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1.o EXECUTIVE SUMMARY (John Burns - J. K Associates)
During the 1970s, the United States and other countries thoroughly
evaluated the options for the safe and final disposal of high-level radioactive
wastes (HLW). The worldwide scientific community concluded that deep
geologic disposal was clearly the most technically feasible alternative. They
also ranked the partitioning and transmutation (P-T) of radionuclides
among the least favored options. A 1982 reportl by the International Atomic
Energy Agency summarized the key reasons for that ranking: "Since the
long-term hazards are already low, there is little incentive to reduce them
further by P-T. Indeed the incremental costs of introducing P-T appear to
be unduly high in relation to the prospective benefits."
Recently, the delays encountered by the U.S. geologic disposal program for
HLW, along with advances in the development of P-T concepts, have led
some to propose P-T as a means of reducing the long-term risks from the
radioactive wastes that require disposal and thus making it easier to site,
license, and build a geologic repository.
This study examines and evaluates the effects that introducing P-T would
have on the U.S. geologic disposal program. This summary presents the
key findings and conclusions of the study.
1.1 P-T PROPOSALS
Current U.S. efforts focus on two methods of transmutation: fast reactors
and accelerators. If applied to commercial HLW, both would require
chemical reprocessing of Light Water Reactor (LWR) spent fuel. Most
concepts call for an improved version of the aqueous processing technology
that is available today. The Argonne National Laboratory Integral Fast
Reactor (IFR) program has suggested modified pyroprocessing even for
LWR fuel. At present, all concepts address actinides, and only two concepts
(by Westinghouse-Hanford and Los Alamos National Laboratory) also
address transmutation of fission products.
The U.S. Department of Energy's (DOE) Office of Nuclear Energy sponsors
the Advanced Liquid-Metal Reactor (ALMR) program. The system concept
would require at least one U.S. reprocessing plant, for the current ceramic
LWR spent fuel, capable of recovering and recycling all actinides, including
neptunium, americium, and curium at recoveries of 99.9% to 99.999%.
Part of the recovered transuranics would fuel the annual introduction of
1.4-GWe ALMRs starting in the year 2010. The new ALMRs would include
both fuel fabrication and pyrochemical reprocessing facilities. By the year
2045, some or all of the LWR spent fuel now destined for a geologic
repository would be reprocessed. The HLW from reprocessing - consisting
mainly of fission products - would go directly to a repository. An option
exists whereby cesium and strontium would be separated and stored on the
surface for up to 300 yr, followed by disposal. Substantial quantities of
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separated uranium would also have to be stored or otherwise managed.
U.S. utilities, through the sale of energy produced by the mix of LWRs and
ALMRs, would finance the construction and operation of these new reactor
and reprocessing facilities.
1.2 MAIN CONCLUSIONS
Earlier studies 2 of P-T as a waste management option essentially concluded
that, while P-T was technically feasible, there were no cost or safety
incentives for P-T of the actinides for waste management purposes." The
central conclusion of this study is that little has changed that would alter
that earlier conclusion:
P-T is neither an alternative to the currentgeologic disposal program
nor essential to its success. Nor can the technology be implemented
unless there is a resurgence of nuclear power, which many believe
cannot occur until the capability of disposing of radioactive waste has
been successfully demonstrated. Moreover, pursuing P-T as an
integral part of the current U.S. geologic disposal effort would
require a radical restructuringof that effort, the law behind it, and
the nation's institutional system for supplying electricity from
nuclear reactors.
There remain no cost or safety incentives to introduce P-T into the
HLW management system. The absolute risk from radioactivity
from a repository is very low, and the actinides that P-T would
remove or reduce do not contribute significantly to that risk. The
economics of other options for producing electrical power, including
nuclear, are far more favorable than P-T and will remain so for the
foreseeable future.
These conclusions, it should be emphasized, only apply to P-T and AB as
possible ways of improving or replacing geologic disposal as the most
feasible initial means of disposing of HLW and spent LWR fuel. This study
did not address the role that the ALMR might play as a safe advanced
nuclear power system that could conserve uranium sources.
1.3 ASSESSING WHAT HAS CHANGED
Proponents of P-T argue that changes in some factors affecting earlier
assessments of the technology, as well as new factors, call for a
reexamination of its potential as a viable waste management option.
This study has evaluated those changes. The key changes cited by P-T
proponents and the study's principal conclusions on their validity and
significance are:
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1. Change: The newer radiation guidelines of the International
Commission on Radiation Protection have extended the time for
crossover of the curves used to compare waste toxicities with those of
an unmined uranium ore body.
Conclusion: The new guidelines do mean that the gap has
significantly increased between the relative toxicity curves of
radioactive wastes

-

particularly those of spent fuel

-

and those of

uranium ore. But the change means little because toxicity is not a
valid measure of risk, and uranium ore is not a valid standard for
public health and safety. Radioactive inventory alone is not a
predictor of dose-risk. Therefore, comparisons of the inventory
toxicity of potential repositories with the inventory toxicity of
uranium ore bodies are largely irrelevant.
2. Change: Newer reprocessing techniques can recover actinides much
more efficiently than older ones.
Conclusion:
The high recoveries claimed have not been
demonstrated at an industrial scale. Even if they had, they do not
solve the right problem: the long-term risks from a repository are not
from the actinides but are from the long-lived, soluble, weakly
sorbing fission products.
3. Change: Current U.S. Environmental Protection Agency (EPA) and
U.S. Nuclear Regulatory Commission (NRC) regulations use releaserate and cumulative release criteria rather than the dose-to-man
criteria used in earlier studies. Since dose-to-man criteria are no
longer an issue, the removal of the actinides or selected other
radionuclides could help meet the release limits in the regulations.
Conclusion: The EPA and NRC rules do not make licensing a
repository significantly easier with or without P-T, for the following
reasons:
* Meeting the EPA and NRC release limits is not significantly
easier than demonstrating that doses or health effects will be
below specified limits.
* Meeting the EPA overall release limit requires that the
release of each radionuclide be held far below its individual
limit.
* Achieving a 10-5 decontamination factor is required for
individual actinides to meet the EPA limit for each actinide
a priori.
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* Complying with the rules for the long-lived fission and
activation products would be necessary, even if each actinide
met the EPA limit a priori or if all actinides were removed.
* Providing dose calculations would still be necessary to meet
other requirements in the EPA standard and for the Safety
Analysis Report and the Environmental Impact Statement.
4. Change: Earlier studies showed that P-T would involve increases in
short-term doses that would equal or exceed any long-term dose
reduction. Advances in robotics can greatly reduce the dose to facility
workers, and gases can be trapped and stored.
Conclusion: The short-term risk is dominated by nonradiological
risk. Thus, using robotics and trapping radioactive gases would
have only a small effect on the total short-term risk. The long-term
radiological risk exceeds the short-term radiological risk by a factor
of thousands. The incremental increase in short-term risk that P-T
entails was a negligible factor in earlier negative conclusions about
P-T, and the short-term radiological risk was no factor at all.
5. Change: The metal-fueled LMRs or accelerator technologies now
proposed for P-T are more efficient than the recycle of uranium and
plutonium in oxide fuel in LWRs that older studies assumed.
Conclusion: The fundamental reason for the rejection of P-T as a
viable waste management option in the early 1980s was its economics
and its failure to significantly reduce risk from waste disposal.
Advances in transmutation technology have little effect on the longterm risk. They may eventually affect the economics. However, the
relative economic position of LMRs and LWRs has not changed much
over the past decade.
6. Change: The newer pyroprocessing techniques, which do not
separate plutonium from the other actinides, are more resistant to
diversion and proliferation than older aqueous reprocessing using
plutonium-uranium extraction (PUREX) technology.
Conclusion: Some critics reject this difference as inconsequential for
proliferation if reactors were under national control. For U.S.
reactors, pyroprocessing should reduce diversion concerns.
7. Change: Older studies did not consider the benefits of lower heatloading, which at least one P-T proposal would offer.
Conclusion: For a repository in unsaturated tufl lower heat-loading
appears to offer little benefit and may actually be a disadvantage. For
a repository in salt or saturated crystalline rock, lower heat loading
may offer benefits. However, a substantial proportion of the same

1-4

benefits can be obtained by storing the waste on the surface for about
a hundred years.
8. Change: The repository program has proven more difficult to
implement than expected a decade ago.
Conclusion: There is no evidence that a repository would be any
more acceptable with 1,000 or even 10,000 times less inventory. If that
were so, many small HLW facilities would be acceptable, and LLW
facilities would be easy to site. These are clearly not the case.
Moreover, implementing a P-T system (to say nothing of a P-T system
and a repository) may well prove at least as difficult as simply
implementing a repository program.
9. Change: P-T can help reduce the risk of human intrusion into a
repository.
Conclusion: P-T is more likely to help in licensing a repository for
human intrusion scenarios than any others. Consideration of
human intrusion would probably affect licensing of a salt repository
more than that of one in unsaturated tuff. Even with consideration of
human intrusion, a repository in unsaturated tuff is expected to meet
licensing requirements without P-T.

1.4 WASTE INVENTORY ISSUES
As proposed, AB would generate large volumes of wastes - including tens
of thousands of tons of uranium - that, sooner or later, would have to be
isolated in a repository or in some other form of safe and final disposal. Far
from reducing the volume of actinides, AB would increase the total
inventory of actinides in the reactors and their fuel cycles. For a long time
much of the inventory of transuranics recovered from LWR spent fuel
would merely reside in the above-ground inventory of transuranics in the
transmutation reactor and its fuel cycle. Only after hundreds to thousands
of years could the total inventory of transuranics in the transmutation
reactor, in its fuel cycle, and in the reprocessing waste be reduced to the
levels specified by the ALMR program.
1.5 ECONOMIC ISSUES
P-T would greatly increase economically the net cost of the overall nuclear
energy system. Reprocessing is currently noncompetitive with the onceThe French and the British sell commercial
through fuel cycle.
reprocessing for about $1000 per kilogram of heavy metal. At that price,
U.S. uranium prices would have to increase 15 times before the costs of the
once-through and reprocessing cycles are the same. (A recent report
indicates that the United Kingdom is rethinking its commitment to
reprocessing.)

1-5

At the $1,000 per kg reprocessing price, the 84,000 Metric Tons of Initial
Heavy Metal (MTIHM) projected for life-time operation of all U.S. reactors
would cost more than $84 billion to reprocess. That is more than double the
$33 billion that geologic disposal is currently projected to cost. Even if
reprocessing were to cost only $42 billion, a repository would still be
required, and its cost is not likely to be much less than $33 billion.
Utilities have no incentive to adopt any form of P-T now or in the near
future because of its high costs. P-T can only be considered as a
government-financed option.
1.6 REPOSITORY ISSUES
1.6.1 Performance
In typical evaluations, a repository in unsaturated tuff such as the potential
site at Yucca Mountain will meet the long-term performance requirements
set by the regulations. P-T would reduce the uncertainty of performance
predictions by lowering the upper bounds of release possibilities. All other
things being equal, less inventory means less risk. However, the risk
reduction benefits that P-T might offer depend on the release scenario
involved, and in many cases, may not be as great as a 99.9% reduction in
actinide inventory might suggest. Where release is solubility limited, P-T
does not substantially reduce risk because the low solubility of the actinides
prevents them from being a problem in the first place. Where release is not
solubility limited, P-T could reduce risk by several orders-of-magnitude in
the 100- to 100,000-yr time frame.
1.6.2 Reduced Heat Production
P-T generates waste that cools in a few hundreds instead of thousands of
years and would significantly reduce both the maximum temperature and
duration of heat production in a repository. However, whether a hot or cold
repository will perform better in unsaturated tuff remains unclear. Thus,
it also remains unclear whether the removal of heat through P-T will
improve or impair the performance of a repository in unsaturated tuff. To
achieve the maximum heat reduction from P-T, Cs and Sr isotopes must be
separated and stored on the surface for hundreds of years before disposal in
a repository. Both P-T and direct-disposal concepts could significantly
increase the capacity of a repository. In some scenarios, P-T could provide
greater capacity increases because it reduces the long-term thermal output.

1.6.3 Schedule
The current repository schedule calls for the submission of a license
application to the NRC in the year 2001 and for the start of waste
emplacement in the first repository in the year 2010. The law requires that
DOE report to Congress on the need for a second repository during the time
period of 2007 to 2010. Formal site characterization of Yucca Mountain,
Nevada, is already underway. Under the reference ALMR schedule, the
feasibility of the technology as well as its license and economic viability
would be demonstrated by 1995. If that occurs, the ALMR could be certified
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by the NRC by the year 2006 and deployment could begin around the year
2012.
Neither the repository nor the P-T schedule can be projected with a high
degree of confidence. The repository schedule is mature, and most of the
roadblocks have been identified. The ALMR and other P-T schedules are
more uncertain.
It is highly unlikely that P-T technology can be developed, licensed, and
deployed in the time and at the scale required to significantly change the
waste stream for a first repository that begins receiving waste in the year
2010. Either the repository schedule must be delayed to await the
introduction of P-T technology, or the technology will affect only a second
repository.
1.6.4 Second Repository
Proponents of P-T state that its introduction could affect the timing and
need for a second repository. However, if P-T affects only a second
repository, the first will already have been successfully sited, and licensed
and operated. Because most problems with a repository involve its first-ofa-kind nature, there is little incentive to avoid a second repository.
1.7 POLICY ISSUES
The implementation of P-T would require major changes in current U.S.
waste management policy and law. An essential element of the consensus
that led to the passage of the Nuclear Waste Policy Act of 1982 (NWPA) was
that the waste management system should be neutral on the future of
nuclear power in general, and on nuclear fuel cycle decisions in particular.
A decision to require reprocessing of LWR spent fuel, to say nothing of
promoting P-T development and deployment, would involve a dramatic
change in that policy and would likely revive all of the concerns about
reprocessing and recycling that were debated in the 1970s. For that reason,
a strong legislative mandate may be required to implement a P-T approach
to waste management.
Some proponents have suggested that P-T would allow for the disposal of
the resulting very-low-actinide HLW with a disposal system whose
containment requirements are less stringent than those applied to geologic
repositories. Current law and regulations for the disposal of HLW provide
only for disposal in deep geologic repositories. A complete new set of
regulations and legislative authority would be required for a new disposal
system.
The legal 70,000 metric ton limit on the amount of waste to be placed in the
first repository would have to be removed if the introduction of P-T delayed
or removed the need for a second repository. That cap was set, not for
technical reasons, but to ensure that no one state should bear the "burden"
for the entire nation.
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P-T proposals would require an explicit rejection of one of the fundamental
principles of current waste policy and law: that the generation that
benefitted from the activities that produced the nuclear wastes should also
bear the responsibility for disposing of them, and that the disposal system
should not rely upon long-term institutional control. P-T proposals rely on
long-term institutional controls 1) to provide decades (several centuries in
one proposal) of surface storage to cool the HLW from P-T reactors before
disposal, and 2) to operate the P-T reactors for the many centuries required
to achieve a major reduction in actinide inventory for disposal.
1.8 INSTITUTIONAL ISSUES
P-T cannot have the impacts on the waste management program that its
proponents describe unless all of the proposed facilities are constructed on
an interdependent schedule. The ALMR concept, for example, calls for
deployment of reprocessing facilities for LWR spent fuel, reprocessing
facilities for ALMR spent fuel, monitored retrievable storage facilities, and
a large number of ALMRs (as many as 40) to be brought on line over a
period of several decades. This would require highly centralized planning
and decision making by some entity - probably the Federal government which would mark a radical departure from the current decentralized
system of deploying power plants on the basis of independent, discrete
decisions by individual utilities, state public service commissions, and the
NRC.
P-T proposals assume a resurgence of interest in nuclear power. Such a
resurgence will depend on such factors as the prospects of economic growth
and increased electricity demand, licensing reform, and the assurance that
utilities that opt for new nuclear power plants will be allowed to recover
their costs and make a reasonable profit. Even then, no utility will adopt
P-T technology unless it promises to produce power more economically
than other nuclear options. Such a resurgence will also depend on whether
the capability for safely disposing of HLW has been successfully
demonstrated. California and several other states have adopted laws
prohibiting the licensing of new nuclear power plants until such a
capability has been demonstrated. Moreover, until such a demonstration
occurs, the public and the Congress are likely to be skeptical of arguments
that the deployment of new and very different kinds of reactors will deplete
the quantity of spent fuel in storage rather than add to it. The public and
political reaction is likely to be: disposal first, deployment afterward.
1.9 PUBLIC ACCEPTANCE ISSUES
Proponents of P-T have argued that the introduction of the technology into
the waste management effort could make a geologic repository far more
acceptable to the public by reducing their concerns over its safety. Residual
waste would only need to be isolated for hundreds rather than thousands of
years; waste volumes would be cut dramatically; and storage of certain
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wastes can occur in above-ground facilities rather than in deep
underground mines. Others have argued that P-T would aggravate rather
than reduce public concerns by requiring the siting and operating of
numerous reactor, reprocessing, and fuel fabricating facilities; by reviving
the concerns over nuclear proliferation; by generating new waste streams;
and by requiring centuries of reliable institutional control over powerproducing, reprocessing, and storage facilities.
The introduction of transmutation would do little to ease the concerns of
either the mass or the attentive publics with regard to nuclear power and
such as
waste disposal. The issues that most concern the public nuclear waste as a reason for opposing nuclear power, trust and confidence
in DOE and the nuclear power industry, and opposition to facility siting are issues that must be dealt with no matter what waste disposal option is
chosen or whether or not P-T is deployed. The public is not likely to be more
inclined to host a nuclear waste facility because a large-scale and long-term
deployment of reactor, reprocessing, and storage facilities would reduce the
amount of waste to be placed in that facility. Indeed, P-T proposals may
make public acceptance even more difficult to achieve by leading the public
to believe that without P-T the repository is not safe. Moreover, greatly
increasing the capacity of the first repository could also increase resistance
to its development on the grounds that it could become the nation's only
repository for at least many decades.
1.10 LICENSING ISSUES
Licensing any controversial facility is a difficult undertaking whose timing
and outcome cannot be predicted with any degree of certainty. This is
especially true of a controversial facility that is also a first-of-a-kind, such
as a geologic repository for radioactive waste. Even if, conceptually, the
implementation of P-T could ease the licensing of a repository, that could
only occur if, in fact, P-T could itself be implemented and if that
implementation did not increase the odds against the successful licensing
of a repository.
The challenges of licensing a P-T system alone, or a repository alone, are
considerable. The challenges of licensing them together are formidable,
perhaps insurmountable, and clearly more difficult than licensing a
repository alone.
For an ALMR program to have the desired effect on a repository, a large
number of facilities would have to be licensed: 10 to 40 reactors, two or more
reprocessing plants, a fuel fabrication plant, and possibly a long-term
surface storage facility.
Even with a single license for modular
manufactured reactors, each reactor site will require a license. A
minimum of 6 to as many as 45 licenses would be needed, compared with
one license for a repository.
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Moreover, all of these facilities are needed on a defined schedule. A delay
in licensing any facility would have a large effect on the whole system. The
reactors cannot operate without the reprocessing and fuel fabrication
plants. The reprocessing and fuel fabrication plants are of limited value
without the reactors. Economies of scale can only be achieved with the
whole system.
The NRC has never licensed an LMR or a reprocessing plant. It has never
licensed a fuel fabrication plant of the kind required under the ALMR, or a
surface storage facility that must operate for several hundred years.
P-T would make it somewhat easier to demonstrate compliance with EPA
rules by removing or reducing the quantity of the actinides (and, in some
P-T proposals, cesium and strontium). However, P-T would have little
effect on the substantially complete containment criterion (for 300 to
1,000 yr) or on the release rate limit 10-5 of the inventory per year after
1,000 yr. Moreover, it is not the actinides that control the demonstration of
compliance for licensing, since they sorb well on zeolites and welded tuff.
Rather, it is the long-lived, soluble, weakly sorbing fission products.
DOE has spent considerable effort over the past 10 yr to collect data on the
leaching and dissolution processes for spent fuel as a waste form. These
data are needed to support a license application. Aqueous reprocessing or
pyroprocessing will produce different waste forms. Vitrifying the wastes
from aqueous reprocessing could ease the demonstration of compliance,
since DOE has data on the leachability of vitrified waste. However,
pryrochemical reprocessing is less established than aqueous reprocessing,
and most of the fission products after pyrochemical reprocessing are
contained in salt waste forms. Many years could be required to develop a
licensing data base for such waste, particularly if new waste forms must be
developed.
The reprocessing of spent fuel can produce substantial amounts
than-Class-C Waste (GTCC Waste). Requiring that GTCC
disposed of in the HLW repository would greatly complicate the
that repository. If that is not required, then DOE must develop
a separate GTCC waste disposal facility.

of Greaterwastes be
licensing of
and license

Reprocessing and ALMR operation would also require completing the
Generic Environmental Impact Statement on Mixed Oxides (GESMO)
concerning the use of plutonium recovered during processing in nuclear
fuel on a widespread basis. The NRC suspended proceedings on that
statement in 1977.
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2.0 INTRODUCTION (.

Ramspott - LLNL)

In 1990 concepts for P-T of radionuclides reemerged as solutions to
protracted delays in achieving HLW disposal in the U.S. The goal of P-T is
to reduce long-term risk from radioactivity and thereby make geologic
disposal more acceptable to the public. A few proposals have even
suggested the possible elimination of a geologic repository for HLW.
Figure 2-1 shows the general process steps in the presently employed oncethrough fuel cycle for light-water reactors (LWRs) in the U.S. (a), and
compares it with mixed oxide (MOX) recycle in the LWR (b), and the
Advanced Liquid Metal Reactor (ALMR) (c).
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Although the once-through cycle has the fewest process steps, spent fuel
contains uranium, plutonium and other transuranic elements, and fission
and activation products. Recycle in the LWR adds process steps but
removes plutonium and uranium from the waste. This fuel cycle is
currently implemented in France. Recycle in the LMR has more steps than
LWR recycle but removes and transmutes transuranic elements in addition
to plutonium. One step that could be added to either the LWR or LMR
recycle is the further partitioning of the fission products, followed by
disposal in a more dissolution-resistant waste form and/or surface storage
until radiation and heat levels decline.
The purpose of this work is to assess the impacts on DOE's Office of Civilian
Radioactive Waste Management (OCRWM) Repository Program of the
introduction of actinide-burning (AB) in the DOE sponsored Advanced
Liquid-Metal Reactor (ALMR) Program.
It also examines other
transmutation proposals, such as accelerator transmutation of fission and
activation products. Potential beneficial effects of reprocessing without
transmutation are also evaluated. In all cases, the current once-through
program is used as a baseline.
2.1 ORGANIZATION OF THIS REPORT
This report is organized to give first the introductory and background
material (Chaps. 2 and 3), followed by a series of specific topical chapters
(Chaps. 4 through 13), then integrative and analytical chapters (Chaps. 14
through 16), and finally, conclusions (Chap. 17).
For the topical chapters, the approach has been two-tiered. The first tier
was an identification of the key issues and information needs. In the
second tier, as resources and priorities have permitted, quantitative
information has been compiled or generated and more detailed analyses
made. Therefore, not all of the topics are addressed to the same level of
detail.
Topical subjects addressed include:
*
*
*
*
*
*
*
*
*

The waste types and quantities that might be involved (Chap. 4).
Comparison of risks of various options (Chaps. 5 and 6).
The effects of removal of heat-generating isotopes (Chap. 7).
Licensing issues (Chap. 8).
Economic implications (Chap. 9).
Schedule impact on the repository program (Chap. 10).
Institutional implications (Chap. 11).
Policy implications (Chap. 12).
Effect on public acceptance of a repository (Chap. 13).
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2.2 FOUR QUESTIONS THAT MUST BE ADDRESSED
Although recycle of plutonium in LWRs is commercially established
outside of the U.S., the transmutation systems considered here are at a
conceptual stage, particularly with respect to their impact on a repository,
and detailed evaluations do not exist. At this conceptual level, there are
four simple questions that need to be addressed:
* What is different now?
i How would P-T affect the repository program?
* Is timely implementation feasible?
* Is it a sensible thing to do?
What is different now?
Are the technologies and issues sufficiently different from what they were
when P-T was rejected a decade ago to justify a serious re-look at this
concept?
The issue of what is different now is addressed in Chap. 14. While studies
in the U.S. and other countries in the late 1970s concluded that there was
little incentive to partition and transmute, recent events have been cited as
reasons for a re-examination of this conclusion. These include both
changes and new factors that have emerged in the past 10 yr:
Changes
1. Toxicity comparisons are more favorable to AB because of new
International Commission on Radiation Protection (ICRP)
guidelines.
2. New reprocessing technology is available.
3. EPA and NRC regulations are now issued.
4. Advances in robotics could play a role.
5. Old studies assumed recycling oxide fuel in LWRs.
6. LMRs are more proliferation-resistant than LWRs.
New factors
7. Benefits of lower heat-loading are now recognized.
8. DOE has increased the priority of environmental compliance.
9. The repository Program is very difficult to implement.
10. P-T reduces the consequences of human intrusion.
How would P-T impact the OCRWM repository program?
What specific quantitative value will be added to the HLW disposal system
by P-T, and what will be the net cost?
The issue of how the introduction of P-T as a viable waste management
option would impact the repository program is addressed throughout the
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document. An explicit discussion is contained in Chap. 15, where potential
benefits and disadvantages to HLW management are reviewed.
The benefits identified are:
1.
2.
3.
4.
5.
6.
7.

Reduction of health risk to future generations.
Ease of licensing a repository.
Reduction in amount of site characterization needed.
Reduction in demands on engineered barriers.
Increase in repository capacity.
Increased public acceptance of a repository.
Intangible ethical benefits.

The disadvantages identified are:
1. Excuse for delaying the repository program.
2. Increased resistance to the first repository.
3. Possibility that the public will become convinced that without P-T
the repository is not safe.
4. Greatly increased cost of HLW management without significantly
improving safety.
5. Reopening of diversion and proliferation arguments about
nuclear power.
Is timely implementation feasible?
Are the proposed P-T concepts sufficiently feasible from the viewpoint of
technology, economics, schedule, licensing, and institutional acceptance to
positively impact the repository program on a reasonable schedule? The
schedule impact on the repository is discussed in Chap. 10 and Sec. 16.3
discusses timely implementation of AB.
Is it a sensible thing to do?
From both the narrower view of the repository program and the overall
nuclear power system, are there good technical, economic, and
sociopolitical reasons to implement P-T? In order to answer these two
questions, a number of issues are addressed in Chap. 16. Those issues fall
into one of three categories:
1. Issues that directly affect the repository.
2. Issues that do not directly affect the repository, but directly or
indirectly affect the waste management system.
3. Issues that do not directly affect either the repository or the waste
management system, but raise doubts about the ability to
implement P-T and thus whether P-T could affect the waste
management system.
These issues can be expressed as the following questions, which are
analyzed in Chap. 16:
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Issues that directly affect the repository
* Can high separation factors convert (HLW) to intermediate-level
waste (ILW) or low-level waste (LLW)?
* Can AB and/or other P-T concepts meet EPA limits a priori?
* Can AB reduce radionuclide inventory sufficiently to impact the
performance analyses for a Yucca Mountain repository?
* By lowering heat output, can AB increase the capacity of the
repository and eliminate the need for a second repository?
* Are there benefits of heat removal other than increasing
repository capacity, and can AB provide them?
* What are the relative benefits of removal of heat from the waste by
AB compared with the constructive use of heat to provide longterm isolation in the repository?
* Will the recovered uranium be beneficially used, or will it have to
be sent to the repository?
* Will the promotion of AB or transmutation of waste by
accelerators or other means mask the facts that absolute risk
from a repository is very low and that actinides do not contribute
significantly to that risk?
* Will the promise of benefits from P-T contribute to delaying the
repository schedule?
* What proportion of the benefits of P-T are provided by partitioning
without transmutation?
* How many benefits attributed to P-T would be achieved by simple
storage of spent fuel on the surface for 300 yr?
* With respect to AB, what will be done to immobilize Tc-99, 1-129,
and Cs-135?
Issues that affect the waste management system
* Will transportation be more acceptable if the curie inventory of the
waste is lowered by AB?
* Will the amount of LLW that comes from the nuclear power fuel
cycle be greatly increased by AB or other P-T options?
Issues that might block timely implementation of P-T
* How is the ability to establish an infrastructure for the ALMR
affected by the present political climate (assumed great expansion
of nuclear option)?
* What is the economic viability of the ALMR or of the ATW?
* Will the licensing of a combined P-T/Repository system be any
easier than licensing a repository without P-T?
* Will the weapons proliferation issue block the completion of a
generic environmental impact statement (EIS) on Pu recycle?
* Will the net short-term risk change be favorable to P-T?
* Can any P-T system be available in time to positively affect the
current repository program?
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2.3 CONTEXT AND APPLICABILITY
The context of this report is important. The evaluation started in November
1990, and the details were agreed upon in February 1991. In 1990,
statements were common to the effect that the regulatory time frame could
be reduced from 10,000 yr to several hundred years, thereby fundamentally
altering the licensing process for HLW; or that a HLW repository could be
eliminated by converting all HLW to LLW; or that the capacity of the first
repository could be so increased as to eliminate the need for a second
repository. None of these have been stated as formal DOE policy. Without
the context of these unofficial and informal oral statements, it might seem
that this report sets up unreasonable scenarios to evaluate.
For example, DOE policy, as of December 1991, is that the first repository
will dispose of 61,500 MTIHM of spent commercial reactor fuel, and that
any reprocessing of LWR spent fuel will be from the excess greater than
that number and affect only the second repository. Yet, in Chaps. 4
through 7, the scenario examined is the effect of replacing the spent fuel in
the first repository with reprocessed waste. At the time these studies were
initiated, this seemed a possible scenario. Another issue that might be
raised, is why is the analysis based on the potential repository at Yucca
Mountain if only a second repository will be affected? The answer is that
past studies were based on generic salt and granite repositories, and it was
deemed desirable to base this study on a site specific example to the extent
possible. Extension of the conclusions of this report to situations and
scenarios different from those examined may not be warranted and is not
recommended.
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3.0 BACKGROUND (Larry Ramspott -LLNL)
Reprocessing is a term meaning the chemical treatment of spent fuel from
a nuclear reactor in order to recover uranium and plutonium. Further
separation of residual isotopes is called partitioning. Nuclear
transmutation is the conversion of one element or nuclide into another
either naturally or artificially.
In the context of this report, P-T refers to a process in which further
elemental or isotopic separation of waste from reprocessing is followed by
transmutation of long-lived radionuclides to stable or short-lived nuclides
in the neutron flux of a reactor or accelerator. Although energy can be
extracted from transmutation devices, the purpose of transmutation in this
context is to reduce the health risk from long-lived radioactivity.
AB is a term that has been used recently to describe the recycle and
transmutation of the transuranium elements in a fast-spectrum reactor.
The term is used to emphasize the differences between this concept and
other transmutation concepts.
3.1 HISTORY OF P-T CONCEPTS
A detailed review of the history of P-T concepts is given by Croff. 1 He divides
the history into (1) pre-1976 studies, (2) the Oak Ridge National Laboratory
(ORNL) P-T study from 1976 to 1979, (3) European studies from 1979 to 1982,
and (4) current events. According to Croff, the first documented suggestion
of transmutation as a radioactive waste management option was made by
Steinburg, et al. 2 in 1964. Little apparent interest is recorded until 1972,
when widespread attention and many studies were initiated by a report by
Claiborne. 3 Croffl lists more than 50 of these studies that were concerned
with transmutation in fission and fusion reactor systems. He concludes
that despite attempts to integrate the information, these studies have
focused on specific technical details and much remains to be done "if a
defensible evaluation of the incentives for P-T is to be completed." Only
minor, nonexperimental work was done on partitioning at Oak Ridge and
Pacific Northwest Laboratory (PNL) in the period of 1973 to 1975, and
funding was not available to carry out laboratory work.
From 1976 to 1979, ORNL undertook a broadly based study of the P-T
concept. The results were summarized in 1980 in an overall assessment by
Croff et al. 4 All of the transmutation concepts currently proposed are
identified in that report, which concluded that transmutation was
technically feasible by a number of concepts. However, the overall
conclusion reached was that "there are no cost or safety incentives for
partitioning and transmuting the actinides for waste management
purposes.' The study did conclude that, if very conservative long-term risk
analyses were used, there may be an incentive for P-T with regard to
technetium and iodine. This study also concluded that, if short-term,
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nonradiological risk is considered, the net added short-term risk from P-T
will exceed the long-term benefits integrated over one million years.
Evaluations of P-T focus on whether there is an incentive for doing it. The
classic U.S. paper was written by Burkholder, et al.5 in 1976, and is entitled,
'Incentives for Partitioning High-Level Waste." At that time, reprocessing
of the spent reactor fuel was assumed, and the issue was limited to whether
it made sense to further partition the waste streams expected from the
reprocessing. In the Burkholder paper, it was merely assumed that
certain radionuclides could be eliminated from the earth by either
extraterrestrial disposal or transmutation. The study concluded that
partitioning incentives do not exist for HLW.
This 1976 paper was updated by Cloninger in 1982 for an International
Atomic Energy Agency (IAEA). That study had similar conclusions. 6 Both
studies acknowledged that there were specific circumstances in which
partitioning incentives might exist for Pu, U, C, Tc, I, Am, and Np. The
1982 study concluded that if the net effective release rate of radionuclides
into the groundwater were less than one part in 100,000 per year, only U
and Pu could be partitioned to any advantage. It is interesting to note that
this is the engineered barrier system release rate adopted by the Nuclear
Regulatory Commission in 10 CFR 60.
The overall assessment of the IAEA, 7 supported by studies from eight
institutions, was that "Since the long-term hazards are already low, there
is little incentive to reduce them further by P-T. Indeed, the incremental
costs of introducing P-T appear to be unduly high in relation to the
prospective benefits." With respect to implementation, that report
concluded, All in all, the implementation of P-T would be an immense
undertaking, involving a large proportion of a country's nuclear power
program, but providing at best a rather small reduction in potential longterm radiological hazards."
Even during the time of the ORNL and IAEA studies, it was evident that
developers of the transmutation devices were not communicating with the
risk evaluators. An international conference in 1980 is a good example. 8
All of the papers on transmutation devices give very optimistic descriptions
of the capability to transmute, with an assumption that it would be a good
idea, and all of the risk papers consistently say there is no incentive to
transmute. Things are not very different in 1991.
Following the ORNL and IAEA studies, P-T research diminished for a few
years as governmental agencies withheld funding. Work that continued
appears to have been performed by individuals in universities or national
laboratories. By 1990 there appeared to be renewed interest in reexamining
whether P-T might have become a more viable option, because of changes
either in the technology or in external circumstances.
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Advances have been made during the last decade in demonstrating the
engineering practicality and commercial feasibility of some concepts. For
example, in 1990 the French nuclear program started recycle of plutonium
in LWRs on a regular basis, the so-called mixed oxide (MOX) cycle. The
Soviet Union has continued to operate Liquid Metal Fast Breeder Reactors
(LMFBRs) and operating experience has also been gained in France, the
United Kingdom, and the United States. This experience with both LWRs
and LMFBRs confirms the technical feasibility of transmutation. However,
the questions of economic feasibility and technical need remain - the exact
issues that resulted in unfavorable conclusions in the early 1980s.
3.2 CHANGES SINCE EARLIER ASSESSMENTS OF P-T
Within the past several years, a number of individuals and organizations
have advocated a relook at AB as a HLW management option. The
advocates of AB claim that changes of factors involved in the earlier
analyses, combined with some entirely new factors, justify reexamination
of the P-T option. These developments are as follows:

Changes
1. Toxicity comparisons are more favorable to AB because of new
International Commission on Radiation Protection (ICRP)
guidelines.
2. New reprocessing technology is available.
3. EPA and NRC regulations are now been issued.
4. Advances in robotics could play a role.
5. Old studies assumed recycling of oxide fuel in LWRs.
6. LMRs are more proliferation-resistant than LWRs.
New factors
7. Benefits of lower heat-loading are now recognized.
8. DOE has increased the priority of environmental compliance.
9. The OCRWM Repository Program is very difficult to implement.
10. P-T reduces the consequences of human intrusion.
An analysis of whether these factors justify reexamination of the P-T option
is given in Chap. 14.
3.3 DESCRIPTION OF CURRENT P-T PROPOSALS
3.3.1 Overview of Concepts
In the U.S., current emphasis appears to be placed on two methods of
transmutation: fast reactors and accelerators. If applied to commercial
nuclear waste, both would require chemical reprocessing of LWR spent
fuel. Most concepts call for an improved version of aqueous processing
technology that is available today; however, the Argonne Integral Fast
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Reactor (IFR) program has suggested modified pyroprocessing, even for
LWR fuel.
The proposals by Westinghouse-Hanford (CURE) and Los Alamos (ATW)
which are described later in this chapter, are directed toward cleanup of
defense waste, specifically at Hanford. Others are directed toward
commercial waste. At present, all concepts address actinides, but only the
ATW and CURE concepts also address fission products.
3.3.1.1 Reactor concepts
In the U.S., the ALMR Program is sponsored by the DOE/NE. In 1990 the
program was redirected to "undertake a new effort to design these reactors
to better take advantage of their unique ability to destroy the long-lived
actinide elements from spent nuclear fuel of all types." 9 The same authors
go on to say By removing this toxic material, the radiological hazard of
HLW could be reduced from hundreds of thousands of years to hundreds of
years." The ALMR Program has two main elements:
IFR: The Integral Fast Reactor (IFR) Program at the Argonne
National Laboratory is part of the DOE ALMR Program and is
responsible for irradiation performance, advanced core design, safety
analysis, and development of the fuel cycle. 1 0 The IFR is a liquidmetal reactor that has integral pyroprocessing of the metal fuel. For
maximum actinide burnup, it could be refueled with LWR actinides
that would be reprocessed by either standard aqueous methods or a
new pyroprocess. A more economical approach would be to start
with actinides from LWR fuel and to refuel with actinides recycled
from discharged ALMR fuel (i.e., run as a breeder reactor).
PRISM: The PRISM (Power Reactor, Innovative, Small Module)
modular reactor concept was originated by General Electric Co. and
is being developed by a design team led by General Electric. The fuel
and fuel cycle are based on the IFR concept being developed by
Argonne National Laboratory. PRISM is the reference U.S. DOE
ALMR. 1 1 Although it originated as a breeder, to be started with
plutonium from LWR fuel, PRISM is being evaluated today as a
burner for all recycled actinides.
3.3.1.2 Accelerator concepts
Although the accelerator concepts in the U.S. are aimed toward
transmutation as a waste management tool, they are also intended to be net
power producers.
ATW (Los Alamos National Laboratory): The Accelerator Transmutation
of Waste (ATW) concept employs an accelerator to produce high-flux
thermal neutrons that transmute material in liquid targets.1 2 For Hanford
tank cleanup, they propose an aqueous oxide slurry. Other concepts are
proposed for commercial waste. Because the ATW would operate with a
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high-flux thermal neutron spectrum, transmutation of fission and
activation products would be feasible.
PHOENIX (Brookhaven): The PHOENIX concept employs an accelerator
with solid oxide targets in a configuration resembling the core of the FFTF
reactor. 1 3
It is explicitly aimed at transmuting the neptunium,
americium, curium, and much of the iodine produced by light water
reactors. It would operate with a fast neutron spectrum, similar to the
LMR and unlike the ATW.
3.3.1.3 Combined concept
CURE: The CURE (Clean Use of Reactor Energy) concept proposed by
Westinghouse-Hanford is not focused on a specific technology, but rather
consists of three components: (1) chemical separation of elements that have
significant quantities of long-lived radioisotopes in the waste, (2) exposure
in a neutron flux to transmute the radioisotopes to stable nuclides, and (3)
packaging of radionuclides that cannot be transmuted easily for storage or
geologic disposal. 14 However, the technology described would use aqueous
reprocessing plutonium uranium extraction-transuranic extraction
(PUREX-TRUEX) and use one or all of the options consisting of LWRs, fast
reactors, accelerators, and geologic disposal to reduce risk.
In contrast with the official ALMR Program of the DOE, the CURE concept
aims to transmute both Tc-99 and 1-129, as well as to explicitly separate
radiostrontium and radiocesium for either storage, beneficial use, or
separate disposal. It also aims to make both the liquid reprocessing stream
and the solid waste stream qualify for a LLW category. 1 4 Most
radionuclides with half-lives greater than 10 yr would be transmuted to
stable nuclides. Only fission-product strontium and cesium, activated
metal hardware, and radiokrypton would not be transmuted.
3.3.1.4 International projects
A recent Electric Power Research Institute (EPRI) report15 reviewed work
outside the U.S. on the transmutation of transuranics. This report
summarizes foreign work in two categories: foreign national programs,
and international programs and working groups. Among the foreign
national programs reviewed (in approximately a descending order of scope)
are those of Japan, Germany, France, Great Britain, the Soviet Union,
Switzerland, and the Netherlands. The international programs reviewed
are the Organizations for Economic Co-operation and Development/Nuclear
Energy Agency (OECD/NEA) program, the Commission of the European
Communities (CEC) work at Karlsruhe and Ispra, and the IAEA program,
again in approximately descending magnitude of effort. The most active
effort is the OMEGA Program, described below.
OMEGA (OECD/NEA, Japan): This project had its inception in Japan in
1985 and was formalized under that name in 1987.16 In 1989 it was
established as an international project in OECD/NEA. It evaluates all
technology relevant to P-T. The Japanese work cooperatively with Argonne
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National Laboratory and fund work in the U.S. at Rockwell International
and the University of Missouri.
3.3.2 Description of the ALMR concept
The ALMR is capable of operating independently of the fuel cycle of the
current generation of commercial LWRs if it can get startup fissile
material from other sources. However, it has been suggested that, with
simple and appropriate design changes, the ALMR can operate
synergistically with the present LWR fuel cycle. This dual system could
have waste characteristics such that it might be a significant improvement
over direct disposal of spent LVVR fuel.
This system concept 17 would require a U.S. reprocessing plant for the
current ceramic LWR spent fuel capable of recovering and recycling all
actinides, including neptunium, americium, and curium, at recoveries of
99.9 to 99.999%. The recovered transuranics would fuel the annual
introduction of 1.4 GWe capacity ALMRs, proposed to begin in the year
2012. The new ALMRs would include pyrochemical reprocessing facilities
to recover and recycle all actinides from discharged ALMR fuel. By the
year 2045 all of the LWR spent fuel now destined for a geologic repository
would be reprocessed.
Resulting HLW would consist mainly of fission products and is expected by
proponents to require isolation for no more than 200 to 300 yr. (In some
proposals, cesium (Cs) and strontium (Sr) would be separated and stored
for 200 to 300 yr, and the remaining waste would go directly to a repository.)
Costs of constructing and operating these new reprocessing and reactor
facilities would be borne by U.S. utilities and would be met from the sale of
the energy produced. A decision by the commercial sector to deploy a
certified ALMR/IFR system is planned for the year 2007.18
3.3.3 Description of the ATW Concept
Of the many transmutation proposals, the accelerator transmutation of
waste (ATW) proposal by Los Alamos 12 has the potential for the greatest
impact on the repository, because it would efficiently transmute the longlived fission products in addition to the transuranics. Currently, the
proposal is directed at the defense waste stored in tanks at DOE's Hanford
Reservation, but it has been suggested that it could be applied to
commercial reactor waste. 1 9
The essential feature of the ATW is that it uses a high-current, mediumenergy accelerator to produce intense fluxes of thermal neutrons over large
interaction volumes. The fluxes in these designs are about 100 times
higher than those in standard reactor designs, making possible two
significant advances. First, higher actinides (such as neptunium-237) can
be converted rapidly using low-energy (thermal) neutrons. Second, the
high flux of low-energy neutrons also permits rapid conversion of long-lived
fission products such as technetium-99 and iodine-129. Fission products
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with half-lives greater than 11 yr are separated from those with shorter
half-lives and returned for transmutation. Thus, the waste is projected to
contain only radionuclides with half-lives less than 11 yr. 1 9
The high neutron fluxes in the design also allow a very dilute operating
regime that permits high transmutation rates using very low inventories of
fissile materials. Whereas conventional reactors or other accelerator
designs require inventories of 10,000 kg or more, the ATW requires less
than 100 kg of resident inventory. This is achieved by using continuous
materials flow through the system in the form of aqueous streams or
slurries, or molten salt carrier materials.
This low inventory and lack of a need to separate plutonium have the
potential to reduce proliferation concerns. The low inventory also appears
to be implicitly regarded as a safety enhancement when compared with
conditions in an operating LWR or LMR reactor.
If ATW were applied to commercial spent fuel, the economics would be
dominated by initial reprocessing of the fuel, just as in the case of the
ALMR or any other transmutation system. Use of ATW to clean up
residual fission products after routing the actinides to an ALMR would not
be feasible, as ATW becomes a net power producer only by transmuting
actinides. Thus, ATW appears to be a competing transmutation technology
rather than a complementary one with respect to the ALMR. (It should be
noted that the CURE concept (Sec. 3.3.1.3) does envision complementary use
of reactors and accelerators, but without explicit flow sheets.)
The reason for the greater emphasis on ATW here compared with other
proposals is that it has been funded by the DOE Office of Defense Programs
for consideration in the cleanup at DOE nuclear weapons production
complex sites. Thus, the technology may be advanced independently of
commercial power and commercial waste activities.
3.4 HISTORY OF MINED GEOLOGIC DISPOSAL (MGD) IN THE UNITED
STATES
The purpose of this section is to give background on the current repository
program and its relation to P-T concepts. For additional information, an
excellent history of nuclear waste management in the U.S., emphasizing
HLW, is given in a 1985 Office of Technology Assessment report. 2 0
MGD was endorsed in 1957 in a National Academy of Sciences report2 1 that
identified salt deposits as particularly attractive because of their proven
great age without contact by water. However, a variety of methods and sites
for disposal were deemed suitable. Salt was the preferred medium for
disposal throughout the 1960s and until expansion of the program in 1976,
when other media were added.
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Although MGD appeared to be a preferred option after 1957, no official
position was taken until the publication in 1980 of the DOE's Final
Environmental Impact Statement (FEIS) for Management of Commercially
Generated Radioactive Waste. 2 2 This document identified MGD of
radioactive wastes as the preferred option for the U.St. It also evaluated a
number of other waste disposal concepts, including:
*
*
*
*
*
*
*
*

Very deep hole.
Rock melt.
Island-based geologic disposal.
Subseabed.
Ice sheet.
Well injection.
Transmutation.
Space disposal.

Of the above, four (in addition to a mined repository) were identified as
having the "most potential," according to a set of screening criteria. These
were an island mined repository, very deep hole, subseabed, and space
disposal. Transmutation was eliminated because of development time and
industry size issues. All of the higher rated methods were found to be
capable of disposing of spent fuel directly, without reprocessing. Subseabed
was recommended as the preferred alternative to mined disposal.
In December 1982, Congress passed the Nuclear Waste Policy Act of 1982
(NWPA). That Act made MGD the policy of the U.S. by statute and
identified the subseabed option as the backup to MGD. The Act identified a
number of actions, some of which have a sequential relationship, that have
to be done prior to submitting a license application to the the NRC for
construction of a repository. Many of these actions have been carried out,
but the site characterization program for the Yucca Mountain candidate
repository site was blocked by the State of Nevada during the years of 1990
and 1991.
Although the pace has been slow, there has been steady progress since the
Civilian Radioactive Waste Management Program was expanded by
President Ford in 1976. Many of the actions required by the NWPA have
been carried out, and the path of actions to a license is clear. Many more
years of effort will be required, but the legal, regulatory, political,
administrative, technical, and social foundations have been laid.
3.5
DESCRIPTION OF CURRENT U.S. PLANS FOR A MINED
GEOLOGIC DISPOSAL SYSTEM
The NWPA, as amended by the Nuclear Waste Policy Amendments Act of
1987 (NWPAA), authorized the DOE to site, construct, and operate a
geologic repository; to site, construct, and operate one monitored retrievable
storage (MRS) facility; and to provide for the transportation of the waste in
casks certified by the NRC. The NWPA as amended directs the DOE to
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characterize only one site for the repository, and this site is specified to be
Yucca Mountain in Nevada. Following characterization, the suitability of
the site for a repository is to be determined. Therefore, assessments in this
report are based on Yucca Mountain characteristics.
Current DOE plans to implement the NWPA are described in the most
recently published Mission Plan, 2 3 the "Reassessment Report," 2 4 and the
Site Characterization Plan (SCP).25 The reference waste packages are
described in the SCP and form the basis for the comparisons discussed in
Chap. 4. The reference repository layout is also described in the SCP and
consists of vertical emplacement of waste packages in boreholes.
3.5.1. The Authorized Waste-Management System
The waste-management system authorized by Congress is diagrammed in
Fig. 3-1, which is taken from the DOE 1988 Draft Amendment to the
Mission Plan. 2 3 To summarize, spent nuclear fuel from commercial power
reactors will be accepted by the DOE at the reactor sites and transported to
an MRS facility for temporary storage and preparation for permanent
disposal in a repository. From the MRS facility, the spent fuel will be
shipped to the repository, assumed for planning purposes only to be at
Yucca Mountain, where it will be emplaced underground for permanent
disposal. The repository may accept spent fuel shipped directly to the
repository from nearby reactors. In addition, the waste-management
system will accept HLW. Most of this waste will be defense HLW produced
in atomic-energy defense activities; the remainder will be commercial HLW
from the West Valley, New York Demonstration Project. According to
current plans, HLW will be shipped directly to the repository. Also shown
in the diagram is federal interim storage, which must be available subject
to certain conditions.
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Figure 3-1. The authorized waste-management system.
In order to quantitatively assess the potential impact of P-T on the
authorized waste-management system, it is necessary to know the types
and quantities of waste to be accepted by the system. The principal
assumptions about the waste and the components of the system are
summarized in Table 3-1, which is taken from the DOE 1988 Draft
Amendment to the Mission Plan,2 3 and updated from more recent
documents. 2 6
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Table 3-1. Current program assumptions about the waste and the
components of the waste-management system. 2 3 2, 6
L ASSUMPTIONS ABOUT THE WASTE
A .Waste types
1. Spent fuel from commercial nuclear reactors is the dominant
waste form.
2. Existing commercial HLW (from the West Valley Demonstration
Project) is assumed to be accepted for disposal after it has been
solidified to borosilicate glass. No new commercial HLW is
assumed to require disposal.
3. DHLW requiring deep geologic disposal will be accepted by the
repository after solidification.
4. Other radioactive wastes that require deep geologic disposal will
be accepted.
B.

C.

Waste Quantities
1.

The cumulative commercial-spent-fuel discharge through the
year 2020 is assumed to be 75,900 metric tons of initial heavy metal
(MTIHM). It reaches 85,000 MTIHM by 2030, and through the
year 2040 end of reactor life"), the discharge is assumed to be
about 86,000 MTIHM. These assumptions are based on the
Energy Information Administration's 1991 no-new-orders, endof-reactor-life" projection of total U.S. spent fuel discharges. 2 6

2.

It is assumed that approximately 17,500 canisters (about
8750 MTIHM) of solidified DHLW will be available for geologic
disposal by the year 2020.

3.

Approximately 640 MTIHM equivalent of commercial HLW from
the West Valley Demonstration Project will be accepted at the
repository. It is assumed that no additional commercial spent
fuel is reprocessed, but the system will be capable of
accommodating additional solidified HLW from commercial
reprocessing should commercial reprocessing in the U.S. begin
again.

Waste age
The DOE's standard contract with the utilities 2 7 specifies that
standard spent fuel accepted for disposal have a minimum cooling age
of 5 yr. However, most of the spent fuel accepted at the repository is
expected to be more than 10 yr old.

3 - 11

Table 3-1. (Continued)
II.
A.

ASSUMPTIONS ABOUT THE REPOSiTORY

Number of repositories
One repository authorized, to be developed at Yucca Mountain,
Nevada, if the site is suitable; the DOE is to report to the Congress
between 2007 and 2010 on the need for a second repository.

B.

Repository startup
The start of operations at the repository is currently scheduled to be
phased, with phase I starting in the year 2010 and phase II in the year
2015.

C.

Waste-acceptance rate
The annual design waste-acceptance rate at the repository is to scale
up from 400 to 1800 MTIHM for phase I and 3400 MTIHM for phase II.

D.

Other design assumptions
The design includes the provision to maintain the capability for waste
retrieval for 50 yr after initial emplacement of waste.
IIL ASSUMPTIONS ABOUT THE MRS FACILITY

A.

Waste-acceptance rate
The design waste-acceptance rate at the MRS facility will vary with
system requirements but is currently shown to be approximately
2700 MTIHM per year.

B.

MRS startu, dates
The MRS facility will begin operations no later than 1998, receiving
400 MTIHM in that year. Over the following 16 yr, the MRS facility will
increase in annual capacity to the design waste-acceptance rate
(currently expected to be approximately 3000 MTIHM per year).
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Table 3-1. (Continued)
W. ASSUMPTIONS ABOUT TRANSPORTATION
Waste shipments from reactors to the repository or to the MRS facility
will be made by rail if the reactor site has facilities for rail shipment.
Thus, projections based on currently available information indicate
that about 65% (by weight) of the waste will be shipped by rail and 35%
by truck.
The shipment mode from the MRS facility to the repository: 100% by
rail.
The shipment mode for defense and commercial HLW: predominantly
rail.
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3.5.2 Tyrpes and Quantities of Waste to be AcceRted
As shown in Table 3.1, the dominant waste form to be accepted by the wastemanagement system is spent fuel from commercial nuclear reactors. In
addition, the system will accept defense HLW requiring geologic disposal,
existing commercial HLW (from the West Valley Demonstration Project),
and any other radioactive wastes that require deep geologic disposal.
As a basis for planning, the DOE's Office of Civilian Radioactive Waste
Management (OCRWM) has been using one of a range of spent-fueldischarge forecasts published annually by the U.S. Energy Information
Administration (EIA). The EIA forecasts are based on four distinct
scenarios for the domestic nuclear-energy capacity through the year 2020.
These scenarios are the "optimistic," "upper reference," "lower reference,"
and "no-new-orders" cases, which differ in their underlying assumptions
about future orders for nuclear power plants in the U.S.
The OCRWM policy is to use the no-new-orders case as the primary basis
for planning. This case is essentially based on nuclear plants currently
operating and under active construction; it represents the minimum
expected quantity of spent fuel over the defined planning period.
On the basis of the EIA's "no-new-orders, end-of-reactor-life," 1991 forecast
of spent-fuel generation, 2 6 the total quantity of spent fuel discharged from
U.S. reactors through the year 2040 is 86,000 MTIHM. The standard
contract 2 7 with the utilities specifies that standard spent fuel accepted for
disposal is to have a minimum cooling age of 5 yr, and the current designs
of the DOE's waste-management facilities are based on this assumption;
however, most of the spent fuel accepted at the repository is expected to be at
least 10 yr old.
The DHLW from the DOE Savannah River Plant will be in the form of
borosilicate glass in metal canisters. The form of the DHLW from the DOE
Hanford and Idaho facilities is not certain at this time. It is assumed that
about 17,500 canisters (approximately 8750 MTIHM) of DHLW will be
available for geologic disposal by the year 2020. These quantities are taken
from the DOE's Integrated Data Base for 1987.*28
The commercial HLW from the West Valley Demonstration Project will
also be in the form of borosilicate glass in metal canisters. The quantity of
this waste is expected to be approximately 640 MTIHM (about 300 canisters).
It is assumed that no additional commercial spent fuel will be reprocessed
during the operating lifetime of the repository, although the system will be
capable of accommodating additional solidified HLW from commercial
reprocessing should commercial reprocessing in the U.S. begin again.
*Estimates of the quantities of defense HLW that will be available for disposal are updated
periodically, and the updated estimates are published annually in the Integrated Data Base
Report.
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The most recent, detailed, year-by-year waste acceptance schedule 2 9 is
given in Tables 3-2, 3-3, and 3-4, which are based on 1988 EIA spent fuel
projections. However, the cumulative amounts projected have changed
insignificantly in the 1987-91 time frame. Table 3-2 shows the quantities
and schedules for a no-new-orders, single-repository case. However, the
first repository is only Congressionally authorized for 70,000 metric tons
prior to start of a second repository. Therefore, Table 3-3 shows the no-neworders, two-repository case. For comparison and information, Table 3-4
shows the upper-reference, two-repository case.
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Table 3-2. Waste-acceptance schedule for the single-repository system: no-new-orders,
end-of-reactor-life, intact fuel disposal (metric tons of initial heavy metal)
Single repository

MRS facility
Spent fuel

Stored

Spent fuel

Year

Rcv'd

qtMv?.

finm MRS

1998
1999

400
400

2000
2001
2002

900

400
800
1700
2600
3500
4400

2003

2004
2005
2006
2007
2008
2009

2010
2011
2012
2013
2014
2015
2016
2017
2018
2019
2020
2021
2022
2023
2024
2025
2026
2027
2028

2029
2030
2031
2032
2033
2034
2035
2036
2037
2038
2039
2040
2041
2ol
Totals

900
900
900
900

900
900
900
900
900

1800
1800
1800
1800
1800
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000

3000
3000
3000
350
350
350
350
350
2lL

86757

High-level

14900

14900
14900

14900
14900
14900
14900

14900
14900
14900

14900
14900
14900

14900
14900

14900
14900
14900
14900
14900

14900
12250
9600

6950
4300
1650
0

400
400

900
900

900
900
900
900
900
900
900
900
900
900

900
900
900
900
900
900
900
1800

6200
7100
8000
8900

14900
14900

400
400
900

5300

9800
1100
12600
14000
14900

Total annual
system acceptance
Spent fuel
Spent and highfipl]
level waste

400
400
400
900

1800
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000

400

400
400
400
400
400
400

400
400
400
400

3000

3000
3000
3000
3000
3000

400

3000

400
400
400
400
400
400
400
315

400
400
400
400

3000
3000
3000
3000
3000
3000
3000

1800
1800
1800
1800
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
350
350

1800
1800

1800
1800
1800
3400
3400
3400
3400
3400
3400
3400
3400
3400
3400
3400
3400
3400

3400
3400
3400
3400
3400
3400
3400
3400
3400

3000

350

3000
3000
18L
86757

350
350

750
665
350
350
350

86757

207
96272

9515
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Table 3-3. Waste-acceptance schedule for the two-repository system:
intact fuel disposal (metric tons of initial heavy metal)
MRS facility
Year
1998
1999

2000
2001
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015
2016
2017
2018
2019
2020
2021
2022
2023
2024
2025
2026
2027
2028
2029
2030
2031
2032
2033
2034
2035
2036
2037
2038

Spent fuel
Rcv'd
400
400
900
900
900
900
900

900
900
900
900
900

1800
1800
1800
1800
1800

3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
2107

First repositor

Stored Spent fuel
at MRSfrmMM
400
800
1700
2600
3500
4400
5300
6200
7100
8000
8900
9800
11200
12600
14000
14900
14900
14900
14900
14900
14900
14900
14900
14900
14900
14900
14900
14900
14900
14900
14900
14007
11007
8007
5007
2007
0

High-level
waste

no-new-orders, end-of-life case,

Second rsoir
Spent
fuel

High-level
waste

400
400

900
900

900
900
900
900
900

900
400
400
400
900

1800
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
2007

400
400
400
400
400
400
400
400
400
400
400
400
400
400
400
400
400
293

900

2040
2041
2042
2043
2044
2045
2046
2047
2048

1800
3000
3000
3000
3000
3000
3000
3000
150

400
400
400
400
400
400
22

23850

2422

62907

400
400
900
900
900
900
900

900

2039

2049
Totals

Total annual
aystem acceDtance
Spent fuel
Spent and highfuel
level waste

62907

7093
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900
1800
1800
1800
1800
1800
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
2107
0
0
0
0
0
0
0
0
0
900
1800
3000
3000
3000
3000
3000
3000
3000
150
86757

900
900
900

900
900

1800
1800
1800

1800
1800

3400
3400
3400
3400
3400
3400
3400
3400
3400
3400
3400
3400
3400
3400
2507
400
400
293
0
0

0
0
0
0
900
1800
3400
3400
3400
3400
3400
3400
3022
150
96272

Table 3-4. Waste-acceptance schedule for the two-repository system: upper reference case, intact fuel
disposal (metric tons of initial heavy metal)
First repositor

MErfaiit

Year
1998
1999
2000
2001
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015
2016
2017
2018
2019

2020
2021
2022
2023
2024
2025
2026
2027
2028
2029
2030
2031
2032
2033
2034
2035
2036
2037
2038
2039
2040
2041
2042
2043
2044
2045
2046
2047
2048

Spent fuel
Rcy]
400
400
900

900
900

900
900
900
900

900
900
900
1800
1800
1800
1800
1800
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
2722

Stored
atoMm
400
800
1700
2600
3500
4400
5300
6200
7100
8000
8900
9800
11200
12600
14000
14900
14900
14900
14900
14900
14900
14900
14900
14900
14900
14900
14900
14900
14900
14900
14900
14622
11622
8622
5622
2622
0

Spent fuel
MRS

Second relpositor

High-level
waste

High-level
waste

400
400

900

900

900
900
900
900

900

900
900

900
400
400
400
900

1800
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
2622

400
400
400
400
400
400
400
400
400
400
400
400
400
400
400
400
78

2050
63522

6478

3 - 18

1800
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
677
33377

400
400
400
400
400
400
400
237

3037

900
900

900
900
900
900
900

900

900

1800
1800
1800
1800
1800
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
2722

1800
1800
1800
1800
1800
3400
3400
3400
3400
3400
3400
3400
3400
3400
3400
3400
3400
3400
3400
3122
400
78

0
0
0

900

63522

400
400

900

2049
a61
Totals

Spent
fuel

Total annual
Ssstem acceptance
Spent fuel
Spent and highlevel waste
fuel

0

0
0
0
0

0
0
0

0

0
0
900
1800
3400
3400
3400
3400
3400
3400
3400
3237
3000
3000
677
106414

0
900
1800
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
677
96899

0
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4.0 COMPARISON OF RADIONUCLIDE NVENTORIES
(J. -S. Choi - LLNL)

4.1 INTRODUCTION
One proposed method for simplifying the disposal of spent fuel from the
LWRs is to partition the transuranics and then transmute them in ALMRs.
The purpose of the P-T (also referred to as AB) of transuranics is to reduce
the radionuclide inventories in the HLW, and to reduce the risks from
transuranics in a geologic repository for HLW. In this chapter, we
calculate the radionuclide inventory from an AB fuel cycle and compare it
to the inventory from a direct-disposal fuel cycle where spent fuel is not
reprocessed but is sent directly to a geologic repository.
4.2 SCENARIO FOR COMPARISON
The validity of the scenario that is used to compare the AB and the directdisposal cycles is vitally important to an unbiased assessment of the
potential advantages (or disadvantages) of using the P-T technology for
radioactive waste disposal. The scenario is also crucial for determining the
impact that P-T would have on the disposal of high-level radioactive waste
in a mined geologic repository. To evaluate the impact of P-T on waste
disposal, the total amount of the radionuclide inventories in wastes
generated from the two fuel cycles must be accurately calculated. The
following sections describe the basis of comparison and the scenario
developed for this study.
4.2.1 Basis of Comparison
To obtain a clear and unambiguous basis for comparison, the calculation of
the total radionuclide inventories from the two fuel cycles is based on the
criterion of equal total generation of electrical energy in both fuel-cycles.
4.2.2 Scenario Development
The scenario for comparison consists of the following two fuel cycles.
1)

Direct-disposal (or once-through) cycle:

In this fuel cycle, 63,000 MTIHM of LWR spent fuel are directly disposed of
in the first geologic repository, along with about 7000 MTIHM equivalent of
defense waste. This has been the basis for a number of repository
performance assessments and is reasonably well-documented. 1 Because
the 7000 MTIHM of defense waste will remain constant, only the 63,000
MTIHM of spent fuel will be compared for the two fuel cycles.
To account for the additional electrical energy generated by the ALMRs in
the AB cycle, we assume that the same amount of electrical energy will be
generated from new LWRs. Spent fuels discharged from these LWRs is
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added to the original 63,000 MTIHM to obtain the total radioactive waste
inventory that goes to a repository.
2)

AB cycle:

In this fuel cycle, the 63,000 MTIHM of LWR spent fuel are reprocessed
(using either aqueous or pyrochemical technology), and the recovered
transuranics are used to start and fuel the ALMRs. Each ALMR started
has an electrical capacity of 1395 MWe and will be allowed to operate at a
capacity factor of 80% for its designed life of 40 yr. The discharged fuel from
the ALMR will be pyroreprocessed, and the recovered transuranics will be
recycled as ALMR make-up fuel. only about 1% of this reprocessed
uranium will be used in the ALMR. The rest will be stored.
A given ALMR can be fueled in many ways with transuranics recovered
from LWR spent fuel. We assume that the transuranics recovered from
LWR spent fuel will be used for the initial load and for the first two reloads
of the ALMR. If the ALMR is a breeder, with a breeding ratio of at least
unity, the transuranics for subsequent reloads are those recycled from
discharged ALMR core and blanket fuel. If the ALMR is a converter, it is
necessary to use transuranics from LWR spent fuel for partial makeup of
subsequent reloads. Before we select a particular type of ALMR for our
study, we will first address the many possible ways of refueling an ALMR.
4.2.3 ALMRs with Various Breeding (Conversion) Ratios
The transuranic requirement for the initial core, the two reloads and the
40-year makeup are calculated for the ALMR as a function of breeding
(conversion) ratio. Five different conversion ratios (1.11, 0.96, 0.76 0.62, and
0.22) are considered. The results are shown in Table 4.1. For these
calculations, we rely on reactor design data developed by the General
Electric Co. 2 and by the Argonne National Laboratory. 3 For a conversion
ratio of 1.11, a negative transuranic makeup indicates a surplus of
transuranics bred in the blanket regions of the ALMRs. For a conversion
ratio of 0.96, a zero transuranic makeup indicates a break-even fuel design.
All ALMR converters require transuranic makeup for reloads throughout
their operating lives. Since there are only 9.72 kg of transuranics in one
metric ton of LWR spent fuel, a large quantity of LWR spent fuel must be
reprocessed to recover enough transuranics for one ALMR, and these
amounts are calculated. The total number of ALMRs that could be fueled
with transuranics from reprocessing 63,000 MTIHM of LWR spent fuel are
also calculated as a function of conversion ratio. They are shown in
Table 4.1.
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Table 4.1. ALMRs with different conversion ratios.
ALMRs
conversion
ratio
1.11*
0.96*
0.76*
0.62
0.22**

Initial core
+2 reloads
(MTIHM)
27.2
19.4
27.6
14.4
34.9

Make-up
for 40-yr
(MTIHM)
-4.6
0.0
10.0
14.9
43.7

*

General Electric's PRISM.

**

Argonne National Laboratory-IFR-127.

Total TRU
requirement
(MTIHM)
22.6
19.4
37.6
29.3
78.6

Total LWR
spent fuel
reprocessed
(MTIHM)
2325.1

Number of
ALMRs***
27

2000.0
3868.3
3014.4
8086.4

31
16
20
7

Number of ALMRs supported by reprocessing 63,000 MTIHM of LWR spent fuels.
ALMR is rated as 1395 MWe.
MTIHM metric ton of initial heavy metals.
TRU

transuranic.

4.2.4 Scenario Selected for this Study
For reloads throughout its life, an ALMR operated at a conversion ratio less
than unity requires some make-up transuranics from LWR spent fuel. For
this study, we selected a 1395-MWe ALMR, operated with a conversion ratio
of 0.76. According to GE, this is the lowest conversion ratio for an ALMR
that can still preserve the passive safety features of its design.2
Table 4.1 shows that 3868 MTIHM of LWR spent fuel are needed to fuel one
1395-MWe ALMR operated at a conversion ratio of 0.76 for 40 yr.
63,000 MTIHM of LWR spent fuel would support 16 such reactors. These
ALMRs generate electrical energy and discharge spent fuel. The total
discharged fuel from 16 ALMRs is 8,744 MTIHM, which are pyroreprocessed and then the recovered transuranics are recycled.
To properly account for the additional electrical energy generated by the
ALMRs, we assume that the same amount of electrical energy would be
generated by 16 new LWRs in the direct-disposal cycle. These new LWRs
are each rated at 1395 MWe and are operated for 40 yr. We then calculate
the amount of LWR spent fuel generated by them. This yields an additional
25,400 MHIHM of LWR spent fuel to be disposed of in the direct-disposal
cycle.
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4.3 WASTE PACKAGE CHARACTERISTICS
Two types of reprocessing technologies for LWR spent fuel are considered:
(1) the pyrochemical reprocessing technology currently being developed at
Argonne National Laboratory (ANL), and (2) the conventional aqueous
(PUREX) reprocessing. The pyroprocess is metal-based, and the recovered
transuranics can be directly fabricated as fuel for the ALMRs. If the LWR
spent fuel is PUREX reprocessed, the recovered transuranics in oxide form
will be converted into metal and will be fabricated as fuel for the ALMRs.
The discharged fuel from the ALMRs is reprocessed with pyrochemical
techniques as proposed in ANL's Integral Fast Reactor (IFR) concept.
The radionuclide inventories in the waste streams from the reprocessing
technologies were originally developed by Thompson and Taylor 4 and were
revised by Wilems and Danna. 5 We adopted these revised radionuclide
inventories in the waste packages for this study. According to Thompson
and Taylor 4 the percentage of transuranics lost to waste in these
reprocessing technologies are: 0.1% of lost to the fuel-hardware waste as a
result of the mechanical head-end process, and 0.1% lost to waste as a
result of the chemical process.
4.3.1 Pvroreprocessing of LWR Spent Fuel
Figure 4.1 shows the waste streams from the pyrochemical reprocessing of
LWR spent fuel. We retain the stream designators, Al-X as defined by
Thompson and Taylor. 4 Table 4.2 shows the characteristics of the waste
package from pyroreprocessing of LWR spent fuel. It gives the dimensions
of the waste container, the waste form matrix, and the package heat loads
as calculated by Wilems and Danna 5 in each of the Al waste streams. The
curie (Ci) contents isotopes, which are important to the long-term isolation
risk calculations, are included in Appendix A.

4 -4
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AND OXIDATION

II
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I

I

OXIDE REDUCTION

p Al-4
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=~~~~
o Al-7

TRU ELECTROREFINING,
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ALLOYING AND SLUG CASTING

t

ER Salt Waste
> Al-8
Metal Waste
w

LMR PIN FABRICATION AND

BUNDLE ASSEMBLY

Al -9
Fab. Process Wastes

FUEL AND BLANKETASSEMBLIES
TO LMR
Figure 4.1 . Waste streams from pyrochemical processing of LWR spent
fuel.4
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Table 4.2 Waste package from pyroprocessing of LWR spent fuel.
Pyroprocessing of LWR SF

Al-1,2

Al-3

A14

Al-6

Al-7

Al-8

Transport
metal

Elechorefining
salt

Electrorefining
metal

Waste stream

Hadward

Gases

Reduction
salt

Container type

6

6

5

6

5

5

Inside container dia (m)

0.59

0.59

0.4

0.59

0.4

0.4

Inside container ht (m)

5.0

5.0

5.0

5.0

5.0

5.0

0.273

0.273

0.125

0.273

0.125

0.125

SS

SS

SS

SS

SS

SS

Outside container diam (m)

0.66

0.66

0.47

0.66

0.47

0.47

Ourside container ht (m)

5.22

5.22

5.22

5.22

5.22

5.22

0.342

0.342

0.173

0.342

0.173

0.173

SS

SS

SS

SS

SS

SS

1.16

1.16

0.53

1.16

0.53

0.53

0.624

0.624

0.37

0.624

0.37

0.37

MATRIX

None

AgI

Zeolite

Copper

Zeolite

Copper

kW/pkg@ 10 yr

0.57

0.00126

2.08

0.19

0.35

1.45

Number of containers

4190

5

25589

2394

1646

1500

Inside X area (

2)

Lnsidecontainermaterial

Outside X area (

2)

Outsidecontainermaterial
Waste volume
Void volume

(m3)

(m3 )

4.3.2 Aueous-reprocessing of LWR Spent Fuel
Figure 4.2 shows the waste streams, designated as B1-X by Thompson and
Taylor, 4 from aqueous reprocessing of LWR spent fuel. Table 4.3 shows the
waste package characteristics.
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Figure 4.2. Waste streams from aqueous processing of LWR spent fuel. 4
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Table 4.3. Waste package from aqueous processing of LWR spent fuel.
Aqueous processing of LWR
spent fuel
Waste stream
Container type

B1-2

B 1-3

B 1-4

Hardware
6

Gas
6

Glass
5

0.59

0.59

0.4

5.0
0.273
SS

5.0
0.273
SS

5.0
0.125

0.66
5.22
0.342

0.66
5.22
0.342

0.47
5.22
0.173

SS
1.16

SS
1.16

SS
0.53

Void volume (m 3 )

0.624

0.624

0.37

MATRIX
kW/pkg@ 10yr
Number of containers

None
0.57
4191

AgI
0.00126
5

Glass
2.50
24550

Inside container diam (m)

Inside container ht (m)
Inside cross-sectional area
Inside container material

(

2

)

Outside container diarn (m)
Outside container ht (m)
Outside cross-sectional area (m 2 )

Outside container material
Waste volume (m 3 )

SS

4.3.3 Pro-reprocessing of ALMR Spent Fuel
Figure 4.3 shows the waste streams, designated as A3-X by Thompson and
Taylor,4 from pyroreprocessing of ALMR spent fuel. Table 4.4 shows the
waste package characteristics.
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Figure 4.3. Waste streams from pyrochemical processing of ALMR spent
fuel.4
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Table 4.4. Waste package from pyroprocessing of ALMR spent fuel.

6

A3-2,5
Hardware & electrorefining metal
6

0.59
5.0
0.273

0.59
5.0
0.273

SS

SS

0.66
5.22
0.342

0.66
5.22
0.342

SS

SS

Waste volume (m 3 )
Void volume ( 3 )

1.16
0.624

1.16
0.624

MATRIX
kW/pkg@ lOyr
Number of containers

Zeolite
0.70
16880

Copper
1.84
5114

Pyroprocessing of LMR fuel
Waste stream

A34
Electrorefining salt

Container type
Inside container diam (m)
Inside container ht (m)
Inside cross-sectional area (m 2 )

Inside container material
Outside container diam (m)
Outside container ht (m)
Outside cross-sectional area (m 2 )

Outside container material

4.3.4 Direct Disposal of LWR Spent Fuel
In this study, we assume that the Yucca Mountain Project hybrid spent
fuel containers is used for the disposal of LWR spent fuel. As shown in
Fig. 4.4, the container holds three PWR and four BWR spent fuel
assemblies, and contains 2.1 MTIHM of LWR spent fuel, producing 2.2 kW
of heat. We chose this hybrid container because it contains a similar heat
output to that of reprocessed glass waste. Figure 4.5 shows the thermal
heat output of a hybrid spent-fuel package as a function of decay time. It
indicates that 10 years after reactor discharge, the heat output is governed
primarily by Cs and Sr and their decay daughters. After 60 years of decay,
the heat output of the fission products is about the same as that of the
actinides. After 300 years (after Cs/Sr and their daughters have completely
decayed), the heat output is reduced by a factor of about 9.
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28 In. (71 cm)
Diameter

Figure 4.4. Characteristics of a hybrid spent fuel containers
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Figure 4.5. Thermal heat output of a hybrid spent fuel container as a
function of decay time.
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4.4 COMPARISON OF RADIONUCLIDE INVENTORIES
The radionuclide inventories of wastes produced by the direct-disposal and
the AB cycles are compared in Sec. 4.4.1 in terms of the waste-package
properties. These include the waste forms, the curie contents for a few
selected nuclides, the heat output per package, and the total number of
waste packages produced. In Sec. 4.4.5, they are compared in terms of a
long-term inventory reduction factor.
A reprocessing option that includes the separation of Cs and Sr from the
rest of the waste stream is discussed in Sec. 4.4.4. In this option, the Cs
and Sr are separated during reprocessing and are stored in a monitored
surface facility for hundreds of years, until the Sr-90 and Cs-137 have
decayed; the remaining Cs must then be emplaced in a geologic repository
because of the presence of long-lived Cs-135. If the repository capacity is
limited by heat loading, this decreased heat generation in repository waste
would allow a larger amount of reprocessing waste to be placed in a given
area of repository.
4.4.1 Waste-Package Comparison
Table 4.5 compares the waste-package characteristics and the radionuclide
inventories for the two fuel cycles. In the direct-disposal cycle, a total of
88,400 MTIHM of LWR spent fuel is placed in hybrid waste-packages,
resulting in a total of 42,095 containers. Each of these containers holds
2.1 MTIHM of unconsolidated LWR spent fuel assemblies and has a heat
output of 2.2 kW if emplaced at 10 yr out of core.
Two combinations of technologies are possible for reprocessing spent fuel in
the AB cycle. These are: (1) aqueous-reprocessing of LWR spent fuels and
pyroreprocessing of ALMR spent fuels; and (2) pyroreprocessing of both
LWR and ALMR spent fuel. The first combination yields a total of 50,734
containers of reprocessed wastes, about 21% more than required in the
direct-disposal cycle. The heat output from these containers varies from
2.5 kW/package for the glass waste to 0.6 kW/package for the fuel cladding.
Pyroreprocessing of both LWR and ALMR spent fuels yields a total of 57,313
containers of HLW, about 36% more than required in the direct-disposal
cycle. Again, the heat output from these containers varies from 2.1
kW/package for the reduction-salt zeolite to 0.2 kW/package for the
transport-metal waste.
The increased number of reprocessed waste containers in the AB cycle is
primarily because the reprocessed-waste containers are not loaded to their
maximum allowable thermal limit. This was done to avoid changing the
container dimensions used in the current repository design, thereby
facilitating comparisons in Chaps. 5 and 7. This effect is further discussed
in the next section, where studies performed by EPRI6 are assessed.
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Table 4.5 Waste-package comparison between direct-disposal and actinide-burning cycles (data based on EPRI study)
Direct-Disposal

Actinide-Burning
LWR Aqueous - ALMR Pyro

Type

Spent

Spent

fuel

fuel

fuel processed

63000

25400

Chemical form

Assem.

Assem.

Clad

Glass

Salt

Metal

LWR Pyro

Clad

ALMR Pyro

-

Red.

Tmn

ER

ER

salt

metal

salt

metal

Salt

Metal

MTIHM of spent
63000

Zr

8744

Glass

Zeo-

63000

I Cu

Zr

liLte

Zeo-

Cu

lite

8744

Zeo-

Cu

lite

Zeo-

_

Cu

_

_

Ci/Pkg:
Sr-90
Cs-137
Cs-135
Tc-99
Sn-126
Np-237
Pu-239
Pu-240

1.3+5
1.8+5
7.6+1
2.9+1
1.7 0
6.9-1
6.9+2

Am-243

1.3+5*
1.8+5
7.6+1
2.9+1
1.7 0
6.9-1
6.9+2
1.2+3
3.7+3
I 37+1

kW/pkg

Am-241

9.3+4
2.5+5
3.4+1

-

-

-

-

-

-

3.7+3
3.7+1

4.8-3
4.7 0
7.9 0
2.6+1
2.6-1

1.6+5
2.3+5
9.9 -1
3.4+1
2.2 0
9.2-4
9.1 -1
1.5 0
5.1 0
4.9 -2

1 2.2

2.2

0.6

' 30000

12095

1.2+3

Subtotal No.
of Pkgs.

*read as 1.3 x 105

_
-

1.6 -2
-

4190

Total No. of Pkgs.|
% of Total

_

-

-

1.3+5
2.0+5
1.6 -2

-

1.6 -2

-

-

-

-

-

-

3.4+2
2.0+1

-

4.8-3
4.7 0
7.9 0
2.6+1
2.6 -1

-

-

-

-

-

_

-

-

-

-

-

-

-

7.0-3
3.7+1
4.8+1
8.4+1
1.7 0

-

-

-

_
5.3 0
3.1-1
1.3-2
1.3+1
2.1+1
7.4+1
7.0 -1

2.5

1.8

0.7

0.6

2.1

0.2

0.4

24550

16880

5114

4190

25589

2394

1646

T

28.7

-

28740

42095
71.3

_

21994

-

2.2+4
3.1+4
3.4+2
-

48.4

J

33.3

_

9.3+4
2.5+5
5.3 0

-

-

-

-

-

_

-

7.0-3
3.7+1
4.8+1
8.4+1
1.7 0

1.5

1.8

0.7

1500

16880 5114

-

35319

21994

50734
8.3

_

57313
l10.0

7.3

44.6

14 .2

2.9

2.6

29.5

8.9

4.4.2 Studies by EPRI
The study conducted by EPRI,6 which provides the basis for most of the
values in Table 4.5, focuses mainly on the economic aspects of AB
technology. In that part of the EPRI study provided by Wilems and Danna5
in which the effects of transuranic separation on waste disposal were
assessed, the report states that the thermal goal for the reprocessed HLW
2.5 kW of heat per package. However, except for the glass waste containers
from aqueous-reprocessing, the study did not consider varying the
dimensions in order to load other reprocessed waste containers up to the
2.5 kW heat-load limit. As a result, the authors obtained a larger number
of reprocessed waste containers as compared to the case in which all waste
containers held 2.5 kW of heat.
4.4.3 Thermal Criterion for Waste Packages
The above discussion illustrates the importance of having a consistent
thermal criterion for the waste repository. Such a criterion has to be
established from the standpoint of waste acceptance by the repository.
Section 7.1.3 of this report lists and discusses a number of thermal
limitations used by designers of a potential repository at Yucca Mountain.
They include maximum values for spent fuel cladding and borosilicate
glass waste temperatures, borehore wall temperatures, rock temperatures
at various locations, land surface temperature, and derived limits such as
thermally-driven rock-displacement and overburden uplift. These thermal
limits result in limits to waste loading for packages to be emplaced in the
repository.
Thermal analyses performed by O'Neal 8 on the reference and hybrid spentfuel waste containers indicate that both container designs comply with the
thermal limits. These containers hold heat-loads ranging from 1.1 to
3.3 kW per package. Additional analysis by Johnson 9 indicates compliance
with thermal limits even for hybrid spent-fuel containers; each holds
consolidated spent-fuel rods with a heat output of 4.7 kW. Therefore, the
selection of 2.2 kW per container of spent fuel for this study should meet the
thermal limits established for a tuff repository.
For reprocessed waste in glass, the maximum waste-form temperature is
limited so that it does not exceed the glass transition temperature, which is
greater than 4000C.8 Thermal analysis performed by O'Neal 8 on glass
HLW indicates compliance with the maximum waste-form temperature
and the rest of the thermal limits for glass waste containers with a heatloading of 2.2 kW/package. There is no thermal analysis available for
pyroreprocessed waste containers. This study assumes a thermal limit of
2.2 kW/package for all types of reprocessed waste so that they can be
compared with spent-fuel containers with the same heat loading value.
Table 4.6 shows the waste-package properties for spent-fuel and
reprocessed waste containers, calculated based on a fixed thermal limit,
i.e., each container holds 2.2 kW of heat. The total number of waste
containers in both cycles is about the same. When comparing the aqueous4- 14

reprocessed waste and spent-fuel containers based on the original 63,000
MTIHM, there is about 10% reduction in the number of reprocessed waste
containers - a result consistent with other studies.
4.4.4 Radionuclide Inventory in AB Cycle
The spent LWR fuels accumulated in the U.S. nuclear economy is
projeccted to reach the 63,000 MTIHM level at around year 2011. Assuming
that the ALMR program sponsored by DOE's Office of Nuclear Energy will
introduce one ALMR a year, starting in year 2013, at least one U.S.
reprocessing plant, capable of recovering all transuranics, including
neptunium, plutonium, americium, and curium would have to be available
a few years before that. Transuranics recovered from reprocessing 63,000
MTIHM of LWR spent fuels are sufficient to fuel 16 ALMRs operated with a
conversion ratio of 0.76, and a capacity factor of 80% for 40 yr. The 16th
ALMR will be introduced at around the year 2027, and by the year 2067, all
of the 63,000 MTIHM LWR spent fuels now destined for a geologic repository
could be reprocessed.
Figure 4.6 shows the accumulations of the reprocessed material as a
function of time in years. It shows the accumulation of the spent fuel
inventory reaching the level of 63,000 MTIHM at year 2011, and the
reduction of the LWR spent fuel inventory as it is reprocessed for the
recovery of transuranics used to fuel the ALMR starting at about the year
2013. Between the years 2013 and 2027, large quantities of LWR spent fuel
are needed to be reprocessed to recover transuranics for the initial core, the
first two reloads, and make up for some subsequent reloads of those 16
ALMRs. After that, LWR spent fuels are reprocessed for the make up
transuranics.
As the LWR spent fuel is reprocessed, the recovered uranium is
accumulated. Only about 1% of this reprocessed uranium is used by the
ALMR program; the rest will be accumulated in surface facilities reaching
a total inventory of about 60,000 MT by year 2067. This uranium contains
0.8% U-235, slightly higher in enrichment than natural uranium (0.71%
U-235). But it also contains some amount of U-236, a neutron absorber, and
hence would reduce the reactor reactivity if it is recycled to LWRs. If this
uranium is stored in a surface facility for long times, the radioactivity of its
decay daughters, Pa-231 in particular, could impose a radiological risk on
the workers and the general public.
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Figure 4.6. Accumulation of reprocessed material in an AB cycle as a
function of time.
The amount of fission products in LWR spent fuel is about 3%.. They
accumulate to about 1900 MT by the year 2067. If the spent fuels are
aqueous reprocessed, the fission products will be encapsulated in vitrified
glass containers. 24,550 containers of glass waste are produced if each
container has a thermal heat output of 2.5 kW.
With each metric ton of LWR spent fuel yielding 9.72 kg of transuranics,
about 612 MT of transuranics are produced from reprocessing 63,000
MTIHM of spent fuel. About 441 MT of this quantity of transuranics are
used to support 16 ALMRs as start-up core plus two reloads, the rest as
make up for the subsequent reloads fuels. After 40 years of reprocessing
and recycle, there are still -441 MT of transuranics in the reactor core and
its fuel cycle facility, only 170 MT of transuranics are consumed. As a
result, the ALMR program will achieve a transuranic reduction factor,
defined as the ratio of transuranics in the direct-disposal cycle to that in the
AB cycle, of 1.4 over 40 years of recycling operation, a result similar to that
obtained by Pigford and Choi. 10
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Figure 4.6 shows the time-dependent accumulation of reprocessed material
from reprocessing the original 63,000 MTIHM of LVVR spent fuel. It does
not include the accumulation of reprocessed material from ALMR spent
fuel reprocessing.
4.4.5 Cs and Sr Separation
A reprocessing option that includes the separation of Cs and Sr is
evaluated, since it has been viewed as a major feature of the AB cycle. In
this option, the heat-producing elements Cs and Sr are separated during
reprocessing and are stored in a monitored surface facility for 300 years,
until Sr-90 and Cs-137 and their daughters have completely decayed.
Assuming that the separation efficiency of Cs/Sr is 99.9%, the same as that
for the afinides, the radionuclide inventory in wastes produced by this
reprocessing option will contain other fission products along with 0.1%
actinides, 0.1% Cs/Sr, and the remaining long-lived Cs-135.
Figure 4.7 shows the heat outputs of three different waste packages,
representing three different waste management schemes. The top curve
gives the heat output of a hybrid spent-fuel package from a direct-disposal
cycle, and the middle and bottom curves give the heat load of a reprocessed
waste package from an AB cycle, without and with separation of Cs and Sr,
respectively.
A comparison of these heat outputs is illustrated in Fig. 4.8. Curve 1
compares the thermal effect of removing actinides from the wastes and
indicates no significant heat reduction during the first 100 yr of decay. The
effect of removing of long-term actinide heat from wastes, as indicated by a
heat-reduction factor of about 500, is realized after 400 yr, when Cs/Sr and
their daughters have completely decayed. Curve 2 compares the thermal
effect of removing both actinides and Cs/Sr from the wastes. It indicates a
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factor of 12 reduction in heat load at 10 yr. This heat-reduction factor
increases to 500, the same level as that in curve 1, much sooner (at 100 yr)
due to the absence of Cs/Sr in the waste packages. Curve 3 compares the
effects of separating or not separating Cs/Sr in the AB cycle. It shows a
heat-reduction of about 10 at 10 yr of decay. The curve follows the same
trend as curve 2 until about 100 yr, then it decreases to unity at 400 yr after
Cs/Sr and their daughters have decayed away. If the repository capacity is
limited by heat loading, the decreased heat output in the repository waste
due to the separation of Cs/Sr would allow a larger amount of reprocessing
waste in a given area of the repository.
Table 4.6 compares the waste packages at a decay time of 10 yr and shows
that, if the salt/zeolite waste-packages from pyroreprocessing (containing
Cs/Sr and their decay daughters), are excluded from the repository, the
capacity can be increased by a factor of about 10; the same result is shown
by curve 3 of Fig. 4.8. Separation of Cs and Sr in aqueous-reprocessing
requires further processes, such as SrEX and CsEX.1 0 It is expected that a
similar increase in repository capacity can be achieved.
A comparable option in the direct-disposal cycle is to store the spent fuel in
a monitored surface facility for as long as the separated Cs/Sr would be
stored. The spent-fuel decay heat will decrease only by a factor of 9 after
300 yr of decay. This is true because the spent-fuel heat output is dominated
by the actinides after Cs/Sr and their daughters have decayed away.
4.4.6 Inventory Reduction Factors for ALMRs
The comparisons presented so far have focused on the waste packages in
cases with and without actinide separation, or with and without Cs/Sr
separation, i.e., the radionuclide inventories are compared due to actinidepartitioning alone. Here, we will compare the radionuclide inventories by
considering the P-T of actinides, as measured in terms of a long-term
inventory reduction factor.
AB ALMRs can transmute transuranics from LWR spent fuel. However,
as pointed out in an independent study by Pigford and Choi**,ll the net rate
of transuranic transmutation, relative to the large inventory in the reactor
and fuel cycle, is low for realistic reactor design. For a long time much of
the inventory of transuranics recovered from LWR spent fuel will merely
reside in the above-ground inventory of transuranics in the transmutation
reactor and its fuel cycle. Only after hundreds to thousands of years can
the total inventory of transuranics in the transmutation reactor, in its fuel
cycle, and in the reprocessing waste be reduced by a decontamination factor
of 103, a level specified as a goal by the ALMR program.

** The

content in section 4.4.6 was extracted from a study on "Inventory Reduction Factors
for Actinide-Burning Liquid-Metal Reactors," by Pigford and Choi. Their study was not
part of, and not-funded by the project.
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Table 4.6 Waste-package comparison between direct-disposal and actinide-burning cycles (same heat load per package)
ActeBuning

Direct-Disposal

LWR Aqueous - ALMR Pyro
,

Type

|

MTIHM of spent
fuel processed

,

.

Spent
fuel

Spent
fuel

63000

25400

_

LWR Pyro

ALMR Pyro
--

.

l

Clad

Glass

Salt

Metal

Clad

Red.

--- -- - salt

ER

Tran
j metal

ER
metal

salt

Assem.

Chemical form

Assem.

Zr

1.3+5
1.8+5
7.6+1
2.9+1
1.7 0

-

6.9-1

1.8 -2
1.8 -2
3.0+1
1.0+2
1.0 0

----

-

Glass

8744
'-'1

.- I.-.

.--

Zeo-

Cu

1.4+5
, 2.1+5

1.2+5
3.2+5

9.1-1

6.6 0

3.1+1

-

-

Zr

-

8744

63000

- -

Zeoit- -

Cu

Zeo
. Jie.

Cu

Ci/Pkg:

1.3+5
1.8+5
7.6+1
2.9+1
1.7 0
6.9 -1
6.9+2
1.2+3
3.7+3
3.7+1

Sr-90
Cs-137
Cs-135
Tc-99
Sn- 126
Np-237
Pu-239
Pu-240
Am-241
Am-243
kW/pkg
_

+

Subtotal No.
of Pkgs.
_.

-

1.6 -2

2.2
__

~~~I.

_ I

.

1.4 0
4.7 0
4.5 -2

2.2

2.2

2.2

2.2

;

2.2
-

1 12095

!

i

1556

26685 1 13504

27724

3,9+3
2.3+2

2.2

2.2

--

ti

1039 1 23141

15060

208
25584

Cu

8.1 0
4.8 -1
2.0 -2
2.0+1
3.2+1
1.1+2
1.1 0
2.2

2.2

2.3 -2
1.2+2
1.6+2
2.8+2
5.6 0
2.2

2.2

_

250

1 946

13504

15564

15060

__

406__-

42095
71.3

1.6 -2

Zeolite
1.2+5
3.2+5
6.6 0

2.3 -2 1.8 -2
1.2+2 1.8+1.
1.6+2 3.0+1
2.8+2 1.0+2
5.6 0 1.0 0

8.5 -4

! 8.4 -1

1039
.

1.3+5
1.8+5
8.1 0

1.4+5
2.2+5
9.2 -I

2.0 0

6.9+2
1.2+3
3.7+3
3.7+1

__

30000

Total No. of Pkgs.
% of Total

j

2.2
- _

[Metal

..

63000
.-

___ ___

Salt

42784

___! 28.7
; 2.4
1

!,62.4
,

..

40644
, 31.6

1,3.6
i

i-

2.6

1 57.0

1 .5

1

10.6

i 2.3

33.2

13.8

--

To fairly evaluate the transmutation benefits of deploying ALMRs, we
compare the total unburned ALMR transuranic inventory with the
transuranic inventory if there were no ALMRs and if continuing LWRs
were to operate at the same electrical energy output and time as the
ALMRs. For this purpose, we define the transuranic inventory reduction
factor r as
time-dependent inventory of transuranics in unreprocessed LWR spent-fuel waste, without actinide burning
time-dependent inventory of transuranics in the actinide-burning reactor and its fuel cycle
and in the high-level waste from reprocessing LWR fuel and ALMR fuel

Using the reactor design data developed by General Electric2 and ANL, 3 we
obtain the values in Table 4.7 of the asymptotic V1 inf and the time to reach
(1-1/e) of 'Vinf Curves of W(t) appear in Fig. 4.9. The results indicate that a
very long period of ALMR operation is required to obtain the degree of
transmutation specified as the objective of the ALMR program.
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Figure 4.9 Time dependent reduction factors for ALMRs.
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Table 4.7 Calculation of inventory reduction factors for ALMRs.
lb

Cyclec

F/Id

pa

gk

yr

yr

D/Ie
yr 1

.11l
0.96i
0.7 6k
0.62i
0.40k
0.221

27,200
19,400
27,600
14,400
20,200
34,900

1.88
1.61
1.88
1.16
1.25
0.700

0.100
0.121
0.108
0.175
0.160
0.347

0.104
0.121
0.099
0.149
0.136
0.316

B/If
Yr 1

P/Ig
yr 1

Vinf h

0.00424
0
0.00904
0.0259
0.0241
0.0313

0.0132
0.0185
0.0130
0.0249
0.0178
0.0103

3.0
153
204
290
262
120

ti

Table Notes:

h

f is the breeding ratio, defined as the ratio of Pu-239,241 destruction to Pu-239,241
production.
Inventory in the reactor and fuel cycle, scaled to 1395 MWe.
Chronological time of an irradiation cycle, scaled to a capacity factor of 0.8.
F is the refueling rate of transuranics.
D is the discharge rate of transuranics from the core and blanket.
B is the net rate of depletion of transuranics. At steady state, F = D + B.
P is the rate of production of transuranics from a 1395 MWe PWR, 33 MWday/kg,
0.80 capacity factor, equal to 359 kg/yr.
Winf is the asymptotic reduction factor, for the process decontamination factor y =

i

1,000.
t is the time to reach (1 - l/e) of the asymptotic value, for y = 1,000.

j
k

Data from General Electric for a PRISM ALMR with core and blanket. 2
Data from General Electric for a PRISM ALMR with a homogenous core and no

a
b
c
d
e
f
g

blanket. 2

1

Derived from Argonne data for a 450 MWe ALMR with no blanket and core, charged
entirely with transuranics, scaled to 1,395 MWe. Discharged ALMR fuel is cooled
two years before reprocessing. Time for reprocessing is ignored.

4.5 CONCLUSIONS
Although the transuranic inventory that goes to a repository is greatly

reduced in an AB cycle, the total number of reprocessed-waste containers
destined for the mined repository is not much different from that of spent
fuel containers. This is because as long as the emplacement of waste in a
repository is governed by the areal power density (APD) and a fixed
container dimension, the number of waste containers will depend on the
thermal heat output in each container. Since the transuranics do not
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yr

190
14,100
15,800
9,800
10,700
4,800

contribute much in the earlier phase of the decay (i.e., 10-yr-old fuel),
extracting them from the reprocessed waste will not make much difference
in the thermal loading. To reduce the number of waste containers, and
hence, to increase the repository capacity, separation and surface storage of
the heat producing cesium and strontium would be required.
A significant amount of reprocessed uranium remains in the AB cycle.
This uranium contains 0.8% U-235, and some amounts of U-236, a neutron
absorber, and hence, would reduce the reactor reactivity, if it is recycled to
LWRs. If this uranium is stored in a surface facility for long periods of
time, the radioactivity of its decay daughters, Pa-231 in particular, could
impose a radiological risk on the workers and the general public.
After 40 yr of fuel reprocessing and transuranic recycling, there are still
significant amounts of transuranics residing in the AB reactor core and its
fuel cycle. The actual transuranic reduction factor, defined as the ratio of
transuranics in the direct-disposal cycle to that in the AB cycle, is
calculated to be only 1.4.
It will take at least 1,000 yr of fuel-reprocessing and transuranic recycling
to achieve an overall transuranic inventory reduction factor of 100, only 10%
of the level specified as the goal by the ALMR program. This may be
detrimental to the AB ALMR program because a long-term commitment
for an ALMR economy would be required.
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5.0 COMPARISON OF ISOLATION RISKS
(Wm. Halsey - LLNL and William W.-L. Lee

-

LBL)

Perhaps the single most significant benefit of P-T for a HLW repository is
the potential improvement in the predicted long-term performance of the
repository in its primary function of isolating radionuclides from the
accessible environment.
The purpose of this chapter is to examine the possible impacts of P-T on the
long-term isolation of radionuclides in a geologic repository.

5.1 ISOLATION ISSUES
The primary function of the repository is to isolate the radioactive waste
from the accessible environment after closure. Risk to the public from a
repository is a complex combination of:
-

Radionuclide inventory and decay.

-

Repository environment.

-

Potential disruptive events.

-

Waste-package performance.

-

Waste dissolution rates.

-

Radionuclide transport processes.

-

Human exposure pathways and dose conversions.

A complete understanding and prediction of all of these issues (and the
effect of P-T on them) is not now possible, and may never be. Performance
analysis is the development of methods and models to utilize available data,
mechanistic understanding, and expert opinion to determine bounds and
comparative trends on repository performance. When compared to directdisposal of spent fuel, waste from the P-T concepts may impact repository
performance and in particular, will influence:
-

Radionuclide inventory.

-

Waste dissolution rates.

5.2 REPOSITORY PERFORMANCE GOALS AND MEASURES
Performance goals for the repository are described in the U.S. EPA general
standard for geologic disposal (40 CFR 191),1 the U.S. NRC regulations for
licensing geologic repositories (10 CFR 60),2 and the U.S. DOE guidelines
for recommending sites for repositories (10 CFR 960)3 as well as general
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radiation protection guides such as ICRP 46.4 A variety of measures may
be used to describe the performance of the repository, and a variety of
analysis methods may be applied to predict them. Predictions regarding
isolation performance can be divided into two categories: first, those
working backward from the requirements to determine what isolation
performance is required, and second, those working upward from expected
features, events, and processes in the repository to model the isolation
behavior and then compare this behavior to the requirements. The impacts
of P-T will be discussed here primarily from this second perspective.
5.2.1 Regulatory Requirements
In the regulations, specific performance goals are stated for the repository
as well as the subsystems. Performance goals for the entire repository
system for 10,000 yr are specified by the EPA in 40 CFR 191.13:
"Disposal systems for spent nuclear fuel or high-level or
transuranic radioactive wastes shall be designed to provide a
reasonable expectation, based upon performance assessments, that
the cumulative releases of radionuclides to the accessible
environment for 10,000 years after disposal from all significant
processes and events that may affect the disposal system shall:
(1) Have a likelihood of less than one chance in 10 of exceeding the
quantities calculated according to Table 5.1; and (2) Have a
likelihood of less than one chance in 1,000 of exceeding ten times
the quantities calculated according to Table 5.1."
The most important regulation for the engineered barrier system is
specified by the U.S. NRC in 10 CFR 60.113(a)(1)(ii):
"...the engineered barrier system shall be designed, assuming
anticipated processes and events, so that (A) Containment of HLW
within the waste packages will be substantially complete for a
period to be determined by the Commission taking into account
factors specified in 60.113 (b) provided that such period shall not be
less than 300 years nor more than 1,000 years after permanent
closure of the geologic repository; and (B) The release rate of any
radionuclide from the engineered barrier system following the
containment period shall not exceed one part in 100,000 per year of
the inventory of that radionuclide calculated to be present at 1,000
years following permanent closure, or such other fraction of the
inventory as may be approved or specified by the Commission;
provided that this requirement does not apply to any radionuclide
which is released at a rate less than 0.1% of the calculated total
release rate limit. The calculated total release rate limit shall be
taken to be one part in 100,000 per year of the inventory of
radioactive waste, originally emplaced in the underground facility,
that remains after 1,000 years of radioactive decay."
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Table 5.1. Release limits for containment requirements.
[Cumulative releases to the accessible environment for 10,000 yr after disposal]
Release limit per

1,000 MTIHM or other
unit of waste (as defined
in the regulation)
(Ci)

Radionuclide
Americium-241 or -243
Carbon-14
Cesium-135 or -137
Iodine-129
Neptunium-237
Plutonium-238, -239, -240, or -242
Radium-226
Strontium-90
Technetium-99
Thorium-230 or -232
Tin-126
Uranium-233, -234, -235, -236, or -238
Any other alpha-emitting radionuclide
with a half-life greater than 20 yr
Any other radionuclide with a half-life
greater than 20 yr that does not emit
alpha particles

100
100
1,000
100
100
100
100
1,000
10,000
10
1,000
100
100
1,000

In addition, 40 CFR 191 contains 1,000-yr requirements for the protection of
individuals and groundwater. The groundwater standards have been
remanded to EPA for reconsideration and are not generally used as
limiting performance goals.
5.2.2 Performance Measures
A variety of performance measures have been used to describe the different
aspects of repository performance. Because there are many issues that
contribute to repository performance (as listed in Sec. 5.1), and many of
these issues lead to a wide range of parameters, no single simple
calculation completely represents the expected performance. In addition,
uncertainty in critical parameters leads to a range of possible repository
performance. This range is best described in probability distributions, thus
leading to the use of complex probabilistic risk assessment (PRA) as the
most comprehensive method to describe performance. The most complete
measures are those which include the total system performance and health
consequence to humans and consider all of the issues listed in Sec. 5.1.
These are the predicted time-dependent total-population dose and the dose
to the maximally exposed individual. These can be described by a PRA or
as bounding scenarios constructed by logical limiting values for the
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controlling parameters. At this time, a complete PRA of the candidate
Yucca Mountain repository is not possible, but moderately complex
probabilistic total systems analyses of key scenarios have recently been
completed.5-7
An important repository performance measure, which considers all issues
except human exposure, is comparison of a 10,000-yr probabilistic
complementary cumulative distribution function (CCDF) to the allowed
total release sum from the U.S. EPA standard (40 CFR 191) presented in
Table 5.1. This comparison is usually the result of a complex PRA analysis
that considers all or most of the repository performance issues.
The U.S. NRC regulations limit the release from the engineered barrier
system from 1,000 to 10,000 yr. The requirement for 'substantially complete
containment" for the first 300 to 1,000 yr is not sufficiently quantitative for
performance comparison, and is usually discussed qualitatively.
Other performance measures that have been used in discussions of P-T
concepts are: total curie content, total radiotoxicity, and relative dose index.
Total curie content considers only the inventory and ignores the other
issues. Radiotoxicity is the specific activity for a radionuclide times the
biological hazard for that nuclide. This measure accounts for nuclide
inventory and for the different biohazards from different nuclides, but does
not reflect any of the issues of nuclide dissolution, transport, and exposure
pathways. A relative dose index, 8 which is the curies per nuclide times the
biohazard for each nuclide times the solubility of the nuclide, has been
proposed to incorporate mobilization and transport issues into radiotoxicity.
Each of these risk measures has certain advantages and disadvantages; the
simpler measures are easier to apply but do not consider potentially
important issues. Any conclusions drawn using simplified measures
must be qualified to acknowledge the limits of the issues addressed.
5.2.3 Performance Analyses
Performance analysis encompasses a wide range of judgements, models,
and calculations, both quantitative and qualitative, which try to predict the
future performance of a repository or a component of a repository.
Ultimately, performance analysis will be used to show confidence that the
repository will be safe and will conform to the performance goals and
requirements. Along the way, performance analysis will be used to support
and assist decision making, test and design development and optimization,
parameter sensitivity studies and establishment of activity priorities. In
the context of this evaluation of P-T concepts, performance analysis is used
to evaluate the impact of actinide removal on the long-term isolation of
radionuclides, in comparison to the direct disposal of spent fuel.
Risk is the product of probability of occurrance and the magnitude of the
consequences. For a repository there are many possible evolutions of events
and processes which affect performance, each with a probability and a
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consequence. The predicted repository performance is the sum of all of
these possible evolution scenarios.
Risk from a repository is a complex function of terms:
R

=

f(I,F,D,T,E,D)

Eq. 5.1

where
R
I
F
D
T
E
D

=
=
=
=
=
=

risk to humans
inventory of radionuclides
fraction of containers failed
dissolution rates of waste
transport of radionuclides
exposure pathway
dose conversion

These terms depend upon the events in each particular scenario such as
repository environment factors or disruptive events. The terms may be
interdependent and vary with time. Many are described by complex
deterministic or probabilistic functions and the risk is a time dependent
convolution of the terms.
The current state of performance assessment for the Yucca Mountain
candidate repository site is still in the stage of developing the scenarios and
terms in Eq. 5.1, with the first iterations on total system analysis recently
completed.
Performance analysis begins with the specification of initiating events,
whether the repository undergoes normal evolution, or is hit by a meteorite,
or is encountered by someone drilling for minerals some time in the future.
These initiating events lead to radionuclide mobilization, transport and
eventually to re-entry into the biosphere and human exposure. The
proposed repository at Yucca Mountain is well above the water table in the
unsaturated zone and it is in an arid climate. For radionuclide dissolution
and transport, water is needed. Thus, the postulation of water contact is a
key issue for performance assessment at Yucca Mountain. The expected
case is for the repository to remain warm from decay heat for hundreds or
thousands of years, which enhances the natural unsaturated, low-water
infiltration condition. The lack of significant water allows the waste
packages to remain intact for extended times. Eventually, the containers
fail and the waste forms are degraded. The transport of radionuclides
through the unsaturated some is inhibited by the low water conditions and
through retardation in the host rock and in zeolitized strata below the
repository but above the water table. Without perturbation, the expected
performance of the repository at Yucca Mountain is excellent.
Perturbations include increased water flow, from climate change or
episodic fracture flow. This allows leaching and radionuclide migration
has been analyzed and an example is given in Sec. 5.4.
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Other potential disruptive events at Yucca Mountain include human
intrusion, either accidental or intentional, and vulcanism, or meteor
impact.
Based on performance analyses for Yucca Mountain, using current models
and data, the proposed repository at Yucca Mountain will comply with all
regulatory performance requirements. This is especially true for normal
repository evolution. It is true for the unlikely case of increased water flow
leading to slow leaching and radionuclide migration. It is also true for
human intrusion by drilling for resources, the only type of human
intrusion that must be analyzed.1
Different radionuclides dominate the risk calculations at different times
and for different scenarios. Figure 5.1 gives a simplified summary of the
dominant radionuclides at different times for nominal case scenarios
controlled by solubility limitations in small quantities of groundwater, and
disruptive scenarios such as human intrusion where many of the barriers
to release are bypassed. It can be seen that the nominal cases are
dominated by highly soluble fission product species such as Cs and Sr at
early times, Tc at moderate times, and I and Cs at long times. This occurs
because the actinides are solubility limited; there is not enough water
available to mobilize and transport the actinides as rapidly as they could be
available. Disruptive scenarios are dominated by the actinides in the
middle time period, after the short-lived Cs and Sr, and before the moderate
half-life Am, Pu, and Np decay away leaving dominance to the long-lived
fission products and remaining actinides.
Release scenario

Typical

dominant

Gaseous Release

radionuclides

C-14

Limited water/slow
dissolution (Actinides are
solubility limited)

Cs-137
Sr-90

Tc-99

Disruptive events/
aggressive conditions
(Actinides are not
solubility limited)

Cs-137
Sr-90
Pu-238

Am-241
Pu-239,240

101

102

Tc-99, 1-129,
Cs-135, Ni-59

103

Pu-239,240
Am-241,Np-237
Tc-99

104

105

Np-237, Pu-242
U-234,1-129
Cs-135

106

Years

Figure 5.1 Typical dominant radionuclides for repository release scenarios.
In Sec. 5.3, the impact of P-T on the parameters in Eq. 5.2 will be discussed.
In Sec. 5.4, a comparison of release calculations using spent fuel and P-T
waste will be presented.
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5.3 IMPACT OF P-T ON ISOLATION
In a P-T concept, removal of the actinides from LWR spent fuel and the
subsequent disposal of the waste streams from reprocessing result in major
changes in repository performance. These changes are caused by major
changes in one or more of the issues listed in Sec. 5.1. In general, these
changes result in reduced releases, improved performance, and less
isolation risk. We can group the effects into two main categories: those
resulting from removal of the actinides, and those resulting from changes
in nonactinides, waste forms, packages, and repository design. Another
discussion of the impact of P-T on repository risk has been prepared by
Forsberg. 9
5.3.1 Potential Impacts of Actinide Removal
The inventories of radionuclides for spent fuel and the P-T concepts are
discussed in Chap. 4. Complete radionuclide inventories are listed in
Appendix A. Table 5.2 summarizes the most significant radionuclides in
performance analysis. 6
Table 5.2. Radionuclides most significant to performance analyses. 6
Nuclide

Half-life
(yr)

Relative
solubility

Initial inventory
(Ci/MTIHM)*

C-14

5.7 x 103

high

1.1

Ni-59

8.0 x 0

medium

5.2

Sr-90

29

medium

5.7 x 104

Tc-99

2.1 x 105

high

13

1-129

1.6 x 107

high

3.2 x 10 2

Cs-135

2.9 x 106

high

0.32

Cs-137

30

high

8.2 x 104

Sm-151

90

low

3.3 x 102

U-234

2.4 x 105

medium

1.2

U-238

4.4 x 109

medium

0.32

Np-237

2.1 x 106

medium

0.32*

Pu-239

2.4 x 10

low

3.1 x 102

Pu-240

6.5 x 103

low

5.3 x 102

Pu-242

3.9 x 105

low

1.7

Am-241

4.3 x i02

low

1.7 x 0

* For burnup of 33,000 MWD/MT in a PWR.
** This inventory increases as the Ani-241 decays to Np-237.
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In the normal evolution of a potential repository, many performance
analysis scenarios predict no releases. In these cases, P-T cannot reduce
the risk. As we shall show in Sec. 5.4, for the case of slow leaching and
radionuclide migration due to increased water flow, the releases of
radionuclides from a repository containing P-T wastes are not significantly
different from one containing only LWR spent fuel. Where actinide
removal does have a significant impact is where initiating events cause
immediate and direct release of radionuclides, without water transport
through the rocks, such as human intrusion, vulcanism, and meteorite
impact. At times greater than 300 yr, the repository inventories are
dominated by actinides, and their reduction would proportionally reduce
the consequences of such events. Thus, for some scenarios, a 99.9%
removal of actinides could result in nearly a 99.9% reduction in risk. For
scenarios where actinide solubility and transport are significantly
increased, such as through organic, complexing, or colloid formation,
risks may or may not be reduced by actinide removal, depending upon the
rate limiting processes. Finally, where there is substantial uncertainty
about actinide release and transport, removing the actinides can reduce the
uncertainty by lowering the upper bounds of possible release.
5.3.2 Potential Impacts of Different Waste Forms
In addition to repository performance changes due to a lowered inventory of
actinides, the waste forms from P-T concepts will be different from spent
fuel. These waste forms offer the possibility of substantial improvements in
repository and waste package design flexibility and isolation performance.
The use of different waste forms is not dependent on P-T, these waste forms
could be used with LWR spent fuel with reprocessing.
With the actinides removed, there is no criticality constraint on the waste
package, thus allowing a wider range of design flexibility. Larger waste
package loading can be used if desired, and packages can be placed close
together. The constraints on size, shape, and thermal output are not the
same for P-T waste packages and for spent fuel waste packages.
Another major issue is the long-term isolation performance of the waste
form itself compared to spent fuel. For a repository in an oxidizing
unsaturated environment such as Yucca Mountain, hot spent fuel in failed
containers can oxidize to more soluble chemical forms and lose physical
integrity in the process. This alteration could make radionuclides
accessible for dissolution and transport much faster than would be allowed
by the congruent dissolution of the U0 2 matrix. P-T wastes may come in
any one of several different forms, as discussed in Chap. 4. Aqueous
processing of LWR fuel might result in a borosilicate glass similar to the
CHLW already developed. The dissolution rate of this glass should be lower
than the alteration rate for spent fuel in an unsaturated oxidizing
environment. Other possible waste forms include a metal matrix such as a
copper alloy or cemented ion-exchange zeolites containing fission products.
These waste forms are assumed to perform at least as well as or better than
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spent fuel. (See Appendix C for a discussion of the comparative
performance of borosilicate glass and spent fuel.)
For the scenario of slow leaching and radionuclide migration, reduction in
dissolution directly corresponds to a reduction in risk from the soluble
fission products. The residual actinides, in such an optimized waste form,
may or may not still be solubility limited (a factor of about 10 3 lower
dissolution combined with a factor of about 103 reduction in inventory
approximately equals the factor of 106 to 107 lower solubility for the actinides
compared to fission products). In either case, the risk from the actinides is
low, and comparable to the risk from actinides in intact spent fuel. For
nonsolubility-limited scenarios, the waste form performance may or may
not reduce risk. In disruptive scenarios, it is assumed that the waste form
is compromised by the disruptive event, thus giving no reduction in risk.
For scenarios such as colloid or complex formation, the improved waste
form performance would provide a reduction in dissolution rate, and may
be more or less susceptible to formation of rapidly transportable species.
It may also be desirable to create new waste forms that are optimized for
different radionuclides. Some P-T concepts can be extended to isolate the
Cs-135 and Cs-137, the Sr-90, 1-129, C-14, and Tc-99 in separate waste
streams. Optimized waste forms could be provided for each of these, such
as the mineral polucite for Cs and Sr, AgI for I, an insoluble carbonate or
carbide for C, and a corrosion-resistant metal alloy for Tc. Such wastes
could provide a substantial reduction in dissolution rate and proportionally
lowered risk. These waste forms could result from reprocessing of LWR
fuel without transmutation.
5.4 COMPARATIVE CALCULATIONS OF RELEASE RATES
To illustrate the performance
waste, an example calculation
forms discussed in Chap. 4 to
calculation for spent fuel from
total system analysis but will
analysis currently in progress.

comparisons between spent fuel and P-T
has been run with the inventory and waste
parallel an engineered-barrier source-term
the Yucca Mountain Project. This is not a
be the EBS source term for a total system

A number of assumptions must be made to create a P-T scenario that is
The equal energy
comparable to existing spent fuel calculations.
production scenario for waste quantities, package types, and inventories
from Chap. 4 is assumed. Vertical emplacement in boreholes with an air
gap, similar to the Yucca Mountain conceptual design, is used.
We calculate release rates for the selected radionuclides using analytic
solutions in Sadeghi et al., 1 0 for the wet-drip bathtub water-contact mode.
For the radionuclides, we consider the release of three types of species:
solubility-limited species, species released congruently with solid-solid
alteration of the waste matrix, and readily soluble species. In each case,
we give the release rates of the species as a function of time.
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5.4.1 The Wet-Drip Bathtub Water-Contact Mode
Here, we refer to the dripping of water from overhead rock onto waste
packages. This dripping may happen because of episodic fracture flow, or a
change in rock permeability may divert water into fractures that intersect
the borehole. Drips are assumed to penetrate cracks in a failed container
and to dissolve radionuclides as the radionuclide solution slowly rises in
the container and finally overflows through other cracks and penetrations.
Overflow of contaminated water is assumed to occur only near the top of the
container. The contaminated water drips to the rock below. Water within
the container is always well mixed from diffusion and thermal convection.
We refer to this as the "wet-drip bathtub water-contact mode."
5.4.2 Parameters Adopted for Calculating Release Rates
The dimensions of waste containers are given in Chap. 4.
Hvdrogeologic Conditions
The far-field averaged flux at the emplacement horizon is taken to be
0.5 mm/a, which appears to be an upper bound for expected conditions.5
For the wet-drip water-contact mode, we assume that water contact begins
1000 yr after emplacement.
Release Mechanisms
For the exotic waste forms encountered from pyrochemical processing,
Table 5.3 summarizes the release mechanisms for actinides and fission
products.
Curium is the exception and is so noted.
For the
U-234--Th-230--)Ra-226 chain, the dissolution of the daughter nuclides is
congruent with that of the mother parent.

Table 5.3. Release mechanisms.
Waste form
Radionuclide None

AgI

Zeolite

Copper

Glass

Actnides

Solubilitylimited

NA

NA

Solubilitylimited

Solubilitylimited

Fission
Products

Instant

Solubilitylimited

Instant

Alterationcontrolled

Alterationcontrolled

Solubili4y
For calculating the release rates of the solubility-limited species, the
elemental solubility is needed. For solubilities of U, Np, Pu, and Am,
dissolving from hardware and copper matrix, we use the concentrations of
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these elements measured in hot-cell leaching experiments of decladded
LWR spent fuel,11 shown in Table 5.4.
Solubilities of U, Np, Pu, and Am dissolving from borosilicate glass have
calculated using the geochemical code EQ316 to simulate hot-cell leaching
experiments of Wilson,11 Table 5.5.12
Table 5.4. Solubility data for hardware and copper-matrix packages.
Species

Elemental solubilily
(g/m3 )

Source

Ra-226

6.8 x 10-2

Ref. 5

Th-230

2.3 x 10-4

Ref. 5

Np-237

3.0 x 10-4

Ref. 14

Pu-239

9.5 x 10-4

Ref. 14

Pu-240

9.5 x 10-4

Ref. 14

Pu-242

9.5x 10-4

Ref. 14

U-234

0.3

Ref. 14

U-238

0.3

Ref. 14

Am-241

3.8 x 10-5

Ref. 14

Am-243

3.8 x 10-5

Ref. 14

Table 5.5. Solubility for the reference borosilicate glass package.

Species

Elemental solubility
(gjm3)

Source

Ra-226

6.8 x 10-2

Ref. 5

Tb-230

2.3 x 10-4

Ref. 5

Np-237

9.4 x 10-2

Ref. 15

Pu-239

3.8 x 10-8

Ref. 15

Pu-240

3.8 x 10-8

Ref. 15

Pu-242

3.8 x 10-8

Ref. 15

U-234

6 x 10-2

Ref. 15

U-238

6 x 10-2

Ref. 15

Am-241

1.5 x 10-3

Ref. 15

Am-243

1.5 x 10-3

Ref. 15
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For AgI, the solubility was obtained from the commonly known solubility
product constant. 1 3
Matrix Alteration Rates
For borosilicate glass, there is a slow corrosion reaction that releases
fission products and actinides. From the experimental dissolution rate of
lithium from borosilicate glass,1 4 the rate of reaction of the SiO2 glass
matrix with water is 5.2 gm 2 -a. For a container with 1660 kg glass and
assuming that the total reaction surface area, due to internal cracks, is 25
times the geometrical surface area (0.27 m 2 ), 1 5 the reaction rate would
become 36 gla. This results in a fractional alteration rate of 2 x 10-5 1a.
Several of the new (P-T) waste containers have copper matrix. Elemental
copper is not stable in the oxidizing environment at Yucca Mountain. To
estimate the copper corrosion rate, we used data from a 16-yr corrosion
damage study of copper alloy in aqueous environments in the tropics,
conducted by the U.S. Naval Research Laboratory. 16 In these tests, samples
exposed to intermittent immersion in Pacific Ocean water and complete
immersion in soft-water lake water resulted in the same corrosion rate.
Over 16 yr, the average weight loss was 5 g/m 2 -a. We use this corrosion
rate, in the form of a fractional alteration rate per year, for copper-matrix
waste containers.
5.4.3 Calculated Release Rates
Release rates have been calculated for most of the 33 species that we decided
to track as inventory. However, in this comparison, we shall present only
calculated release rates for:
Tc-99
I-129
Cs-135
Np-237
Pu-242
U-234
U-238
In a parallel study, Hirschfelder et al., 1 7 showed that these species are the
only ones that will reach the water table and have the potential to reach the
accessible environment.
All calculated release rates are reported in Lee et al.18 For the release rate
of each species from a particular waste, the fractional release rate as well
as the release rate in curie/annum were calculated.
Figure 5.2 shows the fractional release rates of selected species from waste
package A3-2,5 which results from pyrochemical processing of ALMR fuel.
It contains electrorefining metal waste, with ALMR fuel hardware melted
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into the copper matrix. The actinides all have low fractional release rates
because they are solubility limited. The highest fractional release rate is
that of Tc-99, where the fractional release rate approaches the copper
alteration rate of 6.5 x 10-5 per year. The release rate of Pu is split between
the three isotopes present; Pu-239, Pu-240, and Pu-242. As the shorter halflife Pu-240 decays, the fractional release rate of Pu-242 increases because it
now constitutes a larger share of the elemental inventory.
10-s~~~~~~~~~~~~~

U-238

~

k04 _

fi

'

1-

10-12

2~~~~~~~~~~~~~~~~iF4
-------------------_

Pu-242
-- Up-237

Pu-2ii

Copper-Matrix Container
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Figure 5.2 Fractional release rates of electro-refining metal and hardware
wastes.
Figure 5.3 shows the fractional release rates of selected species from waste
package B1-4, which results from aqueous processing of LWR spent fuel.
In contrast to the waste considered in Fig. 5.2, this waste package,
containing glass waste, contains both fission products and actinides. The
fractional release rates of the fission products are essentially identical, and
differ at later times due to the difference in decay rates. The high fractional
release rates of americium and neptunium are due to the solubility used.14
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Figure 5.3 Fractional release rates of glass waste from aqueous
reprocessing.
Figures 5.4 and 5.5 show the release of Tc-99, as the fractional release rate
and as curie/annum, from all reprocessing wastes, as well as from LWR
spent fuel. 12 The releases of Tc-99 from individual packages of reprocessed
wastes are about the same as for LWR spent fuel. Because of the smaller
waste containers, releases begin sooner, and because of the slow matrix
alteration rate in the reprocessed wastes, the release rates continue at a
high level for a longer period of time.
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Figure 5.4 Fractional release rates of Tc-99 from ALMR wastes.
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Figure 5.5 Release of Tc-99 from LWR-SF and ALMR wastes.
Figures 5.6 and 5.7 show the release of Cs-135, as the fractional release
rates and as curie/annum, from all reprocessing wastes, as well as from
LWR spent fuel. 12 The release rates of Cs-135 from reprocessed packages
are generally lower than for LWR spent fuel, but the fractional release rates
of several reprocessed packages are above the U.S. NRC limit of 5 x 10-5 for
Cs-135.
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Figure 5.7 Release of Cs-135 from LWR-SF and ALMR wastes.
Figure 5.8 shows the fractional release rate of I-129 from LWR spent fuel
and from reprocessed waste. In A1-3, the waste form is the AgI compound.
Because the allowable U.S. NRC limit for the engineered barrier system is
5 x 10-4 for I-129, this limit is not exceeded by any waste form.
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Fractional release rates of I-129 from LWR-SF and ALMR
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Figure 5.9 shows the fractional release rate of Np-237 from reprocessed
wastes. The release of Np-237 is solubility limited in all cases. Except for
borosilicate glass, where Np-237 has a high solubility, the release rates are
very low.
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Figure 5.9 Fractional release rates of Np-237 from ALMR wastes.
Figure 5.10 shows the fractional release rates of U-238 and U-234 from
reprocessed wastes. In these calculations, these two species are considered
mixtures, rather than members of a decay chain. The releases of uranium
species is solubility limited in all cases. The only difference between the two
species is the shorter half-life of U-234. The release rate is highest in the
matrixless hardware package B1-2, whereas all other release rates are very
low.
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Figure 5.10 Fractional release rates of U from ALMR wastes.
Figures 5.11 and 5.12 show the release of plutonium species, as the
fractional release rate and as curie/annum, from all reprocessing wastes.
The release rate of Pu is partitioned into the three longest-lived isotopes,
and that partition is shown for only one waste stream, A1-8. The release
rate of only Pu-242, the longest-lived isotope, is shown from the other waste
packages. Because Pu is solubility limited, all release rates are low.
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Figure 5.12 Releases of Pu from ALMR wastes.
It may be possible to evaluate the benefits of AB without a complete totalsystem performance assessment. An equal amount of radioisotopes
released from either scheme should result in the same dose at the point of
discharge. Once radionuclides are released from waste, the buffering
capacity of the rock controls the chemical form of the species and its
transport properties.
We multiply the release rates of key radionuclides from the individual
waste packages times the number of waste packages, and compare the
overall release rate of that species from the two schemes, LWR-SF vs
reprocessing, for I-129, Tc-99, and Np-237. Figure 5.13 shows the release
rate of 1-129 from LWrR spent fuel and reprocessed wastes. The peak
release rate of 1-129 from reprocessed wastes is approximately the same as
that from LWR spent fuel but starts earlier. For reprocessing wastes from
both schemes 2a and 2b, most of the releases are instant releases from the
zeolite waste in A3-4. The solubility-limited release from AgI from gaseous
I-129 does not appear until about 80,000 yr, in the form of a tail.
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Figure 5.14 shows that for Tc-99, the peak release rate from LWR-SF is
higher by about 10, but the release from reprocessed wastes starts earlier
and stays at a high level for a much longer time. This is because the LWR
spent fuel waste container has a larger void volume, release starts much
later, and the alteration rate of LWR spent fuel is about two-orders of
magnitude faster than that of the copper-matrix waste containers resulting
from reprocessing.
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For solubility-limited Np-237, Fig. 5.15 shows that the release rate from
LWR spent fuel is between those of schemes 2a and 2b. Within the
uncertainty of our parameter values, we can say that the release rates of
Np-237 from LWR spent fuel and reprocessed wastes are equal.
,__1...
. ...

. . ..

. ..

. . . . J... .L---

2V.

LWR Spent Fuel

-t----................................................-

10-?

t1_'_I

o

,

~ ~

~

,

~I0nDw*>zc

2000

40000

60000

0000

Time, year

Figure 5.16 Release of Np-237 from both schemes.
The release rates in Figs. 5.13 through 5.15 assume that all waste packages
begin water contact at 1000 yr, and no credit has been taken for the timedistributed nature of package failure.
5.4.4 Discussion of the Example Comparison
This calculation provides some of the basis for evaluating the P-T benefits in
waste disposal. Inventories of exotic waste packages are given. Release
rates for the wet-drip bathtub water-contact mode relevant to Yucca
Mountain are calculated. For key radionuclides that are likely to reach the
accessible environment, we show that the release rates from reprocessed
waste packages are approximately the same as the release rate from LWR
spent fuel. If the released radionuclides behave similarly during transport,
then it would appear that the releases from reprocessed waste packages are
similar to those from LVR spent fuel.
Several caveats are in order with regard to the results presented here.
Although we use the same methodology for calculating release rates as for
the potential repository at the Yucca Mountain candidate site, in
calculating release rates for Yucca Mountain, we use well-established
solubilities. In this study, we assumed that solubilities for spent fuel and
borosilicate glass dissolution are applicable; a step that has to be justified by
experiments.
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We also assumed, quite arbitrarily, that water contact begins at 1,000 yr.
For spent fuel disposal at Yucca Mountain, extensive thermal studies
showed that recondensation can begin at about that time (assuming
57 kw/acre thermal loading).' For the exotic wastes from P-T, we do not
know whether this is true.
Again, it should be noted that the early Tc-99 release is partially an artifact
of the container volume and the wet-drip bathtub water contact mode.
Within the validity of the scenario and assumptions, the release from P-T
waste is comparable to that from spent fuel.
A comparison of spent fuel vs P-T waste form in a human intrusion
scenario (drilling for natural resources) has recently been analyzed.' 9 The
results show that a repository containing P-T waste would give a lower EPA
sum, but the LWR spent fuel repository also meets the EPA standard.
This exercise illustrates some of the issues and complexities involved in
comparing the different waste streams from P-T and direct disposal of
spent fuel.
5.5 SATURATED VERSUS UNSATURATED REPOSITORIES
The preceding discussion focused on the performance characteristics of an
unsaturated oxidizing environment such as that found at Yucca Mountain
because the current performance analysis development efforts are centered
on assisting in the characterization of that candidate site. Most other
potential repository locations are below the water table in the saturated
zone, typically with more reducing chemical conditions. In such a
repository, there is always water present that can result in container and
waste form degradation, mobilization, and transport of radionuclides.
However, there should be a substantial reduction in the oxidation rate nd
thus the radionuclide release rate of the U02-matrix intact spent fuel under
moderately reducing conditions unless the groundwater is very aggressive.
The relative performance of spent fuel and other waste forms may be
different than in the unsaturated case. Glass waste forms may still
perform well, but some metal matrix forms may not. This effect may favor
the performance of intact" spent fuel over P-T concept waste forms.
However, unless the groundwater migration is extremely slow, solubility
limitations will not be as significant, which favors the P-T concepts with
their reduced actinide inventory. The net effect will be to change the
relative performance of different scenarios. In a fact, it could reverse the
scenarios that benefit from direct-disposal vs P-T. In saturated reducing
repository, the nominal scenarios may perform better with P-T waste,
whereas the disruptive scenarios may fare better with intact U02. The
likelihood of each scenario can only be assessed on a site-specific basis.
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5.6 CONCLUSIONS
P-T has the potential to reduce long-term repository risk. All other things
being equal, with less inventory there is less risk. This benefit, however, is
scenario dependent and in many cases, may not be as great as inferred by a
99.9% reduction in actinide inventory. Rick reduction is not proportional to
the reduction of radionuclide inventory because risk to the public is a
complex function of inventory, geologic environment, container
performance, dissolution rates, transport processes, and human exposure
pathways. Where release is solubility limited, the low solubility of the
actinides prevents them from being a problem in the first place, and P-T
does not substantially reduce risk. Where release is not solubility limited,
P-T can reduce risk by several orders of magnitude in the 102 to 105 time
frame. Optimized waste forms and designs may also contribute
substantially to risk reduction. Finally, while a repository is expected to be
able to meet the performance requirements either with or without P-T,
actinide removal generally results in reduced uncertainty in performance
prediction by decreasing the upper bounds of the release possibilities.
Example calculations were performed to compare the release rates of key
radionuclides from hypothetical repositories containing LWR spent fuel
and P-T wastes, holding constant the geologic environment, transport
processes, and potential human exposure pathway. We used similar logic
to derive dissolution rates. This comparison showed that release rates from
spent fuel and P-T repositories are very similar, well within the error
bounds of the calculations.

5-23

REFERENCES
1.

"Environmental Radiation Protection Standards for Management and
Disposal of Spent Nuclear Fuel, High-Level and Transuranic
Radioactive Wastes," Code of Federal Reeulations, Title 40, Part 191,
EPA, 1985.

2.

"Disposal of High-Level Radioactive Wastes in Geologic Repositories,"
Code of Federal Regulations. Title 10, Part 60, NRC, 1983.

3.

'General Guidelines for the Recommendation of Sites for Nuclear
Waste Repositories," Code of Federal Regulations. Title 10, Part 960,
DOE, 1984.

4.

"Radiation Protection Principles for the Disposal of Solid Radioactive
Waste," Annals of the IRP, published on behalf of the International
Commission on Radiological Protection, M. C. Thorne, ed., 1985.

5.

Technical Summary of the Performance Assessment Calculational
Exercises for 1990 (PACE-90) Vol. 1: "Nominal Configuration"
Hvdrogeologic Parameters and Calculational Results. SAND90-2726,
Sandia National Laboratory, Albuquerque, NM, R. W. Barnard and
H. A. Dockery, eds., 1991.

6.

M. L. Wilson, A Simplified Radionuclide Source Term for Total-System
Performance Assessment, Yucca Mountain Site Characterization
Project, Sandia Report No. SAN91-0155, Albuquerque, NM, Nov. 1991

7.

R. K. McGuire, D. B. Bullen, N. Cook, K J. Coopersmith, J. Kemeny,
A. Long, F. J. Pearson, Jr., F. Schwartz, M. Sheridan, and R. R.
Youngs, Demonstration of a Risk-Based A1proach to High-Level Waste
Repository Evaluation, EPRI NP-7057, Electric Power Research
Institute, Palo Alto, CA, 1991.

8.

Thomas H. Pigford, Actinide Burning and Waste Disposal," in
Proceedings of the first MIT International Conference on the Next
Generation of Nuclear Power Technology, Cambridge, MA, Oct. 1990.

9.

C. W. Forsberg, Health and Environmental Risk-Related Impacts of
Actinide Burning on High-Level Waste Disposal, Oak Ridge National
Laboratory, Draft Report, August 1991.

10. M. M. Sadeghi, T. H. Pigford, P. L. Chambre', and W. W. Lee,
Equations for Predicting Release Rates for Waste Packages in
Unsaturated Tuff, Lawrence Berkeley Laboratory Report No. LBL29254, 1990.
11. C. N. Wilson, Results from NNWSI Series 3 Spent Fuel Dissolution
Test, Pacific Northwest Laboratory Report No. PNL-7170, 1990.

5-24

12. C. J. Bruton, Geochemical Simulation of Dissolution of West Valley
and DWPF Glasses in J-13 Water at 90C,3 p. 607, in Scientific Basis for
Nuclear Waste Management XI, M. J. Apted and R. E. Westerman,
Eds., Materials Research Society, Pittsburgh, PA, 1988.
13. L. L. Burger, R. D. Scheek, and K D. Wiemers, Selection of a Form for
Fixation of 1-129, Pacific Northwest Laboratory Report No. PNL-4045,
1980.
14. T. A. Abrajano, J. K. Bates, T. J. Gerding, and W. L. Ebert, IShg
Reaction of Glass During Gamma Irradiation in a Saturated Tuff
Environment. Part III: Lone Term Experiments at 10£ rad/hr,
Argonne National Laboratory Report No. ANL-88-14, 1988.
15. U.S. Department of Energy, Characteristics of Spent Fuel. High-Level
Waste, and Other Radioactive Wastes Which May Require Long-Term
Isolation, Department of Energy Report No. DOE/RW-0184, 1987.
16. C. R. Southwell J. D. Bultman and A. L. Alexander, Corrosion of
Metals in Tropical Environment - Final Report of 16-yr Exposures,'
Materials Performance, X, No. 7, 9, 1976.
17. J. Hirschfelder, P. L. Chambre, W. W.-L. Lee, T. H. Pigford, and M.
M. Sadeghi, Effects of Actinide Burning on Waste Disposal at Yucca
Mountain,' Trans. Am. Nuc. Soc., 64, 111, 1991.

18. W. W.-L. Lee and J. S. Choi, Release Rates from Partitioning and
Transmutation Waste Packages, Lawrence Berkeley Laboratory Rept.
No. LBL-31255, Dec. 1991.
19. R. W. Barnard and W. W.-L. Lee, Performance-Assessment
Coarisons for a Repository Containing Conventional or PartitionedTransmutation Nuclear Waste, paper accepted for the 1992
International High-Level Radioactive Waste Management Conference,
Las Vegas, NV, SAND 91-21666, LBL-31809, 1992.

5-25

6.0 COMPARISON OF OPERATIONAL RISKS (J. S. Choi - LLNL)
6.1 INTRODUCTION
The purpose of this section is to address the operational risks of a nuclear
fuel cycle deploying the ALMR technology for P-T of actinide wastes. The
operational risks considered here are the human-health and
environmental effects associated with operations of the fuel-cycle facilities,
and the risk of nuclear proliferation due to the introduction of new
processing steps for nuclear material related to AB. The operational risk is
sometimes called the short-term risk, as differentiated from the long-term
risk involved in the geologic isolation of radionuclides (see Chap. 5). A
comparison of operational risks is made between the AB fuel cycle and a
direct-disposal fuel cycle, in which actinide wastes are not separated from
spent nuclear fuels, but are directly disposed of in a geologic repository.
Two types of human-health and environmental effects, radiological and
non-radiological, on two groups of recipients, the general public and the
occupational personnel, are generally associated with the operation of
facilities employed in a nuclear fuel cycle. Radiological risks, which result
from radiation exposure to humans, can be either routine or accidental.
Non-radiological risks those that do not involve exposure to radiation or
radioactive materials also result from fuel-cycle activities. For example,
the risks from release of combustion products (CO and SO 2 ) from fossil
plants supporting activities in the nuclear fuel cycle. The nonradiological
component of the health risks in many instances is higher than the
radiological component. However, the nonradiological risks are excluded
from this study because to include them would involve too large a study
scope (e.g., consideration of the dominance of the U.S. electric power infrastructure by fossil plants). Accidental radiological risk, in general, is
smaller than the risk involved in routine radiological releases from normal
operations of the fuel-cycle facilities, and analysis of the accidental
radiological risk requires definitive facility designs, which are currently
not available. Hence, the accidental radiological risk is not included in this
fuel cycle comparison. For this section, then, the health risk comparison is
based primarily on the radiological risk due to routine radiological releases
from the fuel-cycle facilities.
Three major areas are considered in Sec. 6.3 in the comparison of
radiological risks for the AB and the direct-disposal cycles:
1. Reduction of radiological risk due to the reduction of uranium
needs. This is discussed in Sec. 6.3.1.
2. Increase of radiological risk due to the increase of back-end fuel
cycle activities. This is discussed in Sec. 6.3.2.
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3. Radiological risk associated with using the reprocessed uranium
recovered from LWR fuel reprocessing. This is discussed in
Sec. 6.3.3.
Another element of operational risks is the risk of nuclear weapons
proliferation. This risk arises from the introduction of fuel reprocessing
and fast reactors in support of an AB cycle. The issue of nuclear
proliferation is complex; its resolution, if possible, may involve many
variables, most of them unquantifiable and not purely technical in nature.
It was the concern for possible theft or diversion of fissionable nuclear
material which caused the cancellation of U.S. commercial fuel
reprocessing in the 1970s. We recognize that the absolute risk of
proliferation is an important nuclear-power policy issue in itself; however,
the assessment presented in Sec. 6.4 will focus only on the relative
differences between the two fuel cycles (AB vs. direct-disposal).
6.2 BACKGROUND
Most of the studies and assessments performed during the late 1970s and
early 1980s1 focused on the P-T of minor actinides (i.e., neptunium,
americium, and curium). These studies assumed a reprocessing fuel cycle
and calculated the incremental operational risks caused by P-T of the
minor actinides. They concluded that the implementation of P-T
technologies in a reprocessing fuel cycle would result in the increase of
operational risks because of the following factors:
1. The increased processing and transportation.
2. The increased toxicity from minor actinide recycle.
3. The expenditure of resources required to operate the facilities (i.e.,
utilities).
0
4. The larger number of workers in the facilities.
These earlier studies also concluded that there was little incentive to
partition and transmute the minor actinides.
Because of both the closure of the Barnwell reprocessing plant in the late
1970s and the high cost of commercial fuel reprocessing in the 1980s, the
current U.S. plan for the back-end of the nuclear fuel cycle is to directly
dispose of the LWR spent fuel in a geologic repository. The recent proposed
program by DOE/NE 2 to implement the ALMRs for AB has raised interest
in re-examining the incentive for P-T. The proposed program requires the
reprocessing of LWR spent fuel for the recovery of transuranics (i.e.,
plutonium and the minor actinides) in order to fuel the initial core and the
first two reloads of the ALMR. Subsequent reload cores would be produced
by reprocessing ALMR spent fuels. Some amount of make-up transuranics
from LWRs would be needed if the ALMR were operated as a burner (i.e.,
with a breeding ratio less than unity). The ALMR fuel reprocessing facility
could be an integral part of the ALMR, as proposed in the ANL-IFR
concept; 3 or it could be operated at a centrally located facility serving eight
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ALMRs as proposed in General Electric's PRISM concept. 4 The emphasis
of the proposed DOEINE program is on the "burning" of all transuranics,
rather than burning only the minor actinides. As a result, the evaluation
presented in Sec. 6.3 focuses on a radiological risk comparison between the
direct-disposal cycle and the reprocessing cycle with transuranic burning
(defined here as the AB cycle).
Argonne National Laboratory claims that the diversion and proliferation
resistance of the IFR would be high because of its unique feature of not
separating the minor actinides from plutonium, and because the IFR
concept requires fuel reprocessing to be an integral part of the reactor. The
presence of minor actinides in plutonium makes the plutonium an
undesirable weapons material, and the integral fuel cycle concept
minimizes the diversion threat that would result from external material
transport.
However, in regards to the risk of nuclear weapons
proliferation, the concern for diversion of fissionable material should be
evaluated for the entire fuel cycle rather than for only a single fuel
reprocessing step. The overall incremental risk should be based on a
comparison of a direct-disposal cycle and of a fuel cycle that burns LWR
transuranics in ALMRs.
The health effects from facilities employed in a direct-disposal fuel cycle
were calculated recently by Michaels of ORNL. 5 He modified the values for
health effects of a nuclear fuel cycle with uranium recycle that had been
established by the NRC as a regulatory basis.6 The modification included
an increase in the number of health effects from front-end facilities,
because additional mining, milling and conversion activities are required
to compensate for the lack of a uranium recycle stream. By employing a
relationship between risk and dose of BEIR V which recommends 8 x 10-4
health effects per person-rem, 7 we convert Michael's health-effect values
for a direct-disposal cycle to the radiological dose in person-rem per unit of
electrical energy produced (MWe)-year.
These are summarized in
Table 6.1.
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Table 6.1
Radiological doses among the total U.S. population,
person-rem/MW(e)-yr for the direct-disposal fuel cycle.

Fuel cycle component

Occupational

Geneal public

Uranium mining
Uranium milling
UF6 conversion
Enrichment
Fuel fabrication
Power generation
Transportation
Fuel reprocessing
Waste management
Total
* These values are expected

0.37
0.29
0.0020
0.0063
0.090
0.15
0.0033
-

0.24
0.13
0.15
0.0033
0.0030
0.040
*

*
0.013
0.91
0.58
to be comparatively small.

The major radiological dose to the general public from the front-end of the
fuel cycle results from gaseous releases of Rn-222 (a decay daughter of
Ra-226 in the uranium decay chain) from uranium mines and from mill
tailings. The dose in UF6 conversion comes from the aqueous releases of
Ra-226. The UF 6 conversion step is required to prepare a gaseous feed to the
diffusion enrichment plant. Different radiological doses may result if the
Atomic Vapor Laser Isotope Separation (AVLIS) technology is adopted for
fuel enrichment. Conversion of U 3 0 8 to uranium metal would be required
because AVLIS uses metal feed.
The dose to the general public from power generation comes from the
routine gaseous releases in normal reactor operation. These gases include
tritium, krypton, argon, and xenon. Small quantities of these gases escape
through multiple containment barriers. Doses to the general public from
fuel enrichment, fabrication, and transportation are small compared to
those from other fuel cycle components.
Occupational radiological doses are highest in the components at the frontend of the fuel cycle. In the case of uranium miners, the doses are
predominantly caused by deposition of Rn-222 daughters in the lungs. In
uranium milling, most of the occupational dose results from total-body
exposures to external radiation. Doses to workers in fuel fabrication plants
and reactors are also due to external radiation exposures. Occupational
radiological doses from all other fuel cycle components are small in
comparison.
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6.3 RADIOLOGICAL RISKS COMPARISON
6.3.1 Dose Reduction Due to Reduction of Uranium Needs
In the AB cycle, we assume that 63,000 MTIHM of LWR spent fuels are
reprocessed, and the recovered transuranics will start and fuel 16 ALMRs
(see Sec. 4.2.4). Each ALMR produces 1395 MW(e) at full capacity and is
assumed to operate at 80% capacity factor for its designed life of 40 yr. The
total electrical energy generated by the ALMRs is 7.1 x 105 MW(e)-yr. If this
same amount of electrical energy were to be generated by LWRs in a directdisposal fuel cycle, new or extended-life LWRs would have to be operated,
which would produce a demand for more mining of uranium ore.
To account for the additional electrical energy generated by the ALMRs, we
assume that the same amount of electrical energy would be generated by
new or extended-life LWRs in a direct-disposal cycle. Figure 6.1 shows the
annual fuel processing requirement for a 1395-MW(e) LWR, operated with
80% capacity factor in a direct-disposal cycle. The reactor has an annual
mining and milling requirement of 355.8 short tons of U 3 0 8 , or an
equivalent of 272.9 MTU. It will need 1.4 x 103 short tons of U 3 0 8 for 40 yr of
operation. Sixteen of these LWRs will generate the same electrical energy
as that produced by the ALMRs and will require about 2.3 x 104 short tons of
U 3 08 to be mined, milled, and processed. In essence, this is the amount of
uranium not needed if ALMRs and the AB fuel cycle are employed.
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Figure 6.1 Annual fuel processing flow sheets for a direct-disposal cycle.
The mining operation exposes previously inaccessible uranium so that the
daughter nuclides, particularly radium and radon, have a greatly
increased probability of transport to the general environment.
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Extracting uranium from its ores in the milling operation increases the
accessibility of the decay products substantially beyond that in the original
ore. Ultimately, these radionuclides are left in the residues from uranium
milling. The process waste products have a bulk approximately equal to
that of the original ore, and it has been common practice to dump them into
tailing piles near the mills. Possible problems with tailings are: (1) longterm emission of radon gas from piles, and (2) dispersal of the
radionuclides in tailings into the environment by either natural forces or
human intervention.
Table 6.1 lists estimates of the radiological doses for occupational workers
and the general public from fuel cycle facilities, expressed in terms of the
number of person-rem per MW(e)-yr of nuclear power generation in a
direct-disposal cycle. The major contributions to the total doses come from
the front-end facilities, which account for 80% of the total. If the electrical
energy were produced by burning the LWR transuranics in ALMRs, there
would be no need for additional uranium to be mined, milled, and
processed, and a reduction in total radiological dose of 1.06 x 106 personrem would be realized. However, this is not the net saving of radiological
doses in the AB cycle, because additional back-end facilities would need to
be installed to support AB, and the operation of these facilities would result
in additional radiological exposures to workers as to well as the general
public. These additional radiological doses are discussed in Sec. 6.3.2.
6.3.2 Dose Increase Due to Increase of Back-End Fuel Cycle Activities
The introduction of the ALMR and AB requires the capability to reprocess
uranium fuel from LWRs to obtain the discharged transuranics. The
ALMR program also requires the capability to reprocess discharged core
and blanket fuel for transuranic recovery and recycle.
Breeder
reprocessing requires a different facility than that used in water reactor
fuel reprocessing.
As discussed in Sec. 4.3, two different processes are considered. The first is
the PUREX process, an aqueous process which was employed in the large
U.S. reprocessing facilities constructed and planned in the 1970s and is
currently in use in Europe. The conventional PUREX process extracts
plutonium and uranium. If separation of other transuranics and fission
products were required, advanced add-on processes, such as TRUEX, SrEX
and CsEX would need to be employed. The second process considered is a
pyrochemical process which has been under development at ANL,
principally for the metal fuels used in the IFR. If the pyroprocess were to
be used for the LWR spent fuel, a front-end process based either on the Salt
Transport or the Magnesium Extraction technology would have to be
employed to convert the oxide to metal.
Therefore, the introduction of the ALMR and AB would require the
existence of two different fuel reprocessing technologies (i.e., one to
reprocess LWR fuel for transuranic production at least a few years before
the start-up of ALMRs, and another to reprocess ALMR fuel within a few
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years afterward). ALMR start-up with enriched uranium is also a possible
alternative. However, it has been shown that ALMR start-up with
uranium would not be as economical as start-up with plutonium. 7
After fuel reprocessing, the recovered transuranics would be converted to
metal and would be fabricated into metal fuel for the ALMR. The
pyroprocess fabricates the metal fuel by means of an injection casting
technique as part of an integral process. The recovered LWR transuranics
from aqueous fuel reprocessing would first be converted into metal, and
would then be fabricated into fuel for the ALMRs.
Analysis of the potential for radiological releases from the ALMR and the
AB fuel cycle requires an estimate of the amounts of radionuclides present
in the reactors and in the fuel to be fabricated and reprocessed. This in
turn requires focus on specific designs of reactor and fuel cycle facilities.
Definitive designs of the AB ALMRs, the pyroprocessing plant, and the
associated facilities are currently not available. As a result, the analysis of
routine radiological doses to the public and to workers in the facilities
supporting AB will be based on dose-risk studies on similar facilities.
Radiological doses and risks resulting from routine radionuclide releases
from a LMFBR and an aqueous fuel reprocessing plant were estimated by
Miller and Meyer. 8 The LMFBR and the reprocessing plant models were
taken from WASH-1535. 9 Some 51 reactor sites were selected for the
analysis of routine radiological releases from the LMFBR, using localityspecific climatological, food production, meteorological, and population
data. For the fuel reprocessing plant, three potential sites in (1) southern
South Carolina (Barnwell), (2) eastern Tennessee (Oak Ridge National
Laboratory), and (3) southern Washington (Hanford) were considered as the
most likely candidates.
Routine releases from the LMFBR resulting in radiological doses to the
nearby population would be primarily limited to gaseous radionuclides.
These gases include tritium, krypton, argon, and xenon. Miller and Meyer
assumed a release from the LMFBR of 130 Ci/yr, of which 57% was Ar-39;
42%, tritium; and 1%, other noble gases. For the fuel reprocessing plant,
they assumed 7.45 Ci/yr of radioactivity would be released routinely to the
atmosphere. The principal radionuclides released would be Kr-85 (89%),
tritium (10%), C-14 (0.1%), Ru-103, Ru-106, and 1-131.
Miller and Meyer reported their results of radiological doses to the public
for 51 reactor sites and the three specific reprocessing plant sites. They took
account of the size of the population within a 100km radius of each release
location. Taking the average of all 51 reactor sites and normalizing the
release to the U.S. population, we calculated the radiological doses from a
LMFBR and a fuel reprocessing plant in units of person-rem per MW(e)-yr.
The results are shown in Table 6.2. It also shows the results from a LWR
and its fuel reprocessing plant, obtained from NUREG-0332 10 for a
reprocessing fuel cycle with uranium recycle. The reprocessing plant
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considered in NUREG-0332 utilized the PUREX solvent extraction method to
separate the uranium and plutonium. The recovered uranium was
assumed to be converted to UF6 for recycle through the gaseous diffusion
plant for re-enrichment.

Table 6.2 Radiological doses from several fuel cycle facilities for LMFBR
and LWR.
Fuel Cycle Component
LWR fuel fabrication
Power generation
Transportation
Fuel reprocessing
Waste management

Occupational
LWR 1 0
0.090
0.15
0.0033
0.008
-

General Public
LWR 1 0
LMFBR 8
0.003
0.04
0.17
0.013

-

0.01
0.35
-

The results indicate that the radiological doses to the public from the fastreactor fuel cycle facilities are comparable to those from their water reactor
counterparts. The factors of 2 to 4 differences in doses to the general public
could be attributed to the differences in radionuclides as well as in facility
design and operation. Occupational radiation exposure at reactors and
reprocessing plants is due primarily to direct external radiation associated
with refueling, maintenance, inspection, and waste treatment operations.
Although the occupational exposure for the fast-reactor fuel cycle is not
available at this time, we assume that it is the same as those for the waterreactor cycle. We assume this because radiation exposure to workers at
reactors or reprocessing plants (regardless of what type) required to be kept
below 5 rem/yr according to regulation 10 CFR 20.11 Assuming that the
number of workers employed in the two types of reactor fuel cycles are
comparable, their corresponding occupational doses should also be about
the same.
Table 6.3 also shows what facilities are needed to support an AB fuel cycle
and the radiological doses to occupational workers and the general public
associated with their operations. It shows a total radiological dose of
0.81 person-rem per MW(e)-yr. For a total of 7.1 x 105 MW(e)-yr of electrical
energy generated by the ALMRs in the AB cycle, operations of these
facilities will result in a radiological dose of 5.75 x 105 person-rem MW(e)yr, or 54% of the radiological doses for a direct-disposal cycle, as described
in Sec. 6.3.1. This results in a net saving of radiological doses of 0.68
person-rem per MW(e)-yr, or 46% of the total radiological dose incurred in
the direct-disposal cycle. However, it should be noted that there are many
uncertainties and omissions in the assessment of radiological dose in the
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Table 6.3 Facilities supporting the AB cycle.
Fuel cycle component

Occupational

General public

LWR fuel reprocessing
Fuel conversion/fab.
ALMR operation
Transportation
ALMR fuel reprocessing

0.008
0.09
0.15
0.0033
0.008

0.17
0.0033
0.01

Waste management

-

0.013

Total

0.26

0.55

0.35

AB cycle. One of the obvious omissions is dose from the uranium recovered
from LWR fuel reprocessing. The next section will discuss two options for
its use.
6.3.3 Use of Uranium Recovered from LWR Fuel Renrocessing
A problem with AB in ALMRs is the question of what to do with the
uranium recovered from LWR fuel reprocessing. The ALMR utilizes the
recovered transuranics, but only 1% of the recovered uranium. The
reprocessed uranium is 0.83% in 235U, slightly higher in enrichment than
natural uranium (0.71% in 235U). But it also contains some amount of 236U,
a neutron poison, and hence, would reduce the reactor reactivity if the
reprocessed uranium were recycled to LWRs. If the uranium were stored
in a surface facility for long times, the radioactivity of its decay daughters,
Pa-231 in particular, would impose radiological risk on the general public.
Ways to compensate the neutron-poison effect of 236U in recycling the
reprocessed uranium are: (1) to slightly overenrich the fuel ( i.e., 3.5% of
235U instead of the normal 3.3%) in the product stream of the diffusion
enrichment plant, or (2) to use the AVLIS enrichment process. AVLIS
uses the photo-ionization technique for isotope separation and may be able
to separate the 236U from 235U more efficiently.
Pa-231 is a decay daughter of 235U:
U-235 --half-life : 7.1x10 8 yr

--- Th-231----B---- Pa-231
25.5 h
3.3x10 4 yr

Pa-231 is especially troublesome because of its long half-life. Once it is
produced from 235U through beta decay of short half-life Th-231, it will exist
for a long time. Its radiotoxicity is of concern. The International
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Commission on Radiological Protection, in ICRP-26, 1 2 and the
Environmental Protection Agency, in FRPG-87, 1 3 have revised the Derived
Air Concentration (DAC) guide for inhalation of Pa-231 because clearance
of the insoluble Pa-231 from the lung to the various organs was not
previously considered in the biological model in ICRP-2.1 4 The revision
results in a derived guide for Pa-231, which is a factor of 50 more restrictive
than the previous guide. For ingestion of Pa-231, the Annual Limit on
Intake (ALI) was also revised in ICRP-26 and FRPG-87 because Pa-231
seeks the bone surface rather than distributing throughout the bone as
previously thought, making the new limit a factor of 40 more restrictive
than the previous limit. The increase in health hazards with Pa-231 and its
long half-life make storing the reprocessed uranium in a surface facility in
perpetuity a hazardous undertaking. We have considered two options for
using the uranium recovered from LWR fuel reprocessing. They are:
1. Store the reprocessed uranium and eventually dispose of it in a
geological repository. A process block diagram for this option is
shown in Fig. 6.2, together with one for the direct-disposal cycle
for comparison.
(1) DirectW-disposal cycle

land burial
(2) Actinide-burning cycle
Option -Store reprocessed uranium recovered from LWR spent fuel
63,000 MTIHM
LWR spent fuel
at reactor storage
pool or MRS

K
I

' Fssion product containers

LWR fuel
reprorAIssing

I

b

F 612 MT TRU land burial

1395 hIW(e)
_ ALMRs, IBR=0.76
Depete
Uoperated for 40 y

Depeted U

.

[--)N-LLW to shallow

80% cap . actor

LLW to shallow
land burial

Geologic
repository

-0

LLW to shallow

land burial

Figure 6.2 Direct-disposal vs. actinide burning, option 1.
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2. Recycle the reprocessed uranium in LWRs. A process block
diagram for this option is shown in Fig. 6.3, also compared to that
for the direct-disposal cycle. Figure 6.4 shows the annual
fuelprocessing requirement for a 1395 MW(e) LWR, operated at
80% capacity factor and with uranium recycle. The feed to the
diffusion enrichment plant is the uranium recovered from
reprocessing 63,000 MTU of LWR spent fuel.
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(1)

Spent fuel container

Direct-disposal cycle
63,000 NTIHM
LWR spent fuel
at reactor storage
pool or MRS

(2)

Packaging Into
containers

b
LLW to shallow
land burial

Geologic
repository

Actinide-burning cycle
Option 2 - Recycle reprocessed uranium
recovered from LWR spent fuel
Flsslon product contal

63,000 NTIH
i
LWR spentALMR
at ractor stogo
pool or MRS

fuel
reprocessing

i
,

612 IUTTRU

/

/6|1395 Wo
B
/
ALMRa,
ohtd operatedfr4y
stockpl
1%

LLW to shallow
land burial

07LLW
to shallow
land urial

U, TRU recycled
lslon product contal
ALMR fuel
LLW to shallow
reprocessing
burial
~~~~land
rns un
v

Figure 6.3 Direct-disposal vs. actinide burning, option 2.
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36.9 MTIHM
349 kg TRU

Fuel
preparation

UO assemblies
38.7 MTU

LWR

fission products

13895 M.F.

Enriched U

3.5i9A
U-235
39.0 ITU

0.8% U-235
36.9 MTU

015 U3

/

193.5

1TU9010p

from LWRseparation
fuel reproessing

Depleted U
0.3% U-M3

Figure 6.4 Annual fuel-processing flow sheets for fuel cycle with
reprocessed uranium recovered from LWR fuel reprocessing.
The utilization of actinide material in facilities of the AB cycle is accounted
for and is shown in Figs. 6.5 and 6.6 for options (1) and (2), respectively.
The material balance is performed for the transuranics, the reprocessed
LWR uranium with 0.83% 235U, the reprocessed ALMR uranium, and the
depleted uranium with 0.3% 235U.
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Material Balance. MT

(1) Direct-disposal cycle

Total-DD

TRU

LzRB

612.4

60480

A-RU

IQMt

_

61092.4

(2) Actinide-burning cycle
Option I Store reprocessed uranium
recovered from LWR spent fuel
Fuel cycle activities

UtiIatfonm

TRU
LWR fuel reproc.
ALMR fuel fab.
ALMR operation
ALMR fuel reproc.

LM

A-RU

DM

611.8 60419.5
611.2
604.2
601.6
1748.8

7788.9
604.2 7788.9
6995.2
-

recycled

-

59815.3

-

(7788.9)
-

-

9.6

-

391.3

-

1745.0

59815.3

1745.0

(7788.9)

0.0

0.0

52026.4
9.6

-

recycled

At end of 40-y operation
(core + reproc.)

Total-ABI 400.9
Reduction
factor
Total-DD/
Total-ABI1

1.53

1.01

2136.3

-

TRU - Transuranics

L-RU - Reprocessed U-LWR, 0.83% U-235
A-RU - Reprocessed U-ALMR, <0.8% U-235
DU - Depleted uranium, 0.3% U-235

Figure 6.5 Material balances for direct-disposal and actinide-burning,
option 1, store reprocessed uranium recovered from LWR spent fuel.
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Material Balance. MT

IBI
(1) Direct-dIsposal cycle

Total-DD 612.4

L-RU
60480

A-RU
-

PM

Tota
61092.4

-

(2) Atinide-burnIng cycle
Option 2 Recycle reprocessed uranium
recovered from LWR spent fuel
Fuel cole activities

UUIfifatlon. M

TRI

L-R

DA!

LWR fuel reproc.
ALMR fuel fab.
ALMR operation
ALMR fuel reproc.

611.8 60419.5 611.2
604.2 7788.9
601.6
604.2 7788.9
1748.8
6995.2
recycled
recycled
58295.8 LWR-UF6 conv.
58232.5 55802.0
LWR-fuel enrich. 12250.7P 9815.4
recycled
_
_
2
LWR-fuel fab.
12238.4
LWR operation
12238.4
LWR fuel reproc.
97.6 9815.4 recycled
ALMR fuel fab.
97.5
15.2 1033.8
ALMR operation
75.2
15.2 ALMR fuel reproc.
218.6
874.4 1033.8
reccycled
recycled
At end of 40-y operation
16 ALMR (core reproc.)
7 LWR (core + reproc.)
2 ALMR (core + reproc.)
Total-AB2
Reduction
factor
Total-DD/
Total-AB2

-9(7788.9)

9.6

9.6
1519.5

-

1519.2
55802.2 55802.2

-

(15.2)

(1033.8) (1049)
22.3

22.3

1745.0
174.8

391.3
43.7
9.8

1329.3

476.7

2833.6

1.28

21.34

2136.3
218.5
1339.1

-

1919.8

0.0

46979.5 52209.6

0.0

TRU - Transuranics
L.RU - Reprocessed U-LWR, 0.83% U-235
A-RU - Reprocessed U-ALMFR, <0.8% U-235
DU - Depleted uranium, 0.3% U-235
L-U - Low enriched uranium, 3.3% U-235
(7788.9) -7788.9

Figure 6.6 Material balances for direct-disposal and actinide burning,
option 2, recycle reprocessed uranium recovered from LVR spent fuel.
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Results in Fig. 6.5 show that at the end of the 40 yr of ALMR operation,
there is still a significant amount of transuranics remaining in the reactor
cores and in the fuel reprocessing facility, as compared to the amount of
transuranics in the original 63,000 MTU of LWR spent fuel. The inventory
reduction factor for transuranics is 1.53, a value consistent with that
obtained in Sec. 4.4.5 and Fig. 4.8. Since the ALMRs use only 1% of the
reprocessed uranium from LVR fuel reprocessing, 99% still remains at the
end of 40 yr. The only advantage of this option is the consumption of about
7800 MTU of depleted uranium from the enrichment stockpile. This
amount of depleted uranium is needed to fuel the AB ALMRs.
Figure 6.3 indicates that the amount of reprocessed uranium is sufficient to
fuel seven 1395-MW(e) LWRs operated at 80% capacity factor and with
uranium recycle. The reprocessed transuranics from these seven LWRs,
in turn, can fuel two more ALMRs. The material balance for Fig. 6.3 is
shown in Fig. 6.6 and indicates a complex utilization of uranium.
Accounting for all the actinide material in the reactor cores and fuel cycle
facilities at the end of 40 yr of operation, it shows that the original
reprocessed uranium (60,480 MTM) has reduced 21-fold to about 2,834 MTU.
The transformation occurs in the diffusion enrichment plant, and in the
process, about 47,000 Mt of depleted uranium are added to the stockpile.
The higher remaining transuranic content for this option as compared
with option (1) is attributed to the remaining inventory in the seven LWRs
and the reprocessing plant. This option shows an inventory reduction
factor for transuranics of only 1.28.
The analysis of radiological doses associated with the use of the reprocessed
uranium is complex. Concern about the radiotoxicity of its decay daughter,
Pa-231, highlights the importance of this issue. Also of concern is the lack
of a waste management policy for the depleted uranium that is currently
stockpiled in a surface area at the enrichment plant. This section has
attempted to draw some conclusions from the material balance of the AB
cycle with utilization of the reprocessed uranium. A comprehensive risk
analysis would require further studies of the issue outlined.
6.4 NUCLEAR PROLIFERATION RISK COMPARISON
Safeguards in the nuclear fuel cycle are extremely important for reducing
the risks to society associated with possible theft or diversion of fissionable
nuclear materials. There are two main safeguard concerns with an
expanding commercial nuclear industry. First, the commercial fuel cycle
may directly or indirectly lead to increased proliferation of nuclear weapon
states. Commercial facilities may provide additional impetus and possible
sources from which nations might divert nuclear materials into a weapons
program. Second, commercial nuclear facilities may become targets for
subnational groups desiring to steal fissionable materials.
It has been concluded in the Report of the Nonproliferation Alternative
System Assessment Program (NASAP) 1 5 that:
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1. All fuel cycles entail some proliferation risks; there is no
technical "fix" that will permit operation of a nuclear fuel cycle
with material that cannot be diverted to use in nuclear weapons or
that will preclude a determined nation from designing a
proliferation strategy.
2. The direct-disposal fuel cycle with LWR spent fuel discharged to
interim storage pending ultimate disposal in a geologic repository
does not involve directly weapons-usable material in any steps of
the fuel cycle. It is a more proliferation-resistant fuel cycle than
the actinide-burning cycle, which involves use of reprocessed and
recovered transuranics, such as plutonium.
Argonne National Laboratory has argued that their IFR concept is
inherently proliferation resistant because their pyroprocess does not
separate the minor actinides from plutonium, and their fuel-cycle facilities
are an integral part of the reactor. However, their assessment did not
include the fact that the transuranics for the ALMRs come from LWR fuel
reprocessing. Figure 6.3 shows the flows of nuclear material among fuelcycle facilities. If the AB ALMR commercialized, the risk of theft or
diversion of nuclear material would be increased.
Another safeguard and proliferation concern unique to the ALMR economy
is the metal-based process employed. The previously proposed LMFBR
economy employed an oxide-based process. The form of nuclear material
transported among facilities is MO, which is PUO2 diluted with U02. The
safeguard advantage of shipping oxide is the requirement for an extra step
in chemical processing to convert stolen oxide into a form usable in a
nuclear weapon. The IFR and the ALMR use metal-based fuel, a form
which can readily be used in a nuclear weapon. According to IAEA, a
significant quantity of plutonium is defined as a mass of 8 kg of metal,
approximately the amount of material needed to make a nuclear device. To
safeguard plutonium down to this quantity in a commercial facility, very
sensitive detection devices and a "near real time" material accountability
system would be required.
6.5 CONCLUSION
With AB and recycling in ALMRs, there are potential decreases in overall
radiological risks in the AB cycle associated with the reduction in uranium
mining and milling.
These reductions outweigh the additional
occupational and general-public doses attendant to fuel reprocessing and
refabrication. However, there are also uncertainties in the assessment of
radiological doses from facilities in the AB cycle. Further studies will be
required if it is necessary to resolve these uncertainties.
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The issue of what to do with the reprocessed uranium in the AB cycle
requires special attention. Options considered in this section highlight the
concern for radiotoxicity of its decay daughter Pa-231, and the concern for
lack of a waste management policy for the depleted uranium in the
enrichment stockpile.
Commercialization of an AB fuel cycle would encourage a plutonium
economy and would increase the plutonium trade traffic. The risks of
nuclear weapons proliferation among nations and the theft and diversion of
nuclear material by subnational groups would no doubt be increased. This
complex issue will require further study if AB or P-T is to be implemented.
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7.0 EVALUATION OF THE EFFECTS OF REDUCED HEAT
PRODUCTION (Wim. Halsey - LLNL)
One of the important parameters in the design and performance of a HLW
repository is the heat generated by the waste from radioactive decay. As
described in Sec. 4, the waste generated by a P-T concept will have a
different thermal output as a function of time than intact spent reactor fuel.
In general, long-term thermal output will be reduced by the removal of the
actinides. This change in thermal output can potentially have both
beneficial and detrimental effects in the repository.
The purpose of this chapter is to examine the possible impact of P-T on
repository performance and potential impacts on repository design.
7.1 THERMAL ISSUES INVOLVING THE REPOSITORY
For a repository in unsaturated rock, decay heat can result in temperatures
of several hundred degrees Celsius in the spent fuel, the waste container,
and the nearby rock. These temperatures may be maintained for times in
the tens, hundreds, or even thousands of years, depending on the design
and the time history of heat generation.
7.1.1 Benefits of Heat in a Repository
The primary beneficial result from heat in an unsaturated repository is the
substantial reduction of water contact with the waste container and waste
forms. Many of the most likely modes of container failure involve aqueous
corrosion processes such as localized corrosion, stress corrosion cracking,
and many types of microbiologically influenced corrosion.1 If the heat
generated by the waste is sufficient to keep the container surface dry
enough to disable aqueous corrosion processes, then the container lifetime
may increase substantially. Even after container failure, mobilization of all
but the gaseous radionuclides requires aqueous transport processes such
as dissolution, colloid formation, or particulate transport. If the wasteform temperature keeps the surface dry enough to disable aqueous
mobilization processes, significant migration of most radionuclides is
prevented. 2

7.1.2 Complications of Heat in a Repository
Detrimental effects of heat in an unsaturated repository can be divided into
operational and performance issues. A hot repository presents certain
operational problems such as emplacement area temperatures, rock
temperatures, and ventilation requirements for personnel access. Hot
performance issues include accelerated oxidation kinetics for container
materials, possible degradation of fuel cladding and spent fuel at elevated
temperatures, rock mechanics limits, and possible alteration of desirable
rock properties.
In addition, the complexity and uncertainty in
performance prediction can increase with temperature, because more
processes must be considered over wider parameter ranges. Long-term
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performance of an initially hot repository may require models and data for
hot and dry conditions as well as the later cooler and wetter conditions.
7.1.3 Thermal Limitations in a Yucca Mountain Repository
For the current design concepts for a candidate repository at Yucca
Mountain, there are a number of different thermal limitations (constraints)
set by repository performance issues. Many of these limits are somewhat
arbitrary or are subject to specific design features. A number of the
commonly discussed limits (or conceptual design bases) are listed below:
-

Fuel cladding temperature is less than 350'C (approximately the
in-reactor temperature) to limit its degradation (minimize creep),
which could compromise its integrity. 3 .4

-

Borehole wall temperature is less than 2750 C as a consequence of

-

HLW glass temperature is less than 5000C to prevent glass
devitrification. 3 The glass includes both west valley (WV) and
defense high-level waste glass (DHLW).

-

Tuff rock temperature 1 M from the borehole wall is less than
200'C, to limit the potential for adverse stress conditions due to
high-temperature thermal expansion of the rock. 3 (This helps
avoid stresses in the tuff from the mineral crystobalite dispersed
in the tufT, which changes phase and expands by 5% between
2000C and 2500C.5)

-

Temperature in the access drift is less than 50'C for the 50 yr
after waste emplacement for the vertical emplacement concept, to
facilitate access (using active ventilation).

-

Rock temperature midway between emplacement drifts is less
than 100'C for hydrologic drainage.

-

Temperatures are less than 1150C at the Calico Hills nonwelded
zeolitic stratigraphic unit below the repository to limit changes in
the intrinsic hydrologic properties of the unit due to zeolite, glass,
and clay alteration and dehydration. 3

-

Land surface temperature is limited to a rise of less than 60C to
decrease the impact on the surface environment. 3 (The unit
evaluation goal is retained in the performance allocation process.
Further evaluation of this goal is planned.)

-

Majority of the borehole walls are above the boiling temperature
(970 C) of water for not less than 300 yr.3 This limits the
corrosiveness of the container environment.

the cladding temperature limit. 3
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-

Maximum overburden uplift is 0.5 cm/yr.3

Although these temperature limits are not formal or final, they indicate the
type of limits that are likely to be imposed on a repository. It is important to
note that the time lag for thermal effects changes a great deal as a function
of distance from the waste form. For example, the cladding temperature
peak may occur within days of container emplacement, whereas the peak
temperature 1 M into the rock may not occur for years, and the peakground-surface temperature rise may not occur for millennia.
7.2 HEAT PRODUCTION
Spent reactor fuel contains a variety of radionuclides with different halflives. It is anticipated that fuel will be stored for at least five years after its
removal from the core and before its emplacement in a repository, so
radionuclides with half lives less than about one year will decay to
insignificant levels. For the direct disposal of reactor fuel, the thermal
output in the early years is determined primarily by the 30-yr half-life of
Cs-137 and the 28-yr half-life of Sr-90. After the first hundred years, the
actinides and the long-lived fission products dominate the thermal output.
Thus, the thermal effects of P-T can be divided into a) removal of just the
actinides, which impacts primarily the long-term analyses, and b) removal
of the actinides and the Cs and Sr, which greatly reduces heat output for all
times.
7.2.1 Spent Fuel Heat Production
The thermal output of spent reactor fuel depends on the burnup history
during reactor operation and the time since removal from the reactor. It is
a combination of many exponential decay curves but can be divided into
three main categories: actinides, Cs/Sr, and other fission products. An
example of thermal decay characteristics for PWR fuel are shown from
Croff6 in Fig. 7.1, showing the total heat output and the contribution from
each category. Selected numerical comparisons from Till and Chang7 are
shown in Table 7.1.
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Fig. 7.1. Thermal power of major PWR spent fuel constituent groups. 6

Table 7.1. Decay heat of typical LWR spent fuel for 33,000 MWd/MTIHM
burn-up (W/MTIHM). 7
Year
1

5
10
50
100
200
500

Actinides
610
280
280
270
250
215
174
110

Sr and Cs
8270
1550
940
650
397
g7

9
0

Other F.P.
3430
430
80
30
2
0
0
0

Total
12310
2260
1300
950

572
312
183
110

7.2.2 P-T HLW Heat Production
The thermal output of spent fuel is changed when various radionuclides
are removed in the partitioning process. The impact varies with
radionuclide and is different for different time frames and thermal effects.
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Typical P-T concepts plan for the removal of 99.9% of the actinides from
spent fuel. Because the actinides have long half-lives, this removal results
in only a minor effect in the early years (about 20% of total heat output at
10 yr out of the reactor), but a major reduction at long times (99+% at 1000 yr
out of the reactor). The effect integrated over very long times becomes very
large, so actinide removal primarily affects those thermal constraints in
the far field and very far field that are sensitive to the long time integrated
thermal output. An analysis by Croff 6 shows that -the thermal power
integrated from 10 to 1000 yr out of the core is reduced more than four fold if
the actinides are removed.
A variation on some P-T concepts includes removal of the Cs and Sr as well
as the actinides from the waste stream. These radionuclides have short
half-lives and will decay to modest hazard levels in a few hundred years.
The thermal impact on the repository is tremendous if 99.9% of the Cs, Sr
and actinides are removed. The remaining waste has very little thermal
output at any age. Therefore, heat effects are virtually eliminated from
design and performance considerations. The analysis by Croff 6 for this
concept shows that the thermal power integrated from 10 to 1000 yr out of
the core is reduced more than one hundredfold if the actinides, Cs, and Sr
are removed.
7.3 EFFECTS OF REDUCED HEAT PRODUCTION
The impact of reduced heat output on a repository varies with the time
history of reduction and the thermal limitations imposed by the design and
operational considerations.
7.3.1 Benefits of Long-Term Heat Reduction
Beneficial thermal effects from the removal of the actinides are seen
primarily in the long-time limitations imposed on the design and predicted
in the repository performance.
At long times, the integrated thermal output from P-T waste is
substantially less than that from spent fuel. This allows greater areal
loading of waste while still meeting far-field thermal limits such as the
surface temperature rise or mineral alteration in the Calico Hills zeolitized
zone. This allows greater flexibility in repository design and waste loading.
If the long-time or far-field thermal limits were constraining the repository
design or performance, then removal of the actinides would allow
substantially increased waste loading. Calculations by CrofV6 show an
example in which the repository capacity could be increased by 400 to 900%
by P-T. These capacity increases result from a combination of volume
reduction, container optimization, and thermal limitation changes in the
far field.
With a reduction in the far-field temperatures comes a reduction in the
uncertainties in modeling many of the geochemical and hydrological
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properties and processes.
This results in improved performance
predictability, which may make both site characterization and licensing
simpler and easier.
7.3.2 Disadvantages of Lon-Term Heat Reduction
Not all of the results of reduced thermal output are beneficial. Some design
features for an unsaturated repository rely on the heat generated by the
waste.
One of the major performance features of a repository in unsaturated rock
is the lack of free water to drive or support many adverse processes.
Without water, many corrosive mechanisms are not possible. Thus,
degradation of the container, cladding, and waste forms are limited to
mechanical and gas-phase processes. Without water contact sufficient to
support aqueous transport of ionic species, there will be no localized
corrosion cracking and no aqueous dissolution. Without water present to
mobilize dissolved ions or suspended microparticulate species, only gasphase release, solid-state diffusion, and mechanical migration can move
radionuclides from the waste form into and through the host rock. Under
such ideal dry conditions, the performance of a repository should be
excellent and comparatively easy to assess., Such conditions do not reliably
exist in cool, unsaturated rock due to fracture flow, ponding, episodic water
input, and other possible hydrologic events. In heated rock, particularly
heated above the boiling point, dry conditions are easier to demonstrate and
maintain. In the P-T case, the loss of the actinide heat generation results
in the repository cooling below the boiling point quicker and thus making
these adverse processes possible sooner.
An example of a temperature history calculations illustrating the longterm thermal impact of actinide removal is shown in Fig. 7.2. This
calculation compares repository center-point temperatures for intact spent
fuel and for fuel partitioned with 99.9% of the actinides removed.
Comparable 33,000 MWd/MTIHM burn-up fuel 30 yr out of the reactor were
used. The calculation was done using the V-TOUGH code, assuming an
unsaturated repository with zero recharge flux and typical rock thermal
properties for the candidate Yucca Mountain site. For intact spent fuel, the
repository center remains above boiling for about 2000 yr. With the
actinides removed, repository center temperatures only approach boiling
briefly and drop below 50'C within a few hundred years.
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Figure 7.2. Temperature history at a repository center for 30 yr old fuel, an
APD of 57 kW/acre, and a recharge flux of 0.00 mm/yr. 8
7.3.3 Design/Operational Issues
Direct operation impacts of P-T at the repository would be relatively minor.
With most of the actinides removed, the neutron emission from the waste
would be greatly reduced, but the neutron emission from spent fuel is low
enough to be of minor design and operational impact. The gamma
emission per MTIHM would be lowered but only by a small fraction (-10%).
The major impact would be changing the waste form from spent fuel to
several different waste forms such as glass matrix, metal matrix, and
perhaps salt or ceramic as discussed in Chaps. 4 and 5. Waste packages
would have different dimensions, weight, and thermal output. The
number of packages would probably change and could either increase or
decrease, depending on the details of the processing and waste-form
gereration.
7.3.4 Mechanical Desien and Criticality
The requirement to dispose of intact spent fuel mandates a waste package
length in the range of five meters. Limitations resulting from factors such
as weight and criticality result in waste package diameters less than one
meter. If this requirement is removed, then many other container designs
and dimensions may be considered. A major effect of P-T concepts on
repository and waste package design is the elimination of criticality
considerations. With most of the actinides removed, there is no possibility
of criticality. This enters into the thermal effects by allowing greater design
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flexibility. If it is found desirable to maintain the repository hot', then
larger area power densities are possible with larger waste packages,
having greater Cs-Sr thermal output per package. This is easier to
accomplish with the criticality limitations removed.
7.3.5 Extended Capacity Potential
There have been a number of claims regarding repository capacity, thermal
limits, and P-T. For example, Till and Chang7 compare the decay heat of
P-T waste (with 99.9% actinide removal) at different ages with spent fuel at
the reference design age of 10 yr out of the reactor. This comparison shows
that with actinide removal and an age of 85 yr, the thermal output is down
to 10% of the 10 yr-old spent fuel. At 125 yr, the P-T waste is down to just 5%
of the 10 yr-old fuel. It then follows that if the emplaced thermal output is
the capacity-limiting factor, if the fuel were reprocessed, and if the waste
were aged to 125 yr, then the repository capacity would be increased by
20 fold. Similarly, Croff6 has examined possible increases in capacity from
actinide removal, waste form optimization, and Cs/Sr removal. McKee,
et al.,9 have examined the effects of aging spent fuel on area power density
limits. In fact, any combination of aging and radionuclide removal may
raise repository capacity limits imposed by thermal effects. It is useful to
examine the capacity issues from several perspectives.
The current limitation on repository capacity is purely statutory. The
Nuclear Waste Policy Act of 1982 places a 70,000 MTIHM limit on the first
repository until a second repository is in operation. All of the conceptual
design trade-off studies were conducted within this limit. The reference
area power density (APD) of 57 kW/acre fits conveniently within this limit,
the acreage available at the Yucca Mountain site, and both near-and farfield thermal limits, all assuming 10 yr-old spent fuel. If the statutory limit
were raised or eliminated, a variety of options exist for increasing capacity.
These can be grouped into: a) increase in emplacement area, and
b) increase in emplaced area mass loading (more MTIHM/acre).
Approximately 50% more acreage has been identified as potentially usable
if needed. If the statutory limit remains, the increased area mass loading
(AML) options are still of interest because they could reduce the required
emplacement area, which would reduce mining and operational costs and
increase operational flexibility to bypass unwanted geological features.
To evaluate increases in AML, it is important to keep in mind the variety of
thermal limits (or constraints) discussed in Sec. 7.1.3, and the different
time frames and physical ranges over which each of these limits is
important. It is also important to consider the different decay times of
radionuclide thermal output. These factors make it difficult to use any
single parameter as a universal measure of capacity increase. For
example, considering just the emplaced power output to address
limitations in far-field thermal effects is inconsistent with the fact that the
Cs-Sr thermal effects decay away long before far-field temperature limits
are reached. Comparing integrated thermal output over very long times
with and without the actinides can lead to very high thermal loads as
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emplaced and violation of waste-package or near-field limits. In a similar
fashion, considering near-field limits for aged fuel with the actinides left
intact can lead to a violation of far-field limits at long times in which the
actinide thermal output dominates. Additional caution is required in that
the waste package limits are waste-form specific and both the waste form
and container design would be different for P-T waste. Even with these
complexities, the following observations can be made.
It is clear that the reference spent-fuel age of 10 yr is not realistic and that
the average age of spent fuel for a repository starting in the year 2010 will be
much greater. The thermal effects of this have been examined by Ballou
et al.,10 for start up in the year 2003, and by McKee et al.,9 for start up in the
year 2010. With possible variations due to actual start date and receipt
scenario, it appears that the average age of fuel emplaced will be around
30 yr out of the reactor. As spent fuel ages from 10 to 30 yr, its power output
drops about 40%. If near-field thermal limits were the constraint, this
allows about 67% increase in AML to give the same APD, and thus, a 67%
capacity increase. Similar comparisons for additional aging of the fuel
suggest a 125% capacity increase for 50 yr-old average fuel (or a 20 yr delay
in repository operation) and a 300% increase for 100 yr fuel. For the 125 yrold fuel discussed by Till and Chang,7 the capacity increase would be 400%
for spent fuel compared to the 2000% increase with the actinides removed.
At these large capacity increases without P-T, the far-field limits must be
examined in more detail. McKee, et al.9 evaluated a variety of near- and
far-field thermal limits for fuel aged up to 78 yr out of the reactor and
obtained possible AML loading increases of about 100%, at which
constraints on drift and borehole pitches became important.
Little analysis has been done on high-thermal-output waste packages
containing reprocessing waste forms. This is due to the relatively low heat
output of DHLW and the old age of the existing commercial HLW (West
Valley, CHLW). A recent study by Altenhofenll calculated temperature
histories for waste-form centerline, container wall, and rock surface for a
waste package holding 2.21 kW of glass waste, representing reprocessed
commercial fuel 10 yr out of the reactor. The reference CHLW container
was used with borehole emplacement and 99% removal of U and Pu
assumed. With slight variations for different packing assumptions, peak
temperatures were 3421C for glass, 2871C for the container wall, and 2520 C
for the borehole wall. These are close to the temperature maxima for
reference spent-fuel packages and indicate that the thermal behavior of a
P-T waste package is similar to intact that of fuel. Other possible waste
forms from P-T could have a different behavior. For example, a metalmatrix waste form would have a much higher thermal conductivity which
would reduce centerline temperatures for equal specific thermal output.
Re-evaluation of the current thermal limits and goals is another approach
to increased capacity. A variety of repository thermal strategies have been
suggested recently, including concepts for much cooler waste, which may
be simpler to model, and extended dry-out concepts, which stay hot for very
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long times. Features of these concepts include engineered or operational
approaches to avoid near field thermal limits.
Engineered examples include forced cooling, surface aging prior to
emplacement, heat pipes, and drift emplacement instead of closed
boreholes. Concepts to keep temperatures below boiling are somewhat
simplified by P-T because the long-lived actinide heat output is removed and
the short-lived Cs/Sr heat output is addressed with lowered APD or active
cooling.
Operational examples include sequential loading of fuel over longer
operating times. This allows the already emplaced fuel to cool somewhat
before additional fuel is loaded. An example of this is the proposal by Croff6
to load P-T waste into every fourth emplacement position at an APD
conforming to near-field limits, then after 30 yr the output has decayed 50%
and an additional half-load can be emplaced into every eighth position
without exceeding near-field limits. This process can then continue for five
more cycles totaling about 200 yr and loading four times as much waste as
could be at one time. Sequential loading might also be employed in the
extended hot concept which relies on the long-lived actinide thermal output
and would be difficult with P-T. Extended aging of the fuel and higher APD
could keep the repository zone above the boiling point for 10,000 yr without
violating near-field constraints. This concept requires a higher APD and a
much higher AML (and thus, substantial capacity increases).
In summary, arguments regarding repository capacity, temperature, and
P-T are complex and are coupled to design optimization and performance
strategy. If the statutory limit were removed, a variety of methods exist to
expand repository capacity. Most of these methods work with or without
P-T, such as higher APD, extended aging, and sequential loading. An
exception is the extended-dry concept, which does not work as well with
P-T. Ultimate potential capacity increases can be higher with the actinides
removed, provided that near-field limits can be engineered around.
7.4 COMMENTS ON SATURATED VS UNSATURATED REPOSITORIES
This discussion of thermal effects from P-T concepts has focused on an
unsaturated repository. In a saturated repository, the primary benefit of
heat in keeping the containers and waste forms dry is eliminated. The
detrimental effects of heat in increased reaction rates for degradation
processes and increased solubilities for radionuclides then result in
possible reductions in performance. In addition, the extended parametric
ranges, additional processes and increased uncertainties result in more
difficult design, testing, and performance prediction for a hot saturated
repository.
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7.6 CONCLUSIONS
The primary thermal impact of P-T concepts is removal of the long-term
heat generation from the actinides, which results in a waste which cools to
moderate temperatures after a few hundred years instead of thousands of
years. At early times, the thermal output is dominated by Cs-137 and Sr-90
with about 30 yr half-lives. Because of this, the initially emplaced power
density and repository operational heat issues are not changed
substantially by P-T. The time duration of the thermal excursion and the
maximum temperature reached are both substantially reduced by P-T.
Design and operational flexibility are increased by P-T because of the new
waste generated. Repository capacity could be increased substantially in
either P-T or direct disposal concepts. In some scenarios, these increases
could be greater with P-T because of reductions in the long-term thermal
output. If it is found desirable to keep repository temperatures low, removal
of the actinides is beneficial. If it is found desirable to keep repository
temperatures high to limit water contact, removal of the actinides is
detrimental.
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8.0 COMPARISON OF OVERALL LICENSING REQUIREENIS
(A. Pasternak- LLNL)
8.1 GENERAL COMMENTS ABOUT LICENSING NUCLEAR FUEL
CYCLE FACILITIES
Forecasting the course and results of licensing processes for proposed
projects and suggested alternatives with any degree of certainty is virtually
impossible. This is particularly true for controversial projects, involving
nuclear fuel cycle facilities such as reactors, HLW disposal facilities, LLW
disposal facilities, and reprocessing plants.
In the ideal situation, the regulations on the books' would control the
process and outcome, and project proponents would know what they must
do and what they must demonstrate to gain regulatory approval. Project
proponents call this a replicable" process, in which similar facts laid
before the appropriate regulatory agency would yield similar results.
But the replicable licensing process is only an idea, a wish. At best, the
process and the outcome will be determined, at least in part, by factors that
always change: regulatory personnel and organizations if not the
governing laws and regulations themselves. Most likely, political forces
and public perceptions will also play important roles.
Planning, organization, siting, licensing, and construction of controversial
projects take so long that substantial changes in law, regulation,
personnel, public attitudes, and politics (local, state, or national) are almost
guaranteed. Who would have believed, 15 yr ago, that completed reactors
with operating licenses would be prevented from operating by political
opposition?
Engineers and scientists have long recognized that the problems they face
in gaining regulatory approval for controversial projects transcend
technical issues. The difficulties created by changing politics, political
ambition (i.e., looking for an issue"), and changing public attitudes lead
proponents to look for a technical fix," i.e., some improvement in safety
and/or efficiency that is so clearly convincing that the public is sure to
understand and accept it. Efforts to improve technology are justified by the
real benefits in safety or efficiency that may result, but technical
improvements may not succeed in changing public perception and political
opposition. The history of nuclear energy is one of ever longer planning
and construction periods, ever longer regulatory processes, ever higher
costs. The difficulties arise from the regulatory process itself rather than
the facts of any particular licensing case. An inherently safe" reactor, or a
standardized reactor, does not address, in either a strictly regulatory sense
or a political sense, the problem created by the sudden elevation to
"protected status" of a species whose habitat encompasses the proposed
project site. Nor can such technical improvements assuage the fears of
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those who distrust the technical community, throw up their hands, and
say, not in my backyard."
Regulatory processes, by virtue of their openness, are vulnerable to
intervention. Standing" to intervene is easily achieved. The 'technical fix"
chosen by the proponent engineers and scientists cannot anticipate the
grounds for opposition selected by all constituents, who are as varied as
their grounds for intervention.
8.1.1 Redundancy and the Probability of Success
Given the tremendous uncertainties in licensing processes created by
changing political forces and public perceptions, what approach will be
most successful for developing controversial facilities in general, and for
management and disposal of HLW in particular?
The redundant approach, in which multiple facilities are proposed in
parallel so that only one license approval is necessary among those
proposed, will maximize the probability of success. This approach is also
the most expensive. It was the approach to HLW disposal taken pursuant
to the Nuclear Waste Policy Act of 1982. Multiple sites and media -- Yucca

Mountain, the Hanford reservation, and west Texas, representing tuff,
basalt, and salt, respectively, were to be characterized and evaluated for
their suitability for HLW disposal. But in 1987, Congress decided that this
approach was too expensive. The Nuclear Waste Policy Amendments Act
of 1987 identified Yucca Mountain as the sole candidate site to be
characterized.
The approach with the lowest probability of success is that in which
multiple facilities in series are required; that is, an approach in which a
single licensing failure among a number of facilities separated by time and
geography would cause the whole program to fail. In this approach, the
greater the number of facilities required, the greater the probability of
system failure, because the greater the opportunity for one failure.
Unfortunately, the multiple-facilities-in-series approach describes the AB
concept. Plants for reprocessing spent LWR fuel, ALMRs (over a period of
30 to 40 yr), and plants for reprocessing spent ALMR fuel must all be
licensed and operated to make the system work if the objective is
management of spent fuel and HLW without permanent disposal of
transuranics. In one variation, an MRS facility for Cs and Sr would also be
required. On the other hand, if a disposal facility at Yucca Mountain were
in place and were licensed to accept the full range of by-product and
transuranic radionuclides in spent fuel, then deployment of ALMRs could
be considered individually on their fuel resource conservation and other
economic merits. Such a disposal facility would add flexibility to the entire
nuclear power system.
8.1.2 The Proposed Yucca Mountain Repository
From a licensing standpoint, the Yucca Mountain proposal embodied in the
1987 Amendments Act has, a priori, a greater chance of success for HLW
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management than the AB proposal. While a negative decision on a license
application for Yucca Mountain would represent failure for HLW disposal,
at least until an alternative site is designated, an affirmative decision is
needed for only one facility for success. And as indicated above, while the
single Yucca Mountain approach has less chance of success than a
multiple simultaneous approach to seek licenses at three separate sites, it
is also much less expensive, and if it is successful, less time consuming.
The Yucca Mountain proposal benefits, again from a licensing standpoint,
from the DOE's learning experience of the last few years. The DOE has
undertaken legal and legislative initiatives, in the federal courts and in the
Congress, to overcome the kind of political interference with the licensing
process that has delayed the project and that afflicts controversial facilities
in general, as described earlier.
The Department's ability to obtain support from the courts and from the
Congress is a direct result of the singular nature of the roject. The
Congress clearly understands the state-federal conflict at the heart of
Nevada's opposition to DOE's attempts to characterize Yucca Mountain.
The Congress also understands that its own authority and legislative
mandate are under attack and that DOE's ability to provide disposal
capacity to fulfill a national need depends upon one project at one site.
Since success or failure may ride on the outcome of one project, the
Congress is likely to do what needs to be done to assure that the outcome
rests on technical merits alone and that local or state political opposition
that is not technically based, will be pre-empted or at least minimized. It is
unlikely that the Congress would provide the same kind of support to all of
the multiple facilities embodied in the AB proposal; they lack the
singularity of purpose and place required to obtain the necessary political
support.
8.2 IMPACTS OF AB ON THE LICENSING OF THE YUCCA MOUNTAIN
HLW REPOSITORY: ADVANTAGES AND DISADVANTAGES
8.2.1 EPA's Table 1 in 40 CFR 191
AB would eliminate from consideration for disposal, or at least greatly
reduce, some of the nuclides on the EPA's list of release limits for
containment requirements in Table 1 in 40 CFR 191. The list prescribes
cumulative release limits in curies per 1,000 MTIHM for 10,000 yr after
disposal. With AB, the quantity of some nuclides remaining for disposal
would be low enough to meet the 40 CFR 191 limit even if all of the
remaining amount of those nuclides were released. The nuclides,
eliminated or reduced in amount, and their release limits in curies per
1,000 MTIHM, are americium-241 or 243 (100), neptunium-237 (100), and
plutonium-238, -239, -240, or -242 (100). Because the rule operates by a sumof-the-fractions formula
N Qi
i=l RLi
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in which the sum cannot exceed unity, pre-emplacement removal of any
nuclide implies that a greater fraction of each remaining nuclide can be
released during the 10,000-yr period after disposal without the sum-of-thefractions exceeding 1.
In a variation on the AB concept, strontium-90 (release limit 1000 curies)
and cesium-135 and -137 (release limit 1000 curies) would be removed and
stored in an MRS facility for 200 to 300 yr to reduce the heat loading of the
repository.
For the purposes of licensing, it will be somewhat easier to demonstrate
compliance with EPA's release limits for the remaining nuclides after
removal of the actinides (and Sr and Cs). This is not because the current
repository design would fail to isolate the waste, but rather that the
uncertainty band is larger. AB will not lower the radionuclide inventory to
less than the EPA limit, but it will reduce the inventory to a level closer to
the limits, so that greater uncertainty can be tolerated. According to Croff,
et al., 1 AB would result in the repository having a 0% probability of
exceeding 44 times the release limits in the standard over 10,000 yr." (The
EPA standard requires that there be reasonable expectation of a 90%
probability of not exceeding the limit and 99.9% probability of not exceeding
10 times the limit.)
8.2.2 NRCs Performance Objectives in 10 CFR 60
As pointed out by CrofT, et al.,l the benefits of AB relative to NRC criteria
are not as significant. AB would have little effect on the substantially
complete containment criterion (up to 1,000 yr) or on the 10-5 of the
inventory per year release rate limit after 1,000 yr (since the inventory is
reduced and the permitted release rate is reduced by the same ratio). AB
would not affect the groundwater travel time requirement at all. As
discussed elsewhere in this report, it is not the actinides that control the
demonstration of compliance for licensing since they sorb quite well on
zeolites and welded tuff. Therefore, it is possible that the overall systems
performance objective (equal to the EPA Table 1 limits) would be little
affected.
A possible disadvantage of requiring removal of the actinides (and possibly
Cs and Sr as well) is that the disposal facility will be less comprehensive.
That is, a repository licensed only for reprocessed waste could not accept
spent fuel for disposal.
8.2.3 Heat loading
Pre-emplacement removal of transuranics will reduce the nuclear waste
heat output by about 20%. If cesium and strontium are also removed,
reduction in repository heat loading will be substantial. The theoretical
advantage to a reduction in heat loading is a corresponding increase in the
disposal capacity of the geologic repository. Some have argued that
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reduction of heat loading would reduce uncertainty and thereby facilitate
licensing (see Chap. 7).
There is a possible disadvantage to reduction in repository heat loading,
however. The NRC's regulations at 10 CFR 60.113 require substantially
complete' containment of HLW within the waste packages for a period (as
determined by the NRC) of 300 to 1000 yr after permanent closure of the
repository (60.113(a)(ii)(A)). High temperatures, which keep the waste
packages dry, are seen as beneficial to meeting this standard.2
8.2.4 Waste Forms
In anticipation of the need to dispose of spent fuel, the DOE has spent
considerable effort over the past 10 yr to characterize and measure leaching
and dissolution processes for spent fuel as a waste form. These data on
waste form characteristics and behavior are necessary to support a license
application.
Aqueous reprocessing or pyroprocessing of spent LWR or ALMR fuel will
produce different waste forms, however. For aqueous reprocessing,
vitrified waste or waste forms that immobilize the nuclides, especially
technetium, to an equivalent degree might ease demonstration of
compliance somewhat. 3 Vitrified waste would be similar to DOEs
Savannah River Plant nuclear wastes, for which there are leachability
data. Vitrification of salt waste forms is possible but could be expensive and
would increase waste volumes.
Pyrochemical reprocessing is less established than aqueous processing.
The salt waste forms produced by pyrochemical reprocessing of either LWR
or ALMR spent fuel contain most of the fission products. Demonstration of
a licensable salt waste form would be required and represents an important
disadvantage when compared with disposal of spent fuel or vitrified waste
from aqueous processing. The time required to develop a licensing data
base could be many years, with a comparable delay in the licensing of the
repository.
8.2.5 Impact of Greater-Than-Class-C (GTCC) Waste
Decommissioning of nuclear reactors will produce substantial amounts of
GTCC waste. How much waste there is and when it appears will be
influenced by the method of decommissioning and the degree of success
achieved by plant life extension programs. Reprocessing of spent fuel can
also produce substantial amounts of GTCC waste. Reprocessing wastes are
not expected to qualify for near-surface, instead of geologic, disposal even
with substantial improvements in transuranic separation efficiencies. 4
Without development by the DOE of a Greater Confinement Disposal
Facility (GCDF) and licensing of such a facility by the NRC for GTCC waste,
these wastes could pose licensing problems for the HLW repository. The
DOE's Yucca Mountain Project Office has expressed concern about
proposed amendments to NRC's regulations at 10 CFR 61 that would
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require disposal of GTCC wastes in the HLW repository. The Project Office
anticipates that "a repository that holds HLW and GTCC wastes would be
difficult to license." The Office points to the wide variety of GTCC waste
forms and geochemical incompatibilities among different waste forms.
These could complicate our assessments of containment, release rate,
geochemical sorption and radionuclide transport."5 The Project Office
favors development of a GCDF for GTCC wastes.
8.3 LICENSING ISSUES AFFECTING BOTH REPROCESSING PLANTS
AND ALMRS
The NRC's proceedings on the Generic Environmental Statement on Mixed
Oxides (GESMO) were suspended in 1977. The GESMO proceedings would
have to be finished to determine whether, and under what conditions,
plutonium recovered during processing would be permitted to be used in
nuclear fuel on a widespread basis. 6
Any new GESMO proceedings would have to include both an analysis of
alternative safeguards programs (for preventing diversion of plutonium)
and an overall cost-benefit balancing that takes into account the safeguard
factors as well as health, safety, and environmental factors (final GESMO).
8.4 LICENSING ISSUES FOR REPROCESSING PLANTS
In addition to issues that would affect both reprocessing plants and
ALMRs, there are licensing issues that would affect only reprocessing
plants.
1. Old issues that may require new review include: effluent controls
for iodine, noble gases, carbon-14, and tritium; safeguard
systems; and material control accountability. 7 ,8
2. NRC has never licensed a reprocessing plant (West Valley was
licensed by the old AEC). The process for licensing the first of any
kind of facility is unpredictable and could be costly. 9
3. Under current regulations, a new reprocessing plant would have
to include plutonium conversion and waste solidification facilities
that were never constructed at Barnwell.
4. NRC regulations at 10 CFR 50, Appendix F require that HLW
from a reprocessing plant be sent to a federal repository within
10 yr following separation of fission products from the irradiated
fuel. So, under existing regulations, ability to obtain a license for
reprocessing depends on assurance of availability of HLW
disposal capacity.
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8.5 CONCLUSIONS
Introduction of P-T implies the licensing of a sizable number of ALMRs
plus two reprocessing plants, in addition to the HLW repository,. which
must be licensed in any event.
P-T may yield some simplifications with respect to licensing the repository
itself from the reduction or elimination of some nuclides on the EPA list of
release limits for containment requirements in Table 1 in 40 CFR 191, but
the benefits of AB relative to NRC requirements are even less significant.
To take advantage of these simplifications will imply licensing a less
comprehensive disposal facility that would not be one licensed to accept
spent fuel. The need to develop data on the characteristics and behavior of
the new waste forms produced by the P-T processes could delay the
licensing of the repository. Thus, there is no clear benefit of P-T to licensing
of the repository itself.
When the added need to license some 40 ALMRs and two reprocessing
plants is factored in, we conclude that the P-T proposal would add very
significant licensing complications when compared with licensing a
repository for spent fuel.
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9.0 COMPARISON OF THE ECONOMICS OF THE ONCE-THROUGH
FUEL CYCLE WITH THAT OF P-T FUEL CYCLES (L. Ramspott - LLNL)
The purpose of this chapter is to discuss the economic issues related to the
use of transmutation as a primary waste management strategy. Rather
than being a detailed independent assessment of the economics of options,
this chapter reviews recent relevant literature and draws general
conclusions.
9.1 ISSUES
To allow a proper assessment of the economic impact of various waste P-T
options on the waste management system, a consistent basis for costs is
required. Precise and detailed cost information is not required for
comparison, just consistent estimates. Complications arise from the
uncertainties in development costs, licensing schedules, and capital cost
treatment of reprocessing and transmutation facilities. Additional
uncertainties arise in the value of the recovered transuranic elements as
fissile material, potential beneficial uses of certain extracted radionuclides,
judgment of whether the large quantitites of recovered uranium are a
resource or a waste, and energy consumed or produced during
transmutation.
How these issues are weighted and the uncertainties addressed can lead to
widely differing cost estimates and can bias the estimates for or against
various concepts. Therefore, it is important to be explicit in assumptions,
estimates, uncertainties, and methodology used. All economic factors
should be considered, both savings and additional outlay. Finally, because
reprocessing followed by partitioning and element-specific immobilization
without transmutation could also reduce long-term risk, this option should
be estimated for comparison.
Unfortunately, sufficient information does not exist to make even consistent
estimates for comparison. However, it is possible to identify significant
issues that bound the economic comparisons and to approach the issue

from a broad perspective.
9.2 RECENT RELEVANT LITERATURE
Although studies in the late 1970s and early 1980s concluded that P-T was
not cost effective, proponents have generally asserted that more recent
events may make such conclusions invalid in 1991 and that a new look at
the economics is justified. There have been a number of analyses dealing
with the economics of P-T published since 1982. The purpose of this section
is to summarize that information.
In 1985 the Nuclear Energy Agency (NEA) of the OECD published a report
on the economics of the nuclear fuel cycle. 1 Although not directed solely at
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comparing P-T with the once-through cycle, it does include such a
comparison. Under the assumptions in the report, it concluded that the
"reference costs for the once-through cycle and the reprocessing cycle with
5 yr cooled fuel are 7.8 and 8.6 mill/kWh, respectively." As noted in the
report, overall costs were compared using (1) the constant money levelized
cost method referred to the January 1984 U.S. dollar, and (2) a 5% discount
rate.
In the NEA report, overall fuel cycle costs are highly sensitive to uranium
prices. The values above were based on a levelized price over the reactor's
25 yr life of $121/kg U ($46/lb U 3 0 8 ) that was derived by escalation from a
prevailing 1984 price of $32/lb U 3 08. By contrast, the weighted average spot
price to U.S. utilities in 1989 was $9.91/lb of U 3 O8.2 Throughout 1990 and
1991, spot transaction values ranged from $8.95 to $11.40/lb U 3 0 8 .2a Longterm contracts tend to raise the average prices, which in 1989 were $19.56/lb
U 3 0 8 in the U.S. and $29.39 in Europe. 3
In the NEA reference case, uranium purchase was the biggest single
component (40 to 45%) of fuel cycle cost for reactors commissioned in 1995.1
The assessment adds credit to the reprocessing cycle using a value of $15/g
of fissile plutonium and uranium at 80% of its material/separative work
content value, resulting in about a 10% reduction in the reference
reprocessing costs. Low prices of uranium decrease the once-through costs
significantly relative to the reprocessing cycle.
It is interesting to note that with $68/lb U 3 0 8 , the once-through cycle is
projected at 12.9 mills versus the reprocessing cycle at 12.5 mills. Thus, a
conclusion one might draw is that $68/lb prices for uranium will be
necessary for reprocessing to become economic. However, Fig. 9.11 shows
the effect of varying both uranium and reprocessing prices in a levelized
analysis. For a reprocessing price of $500/kg HM, equivalency with the
once-through cycle occurs at about $50/lb U 3 08. For $750/kg HM,
equivalency is at about $95/ib, and for $1000/kg HM, about $145/lb (January
1984 U.S. dollars).
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Figure 9.1 Comparison of levelized reprocessing and once-through cycle
costs.
It is interesting to note that Ref. 1 (p. 90, Table 13) reports a 1 mil/kW-h cost
for transportation, storage, conditioning, and disposal of spent fuel, which
is the current estimate in the U.S. Rather extensive yearly reestimates of
the cost of the disposal program are published in the U.S.4-6 These reports
break down the costs of the U.S. disposal program in detail and are the
basis for the evaluations here as well as those made by others.
Forsberg 7 examined the costs of disposal of waste from a P-T cycle. Rather
than reevaluate the costs for reprocessing, he focused on the effect on
repository costs, using an older version of Ref. 4. Because of the nature of
his analysis, use of an older version of DOE planning documents does not
significantly affect his conclusions. First, he noted that repository costs are
sensitive to the heat generation rates of the waste. He then concluded that
because spent fuel, HLW, and P-T wastes have similar amounts of the
primary heat-generating isotopes, there would be no significant savings if
wastes from a P-T fuel cycle were treated as conventional HLW.
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Forsberg 7 proposed a simplified repository that cost about half ($16.7 vs
$31.7 billion) of the projected conventional repository, based on the reduction
in long-term hazard from removal of the actinides. A fundamental
assumption was that the hazard would be negligible ofter 1,000 yr. He
concluded that achievement of this savings would depend on acceptance of
reduced disposal requirements for P-T waste by regulatory authorities and
the public.
Finally, Forsberg noted that development and evaluation costs are incurred
very early: if a repository program is successful, most of the repository
costs will be sunk costs by the time the repository is opened." 7 With respect
to P-T, much of the cost will be sunk before any P-T program or policy is
likely to be accepted. He notes, however, that in theory a P-T cycle could
eliminate the need for a second repository.
The CURE concept (summarized in Sec. 3.3.1.3) includes some cost
comparisons. 8 The net cost increase for the system described for CURE is
4.3 mil/kW-h. This net increase comes despite showing a mil/kW-h
savings for the spent fuel repository, essentially the entire HLW
management system cost from official DOE projections. 4 - 6 It was also
assumed that uranium would be sold at $20/lb U 3 0 8 and that Cs-137 and
Sr-90 would be sold as by-products. The two largest areas of increased cost
are LWR fuel reprocessing and partitioning (3.1 mil/kW-h) and increased
capital costs for the Cleanup Fast Reactors (2.6 mil/kW-h). 8 It should be
noted that CURE is quite ambitious compared with other P-T proposals,
purporting to transmute most radioisotopes with half-lives greater than
10-yr and disposing of only activated metal hardware, C-14, and
radiokrypton. 8 Therefore, one might expect slightly higher costs.
Pigford, 9 in a review of the AB concept, gave an evaluation of updated cost
estimates. Of 30 conclusions given by Pigford, six directly address costs and
seven more have cost as an issue. These are paraphrased or quoted by
conclusion number in Pigford's paper as follows:
8.

Although integrated pyrochemical reprocessing of metal fuel
from ALMR reactors may be feasible, it is not sufficiently
demonstrated for commercial application in the 2005-2012 era,
and the reprocessing costs are very uncertain.

9.

"The technical feasibility of pyrochemical processing to recover
actinides from LWR spent fuel is uncertain. There is not
sufficient basis for making meaningful cost estimates for that
process at this time."

10. With respect to the secondary waste streams for the ALMR
reprocessing, the cost of disposing of the expected large volumes of
LLW has not been addressed.
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11. 'The economic feasibility of implementing burning is sensitive to
the cost of reprocessing recycled ALMR fuel, and it is specially
sensitive to the cost of reprocessing LWR fuel... The estimated
costs (given by the proponents of AB] are very low, compared with
cost trends established several years ago for conventional
reprocessing plants and compared with published costs of
contemporary plants using conventional reprocessing
technology.'

12. 'The yearly charges on capital investment adopted by the ALMR
program are unrealistically low for commercial reprocessing in

the U.S."

13. 'The ALMR program's estimated costs of the ALMR reactors are
unrealistically low compared with the projected cost of the next
European large-scale LMR."
17. With respect to the concept of reprocessing for the purpose of
obtaining a superior waste form but without applying
transmutation, "using realistic cost data, the cost of reprocessing
for this purpose is prohibitive."
22. "In the U.S., fuel reprocessing to recycle plutonium and uranium
in LWRs is not economical. Consequently, burning actinides
recovered from LWR spent fuel would require the introduction of
LWR fuel reprocessing only for the purpose of starting ALMR
reactors. There would be no other domestic market for the
operation of this facility."
23. "Fuel-cycle costs of ALMRs with actinide burning are greater
than fuel-cycle costs of LMRs of the same era. Therefore, we
cannot expect economical ALMRs until an LMR breeder, not
designed to burn minor actinides, can compete economically with
an LWR on its own merit."
24. "Actinide recycle to reduce the actinide wastes from future LMRs
is likely to be more economical than actinide recycle to modify
waste planned for the present geological repository projects."
25. If more realistic cost estimates do not support the claims for the
ALMR as an answer to waste disposal, then R&D should continue
as a long-term effort for implementation when economically
justified by rising ore costs.
28. "The goals of the LMR project have become distorted not only by
unsupported claims of benefit to waste disposal, but also by the
seemingly optimistic cost estimates.'
30. "It is difficult for the DOE-funded ALMR program to make
meaningful analyses of the economic incentives for industry to
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commit its risk capital to such an involved and complicated
means of nuclear power generation."
Pigford supports these conclusions with a section (Ref. 9, pp. 8-37 to 8-48)
mainly devoted to economic analysis. Figure 9.2 is taken from this section
and summarizes Pigford's contention that estimates by proponents of the
ALMR are very optimistic compared with recent projections of the cost of
simple PUREX reprocessing. Pigford concludes that projections for
PUREX-only reprocessing at 99% recovery of uranium and plutonium in
the range of $1000 to $2000 per kg of LWR fuel are likely, whereas ALMR
proponents have projected costs in the $100 to $500 per kg range.
2000

1500

3

1000

500

0L
1960

1980
Year of estimats

Figure 9.2. Cost of Reprocessing LWR fuel, including ALMR estimates.
Figure 9.2 is arrived at by many tables and figures and much text in
Pigford's analysis. The shaded area, if it were extended upward to the
present date, represents where Pigford judges the ALMR estimates should
be for aqueous reprocessing, whereas DOE used only the value represented
by the lowermost shaded box for 2500 Mg/yr (about $425/kg) but placed it in
the year 1990. This factor of 4 to 5 difference in projected costs of
reprocessing makes a profound difference in when and whether
reprocessing would become economically viable. Recall that in the NEA
report,l the equivalency point of the once-through and reprocessing cycles
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rose from $50 to $145 per pound of uranium as the reprocessing cost rose
from $500 to $1000 per kg HM. Here we are discussing a range from $100 to
$2000 per kg HM.
An independent assessment of costs, which did not allow for inflation and
was based on constant 1990 dollars, was carried out as part of a larger study
by EPRI.10 Table 9-1 is taken from that report. Government-owned and
investor-owned facilites were distinguished. The government-owned
facilities were 100% debt-financed with 5% government bonds. The
investor-owned facilities were debt-financed at 8% and included an after-tax
return on equity of 12% at a 70% equity, 30% debt split. Investor-owned
facilities were split into two types: project basis used 100% debt until
commercial operation, whereas corporate basis used 70% equity, 30% debt
throughout. For all facilities, interest during construction and start-up
costs were capitalized.

Table 9.1. Summary of estimates of reprocessing costs for irradiated
LWR fuel ($/kg HM processed)
Plant capacity: 1500 MTIHM/yr
Government
owned
(100% debt)

Investor owned
Project
Corporate
financed
financed
(100% debt)
(70% equity,
30% debt)

Aqueous plant

237

463

489

Pyrochemical plant

405

729

767

Several items might be noted about Table 9.1. First, although there is about
a factor of two spread between the government-owned and corporate-owned
plants, the spread could be much greater. Financing of the type used in the
nuclear waste fund allocates no finance charges to the capital investment
at all. Money is simply taken from the user-financed trust fund to make
capital investments. Therefore, the cost in a government-owned facility
could be lower than shown. Use of no capital charges for the governmentowned plant in Table 9.1 would result in costs of $119/kg HM for an aqueous
plant and $236/kg HM for a pyrochemical plant. This is unrealistic, but it
represents a bounding case.
On the other hand, Pigford 9 discusses commercial yearly charges on
capital investment as high as 40%. Hebel et al.11 calculated, from 1976 data
for the Barnwell plant, that it was financed at 31% per year, and they
discussed finance charges as high as 36% per year. Use of 40% in Table 9.1
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would raise the aqueous plant corporate-financed costs to $922/kg HM and
the pyrochemical plant costs to $1387.
A second point that should be noted about Table 9.1 is that the aqueous plant
charges are about 60% of the pyrochemical plant charges, even with the
conservative assumption that both plants were not 'assumed to be first-of-akind, but would reflect a mature, proven design.' Because of the greater
maturity of the aqueous process worldwide, this assumption is very
generous to the pyrochemical process. The 1990 values in Fig. 9.2
calculated by Pigford 9 from ALMR literature are $155/kg HM for aqueous
and $97.5/kg HM for pyrochemical for 300 Mg/yr plants, a reverse relation
compared with what is shown in the EPRI report. 1 0 This low cost for a
small plant is the reverse of the usual economies of scale.
Till and Chang12 apparently agree with Pigford about the high cost of
aqueous reprocessing: If actinide extraction is based on the traditional
PUREX-based technology, it appears that even a $1000/kg HM processing
cost is likely to be optimistic." They note further that "from the perspective
of a U.S. utility, there is no immediate economic incentive in actinide
recycling." Their perspective is that costs of reprocessing must be reduced
and that the pyrochemical process shows promise for so doing.
Chang 1 3 argues that there are a number of inherent economic advantages
to the integral fast reactor. With LWRs, most of the plant capital cost is
associated with the balance of plant (BOP) and with indirect costs such as
field engineering and construction services, so that the nuclear reactor
itself constitutes only a small fraction of the capital cost. The IFR concept
provides an opportunity for a new construction approach for the BOP that
might yield substantial cost savings. Because the only area in which the
LMR is intrinsically more costly than the LWR is the reactor itself, the key
question related to the capital cost competitiveness of the LMR is whether
the increased reactor system cost can be offset by savings in the BOP and
indirect costs.
Chang goes on to argue that the FR concept provides a drastic reduction in
fuel-cycle cost compared to the conventional PUREX-based oxide fuel cycle.
He then devotes several pages to comparing pyrometallurgy and metal fuel
with aqueous reprocessing and oxide fuel for an LMR. He does not,
however, make a comparison with conventional LWRs or even recycle in a
LWR. Chang gives fuel-cycle cost estimates of 5.4 mil/kW-h for a metalfueled LMR with pyrometallurgical reprocessing and uranium startup (nut
burning LWR actinides) and 9.5 mil/kW-h for an oxide-fueled LMR with
aqueous reprocessing. 10 These estimates were based on constant 1986
dollars with a fixed charge rate of 9.2% per year, which can be compared
with the EPRI rates for investor-owned facilities of 17 and 18.33%.10
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9.3 DISCUSSION
At the abstract level, it is argued either that reprocessing costs make up
such a small proportion of overall fuel-cycle costs as to be unimportant to
whether P-T is adopted1 or that economics will not be the controlling factor
as to whether actinide recovery is done." 1 4 It is also argued that there is
great potential for reducing the overall cost of P-T significantly by
introduction of new technology. 1 3 Counter to this is the view that cost
factors virtually preclude adoption of P-T as a purely waste management
strategy. 9 Within these extremes, is there a bounding case that does not
depend on detailed engineering cost estimates that do not exist?
9.3.1 Overall Nuclear Fuel Cycle Costs
Clearly, overall nuclear fuel cycle costs in the once-through cycle are
currently cheaper than with reprocessing included. The NEA reference
prices of 7.8 and 8.6 mil/kW-h for once-through and reprocessing cycles
were based on a levelized U 3 0 8 price of $46/lb.1 As noted in Sec. 9.2, both
spot and contract prices are currently significantly lower, thereby widening
the spread between the two cycles. At the current commercial price of
reprocessing of $1000/kg HM, the levelized price of uranium would have to
exceed $145/1b U 3 08 in order for the once-through and reprocessing cycles to
attain economic equivalency. Thus, it appears that there is no economic
incentive for P-T either now or for a long time in the future.
Given the assumptions in the NEA study, fuel cycle costs account for
between 20% and 40% of the levelized cost of electrical production in PWRs.1
Because nuclear must compete with coal and other sources of energy for
base load generation, large increases in the fuel cycle cost cannot be
sustained without affecting the competitive position of nuclear power.
For example, Table 9.2 is taken from a recent NEAAIEA report. 15 It shows
that for many countries, including the United States, the overall costs of
generating electricity from either coal or nuclear are about at parity.
Significant increases in the nuclear fuel cycle cost could make nuclear
power economically noncompetitive with coal. It can be seen that countries
that practice reprocessing (Belgium, France, Germany, Italy, Japan, and
the Netherlands) have higher fuel cycle costs than those that do not
(Canada, Finland, U.S.). Other tables in the reference 1 5 show that the
discrepancy in back-end costs is even higher, ranging from 2.7 to 5.5 times
higher than the United States cost.
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Table 9.2. Summary of levelized discounted electrical generation costs for the reference case (30 yr lifetime, 5%
discount rate)
Nuclear
Country
Australia
Belgium
Ca
- Central
- E-n/E-c
- E-n/W-c
Denmark- a(1)
-b
-c
Finland
France
Germany, F.R.

cor

Investment O&M

Coal
Fuel

Total

15.6

5.4

8.1

29.1

13.2
ISA
15.4

2.4
7.6
7.6

4.0
3.1
3.1

19.6
26.2
26.2

16.4
12.9
21.4
21A

4.6
5.4
7.4
7.4

6.5
9.1
11.1
11.1

27.5
27.4
39.9
39.9

Japan
Netherlands
Portugal(5)
Spain(3)
Sweden
Turkey
United Kingdom(6)
United States(4)
-Midwest
-West
-East

23.4
21A
17.6

6.3
8.7
6.4

10.7
13.2
10.6

40.4
43.3
34.6

25.4

8.7

8.5

42.6

22.5
22.6

3.7
6.6

6.0
6.6

21.7
21.4
21.7

11.4
11.4
11.4

5.6
5.6
5.6

1.
2.
3.
4.
5.
6.
7.

Fuel
7.0
29.1

Total
19.6
52.2

1.79

1.9
3.7
3.3
5.6
6.4
7.5
6.3
4.8
8.5
8.5
1.6
6.9
13.3
4.0
5.7
6.9
8.4
2.8
6.9

15.9
15.1
7.9
25.2
25.2
25.7
17.3
23.5
38.1
25.3(7)
21.5
23.5/38.1
24.4
19.1
25.9
22.8
25.0
19.4
18.1

26.0
27.9
21.5
37.7
40.0
43.7
33.0
39.6
56.7
43.9
34.2
43.1/57.7
55.7
32.8
42.7
41.3
46.0
33.8
38.1

1.33
1.06
0.82

32.2
35.8

8.2
9.1
10.3
6.9
8.4
10.5
9.4
11.3
10.1
10.1
11.0
12.7
18.0
9.7
11.1
12.5
12.6
11.6
13.1

38.7
38.4
38.7

15.0
15.1
16.3

6.9
4.1
4.7

14.4
11.9
20.5

35.4
31.1
41.5

0.91
0.81
1.07

Greece

IaIy(2)

Investment O&M
2.1
10.5
13.9
9.2

Ratio
Coal
Nuclear

1.20
1.45
1.42
1.10

1.07/1.43
1.28
0.95

0.97
1.05
1.06

Plant sizes: I x 600 MW (a) 1 x 350 MW (b) and 1 x 250 MW (c).
Coal prices in low and high estimates.
Coal data referred to imported coal units.
Nuclear 0 & M costs include decommissioning.
Plant size 2 x 546 MW. Total generation cost for 4 x 283 MW plant without sulphur removal equipment is reported 40.0 mill/kWh.
Investment includes decommissioning, fuel includes cost of coal stocks.
Imported coal case.

In the U.S., the fuel cycle costs may be proportionally small, but that does
not mean they are insignificant. It would appear that a move to
reprocessing would at least double them, which would make nuclear
noncompetitive with coal for electrical generation.
9.3.2 Projected Costs of Reprocessing
Because the costs of reprocessing can be a large portion of overall nuclear
fuel cycle costs, a great deal of controversy about projections of the costs of
reprocessing has occurred. An accepted value seems to be $1000/kg HM,
which is approximately the commercial price for reprocessing services
established by the U.K and France. However, as noted earlier, such a price
would keep reprocessing economically uncompetitive until a uranium price
of $145/lb was attained. Pigford argues that reprocessing prices could
approach $2000/kg HM, and ALMR proponents project as low as
$100/kg HM. It appears that the higher values are supported by data and
experience and the lower by hope and intuition.
The NEA used $750/kg HM as a reference cost and calculated that
reprocessing would account for 25% of the cost of the reprocessing fuel
cycle, or 2.2 mil/kW-h. 1 These reprocessing costs compared with
0.2 mil/kW-h for spent fuel disposal, or 2% of the once-through fuel-cycle
costs.
The point is that large, order-of-magnitude decreases in
reprocessing costs would be required to put reprocessing on an equal
economic footing with the once-through cycle. It is interesting that the
debate over reprocessing costs addresses exactly such a range of estimates.
9.3.3 Disposal Costs
Disposal costs are only a portion of the back-end' costs, about 20% in the
NEA study1 and Forsberg's analysis, 7 and about 34% in the most recent
DOE estimate.5 The NEA study assumed 0.08 mil/kW-h for disposal in the
reprocessing cycle and 0.18 mil/kW-h for spent fuel conditioning and
disposal in the once-through cycle. 1 Forsberg suggested the possibility of
cutting repository costs in half as a result of disposing of waste after
applying P-T. 7
Because the back-end costs are themselves a small part of the overall fuelcycle costs, disposal costs represent such a small proportion of the overall
fuel-cycle costs that even doubling them would not have a significant effect.
Furthermore, reducing them to zero would also not have a large effect.
Therefore, claims that P-T would greatly reduce disposal costs, even if
shown to be correct, are dealing with a very marginal cost element in the
overall fuel cycle and the total cost of nuclear power.
Nearly all papers that analyze the issue conclude that an HLW repository
will still be needed even with P-T. 7 ,9 ,12, 13 Therefore, it is unlikely that HLW
disposal costs can be reduced to zero by P-T.
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9.3.4 Nuclear Energy System Costs
It is possible that a concept could appear uneconomical in specific
subsystem evaluations yet be the most cost-efficient at the system level. In
order for this to be true, some entire system element would have to be
eliminated or reduced by an order of magnitude or some major income
stream created.
The claim has been made that P-T might convert HLW to LLW and thereby
eliminate the need for a HLW repository altogether (see Sec. 16.1.1). If such
a scenario were feasible, there would be additional LLW created beyond that
existing from a once-through cycle. Among proponents of P-T, there
appears to be an implicit assumption that the cost of disposal in an LLW
site or a to-be-defined ILW site would be cheaper than disposal in an HLW
repository.
Willems and Danna estimate the costs of disposal as ILW in a greater
confinement disposal (GCD) facility and get a savings of only 9% compared
with disposal in an HLW repository.1 6 Moreover, the trend in LLW facilites
has been toward increasing cost; a recent estimate predicted as much as a
ten-fold increase to $500 per cubic foot.17 This approaches the low end of
estimates for emplaced containers in an HLW repository (777/ft3 ). 1 6

Storage costs must be considered if HLW is converted to LLW or ILW by
storing the Cs-137 plus Sr-90 until they have decayed to ILW or LLW levels.
Willems and Danna estimated storage at $2300/ft3, which must be added to
the LLW or ILW costs to get a direct comparison.16 Using the values of
Willems and Danna, GCD of ILW plus storage would cost $3000/ft 3 ; LLW
disposal plus storage would range from $2400 to 2650/ft 3 ; and immediate
disposal as HLW would range from $777 to 6870/ft 3 . Therefore, even if LLW
or ILW disposal were cheaper, factoring in the storage costs makes the
overall cost similar to disposal as HLW.
Thus far, we have not directly addressed how P-T might reduce costs in the
overall nuclear energy system because of the energy value released during
transmutation in a reactor. Pigford's conclusions 23 and 24 address this
point (Sec. 9.2).9 An LMR started with uranium and run at a conversion
ratio to be a breeder is inherently more economical than one started with
actinides from reprocessed LWR fuel and run at a conversion ratio to
transmute those actinides. Therefore, compared with a breeder LMR
economy, an AB LMR is not cost-effective. In earlier sections of this
chapter, a great deal of information was presented indicating that the oncethrough LWR cycle is cheaper than a reprocessing LWR cycle. Thus, it
appears that a combined system of once-through LWRs and breeding LMRs
would be more economical than either AB LMRs alone, or in combination
with a reprocessing LWR cycle.
9.3.5 Who will Pay the Cost of P-T?
It is clear that there is no economic incentive for AB by utilities, a
conclusion agreed to even by proponents. 1 2 Therefore, it is likely that any
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system of P-T will have to be a government undertaking (see Chap. 11 for
the noneconomic reasons supporting this conclusion). The economics
would be affected to some extent by the lower cost of government financing
(Table 9.1). However, even the most optimistic assumptions about
government financing are not likely to alter the fundamentals enough to
make P-T competitive with the once-through cycle at this time, or in the
near future.
9.4 CONCLUSIONS

At present, a nuclear energy system with P-T is more expensive than a
once-through LWR system. At the current price for reprocessing, uranium
prices would have to increase about 15 times for the once-through and
reprocessing cycles to attain economic equivalency.
Without increases in uranium prices, order of magnitude decreases in
reprocessing costs are needed to put reprocessing on an equal economic
footing with the once-through cycle.
Although fuel cycle costs make up only about 20 to 40% of the levelized cost
of nuclear electrical production, doubling of those costs could make nuclear
uncompetitive with coal for base-load electrical generation.

Such a

doubling could result from the introduction of reprocessing in the U.S.
Disposal costs are about 20 to 30% of the back-end costs and represent such
a small portion of the overall fuel-cycle costs that either doubling them or
reducing them to zero would not make a significant effect. Therefore, even
if an HLW repository could be totally eliminated by P-T, the effect on the

economic competitiveness of nuclear power would be very small.
Conversion of HLW to LLW or ILW would have very little effect on the
overall disposal costs because of the escalating costs of LLW disposal.
There is no incentive for utilities to adopt any form of P-T under current or
near-term economic conditions. Therefore, P-T can only be considered as a
government-financed option.

There are no unidentified economic benefits at the system level that might
make P-T economically competitive with the once-through LWR cycle or
even breeder LMRs started with enriched uranium.
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10.0 SCHEDULE IMPACT OF THE INTRODUCTION OF P-T ON THE
REPOSITORY PROGRAM (L. Ramspott - LLNL)
The purpose of this chapter is to examine what impact the introduction of
AB in the ALMR might have on the schedule of the repository program.
Timing of development of other concepts of P-T is too uncertain to address
schedule issues.

10.1 ISSUES
Based on the best available information about the schedules for both the
DOE civilian geologic repository and the ALMR programs, the following
issues should be addressed:
* For the repository program, what are the major scheduleaffecting elements of AB or P-T?
* Without affecting the schedule of the planned first repository, can
P-T be implemented
for a planned first repository?
only for a second repository, or to avoid or delay a second
repository?
* Can the schedules of either the repository program or a P-T
system be projected with any confidence?
10.2 REFERENCE SCHEDULES
10.2.1 Repository Program
The most recent complete reevaluation of the civilian repository program
schedule was released in November 1989.1 That schedule is reproduced as
Fig. 10.1. Key dates with respect to integration with a P-T program are the
submission of a repository license application to the NRC in 2001 and the
start of waste emplacement in the first repository in 2010. There is a
statutory requirement to report to Congress on the need for a second
repository in the time interval 2007 to 2010.
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Not shown on the schedule is the fact that formal site characterization of
Yucca Mountain candidate site has already started.
The Site
Characterization Plan for the Yucca Mountain site, which was required by
statute and NRC regulation was published in December 1988 and has been
accepted by the NRC. Surface based testing started in 1991 and the start of
the ESF for underground testing is scheduled for 1993.
10.2.2 ALMR Program
Figure 10-2 shows the near-term schedule for the IFR/ALMR. A key
milestone supported by that schedule is to demonstrate the IFR fuel cycle,
prove the technical feasibility of processing LWR spent fuel, and
demonstrate the licensability and economic viability of the ALMR by 1995.2
Assuming success in all elements of the program, the ALMR could be
certified by the NRC by the year 2006, leading to deployment by the year 2012.
By the year 2007 to 2010, when a decision regarding a second repository
must be made, the feasibility of actinide recycle and related waste
management technology could be established. Therefore, AB could affect
the timing and need for a second repository.
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10.3 DISCUSSION
10.3.1 Schedule-Affecting Elements
The major repository milestone that the ALMR schedule-affecting elements
must meet is the submission of a license application to the NRC in the year
2001. These elements feed through two paths: direct input to health and
safety assessments, and input to supporting documentation that supports
the license application.
Direct input to repository license application
In order to submit a license application to the NRC, test data for
performance of the waste forms must be complete. These data will then be
used in assessments of the performance of the repository system to
demonstrate that NRC requirements and the EPA standards can be met.
There are nearly three decades of testing data available for borosilicate
glass, and nearly a decade of testing data for spent reactor fuel. Despite
this background, many workers in the field consider that additional testing
of the existing waste forms will be necessary before licensing. If this is
correct, then it is logical to ask whether new waste forms that do not have
this history of testing can be qualified in time for licensing.
If aqueous reprocessing is the method chosen to implement P-T, then the
primary waste form could be borosilicate glass, and advantage could be
taken of the decades of data available. However, test data for the specific
borosilicate glass formulations chosen would still be required, and this
could easily take a decade to acquire, based on past experience. Therefore,
it seems doubtful, although not impossible, that sufficient data for a new
borosilicate glass formulation could be obtained in time for the 2001 license
application date.
Many of the advantages of the ALMR concept seem to lie with
pyroprocessing, at least for the LMR fuel if not for the LWR fuel. The waste
forms for pyroprocessing have not been chosen, or even conceptualized.
Even though the inventory for P-T waste will be very low, it will not be low
enough to be negligible with respect to meeting the regulations, and testing
data will have to be generated. Therefore, a major schedule'affecting
element could be testing data for pyroprocessing waste forms required to
submit a license application to the NRC in 2001.
Input to supporting documentation
Another schedule-affecting element is the basic repository design,
including type of emplacement, quantity of waste, and heat content of
waste. The basic repository design is required as part of the license
application. It also is needed for the performance assessments, the draft
Safety Analysis Report, the draft Environmental Impact Statement, and
other documentation; and therefore will be due well before 2001. The design
would be affected profoundly by AB or other P-T, yet the earliest certification
of an ALMR is 2006, five years after repository license application. In order
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to proceed on schedule, DOE would have to base its repository design on an
uncertified ALMR design.
Another form of supporting documentation would be a generic
Environmental Impact Statement for the recycle of the actinides. As
discussed in Sec. 8.3, the Generic Environmental Statement on Mixed
Oxides (GESMO), which addressed reprocessing, was suspended in 1977.
The NRC could not license a repository that depended on reprocessing to
achieve its stated goals without completion of such a document.
10.3.2 First Repository Schedule
Positive effects
The earliest potential impact of AB or P-T on the repository schedule may
already have passed. A simpler repository system calling for significantly
less site characterization might improve the schedule. However, much site
characterization for a first repository at Yucca Mountain has been done,
and much of the remaining work will be either in progress or completed
before feasibility of using the ALMR for AB could be established in 1995.
Therefore, AB improving the schedule by decreasing the amount of site
characterization does not appear likely.
The schedule might be improved by shortening the time required for
licensing. Even assuming that proceeding with AB will appear favorable in
1995, it does not appear that a sufficiently mature ALMR system could be
approved by the 2001 repository license application date to justify licensing
based on AB. Therefore the idea that the time required for licensing could
be shortened by AB does not seem to be realistic.

Negative ffec

It is possible that debate about AB or other P-T concepts will be used as an
excuse to delay the first repository program (this is discussed in Sec. 15.2).
It is not possible to address this quantitatively. Examples of political and
media suggestions to this effect exist.3
If AB, or some other P-T, was to be implemented for the first repository, the
information presented earlier in this chapter shows that the first repository
would almost certainly be delayed. In response, proponents have stated
that the first repository will proceed as planned, but that the need for a
second repository will be eliminated or delayed. Because the assessment of
the need for a second repository need not be made until the year 2007 to 2010
time frame, the ALMR schedule would support such a second repository
schedule.
In order to eliminate the need for a second repository, the first will have to
be strongly affected. The capacity in terms of MTIHM will be greatly
increased even though the added material will have low heat and
radioactivity content. The decision would also have to be made whether the
AB waste would replace or add to the initial spent fuel inventory. Any large
10-6

increase in capacity would require long-term surface storage of Sr and Cs.
Thus, decisions must be made before the year 2001 license application, not
during the years of 2007 to 2010 time frame of the second repository report to
Congress.
On the other hand, affecting only the design of a second repository could be
delayed until the year 2007 or later. This might have little or no effect on the
first repository schedule.
10.3.3 Schedule Confidence
None of the current schedules can be projected with a high degree of
confidence.
The repository schedule is mature and most of the
impediments have either been addressed or are identified and understood.
The exact details of ALMR deployment are insufficiently defined to project a
detailed schedule, and other P-T concepts are much less well-defined.
One way to assess the potential impact of AB or P-T on the schedule of the
HLW repository, despite the uncertainties, is to imagine that AB in the
ALMR were available today as a demonstrated option. Further assume
neutral economics, public agreement that a centrally planned government
infrastructure should implement it, and a decision to proceed. Then one
could ask what would have to be done, and in what order, to implement a
revised waste management system based on AB.
One would first suspend site characterization in order to write a new SCP.
The SCP is required by NRC regulation to be based on an assumed
repository and waste package design, and the current NRC regulations
were written assuming spent fuel or standard PUREX-process HLW.
Therefore, prior to writing a new SCP two things would need to be done:
prepare a new conceptual design for the repository and seek new NRC
regulations.
The three NRC subsystem performance objectives (1,000 yr ground-water
travel-time, substantially complete containment, and release limit of one
part in 100,000 per year of the emplacement inventory) are just as hard to
meet with an inventory reduced by P-T as they would be for the inventory
from spent fuel because they are independent of the inventory. There are
statements in the rationale for the regulations (see Sec. 15.2.1.1) that
indicate that a different waste form would justify different requirements,
but a formal application and process for the change would be required.
Therefore, if we knew today that P-T would be implemented, the first step
would be a several year delay in obtaining new regulations, followed by
several years to complete a new repository conceptual design and SCP.
To be as favorable as possible to P-T, let us assume that two major licensing
steps for P-T occur in parallel with the repository changes: namely, the
completion by the NRC of a generic environmental impact statement
covering reprocessing and actinide recycle appropriate to whatever P-T
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concept were chosen, and a generic environmental impact statement for
the long-term surface storage of Cs-137 and Sr-90.
Assuming all of the above were to happen, it seems reasonable to also
assume that a 5-yr delay in characterization at Yucca Mountain would be
introduced. We can then examine the issue of whether the 5 yr could be
made up by simpler site characterization requirements.
The technical benefit of reduction of the curie inventory is that the
consequences, although not the probability, of release events are reduced.
Most of the release scenarios will still have to be evaluated even with a
reduced inventory, which means that the same set of overall data needs will
exist. However, the reduced inventory and subsequent consequences
means that the detail of the proof can be less exhaustive. Doing a less
detailed job in each area will have a greater effect on cost than on schedule.
This is because some of the tests take a long time, and extra data would be
taken in parallel, not in series.
The arguments for heat reduction are based on the reduction in
uncertainty. If uncertainty were reduced, fewer samples would be
required. What would be reduced would be the quantity but not the variety
of kinds of data. Additional samples and boreholes drive up cost, but do not
necessarily affect the schedule (they can be done in parallel), so the most
likely effect of P-T would be less costly, but not less time-consuming site
characterization.
The same concept, reduction in cost but not schedule, holds for other areas
besides reduction in uncertainty. For example, it is possible that
arguments could be made for eliminating the 1000 yr ground-water traveltime requirement. If so, a number of studies could likely be eliminated, but
an overall understanding of the movement of ground water would still be
required to show compliance with the EPA standard. Because these studies
are done in parallel, the cost would be reduced but the schedule would not
necessarily be shortened.
Based on a conceptual approach that is independent of confidence in the
current schedules, it appears unlikely that the introduction of AB or P-T
would improve the schedule of the first repository. The most likely effect of
an immediate decision to implement AB would be a about 5-yr delay that
would not be recovered as the program proceeded.
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11.0 INSTITUTIONAL IMPLICATIONS OF INTRODUCING P-T AS A
WASTE MANAGEMENT OPTION (A Pasternak-LLWL)
The purpose of this chapter is to evaluate the institutional implications of
the introduction of P-T as a national policy.

11.1 ISSUES
The various P-T proposals would each require construction and operation of
a number of different kinds of facilities. In order to beneficially affect the
Repository Program, all of the proposed facilities must be constructed on an
interdependent sequential schedule. For example, the AMR concept
would require deployment of reprocessing facilities for LWR spent fuel,
reprocessing facilities for ALMR spent fuel, MRS facilities, and a sequence
of a large number of ALMRs to be brought on line over a period of several
decades.
Such a system is very different in organizational, decision-making, and
operational structure from the present once-through LWR nuclear power
system. There the key initiating and implementing decisions, namely
decisions made by electric utilities with approvals from their state public
utility/service commissions to construct power reactors are essentially
independent of each other. These decisions rely on the federal government
for well-defined operations that either exist (uranium enrichment) or have
been assigned (HLW disposal). The federal government also regulates
radiologic health and safety.
This chapter examines options for implementation of P-T and compares
them with the present system. It addresses such questions as:
* Roles in selecting an option: who or what agency of the federal
government might be empowered to make a decision on selecting
a specific P-T concept? What would be the role of the private sector
in such a decision process? What would be the role of state
governments?
* Roles in implementing an option: what entity(ies) or agency(ies)
would be expected to implement P-T, i.e., be responsible to build
and operate the facilities that comprise the fuel cycle? Private
sector, public sector, or some combination?
* Who will provide the funds?
* Is congressional authorization required?
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11.2 ORGANIZATIONS AND INSTITUTIONS THAT COMPRISE THE
"NUCLEAR ENTERPRISE"
Reliance on the proposed systems of reprocessing facilities and AB ALMRs
would require a significant change in the roles and relationships of the
public and private institutions and organizations that comprise what Alvin
Weinberg calls the nuclear enterprise' in the United States. Utilities, state
regulators, and the DOE would find a dramatic change in the structure of
existing relationships toward centralized planning. Assuming for the
moment that the proposed AB and P-T concepts are found by the DOE to
have technical and economic merit and a role in the management of spent
fuel, it is not clear what entity-public or private-could decide that the
proposed system shall be used and its component facilities deployed across
the country. It is just as unclear what entity could, or should, undertake
implementation of the plan.
To illustrate the institutional complexities inherent in the proposed system,
consider the differences in decision-making processes under the current
system of nuclear power and the proposed system. The proposed AB cycle
employing reprocessing and ALMRs would be centralized and highly
integrated. The present nuclear enterprise in the U.S. is decentralized,
and deployment of new power plants is incremental, reflecting
independent, discrete decisions by private and public entities.
Under the present structure, individual electric utilities and occasionally
several utilities working together decide whether or not their next
increment of electric generating capacity will be added as nuclear power.
The utility must obtain approval and a license from the NRC on radiological
health and safety issues, and approval from one or more state public service
or public utility commissions based on findings that the project is needed, is
financially sound, and will have an acceptable impact on rate payers. (No
utility has ordered a new nuclear power plant in over 10 yr, but if one were
to do so, this is a rough description of the state and federal regulatory
schemes that would apply.) Federal and state agencies have regulatory
systems in place to carry out these functions.
Within this regulatory framework, 111 nuclear power plants were brought
into commercial operation in the U.S. as of February 1991, having been
brought on-line by 50 utilities. These plants are located at 69 sites in 33
states.1 In the U.S. the nuclear steam supply systems have been provided
by four vendors: Westinghouse, General Electric, Babcock & Wilcox, and
Combustion Engineering. To bring these plants on-line, decisions were
made by individual utilities, state public service commissions, and the
NRC. In the U.S., decision-making by utilities and state public service
commissions for adding increments of nuclear generating capacity is
decentralized. As stated above, radiologic health and safety regulation is a
largely centralized function of the federal government; provision of fuel
enrichment and HLW disposal services are also federal functions.
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France, with a highly centralized nuclear enterprise, has 55 nuclear power
plants in commercial operation, including two LMFBRs (as of January 1,
1992).2 Of these, all but three - the LMFBRs and a joint French-Belgian
project - are owned and operated by Electricite de France (EDF).3 Nuclear
power provides 75% of France's electric energy but only 20% of that in the
U.S. France has closed the fuel cycle with reprocessing plants at Marcoule
and La Hague operated by Cogema, recycling mixed-oxide fuels to LWRs
and FBRs. The French example is evidence that a highly centralized
system of nuclear energy supply can work given a centralized political
environment. It is not evidence that such a system would be appropriate in
the U.S.
In their individual decisions to build and operate commercial nuclear
power plants in the U.S., electric utilities rely on the federal government for
two key operational services, which are part of the fuel cycle (as
distinguished from government regulatory activities).
First, the
government will, under specific service contracts, supply enriched
uranium to utilities. (There are no commercial" private enrichment
facilities in the U.S. although privatization of the government's enrichment
capacity has been proposed from time to time.) This is a vital link in the
chain of activities essential to ensuring the reliability of the nuclear fuel
supply. Second, the government has promised, by statute, to provide
disposal capacity for the spent fuel discharged by the utilities' nuclear
power plants. This function is paid for by the utilities' rate-payers through
a 1.0 mill per kilowatt-hour surcharge (which began on April 7, 1983) on the
production of electricity by nuclear power. In standard disposal contracts,
DOE promises to take delivery of spent fuel beginning not later than
January 31, 1998. The Department is also authorized by statute to site and
develop an MRS facility.
The federal HLW disposal program has suffered numerous delays.
Nevertheless, responsibility for spent fuel disposal has been assigned, by
statute, to the DOE, where implementation is the responsibility of the Office
of Civilian Radioactive Waste Management. (See Public Law 97-425,
January 7, 1983: The Nuclear Waste Policy Act of 1982.) The Department
has been directed, also by statute, to evaluate Yucca Mountain in Nevada as
a possible site for a repository for spent fuel and HLW. (P.L. 100-203: The
Nuclear Waste Policy Amendments Act of 1987.) The function of waste
disposal is not integrated with the operation of nuclear power plants. The
U.S. program is presently designed to provide disposal capacity for
unreprocessed spent fuel as well as HLW. Under law, this effort must be,
and is being, pursued. The objective is fixed. It does not depend on future
nuclear scenarios, i.e., whether or not there is an expansion of nuclear
power or whether reprocessing is implemented. The program is adaptable
to these possibilities.
In the AB proposals, the operation of ALMRs is part of the waste
management process. But the deployment of ALMRs to achieve this
objective may be a 40-yr undertaking at the rate of one facility per year. To
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make the process work, all of the ALMRs envisioned at the outset must
eventually be deployed along with two reprocessing plants and an MRS
facility.
11.3 PROSPECTS FOR "COMMERCIAL" DEPLOYMENT OF ALMRS ON A
SCHEDULE TO ACHIEVE SPENT FUEL MANAGEMENT OBJECTIVES
The DOE Office of Nuclear Energy (DOE/NE) Plan4
What are the chances that electric utilities will find sufficient incentives to
attempt to deploy AB ALMRs and to do so in the quantity and on a schedule
that will allow the ALMIR/IFR system to play a significant role in long-term
nuclear waste management? The DOE/NE is hopeful that commercial
deployment" of ALMRs will have sufficient impact on LWR spent fuel to cap
the spent fuel disposal requirements at the current statutory limit on the
first repository (70,000 MTIHM). For example, DOE calculates that
approximately 27 GWe of ALMRs installed by 2030 will be sufficient. For a
high-nuclear scenario (288 GWe in 2030) 35 GWe of ALMRs would be
required to cap the spent fuel buildup.
The DOE/NE hopes for a phased, progressively private program to
introduce ALMRs in the U.S. on a commercial scale.
The DOE/NE is relying on its own development program to advance the
ALMR, IFR fuel cycle, and LWR actinide recycle systems to technical and
economic viability through laboratory-scale, pilot-scale, engineering-scale,
and commercial-scale prototype testing. DOE/NE believes that: "By 1995 the
IFR fuel cycle could be demonstrated, the technical feasibility of processing
LWR spent fuel could be proven, and the licensability and economic viability
of the ALMR established." At that time, DOE/NE believes that it would be
possible to evaluate the "feasibility, cost, and schedule for proceeding with
the technology as a potential alternative to a second repository." The DOE
plan continues:
Following this, a pilot-scale demonstration of the
pyrometallurgical reprocessing of LWR spent fuel and operation of an
ALMR reactor prototype would be needed to demonstrate feasibility of
ALMR commercialization." (Emphasis added.) If so decided, the ALMR
could be certified by NRC by 2006 with subsequent utility orders as required
to establish a proper balance between LWRs and ALMRs as indicated in
Fig. 2." (Emphdsis added.) ("Figure 2, Waste Management Options: Cap
Spent Fuel Buildup at Capacity of First Repository.")
The DOE plan continues: By 2007, when a decision regarding a second
repository will be considered, the feasibility of actinide recycle and related
waste management technology could be clear and, if successful, the
technology would be operable by 2012. This could preclude the necessity to
implement increased interim storage as well as a second repository."
Analysis of Reliance on Commercial Deployment"
The arguments for developing ALMR and associated actinide recycle
technologies to the point of viability make sense if the objective is to provide
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industry with a technology that offers economical uranium resource
extension and possibly other advantages when compared with other
nuclear systems. ALMRs are designed to serve several purposes: extend
resources, improve economics, enhance safety, and simplify long-term
waste management. One can argue that if the technology were available,
utilities (and their state PUCs) might opt for the new system if there were
perceived economic and/or reliability advantages to the regional grid or to
the utility. However, this does not create an expectation of deployment of
such systems on a scale and schedule that will meet a national waste
management objective such as avoidance of a second repository.
11.4 THE NEED FOR A CENTRAL PLANNING FUNCTION, AND
QUESTIONS TO BE ADDRESSED
There is no reason to believe that, lacking a central planning function,
incremental, dispersed decisions by utilities and PUCs to deploy the new
system will establish a proper balance" between LWRs and ALMRs for the
purpose of capping spent fuel buildup at the present statutory capacity of
the first repository. For this objective to be achieved, a centralized longrange planning function is needed. No such function exists today in either
the government or the private sector. Such a function is more likely to be in
the government than the private sector, but what agency and mechanism
would be employed is yet to be determined. At this stage, all that can be said
is that a decision to deploy the components of the system-ALMRs,
reprocessing facilities, and an MRS-to meet a national goal, even if
deployment of ALMRs by the private sector were the hope, would require a
new governmental decision-making function. This function would have to
decide:
1. Whether the proposed system could play a role in waste
management (e.g., avoidance of a second repository).
2. How many ALMRs would be needed and on what schedule.
3. How to deal with possible private utility and state PUC decisions to
add nuclear capacity of a type that does nXl play a role in waste
management, i.e., generates spent fuel similar to that discharged
by LRs today, thereby upsetting the proper balance" and
requiring yet even greater, off-setting deployment of the ALMR
system.
4. How to bring on-line the requisite reprocessing facilities for LWR
and ALMR spent fuel.
It would be important to bring state public utility/service commissions and
the utilities themselves into the planning process to help achieve a plan
with wide support and minimize conflicts.
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11.5 REVITALIZATION OF THE "NUCLEAR ENTERPRISE" AND ITS
RELATION TO DEPLOYMENT OF AB SYSTEMS BY ELECTRIC
UTILITIES
Proponents of actinide recycle admit that a need for increased nuclear
generating capacity is a prerequisite to deployment of the ALMRs, which
are part of the actinide recycle system:
"Should a decision be made to phase out nuclear power, the
incentives for AB may be marginal. However, there still might be a
role in transmuting the existing actinides. For that limited role,
accelerators might be the option of choice for transmutation. If
nuclear power continues at approximately the present level, thermal
reactors with direct disposal could still be utilized for a long time
without recycle of actinide fissile material. On the other hand, if
nuclear power plays an increasingly more important role, then
recycle of Pu will ultimately be required." 5
If there is to be a revitalization of the nuclear enterprise, some necessary
conditions must be satisfied. These are prospects of economic growth and
increased demand for electricity, licensing reform, and assurance that
utilities that opt for new nuclear power plants will be allowed to recover
their costs and make a reasonable profit. Assuming a resurgence of
interest in nuclear power by 2005 to 2012, individual utilities will not
propose ALMRs unless they are expected to be more economical power
producers than LWRs or other nuclear options. 6 While these conditions
may be necessary, they are not sufficient for utilization of nuclear energy.
Safe disposal of spent fuel that is now in storage as well as that which will
be produced by the current generation of power plants is a necessity not only
for safe waste management but, in the view of many, a prerequisite to the
future expansion of nuclear power. Demonstration of disposal technology
or means has been a statutory prerequisite to the licensing of new nuclear
power plants in California since 1976.7 Other states have adopted similar
policies. A capability to "dispose of the waste" is a political necessity. At
present, the public and the Congress are likely to be skeptical of arguments
for deployment of nuclear reactors that assert that the new kind of reactor
will deplete the quantity of spent fuel in storage rather than add to it. The
public and political attitude is likely to be - disposal first, deployment
afterward.
Since the ALMRs produce electricity, it seems reasonable to speculate that
this part of the fuel cycle might be provided by the electric utilities. But
what utility, or combination of utilities, could assure now that the full
complement of (forty) plants will be deployed over a period of four decades?
The federal government, through its power-producing and marketing
agencies - Bonneville Power Administration (BPA), Tennessee Valley
Authority (TVA), and Western Area Power Administration (WAPA) - has
long been a wholesaler of electricity. But it seems unlikely that even these
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entities, despite their utility-type functions, are well-suited to undertaking
the tasks of ALMR deployment or reprocessing required in the actinideburnup cycle. (Of the three, only TVA has built and operated power plants.
BPA and WAPA are strictly marketing agencies.) Such undertakings as
part of a national strategy might be perceived as altering the regional
character of these federal agencies and their ability to provide electric
power to their customers at less than "market rates." This perception could
produce strong political opposition.
Similar questions arise with respect to responsibility for building and
operating the two reprocessing plants and the MRS facility. Without these
facilities, there is no point in constructing and operating the proposed
ALMRs. Yet little incentive would appear to exist for the private sector to
undertake construction of fuel reprocessing plants. Private industry,
encouraged by the government in the 1960s and early 1970s to construct
reprocessing plants, was frustrated by a reversal of government policy in
1978 due to the Carter Administration's concerns about proliferation. Of
three plants constructed, only one ever operated. It ultimately closed for
economic, not political or regulatory reasons. If the government decides to
utilize the actinide-burning concept, it will not only have to continue and
complete RD&D in reprocessing, especially pyrometallurgical
reprocessing, but it may also have to build and operate these plants itself or
in partnership with the private sector.
To make the proposed scheme work, all of the elements are necessary:
ALMRs, two reprocessing plants, and an MRS facility for 200 to 300-yr
storage of Sr-90 and Cs-137. Yet no one entity, including the federal
government, is likely to have the technical or financial ability, or interest, to
do them all. Certainly, no governmental entity has existing authorization
to do so. Nevertheless, the AB and transmutation proposals under
consideration imply a heavy role for the federal government since the
economic incentives may be insufficient to motivate private industry. At the
very least, a new centralized planning function would be required to simply
decidp that the integrated ALMR/MRS reprocessing system is to be
deployed. This would be a more far-reaching decision than the
congressional decisions embodied in the NWPA, and congressional
approval of the programs and public funding would be necessary.
11.6 AB AND THE NUMBER OF WASTE REPOSITORIES REQUIRED
The DOE/NE advances an interesting "institutional" argument for actinide
recycle that merits consideration: alteration of the statutory cap on the first
repository. The NWPA of 1982 puts an emplacement limit on the first
repository of 70,000 MTIHM in spent fuel until a second repository is
operational. This implies that additional repositories will eventually have
to be sited and licensed. Indeed, the purpose of the emplacement cap was to
assure that the first repository would not become the nation's only
repository. However, actinide recycle to reduce the radiological toxicity of
the waste by orders of magnitude, plus reduction of the near-term decay
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heat burden by interim storage of strontium and cesium, might alter the
picture. They could provide a basis for amending the NWPA to replace the
MTIHM cap with a different kind of limit that would, in effect, extend the
utility of the first repository to handle more reactor-years of waste than is
represented by 70,000 MTlEHM without actinide recycle.
The argument for life extension of the first repository is driven by
economics and the desire to avoid, for as long as possible, the need to relive
the tremendous political confrontation now being experienced in developing
the first repository. The counter-argument, of course, is the share-theburden philosophy inherent in the NWPA and the Low-Level Radioactive
Waste Policy Act. The issues that may dominate the argument for
extending the useful life (which we define here as reactor-years of spent
fuel) of the first repository may not be the technical ones of reduction of the
toxicity of the spent fuel or its decay heat burden. Rather, the key issue may
remain what it was when the NVYPA was enacted in 1982-the political
desire for regional equity-that no one state will bear the burden" for the
entire nation.
11.7 A POTENTIAL INSTITUTIONAL OR LEGAL PROBLEM THAT MAY
AFFECT TRANSMUTATION OF HLW IN ACCELERATORS
One approach to simplifying HLW disposal is the use of accelerators to
transmute long-lived isotopes in the waste to short-lived isotopes. This
approach mav create a legal problem for the national HLW program, which
the DOE may want to evaluate.
The scope of the Atomic Energy Act is limited to source, by-product, and
special nuclear materials. Naturally occurring and accelerator-produced
radioactive materials (NORM and NARM) are not addressed by the Atomic
Energy Act and are therefore not regulated by the NRC. They are regulated
by state radiation control programs and will eventually also be regulated by
the EPA, probably under the Toxic Substance Control Act (TOSCA).
The legal questions that we suggest be addressed are these: would
accelerator-treated HLW become legally transmuted from by-product
material to NARM? If so, would the regulatory scheme which now governs
disposal of HLW and spent fuel, i.e., 10 CFR 60 (NRC) and 40 CFR 191 (EPA)
be significantly altered? Would regulation by the NRC be eliminated and
with it federal preemption in favor of regulation by EPA and the state in
which the repository is located? Affirmative answers to these questions
might imply institutional complications that would nullify any potential
technical gain that transmutation of HLW in accelerators might offer.
11.8 CONCLUSIONS
Centralized authority and decision-making by the federal government are a
prerequisite to implementation of an actinide-burnup cycle with ALMRs to
process all LWR spent fuel. This centralized, decision-making function
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would alter existing dispersed decision-making by utilities and state public
service commissions. Carrying out a program to bring on-line numerous
and diverse new fuel cycle facilities over a period of many years, perhaps
decades, would require unprecedented durability of public policy and
careful integration of public and private technical and financial resources.
There is no obvious private or governmental entity with the authority or
capability for such an undertaking. Nor is it clear that such an approach
would be politically viable in the U.S.
There is in place in the U.S. a decentralized system of private and public
institutions capable of expanding nuclear capacity when well-identified
economic, regulatory, and waste disposal issues are resolved. The DOE
carries out a program of RD&D designed to improve the safety and
economics of nuclear energy systems and extend the fuel resources on
which these systems rely. With respect to waste disposal, governmental
responsibility has been fixed by statute, and an organization, the Office of
Civilian Radioactive Waste Management, was created within DOE to fulfill
that responsibility. In the past year, the Department has moved vigorously
through litigation and proposed legislative initiatives to remove
institutional barriers that have delayed the progress of the national HLW
disposal program. This program should not be fundamentally altered
unless there is clear and convincing evidence that it cannot work because of
institutional or technical barriers and that there is high confidence that the
proposed alternative program will overcome the identified problems.
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12.0 POLICY IMPLICATIONS OF INTRODUCTION OF P-T AS A WASTE
MANAGEMENT OPTION (T. Cotton - JK Research Associates)

INTRODUCTION
U.S. nuclear waste policy is embodied primarily in the Nuclear Waste
Policy Act of 1982 (NWPA), the Nuclear Waste Policy Amendments Act of
1987 (NWPAA), and regulations promulgated by the NRC and the EPA.
This policy structure deals only with storage of spent fuel for some period,
followed by disposal in deep geologic repositories, with emphasis on the
development of repositories rather than storage facilities. There is no
provision or requirement for using complex treatment operations prior to
disposal, or for using disposal methods other than deep geologic
repositories (although research on subseabed disposal is directed by the
NWPAA).
12.1 NEUTRALITY WITH RESPECT TO FUEL CYCLES
ISSUE:
The statutory basis of current nuclear waste
management policy is neutral with respect to decisions about the
nuclear fuel cycle. A deliberate decision to reprocess all LWR
spent fuel and to recycle the separated actinides in ALMRs for
waste management reasons would require a major change in
that policy.
One essential element of the consensus that emerged in the extended
debates and discussions leading up to the passage of the NWPA was that
the waste management system should be neutral with respect to the future
of nuclear power in general and nuclear fuel cycle decisions in particular.
This policy was stated by DOE in its submission to the NRC waste
confidence rule making and in the Final Environmental Impact Statement
(FEIS) on Disposal of High Level Radioactive Waste and Spent Nuclear
7. Waste disposal concepts selected for implementation should
be independent of the size of the nuclear industry and of the
resolution of specific fuel cycle or reactor design issues and
should be compatible with national policies. 1
This policy was subsequently embodied in the NWPA through the
requirement that DOE provide repositories for disposal of both
unreprocessed spent fuel and HLW. Prior to the review of waste
management policy by President Carter's Interagency Review Group, DOE
and NRC policy had been oriented only toward disposal of solidified HLW
and had assumed that all spent fuel would be reprocessed. Both the strong
objections to reprocessing by some groups and the declining economic
attractiveness of reprocessing led to a decision that the national waste
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management program should be capable of handling waste from whatever
fuel cycle and level of reactor operation materialized.
A decision to require reprocessing of LWR spent fuel, to say nothing of
promoting ALMR development and deployment in order to recycle the
actinides, would involve a dramatic change in this policy. It could be
expected to revive all of the concerns about reprocessing and recycle that
were debated in the 1970s. Because of this likely controversy over Federal
promotion of reprocessing and recycle, a strong legislative mandate rather
than simply legislative authorization may be required to enable DOE to
implement a P-T approach to waste management. It is difficult to see how
DOE (or any agency) could succeed at so ambitious and controversial a
program without a strong legislated requirement rather than just
permission to do so.
The history of waste policy debates suggests that this mandate could be
highly contentious and very difficult to obtain. Considering the difficulty in
passing the NWPA in the first place, it is unlikely that Congress would
approve so radical a change without a compelling case that it is needed. 2
Yet the proponents of P-T now do not argue that it is necessary (i.e., that
geologic disposal of spent fuel will not work); rather, they argue that P-T
may simply offer some advantages, such as avoiding the need for a second
geologic repository. This may not be a sufficiently compelling reason for
Congress to undertake the difficult task of providing a legislative mandate
for DOE to implement a P-T process for LVR fuel.
12.2 ALTERNATIVE DISPOSAL METHODS
ISSUE: Current law, policy, and regulations for disposal of HLW
from reprocessing contemplate only disposal in deep geologic
repositories. Disposal of very-low-actinide HLW from a P-T fuel
cycle in a less demanding system, as some have suggested, would
require development of an entirely new set of legislative authorities,
policies and regulations.
Some have suggested that P-T would allow disposal of the resulting
actinide-free HLW within a system whose containment requirements are
less stringent than those applied to geologic repositories. Current policy
requires development of geologic repositories for spent fuel and HLW
disposal, but does not require that all spent fuel and HLW be disposed of in a
geologic repository. 2 Thus, no policy reversal is required to allow for
disposal of ALMR HLW in another type of facility. However, a complete
new set of regulations and legislative authority would be required for a new
disposal system; in fact, a legislative mandate might be required to force
development of the appropriate regulatory structure.
Even if a lesser-confinement disposal technology were available for
actinide-free HLW, it may not be possible to reduce the actinide content of
the ALMR HLW sufficiently to qualify. Till and Chang note3 that 99.9%
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removal of actinidod (the current goal for reprocessing processes) does not
make HLW non-TRtJ waste (which, after sufficient storage to allow fission
product decay, might qualify as low-level waste); that would take a
decontamination factor of one million. The only technology for that can be
used for TRU waste disposal and for which regulations exist is the geologic
repository; the EPA standard for geologic disposal applies equally to a TRU
repository as to a HLW repository. Thus, with the current regulatory
structure, simply converting HLW into TRU waste would not change the
requirements for disposal in any way.
A change in regulations to allow disposal of ALMR HLW that still qualifies
as TRU waste in some system other than a deep geologic repository might
be difficult to obtain, in view of the clear regulatory decision to treat TRU the
same as HLW and of the current focus on development of a geologic
repository (the Waste Isolation Pilot Plant) for defense TRU waste.
In any
ijt appears that there would be a need for at least one geologic
repQgtory, to dispose of the defense HLW. As noted above, one is already
under ctuction for defense TRU waste. Thus, it does not appear likely
tha4 P-T would require, or enable, development of an alterative disposal
te9hnology.
12.3 CAPACITY LIMITS ON THE FIRST GEOLOGIC REPOSITORY
ISSUE: The Nuclear Waste Policy Act allows only 70,000 metric
tons of pent fuel (or equivalent HLW) to be placed in the first
reposjtWr7 before the second begins operation. Delay of the need for
a secq repository, a benefit attributed to P-T, would require
remqvay QT this limit.
A majoKA.n,1hfj claimed for P-T is that it could avoid the need for additional
geologch
i tories beyond the first one. It is argued that with actinide
remoyiA and surface storage of 85 yr, repository capacity can be increased
by a factor of 10 (or by a factor of 20 for 125 yrs' storage). 3 This extended
storage allows the heat load to decay enough so that much more waste can
be emplaced in the first repository for any given thermal limits. Unlike the
alteynative disposal method suggested in Sec. 12.2 above, this assumes that
the ALMR HIM is ultimately disposed of in a deep geologic repository.
Realization f t).i8s benefit would require amendment of the NWPA to
eliminate ta requirement that the NRC license for the first repository limit
to 70,000 nktiq tons the amount of spent fuel or equivalent HLW that can be
placed in that repository until a second repository begins operating. This
limit was adopted to prevent the first repository from becoming the only one
(an issue of re oglnl equity), rather than for technical reasons.
Emplacement in tp first repository of most or all of the waste from not only
the current generation of LWRs but also from an ALMR cycle would
therefore require a pignificant change in policy.
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This is not to say that Congress might not contemplate such a change; the
1987 NWPAA represented a retreat from the NWPA commitment to a
second repository, since it cancelled the siting program and deferred
consideration of need for a second repository for 20 yr. However, if
Congress were willing to allow emplacement of much more waste in the
first repository, that alone would allow expanded use of nuclear power
without ALMRs and actinide recycle. The spent fuel could also be cooled
before emplacement for the same period that would be required for the
ALMR HLW, with essentially the same benefit in terms of increased
repository capacity (see below). Thus, the issue of whether or not to allow
emplacement of more than 70,000 tons in the first repository before a second
repository is operating is independent of the ALMRP-T issue. However,
this question may be raised anyway if it turns out that Yucca Mountain is
suitable for a repository and is able to handle significantly more waste than
the current limit.
12.4 RELIANCE ON LONG-TERM INSTITUTIONAL CONTROL
ISSUE: Current policies and regulations for disposal discourage
long-term reliance on institutional control, yet many of the claimed
waste management benefits of P-T rely on such control.
A basic principle of consensus underlying the NWPA was that the
generation who benefits from the activities that produced the nuclear
wastes should also bear the responsibility for disposing of them, and that
the disposal system should not rely upon long-term institutional control.
This is reflected in the conclusion of the Interagency Review Group
established by President Carter:
The responsibility for establishing a waste management
program shall not be deferred to future generations.
Moreover, the system should not depend upon the long-term
stability or operation of social or governmental institutions for
the security of waste isolation after disposal. 4
On the same point, the FEIS stated:
6. Waste disposal systems selected for implementation should be
based upon a level of technology that can be implemented within a
reasonable period of time, should not depend upon scientific
breakthroughs, should be able to be assessed with current
capabilities, and should not require active maintenance or
surveillance for unreasonable times into the future. 1
This principle is also embodied in EPA's regulations for geologic disposal,
which preclude reliance on institutional control for more than 100 yr.
The MRS provisions of the NWPA do contemplate the possibility of storage
"for the foreseeable future." However, the idea of long-term storage while
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the repository is deferred was considered and rejected during development
of the NWPA. The NWPA requires that the program of disposal in
repositories mandated by the Act continue regardless of what is done with
regard to an MRS. In addition, the NWPAA places severe limits on MRS
capacity (15,000 metric tons at any one time) that preclude storage of a large
quantity of waste, even when a repository is in operation.
Proposals to use P-T/ALMR systems for waste management rely on longterm institutional controls for two purposes:
1) to provide surface storage to cool the HLW from the ALMRs before
disposal; and
2) to operate the ALMRs for the period of centuries that would be
required to achieve a major reduction in actinide inventory for
disposal.

Storage
In some proposals, the HLW would be stored for several hundred years,
until the fission product activity had decayed to a level at which the
material would no longer be classified as HLW and would qualify for
disposal in a less demanding and less expensive facility than a deep
geologic repository (see Sec. 12.2). In other approaches, the HLW would be
stored for perhaps 75 to 120 yr to allow decay of the bulk of the heatproducing actinides, and then would be emplaced in the geologic
repository. 3 In the latter case, the cooling would allow much more HLW to
be placed in the first geologic repository, thereby delaying and perhaps
eliminating entirely the need for a second.
Storage for hundreds of years is clearly outside the bounds of current
regulatory or legislative policy, particularly if in the meantime the
development of a disposal capability is deferred. Federal efforts to obtain a
waste storage facility have repeatedly foundered on the objection that it
would lead to deferring the development of disposal capacity. A change in
policy to allow storage for centuries, while waiting to develop disposal
capacity for the stored waste, would require a major shift in thinking by
those who have successfully opposed Federal storage facilities for much
more limited purposes in the past.
Storage for perhaps 100 yr might be compatible with current policy, but only
barely. To deal with historical objections to Federal storage would probably
require a convincing commitment to timely development of geologic
disposal. Long-term storage for cooling would be compatible with the
current linkage between MRS operation and the operation of a repository,
which are intended to ensure that an MRS does not become a de facto
repository. However, a policy of deliberate cooling of all waste for perhaps
100 yr before disposal would require lifting the 15,000-MTU limit on an MRS
now contained in the NWPAA because such a policy would require storage
capacity for essentially all of the waste from the entire inventory of LWR
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fuel. (Note also that the ALMRs used to transmute actinides from LWR
fuel would generate additional HLW during their lifetimes, so more storage
capacity would be needed than just that required for the HLW resulting
from transmuting the LWR actinides. In fact, extended storage of HLW
before disposal would be required with an ALMR cycle if additional
repositories are to be avoided, since the ALMR cycle would produce
additional heat-generating fission products - the principal determinant of
the size of a geologic repository.)
It is important to recognize that if there are advantages to cooling HLW for
such a period (i.e., if it would defer the need for a second repository), many
of the same advantages would accrue from storing the unprocessed spent
fuel before disposal. The only nei reduction in heat load resulting from P-T
would come from removal and destruction of the actinides, which represent
only a small part of the total integrated heat output of the spent fuel. The
big increase in capacity of the repository - i.e., the factor of 10 or more
claimed by Till and Chang - results from fission product decay, rather
than actinide removal, and that can be obtained by simply storing the spent
fuel. Thus, if there is merit to extend storage of waste in order to cool it
before disposal, it should be pursued anyway, independent of any decision
concerning P-T.
Extended ALMR operation
Even if storage of HLW for a century or so were acceptable, Chap. 4 shows
that the facilities of the ALMR fuel cycle (reactors, reprocessing plants, and
fuel fabrication facilities) must be operated for many centuries in order to
obtain a major reduction in the total inventory of actinides requiring
disposal. (In effect, these facilities simply provide storage for the actinide
inventory while it is gradually transmuted into fission products, which
would be stored for another extended period before disposal.) Thus,
implementation and operation of an ALMR cycle for waste management
proses implies a major shift in the current policy of placing the burden of
managing nuclear wastes on the generation that benefited from the
activities that produced them and not relying upon long-term institutional
control.
12.5 USE OF NUCLEAR WASTE FUND FOR P-T RESEARCH AND
DEVELOPMENT
ISSUE: The NVWPA allows use of the Nuclear Waste Fund only for
nongeneric research, development, and demonstration activities
authorized by the Act. Amendment could be required if it were
desired to use the Fund to support P-T research and development.
Implementation of a P-T alternative will involve substantial research and
development costs in two areas:
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1) Development of the P-T technologies. Reprocessing plants
capable of achieving the desired degree of separation must be
developed and demonstrated, as must the transmutation
devices (accelerators or ALMRs).
2) Development of technologies for disposal of P-T wastes.
Acceptable solidified waste forms and packages must be
developed. If there is a desire to use a lesser confinement
system than geologic repositories for disposal of the resulting
HLW, an alternative also must be developed and sited.
If ALMRs with full P-T were implemented for economic reasons, then the
waste program would be expected to develop the technologies and sites
needed for disposal of the resulting waste (category 2); the associated costs
would be recovered from users of ALMR-generated electricity through the
nuclear waste fee. Thus, no new issue is raised by this category of costs as
far as disposal in deep geologic repositories is concerned. However,
development of some other disposal system for ALMR wastes, as suggested
by some, could require amendment of the NWPA to allow use of the Fund to
develop such a system, since only work on deep geologic repositories is
currently authorized.
Amendment of the Act might also be required if it were desired to use the
Fund to pay for any of the costs of developing a P-T system in order to
process the spent fuel from LWRs. now planned to be disposed of directly in
a geologic repositorv. Substantial research and development work is
needed before the claims of the proponents of P-T for waste management
can be tested. Under the NWPA, the Nuclear Waste Fund probably could
not be used for this purpose, since the Act limits expenditures to
nongeneric research. Furthermore, even if the Fund could be used to
support research on alternative disposal processes, P-T has not been shown
to be the preferred option. In the FEIS, P-T was examimed among a range
of alternatives to geologic disposal. The conclusion was that the most
promising near-term alternatives were subseabed and very deep holes, not
P-T. Furthermore, the NWPAA directs DOE to pursue work on the
feasibility of subseabed disposal. However, utilities have opposed use of the
Waste Fund for subseabed research, and funds from general revenues have
not been available for that purpose. Given EPRI's conclusion that P-T is not
economically justified for the LWR fuel, 5 the utilities are not likely to
support use of the Fund for P-T research.
In short, even if the law were changed so that the Waste Fund could be used
for research on alternative disposal methods, there is no clear reason why
P-T would be favored over options such as deep drilling or subseabed (for
which a legal mandate already exists). The same question also might be
raised concerning use of other DOE funds for research on P-T as waste
management measure, since the NWPAA already directs further study on
subseabed disposal, yet funds have been too constrained to allow it to
proceed.
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12.6 USE OF THE WASTE FUND FOR OPERATION OF A P-T SYSTEM
ISSUE: The NWPA established in law the principle that the owners
and generators of nuclear waste should pay the costs of its disposal.
Development and operation of a P-T system to treat the spent fuel
from LWRs could violate that principle.
This issue results from the proposal to reprocess all of the LWR spent fuel
from the current generation of reactors and to transmute the actinides (and
perhaps key fission products) in some transmutation device - accelerators
or ALMRs. If ALMRs were deployed anyway by the private sector, the costs
of P-T for their own spent fuel would be borne by the users of the electricity
generated by the reactors. However, if ALMR deployment were accelerated,
and the reactors operated inefficiently, in order to eliminate the backlogs of
LWR spent fuel, there would be a large cost penalty - estimated at $0.5
billion to $2 billion per year. 5 (On this point, EPRI concluded that "adoption
of a process-before-disposal policy for the current spent fuel would not be
economic." 5 ) The policy issue is who should pay that penalty if the costs of
disposal are to be borne by the owners and generators of the waste?
The owners of the first 70,000 tons of LWR spent fuel already will have paid
the cost of the first repository and will receive no benefit from P-T of their
spent fuel in order to make more room in the repository for someone else's
fuel. They would benefit only if they were shown that geologic disposal of
spent fuel directly is not possible and that P-T is necessary for disposal of
their fuel - a claim that is not being made by proponents of P-T. Thus,
serious equity issues would be raised if the revenues from these people were
used for any aspect of P-T The basic principle underlying the NWPA would
be violated.
Owners of spent fuel from existing or future LWRs that exceeds the
70,000-ton limit on the first repository before the second is in operation
would benefit if the capacity of the first repository could be increased.
However, if the 70,000-ton limit were lifted, and if extended storage (70 to
120 yr) for cooling were acceptable, then the capacity could be increased
without the need for P-T simply by cooling the spent fuel before
emplacement. Thus, there is no obvious benefit of P-T even to generators of
LWR fuel in excess of the current initial limit on the first repository.
By the same argument, even the ALMR operators would not necessarily
benefit from processing the LWR fuel just to increase the capacity of the
first repository to make room for the waste from their reactors. Simply
cooling the LWR fuel for the same period that the ALMR HLW would have
to be cooled would achieve the same objective. Thus, it is not clear why the
users of ALMR-generated electricity should pay the cost penalty involved in
processing all of the LWR fuel and recycling the actinides for waste
management purposes.
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of all
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13.0 PUBLIC ACCEPTANCE ISSUES
(A. McCabe and Wm. Colglazier - Univ. of Tennessee)
13.1 INTRODUCTION
The feasibility of P-T as a waste management option does not depend solely
on the technical, institutional, and economic questions examined in this
study. How the public reacts to the possible introduction of P-T into the
nuclear fuel cycle is a factor that may stymie its development regardless of
the attitudes of the scientific, technical and political communities. Much
as the future of nuclear energy is contingent upon public tolerance of
radioactive risk, so is P-T susceptible to public judgments regarding its
perceived risks and benefits.
This chapter deals with key public acceptance issues that merit
consideration. It is a summary of a comprehensive study prepared by the
authors McCabe and Colglazier.1 Appendix B of this report summarizes a
workshop that reviewed an earlier draft of this chapter.
Characterizing public reaction to P-T, however, is largely a speculative task
since no systematic effort to gauge mass or elite public opinion on this
subject has been undertaken. Claims have been made that the
incorporation of actinide P-T into the nuclear fuel cycle will have
significant benefits regarding public acceptance because the need for and
safety concerns about the permanent repository will be reduced. According
to proponents of P-T, public perceptions of the fuel cycle will improve
because (1) residual waste will only need to be isolated for hundreds rather
than thousands of years, (2) waste volumes will be cut dramatically, and
(3) storage can take place in aboveground facilities rather than in deep
underground mines. 2 Skeptics argue that benefits are minimal since a
geologic repository will still be required, reprocessing facilities will have to
be sited, additional waste streams will be produced, and the economics of
nuclear powerawill be worsened.
There is, however, a considerable body of social science literature on trends
identified in public and interest group attitudes toward commercial nuclear
power production, in particular the management of radioactive wastes.
The proposed P-T technology will have to contend with issues of public
acceptance and a socioeconomic environment that has been shaped by the
public's opinion of the existing nuclear fuel cycle. The prospects for public
acceptance of P-T can very likely be gleaned by a close examination of mass
and elite opinion regarding conventional nuclear power and radioactive
waste management. This chapter attempts that examination in order to
make informed speculation concerning public acceptance of the P-T fuel
cycle.
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13.2 ISSUE IDENTIFICATION IN THE MASS PUBLIC
Because it is assumed that developers of the proposed reactors would
address public concerns about facility safety by meeting regulatory
standards, this issue is not pursued. This study centers on five themes that
emerge in the literature which are relevant to the reasoned debate over P-T.
They are: public knowledge of nuclear waste issues, nuclear waste as a
reason for opposing nuclear power, issues of trust and confidence,
transportation, and opposition to facility siting. The study does not address
public attitudes toward regulatory standards for proposed reactors, nor
does it address the role of the mass media in the opinion-policy process.
Both issues are important and deserve further exploration. Americans are
unwavering in their demands for safe construction and operation of all
nuclear facilities, 3 and the media are the main communication channel
between the general public and the technical experts. Nevertheless, the five
themes chosen focus on those issues that are the primary intersection of
nuclear waste and nuclear power in the public consciousness.
13.2.1 Knowledge of Nuclear Waste Issues
In an extensive review of public opinion literature relating to radioactive
waste management, a number of dominant themes emerge. 1 The first is
that while public concern over nuclear waste has risen significantly during
the last several decades, most Americans remain largely unfamiliar with
the origins, volume, and location of radioactive waste.
Early in the nuclear era, most individuals knew little about the existence or
nature of radioactive waste. This is not surprising since a paucity of
information was available to the public that spoke to the by-products of
atomic energy. Radioactive waste began to be linked during the 1950s to
fallout from bomb testing, and local citizen groups protested ocean
dumping of "slightly" radioactive materials by the Atomic Energy
Commission (AEC). 4 From 1975 onward, following news stories about
leaks at Hanford and the aborted Lyons repository, survey data indicate a
steady increase in the percentage of people who perceived radioactive waste
disposal to be a serious problem. In that year, for example, 48% of those
interviewed by the Opinion Research Center thought disposal of wastes
from nuclear power plants posed a serious problem. However, even in the
late 1970s, more than a third of the public declined to express opinions
regarding radioactive wastes. 5
Americans do not appear very well informed about nuclear waste
management. The mass public's knowledge about waste storage is
indicated in a 1987 national survey. 6 A plurality, of about 4-in-10 thought
that waste was already being stored at regional centers; only a quarter
thought it was stored at the reactor. In the 1990 Cambridge Reports 7
national survey, individuals were asked about the composition of spent fuel
from nuclear reactors. Thirty-one percent of respondents thought the
waste was solid, 26% responded liquid," 19% thought the waste was in
gaseous form, 12% said a combination," and another 12% did not know.
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Another question revealed that 49% thought nuclear waste is very small
and compact," 35% conceptualized waste to be large and spread out,' while
only 16% admitted a lack of knowledge on the subject.
Though recent surveys show that more people are expressing opinions,
almost half of the public surveyed in New Mexico and Colorado -- two states
with more nuclear-related activities than average -- scored zero on tests of
nuclear technology and policy knowledge. 8
In an expanded study, the investigators found that the more one knows
about the characteristics of radiation, the less one perceives the risks
associated with nuclear waste to be. They concluded that the most
important contributors to fear of nuclear waste appear to be (1) attitudes
towards the severity of current environmental problems, and (2) judgments
about the capacity to manage nuclear waste. The data suggest that those
who have a heightened fear of environmental problems in general are apt to
be more fearful of the risks associated with nuclear waste management.
Fear of environmental problems - including global warming and acid
rain - were linked to increased fears of radioactive wastes.
13.2.2 Nuclear Waste as the Reason for Opposing Nuclear Power
Concomitant to a rise in opposition to nuclear power is an increase in the
percentage of those doing so because of problems with nuclear waste
disposal. Early studies found that few people opposed nuclear energy, and
virtually none offered waste disposal as a cause for opposition. Surveys
conducted in 1960 and 1973 found that, respectively, 6% and 20% of
respondents opposed nuclear power, but no one in either study volunteered
nuclear waste disposal as a reason. According to two surveys conducted in
1975 and 1976, 3% of the total public rejected nuclear power because of the
waste issue. Results of six national surveys administered in the same two
years placed the percentage at 1 to 1.5%.
By 1990, however, 32% of a national sample felt that nuclear energy was a
'bad choice" considering all energy sources available. In another national
survey that same year, 22% mentioned nuclear waste first as a
disadvantage of nuclear energy, 4% mentioned it second, and 1% third.9
When respondents are asked to volunteer information relating to
disadvantages of nuclear energy, it appears that safety issues are the
greatest concern to the public, followed by fear of radiation leaks or
accidents.
In a study conducted between 1988 and 1990, samples of national, state
(Nevada), and local (Phoenix and southern California) populations were
asked to associate words with the term underground nuclear waste
repository." 10 Of 10,000 responses, all but 97 were negative, suggesting that
the word "repository" had acquired negative connotations of nuclear waste
through a process of transference.
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When asked to directly compare concern for nuclear waste disposal with
reactor safety, disposal is often mentioned first by respondents. Thus, the
second dominant theme extracted from public opinion surveys is that
Americans have a very negative perception of radioactive waste. Concern
about waste is growing as a reason for opposition to nuclear power, and
may be as significant to the public as reactor safety.
13.2.3 Issues of Trust and Confidence
Trust in those making nuclear waste decisions appears to be a
fundamental prerequisite to public acceptance. Accordingly, this third
theme deals with the dual issues of confidence in technology to solve the
waste problem, and confidence in the institutions that have to carry out this
task. During the seventies, the public had mixed opinions about the ability
of science and technology to deal with the waste issue. A 1976 survey found
that 56% of the U.S. public believed that 'modem technology can find a safe
method for radioactive waste storage so that there will never be a
problem."l 1 For this national sample, more men than women believed in a
technical solution, as did those with higher education levels, with higher
incomes, and who resided in the central region of the U.S. Those who were
considered "nuclear neighbors' also had greater confidence that technology
could ameliorate the problem.
The third theme, supported by the myriad surveys conducted during the
1980s and 1990s, is that there has been a significant decline in public trust
of science and technology in general, as well as a good deal of variation in
the degree of confidence individuals place in institutions and groups who
make decisions on their behalf. By a rather wide margin, according to one
national study, Americans place more trust in scientific experts than any
other institution or group. Half of those responding reported great trust"
in scientists, while only about one of ten had "no confidence" in their ability
to make decisions regarding a HLW facility. The DOE was greatly trusted
by 13%, faring only slightly better than the U.S. Congress and state and
local officials; yet almost three-quarters of Americans expressed at least
"some trust" in the agency. 6
Another research team, using data collected from a December 1990 survey
of Colorado and New Mexico residents, examined public beliefs about
nuclear technology, perceptions about its adequacy, and trust in those who
operate nuclear systems. Independent variables included a measure that
represented the trust respondents placed in three nuclear groups: nuclear
power plant operators, the DOE, and national laboratories. The
investigators found statistically significant relationships between trust and
perceived risk; that is, the more trusted system operators are, the less the
individual perceives the risks to be. They also found that among the public,
greatest trust in decisions about waste management goes to university
scientists, followed by scientists from national laboratories, national
environmental groups, and the EPA. The DOE was afforded somewhat
lower trust, as were spokespersons for nuclear utilities and chemical
companies. In this study, the general public perceived nuclear waste policy
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actors to be aligned in coalitions, with DOE aligned with nuclear power
plants and chemical companies, while EPA was loosely associated with
national environmental groups. 12 Scientists fell between these two
extremes. These results indicate that the general public perceives the DOE
as somewhat partisan, and scientists as relatively neutral actors in the
nuclear waste policy arena.8
The most interesting finding was that beliefs about technology have an
effect on risk perception that is independent of trust, suggesting that risk
perceptions remain somewhat stabilized over time by deeper beliefs." In
other words, many individuals tend to rely on general value systems that
are relatively immune from short-term influence. Their conclusions lend
support to a 1990 examination of pre- and post-Chernobyl attitudes toward
nuclear energy. The examination found that a majority of risk perceptions
remained stable five months prior to, and one month after the Chernobyl
accident. Opinions about accident likelihood, confidence in information
from government officials, impact characteristics, and dread were
statistically unchanged8, 13
13.2.4 Transportation of Wastes
Few data have been collected regarding the perceived risks of nuclear waste
transportation. Recent studies, though, have sought to assess citizens'
reactions to moving waste from the site of origin to a storage or disposal
facility. In one survey, responses relating to four stages of the nuclear
waste process - production, temporary storage, transportation, and
permanent storage - suggest that the general public is more concerned
about transporting nuclear waste than the other procedures. Two-thirds of
the public sample considered transportation to pose either extreme" or a
lot" of risk. The fourth theme, then, is that transportation is emerging as a
special area of public concern.
Individuals appear to differ in their attitudes toward transportation
depending upon their proximity to, or the chance that their community
might be tagged as a host for a waste facility. In two surveys of Nevadans,
whose state is under consideration for a HLW repository, the risk of
accidents during transport of radioactive wastes to the repository was
perceived to be high. 1 4 On the other hand, concern over transportation of
radioactive materials among neighbors of a closed nuclear power plant was
not as great as that over leaving the waste on-site indefinitely. A survey of
households near the closed Humboldt plant in California reveals that of five
alternatives offered, continued operation of the facility, on-site storage of
waste in pools, and on-site storage in casks were perceived to present the
highest risks.15 The relatively lower risk scores given to complete
dismantlement' and off-site storage of spent fuel with the facility left intact,
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suggest that the public living near a closed nuclear reactor perceives
storing spent fuel nearby as riskier than transporting the fuel and storing it
elsewhere.
In essence, citizens may weigh the risks of transportation differently
depending on whether they currently live near a site where spent fuel is
stored, though it is unclear whether the amount of waste to be moved
matters to those residing near a facility. Evidence is inconclusive, then,
that a reduced inventory of waste resulting from P-T would enhance public
acceptance of the nuclear fuel cycle.
13.2.5 Siting Nuclear Waste Facilities
In the earliest stages of atomic energy production, there was little public
opposition to the construction of nuclear facilities. Controversies over siting
began to increase in the mid-1970s, and the problem was exacerbated by the
Three Mile Island (TMI) accident. 1 6 Since then, when queried about
facility siting, an overwhelming majority in a number of surveys have been
more unwilling to reside near a nuclear waste facility than any other type
of large facility. Moreover, on the basis of existing data, one could conclude
that increasing numbers of Americans are intolerant of living near any
kind of project that might attract people, noise, or environmental pollution.
Thus, the fifth theme is that a significant majority of the public opposes the
siting of a nuclear facility near where they live.
Another feature of the siting issue gaining interest among opinion analysts
is the comparison of attitudes of host and nonhost communities. An
examination of the groups in proposed nuclear waste host states such as
Tennessee, Washington, and Nevada indicates that opposition to locating a
waste facility tends to increase among those living farther from a proposed
site. The primary reason cited for this difference is that those residing
nearby would receive tangible benefits such as grants and payments
equivalent to taxes, whereas others in the state or region would receive few
of the benefits while shouldering the potential stigma associated with
housing nuclear waste.
A related area of inquiry is determining what incentives might induce
communities to be more receptive toward hosting a temporary or
permanent waste storage facility. The establishment of a local committee,
empowered to shut down the facility if unsafe, was found to make a
majority of respondents in both national and Nevada surveys more
favorable toward a HLW site. 6 ,14
Recent experience demonstrates that a majority of individuals are no more
tolerant of residing near a low-level waste disposal site than they are of a
HLW facility. Stalemates in many of the Low-Level Compact States over site
selection, as well as public opposition to the now-defunct NRC below
regulatory concern" policy for disposal in municipal landfills, suggest that
the public holds strongly negative images of radioactive waste, regardless of
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classification. The implication for P-T is that the mass public may not
perceive a proposed reduction in amounts of HLW to be stored as a benefit.
13.2.6 Summary: Acceptance of P-T by the Mass Public
The five themes discussed above were extracted from a review of the public
opinion literature. The analysis suggests that prospects for greater public
acceptance of nuclear processes, based on the introduction of P-T, are dim.
Americans generally do not distinguish between types of radioactive waste
and thus would not likely appreciate that, by treating them, waste volumes
and toxicity might be reduced. Individuals appear to be concerned about
transportation, and P-T would require shipments to reprocessing facilities
prior to disposal. P-T would do little to restore public confidence, and if
deployment is unsuccessful, confidence in waste managers might be
further eroded. Finally, reprocessing would exacerbate the siting problem,
since the construction of nuclear facilities in addition to a repository would
be required.

13.3 THE ATTENTIVE PUBLIC AND ISSUES AFFECTING P-T
The attentive' public, including both technically informed supporters and
critics of nuclear energy, similarly define public acceptance issues as
1.
2.
3.
4.

Operational safety of power plants.
Transportation and disposal of nuclear waste.
Effect of construction and operational costs of plants on rates.
Adequacy of management and regulatory controls. 17

Perceptions of risks vary, however, among the technical, environmental,
and political communities. Environmentalists tend to assign significantly
greater levels of risk to waste management than do scientists or members
of the business community.
Regarding nuclear waste, a clear pattern emerging from empirical
evidence is that there are differences in perceptions of risks between the
mass public and the scientific elite. While the general public consistently
ranks nuclear waste as a very serious" problem, public dread of HLW
storage is thought by some scientists to be the "most current exaggerated
fear." 1 8 The EPA's Science Advisory Board concurs with this assessment,
stating in its 1990 report that radionuclides pose a relatively low risk
compared to problems of global climate change and destruction of natural
habitats.12

A recent study examines the views of four attentive public groups in
Colorado and New Mexico: members of the Sierra Club, the American
Association for the Advancement of Science, business associations, and
state legislators.19 Data collected from a mail survey of samples of these
groups were compared with those gathered in a June 1990 telephone survey
of a random sample of the public in the two states.
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An analysis of responses shows considerable differences among the five
groups in perceived risks of nuclear wastes.
Of the groups,
environmentalists tended to perceive the most risk, followed closely by the
general public, and then business people, and scientists. The legislators,
on average, assigned the lowest levels of risk across all stages of waste
management.
Environmentalists perceive the greatest urgency for
government action, followed by the public, business persons, scientists, and
legislators.
The analysts compiled a list of actors who they considered to be most active
in the nuclear waste policy process. Identification was based on an
extensive review of congressional testimony on nuclear and chemical waste
issues given within the past five years. The analysis revealed that the most
prominent actors were, in order of frequency of appearance,
representatives of: federal agencies (EPA and DOE), environmental
interest groups (among them the Sierra Club, the Natural Resources
Defense Council, and the National Wildlife Federation), business and
industrial trade associations (such as the Electric Power Research
Institute, the Chemical Manufacturers Association, and the American
Petroleum Institute), and a number of scientists with affiliations to
national laboratories, universities, and other organizations. 1 9
How would these nuclear interest groups react to the introduction of P-T?
The answer at this time is unknowable, yet on the basis of past performance
and available information, it is possible to project, within certain bounds,
how the actors might respond. For purposes of analyzing the attentive
public's views on P-T, the groups are categorized as environmental interest
groups, the nuclear industry, the DOE, and the scientific community.
13.3.1 Environmental Interest Groups
The lack of a comprehensive waste management system is a reason
frequently posed by environmentalists for halting the generation of nuclear
power. For existing waste, most favor permanent disposal but criticize
DOE's repository program; they oppose transporting waste from nuclear
utilities to regional or national storage facilities. Another key issue for this
group is the fear of nuclear weapons proliferation resulting from the
extraction of plutonium from spent fuel during reprocessing.
The time needed for P-T research could possibly be viewed by some as a
mechanism for delaying repository construction. It is not likely, though,
that this group would support a large-scale research endeavor for the
following reasons:
* Any process involving lifting the moratorium on reprocessing
would be viewed unfavorably.
* The introduction of P-T would require shipping wastes from
source reactors to the AB reactor, thus doing nothing to
ameliorate this group's concerns over transportation.
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* A successful demonstration of P-T technology would significantly
weaken this group's argument against continued production of
nuclear power.
13.3.2 The Nuclear Industry
Public concern over radioactive discharges from nuclear plants was a
major impetus for more stringent regulatory standards following the TMI
accident; the installation of additional safety equipment increased utilities'
capital investment and operating costs. Though TMI is certainly not solely
responsible for a slowdown in the nuclear industry, it has left an indelible
mark on Americans' image of nuclear power.
Also contributing to the industry's image problem is a perception that no
solution currently exists for disposing of spent fuel. The industry as a
whole has been supportive of the geologic disposal concept, and it has borne
the financial burden of the repository program. Yet because of
programmatic delays, the group continues to strongly encourage the
construction of MRS-type facilities.
The Electric Power Research Institute (EPRI) has recently issued a report
evaluating the concept of transuranic burning using liquid metal
reactors. 2 0 It succinctly states that only modest benefits" would accrue by
adopting P-T technologies. The costs include:
*
*
*
*

A significant financial commitment.
Major institutional difficulties.
Substantial licensing hurdles.
Amplified political and public opposition to the overall nuclear power
program.

It is the latter cost' that utilities can least afford. If the mass public and
political community witness further delays in the waste disposal program,
the already tenuous support for nuclear energy may dwindle.
Furthermore, if public expectations are raised by the promotion of P-T, and
the development is not forthcoming, the industry's reputation could be
irreparably damaged. Finally, reprocessing the waste does not alleviate the
need for a HLW repository.
13.3.3 The Department of Energy
Since the passage of NWPA in 1982, DOE has received few accolades for its
efforts to implement the legislation. The agency has been criticized for its
site selection criteria and program delays, and the credibility of OCRWM
has suffered because of public perception of poor environmental
management at DOE's defense facilities.
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Introducing P-T into the nuclear fuel cycle would likely exacerbate DOE's
problems in the following ways:
* The agency would have to develop the institutional capacity and
restructure its nuclear waste program to accommodate beforedisposal processing.
* DOE would confront reprocessing opponents within the industry
as well as the environmental, political, and scientific
communities.
* The regulatory agencies with which DOE must contend - the
NRC and EPA - would have to develop new standards for
actinide burning.
* The introduction of P-T would require siting additional reactors
and reprocessing facilities.
13.3.4 The Scientific Community
By and large, the scientific community agrees that radioactive waste can be
safely isolated in geologic repositories. Scientists are not in agreement
about the plausibility of P-T. Critics have suggested that it is not an
economically viable technology. Reactions from this diverse group are
likely to include:
* Criticism from groups such as the Union for Concerned Scientists
over reprocessing.
* Support from some national laboratory scientists.
* The debate among technical experts will be a signal to the general
public to be cautious and skeptical about the claims of P-T
technology.
13.4 CONCLUSION
It is our conclusion that the introduction of P-T would do little to ameliorate
the concerns of either the mass or attentive publics. An analysis of public
opinion literature suggests that those issues that dominate - public
knowledge of nuclear waste issues nuclear waste as a reason for opposing
nuclear power, issues of trust and confidence, transportation, and
opposition to facility siting - are largely unaffected by transmuting waste
prior to disposal. These, in addition to Americans' unfaltering demand for
safe construction and operation of nuclear facilities, are issues that must be
dealt with no matter the waste disposal option chosen. Coupled with likely
debate among attentive public groups relating to cost, program delays,
transportation, and reprocessing, enthusiasm among the general public is
not probable.
Aside from adding a large financial investment in a technology that is
years away from practical application, the DOE's foremost challenges
would remain intact: achieving public acquiescence for siting a waste
repository and successfully licensing the facility. The argument most
frequently proffered by supporters - that the amount of waste to be stored
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would be reduced significantly - is not persuasive since a repository, albeit
a potentially smaller one, would still be required. The DOE should not
expect, nor is it likely, that the public would be more inclined to host a
nuclear waste facility because of a reduction in the amount of waste to be
emplaced.
Because evidence suggests that the mass public places considerable trust in
the opinions of experts, the lack of consensus on this issue may contribute
to an even more confused public about the risks of radioactive substances.
This is not to say that basic research in P-T technologies would not prove
beneficial. Yet there needs to be, at least among the attentive nuclear
public, some refinement of the costs and benefits of pursuing this course of
action.
To that end, focus groups, interviews, and/or workshops could be conducted
with representatives from the attentive public in order to better understand
attitudes toward the social, financial, and political investment that P-T
would require. Considering the diverse attitudes among key stakeholders,
a consensus on nuclear waste management will likely never be reached,
though understanding the divergent perspectives on the front end may
reduce false expectations and programmatic delays in the long term.
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14.0 DISCUSSION OF CHANGES SINCE EARLIER UNFAVORABLE
ASSESSMENTS OF P-T (L. Ramspott - LLNL)
In the late 1970s, the effect on nuclear waste management of the
partitioning of HLW followed by transmutation of some radionuclides was
evaluated thoroughly by DOE and international organizations. The
summary judgment was that a small reduction in long-term risk was
balanced by increased short-term risk and higher costs. Over all, P-T did
not appear to be justified. 1,2,3

Within the past several years, a number of individuals and organizations
have advocated taking a second look at AB as a HLW management option.
The advocates of AB claim that changes to factors involved in the earlier
analyses, combined with some entirely new factors, justify re-examination
of the P-T option. These factors follow.
Changes

1.
2.
3.
4.
6.
6.

Toxicity curves are more favorable to AB because of new
International Committee on Radiation Protection (ICRP)
guidelines.
New reprocessing technology is available.
EPA and NRC regulations are now issued.
Advances in robotics could play a role.
Old studies assumed recycling of oxide fuel in LWRs.
LMRs are more proliferation-resistant than LWRs.

New factors
7. Benefits of lower heat-loading are now recognized.
8. DOE has increased the priority of environmental compliance.
9. A repository program is very difficult to implement.
10. P-T reduces the consequences of human intrusion.
The purpose of this chapter is to provide an analysis of whether, from the
perspective of HLW management, the above factors justify renewed interest
in P-T.
14.1. TOXICITY CURVES

Thesis

Toxicity curves used to compare waste with an unmined uranium ore body
have been affected by newer ICRP radiation guidelines, such that the
toxicity curve for unreprocessed spent fuel does not cross the ore body curve
until about 3 million years instead of about 7,000 yr. The latter value is that
in the Code of Federal Regulations (CFR) used at the' time of the earlier
conclusions. Many proponents of P-T plot the toxicity of waste before and
after P-T versus the toxicity from a uranium ore body. 4 ,5 Others support the
concept: "With the long-lived actinides removed, the fission products in the
HLW will decay sufficiently in -300 yr so that their long-term radiological
risk drops below the cancer risk level of natural uranium ore." 6
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Analysis
It is true that there were changes in the ICRP guidelines and that these
affected comparisons of the relative toxicity between waste and a uranium
ore body. An excellent discussion of the subject is given in the 1985 OTA
report on HLW 7 and in the Waste Isolation Systems Panel Report. 8 Using
the assumptions in that analysis, we find the effect of the newer ICRP
values, compared with the older CFR values increased the amount of time
for waste to decay to the toxicity of uranium ore. The increase was from
about 7,000 yr to about 3 million years for spent fuel (Fig. 14-1) and from
about 400 yr to about 20,000 yr for PWR HLW reprocessed at 160 days after
discharge (Fig. 14-2). Thus, if toxicity curves were a valid measure of risk,
the changes in the ICRP guidelines may be significant in the issue of
whether AB would be beneficial to risk reduction.
The OTA report 7 warns that such comparisons should be used only with
great caution. It shows that, with the exception of Np-237 in the very long
term, the radionuclides that is the principal contributors to the predicted
dose from the waste in a repository are not the major contributor to the total
toxicity of the waste. Pigford 9 10 and others1 l have observed that waste
toxicity is not a valid measure of risk in a repository because it uses no
criterion other than the inventory as a measure of risk. The same authors
have also pointed out that comparison of the toxicity of waste with the
toxicity of unmined uranium ore also is not a suitable criterion for
acceptable levels of risk in a repository.
Wick and Cloninger1 2 have calculated the dose to the maximally exposed
individual that would result from measured Ra-226 values in waters from
the U.S. and found that it ranges widely, from 20 to 2.2 x 108 mremlyr,
depending on location (see Table 14.1). This is similar to or greatly in
excess of the limit of 25 mrem/yr for repositories given in 40 CFR 191
(191.15). Many natural waters clearly exceed levels of radioactivity that are
deemed acceptable for the regulation of repositories.
Some uranium ore bodies achieve levels of isolation of radioactivity required
for nuclear waste repositories but many do not. The difference lies not in
the inventory of uranium in the ore body, but rather in the isolation
capability of the geologic setting. Similarly, the isolation capability of a
repository is independent of the radionuclide inventory.
Conclusion
Toxicity is not a valid measure of risk. Further, uranium ore toxicity is not
a valid standard for public health and safety. Radioactivity inventory alone
is not a predictor of dose-risk. Therefore, comparisons of inventory toxicity
of potential repositories with the inventory toxicity of uranium ore bodies
are not significant. Instead, evaluation of risk should be based on projected
health effects for a specific inventory at a specific site.
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Table 14.1 Calculated average annual total-body dose to a maximally
exposed individual due to reported nuclide concentrations
226 Ra

Dose(a)

from assumed
equilibrium with Direct 2 2 6 Ra
uranium
dose(a)
6.0
27
4.4
20
2
2.7x10
9.6x10 2
55
1.7x10 3
80
4.9x10 2
1.3x10 3
1.8x10 5

Location
Hudson River
St. Lawrence River
Mississippi River
Rio Grande
Camden, AL
Long Beach, CA
Santa Barbara, CA
Curie Springs, CO
Warm Springs, CO
Florida ground water
Tallahassee, FL
Ohio River, IL
South Windham, MA
Bishop Creek, MT
Dover, NH
North Conway, NH
Princeton, NJ
Cement, OK
Icebox Creek, PA
Lehigh River, PA
Canadian River, TX
Llano Estacado, TX
Sevier River, UT
Yellow Cat Springs, UT
Mt. Spokane, WA
Surface water
Spring water
Fox River, WI
Pigeon River, WI
Crow Creek, WY
Muskrat Creek, WY
Average Wyoming area
surface waters
Columbia River maximum
upstream of Hanford, WA

2.2x10 8

1.3x10 3
2.7x102
3.3x102
1.4x10 2
3.0x103

1.6x102

2.7x10 3

8.7x103
3.1x10 3
55
6.3x102
3.3x10 4
1.6x10 6
2.5x103
9.6x10 2
1.7x10 3
1.1x10 3
2.2x105

80

1.3x10 3
1.6x103

80

4.1x102
1.2x10 3
1.4x10 2
8.2x102
4.1x10 4
9.3x10 4
1.8x10 2

5.7x102

65

(a)Dose to maximum individual, mrem/yr, based on reported nuclide
concentrations. 40 CFR 191.15 limit for repositories is 2.5 x 101 mrem/yr.
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14.2 NEW REPROCESSING TECHNOLOGY
Thlesis
Compared with technology available in 1980, newer aqueous spent-fuel
reprocessing techniques are now claimed to recover actinides much more
efficiently, namely at levels from 99.9 to 99.999%,13 compared with the 99%

or less established in current reprocessing technology. 10 Pyroprocessing is
said to be potentially substantially cheaper than PUREX, to have high
decontamination factors (103 to 104) for transuranic materials, and to be
resistant to diversion and, hence, proliferation. 1 4

Analysis

Although an industrial process in a high-radiation environment has not
been demonstrated to recover 99.999% of actinides, the major flaw in this
argument is not related to the credibility of claimed recovery levels.
Two issues must be explored. First, does reducing the actinide inventory.
reduce the risk from the actinides in the repository? Pigford in several
publications9 10 argues that reducing the actinide inventory does not reduce
the radiation-dose risk from actinides. He points out that, as long as the
actinide release rate is limited by the solubility of the actinides in the
repository ground water, then reducing the actinide content of the waste
will not reduce the actinide release rate. For the actinide content to become
so small that the dissolution rate of the waste rather than the solubility of
the actinides is the governing mechanism, the actinide content of the waste
would have to be reduced by factors of 108 to 1010, well beyond the 103 to 105
reductions projected for AB. 9
The second issue is that long-term risks associated with a repository are not
associated with actinides, but with long-lived, soluble, weakly sorbing
fission products. Thus, burning actinides does not solve the real technical
issue.1 ,2,3,8,10 This issue would not apply to the ATW concept, which does
transmute the fission products.
Conclusions
* The high recoveries claimed have not been demonstrated on an
industrial scale.
* Actinides are not the problem; long-lived, soluble fission products
are.
* If the release of actinides is solubility-limited, as appears to be the
case, then reductions 3 or 4 orders of magnitude beyond 99.999%
will be required to affect risk in a significant way.
* The degree of nuclear-weapons proliferation resistance of
reprocessing technology is not an issue that affects viability of a
repository.
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14.3 EPA AND NRC REGULATIONS NOW ISSUED
Thesis
Earlier studies looked at risk by comparing release of radionuclides with
dose-to-individuals and population risk criteria, whereas the regulations
issued in the mid-eighties by both EPA and NRC focus on release-rate and
cumulative release criteria. Advocates of actinide burning argue that
having the EPA and NRC requirements has provided a specific measure of
repository acceptability, as opposed to the many assumptions and
calculations inherent in previous analyses."1 5 Calculation of dose and risk
is no longer required, because now all that is necessary is to demonstrate
meeting the release limits in the regulations.
Because both the EPA limits and the radioactivity inventory in the
repository are expressed in the same units (curies/unit IHM),
decontamination factors could be high enough to meet EPA limits a priori.
(Note: among the definitions of a priori, one is without examination or
analysis'. We interpret this to mean that levels of radioactivity remaining
in the waste would be sufficiently low such that the entire repository
inventory would be below allowable EPA cumulative release limits for the
accessible environment, and further analysis would not be necessary.) No
calculations would be needed because the emplaced waste would meet the
regulations even if 100% of the remaining actinides dissolved and passed
the boundary of the accessible environment. "It appears that an AB system
performing as specified above has the potential for satisfying the standard
a priori after 1000 yr." 15
Analysis
These arguments have five significant flaws.
1. The assumption that demonstrating meeting EPA release limits
is easier than demonstrating that doses or health effects would be
below specified limits.
2. Dose calculations will still be necessary.
3. Even if each actinide were to be reduced to its EPA limit, the
requirement would not be met automatically.
4. Removal of 100% of the actinide isotopes would still not ensure
meeting the EPA limits.
5. All actinides cannot be reduced to EPA limits at reasonable levels
of decontamination.
14.3.1 The Assumption that Demonstrating Meeting EPA Release Limits is
Easier Than Demonstrating That Doses or Health Effects Would be Below
Snecified Limits
To demonstrate meeting either limit requires a site-specific calculation of
the transport of radionuclides to groundwater 5 km from the repository
14-6

boundary throughout the time set by the regulation. In the case of the EPA
requirement, no further calculations are necessary beyond 10,000 yr, but a
dose calculation is additionally required for 1000 yr. Therefore, in the first
1000 yr, there is no difference between the two methods.
For the post-1000-yr time frame, obtaining a dose or health-effects
calculation requires a relatively simple series of standard calculations that
translate the previously calculated concentrations of radionuclides into
doses. The greatest uncertainty lies in the original concentration
calculations. The dose calculations assume saturated conditions, which is
very conservative for Yucca Mountain, but so did the original EPA
calculations. Because of conservatism built into the EPA values, it is
possible that calculations could fail to meet EPA cumulative release limits
yet still meet standard dose and health effects limits.
It is not likely that the existing EPA and NRC standards will simplify
demonstrating compliance compared with a simple dose or population riskbased standard, even if AB were implemented.
14.3.2 Dose Calculations will still be Necessary
An environmental impact statement (EIS) is required in 10 CFR 60. In
order to prepare an EIS, it will be necessary to calculate doses and health
effects (DOE Order 5481.1A). Such calculations are also necessary for
preparation of a Safety Analysis Report (Los Alamos Doc. on preparation of
SARs for DOE facilities). EPA's 40 CFR 191 requires dose calculations for
1000 yr in two sections (191.15 and 191.16). Therefore, dose/risk calculations
will be required even if the EPA limit is met a priori, and there will be no
cost savings eliminating such calculations. In any event, it is expected that
soluble fission and activation products will dominate such calculated doses,
so that AB may result in only very small reductions in dose or risk shown
by such calculations.
Some researchers in the Yucca Mountain Project believe that calculations
of dose for 191.15 and 191.16 will not be necessary if DOE can demonstrate
meeting the NRC requirement for 1000-yr containment. They claim that
this view is reflected in the Site Characterization Plan. They also claim
that EPA and SAR requirements were never intended to apply to 10,000-yr
facilities and that all that is needed to be done is to demonstrate compliance
with 10 CFR 60 and 40 CFR 191. This view is similar to that espoused by the
AB proponents. Therefore, it is necessary to determine whether this view is
correct.
14.3.3 Even if Each Actinide Were to be Reduced to its EPA Limit. the
Requirement Would not be Met Automatically
The EPA summation requirement (40 CFR 191, Appendix A, Note 6) states
that the sum for all radionuclides of the ratios of the amounts released to
the amounts allowed may not exceed one. If eleven radionuclides each
released one-tenth of their individual limits to the accessible environment,
the sum of 1.1 would exceed the summation limit. Therefore, it remains
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necessary to demonstrate that the sum of all release ratios would be less
than one even if each actinide isotope were reduced to inventories below the
EPA limit.
14.3.4 Removal of 100% of Each of the Actinide Isotopes will not Guarantee
Meeting the EPA Limits
The EPA limits could be violated in two remaining ways: (1) an individual
fission or activation product could exceed the limit, and (2) a combination of
fission and activation products could exceed the limit by means of the
summation requirement. The following lists show fission and activation
products in terms of the ratio of their 1000-yr inventory to their individual
EPA limit:
Ratio of total inventory to EPA limit
Exceeds limit

Exceeds 0.1 limit

C-14

10.0

Cs-135 0.34

Tc-99

1.3

I-129

Ni-59

5.1

Sn-126 0.77

Zr-93

1.9

Nb-94

1.2

0.32

14.3.5 All Actinides Cannot be Reduced to EPA Limits at Reasonable Levels
of Decontamination
Expressed according to the definitions of 40 CFR 191, the inventory of many
actinides exceeds the EPA limit. Standard industrial practices in the U.S.
and other reprocessing countries have demonstrated the practicality of a
102 decontamination factor (DF).10 The actinides that would exceed the
limit at that DF are given below.
Factor by which inventory exceeds EPA limit at a 10 D
Pu-239

30.5

Am-241

89.3

Pu-240

47.8

Am-243

1.56

Obviously, three actinides would still exceed the EPA limits at a DF of 103,
and only at 104 would they each be less than the EPA limit, thus qualifying
for a priori meeting of the standard. However, even at 104 DF the sum of
Pu-239, Pu-240, and Am-241 would be 1.68 and thus violate the summation
rule if all the inventory were released. Only at 105 DF would true a priori
meeting of the rule be feasible for the transuranics.
Finally, it should be noted that the disposition of the separated uranium has
not been stated. This uranium is contaminated with shorter-lived uranium
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isotopes and trace amounts of other actinides and fission products. It is not
good feed for an enrichment plant, although it could be upgraded to LWR
reactor fuel level by mixing with highly enriched uranium. At present it is
possible that economics may dictate its disposal as HLW. In that case,
three isotopes exceed the EPA limits: 234 U at 20.3, 236U at 2.7, and 238U at
3.18 times the EPA limits.

Conclusions

With respect to actinide burning, having the EPA and NRC regulations
available does not make licensing a repository significantly easier for the
following reasons:
* Demonstrating EPA and NRC rules are met is not significantly
easier or less uncertain than demonstrating that doses or health
effects would be below specified limits.
* The EPA summation rule requires each radionuclide to be
reduced far below its limit, not merely to the limit.
* A 105 decontamination factor (99.999% removal of all actinides
from the waste stream) would be required for meeting the EPA
limit a priori.
* Even if all actinides were removed, it would be necessary to
demonstrate meeting the rules for the long-lived fission and
activation products.
* Dose calculations will still be necessary for the SAR and EIS and
parts of the EPA rule.
14.4 ADVANCES IN ROBOTICS

Thesis

Earlier studies showed that an increase in short-term dose, such as dose to
facility workers and release of gaseous radionuclides during reprocessing,
would equal or exceed any long-term dose reduction. Robotics can greatly
reduce dose to facility workers, and gases can be trapped and stored.
Therefore, a significant negative factor in earlier analyses can be
addressed, making P-T more attractive.
Analysis

Advances have been made in robotics, and trapping gases during
reprocessing is feasible though costly. The issue is whether adoption of P-T
would hinge on reduction in short-term risk. Three major factors were
considered in previous analyses: reduction in long-term risk, increase in
short-term risk, and increase in cost.
An explicit analysis of these factors was done as part of the Oak Ridge study
and is summarized by Croff et al. 2 The following conclusions were reached
with regard to short-term risk:
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* The short-term risk from the P-T cycle is higher than that from
the reference cycle, generally by a factor of 2 to 3.
* The accidental radiological risks are much lower than the routine
radiological risks and, hence, generally can be ignored.
* The occupational radiological dose is about the same as the public
radiological dose.
* The nonradiological risk overwhelms the radiological risk in both
the reference cycle (170 times greater) and the P-T cycle (152 times
greater).
Given these points, under the assumptions used in the Croft study,
lowering dose by using robotics and trapping radioactive gases would have
only a small effect on the overall short-term risk.
In the Oak Ridge study, the final conclusion that there were no technical
incentives for actinide P-T did include net difference in short-term risk as
well as net difference in cost and net difference in long-term risk.2
However, the supporting analysis showed that the contribution from
short-term risk was so small that the cost of reducing expected long-term
risk ($31,000/person-rem) is nearly identical to the cost of reducing net
(long-term and short-term) radiological risk ($32,400/ person-rem). Thus,
reduction of the short-term radiological risk would have negligible effect on
the final conclusion.
The idea that short-term dose is a significant component may arise from
comparing differences rather than magnitudes. If one compares the
difference for radiological risk between the P-T and reference cycle for both
short-term (4 x 10-3) and long-term (6 x 10-2) risk,2 the ratio of long-term to
short-term is 15. However, if one compares the magnitudes. the ratio of
long-term to short-term radiological risk is 2580 for the reference cycle and
850 for the P-T cycle. Long-term risk dominates the analysis for either
option.
Another possible source of viewing short-term dose as a significant
component may result from Table 5.4 of Ref. 2. There the total increase in
short-term risk (0.57 health effects/GW(e) yr) might be compared with the
probabilistic incremental decrease in long-term risk (0.06 health effects/
GW(e) yr). Those values imply that short-term risk dominates the analysis.
However, it is again a ratio of differences. Comparison of the underlying
magnitudes shows that long-term risk is entirely radiological, and when
only the radiological component of short-term risk is considered (0.003
health effects/GW(e) yr), even the differences show the long-term risk
dominating by a factor of 20.
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Conclusion
The following conclusions can be stated relative to the thesis that
improvements in technology would lower short-term radiological risk
sufficiently to alter negative conclusions about the desirability of P-T.
* Because the short-term risk is dominated by nonradiological
risk, using robotics and trapping radioactive gases to reduce
radiological risk would have only a small effect on the overall
short-term risk.
* Long-term radiological risk exceeds short-term radiological risk
by factors of thousands.
* Consequently, the incremental increase in previously calculated
short-term risk due to P-T had very little effect on earlier
published negative conclusions about implementing P-T.
14.5 OLD STUDIES ASSUMED RECYCLE IN OXIDE FUEL IN LWRS

Thesis
The studies published in the year 1980 time frame assumed plutonium
recycle in oxide fuel in LWRs, which are not as efficient for transmutation
as metal-fueled LMRs or the accelerator technologies now proposed.
Furthermore, the original studies assumed only recycle of plutonium, not
all actinides as now considered or even the proposed transmutation of
fission products in accelerators. Recycling all actinides will lower the
inventory of long-lived radionuclides to be disposed, and the use of more
efficient systems will improve economics and possibly transmute fission
products as well.
Analysis
The 1980 ORNL study 2 used a reference fuel cycle that recycled uranium
and plutonium as MOX fuel in LWRs, and not the current reference oncethrough cycle in which spent fuel is directly disposed in the repository.
Therefore, the difference in both cost and inventory between the reference
and proposed fuel cycles is much greater today than in the 1980s. Older
calculations showed that the greatest incentive for reprocessing came from
the recycle of U and Pu.1 .16 Only a small additional effort was projected for
partitioning of the minor actinides. This small effect was achieved at a
small additional cost compared with the cost of the original reprocessing.
Therefore, it is possible that a much greater effect, albeit at a much greater
incremental cost, might be seen for an AB cycle compared with the current
once-through cycle.
Assessment of the comparison of long-term risk is given in Chap. 5 and of
economics in Chap. 9. If the repository performs as projected, there will be
no difference in cumulative release (i.e., none) to meet the EPA standard.
There will be a large cost differential, with the AB cycle adding to the cost.
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The transmutation systems now proposed are somewhat different from
those studied in the late 1970s in the U.S. However, the major U.S. analysis
in 19802 noted, "Within the area of actinide transmutation, the most heavily
studied transmutation devices are LMFBRs, followed successively by LWRs
and other neutron-producing devices." That reference also discusses
recycle of the minor actinides in LWRs, not just plutonium. The analysis
also considered heavy water-moderated (CANDU) reactors, hightemperature gas cooled reactors, fusion reactors, particle accelerators, and
even the use of nuclear explosives as a neutron source.
From the viewpoint of safety of waste disposal, how transmutation is
achieved is irrelevant - what matters is only the composition of the
disposed waste. The practicality of transmutation, however, does affect
willingness to commit to it as a waste management practice. In that sense,
some changes have occurred since 1980.
A lot of additional experience worldwide with oxide-fueled LWRs has been
gained; the mixed oxide LWR cycle is commercially established; and the
reprocessing of LWR oxide fuel and vitrification of the HLW is well
established. Ten years of operating experience with a few experimental
LMFBRs have occurred, but the numerous theoretical advantages of the
LMR remain to be demonstrated commercially.
Key points regarding this thesis are that a current study (the CURE
concept) advocates (1) use of aqueous processing for partitioning, (2) oxide
fuel in LWRs for the purposes of transmutation and recycle of actinides,
and (3) a mix of LWRs and LMRs for other transmutation. 5 Therefore, the
mere use of LWRs and aqueous reprocessing technology versus LMRs and
pyroprocessing technology did not automatically cause the P-T option to
receive a bad evaluation in 1980. The key issue is whether there have been
significant advances in either pyroprocessing or aqueous processing
technology such that significantly higher decontamination factors would be
available. This issue is examined in Sec. 14.2.
The accelerator technology proposed by the Los Alamos National Laboratory
would transmute long-lived fission products such as Tc-99 or I-129. Many
recent studies for a possible Yucca Mountain repository show that the only
radionuclides migrating with the groundwater are highly soluble,
nonsorbing, long-lived fission products. However, in expected scenarios
there are no radionuclides exceeding the EPA limits during the 10,000-yr
regulatory period. Therefore, transmuting long-lived fission products does
not make a significant difference in meeting the regulations.
Conclusion
The main flaw in the thesis is the assumption that removal of all actinides
is a significant improvement over removing only uranium and plutonium
from the waste. Earlier studies have shown that removal of uranium and
plutonium has the greatest effect on long-term risk scenarios, and the
removal of other transuranics has only a small effect in a few scenarios.
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plutonium has the greatest effect on long-term risk scenarios, and the
removal of other transuranics has only a small effect in a few scenarios.
A second flaw is the difficulty of getting LMRs or accelerators on line and
doing the job. In the area of economics, the relative position of LMRs and
LWRs has not changed much in the past decade. LWRs and their
associated fuel cycle are established commercially; LMRs are not. There
are also large institutional, policy, licensing, and public acceptance issues
to overcome for LMRs.
The fundamental reason for rejection of P-T as a waste management option
in the early 1980s was its failure to significantly reduce risk from waste
disposal, not the availability of transmutation technology. Advances in
transmutation technology do nQt change that conclusion with respect to
long-term risk; however, they may affect the economics.
14.6 LMRS MORE PROLIFERATION-RESISTANT THAN LWRS

Thesis

It was assumed in the 1970s that Pu and U would be separated using
PUREX or a similar process, and thus Pu would be vulnerable to diversion
for weapons proliferation. Pyroprocessing does not separate Pu from the
other actinides, so that diversion is less of an issue.14

Analysis

This argument is dependent on assumptions about what reprocessing
technology will be used. If aqueous, a PUREX-type approach will be used
that results in separate Pu and U streams. Plutonium is still separated
and recovered independently of the actinides and only later mixed during
preparation of the LMR fuel. In this case, the proliferation resistance is not
much different than before. If pyrochemistry is used, then the actinides do
separate with the Pu and the process is more proliferation-resistant.
It should be noted that critics who concern themselves with proliferation
issues do not necessarily consider the IFR (ALMR) suitable from a
nonproliferation viewpoint. Williams and Feiveson state, 'the fresh fuel of
the reactor would be 25% plutonium, and this would imply a fresh fuel
inventory of at least a few hundred kg of plutonium per GW of generating
capacity. With the IFR a nation could acquire very large quantities of
weapon-usable material, if it wished to do so. Therefore, the IFR would not
satisfy our criteria for reactors under national control." 17
An underlying flaw in the argument is the assumption that a potential
nuclear weapon state or organization would attempt to get Pu from
someone else's reprocessing plant.
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Conclusion

By not separating Pu from minor actinides, pyrometallurgical concepts
appear to be more resistant to proliferation and diversion than PUREXbased concepts.
14.7. BENEFITS OF LOWER HEAT LOADING NOW RECOGNIZED
Thesis
Because of recent suggestions for limits to be set on the repository
temperature, a newly recognized benefit of P-T would be significantly lower
heat loading in the repository. As a result:
*

It is possible to load more waste in the first repository and thereby
eliminate or delay the need for a second repository.

*

The facility should be easier to license because of reduction in
technical uncertainty.

Analysis

There are three potential flaws in these arguments. First, contrary to the
viewpoint that heat is deleterious to isolation performance and hence
licensing, heat may have a constructive effect in an unsaturated tuff
repository. In such a case, no reduction in heat is desired. This concept is
reviewed in Secs. 7.1.1 and 7.3.2.
Second, depending on specific conditions, loading more waste may not be a
good idea. Pigford9 shows that increasing the number of containers may
lead to increased release if dissolution is dependent on solubility and
everything else is constant.
Third, some portion of the capacity benefit of reduced heat could be obtained
without P-T. As a parallel to the P-T concept of storing waste containing
Cs-Sr on the surface for thermal decay, spent fuel could be stored on the
surface for a few decades to a few hundred years. Other capacity increases
could be achieved by repository redesign, changes in operational loading
sequences, or even raising the thermal loading criteria.
The issue of extended repository capacity due to lower heat loading is
examined in Sec. 7.3.5. Although methods other than P-T could be used to
achieve capacity increases, without P-T the increase would be about 400%
for spent fuel compared with about 2000% with actinides removed.
Combining surface storage of Cs-Sr with AB would bring about a much
larger increase, effectively removing heat as a capacity consideration.
Sections 7.1.2 and 7.3.1 address the complications from heat in a repository.
General uncertainty with respect to modeling is commonly cited. Unlike
saturated rock or salt, for unsaturated tuff quantitative statements of
deleterious effects are lacking. In unsaturated tuff, it is not clear that there
really is a technical benefit to heat reduction with respect to licensing.

14-14

There is, however, a potential benefit with respect to revision of licensing
regulations. The statement of consideration of 10 CFR 60 (p. 60-SC-9,
June 30, 1983) states, For example, if the wastes had been processed to
remove the principal heat-generating radionuclides (cesium-137 and
strontium-90), the 300-yr provision would not be controlling." The "300-yr
provisions" refers to the 10 CFR 60 containment requirement for 300 to
1000 yr. Elimination of the requirement to demonstrate "substantially
complete containment" for up to 1000 yr would represent a significant
simplification of the repository licensing requirements.
Conclusion
For salt or saturated crystalline rock, lower heat loading may offer some
benefit. For a repository in unsaturated tuff; lower heat-loading based on
P-T appears to offer little benefit. Part of the capacity benefit can be obtained
by means other than P-T. Although little technical benefit to licensing from
lower heat loading is documented, P-T might be used to remove the
requirement for substantially complete containment" for up to 1000 yr
based on removal of Cs and Sr.
14.8 DOE HAS INCREASED THE PRIORITY OF ENVIRONMENTAL
COMPLIANCE

Thesis

DOE has publicly stated that its most important near-term priority is
environmental compliance.
Analysis
The part of DOE that has experienced the greatest shift in priority is
Defense Programs. To the extent that P-T technology might assist in the
defense-waste cleanup, this may be a valid reason to pursue research in the
area. Because defense waste is already reprocessed, there is no large
initial economic penalty in applying P-T technology to defense waste.
Conclusion
The priority of the Civilian Radioactive Waste Management Program has
always been environmental compliance. With respect to commercial waste
management, nothing has changed.
14.9 REPOSITORY PROGRAM IS VERY DIFFICULT TO IMPLEMENT

Thesis

The repository program has become mired deeply in controversay and is
little farther along than it was prior to the passage of the Nuclear Waste
Policy Act in 1982. The challenges inherent in characterizing, licensing,
and funding a repository have become clearer and are larger than
originally anticipated. The need to provide reasonable assurance of
performance over tens to hundreds of thousands of years will necessarily
require major efforts in all three of these areas and, even then, with no
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guarantees of success because of the vagaries of geology and time. 15 The
implication of this argument is that a significant change in strategy is
required to "jump start' the repository program, and that application of P-T
technology could provide that impetus.
Analysis
The underlying assumption is that a technical fix" such as P-T would
make the repository program easier to implement, presumably by making a
repository easier to license and more acceptable to the public. However, if
one wished to compare ease of implementation, then difficulty of
implementing the entire P-T infrastructure must be included along with
the difficulty of implementing a repository. Chapter 8 reviewed some of the
difficulties of licensing a P-T system and analyzed potential improvements
in licensing a repository. Although the licensing of a repository might be
eased, the overall licensing task would be made more complicated by the
introduction of P-T because of the addition of reprocessing facilities,
reactors, and fuel fabrication facilities.
As noted in Chap. 11, establishment of a P-T system as part of the waste
management system will face large institutional impediments. From the
viewpoint of technological ease of implementation, elimination of the need
to worry about "tens to hundreds of thousands of years" will require
decontamination factors of 105, not an easy technological step. Even if the
characterizing and licensing are made easier, the economics of P-T, as
reviewed in Chap. 9, will not make funding any easier.
With respect to public acceptability, Chap. 13 provides no evidence that a
repository would be more publicly acceptable, even with 1000 times less
inventory. If this were so, dispersed small HLW repositories should be
acceptable, and LLW facilities should be easy to site. The public does not
appear to distinguish a small amount of radioactive material from a large
amount of radioactive material.
Conclusion
There is no evidence that a repository would be more publicly acceptable
even with 1000 times less inventory. If this were so, many small HLW
repositories should be acceptable, and LLW facilities should be easy to site.
A technical fix such as P-T, will not necessarily make the repository
program easier to implement.
14.10 P-T REDUCES THE CONSEQUENCES OF HUMAN INTRUSION
Thesis
Although analysis of undisturbed repository scenarios shows that a
properly located repository has very low risk and will meet regulations,
human intrusion is more difficult to predict. Removal of actinides will
lower the risk resulting from human intrusion.
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,Analyes

Performance assessments for both the WIPP (salt) and Yucca Mountain
(unsaturated tuft) sites have shown that for expected conditions, no
radioactivity escapes during the 10,000 years that the EPA standards apply.
Only IN extreme human intrusion scenarios does radioactivity escape.
However, for reasonable human intrusion scenarios, both sites appear to
meet the EPA standards. Reduction of inventory might make the
demonstration of acceptability easier for human intrusion scenarios.
In a salt repository, containers are not expected to survive, and brine is
likely to migrate toward the packages and dissolve waste. Therefore, a drill
penetrating near a package would return already-dissolved radionuclides
to the surface in the circulation fluid. By contrast, in an unsaturated site
such as Yucca Mountain, many packages may survive intact for 10,000 yr.
If a drill bit hit the container, it would deflect and no radionuclides would
be entrained in the drilling fluid.
Conclusion

P-T is more likely to help in licensing a repository for human intrusion
scenarios than any others. Human intrusion probably affects a salt
repository more than one in unsaturated tuff. Even with human intrusion,
a repository at Yucca Mountain in unsaturated tuff would be expected to
meet licensing requirements without P-T.
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15.0 ANALYSIS OF POTENTIAL BENEFITS AND DISADVANTAGES TO
HLW MANAGEMENT (L. Ramspott - LLNL)
This chapter analyzes the potential benefits and disadvantages to HLW
management from the introduction of P-T, specifically as a waste
management tool. It avoids evaluating benefits and disadvantages of P-T
that are peripheral or not relevant to the waste management issue.
Because such issues are, however, important to the adoption of P-T, they
are addressed in other chapters; specifically Chaps. 11, 12, and 16.
15.1 POTENTIAL BENEFITS TO HLW MANAGEMENT
Greatly simplified, the desirability of P-T rests on the presumption that
reduction of the inventory of long-lived radioactive isotopes in HLW prior to
disposal is beneficial to society. This presumption in turn rests on current
societal fear of ionizing radiation and the resulting ambivalence about
creating a unique legacy of pollution for future generations. Specific
potential benefits include:
* Reduction of health risk to future generations.
* Ease of licensing a repository,
-

reduced radionuclide inventory,
reduced uncertainty due to heat,
no criticality issues,
potential for optimized waste forms.

* Reduction in amount of site characterization needed.
* Reduction in demands on engineered barriers.
* Increase in repository capacity.
* Increased public acceptance of a repository.
* Intangible ethical benefits,
-

moral obligation to future generations, and
conservation ethic.

15.1.1 Reduction of Health Risk to Future Generations
Statement of the benefit
Because transmutation reduces the inventory of radioactive actinides by
factors of 100 to 100,000, it should be possible to reduce the dose to future
generations. Even in the case of analyses where no dose is predicted in
calculations, the uncertainty of the prediction will be reduced.
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Analysis
In standard risk analyses for nuclear waste repositories, health effects at
times thousands to millions of years in the future are calculated with
models incorporating current technical understanding. The results are
compared with current standards for radiation safety. Uncertainties
related to the unprecedented time frames are compensated by introducing
very conservative assumptions and parameter values. Even with this
conservatism, results show very low values of risk to future generations,
values that would be (and are) readily accepted for existing nuclear
facilities by this present generation. Nevertheless, the argument is made
that we who have received the benefit of the nuclear power should not pass
on a risk to future generations, and this already low risk should be further
lowered. A major benefit of P-T is, therefore, the assured reduction of risk
from radioactive waste thousands to millions of years in the future.
The argument is made that even if future risk is very low, with
transmutation it can be reduced 100 to 100,000 times (the decontamination
factor range expected for reprocessing). Even proponents of AB agree that
the risk can never be reduced to zero, because small amounts of isotopes
remain in the waste after partitioning. The actual reduction of risk is not
100 to 100,000 as might be inferred from the reduction in the initial
inventory; many scenarios show no likely health effects at all, as nothing
gets to the biosphere even without P-T. In this case, proponents of P-T
argue that the benefit from P-T is the reduction of uncertainty in the
prediction of health effects.
Clearly, reduction of inventory potentially could reduce health effects. And
clearly, there is sufficient uncertainty in the predictive calculations so that
reduction in inventory might make a difference in some people's perception
of the credibility of the results. Therefore, some benefits might accrue from
P-T. In such a case, a cost-risk-benefit analysis may shed some light.
No cost-risk-benefit analysis was done for this study, but several exist in the
literature and can be summarized here. In fact, the conclusions in the 1980
Oak Ridge study 1 were based on a cost-risk-benefit analysis. Although their
main conclusions were based, on a zero discount rate, they analyzed a seven
percent discount rate and found that the effect was to render events
occurring beyond 1000 yr, inconsequential. Because of this, the important
nuclides became Sr-90 and Cs-137, neither of which are actinides and
neither of which are readily transmuted, even in the ATW concept. Their
conclusion was that "the resources used to mitigate any detrimental
impacts of the repository in the distant future should be invested in the
economy and allowed to grow so that they can be applied to the repository if
and when it becomes a problem."l
Because they realized that such discounting may be unacceptable to some,
the main conclusions were based on a zero-discount rate. Essentially, lives
in the future are treated as current lives and current standards are
applied. In order to do these comparisons, risk was converted from health
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effects to person-rem using the factor 2 x 10-4 from the 1972 BEIR report.
Cost of reducing the long-term impact of a waste repository by actinide P-T
was then expressed as $/person-rem and compared with the criterion of
$1000/person-rem given in 10 CFR 50, Appendix I (1978 version). A variety
of comparisons were calculated and all but one fell well outside the
$1000/person-rem criterion. 1 This last was a high-consequence, very lowprobability scenario. Thus, a non-discounted analysis showed that it would
not be economically justified to implement AB for reduction of risk under
the criterion that is currently applied to the public in the U.S. That is, we
are asking our descendents to bear no more risk than would be allowed in
this generation for general members of the public who have received no
direct facility benefit.
The 1982 IAEA study also gave some cost-risk values. 2 For the ORNL
probabilistic calculation, P-T would save a long-term collective dose
integrated to one million years of 3 man-Sv/GWe yr. Applying more recent
annual limits of intake for Np-237 would increase this to 15 man-Sv/GW(e)
yr. They then calculate $7 x 105 /man-SV as the cost of reducing long-term
dose from the actinides. 2 This is compared with the value of $1 to 2 x
104 /man-Sv recommended by the IAEA Advisory Committee on the
Application of Cost-Benefit Analysis to Radiation Protection (May 1980).2
Again, one may conclude that protection of future populations to the same
extent as the present and using zero-discounting would not justify AB on a
cost-risk basis.

Conclusion
If future populations are protected to the same standards as the present
population, and zero discounting is applied, there is no incentive to apply
AB, or likely any form of P-T.
15.1.2 Ease of Licensing a Repository
Technical issues in licensing a repository that might be either eliminated
or reduced in severity by the introduction of P-T are reviewed in this section.
15.1.2.1 Reduction of radionuclide inventory
Statement of the benefit
Because of the existence and format of the EPA and NRC regulations,
reductions of radionuclide inventory should assist in licensing a repository,
irrespective of whether health effects are actually reduced.
Analysis

A very good summary of this argument for actinides is given by Croff,
Forsberg and Ludwig. 3 The EPA standard 40 CFR 191 is stated as
cumulative curies over 10,000 yr per thousand MTIHM in the original fuel.
Therefore, reduction of the curie inventory of the waste can assist in
making the arguments that the EPA rule is met. Ideally, one would like to
be able to meet the EPA Standard a priori (that is, the inventory emplaced
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would be lower than the EPA requirements), but Croff et al., indicate that
this would not be possible without extreme measures.
Figure 15.1 (from Croff et al.3 ) shows the results of ORIGEN2 code
calculations stated in terms of EPA limits. The horizontal line at the value
100 would represent a priori acceptability. Figure 15.1 also shows the total
activity of the waste declining to less than 100 times the EPA limit in several
hundred years. Because the standard states that the probability of
exceeding 10 times the limit must be less than 0.1%, only a 10 times
reduction is required to meet that level. By contrast, the spent fuel at that
time is about 50,000 times the limit.
A
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Figure 15.1. Radionuclide inventory of repository relative to EPA disposal
standard (from Ref. 3).
Figure 15.2 (from Croff el al.3 ) shows the individual contributors to the
repository inventory relative to the EPA disposal standard. As can be seen,
most of the amount by which the repository exceeds the standard beyond
1000 yr is related to long-lived fission and activation products, such as C-14,
Ni-59, Zr-93, Tc-99, and I-129. Some of these materials might be
transmuted in accelerators, but others such as C-14, will not be transmuted
to any practical extent in any currently proposed device. Therefore,
transmutation might make it easier to show compliance with the EPA rule,
but will not lead to a priori compliance.
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Figure 15.2 Principal radionuclide contributors to repository inventory
relative to EPA disposal standard (from Ref. 3).
Another potential area in which P-T might assist in meeting the
regulations is in the NRC rule 10 CFR 60. That rule has rather stringent
subsystem performance objectives, one of which is substantially complete
containment for 300 to 1000 yr. The demonstration that this rule will be met
will be very difficult because of the time span involved. Because of the
rationale for the 300 to 1000 yr time frame being the uncertainties due to the
thermal pulse, the Statements of Consideration for 10 CFR 60 state:
'Yet even a shorter designed containment period might be
specified, pursuant to #60.113(b), in the light of conditions that are
materially different from those that had been assumed. For
example, if the wastes had been processed to remove the principal
heat-generating radionuclides (Cs-137 and Sr-90), the 300-yr
provisions would not be controlling" (60-SC-9, June 30, 1983)."
It can be argued that licensing could be greatly facilitated if the
performance period of the containers were reduced to 50 to 100 yr, well
within industrial experience and involving only a ten-fold extrapolation of
test data.
This is an instance in which other means might achieve the same end. For
example, partitioning of the Sr-90 and Cs-137 alone would achieve the result
described in the NRC quote above. Transmutation would not be required.
And a much cheaper and simpler approach would be to store the spent fuel
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on the surface for 300 yr, until the main heat-generating nuclides had
decayed.
Conclusions
Reduction of inventory may facilitate licensing with respect to the EPA
regulation as claimed. It may also assist in meeting the NRC containment
requirement, but other, cheaper means could do the same. The issue is
whether the added cost of P-T (see Chap. 9) would be justified for the hopedfor added ease of licensing.
15.1.2.2 Reduced uncertainty due to heat
Statement of the benefit
Although there are thousands of examples of underground openings at
ambient temperature, there is little experience with introduction of
significant amounts of heat into an underground environment. This lack
of experience with elevated temperature introduces technical uncertainty
into predictions of repository performance, whereas conditions closer to
ambient temperature should reduce the uncertainty in licensing. Reduced
temperature would be an integral result of AB or other forms of P-T.
Analysis

Numerous arguments have been given as to why heat in a repository may
be deleterious. They include increased rock stress during repository
operation, either temporary or permanent mineralogical alteration leading
to reduced isolation performance, potential for thermally induced rock
fracturing that might affect repository performance, and a number of
issues that are specific to repositories in salt or granite. Elevated
temperature also puts one outside the range of the large amount of
"generic' materials data taken near room temperature.
After reviewing potential issues at Yucca MQuntain, Eriksson 4 -6 attribute
the major incentive for lower temperatures to be reduction of technical
uncertainty related to the effect of the heat. This technical uncertainty is
postulated to increase the difficulty of licensing. Therefore, reduction of
repository temperature has been suggested for the U.S. repository
program. 4 - 7
Ramspott 8 has reviewed the issue of heat at Yucca Mountain and presents
the concept that heat can be used constructively to assist waste isolation.
He observes that specific technical issues have not been identified wherein
the heat is clearly deleterious at Yucca Mountain. By maintaining the
repository above the boiling point of water for hundreds to thousands of
years, no liquid water is present to dissolve and transport the waste.
Conclusion
Because of the unsaturated nature of the tuff at the Yucca Mountain site,
removal of heat may have little benefit for repository performance with
respect to health and safety. And as noted in the previous section,
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temperature reductions could be achieved without P-T, by ordinary
reprocessing or long-term surface storage of spent fuel.
15.1.2.3 No criticality issues
Statement of the benefit
In a repository containing spent reactor fuel, numerous calculations
assuming a wide variety of scenarios must be presented in a license
application to assure that critical masses of fissile material will not
accumulate under future conditions. Such calculations would not be
necessary with waste from a P-T cycle.

Aalysis

It is true that significantly less concern for criticality would exist in the
case of reprocessed waste than for spent fuel. However, if 84,000 Mg of
spent fuel were reprocessed, there would be about 730 Mg of Pu. Even with
a recovery of 99.9%, there would remain 730 kg in the repository. An
analysis would have to be presented showing that it was unlikely that
critical quantities could accumulate. Clearly this would be easier than
with 730 Mg from spent fuel.
Conclusion
Demonstration that criticality is not a concern is significantly easier with
AB or any form of P-T compared with spent LWR fuel.
15.1.2.4 Potential for optimized waste forms
Statement of the benefit
Spent LWR fuel and current borosilicate glass waste forms provide release
control that is at about the NRC limit of one part in 100,000 yr. Wastes
remaining after AB or other P-T could be immobilized in selected waste
forms providing orders of magnitude better performance.

Analysis

The above statement is correct. However, from a systems viewpoint, several
additional points need to be made. First, the NRC limit is artificial and not
needed to meet the EPA standard. Calculations using release rates of one
part in 10,000 have been made that show compliance with the EPA
standard. 9 Second, in Chap. 10, it was noted that qualification of a waste
form is a very long process. Even an improved waste form would require a
long history of performance in the laboratory before being considered
acceptable. Third, most of the above benefit could accrue from reprocessing
alone, and not require AB or P-T to be implemented.' 0
Conclusion
AB or other concepts of P-T would allow the use of optimized waste forms;
however, so would any form of reprocessing.
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15.1.3 Reduction in Amount of Site Characterization Needed
Statement of the benefit
If the licensing arguments for the repository can be made simpler because
of lower consequences of a much reduced inventory, then the supporting
site characterization potentially could be reduced.

Analysis

Croff et al.,3 argue that the escalation in costs for the repository has been
licensing-driven and involves increasing scope and difficulty of site
characterization and performance assessment. They analyze DOE data to
show that this segment is responsible for all of the escalation and has
increased from 24% of total cost in the year 1983 to 45% in the year 1989.
They conclude that the simplified licensing arguments above could reduce
the cost attributable to detailed characterization, performance assessment,
and licensing.
The cost segment that Croff et al., 3 are discussing amounts to about $14B.
Because more than $3B has been spent already, it is unrealistic to consider
more than a 50% cut in cost (Croff et al., 3 actually mention 10%). If one
assumes as low as $500/kg reprocessing costs, then the cost of reprocessing
the 84,000 Mg of spent LWR fuel projected for existing reactors would be
$42B, compared with a potential $7B savings.
Conclusion
It is certainly possible that some savings in site characterization and
performance assessment costs might occur if P-T were implemented.
However, it does not appear very cost-effective to spend money for
reprocessing to effect a reduction of 16% or less of that expenditure in site
characterization and performance assessment costs.
15.1.4 Reduction in Demands on Engineered Barriers
Statement of the benefit
The NRC regulation 10 CFR 60 sets stringent subsystem performance
objectives on the engineered barrier system (EBS). Although these are not
directly linked to meeting the EPA requirements, some analysts consider
that demonstrating meeting these independent NRC requirements may be
harder than demonstrating meeting the EPA requirements. P-T may
reduce the difficulty in meeting the NRC EBS requirements.
Analysis
The argument given for licensing in Sec. 15.1.2.1 with respect to lowering
the containment period from 1000 to 50 or 100 yr is one example, whereby
the demands on engineered barriers would be reduced. Another is the
potential ability to lower or eliminate the release rate performance objective.
For example, if the inventory of a particular radionuclide were reduced
100,000 times, then it could be argued that, despite the fact that
10 CFR 60.113 sets the limit on the emplaced inventory, the objective of
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limiting release to one part in 100,000 yr of the spent fuel inventory had been
met a priori.
Even if a reduction factor of 100,000 cannot be achieved, a significant benefit
could be attained. The current NRC performance objective of restricting
radionuclide release from the EBS to one part in 100,000 yr is at (or beyond)
the limit of proven performance for spent reactor fuel and borosilicate
glass. However, reduction of the inventory by a factor of 100, clearly within
industrial reprocessing experience, could be used to argue that the EBS
release limit should be reset at one part in 1000, clearly attainable by a
borosilicate glass matrix.
For AB in a LMR, only the actinides would be reduced by a factor of 100.
Fission and activation products would remain in the waste stream. Even
without a reduction factor, some improvement is possible if certain
radionuclides were partitioned and disposed in a more resistant waste
form. The ATW would transmute fission and activation products as well as
actinides, so reduction factors would apply across the board.
Conclusion
Independent of whether P-T would make a significant reduction in longterm health risk or even in the overall licensing of a repository, it might
make it easier to demonstrate meeting the NRC sub-system performance
objectives for the EBS. This would depend on the regulatory agency being
willing to adjust requirements based on a change in inventory.
15.1.5 Increase in Repositorv Capacity
Statement of the benefit
Reduction of the amount of heat in the waste would allow more waste to be
placed within a given volume and thereby increase repository capacity and
lower cost. Such an increase in capacity may even eliminate the need for a
second repository.
Analysis
Croff, et al. 3 argues that more waste could be put in the same repository
area, thereby lowering cost. Others have taken this same idea and noted
that the need for a second repository might be eliminated, with large cost
reductions.
These arguments are reviewed in Chap. 7, Secs. 14.7, and 16.1.2. Removal
of the actinides alone provides little benefit with respect to increasing the
repository capacity because most of the heat output of the waste in first
hundred years is from fission product decay. However, if the Cs and Sr
were also removed and stored separately, then a significant repository
redesign would allow much greater packing of the waste, and the first
repository could serve for hundreds of years.
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It should be noted that storage of the spent reactor fuel for the same period
of time would also allow significant increases in repository capacity,
although not quite as great as for waste where both actinides and Sr-Cs
were removed (Chap. 4, Fig. 4.5). Another point that should be made is that
the repository capacity could be increased more than a factor of two by a
redesign and a much shorter storage period even were spent fuel the waste
form.
Conclusion

If the actinides and the Sr and Cs were removed from the waste, then a
significant increase in repository capacity might eliminate the need for a
second repository with resulting cost benefits. However, increases in
capacity with LWR spent fuel are possible at much lower cost.
15.1.6 Increased Public Acceptance of a Repository
Statement of the benefit
The most common argument for any form of transmutation scheme seems
to hinge on the issue of public acceptability. The general theme seems to be
that the public has not bought" the technical arguments that repositories
are very safe and is probably incapable of understanding such arcane
calculations, but that the simple reduction of radioactivity by transmutation
is an easily grasped concept that will appeal to the public.
Analysis
Croff et al.,3 argues that a major issue in public aversion to a repository is
the required isolation for a million years". They state, the focal point for
much of this dread is the long-lived alpha emitters

addresses". 3

-

the actinides

al.,11

-

and it

is just this issue that AB
Rosen, et
observe that the
radiological hazard of HLW could be reduced from hundreds of thousands
of years to hundreds of years. This could significantly improve public
acceptance of a nuclear waste repository."
A slightly different form of the argument is given by Forsberg, et al.12 They
point out that the previous rejection of P-T for waste management was
based primarily on technical arguments. They say that the possibility of
overriding sociopolitical situations was recognized even a decade ago. If
the 'benefit' of P-T were to make waste management acceptable, and thus
permit the continued use of nuclear power, then the balance of the costbenefit equation would likely shift to a favorable indication." 1 2
A review and analysis of the public opinion issue is given in Chap. 13,
which distinguishes the mass public from the attentive" public. Both of
these publics would be little, if any, persuaded to be more positive toward
the repository by the introduction of P-T. Issues that dominate public
thinking on nuclear matters - such as lack of public knowledge of nuclear
waste issues, nuclear waste as a reason for opposing nuclear power, issues
of trust and confidence, transportation issues, and opposition to siting any
nuclear facility

-

are largely unaffected by transmuting waste prior to
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disposal. Special issues of the attentive public such as reprocessing,
transportation, cost, and program delays are also not likely to be positively
affected by the introduction of P-T. Overall, the analysis in Chap. 13 did not
support the claims made by the proponents of P-T.

Conclusion
Contrary to the claims of nearly all supporters of P-T concepts, the analysis
in Chap. 13 of the public opinion literature on nuclear issues did not
support the belief that public opinion will be altered in favor of nuclear
waste disposal based on the introduction of P-T technology.
15.1.7 Intangible Ethical Benefits
15.1.7.1 Moral obligation to future generations
Statement of the benefit
This generation produced the waste and enjoyed the benefits from nuclear
power, and this generation has a moral obligation to solve the problem
without leaving a health risk for future generations. Transmutation, by
destroying the long-lived radionuclides, does solve the problem
unequivocally in this generation.
Analysis
The issue of health risk to future generations has been addressed in
Sec. 15.1.1. In that section, the goal in the approach discussed was to
protect future populations to the same extent as the present - that is, to use
the current regulatory limits for health effects and dose. However, there is
a segment of society (and a very small minority of scientists) who believe
that no amount of radiation is safe," regardless of how small, and that any
dose from man-made activities is unacceptable. From this viewpoint,
leaving any radionuclides to be disposed of is unfair to future generations.
If such a criterion is applied, then any form of transmutation is beneficial.
And at this extreme, the Los Alamos ATW concept that transmutes all
radionuclides with half-lives longer than 11 yr is the most acceptable. 13
However, any of the AB or P-T concepts take more than 100 yr (some up to
1000 yr) before achieving significant reductions in risk, relative to early
disposal in a repository. Some interpretations of generation" are about
20 yr - the average span of time between the birth of parents and their
offspring.
Conclusio Although this position is certainly articulated, it does not drive either the
programmatic or regulatory approach in the U.S. "Solving the problem in
this generation" is taken to mean protecting future generations to the same
level as the present.
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15.1.7.2 Conservation ethic
Statement of the benefit
The current abundance of energy will not continue, and transmutation of
waste actinides by an energy-producing device such as an ALMR will
provide a sustainable nuclear energy future for our descendents.
Partitioning technology also allows beneficial uses of spent fuel
components, such as Cs-137 for food irradiation or sewage sludge
treatment, or the recovery of palladium or rhodium.
Analysis
The benefits stated above are certainly true. However, the economy of the
U.S. is in large part a market-driven economy. If it were a centrally
planned economy, then non-economically justified activities could be
undertaken for a higher purpose, such as conservation. In the cases in the
U.S. where central planning overrides market forces, a great amount of
effort is required to forge a social and political consensus that such a
deviation is justified. Introduction of transmutation devices even though
they are net energy producers prior to the time that they are economically
justified will be a politically difficult undertaking.
Conclusion
Prior to the time that uranium shortages occur or that food irradiation is
introduced because of market forces, it is unlikely that a conservation ethic
will force the adoption of P-T in the U.S.
15.2 POTENTIAL DISADVANTAGES
There are a number of potential disadvantages that are not within the scope
of this chapter or even this study. For example, a large number of
additional facilities will have to be sited, licensed, and constructed (see
Chaps. 8 and 11). Another example is that in promoting the benefits of
ALMRs or accelerators, an impression may be generated that the LWR is
inferior and less safe. In this chapter, the purpose is only to evaluate
potential disadvantages to the repository program. Specific potential
disadvantages discussed include:
* Excuse for delaying the repository program.
* Increased resistance to the first repository.
* Possibility that the public will become convinced that without P-T,
the repository is not safe.
* Greatly increased cost of HLW management without significantly
improving the safety.
* Reopening of diversion and proliferation arguments about
nuclear power.
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15.2.1 Excuse for Delaving the Repository Program
Statement of the disadvantage
Statements favoring P-T implicitly or explicitly carry the message that a
system with P-T would be significantly safer than the present once-through
cycle. It is only natural that political leaders of any location considered for
a repository would suggest delay until this new, safer technology could be
evaluated.

Analysis

Perhaps the greatest potential disadvantage is that P-T in its various forms
might be taken as an excuse to delay the siting, licensing, and construction
of the first repository. Merely having an alternative to the currently
proposed system has already been used as an excuse to propose postponing
opening WIPP and to delay site characterization, at Yucca Mountain, while
evaluating P-T. 14 Claims that a "10,000-yr problem can be turned into a 200
to 300 yr problem" are particularly damaging, as there is either an implicit
or explicit message that after 300 yr, only LLW will remain. If this were the
case, no repository would be needed, so why continue with
characterization? (For a discussion of the 'only LLW after 300 yr" issue, see
Chap. 16.1.) In the public media, supporters of transmutation are said to
'believe (transmutation) could provide an alternative to the U.S. DOE's
longstanding, and extremely controversial plans, to dispose of the nation's
high-level radioactive wastes in "deep geologic waste facilities - such as
the proposed Yucca Mountain facility in Nevada.' 15
Conclusion
It is inevitable that some critics of the current program will use any
plausible excuse to suggest delay, and that P-T will so be used. It is not
clear whether such posturing will, in fact, turn into a real delay.
15.2.2 Increased Resistance to the First Repositorv
Statement of disadvantage
It is clear that a geologic repository will still be needed even if P-T is
implemented, but it is possible that the capacity requirements would be
sufficiently altered so that additional repositories were not needed. In this
case, the first repository would be the only repository and might receive
greater resistance than if it were one of a series.
Analysis
Another potentially damaging proposal is that the first repository will be
constructed, but that there will be no need for a second repository. Given
such a position, it is perfectly logical for the first repository host to ask why
not treat that waste also, and eliminate the need for any repository? When
this is handled by explaining that the first repository will be expanded to
take all present and future waste, then the potential for being the only
repository ever enters in the picture.
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Section 12.3 examines the equity issue and the idea of being the only
repository. Deferral of the second repository program in the year 1986
began the current negative attitude trend in Nevada, and it is likely that
things would not improve, if the second repository were cancelled because
of all the waste going into a single repository.
Conclusion
History of the HLW program shows that it is very likely that becoming the
only HLW repository might increase local resistance to a repository.
15.2.3 Possibility that the Public will Become Convinced that Without P-T
the Reiositorv is not Safe
Statement of the disadvantage
Presentations promoting P-T show charts and diagrams with reductions of
1000 to 100,000 times in activity levels, or toxicity, or some other measure.
These are dramatic graphics, and it would be easy to conclude that (1) the
repository is not safe without this reduction, and/or (2) even if the repository
is safe without P-T, such a reduction is desirable under the ALARA
principle.
Analysis
This is a speculative statement, and there is no documented proof available.
That does not mean it will not happen or at least be highly likely to happen.

Conclusion

It is possible, but not certain, that the public will become convinced that
without P-T, the repository is not safe.
15.2.4 Greatly Increased Cost of HLW Management Without Significantly
Improving the Safety
Statement of the disadvantage
If P-T were introduced, it would almost certainly greatly increase total
system costs, and there is little evidence that health and safety would be
significantly improved.
Analysis
Elsewhere in this report, and in many current evaluations, it is recognized
that a HLW repository is required even were P-T to be introduced. Many of
the costs associated with such a repository are relatively fixed irrespective
of the quantity or type of waste ultimately disposed of. Chapter 4 points out
that some assessments show little or no volume decrease from the P-T of
commercial reactor waste. Therefore, it is not clear that there will be
significant cost savings to the repository program from introduction of P-T.
From the viewpoint of risk, Chaps. 5 and 6 show that the risk of health
effects from the overall nuclear power system will be little if any reduced by
the introduction of P-T. Even evaluating the repository alone, some
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analyses show no reduction in dose or curies released to the accessible
environment with the addition of P-T.
There are strong indications that any system with P-T will cost more than
one without, and this cost increase could be very large (see Chap. 9). If
there is no significant risk reduction, then this added cost is difficult to
justify.
Conclusion
If adopted, P-T is likely to increase the cost of nuclear power with little or no
decrease in health risk.
15.2.5 Reopening of Onposition to Nuclear Power Based on Diversion and
Proliferation Concerns
Statement of the disadvantage
P-T involves reprocessing, which is a large negative to those concerned
about nuclear diversion and weapons proliferation. Opposition to P-T and
reprocessing might expand into a more general opposition to nuclear
power.
Analysis

Regardless of what technologists think about the once-through cycle, it is
accepted by those who have concerns about nuclear proliferation. For
example, Williams and Feiveson state, The once-through system satisfies
most of our first three criteria and provides a powerful safeguard against
criminal and terrorist diversion and latent proliferation." 16 Reprocessing
in any form is still considered unacceptable.
When nuclear fuel s
reprocessed to recover the plutonium for use in fresh fuel, either in breeder
reactors or in reactors of the current type, diversion risks increase
sharply." 1 6 The mere existence of large quantities of plutonium is viewed
with alarm. 1 7
As early as 1975, ERDA (the predecessor of DOE) had identified the
completion of a GESMO as a significant barrier to development of
reprocessing and recycle of plutonium.18 As noted in Chap. 8, the NRC
GESMO proceedings were suspended in 1977. These proceedings would
have to be finished in order to establish plutonium recycle in the United
States, and they would be the focal point of opposition based on diversion
and proliferation concerns.
Conclusion
Introduction of P-T might reopen opposition to nuclear power among a
group that has currently adopted a relatively neutral stance because of the
once-through cycle.
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16.0 DISCUSSION OF ISSUES (L. Ramspott - LLNL)

In the context of this chapter, issues are concerns that must be evaluated in
order to decide whether P-T is or is not justified as a waste management
option. Numerous detailed issues must be addressed to fully evaluate
existing P-T proposals. Here only higher level issues are addressed. They
are phrased as questions and fall in three general categories:
1. Issues that directly affect the repository.
2. Issues that do not directly affect the repository, but directly or
indirectly affect the waste management system.
3. Issues that do not directly affect either the repository or waste
management system, but might block timely implementation of
P-T, and thus raise doubt about whether P-T could affect the waste
management system.
The emphasis of this report is on analyzing the first and second types of
issues. The third type is identified and discussed.
16.1 ISSUES THAT DIRECTLY AFFECT THE REPOSITORY
Issues that directly affect the repository can be related to the two physical
results of P-T, namely reduction of the radioactivity inventory of the waste
and the resulting reduction of heat output. It is also possible to discuss
issues in terms of affected processes, such as licensing or performance
assessment, or effects, such as risk or dose. For this section, the issues will
be discussed in terms of radioactivity, heat, and risk.
16.1.1 Issues Regarding Radioactivity Inventory
16.1.1.1 Can high separation factors convert HLW to ILW or LLW?
One of the claims made for AB in an ALMR is that the waste stream that
contains the Sr and Cs from pyroprocessing could be stored on the surface
for several hundred years and then disposed of as LLW. Another claim is
that such waste would at least be reduced in level to a new form of ILW, a
category recognized in other nuclear countries but not in the U.S. The
CURE concept plans for the final waste steam to "contain a low enough
radionuclide content to allow treatment and disposal as low-level
radioactive waste under 10 CFR 61."1 This chapter first discusses the
reference DOE ALMR Program and then other proposals that claim to
convert HLW to LLW.
The benefits from such a scenario are two-fold. First, there would be a
substantial reduction in the number of containers and, hence, volume of
waste going to a HLW repository. Second, removal of both the short-term
fission-product heat and the long-term actinide heat from the waste would
make possible an entirely different repository design and would potentially
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increase the repository capacity by more than an order of magnitude, with
reference to energy-production-related measures such as MW-years or
MTIHM. Because either of these benefits, if realized, would have a
significant effect on the repository program, it is important to analyze the
likelihood of success.
16.1.1.1.1 The DOE ALMR Program
The ALMR Program is described in Sec. 3.3.1.1. It is important to note that
no official claim is made by this program for total conversion of HLW to
LLW. Such conversion could be inferred from some presentations that have
been given, and therefore it is appropriate to consider whether such a
scenario is possible. A detailed discussion of inventories associated with
the ALMR concept is presented with references in Chap. 4, from which
some of the following material is abstracted. A good discussion of the
classification of waste from reprocessing is also given by Willems and
Danna 2 based on material in Kocher and Croff.3
In the present regulatory framework in the U.S., HLW is defined by origin,
and LLW is defined by half-life and curie limits. Therefore, it is
questionable whether simply lowering the curie level of HLW would allow it
to be reclassified as LLW without specific changes to the current
regulations. However, for this discussion, only the technical feasibility is
addressed.
In order to convert HLW to ILW or LLW, Sr and Cs must be separated out.
For aqueous reprocessing, this can be done by following the standard
PUREX extraction by TRUEX and then SrEX and CsEX, to obtain a
relatively pure Sr-Cs waste. In pyroprocessing, Sr and Cs are isolated in
the reduction-salt waste and the electrorefining salt waste. (One of the
claimed benefits for pyroprocessing is that this separation occurs as part of
the normal design and is not an add-on, as SrEX is.)
The curie limits for LLW are given for the isotopes under discussion in
Chap. 4 and in greater detail in Willems and Danna. 2 Cs-135 is present in
the salt wastes from pyroprocessing at levels that are more than 1000 times
below the LLW limits. Both Sr-90 and Cs-137 are present in concentrations
that would allow decay to below the LLW limits in about 200 yr for the salt
waste from pyroprocessing and in about 450 yr for the more concentrated
wastes from aqueous processing. 4
The question to be addressed is whether high separation factors will allow
conversion of HLW to LLW or ILW following a few hundred years of
storage.
New reprocessing technology is discussed in Sec. 14.2.
Transuranic decontamination factors of 100,000 for aqueous processing of
LWR fuel were considered by Willems and Danna, 2 and the concentration
of alpha-emitters with half-lives >5 yr remained at 2.6 times the limit for
LLW. At a decontamination factor of 1000, Pu-241 is at about 90 times the
limit, and Tc-99 is at about 26 times the limit. Generally similar results
were obtained for aqueous processing of LMR fuel. From these values, it
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appears that vitrified aqueous waste from LWRs or LMRs could not be
classified as LLW, even after Sr-90 and Cs-137 decayed.
Based only on consideration of Cs and Sr in salt waste from pyroprocessing,
a portion of waste that is now HLW could be stored until it decayed to LLW
limits. For the pyroprocessing assumptions for both LWR and LMR fuel in
Chap. 4, this portion would amount to 76% of the total number of packages.
The number of remaining packages would equal about 28% of the number
of spent fuel packages representing the same amount of MTIHM, which
would amount to a reduction of 72%. Analyzing high actinide recovery for
aqueous processing, Willems and Danna2 conclude that volume reductions
would range fom 8% for LW1R fuel to 42% for LMR waste.
In order for this volume reduction of HLW to be feasible, it is necessary to
demonstrate that contamination from other nuclides would not exceed LLW
criteria. Several radionuclides could be troublesome. In Willems and
Danna Table 4-8, the concentration of I-129 (half-life = 15.7 million yr) in the
electro-refiiing salt waste for LMRs is about two times that allowed by the
LLW defi tion.2 The LWR pyrochemical process does not appear to result
in iodine in the salt waste. Work at Lawrence Livermore National
Laboratory on the pyrochemical process for laser isotope separation has
shown that up to A%of the Pu could escape into the salt waste, and a special
cleanup technique has been developed to recover that Pu. 5 Of course, this
cleanup could be applied to LMR and LWR salt wastes, but the special
advantage compared with aqueous processing of not needing an extra step
might be lost,, and costs might increase.
An implicit assumption is that the cost of disposal in a LLW site or a to-bedefined ILW site would be cheaper than disposal in the HLW repository.
Willems and Danna estimated the costs of disposal of ILW in a greater
confinement disposal (GCD) facility, and found a savings of only 9%
compared with disposal in a HLW repository. 2 The trend in LLW facilities
has been toward increasing cost, and a recent study predicted as much as a
ten-fold increase to as high as $500 per cubic foot. 6 This amount
approaches the low end of estimates for emplaced containers in a HLW
repository ($777/ft 3 ), and does not include the cost of monitored storage for
200 to 300 yr. Although current LLW disposal rates are as low as $50/ft 3 ,
Willems and Danna projected data to obtain estimates ranging from $100 to
$350/ft3 . They also developed estimates for GCD disposal of ILW of $690 per
ft3 and monitored storage estimates of $2300/ft 3 .
Based on these estimates, one should not assume that ultimate disposal as
LLW or ILW would be significantly cheaper than immediate disposal as
HLW, which Willems and Danna 2 estimated to range from $777 to $6868/ft 3 .
For example, with the values cited above, GCD plus storage would be
$3000/ft 3 and LLW plus storage could be as high as $2800/ft 3 .
A final point should be made in regard to the hundreds of years required for
Sr and Cs decay before LLW classification is attained. The EPA regulation
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40 CFR 191 for HLW has a limit on length of institutional control of 100 yr
[Sec. 191.14(a)]. Although the specific wording refers to disposal sites
rather than storage facilities, it is indicative of the likely regulatory attitude
toward 200- to 300-yr storage.
16.1.1.1.2 Other concepts for conversion of HLW to ILW or LLW
The CURE concept calls for the final waste stream to be made to meet LLW
specifications by P-T of Tc-99 and 1-129, combined with removal and possible
surface storage of radiocesium and radiostrontium. 1 The concept further
envisions decontamination of solid waste such as cladding hulls and fuel
hardware so that they may qualify as LLW or at least as a form of ILW.
Because CURE is a concept, it is difficult to comment on it quantitatively.
Tables showing decontamination factors (DFs) required to achieve LLW
status are given (104 to 105 for LWR fuel and 105 to 106 for LMR fuel), and
there is extensive discussion of the technical issues required to achieve
these DF values. 1 In general, the CURE concept is based on aqueous, not
pyrometal-lurgical reprocessing. The DF required for actinides to produce
LLW is 2 to 4 orders of magnitude beyond the industrial state-of-the-art,
although it is achievable in the laboratory.
The Los Alamos ATW team has presented a paper on nuclear energy
without long-term HLW. 7 Their concept would transmute all fission
products with t
> 11 yr so that HLW need not be passed from one
generation to the next."7 If indeed this could be achieved, in 50 to 100 yr the
activity level of the remaining waste would likely qualify as LLW, or even
BRC. However, insufficient details are available to evaluate this concept
quantitatively.
16.1.1.2 Can AB and/or other P-T concepts meet EPA limits a priori?
An analysis of this issue in Sec. 14.3 concludes that EPA limits cannot be
met a priori. That analysis is directed at AB applied to LVVR spent fuel in
the ALMR, and does not directly address other concepts. However, the
limiting factor is the reprocessing prior to transmutation, and not the
transmutation device itself. Therefore, it can be concluded that no P-T
concept applied to LWR spent fuel will produce waste that meets EPA limits
a priori.
16.1.1.3 Can AB reduce inventory sufficiently to impact the performance
analyses for Yucca Mountain?
Even if AB cannot produce a waste that meets the EPA limits a priori, it
might reduce the inventory sufficiently to assist DOE in demonstrating that
the regulations are met. Thus, it might be inferred that an inventory
reduction factor of 100, which is within current operating experience, or of
1000, which appears to be industrially feasible, might reduce the repository
release by a factor of 100 or 1000.
Pigford 8 presents arguments showing that this is not the case. The key
point is that as long as the actinide release rate is limited by actinide
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solubility, reducing the actinide inventory will not reduce the actinide
release rate. Available data indicate that the waste actinide inventory
would have to be reduced by a factor of 105 for the reaction rate between the
waste and the water to begin to control the release rate. 8 This happens to be
the highest decontamination factor claimed to be achievable; yet at this level
no reduction in actinide release rate would occur. If this present
understanding continues to be verified, a decontamination factor of 108
would be necessary to achieve a reduction in actinide release rate of 103.
Even if such reductions in release rate were achieved, the effect on Yucca
Mountain's ability to meet the regulations would be negligible, because
analyses to date for Yucca Mountain show that expected releases of
actinides are already well below the EPA limits.8
16.1.1.4 With respect to AB. what will be done to immobilize Tc. T.and Cs15

AB in the ALMR does not transmute Tc, I, and Cs-135; but a variety of
options are available to deal with these and other fission products. Two
factors have the most effect: whether aqueous or pyrochemical processing
is used, and whether Cs and Sr are partitioned and handled separately.
Were Cs and Sr to be separated for storage until the Cs-137 and Sr-90
decayed, then the residual level of Cs-135 would be within low-level waste
limits. 2 ,4 This is discussed in Sec. 16.1.1.1.1 for both aqueous processing
and pyroprocessing.
If aqueous processing were used, then the fission products would be
extracted together. They would likely be immobilized in a borosilicate glass
matrix, as done by the U.S. Defense Program and by other countries such
as France. In such cases, the waste form would be similar to existing
waste forms, and the qualification of the waste form would be relatively
straightforward.
If pyroprocessing were employed, the fission products would go to several
streams. Cs, Sr, and I would be in the salt waste; Se-79, Zr-93, Tc-99,
Pd-107, and Sn-126 would be in the metal wastes. 9 How the salt waste
would be immobilized is currently unknown. Because the carrier matrix is
copper, the metal waste might be disposed of directly, which should provide
a low rate of dissolution.
Regardless of the type of reprocessing, immobilization of Tc-99, 1-129, and
Cs-135 should be at least as good as in spent fuel and probably much better.
However, this immobilization results from reprocessing and partitioning
per se and is not intrinsic to AB in the ALMR or other concepts for
transmutation.
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16.1.2 Issues Regarding Heat
16.1.2.1 By lowering heat output. can AB increase the capacity of the
repository and eliminate the need for a second repository?
Chapter 7 and Sec. 14.7 address the issue of heat in the repository and the
effect of AB on that heat load. Briefly, heat output from waste in the
repository would be reduced by AB, and a factor of 2 to 10 increase in
repository capacity might be achieved. This capability could defer the need
for a second repository for a long period of time.
A near-ambient-temperature repository can be achieved using AB and
surface storage of Cs and Sr for several hundred years. A near-ambienttemperature repository might be loaded to an amount to achieve several
orders of magnitude increase in capacity.
Because heat is not the only factor that affects repository capacity, the
theoretical increases might not be realized. (See the following paragraph.)
16.1.2.2 Can the same increase in capacitv be achieved without AB?
AB is not the only technology for increasing repository capacity. Slightly
smaller increases in capacity can be achieved by storing spent LVVR fuel at
the surface for the same times as the surface storage of Cs and Sr-bearing
waste in the AB concept. Increases in capacity also can be achieved by
variations in repository design using spent LWR fuel. A combination of
surface storage and redesign can be used to increase capacity even further.
The increases without AB will always be less than for AB under the same
assumptions, but factors of 2 to 5 are possible without AB.
16.1.2.3 Are there benefits of heat removal other than increased repositorv
capacity, and can AB provide them?
Compared with repositories in granite and salt, a number of performance
concerns with heat do not necessarily apply to a repository in unsaturated,
fractured tuff such as at Yucca Mountain. Based on the general case,
however, a number of countries and review organizations have concluded
that setting temperature limits in a repository might be beneficial. These
are summarized by Eriksson.10 Assuming that such temperature limits
were valid, P-T is one way to achieve them.
AB is not necessarily the most efficient way to achieve such reductions in
temperature. Within the first hundred years, the repository temperature
would be dominated by fission product decay; therefore it would be little
affected by AB. However, concepts have been described for separating Cs
and Sr and storing them on the surface until the thermal output is greatly
reduced. 1 .4,10 AB combined with Cs-Sr separation and storage has the
potential to provide a nearly ambient-temperature repository.
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16.1.2.4 What are the relative benefits of heat reduction compared with the
constructive use of heat to provide long-term isolation in the repository?
Erikssonll and Ramspott 12 summarize arguments about whether heat is
deleterious or beneficial in a repository. The main argument against heat
is that a hot repository and the resulting induced fluxes result in complex
processes and events (human-induced perturbations) that are difficult to
measure and predict, and that are associated with significant uncertainty
in safety assessments."1 1
For Yucca Mountain, by designing the unsaturated tuff repository to
constructively use heat, one can ensure that the waste containers will be
kept dry for hundreds to thousands of years. Without water, the aqueous
processes that release and transport radionuclides do not operate.
Ramspott concludes that the overall effect of heat in such a setting appears
to be beneficial to waste isolation. 12
For a Yucca Mountain repository, a controversy exists about whether the
removal of heat is beneficial or detrimental to waste isolation. With respect
to AB, the actinide component of the waste which provides the heat source
to keep the repository dry for long time frames, assures isolation. If the
benefits of keeping the repository dry turn out to outweigh the
disadvantages, the exact heat source that provides the conceptual benefit
would be removed by AB.
16.1.2.5 How much of the thermal benefit attributed to P-T could be
achieved by extended storage of spent fuel on the surface?
Section 4.4.4 discusses achieving a thermal benefit by extended storage of
separated Sr and Cs in a surface facility. Compared with disposal of spent
fuel at 10 yr out of core, spent fuel that is aged on the surface for 300 yr will
decrease in thermal power by a factor of 9. However, mere removal of the
actinides would provide a decrease of 100 at 300 yr; and combined AB and
Cs-Sr storage would provide a factor of 500 decrease at as early as 100 yr (see
Fig. 4.7 in Chap. 4). Thus, aging spent fuel on the surface will provide only
a small fraction of the thermal benefit provided by AB or AB combined with
Cs-Sr storage.
In any case, it is necessary to be clear about what benefit is being discussed.
For example, only a few decades of surface cooling of spent fuel will
significantly affect (factor of 2) either the repository capacity issue or the
ability to maintain a repository below 900C as recommended by Eriksson.1 1
16.1.3 Issues Regarding Both Heat and Radiation
16.1.3.1 Is borosilicate glass a better waste form than spent LWR fuel?
The purpose of this section is to address a common claim from proponents
that superior waste forms are a natural outcome of P-T. A detailed
discussion is contained in Appendix C, from which this summary is
derived.
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Consideration of numerous factors leads to the conclusion that no
qualitative difference exists between glass and spent fuel such that one
waste form is dramatically "better" than the other for a Yucca Mountain
repository. Quantitatively, borosilicate glass might be a somewhat "better"
waste form at Yucca Mountain. These conclusions would not necessarily
hold for a repository in a different geological environment. Overall, the
problems facing the characterization and modeling of the glass and spent
fuel waste forms are roughly comparable.
Although it appears that borosilicate glass and spent fuel provide
comparable performance, it is certainly possible to design a waste form
with greater stability and orders-of-magnitude lesser solubility than either.
This is particularly the case if individual radioisotopes were partitioned
and disposed as insoluble compounds. The metal waste form from
pyroprocessing 9 may prove to be highly insoluble, although this remains to
be demonstrated.
If borosilicate glass were the waste form of choiceand Yucca Mountain
were the repository site, one does not obtain a superior waste form as a
natural outcome of AB or P-T.
16.1.3.2 What benefits of P-T could be provided without AB?
Reprocessing of spent reactor fuel and recycle of uranium and plutonium
for LWRs is not the issue that is addressed by this report. However, if such
a system were in effect, as in France, then a borosilicate glass (or other)
waste form would be the result. Appendix C reviews the evidence that
borosilicate glass might provide a higher level of performance than spent
LWR fuel, and concludes that qualitatively their performance is similar.
Irrespective of the performance of borosilicate glass, some decreases in risk
could be achieved by reprocessing without AB or fission product
transmutation. Soluble long-lived fission products such as Tc-99, Cs-135, or
1-129 could be partitioned and immobilized in a special waste form. This
would ensure performance improvement relative to spent fuel.
As noted above in Secs. 16.1.2.2 and 16.1.2.5, some of the benefits of reduced
heat output could be achieved without AB or P-T, merely by aging the spent
fuel or by repository redesign. Likewise, as noted throughout Sec. 16.1.1.1,
some of the benefit of reduced risk that is attributed to AB or P-T results
from the reprocessing and partitioning alone, without transmutation. One
way of looking at the issue of proportion is to determine whether the benefits
without P-T are 90% or 10% of those achievable P-T can even be quantified at
this time. Another way is to look at the proportion of the needed or desirable
amount.
Section 16.1.2.5 illustrates this point. Although aging spent fuel for 300 yr
would provide only 10% of the effect of AB alone, and 0.5% of the effect of AB
plus separation and storage of Cs and Sr for 300 yr, aging only a few
decades could provide a sufficient change in the thermal output to allow
16-8

either maintaining the repository below 900C or increasing the repository
capacity 2 to 5 times under a hot scenario. Because even the largest
projections of repository capacity needs are about 160,000 MTIHM,
increasing the repository capacity by a factor of 2 to 5 has a more significant
immediate impact than increasing it by a factor of 100.
16.1.4 Issues Regarding Repository Risk
16.1.4.1 Does AB reduce the release rats of radionuclides from a geologic
repository and thus its risk to the public?
One of the primary claims made for AB is that it reduces risks to the public
because it reduces the actinide inventory in the repository. We showed in
Chap. 5 that for a repository in unsaturated rock, and also likely for other
types of rock, for the case of normal evolution of the repository, and for slow
leach and migration due to increased water flow, release rates of key
radionuclides from wastes from AB are approximately equal to those from
LWR spent fuel. At a given repository location, the transport of
radionuclides is controlled by site geology, i.e., the fluid flow, speciation and
retardation. Thus comparing release rates at the same site is the same as
comparing risk for the same scenario.
For actinides, which are solubility limited, their release in slow leach and
migration is independent of inventory and thus unaffected by AB. For the
most important nuclides at Yucca Mountain, I-129, Tc-99, and Cs-135,
there releases are either alteration controlled or instant upon water
contact, also independent of inventory. Our conclusion here collaborates
similar studies in other countries.
Thus, we conclude that for these cases AB does not reduce the risk to the
public from a geologic repository.
16.1.4.2 Does AB reduce the risk from human intrusion into a geologic

repository?

The greatest impact of actinide removal is where initiating events cause
immediate and direct release of radionuclides, without water transport
through rocks, such as human intrusion, vulcanism and meteorite impact.
At times greater than 300 yrs, the repository inventories are dominated by
actinides, and their reduction would reduce the consequence of such
events. Risk is the product of probability of occurrence and the magnitude
of the consequences, and AB would reduce the consequences of intrusion,
and proportionately the risk from that initiating event. A repository
containing wastes from AB would give lower risk from human intrusion
than one for LWR spent fuel, but it is important to note that the one
containing LWR spent fuel is expected to meet the general environmental
standard for HLW disposal.
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16.1.4.3 Will the promotion of AB or ATW mask the fact that the absolute
risk from radioactivity release from a repository is already very low, and
that actinides do not contribute significantly to that risk?
There is no technical answer to this question. However, abundant evidence
exists that a geologic repository can safely dispose of HLW, a conclusion
that has been reached by numerous technical review bodies worldwide for
decades. Unfortunately, actual risk and the perception of risk are not
necessarily coincident. Presentations of transmutation technology that
were intended for general audiences have always included charts or tables
showing inventory or toxicity reduction. These charts show reductions in
actinide content by factors ranging from 102 to 105. The logical conclusion
that a member of the general public might reach is that such reductions
are readily achievable and, since no amount of radiation is safe,"
desirable. The public must be given the whole picture.
16.2 ISSUES THAT AFFECT THE WASTE MANAGEMENT SYSTEM
There are aspects of AB or P-T that affect a broader part of the waste
management system than just the repository. In some cases they affect the
entire nuclear power system. These issues must be resolved to determine
the effect of AB or P-T on the waste management system.
16.2.1 Will the Recovered Uranium be Useful. or Will it Have to be Sent to

the Repositor?

For spent fuel with about 30,000 MWD/MTIHM burnup, about 96% of the
fuel metal mass is uranium. None of the various P-T proposals is specific
about what would be done with this uranium. The ALMR, if run at a
conversion ratio for AB, would not require uranium for the reactor blanket
as a breeder reactor would. If the ALMR were run as a breeder, depleted
uranium would be a more logical choice for the blanket (see Chap. 6).
Therefore, there is no use for the recovered LVR uranium in the ALMR,
regardless of conversion ratio.
The recovered uranium can be recycled as LWR fuel, but this requires
continuation of LWR deployment in parallel with LMRs, thus generating
more LWR spent fuel. The radioactivity from 2 36U and other radionuclides
also requires that different handling systems be deployed for fabrication,
transportation, storage, and reactor loading, than are used for first-cycle
uranium oxide LWR fuel.
If the uranium is sent to the repository as waste, then much of the claimed
benefit of P-T to waste management has been reduced. In Sec. 14.3.5, it was
pointed out that if all of the uranium were disposed of in a repository, three
isotopes would exceed the EPA limits by the following factors: 234 U, 20.3,
236 U, 2.7, and 238U, 3.2 times the EPA limits. Even if half of the uranium
were useful and half sent to waste, those isotopes would still exceed the
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EPA limits and be a significant factor in risk assessment. In addition to
risk assessment, there is the effect on repository capacity. Because the
amount of uranium is so large, it would constitute a significant additional
volume in the repository.
The ATW concept does not address the uranium in spent fuel.
16.2.2 Will the Amount of LLW That Comes From the Nuclear Power Fuel
Cycle be Greatly Increased by AB or Other P-T Options?
Information on the expected amounts of LLW and associated costs are
given in the EPRI report.2 Based on that information, Sec. 16.1.1.1.1
addressed the issue of conversion of HLW to LLW. What we address here is
the LLW that results from operation of the P-T system, not the larger
volume that might result if HLW were converted to LLW.
Essentially all of the LLW produced by P-T is new to the system; that is, it
would not be there in a throw-away cycle. The EPRI report 2 calculated
waste amounts based on 1011 kWh of electricity generated. Table 16.1 is a
scaling of the EPRI calculations (using 421 MTIHM to generate 1011 kWh)
to give the amount of LLW generated by reprocessing 84,000 MTIHM of
spent LWR fuel. The value of 84,000,MTIHM has a dual origin. First, it is
the cumulative amount of spent LWR fuel that will be generated under the
no new orders case during the remainder of current operating licenses of
existing reactors.13 Second, it is the approximate amount used in Chap. 4
(Sec. 4.2.4) scenarios to compare LWR throw-away and ALMR AB cycles.

Table 16.1. LLW volumes from reprocessing of 84,000 MTEHM spent
LWR fuel (million cubic feet).

Aqueous
Pyrochemical

Low estimate

High estimate

2.64
2.92

2.75
3.04

To provide a perspective for Table 16.1, we note that U.S. utilities generated
0.64 million cubic feet of LLW in the year 1990.14 Therefore, an equivalent of
about 5 yr LLW production from current LWRs will be added to the LLW
stream because of the reprocessing of LWR spent fuel. How one views these
numbers is a matter of perspective. Because the license lifetime used in the
projections to get 84,000 MTIHM is 40 yrs, then the LLW volume might be
increased by about 12%. That is a small increase if the benefits from AB are
large. On the other hand, if the benefits from AB are marginal, it can be
viewed as an unnecessary addition.
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Table 16.1 gives only a part of the LLW that would result from AB in LMRs.
In addition to the LLW generated by reprocessing LWR spent fuel, LLW will
be generated in LMR fuel fabrication, LMR spent fuel reprocessing, and
LMR plant operations. The EPRI report 2 gives estimates of the comparative
amounts of LLW from reprocessing spent fuel from LMRs and LWRs
generating equivalent amounts of energy (1011 kWh). These values for the
low range of the estimate are given in Table 16.2.

Table 16.2. LLW volumes from reprocessing spent fuel that generated
1011 kWh (cubic feet).

Aqueous
Pyrochemical

LWR

LMR

LMR/LWR

13,211
14,645

17,530
16,517

1.33
1.13

Table 16.2 indicates that reprocessing spent fuel from operation of ALMRs
for AB will result in generating about 10 to 30% more LLW than
reprocessing spent fuel from an equivalent energy generation in LWRs. It
does not address directly the issue of how much LLW will be generated in
order to "burn" all the actinides transferred from LWR spent fuel. For
example, it does not address how many cycles of reprocessing, refueling,
and operating the ALMR will be required.
Bergland and Thompson 15 estimate that for a 0.76 conversion ratio and a
cycle length of 18 months, 1.9% of the TRU inventory will be consumed per
year. Consumption depends on many variables and is not a linear process;
that is, one cannot project that it will take 52.1 yr to consume 99% of the
actinides at 1.9% yr. Section 4.4.5 presents calculations indicating that
with a process decontamination factor of 1,000, more than 1,000 yr would be
required to reduce the inventory transferred from LWRs by a factor of 100.
That would require 667 reprocessing cycles, each producing LLW, and 667
operating cycles, each producing LLW. Of course, energy would be
generated in each of these cycles.
Because of the uncertainties, quantitative conclusions regarding LLW
production from AB in ALMRs are limited. However, the reprocessing of
spent LWR fuel appears to add about 12% to the LLW volume expected from
a once-through cycle. On an equivalent energy basis, reprocessing LMR
spent fuel appears to generate about 10 to 30% more LLW than reprocessing
LVR spent fuel. Information does not appear to be available on the
comparison of LLW quantities generated by operating an LWR and an LMR
of equivalent size. Essentially all of the LLW generated by AB or P-T is new
to the system; that is, it would not be there in a once-through cycle.
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year. Consumption depends on many variables and is not a linear process;
that is, one cannot project that it will take 52.1 yr to consume 99% of the
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That would require 667 reprocessing cycles, each producing LLW, and 667
operating cycles, each producing LLW. Of course, energy would be
generated in each of these cycles.
Because of the uncertainties, quantitative conclusions regarding LLW
production from AB in ALMRs are limited. However, the reprocessing of
spent LWR fuel appears to add about 12% to the LLW volume expected from
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16.2.3 Will Transportation be More Acceptable if the Curie Inventory of the
Waste is Lowered by AB?
Public acceptance issues were discussed in Chap. 13, and the issues of
transportation and public acceptance were discussed in Sec. 13.2.4.
Transportation was found to be the issue that the general public is most
concerned about among nuclear waste issues. However, little evidence was
found to support the idea that P-T applied to the waste before transportation
would make it more acceptable to the public. A key finding reviewed in
Chap. 13 was that Americans are generally not very knowledgeable about
radioactive waste and radioactivity in general. Because the public
generally does not distinguish among types of radioactive waste, they would
not likely perceive that the P-T treatment had reduced the volume and
toxicity of the waste.
Shipments of LWR spent fuel to a reprocessing plant would still be
required. Thus, the public might perceive the introduction of a P-T system
as increasing the amount of transportation required, without
understanding the benefit of reduced inventory in the waste.
16.2.4 Will the Promise of Benefits From P-T Contribute to Delaying the
Repository Schedule?
This issue is discussed in Sec. 15.2.1. This is not a technical issue, and
detailed analysis is not possible. Some logical analysis can be offered, with
the caveat that neither the public nor the political system will necessarily
behave according to logic.
If the perceived benefits from P-T appear to be great and are clearly only
available after the repository begins operation according to the current
schedule, then there would be a basis for asking why the repository should
not be delayed until these benefits become available.
If the benefit that is offered to the public is the elimination of the need for a
second repository by capping the amount of spent fuel emplaced, with
subsequent waste being a superior waste form, then there would be a basis
for asking why all of the waste put in the repository should not be this
superior waste form.
If the benefit offered to the public is interpreted as conversion of HLW to
LLW after 200 yr, then there would be a basis for asking for delay of any
HLW repository until this concept could be evaluated.
16.3 ISSUES THAT MIGHT BLOCK TIMELY IMPLEMENTATION OF P-T
Whether or not a P-T system can be implemented does not directly affect the
need for a repository. However, the ability to implement P-T on a particular
schedule and at an acceptable cost determines whether it would be feasible
to use P-T as a waste management tool. No attempt has been made in the
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preparation of this report to evaluate the technical feasibility of introducing
a particular transmutation concept. This section attempts to establish
whether P-T might be available soon enough and inexpensively enough to
have a significant impact on HLW management.
Even if one were to assume a great expansion of nuclear power because of a
shift in societal perception based on greenhouse concerns, it is not clear
that the preferred option would be AB with ALMRs. The following
subsections deal with reasons why P-T, and specifically AB, would
encounter difficulty in deployment.
16.3.1 Ability to Establish an Infrastructure for the AB ALMR in the
Present Political Climate (Assumed Great Expansion of Nuclear Power)
Chapter 11 addresses issues concerning the need for an infrastructure
favorable to AB with the ALMR. Only the key points are summarized here.
Deployment of a single LWR is, at present, a highly decentralized decision
in the U.S., made by an individual utility in concert with its state public
utility commission, largely based on economics. By paying 1 mill/kWh to
the Nuclear Waste Fund, the utility is largely decoupled from the disposal
of spent reactor fuel. Deployment of a single breeding ALMR would not be
significantly different, assuming that the economics were favorable.
However, the deployment of an integrated infrastructure of ALMRs
operated in an AB mode for the purpose of affecting the system for disposal
of HLW introduces a centralized planned system in which every reactor
would be required on a fixed schedule.
Whereas each reactor was hitherto largely decoupled from the rest of the
system, now each is part of an integrated system in which lack of one
reactor can significantly affect other parts of the system. This centrally
planned system includes 10 to 40 reactors, plus at least two reprocessing
plants, a fuel fabrication plant, and possibly a facility for long-term
(hundreds of years) surface storage of Cs-Sr waste. All parts of this system
are necessary for it to function as planned. Furthermore, for it to affect the
repository system, it must be deployed on an aggressive schedule.
Such centrally planned infrastructure is possible. It exists to a large extent
in France and within the United States' nuclear weapons program. It does
not exist in the United States' utility industry, or in its energy or
manufacturing sectors. The issue is whether such an infrastructure could
or should be developed in the U.S. for the purpose of providing a different
approach to management of HLW.
16.3.2 Economic Viability of the ALMR or of the ATM
Chapter 9 addresses the economics of P-T, and only the key points will be
summarized here. Because of the currently low price of uranium, the
economics of the once-through LWR cycle are far superior to those of LMR
breeders. The economics of a breeder are in turn superior to those of an AB
ALMR. Therefore, a vast economic gap exists between the once-through
LWR and an AB ALMR.
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Many of the benefits of AB in the ALMR can be realized from reprocessing,
partitioning, and uranium-plutonium recycle in LWRs, as discussed in
Sec. 16.1.3.2. Although uneconomic, uranium and plutonium recycle in
LWRs is undergoing commercial deployment in France and is scheduled in
Japan and Germany. Years of experience will likely make this option
economic before LMR breeders.
As long as the U.S. has a decentralized nuclear power infrastructure that
makes deployment decisions based on state regulated free-market
economics, it appears unlikely that the ALMR will be deployed in an AB
mode.
Too little information is available to evaluate the economics of an ATW
system. However, it is not proposed to make more than an incidental
contribution to the power grid, and therefore, it could be evaluated purely on
the cost of its benefit to waste management.
16.3.3 Will Licensing a Combined P-T/Repositorv System be any Easier
Than Licensing a Repository Without P-T?
If one accepts the assumption that licensing a repository will be made
easier because of AB or some other form of P-T, issues remain concerning
licensing the P-T facilities and whether the combination will be more
difficult than licensing a repository without P-T. Chapter 8 addresses
licensing issues, so only key points will be summarized here. The main
issues are the large number of P-T facilities to be licensed, the integrated
nature of the P-T system, and the lack of precedent for licensing P-T
facilities.
For AB using the ALMR, a large number of facilities must be licensed: 10
to 40 reactors, 2 or more reprocessing plants, a fuel fabrication plant, and
possibly a long-term surface storage facility. Even with a single license for
modular manufactured reactors, each reactor site will have to be licensed.
A minimum of 6 to as many as 45 licenses will be needed, compared with
one license for a repository.
As discussed in Sec. 16.3.1, all of these AB facilities are needed on a defined
schedule for the integrated system to affect the repository program. The
reactors cannot operate without the reprocessing and fuel fabrication
plants. And the reprocessing and fuel fabrication plants are of limited
value without the reactors. Furthermore, economies of scale can be
achieved only with the whole system. A delay in licensing any facility
would have a great effect on the system.
The NRC has never licensed an LMR or a reprocessing plant. The fuel
fabrication plant, because of the radiation in the actinide fuel, will be
considerably different from a plant for low-enriched uranium oxide fuel for
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LWRs. And the surface storage facility may need a license for several
hundred years of operation. Therefore there is no body of precedent to ease
the licensing of these facilities.
It appears that the licensing of a combined P-T/repository system will be
considerably more difficult than licensing a repository without P-T.
16.3.4 Will the Weapons Proliferation Issue Block the Completion of a
Generic EIS on Pu Recycle?
A key issue blocking the issuance by the NRC of a Generic Environmental
Statement on Mixed Oxides (GESMO) prior to the indefinite suspension by
the United States of reprocessing was concern for proliferation of nuclear
weapons. The NRC's GESMO proceedings were suspended in 1977 (see
Sec. 8.3). A similar document would have to be completed for the ALMR if
it used reprocessed LWR spent fuel, and the issue of proliferation would
again be raised. There are individuals and groups who do not view the
ALMR as proliferation resistant (see Sec. 14.6). The surprising progress
toward a nuclear weapons capability by Iraq, even under IAEA inspection,
has not helped to allay fears of proliferation and diversion.
It is possible that implementation of AB in the ALMR could flounder on the
proliferation issue, regardless of the technical fact that the ALMR is more
proliferation resistant than plutonium recycle in LWRs.
16.3.5 Will the Net Short-Term Risk Change be Favorable to P-T?
The issue of short term risk is covered in Chap. 6 and Sec. 14.4. The key
point is that long-term risk dominates the short-term risk component by
about a factor of 1000. Within short-term risk, the nonradiological
dominates the radiological by about a factor of 150. Therefore, radiological
short-term risk is a negligible part of overall risk analysis, regardless of
whether P-T will increase or decrease it. The older studies cited in Sec. 14.4
showed that P-T increased the short-term risk by about a factor of 2 or 3, but
that was due to nonradiological risk. Short-term risk was not a key factor
in the finding in the older studies that there was no incentive for P-T.
Whether the net short-term risk change is favorable or unfavorable to P-T,
the short-term risk component is so small that the change would make no
difference in an overall analysis. Therefore, short-term risk change is not
likely to hinder the deployment of P-T.
16.3.6 Can Any P-T System be Available in Time to Positively Affect the
Current Repository Program?
Chapter 10 addresses the schedules of the repository program and the
proposed implementation of AB with the ALMR. The things that are most
likely to affect cost savings will not be demonstrated until relatively late in
the repository program. Also, the repository program tends to be front
loaded, so that many expenditures that could be saved by AB will already
have been made by the time AB is demonstrated.

16- 16

A large difference exists between affecting the first repository and the need
for and/or type of second repository. Effects on the first repository probably
need to be finalized by about 2000, whereas effects on the second repository
need be finalized no earlier than the year 2007 and possibly much later.
Therefore, it is unlikely that any P-T system can be in place in time to
positively affect the current repository program, but it is possible that a P-T
system could affect the second repository.
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17.0 CONCLUSIONS (L. Ramspott - LLML)

The introduction identified four questions to be addressed:
* What is different now?
* How would P-T affect the repository program?
* Is timely implementation feasible?
* Is it a sensible thing to do?
This chapter is organized differently, but contains the answers to the above
questions. The general conclusions that are given first address all four
questions. The rest of this chapter contains extracted conclusions from
Chaps. 14 (What is different now?), 15 (How would P-T affect the repository
program?), and 16 (Is it a sensible thing to do?).
Specific conclusions that were given at the end of each topical chapter (4
through 13) are not repeated here. Chapter 10 explicitly dealt with the
schedule. (Is timely implementation feasible?)
The conclusions that follow it should be emphasized, apply only to P-T or
AB as possible ways of improving or replacing geologic disposal as the most
feasible initial means of disposing of HLW and spent LWR fuel. This report
did not address the role that the ALMR might play as a safe advanced
nuclear power system that would conserve uranium resources.
17.1 GENERAL CONCLUSIONS
The general conclusion of this study is that there is little change from a
decade ago; namely that there is little incentive to introduce P-T into the
HLW management system. While it is true that conditions have changed,
positive changes have been balanced by negative changes. For example,
progress on the IFR and in pyroprocessing technology are offset by the
worsening economics of reprocessing, based on low uranium prices and
escalating regulatory costs.
In arriving at this general conclusion, we found key flaws in the concept of
applying P-T to HLW management. These key flaws are not the sole bases
for the overall conclusion, nor are they the only flaws. They are simply the
most significant. They are as follows:
* Reprocessing is currently economically noncompetitive with the
once-through cycle. Commercial reprocessing is sold by the
French and British for about $1000 per kilogram of heavy metal.
At that price, reprocessing of the 84,000 MTIHM projected for lifetime operation of all U.S. reactors would cost more than $84
billion. For comparison, current projections for geologic disposal
are about $33 billion. Even if reprocessing were to cost only $42
billion, a waste management system including a repository would
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be required, and it would not necessarily be cheaper than the
current estimate of $33 billion. Therefore, P-T would result in a
net increase in cost to the system.
* Toxicity is not a scientifically valid measure. of risk, nor is the
release from a uranium ore body a valid standard for public
health and safety. Therefore, comparisons with toxicity of
uranium ore bodies are not a scientifically sound basis for
evaluating the health and safety impact of a repository.
* The projected long-term risks from a geologic repository are
associated not with actinides, but with long-lived, soluble, weakly
sorbing fission products. Thus, burning actinides would not
address the real technical issue of how to minimize risk.
* The accomplishment of the development, licensing, and
deployment of P-T technology required to significantly change the
waste stream to be sent to the first repository beginning in the year
2010 is highly unlikely. Therefore, either the repository schedule
would have to be delayed specifically to implembnt this technology,
or the technology will affect only a second repository.
* If P-T affects only the second repository, the first will necessarily
have been successfully sited, licensed and operated. Because most
of the problems with a repository involve its being first-of-a-kind,
there is less incentive to replace a second repository.
* Many new first-of-a-kind facilities must be sited and licensed to
implement P-T. It is unlikely that these facilities will have less
trouble in siting and licensing than past nuclear facilities.
* The current once-through cycle is neutral with respect to
encouraging the deployment of nuclear power versus other
sources of electricity. The once-through cycle would work
whether all nuclear reactors were shut down tomorrow, or
whether nuclear power was greatly expanded. Implementation of
AB would require continuation and scheduled expansion of
nuclear power. This may or may not be a valid goal, but its merits
should be evaluated independently of a decision about P-T.
* The initial effect of implementing AB will be to store large
quantities of transuranics on the earth's surface rather than
disposing of them in a repository. It will require 100 years'
operation of ALMRs to reduce the inventory by 90%.
* The 95% of spenfel that is uranium will also be stored on the
surface, and it is not evident that a beneficial use of this uranium
is planned. It is not needed in a non-breeding LMR and may be
difficult to use in the existing LWR infrastructure.
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While these flaws were identified, positive aspects of P-T as applied to waste
management were also found. The more significant ones are the following
* The most powerful argument for P-T is certainty. Removal of
radioactive isotopes provides an ability to predict future effects that
is unchallengeable. If radionuclides do not exist, they cannot
cause an effect.
* The geologic repository program depends upon some likely but not

certain phenomenology for its current favorable predictions. For
example, the low solubility of actinides is based on inorganic
chemistry. It must be proven that actinides will not migrate as
organic complexes or colloids. Although similar predictions
would be required even with P-T, there would be a substantially
lower inventory far into the future when uncertainty is greatest.
* Although the undisturbed repository will perform very well, some
human intrusion scenarios result in calculated doses that are
above current limits for the general public. P-T does assist by
reducing the impact of human intrusion scenarios.
17.2 EFFECT OF CHANGES SINCE EARLIER ASSESSMENTS
At the outset of the study, a number of conditions were identified that were
cited as new or changed since earlier studies, and it was suggested that
these developments might justify reexamining the issue of P-T. Specific
conclusions related to these changes include:
* Curves showing the time-dependent reduction in waste toxicity
compared with a uranium ore body have been negatively affected
by newer ICRP guidelines, with spent fuel more negatively
affected than reprocessing waste. However, toxicity is not a valid
measure of risk, nor is the potential release from uranium ore
bodies a valid standard for public health and safety. Radioactivity
alone is not a predictor of potential dose or risk.
* Recently developed reprocessing technology may provide actinide
decontamination factors (DF) of 103 - 105, but these high recoveries
have not been demonstrated on an industrial scale. Even if such
DFs were to be achieved for actinides, long-lived soluble fission
products are the principal source of long-term dose in nearly all
studies of repository performance. And if release of actinides is
solubility-limited, as appears to be the case, then reductions of 3 or
4 more orders of magnitude beyond DFs of 105 will be required to
affect risk from actinides in a significant way.
* Publishing of the EPA standard and NRC regulations has set
goals in the repository program in terms of cumulative release
and release rate limits, in contrast to dose and risk measures
used in older studies. With respect to AB, having the EPA and
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NRC rules available does not make licensing a repository
significantly easier, for the following reasons:
-

-

-

Demonstrating meeting the EPA release and NRC rate
release limits is not significantly easier or more certain
than demonstrating that doses or health effects will be
below specified limits.
The EPA summation rule requires each radionuclide to be
reduced far below its individual limit, n6t merely to the
limit.
A 105 decontamination factor would be required for
individual actinides to meet the EPA limit for each actinide
a priori.

-

-

If the limit for each actinide were met a priori or even if all
actinides were removed, it would remain necessary to
demonstrate meeting the rules for the long-lived fission and
activation products.
Dose calculations will remain necessary because of other
requirements in the EPA standard and the need for a Safety
Analysis Report and Environmental Impact Statement.

* Improvements in technology could lower projected short-term
dose and therefore calculated short-term risk from radioactivity
compared with that found in earlier studies. Such lowering of
short-term risk and dose would have little consequence with
respect to adoption of P-T for the following reasons:
Short-term risk is dominated by non-radiological risk.
Therefore, using robotics and trapping radioactive gases to
reduce short-term radiological risk would have only a small
effect on the total short-term risk.
Long-term radiological risk exceeds short-term radiological
risk by a factor of thousands.
-Consequently,
the projected incremental increase in overall
short-term risk that P-T entails was a negligible factor in
earlier negative conclusions about implementing P-T, and
none of that effect was due to short-term radiological risk.
-

Although earlier studies assumed uranium and plutonium
recycle in oxide fuel in LWRs, numerous transmutation options
were considered, as well as options such as space disposal
following partitioning. While the current ALMR concept did not
exist, AB was considered.
Long-term dose calculations
considered all radionuclides and found that among the actinides,
removal of uranium and plutonium had the greatest effect.
Therefore, advances in transmutation technology, such as
improved AB, have little effect on long-term risk; they may affect
the economics.
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* Earlier studies assumed aqueous reprocessing using PUREX
technology. By not separating plutonium from other transuranic
elements, pyrometallurgical concepts are more resistant to
diversion and proliferation than PUREX-based reprocessing
concepts. Some critics reject this difference as inconsequential for
proliferation if reactors were under national control. For U.S.
reactors, pyrometallurgical reprocessing should reduce diversion
concerns.
* Earlier studies did not consider the issue of heat loading in a
repository. With lower heat loading it may be possible to reduce
uncertainty in predictions of long-term risk calculations and also
to greatly increase the capacity of the repository. With respect to
the Yucca Mountain candidate repository site, the current
capacity limit is statutory, not technical. The current and
proposed designs use the heat as a benefit, not a detriment. The
reduction in heat loading from actinide removal at very early
times is small, but could increase repository capacity. However,
repository design changes could also increase capacity.
* The DOE has recently strengthened its emphasis on
environmental regulatory compliance. However, that has always
been the priority and purpose of the civilian radioactive waste
program, irrespective of the possible adoption of P-T.
* The repository program has proven to be more difficult to
implement than expected a decade ago. However, there is no
evidence that a repository would be more acceptable with a factor
of 1000 or even 10,000 times smaller inventory. If that were so,
many small HLW facilities should be acceptable, and LLW
facilities should be easy to site. Recent history demonstrates that
this is clearly not the case. It is the facility itself, not the inventory
that generates opposition.
* Current repository analyses show that the NRC and EPA
requirements are met for undisturbed conditions, but that some
human intrusion scenarios may be more difficult to meet. P-T is
more likely to help in demonstrating regulatory compliance for
human intrusion scenarios than for undisturbed performance.
Of the ten listed new or changed conditions, we judge that the two that most
improve the perceived merit of P-T are the diversion resistance of the IFR
pyrometallurgical reprocessing and the potential for improved repository
performance under human intrusion scenarios.
17.3 POTENTIAL BENEFITS AND DISADVANTAGES
The potential benefits and disadvantages from P-T to HLW management
were examined. The following conclusions were reached with respect to
the potential benefits:
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* Many generic calculations show a small potential reduction in the
health risk to future generations from P-T. However, if future
populations are protected to the same standards as the present
population, and zero discounting is applied, there is no incentive
to apply AB or probably any form of P-T.
* There are a number of technical issues related to licensing a
repository that might be either eliminated or reduced in severity
by the introduction of P-T. The conclusions regarding these
potential benefits are as follows:
-

-

-

-

Reduction of radionuclide inventory potentially could assist
in licensing a repository, regardless of the magnitude of
reduction in health effects. While certain aspects of
meeting the NRC regulations and the EPA standard might
be eased, most aspects, including the present subsystem
performance objectives of the NRC regulations, would not
be more easily met.
The reduced inventory would result in a reduced heat
output, which is postulated to reduce technical uncertainty.
Because of the unsaturated nature of the tuff at Yucca
Mountain, removal of heat has little benefit for repository
performance with respect to health and safety, and may be
detrimental.
Demonstration that criticality is not a concern is
significantly easier with AB or any form of P-T compared
with disposal of spent LWR fuel.
AB or other concepts of P-T would allow the use of optimized
waste forms. So would any form of reprocessing of LWR
spent fuel.

* Savings of up to 16% in site characterization and performance
assessment costs might occur if P-T were implemented. Because
these costs are small relative to reprocessing costs, this
magnitude of savings would be insignificant compared to the total
cost of implementing P-T.
* If it were possible to use the reduction in inventory as a basis to
obtain easing or elimination of the NRC subsystem performance
objectives, then it would be easier to demonstrate that the
engineered barrier system met the regulations, if P-T were
implemented.
* Reduction of the amount of heat in the waste would allow more
waste to be placed within a given volume, and this would increase
repository capacity. Separation and surface storage of Cs and Sr
might allow a large enough increase to eliminate the need for a
second repository. However, increases in capacity are possible
with LWR fuel at a much lower cost.
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* A universal claim for P-T is that it will increase public acceptance
of a repository. The analysis in Chap. 13 of the public opinion
literature on nuclear issues does not support this belief.
* P-T can prevent a transgenerational transfer of risk by
unequivocally eliminating the long-lived radionuclides, although
it will require hundreds of years to eliminate the actinides in the
ALMR . Granting that a residual uncertainty exists, the present
repository program protects future generations to the same or
better level than the proposed one. P-T only eliminates the
uncertainty.
* P-T supports a conservation ethic by providing sustainable energy
while reducing uranium mining, and allowing beneficial uses of
waste components. However, unless uranium shortages occur or
food irradiation is introduced because of market forces (thus
producing a large demand for gamma ray sources), neither of
which appear likely very soon, existence of a conservation ethic
alone is not likely to force adoption of P-T in the U.S.
The following conclusions were reached with respect to potential
disadvantages:

* P-T in its various forms might be taken as an excuse to delay the
siting, licensing, and construction of the first repository, and in
fact the reconsideration of P-T has already produced a low level of
such suggestions. It is inevitable that some critics of the current
program will use any plausible excuse to suggest delay, and that
P-T will be so used. It is not clear that such posturing will in fact
lead to a real delay.
* Because a large increase in capacity might lead to the first
repository being the only one needed for several centuries,
resistance to the first repository could be increased based on its
being the only repository. Such resistance would likely be local,
and it is unknown whether it might be a significant impediment
to siting.
* It is possible that the debate over P-T might lead the public to
become convinced that without P-T the repository is not safe, even
though this is not true.
* If P-T were implemented for other than sound technical reasons,
the cost of HLW management could be greatly increased without
significantly improving the safety.
* The introduction of P-T might reopen diversion and proliferation
opposition to nuclear power among a group that has currently
adopted a relatively neutral stance because of the policy choice of
the once-through cycle.
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17.4 ISSUES
A number of issues were identified that need to be evaluated in order to
decide whether P-T is justified as a waste management option. These were
higher level issues, in three categories. The conclusions with respect to
these issues follow:
* Issues that directly affect the repository.
High separation factors cannot convert HLW to ILW or LLW.
Vitrified waste from aqueous reprocessing of LWRs or LMRs
could never be classified as LLW, even if stored until Sr-90 and
Cs-137 have decayed. However, presuming the ability to store
the Sr - Cs fraction until decay, volume reduction is possible,
ranging from 8% for LWR fuel and aqueous reprocessing, 42%
for LMR fuel and aqueous reprocessing, to 72% for
pyroprocessing of both LWR and LMR fuel. This volume
reduction will increase the amount of LLW for disposal.
Recent escalation in the costs of LLW may result in cost of
HLW and LLW disposal being similar on a volumetric basis
(Sec. 16.1.1.1).
No P-T concept applied to LWR spent fuel will produce waste
that meets the limits in the EPA standard a priori
(Sec. 16.1.1.2).
The impact of AB on performance analyses for Yucca
Mountain is negligible, because analyses to date show that
expected releases of actinides are already well below EPA
limits (Sec. 16.1.1.3).
Regardless of the type of P-T concept, immobilization of Tc-99,
I-129, and Cs-135 should be at least as good as for spent LWR
fuel, and probably much better (Sec. 16.1.1.4).
There is no supportable conclusion possible to the question
whether the promotion of AB or other forms of P-T will mask
the fact that absolute risk of radioactive release from a
repository is already very low, and that actinides do not
contribute significantly to that risk (Sec. 16.1.1.5).
AB can increase the capacity of the repository by factors of 2 to
10 by lowering the heat output of the waste, which could defer
the need for a second repository. By also using surface storage
of Cs and Sr to produce a near ambient temperature repository,
the capacity might be increased up to several orders of
magnitude (Sec. 16.1.2.1).
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Factors of 2 to 5 increase in capacity of the repository, are
possible without AB or P-T (Sec. 16.1.2.2).
It has been proposed that there are a number of performance
benefits in the repository, other than capacity increase
(Sec. 16.1.2.3).
There is a controversy whether benefits from constructive use
of heat in unsaturated rock at Yucca Mountain outweighs
deleterious effects from the heat. If the benefits from heat turn
out to be desirable; removal of the actinides also removes the
key source of that heat (Sec. 16.1.2.4).
Aging of spent fuel on the surface will provide only a small
fraction of the thermal effect provided by AB or AB combined
with Cs - Sr removal and storage (Sec. 16.1.2.5).

Overall, the problems facing the characterization and
modeling of the glass and spent fuel waste forms are roughly
comparable. If borosilicate glass were the waste form of
choice, and Yucca Mountain were the repository site, one does
not obtain a superior waste form as a natural outcome of P-T
(Sec. 16.1.3.1).
Some of the benefits intrinsic or attributable to AB or P-T could
be provided by other means. Reprocessing alone would allow
use or development of more highly resistant waste forms.
Partitioning of the reprocessed waste would allow special
waste forms to immobilize Tc-99, I-129, and Cs-135. Mere
aging of spent fuel or repository redesign would allow increase
in repository capacity (Sec. 16.1.3.2).
* Issues that do not directly affect the repository, but directly or
indirectly affect the waste management system.
The recovered uranium is not likely to be used in the ALMR,
and there are some problems recycling it in LWRs. If it is
recycled in LWRs, a parallel LWR/ALMR system will be
needed. If the recovered uranium is sent to a repository as
waste, then a number of the cited benefits for AB will be
reduced or lost (Sec. 16.2.1)
All of the LLW that is produced by P-T is new to the system;
that is, it would not be there in a once-through cycle.
Reprocessing alone will add about 12% to the LLW that was
produced during LWR power generation from the spent fuel.
Reprocessing of spent fuel from operation of ALMRs for AB
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will generate about 20 to 30% more LLW than the equivalent
once-through LWR cycle. LLW produced as the result of
intentional processing to reduce HLW and increase LLW is not
counted in the above (Sec. 16.2.2).
The public might perceive the introduction of P-T as increasing
the amount of transportation required, without understanding
the benefit of reduced inventory in the waste (Sec. 16.2.3).
It is not possible to support any conclusion as to whether
promise of benefits from P-T will delay the repository schedule.
However, there are areas where it is logical to assume that
delay might be regarded as beneficial:
-

If the perceived benefits were large and delayed in
schedule until after the repository is scheduled to begin
operation.

-

-

If later waste is perceived to be in a superior waste form to
spent fuel, why not wait and put all waste in this superior
waste form?
If the new process is perceived to convert HLW to LLW,
why not delay any HLW repository until the new concept
can be proved out? (Sec. 16.2.4).

* Issues that directly affect neither the repository nor the waste
management system, but raise doubt whether P-T could be
implemented in the U.S., thus affecting the waste management
system.
A centrally planned system consisting of ten to forty reactors, two or more
reprocessing plants, a fuel fabrication plant, and possibly a facility for
long-term surface storage of Cs-Sr waste will have to be deployed on an
aggressive schedule to implement AB. It appears that establishing this
infrastructure in the U.S. may be very difficult. (Sec. 16.3.1)
As long as the U.S. has a decentralized nuclear power infrastructure that
makes deployment decisions based on free-market economics, it appears
unlikely that the ALMR will be deployed in an actinide burning mode.
(Sec. 16.3.2)
Licensing of a combined P-T/repository system is likely to be considerably
more difficult than licensing a repository without P-T (Sec. 16.3.3).
It is possible that implementation of actinide burning in the ALMR could
founder on the proliferation issues, regardless of the technical fact that the
ALMR is more proliferation resistant than plutonium recycle in LWRs
(Sec. 16.3.4).
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-

Whether the net short term risk change is favorable or unfavorable to P-T,
the short-term risk component is so small that the change would make no
difference in an overall analysis. Therefore short-term risk change is not
likely to hinder the deployment of P-T (Sec. 16.3.5).
It is unlikely that any P-T system can be in place in time to positively affect
the current first repository program, but it is possible that a P-T system
could affect the second repository (Sec. 16.3.6).
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APPENDIX A
CURIE INVMETORY OF REPROCESSED WASTE PACKAGES
(William W.-L. Lee - LBL)

The curie contents of the reprocessed waste containers produced from
different waste streams of the pyroprocess and the aqueous process are
shown in Appendix A. For the study, 33 radionuclides are selected because
of their significances in waste disposal. These radionuclides possess one or
more of the following characteristics:
*
*
*
*
*

long half life
high radio toxicity
low sorption in geologic media
high thermal heat generation
large inventory

Retaining the waste stream designators defined by Thompson and Taylor 3
and used in Chap. 4, Tables A.1 through A.6 show the curie contents of
waste streams A.2 through A.8 produced in the pyroreprocessing of LWR
spent fuels. Tables A.7 through A.9 show the curie contents of waste
streams B1.2 through B1.4 from the aqueous reprocessing of LVR spent
fuels.
To conserve space, an exponential notation is used whereby 1.23 x 105
becomes 1.235 and 1.23 x 10-5 becomes 1.23-5. Tables A.10 and A.11 show the
curie contents of waste streams A3.2 through A3.5 and A3.4 from the
pyroreprocessing of ALMR spent fuels.
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Table A.1 Inventory of and A1-1,2 package.
Nuclide
C-14
Ni-59
Se-79
Sr-90
Y-90
Zr-93
Nb-94
Tc-99
Pd-107
Sn-126
1-129
Cs-137
U-234
U-235
U-236
U-238
Th-230
Ra-226
Np-237
Pu-238
Pu-239
Pu-240
Pu-241
Pu-242
Am-241
Am-242
Am-243
Cm-242
Cm-244
Cm-245
Cm-246
Other Act
Others
Total

Lambda*
(1/a)
1.21-4**
9.24-6
1.07-5
2.43-2
9.481
4.53-7
3.41-5
3.29-6
1.07-7
6.93-6
4.41-8
2.31-2
2.83-6
9.76-10
2.96-8
1.55-9
9.00-5
4.33-4
3.24-7
7.90-3
2.88-5
1.06-4
4.81-2
1.86-6
1.60-3
4.92-3
9.39-5
1.55
3.83-2
8.15-5
1.47-4

Ci/pkg at Year
300
1000

5000

10000

1.72-2
2.95-4
3.81-3
4.67-3
1.96-4
5.84-3
1.772
1.631
4.65
7.78
1.481
2.58-2
1.053
5.68-2
2.56-1
1.47-62
6.26-1
2.19-3
4.48-4
9.70-1

2.311
9.08k
0.00
0.00
0.00
1.99
1.891
1.60-2
0.00
0.00
0.00
0.00
1.72-2
2.95-4
3.81-3
4.67-3
2.03-3
1.90-1
5.922
3.35
4.63
7.62
9.78-4
2.58-2
7.512
2.12-2
2.51-1
1.99-197
2.95-4
2.16-3
4.35-4
9.70-1

2.121
9.021
0.00
0.00
0.00
1.99
1.851
1.59-2
0.00
0.00
0.00
0.00
1.71-2
2.95-4
3.81-3
4.67-3
2.31-2
6.93
1.333
1.33-2
4.53
7.08
2.28-18
2.57-2
2.452
6.81-4
2.35-1
0.00
6.73-16
2.04-3
3.93-4
9.70-1

1.311
8.701
0.00
0.00
0.00
1.99
1.611
1.57-2
0.00
0.00
0.00
0.00
1.70-2
2.95-4
3.81-3
4.67-3
5.22-1
5.612
1.693
2.51-16
4.04
4.64
5.47-102
2.55-2
4.04-1
1.96-12
1.61-1
0.00
2.01-82
1.47-3
2.19-4
9.70-1

7.14
8.301
0.00
0.00
0.00
1.98
1.361
1.55-2
0.00
0.00
0.00
0.00
1.67-2
2.95-4
3.81-3
4.67-3
1.82
2.813
1.693
1.76-33
3.50
2.74
1.63-206
2.53-2
1.34-4
4.15-23

1.40-165
9.79-4
1.05-4
9.70-1

1.413

1.493

1.733

2.383

4.613

10

100

2.391
9.111

2.361
9.101
0.00
0.00
0.00
1.99
1.911

1.99
1.911
1.60-2

1.72-2
2.95-4
3.91-3
4.67-3
0.00
0.00
4.67-3
3.321
3.67
7.86
1.133
2.58-2
2.701
8.84-2
2.58-1
7.27-02
1.961
2.21-3
4.54-4
9.70-1
6.214
6.354

1.60-2
0.00
0.00
0.00
0.00

1n 2
*Lamnbda,= X= half-life
"*Read as 1.21 x 10-4

A-2

1.01-1
0.00

Table A.2 Inventory of an A1-3 package.
Nuclide
I-129
Total

Lambda
(1/a)
4.41-8

10
3.972
3.972

100
3.972
3.972

Ci/pkg at year
300
1000
3.972
3.972
3.972
3.972

5000
3.972
3.972

10000
3.972
3.972

5000

10000

2.72-48
0.00
8.39-1
1.69-45
0.00
8.39-1

4.19-101
0.00
8.39-1
1.14-95
0.00
8.37-1

5000
1.02
4.731
3.372
2.95
1.971

10000
9.65

Table A.3 Inventory of an A1.4 package.
Nuclide
Sr-90
Y-90
Cs-135
Cs-137
Others
Total

Lambda
(1/a)
2.43-2
9.481
3.01-7
2.31-2

10
1.385
1.385
8.40-1
1.995
2.685
7.435

100
1.554
0.00
8.40-1

2.484
0.00

4.03

Ci/pkg at
300
1.202
0.00
8.40-1
2.452
0.00
3.652

year
1000
4.83-6
0.00
8.40-k
2.31-5
0.00
8.40-1

Table A.4 Inventory of an A1-6 package.
Nuclide
Se-79
Zr-93
Tc-99
Pd-107
Sn-126
U-234
U-235
U-238
Th-230
Ta-226
Others
Total

Lambda
(1/a)
1.07-5
4.53-7
3.29-6
1.07-7
6.93-6
2.83-6
9.76-10
1.55-9
9.00-5
4.33-4

10
1.071

4.741
3.432
2.95
2.041
7.22-1
1.24-2
1.96-1
0.00
0.00
5.634
5.674

100
1.071
4.741
3.432
2.95
2.041
7.22-1
1.24-2
1.96-1
8.25-3
2.45-1

Ci/pkg at year
1000
300
1.061
1.071
4.741
4.741
3.432
3.422
2.95
2.95
2.031
2.041
7.20-1
7.21-1
1.24-2
1.24-2
1.96-1
1.96-1
8.51-2
9.71.1
7.99
2.912

4.262

4.332

A-3

7.162

4.721
3.322

1.96-1
2.191
2.364

2.95
1.901
7.02-1
1.24-2
1.96-1
7.641
1.185

2.404

1.185

7.12-1
1.24-2

Table A.5 Inventory of an A1-7 package.
Lambda
(1/a)
2.43-2
Sr-90
9.481
Y-90
3.01-7
Cs-135
2.31-2
Cs-137
Ba-137m 1.501
1.501
Others
Total

Nuclide

10
2.184
2.184
1.40-1
3.134
2.954
1.693
1.065

100
2.443
0.00
1.40-1
3.913
0.00
0.00
6.363

Ci/pkg at
300
1.891
0.00
1.40-1
3.851
0.00
0.00
5.751

A-4

year
1000
7.61-7
00
1.40-1
3.64-6
0.00
0.00
1.40-1

5000
4.28-49
0.00
1.40-1
2.66-46
0.00
0.00
1.40-1

10000
6.60-102
0.00
1.40-1
1.79-96
0.00
0.00
1.40-1

Table A.6 Inventory of an A1-8 package.
Nucide
C-14
Ni-59
Se-79
Sr-90

Lambda
(1/a)
1.21-4
9.24-6
1.07-5
2.43-2

Y so

9.481

Zr-93
Nb-94
Tc-99
Pd-107
Sn-126
1-129
Cs-135
Cs-137
Sm-151
Eu-154
U-234
U-235
U-236
U-238
Th-230
Ra-226
Np-237
Pu-238
Pu-239
Pu-240
Pu-241
Pu-242
Am-241
Am-242
Am-243
Cm-242
Cm-244
Cm-245
CM-246

4.53-7
3.41-5
3.29-6
1.07-7
6.93-6
4.41-8
3.01-7
2.31-2
7.70-3
7.88-2
2.83-6
9.76-10
2.96-8
1.55-9
9.00-5
4.33-4
3.24-7
7.90-3
2.88-5
1.06-4
4.81-2
1.86-6
1.60-3
4.92-3
9.39-5
1.55
3.83-2
8.15 5
1.47-4

Others

Tota

1.68-1

1.680.00
0.00

Ci/pkg at year
300
1000
0.00
0.00
0.00
0.00
1.67-1
1.66-1
0.00
0.00
0.00
0.00

7.32-1

7.32-1
0.00

7.320.00

5.27

5.27

4.32-2
3.12-1

4.32-2
3.12-1
0.00
0.00
0.00

10

100
0.00
0.00

7.32-1

5000
0.00
0.00
1.59-1
0.00
0.00
7.30-1

5.26

0.00
5.25

0.00
5.18

4.32-2

4.32-2

3.11-1

3.10-1
0.00
0.00
0.00
5.58
2.28-29
4.67-2

4.32-2
3.01-1
0.00
0.00
0.00
2.33-13
3.36-166
4.62-2

8.02-4

8.024

1.144

5.713

1.675
4.68-2

1.402
4.68-2

0.00
0.00
0.00
1.223
2.01-5
4.68-2

8.02-4

8.02-4

8.024

1.04-2

1.04-2

1.27-2

1.27-2

1.04-2
1.27-2

0.00

5.354

5.52-3

0.00

1.59-2

5.18-

1.27-2
9.031
1.271
2.141
3.083
7.02-2
7.351
2.41-1
7.02-1
1.97-1
5.351

4.832
4.431
1.271
2.121
4.041
7.02-2
2.863
1.556.96-1
4.01-62
1.70

1.613
9.13

6.02-3

5.97-3

1.24-3

1.22-3

3.835
5.655

9.323

1.04-2
1.27-2
6.29-2

1.891
3.633
3.62-2
1.231
1.931
6.20-18
7.01-2

1.04-2
1.27-2

1.42
1.533
4.603

10000

0.00
0.00
1.51- 1
0.00
0.00
7.29-1
0.00
5.10
4.32-2

2.91-1
0.00

0.00
0.00
4.40-30
0.00

4.55-2
8.02-4
1.04-2
1.27-2

4.95
7.643
4.593
4.79-33

1.83-15

6.84-16
1.101
1.261
1.49-101
6.96-2
1.10
5.35-12
4.39-1
0.00
5.46-82

1.19-3

5.55-3
1.07-3

4.01-3
5.95-4

2.66-3
2.86-4

4.933

4.363

6.163

1.234

1.261
2.071

2.66-3
7.02-2

2.053
5.79-2
6.83-1
5.41-197
8.04-4
5.88-3

A-5

6.662
1.85-3
6.400.00

9.53
7.45
4.45-206
6.89-2

3.65-4
1.13-22
2.75-1
0.00
3.80-165

Table A.7 Inventory of a B1-2 package.
Nuclide
C-14
Ni-59
Zr-93
Nb-94
Tc-99
U-234
U-235
U-236
U-238
Th-230
Ra-226
Np-237
Pu-238
Pu-239
Pu-240
Pu-241
Pu-242
Am-241
Am-242
Am-243
Cm-242
Cm-244
Cm-245
Cm-246
other acct
others
Total

Lambda
(1/a)
1.214
9.24-6
4.53-7
3.41-5
3.29-6
2.83-6
9.76-10
2.96-8
1.55-9
9.00,5
4.33-4
3.24-7
7.90-3
2.88-5
1.064
4.81-2
1.86-6
1.60-3
4.92-3
9.39-5
1.55
3.83-2
8.15-5
1.47-4

10
2.391
9.091
4.53-7
1.911
1.65-2
1.794
2.57-6
3.86-5
4.77-5
0.00
0.00
4.75-5
3.35-1
4.70-2
7.88-2
1.141
2.61-4
2.66-1
8.84-4
2.56-3
7.28-4
1.94-1
2.19-5
4.68-6
6.20-3
6.204
6.224

100
2.361
9.081
4.53-7
1.901
1.65-2
1.79-4
2.57-6
3.86-5
4.77-5
2.05-7
6.09-5
1.78
1.64-1
4.69-2
7.81-2
1.50-1
2.61-4
1.061
5.68-4
2.54-3
1.48-64
6.16-3
2.18-5
4.62-6
6.20-3

Ci/pkg at
300
2.301
9.061
4.53-7
1.891
1.65-2
1.79-4
2.57-6
3.86-5
4.77-5
2.12-5
1.99-3
5.92
3.39-2
4.66-2
7.64-2
9.88-6
2.61-4
7.58
2.12-4
2.49-3
2.00-199
2.91-6
2.14-5
4.49-06
6.20-3

year
1000
2.121
9.001
4.53-7
1.851
1.64-2
1.79-4
2.57-6
3.86-5
4.77-5
2.41-4
7.23-2
1.331
1.344
4.57-2
7.10-2
2.30-20
2.60-4
2.47
6.80-6
2.34-3
0.00
6.63-18
2.02-5
4.05-6
6.20-3

5000
1.311
8.681
4.52-7
1.611
1.62-2
1.77-4
2.57-6
3.85-5
4.77-5
5.44-3
5.86
1.691
2.54-18
4.07-2
4.65-2
5.52-104
2.58-4
4.08-3
1.96-14
1.60-3
0.00
1.98-84
1.46-5
2.25-6
6.20-3

10000
7.13
8.291
4.51-7
1.361
1.60-2
1.74-4
2.57-6
3.85-5
4.77-5
1.90-2
2.931
1.691
1.78-35
3.53-2
2.74-2
1.65-208
2.56-4
1.35-6
4.15-25
1.00-3
0.00
1.37-167
9.71-6
1.08-6
6.20-3

1.462

1.462

1.462

1.392

1.502

Ci/pkg at year
300
1000
3.972
3.972
3.972
3.972

5000
3.972
3.972

10000
3.972
3.972

Table A.8 Inventory of a B1-3 package.
Nuclide

Lambda

(1/a)

1-129
Total

4.41-8

10
3.972
3.972

100
3.972
3.972

A-6

Table A.9 Inventory of a B1-4 package.
Nucide
C-14
Se-79
Sr-90

Lambda
(1/a)
1.21-4
1.07-5
2.43-2

Y-90

9.481

Zr-93
Nb-94

4.53-7
3.41-S

Tc-99

3.29-6

Pd-107
Sn-126
1-129
Cs-135
Cs-137

1.07-7
6.93-6
4.41-8
3.01-7
2.31-2

Sm-t5l

7.70-3

Eu-154
U-234
U-235
U-236
U-238
Th-230
Ra-226
Np-237
Pu-238
iPu-239
iIPu-240
IPu-241
IPu-242
IAm-241
AmA

8.662

7.88-2
2.83-6
9.76-10
2.96-8
i.55-9
9.00-5
4.334
3.24-7
7.90-3
2.88-5
1.06-4
4.81-2
1.86-6
1.60-3
4.92-3

1.2i4
3.05-3

242m

Am-243
Ctn-242

939-5
1.55
3.83-2

Cm-244
Cm-245 8.15-5
Cm-246 1.47-4
Ba-137m 1.501

Ci/pkg
10

1.18
1.635
1.635

100
0.00
1.18

300
0.00

1.834

at

1.18

year
1000
0.00
1.17
5.70-6
0.00
5.19
0.00
3.351

5000
0.00
1.12

r0000
0.00
1.06

3.21-48
0.00

4.94-101
0.00
5.17
0.00
3.251
3.20-1
2.08
0.00
9.87-1
1.34-95
3.34-31
0.00

5.19
0.00
3.361
3.20-1

0.00
3.361
3.20-

2.23

1.412
0.00
5.19
0.00
3.361
3.20-1

2.23

2.23

2.21

2.15

0.00
9.90-1

0.00

0.00
9.90-1

0.00
9.89-1

2.345

2.934
4.332
1.061

0.00
9.90-1
2.882
9.281
1.53-6

2.73-5
4.23-1

1.99-45

3.05-3

3.05-3

0.00
0.00
9.15-6
6.46-2

4.44-5
6.57-4
8.13-4
a3.49-5
1.04-3
3.42-1
3.17-2

4.44-5
6.57-4
8.134
3.60-4
3.38-2
1.14
6.53-3

3.05-3
4.44-5
6.57-4
8.13-4
4.11-3
1.23
2.57
2.59-5

9.07-3

9.05-3

8.99-3

1.52-2
2.20

1.47-2
1.91-6

5.12-2

1.51-2
2.89-2
5.03-5
2.04

1.70-4

1.09-4

4.94-4

4.90-4
2.86-65
1.19-3
4.20-6
8.92-7

4.81-4
3.85-200

4.50-4
0.00

5.61-7
4.13-6

1.28-18
3.90-6

8.66-7

7.81-7

0.00

0.00

0.00

3.09-4
0.00
3.81-85
2.81-6
4.35-7
0.00

4.814

5.692

4.811

1.462

4.44-5

6.57-4
8.13-4

5.03-5

1.40-4

others

373-2
4.23-6
9.03-7
2.225
4.754

Total

8.445

0.00

5.19

9.90-1

5.03-5
1.46
4.10-5

A-7

3.20-1

1.73-30

8.82-3
1.37-2

4.43-21
5.02-5
4.77-1
1.31-6

5.18
0.00
3.311
3.20-1

1.77-14
2.55-167

3.01-3

2.97-3

4.44-5
6.57-4
8.13-4
9.27-2
9.971
3.26
4.89-19
7.86-3

4.44-5
6.57-4

8.97-3

5.29-3
3.18-209

1.06-104
4.98-5
7.86-4
3.78-15

8.134
3.23-1
4.992

3.25
3.43-36

6.80-3
4.94-5
2.61-7
8.0026
1.934
0.00
2.65-168
1.87-6

2.09-7
0.00
5.452

Table A.10 Inventory of an A3-2.5 package.
Nuclide

Lambda
(1/a)
Ni-59
9.24-6
Se-79
1.07-5
Sr-90
2.43-3
Y-90
9.481
Zr-93
4.53-7
Nb-94
3.41-5
Tc-99
3.29-6
Pd-107
1.07-7
Sn-126
6.93-6
U-234
2.83-6
U-235
9.76-10
U-236
2.96-8
U-238
1.55-9
Th-230
9.OO-5
Ra-226
4.33-4
Np-237
3.24-7
Pu-238
7.90-3
Pu-239
2.88-5
Pu-240
1.06-4
Pu-241
4.81-2
Pu-242
1.86-6
Am-241 1.60-3
Am-242m 4.92-3
Am-243 9.39-5
Cm-242 1.55
Cm-244 3.83-2
Cm-245 8.15-5
Cm-246 1.47-4
Ba-137m 1.501
Total

10
3.59
4.11
0.00
0.00
0.00
9.17-3
1.412
2.29
1.731
3.37-2
1.69-5
2.02-4
2.10-3
0.00
0.00
7.71-3
3.372
4.581
6.021
1.643
1.16-1
1.062
1.591
2.10
1.321
1.712
1.11-1
3.85-2
3.85-2
2.563

100
3.59
4.11
0.00
0.00
0.00
9.14-3
1.412
2.29
1.731
3,37-2
1.69-5
2 .0 2 4
2.10-3
3.85-4
1.15-2
4.032
1.662
4.561
5.961
2.151
1.16-1
1.583
1.021
2.08
2.70-6°
5.45
1.10-i
3.80-2
0.00
2.463

Ci/pkg at
300
3.58
4.10
0.00
0.00
0.00
9.08-3
1.412
2.29
1.731
3.37-2
1.69-5
2.02-4
2.10-3
3.98-3
3,73-1
1.343
3.411
4.541
5.841
1.42-3
1.16-1
1.133
3.82
2.04
3.64-195
2.57-3
1.08-1
3.69-2
0.00
2.793

A-8

year
1000
3.56
4.07
0.00
0.00
0.00
8.86-3
1.412
2.29
1.721
3.36-2
1.69-5
2.024
2.10-3
4.54-2
1.361
3.033
1.35-1
4,451
5.421
3.30-18
1.15-1
3.692
1.22-i
1.91
0.00
5.86-15
1.02-1
3,33-2
0.00
3.683

5000
3.43
3.90
0.00
0.00
0.00
7.733
1.392
2.29
1.671
3.33-2
1.69-5
2.02-4
2.10-3
1.02
1.103
3.833
2.56-15
3.961
3.551
7.93-102
1.15-1
6.08-1
3.53-10
1.31
0.00
1.75-81
7.38-2
1.85-2
0.00
5.183

10000
3.28
3.69
0.00
0,00
0.00
6.52-3
1.372
2.29
1.621
3.28-2
1.69-5
2.024
2.10-3
3.57
5.513
3.833
1.79-32
3.431
2.101
2.37-206
1.13-1
2.02-4
7.47-21
8.20-1
0.00
1.21-164
4.91-2
8.91-3
0.00
9.563

Table A.11 Inventory of an A3-4 package.
Nucide

Lambda
(1/a)
2.43-2
9.481
4.41-8

Sr-90
Yr-90
1-129
Cs-135
3.01-7
Cs-137
2.31-2
Ba-137m 1.501
others
Total

10
9.324
9.324
1.50-1
5.18
2.475
2.335
8.613
4.885

100
1.044
0.00
1.50-1

Ci/pkg at
300
8.061
0.00
1.50-l

5.18

5.18

3.084
0.00

3.032
0.00

year
1000
3.26-6
0.00
1.50-1
5.18
2.87-5
0.00

3.084

3.092

5.33

A-9

5000
1.83-48
0.00
1.50-l

10000
2.82-101
0.00
1.50-1

5.17

5.16

2.09-45
0.00

1.41-95
0.00

5.32.

5.31

APPENDIXB
PUBIC ACCEPTANCE OF P-T WORKSHOP
(A. McCabe and Wm. Colglazier- Univ. of Tennessee)
INTRODUCTION
A one-half day workshop on public acceptance issues of P-T was held at the
University of Tennessee-Knoxville on December 3, 1991. Participants, drawn
from federal and state government agencies, academia, a national laboratory,
and private sector waste management companies, were asked to respond to a
draft document (Chap. 13 of this report). The draft sought to assess the impact
of introducing P-T into the fuel cycle on public acceptance of nuclear waste
This appendix summarizes workshop participants'
management.
presentations and comments.
OPENING REMARKS
Introductory remarks were made by Bill Colglazier and Tom Isaacs,
indicating that some research P-T is underway. An historical overview of
civilian nuclear waste management in the U.S. noted that questions raised by
the Carter administration regarding the economics of reprocessing spent fuel
and a threat of proliferation led to a once-through fuel cycle and curtailment of
commercial reprocessing. The subsequent NWPA of 1982 directed the DOE to
evaluate sites for geologic disposal of civilian spent fuel and defense HLW. The
U.S. is currently reevaluating fuel cycle technologies, one of which is P-T,
which might be relevant for waste management.
The P-T option is now under serious reexamination, though it was previously
discarded on the grounds of economics and practicality, because of recent
technical advances in separations technology and claimed advantages in
public acceptance. Since the repository program is in difficulty, some
observers would like to proceed at this time with a significant R & D program
on P-T technology that could lead to a fuel cycle with a reduced need for
geologic disposal.
P-T will likely have a higher profile in the next year or so. The French nuclear
program was cited as an example. A debate there may lead to a new law that
mirrors NWPA. In 1989 four repository sites were under study, yet public
opposition at two sites led the Prime Minister to declare a moratorium on the
waste program (which has since been lifted). They now have two sites under
study; the French also employ a nuclear negotiator. Part of their law involves
a renewed look at P-T. Since they already reprocess, some French scientists
see no technical reason to develop P-T. The technology is being examined as a
means to increase public acceptance, so that the French can tell people that
everything possible is being done to minimize waste volumes and hazards.
They want to be seen as responsible stewards of the environment through a
B-1

good integrated waste management program that thoroughly investigates the
risk involved. It was reiterated that the U.S. would have to resume
reprocessing prior to beginning P-T.
P-T OVERVIEW
Frank Parker provided a comprehensive overview which covered the technical
aspects of P-T. He began by stating that scientists are in disagreement about
the proposed benefits of the technology, adding that all P-T proposals are in the
conceptual stage, that detailed evaluations do not yet exist.
After describing the P-T process, Dr. Parker listed the claimed advantages of
P-T:
1. Reduced toxicity.
2. Separations techniques have been improved, going from 99% to
99.999%. The difference being leaving 1/1000th of a % behind instead
of a full 1%. But at this level, the cost increases by orders of
magnitude. He also mentioned pyroreprocessing" work at Argonne.
3. Regulations are based on rates for total releases

-

not dose.

4. Worker doses will be reduced; improved robotics will handle the extra
manipulation required.
5. Intrusion dose reduced.
6. Increased transmutation efficiency with harder neutron spectrum,
but it's still a small target.
7. Proliferation threat reduced
plutonium.

-

no separation of uranium from

8. Lower heat output in repository.
9. No second repository needed.
Various technologies were discussed, including the IFR, accelerators,the
LMR, the Japanese Omega, the Hanford Purex and Truex technologies. He
added that the Japanese use a two-cycle system as well as two solvent
extraction cycles for chemical separations. Dr. Parker explained that laser
isotope separation does work, and could possibly be used in P-T. He listed a
series of unresolved questions that must be addressed:
1. Economics in France, reprocessing costs are $1000/KG. Though
there is no complete full scale study of reprocessing costs relative to
P-T, total U.S. costs would be an astronomical $87 billion given the
projected overall volume of waste at the French reprocessing cost.
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2. Most other disposal concepts are relatively well known; P-T has more
uncertainty since it's still at the conceptual stage.
3. More work needs to be done addressing toxicity and risk; toxicity does
not equal risk, as demonstrated by Tom Pigford's calculations on
relative radiation doses for spent fuel, corrected for decay during
hydrogeologic transport.
4. Long-term risks come from fission products, not actinides.
5. PT will not replace the first repository as originally claimed.
6. Licensing of new types of facilities for P-T will be more difficult than
licensing a second repository.
Some possible advantages outlined by Dr. Parker include:
1. Politicians would be able to postpone a siting decision in regard to a
second repository.
2. The waste issue could be sold as a 200 to 300 yr problem rather than
thousands.
3. Smaller waste volume might increase public acceptance.
Several disadvantages were also noted:
1. The costs are unproven and are likely considerably higher than
geologic disposal.
2. There has been no discussion of secondary waste, potentially a
thousand to a million times the volume.
3. Siting additional facilities would be difficult.
4. The issues of reprocessing/proliferation are not resolved.
5. The utilities are largely against investing in liquid metal reactors
required for P-T.
Dr. Parker concluded by stating that based on conceptual designs, the adoption
of P-T will likely accrue only modest benefits for the nuclear fuel cycle. It is
likely that the process will incur large costs, create major institutional
problems, and amplify public concerns. Finally, he observed that P-T presents
'the hopes of a great achievement based on unrealistic evidence at present."
The initial cost may be modest, yet the total cost could be enormous.
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Comments

Several remarks concerned the French program as it relates to public
acceptance. The French see the problem differently in terms of 'going the
extra mile to insure long-term safety.' P-T is one aspect of a more general
concept of the possibility of putting into a geological disposal site a package
somehow perceived as fundamentally more acceptable to the public. One
participant noted that there are many ways of getting a safer package.
There followed a discussion about the Swedish program, copper-canisters,
safety, and the considerable degree of public acceptance in Sweden. It was
noted that second generation Swedish designs were copper, despite the high
costs.
The Swedes, according to one participant, are making an incredible effort
toward consensus-building within the technical community, down to the level
of high school science teachers. They also sought international peer review,
and a radically different institutional approach was employed. Because of a
different technical infrastructure, consensus politics in Sweden is somewhat
easier than in the U.S.
Another set of comments focused on the impact of P-T on the nuclear waste
disposal system. If elements such as P-T are added to the fuel cycle, handling
and transportation increase, and the junctures where dose exposure has a
greater possibility are multiplied. These and other questions require a head-tohead comparison with other options. For example, does the introduction of P-T
compound problems associated with the lifetime of new facility construction,
maintenance, and decommissioning?
It was mentioned that the public will likely take a 'whole systems' approach,
that it is too savvy to just focus on P-T. People will be concerned about the size
of the waste package.
A couple of comments were related to public opinion. While the general public
will have a role in waste management policy, it is more important to examine
certain stakeholder groups. It was reiterated that the project goal was to look
carefully at different groups, their role in shaping public opinion, and to
speculate about the groups' probable response to P-T.
Another participant stated that Congress is attentive to the mass public, and
that ultimately the decision will come back to Congress. The public, however,
may be susceptible to slick public relations campaigns. Inattention to the
mass public. could cause major problems down the road. The consequences of
limited public information could exact a tremendous cost, and ignoring the
mass public could have severe consequences.
The final comments centered on environmental problems at existing facilities.
As one participant noted, the legacy issue' must be addressed. Most DOE
clean-ups come from reprocessing operations, and P-T is, in fact,
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reprocessing. The U.S. experience has been a negative one thus far. Why
should the public expect DOE to do any better with P-T? The Hanford clean-up
tag alone is around $200 billion. A comment was made that there still exists a
great deal of mixed waste and DOE is still arguing for an exemption from the
hazardous waste laws.
PUBLIC OPINION, NUCLEAR WASTE, AND NUCLEAR ENERGY
Stanley Nealey's presentation examined the current status of public opinion
about nuclear issues. He began with the caveat that there are no data
regarding public response to P-T, but that inferences may be drawn. The
public is unpredictable, it is subject to interest group pressures and to the
mass media. There is a great divide between the opinions of the technical
community and the general public. Still the public has wisdom and elites
can't just dismiss it.
In focus groups, the divide is most evident on disagreement over facility siting.
The technical community operates on a well executed, do it right" philosophy,
while the general public is adamantly opposed and will write off any area
chosen for construction of a nuclear facility.
Dr. Nealey added that time perspectives relating to the repository have
changed. In the mid-1970s, it was thought a waste repository would be
operable in 5 to 8 yr. Now in the 1990s, the number has risen to 20 to 25 yr. The
rest of the world has a long-term view that it is not necessary to deal with
waste immediately in order to continue with nuclear power.
Waste management is held hostage by the larger question of the development
of nuclear power. This issue has been in abeyance until recently, but is likely
to reemerge. Perhaps a more deliberate approach is advantageous but it's still
a difficult bind. He added that you have to worry some, but you can't do
anything about public opinion; P-T is a tea kettle that will have to perk. He
agreed with the French approach, that P-T be examined, but that it should not
have the highest priority.
In regard to public acceptance of nuclear power, the public makes little
distinction between nuclear technology and the different technologies for
nuclear disposal. A number of points were raised:
1. Safety dominates all other issues.
2. Safety-technology link; there are no data on advanced reactors, but
there is an interest in safety and the idea that technology can make
things safer.
3. Most respondents (80 to 90%) are uninvolved/inattentive but are
attentive when it comes to siting a facility in their community.
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4. Favorability/acceptance distinction; most data deal with how
favorable one is toward an attitude or object. Acceptance, however, is
a more difficult concept. People accept things they do not necessarily
like because they have little choice, such as traffic, airport security,
etc. When push comes to shove, many accept nuclear power but
remain unfavorable toward it.
5. Question wording - data are sensitive to minor variations in
wording. A question is a stimulus; changing the stimulus changes
the response.
6. Researchers need to examine cross-sectional data and look at trend
data.
7. Most data available are from national surveys.
Key issues among the various topics discussed include:
1. While attitudes for support continue to drop over time, there is some
evidence of 'attitude rebound' post TMI - Chernobyl. Public support
1jor plant construction pre-TMI was around 50 to 60%, with 25 to 30%
in opposition. After-TMI, there was a 7% drop in support, with a 13%
increase in opposition. Those who responded don't know" also
dropped about 6%.
2. Those favoring closing down plants increased after TMI. The shut
down" debate is being rekindled by relicensing. Between 1983 and
1987 a large majority opposed permanent shut-down; 15 to 30%
favored closure. Over time the percentage favoring permanent shutdown has remained stable, mainly in the 15 to 20% range.
3. There was opposition to local construction of nuclear facilities prior
to TMI.
June '76
April '79
June '86

Favor
42%
33
23

Oppose
45
ED
73

4. Most respondents think regulations are 'about right" or "not strict
enough.'
August '81
August '84

Too Much
9%
10

About Right
39
30

Not Enough
43
50

5. In terms of safety, during the period 1982 to 1984, 70 to 80% expressed
concern; less than half were satisfied with plant safety. In a 1986
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study, 63% believed that plants were safer than in the year 1976. The
'danger' image associated with nuclear power persists.
6. Chernobyl had a smaller effect in the U.S. than TMI, but more
lasting effect world-wide. In a poll taken two months after the
Chernobyl accident:
(a)
(b)
(c)
(d)

92% had heard/read about the accident
40 to 50% were worried, 50 to 60% not
70% thought a similar accident could happen in the U.S.
60% thought that U.S. plants are safer

7. When the questions of need for, and importance of nuclear power
arise, Cambridge Research data indicate that:
February '88

Good Choice
20%

Realistic
49

Bad
27

Important in the years ahead
Not Too
10

Somewhat
2;

Very
53%

February '88

Not At All
7

Important to Meet Nation's Energy Needs
No
17

Yes
76%

February '88

DK
7

8. Politicians can be vulnerable on nuclear issues; in a 1988 Cambridge
study, when asked if a candidate's position on nuclear energy were
important, and would influence the respondents' vote, the following
results were reported:
36%
31
21
12

Nuclear position not important
Is important, vote yes
Is important, vote no
Don't know

Dr. Nealey then displayed a chart, depicting his reading of how
salient (low, medium, or high) several nuclear issues are to five
groups:
Factors Influencing Public Sectors
Uninvolved
Safety
H
Cost
L
Waste Disposal
L

Involved
H
M
M
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Finance
M
H
L

Regulatory
H
L
L

Political
H
M
M

In his concluding remarks, Dr. Nealey stated that in his view, waste disposal
will not be a major impediment to the future of nuclear power. He discussed
the difference between open-ended and elicited-response questions. On a why
do you oppose" question, it was unusual to have waste mentioned freely though
the response increased when a list is provided. He ended by providing a list of
items that would be included in a nuclear power 'resurgence scenario::'
1. Clear need for base-load power.
2. Indication of increasing need.
3. Other supply options seen as inadequate.
4. Coal seen as less desirable.
5. Future reactors cheaper, in life cycle costs, not just construction
costs.
6. Future reactors safer, advanced safety designs need to capture media
attention, since the media influences the public.
7. Period of quiet running.
A comment was made that eight states have passed legislation that no
new plants may be constructed without demonstrated disposal capabilities.
GENERAL DISCUSSION AND CONCLUDING REMARKS
Amy McCabe and Bill Colglazier summarized the draft report, and asked each
participant to comment on the impact of introducing P-T on public acceptance.
The reactions include:
1. It is necessary to look at broader issues than P-T. Will the public be
more accepting if the package is deemed technologically safe? The
way to acceptance is by convincing the skeptical elites.
2. There's another dimension to the framework; if we are forced to P-T,
what pressures will be brought to bear on the regulations, the
standards?
3. Evidence from community work shows that it is very difficult to get
the public to understand the differences between types of waste. We
should work with the skeptical elites and key opinion leaders.
Disagreements among the technical community will be perceived
negatively by the public. At present the public is more confused than
ever; opponents seize on this confusion.
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4. The public won't react. P-T is not a 'thing." It will emerge as a whole
cavalcade of little things. (This participant disagreed that it's useful
to try to win over the elites.) A few may change but most won't. They
have a vested interest in the opposing view.
5. Some of the high-ranking French technicians are adamantly against
P-T. They think it makes no sense; it is simply part of the price being
paid to restart the repository. It is not an issue with technical
promise; the overreaching questions of logic have not yet been
addressed.
For instance, with regard to high-level defense sector wastes,
actinides and fission products are headed for repository. In addition,
how long will it take to get rid of the stuff? What sort of
infrastructure must be built and how long must it be maintained?
Will there be more, or less HLW put off for future generations to deal
with? Finally, the result of reprocessing is that tons and tons of
uranium is piling up. Where will it go? This issue has not been
addressed either. The ultimate question is does it have a marginal
utility worth pursuing?"
6. It is difficult to assess public acceptance of P-T unless cost
comparisons can be made. Also, how does it fit into the national
energy policy?
7. The attentive publics should have and will have a role in moderating
the discussion, but (this participant was) very pessimistic that it will
be handled well. There will be a need for extreme media cues for the
general public to grasp P-T issues. There will have to be some
"nonincremental shift"; some kind of "perceived emergency' focusing
on P-T as an alternative to the status quo; until then business as
usual will most likely prevail.
8. There's a nuclear facility paradox:" it's axiomatic that the public
will write off the area of any site location, any decision. Under what
circumstances over time will the public be willing to continue writing
off an area? The paradox being the need to persuade immediate
stakeholders that they are not being "written off."
This study on P-T is valuable in terms of justifying the original
repository decision.
9. (This participant) is not terribly optimistic for the technology. The
discussion needs to be refocused less on public reaction than on
process of getting public involved in decision making. We need a
proactive approach.
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10. Reprocessing will continue to be done by the major nuclear powers.
As for the long-term U.S. nuclear option, reprocessing will be
necessary.
11. There are several issues driving the P-T decision: (a) making the
technology viable, with an emphasis on scientific validation;
(b) attentive publics see fuel cycle decisions being made through
political expediency, not scientific conclusions. The public must be
given a clear idea of the benefits/costs/risks right down the line, and
attentive publics provided with the means for a head to head
comparison. Otherwise it will look like a silver bullet." In regard to
risk communication: don't make claims that can't be delivered;
don't concentrate on a certain level of promise; be frank about
managing risk; (c) in regard to France, the lesson learned: attentive
publics were coopted to implement the nuclear technology; scientific
opinion was made supreme. All democratic societies must face the
fact that the public should not just understand, but voluntarily make
decisions (on matters such as P-T).
12. The waste issue may come to overshadow plant safety at some point.
In regard to P-T, the public will want a full accounting. To sell P-T,
explanations of the implications, infrastructure, and the issue of
secondary waste are needed. Perhaps a broad programmatic
Environmental Impact Statement is needed. P-T advocates need to
truly understand the tremendous magnitude of the burden of proof
needed to gain public acceptance.
13. P-T means talking about the entire cycle, including reactors in use
for reintroduction of waste to fuel cycle. How is this accomplished in
a decentralized system? P-T is a whole systems' question. It
implies lots of "nasty stuff going back into the reactors. Safety may
be compromised because waste management would be feeding back
into the reactor/power loop.
14. More research is needed, and a holistic approach is necessary.
15. The issue of siting additional facilities for P-T is perhaps the greatest
challenge. The U.S. is seeing a resurgence of territorial federalism
in siting decisions, which strikes at the very heart of American
federalism. It is the governors duty to protect their territory.
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APPENDIX C

IS BOROSILICATE GLASS A BEvLR WASIE FORM
THTAN SPENT LWR FUEL?
(H. Shaw-LLNL)
This question cannot be answered without specifying what is meant by
"better". A number of factors figure into a judgment of whether one waste
form is better than another. These factors include:
* The ability of the waste form to retain radionuclides under a
range of both anticipated and unanticipated repository conditions.
* The relative ease with which the long-term in-repository behavior
and properties of the waste form can be inferred from laboratory
tests or other means, including consideration of the compositional
and/or physical variability of the waste form.
* The degree of confidence that can be assigned to model predictions
of the long-term waste form behavior, including consideration of
the compositional and/or physical variability of the waste form.
* The sensitivity of the expected in-repository behavior to changes in
conditions, including a complete change in geologic setting
should the proposed repository at Yucca Mountain be shown to be
unsuitable.
* The compatibility of the waste form with other engineering
materials that might be used in a repository (i.e. whether the
waste imposes unusual restrictions on the choice of materials or
operations).
* Risks associated with production of the waste form, including the
reduction in uranium mining needed because of the more
efficient use of resources in the case of reprocessing.
* Risks associated with transportation, storage, and handling prior
to emplacement of waste in a repository.
Although all of the above factors should be considered in a complete
analysis of the relative merits of different waste forms in the context of the
entire fuel cycle and waste management system, such an analysis is
beyond the scope of this report. This discussion focuses only on those
factors that pertain to the post-emplacement behavior of the waste forms
(factors 1 to 4 above). Consideration of these factors leads to the conclusion
that no qualitative difference exists between glass and spent fuel such that
one waste form is dramatically "better" than another for a Yucca Mountian
repository. Yet there are reasons to believe, that, quantitatively, borosilicate
glass might be a somewhat "better" waste form at Yucca Mountian. These
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conclusions would not necessarily hold for a repository in a different
geologic environment.
The spent fuel waste form consists of the intact fuel pins containing
irradiated U0 2 pellets, as well as the Zircaloy cladding and nonfuel-bearing
components of the fuel assembly such as spacers, grids, and other activated
assembly hardware. The borosilicate glass waste form consists of the glass
and its stainless steel pour canister. This discussion is restricted to the
behavior of waste forms in the absence of any other engineered barriers.
That is, only the behavior of the bare waste form will be considered. No
"credit" will be taken for either the pour canister or the Zircaloy cladding as
a barrier to the release of radionuclides from the waste forms (except in the
case of the release of the fuel pin plenum gas). Although we assume that
these other components of the waste form do not contribute to the
containment of radionuclides, their presence in the waste form must be
considered because they are a both a source of radionuclides (e.g. the
irradiated fuel assembly hardware) and a component of the waste form that
can interact chemically with other components of the waste.
In order to compare the in-repository behavior of the waste forms, one must
have a general concept of the potential chemical and physical conditions in
the repository. We limit most of this discussion to the case of a Yucca
Mountian repository, which implies that waste will be exposed to a
chemically oxidizing, unsaturated environment. The composition of
groundwater that can contact the waste is assumed to be similar to the
range of groundwaters present today in the volcanic rocks at the Nevada
Test Site. At Yucca Mountain, the waste can only be exposed to liquid water
at temperatures below the boiling point of the groundwater at the elevation
of the proposed repository (95 0 C), although the waste could be exposed to
moist air at higher temperatures.
Good reviews of the characteristics and behaviors of both spent fuel and
glass can be found.1 ,2 These papers review the studies of glass and spent
fuel performance that have been conducted by various international waste
disposal programs and thus cover a wide range of potential repository
conditions. The reader is referred to those references for additional details.
Radionuclide retention
Release of radionuclides from the waste form can occur via gaseous,
aqueous, and solid transport. We examine each of these release modes.
Gaseous release
Three radionuclides in spent fuel and HLW have the potential for release in
gaseous form: 3 H (tj2=12 . 3 y), 8 5 Kr (t 112=10.8y), and 14C (t 1 r2 = 5730y). 3 and
8 5 Kr are of concern only during the pre-emplacement and early inrepository history of the waste. 14C, with its longer halflife, is a long-term
concern. Under some conditions, 129I has the potential for gaseous
transport in the form of I2; however, in a Yucca Mountain repository, this
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release mode is not considered likely.3
In the case of glass, these radionuclides are released from the fuel during
reprocessing and are trapped for disposition as a secondary waste. Thus,
no gaseous radionuclides are present in borosilicate HLW, and this release
mode does not contribute to the radionuclide release of borosilicate glass in
a repository. The ultimate risk to the public due to these radionuclides in
the case of reprocessing waste depends on the efficacy of disposal of the
secondary waste stream(s).
In the case of spent fuel, 3 H and 8 5Kr are present both in the plenum gas of
spent fuel pins, and in the U0 2 fuel matrix. If the Zircaloy fuel cladding
loses its integrity, the plenum gases will be immediately released. Aqueous
dissolution of the fuel matrix would result in additional releases of 3 H and
85 Kr from the fuel matrix, and these species would quickly exsolve from
solution and be available for transport as gases. Air oxidation of the U0 2
matrix that results in the production of U 3 0 8 or U0 3 also disrupts the
crystal lattice of the uranium oxide enough so that 3 H and 85 Kr are released
from the fuel matrix. 4 Less extensive oxidation of spent fuel (forming U 4 0 9
and U 3 0 7 ) appears to release only small quantities of 3 H and 85 Kr.5
In spent fuel, 14C is present on the exterior surfaces of the fuel cladding
and hardware, on fuel and cladding surfaces within the cladding, and as
trapped 14C within the matrices of the classind, hardware, and U0 2 fuel.
At temperatures in air, potentially significant quantities of 14C are relea ed
in the form of 14C2 from the exterior surface of the Zircaloy cladding. 6 In
a manner similar to the release of 3 H and 85 Kr, additional releases' of
gaseous 14C could accompany the oxidation of the fuel pellets, although no
experiments have been performed to test this possibility. 14C is known to be
released to solution upon dissolution of irradiated U0 2 pellets. 3 The 14C
thus released dissolves in the water as carbonate and bicarbonate species
under oxidizing conditions. Under unsaturated conditions, these species
will undergo isotopic exchange with C02 in the air and thus be available for

transport as gaseous

14 Co

2.

Because the potentially gaseous radionuclides have been removed from the
borosilicate glass waste form during reprocessing, glass is a better waste
form than spent fuel from the standpoint of in-repository gaseous releases.
Aquou release
The primary means of releasing and transporting radionuclides from
waste in a geologic repository is aqueous corrosion of the waste. This
section considers only the transport of radionuclides as dissolved species;
colloidal transport will be discussed in the next section.
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There are two possible endmember cases for the process that limits aqueous
release of dissolved radionuclides. The release of highly soluble elements is
limited by the reaction rate (i.e., dissolution) of the waste itself. We will
refer to this as case as reaction-rate limited.' The release of other
radionuclides will be limited by the flow rate of groundwater past the waste
form, the water having reached saturation with respect to some solid phase
containing the radionuclide. We will refer to this as solubility-limited
release." Depending on the chemical conditions present, the release of a
particular radionuclide can either be reaction-rate or solubility limited.
Under expected Yucca Mountain. conditions, most aqueous releases are
expected to be solubility limited, with the possible exceptions of the elements
such as Cs, Tc, I, Sr, Mo, and perhaps Np.
The aqueous release of radionuclides from spent fuel can be further
subdivided into several components: the gap and grain boundary" release
of radionuclides that have migrated to readily accessible surfaces of the
fractured fuel pellets and cladding interior; matrix" release of
radionuclides contained within the matrix of the U0 2 fuel pellets; and
releases due to the corrosion of nonfuel-bearing assembly components. The
last release mode can be thought of as a type of matrix release due to
generalized corrosion of Zircaloy, stainless steel, and naval brass. Aqueous
release of radionuclides from glass should be due solely to reaction of the
glass matrix.
Experimental studies of the aqueous release of radionuclides from the
nonfuel-bearing components of the spent fuel waste form have not been
conducted. Nevertheless, it is anticipated that because the metals
comprising this component of the waste form have quite low generalized
corrosion rates under anticipated Yucca Mountain conditions, that the
resulting radionuclide release will be extremely low, probably lower than if
the contained radionuclides were incorporated in either borosilicate glass
or the U0 2 component of spent fuel.
The "gap and grain boundary" release of spent fuel is due to the presence of
certain radionuclides on accessible surfaces of the fuel fragments and
cladding interior. The elements involved are those fission product elements
that are not soluble in the U0 2 crustal structure under reactor operating
conditions and migrate out of the fuel matrix during reactor operation. The
radionuclides of concern that follow this behavior include 35 Cs, 137Cs, 99 Tc,
and 14C, and to a lesser extent, 90 Sr and 129I.2.3,7 These radionuclides
happen to be relatively soluble in most groundwaters, and the fraction of
these radionuclides that has migrated out of the U0 2 matrix is released
essentially immediately upon contact with water. For CANDU fuel, the
fraction of the inventory of these elements that resides in this rapidly
releasible fraction has been shown to be approximately equal to the inreactor fission gas release. 1 8 No such systematic study has been conducted
for LWR fuel, but the existing data on LWR fuels from tests conducted by
the U.S. and Swedish repository programs are compatible with the same
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conclusion. 2 The fission gas release of modern LWR fuels is generally
below 1%. It must therefore be expected that up to -1% of the above
reaction-rate limited radionuclides can be released from spent fuel upon
contact with groundwater. This is a significant effect; it accounts for the
major difference in overall performance between glass and spent fuel with
respect to aqueous release under expected Yucca Mountain conditions.
Matrix dissolution rates of the U0 2 in spent fuel have not been well
established. Maximal rates for the dissolution of unirradiated U0 2 in airequilibrated solutions at -251C are on the order of 1-2 x 10-2 mol/m 2/d. 2 Such
rates are obtained in relatively simple carbonate-bearing solutions. Recent
data in sightly more complex solutions have shown that the addition of
silica and calcium to the solution (thus, more accurately simulating the
expected groundwater at Yucca Mountain) lowers the apparent reaction
rate by a factor of 10 to 100.8 This reduction appears to be due to the
formation of a layer of calcium-uranium silicates only a few nanometers
thick on the surface of the U0 2 . Note that although as an important result,
these experiments are not sufficient to set on upper bound on U02
dissolution rates in a Yucca Mountain environment, further work is called
for.
The U0 2 in spent fuel can undergo oxidation by contact with air in the
repository prior to being contacted by liquid water. Pre-oxidation of the fuel
will result in the formation of uranium oxide phases ranging from U 4 0 9 to
U0 3 . Oxidation of the fuel has two major effects: a change in the
composition of the material that can later react with water; a potential
increase in surface area due to the separation of individual grains in the
fuel fragments; and the potential exsolution of additional fission product
and actinide phases that are not soluble in the uranium oxide matrices.
All of these factors have the potential to affect the performance of spent fuel.
The extent to which oxidation actually affects performance and the relative
importance of the three factors listed above has not yet been determined.
Glass reaction rates are a strong function of the solution composition.
Maximal reaction rates at a given temperature and pH's in the range of 6 to
10 are obtained in solutions that are far from saturation with respect to
silica. Under such conditions (e.g., in distilled water), the forward reaction
normalized reaction rate of the glass at 251C is approximately 1-2 g/m 2 /d,l
and are thus comparable to the maximal reaction rates of U0 2 . Under
conditions that approach silica saturation, the normalized reaction rate
drops significantly. Reductions in reaction rate between 10 and 1000 have
been reported for various silica-saturated groundwater compositions. 1
Under low-flow conditions, the long-term reaction rate will not necessarily
be determined by the groundwater composition. Instead, the composition of
the water contacting the waste will be determined by the local assemblage of
phases that form from the degradation of the glass and any other nearby
components of the waste and engineered barrier system, such as the pour
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canister. The silica activity in solutions in equilibrium with these
secondary phases is usually below the activity at saturation. 9 Therefore,
one can expect that the long-term normalized reaction rates will lie
somewhere between 1 and 0.001 g/m2 /d, a reduction that is comparable to
the reduction in dissolution rate of U0 2 due to the presence of Ca and Si in
real groundwaters.
The foregoing rates are predicated on the assumption that the relevant
reactions are occurring between the aqueous solution and fresh glass.
Laboratory tests have shown, however, that waste glasses can undergo
extensive alteration in moist air at temperatures above the boiling point of
water.10 11 Subsequent contact of this altered glass-by-water results in the
release of the hydrated layer as radionuclide-bearing particulate and
colloidal material. 17
Solid phase release
For both the spent fuel and glass waste forms, particulate transport of
radionuclides under dry conditions is considered equally unlikely. In
contrast, the particulate transport of radionuclides under aqueous
conditions is a possible release mechanism for both waste forms.
Specifically, there is the possibility that colloidal-sized radionuclide-bearing
suspended particles can be transported away from the waste by
groundwater.
The potential for sorption of dissolved radionuclides onto pre-existing
colloidal particles in groundwater (forming "pseudo-colloids") is the same
for both waste forms and is more a function of the nature of the geologic
setting or repository construction and design than it is a characteristic of
the waste forms. Here, we are concerned with the production of colloidal
particles by the degradation of the waste forms themselves. Even though
such particles might be retained by engineered and/or natural barriers in
the repository system, and thus effectively retained by the repository, the
likelihood of their formation during waste form degradation is an
important characteristic of the performance of the waste form.
Recent work by Bates, et al. 12 has shown that the Pu and Am released from
waste glass under simulated Yucca Mountain repository conditions are
present in submicrometer-sized aluminosilicate and phosphate particles
that are formed by the alteration of the glass itself. For radionuclides with
low solubility, formation and transport of these particles could be a very
significant release mechanism.
Analogous experiments have not been conducted with spent fuel; however,
similar exploratory experiments have been conducted with unirradiated
U0 2.13 Recent reexamination of the results of these experiments suggests
that particle formation might also play a role in the release of radionuclides
from spent fuel.14
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Although the relevant experiments remain to be conducted with spent fuel,
it seems likely that colloid generation will be a larger potential problem for
the glass waste form owing to the manner in which it degrades. Altered
glass forms a rind of secondary alteration products on its surface. 10 This
rind is composed of a mixture of very fine-grained crystalline and
amorphous phases that can slough off the surface, to form colloids. This
type of alteration rind is not expected to form on altering U0 2 fuel pellets or
other components of spent fuel.
Characterizabilitv and Uncertainty
Both U0 2 (spent fuel) and borosilicate glass are thermodynamically
unstable phases under the expected conditions at a Yucca Mountain
repository. Both waste forms are expected to undergo reactions that
produce phases that are more stable in the repository environment. This
means that models for the behavior of glass and spent fuel in a repository
must include aspects of reaction kinetics. These models must be based on
well understood mechanisms and processes (as opposed to empirical
models) so that long-term predictions can be made. Such kinetic models
require considerably more input data than do models based on equilibrium
thermodynamics. In addition, the long-term predictions of kinetic models
will normally be subject to greater uncertainty than predictions based on
equilibrium arguments due to the difficulty of assuring that all the relevant
reaction mechanisms have been accounted for. (We note in passing that
arguments based on equilibrium thermodynamics are also subject to
uncertainties, particularly those arising from the question of whether
equilibrium is reached on the time scale of interest.) The development of
such kinetic models is perhaps the major challenge for predicting the
behavior of both glass and spent fuel in a repository.
The most important models needed for predicting waste form performance
are models for the forward dissolution of the waste forms in groundwater.
Simple kinetic models exist for glass reaction with aqueous solutions. 9 1 6
However these are not fully validated and considerable work remains to be
done. There are numerous experimental studies of the oxidative
dissolution of U0 2 in the literature.16 Unfortunately, the literature data are
widely scattered and no one reaction mechanism appears to hold under all
conditions. Although there is no a priori reason to think that there will be
significant differences between irradiated and unirradiated U0 2 , it
remains to be shown that the oxidative dissolution of irradiated U0 2
(containing fission products and actinides) can be described by the same
models as apply to pure U0 2 . A complication for existing models of both
glass and spent fuel is the possibility that both the waste forms can be
altered by contact with moist air at elevated temperatures prior to contact by
liquid water. As discussed above, this results in a hydrated layer of
secondary alteration phases in the case of glass, or a more oxidized
uranium oxide or hydroxide phase in the case of spent fuel. Currently
available models do not account for these possibilities.
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The major element composition of both the fuel and nonfuel-bearing
components of spent fuel has a very limited range in chemical composition,
while the glass waste form will have a range of (known) chemical
compositions. This range in glass composition places additional demands
on characterization and the complexity of models for the behavior of the
waste form. In addition, glass contains a larger number of chemical
components at significant concentrations. This chemical complexity also
adds to the challenge of modeling the behavior of the glass.
On the other hand, spent fuel is an inherently more complicated waste
form because it consists of a number of radionuclide-bearing components
(e.g. fuel pellets, cladding, assembly hardware, etc.) that have different
behaviors. Although the bulk of the radioactivity is contained in the fuel
pellets, all the components of the waste form will require characterization
and models that predict radionuclide releases. In contrast, the borosilicate
glass waste form is a single phase (though minor amounts of crystalline
phases will be present in some glasses). Because of the larger number of
components, spent fuel is somewhat more difficult to characterize than is
glass.

The radionuclide inventory of spent fuel will be variable, depending
primarily on burnup. Because it is not practical to measure the inventory
of every fuel rod emplaced in the repository, the radionuclide inventory will
need to be calculated using computer models such as the ORIGEN code.
The radionuclide inventory of glass will also vary, but the radionuclide
content of the glass will be known from production records. The
radionuclide inventory of spent fuel will thus be more uncertain than that
of a glass waste form.
In terms of key physical parameters, i.e., surface area and grain size,
spent fuel has more inherent variability than glass.
Overall, the problems facing the characterization and modeling of the glass
and spent fuel waste forms are roughly comparable. Although the
uncertainties associated with the inventory and physical parameters of
spent fuel are greater than for glass, these are not likely to be the major
source of uncertainty in predicting the performance of the waste forms in a
repository.
Sensitivity to chances in conditions
No comprehensive sensitivity analyses of the behavior of spent fuel and
glass under varying conditions have been performed. In spite of this, some
general statements can be made concerning the likely performance of spent
fuel and glass under conditions substantially different from those expected
in a Yucca Mountain repository.
The environment in a Yucca Mountain repository is generally expected to
be quite benign because of the lack of large quantities of liquid water.
Nevertheless, in relative terms, the Yucca Mountain environment is more
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hostile to the spent fuel waste form than it is for the borosilicate glass form.
The primary reason for this is the expected oxidizing conditions at Yucca
Mountain The primary driving force for the degradation of a fuel pellet is
the large free energy change accompanying oxidation of the U(IV) in the
U02 matrix and dissolution rates are most strongly affected by the
availability of oxidants. The oxidative dissolution rate of spent fuel pellets
does not appear to be dramatically affected by moderate changes in other
aspects of solution composition (e.g., uranium concentration, pH,
carbonate or halogen content). 2 The dissolution rate increases with
increasing temperature, but the dependence is not strong. Under
sufficiently reducing conditions, U0 2 is a stable phase, and the dissolution
rate of U02 is then controlled by the extent to which equilibrium can be
maintained between the solution and solid U0 2 . This would be controlled by
the rate of groundwater flow past the waste. Under reducing conditions
and in a low-flow' environment, spent fuel would be a "better" waste form
than under oxidizing conditions.
In contrast, no conditions exist under which glass is a thermodynamically
stable phase. The rate of reaction of glass with groundwater is a strong
function of pH (rates show little dependence between ph 5 to 8 at -250 C and
increase in more acidic or basic solutions), temperature (increasing with
increasing T), and solution composition.l 9 .1 6 Models for the dissolution of
glass indicate that of the compositional effect is most strongly dependent on
the silica concentration of the groundwater. At low silica concentrations,
the rate is enhanced, while in solutions near silica saturation, the reaction
rate drops by a factor of 10 to 1000, although even at silica saturation,
reaction continues. 1 The relatively high silica concentrations, near-neutral
pH expected in Yucca Mountain groundwater, and as well as the 950C
upper limit on the temperature at which liquid water can exist at the site
are thus beneficial to the performance of the glass waste. Significant
changes from conditions expected at Yucca Mountain are most likely to
degrade the performance of glass relative to its expected performance in a
Yucca Mountain repository.
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