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ACTINIDE BURNING AND WASTE DISPOSAL

Thomas H. Pigford

FOREWORD

The study reported herein was carried out in response to an invitation from MIT to present
a review on this subject at its International Conference on the Next Generation of Nuclear Power
Technology, held in October 1990. The study was carried out independently by the author. It
was not sponsored by any government or private organization. The review is based largely on
information supplied by the U.S. Department of Energy's Office of Nuclear Energy, the Argonne
National Laboratory and the Advanced Nuclear Technology Division of the General Electric
Company. I have also relied on information supplied by the Oak Ridge National Laboratory,
the Lawrence Livermore National Laboratory, the Pacific Northwest Laboratory, the
Westinghouse Hanford Corporation, the Sandia National Laboratory, the Department of
Energy's Yucca Mountain Project and its Waste Isolation Pilot Plant Project, the Electric Power
Research Institute, and Sweden's high-level waste disposal project. The open and willing
discussion by the staffs of these organizations is gratefully acknowledged. However, the
conclusions expressed here are strictly those of the author.

SUMMARY

Here we review technical and economic features of a new poposal (11 for a synergistic
waste-management system involving reprocessing the spent fuel otherwise destined for a US.
high-level waste repository and transmuting the recovered actinides in a fast reactor.

The Proposed ALMR Concept

The proposal would require a U.S. fuel reprocessing plant, capable of recovering and
recycling all actinides, including neptunium americium, and curium, from LWR spent fuel, at
recoveries of 99.9% to 99.999%. The recovered transuranics would fuel the annual introduction
of 14 GWe of actinide-burning liquid-metal fast reactors (ALMRs), beginning in the period 2005
to 2012. The new ALMRs would be accompanied by pyrochernical reprocessing facilities to
recover and recycle all actinides from discharged ALMR fuel. By the year 2045 all of the LWR
spent fuel now destined f a geologic repository would be reprocessed. Costs of constructing and
operating these new reprocessing and reactor facilities would be bome by U.S. industry, from
the sale of electrical energy produced. The ALMR program expects that ALMRs that burn
actinides from LWR spent fuel will be more economical power producers than WRs; as early as
2005 to 2012, so that they can be prudently selected by electric utility companies for new
construction of nuclear power plants in that era.

Some leaders of DOE and its contractors argue that recovering actinides from spent fuel
waste and burning them in fast reactors would reduce the life of the remaining waste to about
200-300 years, instead of 00,000 years. The waste could then be stored above ground until it
dies out. Some argue that no geologic repositories would be needed.

The Crrent view expressed within the ALMR program is that actinide recycle technology
would not replace the need for a geologic repository, but that removing actinides from the waste
for even the first repository would simplify design and licensing of that repository. A second
geologic repository would not be needed. Waste now planned for the second repository would be
emplaced in the first repository. Reprocessing would now include separation of the fission
products strontium and cesium. After interim storage for 20-300 years, the remaining cesium
would also be emplaced in the first repository.
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One DOE laboratory proposes an accelerator to destroy actinides and long-lived fission
products. The time required for geologic or managed storage is said to be reduced to only one to
several centuries.

Ouestions to be Addressed

Relevant to DOE's proposed program of implementing ALMRs, principal questions to be
addressed are:

• What are the ealistic benefits to high-level waste disposal from fuel reprocessing and
actinide burning?

• Will an economical and reliable process for high-yield recovery of all actinides from
LWR fuel be available in time for industry to produce start-up actinicles for the
ALMRs?

• Will an economical and reliable process for high-yield recovery of transuranics from
recycle ALMR fuel be available?

Is it likely that the cost and reliability of the ALMR and its fuel cycle can be
demonstrated soon enough, and that the costs will be low enough, for industry to chose
the ALMR as an economical power producer on the indicated time schedule?

• When can actinide recycle for fast reactors be expected to be reliably and economically
deployed?

• Can the ALMR and its fuel cycle be reasonably expected to be introduced by electric
utilities and private companies, in the present U.S. infrastructure of nuclear power
generation and industrial fuel cycle operations?

• Would introducing the ALMR and its fuel cycle foreclose other nuclear power and waste
disposal options?

• Are there licensing benefits to introducing the ALMR and its fuel cycle, as compared
with licensing repositories for LWR spent fuel and defense waste?

• Would introducing the ALMR and its fuel cycle introduce new issues of nuclear prolifer-
ation and safeguards?

These and other issues are discussed in this review.

Conclusions

Based on the information and discussion herein, I reach the following conclusions:

1 The U.S. badly needs continued and increased deployment of nuclear energy. It needs new
ways of using nuclear technology to solve emerging problems. However, experience shows
that new applications of nuclear technology are difficult to implement if the technical
justification is not sound and thorough. his review suggests several areas wherein more
careful attention is needed before the ALMR concept can be expected to survive objective
review by the technical community.

2. Safety analyses of geologic repositories, particularly of the U.S. proposed repository in
unsaturated rock, show that the long-term risks are dominated by long-lived, soluble,
weakly sorbing fission products. It is those species that require safety analyses extending
to 100,000 years and beyond. The long-lived fission products will be in the waste even if
actinides are removed and even if the separated wastes are stored on the surface for 20-
300 years.

3. The concept of leaving actinide-free waste above ground after a few hundred years does not
meet the safety policy that toxic radioactive waste must be disposed of in a way that
perpetual care by future generations is not required.
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4. Calculated "toxicities," used to support the goals stated by the ALMR program, are not
measures of risk. Use of "toxicity" and the assumption that it is a measure of risk have led
to incorrect conclusions of safety benefits from actinide burning.

5. A direct measure of risk from radionuclides in repository waste is the maximum radiation
dose to future human beings who may be exposed to radionuclides that finally reach the
environment. These doses are being calculated by repository projects in the U.S. and in
other countries as a key part of the environmental and safety analyses for geologic
disposal. A U.S. regulation requires that radiation doses from radioactive waste buried in
a geologic repository be calculated for times far into the future, much longer than 10,000
years. Because of their low solubilities and their sorption in the geologic media, actinides
from spent fuel waste contribute far less radiation dose than do the fission products.

6. A U.S. federal regulation limits the cumulative release of various radionuclides from a
high-level waste repository to the environment in 10,000 years. Because of the low
actinide solubilities, the cumulative release of actinides from spent fuel waste during
10,000 years is predicted to be far less than allowed by the regulation.

7. Aqueous reprocessing is the only technology that has a chance of being sufficiently
demonstrated and proved to be deployed as an industrial venture in time to meet the
schedule described by the ALMR program. Even the aqueous reprocessing required for the
ALMR would be a considerable extension beyond present technology. Some of the new
aqueous separations required for the ALMR program are not demonstrated even on a pilot-
plant scale. Making the ALMR program's proposed schedule with new aqueous processing
to recover all actinides from WR fuel will be very difficult.

8. Integrated pyrochemical reprocessing may be feasible for reprocessing and recycling metal
fuel discharged from ALMR reactors. It is not sufficiently demonstrated to be considered
for commercial application in the 2005-2012 era. The reprocessing costs are very uncertain.
It will be very difficult for an electric utility, under PUC regulation, to justify a power
plant that includes integrated fuel reprocessing, until years of industrial-scale experience
on fuel reprocessing, under NRC regulation, has been obtained.

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

10. Controlling waste streams will be crucial to reprocessing for the ALMR, particularly the
many secondary waste streams of low concentration and high volume. Reprocessing
generates large amounts of alpha-contaminated dilute waste streams that are very
difficult to be further decontaminated or to be immobilized in a safe waste matrix for
geologic disposal. If further decontamination to the very low levels to qualify as low
level waste is not practicable, these wastes would have to be disposed of in deep geologic
repositories. They would have to be concentrated, or they would occupy far larger waste
volumes than the spent fuel or other high-level waste. The potential problem of primary
and secondary wastes from reprocessing has not been sufficiently addressed by the ALMR
program. The cost of disposing of the expected large volumes of decontaminated low-level
waste has not been addressed.

11. The economic feasibility of implementing actinide burning is sensitive to the cost of repro-
cessing recycled ALMR fuel, and it is specially sensitive to the cost of reprocessing LWR
fuel. Contemporary reprocessing plants recover only uranium and plutonium, with process
losses far exceeding those desired for the ALMR program. The ALMR program estimates
costs of more complicated aqueous reprocessing of LWR fuel, with recovery of all
transuranic actinides at much higher recovery factors. The estimated costs 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.
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12. The yearly charges on capital investment adopted by the ALMR program are
unrealistically low for commercial reprocessing in the U.S. Realistic capital-chaTge rates
can increase the reprocessing costs by factors of two to three. Government ownership of fuel
reprocessing facilities would allow a lower charge on capital investment and could benefit
the economic potential of the ALMR program proposed by DOE. However, there is no
showing that government ownership would result in reprocessing costs low enough to make
the ALMR and its fuel cycle economically competitive.

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_

14. Recovering actinides from WR fuel and recycling them in an ALMR breeder reactor builds
up large inventories of actinides in the breeder reactor and fuel cycle. It will take
thousands of years of operation before the actual total inventory of actinides in waste and
in the above-ground fuel cycle is significantly lower than the total inventory of actinides
in repositories without actinide burning. The relative risks have not been analyzed.

15. A repository designed only to dispose of the low-actinide low-heat-generating ALMR
wastes would not be able to dispose of the large inventories of actinides in the ALMRs and
their fuel cycles, if there were some decision to cancel further generation of nuclear ower.

16. Introducing fuel reprocessing and fast reactors in the US fr burning actinides from LWR
spent fuel would raise the issues of nuclear proliferation and safeguards that caused the
cancellation of US. commercial fuel reprocessing in the 1970s. Those issues must be dealt
with eventually for the successful introduction of a breeder reactor, whenever that occurs,
regardless of actinide burning. Forcing that introduction into the earlier era of repository
design, as proposed by DOE, would introduce proliferation as an additional issue to be
dealt with to obtain the claimed benefits to waste disposal.

17. There are several technical incentives to reprocessing spent fuel rather than burying it
directly in a geologic repository, including:

a waste form that is less reactive in the oxidizing environment of unsaturated rock, and

simple concentrated waste forms of the more soluble long-lived radionuclides carbon-14,
technetium-99, iodine-129, and cesium-135.

These incentives could be realized by reprocessing the LWR fuel, without high-yield
recovery of all the actinides. However, using realistic cost data, the cost of reprocessing
for this purpose i prohibitive. 'Mere is no showing that the waste form from reprocessing
is necessary for the successful performance of a high-level waste repository.

18. DOE-NE's proposed synergistic waste-management system would involve licensing a
geologic repository that must solve the "100,000-year problem" of the long-lived fission
products, licensing at least two new types of reprocessing facilities, licensing the recycle of
plutonium and other transuranics as fuel for power reactors, licensing new actinide-burning
liquid-metal reactors, and licensing a new facility to store some ALMR wastes for a few
hundred years before they are emplaced in a geologic repository. There is no showing that
this new multitude of licensing issues can be dealt with Mre simply than licensing the
high-level waste repository to contain spent fuel and defense waste. That licensing
process, however complicated and protracted it must be, is already underway by DOE's
high-level-waste project.

19. Reprocessing for the ALMR can result in new types of waste solids different from those
that have been extensively studied for emplacement in the first geologic repository.
Aqueous processing would produce long-lived fission products in borosilicate glass, already
being studied. It would also produce chopped fuel cladding hulls and fittings and
separated cesium, containing long-lived Cs-135, that must be emplaced in a repository.
These waste forms ae not now considered in U.S. repository design. The waste forms from
pyrochemical reprocessing are not known.
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20. If the ALMR pogram is to change the waste characteristics and waste loading of the first
geologic repository, as now projected, the technology for reprocessing and waste
solidification must be specified soon, to meet the licensing schedule for the repository
project. Different kinds of waste solids will result from the different ALMR reprocessing
options. Qualifying each waste solid for long-term safety performance in a repository is
technically challenging and demanding.

21. There is no showing that U.S. utilities could reasonably and prudently select a liquid-
metal fast reactor to be in operation by 2005 to 2012, or even within the projected time scale
of the U.S. repository projects. Faced with the challenge of economic choice, reliable
operation, and prudency, utilities can be expected to give priority to new and improved
LWRs, based on the large body of experience from decades of operation. To force the
introduction of ALMRs and their complex fuel cycles according to the schedule proposed by
DOE, an entirely different institutional system for building and operating nuclear power
plants would likely be necessary.

22. In the U.S., fuel reprocessing to recycle plutonium and uranium in WRs is not economical.
Consequently, burning actinides; recovered from LWR spent fuel would require the introduc-
tion 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. Justifying an LWR fuel re-
processing plant in the U.S. for that purpose would require a long-term commitment for the
successive construction of many ALMR power reactors. An entirely different institutional
arrangement for building and operating reprocessing plants for the commercial nuclear fuel
cycle would be necessary.

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 on merit.
The currently high and rising cost of reprocessing WR fuel to obtain plutonium to start
LMRs will considerably delay the time when uranium ore costs have risen sufficiently for
the LMR breeder to compete economically by this process. Therefore, the era of economi-
cally competitive ALMRs for burning actinides from LWR spent fuel may be far later than
assumed by the ALMR program.

24. The economic potential of the LMR without actinide burning is greater if the LMR can be
started with plutonium from demobilized weapons or from the breeding-gain production by
earlier LMRs. Those future breeders could operate as ALMRs to reduce actinide content in
their own waste, but they would not bum actinicles from WR spent fuel as proposed by the
ALMR program. 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. It will be extremely difficult to develop sufficient technical support for DOE's schedule of
ALMR implementation and for the economic analyses of ALMRs and reprocessing plants as
now adopted by the ALMR program. If more realistic analyses of costs of WR and ALMR
reprocessing and of ALMR capital cost do not support the present claims, development of
the LMR and its ALMR variation, and development of the associated fuel-cycle
operations, should continue as a long-term effort, consistent with realistic projections of
rising ore cost and need.

26. If the ALMR program were adopted and the first repository were designed and licensed on
the basis of waste to low actinide content and low heat generation, the U.S. repository
program would be committed to operation of ALMRs to modify spent fuel from WRs. The
repository would not be qualified to handle spent fuel. This would foreclose the option to
phase out ALMRs, if they were to prove uneconomical, unless new geologic repositories
were then engineered to dispose of the high-actinide inventory of the ALMRs and their fuel
cycle and to dispose of the waste from replacement reactors, such as spent fuel from LWRs.
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27. A variation on the ALMR program goals would be to reprocess only the spent fuel
otherwise destined for the second repository. The low-actinide waste from the
reprocessing operations cold then be loaded into the first repository. However, this
proposal would not attain the ALMR program's goal of simplifying the licensing of the
proposed first repository at Yucca Mountain, which would proceed as now towards
licensing for disposal of spent fuel. Assuming successful licensing of the first repository,
the incentives to recover and burn actinides from the spent fuel destined for the second
repository would have diminished. If the ALMR wastes were then stored in the first
repository, the total actinide inventory of the repository would be reduced only about
twofold, far from the thousand-fold reduction which is the goal of the ALMR program.

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. A careful
and realistic reexamination of the ALMR goals is warranted.

29. Possible public-perception benefits from the proposed ALMR, program, that w ould recover
and burn actinides from WR fuel now destined for a geologic repository, should be
evaluated by experts on those social issues, utilizing technical information provided by
those expert on the technical issues.

30. The proposed ALMIZ program would introduce new technical and institutional issues
involving almost every aspect of nuclear power generation, the associated fuel cycles, and
waste disposal. In the present climate of tightening federal funds for DOE's national
laboratories and contractors, it may be difficult for DOE to obtain an objective and
comprehensive evaluation of the technical and economic features and of the institutional
issues of the ALMR concept. It is difficult for the DOE-funded ALMR program to make
meaningful analyses of the economic incentives for industry to commit its risk capital to
such an involved and complicated means of nuclear power generation. The industry that is
expected to invest in ALMR reactors and reprocessing plants, and the industry that must
ultimately bear the responsibility for design, construction, and cost estimating, should be
better represented. An independent evaluation by the National Academies of Science and
Engineering is also recommended.

INTRODUCTION AND BACKGROUND

The U.S. Department of Energy's Office of Nuclear Energy and its contractors designing
liquid-metal fast reactors (LMRs) show renewed interest in using LMRs to reduce the actinide
content of high-level radioactive waste. Based on the work of its principal contractors, the
Argonne National Laboratory and the General Electric Company, and including input from the
Oak Ridge National Laboratory and the Hanford Engineering Development Laboratory, DOE
Ill has recently outlined a synergistic waste-management system involving reprocessing the
spent fuel otherwise destined for a U.S. high-level waste repository and transmuting the
recovered actinides in a fast reactor, as described in earlier. Here we review the principal
technical and economic features of that plan.

Actinide burning is not a new concept, having been extensively studied during the 1970s and
later. At that time it was expected that the U.S. industry would be operating commercial fuel
reprocessing plants to recycle uranium and plutonium in light water reactors. Actinide burning
would require some modification to the fuel reprocessing plants, so that all of the actinides
could be separated with high-yield recoveries and recycled to reactors. Burkholder calculated
the radiation doses to future individuals from radionuclides released from high-level waste
emplaced in a geologic repository 2]. He found no appreciable dose reduction from the removal
of actinides. The long-term risks were dominated by carbon-14 and technetium-99.

In an extensive study at Oak Ridge, CTOff, et al., concluded that there are no cost or safety
incentives for partitioning and transmuting actinides for waste-management purposes 3]. Choi's
detailed calculation of transmutation in an oxide-fueled LMR demonstrated the build-up of
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multiply-recycled actinides in the reactor and fuel cycle 4, 5 6 Those calculations led the
American Physical Society Study Group on Nuclear Fuel Cycles and Waste Management to
conclude 71 that breeding actinide-burning ALMRs, as now proposed by DOE-NE and its
contractors, must be operated for thousands of years before there is appreciable reduction of
total actinide inventory in the fuel cycle and in the high-level waste.

Jourde, et al., have recently completed a CEA study that examined the potential benefits
to waste disposal if commercial fuel reprocessing plants were modified to recover neptunium-
237 from high4evel waste [8]. The neptunium would be recycled for transmutation. Because of
its long half life of 21 million years, neptunium-237 is frequently found to be a critical actinide
in calculations of long-term radiation doses from a geologic repository for high-level waste 9.
101. Because the long-lived radiation doses are dominated by long-lived fission products, the
CEA study found only a small reduction in radiation dose from neptunium separation. They
concluded that the small dose reduction from the geologic repository would be more than offset
by increased dose to operating staff involved in handling the recycled actinides.

Binney, et al., have presented a concept of using new aqueous reprocessing technology to
segregate actinides and long-lived fission products from spent fuel, to reduce the amount of
waste and to reduce the environmental impact of radioactive waste disposal 111]. The
segregated adionuclides would allow transmutation in ALMRs and LWRs.

The concept of using an accelerator to transmute radionuclides that would otherwise ap-
pear in radioactive waste has recently been revived 12]. A fluoride process would be used to
separate radionuclides from high level wasteto be bombarded with neutronsproduced by accel-
erating protons into a lead-bismuth target. The transmutation products would be of shorter half
life. Geologic or managed storage would be needed for only one to several centuries. The process
is said to generate sufficient electric power for self-sustaining operation for whatever length of
time is needed to reduce the radioactive material to "acceptable levels." The proposers expect
the process to be available by 2005, to transmute waste at one of the DOE sites having large
waste inventories.

Johnson, et al., recently argued that the harder, higher-energy neutron flux of the metal-
fueled fast reactor improves actinide burning 131. However, we find that the rate of actinide
burning from this harder spectrum is not significantly different from that in the oxide-fueled
LMR studied by Choi 4]. Johnson, et al., also pointed out that the integral pyrochemical pro-
cess for the metal-fueled reactor is a new development and that it will likely recover 99.9+ of
the uranium, neptunium, plutonium, americium, and curium. That same ecovery was assumed in
the previous studies that found little benefit to actinide partitioning and transmutation, even
assuming availability of demonstrated reprocessing technology. The Argonne National
Laboratory plans to demonstrate those recoveries in laboratory and rototype experiments.
Argonne is also studying new pyrochemical processes for recovering actinides from LWR fuel.
However, whether high recoveries are technically possible is only one of the issues. Here we
are concerned with the status and timeliness of technology and with the technical and economic
feasibility of its industrial deployment as described by the ALMR program. We should ask if
the concept serves a real need and if it is likely to be economical, even assuming that the process
recoveries can be achieved.

In this review we focus on the ALMR concept of actinide burning as proposed by DOE-NE .
The questions and issues of practicality developed in this review are also applicable to pro-
posed transmutations in light-water reactors and by accelerators.

Principal questions to be addressed were summarized earlier.
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IS TOXICITY A VALID CRITERION FOR WASTE DISPOSAL PERFORMANCE?

The incentives identified by the ALMR program 11,141 for actinide partitioning and recycle
are based in part on estimates of the "toxicity" of LWR waste as a function of time after
disposal. The ALMR Program presents this toxicity as "risk," [151 as shown in Fig. 86. The
toxicity at a given time is the sum of the activities of each adionuclide divided by the annual
intake limits defined by the International Committee on Radiation Protection. Also shown in
Figure I is the calculated toxicity of the uranium ore mined to produce the uranium fuel for the
LWR reactor. Fig. 86 shows that if actinides are removed, the remaining fission-product waste
decays within a few hundred years to a toxicity less than that of the uranium ore.

In using Fig. 86 to state the ALMR incentives, the ALMR program incorrectly assumes that
toxicity is proportional to risk 14, 151. It assumes that radioactive material with the same
toxicity as uranium ore presents an acceptable risk and does not require geologic disposal.
Thereby, it reaches the invalid conclusion that removing the actinides reduces high-level
waste disposal from a 100,000-year problem to a 200/300-year problem."

However, toxicity does not measure risk 17]. It takes no account of actual pathways and
probability of radioactive release to the biosphere. Deep geological disposal is selected to
make it difficult and unlikely for radioactivity to reach the biosphere.

The toxicity of mined Uanium ore is not a valid standard for public health and safety.
The toxicity of mined uranium ore is due mainly to the decay daughters radium-226 and
lead-210. These daughters now reside in above-ground mill tailings, a serious problem of long-
term waste disposal because of the proximity of the mill tailings to the biosphere. Over the
long term, the radionuclides can dissolve into surface water and ground water.

For similar reasons, the toxicity of unmined uranium ore is also not a valid standard of
public health. Uranium ores occur near the surface, and the daughter radionuclides can dis-
solve into groundwater.

Acceptable standards of risk from public exposure to radioactivity have traditionally
been expressed in terms of radiation doses, calculated by taking into account actual releases and
pathways for radioactivity to result in human exposure. That approach is illustrated later in
this review.

Using toxicity curves, and using uranium-ore toxicity as a standard, have led to conclusions
that are incorrect and not consistent with safety analyses of geologic repositories.

Others adopt toxicity per unit volume of material as a measure of risk 7]. This toxicity
per unit volume of high-level waste is compared with the toxicity per unit volume of natural
uranium ore, leading to the proposition that actinide partitioning and burning should reduce
the toxicity per unit volume to that of pitchblende ore or of some lower-grade ore to achieve an
acceptable solution to high-level waste disposal. If one adopts the U.S. carnotite-type
sandstone ores as the reference, actinide reduction factors of over 10,000 would be required, over
tenfold greater than inferred from Fig. 86.

Obviously, neither the toxicity of Fig. 86 nor the toxicity per unit volume is a measure of
risk 71, although the proponents of each claim otherwise. Risks from waste disposal can be
measured in terms of radiation doses from radionuclides that actually reach the environment,
as calculated in waste-disposal safety analyses 2 9 101 and illustrated in the next section of
this review. Burkholder's analyses 21 of radiation doses from a conceptual repository do not
show an appreciable risk benefit from actinide burning.

EFFECT ON HIGH-LEVEL WASTE DISPOSAL

Removing the actinides from waste, and demonstrating that they are sufficiently
removed, would indeed eliminate the need to show that actinides released from a geologic
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repository do not exceed the EPA 10,000 year cumulative-release limit for a geologic repository.
But, there are additional safety criteria that must be met. Safety analyses of geologic reposi-
tories include the prediction of radiation doses to future individuals caused by radionuclides
reaching the environment, for time periods of 100,000 years and longer 2 9 101. Current analy-
ses for repositories show that the doses from the fission products technetium-99, iodine-129, and
cesium-135 are among the most significant long-term concerns. Partitioning and transmuting
actinides does not solve that problem. However, reprocessing alone, with partitioning of
technetium, iodine, cesium, and carbon-14, and with borosilicate glass as a waste form for the
remaining fission-product waste, can result in improved retention of radionuclides in a geologic
repository, as discussed later.

Radiation-Dose Risks from Spent Fuel in Geologic Disposal

There is ample information in the published literature to estimate quantitatively the
relative hazards of actinides and long-lived fission products in a geologic repository. A simple
quantitative analysis that indicates relative dose contributions from various radionuclides is
presented here. For a given repository setting, we consider the radiation doses to future
maximally exposed individuals who use contaminated ground water fr drinking and to grow
all their food. For the purpose of this review, the dose contribution Di (in rem/year) from an
individual radionuclide, i, that has reached the biosphere can be approximated by:

M-- f C e -). Ki TD i = 11 11 1 (1)
Wi

where

K = inventory of radionuclide, i, in waste solids emplaced in the repository (curies)

fi = fraction of the radionuclide, i, in the waste solid that dissolves in ground water per unit
time (yr-1)

= a dose conversion factor: average dose rate from species, i, per unit concentration of
species, i in water (rem/year per Ci/m3)

= radioactive decay constant of species, i, (yr-1)

K, = retardation factor for species, i, (dimensionless)

T = time for ground water to travel from the waste to the biosphere a property of the
repository site (yr)

Wi = the dilution factor, a measure of dilution and dispersion of species, i, after its release
from the waste solid and until it appears in the biosphere (m3/yr).

The retardation factor, Ki, is the ratio of the ground water velocity to the velocity of
chromatographic migration of the contaminant front of species, i. The retardation factor is
unity for a species that does not sorb on the ock, and it increases with the degree of sorption.

To determine risks from a long-term release from a geologic repository, we should solve
Eq. I for each radionuclide. The quantities, Mi and C, can be specified without knowing details
of the repository. The quantity, f, can be calculated from information about the waste package
and the near-field properties of the emplacement rock. However, the water travel time, T, and
the dilution factor, W, involve a complicated analysis of far-field transport, requiring exten-
sive data on the hydrology of the strata through which the species must migrate to reach the
biosphere. The dilution factor, Wi, also depends on the geochemistry and diffusion properties
of the radionuclide species and on the length of time for that species to be released from the
waste.

For the purpose of this study, we are interested in comparing the elative radiation doses
from actinides and from long-lived fission products. Because the most important fission
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products, technetium-99 and iodine-129, have long half lives and little retardation, they will
decay little in their transport to the biosphere. Technetium is the greatest cntributor to long-
term dose from fission products. Therefore, the ratio of the radiation dose from a species i to
the dose from technetium is obtained from Eq. :

Di = Mi f i Ci e-24Y-TWi (2)

D TC M TC f Tc C Tc e ATc KTr T W Tc

We expect KT, to be near unity, because of the usually weak sorption of technetium We
expect water travel times, T, of the order of 10,000 to 100,000 years, so the exponential decay
term for technetiurn in Eq. 2 is near unity. More detailed calculations show that the atio,
Wi/WTc, is approximately unity for the adionuclides and parameters considered herein 161.
Therefore, te dose ratio becomes:

D MifiCi -74 & Tj__ -e (3)
D TC M T f C C TC

The ratio, is the dose ratio that would be measured in contaminated gundM TcfTCCTC

water near the waste solids in a repository. It is called the "relative dose index." The
inventories, Mi, are time-dependent, because of radioactive decay. We are here interested in
water-travel times up to a few hundred thousand years after emplacement. Technetium-99 will
have decayed little in this time frame, so its inventory will be near that at emplacement. The
same is true for 17 million-year 1129. Experimental data suggest a constant elease rate for
technetium in ground water from unsaturated tuff, so the product, MTcfTcCTc, will be a constant
for a given repository. Release of uranium, neptunium, plutonium, and americium from waste
solids is controlled by actinide solubilities, resulting in a near-constant poduct, Mfi, for
actinides for the times of interest here 9]. Therefore, it is sufficient here to use inventories
evaluated at 1,000 years after emplacement, near the time when the first waste is expected to
be in contact with ground water.

The results are shown in Table 8.5. The 1,000-year inventories are expressed as activity
per metric ton of spent-fuel waste, derived from data in Ref. 17. Fractional dissolution rates are
obtained from recent calculations for spent fuel in a repository in unsaturated tuff, based on
solubility-limited transport of actinides in ground water and on the release of soluble fission
products by oxidation, dissolution, and precipitation alteration of uranium in spent-fuel waste
118, 19, 201. Solubilities and alteration rates are derived from measurements of spent fuel in
contact with air-saturated water from Nevada tuff. Data for a repository in saturated rock
would result in even lower calculated radiation doses from actinides. Dose conversion factors
are from Refs. 21, 22.

The fractional release rates for Tc-99,1-129, and Cs-135 are based on Lawrence Livermore's
theory of drip flow through a failed waste container, with alteTation-controlled releases
predicted to continue for 4000 years after container failure, until all of these radionuclides are
released from the spent fuel 1181. Even greater fractional release ates of these soluble species
are predicted for other release models.

The dose risk factors in the last column of Table 8.5 indicate the relatively large expected
radiation doses from the three long-lived soluble fission products: technetium-99, iodine-129,
and cesium-135 and the relatively small expected doses from the actinides. Of the atinides,
the dose risk factors of plutonium-239 and 240 are the greatest, although still over two orders
of magnitude below that of technetium.
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Table &5

DOSE RISK FACTOR FOR UNREPROCESSED SPENT ]FUEL

Fractional Dose Relative
Half Repository Dissolution Conversion Dose
Life Inventory Rate Factor hdex

(rem)(m 3 Mfci

51Lecies (years) wi/Mg2 (0) (yr)

Fission Products
TC-99 2.12x105 1.30x101 2_5xI0-4 2.1x103 1
1-129 1.7xI07 3.15xlo-2 2.5x10-4 3.9x105 4.5x10-1
Cs-135 3xI06 2.14x10-I 2.5xI0-4 1.7x104 1.3x10-I

Actinides
U-234 2.47xl()� 2.03x100 3.6xl0-11 3.7x105 3.9x10-6
U-238 4.5lx109 3.17xl0-1 3.6x10-11 3.6x105 6.Oxl(-7
Np-237 2.14x106 9.99X10-1 1.1X10-10 2.6x106 4.2x10-5
Pu-239 2.44x'104 3.05x'102 2.0x1(YII 3.8x106 3.4xl(y3
Pu-240 658x103 4.78x102 2.0x`10-11 3.8x106 4.9xl(Y3
Pu-242 3.79x'105 1.72x10( 2.0x`10-11 3.5x106 1.8x10-6
Am-243 7.95x103 1.56x'101 5.0x10-11 3.8xI06 4.300-4

Notes:
Repository inventories are for PWR spent fuel, 3,000 MWDIM& at 00 yr 17).
Fractional dissolution rates are from Refs. 18, 19, 20.
Dose conversion factors are from Refs. 21, 22.

Due to the long time for hydrogeologic transport of contaminated ground water to the bio-
sphere, most of the plutonium-239 and 240 and arnericium-243 will decay before reaching the
biosphere. To illustrate, we calculate dose ratios at the biosphere by applying Eq. 2 We
assume a ground-water travel time of only 1,000 years, the minimum required by the Nuclear
Regulatory Commission 231 and orders of magnitude shorter than that estimated for the Yucca
Mountain site 241. The retardation factors of Tc, 1, Cs, U, and Np are those recommended for
radionuclide migration calculations for the tuff site [18, 241. Retardation factors for plutonium
and americium are conservatively assumed to equal those of the other actinides, although
much higher values are reported 20, 24]. The relative doses, corrected for decay in transport,
are shown in Table 86. Decay causes little reduction in the concentrations of technetium-99 and
iodine-129. With these parameters, it takes 30,000 years for plutonium to transport to the envi-
ronment, so oly about 4% of the plutonium-240 reaches the biosphere without decaying.

Corrections for dilution factors in hydrogeologic transport are more complicated. Dilution
factors become larger for species that are more retarded by sorption, but they also can increase
as the fractional release rate increases. Detailed calculations show that the atio of the
dilution factor for technetium to dilution factors for the other species is near unity for the
parameters used here. Therefore, the relative doses at the biosphere in Table 86 are realistic.
Here the actinide doses for a water travel time of 1,000 years are about three orders of
magnitude below the doses from the soluble fission products.

A more realistic water travel time for the unsaturated tuff site in Nevada may be greater
than 100,000 years 24). The long water travel time, together with sorption retardation, would
provide sufficient decay time to remove all actinides other than neptunium-237, plutonium-242,
and uranium-238, the latter in secular equilibrium with its decay daughters thorium-230,
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uranium-234, Tadium-226, and lead-210. The radiation doses from neptunium-237, the greatest
actinide contributor for this water travel time, would be about five orders of magnitude below
that of technetiurn-99. Doses from the other plutonium isotopes and americium are relatively
insignificant. Current data indicate that the ground-water travel time at Yucca Mountain may
exceed 106 years, leaving only U238 and its daughters as the principal actinide contributors.

Thus, the radiation dose risk from spent-fuel radionuclides that reach the biosphere is
expected to be due predominantly to the long-lived fission products technetium-99 and iodine-
129, because of their solubility and greater release Tate from the waste solid, their long half
lives, and their weak sorption on rock. Because of their weak sorption, they will appear in the
biosphere many millennia before any of the actinides. Removing all of the actinides from the
waste would, according to this measure, have negligible effect on the radiation dose risk from a
geologic repository.

These dissolution rates of actinides and fission products are based on more recent analyses
and laboratory measurements more detailed than those available at the time of the 1976
Burkholder study on the effect of actinide burning on dose risks 2]. There it was concluded that
no appreciable reduction in long-term dose risks from high-level waste resulted from removing
actinides. Here the actinide dissolution rates are many orders of magnitude lower than those
adopted by Burkholder. It is apparent from these new data that any reduction in waste
disposal risk by removing actinides from the waste will be even smaller and less important
than the small reduction calculated by Burkholder.

Table 86

RELATIVE RADIATION DOSES FOR SPENT FUEL,
CORRECTED FOR DECAY DURING HYDROGENIC TRANSPORT

Relative Dse, Corrected
Half Life Relative Dose Index for Radioactive DecU

Species (years) [(M 0 / (M fC)TCl (T = 13 yr) (T=105 yr)

Fission Products
TC-99 2.12x105 1 1 1
1-129 1.7x107 4.5xlO-l 4.5xl0-1 7-6x10-1
Cs-135 3x106 1.3x10-1 1,1X10-1 1.7x10-7

Actinide
U-234 2.47x105 3.9x10-6 3-6x10-6 j.0xl0-6
U-238 4.5Ixl09 6-0xl0-7 6.0xl0-7 l.0xl0-6
Np-237 2.14x106 UAO-5 4.2xl0-5 2.6x10-5
Pu-239 2.44xlO4 3.4x10-3 lAxIO-3 5.6x10-40
Pu-240 6.58x103 4.9x10-3 2-1x10-4 <10-100
Pu-242 3.79x105 1.8x`10-6 IA10-5 1.2xlO-7
Am-243 7.95x103 4.3x10-4 3-lx10-5 <10-100

Notes:

The relative dose index is from Table 8.5, measured in ground water near the waste.

The relative dose corrected for radioactive decay, assumes water travel times to the bio-
sphere of 103 and 105 years; K values are 16 for Tc, 1 for 1, 610 for Cs, and 30 for the
actinides.

Calculated for U-234 in secular equilibrium with U-238. Eq. 2 is not used.
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Because no decay or dispersion during transport from the waste package to the environment
has been included in the dose risk indices of Table 8.5, these dose risk indices also measure the
relative risks to future people who may inadvertently locate an exploratory borehole that
intersects the repository horizon. Conservatively ignoring the fact that well water could not
easily be withdrawn from the unsaturated rock in which the waste is ernplaced, we assume
that contaminated water near the waste package is withdrawn and used for drinking and for
growing food. Use of contaminated water from a future intrusion well is an important public-
health issue for any geologic repository. Of course, if the exploratory borehole happens to
intersect a waste package and bring radioactive solids to the surface, different dose risk factors
can result. Even then, low solubilities of the actinides would still affect the transport of
actinides into water and into food chains.

The above analysis suggests that if any radionuclides are to be selected for partitioning
and transmutation to lower the risks fromhigh-level waste disposal, technetium-99, iodine-129,
and cesium-135 are the logical candidates. These radionuclides can be transmuted by neutron
capture. For this purpose, the thermal neutron Sectrum Of light-water reactors is more effec-
tive than the fast spectrum of LMRs.

Meeting the NRC's detailed requirements for release rates of individual radionuclides
[231, averaged over the repository, is a separate issue, under evaluation by the Yucca Mountain
Project 181.

Cumulative Releases from Spent Fuel

The ALMR program points out that removing the actinides from spent fuel will simplify the
problem of showing that actinides comply with the cumulative-Telease requirements of EPA
[251. Of course, it will still be necessary to show that the actinides are sufficiently removed
from all waste streams. EPA lists the allowable cumulative aount of each radionuclide that
can be released to the "accessible environment" in 10,000 years. Those releases can be expressed
as the allowable fraction of the initial inventory in spent fuel, as shown in Table 87. For each
of these radionuclides the release to the accessible environment can be no greater than the
release from the waste solid. The 10,000-year cumulative release from the waste solid is the
product of the fractional release rate and the time since the waste solid begins dissolving in
ground water. We obtain the cumulative release product shown in Table 87. The values in
Table 87 for actinides are expressed as elemental quantities.

Comparing the last two columns in Table 87, we see that the EPA cumulative-release
requirements for the actinides could be met even at the surface of the waste solid. The
predicted cumulative releases of actinides at the waste surface are so low compared to the limit
in the EPA standard that a large margin of uncertainty in parameters is possible. Similar
results were published in 1986 261. Even a larger margin will be shown if delays in transport to
the accessible environment are taken into account, as discussed above. The most vital
parameters in this calculation are the actinide solubilities, properties that have been studied
extensively [18, 27, 28, 29, 301. Actinide colloids could increase these release fractions, although
the low diffusion coefficients of colloids and their trapping in rock pores and on surfaces may
impede their transport to the accessible environment 9].

These calculations indicate that technetium is more important than the actinides in
determining compliance with EPA's cumulative-release requirement.

THE ABOVE-GROUND INVENTORY OF ACTINIDES

If plutonium and n-dnor actinides (neptunium americium, curiurn) are recovered from LWR
fuel and used to start ALMRs, as in the GE design, the total inventory of transuranic nuclides in
the reactors and fuel cycle will grow with time. Hebel, et al., point out that for a very long
time the potential toxicity of this fuel cycle inventory is comparable to that of the WR fuel if
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Table 87

CUMULATIVE RELEASES FROM SPENT FUEL IN 10,000 YEARS

EPA Allowable Cumulative
Inventory in Release in 10,000 Years
Spent Fuel Allowable Predicted

Species (C / mg) (C / M9) Release Fraction Release Fradm
Fission Products
TC-99 1-3NIO, 10 0.77 1
1-129 3.15xlO-2 0.10 1 *
Cs-135 3A5xl0-1 1.0 I 1 *

Actinides
U 2.34 0.10 4.3xlO-2 3.2x10-7
Np 1.00 0.10 1.0xio-1 9.gxl(-7
PU 7.84x102 0.10 1.3x10-4 1.8xl(-7
Am 9.09xj(2 0.10 1.1X10-3 4.5x10-7

Notes:
EPA allowable cumulative release in 10,000 years is taken as 10,000 years after waste
emplacement.

For the actinides, the predicted cumulative release is the product of the fractional release
rate, from Table 8.5, and 9000 years, the time after container failure. All of the Tc-99,
1-129, and Cs-135 is predicted to be released during the 9000 years after container failure.

Inventories in spent fuel calculated at 1,000 years after emplacement 17]. Actinide
inventories are elemental inventories.

* Fraction of the 1,000-year inventory allowed to be released in 10,000 years. All of the
1-129 and Cs-135 can be released.

the latter were treated as a waste 4 Choi calculated 41 an actinide-inventory reduction
factor V, defined as

time-dependent inventory of transuranic actinides in accumulated
unreprocessed spent fuel, without actinide burning

time-dependent inventory of transuranic actinides in the actinide-
burning reactor and its fuel cycle and in the high-level waste from
reprocessing WR fuel and ALMR fuel

His results, for an assumed constant power of reactors and for an assumed fraction 0.00 of
the transuranics lost to the waste in each reprocessing cycle, are shown in Fig. 87.

Two important results emerge. First, there is negligible reduction in total transuranics at
early time because the transuranics recovered by reprocessing waste appear in the reactor and
fuel cycle. For a process loss fraction of 0.001 a significant reduction in total transuranic
inventory does not occur until about 10,000 years, for the parameters used in this calculation Of
course, during 10,000 years the early ALMRs will have been retired and replacements built. It
is assumed that the inventories in the reactor and fuel cycle of a retiring ALMR will be
transferred to replacement ALMRs.

Second, the asymptotic reduction factor is less than the reciprocal of the loss faction,
because the concentrations of transuranics build up in the eactor and fuel cycle as recycling,
actinide burning, and breeding proceed. Therefore, for a given process loss the actual quantity
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lost to the waste in each reprocessing cycle increases. Thus, the overall reduction factor of 1,000
for transuranics in waste, claimed in the recent ALMR publications, will not result for a process
loss of 0.001.

Hebel, et al., point out that it is the prospect that fission power may discontinue at some
time during such a long period of ALMR operation that argues for treating the actinide
inventory in the reactor and fuel cycle as a potential waste 7]. We must allow for that
possibility, because we have no way of knowing the criteria, constraints, and alternatives that
may dictate the choice of power systems even during the next century.

Also, as in the case of the toxicity curves discussed earlier, the transuranic reduction factor
of Fig. 87 is not a measure of the extent to which risk to the public is reduced by actinide
burning. As discussed earlier, the risk from transuranics buried in geological repositories may be
relatively small. A larger risk could be expected from transuranics that remain in the above-
ground fuel cycle.

This does not argue against building breeder reactors that must operate on plutonium
recycle. Such reactors will be needed in the future when depletion of uranium resources requires
a breeder that is not sensitive to the cost of natural uranium. However, when that era is
reached, the consequences of transuranic build up in the breeder reactors and their fuel cycles
must be addressed, whether operated with or without recovery of minor actinides. This is one
of the reasons that the licensing issues of constructing reactors for actinide burning, beginning
operation in 2005, include far more than the possible reduction in licensing problems of a high-
level waste repository. 

REDUCING HEAT GENERATION IN HIGH-LEVEL WASTE

The ALMR program argues that eprocessing and actinide burning would allow a greater
total loading of waste in a geologic repository and, as a result, would make it possible for the
first U.S. repository to receive also the waste otherwise destined r the second repository.
Removing the actinides from the high-level waste would indeed result in a far lower rate of
heat generation after the first few hundreds of years of high heat generation from the short-
lived fission products. The high-level waste from reprocessing LWR spent fuel and ALMR
recycle fuel could be kept in near-surface retrievable storage for a few hundred years. The
waste would then be loaded into a geologic repository. Because of the low heat-generation
rate, waste packages could be located nearer to each other than in current repository designs.
This would result in a greater waste loading in a repository of fixed area, i.e., a greater areal
loading. However, for several hundred years there would be no commercial high-level waste
to go into the presently planned repository in Yucca Mountain, other than the relatively small
amount of borosiIicate-glass waste from the former West Valley reprocessing plant.

The alternative proposed by the ALMR program would be to separate the heat-generating
cesium and strontium from the reprocessing waste and store it for several hundred years until
Sr-90 and Cs-137 have decayed. 'Me remaining high-level waste would be emplaced in the
first geologic repository soon after reprocessing. he separated cesium would eventually have
to be emplaced in a geologic repository, because of the 3-million-year Cs-135, one of the most
serious long-lived fission products, as shown in Table 8.5.

The ALMR program's argument that reducing heat generation could increase waste loading
in a repository is valid, but no calculations of actual benefits to repository design have been
presented.

Waste of low heat generation may not be desirable for a repository in unsaturated tuff.
The current repository design takes advantage of heat-generating waste to keep the waste
containers and nearby rock above the boiling temperature of water for over a thousand years.
This is to prevent liquid water fom contacting the waste container and causing corrosion until
well beyond the 1,000-year containment equirement of NRC. Utilizing decay heat in this way
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is feasible only in an unsaturated-rock repository. A different technique would be required to
protect the containers of wastes proposed from actinide recycle, if there were insufficient heat
generation to reach the boiling temperature.

A greater areal loading of waste would result in larger concentrations of radionuclides in
ground water after long-term transport to the biosphere. The dose to a future individual who is
exposed to con tami na ted grou nd wa ter from the reposi tory would be greater.

If greater areal loading were important, it could be accomplished with heat-generating
waste by tiered loading of the waste in more than one repository horizon. However, it is not
clear that greater areal loading would be needed to dispose of greater quantities of waste at
Yucca Mountain, the proposed site of the first repository. About million square meters area
are required for the 62,000 Mg of spent fuel and 10,000 Mg of defense waste planned for Yucca
Mountain. This is only about 58% of the total planned area. The current 70,000 Mg limitation
on waste loading at Yucca Mountain was not established from any technical limitation of the
site. Aside from possible policy and legal limitations on the loading in the first repository, it
seems that a much larger loading would be possible without reprocessing and actinide burning.
There has been no showing that those policy and legal limitations would be affected by
actinide burning and recycle.

POTENTIAL ADVANTAGES OF WASTE FROM FUEL REPROCESSING

Although not mentioned in ALMR program documents, solid wastes from reprocessing have
potentially better performance in a geologic repository than unreprocessed spent fuel,
particularly in a repository in unsaturated rock 321. These advantages remain whether the
reprocessing is with conventional technology or with the proposed new technology that would
recover and recycle 99.9+% of all actinides.

Borosilicate-Glass Waste From Reprocessing

In a repository in saturated ock, where reducing conditions are likely, mass-transfer
theory predicts that the release rate of most radionuclides from spent fuel will be less than
from borosilicate-glass reprocessing waste. Under reducing conditions the solubility of uranium
in the spent-fuel matrix is low. Technetium and other soluble species in the matrix are released
congruently with the low net dissolution rate of the uranium matrix or with the rate of
radiolytically induced oxidation, dissolution, and precipitation of uranium.

However, an oxidizing environment, as in unsaturated rock, can cause alteration of the
uranium by oxidation, dissolution, and precipitation, even in the absence of radiolysis. The
uranium alteration can release soluble constituents, such as technetium, to water at a rate far
greater than that congruent with the net dissolution of uranium [18, 271 a major issue for the
proposed U.S. repository in unsaturated rock. Release by uranium alteration is the reason for
the relatively high fractional dissolution rate of the soluble fission products listed in Table
8.5. Technetium and cesium in borosilicate glass can be released by restructuring of glass to less
reactive forms, but the restructuring rate is much lower than for spent fuel 20, 32].

Also, small fractions of the fission products cesium, iodine, and technetium are present in
the fuel-cladding gap, fuel plenum, and in grain boundaries of spent fuel and can be released
rapidly when contacted with water. There is no similar problem with borosilicate glass.

Consequently, waste from reprocessing can be an advantage for a repository in unsaturated
rock.

As illustrated in Table 8.5 for spent fuel, the actinides in spent fuel or in conventional
reprocessing waste may not be a serious problem to the long-term performance of a repository.
Their solubilities are all sufficiently low to result in fractional release rates that are much
lower than the fractional release rates of soluble fission products in an unsatUTated-rock
reposi tory 19, 10, 18, 20, 27, 28, 29, 301.
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Iodine-129

In conventional reprocessing radioiodine must be separately recovered. We have shown
that the iodine recovered from all the accumulated spent fuel can be incorporated as silver
iodide into a single waste package and buried in a geologic repository 9]. The small surface
area results in a predicted fractional release rate of about 10-10/yr, far lower than would result
from spent fuel.

Carbon-14

Similarly, carbon-14 may ultimately have to be recovered in fuel reprocessing. The entire
inventory of recovered carbon-14 can be incorporated as calcium carbonate into a single waste
package. The predicted fractional release rate in a repository is less than 10-6/yr, much
smaller than what we predict for carbon-14 from spent fuel buried in unsaturated rock 9).

Cesium-135

Fission-product cesium has been separated from alkaline Hanford waste. To accomplish
the ALMR program objectives, a new process must be developed to separate cesium from the
PUREX acidic waste streams or from pyrochemical reprocessing waste. Incorporating the cesium
into a low-solubility waste solid of pollucite can reduce the long-term doses from cesium-135.

Technetium-99

Developing a new separation that partitions the technetium. into a separated product
would also benefit high-level waste disposal. All of the recovered technetium could be
incorporated into a single waste package for emplacement in a repository. The low surface area
and a suitably low leach rate can result in a low fractional elease rate of technetium into
ground water.

Summary

These separated wastes of long-lived fission products and carbon-14 directly address some
of the difficult long-term safety problems of a high-level waste repository in unsaturated rock.
However, reprocessing only for the purpose of obtaining a different waste form for an
unsaturated-rock repository would be expensive. It would add about $80 billion to the cost of a
repository, if carried out with an industrially financed eprocessing plant, or about half that if
the reprocessing plant were federally owned and financed. However, there is no showing that
any of these reprocessing options is necessary for the successful performance of a repository in
unsaturated rock.

THE TECHNOLOGY AND COST OF REPROCESSING AND TRANSMUTA-
TION

A major contributor to the fuel-cycle cost of an ALMR to bum actinides from WR spent fuel
is from fuel reprocessing, not only from reprocessing the LWR fuel to recover the transuranic
actinides but also from the multiple reprocessing required to expose these LWIZ actinides to
many irradiation cycles until they are sufficiently transmuted by fission.

To meet the ALMR program's projection of commercial actinide-buming ALMRs first oper-
ating in the period 2005 to 2012, the electric-utility industry and the chemical industry must
commit to detailed design, financing, licensing, and construction of a new ALMR power plant
and of reprocessing plants far in advance of the first ALMIZ operation. To furnish actinides for
ALMIZ startup, the new reprocessing plant for high yield recovery of all actinides from LWR
spent fuel would have to begin operation as early as nine years in advance of the first commer-
cial ALMR, if designed to reprocess 300 Mg/yr and assuming one year for ALMR fuel fabrication.
For the 2500 Mg/yr reprocessing plant preferred by the ALMR program, reprocessing time would

8 - 37



be reduced to one year. A plant of that capacity would be able to supply the start-up actinides
for the annual introduction of one 14 We ALMR, as proposed by the ALMR program. Costs of
plants of these two alternate capacities for LWR fuel reprocessing ae estimated by the ALMR
program-

This early deployment of high-yield LWR fuel reprocessing would require well-
established technology for all of these new facilities and operations, and there must be a well-
established basis for industry to commit risk financing of the full-scale ALMR power plant and
the new reprocessing plants.

The ALMR power plant, the new reprocessing plant to recover all actinides from WR fuel,
and the new reprocessing plant to reprocess and recycle ALMR fuel will all involve some new
techniques that have not yet been proved or even demonstrated on a pilot-plant scale. New
separations are involved, with recovery factors far greater than experienced in contemporary
industrial reprocessing of nuclear fuels. Controlling waste streams will be crucial to successful
operation, particularly the many secondary waste streams of low concentration and high
volume. The ALMR project plans to decontaminate the large volumes of secondary waste so
that the actinide and fission-product contents are low enough to qualify those wastes for surface
disposal as low-level waste. Low-level waste volumes of the order of 103 to greater than
the volume of high-level waste are estimated [111. More importantly, reprocessing typically
generates large amounts of alpha-contaminated dilute waste streams that are very difficult to
be further decontaminated or to be immobilized in a safe waste matrix for geologic disposal. If
further decontamination and concentration is not practicable, these wastes would have to be
disposed of in deep geologic repositories. They could OCCUPY far larger waste volumes than the
spent fuel or other high-level waste. Such wastes are usually subject to far greater fractional
release rates in a geologic environment than for concentrated high-level waste.

The greatest uncertainties of feasibility and cost of the ALMR system appear to be in
reprocessing where the ALMR program's projected unit costs are, in some instances, more than
an order of magnitude lower than contemporary costs of similar but simpler processes. Both
aqueous and pyrochernical reprocessing technologies are being explored. Only aqueous
reprocessing, which relies in part on well-established reprocessing technology, has any chance
of being established in time for the ALMR program's ambitious schedule. The status and
possible cost of aqueous reprocessing are reviewed here. The issues discussed herein would also
apply to the pyrochemical separations, when the pyrochernical process design and plant design
have proceeded sufficiently to yield a reliable basis for cost estimates.

PUREX-TRUEX Reprocessing of LWR Fuel

Conventional aqueous fuel reprocessing has been implemented in this country in a commer-
cial plant, no longer operafing, and in defense production plants. 'Mat same processing technol-
ogy is now practiced on an industrial commercial scale in France and Britain, and plans for a
new commercial plant are underway in Japan. Conventional reprocessing ecovers only uanium
and plutonium, with process-loss factions 161 of about 01. To accomplish the ALMR objectives,
neptunium americium, and curium must also be recovered and the process-loss fractions of all
actinides must be reduced to less than 0.001. Also, the fission products strontium and cesium
must be separated. Secondary wastes must be highly decontaminated to meet the Citeria for
low-level waste or concentrated and immobilized for disposal in a repository.

Binney, et alsummarize the principal unknowns and areas where development is required
before the PUREX-TRUEX process is ready for deployment as a well-demonstrated industrial
process 1111. The more significant technical issues elated to the ALMR program objectives are:

• Applicability of TRUEX to high-level waste solutions from fuel reprocessing.

• Decontamination of solid wastes for disposal as low-level waste.

• Separation of lanthanides from the actinides.
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• Disposal of low-level liquid waste.

• Removal and Purification of radiostrontium and radiocesium from acidic high-level
waste.

• Disposal of cladding hulls and fuel assembly hardware.

There are many additional technical issues related to fabrication of fuel fr the ALMR
reactors.

A conceptual design and cost analysis of a plant for high-yield recovery of actinides, based
on an extension of aqueous processing technology, was made by E.I. duPont deNemours for ERDA
over fifteen years ago 7]. The reprocessing cost with high recovery of all actinides was consid-
erably above duPont's estimate of the cost of a commercial plant for conventional reprocessing.

There is considerable uncertainty in contemporary estimates of costs of a fuel cycle that
requires only conventional fuel reprocessing. That uncertainty is exacerbated when the repro-
cessing must involve separations that have not been proved, have not been performed on an
industrial scale, and have not been subjected to licensing. If there are large uncertainties in the
current cost of conventional reprocessing, it is reasonable to expect that cost of the new reprocess-
ing technologies demanded by the ALMRs, whether a modification of the well-proved aqueous
technologies or implementation of new pyrochemical reprocessing, will be subject to even
greater uncertainties. As shown in the next section, many of the large variations in the cost of
conventional reprocessing will necessarily be present in whatever reprocessing technology is
adopted.

Yearly Charges on Capital Investment

Even though three U.S. commercial fuel reprocessing plants were constructed by the mid
1970s, with only one operated, the U.S. experience in commercial fuel reprocessing does not
provide a sound basis for predicting commercial reprocessing cost. Among the key parameters
are the yearly charge on capital investment, the allowable percent debt in financing, and
interest during construction. To illustrate, we present earlier estimates of reprocessing cost. All
costs presented herein are translated to 1990 dollars, using DOE escalation factors.

Estimates made in 1976 of the unit cost of a given commercial reprocessing plant varied
from $147/kg U if the plant is government owned to $500/kg for an industrial plant that
charges 22%/yr on capital investment 7, 41. The 22%/yr was considered representative of a
commercial low-risk venture in heavy chemicals. From 1976 data on the costs of the
reprocessing plant at Barnwell, S.C., constructed for Allied-General Nuclear Services, Hebei, et
aL, concluded 71 that the yearly charge on capital investment used for that plant was 31%/yr.
The Barnwell plant was completed but not allowed to operate because of changing national
policy, and it was faced with expensive additional construction because of changing regulatory
requirements. This experience ld the owner to abandon the plant and to conclude that any
future U.S. commercial venture in reprocessing must be viewed as a high-risk venture, with
yearly charges on capital investment of 40%/yr or more, typical of an industrial chemical
venture of high risk or short-term payoff.

When financing electric generating stations, utilities can use a higher proportion of debt
financing than can low-risk industrial financing, resulting in a capital-charge rate of about

The industry frequently expresses such cost as dollars per kilogram of "heavy metal' in the
fuel discharged from a reactor. One kilogram of 'heavy metal" results from one kilogram of
uranium in LWR make-up fuel. The actual mass in the discharge fuel is a few percent less.
When reprocessing fuel discharged from a reactor fueled with uranium and recycled transuran-
ics, such as an ALMR, the mass of total actinides in the reactor make up-fuel is the basis for
quoting the aount of 'heavy metal."
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16%/yr." Federal government high-debt financing results in a capital-charge rate of about
10%/yr. DOE instructs its ALMR design contractors to use 16%/yr, loosely referred to as "utility
financing." Even if a U.S. electric utility were to construct and finance a commercial
reprocessing plant, the utility could hardly be expected to adopt the same yearly charges on
capital investment as it does for prudent investment in regulated, proved, electric-generating
facilities. Therefore, even if the ALMR program's cost estimates were to have correct costs of
plant construction, the unit reprocessing costs may be low by a factor of two or more, because they
do not take into account uncertainties and the full cost of industrial financing.

Capital and Unit Costs of Conventional Aqueous Reprocessin

U.S. Reprocessing Activities in the 1970s. The Barnwell reprocessing plant, with a
throughput of 1,500 Mg/yr was constructed for a cost of $500 million 71, in 1990 dollars. After
completion, the owners learned that additional construction would be required to convert the
aqueous plutonium nitrate product to solid plutonium oxide and to add solidification of high-
level waste. The estimated cost of the completed plant was 1.2 billion, corresponding to a cost
of $0.80 for a unit throughput of one gram per year. To illustrate the great uncertainties in
estimating the cost of a reprocessing plant, even when the plant is in detailed design, Bechtel
originally estimated 60 million 1975 dollars) for the cost of the Barnwell plant, about
fourfold less than the actual cost of constructing the plant as then designed and constructed.

In 1980 the International Energy Associates Limited OEAQ 35, 361 studied the potential
uses of the Barnwell plant. They concluded that the facility could probably be completed,
licensed, and operating in about 10 years. Their 1980 estimates of the cost for constructing the
additional required facilities ranged from $580 million to 950 million, in 1980 dollars. Using
DOE escalation factors to correct to 1990 dollars, the total cost of the Barnwell facility,
including the escalated original cost, would have been between 1.3 billion and $1.8 billion, in
1990 dollars, corresponding to a cost per unit of throughput of 0.87 to 1.2 per gram per year.

Bechtel also designed and cost estimated the 2100 Mglyr commercial reprocessing plant
planned in 1977 by the Exxon Corporation. The plant was expected to cost about 2.1 billion,
expressed here in 1990 dollars 71, corresponding to a cost per unit throughput of $1 per g/yr.
Financed at 25%/yr, the cost per unit of product would be $250/kg.

The commercial reprocessing plant designed in 1976 by E.I. duPont deNemours for an
ERDA-sponsored economic study was estimated to cost 2.8 billion, in 1990 dollars, with a
throughput of 1500 Mg/yr, corresponding to a cost per unit of throughput of 1.9 per g/yr If
financed at 25%/yr, the cost per unit of product would be $470/kg U.

The Exxon commercial reprocessing plant, designed over fifteen years ago by Bechtel but
not built, is the last U.S. commercial reprocessing plant designed to sufficient detail to justify
reliable cost data for that era. The U.S. experience ad capability for design and reliable cost
estimating of industrial scale fuel reprocessing plants was then largely vested in the duPont
company and in Bechtel, duPont having designed, built, and operated defense reprocessing

" The value of 16%/yr for fixed charge rate on capital investment is the "nominal fixed-charge
rate" used by the ALME program 1431 for utility financing and for industrially financed fuel
reprocessing plants. It is the percentage of a given capital charge that must be paid yearly in
real dollars for debt service and arnortizationweighted by the present worth of each future
payment, using a discount factor of 9.57%/yr. Yearly charges on capital investment can also be
expressed as yearly payments in constant dollars, weighted by present worth and also adjusted
for inflation. The corresponding constant-dollar fixed-charge rate fr Utility financing, assum-
ing an inflation rate of 5%/yr, is calculated 431 to be 9.4%/Yr. Either the nominal fixed-charge
rate or the constant-dollar fixed-charge rate can be used, providing it is used consistently. The
nominal fixed-chaTge rate is adopted for this report, to be consistent with analyses presented in
earlier reports.
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plants at Hanford and Savannah River, and Bechtel having designed and built Barnwell and
having designed the Exxon plant. Now, over a decade later, with little or no U.S. activity in
design of industrial scale fuel reprocessing plants, that U.S. capability has seriously eroded.
We must look to recent foreign experience for guidance on costs.

Correlation of Reprocessing Plant Cost by Wolfe and ludson. In 1983 Wolfe and Judson 371
indicated that reprocessing-reb-brication costs of WR fuel were then approaching $1000/kg U,
in 1982 dollars, equivalent to $1,300/kg in 1990 dollars.' They showed about a two-fold
variation in estimates of reprocessing costs, in constant dollars. More importantly, they showed
a major trend of reprocessing plant capital costs increasing markedly with time of design or time
of construction, over and above the effect of normal escalation and inflation, with estimated
costs doubling in less than four years. Their data, corrected to 1990 dollars, are shown in Fig. 8-8.
Similar tends are well known for the costs of new nuclear plants, reflecting new regulatory
requirements and more stringent construction and material requirements.

Thus, Fig. 8-8 indicates that a reprocessing plant, such as Barnwell, constructed in 1976,
would be expected to cost far more, even on a constant dollar basis, if redesigned and constructed
today. The constant-dollar cost of a reprocessing plant for which there was a detailed design
and cost estimate in 1976 would be expected to be far less than the constant-dollar cost of that
same plant if redesigned to today's regulatory and construction standards.

A year after the Wolfe and Judson correlation had appeared in two publications, DOE
published its 1984 Nuclear Energy Cost Data Base 38]. hose 198.4 costs, now escalated to 1990
dollars, were $470/kg as a reference cost, with a range of $240/kg to $730/kg. DOE's reference
cost is almost threefold lower than the value concluded by Wolfe and Judson in their 1983
correlation.

Next we compare recent costs of constructing reprocessing plants with the Wolfe-Judson
correlation.

Conterripgrary Costs of Reprocessin . Experience with recent foreign construction of fuel
reprocessing facilities indicates continued uncertainty in cost of conventional reprocessin as
well as continued increase in the constant-dollar cost of new construction. Examples are shown
in Table 8.8. Details of financing and interest during construction are not available. There is a
two-fold variation in cost per unit of throughput among the three contemporary projects in
France, UK, and Japan. Assuming those costs might be applicable to U.S. construction, we adopt
industrial financing at 25%/yr to illustrate the possible unit pocessing costs in the U.S. Costs
of operation and maintenance are not included.

Reported recent contract prices for French reprocessing are in the neighborhood of $700-
800/kg U, in current dollars. This could reflect a lower capital-charge rate than that assumed
in Table 8.8. For example, assuming a capital-charge tate of 10%/yr results in an estimated cost
of about $500/kg for the French plants, which are government owned. Therefore, the French
contract prices are not necessarily inconsistent with a much higher unit cost for the same plant
if constructed in the U.S., with. U.S. industrial financing.

If even the cost of contemporary reprocessing without high-recovery actinide partition-
ing, is used as an optimistic estimate of the cost of the LWR reprocessing step in the ALMR

' Wolfe and Judson 37] do not quote the value of the capital-charge rate used in their calcula-
tions of the unit cost of reprocessing. However, their data appear to be consistent with a value
of 22-25%/yr a typical nominal fixed-charge rate on capital investment for industrial chemi-
cal low-risk financing. If their correlation is intended to present unit costs using the lower con-
stant-dollar fixed-charge rate, as favored by some in the ALMR program 1431, the data in Fig.
8-8 should be adjusted upward t Cpare with other data calculated herein for nominal fixed-
charge rate of 25%/yr.
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Table 8.8

CAPrrAL COST OF CONTEMPORARY FUEL REPROCESSING PLANTS

Capital Cost per Unit Cost of
Throughput Capital Cost Unit throughput Reprocessing

Plant (MS/yj) ($ billion) ($12er g/yj) ($/kg U)

France, UP-2/3 2 x 800 8.8 5.5 1,400
UK, Thorp 1,200 4.6 3.8 970
Japan, JNFS 800 5.8 7.2 1,8ffl

Notes:
French-plant data are from Ref. 40; UK-plant data are from Ref. 41, escalated to 1"O
dollars. Japanese-plant data are from Ref. 42. Capital charge rate is 25%/yr, low-risk
industrial financing. Operating costs are not included.

program, there is large uncertainty in the reprocessing cost. The large variations in the cost of
even conventional aqueous reprocessing caution care before accepting cost estimates of new repro-
cessing technologies.

Figure 89 shows the costs of contemporary reprocessing as an extension of the Wolfe and
Judson correlation. All costs are corrected to 1990 dollars, and U.S. industrial financing at
25%/yr is assumed. It appears that the trend established by Wolfe and Judson in 1983
continues.

The Cost of Reprocessing LWR Fuel for ALMR Start:lip-. if reprocessing spent fuel for
high-Tecovery actinide extraction costs no more than the current costs for lower-yield recovery
from conventional reprocessing we can estimate the financial consequences of WR fuel repro-
cessing to obtain start-up actinides for the ALMRs. A kilogram of LWR spent fuel contains
about 83 grams of transuranics, most of which is plutonium. Adopting $1,400/kg U for
reprocessing, ignoring the additional costs for operation, high-recovery separation, and for
high-risk financing, and discounting the relatively small value of the recovered uranium, the
cost of the recovered plutonium and minor actinides is about $170/gram A 40OMWe ALMR of
the PRISM design would require about 17,000 kg of plutonium for start-up and a few reloads 11,
43], until bred actinides are recycled.

Thus, the cost of reprocessing to start the ALMR would be about 29 billion, comparable to
Or exceeding DOE's estimated capital cost of the ALMR. The cost is incurred before or near
reactor start-up, so it can be treated as part of the capital cost of the ALMR. The cost of
advance financing is not included. Assuming that a utility can finance an ALMR as a low-risk
regulated power producer, at 16%/yr, the cost of start-up plutonium would be about 2.9 billion.
Assuming that a utility can finance an ALMR as a low-risk regulated power producer at
16%/yr, and assuming 70% capacity factor, the cost of start-up plutonium would add about 54
mill/kWh to the cost of electrical energy from the ALMR.

With such a large cost of start-up plutonium from LWR fuel, the ALMRs could not be
competitive with LWRs for electric power generation until a much later era, when the price of
uranium ore will have risen significantly above the present ore price or above the price of ore
expected during the first half of the next century 441. Clearly, in planning ALMRs to start in
2005, DOE must be expecting that the industry can carry out high-recovery processing of LWR
spent fuel at a cost far lower than the current commercial reprocessing costs.
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Estimated Cost of ALMR Aqueous Rel2rocessin

Salerno, et al. 331 and Thompson 431 estimate fuel cycle costs for ALMRs with various fuel
cycles. They consider a 14 GWe oxide-fuel ALMR with its own aqueous reprocessing plant. The
plant is designed to reprocess LWR spent fuel, using conventional PUREX aqueous technology 61,
with newer TRUEX separations for high recovery of all transuranic elements [1]. After
operating for about eight years, at an LWIZ fuel throughput of 300 Mg/yr, to recover enough
actinides for ALMR start-up, the plant would be operated at the lower throughput of 24 Mg/yr
to process the core and blanket fuel discharged from the ALMR, for further recycle. Using data
from Westinghouse Hanford and Oak Ridge National Laboratory, the ALMR program's
estimated total capital cost of the reprocessing plant, when configured to reprocess WR. fuel, is
$187 million, in 1987 dollars. The cost per unit throughput is 0.62 per g/yr, almost nine-fold
lower than for the recent French plants, as shown in Fig. 8-10. The very low capital cost is
difficult to understand. Because of the small throughput of only 300 Mg/yr, and because of the
additional high-yield transuranic separations, we would expect a cost per unit throughput
greater than that of contemporary PUREX reprocessing.

Salerno, et al. 331 and Thompson 43] also consider a larger central plant to reprocess LWR
spent fuel for eight ALMRs, with a throughput of 2500 Mg/yr. The estimated capital cost of
the modified PUREX-TRUEX plant is 3.5 billion. Te cost per unit throughput of 1.4 per g/yr
is over twice that of their estimate for the smaller 300 Mg/yr plant. This greater economy at
small throughput has not been heretofore experienced in reprocessing plant design. The unit
cost of the large-scale ALMR plant is about four-fold lower than the cost of the French plant in
Table 8.8, even though the French plant is not designed for high-yield recovery of all actinides.

In tracing the basis for the ALMR program's cost estimate of the 2500 Mg/yr reprocessing
plant, we find that 90% of the plant cost was estimated to be due to the PUREX portion of the
plant. In estimating the capital cost of the PUREX portion, ORNL f3, 451 reported a range of
estimated plant costs, scaled to 2500 Mg/yr. The lowest value of that range was adopted by the
ALMR program.

To estimate the PUREX plant cost, ORNL relied on a 1983 estimate made for EPRI by the
Exxon Nuclear Corporation 461. In making that estimate, Exxon relied on the 1976 detailed
design and cost estimate done for them by Bechtel. Exxon corrected for escalation and applied a
scaling law for different throughput. No corrections were made for new regulatory requirements
and increased constant-dollar construction costs, the cost increases demonstrated by the correla-
tion of Fig. 89. In adopting Exxon's 1983 estimate, ORNL again corrected for escalation and
applied its assumed scaling law for a new throughput. No corrections were made for new regu-
latory requirements and increased constant-dollar construction costs. Implicitly, the ALMR
program assumes that a reprocessing plant designed and built today would cost the same, in
constant dollars, as estimated from Bechtel's detailed design in 1976. The important tend of
real costs, established by Wolfe and Judson 371 in 1983, was ignored.

For this reason, in Fig. 8-1 0 we show the ALMR program'sestimated Cst fr the 2500 Mg/yr
reprocessing plant as belonging to 1976, the date of the engineering design and engineering cost
estimate for that plant. We also show the range of uncertainty estimated by ORNL. There is
no reason to believe that the actual cost of that plant, in constant dollars, would not follow the
trend established by Wolfe and Judson, as indicated by the shaded region progressing upwards
and to later years from the 1976 date.

Similarly, Binney, et al., in their 1990 report on reprocessing and transmutation V 1 , adopt
a cost of reprocessing LWR spent fuel based on a 1980 cost data in a eport by the International
Atomic Energy Agency (IAEA) 391. They relied only on cost analyses made before the apidly
rising constant-dollar costs of reprocessing and before the publication of the recent cost of repro-
cessing plants in France and in the UK.
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We conclude that there are very large uncertainties in the reprocessing cost data used by
the ALMR program. The estimates used are certain to be very optin-dstic for aqueous reprocess-
ing and likely to be optimistic for any other kind of reprocessing. Recognizing the realities of
contemporary reprocessing cost, the very feasibility of economical application of the ALMR
concept to recover and recycle actinides from LWR spent fuel is at stake.

Estimated Cost of ALMR 4rochemical Reproces"n

Salerno, et al 331 and Thompson 431 present estimates of the cost of perfonning all ALMR.
by nonaqueous techniques now being explored on a small scale at the Argonne Laboratory. For a
1.4 GWe ALMR with an integrated high-yield reprocessing plant, the throughput for ecycled
metal ALMR fuel is 22 Mg/yr. From data supplied by the Argonne Laboratory a eprocessing
plant cost of 48.1 n-dilion is adopted for reprocessing recycled ALMR fuel, corresponding to a
cost per unit throughput of 2.2 per g/yr. To obtain start-up actinides from LWR fuel, a
different nonaqueous head-end facility and larger first-separation stage for a throughput of 300
Mg/yr are substituted, for an additional cost of 69 million. Thus, when configured to reprocess
LWR fuel by the new nonaqueous, techniques, the cost per unit WIZ throughput is 0.39 per g/yr,
14-fold lower than the equivalent cost from the French plants, as shown in Fig. 8-10.

Summary of Unit Costs of Reprocessing

'Me above cost estimates ae summarized in Table 8.10. Although the ALMR reprocessing
plant for LWR fuel operates for only about eight years to furnish start-up actinides, an equiva-
lent reprocessing cost per unit of product can be calculated for a plant of the same cost per unit
throughput, operating for 30 years, the basis for data in Table 89.

In the lower right comer of Fig. 810 are the estimates from Table 89 of the equivalent unit
costs of processing LWR fuel to start ALMRs, using cost data developed by the ALMR program
for plants of 300 Mg/yr. These ALMR project cost estimates for LWR reprocessing for high-
yield transuranic recovery are about tenfold lower than the average of the contemporary costs.
It is difficult to understand why the more complicated aqueous processes for the ALMR. should
be so much cheaper than the contemporary costs for PUREX aqueous reprocessing.

There is too little experience and engineering information on the pyrochernical processes to
comment on the validity of the cost estimates for pyrochernical operations. However, a com-
parison of the relative costs of aqueous and pyrochemical reprocessing was included in the
duPont cost estimates over fifteen years ago, where it was concluded that pyrochernical epro-
cessing would be more expensive. It is these remarkably low reprocessing costs, for both
modified aqueous reprocessing or pyrochemical reprocessing, together with the use of an unreal-
istically low yearly charge on capital investment of 16%/Yr, that result in the calculated low
fuel cycle cost for the ALMR. The reasons for the much lower capital costs of aqueous
reprocessing used in the ALMR program study have not been noted or addressed in the
publications reviewed for this paper. Until there is developed a cost-estimating technique
that can successfully predict the cost of plants recently built, the validity of any of these cost
estimates for the ALMR program must be questioned.

The Problems of Introducing Commercial Fuel Reprocessing in the U.S.

The high cost of reprocessing LWR fuel now prohibits the use of commercial fuel reprocess-
ing within the U.S. Operating LWR power plants without fuel recycle is far more economical.
Therefore, the ALMR Program, proposed as a means of simplifying geologic disposal, would
necessarily equire the introduction of industrial scale reprocessing of LWR fuel. Consequently,
ALMR introduction would be burdened with all of the new issues of public health and safety of
reprocessing and plutonium recycle that have troubled many countries. Those issues had not
been settled in the U.S. when the U.S. federal policy against reprocessing was adopted.
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Table 89

CAPITAL COST OF CONVENTIONAL AND ALMR REPROCESSING

Cost per Unit Equivalent Unit Cost
Throughput Throughput of Reprocessing

ft /yr ($ RCT g/yr) wkr�

French, PUREX WR Fuel 2 x 800 5.5 1,400

ALMR, PUREX + TRUEX
LWR fuel, 14 GWe 300 0.62 160
LWR fuel, x A GWe 2_5W 1.4 350
ALMR recycle 14 GWe 24 6.7 1,700

ALMR. y1ochernical
LWR fuel, 14 GWe 300 0.39 98
ALMR recycle, 14 GWe 22 2.2 550

Note:
,,Equivalent unit cost of reprocessing" is for a plant of this cost per unit of throughput,
operated for 30 years, 25% capital-charge rate. Operation and maintenance not included.

This puts reprocessing actinide recycle, and transmutation, in a different context than
when studied by Burkholder 21 and Croff, et aL, 131 in the 1970s. Then it was assumed that
reprocessing and recycle of uranium and plutonium to LWRs was already in place and that
actinide recovery and burning would require little more than modifying the expected reprocess-
ing plants for high-yield ecovery of all actinides. Some modification of fuel fabrication oper-
ations would also have been required.

Today the issue is, in part, whether the benefits to geologic disposal from new fuel
reprocessing, and possibly from actinide burning, merit the introduction of commercial fuel
reprocessing plants for that purpose. This is a greater challenge than was faced in the earlier
studies on actinide burning.

Cal2ital Cost of the Actinide-Burning Reactor

The ALMR Program estimates an ALMR fuel-cycle cost only slightly lower than that of
LWRs. Also, the capital cost of the ALMR power plant is estimated to be less than the capital
cost of an advanced WR that could be considered for new construction by a utility, to operate
early in the next century. This contradicts the current experience on fast-breeder reactors in
Europe 471. After France's construction and operation of a small-scale LMR prototype and the
subsequent France/UK-sponsored large-scale prototype LMR, the cost of the next LMR is
expected to be about 50% greater than the cost of an WR of the same capacity.

The European experience cautions care before accepting estimates of the capital costs of
ALMR plants that DOE expects to be financed and constructed by the utility industry.

IS LICENSING SIMPLIFIED?

It is claimed that reprocessing spent fuel to recover and recycle all actinides to actinide-
burning reactors will simplify the licensing of a high-level waste repository. However a geo-
logic repository will still be required, and the long-lived fission products that create the
'100,000-year licensing problem" of a repository remain. If, arguably, licensing a repository in
unsaturated rock could be aided by some of the technical advantages of waste from reprocessing
those licensing benefits must be balanced against the licensing issues that will arise from repro
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cessing LWR fuel in the U.S. and using the recovered actinides for reactor fuel, together with
licensing the construction of actinide-burning liquid-metal reactors, licensing facilities for
reprocessing fast-reactor fuel, and licensing a new facility to store some ALMR wastes for a few
hundred years before they are emplaced in a repository. The formidable undertaking, aban-
doned in the mid-1970s, to reach national policy and regulatory decisions on the Generic
Environmental Impact Statement of Mixed Oxide Fuel, for recycling plutonium fuel, portends
the intensity of new licensing issues to be anticipated. Licensing of the proposed facility for
retrievable storage of ALMR wastes for several hundred years would also be required.

Eventually many of these new licensing issues must be encountered, when we need fast
breeders to forestall rising fuel cost from ore consumption. For the U.S, that ea may be much
later than the present national schedule for high-level waste repositories.

There is needed a careful and realistic balancing of the possible effect of actinide burning
on licensing a igh-level waste repository, weighed against the new licensing issues that must
be addressed in an even earlier time scale to implement the actinide-burning technologies.

DISPOSAL OPTIONS

If the ALMR program were adopted and the first repository were designed and licensed on
the basis of waste of low actinide content and low heat generation, the U.S. repository program
would be committed to operation of ALMRs to modify spent fuel from LWRs. The repository
would not be qualified to handle spent fuel. Tis would foreclose the option to phase out
ALMRs, if they were to prove uneconomical, unless new geologic repositories were then
engineered to dispose of the high-actinide inventory of the ALMRs and their fuel cycle and to
dispose of the waste from replacement reactors, such as spent fuel from WRs.

A variation on the ALMR program goals would be to reprocess only the spent fuel
otherwise destined for the second repository. The low-actinide waste from the reprocessing
operations could then be loaded into the first repository. However, this proposal would not
attain the ALMR program's goal of simplifying the licensing of the proposed first epository at
Yucca Mountain, which would proceed as now towards licensing for disposal of spent fuel.
Assuming successful licensing of the first repository, the incentives to recover and bum actinides
from the spent fuel destined for the second repository would have diminished. If the ALMR
wastes were then stored in the first repository, the total actinide inventory of that repository
would be reduced only about twofold, far from the thousand-fold reduction which is the goal of
the ALMR program.

The ALMR program proposes to reprocess spent fuel and store separated cesium and
strontium for several hundred years, so that these and other ALMR wastes could be loaded
closer together in a geologic repository. If greater areal loading of waste is shown to be
necessary or beneficial to a geologic repository, similar benefit can be achieved by tiered
loading of spent fuel or keeping spent fuel in monitored retrievable storage for several hundred
years before emplacing it in a repository.

INSTITUTIONAL ISSUES

Integrated pyrochemical reprocessing may be feasible for reprocessing and recycling metal
fuel discharged from ALMR reactors. It is not sufficiently demonstrated to be considered fr

commercial application in the 2005-2012 era. The reprocessing costs are very uncertain. It will
be very difficult for an electric utility, under PUC regulation, to justify a power plant that
includes integrated fuel reprocessing, until years of industrial scale experience on fuel reprocess-
ing, under NRC regulation, has ben obtained. ALMR introduction may require a different insti-
tutional arrangement for electric power generation.

There is no showing that U.S. utilities could reasonably and prudently select a liquid-
metal fast reactor to be in operation by 2005 to 2012, or even within the projected time scale of
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the U.S. repository projects. Faced with the challenge of economic choice, reliable operation,
and prudency, utilities can be expected to give priority to new and improved LWRs, based on
the large body of experience from decades of operation. To force the introduction of ALMRs and
their complex fuel cycles according to the schedule proposed by DOE, an entirely different
institutional system for building and operating nuclear power plants and associated fuel-cycle
facilities would likely be necessary.

Fuel reprocessing t ecycle plutonium and uranium in LWRs is not economical in the U.S.
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. Justifying an LWR fuel reprocessing
plant in the U.S. for that purpose would require a long-term commitment for the successive
construction of many ALMR power reactors. An entirely different institutional arrangement for
building and operating reprocessing plants for the commercial nuclear fuel cycle would be
necessary.

The yearly charges on capital investment adopted by the ALMR program are
unrealistically low for commercial eprocessing. Realistic capital charge rates can increase the
reprocessing costs by factors of two to three. Government ownership of fuel reprocessing
facilities would allow a lower charge on capital investment and could benefit the economic
potential of the ALMR program proposed by DOE. However, there is no showing that gov-
ernment ownership would be sufficient to result in reprocessing costs low enough to make the
ALMR and its fuel cycle economically competitive.

Government ownership of the ALMR power plants would improve the chance of the ALMR
to compete economically with advanced LWRs.

Fuel cycle costs of ALMRs with actinide burning are greater than fuel cycle costs of LMRs of
the same era. Therefore, a utility cannot be expected to select an ALMR unless the federal
government supplies some financial incentive for that selection.

To achieve the goals of the ALMR program, ALMRs must be started with actinides recov-
ered from LWR spent fuel. However, because of the high cost of LWR fuel reprocessing, the eco-
nomic potential of the ALMR to produce its own actinide-free waste is greater if it can be
started with federally-owned plutonium from demobilized weapons 1331. It may even be
cheaper to start the ALMRs from highly enriched U-235 than from actinides recovered from
LWR fuels 7]. Those future ALMR breeders could operate as ALMRs to reduce actinide content
in their own waste, but they would not be able to bum actinides from WR spent fuel as now
proposed by the ALMR program. Additional financial incentive would have to be provided for
a utility to select actinides from LWR fuel reprocessing to start an ALMR.

The proposed ALMR program would introduce new technical and institutional issues in-
volving almost every aspect of nuclear power generation, the associated fuel cycles, and waste
disposal. In the present climate of tightening federal funds for DOE's national laboratories and
contractors, with increasing competition for funds for DOE's LMR program and its programs on
waste cleanup and waste management, it may be difficult for DOE to obtain an objective and
comprehensive evaluation of the technical and economic features and of the institutional issues
of the ALMR concept. 

It is difficult for the DOE-funded ALMR program to make meaningful analyses of the eco-
nomic incentives for industry to commit its risk capital to such an involved, complicated, and
unproved means of nuclear power generation. The industry that is expected to invest in ALMR
reactors and reprocessing plants, and the industry that must ultimately bear the responsibility
for design, construction, and cost estimating should be better epresented.

An independent evaluation by the National Academies of Science and Engineering is also
recommended.
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NUCLEAR PROLIFERATION AND SAFEGUARDS

Introducing fuel reprocessing and fast reactors in the U.S. for burning actinides from LWR
spent fuel would raise the issues of nuclear proliferation and safeguards that caused the cancel-
lation of U.S. commercial fuel reprocessing in the 1970s. Those issues must be dealt with even-
tually for the successful introduction of a breeder reactor, whenever that occurs, regardless of
actinide burning. Forcing that introduction into the earlier era of repository design, as poposed
by DOE, would introduce proliferation as an additional issue to be dealt with to obtain the
claimed benefits to waste disposal.

TECHNICAL ANALYSIS AND PUBLIC PERCEPTION

In reviewing the recent publications arguing fr the new DOE-NE program on actinide
burning, I find no facts that dispute the results of earlier studies that found little technical
benefit of actinide burning on waste disposal. However, it is argued that it may be easier to
f1sell a high-level waste repository to the public if it does not contain large quantities of
plutonium and other transuranic elements. It is argued that actinide removal will benefit
"public perception.'

Any individual in our technical community does have, of course, the right of any person to
express his views on societal issues and public perception. However, in doing so, he is no longer
speaking with the authority that he commands on technical matters. In my view, as a member
of society and with no special expertise in public perception a technically expert group arguing
largely on the basis of public perception is likely to turn public perception in the opposite
direction. The public has a right to the facts, and they eventually learn the facts. If the facts
do not support the claims on actinide removal from waste, the public is badly served.

Speaking now as a member of the engineering profession, we are responsible to society to
develop sound technological solutions for social needs. We must convey our technical progress to
society and be responsible to society. But we betray the trust of society if OUT profession
promotes technological decisions on other grounds 351.

CONCLUSIONS

The analysis herein leads to the conclusions stated earlier in tis paper.
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USE OF FAST -SPECTRUM REACTORS FOR HLW BURNING

DISCUSSION

The discussion of the final session of the Conference opened with a representative of
General Electric providing a description of GE's actinide-burning liquid metal-cooled fast
reactor (ALMR) program, and pointing out that the concept of using the reactor to bum actinides
is only a recent development in a long-running program. The objective of the program has
always been to produce a safe, economical base-load breeder reactor power plant. The recent
innovation in actinicle-burning potential has been developed only during the past year,
reflecting the recent revival of interest in gaining the benefits of actinide burning.

How this program relates to the overall nuclear waste management issue was described as
follows: "We see an interaction of our program with actinide burning, which may enhance the
waste disposal program. Dr. Chang's presentation showed the effects of using a synergistic
total fuel cycle involving LWR spent fuel and the ALMR program. Our plan is to design the
reactor, along with completing the design of the integral fuel cycle, as it relates to reprocessing
the liquid metal fuel. We plan to build the plant and demonstrate by test to the NRC the
licensing objectives which we have defined. The scope of that program has yet to be defined.
That is not going to be a simple task.

"We will continue to evaluate the potential for waste management enhancement. The
extension of that waste management enhancement by utilizing, as start-up fuel, the spent fuel
from LWRs is the the issue being discussed today. We feel we can utilize what is now a
liability in the form of spent LWR fuel as a resource for fueling the ALMR. Such use would not
in any way negate the need for the first waste repository. It does have ramifications regarding
size and capacity of that repository, and the timing and possibly design of a second repository.

"It has been mentioned that technitium is a particular problem in satisfying the repository
requirements. Perhaps there will be an opportunity for removing the technetium as well as the
actinides in a chemical process and then transmuting them. I would like to address the
following comment to Prof. Pigford: It appears that your analysis has focused totally on the
waterborne migration of radioactive material from the repository, and has ignored the
potential for other material escape pathways by processes such as earthquakes, volcanoes, or
maybe by someone who mines some of the material that has been deposited there."

Prof. Pigford's reply: "Human intrusion is just as tough to protect against as any other
exposure pathway. The Waste Isolation Pilot Plant WIPP) project has done the most work on
that problem. When they analyze human intrusion tnere, they consider the possibility that in
the future someone will drill and hit waste. That would be bad, but it is not as worrisome as the
waterborne pathway. This is mainly because human intrusion would involve only a few people.
The great problem with geologic repository is that it has the potential of exposing so many
people via other pathways. If someone drills a hole into the repository, ground water may
enter. Some may claim that is not so because the repository monitors will plug the hole.
However, plugs are given a life of only 300 yars in my analyses. I have calculated that water
enters the repository and carries the radionuclides away to people. Magma intrusion is also
possible. he preliminary results are about the same as with water intrusion.

"Concerning technitium, yes, you can burn it, but fast eactors are not very good for this. If
you have a fast reactor with an epithermal region in the neutron energy spectrum, like the Fast
Flux Test Facility (FFrF), you can do this. However, the best reactor of all is the plain old
PWR. Also, we can also recover technitium in both the TRUEX and pyrochemical processes. It
was pointed out in the National Research Council study of high level waste 1983) that in
reprocessing, technitium, iodine, and cesium can be separated and packaged alone. Take the
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example of iodine. All of the iodine from all the 60,000 metric tons of waste could be reacted
with silver to form silver iodide and could then be put into a single waste package. he surface
area of such a package would be so small compared to what it would be if the iodine were to
remain distributed throughout all of the waste Packages that we can calculate the fractional
release rate of iodine to be of order 10-8 per year, rather than 10-3 if the iodine were to remain
uniformly distributed. That value is low enough for iodine releases not to be a problem. This
can also be done with technitium and cesium. So, burning sounds great, but it should be
considered on a time scale of 1000 years of burning. If you find an economical method of
reprocessing separation and reprocessing may prove to be a simpler technique."

In response to a question from one participant concerning the material balance in the
magnesium extraction concept, Dr. Chang explained that the process currently under
consideration will involve approximately 1000 kg of spent LWR fuel per batch. Actinides will
comprise about 1% of this ass, the other 99% will be unprocessed uranium, which will be
stored on the surface as alloy ingots until needed for fast spectrum reactors. This uranium will
have to be reprocessed by remote means. The participant commented that doing this would
create a new set of problems, expanding relatively safe and easily handled spent fuel elements
into a large volume of dangerous material requiring remote handling. He concluded, "Is the
reason for implementing this entire process simply avoiding the requirement fr another
repository for a long time, or do you propose this program so that the wastes will be radioactive
for only four to five hundred years instead of a million? The idea of a utility operating an LMR
plant and reprocessing the fuel is unrealistic. I can not imagine a utility wanting to do that."

One participant observed that Prof. Pigford did not seem unalterably opposed to the con-
cept of actinide burning, and asked whether he believed that a research program in this area to
evaluate technical feasibility is desirable, what schedule of work is needed for timely results
to be produced, and what is the list of key items which Prof. Pigford would recommend to be
investigated?

Prof. Pigford's response: "The most important thing is to reconsider the program's objec-
tives. The objectives and timetable should be reevaluated in order to determine what can be
done when. This should include a realistic examination of costs and investigation of what simi-
lar things cost in other countries.

"The most positive part of the program, which is worth working on, is the fast breeder
reactor. It is the most important new reactor concept in our program.

'Here is my view of the economic evolution of technology development. I studied this
initially concerning the National Research Council Fusion/Hybrid Program, which has many
parallels to the breeder program. We concluded that there must be a significant increase in
uranium ore cost in order to justify the breeder. If the reactor capital costs are greater than
those of LVvRs, no justification can be expected until after 2050.

'On economic grounds I doubt that the breeder can ever survive the high startup cost of
plutonium provided by aqueous reprocessing from LWR fuel. My figure for such fuel is
50 mills/kWh, and that is not being pessimistic. This value is greater than the total estimated
cost of energy from the breeder. I hope we can get it started instead using plutonium from the
weapons program, O by means of a brand-new reprocessing operation which is considerably
cheaper. However, I am extremely conservative on cost estimates.

"Mis attitude is based upon experience. In the United States, we have had reprocessing
plants in West Valley, New York and Barnwell, South Carolina, built by Bechtel. For the
Barnwell plant, the first cost estimate was 60 million; the final cost, before adding facilities
for vitrification, plutonium solidification, etc., was 200 million. And Bechtel tells me that
building that plant today, they could not be sure that they could estimate the costs any better
than previously. We have lost the ability in this country to control the costs of large projects.
That is why we must be conservative and examine actual experience in other countries. My
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conservatism is another reason that I put the era of operation in the post 2050 egion. I am
enthusiastic about reprocessing for that ea."

Dr. Chan& rebuttal: "The year 2050 seems rather far away. We hope to demonstrate
closure of the IFR fuel cycle within the next five years. The Argonne National Laboratory fuel
cycle facility has been undergoing renovations and should be in hot operation by October of
1991. Paramount to that is that if we continue developing pyroprocessing for LWR
applications, after the next five years we can select a reference design concept to apply to the
same fuel cycle facilities for a large scale demonstration. That demonstration may take
another five years. So over the next ten years, I think the WR actinide extraction process can
be demonstrated, if the technology and feasibility work out through that process. So, to the
question of when is the soonest that fast reactors could be commercialized: it is feasible to do, so
that, if the nation has the will fr it, we can go to the start of operation of the fast reactor,
including fuel cycle facilities, by 2005 to 2010. That means that we must make a decision for
proceeding with such project by 1995."

A representative of the Department of Energy provided insight into the DOE's position on
how actinide burning fits into the plan for waste management. "The DOE views actinide
burning as a research and development program. As such, it attempts to answer some basic
feasibility questions. Work is going on at the Experimental Breeder Reactor (EBR-11) and
Argonne National Laboratory to do that. As Dr. Chang has pointed out, we may reach a
decision around 1995 regarding whether to push forward. If so, we must think at least of 2010 or
2015 before deployment of a reactor would be feasible. So we certainly are not considering this
program as being a substitute for current plans to deal with the spent fuel that we now have in
inventory in the United States.

"I become nervous when I hear it said that the DOE does not plan to dispose of WR spent
fuel in the first waste repository. Achieving that may be a hope for someone, but it is not a
statement of the DOE's current thinking. Mr. Young said yesterday that one of the requirements
for going forward with new power eactor orders in the U.S. will be some noticeable progress on
the Yucca Mountain site by 1995. We still look forward to disposing of spent fuel in Yucca
Mountain. Actinide burning, if it proves feasible, can have a significant effect upon long term
waste disposal. But we certainly do not see it as a substitute for the first repository."

Dr. Marvin Miller provided the following comments on energy efficiency and nuclear
proliferation:

1 would like to concur with Dr. Socolow's point of earlier today. We must broaden OUT

views regarding the problem to be worked on. One of the best things to do is improve the end
use efficiency of energy, specifically electricity. But even with greater efficiency, we will need
both greater solar and nuclear power capacity. This is because the non-fossil electrical grid of
the future which we will need if the geenhouse effect is real, will necessarily have to rely
upon both technologies.

'Concerning nuclear weapons proliferation, the topic has pretty much been off the national
agenda since President Carter's administration ten years ago. We in the anti-proliferation
program have been mostly concerned with dedicated weapons development efforts, first in
Pakistan and more recently in Iraq.

"Now, let us consider an R fuel cycle, taking a symbiotic lFR-LWR once-through cycle in
comparison to a reference cycle, the LWR, once-through cycle. The Environmental Protection
Agency (EPA) has estimated that even if we minimize fossil fuel use, we will need a global
nuclear contribution of 818 to 3080 GWe by the year 2100. An important question is that of 'can
we reach that date and those beyond by using the uranium in the ground in once-through fuel
cycles?' The Organization of Economic Cooperation and Development (OECD) estimates that 6
million tons of U308 would be needed. Consequently, you conclude that at some time we will
need a breeder.
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"If all advanced reactors are fueled with low-enriched uranium (LEU) and use a once-
through fuel cycle, in terms of weapons proliferation and subnational terrorism, they are all
similar.

"With the 11711, the issue is that associated flows of plutonium are substantial. In order to
control this flow, we must have International Atomic Energy Agency (IAEA) safeguards. The
way in which the IAEA safeguards nuclear facilities is the way that a bank balances its books.
They measure fissile material inputs and outputs and the changes of inventory. In an ideal
case, the ending inventory minus the beginning inventory equals the feed flow inus the
product. But reality is not ideal. When you measure plutonium flows in bulk form, there is
always a measurement uncertainty, and the resulting residual inventory is material
unaccounted for (MUR The goal of safeguards is to try to detect a material diversion signal
within the noise of the uncertainty.

"The calculation goes like this- Consider the flow rate to be 3000 kg per year. The error
associated with the material balance is one standard deviation, or about 25% of the annual
flow, or 75 kg. If you use elementary decision theory and say we want a detection probability of
95% and false alarm probability of %, the minimum detectable amount of plutonium is approx-
imately 250 kg. We should compare this amount to the IAEA's definition of a significant
quantity of plutonium, approximately the material needed to make a bomb, or a ass of kg.

'So the material balance must be made at least weekly in order to make the detectable
amount in the neighborhood of kg. The technique in use here is known as 'near-real time
material accountancy.' This problem also arises with conventional PUREX reprocessing of spent
fuel. If you take the Japanese facility at 800 tons per year with a MUF of about 1%, and
assuming that plutonium is about 09% of the heavy metal for a PWR, you get comparable
results. Safeguarding the IR will require near-real time material accountancy. It is
achievable, but not easy."
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CONFERENCE SUMMARY

At the conclusion of the Session Discussion, Prof. Michael Golay, the Conference
organizer and moderator, provided the Conference summary:

"Concerning advanced reactors, one of the main themes that emerged from the discussions
was that consensus on how best to blend active and passive safety approaches is unclear. A
number of alternatives have been identified which appear to offer some attraction.
Substantial work to develop them remains to be done, but the good news is that there appear to
be good easons to undertake that work.

"Me discussion on project control and construction showed that the use of modularization
offers a basis for optimism that substantial improvements could be made, providing that a
stable decision-making climate is available for future projects.

"Me topic of public acceptance emerged as the paramount issue of the entire conference.
Prof. Slovic made clear that the essence of the problem is one of trust, not one of beautiful
technological concepts, credible spokesmen, public communications campaigns which tell us
that we can reduce our dependence upon imported oil, or of many other things that were cited
during OUT discussions.

"The international panel presentations were among the most important. It was quite
striking to view the contrast between the situation in Korea, where vigorous growth is coupled
with a variety of approaches to reactor development, and the situations in Italy and Germany
where progress is stalled in the nuclear power programs, and where the important issues are not
concerned with the best reactor development strategies, but rather with how to regain public
trust. That trust could then be used as the basis for pursuing a strategy to provide technological
options attractive for society. These situations are clearly relevant to the United States. We
note that in Japan the nuclear program is proceeding in a somewhat more confident way than in
some of the other industrialized countries, but some questioning of the program is occurring there
also. In Japan the role of technological contributions to answering those questions has not
clearly emerged yet.

"One focus of the Conference was on alternative ways of evaluating safety. The suggestion
was made by Prof. Lidsky that reliance on physical tests could be such a means of evaluation. I
see his suggestions as important less in terms of whether they are implemented literally than
in tenrns of the catalyst which they may provide for new thinking about nuclear safety and
about the evidence which one must provide in order to gain acceptance for new technologies in
various societies. So, the role of the suggestion for licensing by tests may be more analogous to
the role of the PIUS eactor in provoking new directions of thinking about the issues of safety
rather than because they are or are not realized as practical outcomes. Surely we will see more
reliance on physical tests and use of prototypes in fture reactor programs, but the details of
how they become implemented may be less important than the basic suggestion to utilize
testing in safety regulation.

"Concerning nuclear waste disposal and actinide burning, an interesting aspect of the
discussion was disagreement concerning technical questions, i.e., what are the feasibility and
value of different chemical processes, what are associated costs and schedules? These things
would normally be considered in a technical development program. Yet they have taken on an
importance that goes beyond mere technology development, because they reflect the frustration
that has arisen in trying to deal with the nuclear waste problem overall. Had Yucca Mountain,
or its pedecessors O the other attempts that have been tried for dealing with wastes here,
been preceding well, we probably would not have had the item of actinide burning on the
agenda today. However, actinide burning has been taken up in the public debate, as what could
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hopefully be a technical solution O at least a means of relieving the existing impasse in
decision-making on terrestrial waste disposal.

"As the discussion in the last session bught out, no fatal technical impediments to
actinide burning were identified. The message of today's discussions is that there is substantial
work to be done in order to render actinide burning a practical reality. The agenda for doing
this is ambitious, it will require large commitments of both time and resources, but the
possibility of success is a reason to try to find out whether it can work. Substantial uncertainty
exists concerning when actinide burning could be useful, how much it would cost, and in the end
whether it would be worthwhile.

'The discussion of waste disposal was stimulated by Mr. Aheame's point in the beginning
of the afternoon that the process being used in the United States for disposal appears to be
sterile. However, we have evidence from other countries that a more gradual approach, one
that is more consensual, may indicate that terrestrial disposal can be achieved successfully In
reality, definitive evidence is not yet in, but it povides food for thought regarding how we
should proceed in the United States, and reasons to consider that perhaps the path we are on
now might not succeed. Mr. Cotton pointed out, rightly, that the available evidence also does
not permit us to say that we are doomed to fail, particularly if we are a little more careful and
thoughtful.

"So, in the end, we are left with a theme of optimism, in that the technology which we
have been discussing offers significant promise for success if the future work continues to be done
in a comprehensive way. But the future is uncertain. Future success with nuclear power will
require that the best minds be applied to its problems. That is one of the main reasons why we
at MIT have stuck with the nuclear power enterprise and have tried to aintain a leading role
in it, it is why we have created our Program on Advanced Nuclear Power Studies, and why we
shall continue with that program.

"I reiterate that this Conference is the first of a series. We expect to hold the second in
about 18 months. We will be in a process of re-evaluating the lessons of this Conference, to
make the next more successful. You always learn something useful with a first experience.
However, I am gratified with the experience of this Conference. Our last remaining task for
the Conference is to produce its proceedings. Our goal is to have a document available for public
distribution in early 1991. Finally, I wish to thank all of the conference participants for their
thoughtful contributions and spirited discussions."
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APPENDIX C

IMPLEMENTATION OF THE SAFETY GOALS, SECY-89-102

This Appendix contains the most recent statement of the NRC's Safety Goals. The
formulation of the goals has changed somewhat since their initial promulgation in 1983 as
they have been refined and problems of their practical application have been considered. This
process appears likely to continue. Thus, the version pesented here might be considered as an
interim formulation.
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UNITED STATES

C1 NUCLEAR REGULATORY COMMISSION
WASHINGTON. D.C. 20555

41 June 15, 1990

OFFICE OF THE
SECRETARY

MEMORANDUM FOR: James M. Taylor, Executive Director
for Operations

FROM: Cki%§uel J. Chilk, Secretary

SUBJECT: SECY-89-102 - IMPLEMENTATION OF THE
SAFETY GOALS

The commission's objective in publishing the Safety Goal Policy
statement was to define an acceptable level of radiological risk
from nuclear power plant operation. The Commission also believed
that by establishing a level of safety considered to be safe
enough, public understanding of regulatory criteria and public
confidence in the safety of operating plants would be enhanced.
In formulating the policy, the Commission indicated that it
believed that current regulatory practice ensured compliance with
the basic statutory standard of adequate protection; but the
commission also believed that current practices could be improved
to provide a better means for testing the adequacy of current
requirements and the possible need for additional requirements.
In establishing this policy, the Commission adopted two
qualitative safety goals that are supported by two quantitative
health effects objectives for use in the regulatory decision
making process. The Commission reaffirms its endorsement of
these earlier initiatives. The Commission has approved the
following actions relating to the Safety Goal Policy Statement:

1) Probabilistic risk assessment (PRA) is used as a tool
to provide measures of plant performance and overall
risk to the public. Insights can be drawn from this
information to evaluate the consistency of regulations
with the safety goals and, to identify possible changes
in the regulations that make them more consistent with
the safety goals. The result of the several PRA level
calculations (i.e., core damage probability, source
terms, consequence estimates), as well as the results
of the various internal steps within each level, can be
compared with certain specific regulatory requirements.
This has resulted in the suggestion that the Safety
Goals and health objectives be partitioned into further
subsidiary objectives. While the Commission believes

NOTE: THIS SRM AND THE SUBJECT SECY PAPER WILL BE MADE PUBLICLY
AVAILABLE 10 WORKING DAYS AFTER ISSUANCE OF THE SRM.
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that such "partitioned" objectives can be useful in
making regulatory decisions and improving regulatory
practices, it does not believe it is necessary to
specifically incorporate the partitioned objectives
into the Safety Goal Policy Statement.

2) In the Safety Goal Policy Statement, the Commission
proposed for further staff examination a guideline for
general plant performance that the overall mean
frequency of a large release of radioactive materials
to the environment from a reactor accident should be
less than in 1,000,000 per year of reactor operation.
The examination of this proposed guideline by the staff
has resulted in a conclusion that specifying this
frequency as an overall mean value is inherently more
conservative than either of the quantitative health
effects objectives. However, this more conservative
result is within an order of magnitude of the
Commission's health objectives and provides a simple
goal which has generally been accepted. The Commission
believes that the basic concept of a plant performance
objective that focuses on accidental releases from the
plant and eliminates site characteristics, as suggested
by the ACRS, is appropriate. The staff should evaluate
and advise the Commission whether such an objective can
be developed and how it would be useful. In conducting
this evaluation, the staff should formulate a new
definition for large release and supporting rationale
consistent with this approach.

(EDO) (SECY Suspense: 928/90)

3) The staff, in developing and reviewing regulations and
regulatory practices, should routinely consider the
safety goals. To achieve this objective, the staff
should establish a formal mechanism including
documentation for ensuring that future regulatory
initiatives are evaluated for conformity with the
safety goal. (Recognizing that the state of knowledge
is such that the degree to which regulatory issues can
be related to the safety goals will vary considerably,
the staff's consideration of the safety goals could
range anywhere from quantitative risk comparisons
involving the safety goals themselves to a
deterministic judgment that, in light of the safety
goals and available knowledge (or lack thereof), a
given issue does or does not warrant a change to the
regulations or regulatory practices.)

(EDO) (SECY Suspense: 11/30/90)

4) Implementation of the safety goal may require
development and use of "partitioned" objectives. In
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general, the additional objectives should not introduce
additional conservatisms. The staff should bring its
recommendations on the use of each such subsidiary
objective to the Commission in the context of the
specific issue for which it would be useful and
appropriate, and explain its compatibility with the
safety goals. Based upon the NRC's review of a sample
of plant PRAs, it appears that these plants not only
meet the quantitative health effects objectives but
exceed them. This may or may not reflect excessive
conservatism in regulations. While there have been
improvements in PRA techniques, uncertainties in the
summary results are still such that quantitative PRA
objectives should not be used as licensing standards or
requirements.

The Commission believes that the safety goal objectives
should be applied to all designs, independent of the
size of containment or character of a particular design
approach to the release mitigation function.
Accordingly, for the purpose of implementation, the
staff may establish subsidiary quantitative core damage
frequency and containment performance objectives
through partitioning of the Large Release Guideline.
These subsidiary objectives should anchor, or provide
guidance on "minimum" acceptance criteria for
prevention (e.g. core damage frequency) and mitigation
(e.g. containment or confinement performance) and thus
assure an appropriate multi-barrier defense-in-depth
balance in design. Such subsidiary objectives should
be consistent with the large release guideline, and not
introduce additional conservatism so as to create a
de facto new Large Release Guideline.

A core damage probability of less than I in 10,000 per
year of reactor operation appears to be a very useful
subsidiary benchmark in making judgements about that
portion of our regulations which are directed toward
accident prevention.

Containment performance objectives for evolutionary and
advanced dsigns should be submitted to the Commission
for approval, together with a justification for the
recommended approach. In developing recommendations
the staff should assure that:

a) The CUP objective is not so conservative as
to constitute a de facto new "Large Release
Guideline."

b) Establishment of a CCFP should be approached
in such a manner that additional emphasis on
prevention is not discouraged. In this
regard, staff should develop appropriate
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guidance for establishing CCFPs to address
this concern and provide a uniform
methodology for implementing such an
approach.

C) Recognizing that it is entirely possible that
a deterministically-established containment
performance objective could achieve the same
overall objective as a CCFP, staff should be
prepared to review the merits of such an
approach (if proposed) and, if workable,
accept such an approach as an alternative to
a CCFP.

The Commission has no objection to the use of a 10-1
CCFP objective for the evolutionary design, as applied
in the manner described above.

Within a particular design class (e.g., LWRs, LMRs,
HTGRs) the same subsidiary objectives should apply to
both current as well as future designs. A specific
subsidiary objective might differ from one design class
to another design class to account for different
mitigating concepts (e.g. confinement instead of
containment). However, the Large Release Guideline
relates to all current as well as future designs.

These partitioned objectives are not to be imposed as
requirements themselves but may be useful as a basis
for regulatory guidance.

5) It is important to note that the Commission has made it
clear in the advanced plant and severe accident policy
statements that it expects that advanced designs will
reflect the benefits of significant research and
development work and experience gained in operating the
many power and development reactors, and that vendors
will achieve a higher standard of severe accident
safety performance than their prior designs. The
industry's goal of designing future reactors to a core
damage probability of less than in 100,000 per year
of reactor operation (EPRI for ALWRs and GE for the
ABWR) is evidence of industry's commitment to RC's
severe accident policy. The Commission applauds such a
commitment. However, the NRC will not use industry's
design objectives as the basis to establish new
requirements.

6) In order to enhance our regulatory process for the
current generations of plants, the Commission believes
the staff should strive for a risk level consistent
with the safety goals in developing or revising
regulations. In developing and applying such new
requirements to existing plants, the Backfit Rule
should apply.
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7) The Commission supports the use of averted on-site
costs as an offset against other licensee costs (and
not as a benefit) in cost-benefit analyses.

8) Both the staff and ACRS agree that the safety goal
objectives and other relevant objectives should be used
to identify possible changes in the regulations
applicable to nuclear power plants; however, the task
of undertaking a total review of the whole body of
applicable regulations and regulatory practices appears
to be a massive, resource intensive effort. The staff
should describe a plan, with specific detail, for
assessing the consistency of our regulations with the
safety goals and for identifying and possibly
eliminating unnecessary requirements, and modifying
requirements that may be inadequate. This may fold
in current work to review regulations and eliminate
unnecessary requirements, and plans to use IPE-PRA
information to make comparisons of current regulations
with safety goal objectives. The staff should consider
whether a trial case of limited scope may be a useful
way to proceed with this request.

,(EDO) (SECY SUSPENSE: 12/91)

9) In stating that quantitative objectives can be useful
in making regulatory decisions to address safety
issues, the Commission recognizes the uncertainties
associated with the numerical results of PRA. Some
issues (e.g., human performance) also do not readily
lend themselves to quantitative comparisons.

Therefore, the staff in applying the criteria provided
in 10 CFR Part 52 may conclude that additional
requirements are needed based on experience with prior
designs in order to provide substantial assurance that
future designs will meet the level of safety provided
in the Safety Goal Policy Statement. The staff should
elevate such safety issues to the Commission for
consideration and should not be constrained from
proposing new requirements where benefits cannot be
quantified in terms of risk.

10) The Commission believes that "adequate protection" is a
case by case finding based on evaluating a plant and
site combination and considering the body of our
regulations. Safety goals are to be used in a more
generic sense and not to make specific licensing
decisions. It is not necessary to create a generic
definition of adequate protection, nor is it necessary
to amend the Safety Goal Policy Statement in order to
provide a direct relationship between the safety goals
and the concept of adequate protection.
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11) The Commission agrees that it must not depart from or
be seen as obscuring the arguments made in court
defending the Backfit Rule.

Tilese arguments clearly established that there is a
level of safety that is referred to as "adequate
protection". This is the level that must be assured
without regard to cost and, thus, without invoking the
procedures required by the Backfit Rule. I/ Beyond
adequate protection, if the NRC decides to consider
enhancements to safety, costs must be considered, and
the cost-benefit analysis required by the Backfit Rule
must be performed. The Safety Goals, on the other
hand, are silent on the issue of cost but do provide a
definition of "how safe is safe enough" that should be
seen as guidance on how far to go when proposing safety
enhancements, including those to be considered under
the Backfit Rule.

12) The term "credible" is used in Part 100 and has in some
instances been given a probabilistic interpretation or
definition by the staff which is more stringent than
the Large Release Guideline. This lack of uniformity
should be addressed by the staff in conjunction with
the staff's efforts on siting.

13) All commissioners agree that how well a plant is
operated is a vital component of plant safety. In
order to improve communication to the public, ACRS
has recommended that this fact be given more prominence
in the Safety Goal Policy Statement as a major element

on a related point, the presumption is that compliance with
our regulations provides adequate protection. The converse,
however, is not true, i.e. adequate protection does not
necessarily require compliance with the body of our
regulations. The Commission can and does grant exemptions
to specific requirements in our regulations as long as we
assure adequate protection is achieved by other means.
Moreover, we also have regulations which go beyond adequate
protection and have been issued to enhance safety e.g. the
Station Blackout Rule. Thus, if an "enhancement" passes the
tests of the Backfit Rule, there is nothing to prohibit its
imposition other than the guidance provided by the Safety
Goals policy.
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of uncertainty, recognizing that it is not quantifiable
in a fashion similar to the ther objectives. The
current wording of the policy statement contains such a
message implicitly; therefore, the Commission does not
believe a change is necessary. The staff should,
however, recognize this as a major element of
uncertainty when referring to the safety goals in
making regulatory decisions.

cc: Chairman Carr
Commissioner Roberts
commissioner Rogers
commissioner Curtiss
Commissioner Remick
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