.
In either operation, wastes are expected to contain only relatively
small amounts of uranium. Mine waste should have essentially the
background radioactivity typical of the region.

2. M I' ll ing

Milling consists of at least four general steps: (1) crushiilg a»d/or
griilding, ( ) chenlical dissolution of the ore, (3) physical separation
of dissolved ore frown the undissolved solid waste, and (4) separation
and consolIdation ot the U30& product. , referred to as yelloecake.

Leaching processes;lt the uranium nlill recovei' more thail 90% of
the coiltai1led urailium but dissolve oilly a vel p snlall fraction of the
finely ground ore. I'he mills curreiltly discharge these «»dissolved
solids (mill tailings) along with nearly uranium-free process water and
its contained chemicals to an impoundment area {tailings pond) near
the mill.

Uranium and uranium daughter products are released as airborne
particulates and gases from the ore piles, the tailings retention system,
and the ore curshing and grinding and ventilation system in the form
of dust. Virtually all of the 2 2Rn daughter product is released as gas.
The solid waste tailings contain about 85% of the radioactive materials
originally in the ore. This includes concentrations of 226Ra and
230Th. While stored in the tailings retention pond, natura1 radioactive
decay continues resuliing in further discharge of radioactive effluents
to the atmosphere. Thus such tailings can be an important Iong-term
source of radioacti vity, so that some stabilization procedure is
necessary for environmental protection. On the basis of assumptions
from GESMO and WASH-1248 of 0.1% U308 (807 MTU), the ratio
of 1300 for waste to product masses gives an annual waste stream of
1.37 x 106 tons of 525,000 m3.

3. Hexafluoride Conversion

Before sending natural uranium to the enrichment plant it is
common practice to convert the U308 yellow cake from the mills to
readily volatilized UF6. To produce UF6 production facilities contain
large quantities of chemicals but very lou levels of radioactivity. The
~astes are largely composed of CaF2 ash from dry-process plants,

sludge from plants using wet processes, and CaF2 chemical ~astes
from treating scrub liquors at both types of plants. The CaF2 ash is
presently drummed and shipped offsite ot a burial facility. While
low-level sludges may be handled similarly, at present they are stored
or buried onsite. The nlodel UF6 plant using either process has an
annual capacit. y of 15,000 MTU (natural). The wet-process model
plant produces 3900 m3 of wastes while the dry-process model wi11

produce 2480 m3. In either case, wastes are either disposed of in a
I icensed burial gorund or are buried onsite.

4. Enri cement

The enrichment process raises the isotopic concentration of U-235
in UF6 feed material from the con version plarl ts. The annual
production rate depends on several factors, including the isotopic
concentrations of the feed, tails, and product as well as the plant's
efficiency. Assuming nonlinal U-235 concentration of slightly over
3% in the product and 0.3% in the erlrichment plant tails, the annual
capacity of the model plant is approximately 2 400 MTU.

Enrichment is presently performed in plants using the gaseous
diffusion process. , Wastes genei'ated result prinlarily from equipment
cleanout and uraniunl i.ecovery. l.iq«id w;lstes are inlpounded in
holding ponds where most of the uraiiium is collected in sludges of
lov -level radioactivity that ai'e periodically renloved and buried
onset te. 1» addition to wastes generated by the erlrichnlent plants,
approximately 35 million rn3 of nonradioactive sludges (water and
solids} result from operation of the fossil-fueled power plant that
supplies power for the enrichment processes.

Future expansions of enrichment capacity are expected to include
centrifuge facilities. A gas centrifuge enrichment plant is expected to
generate large quantities of nonreusable parts and materials from
failed machines, The annual waste from a model centrifuge plant is
estimated to be about 56 times greater than from a model diffusion
plant of the same capacity. The GESMO tllodel plant has an annual
capacity of 8750 MTSWU and generates 100 m3 of waste from a
diffusion plant and 5600 rn3 from a centrifuge facility. GESMO
assumes a ratio of 4 diffusion plants to 2 centrifuge plants to conclude
that a waste volume of 1900 m is obtained for an average enrichment
plant.

5. Vr ani urn Fuel Fabrication

A fuel fabrication plant converts enriched UF6 to UO2, into
pellets loads the pellets into fuel rods, and assembles the loaded rods
into fuel assemblies. The most significant waste generated in these
plants is CaF~, which is formed during the conversion operation of
the rate of one metric ton for each metric ton of uranium processed.
The uranium content of the CaF2 is estimated to be aobut 0.01
pC/gm. The current practice is to package or store the waste in bulk
form onsite. As stated in GESMO, a model fabrication plant will
process 1500 MTU annually.

6. Pow er Reactors

For the reactor referenced in WASH-1248, wastes generated at the
reactor are averaged so as to represent the approximate industry mix
of 2/3 PWRs and 1/3 BWRs. The quantity of low-level wastes
produced by LWRs is the same for all three fuel-cycle options. Based
on a review of reactor licenses' semi-annual oeprating reports through
December 1975, a 1000-MWe PWR generates annually approximately
323 m- of packaged wet wastes (spention-exchange resin, filters, filter
sludge, and evaporator bottoms), and 116 m3 of dry and col»pacted
solid waste. A 1000-MWe BWR produces annually about 850 m3 of
packaged wet wastes and 133 nl3 of dry and compacted solid waste.
Using the ratio of 2/3 PWRs and 1/3 BWRs, waste volumes of 500
m3 of resins and 120 m3 of' dry compacted solids are obtained for the
industry-averaged LWRs. An additional 1 nl3 of waste generated in
the LWR consists of discarded equipment, in-core i»strumentatio»,
and control-rod bl;ides. These wastes contain so»le 4600 curies of
fission products and induced activity.

Rev. Mod. Phys. , Vol. 50, No. 1, Part ll, January 1978 S&65



S166 APS study group on nuclear fuel cycles and waste management

7. Spent Fuel Assemblies as Waste

lti the case of the no-recycle option, an additional waste stream,
the spet~t fuel assen&blies, is also produced. Given that a PAR fuel
assembly is nominally 85 inches square and 14 feet long, and assuming
that it is overpacked or encapsulated in a l3-inch-diameter casing
approximately 16 feet long, each assembly is 15 cu ft in volume. An
annual reload for PWR averages 78 assemblies (@ 450 kgU per
assembly) giving approximately l225 cu ft or 35 m3. Values of 1090
cu ft or 31.2 m3 are similarly obtained for a BWR, using 200 kg per
assembly and 175 assemblies per year; an assembly is 14 cm square by
535 cm long. For a throwaway option, these assemblies would be
placed in permanent disposal at a Federal Waste Repository. A
stowaway no-recycle option would require indefinitely recoverable
disposal.

The temporary storage of spent fuel, whether at a reactor, an
independent spent fuel storage facility, a reprocessing plant, or a
repository, will generate waste resins from water cleanup systems.
These are assumed to be constant for all types of fuel and amount
annually to 21 m3 for a 3500-MTHM storage pool. Because the spent
fuel in the no-recycle option is stored for 10 years by NRC
regulations, some 2.1 m3 of such waste are generated per RRY. Less
than 1 m3 would be generated for the comparable uranium-only
recycle option.

leave the Pu with l-ILW stream, so that the waste Pu and fission
products may be sol id ified and managed together. With this
alternative, one must deal with suitable criticality and accountability
con trois.

10. Fuel' Ffernent Hulls and Hardware

1n the first step of the reprocessing operation, structural
components of fuel assemblies are removed and the fuel rods are
chopped into short pieces, so that the UO2 or mixed fuel can be
leached from them with nitric acid. This operation produces the feed
solution for the processing operation and leaves the cladding
undissolved. These cladding pieces, called hulls, after additonal
washing with nitric acid solution, are expected to contain less than
O. l/~ of the uranium and plutonium present in the fuel, along with
small quantities of fission products and products of neutron activation
of the metal. Approximately 0.5 m3 of hulls and fuel-assembly
hardware result from the processing of each metric ton of heavy
metal, regardless of fuel cycle operation, giving «pproxiniately 15 m3

of hulls per reactot' on an annual basis. As presently designed,
reprocessing p1ants plat~ for intet im storage of these wastes it& vaults
or cot&crete containers. Becattse of the residuaI pltttotiIuni contained
in these wastes, it is planned that the h&tlls will eventually be
transferred to a fedet al geologic repository.

Transuranic ( TRU) Wastes

8. Fuel Aeprocessing

In the uranium and uranium/plutonium recycle options the spent
fuel dischargee' from power reactors is reprocessed for its fissile and
fertile values. Opening the fuel rods results in the release of
radioactive gases, . some of which are released to the atmosphere in
normal plant operation. Of particular concern are ~ C, "5Kr, ~291,

and tritium; these off-gases are the subject of considerble review and
discussion by EPA and the NRC and will be considered in Chapter V.

The bulk of the radioactivity from nonvolatile fission products
and unrecovered actinides results in the several types of wastes
described below. The model fuel reprocessing plant's annual capacity
is 2000 MTHM. The volume of such wastes is essentially independent
of which recycle option is used, but the isotopic composition of the
radioactive wastes is altered if plutonium recycle is adopted. Of
course in the uranium-only-recycle option, the plutonium becomes a
waste to be managed.

9. High-Level Wastes

High-level liquid radioactive waste (HLW) is defined in Appendix
F, 10 CFR Part 50, as "those aqueous wastes resulting f rom the
operation of the first cycle solvent extractIon system, or equivalent,
and the concet&trated wastes froni subsequent. extraction cycles, or
equivalent, in a facility for reprocessi»g irradiated reactor fuels", The
HL W are solidified, cast, fort@ed, or otherwise contained in a prilllal'y
contaitiet. which is provided with at& ovet pack or secotidary shell as the
outer can ister. I'he reference design of the canister, i ticludi ng
overpack, is a right cylinder some 15 inches in diameter and 10 to 12
feet long (15 ft or approximatley 0.3 m3). It is assumed to hold
about 6.3 ft3 (0.18 m ) of solidified waste. Technology for both
calcining or vitrifying of the HLW is available for use; a choice has
not yet been made. Since it is estimated that each metric ton of fuel
reprocessed from either of the recycle options will produce about 2 ft3
of calcine or 2.t cu ft of vitrified HLW, each canister will hold the
waste from 3.14 or 2.52 metric tons of processed fuel, depending on
which waste form is approved by the NRC. Thus ll to 14 canisters
occupying 6 to 8 m3 will be generated annually for each model 1000
MWe power reactor.

Reptocessing plants operating under either of the recycle options
will get~crate miscell ttieous pluto»iu»~-beaing wastes of sever;&1 types
including laboratory wastes (e.g. , small tools and gloves), chemical
wastes from cleaning the off-gases, failed equipment, filters, and
plutonium extraction solvent, wastes from the plutonium nitrate-
plutonium nitrate-plutonium oxide conversion section of the plant,
and certain wastes from the process, for preparing UF6 from recovered
ruanium. The volumes of these wastes is estimated to be nearly 30 m3

annually per reactor without compaction or incineration, nearly
independent of the choice of recycle option. The wastes will contain
about 0.3% of' the plutonium throughput.

The plutonium conversion facilities generate transuranic wastes
consisting largely of filters, gloves, discarded process components, and
solidified process wastes. It is estimated that these wastes .would
contain about 0.2% of the plutonium throughput, or approximately
300.grams per m3. By using the mean of values estimated for an
existing reprocessing plant design, the total annual volume of
plutonium-bearing waste generated would approach 44 m3 per reactor.
The separation facilities would produce minor amounts of solidified
aqukeous wastes fom the solvent and off-gas cleaning systems. These
wastes would be expected to contain 300 grams of plutonium with the
uranium-only-recycle or about 30S grams of plutonium. if- both
plutonium and uranium are recycled. Though some wastes may
contain transuranic concentrations sufficiently low to permit their
burial in a licensed facility, it is generally assumed that these
relatively low-level transuranic wastes wi11 be sent to a federal
geologic repository.

J2. Chemical Wastes--UF6 Conversion

Each mode1 reactor year the UF6 facility at a reprocessing plant is
expected to produce an estimated 1100 metric tons of chemical wastes
(i.e., spent electrolyte, Ca F2 from treating fl Uoride scrub 1 iquors,
calcine discharges from the uranyl nitrate-to-UO2 conversion step,
and potassium uranate muds) contain about 42 kg of uranium but
negligible radioactivity. These wastes normally would be shipped to a
licensed commercial facility for burial, though onsite burial at the
reprocessing plant may be possible.

For. purposes of its assessment, the NRC assumes that following
the first cycle of decontamination and the partitioning of the
plutonium and uranium streams at the reprocessing plant, the resulting
plutonium would be converted to puO2 of about 95% purity (5%
fission products) and encapsulated, For criticality reasons the capsules
are then supported by spaces in 30-gal containers, each capable of
holding 6 kg of the materials (approximately 47 canisters per year, or
6 m per model reactor). For the uranium-only recycle the GESMO
assumes that the plutonium-bearing canisters will be disposed of in
federally operated geologic repositories together with the separated and
solidified HLW. Alternatively, the solvent extraction process can

13. Mixed Oxide Fuel Fabrication

The MOX fuel plants, which produce fuel rods containing
uranium and plutonium are incremental operations resulting from
plutonium recycle. The GESMO model plant has an annual capacity
of 360 MT (U, Pu) 02. The sol id wastes for d isposal total
approximately 10,000 ft~ (290 tu3) at~d contain 22 kg of Pu02, or
aobut 0.:1% of PuO, throughput. This waste volunse is equivalent to
gnt~/RRY and would be sent to the federal geologic repository
followign a suitable procedure for compaction.
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14. 1Vast e Repositories

Two categories of waste repositories are assumed. They differ
with respect to their locations in the biosphere. One category is
surface or near-surface repositories or burial grounds that are used for
disposal of low-level wastes of negligible transuranic content. The
second category is repositories in continental geological formations
which will be used for containing solidified HL%', plus all other
wastes having appreciable concentrations of transuranic radionuclides
including plutonium. Spent-fuel elements in the no-recycle option
would also be sent to such a repository. The discussion of Chapters V
and VII treats the issues for both types in detail.

15. Projected Annual 8'aste Generation

Annual waste quantities generated by the ERDA model fuel-cycle
facilities operating at full capacity are given in NUREG-0116 for the
options of no-recycle and uranium-only-recycle. . Their tables also
give the average annual capacity requirements, annUal waste volumes
and annual radioactivity for the individual fuel cycle components to
support a single 1000-MWe LWR over its lifetime for the alternative
fuel cycles. This data can be combined with LWR model growth
estimates to give the average annual waste-generation levels for a
model LWR industry, These latter figures are summarized in Table
AI-1, to illustrate possible volumes of accumulated wastes from a
balanced LWR power system by the year 2000 for the no-recycle and
uranium-only-recycle options for the ERDA model assumed in the
GESMO. Rel" tive to waste volume typical of industry the volumes
shown are quite modest. The discussion Chapter VII will reveal that
the nuclear waste volumes themselves are not a major limitation to the
practice of the nuclear fuel c'ycle; the only exception is transuranic
low-level waste for which volume reduction is an important option.
The most significant issues arise from the viability and long-term
predictability of technical alternatives and institutional procedures to
cope with these wastes.

TABLE AI-1. Cumulative volumes of waste inventory in the
year 2000 (m3) (NUB,EG-0116).

Fuel Cycl~e0 t1on
Nn Recycle LI Recyc 1 e

Mill Tail ings-
Spent Fuel
High-Level
Transuranic
Hul 1 s and Har dear e

(Transuranic)
Low-Level Reactor Maste

{Nontransuranic)
Other Low-L, evel

(Nontransuranic)
Chemical

7.8x108
56, oooa

b

3.8x106

310,000

179,000

6.9x'l08
6 000
6, 5ood

76, 500e
52, 000

3.8x106

300, 000

'183, 000

400,000 spent-f uel assemblies

Not produced with no-recycle.

37,000 spent fuel assemblies i» pool storage awaiting processing.

Volume of H LW in 37000 canisters.

includes pl u ton iuA1 wastes.

1. NUREG-0002 Final GESMO: Health, Safety and Fnvironment

2. NURFG-0116 Environmental Survey of the Reprocessing and
%'aste Managemen t Portions of the L% R Fuel Cycle.

The material in this appendix has been drawn from two principal
sources:
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Appe11dlX II ReprOCess ling Of T40rlul11 CO'Iltalfl lllg Spell t FueI frOAl Hig4
Temperature Gas Reactors, HTGRs

Genera/ Features of HTGR Fue/ Aeprocessing

The technology required to reprocess HTGR discharge fuel from
high-temperature gas-cooled reactors (HTGR) differs significantly
from the Purex technology and from the Thorex technology described
in the main text for fuels from light-water reactors. The HTGR fuel
actinides are thorium and highly enriched (93%) uranium, resulting
separation in chemistry different from that involved in uranium-
pl u ton i um separation. The HTGR separation technology is a
combination of the Thorex and Purex processes, but with the
following additional features unique to HTGR fuel:

1. The fuel actinides are contained in graphite blocks, which must
be crushed and burned or otherwise treated to expose the actinides for
dissolution.

2. Considerable quantities of "C are contained in the graphite
blocks, so the total CO2 and CO evolved in combustion would have to
be collected and treated as long-lived wastes.

3. Each fuel block will contain one of three different types of
fissile particles, as well as fertile thorium fuel particles. Blocks of
each fissile type must be processed separately. The fissile and fertile
particles from each graph ite block must be elutriated into two
different fractions for dissolution and reprocessing. This f inally
results in four different streams of separated uranium, one of which is
to be discarded to control the build-up of 6U and consequent
successive neutron absopr tion.

2. Head-End and Separations Technology for HTGR Fuel (Abraham,
et al. , 1975; Notz, 1976)

The HTGR fuel consists of 200 micron fissile particles of
uranium carbide coated with pyrolytic carbon and silicori carbide and
500-n&icron particles of thorium oxide coated with carbon. The
particle coatings reduce fission product release, and the silicon-car bide
coating also preserves the integrity of the f issile particles during
graphite combustion. I hese particles are embedded in a graphite
nlatrix contained in prismat. ic fuel blocks &bout. 79 cm. tall and 40 cm.
across the flats of their hexagonal cross section. The fuel blocks are
penetrated with holes for helinnl coolant and for handling, control
absorber s, etc. One of the un iqtre pr oblenis in I ITGR f uel
reprocessing is burning the large amount of' carbo» to rensove it from
the relatively small an~ount of fuel niateriaI.

The fuel blocks are first crushed for size reduction and then
burned with oxygen in a fluidized bed. Relatively large amounts of

C are present in the graphite, formed by neutron activation of
carbon and by (n, p) reactions with residual nitrogen in the graphite.
Therefore, the "C evolved as CO2 and CO during combustion
along with the other combustion gases requires that all the CO2 and

CO be recovered and treated as long-lived radioactive waste if 4C is
to be controlled.

The ash from the fluidized combustor consists of the original UC2
particles still coated with silicon carbide and oxide particles of UO2-
Th02 from the incineration of the original Th02 particles coated with
pyrolytic carbon. Although the sizes of these fertile and fissile
particles are about the same after graphite combustion, the thoria
particles are about three times heavier because of the larger diameter
of their actinide kernel and because the SiC and inner carbon coatings
of the fissile particles still remain. The fissile and fertile particles are
separated into two fractions by elutriation with carbon dioxide. The
thoria particles, now containing fission products and bred uranium,
are to be processed by Thorex separation technology, and those fissile
uranium particles containing recoverable uranium, fission products,
and some neptunium and plutonium are to be processed by Purex
separation technology.

The purpose of making the size separation of the fissile and fertile
particles from each block is to develop a means of controlling the
build-up of neutron-absorbing 2 6U. The fissile particles used to

fabricate each graphite fuel block are one of three different types of
uranium: {1) highly enriched (93.5%) 2 U make-up uranium, ,(2)

"U remain i ng af ter one cycle of i rrad i ation of make-up
uranium and recovered for recycle, and (3) 2 6U recovered
from irradiated thorium and recycled. Fuel blocks with different
sources of f issile particles msut be processed separately through
graphite combustion and particle classif ication, so that the three
different groups of fissi le particles can be collected and treated
separately. The particles of uranium remaining from the first-cycle
irradiation of make-up uranium are to be processed for uranium
recycle. The particles of irradiated bred uranium are to be processed
and the recovered uranium is to be combined with uranium recovered
from thorium and recycled. The uranium particles remaining after
the second irradiation cycle of initial nsake-up ur'anium contain a
relatively high concentration of 6U and are to be discarded to high-
level wastes. 1he calculated quantities of actinides for each of these
streams for a 1000 MV' HTGR are given by Pigford, et al. (Pigford
and Yang, 1977; Pigford, et al. , 1975).

Because elutriation does not produce a quantitative separation,
there will be some crossover of fertile and fissile particles, and this
crossover will be increased as a result of broken part. icles. Crossover
contaniinates the recovered . -'-'V with '

U neutron poison arid

increases the loss of ~ U when fissile particles are retired. It is
estimated that about 10% of the fissile particles may cross over into
the fertile stream and as much as 9% of the fertile particles may cross
over into the fissile stream, resulting in a possible penalty to the
HTGR fuel cycle (Abraham, et al. , 1975).

The thoria particles are dissolved in.'"Thorex reagent", consisting
of 13-M nitric acid, 0.05-M hydrofluoric acid, with 0.075-M
cadmium nitrate for criticality control, held for 24 hours at the
leachant boiling temperature. Remaining solids are principally the
silicon-carbide coated fissile particles from elutriation crossover and
are removed by centrifuging.

The SiC-coated fissile particles are curshed to crack the silicon
carbide coating, followed by burning of the inner carbon layers with
oxygen in a fluidized bed. The dissolvent is denitrated by boiling and
steam stripping to 1-M HNO3. Although an acid-deficient feed is

optimum for thorium extraction and decontamination, the feed must
be kept acidic at greater than 0.5-iV HNO3 to aovid precipitation of
zirconium. Also, acid-deficient conditions favor formation of
plutonium polymers. Formic acid is added during denitration to
stabilize ruthenium in a reduced valence state and thus minimize the
formation of volative Ru04.

Uranium, thorium, and plutonium are coextracted in a solvent
extraction column by contacting with concentrated TBP in n-
dodecane. Because of the relatively weak nitrate-TBP complexing of
thorium, a solution of 30% TBP in n-dodecane is used as extractant,
and concentrated (13-M) nitric acid solution is added below the feed
point of the extraction column to maintain adequate nitrate
concentration to promote complexing. The organic extract is scrubbed
with 1-M nitric acid, introduced at the top of the column to aid in
fission -product decon tam ination.

The high fission-product acitivty in this first extraction column
causes substantial radiolytic damage to the organic solvent, producing
d i butyl phosphate (DBP) and other undesirable decom position
products which increase the thorium contamination of uranium
streams and which increase product losses. Dibutyl phosphate forms a
strong thorium complex which precipitates at low acidity and impairs
the throughput characteristics of sieve-plate pulse columns.
Centrifugal contactors may mitigate this problem by reducing the
radiation exposure time of the solvent. , but the centrifugal contactor is
more sensitive to suspended solids rensainIng in the dissolvent and to
the presence of a second organic phase, rich in thorium and TbP,
which fornas at high thorium concentrations.

To reduce plutonium containination of the thorium and uranium
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products, the plutorriun& is partitioned by scrubbitlg the organic extract
v ith a dilute»itric acid solutio» containing fetrous iro» to reduce
plutori i um to i nextractable Pu'- and also co»lai» ing hyd ram iree to

scavenge nitrate. Concentrated nitric acid added to the aqueous stream
near the bottom of the column promotes back-extraction of uranium
and thorium into a fresh organic stream ente:ing the bottom of the
column.

Although it is possible that satisfactory plutonium partitioning
could be obtained in the first extraction column using a reducing acid
scrub solution, the degree of decontamination is uncertain because
nitrite formed by the more extensive radioloysis in tl&is column results
in extractable compounds with trivalent plutonium. It is possible that
radiolytic nitrite in this column may be adequately scavenged with
hydrazine, thereby making a separate plutonium partitioning column
unnecessary.

The organic product containing complexed thorium and uranium
is contacted with 0.21-M nitric acid to strip the thorium, which forms
less stable nitrate-TBP complexes than does uranium. Fluoride at
0.005-M is added to. overcome - the competing effect of dibutyl
phosphate, which if present from radiolysis and hydrolysis of TBP,
impairs thorium-uranium separation. Because most of the fission-
product zirconium follows the thoriuni, the aqueous thorium product
is carried through a second solvent-extraction cycle. Since the
plutonium has now been removed, the thorium stream can be
denitrated to acid deficiency, which promotes better solvent-extraction
separation from zirconium.

The uraniUm remaining in the organic stream from thorium-
uranium partitioning is contacted with dilute (0.01-MP nitric acid to
recover the uranium. The aqueous uranium product is then
decontaminated with additional solvent extraction separations. If
dibutyl phosphate is allowed to build-up in the organic entering the
thorium-uraniun& partitioning column, the thorium carryover in the
organic will contaminate the uranium product and may also result in
thorium-DBP precipitation in the uranium stripping column. The
control of DHP formation in thorium extraction systems requires
continued investigation.

When the SiC-coated fission particles are crushed to crack the
coating, and the inner carbon layers burned with oxygen in a fluidized
bed, the UO2 ash is dissolved in "Purex reagent". This consists of 2.5-
M nitric acid with 0.07S-M cadmiun& nitrate for criticality control.
The liquid is then centrifuged to remove remaining SiC hulls and any
undissolved fission products. The dissolvent is adjusted to Purex feed
conditions by adding nitric acid to 3.6-M and ferrous sulfamate to
0.01-M, arrd then contacted v ith S jc 'I BP in n-dodeca»e. The extract
is sctubbed witk nitric «cid solution co»tainir&g ferrous sulfamate to
lllai fl tai n pluton i un~ i» the trivalent state. The r aff i nate corr tai ns
fisiso» products, neptun inn', a»d plutonium. The ur arrium is then
stripped fro»s the organic with 0.01-M r~itr ic acid. This Purex process
for the HTGR fissile particles differs fron~ the Purex tech»ology for
low enriched UO2 fuel from light water reactors in that there is no
plutonium separation. However, there remains some uncertainty as to
the adequacy of plutonium decontamination of the uranium product
without a separate plutonium partitioning column.

The irradiation exposure of the HTGR fissile particles is about 95
Mw(t)day/kg, as contrasted to about 30 Mw(t)day/kg for LWF fuel.
This difference in irradiation exposures is a reflection of the greater
uranium enrichnment in HTGR fissile particles. The principle
consequence of the greater enrichments is the necessarily smaller size
of extraction columns and other equipment for criticality control.

3. Handling of Volati le Radioactive W'astes

The relative amounts {Pigford and Yang, 1977) of H, 4C, 8 Kr, and
I from the HTGR and from a uranium-fueled light water reactor

are corn pared in Table AII 1. The off gas also contains sma11
quantities of 2 Rn, a decay daughter of the U present in uranium
recovered from irradiated thorium.

The presently proposed HTGR fuel reprocessing includes processes
for recovery of each of these radioactive species, anticipating
requirements of fuel reprocessing technology during the late 1980's or
early 1990's when HTGR fuel reprocessing might become a
commercial reality. The most significant difference between LWR
and HTGR reprocessing associated with radioactiv~ gases arises from
the large quantities of CO2 released from fuel incineration. The very

TABLE AQ-1. Estimated major volatile fission and activa-
tion products (l80 days after reactor discharge) (Pigford and
Yang, 1977).

Cur ies per GM-year

HTGR LMR

3H

Z4C

"K.r
129'

38, 200
120

488, 000
1

18, 800
13

300, 000

'1 he technology for radon removal is under developmer~t, but a
practical solution noway be the use of solid adsorbent to delay the 55-
sec "R» about 10 nein. , long enough for radioactive decay.

The noble gases are removed by absoprtion i» liquid CO2 at high
pressur'e «nd low tenlperature. Fractionation of the liquid CO2
adsorbent yields purified krypton gas, which is compressed into a

container and stored. About 1% of the krypton follows the CO2 off-
gas stream.

The CO2 is finally reacted with a lime solution to precipitate
calcium carbonate, which is filtered, dried, and packaged for-disposal
as a low-level waste. Incineration of HTGR discharge fuel from one
gigawatt year of operation results in the production of 410,000 kg. of
CO2. This forms 930,000 kg. of CaCO&, which contains C at the

activity level of 170 rranocuries per gram. The volume of the "C-
contaminated CaCO& per gigawatt year is 550 cu. ft.

4. Summary

Although the commercialization of Purex technology for UO2 fuel
reprocessing will generally benefit all future fuel reprocessing
operations, it is clear that considerable further development will be
required to commercialize the unique technology contemplated for
HTGR fuel reprocessing. The head-end treatment involving the
incineration of large quantities of graphite, the several gas-solid and
liquid-solid separations, and the transport of finely divided solids are
all problems which pose difficulties for reliable maintenance-free
remote reprocessing technology for HTGR fuels.

The material in this appendix has been drawn from the following
sources:

1. Abraham, L., Carney, H. C., Pence, D., Pierce, V. , Strausberg, S.,
"Flow Sheet Review for Production Reprocessing (120) and
Production Refabrication (220) Requirements", General Atomic
Report GA-A13751 (Draft) (November 1975).

2. Notz, K. J., "An Overview of HTGR Fuel Recycle", ORNL-TM-
4747 (January 1976).

3. Pigford, T. H. , Cantrell, R. T., Ang, K. P., Mann, H. J., "Fuel
Cycles for 1000 Mw High Temperature Gas Cooled Reactor",
EPA Contract 68-01-0561, Report EEED-105 (March 1975).

4. Pigford, T. H. and Yang, C. S., "Thorium Fuel Cycles", EPA
Contract 68-01-1962, UCB-NE3227 (J une 1977)

large volume of carbon dioxide, containing only small concentrations
of radioactive gases, is a serious complication in fuel reprocessing
development. The CO2 also interferes with the processes normally
used to concentrate and remove Kr from air streams, so a new
process is under development for this as part of fuel reprocessing.

Because the incinerator gases contain considerable carbon
monoxide, the filtered gas is first passed over a catalyst to oxidize CO
to CO2. At the same time, that portion of the tritium which may be
in the form of HT is oxidized to HTO. Eleruental radioiodine is
removed f rom the CO2 by adsoprtion on a bed of lead zeol ite,
followed by a bed of silver zeolite for final elemental iodine cleanup
and removal of methyl iodide. Tritiated water is removed on
molecular sieves. Because of the low concentration of HTO in the
CO2 gas, it may be necessary to i»ject steam or water vapor upstream
of the absorbent bed as a carrier for HTO removal.
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Appendix III Act inide Reactions in Thorium Fueling

The principal actinides involved in using thorium-uranium fue1
are shown in the actinide chain of Figure 3A-ll of Chapter III. The
important reactions are the fission of ~~U and 5U and the
absorption of neutrons in ~ Th to form ~&&U.

The relatively long 27.0-day half life of ~&~Pa, the precursor of
~~ U, affects the time that irradiated fuel must be stored prior to
reprocessing. If the discharge fuel is stored only for 150 days, as is
frequently specified for sufficient decay of «~ I, some of the ~ ~Pa wi11
remain during reprocessing. The high radioactivity of protactinium
will contribute to the problem of deconta/ninating the uranium
product after it is separated from the fission products and thorium.
Also, if protactinium is not recovered the loss of undecayed ~~Pa

represents loss in the production of ~U for recycle. For these
reasons, present flowsheets for uranium-thorium reprocessing specify
a one-year preprocessing holdup of discharge fuel, as compared with
150 days for irradiated UO& from light-water reactors. This results in
greater fuel-cycle inventory of fissile material for the thorium cycle,
it delays the time to reach an equilibrium fuel cycle, and it increases
the total uranium ore requirements for the thorium cycle.

Ho~ever, this disadvantage of thorium fueling as compared with
uranium fueling will become apparent only when fuel reprocessing
and fissile recycle are operative for both concepts. Although
commercial technology for UO& fuel reprocessing is available and
could, at the earliest, become operative during 1977, the backlog of
discharged UO& fuel is so great that even with a reasonable expansion
of the reprocessing industry a delay of about two years from between
UO& discharge and reprocessing is likely for the duration of this
century. Therefore, the relatively long reprocessing storage time
required for thorium fuel is a disadvantage only for the long term,
and it should not affect the comparative economics of uranium and
thori un' fuel ing during this century.

Another problem of the thorium fuel cycle results from the
radioactivity of 72-yr ~~ U, and its daughters. As shown in Section
A3c of Chapter Ill, ~~ u is formed by (n, 2n) reaction with & Th, and
by a (n, 2n} reaction with ~~U; it is also formed by the chain
initiating with a (n, y} reaction in '-- u or "Th (a trace element
introduced as a by product of uranium nsining). Although significant
alpha activity results f ron& ~~".U in the '--' U to be recovered and
recycled, more of a problen& results frons the ~ U daughters. The
~~~LI decay daughter is 1.9I-yr -'"Th, a radionuclide which is also
formed by the radioactive decay of ~-' Th. As shown in Figure 3A-6
of Chapter ill, the decay d daughters of ~~~

1 h are all short-lived, so
they reach secular equilibrium with ~ "Th after a delay time of on1y a
few days. The decay of ~~ Bi and ~08TI are accompanied by very
energetic and penetrating gammas, so gamma shielding is required
when fabricating fuel from recycled uranium containing ~&~U.

Although chemical reprocessing yields essentially pure uranium,
storage after separation and time elapsed in shipping to fabrication
allow the build-up of ~~8Th and its decay daughters. Consequently,
the gamma activity in separate uranium containing ~~~U increases
continuously with storage time, until it reaches a maximum at about
ten years after separation. The calculated growth in activity and
gamma dose rate for uranium metal containing 100 ppm &~U is
shown in Figure 11 of Chapter VIII. Once uranium has been
separated from thorium by Thorex partitioning, there is considerable
incentive to complete the uranium purification and fuel refabrication
quickly to avoid the increasing gamma radiation due to the build up
of ~"Th. Hydrogenous shielding is also necessary because of the
high-energy neutrons from alpha decay in recycled uranium. The
alphas from the decay of ~~~U, ~~&U, and ~~"Th interact with 1ight
elements such as oxygen and carbon to form neutrons, so the neutron
activity also increases with storage time.

The actual ~&U content in recycled uranium depends upon the
reactor lattice and neutron spectrum, as we11 as the content of Th in
the make-up thorium. A typical concentration of 500 ppm ~ U in
recycled uraniu~n has been predicted for an HTGR fuel cycle and as
high as 9,000 ppm for a U-Th LWR fuel cycle (Pigford and Yang,
1977}.

However, as discussed in Section A3 of Chapter III, after about
100,000 years of isolation the theoretical ingestion toxicity of the
wastes is governed by ~ 6Ra, formed by

C
234U „„)

2.47xl05y
230Th

8.0x104y
'"Ra

1622y

and

CX

~~8Pu

86y

234U

2.47xl05y
etc.

Because &&4U is formed in the irradiation of recycled ~~~U, fractiona1
losses of uranium to the radioactive wastes result in considerable long--

term production of 6Ra. Also, the large ~~"Pu formation is a further
contributor to long-term 6Ra. Therefore, these actinide reactions in
uranium-thorium fuel result in a relatively 1arge growth in the
theoretical hazard of the radioactive wastes after storage periods of a
few hundred thousand years.

Following the long-term buildup and decay of Ra, which peaks
at about 200,000 years, the main contributor to the ~aste ingestion
hazard is ~~5Ra, a daughter from the decay of ~&U:

233U

1.62x105y
229Th

7340y

225 R
14.8d

Although much of the &~5Ra results from the decay of &&&U lost
directly to the wastes in reprocessing and fabrication, more results
from the formation and decay of U formed in the wastes by the
decay of ~&7Np:

a
Np — ) 233 pa

2.14x106y

P

24.1d

233U

1.62x105y
etc.

Consequently, the actinide content and theoretical ingestion hazard
of the radioactive wastes from uraniun~-thorium fuel are relatively
small for waste disposal times of 1000 to 100,000 yr but are relatively
large for waste disposal times of 100,000 to a million years.

The ~ 8Th appearing with the separated thorium results in
appreciable radioactivity in the thorium. Consequently, it is not
practicable to recycle the recovered thorium until it has been stored
for about 10 yr.

Uranium-thorium fuel usually contains ~~~U from fissile make-up
and in the recycled uranium. The high burnup and uranium recycle
result in considerable production ~ Np, according to the reactions
shown in Figure 3A 10 of Chapter ll l. The ~ Np then forms
relatively large activities of ~6Pu and ~~8Pu. These plutonium
activities are important because of the problems of decontaminating
uranium from plutoniuns when reprocessing the uranium. Also, even
though fissile plutonium is formed by neutron absorption in the "U
accon&panying the highly enriched ~U nsake-up, the high activities
of "-~'Vu and '--"Pu will probably discourage «ny attempt to recover
and u ti 1 i ze the fuel va1 ue of pl u ton i u m in the discharge fuel.

Relatively little '--~9Pu, 4"Pu, "'Pu, Am, and Cm are

foehn&ed

in
the i rradiation of thoi i um-uranium fuel. 'I herefore, these
rad ion ucl ides con t t i bute less to the alpha activity and to the
theoretical ingestion "l~azard" of high-level and tra»suranic wastes
than in the case of uraniut&& fuels. 1hese are the radionuclides which
are the greatest contributors to activity and theoretical toxicity after
about 1000 years of waste isolation, when the fission products have
decayed.
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For Pu Th fueling the ii radiation of the makeup plutonium
results in considerable production of' americium and curium, and those
actinides result in nsuch higher theoretical waste ingestion hazard
during the period of a few thot~sand years after fission-product decay.
The effect of uranium recycle is to produce sinsilar quantities of 3~U,
2~"U, and Np in the wastes, as discussed above for U-Th fueling.

The niaterial in this appendix has been drawn fron& the following
source:

1. Pigf'ord, T. and Yang, C., Thorium Fuel Cycles, UCB-NE3227,
June, 1977.
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Appendix EV Dose Commitment and Information on IndividuaI NucIides

We may define a number of integral quantities involving the dose
rate R(t) resulting from a unit. release of radioactive isotope.

Let a radionuclide be released at time t and at a rate I{T)C;y for
a period dt. The resultant dose rate at time t' is r{t'-t)I(t)dt where
r(t'-t) is the dose rate (rem y «) at time t' due to unit release (Ci} at
time t. Then if there is continuous release for 0 & t & T, the resulting
dose rate at. t = T is

while the total dose over the same period is

We consider two special cases:

l. I(T) = QB(t), i.e., Q Ci released instantaneously at t = 0

fuel cycle by «4N(n, p) reaction on nitrogen impurities in the fuel or
its cladding, by &70{n,n) reactions with oxygen in the fuel or in the
coolant, and by «3C(n, y) in carbon impurities. The latter production
would be particularly important for high carbon H1GR fuel. It has
been recognized only recently that «4C may be an effluent of concern
in the LWR cycle. That produced in the fuel may be released during
fuel reprocessing, although its chemical form and niovement within
the reprocessing plant are not yet well understood. If released as a gas,
its form would probably be CO or CO2. Under such conditions off-
gas treatment could be included in reprocessing plant design to prevent

C release. If produced as carbon or carbide it would follow
insolubles into HLW. Likewise, the amount of "C produced outside
the fuel and released at operating reactors is not well known. It is
conceivable that the amount produced and released at reactors is
important in comparison with that potentially released in reprocessing.

Observations of the excess «4C in the troposphere released in the
several nuclear explosions of the last few decades show that the excess
~4C concentration in the atmosphere decrease relatively rapidly and
that the «4C concentration in mammals follows that in the
troposphere. We adopt a model in which the rapid decay is provided
by an exchange of "C in a pool comprising the troposphere, land
biosphere and humus with C in a second pool in the deep ocean. The
C content of the first pool is taken as 2 X 10'8g, that of the second
pool as 44 X 10«8g and the characteristic half-time for transfer as 30

then

T
0;{T) =—Q dt'r{t')

0

The nuclide, «4C distributes in the mammal with body carbon and
th us del i vers a whole body, low- LET rad iati on dose. The
characterist, ic dose rate is 1.7 X 10" ren&/yr per Ci/g carbon.

l. / Calculation of Person-rems Associated with Release of t~C to
the Atmosphere

2. If instead we consider I(t) = Q Ci y
~ for 0 & t & T; then the

dose rate at T is

R;(T) = Q

T
r(t. '-t) dt = Q ) i(x)dx = [)('[')

0

D.{(x)) is the quantity conventionally def ined as the Dose
Commitment in rem resulting from the instantaneous release of g Ci
of isotope. D;(T) is the Incomplete or Truncated Dose Commitment
f'or the same conditions.

Let

M = niass of carbon in the relevant exchangable pool (g)

k = the dose rate constant in (rem/year)/pCi/g = (1.7 X 10 4)

P = average popul;~tion size = (4 X 10 persons)

R = dose rate to human tissue (rem/year)

S = activity release in Curies

T = mean life of C-14 in the exchangeable pool (years)

D = dose commitment ovei all time {person-rem)

Thus R,{T) (rem y «/Ci y ), the dose rate increment due to the
continuous release of isotope at a constant raie Q (Ci y '}, is identical
to the Truncated loose Commitment D,. {I) (rem/Ci) resulting from
the single instantaneous release of Q Ci. In particular, the equilibrium
dose rate increment, R, (c)o) equates the infinite dose cornrnitment,

D, (~).
For cases of interest to us, isotopes with stable daughters, the Dose

I&ate Increment is the niaxiniun& which will occur. In other cases, the
niaximiiii can readily be determined froni the explicit decay scheme.
For instance, in cases where the isotope released has t?&e longest half-
life in the deca~ chain and long operation is considered, the I3ose Rate
Increment will closely approximate the nsaxin&um.

Figure SC-I il I ustrates the equivalence. The envelope of all
curves is the dose con&mit. ted to time T &s the result of release of
isotope, while the individual curves correspond to operation for
varying periods followed by termination of release.

The nuclide, &4C, which decays by beta emission with a half-life
of 5,730 y is produced naturally in the upper atmosphere by cosmic
ray neutrons in the reaction ~4K(n, p) «"C. It is produced in the LWR

Then

10»S k P e-&»

10»Skp T
D = R{t)dt

M

if P is assumed constant.

It is assumed that there are two pools, one consisting of the
. atmosphere, land biosphere, and humus with a carbon content of 2 X

10&" g. It is also assumed that the mean residence time of a C-14
atom is 30 years, and that it is removed to the second pool consisting
of the oceans with a carbon content of 44 X 10«" g C, and that there
is no physical removal from this pool before decay.

The results of this calculation give population dose commitments
from pools 1 and 2 of:

D« = 11 Oerson-rem/Ci

02 = 120 person-rem/Ci
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or a total of 131 person-rem/Ci, of which about 8 percent is delivered
to the extant generation. On a per capita basis the average dose is
highest to the first generation and is about 2 nanorad per capita, or
the equivalent of roughtly 1 second's worth of average background.

The average global whole body dose rate as a function of time for
a continuous release rate of 1 Ci/y is listed in Table 5.C-1. The

: gonadal dose rat, e due to cosmogenically produced "C is 0.7 mrem/yr.
The excess due to nuclear explosions was 0.4 mrcm/yr as of 1968.

2. »Kr

The nuclide, 85Kr, is a fission product which decays by beta
emission with a half-life of 106 years. The beta emission is
accompanied infrequently (0.5 percent} by gamma cn&ission. Since it
is a noble gas, it remains uncombined with other materials and resides
primarily in voids within the fuel and in the fuel element fission gas
plenum. This nuclide is produced in the light fission fragment so that
its yield/fission depends strongly on the mass of the fissioning
nucleus. Its production by thermal neutron on 33U 35U Pu is
.0058: .0029: .0014 per fission.

The release of 85Kr from the fuel cycle can occur primarily during
reprocessing. The amount released from operating reactors is
negligible in comparison, The Kr remains in thc atmosphere since
uptake by the oceans is small with 97 percent in the atmosphere and 3
percent in oceans at equilibrium (NCRP, 1975b).

Upon release from a specific facility, Kr moves downwind in a
plume. The local concentrations of air depend on the current weather
conditions and conditions of local terrain. The plume moves generally
eastward as a result of prevailing westerly winds and completes its
first passage around the earth in about 30 days. Its lateral spread is
slow and about two years is required for the north-south mixing to
achieve a uniform global atmospheric concentration. The
concentration in the first 30 days is quite site-specific, and in the first
two years is somewhat latitude-dependent; subsequently the
concentration may be considered uniform over the earth's surface.
The per capita dose rate at the beginning of year 3 following release is
5 X 10 l'ad y «Ci . The whole-body dose is the same magnitude as
the dose to niost organs except for the skin. Estimates of dose rate
per unit concentration have been given as:

1.5 X 104 (NCRP) l em y /Ci m - (whole body or gonads).

18 X 106 (NCR V) rem y«/Ci m 3 (skin).

marine release ~re given in Table 5.C.1. The gonadal dose rate due to
H from nuclear explosions was 1 X 10 modem/yr as of 1968.

I291

The nuclide, ~ I, is a beta-emitting fission product with a half-
life of 16 nrillion years. It is released from the f'uel primarily during
reprocessing. Again our knowledge of the behavior of atmospherically
released I comes from observations followin-g nuclear explosions.

This nuclide released to the atnlospher'e moves into two pools.
Fil'st it will quickly come into equilibrium by mixlr&g with the pool of
stable iodine in the circulating waters of the northern hemisphere.
This pool contains about 10~ g of water with a stable I concer«tration
of 0.064 ppnl. Subseqtrently there is fur. ther dilutior~ as it mixes with
a second larger pool consisting of the deep oceali water with a volume
about. 60 times that of the circulating water. 1 he nlixing half time for
this latter process is 20 to 40 years. The initial concentration of '

I

iri stable I is 1.6 x 10 "Ci ' I/g f. WithIrr several htrr~dred years the
concer&tra lion would reach 2 6 x 10 t Ci I/g I,

I hese specific activities allow ar& estiinate to be n&ade ot the
«

'7&)

restrltant dose. '-
I concer~trates i» the thi'roid and delivers dose as a

result of beta en«issiori. A specific «ctivity of 1 pCi ' 'I/g I irr

thyr oid tissue delivers a dose rate varying fronl I x LO rad y
' to an

infarct to 4.2 x 10 l.ad y to an «dtrlt. We will trse a»onli»al value-7, , -«

of 2 x 10 ~ rad y ~. Thus the release of 1 Ci of 29I results in an
initial dose rate of 3 x 10 " rad y to the nominal thyroid and
decreases to about 5 x 10 ~2 rad y within 100 to 200 years.

The dose rate to the thyroid as a function of time at a constant
rate of 1 Ci y is given in Table 5.C-l. It is interesting to note that
the specific activity of " I released in fisison is ™10 " Ci/g I, Thus
the maximum thyroid dose is about 30 rem/y even if no dilution with
stable I in the environment were to occur.

5 222Rn

5.I Physical' Properties

Rn, a noble gas which decays by alpha emission with a half-life
of 3.85 days, is a member of the 2 SU series and is formed directly by
the decay of Ra. Two of its short-lived daughter products are
alpha emitters, These daughter products, which are formed in air by
radon decay, can be subsequently inhaled.

5.2 Sources and Environmental Distribution

The whole body dose rate as a function of time for continuous
release of "5Kr at a constant rate of 1 Ci y ' is given i» Table 5.C-1.
The gonadal dose rate due ro "5Kr produced in earlier nuclear
explosiorrs was 2 X 10 " mrem/yr as of 1968.

3. 3H (Tritium)

The nuclide, 3H, decays by beta emission with a half-life of 12.3
y. It is produced-in nature by spallation of 0 and N by cosmic rays.
This nuclide is produced in reactor fuel cycles primarily by ternary
fisison. In addition H may be produced in the primary coolant at
PWR reactors by B(n, H) reactions in boron used as a chemical shim
and by 2H (n, a)3H in HWR. Tritium is bound in the fuel and
released in part during the reprocessing step. The fraction of tritium
appearing in the gaseous effluent waste stream depends on plant
design and on off-gas treatment.

Tritium released in the atmosphere-soon mixes with atmospheric
and surface water. Observations, made on the concentrations of H in
surface waters following atmospheric release, showed intiial
concentrations of approximately 1.6 x 10 Ci H/g H20 per Ci H
released. A depletion half-time of about 3 years was observed for the
concentration as 3H moved into larger reservoirs. A lower limit of 1 x
10 Ci H/g H20 may be inferred by assuming that the 3H mixes
instantaneously and uniformly with the ocean waters in the northern
hemisphere. The characteristic dose rate is 1 x 10 rcm/y pcr Ci H/g
water.

The dose rates as a function of time for the release of H for
concentration models based on observation and on hypothetical

All land masses are sources of radon which enters the air by
diffusion from the ground. Interestingly, oceanic waters are low in
radium concentration and accordingly radon in air over oceans is
generally low. Average concentrations of radon in air in the U.S.
range between 100 and 800 pCi/m3, whereas radon over oceanic air is
generally below 10 pCi/liter (Harley, 1975; Wilkening, 1975), In the
U.S., taking the continental area as 7.7 x 10 m and the average
radorr cvolutron rate fr om soll of 4 2 x 10-12 Cr/m2/scc grvcs 8
continental evolution of 3.2 Ci/sec or 2.8 x 10 Ci/day; at equilibrium
this is 1.5 x 10 Ci. However, not all the radon evolved will be over
the continental U.S. since some will be transported out to sea. Because
of atmospheric transport rates and the half-life of Rn, the major
radiological impact of Rn will be confined to the continental mass
where it was evolved. In short, Rn is not a global exposure
problem.

It will be useful to compare natural evolution rates with source
terms associated with man's disturbance of' the natural environment
such as storage of uranium n~ ill tailings or Rn released in
ventilation air from operation of uranium mines (Shearer, 1969).

Although there is not much information about radon indoors
relative to outdoors, the little information that exists suggests that
indoor radon is generally higher than outdoor radon. In the case
whei e buildings are constructed with materials containing elevated
ansoun ts of rad i unl, or for example, overf ill material containing
radium, such as occtrrred in Grand Junction, Colorado, indoor radon
concentr'ations may be substantially greater than those outdoors.
Conceritrat. ions several hundred times backgrourid (hurldreds of p
Ci/liter) have been observed in a few houses in Grand Junction
(Culot, 1973; Spitz, 1974).
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NCRP has speculated that indoor radon concentrations in norma1
areas should not exceed outdoor concen. trations by more than 10
percent if the v'entilatiorl rate or turnover rate is four times per hour
(NCRP, 1975c; Spitz, 1974). An increase of ten percent corresponds
to 18 mrem/year increase in lung dose. Ho~ever, since increased
thermal insulation in housing corlstruction decreases air turnover, it
will be interesting to see the degree to which energy conseryation will
increase indoor radon daughter exposure. We use the ten percent
estimated by NCRP as a measure of the indoor contribution here.
Accordingly this translates into an increaase of about 10 mrem/year
over the dose that would be received for residents in a very well-
ventilated structure relatively free of 26Rn in the materials of
construction. We also note that Be»i»son, et al. (Beninson, 1977a}
estimate the indoor contribution to be as high as 400 mrem/year.

5.3 Dosimetry and Biological Effects

Most of the radiation dose from the inhalation of Rn and its
daughters comes from the daughter products. The resulting alpha dose
is among the highest of the natural sources of radiation dose to man,
estimated to average 100 mrem/yr to the whole lung. The nuclide,

2 Rn, is a daughter of 2Th, but has a half-life of 55 seconds. The
concentration of Rn. ground level air is generally less than 1/10
that of 2Rn, and the lung dose from it is co»sidered small compared
to that from 2 Rn. Estimates of the dose to the. bronchial epithelium,
which is considered the target cell where lung cancers originate, vary
over 2 orders of magnitude ranging between O. l and 20 rems per
"working level month" (WLM). (HEIR used a value of 0.5 rad/WLM
or 5 rem/WLM. Note that "rems" calculated to portions of an organ
iri this way are not conlparable numerically [or even biologically] to
rems averaged over a whole organ. ) A %LM is def i»ed as the
exposure to radon in equilibrium with its daughters at 100 pCi/liter
for 170 hours per month. This rather awkwar'd unit. results from its
use in occupatio»al exposure circu»lsta»ces in uranium mines (FRC,
1967); and converting a WLM from occupational to e»vironnlental
exposure requires multiplying by the number of hours in the month
divided by 170, or roughly a factor of 4.

Estimates of the biological effects of 2R» daughters are b"sed on
epidemiologcal studies of uranium miners who were active
u»der'grou»d in the 1940s, 1950s, a»el early 1960s. I hey were»lostly
adult. males»la»y of who»l were heavy s~»okers, who were exposed riot
only to - R» a»d daugllters but to»li»e ore dust, diesel funles, , a»d a
variety of other co»ta»lirla»ts fou»d in the air of urarlium mines. It
is»ot. u»reservedly «ccepted that radon daughters alorle are major
colltributol s lo the occurr'erlce of Iullg callcel irl these lllirlels. The
HEIR report estinlates th &t the absolute risk is approxi»lately 10
/yr/rem, or, over a 30-year period, 3 x 10 /rem.

In terms of WLM, a linear extrapolation of the uranium miner
data gives an estimate of 10 4 prenlature deaths from lu»g cancer per
miner per WLM (WASH1224, 1974). It should be noted that most of
the evidence in miners comes from exposures exceeding 480 WLM. If
one assumes that the natural background exposure is 0.0004 working
levels, then 70-year exposure in man would give approximately 1.3
WLMs, as a natural background (or 0.02 WLM/yr). This figure for
average natural background in WLMs is not well established, and it
may be in error by a factor of 5. For instance the miner information,
which is based on documented exposures, generally in excess of several
hundred %'LMs, would require an extrapolation of two to three orders
of magnitude in cumulative exposure and a somewhat larger
extrapolation in dose rate. In addition, conditions of normal exposure
are not equivalent to those in mines and there is neglect of the
interaction of other substances in eliciting carcinogenic response, a
well-established phenomena and highly suggested in the uranium
miner information (Saccomanno, 1969; Nelson, 1969).

There is little doubt that above 400 %'LMs an increased incidence
of lung cancer in uranium miners has been demonstrated (Lundin,
1969, 1971). In the range between 100 and 400 WLM the data is
equivocal. Some authors think a definite response in man has been
establ ished and others do not (NIOSH, 1971; Pohl, 1976). The
dosimetric infvrmation (i.e., evaluation of past exposures) is presently
insufficient to decide where the truth lies in this region. It is
important to have better estinlates of the exposure in this range
because this group is the only major human group showing cancer for
internal high LET exposure other than the dial painters and patients

administered thorium dioxide (Thorotrast) as a radiographic contrast
age»t. The past dosimetric history of the uranium miners should be
established by co»lprehe»sively studying the Pb burdens of former
rlli ners. - Pb is a lo»g-I i ved » ucl ide (T& &2

= 22 years) wh ich
accumulates in the skeleton a»d is an index of uranium miners past
exposures to radon daughters (Cohen, 1973).

6. '26aa

6.1 7'hysica/ Properties

- Ra is an alkaline earth which decays by alpha er»ission with a
half-lite of 1600 years. It is a mer»her of the "U series a»d is
supported immediately by its parent, -. Th with a half-life of 76,000
years a»d ultimately by the 4.5 billion year half-life '"U. It decays
into - Rrl, a noble gas, whose properties are described in Sectiorl 5 of
th is;append ix.

6.2 Sources of Fr»ironrnenta( Di stribution

Radiunl is found ubiquitously in soils a»d rocks in co»ce»tratiorls
of several pCi/gm. The average concentration in soil from 200
locations i» the U.S. is about 0.6 pCi/gm and the concentratioris in
rocks range from slightly below this on the average to several times
exceeding this, excluding ores which may have uranium contents up to
80%, generally in equilibrium with the radium.

Radium is found in varying amounts in foods and the daily intake
in the U.S. ranges between 1 and 2 pCi/day. It is also found in waters
and the concentrations in surface waters range generally from
insignificant up to 1 pCi/1. The average concentration in surface
water is generally less than .1 pci/l. Well waters may contain up to
tens of pCi/1 in cel".ain areas having highly mineralized formations.

The major route of exposure to man, is from intake in food, and
drinking water, and the accumulation in the body is generally takerl to
be 23 times the daily intake. The major locus of deposition in the
body is the skeleton although for chronic exposure half the total body
burden may be in the soft tissues. The dose to the skeleton is 16
mrem/yr to osteocytes and 7 to surfaces for natural skeletal burdens
of about 40 pCi, The dosimetry of radium is very well investigated
because of the historical experience with occupational exposure to
radium by radium dial painters.

6.3 Biological Effects

Biological effects of radium are among the best understood in
animals and man of any of the internal emitters. There are a total of
54 osteosarcomas and other tumors originating in bone which have
been identified in former radium dial painters and correlated with
dose (Evans, 1969). The epidemiological study of former radium dial
painters underlies the standards for all bone-seeking radionuclides,
including plutonium.

The i»formation on the radium dial painters can be used to
establish the limits to risk from radium irradiation in man which
along with animal experimentation is used to convert the human
epidemiological information with radium to other nuclides which man
may be exposed to, particularly artificial emitters which are bone
seekers.

If certain assumptiorls are made about the shape of the dose
response the radium dial painter information may be used to make an
estimate of the efficiency of radium in inducing osteosarcomas as a
function of dose. I'he dose response appears to be»orl-linear with a
plateau. At the lower doses one may assume that the response is linear
and fit the data. This h &s been done by the 8!.IR who conclude that
for a linear model the resporlse is 5 x 10 potential .excess
cancers/rem.

7. Plutoni um

Plutonium is a man-made element, produced primarily by neutron
activation of BU. Plutonium so produced can be used for fuel in the
light-water reactor cycle. Accordingly, it is appropriate to review
briefly the physical and biological properties of plutonium as we11 as
the present status of the world's contamination with Pu. %e describe
it in somewhat greater detail than for some other nuclides because of
publicly expressed concerns.
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7.1 Physi ca/ Properties

Most plutonium radionuclides are alpha emitters with the
exception of. 24~Pu, which is a beta emitter. The greatest alpha
radioactivity for plutonium nuclides present in high burnup LWR fuel
is due to 238Pu, while most of the mass is due to Pu and Pu. The
exact isotopic composition depends primarily on burnup. Increased
burnup typically leads to the production of Pu of higher specific
alpha activity (0.5 to 1 Ci/y) than that from Pu (0.06 Ci/y) The
major internal hazard associated with plutonium is from the alpha
emission. Occupational exposure to alphas is controlled by
confinement and respiratory protection. Neutron emisssion from
(n, n) reactions on light nuclei such as oxygen and fluorine, is the
major external hazard associated with occupational exposure.

7.2 Envi ronmentar Distribution and Behavio~

Although plutonium does not occur naturally in any significant
amounts, Pu contamination exists in the environment as a result of
nuc1ear weapons testing (Bennett, 1975). Approximately 440,000 Ci
are estimated to have been produced and distributed focally and

globally from weapons tests. Space nuclear appl ica tions are
responsible for 17,000 Ci of 8Pu, distributed on a worldwide basis.
Table 5.C-2 summarizes the status of the world's contamination. In
the U S. there are about 16 000 Ci present in surface soil and
representative concentrations in surface soils on the order of 0.05 p
Ci/gm, which is roughly 1 percent of the natural actin ide alpha
em i t ters in soils {see Table 5.C-2).

There have been a large number of review articles regarding
plutonium in recent years. WASH-1359 provides a set of references
describing plutonitiiii in the environment, its biological behavior and
Its biological effects (WASH1359, 1974). Other reveiws include
Volunie 36 of the Handbook of Fxperiniental Pharmacology (Hodge,
1.973) and t1ie British MedIc;rl Research Couricil prrblication on the
"Toxicity of Plutonium" (MRC, 1975). Tile qlrestion of nuclear power
is riot, specifically addressed since most plutoriiuni in the environment
results froni weapons activities. An r.rriderst. anding of the behavior of
pl uton i um, wh ich has beeri iri trod uced into the e» vi rori nien t by
we;ipons testirig arid space nrrclear applicatioris is useful for predicting
the behavior of any plutoriirrr» that might be rele;ised atteiidarit to the
nuclear fuel cycle.

In the generic environmental statement for the LMFBR, an
analysis was made of the environmental release, transport, return to
man, and the biological effects from plutonium in the breeder reactor
cycle (%'ASH1535, 1974). The isotopic composition of breeder reactor
plutonium is sufficiently similar so that the conclusions of the study
may be valid for LWR type plutonium; namely, the release of
plutonium in the breeder cycle at release rates of 1 mCi/Mwe-y would
not result in significant likelihood of health effects. The report
concluded that using a set of assumptions which tended to overpredict
the expected accumulation in man and the expected effect, one cancer
might be prodiiced through all time (f=ao) from atmospheric release
of 1 Ci of plutonium to the environment. The source of this release
was considered to be primarily the fuel reprocessing plant, and a
midwest location was assumed for the analysis.

Plutonium is considered one of the most toxic of the radionuclides
even though most chemical forms are poorly absorbed f'rom the
mammalian GI tract. The general consensus is that, for environmental
contamination, inhalation is the major route of important exposure,
although, under certain conditions, ingestion may not be negligible as
a route to man (Durbin, 1974). It is generally accepted that GI uptake
for soluble plutonium is about 3 x 10 although uptake in excess of
this is known to occur for chelated compounds (Hair, 1977).

The biological effects of plutonium have been studied intensively
beginning shortly after its discovery. By 1949 the basic metabolic
properties of plutonium were well understood (poor absorption, poor
excretion, long retention, alpha emitters able to induce osteosarcoma)
(Durbin, 1973; ICRP, 1972), Periodically since that time questions of
the biological eff'ects of inhaled plutonium in both soluble and
insoluble forms in lungs have arisen. In particular there has been
debate on the degree to which the likelihood of biological effects
depends on the nonuriiformity as well as the magnitude of lung dose
(Richmond, 1970). It has generally been the conclusion, based on
aniriial experiments, that nonunif'orm irradiation does not produce a

higher frequency of effect than niore uniform irradiation (NCRP,
1975d).

Particul;ir mention must be niade of the hot particle probleni. It
is clear historically tliat the question of hot particles has never beer&

neglected. T' he Tani pl i ri-Cock ran pe ti t ion (I a ni pl in, 1974) with
arguriients based on the Geesaman hypothesis (orie cancer per 10
pai ticles) seenis to be a teliuous al guliielit based orl a t.hreshold
;issurn ption. Furtherr»ore, the high rate of carci riogen ic iridal rrction

fioni particulate Pu in liriigs, which would have resulted were this
«ssuniptiori true, has nor. beeri observed iri experimental aninia1s. For
this arid othe' reasons tlie NCRP (NCRP-46, 1975), the N;itiorial
Acaderuj, of Sciences (NAS/NRC, 1974), arid the Nuclear Regulatory

Conimission {NUREG-0002, 1976) have concluded that the petition
by the NRDC to reduce inhalation dose limits for plutonium by a
factor of 110,000 is without significant merit. We believe that these
deliberations have been just. However, continuing review of these
standards by NCI&P, ICRP, UNSCEAR, and others convened for the
purpose may wel! lead to recommendations for an adjustment of the
limit, albeit by a much smaller factor.

It is instructive to review very briefly the plutonium exposure
experience. All people on the face of the earth contain some
plutonium exposure experience due to plutonium from weapons
testing. The per capita body burden in northern latitudes is between 1
and 3 x 10 Ci (Campbell, 1973). The population burden for the
U.S., 4 x 10 Ci, exceeds the amount in occupationally exposed
persons, estimated at several 100', Ci. (Wrenn, 1975). There do not
appear to have been any observed effects in man from plutonium
inhalation that are unequivocally ascribed to plutonium. Evidence
would be most readily obtained in a groi. rp of 25 employees from Los
Alariios exposed significantly relative to the protection guides {by a
factor of several) who have been under medical arid health
surveillance since 1945. No indication of pluton iuni-related
carcinogenesis has been found in this group (Richmond, 1975;
Hemplemann, 1973).

It is interesting to note the degree of reaccumulation of plutonium
from nuclear weapons testing from the environment to humans. The
per capita reaccumulation is on the order of 10 ', 4 parts in 100
million of Pu released has gotten back to man after being in the
eriviroriment in excess of a decade. Most. of this is due to the initial
inhalation when plutonium is transported froni the stratosphere and
troposphere to the surface of the earth. (Bennett, 1975}.

The degree to which ingestion is responsible for part of our
plutorliulii burderi is small. Bennett has conipared nieasured burden of
Pu in human tissrre (3.2 pCi) with that predicted using the ICRP l9
iiiodel and the nieasured coricentrations in air (2.6 pCi). Since the
iiiaxir»rrni plutoriIuni coriceriil'ation occurred frorii .1962 to 1.965, this
brriden requires little or no coritribrItion frorii i»gestioii. Limited
nieasureriients of pluto»ium in food suppor t this;rnalysis. The low
riatrir il thoriuni burdens fou»d in nian are corisisterit with the
eviderice of low accrrmtrlatiori in food. That. is, thorirri», which is
cheni ic illy and biological I y sI ni i lar to pl trton i uni and in add i tion
occurs in «lriiosr all srrrface soils at concentratioris of ppni, .is «lso riot

reaccumulated from the environment to a signficiant degree {Wrenn,
1975; Price, 1973).

There is no disagreement that plutonium is a high1y toxic element
and that per unit mass must be handled with great care. However,
hazard is distinct from toxicity, and not only includes toxicity but also
the manrier in which materials are used, and the likelihood of
exposure. Although the toxicity cannot be readily modified, the
hazard from plutonium- can be limited by engineering design, and
administrative and regulatory controls. It seems unlikely that this
material will be handled in a way which does not provide extremely
effective confinement, and accordingly it does not appear that releases

* There is an abundance of experimental literature in animals that
a11ows one to assess the degree to which plutonium may produce
damage in the lung. T&here is some evidence that the expected effects
may have been underestimated in the past, and accordingly it may be
that the permissible levels wi11 be reduced by a factor between 2 and
10 in the future (Stannard, 1973).
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to the environment from routine operations poses one of the major
important routes of exposure of the general public from the nuclear
fuel cycle (LWR). However, the occupational exposures which will
occur in the process of fabricating mixed oxide fuel with plutonium is
an important area deserving of attention. The mixed oxide
fabrication plants which have been experimentally operated do not
give us cause for great concern. However, we have seen no
information or design of plutonium nitrate-to-oxide conversion
facilities, and note that caref'ul attention to detail will be required to
minimize occupational exposure.
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Appendix V Start-up Of Commercial Fast Breeder'

Plutonium is the best of all the fissile isotopes in achieving high
breeding ratios and low doubling times in fast breeders, and 233U,
technically, is the next best choice although this isotope is rare in
nature. Enriched (20 to 22%) 3 U from isotope separation
theoretically could be used for start-up, but operation must shift soon
to a Pu or a 2 3U cycle, and the penalties associated with 2 U start-up
are large. The smallel nuniber of neutrons per fission for ~3~U result
in a larger fissile inventory and a lower breeding ratio than with
plutonitlm fueling. Data calculated for 5U start-up of a 1000 Mwe
LMFBR designed for introduction as a first-generation commercial
breeder are shown in Table AV-1. The initial core loading must
contain about 50% more fissile material than for plutonium start-up.
As in the case of plutonium start-up, the schedule for partial core
replacement and the external holdup time in post-irradiation cooling,
reprocessing, and refabrication require a total of 2-1/2 initial core
load i ngs of externally suppl ied f issile material before the reactor
becomes self sustaining with recycled plutoniuni and 235U recovered
from the discharge fuel. On this basis the total start-up requirement
of 11,250 kg of 35U is calculated (Greebler, 1977).

The above calculation assumes that the residual 23 U in the
discharge core fuel can be recovered and recycled. However, fast-
breeder fuel rods contain a stack of enriched core-pellets near the
center of each rod. Below and above the stack of core pellets are
stacks of axial-blanket pellets made of nat;ural or depleted ulanium
oxide. To reprocess LM F BR fuel it is corn tern plated that fuel
assemblies will be chopped «nd the oxide pellets dissolved in a manner
similar to the head-end reprocessing of water-reactor discharge fuel.
When the reactor is initially loaded with enriched uranium, the
mixing of' core and axial blar~ket pellets in reprocessing will result in
isotopic dilution of the fissile uranium ren~aining in the discharge
core fuel. The uranium enrichment is thereby considerably degraded,
so additional n&ake-up 5U will be required for the first few recycled
core loadings, until the plutonium has grown to near-equilibrium
concentration. I he total lequirement of U for start-up with
normal head-end reprocessing, is estimated to be about 18,000 kg, as
shown in Table A V 1.

This large degradation of uranium enrichment in reprocessing
could be avoided if a chopping systen~ could be developed that would
segregate core pellets from blanket pellets for separate reprocessing.
H oweve l, clad d i ng h u 1 ls «n d pellets are so severe 1 y danzaged in
choppi»g that such sep;&ration n~a~ be quite difficult. . Alternatively,
thoria pellets could be used fol the axi;&I blankets, so th&t bred --'U

could be recovered «nd l ecycled along wi t. h the core u ran i

ulcc.

I-lowevel', introduction of thoriuns se& iously complicates the
l epi ocessilig and refabrication technology, and substitution ot ~~U

for plutoniunl furlhel del;hays the achievei»ent of the higher breeding
ratio «nd shortel doubling tilise attainable with pluto»itlni fueling.
1'herefore, 18,000 kg n&ay be a n~ore re;tlistic estimate of the 2'-'U

start-up requirement for f irst-generation breeders.

Comparison with Table 5 of Chapter VIII shows that the uranium
ore required to furnish the U for start-up, 3110 to 4980 short tons,
is roughly two to three times greater than the ore attributable to
plutonium start up (1530 short tons). A sizeable increase in
separative work for start-up also is required. Even with the lower
estimate of the ~35U start-up (Case A, with 35U recycle), the
separative work over the three-year period during which the start-up
loadings are being prepared is about seven times greater than the
separative work over the same initial period for a light water reactor
of the same electrical capacity. Consequently, the rate of 235U start-
up of first-generation breeders may be limited by commercial-scale
enrichment capacity.

35U start-up introduces a period of operation at a low breeding
ratio. For the General Electric des ign of a f i rst-generation
commercial fast breeder the breeding ratio is estimated to be only
slightly above unity for initial loadings with 235U. Over a period of
about eight years it rises to the mid-cycle values of 1.3, typical of the
equilibrium fuel cycle with recycled plutonium. The loss of excess
plutonium production during this period delays the availability of
bred plutonium for start-up of subsequent breeders. It is estimated
that ~U start-up results in a deficit in breeding-gain plutonium
production of about 1700 kg.

TABLE AV-1. Fissile, ore, and enrichment requirements to start a first-generation fast
breeder reactor on enriched uranium (1000 Mw electrical power, 80% capacity factor).

A. Uranium in discharge core fuel is reprocessed separ ately from ur artium in
axi al and radi al bl ankets

Fissile U required for fast breedei star t-up' 11,250 kg

Uranium ore required for 20% ~U;

0. 20% depleted uranium
0. 26% depleted uranium

2, 800 shor t tons U303

3, 110 short tons U&08

Separative work requir ed for 20%I U:

0. 20% depleted uranium
0. 25% depleted uranium

2, 560 Mg

2, 330 Mg

B. Fuel elements containing core and axial blanket are chopped and processed
without core-blanket separation, so enriched uranium is not recycled.

Ur anium or e required for fast breeder start-upa 18, 000 kg

Uranium ore r equir ed for 20% U:
0. 20% depleted uranium
0. 25% depleted uranium

4, 510 shor t tons U308
4, 980 shor t tons 0308

Separative work requir ed for 20% 5U:

0. 20% depleted uranium
0. 25% depleted tjranium

4, 100 Mg

3, 730 Mg

Based
sustain 1 ng on
. 5U fueling,

1977).

upon 4500 kg U for the initial core plus sufficient replacement loadings until reactor is self
reycle fissile material. Although lower U loadings are possible for a breeder core optimized for
the purpose here is to start up a core optimized for stead%' state fueling on bled plutonium (Geebler,
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The costs of plutonium start-up are compared with the costs of
U start-up in I able AV-2. The ore cost of $2&/lb U30& and the

isotope-sepal. ation cost of $75/kg of separative work should be
applicable as tlnescalated costs for the 1990's when the filst-generation
bIeeders are assumed to be introduced. On this basis, the cost of U
in uranium of 20% enrichment. is calculated to be $31/g, almost
equally divided between ore costs and isotope separation costs. At the
time of breeder introduction the alternative demand toI pltttoniunl
will be for recycle in the existing base of water reactors, so it is
assumed that plutonium is valued «s a water-reactor recycle. The
LWR material quantities and cost data of Section IV--G lead to a
plutonium value (Pigford, 1976) of $19.90 per fissile gram, which is
36% cheaper than the unit cost of' '- U. These two fissile costs will be
cursed to calculate the co»ti ibution of stalt-up fissile purchase to the
lifetime levelized cost of electI ical energy froni the breeder.

I'he sttperior properties of pluto»itlm for breedeI start-up should
eventually I'esttlt in a higher v Ilue a»d higher price of pltttoliillm
when breedel stall-up places a sig»ific;Itit demand upon the pltltonium
supply. I his will eveliltl;Illy IestI11. in a larger credit to the fuel cycle
costs of 1ight w'Itel Ie;Ictols when pltltoIiitrn& is pI'oduced tl&cleft'on&

for breeder stat't-Up. 1)ec tuse electrical energy ge»el &l. iol& frol» water
re'Ictors v ill be so cI'edited, the total pI'eser&t valtre of such cledits nIay
be even greater than if Lhe ecoI~onsy of pl«Ioniun& st;Il t-up is credited
only to the bI ceder, «s is done in I able A V-2.

As shown in I'able AV-2 the tot.tl cost. of fissile ptII'chase is 2.3 to

3 7 tin&es gi'eatel fot -'- U star't ttp th In tor plutonitlnl st II t. -up.
H owe veI', a Ill ol e tile'I rl I ltgf ul coll& p'I I'I son Is the prese Ill v'-ll tied
contribution to the levelized lifetime fuel cycle cost of breeder-
produced electrical energy, taking into account the actual times of
fissile purchase relative to the time of energy generation and the rapid
depreciation of the purchased fissile inventory. The contribution of
fissile purchase to the lifetime levelized fuel cycle cost is 2.4 to 3.2
times greater for U start-up than for plutonium start-up. The
deficit in breeding-gain plutonium production from the breeder due
to 235U start-up is only 4 to 6% of the contribution from purchase of
starting 235U. I hus, the contribution to the cost of electrical energy
from 235U start:-up is about 3.4 to 5.1 mills/kwhr greater than for
pl utoni um start- up. Assuming that the capital costs of first-
generation bleeders will be greater than for water reactors, the net fuel
cycle cost, of a colnmercial f'irst-generatiori breeder must be less than
that of the ~ater reactor with uranium-plutonium I'ecycle. The L%'R
fuel cycle cost was estimated in Section IV-G3b to be about 5
m i 1 ls/kwh r. A typical esti mate (Stauf fer, et af., 1975) of the
un i n flated level ized total fuel cycle cost for a first-generation
commercial breeder s tar ted u p on pluton i u m, using si rn ilar cost
parameters, is about 2.0 mills/kwhr. Thus, the additional start-up cost
of 3.4 to 5.1 mill kwhr (Table AV-2) if started up with 235U would
constitute a burden to the breeder fuel cycle economy and a large
fI nancial burden to the consumers of breeder- produced electrical
energy. These increments in start- up costs would i ncrease the
levelized total fuel cycle costs by factors of 2.7 and 3,6, respectively.
Of course, all such fuel cycle costs should be seen in perspective with

TABLE AV-2. Econolnic penalty to start 1000 Mw fast breeder with enriched 235U.

ZOX 235U i n Ur arli um

Mater -r eactor
Plutonium

With separate Without separate
core reprocessing core reprocessing

and recycle a Ii d r etc 1 e

I=issile amount
required from
ex ter. nal sour ce
for start-up and
replacement
loadings, kg. 7, 500 11,250 18, 000

Value of f iss i le
mater Ial, $/kg
fissile" 19,900 31,000 31, 000

Total cost of f issile
material, $106 149 349

Loss of breeding-gain
f'issile production:

kg fissile Pu
$106

1, 700
3&I

1, 700
34

Contribution to fuel
cycle cost levelized
over 30-year breeder
pl ant 1 i feb:

Purchase of fissile
material for start-up,
mill/kwhr

loss of breeding-gain
f'issile production,
mi11/kwhr

Relative total, mill/kwhr

2~50 penalty, mi 1 1/kwhr

2. 2

0. 3

5. 6

3.4

0. 3

7, 3

Levelized fuel cycle cost,
mill/kwhr

5.4 7. 1

Pltito»ium valtie is calculated for;&lter»ative use as a water-reactor fuel.

Calcul &ted from time schedttle of fissile purchases a»d sale, usi»g tati lit) discou»t tactor of 0.0755/yr.
c The relative total not the total fuel cycle cost. Later credits from breeding gain fissile production and

cost of fabrication and reprocessing result in an estimated LMF'BR levelized total fuel cycle cost of about
2.0 mill/kwhr (Stauffer et u/, 1975).
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Appendix V: Start-Up of fast breeders S181

the much larger capital construction costs (see Table 25 of Chapter
IV).

l he nsatet ial in this appendix h &s been drawn from the followitlg
sou rces:

In summary the total uranium ore required to fuel water reactors
while generating enough pluto»iurn for breeder start-up is about 8490
tons, but only about 1530 tons of this is attributable to breeder start-
up. If the breeder is started with enriched uranium instead of
pl u ton i um, the ore requ i red to produce the start-up uran i urn is about
3110 tons, if ~ U can be recycled, and 4980 tons if 2 U cannot be
recycled. These ore requirements are calcul &ted for 0.25% tails from
isotope sepatation. They can all be reduced by about 10% if the tails
are of 0.2% enrichment. The cost of fissile material for breeder start-
up is estimated to be about 2.3 to 3.7 tinies greater with enriched
uraniun~ than with plutoniuns fuel. I'his is due to the greater cost of
-'-'5U, and the low breeding gain with ~~U stat t up.

1. Ci reebler, P. , (General Electric Co.), Private Co»i»au» ication,
March, 1977

2. Vigford, l. I-f.,
"'I he An:tlysis of the Cost: of Electrical F-.'»ergy

t roni Nucleai Power Pl »its", UCB-NE 3008 (Rev. 2), Sept. 1976

3. Pigford, I'. H. , "Start-up of I- irst-Generation Vast Breeders With
Pluto» i u»& in I nriched U r'u& i u tn", UCB 5 E 3240, A j] il 1977.

4. Stauffer, T. R., Palmer, R. S., %'ycoff, H. L., "Breeder Reactor
Economics", Breeder Reactor Corporation, July 1975.
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Appendix VI The Possibility of Nuclear Proliferation with ~&~Pa

0
235U e w ma )

7 lx108y 25.52 H

'A

231Pa
3.25 x10"y

A nation with the capability of producing large quantities of
uranium ore can potentially produce 31Pa as a by-product of uranium
milling. It appears possible that 231Pa is fissionable with fast neutrons
and could be made critical in a non-moderated assembly (Clayton,
1973). 231Pa occurs naturally as a decay product of 235U, according to
the reactions: 3. Adding aluminum chloride to the aqueous raff inite and

sepal'ating- a precipitate that carries protactinium

4 1 l eating the precipitate with cold NaOH solution and then
dissolving it in concentrate hydrochlol ic acid

1. Leaching protactinium and uranium from the sludge with cold
4N HNO& in the presence of fluoride

2. Recovering uranium by extraction into 20 percent TOP in
kerosene

The concentration of Pa in natural uranium is determined by the
ratio of half lives and by the 35U abundance:

—x 0.00715 = 3,27x10
7 lx108

A typical uranium mill producing 1,000 short tons of U308 per year at
90% uranium recovery could produce as much as 0.252 kg/yr of 23~Pa

as by product at 100% recovery. For protactinium recovery factors of
63% for a recovery process described below, operation of 100 such
mills with protactinium recovery for 6.3 years could yield a 100 kg.
mass of 23 Pa. The protactinium thus produced is slightly less
radioactive than Pu and much less radioactive than reactor grade
plutonium. Spontaneous fission properties are not known.

The protactinium recovery process described by Collins, et a/. was

actually developed for recover i ng uran ium and protacti n i um from
residual sludges remaining from earlier uranium refining operations at
the U.K.A.E.A. Spri»gfield %'orks. The process steps involved are:

5. Recovering protactinium by extraction into di-isobuyt1 ketone.

In labolatory operations 98 to 99% of the uranlunl and 65 to 70% of
the protactinium originally present in the s1udge were l'ecovered. 1 he
process was successf u11y a p pl i ed to the recovery of over 10g of
protactiliiuni «nd of »cally 12 tons ot uraniuni with an efficiency of
63 percen t for protact in i un& a»d 994% for uranium.

1. Clayton, E. D., "The Nature of Fission and the Criticality Process",
BN%L, May 1973.

2. Collins, D. A. , Hillary, J. J., Nairn, J. S., and Phillips, G. M., "The
Development and Application of a Process for the Recovery of
Over 100g of Protactinium-231 from a Uranium Refinery %aste
Material".

3. Ruby, L., Private Communication, January 1977.

The material in this appendix has been drawn from the following
sources:
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List of Abbreviations

AEC

APS

AGNS

BNFP

BNWL

BWR

CANDU

Decommissioning

EPA

ERDA

HEPA

H I..W

H IGR

IAFA

Atomic Energy Commission; a former
federal agency, disbanded by the Energy
Reorganization Act of 1974

American Physical Society

Allied-General Nuclear Services

Barnwell Nuclear Fuel Plant

Battelle Northwest Laboratories

Boiling-Water Reactor, a version of an
LWR

Canadian deuterium-uranium reactor

Council on Environmental Quality

Taking out of service or ending active
operations

Environmental Protection Agency; a
federal agency

Energy Research and Development
Administration; a federal agency, successor
to all non regulatory functions of the
Atom ic Energy Com m ission.

Fiscal Year

Generic environmental impact statement.

Generic environmental i m pact statement
for mixed oxide fuels (recycle plutonium
in light-water cooled reactors).

H igh eff iciency particulate a i r f ilters.
Pleated f i berg lass f il ters wi th high surface
area and sniall pore size designed to
remove aerosols with a m i n i ns um
efficiency of 99.97% for 0.3 micron&eter
pa r ticles.

H igh-level w tstes

H igh I'eniperature Gas reactor

I nternational Atoniic Energy Agency

ICRP

LLW

LMFBR

LWR

MFRP

MW(e)

MW(t)

NAS

NEPA

NWTS

OWI

PWR

RRY

SNM

SWU

I I&U

International Commission on Radiological
Protection

Low-level wastes (containing minimal
transuranie elements).

Liquid Metal Fast Breeder Reactor

Light-Water Reactor

Midwest Fuel Recovery Plant.

Mixed oxide reactor fuel (containing both
pl utonium and u rani um)

Metric tons

Metric tons of heavy metal

Megawatts, electrical

Megawatts, thermal

National Academy of Sciences

National Environmental Policy Act of
1969

N uclear Fuel Ser vices

Nuclear Regulatory Commission; a federal
agency, successor to regulatory functions
of the Atomic Energy Comm ission

National Waste Terminal Storage Program

Office of Waste Isolation

Pressurized water reactor, a version of an
LWR

Radioactivity Concentration Guide

Reference reactor year. A 1000-M We
reactor, assumed to be operating at 80% of
its maximum capacity for one year. I his
is equivalent to A FR as used in the
original WASH-1248, dated April 1974

Special N uclear Material

Separative Work Unit

Transuranic
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