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ABSTRACT

The Secretary of Energy requested the National Academy of Sciences (NAS)
Committee on International Security and Arms Control to evaluate disposition
options for weapons-grade plutonium. The Idaho National Engineering Laboratory
(INEL) offered to assist the NAS in this evaluation by investigating the technical
aspects of the disposition options and their capability for achieving plutonium anni-
hilation levels greater than 90%. This report was prepared for the NAS to document
the gathered information and results from the requested option evaluations.

Evaluations were performed for 12 plutonium disposition options involving five
reactor and one accelerator-based systems. Each option was evaluated in four tech-
nical areas: (1) fuel status, (2) reactor or accelerator-based system status, (3) waste-
processing status, and (4) waste disposal status. Based on these evaluations, each
concept was rated on its operational capability and time to deployment. A third rat-
ing category of option costs could not be performed because of the unavailability of
adequate information from the concept sponsors,

Based on these evaluations, the INEL believes that if plutonium annihilation lev-
els greater than 90% are desired by policy, only those options that reprocess irra-
diated fuel can reasonably achieve this goal. Half of the disposition options
evaluated included reprocessing. The four options achieving the highest rating, in
alphabetical order, are the Advanced Light Water Reactor with plutonium-based
ternary fuel, the Advanced Liquid Metal Reactor with plutonium-based fuel, the
Advanced Liquid Metal Reactor with uranium-plutonium-based fuel, and the Mod-
ular High Temperature Gas-Cooled Reactor with plutonium-based fuel. Of these
four options, the Advanced Light Water Reactor and the Modular High Tempera-
ture Gas-Cooled Reactor do not propose reprocessing of their irradiated fuel. Time
constraints and lack of detailed information did not allow for any further ratings
among these four options. The INEL recommends these four options be investi-
gated further to determine the optimum reactor design for plutonium disposition.

DISCLAIMER

This report was prepared as = account of work sponsored by an agency of the United Statgs
Government. Neither the United States Government nor any agency thew?f, nor any of (hel-l'
employees, makes any warranty, express or implied, or assumes any legal liability or ;spc:ns:-
bility for the accuracy, completeness, or usefulness of any ,nformguon. apparatus: produc! ,f or
process disclosed, or represents that its use would not infringe anatcly owned rights. Refer-
ence herein to any specific commercial product, process, or service by.tradc name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, rec.om-
mendation, or favoring by the United States Government or any agency thereof. The }ne\;'s
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.




SUMMARY

The Secretary of Energy requested the National
Academy of Sciences (NAS) Committee on
International Security and Arms Control (CISAC)
to evaluate disposition options for weapons-grade
plutonium. The Idaho National Engineering Labo-
ratory (INEL) offered to assist the NAS in this
evaluation. The NAS indicated that gathering
information from the sponsors of reactor and accel-
erator-based options on the capability of their sys-
tems to annihilate plutonium (destruction of 90%
t0 99.9% of the plutonium) and providing an evalu-
ation of this information would be very beneficial
in selecting a preferred plutonium disposal
method. This report was prepared for the NAS to
document the gathered information and the results
from the requested option evaluations.

The following four areas were identified where
additional information could provide increased
understanding of the capability of the reactor and
accelerator-based options to annihilate plutonium:
(1) fuel status, (2) reactor and accelerator-based
system status, (3) waste-processing status, and
(4) waste-disposal status. A set of questions was
developed in each of these areas and transmitted to
the following option sponsors for response:

. Brookhaven National Laboratory—Particle
Bed Reactor (PBR)

e General Atomics—Modular High Tempera-
ture Gas-Cooled Reactor (MHTGR)

e  General Electric Company/Argonne National
Laboratory—Advanced Liquid Metal

Reactor (ALMR)

e Los Alamos National Laboratory—
Accelerator-Based Conversion System
(ABC)

e  Oak Ridge National Laboratory—Molten
Salt Reactor (MSR)

e Westinghouse Savannah River Company—
Advanced Light Water Reactor (ALWR).

Responses from sponsors, together with the
original proposals, were reviewed and evaluations
of option capabilities were made. A summary of

results for each of the four areas and a recom-
mended grouping of plants according to plutonium
annihilation capabilities follows.

Fuel Status

Previous fuel development work for many of the
options concentrated on uranium-based fuel. As a
result, plutonium-based fuel development has been
limited and demonstration of full-scale fuel fab-
rication has not been made. Based on the current
fuel status, the development and fabricatior, ~f plu-
tonium-bearing fuels will be on the critical path if
annihilation of a high percentage of the plutonium
(90% or greater) is desired. Fuel development will
consume much of the time required to design and
construct any of the reactor or accelerator-based
options.

Two fuel forms have been proposed for both the
ALMR and ALWR options. A uranium-plutonium-
based metal fuel has been proposed for the ALMR
reference fuel cycle (referred to as ALMR-R)and a
plutonium-based metal fuel for a maximum burner
or annihilation cycle (ALMR-MB). A mixed oxide
(MOX) fuel has been proposed for the ALWR
(ALWR-MOX) and also a ternary fuel (ALWR-T)
to provide more rapid plutonium annihilation.

Fuel development of the ALWR-MOX has been
completed. Irradiation testing of the ALMR-R fuel
is under way at Argonne National Laboratory
(ANL). Vital developmental work remains for the
ALMR-MB, ALWR-T, and MHTGR fuels. Signif-
icant development work will be required for the
fuel and the components associated with the core
region (frits, etc.) for the PBR. Insufficient
information on fuel development needs was pro-
vided by sponsors of the ABC and MSR, but
reviews by the INEL indicate that additional fuel
development is required.

The INEL believes that sponsor estimates for
fuel fabrication facility costs and schedules may be
optimistic because experience with uranium oxide
fuel cannot be directly extrapolated to plutonium-
based fuel fabrication. Plutonium fuel facilities
will have more complex and difficult safety and



environmental issues to resolve. In addition, all
fabrication and storage facilities will likely be
funded by the Department of Energy (DOE) and
reside on a highly secure DOE reservation, which
could result in higher costs and longer schedule
durations. Operating costs and durations are
expected to be greater than currently encountered
for uranium-based fuel. However, operating costs
are a small part of the overall costs of the plant.

Reactor and Accelerator System
Status

The INEL believes that annihilation of pluto-
nium is preferred over denaturing. Furthermore,
because it is possible to construct a nuclear explo-
sive device from a wide range of plutonium isoto-
pic concentrations, the INEL believes that the
capability to annihilate all five plutonium isotopes
(238py, 239pu, 240py, 241py, and 242Pu) is a better
measure of a concept’s effectiveness than the
capability to annihilate just the 23°Pu and 2*!Pu
isotopes. A discussion of the capabilities of the
reactor and accelerator-based options to annihilate
plutonium follows.

The original ALWR option description proposed
using mixed oxide (MOX) fuel for disposition of
plutonium. The ALWR sponsor response states
that ternary fuel (PuQ;-ZrO,-Ca0) is now the pre-
ferred fuel. The INEL believes that the change in
ALWR fuel choice is possibly because use of MOX
fuel to annihilate 50 MT of plutonium would
require long periods of time or large numbers of
reactors. Numerous fuel-reprocessing cycles
would be necessary. Although the use of existing
commercial reactors may be possible, reprocessing
would likely become the critical path for mission
completion. Large amounts of spent fuel would
have to be shipped to centralized reprocessing faci-
lities, increasing the potential for diversion. In
addition, the time and cost to license a large num-
ber of commercial light water reactors (LWRs) for
MOX fuel could be substantial. Because commer-
cial LWRs are not standardized, it is likely that the
Nuclear Regulatory Commission (NRC) would

vi

have to consider the licensing of MOX fuel on a
plant-by-plant basis.

ALWR-T and MHTGR options are capable of
annihilating high percentages of 23Pu and **'Pu
without reprocessing. The ALWR sponsor pro-
poses using a ternary fuel to achieve annihilation of
a significant fraction of the total plutonium iso-
topes without reprocessing. ALWR-T high anni-
hilation percentages can only be reached through
in-reactor fuel assembly resident times signifi-
cantly longer than current LWR fuel assemblies
typically experience. Further investigation would
be required to determine whether ALWR-T fuel
assembly materials could survive long resident
times without being refurbished. The MHTGR
sponsor proposes employing a fuel management
scheme that involves shuffling irradiated fuel
blocks into the core reflector region to achieve
annihilation of large fractions of all plutonium iso-
topes. Further investigation would be required to
determine the practicality of such a fuel manage-
ment scheme.

Calculations by option sponsors indicate that
concepts with reprocessing can achieve near total
plutonium annihilation in shorter durations than
nonreprocessing options. A comparison of the plu-
tonium depletion rates of all reactor and accelera-
tor-based concepts is provided in Figure S-1. As
seen from this figure, the ABC, ALMR-MB, MSR,
and PBR reprocessing concepts can achieve near
total annihilation in a 32- to 45-year period. The
MHTGR fuel scheme does not allow for reproces-
sing of all irradiated fuel and annihilation levels
achieved by other reprocessing options cannot be
attained by the MHTGR. Total annihilation of the
weapons-grade plutonium can be accomplished for
the ALMR-R concept, but over an estimated
160-year period. The INEL believes that the best
nonreprocessing option is the ALWR-T. The maxi-
mum achievable annihilation level for this concept
is 65% over a 32-year period. Table S-1 shows the
time required to annihilate various percentages of
50 MT for the options that use reprocessing.
Results from this table indicate that the concepts
that can annihilate total plutonium quickest are the
ABC and ALMR-MB. These concepts are closely
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Table S-1. Time required to annihilate various fractions of 50 MT Pu for reactor and accelerator systems,

assuming reprocessing of the irradiated fuel.

Annihilation time (years)?

Concept MW(t)

90% 95% 99% 99.9%
ABC 4,260 37.8 39.9 41.6 42.0
ALMR-RP 4,239 144.1 152.1 158.5 159.9
ALMR-MBF¢ 4,239 37.9 40.0 41.7 42.1
ALWR-Td 3.636 NR NR NR NR
MHTGR 4,050 39.8 42.0 43.8 U
MSR 3,030 53.2 56.1 58.5 59.0
PBR 3,600 448 47.3 49.3 49.7

U—This level of annihilation is unachievable.
NR—No reprocessing proposed.

a. 75% capacity factor assumed for each concept.

b. ALMR reference fuel cycle with 0.61 conversion ratio.

c. ALMR maximum burner fuel cycle with 0.02 conversion ratio.

d. ALWR ternary fuel with one-third reload fuel management scheme.

followed by the MHTGR and PBR. However, no
method has been proposed for reprocessing the
MHTGR or PBR fuel particles. In addition, the
ABC, MSR, and PBR concepts are not highly
developed and will require a significantly longer
time period to implement and deploy.

Technology development issues must be
resolved for all reactor and accelerator-based sys-
tems. Criticality and reactivity control during reac-
tor operation must be examined when annihilating
large percentages of plutonium. Development
work on a reactor concept similar to the PBR
option in the Commonwealth of Independent
States indicates that substantial development work
is required for the PBR. Specific technology devel-
opment issues for the ABC, MSR, and PBR
options were not identified because these concepts
are in a preliminary stage of conceptual develop-
ment. It is clear that significant issues relating to
materials, design, and fabrication would have to be
resolved before these concepts could be
constructed.

viii

The INEL believes that sponsor estimates for
system development and construction costs and
schedules are optimistic and that costs would be
higher and schedules would be longer than pre-
dicted. Startup and operational costs are expected
to be similar to those of currently operating reactor
facilities on a per reactor basis.

Waste-Processing Status

A detailed technical assessment of the waste-
processing area was not performed by the INEL.
Waste characterization work will be necessary for
all plutonium-based fuels. Waste processing is an
integral part of the ABC, ALMR, and MSR. Tech-
nical development of the ALMR waste-processing
system is under way at ANL. Waste processing for
the ABC and MSR requires process and compo-
nent development for plutonium-based fuels. The
sponsor indicated that waste processing is not nec-
essary for the PBR because no reprocessing is pro-
posed and the particles would be packaged and sent
to a waste disposal facility. Waste processing for



pletely evaluated. Oak Ridge National Laboratory
examined disposal of uranium-based MHTGR fuel
and concluded fuel elements could be safely placed
in a repository without waste processing. Waste
processing for the ALWR-T fuel would require
more complex and time-consuming processes than
the MOX fuel. Some benchtop development work
for the uranium-based ternary fuel has been done.

Waste-Disposal Status

Several waste-disposal packages are possible
using reactors or an accelerator. Each of the pos-
sible waste packages has disposal issues that must
be considered in a comparative evaluation process,
including:

¢ Repository Availability. The likelihood of
waste from the reactor or accelerator-based
concepts going to the first geological reposi-
tory is very low and plans for a second reposi-
tory have not been initiated. Monitored
storage of plutonium, or its denatured form.
could be required for several decades.

e Repository Control. There are two key
variables in the control of material in a repos-
itory: control/containment of radioactive
material and control of criticality. Criticality
control is difficult to demonstrate to the gen-
eral public because the fissionable material
decays very slowly, which means material
could be available to form a critical mass for
long periods of time. In addition, there is no
evidence that the containment material will
last the long times necessary to prevent the
fissionable material from migrating into a
critical geometry.

e Waste Forms and Characterization
Programs. Any new waste forms will
require characterization and performance
testing prior to acceptance at a future geo-
logic repository.

Several option sponsors recognized these issues
and it is clear adequate consideration of waste dis-
posal needs in all options requires further inves-
tigation. Although it does not appear that any

concept has a notable advantage in the waste char-
acterization arca, the ABC, ALMR, and MSR con-
cepts all have decreased repository requirements
such as radioactive lifetime of their final fuel form
and minimal criticality control issues. Further
study is required to characterize each option’s
waste streams and long-term storage implications.

General Rating of Plutonium
Annihilation Options

The INEL produced ratings for the reactor and
accelerator-based systems considering only
options that have the capability to annihilate large
fractions of weapons-grade plutonium. These rat-
ings have a different basis than ratings produced by
Lawrence Livermore National Laboratory (LLNL)
because its ratings considered options that dena-
tured plutonium as well as options that annihilated
some or most of the plutonium. For the INEL's rat-
ing, three areas of comparison were selected:
(1) operational capabilities of the ission options,
(2) time required to deploy reactor or accelerator,
and (3) cost estimates based on sponsor-supplied
information. A brief discussion of the first two
areas follows. Insufficient valid cost data are avail-
able to develop sound estimates for future use. Fur-
ther work is required to produce defendable and
comparable cost estimates.

The methodology for rating operational capabil-
ity of the options followed the rating methodology
developed by LLNL. Four stages of operational
capability were defined as:

e Concept Feasibility (CF). The physical
principles associated with the concept are
well understood and general feasibility has
been established.

¢ Engineering Feasibility (EF). The engi-
neering system, subsystems, and major com-
ponents have been identified and their
performance has been generally established.
A design basis, including design basis acci-
dents and preliminary system response to
such events, has been developed.




e  At-Scale Operation (ASO). A successtul
operation, which is larger than bench scale
and smaller than full scale exists.

* Presently-Existing Capability (PEC).
Similar, but not necessarily identical, systems
are currently operating successfully.

Table S-2 summarizes the rating of options. The
most significant change in this table from the
LLNL report is in rating of engineering feasibility
for the ALWR. In examining the sponsor’s
information, the INEL concluded the ternary fuel
requires additional development before its engi-
neering feasibility becomes definite. Ratings of
ABC, MSR, and PBR were listed as partial because
engineering feasibility has not been proven for all
systems components.

Categorization by time to deployment is based
on a system capable of annihilation of plutonium.
Information from the LLNL report was used in
categorization, but different durations were
assigned. Table S-3 shows options falling into

three distinct groups. The ALMR-R uses tuel cur-
rently developed and replaces blanket material.
Results show that it would take approximately
144 years to annihilate 90% of the assumed S0 MT
of plutonium. The ALMR-MB, ALWR-T, and
MHTGR would fall within the same deployment
period because cach requires fuel development and
testing for plutonium-based fuel. The ABC, MSR,
and PBR require additional development and
design efforts.

Recommendations

Because insufficient time and information was
available to the INEL to perform detailed compari-
sons of each concept, the INEL recommends fur-
ther study of the what it believes are the top four
concepts—ALMR-R (Advanced Liquid Metal
Reactor with reference fuel cycle), ALMR-MB
(Advanced Liquid Metal Reactor with maximum
burner fuel cycle), ALWR-T (Advanced Light
Water Reactor with ternary fuel), and MHTGR
(Modular High Temperature Gas-Cooled Reactor).




Table S-2. Operational capability of plutonium annihilation options.

ALMR-R  ALMR-MB ALWR-T MHTGR  ABC MSR PBR
CF Yes Yes Yes Yes Yes Yes Yes
EF Yes Probably®  Probably¢  Probablyd  Partiald Partial®:f  Partial®
ASO Probably®  No No No No No No
PEC No No No No No No No

a. Assuming Fuel Cycle Facility operation.

b. Based on experience with uranium plutonium-based fuel, recognizing the need for additional fuel

development work.

c. Based on experience with uranium-based ternary fuel, recognizing the need for additional fuel

and reactor kinetics development work.

d. Assuming review of Peach Bottom PuO> TRISO particle tests will validate fuel performance and
acceptable plutonium core accident response can be established.
Requires large scale-up of MSR.
f.  Design basis, including design basis accidents, has yet to be developed.

Table S-3. Ranking of plutonium annihilation options based on time to deployment.

Group Concept rankings Comments
I ALMR-R Moderate extension of current technology, but a slow
(5~10 yn) annihilation option
I ALMR-MB Technical development of plutonium-based fuel required
(10-20yr) ALWR-T Technical development of plutonium-based fuel required
MHTGR Technical development of plutonium-based fuel required
I ABC Extensive technical development of concept required
(20-30 yr) - , . .
MSR Extensive technical development of concept required
PBR Extensive technical development of concept required

Xi
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Comparison of Flutonium
Disposition Options

1. INTRODUCTION

Nuclear weapons in both the United States and
Commonwealth of Independent States will be dis-
mantled as a result of recent nuclear arms reduction
agreements. Plutonium removed from these weap-
ons must be dispositioned in a manner that will pre-
vent future use for hostile purposes. A wide range
of methods for denaturing or annihilating the pub-
lished 50 metric tons (MT) processed by the United
States have been proposed. The Secretary of
Energy requested the National Academy of
Sciences (NAS) Committee on International Secu-
rity and Arms Control (CISAC) to evaluate dis-
position options.

The ldaho National Engineering Laboratory
(INEL) staff is supporting the CISAC Reactor
Panel by providing technical analysis in three spe-
cific areas:

l.  Assistance in evaluation of proposals sub-
mitted by sponsors of reactor and accelerator-
based concepts by providing a basis from
which objective comparisons can be made.

2. Evaluation of the feasibility of using pluto-
nium fuels (without uranium) for disposal in
existing commercial light water reactors
(LWRs).

3. Preconceptual analysis for a reactor specifi-
cally designed for destruction of weapons-
grade plutonium.

This volume presents the results of the INEL'’s
activities to date in the first area. Separate volumes
address the other two areas.

The CISAC Reactor Panel indicated particular
interest in an outline of bounding cases for the dis-
position of plutonium. For reactor and accelerator
options, the following bounding cases were pro-
posed:

o If policy dictates burning up as much of the
plutonium as possible with a once-through
cycle (avoiding the cost and complexity of
reprocessing), what would be the best
approach?

e If policy dictates annihilating the plutonium
(t0 99.9%), including reprocessing, what
would be the best approach?

At a meeting in Berkeley, California, between
the INEL and the CISAC Reactor Panel, plutonium
annihilation levels ranging from 90% to 99% were
discussed. An additional request was received for a
calculation of 99.9% (or perhaps parametric curves
of different percentages versus time). A final
request was received to identify potential technical
issues that could delay implementation of reactor
or accelerator options. These two questions and
requests form the bounding cases for this study.

To assist in better understanding the bounds for
these cases and examining technical issues, INEL
personnel developed a set of questions to obtain
information from the option sponsors. Questions
were asked regarding the status of (a) fuel devel-
opment and fuel fabrication facilities, (b) reactor or
accelerator development and capability to denature
or annihilate plutonium, (c) waste processing
development and capabilities, and (d) the disposal
of waste. A full set of questions is presented in
Appendix A.

Option sponsors expressed several divergent
opinions on which plutonium isotopes should be
annihilated and the isotopic composition that
would make weapons-grade plutonium unsuitable
for further use in weapons. Some indicated that it
should only be necessary to annihilate 23°Pu while
others indicated that all plutonium isotopes should
be annihilated. Los Alamos National Laboratory
(LANL) transmitted Figure | to demonstrate a
wide range of plutonium isotopes and other acti-
nides, or combinations thereof, can become critical




within reasonable mass limits. LANL recognized
critical mass was not the only factor for consider-
ation in design of a nuclear weapon, but it was a
very important factor. To accommodate a range of
opinions on burnup, three questions on annihila-
tion were asked on the capability of the options for
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Sponsors proposed five different reactor types
and one accelerator-based concept. The possibility
of using different fuel types and fuel management
schemes in several reactors increases the number
of possible options to about 12. Responses did not
discuss the use of commercial reactors and alter-
nate fuels were only proposed for reactor types.
Detailed information on the following eight
options are presented (in alphabetical order accord-
ing to their acronyms):

e  Accelerator-Based Conversion System
(ABC)

e  Advanced Liquid Metal Reactor Maximum
Burner Fuel Cycle (ALMR-MB)

e  Advanced Liquid Metal Reactor Reference
Fuel Cycle (ALMR-R)

e  Advanced Light Water Reactor with Mixed
Oxide Fuel (ALWR-MOX)

e  Advanced Light Water Reactor with Ternary
Fuel (ALWR-T)

e  Modular High Temperature Gas-Cooled
Reactor (MHTGR)

. Molten Salt Reactor (MSR)
. Particle Bed Reactor (PBR).

Contact was nct established early enough to
receive significant inlormation on Canadian deute-
rium-uranium (CANDU) reactors. A letter from
Atomic Energy of Canada, Limited. provided pre-
liminary answers to the questions and is included

in Appendix B. Because the CANDU uses natural
uranium f{uel, the INEL expects fuel development
would include both development and irradiation
efforts. It is not significantly different from the fuel
development efforts for the other reactors. If the
plutonium was mixed with the natural uranium,
annihilation rates would be expected to be rela-
tively low. Use of poisons in the fuel could possi-
bly help achieve higher burnups by improving the
kinetic properties (for example, Doppler coefti-
cient) of the fuel. Online refueling offers an advan-
tage in attaining high burnups, but reactivity
control and neutron kinetics would have to be care-
fully examined to ensure stable, safe operation.
Although the reactor technology is well developed
and quite flexible in its capabilities, it is unclear
that the CANDU has significant advantages over
other reactor or accelerator concepts. Additional
information on this concept may provide a better
indication of its potential for plutonium destruc-
tion.

Responses developed by sponsors were eva-
luated by a team of INEL engineers, scientists,
operators, and other personnel familiar with
nuclear reactor types and issues to provide further
insights on the applicability of each option. The
remainder of this report summarizes information
received from concept sponsors and presents the
INEL's evaluation. A grouping of options is sug-
gested based on capability to annihilate plutonium
and current developmental status.

Conclusions and recommendations are followed
by Appendices C-H providing sponsor-supplied
information for each concept.



2. SPONSOR RESPONSES AND INEL EVALUATIONS

Sponsor responses to questions are presented in
Appendices C-H and summarized for each ques-
tion in this section. A discusston of INEL technical
evaluations is presented when additional informa-
tion is considered necessary for improved under-
standing of technical details. The presentation
format first states the question, followed by INEL
evaluation and a summary of sponsor responscs.

Ratings on technological readiness from Law-
rence Livermore National Laboratory (LLNL)'
indicate that the ABC, MSR, and PBR are in early
stages of development. Answers provided by spon-
sors of these options to some of the questions
reflect this situation. The INEL believes there are
large uncertainties in the remaining technical
development required for these concepts and in
cost and schedule estimates. In some cases, no
attempt was made to further clarify the information
supplied for particular options.

2.1 Fuel Status

Four questions were posed to the sponsors
regarding fuel system requirements for fabrication
of an acceptable fuel type. These questions related
to quality of weapons-grade plutonium, require-
ments for additional technical development of fuel
or fuel fabrication process, and cost estimates for
development and implementation of the fuel sys-
tem.

In general, development and fabrication of plu-
tonium-bearing fuels will be the major hurdle for

most options if policy dictates anninilation of

between 90 and 99% of all plutonium isotopes
within a 20- to 40-year period. Vital develrpment
work remains for plutonium fuels capable oi the
high burnup levels necessary and projections fore-
cast completion within 5 to 10 years.

Sponsor estimates for fuel fabrication facility
costs and schedules may be optimistic. The spon-
sors assumed experience with uranium oxide fuel
could be directly extrapolated to plutonium-based
fuel fabrication. The plutonium fuel facilities may

have safety and environmental issues that will be
complex and difficult to resolve, In addition, all
fabrication and storage facilities will likely reside
on a highly secure Department of Energy (DOE)
reservation, imposing additional costs and sched-
ule durations. A plutonium fuel production facility
sufficiently large and secure is projected to cost
more and take longer to design, build, and make
operational than a uranium fuel facility. Operating
costs and durations are expected to be greater than
currently encountered for uranium-based fuel.
However, operating costs are a small part of the
overall costs of the plant. It is not clear that these
differences are adequately considered in the spon-
sor estimates.

The next sections detail the questions on fuel
development and fabrication and a summary of the
sponsors’ responses. Although the ALWR sponsor
provided responses for the mixed oxide fuel
(ALWR-MOX) option, both the INEL reviewers
and the sponsor agree that this fuel is not well
suited for annihilating large quantities of pluto-
nium in reasonable time periods. Consequently.,
extensive comments are not provided on the
ALWR-MOX option.

2.1.1 Fuel Feed Material. Question | was posed
to the concept sponsors regarding the purity of the
plutonium required for their fuel fabrication pro-
cess:

1. Did yvou assume that plutonium (PuQO> or Pu
metal) used in the fuel would be free of con-
taminants (alloving metals and americium
now in the nuclear weapon pits)? Will the fuel
proposed be negatively impacted if plutonium
is contaminated with these alloying metals
and the americium?

Table | summarizes the sponsor responses.
Responses from two sponsors (ABC and ALMR)
indicate fuel cycles could accept weapons-grade
plutonium or oxide made directly from weapons-
grade plutonium, without removal of contami-
nants. The MSR response indicates contaminants
may not affect the fuel but should be examined.




Table 1.

Sponsor responses on influence of contaminants in the plutonium on the fuel.

Concept Response

ABC No specific sponsor response was provided for this question.

ALMR Plutonium with alloying metals and americium is acceptable for the metal fuel
used. Plutonium cleanup can be accomplished in the electro-refiner, if needed.

ALWR-MOX Alloying metals and americium would be removed from the plutonium before
fuel fabrication.

ALWR-T Although not specifically stated, the response on MOX fuel is assumed to
apply.

MHTGR Alloying metals and americium would be removed from the plutonium before
fuel fabrication.

MSR Alloying metals would not be expected to have a significant negative effect on
the fuel, but they should be examined. Americium would be transmuted or
taken out in the waste stream,

PBR The process proposed for preparing fuel is relatively insensitive to

contaminants. More information on the contaminants would be necessary to

answer the question.

The INEL's evaluation indicates contaminants
should be identified and an assessment made to
determine effects on concepts using liquid fuels
(ABC and MSR). Depending on the products of the
chemical reactions between contaminants and
salts, acceptable levels of contaminants may need
to be established and fuel stability assessed.

Capability and availability of facilities for pluto-
nium processing will atfect availability and capac-
ity of some options to produce fuel. Two sponsors
(ALWR-MOX and MHTGR) show an early need
for a fuel facility with capabilities to remove con-
taminants and other actinides from the weapons-
grade plutonium and produce high grade pluto-
nium oxide or metal.

2.1.2 Technical Development Require-
ments. Question 2 was posed to concept
sponsors regarding the technical work require-
ments for completion of fuel development:

2. Briefly describe the technical worl: scope
necessary to complete development of he fuel
and its estimated duration.

Table 2 summarizes the sponsor responses to
this question. The following is a discussion of the
INEL evaluation of the sponsor responses. These
evaluations are presented alphabetically by con-
cept acronym.

Advanced Light Water Reactor—Ternary
(ALWR-T). Response for ternary fuel indicates the
effects of plutonium on Doppler feedback and the
possibility of separation of plutonium oxide from
other fuel constituents during severe accidents are
identified for further investigation.

The INEL's staft believes additional develop-
mental work will also be necessary. Using the ref-
erence given in the sponsor response. ternary fuels
based on UO>-Zr0>-CaO have been used in sev-
eral reactor applications including Shippingport,
Power Burst Facility, and the light water breeder
reactor. The addition of CaO and ZrO> lowers the
melting point of UO;. Thermal conductivity of the
UQO5-Zr0>-Ca0 system is about half that of UO,.
ZrO> undergoes a monoclinic to tetragonal trans-




Table 2.  Sponser responses on technical work scope for development of the fuel and its duration.

Concept

Response

ABC
ALMR

ALWR-MOX

ALWR-T

MHTGR

MSR

PBR

No specific sponsor response was provided for this question.

Both the standard fuel and the fuel for the moderate burner (0.6 conversion
ratio) are considered developed. The maximum burner fuel (0.02 conversion
ratio) requires some development work for fuel fabrication and performance
testing. Preliminary evaluation of this fuel indicates no undue strain on the fuel
cycle.

There is essentially no development needed based on experience in Europe and
Japan.

Itis fully developed with apparently no additional work required. It has been
manufactured by Westinghouse Advanced Energy Systems Division and
evaluated in U.S. and foreign programs.

Required development activities for plutonium fuel will directly parallel those
defined for the NP-MHTGR highly enriched uranium fuel development
program. Eighteen months would be added to the NP-MHTGR fuel
development program. (See Appendix F for details.)

The fuel development constitutes the dissolving the metal with fluoride into a
molten salt. There are various chemical possibilities. All of them do not require
much development. The duration is not significant.

A process similar to that demonstrated for uranium would have a high
probability of success. Three steps are outlined in Appendix H. The duration is
estimated to be about five years with sufficient funding.

formation at about 1000°C. The addition of CaO at
greater than 15 m/% stabilizes a face-centered
cubic structure that is compatible with the UO»
face-centered cubic structure. These effects
emphasize the importance of knowing the thermal,
mechanical, and physical properties of these alloys
as a function of temperature and composition, par-
ticularly stoichiometry. No direct experience was
found for PuQ»-Zr0>-CaO fuels in the sponsor ref-
erence.

The addition of CaQ and ZrO» lowers the melt-
ing point of UO3. The magnitude is composition
dependent, but an estimate for UO>-Zr0»-CaQ is
about 170°C lower than that of UQOs. The melting
point of PuQOj is 2425°C, 415°C lower than that of
UQOas. Phase equilibria in PuQ»>-Zr0»>-Ca0O cannot
simply be extrapolated from UQ>-Zr0>-CaO fuel.
Melting points as a function of temperature (deter-
mination of phase cquilibria) would have to be
found in order to establish operating margins for

the plutonium-based ternary fuel. Phase equilibria
have been treated as a pseudo-ternary diagram, but
actually the phase diagram is a four component
system (Pu, Ca, Zr, and O) in which stoichiometry
plays an important part in the phase equilibria,
thermal properties, and mechanical properties.

Thermal conductivity ol the UO1-Zr0Q>-CaO
system is about half that of UO». Assuming that the
Pu0;-Zr0,-Ca0 system behaves similarly for
establishing a trend. which may not be a valid
assumption, low thermal conductivity causes a
higher fuel temperature than that for UO; for the
same power level and heat transfer conditions,
Because of lower melting points and higher fuel
temperatures, the operating power level and hence
plutonium burnup rate may have to be down-
graded. This effect emphasizes the importance of
knowing the thermal, mechanical, and physical
propertics of these alloys as a function of tempera-
ture and composition, particularly stoichiometry.
The latter is why extrapolation from a UO» system



to & PuQO»> system is not warranted, because the
stoichiometry will be different at operating power.
Furthermore, removal of uranium may lead to a
positive temperature coefficient. This issue also
needs to be investigated.

The sponsor indicates reprocessing as unneces-
sary because fuel irradiation to 843 GWD/MT Pu
would reduce total plutonium content approxi-
mately 93.4%. Based on INEL calculations, this
average fuel burnup is comparable to current maxi-
mum burnup limits for commercial LWR fuel
assemblies. However, the time that fuel assemblies
are in the reac’or to achieve these burnups (i.e., res-
ident time) is a factor of two to four times greater
than for current reactor experience (10-14 years
versus 3-S5 years). During normal operation, fret-
ting of the fuel rod and stresses on spacer grids
have a strong influence on fuel bundle lifetime.
These phenomena are coolant- and flow-induced
effects rather than neutronic. The INEL concludes
that fuel assembly lifetime for long reactor resident
times will be dictated by performance of assembly
materials. Without some form of fuel assembly
refurbishment, the irradiation period could be lim-
ited to something shorter than needed to achieve
the desired levels of plutonium annihilation. Addi-
tional development and testing is needed to
examine this issue.

Modular High Temperature Gas-Cooled
Reactor (MHTGR). An accurate mechanistic
fuel particle model, which can predict fuel failures,
remains a hinderance in designing high
performance fuel. Current fuel models do not
include knowledge that would be obtained from
separate-effects tests for both in- and out-of-pile
experiments,

The incremental time period of 18 months
reported by the sponsor to develop a plutonium
TRISO fuel is believed to be optimistic by the
INEL. A separate-cffects and integral testing pro-
gram should be pursued in parallel, so additional
knowledge can be gained on component models
and incorporated into models predicting integral
test performance.

Particle Bed Reactor (PBR). Fucl technical
issues focus on fuel particle integrity, fuel element
integrity, and power/flow matching. Each of these
broad issues will be briefly discussed and
additional details are provided in Appendix I.
Resolution of these issues would have to be
accomplished through engineering design and
fabrication and material process development.

Fuel Particle Integrity—Fucl tested to
date is a uranium-based BISO fuel consisting of a
uranium-carbide kernel, a porous graphite layer. a
dense graphite seal coating, and a zirconium
carbide outer coating. TRISO-coated particles can
be employed if the silicone carbide layer of this
fuel is replaced by a zirconium carbide layer.

Another issue for PBR fuel is the chemical com-
patibility of the fuel, coatings, fission products, and
coolant with each other. For plutonium burning,
diffusion may occur along the particle temperature
gradient. Superimposed on the temperature gradi-
ent within a particle is the temperature gradient
arising across the fuel bed annulus. This perturba-
tion has not been evaluated or tested yet and the
magnitude of gradient across the bed could be
greater than that within an individual particle.

Fuel particles and cold and hot frit materials
need to be chemically compatible for high temper-
atures and long durations. In previous nuclear test-
ing, cither temperatures became high enough to
melt the hot frit or the thermal interaction between
the fuel and the hot frit material caused the hot frit
to liquity.

Retention of fission products under high temper-
ature conditions leads to significant fuel swelling,
on the order of 20 to 30%, for uranium-based fuel.
This amount of swelling could easily lead to exten-
sive fuel failure. Similar behavior would be
expected in plutonium-based fuels.

Impurities in plutonium may effect development
of plutonium carbide fuel fabrication processes and
quality of the spherical particles produced. Extrap-




olation from uranium fuels fabrication technology
to plutonium is not warranted.

Fuel Element Integrity—During thermal
cycling the fuel particle bed in the annular core
becomes very closely packed (locked) unless there
is some provision to prevent it. The hot frit will
expand more than the cold frit, placing the particle
bed in compression and inducing bed lockup. This
bed lockup constrains the hot frit from expanding
further axially. Additional temperature rise after
the yield point is reached will cause plastic
deformation of the hot frit. As a result the hot frit
becomes shorter with cycling, which could lead to
fracture and loss of the fuel pellets. The number of
cycles required for failure would depend on the
mechanical properties of the material selected for
the hot frit. Nuclear testing of two PBR fuel
elements resulted in hot frit shortening and
numerous cracks in one element. Good
engineering design, appropriate material selection,
and fabrication development may alleviate this
problem, but currently this effect may limit the
number of times the PBR fuel elements could be
thermally cycled.

Power-Flow Matching—The cold frit will
be fabricated from metal filters that contain about
30% interlinked porosity and pores 5 to 10 microns
in diameter. The flow passages in the particle fuel
bed may be only slightly larger, depending on the
fuel particle size and its distribution. The
thermal-hydraulic flow stability in these very small
capillaries has been questioned and local flow
instabilities may propagate to adjacent regions.

Analytical modeling of flow instability is
extremely difficult, if not impossible, because of
truncation and limits in numerical analysis
schemes handling differential equations. Analysis
of two particle bed experiments was performed and
results were inconclusive because some
coefficients in the analytical model need to be
determined experimentally. Experimental mea-
surements found that some values were 2.5 times
higher than that predicted theoretically.

Experimental problems such as plugging of the
cold frits with graphite were experienced. The
Commonwealth of Independent States has tested a
PBR fuel element and concluded that the operating
temperature should be limited to 2300°C and low
power levels on the order of kilowatt or fractions of
kilowatts per liter because of flow instabilities.
Engincering designs for a difterent fuel form to
achieve the high surface area to volume ratios indi-
cate the possibility of extensive fuel development
for the PBR.

Question 3 was posed to the concept sponsors
regarding any technical issues which could impede
completion of fuel development:

3. Identify technical issues that could impede
fuel development and fabrication. For exam-
ple. have all issues related to material life-
time, compatibility, etc., been resolved?

Table 3 summarizes the sponsor responses to
this question. The following is a discussion of the
INEL evaluation of the sponsor responses. These
responses are presented alphabetically by concept
acronym.

Advanced Light Water Reactor—Ternary
(ALWR-T). Additional development would be
necessary for the high burnup cases for ternary
fuel. As discussed in the previous question, the
maximum reactor residence time of the current
ALWR fuel assembly design will likely impede
ternary fuel development.

Modular High Temperature Gas-Cooled
Reactor (MHTGR). Post-irradiation examination
and fuel process optimization studies are expected
to provide the technical basis for determining
required changes in fuel design and/or fuel process
conditions. An open issue that remains is the
possible volatilization of the tuel kernel in the
coating process and the associative effects on the
kernel. A review of the coating process is under
way as part of MHTGR activities.




Table 3.

Sponsor responses on technical issues that could impede fuel development and fabrication.

Concept Response

ABC No specific sponsor response was provided for this question.

ALMR Fuel-processing development is ongoing and demonstration is scheduled for
completion in 1996 by Argonne National Laboratory (ANL). Testing of
material o its lifetime is ongoing and the design codes have been updated to
examine fuel lifetime and compatibility.

ALWR-MOX All issues have been resolved because MOX fuel is currently being used in
other countries to produce electrical power.

ALWR-T The sponsor did not address this question.

MHTGR Seven issues are discussed ranging from design of high burnup plutonium fuel
particles under peak core conditions to integral inpile testing. (See Appendix F
for details.)

MSR Fluid fuel reactors have no fuel fabrication. The feasibility of the fuel
processing is considered resolved. Associated material problems are
considered resolved in principle. Development work is necessary to establish
full-scale operating processing.

PBR Having not manufactured any plutonium-based fuel, it is essentially impossible

to identify any outstanding issue that could impede fuel development. At this
point, none are envisioned. Cost and environmental issues are currently seen as
the primary impediments to fuel development.

The highly enriched uranium TRISO-coated
particles tested in postirradiation heating tests ref-
erenced by the sponsor were fabricated with a dif-
ferent kernel than used in the MHTGR fuel. The
type of kernel used in the particles tested would not
be desirable for plutonium fuel particles. Drawing
conclusions from this test for other fuel types can
be misleading. In addition, the MHTGR program
only dealt with highly enriched uranium that did
not require glovebox handling, while the pluto-
nium fuel development program will require
glovebox handling.

Particle Bed Reactor (PBR). The PBR will
require new or substantial modifications to existing
facilities to test the fuel under prototypical
conditions at 5 MW/L. Existing test reactors, such
as the Advanced Test Reactor (ATR) at the INEL or
the High Flux Integral Reactor (HFIR) at Oak
Ridge National Laboratory (ORNL), may be able
to test PBR elements up to 3 to 4 MW/L, but ..ot
5 MW/L. This type of testing could verify design
and manufacturing processes to resolve the
technical feasibility issues for the PBR concept.

The feasibility of looking at a closed loop
supporting S MW/1 would have to be evaluated.

Previous nuclear testing of a PBR element was
done in the Annular Core Research Reactor at
Sandia National Laboratory (SNL). This is a tran-
sient reactor that is limited in both power level and
test time durations. The previous tests have been
done in terms of seconds and not for the long times
required for plutonium burning. The Transient
Reactor Test Facility (TREAT) had been proposed
for similar testing, but again being a transient reac-
tor, the testing times are limited to less than
20 seconds.

The Air Force is currently considering a small
test facility to test PBR clements for nuclear pro-
pulsion applications. This facility would test sev-
eral elements as an open Brayton cycle engine
using hydrogen. The final Environmental Impact
Statement is nearing approval. A Record of Deci-
sion is expected in mid-June 1993 that will assistin
defining whether this program will continue,
whether the test facility will be built, and if it is
built, which site will be selected. For applications



to plutonium burning, the design of this facility
would have to be changed to accommodate a
closed loop for plutonium fuel.

Current facilities for fabricating PBR fuel are
based on uranium. Essentially no facilities exist for
fabricating plutonium carbide fuels by the gelation
process. LANL had been developing a cryochemi-
cal process to develop uranium-based carbide
fuels, but LANL's plutonium facility would have to
be modified to develop this process for plutonium-
based carbide fuels.

2.1.3 Cost Estimates. Question 4 was posed to
the concept sponsors regarding cost estimates for
fuel deployment:

4. What are the current cost estimates for fuel
development and for the fuel fabrication

facility construction, startup, and operation?
What estimating method was used (e.g., para-
metric, historical cost, unit cost).

Table 4 summarizes the sponsor responses. The
following is a discussion of the INEL evaluation of
the sponsor responses.

The sponsor cost estimate responses used the
historical cost estimating method. With a known
large variance in data vintage and accuracy, these
responses should be considered only as rough esti-
mates rather than factual. As stated in the introduc-
tory paragraphs of this section, cost estimates for
fuel development may be low. The INEL recom-
mends a separate parametric cost analysis be com-
pleted to establish criteria. This cost analysis
should be applied to the top three or four options,
providing a firm cost baseline for future use.

Table 4. Sponsor responses on current cost estimates for fuel development and fabrication.
Concept Response

ABC No specific sponsor response was provided for this question.

ALMR Current construction cost estimates for a fuel cycle facility for one plant
[1.500 MW(e)] is $120 million. Estimated operating cost is $25 million per
year, including hardware and staff. The estimating basis is historical data with
upgrading of developed equipment for the batch-based pyroprocessing.

ALWR-MOX Cost estimates are included for a Greenfield facility and for using existing
facilities. The estimate for the Greenfield facility is $680 million. Costs were
estimated using the Freiman Analysis of System Technique (FAST) program.
(See Appendix E for details.)

ALWR-T The sponsor did not address this question.

MHTGR Plutonium fuel development costs are estimated at $261 million. This is an
increment cost beyond commercial fuel development costs (about $50 million).
Fuel fabrication facility construction costs are estimated at $260 million for a
four-module plant. Operating costs are estimated at about $19 million per year.
The basis for costs are given in Appendix F.

MSR No current cost estimate available for fuel processing. In economical
evaluations it must be considered that no large-scale, fuel-processing facility is
necessary.

PBR At this point in time, no reasonable answers can be given to this question.




Advanced Light Water Reactor—Ternary
(ALWR-T). Although the sponsor did not identify
any fuel development costs for the ternary fuel
concept, these costs could be significantly higher
than those given for the MOX fuel concept because
of assembly burnup limitations.

2.2 Reactor or Accelerator-
Based Systems

Six questions were posed to the sponsors regard-
ing reactor or accelerator-based system require-
ments for annihilating weapons-grade plutonium,
requirements for additional technology develop-
ment, and cost estimates for development and
implementation. The following subsections report
sponsor responses to these questions and the
INEL'’s evaluation of the sponsor responses.

2.2.1 Annihilation of Weapons-Grade
Plutonium. Questions 1-3 were posed to the
sponsors regarding concept capability to annihilate
weapons-grade plutonium and the plutonium
isotopic weight percent at the start and end of an
equilibrium fuel cycle:

1. If plutonium disposition policy is to annihi-
late 23°Pu and 24!'Pu in a single fuel cycle,
what is the total burnup or exposure (GWD/
MT Pu) required to reduce the initial inven-
tory of these two isotopes by 90%, 95%. and
99% (if possible)? For each of these cases,
identifv the weight percent of all plutonium
isotopes in the initial fuel loading and those
remaining in the spent fuel after an equilib-
rium fuel cvele. Also identify the cvele times.

(3%

Af plutonium disposition policy is to annihi-
late #3°Pu and **!'Pu and irradiated fuel can
be reprocessed to recover and recycle pluto-
nium, what is the total burnup or exposure
(GWDIMT Pu) required to reduce the initial
239Pu and 2! Pu inventory by 90%, 95%,
99%, and 99.9%? If the option uses a batch
mode fuel cycle, how many times would a
core fuel load need to be recycled to reach
each burnup percentage? For each of the
four cases, identify the weight percent of all
plutonium isotopes prior to initiation of

11

irradiation and those remaining in the spent
fuel.

3. If plutonium disposition policy is to annihi-
late all plutonium isotopes and irradiated
fuel can be reprocessed to recover and
recycle plutonium, what is the total burnup or
exposure (GWDIMT Pu) required to reduce
the inventory of all plutonium isotopes by
90%, 95%, 99%., and 99.9%? If the option
uses a batch mode fuel cycle, how many times
would a core fuel load need to be recycled to
reach each burnup percentage? For each of
the four cases, identify the weight percent of
all plutonium isotopes remaining in the spent
Suel.

Because the sponsor responses to these three
questions varied and did not always directly
answer these questions, a concept-by-concept
comparison was impractical and usually meaning-
less. Question 1 was not answered for the ALMR
concept, because recycling is an inherent part of its
process and without it annihilation of the pluto-
nium by the amounts indicated by the question
would be impractical if not impossible. Questions
2 and 3 were not relevant to the ALWR-T concept
because this process assumes no reprocessing of
the ternary fuel. Although reprocessing of fuel par-
ticles was not part of the original proposals for the
MHTGR and PBR concepts, the sponsors did
respond with reprocessing schemes in order to
achieve annihilation percentages greater than 90%
for the MHTGR and 99.7% for the PBR. The MSR
concept did not answer any of the questions
because, in the sponsor’s words, “This question is
not applicable to MSRs, there is no burnup in an
MSR.”

In addition, all concepts should denature the
total plutonium at an equivalent rate when normal-
ized to density of thermal power production (i.e.,
normalized to GWD/MT). Individual plutonium
isotopics will vary at a given point because of dif-
ferent destruction and production rates of isotopes
due to differences in the neutron spectrum of each
concept. The overall plutonium destruction rate
measured per GWD/MT Pu should be equivalent,
however.




An alternative method for comparing denature
and/or annihilation capabilities of these options
was therefore proposed. Using the sponsor propos-
als, yearly estimates were made of the remaining
weapons-grade plutonium, the plutonium inven-
tory in the reactor, the amount of plutonium fis-
sioned, and plutonium inventory either residing in
spent fuel or in reprocessing. These calculations
were performed assuming the weapons-grade plu-
tonium was the only available fuel source for oper-
ating the reactors and the reactors operate at a
75% capacity factor. The number of reactors for
each option used in these calculations was chosen
to obtain an equivalent thermal capacity for each
option. From the results of these calculations, the
years to annihilate 90%, 95%, 99%, and 99.9% of
the initial 50 MT of weapons-grade plutonium was
obtained. The following sections present the results
for each option and the facility characteristics and
assumptions used in obtaining these results.

Before each option is discussed, however, an
example of the plutonium inventories for a reactor
without spent fuel reprocessing is presented in Fig-
ure 2. This figure does not represent an actual reac-
tor option and is presented for clarification of the
remaining figures in this section. The four pluto-
nium inventories discussed above are presented in
this figure. The first inventory is the remaining
weapons-grade plutonium. This inventory appears
as a downward stairstep representing the decrease
in weapons-grade plutonium at the time of each
reactor refueling. The second inventory is the
amount of plutonium residing in the reactor. This
inventory has a sawtooth shape representing the
plutonium depletion during cycle operation and
plutonium addition during refueling. The third
inventory, plutonium burnup, appears as a steadily
rising slope, which represents the steady annihila-
tion of plutonium in the reactor. The fourth, and
last, inventory is of the plutonium mass remaining
in the discharged spent fuel. This inventory appears
as a rising stairstep representing the increase in
spent fuel at the time of reactor refueling and spent
fuel discharge. If a reactor concept includes repro-
cessing of the spent fuel, this last inventory would
be replaced with an inventory representing the
amount of plutonium in reprocessing. The concepts
are presented alphabetically by their acronym.

Accelerator-Based Conversion (ABC)
System. ABC uses a high energy proton
accelerator to generate an intense neutron source
driving two subcritical reactor assemblies. Each
assembly is rated at 2,130 MW(t) for a total rating
of 4,260 MW(1). The stated ABC net electrical
capacity is 1,040 MW(e).

ABC circulates a molten salt slurry containing
plutonium through the subcritical reactor. A por-
tion of the slurry is continuously withdrawn from
circulation and processed to remove fission prod-
ucts. The slurry is then returned to the system for
additional irradiation. Although the sponsor
reports each subcritical reactor has a steady-state
plutonium inventory of approximately 80 kg, no
information is provided on the reprocessing rate. If
a 75% capacity factor is assumed for reactor opera-
tion (instead of the 78.8% capacity factor used in
the sponsor proposal), each subcritical reactor
would fission 595 kg of plutonium per year.

Because insufficient data were available for esti-
mating reprocessing inventories, only the pluto-
nium depletion inventory is calculated. This
information is presented in Figure 3. Complete
annihilation of the weapons-grade plutonium can
be accomplished over a 42-year period.

Advanced Liquid Metal Reactor
(ALMR). The ALMR facility considered in this
analysis is based on nine ALMR modules. Each
module is rated at 471 MW(t) with a total facility
rating of 4,239 MW(t). The total electrical capacity
of this facility would be 1,440 MW(e).

The information presented in the original
ALMR proposal and the sponsor’s response to
additional information requests indicate that two
fuel cycles should be considered for comparison.
The first fuel cycle is the reference cycle or moder-
ate burner. This fuel cycle is 48 months long and
has a conversion ratio of 0.61. The proposed fuel is
metallic U-Pu-Zr in stainless steel cladding. Initial
core loading for the reference fuel cycle is
6.4 MTHM, including 1.12 MT of plutonium and
5.28 MT of uranium. Refueling intervals are con-
ducted every 12 months and one-fourth of the fuel
elements is replaced and reprocessed at that time.
Each core reload requires the addition of 38.8 kg of
plutonium in makeup fuel during reprocessing.
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If a 75% capacity factor is assumed for reactor
operation (instead of the 83% capacity factor used
in the sponsor proposal), this concept would fission
34.7 kg of plutonium per year per module. Pluto-
nium inventories for this fuel cycle with and with-
out reprocessing are presented in Figures 4 and 5,
respectively. The initial core inventory is 15.5 MT
for this option. This includes one full core plus two
reload batches, which are placed in storage posi-
tions above the reactor core for preconditioning.

If only the 50 MT of weapons-grade plutonium
is available for operating the reactors, it becomes
necessary after 106 years to begin decreasing the
number of operating modules because insufficient
plutonium inventory remains to refuel all modules.
This decrease in operating modules continues until
only one ALMR module remains. Because the plu-
tonium inventory in the final core cannot be com-
pletely annihilated, the maximum degree of
annihilation for this concept is 96.8% over a
283-year period.

If other fuel sources are available to maintain
operation of all nine ALMR modules, complete
annihilation of the weapons-grade plutonium can
be accomplished in 160 years. In the reference fuel
cycle with no reprocessing, only 10.5% of the
weapons-grade plutonium will be annihilated over
a 17-year period.

The second fuel cycle is referred to by the spon-
sor as the maximum burner fuel cycle. This fuel
cycle is 24 months long and has a conversion ratio
of 0.02. The proposed fuel is metallic Pu-Zr with a
Zr-Hf sheath in stainless steel cladding. Initial core
loading for the reference fuel cycle is 1.023 MT Pu.
Refueling intervals are conducted every six months
and one-fourth of the fuel elements is replaced and
reprocessed at that time. Each core reload requires
the addition of 147 kg of plutonium in makeup fuel
during reprocessing.

If a 75% capacity factor is assumed for reactor
operation (instead of the 83% capacity factor used
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in the sponsor proposal), this concept would fission
132 kg of plutonium per year per module. Pluto-
nium inventories for this fuel cycle with and with-
out reprocessing are presented in Figures 6 and 7,
respectively. The initial core inventory is 19.5 MT
for this option. This includes one full core plus four
reload batches, which are placed in storage posi-
tions above the reactor core for preconditioning.

If only the 50 MT of weapons-grade plutonium
is available, it becomes necessary after 26 years to
begin decreasing the number of operating modules
because insufficient plutonium inventory remains
to refuel all modules. This decrease in operating
modules continues until only one ALMR module
remains. Because the plutonium inventory in the
final core cannot be completely annihilated, the
maximum degree of annihilation for this concept is
96.6% over a 77-year period. If other fuel sources
are available to maintain operation of all nine
ALMR modules, complete annihilation of the
weapons-grade plutonium can be accomplished in
42 years. In the maximum burner fuel cycle with
no reprocessing, only 23.6% of the weapons-grade
plutonium will be annihilated over a 10-year
period.

Advanced Light Water Reactor
(ALWR). The ALWR facility considered in this
analysis is based on two units. Each reactor is rated
at 1,818 MW(t) with a total facility rating of
3,636 MW(t). The total electrical capacity of this
facility would be 1,200 MW(e).

The information presented in the original
ALWR proposal indicated that a MOX fuel cycle
was the fuel cycle of choice. However, in the spon-
sor’s response to the request for additional
information, it was indicated that ternary fuel cycle
is now the preferred fuel. Because of this sponsor
comment and because of MOX fuel’s capacity for
breeding additional plutonium and the reproces-
sing methods required to purify the irradiated fuel,
the MOX fuel cycle was not considered for com-
parison by the reviewers.
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Figure 4. ALMR plutonium inventories for a referance fuel cycle with reprocessing.




Ll

50

40
-~
2
>

5§ 30
| o=
(]
>
£
£

3 20
S
3
o

10

0

9 reactor modules
4239 MW(1) total
?—Pu-Zr fuel i o
year operating cycles
4 year exposure period (EP)
13y.8% burnup per EP
75% capacity factor

Remaining weapons
grade

—— Spent fuel

Reactor

I

. Depleted

Time (years)

12

Figure 5. ALMR plutonium inventories for a reference fuel cycle with no reprocessing.



81

50

40
-
2
>

§ 30
c
(0]
>
£
£

3 20
c
]
-}
o

10

0

Time (years)

Figure 6. ALMR plutonium inventories for a maximum burner fuel cycle with reprocessing.

T ] T l 1 1 1 T l ¥ ¥ ¥ ] I T 1 ¥ ]’ 1 1 T 1] ] ] i i 1 l T 1 1 T ] v 1

, -

, -

9 modules ti H? odul > 3 modules 1 module operating -

m operating modules \ m
. / operating

Depleted with 9 modules |

| if other fuel sources ]

| available ]

Remaining 4

weapons .

grade ]

9 ALMR modules i

4239 MW(1) total .

i s :

Reactor g ';'e%: ex%mremcycsescy i

75% capacity factor

Reactor inventory includes 2 full cores —

(1 core in storage above reactor) ]

Reprocessing %ﬁ(}—-——\m -

1 1 i 1 l 1 ] 1 | 1 1 1 I 1 1 1 1 i 1 l i i 1 i 1 1 1 i R 1

10 20 30 40 50 60 70 80



6l

50

40
-
2
)

S 30
o
>
£
£

2 20
| =
8
3
a

10

0

T ’ T ] T I ¥

9 ALMR modules
4239 MW(1) total
Pu-Zr tuel

6 month ating cycles
2 yr. exposure cydles (EP)
2 .7%bumpretEP

75% capacity factor

Remaining weapons
grade

Spent fuel

|

Reactor

Depleted

2 4 6
Time (years)

Figure 7. ALMR plutonium inventories for a maximum burner fuel cycle with no reprccessing.

10

12




The ternary fuel consists of solid or annular pel-
lets of PuO,, ZrQj. and CaO. The composition of
this fuel is assumed to be 14 wt% PUO3, 77 wt%
Zr0,, and 9 wt% CaO. This fuel, as proposed, will
undergo prolonged exposure to achieve 90% pluto-
nium annihilation. The sponsor proposes a fuel life-
time of up to five cycles,or 11.5 years. The initial
core loading for this fuel cycle is 4.14 MT Pu.
Refueling intervals are conducted every 2.3 years
when one-fifth of the fuel elements is replaced.
Each core reload requires 828 kg of plutonium. At
the end of a five-cycle exposure history, average
fuel burnup is 822.3 GWD/MT Pu. To achieve
95% annihilation, the sponsor proposes a one-sixth
core refueling every 2.3 years for a fuel element
reactor resident time of 13.8 years. As stated in
Section 2.1.2, it is doubtful that fuel assembly
materials could survive fuel cell erosion for such
long reactor resident times. Further investigation
would be required to determine the feasibility of
these fuel management schemes.

If a one-third core refueling scheme is employed
and a 75% capacity factor is assumed for reactor
operation (instead of the 66% capacity factor used
in the sponsor proposal), each reactor would fission
778.8 kg of plutonium per cycle. The initial core
inventory for each reactor is 3.115 MT with an
additional 1.038 MT required every reload. Operat-
ing cycle length is 2.3 years and fuel exposure time
is 6.9 years. Using this refueling scheme, a
75% plutonium annihilation is achieved over the
fuel exposure period. No reprocessing information
has been provided by the sponsor for the ALWR
ternary fuel cycle.

The plutonium inventories for this fuel cycle are
shown in Figure 8. Because of the plutonium
inventory in the final core cannot be completely
annihilated, the maximum degree of annihilation
for this concept is 65.4% over a 32.2-year period.

Modular High Temperature Gas-
Cooled Reactor (MHTGR). The MHTGR
facility considered in this analysis is based on nine
MHTGR modules. Each module is rated at
450 MW(t) with a total facility rating of
4,050 MW(t). The total electrical capacity of this
facility would be 1,557 MW(e). Each MHTGR
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core is comprised of 840 hexagonal graphite fuel
elements containing TRISO-coated fuel particles.

The information presented in the MHTGR pro-
posal indicated that a single, once-through, two-
year fuel exposure period would achieve 63%
annihilation of all plutonium isotopes. In response
to Questions | and 2, the sponsor has proposed
shuffling one-half of the core into the reflector
region after its two-year fue! exposure period for an
additional year. According to the sponsor, this fuel
scheme could achieve 90% annihilation of 23°Pu
and 2*!'Pu and 73% annihilation of all plutonium
isotopes. Annihilation fractions greater than this
cannot be achieved without reprocessing the fuel
particles.

Assuming a 75% capacity factor for reactor
operations (rather than the 78% assumed in the
sponsor proposal), this concept would fission
125.7 kg per year per module. Each module’s ini-
tial core inventory is 344 kg and each reload would
require and additional 172 kg. At the end of each
fuel element’s three-year reactor resident time, the
average fuel burnup is 677 GWD/MT Pu. The plu-
tonium inventories for this fuel cycle are shown in
Figure 9. From this figure it is seen that over a
31-year period, 70.2% of the weapons-grade pluto-
nium will be annihilated.

In response to Question 3, the sponsor has pro-
posed a reprocessing/recycling fuel scheme to
achieve 90% annihilation of all plutonium isotopes.
Under this fuel scheme, of the 420 fuel elements
normally replaced after a single, two-year exposure
period, 336 fuel elements would be removed and
the fuel particles reprocessed; 63 blocks would
remain in the reactor for an additional two-year
exposure period before they are removed and the
fuel particles reprocessed; and the remaining
21 fuel elements would remain in the reactor for a
total of six years before they are removed. Fuel par-
ticles exposed for six years would not be repro-
cessed. A total of 336 fresh fuel elements are
inserted during each reload. However, the INEL
believes the technical work required to develop a
method for reprocessing the TRISO-coated fuel
pellets will likely cause delays in the implementa-
tion of this concept.
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Assuming a 75% capacity factor for reactor
operations (rather than the 78% assumed in the
sponsor proposal), this reprocessing fuel scheme
would fission 125.7 kg per year per module. Each
module’s initial core inventory is 368.8 kg and
each reload would require an additional 125.7 kg.
At the end of a six-year reactor resident time, the
average fuel burnup is 813 GWD/MT Pu. The plu-
tonium inventories for this fuel cycle are shown in
Figure 10. From this figure it is seen that over a
41-year period, 92.8% of the weapons-grade pluto-
nium will be annihilated. Because the sponsor does
not propose reprocessing all the fuel particles, the
maximum annihilation achievable for this fuel
cycle is 99% over a 43.8-year period. However,
this level of annihilation can only be achieved if
other fuel sources are available.

Molten Salt Reactor (MSR). An MSR of
approximately 1 GW(e) was projected in the
sponsor proposal for plutonium disposition.
Assuming a 33% efficiency rating, electrical
capacity corresponds to 3,030 MW(t). At this
thermal capacity and assuming operation at a
75% capacity factor, this concept would fission
846 kg of plutonium per year.

Because insufficient data were provided by the
sponsor to adequately estimate the reactor and
reprocessing inventories, only the plutonium
depletion inventory will be presented. This curve is
given in Figure 3 with the ABC depletion inven-

tory.

Particle Bed Reactor (PBR). The PBR
facility considered in this analysis is based on three
PBR reactors. Each reactor is rated at
1,200 MW(t) with a total facility rating of
3,600 MW(t). The total electrical capacity of this
facility would be 1,200 MW(e). This facility
differs substantially from the one used for
comparison of these concepts in the LLNL report.
In this report, each PBR was rated at 1,905 MW(t)
with an electrical capacity of 629 MW(e).

The PBR fuel cycle as discussed in the sponsor’s
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proposals is 20 days long. The proposed fuel is
BISO-coated fuel particles, which are used in the
Air Force space propulsion program and similar to
that used in HTGRs. The pellets will be contained
in 127 porous hexagonal shaped annular fuel ele-
ments. Coolant will either flow from a central
region, through the particle bed, and exit through
the fuel element outer wall, or via the reverse flow
path. Refueling is conducted every | to 1.5 weeks
at which time one-third of the fuel particles is
replaced. Each year, an additional 532 kg of pluto-
nium is required to fuel each reactor (Reference |
reports the larger PBR reactor as ¢consuming
700 kg of plutonium per reactor per year). Total
fuel particle lifetime is 20 days with an average
fuel burnup of 500 GWD/MT Pu. Both once-
through and reprocessing after one exposure cycle
are considered for comparison purposes.

In response to Question 3, the sponsor implies a
burnup of 500 GWD/MT Pu results in total pluto-
nium inventory reduction of 72%. This is incom-
patible with an expected value of approximately
53%. Preliminary calculations at the INEL for a
variety of neutron spectrums indicate little varia-
tion in the destruction rate of plutonium isotopics.
Further verification and validation of sponsor data
will be required.

If a 75% capacity factor is assumed for reactor
operation (instead of the 96% capacity factor
assumed in this proposal). this concept would fis-
sion only 335 kg of plutonium per year per reactor.
Insufficient data were provided by the sponsor to
adequately estimate the reactor and reprocessing
inventories. Therefore, only the plutonium deple-
tion inventory, with and without reprocessing, will
be presented. This curve is given in Figure 3 with
the ABC and MSR depletion inventories.
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Table 5. Time required to annihilate various fractions of 47 MT 23Pu and 2*'Pu for reactor and
accelerator systems, assuming no reprocessing of the irradiated fuel.

Annihilation time (years)?

Concept MW(t) 90% 95% 99% 99.99
ABC 4,260 NA NA NA NA
ALMR-RP 4,239 U U U §]
ALMR-MB¢ 4,239 u U U U
ALWR-TY 3,636 0] U U U
MHTGR® 4,050 32.3 u U U
MSR 3,030 NA NA NA NA
PBR! 3,600 8] U U U

NA—Not applicable to this concept.
U—This level of annihilation is unachievable without reprocessing of the fuel.
a. 75% capacity factor assumed for each concept.

b. ALMR reference fuel cycle moderate burner, with 0.61 conversion ratio. The maximum achievable
annihilation is 10.5% over 17 years for a once-through fuel cycle.

c. ALMR maximum burner, with 0.02 conversion ratio. The maximum achievable annihilation is 23.6%
over 10 years for a once-through fuel cycle.

d. ALWR ternary fuel with one-third core reload fuel managment scheme. The maximum achievable
annihilation level is 75% over 32 years for a once-through fuel cycle.

e. MHTGR 2-year, in-core plus 1-year, in-reflector fuel cycle.

f. The maximum achievable annihilation is 88% over 37 years for a once-through fue: cycle.

A summary of the times required to achieve the 4. Briefly describe the technical work scope
annihilation fractions requested in Questions | necessary to complete development of your
through 3 is presented in Tables 5 through 7, reactor or accelerator svstem and its esti-
respectively. The information presented in these mated duration.
tables was obtained from the calculations support-
ing Figures 3 through 10. In Table 7, annihilation 5. Identify technical issues that could impede
times were calculated assuming other fuel sources system development, design, construction,

are available to maintain reactor operation after all
of the initial weapons-grade plutonium has been
inserted into the reactor.

and startup. Fcr example, have all issues
related to material lifetime, compatibility,
etc., been resolved?

2.2.2 Technical Development Require- Tables 8 and 9 summarize the sponsor responses
ments. Questions 4 and 5 were posed to sponsors to these two questions, respectively. The following
regarding any technical development reqired to is a discussion of the INEL evaluation of sponsor
complete the concept: responses.
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Table 6. Time required to annihilate various fractions of 50 MT Pu for reactor and accelerator systems,

assuming no reprocessing of the irradiated fuel.

Annihilation time (years)*

Concept MW(1) 90% 95% 99% 99.9%
ABC 4,260 NA NA NA NA
ALMR-RP 4,239 §] U 0] U
ALMR-MB¢ 4,239 U 0] U u
ALWR-TY 3,636 u 8] §] U
MHTGRE 4,050 §] 0] U u
MSR 3,030 NA NA NA NA
PBRf 3,600 8] 8] U §]

IDP—Insufficient data provided by sponsor.
NA—Not applicable to this concept.

U—This level of annihilation is unachievable without reprocessing of the fuel.

a. 75% capacity factor assumed for each concept.

b. ALMR reference fuel cycle moderate burner, with 0.61 conversion ratio. The maximum achievable
annihilation level is 10.5% over 17 years for a once-through fuel cycle.

c. ALMR maximum burner, with 0.02 conversion ratio. The maximum achievable annihilation level is
23.6% over 10 years for a once-through fuel cycle.

d. ALWR temnary fuel with one-third core reload fuel managment scheme. The maximum achievable
annihilation level is 65% over 32 years for a once-through fuel cycle.

e. MHTGR 2-year. in-core plus 1-year, in-reflector fuel cycle. The maximum achievable annihilation is
73% over 32.3 years for a once-through fuel cycle.

f. The maximum achievable annihilation is 74% over 37 years for a once-through fuel cycle.

Advanced Light Water Reactor (ALWR).
No sponsor response was provided on the ternary
fuel concept, and it is unknown what the operation
characteristics of such a reactor may be. The
proposed cycle length for the ternary fuel concept
is given as 2.3 years. Cycle length is dictated by the
ability to control reactivity swings from the
beginning to the end of the cycle and the core
enrichment. Higher enrichment limits will allow
longer cycle lengths but reactivity control becomes
a greater problem. Additional study will be
required to determine whether sufficient reactivity

control is provided and if a one-fifth core refueling
scheme would allow for 2.3-year cycles.

Of particular concem is whether an analysis of
the prompt thermal feedback coefficients has been
performed. It is possible the proposed fuel might
have cither a positive or only a marginally negative
coefficient, especially if only boron is used for con-
trol purposes. This statement is based on prelimi-
nary calculations at the INEL using PuO»-ZrQ»
fuel. The presence of calcium may help improve
the thermal feedback behavior, but this needs to be
verified with additional calculations.



Table 7. Time required to annihilate various fractions of 50 MT Pu for reactor and accelerator systems,

assuming reprocessing of the irradiated fuel.

Annihilation time (years)*

Concept MW() 90% 95% 99% 99.9%
ABC 4,260 37.8 399 41.6 42.0
ALMR-RP 4,239 144.1 152.1 158.5 159.9
ALMR-MB¢ 4.239 379 40.0 41.7 42.1
ALWR-T 3,636 NR NR NR NR
MHTGR 4,050 39.8 420 43.8 U
MSR 3,030 53.2 56.1 58.5 59.0
PBR 3,600 44.8 473 493 49.7

U—This level of annihilation is unachievable.
NR—No reprocessing proposed.

a. 75% capacity factor assumed for each concept.

b. ALMR reference fuel cycle with 0.61 conversion ratio.

g}

e

ALMR maximum bumer cycle with 0.02 conversion ratio.

ALWR ternary fuel with one-third reload fuel management scheme.

Because no sponsor response was provided on
the ternary fuel concept, it is unknown what techni-
cal issues may impede the development of this con-
cept. Fuel assembly burnup limitations, criticality
concerns, and reactivity control throughout
2.3-year cycles may increase technical develop-
ment time for this concept.

Modular High Temperature Gas-Cooled
Reactor (MHTGR). Other than the fuel
development area, little discussion has been
transmitted for the MHTGR detailing the stability
and controllability of the all-plutonium core
containing burnable poisons. The all-plutonium
core must maintain a negative temperature
coefficient throughout its cycle life for a
90% burnup once-through cycle. INEL reviewers
did not perform a core physics analysis of this
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concept to verify feasibility. This effort should be
pursued as a followup to this study.

Achieving annihilation levels greater than 63%
would require shuffling previously irradiated fuel
blocks into the reflector for an additional 1-year
period. This would achieve only a 73% annihila-
tion level. Further investigation would be required
to determine the feasibility and economic practi-
cality of such a fuel management scheme.

The sponsor has assumed reprocessing TRISO-
coated fuel particles to achieve an annihilation
level of 90%. However, the sponsor has not identi-
fied a method for reprocessing these fuel particles
nor has this been identified as a technical develop-
ment requirements. The time required to develop a
reprocessing method that is economically feasible
in a full-scale facility will likely impede concept
implementation time.



Table 8.

Sponsor responses on technical work scope for development of the system and its duration.

Concept

Response

ABC
ALMR

No specific sponsor response was provided for this question.

Fundamental technical questions have been resolved for the reactor. The design
concept is well advanced and the essential safety approach and design features
are completing acceptance in principle by the NRC.

ALWR-MOX

There has been extensive work done for the ALWR. The Advanced Reactor

Corporation has funding to perform first-of-a-kind engineering by 1996. The
NRC is expected to provide design certification by 1996.

ALWR-T
MHTGR

The sponsor did not address this question.

Five technical areas that pertain to a plutonium-fueled MHTGR are identified

including fuel development, thermal-hydraulics development, reactor physics
development, structural materials development, and component test
development. Use of plutonium fuel would add 18 months to system

development.
MSR

A proof of principle program based on completed development and with

restricted processing could be available in five years. A full development
program without about 12 steps is discussed in Appendix G. A lower-end
estimate for time may be 10 years and a higher-end estimate may be 30 years.

PBR

A five-phase development program is discussed, including feasibility studies

and identification of go/no go critical issues, preliminary system design and
component development, engineering design and component validation,
prototype construction and operation, and construction of full-scale plants. The
development effort through completion of prototype demonstration is
estimated to take 12-13 years.

2.2.3 Cost Estimates. Question 6 was posed to
the sponsors relating to cost estimates for
implementing their concept.

6. What are the current cost estimates for system
development and for construction, startup,
and operation of the facility? What estimat-
ing method was used (e.g.. parametric, his-
torical cost, unit cost)?

Table 10 summarizes the sponsor responses to
this question. Most sponsor cost estimate responses
used the historical cost estimating method. With a
known large variance in data vintage and accuracy,
these responses should be considered only as rough
estimates rather than factual. The INEL recom-
mends a separate parametric cost analysis be com-
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pleted to establish criteria. This cost analysis
should be applied to the top three or four options,
providing a firm cost baseline for future use.

2.3 Waste Processing

Four questions were posed to sponsors regarding
processing of radioactive waste streams. The first
two questions were directed at technical work
required to complete development of the waste
processing system. The remaining two questions
related to schedule and cost estimates associated
with completing waste processing facilities. The
following sections list sponsor responses to these
questions.



Table 9.

Sponsor responses on technical issues that could impede system development.

Concept

Response

ABC
ALMR

ALWR-MOX

ALWR-T
MHTGR

MSR

No specific sponsor response was provided for this question.

In-place technology programs need to be completed. Certain component
detailed designs and proof testing need to be completed. Demonstration plant
design, construction, and testing needs to be completed.

If fuel loading is based on one-third MOX, no design changes would be
required because this fuel would be within current safety analysis envelopes. If
a full MOX core is used, control rod changes may be necessary and sensitivity
studies would be needed to determine control rod worth requirements. Three
control rod options are discussed in Appendix D. Aside from these changes,
there would be no redesign necessary to accommodate a full MOX core.

The sponsor did not address this question.

The critical path issue would be development and qualification of plutonium-
based fuel. Fabrication processes must be adapted and the fuel must be
qualified by irradiation testing.

At this time there are no known feasibility questions remaining. For the
thermal option, solutions to limited graphite lifetime would have to be selected.
Several solutions to material problems were accomplished near the end of the
MSR program and have not been demonstrated. Fuel processing has been tied

to laboratory-scaled tests only. A system integration and demonstration is
needed. New remote and robotics technology needs to be adapted and

demonstrated.
PBR

Two fuel development issues need to be addressed: (1) confirmation of fuel

particle loading and unloading by hydraulic means and (2) fluid dynamics, heat
transfer, and material compatibility tests. A wide range of testing will be
needed up to testing of a prototype in a reactor.

2.3.1 Technical Development Require-
ments. The following two questions were
supplied to concept sponsors regarding
waste-processing development, facility design and
construction, and startup. For these questions,
waste is defined as spent fuel and byproduct waste
streams from recycling spent fuel,

1. Briefly describe the technical work scope
necessary to complete development of a
waste conditioning/processing flowsheet for
your option and its estimated duration.

2. ldentify technical issues that could impede
development of the waste processing flow-
sheet, systems, or facilities.
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Tables 11 and 12 summarize the sponsor
response to these questions. No INEL evaluation of
these responses was made.

2.3.2 Schedule and Cost Estimates. The
following responses were supplied by concept
sponsors for cost and schedule estimates for waste
processing. For these questions, waste is defined as
spent fuel and byproduct waste streams from
recycling spent fuel.

3. What are the current estimates for the time
required for construction and startup of the
waste-processing facility?

4. What are the current cost estimates for waste-
processing development and for construction
and startup of a waste-processing facility?



Table 10.

and operation.

Sponsor responses on current cost estimates for system development, construction, startup,

Concept

Response

ABC
ALMR

No specific sponsor response was provided to this question.

Estimated plant and fuel research and development costs are $325 million.

Design costs are estimated to be $400 million. Construction costs are estimated
to be $3.6 billion for a prototype plant and a nine-module plant. Operation and
maintenance costs for the reactor are estimated to be about $110 million per
year. The estimating method is historical adjusted for factory fabrication.

ALWR-MOX

First-of-a-kind engineering costs are being subsidized by the Advanced

Reactor Corporation and the reactor vendors will bear the remainder of the
development costs. Capital costs estimated for one 600 MW(e) ALWR and a
MOX fuel fabrication plant is in the range of $1.5 to $2 billion. For three
600 MW(e) ALWRs and a MOX fuel fabrication plant, capital costs are
estimated at $4 to $4.5 billion. Annual operating costs are estimated to be
$110 million for one plant and $250 million for the three-reactor scheme.

ALWR-T
MHTGR

The sponsor did not address this question.

First-of-a-kind overnight plant capital costs for four modules are about

$1.5 billion and for eight modules it is about $2.9 billion. Operating costs
including fuel costs and decontamination and decommissioning costs for the
reactor and fuel fabrication facility are about $120 million per year for four
modules and about $220 million per year for eight. Costs were estimated by
combinations of parametric, unit, and historical.

MSR

There are no current cost estimates for MSRs. A recent publication suggested

they were within 5% of LWRs. There are economic advantages to the MSR
because it closes the fuel cycle.

PBR

The estimates apply to three reactors and a fuel fabrication facility each at two

government sites. The capital costs for two sites is estimated to be
$11.5 billion. The operating cost for two sites is estimated to be $100 million

per year.

Tables 13 and 14 summarize the sponsor
response for these questions. The sponsor cost esti-
mate responses used the historical cost estimating
method. With a known large variance in data vin-
tage and accuracy, these responses should be con-
sidered as rough estimates rather than factual. The
INEL recommends a separate parametric cost anal-
ysis be completed to establish criteria. This cost
analysis should be applied to the top three or four
options, providing a firm cost baseline for future
use.

2.4 Waste Disposal

Six questions were posed to concept sponsors
regarding waste disposal technical development
requirements, time and cost estimates for waste
disposal system implementation. and self-
protecting capacity of the final waste form. Before
providing the sponsors’ responses to these ques-
tions, the INEL reviewers viewed it necessary to
provide background information and observation
on plutonium waste disposal issues.



Table 11.

flowsheet.

Sponsor responses on technical work scope necessary to complete development of a waste

Concept

Response

ABC
ALMR

No specific sponsor response was provided for this question.

The waste processing is an integral part of the fuel cycle. The fuel cycle,

involving multiple recycle and equilibrium fission products, will be

demonstrated by ANL.
ALWR-MOX

Reprocessing would only be required where complete burnup of plutonium is

desired. Reprocessing could be done at existing government facilities or at a
new dedicated facility. Existing facilities include the Idaho Chemical
Processing Plant (ICPP) at the INEL and the Savannah River Site (SRS)
recycle facilities. Flowsheets of the process are presently in place. Details on
the waste processes are included in Appendix E.

ALWR-T

There is no need to reprocess this fuel because adequate annihilation can be

obtained by irradiating the fuel in multiple cycles. Recycling of fuel containing
zirconium oxide is much more complex than reprocessing MOX fuel.
Development of a process flowsheet for such fuel and qualification of a
suitable waste form would require an extensive (likely >1 yr) research and
development program, because plutonium-based fuels of this type have not
been previously processed.

MHTGR

Based on an ORNL evaluation, the preferred option appears to be disposal of

the spent plutonium fuel as whole blocks. ORNL concluded whole fuel
elements could be placed in fuel waste containers similar to LWR containers.
Development efforts are estimated to require about three years. Integral
systems tests and demonstration are estimated to require an additional three

years.
MSR

It is expected that no additional waste disposal or conditioning is required

beyond that included in the design and development of the online system.

PBR

No waste processing is envisioned for this concept. The irradiated particles will

be suitably packaged and stored.

2.4.1 Plutonium Waste Disposal Issues. The
following background information and observ-
ations are provided to add perspective to the
questions and the sponsor’s answers.

Background. DOE is currently managing its
radioactive waste via two distinct programs [i.e.,
the Office of Civilian Radioactive Waste
Management (OCRWM), which originated as a
result of the Nuclear Waste Policy Act of 1982, and
the Office of Environmental Restoration and Waste

Management (ERWM)]. Both organizations are
charged to operate with scientific and technical
excellence to ensure safe and cost-effective
programs and the protection of the public health
and the environment. Both programs also have
significant institutional issues with the general
public that are highly controversial and remain
unresolved. Options for denaturing the plutonium
inventory must be evaluated against these issues to
enhance success with ongoing DOE programs.




Table 12. Sponsor responses on technical issues that could impede development of waste processing.

Concept Response
ABC No specific sponsor response was provided for this question.
ALMR The basic tuel cycle, which includes waste processing, has been demonstrated

with over three-year operation of an essentially full-scale electro-refiner
system. By late 1993, a facility will be in operation for the demonstration of
the closed fuel cycle.

ALWR-MOX There are no outstanding issues regarding a flowsheet. If disposition of leached
segments of cladding is necessary, a process for their encapsulation into a
suitable waste form would have to be chosen and tested.

ALWR-T The sponsor did not address this question.

MHTGR No technical issues have been identified for the whole-block disposition option
that would require extensive technology development.

MSR There are no known technical issues that can impede the waste processing.

PBR It is not expected to be technically difficult to find a suitable method for

packaging the irradiated fuel particles. It is expected to be a relatively small
step compared to development and construction of the PBRs.

Table 13. Sponsor responses on current estimates of time required for construction and startup of a
waste-processing facility.

Concept Response
ABC No specific sponsor response was provided for this question.
ALMR The waste-processing facility is contained within the fuel cycle facility.
ALWR-MOX A new facility or modification to an existing facility would be constructed on a

schedule comparable with a dedicated plutonium-burning reactor, that is,
within six or seven years. Reprocessing would not be required for at least a
year after first fuel discharge from the reactor. Reprocessing could be delayed
up to 15 years before all the initial charge of plutonium is used.

ALWR-T The sponsor did not address this question,

MHTGR Facilities for packaging the spent fuel blocks are expected to be designed and
constructed as an integral part of the spent fuel handling and storage facilities
at the reactor. Therefore, the schedule is the same as for the reactor plant.

MSR A separate waste-processing plant is not needed. No extra time or cost is
required, so the schedule is the same as the reactor.

PBR Design of a processing and packaging facility has not been carried out. It is not
expected to be a controlling item in construction,
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Table 14. Sponsor responses on current cost estimates for waste-processing development and facility

construction.
Concept Response

ABC No specific sponsor response was provided for this question.

ALMR The waste-processing facility is an integral part of the fuel-processing facility.
The waste-processing developmental costs are covered in fuel development
activities at ANL.

ALWR-MOX Cost estimates have not been developed for a dedicated facility. Comparison
with other facilities suggests that costs would be in excess of $1 billion.
Modifications to an existing Savannah River facility can be done for about
$110 million. Estimates for ICPP are not available.

ALWR-T The sponsor did not address this question.

MHTGR Cost estimates to design, construct, and start up the packaging tacilities at the
reactor site have not been defined. They are not expected to be a significant
component of the total plant capital costs.

MSR Development work is needed to optimize the waste processing and handling
part of the fuel processing to current requirements and desires. This task is
somewhat simplified by the absence of fuel in the waste.

PBR No estimates have been made for a fuel particle packaging facility. Costs are

not expected to be large compared to the other costs.

While the OCRWM and ERWM programs share
common goals, there are significant differences.
For example, OCRWM is funded by a fee levied on
waste generators, is regulated by NRC, and will
provide a system to handle packaged spent nuclear
fuel (commercial) and vitrified high-level waste.
Key parts of the OCRWM program include dis-
posal of the previously mentioned inventories,
development of a mined geologic repository,
development of interim storage facilities, and
transportation from points of origin to storage or
disposal sites. The OCRWM program must obtain
licenses from the NRC. There are currently about
25,000 MTHM of spent nuclear fuel in storage at
various reactor sites around the country. The
capacity of Yucca Mountain is set at
70,000 MTHM. The amount of defense waste
placed in this repository is likely to depend on
when the repository is opened and how much com-
mercial fuel and defense waste will be ready for
disposal at that time. In February 1993, OCRWM
initiated a study, as directed by Section 803 of the
Energy Policy Act of 1992, to examine the ade-
quacy of 1ts current waste program to manage addi-
tional volumes or types of nuclear waste that may

be generated by new nuclear power or future
defense facilities. Additional types of nuclear
waste considered in this report (due to Congress in
October of 1993) are rather extensive and include
some materials that may be managed by the evolv-
ing ERWM program. Thus, it is currently unclear
which program would control the disposal of the
denatured plutonium.

ERWM is funded by general tax revenues, must
comply with Environmental Protection Agency
and DOE orders rather than the NRC, and may
address a significantly wider range of radioactive
waste and nuclear material for treatment and dis-
posal. However, licensing for disposal may ulti-
mately reside with the NRC. Until just recently,
DOE spent fuel has been reprocessed. These opera-
tions recycled fissile materials and other by-
product isotopes and isolated high-level waste for
vitrification and shipment for disposal (disposal of
high-level waste glass is under OCRWN). The
recent DOE decision to discontinue reprocessing
(because of the low demand for the recovered high-
enriched uranium) has significantly changed the
inventory of materials that is being addressed by




ERWM. Reprocessing produced one waste form
from many different fuel types. Programs to evalu-
ate disposal and treatment options for this pre-
viously processed spent nuclear fuel are under way
and ERWM is also interested in developing new
technologies that will minimize the future genera-
tion of all types of radioactive waste, especially
high-level waste. If a common treatment system is
not developed. then cach of the basic fuel types
may represent a separate waste form that will
require characterization prior to disposal. Thus,
key decisions on how to treat or condition different
nuclear materials, as well as which materials will
be treated in the ERWM program, are still under
development and dependent on being integrated
with the OCRWM plan.

Disposal/Repository Issues—Denaturing
tactics under consideration will produce four basic
waste packages: (1) spent nuclear fuel/targets that
are partially burnt, (2) stainless steel canisters of
vitrified defense waste mixed with small
concentrations of plutonium, (3) spent nuclear
fuel/targets that contain no remaining plutonium,
and (4) plutonium diluted with transuranic waste
for disposal at the Waste Isolation Pilot Plant
(WIPP). Each of these candidate waste packages
has some significant disposal issues that must be
considered in a comparative evaluation process.
The following subsections highlight these issues.

Repository Availability—The basic intent
of the above candidate denaturing tactics is to
denature plutonium and isolate it via placement in
a geological repository as soon as possible. The
two proposed proliferation protection barriers are
self-protecting radiation fields and the isolation of
a geologic repository. Each of these barrier
concepts has a rather significant weakness. First,
the concept of high radiation preventing
proliferation can certainly be challenged by the
willingness of people around the world to give
their life for a particular cause. Crude shielding and
remote handling concepts can quickly render
radiation ineffective. Thus, the isolation aspect of a
repository probably provides greater protection.
However, the chances of this material going into
the first repository (potentially Yucca Mountain)
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are believed to be extremely low and plans for a
second geological repository have not been
initiated. Monitored and controlled storage of the
plutonium in its current or denatured form will be
required for several decades until a geologic
repository is open. An exception to this could be
shipping the material to WIPP via transuranic-type
waste packages (Option 4). However, significant
political resistance would likely result, as this
action would be viewed as a new mission that has
never been addressed. This type of action would
likely be embraced by the general public as an
end-run tactic that could jeopardize the entire
WIPP program,

Repository Control—The candidate denaturing
proposals that would place significant amounts of
highly enriched fissile material in a geologic repos-
itory must consider long-term criticality issues.
These issues remain to be resolved for spent com-
mercial fuels and have never been proposed for fis-
sile materials with these potentially higher levels of
enrichment. The difficulty of demonstrating criti-
cality control for a geologic repository is discussed
in the following paiagraphs.

A fundamental performance issue for the geo-
logic disposal is control and there are two key con-
trol areas: control/containment of fission products
and criticality control for fissile material. The geo-
logic repository concept must achieve some level
of risk that is ultimately acceptable to the regula-
tory bodies and the general public. This acceptabil-
ity issue is based on (a) the perceived hazards
(chemical and radiological) of the waste form and
(b) control of the hazards for as long as the hazards
exist. Because radiological materials are decaying
naturally, they do have a limited lifetime. The
lower part of Figure 11 shows, in a gross compara-
tive manner, that the lifetime of fissile materials
(**Pu and *¥U) will generally exceed the related
lifetime of the controlling fission products. Thus, it
is very difficult to demonstrate criticality control
via a geologic repository for the lifetime of U
because its half-life is 704 million years. The half-
life of 2¥Pu is significantly less (25,000 years), but
even this scenario is difficult to model.
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Figure 11. Control concepts versus waste hazard lifetimes.



The upper part of Figure 11 depicts different
repository concepts that attempt to extend the con-
trol time via multiple barriers and other packaging
options that help minimize the criticality risk via
extended control times. If criticality control must
be provided for as long as a risk exists, then
introduction of fissile material requires configura-
tion control of the repository and the waste form
into geological time. It follows then that zero criti-
cality risk for the geologic repository is only
obtained when the fissile material is removed. If
removal is not provided. then the next best situa-
tion results when the control of the fissile material
is never surrendered and monitoring is maintained.
The perceived risk (chemical and radiological) is
generally linked to the processes that could cause
the material to migrate or jeopardize confinement.
These could include internal (e.g.. chemical and
radiological) or external (e.g.. earthquakes, water
intrusion) events. The potential to loose confine-
ment becomes significantly greater with energy
from an uncontrolled criticality and the inventory
of fission products under these conditions includes
the entire spectrum (short and long lived). Thus,
the introduction of fissile material in a geologic
repository increases the perceived risk and the nec-
essary control time. High burnup proposals would
help to minimize the criticality concern and com-
plete burnup would eliminate the issue entirely.
The complete burmup concept would have another
advantage if fission products were treated and
packaged like defense waste. This would greatly
simplify characterization efforts.

Waste Forms and Characterization
Programs—Any new waste form generated by
these candidate proposals  will require
characterization and performance testing prior to
acceptance at a future repository. This will require
a research and development program with
appropriate funding and time to complete. Funding
and schedules for this type of activity can be
minimized by producing waste forms that have
been extensively characterized (i.e.. defense waste
glass and spent commercial fuel).

Mixing plutonium with defense waste at the
Defense Waste Processing Facility will generate a
new waste form that will require characterization
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and performance testing to be qualified tor accep-
tance at a geological repository. This concept
would also require a major redesign of Defense
Waste Processing Facility process equipment to
ensure criticality control for normal and abnormal
plutonium blending operations. Facility ventilation
modifications to ensure adequate alpha contamina-
tion control are likely and special nuclear material
security features must also be implemented. Any
physical modifications to the facility or equipment
and changes in source terms and processing rates
would also require revisions in the facility’s Safety
Analysis Report and National Environmental
Policy Act documentation.

Future Strategy—The amount of
conditioning or treatment that is likely to be
required for denatured plutonium remains to be
determined by evolution of waste acceptance
criteria for some future repository concept. If it is
a geologic repository concept, then criticality
control is likely to be a key issue for those
proposals that do not completely destroy the
plutonium. Denatured plutonium from these
programs may have to be poisoned, diluted, or
removed to meet waste acceptance criteria.
However, if a new hardened and controlled
repository concept becomes available, then the
waste acceptance criteria for this monitored and
controlled disposal concept may allow
contaminated fissile materials. Concepts requiring
removal of fissile material will need to implement
aqueous or nonaqueous recovery systems. These
systems could be part of a DOE program that is
operated to dispose of all of its nuclear material
inventories (see Figure 12). Segregation of these
inventories into their components would simplify
the waste treatment program for much of the waste.
Thus. a combination of modified repository
concepts (geologic and engineered to maintain
monitoring and control of the stored inventory) and
alternative simplified waste packages (segregation
of fissile and fission product material) could
shorten the regulatory process, reduce costs, and
enhance general public acceptance. New
repository concepts may evolve from the ERWM
and OCRWM programs.

Dispositioning strategies specifically tailored
for plutonium must address some unique issues and
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yet they must also embrace issues that are common
for all special nuclear material (i.e., proposed dis-
positioning activities must be conducted in a man-
ner that is consistent with current regulations via an
overall strategy that is flexible enough to accom-
modate future policy modifications). These modi-
fications will occur as a result of technology
improvements, national policy issues, perceived
public interest in the areas of waste minimization,
environmental protection, nuclear safety, energy
conservation, and general minimal risk for future
generations. A no-action alternative (e.g., contin-
ued storage) serves as a useful benchmark if a dif-
ferent repository concept (e.g., monitored and
controlled) is determined to be an acceptable solu-
tion. The resolution of these challenges requires a
global, integrated, and structured plan across the
DOE complex and all of its fissile materials. What
may be best for plutonium denaturing should be
part of the optimum solution for the entire DOE
special nuclear material inventory.

2.4.2 Technical Development Require-
ments. Questions 1-3 concerning technical
development requirements for waste disposal were
asked and responses were obtained from the
Sponsors:

1. Relative to the assumed acceptance of com-
mercial fuel and defense waste in a geologic
repository, is there waste characterization
work that must be performed?

o

. Briefly describe the technical work scope
necessary to complete development of the
waste disposal method and its duration. For
example, are there any preconditioning or
packaging requirements that must be satisfied
for repository acceptance?

3. Identifv technical issues that could impede
the placement of waste from your option in a
repository.

Tables 15-17, respectively, summarize the spon-
sor responses for these three questions.

2.4.3 Schedule and Cost Estimates.
Questions 4 and S were posed to the concept
sponsors on their estimates for time schedule and
costs for developing and implementing a waste
disposal system and disposal of the waste in a
repository.

4. What are your estimates for the elapsed time
prior to opening a suitable repository?

5. What are the current cost estimates for waste
disposal system development and for disposal
of the waste?

Tables 18 and 19 summarize the sponsor
responses to these questions. The sponsor cost esti-
mate responses used the historical cost estimating
method. With a known large variance in data vin-
tage and accuracy, these responses should be con-
sidered only in general (versus factual) terms. The
INEL recommends a separate parametric cost anal-
ysis be completed to establish criteria. This cost
analysis should be applied to the top three or four
options, providing a firm cost baseline for future
use.

2.4.4 Self-Protection of Waste. Question 6
was posed to the sponsor on the self-protecting
aspects of the final waste form to determine the
waste’s diversion resistance:

6. Does radiation make vour proposed waste
package self-protecting (i.e., greater than
100 Rihr at 3 ft from the surface). If so, how
long does it remain self-protecting?

Table 20 summarizes the sponsor responses to
this question.



Table 15. Sponsor responses on waste characterization work that may be necessary for repository

acceptance.
Concept Response

ABC No specific sponsor response was provided for this question.

ALMR The metal fuel pyroprocess produces two main waste streams: salt and metal,
which do require performance and acceptance testing. However, these waste
forms are being developed and tested and are expected to be acceptable for
repository acceptance.

ALWR-MOX The spent MOX fuel is to be sent to a geologic repository following a period of
interim storage. Characterization studies would have to be factored into the
spent fuel characterizations currently in progress for commercial oxide fuel.

ALWR-T The sponsor did not address this question.

MHTGR Based on ORNL conceptual evaluations, the fuel is disposed of as whole
blocks, which means the plutonium fuel is permanently encased by large
quantities of corrosion-resistant graphite. Characterization beyond the fuel and
graphite appear to be minimal. Three technical issues are identified ranging
from confirmation of the C-14 content of the fuel elements to oxidation rates of
irradiated graphite. (See Appendix F).

MSR The waste is fuel free. Because it is in a chemical processing plant, it can be
adapted to the requirements of any repository. Side streams contain chemicals
that will require characterization. It is expected they can be modified.
classified, and separated according to requirements.

PBR Because the waste packaging has not been explicitly defined, no precise

answer can be given. The waste packages could be adapted to conform to a
geological repository.
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Table 16. Sponsor responses on technical development work necessary for waste disposal.

Concept Response

ABC No specific sponsor response was provided for this question.

ALMR The preconditioning requirements should be covered in the testing described in
the response to the previous question. Packaging is expected to be standard.

ALWR-MOX Technical work scope is well defined. The major elements are spent fuel
characterization, reactor basin for underwater cooling, program for dry storage,
program to develop treatment facility to repackage fuel, definition of
repository acceptance criteria, and fuel qualification procedures with emphasis
on criticality prevention.

ALWR-T The sponsor did not address this question.

MHTGR ORNL concluded fuel elements could be placed in spent fuel containers and
placed in a repository without significant preconditioning or processing.
Confirmation will be needed by detailed engineering analysis and possibly
validated by testing programs.

MSR Waste treatment development is part of the entire fuel-processing development.
One of the concepts envisions that the waste will be optimized in every respect.
This can be done because the waste stream is in a liquid form.

PBR Suitable packing methods will need to be defined. Because no chemical

processing is required, it is expected to be a relatively small step compared to
development and construction.

Table 17. Sponsor responses on technical issues that could impede placement of waste in a repository.

Concept

Response

ABC
ALMR

ALWR-MOX

ALWR-T

MHTGR

MSR

PBR

No specific sponsor response was provided for this question.

There are no known impediments for placement of ALMR pyroprocessing
waste in a repository. The waste performance and acceptance testing is ongoing
and is expected to be successful.

There are waste form qualifications with particular emphasis on criticality
prevention over geologic time periods. Safeguard assessments are needed for
both surface and subsurface storage. Because commercial fuels will face these
same issues, successful commercial fuel qualification will provide a means to
qualify MOX fuel.

The sponsor did not address this question.

No technical feasibility issues were identified by the ORNL assessment that
are expected to impede placement of whole fuel elements in a repository.
Minimizing space requirements may need to be addressed.

There are no known issues unique to this concept. The waste is fuel free. Side
streams that contain elements such as fluorine or beryllium with radioactive
material may require special treatment.

Currently no issues have been identified.

40




Table 18. Sponsor responses on current schedule estimates for opening a suitable repository.

Concept Response
ABC No specific sponsor response was provided for this question.
ALMR It is assumed that the current repository schedule (e.g., opening about 2010) is
compatible with the ALMR schedule.
ALWR-MOX Only defense high level waste and commercial spent fuel are authorized for

storage at Yucca Mountain. It is unlikely this situation will change. It is likely
that MOX fuel disposal will have to wait for a second repository. It is a widely
shared opinion that a second repository would not be available before

2030-2040.
ALWR-T The sponsor did not address this question.
MHTGR There is no incremental elapsed time beyond that for opening a suitable LWR

fuel repository for commercial or defense HLW.

MSR The MSR is not dependent on the opening of a repository for waste. The waste
is fuel free and relatively small in quantity.

PBR No estimate has been made of the time prior to opening a repository. Political
issues could dominate this question.

Table 19. Sponsor responses on current cost estimates for waste disposal system development and for
disposal.

Concept Response
ABC No specific sponsor response was provided for this question.
ALMR The cost of disposal of ALMR processed fuel is expected to be less than the

current 1 mill/kWh fee. It is expected that the cost on an equivalent basis
would be one-half to three-quarters of a mill/kWh.

ALWR-MOX Spent fuel disposal estimates included in WSRC-RP-92-10042 are estimated to
be $65 million and additional development costs are estimated to be about
$10 million. (See Appendix E for additional details.)

ALWR-T The sponsor did not address this question.

MHTGR A rigorous cost estimate has not been made, but it should be comparable to
costs for commercial spent fuel disposal.

MSR There are no estimates for waste disposal. Some new and additional steps will
be needed, but they are not considered critical.

PBR No cost estimate has been made of a particle processing facility.
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Table 20. Sponsor responses on the self-protecting features of the waste package.

Concept Response

ABC No specific sponsor response was provided for this question.

ALMR It will be self-protecting. See the curve provided in Appendix D.

ALWR-MOX It will be self-protecting for about the same time period as the commercial
spent fuel. The time has noi Leen specifically calculated, but it is expected to
be self-protecting for greater than 50 years.

ALWR-T The sponsor did not address this question.

MHTGR A graph shows it to be self-protecting according to the stated criteria for about
60 years.

MSR The MSR waste does not contain any fuel, so it is the ultimate in
self-protection.

PBR No estimate has been made.
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3. GENERAL RATING OF PLUTONIUM ANNIHILATION OPTIONS

The INEL produced ratings for the reactor and
accelerator-based systems considering only
options that have the capability to annihilate large
fractions of weapons-grade plutonium. These rat-
ings have a different basis than ratings produced by
LLNL because its ratings considered options that
denatured plutonium as well as options that annihi-
lated some or most of the plutonium. For the
INEL's rating, three areas of comparison were
selected: (1) operational capabilities of the fission
options, (2) time required to deploy reactor or
accelerator, and (3) cost estimates based on spon-
sor supplied information. A brief discussion of the
first two areas follows. Insufficient valid cost data
are available to develop sound estimates for future
use. Further work is required to produce defend-
able and comparable cost estimates.

The methodology for rating operational capabil-
ity of the options followed the rating methodology
developed by LLNL.! Four stages of operational
capability were defined as:

e Concept Feasibility (CF). The physical
principles associated with the concept are
well understood and general feasibility has
been established.

e Engineering Feasibility (EF). The engi-
neering system, subsystems, and major com-
ponents have been identified and their
performance has been generally established.
A design basis, including design basis acci-
dents and preliminary system response to
such events, has been developed.

e At-Scale Operation (ASO). A successful
operation that is larger than bench scale and
smaller than full scale exists.

o Presently-Existing Capability (PEC).
Similar, but not necessarily identical, systems
are currently operating successfully.
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Table 21 summarizes the rating of options. The
most significant change in this table from the
LLNL report is in rating of engineering feasibility
for the ALWR. In examining the sponsor’s
information, the INEL concluded the ternary fuel
requires additional development before its engi-
neering feasibility can be definite. Ratings of ABC,
MSR, and PBR were listed as partial because engi-
neering feasibility has not been proven for all sys-
tems components.

Categorization by time to deployment is based
on a system capable of annihilation of plutonium.
Information from the LLNL report was used in
categorization, but different durations were
assigned. In general, as with cost estimates, accu-
rate schedule information is not available within
the nuclear industry and will require further study.
Table 22 shows options falling into three distinct
groups. The ALMR-R uses fuel currently devel-
oped and replaces blanket material that would
otherwise be used for plutonium breeding. How-
ever, results from Section 2.2.1 indicate that this
concept would take approximately 144 years to
annihilate 90% of the assumed 50 MT of pluto-
nium. The ALMR-MB, ALWR-T, and MHTGR
would fall within the same deployment period
because each has fuel development and testing for
plutonium-based fuel in process. The ABC, MSR,
and PBR require additional development and
design efforts for their entire concept.

A comparison of concept costs has been com-
piled in Table 23 from sponsor response informa-
tion contained in Tables 4, 10, 14, and 19. These
costs are not sufficiently complete to allow a rank-
ing to be made. Electrical revenues were calculated
based on the concept descriptions used in the cal-
culations of Section 2.2.1.




Table 21. Operational capability of plutonium annihilation options.

ALMR-R ALMR-MB  ALWR-T MHTGR ABC MSR PBR
CF Yes Yes Yes Yes Yes Yes Yes
EF Yes Probablyt Probably¢ Probably!  Partiald  Partial®!  Partial®
ASO  Probably? No No No No No No
PEC No No No No No No No

a.  Assuming Fuel Cycle Facility operation.

b. Based on experience with uranium-plutonium based fuel, recognizing the need for additional fuel
development work.

c.  Based on experience with uranium-based ternary fuel, recognizing the need for additional fuel
and reactor kinetics development work.

d.  Assuming review of Peach Bottom PuO, TRISO particle tests will validate fuel performance and
acceptable plutonium core accident response can be established.

e. Requires large scale-up of MSR.

f.  Design basis, including design basis accidents, has yet to be developed.

Table 22. Ranking of plutonium annihilation options based on time to deployment.

Group Concept rankings Comments
I ALMR-R Moderate extension of current technology but a slow
(5-10 yr) annihilation option
Ii ALMR-MB Technical development of plutonium-based fuel required
(10-20 yr) ALWR-T Technical development of plutonium-based fuel required
MHTGR Technical development of plutonium-based fuel required
I ABC Extensive technical development of concept required
(20-30 yr) MSR Extensive technical development of concept required

PBR Extensive technical development of concept required
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Table 23. Total concept costs for similarly sized facilities assuming a 40-year operating lifetime.

Concept costs (in millions)

ABC ALMR ALWR MHTGR MSR PBR
Research and IDP 325 IDP 261 1DP 208
development
Fuel Fabrication IDP 120 680 260 IDP 1,000
Facility
Fuel Fabrication IDP 1,000 IDP 1,720 IDP IDP
Facility operations
and maintenance
Reactor facility IDP 3.400 3,600 3.260 IDP 5.250
Reactor facility IDP 4,400 10,000 9,920 IDP 2,000
operations and
maintenance
Electrical revenue 16,399 22,706 18,922 24551 IDP 18,922

(calculated
assuming 75%
capacity factor and
0.06/kWh)

IDP—Insufficient data provided by sponsor.
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4. CONCLUSIONS AND RECOMMENDATIONS

4.1 Conclusions

Based on information provided by concept spon-
sors and the INEL’s evaluation of this information,
the following conclusions and recommendations
were reached.

4.1.1 Fuel Status. Previous fuel development
work for many of the options concentrated on
uranium-based fuel. As a result, plutonium-based
fuel development has been limited and
demonstration of full-scale fuel fabrication has not
been made. Based on the current fuel status, the
development and fabrication of plutonium-bearing
fuels will be on the critical path if annihilation of a
high percentage of the plutonium (90% or greater)
is desired. Fuel development will consume much
of the time required to design and construct any of
the reactor or accelerator-based options.

Two fuel forms have been proposed for both the
ALMR and ALWR options. A uranium-plutonium-
based metal fuel has been proposed for the ALMR
reference fuel cycle (ALMR-R) and a plutonium-
based metal fuel for a maximum burner or anni-
hilation cycle (ALMR-MB). A MOX fuel has been
proposed for the ALWR (ALWR-MOX) and also a
ternary fuel (ALWR-T) to provide more rapid plu-
tonium annihilation.

Fuel development of ALWR-MOX has been
completed. Irradiation testing of the ALMR-R fuel
is under way at ANL. Vital developmental work
remains for the ALMR-MB, ALWR-T, and
MHTGR fuels. Significant development work will
be required for the fuel and the components
associated with the core region (frits, etc.) for the
PBR. Insufficient information on fuel development
needs was provided by sponsors of ABC and MSR
but reviews by the INEL indicalc that additional
fuel development is required.

The INEL believes that sponsor estimates for
fuel fabrication facility costs and schedules may be
optimistic because experience with uranium oxide
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fuel cannot be directly extrapolated to plutonium-
based fuel fabrication. The plutonium fuel facili-
ties will have safety and environmental issues that
are complex and difficult to resolve. In addition, all
fabrication and storage facilities will likely be
funded by DOE and reside on a highly secure DOE
reservation, which could result in higher costs and
longer schedule durations. A plutonium fuel pro-
duction facility that is sufficiently large and secure
is projected to cost more and take longer to design,
build, and make operational than a similar uranium
facility, especially if care is not taken in imple-
menting design and safeguards requirements.
Operating costs and durations are expected to be
greater than currently encountered for uranium-
based fuel. However, operating costs are a small
part of the overall costs of the plant. It is not clear
that these differences are adequately considered in
the sponsor estimates.

4.1.2 Reactor and Accelerator System
Status. The INEL believes that annihilation of
plutonium is preferred over denaturing.
Furthermore, because it is possible to construct a
nuclear explosive device from a wide range of
plutonium isotopic concentrations, the INEL
believes that the capability to annihilate all five
plutonium isotopes (238Pu, 239Pu, 240py, 241py,
and 242Pu) is a better measure of a concept’s
effectiveness than the capability to annihilate just
the 23%Pu and 24!Pu isotopes. A discussion of the
capabilities of the reactor and accelerator-based
options to annihilate plutonium follows.

The original ALWR option description proposed
using MOX fuel for disposition of plutonium. The
ALWR sponsor response states that ternary fuel
(PuQ0»-Zr0,-Ca0) is now the preferred fuel. The
INEL believes that the change in ALWR fuel
choice is possibly because use of MOX fuel to
annihilate 50 MT of plutonium would require long
periods of time or large numbers of reactors.
Numerous fuel reprocessing cycles would be nec-
essary. Although the use of existing commercial
reactors may be possible, reprocessing would



likely become the critical path for mission comple-
tion. Large amounts of spent fuel would have to be
shipped to centralized reprocessing facilities,
increasing the potential for diversion. In addition,
the time and cost to license a large number of com-
mercial LWRs for MOX fuel could be substantial.
Because commercial LWRS are not standardized, it
is likely that the NRC would have to consider the
licensing of MOX fuel on a plant-by-plant basis.

ALWR-T and MHTGR options are both capable
of annihilating high percentages of 23%Pu and 24!Pu
without reprocessing. The ALWR sponsor pro-
poses using a ternary fuel to achieve annihilation of
a significant fraction of the total plutonium iso-
topes without reprocessing. ALWR-T high anni-
hilation percentages can only be reached through
in-reactor fuel assembly resident times signifi-
cantly longer than current LWR fuel assemblies
typically experience. Further investigation would
be required to determine whether ALWR-T fuel
assembly materials could survive long resident
times without being refurbished. The MHTGR
sponsor proposes employing a fuel management
scheme that involves shuffling irradiated fuel
blocks into the core reflector region to achieve
annihilation of large fractions of all plutonium iso-
topes. Further investigation would be required to
determine the practicality of such a fuel manage-
ment scheme.

Calculations by the option sponsors indicate that
concepts with reprocessing can achieve near total
plutonium annihilation in a shorter duration than
nonreprocessing options. As shown in Table 7, for
the deployment of similar MW(t) facilities, the
concepts that can annihilate total plutonium quick-
est are the ABC and ALMR-MB. These concepts
are closely followed by the MHTGR and PBR.
However, the ABC and PBR concepts are not
highly developed and will require a significantly
longer time period to implement and deploy. The
annihilation levels of the MHTGR concept depend
on & yet-to-be-proposed method for reprocessing
the fuel particles.

Technology development issues must be
resolved for all reactor and accelerator-based
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systems. Criticality and reactivity control during
reactor operation must be examined when annihi-
lating large percentages of plutonium. Develop-
ment work on a reactor concept similar to the PBR
option in the Commonwealth of Independent
States indicates that substantial development work
is required for the PBR. Specific technology devel-
opment issues for the ABC, MSR, and PBR
options were not identified because these concepts
are in a preliminary stage of conceptual develop-
ment. It is clear that significant issues relating to
materials, design, and fabrication would have to be
resolved before these concepts could be
constructed.

The INEL believes that sponsor estimates for
system development and construction costs and
schedules are optimistic and that costs would be
higher and schedules would be longer than pre-
dicted. Startup and operational costs are expected
to be similar to those of currently operating reactor
facilities on a per reactor basis.

4.1.3 Waste-Processing Status. A dctailed
technical assessment of the waste-processing area
was not performed by the INEL. Waste
characterization work will be necessary for all
plutonium-based fuels. Waste processing is an
integral part of the ABC, ALMR, and MSR.
Technical development of the ALMR waste-
processing system is under way at ANL. Waste
processing for the ABC and MSR require process
and component development for plutonium-based
fuels. The sponsor indicated that waste processing
is not necessary for the PBR because no
reprocessing is proposed and the particles would be
packaged and sent to a waste disposal facility.
Waste processing for the MHTGR with
reprocessing has not been completely evaluated.
ORNL examined disposal of uranium-based
MHTGR fuel and concluded that the fuel elements
could be safely placed in a repository without
waste processing. Waste processing for the
ALWR-T fuel would require more complex and
time-consuming precesses than the MOX fuel.
Some benchtop development work for the
uranium-based termary fuel has been done.,



4.1.4 Waste-Disposal Status. Scveral
waste-disposal packages are possible using
reactors or an accelerator. Each of the possible
waste packages has disposal issues that must be
considered in a comparative evaluation process,
including:

¢ Repository Availability. The likelihood of

wiste from the reactor or accelerator-based
concepts going to the first geological reposi-
tory is very low and plans for a second reposi-
tory have not been initiated. Monitored
storage of plutonium, or its denatured form,
could be required for several decades.

e Repository Control. There are two key
variables in the control of material in a repos-
itory: control/containment of radioactive
material and control of criticality. Criticality
control is difficult to demonstrate to the gen-
eral public because the fissionable material
decays very slowly, which means material
could be available to form a critical mass for
long periods of time. In addition, there is no
evidence that the containment material will
last the long times necessary to prevent the
fissionable material from migrating into a
critical geometry.

e Waste Forms and Characterization
Programs. Any new waste forms will
require characterization and performance
testing prior to acceptance at a future geo-
logic repository.

Several option sponsors recognized these issues
and it was clear that adequate consideration of
waste disposal needs in all options requires further
investigation. It does not appear any option has a
notable advantage in waste characterization area,
and therefore should not be a discriminator in rat-
ing options. Three sponsor concepts, the ABC,
ALMR, and MSR, have greatly reduced require-
ments for long-term monitoring of their final waste
forms. These forms are expected to contain only
small quantities of high-level nuclear waste and
fissionable materials. Destruction of long-lived
actinides are an inherent part of these concepts’
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processes and the effective lifetime requirement of
a geologic repository is reduced from several
hundred thousand years to several hundred years.,

10 a repository is not available for several
decades, temporary onsite storage of the final
waste should not pose any additional safeguards
and security problems. These waste forms contain
only trace quantities of plutonium and criticality
control during storage in a repository becomes a
low level issue. Further study of all the waste dis-
posal issues for sponsor concepls is required.

4.1.5 General Rating of Plutonium Annihila-
tion Options. The INEL produced ratings for the
reactor and accelerator-based systems considering
only options that have the capability to annihilate
large fractions of weapons-grade plutonium. These
ratings have a different basis than ratings produced
by LLNL because its ratings considered options
that denatured plutonium as well as options that
annihilated some or most of the plutonium. For the
INEL’s rating, three areas of comparison were
selected: (1) operational capabilities of the fission
options, (2) time required to deploy reactor or
accelerator, and (3) cost estimates based on sponsor
supplied information. The ALMR-R rated highest
in operational capabilities and time to deploy. Costs
could not be used to provide adequate ranking
because sufficient data were not available.

4.2 Recommendations

Based on the evaluation of the sponsor concepts,
the following observations can be made:

. If annihilation of the weapons-grade pluto-
nium is (o commence as soon as possible, as
the most technically developed concept, the
ALMR-R can be deployed carliest. Total
annihilation of 50 MT of weapons-grade plu-
tonium over a 40-year period would require
completion of the remaining technical devel-
opment and the construction of approxi-
mately 48 ALMR modules over the next S to
10 years with the remaining 30 years dedi-
cated to plutonium annihilation.



If annihilation of the weapons-grade pluto-
nium is desirable and reprocessing of the irra-
diated fuel is unacceptable, only two concepts
are available, ALWR-T and MHTGR. There
is currently no experience with plutonium-
based fuels for the ALWR-T and limited
experience for the MHTGR. Additional time
would be required to complete technical
development of both fuel types. ALWR-T
high annihilation fractions can only be
achieved through significantly longer fuel
assembly resident times in the reactor than
current LWR fuel assemblies. It is questioned
whether ALWR-T fuel assembly materials
could survive long resident times without
being refurbished in some manner. It is also
questioned whether criticality and reactivity
control can be maintained throughout long
cycle lengths. High annihilation fractions of
the MHTGR can only be achieved through a
modified fuel managemert scheme that
replaces reflector materials with irradiated
fuel elements.

Approximately 73% annihilation of S0 MT of
plutonium within a 40-year period would
require completion of the remaining technical
development and the construction of approxi-
mately eight ALWRs or 15 MHTGR mod-
ules over the next 10 to 20 years with the
remaining 20 years dedicated to plutonium
annihilation. Fuel development is required for
each of these options, but insufficient time
and information was available to chose one
option over the other.

If annihilation of weapons-grade plutonium
is desirable and reprocessing irradiated fuel is
acceplable, six concepts are available: ABC,
ALMR-R, ALMR-MB, MHTGR, MSR, and
PBR. Although some development time is
still required for the ALMR-R and
ALMR-MB fuel types, the ABC, MSR, and
PBR concepts are not sufficiently developed
and will require a significantly longer time
period to implement and deploy, if successtul

49

at all. In addition, no method has been pro-
posed for reprocessing the MHTGR or PBR
fuel particles.

For the ALMR-R, total annihilation of SO MT
of plutonium within a 40-year period would
require completion of the remaining technical
development and the construction of approxi-
mately 48 ALMR modules over the next § to
10 years with the remaining 30 years dedi-
cated to plutonium annihilation. The
ALMR-MB would require construction of 19
ALMR modules over the next 10 to 20 years
with the remaining 20 years dedicaied to plu-
tonium annihilation. The MHTGR would
require construction of 20 modules over the
next 10 to 20 years with the remaining 20
years dedicated to plutonium annihilation.
For the ABC or PBR, completion of the
remaining technical development and the
construction of approximately five ABC sys-
tems, six MSR reactors, or 15 PBR modules
would require 20 to 30 years with the remain-
ing 10 years dedicated to plutonium annihila-
tion. Because of the large number of modules
required for the ALMR-R and the technical
development required for the ABC, MHTGR,
MSR. and PRB, if reprocessing of the irra-
diated fuel is acceptable, the ALMR-MB is
preferable.

Fabrication of the ALWR-T and MHTGR fuels
will require weapons-grade plutonium be pro-
cessed for removal of contaminants. Facilities exist
for such processing, but transportation to the reac-
tor site incrzases the potential for diversion. The
ALMR-R or ALMR-MB fuel can employ weap-
ons-grade plutonium directly into its fuel cycle,
and the fuel cycle will reside at the same location
as the reactors. The potential for diversion is
diminished for the ALMR-R and ALMR-MB con-
cepts.

Waste-processing and waste-disposal issues
must also be considered for the above recommen-
dations. Waste processing is an integral part of the
ALMR concept and technical development of this




process is under way at ANL. Waste characteriza-
tion work may be necessary for the MHTGR pluto-
nium-based fuel and waste processing for the
ALWR ternary fuel would require more complex
and time-consuming processes than MOX fuel. Of
the three concepts, the ALWR-T and MHTGR
waste will be highly radioactive tor hundreds of
thousands of yecars. The ALMR waste will be
highly radioactive tor only several hundred years
because most of the high level radioactive waste is
recycled back into the ALMR fuel.
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Because of time constraints and lack of detailed
information available tor this review, the INEL
recommends further study of what it believes are
the top four concepts—ALMR-R (Advanced Lig-
uid Metal Reactor with reference fuel eycle).
ALMR-MB (Advanced Liquid Metal Reactor with
maximum burner fuel cycle), ALWR-T (Advanced
Light Water Reactor with ternary fuel), and
MHTGR (Modular High Temperature Gas-Cooled
Reactor).
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Appendix A

Questions Asked for the Sponsor Options

Fuel

Please answer the following questions for fuel development, fabrication facility design and construction,
and facility startup and operation.

1.

'

Did you assume that plutonium (PuO; or Pu metal) used in the fuel would be free of contaminants
(alloying metals and americium now in the nuclear weapon pits)? Will the fuel proposed be negatively
impacted if plutonium is contaminated with these alloying metals and the americium?

Briefly describe the technical work scope necessary to complete development of the fuel and its esti-
mated duration.

Identify technical issues that could impede fuel development and fabrication. For example have all
issues related to material lifetime, compatibility, etc., been resolved?

What are the current cost estimates for fuel development and for the fuel fabrication facility construc-
tion, startup, and operation? What estimating method was used (e.g., parametric, historical cost, unit
cost, etc.)?

Reactor or Accelerator System

Please answer the following questions for reactor or accelerator system development, facility design and
construction, and facility startup and operation. Since the MSR and the ABC use a continuous fuel cycle, it
is not necessary to answer the first question.

1.

to

If the plutonium disposition goal is to annihilate 23°Pu and 24! Pu in a single fuel cycle, what is the total
burnup or exposure (GWD/ MT Pu) required to reduce the initial inventory of these two isotopes by
90%, 95%, and 99% (if possible)? For each of these cases, identify the weight percent of all plutonium
isotopes in the initial fuel loading and those remaining in the spent fuel after an equilibrium fuel cycle.
Also identify the cycle times.

If the plutonium disposition goal is to annihilate 239Pu and 24!Pu and irradiated fuel can be reprocessed
to recover and recycle plutonium, what is the total burnup or exposure (GWD/MT Pu) required to
reduce the initial 23%Pu and 24! Pu inventory by 90%, 95%, 99%, and 99.9%? If the option uses a batch
mode fuel cycle, how many times would a core fuel load need to be recycled to reach each burnup
percentage? For each of the four cases, identify the weight percent of all plutonium isotopes prior to
initiation of irradiation and those remaining in the spent fuel.

If the plutonium disposition goal is to annihilate all plutonium isotopes and irradiated fuel can be
reprocessed to recover and recycle plutonium, what is the total burnup or exposure (GWD/MT Pu)
required to reduce the inventory of all plutonium isotopes by 90%, 95%, 99%. and 99.9%? If the
option uses a batch mode fuel cycle, how many times would a core fuel load need to be recycled to
reach each burnup percentage? For each of the four cases, identify the weight percent of all plutonium
isotopes remaining in the spent fuel.

Briefly describe the technical work scope necessary to complete development of your reactor or accel-
erator system and its estimated duration.



5. Identify technical issues that could impede system development, design, construction, and startup. For
example, have all issues related to material lifetime, compatibility, etc., been resolved?

6.  What are the current cost estimates for system development and for construction, startup, and opera-
tion of the facility? What estimating method was used (e.g., parametric, historical cost, unit cost, etc.)?

Waste Processing

Please answer the following questions for waste processing development, facility design and construction,
and startup. For these questions, waste is defined as spent fuel and by-product waste streams from recycling
spent fuel.

1. Briefly describe the technical work scope necessary to complete development of a waste conditioning/
processing flowsheet for your option and its estimated duration.

2. Identify technical issues that could impede development of the waste processing flowsheet, systems,
or facilities.

3. What are the current estimates for the time required for construction and startup of the waste proces-
sing facility?

4.  What are the current cost estimates for waste processing development and for construction and startup
of a waste processing facility?

Waste Disposal

Please answer the following questions for waste disposal development for your option. For these questions,
waste is defined as spent fuel and by-product waste streams from recycling spent fuel. You may benchmark
your answers against the programs that are being developed for commercial fuel and defense waste.

1. Relative to the assumed acceptance of commercial fuel and defense waste in a geologic repository, is
there waste characterization work that must be performed?

2. Briefly describe the technical work scope necessary to complete development of the waste disposal
method and its duration. For example, are there any preconditioning or packaging requirements that
must be satisfied for repository acceptance?

3.  Identify technical issues that could impede the placement of waste from your option in a repository.

4.  What are your estimates for the elapsed time prior to opening a suitable repository?

5.  What are the current cost estimates for waste disposal system development and for disposal of the
waste?

6. Does radiation make your proposed waste package self-protecting (i.e., greater than 100 R/hr at 3 ft
from the surface)? If so, how long does it remain self-protecting?
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Sy AECL

AECL Technologies

9210 Corporate Boulevard
guue410

March 15, 1993 Rockville Marytand
1-800-USA-AECL

Mr. Duane J. Hanson 90‘2;0]!7).2?;70746

EG&G Idaho Inc. ax .

P.O. Box 1625 Telex 403-442

MS 2508
Idaho Falls, Idaho 83415

Dear Mr. Hanson,

I have received your FAX of March 11, 1993 providing a list of the
questions requested by the National Academy of Sciences regarding

reactor options for Plutonium disposition. You requested an answer by
Monday, March 15. It is unfortunate that we did not receive this
request until your study was almost completed. Obviously it is not

possible to provide detailed answers in the time allotted to us. The
questions warrant careful study and some analysis of fuel management

schemes for our CANDU reactor line; there is not time enough for such
study and analyses.

Nevertheless, I think it may be useful to INEL and the National Academy
to consider the possibility of employing CANDU type reactors for the
dual purpose of power generation and Plutonium annihilation, as they may
have major advantages over the alternatives. I have summarized below
some information on the current status of CANDU technology, and some of
our initial thoughts regarding the application cof CANDU reactors for
disposing of excess Plutonium. This letter supercedes the draft letter
which I FAXED to you on March 12, 1993.

STATUS OF TECHNOLOGY DEVELOPMENT - Questions 4, 5 and 6 under "Reactor

Systems™ ask about the status of development of the reactor technology
being proposed. In fact, the CANDU technology is fully developed and
proven. A Plutonium burning fuel system could be applied using
available designs without changing the basic reactor configuration and
control systems. The frequency of on-line refueling would have to be
increased in some cases, but no change in design would be required.
Thus additional technology development would not be required for the
power plant or reactor control and safety systems. Detailed studies

would be required on the fuel system to maximize the rate of plutonium
consumption. Specifically:

1. The CANDU Pressurized Heavy Water Reactors have a proven record of
safe, reliable, and economic performance which compares favorably with
other proven reactor types such as Pressurized and Boiling Water
Reactors. We have over 200 reactor years of safe and successful
commercial operation; with 32 reactors currently in operation or under
construction. Multiple unit stations provide much of the power for
Ontario Hydro, and single unit CANDU stations are in operation in
Quebec, New Brunswick, Korea, and Argentina. Additional plants are
under construction in Romania, Korea, and Canada.

2. AECL is the developer and designer of che CANDU reactors.
Manufacturing and construction is done by the utility or private
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vendors. The 600 MWE CANDU 6 plants are stand alone plants currently
producing power in Korea, Argentina, New Brunswick, and Quecec.

3. AECL has designed an improved version of the CANDU 6 reactor, known
as the CANDU 3, with a rating of 450 MWE. This design has improved
reliability, safety, and operability features, and has major
improvements in constructability, with the result that econcmics compare
favorably with a comparable size fossil power plant. Detailed design of
CANDU 3 is about 80% complete (the Province of Saskatchewan is sharing
in the funding for this design), with detailed regulatory review of the
standard design underway by Canada's Atomic Energy Control Board. AECL
Technologies, the U.S. arm of AECL, has applied to NRC for a U.S.
license of the CANDU 3 design under 10CFRS2; a pre-~application review is
underway and an NRC SER is scheduled to be issued in 1994. Discussions
have been initiated with the Electric Power Research Institute to
prepare a Utility sponsored CANDU Requirements Document similar to the
ALWR Requirements Document recently completed.

4, Either the CANDU 6 reactors of the type currently in operation, or
the improved CANDU 3 design now being licensed in Canada and the U.S.,
could be applied to the Plutonium annihilation program.

REACTOR SYSTEM - Questions 1 through 4 request information on the
effectiveness of the proposed reactor system to fully annihilate the
fissile Plutonium. In conversations with Woody Stroup, he emphasized
the desire in this study to avoid the production of new plutonium from
fertile materials. Because it uses on-line refueling, the CANDU system
can achieve more complete annihilation of Plutonium without reprocesing,
as compared to alternatives. The question of fuel design, including use
of non-fertile dilutants, is discussed below.

In terms of the reactor system, present CANDU reactors use Natural
uranium and achieve a burnup of about 8000 MWD/T generally in one pass
through the reactor. However, many alternative fuel cycles using
Thorium, slightly enriched Uranium, and Plutonium-Uranium Mixtures have
been studied!. Some of these fuel cycles utilize multiple passes
through the reactor to maximize a particular nuclear performance
characteristic. This can be done in CANDU reactors with no loss of
capacity factor because of the on-line refueling feature. In the case
of plutonium annihilation, it should be possible to achieve virtually
complete annihilation of the fissile plutonium in a single fuel bundle
by judicious selection of the initial composition and multiple cycles
through the reactor.

Recent work done for an overseas client has verified that CANDU 6
reactors can achieve near complete annihilation of the plutonium,
without reprocessing, by using plutonia-beryllia fuel bundles in
multiple passes through the reactor. Some increase in fuelling machine
usage would occur, but this would be within the design envelope of the
equipment. Also some change in the linear density of poison in the
reactivity adjustor rods would be required, but this again is within the
envelope of previous design and operating experience.

In one example studied, the fresh plutonium bundle would be initially
inserted in the outer fuel channels where the neutron flux is lower. As
the reactivity decreases, the bundle could be recycled into more central
fuel channels which have higher neutron flux, to maintain the desired
bundle power while continuing to burn the plutonium. The required
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plutonium concentrations, total burnup, cycle burnup, and recharge
locations would have to be determined based on detailed core analyses.
It is conceivable that much higher burnups than the 8,000 MWD/t could be
achieved on each bundle, thereby further reducing the total fuel cycle
costs. CANDU fuel pins are capable of achieving burnup of 40,000 MWD/t
and higher...the CANDU fuel pin is very similar to the fuel pin design
used in light water reactors.

Question 5 asks for information on the technical work scope necessary to
complete the development of the reactor system. In our case, that work
is almost completed, except for the design and analysis of the plutonium
core. We cannot estimate that work scope without some additional
information from EG&G regarding your requirements.

EUEL SYSTEM = AECL has developed an improved fuel bundle design known as
CANFLEX for use in advanced fuel cycles. This improvement allows higher
thermal performance whilst assuring the fuel materials remain within the
proven temperature-burnup envelope. However, most fuel work done in
Canada and elsewhere has utilized fertile materials (U2?38 or Thorium) as
diluent for the fissile materials. Mr. Stroup indicated that this study
requires that no new plutonium be generated in fertile materials while
the existing plutonium is being annihilated. While the plutonia-
beryllia system mentioned previously would work very well from a
neutronic point of view, it has never been proven in-pile.

A near term solution to this problem is to use 2r0O; as a diluent.
During the early 1960's I helped the AEC's Naval Reactors Branch manage
a reactor development program for Shippingport Core 2 which developed
and proved just such a fuel. Specifically, the seed portion of
Shippingport Core 2 used a mixture of highly enriched UO; and 2r0; (up
to 67 w/o) which performed very well to fairly high burnups. Although
that design used flat plates, rather than fuel pellets, it did prove the
irradiation performance of the material?: The cited reference notes
that the thermal conductivity of the fuel, after irradiation, is not
much different than that of UO; after irradiation (about 30% lower).

I therefore suggest that the best way to achieve total annihilation
would be to confirm the acceptability of the PuO; - 2r0O, fuel system,
based on the earlier Shippingport work. I believe AECL has the
capability to fabricate and test such fuel pellets in the Canadian
Research reactors on an expedited basis.

E Y I - The last two sets of questions
deal with waste processing and disposal. There would be no difference
in substance between the once through mode presently in use in Canada
and that which would be required to handle and dispose of the spent fuel
from a CANDU operating to annihilate plutonium. The higher burnup and
the higher concentration of fission products and actinides would of
course have to be accounted for in designing and analyzing the
repository performance. This could be done.

DRY RECYCLE - Although not mentioned in your questionnaire, another fuel
cycle is currently being developed by AECL and KAERI (Korea Atomic
Energy Research Institute) which could also be applied to plutonium
disposition. Specifically, KAERI and AECL are in the process of
initiating a joint program to demonstrate the technology of The Dry
Recycle of spent LWR fuel for direct use in CANDU reactors. A recent
study by INEL3? has been sent to Dr. Pigford of the National Academy of
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Sciences. In this application, the plutonium would be mixed with declad
LWR spent fuel and recycled into either a PWR or a CANDU reactor. This
cycle would not annihilate all of the plutonium; in fact it would
generate new plutonium while the old material is destroyed. However, it
does render the plutonium useless for weapons programs, and it has the
added advantage of reducing the quantity of civilian spent fuel, and at
the same time reducing the concentration of Technetium and Radioiodine
(per KWHR) in a repository, thereby reducing the ultimate hazard of HLW
disposal. You should be made aware that the current development program
being planned by KARERI and AECL calls for the full size demonstration of
this technology in about 7 years.

I hope this brief note is helpful to you and the Academy in your study.
We believe that the CANDU technology could be extremely valuable as a
tool to help eliminate excess plutonium and at the same time generate
safe and economic electricity. Please let us know how you would like to
follow up on this matter.

Sincerely

ehet Foe SL

Herbert Feinroth
Consultant to AECLT

REFERENCES:

1. "A Catalogue of Advanced Fuel Cycles in CANDU-PHW Reactors", Veeder
and Didsbury, AECL-8641, June 1985

2. "The Irradiation Behavior of 2rO; =-UO; Fuels," Berman and Bleiberg
WAPD-264, October 1962

3. "Recycling of Nuclear Spent Fuel with AIROX Processing," Majumdar,
et.al. DOE/ID-10423, December, 1992
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Duane Hanson
INEL

We are faxing you two addtional decumerts that might ta of Zsa to you

In general, we arg not cble 1¢ give you "."3 3t ;r‘;rm..., o, Eince we do nat
‘nawe an Intsgrated arograin for the devaiepimant of all of the ABC system

r‘rulogxes. in Gd--uu' L we donathave a *',;.e'r- Jesign &t a s gmfean

enuugn leve! ci detail ts d-,cvewp ateial syl eost. ""\z =.el apmizt of &
sysiem design with anough ficelity to defina the uac“'*ok.r-u rEGUIrEMENS,
valigate ihe sysiam interface r‘quiram rs, ard provi hq bas i$ for a credible
sysiein cos: estimate s cre of thé prorty zHors that reed ‘o te underaken.

The information ws s&nt you earlier shows tha Surncut of Eath t:tal
piuton:um and of Pu-239 in tne systam. Basad o an early sysiam eqm ~3.

we used 4C ysars a3 cur burnout tima. Thig :34uirts a svstam 'hat has

dp;.mxxmatet, haif *? @ povier :n‘ our referenne .,v.‘.‘*. it was da :'ab.e 10 oum
the inventary in 20 yeals, wa gouic 22 that witih a gysiem that s g'milzr in cize to
our reference system.

!

We can nandle any alloying material that s nn US wearans in our fual
preparation and feed system Tha amercium wewld =3 fead f‘*'""v ‘Nt tha
system and turned also, There is no negative rnp& ot on the 4BC system dueto
the nuc¢lear weapons material form.

If you need any additionai information, pl2ase glve ma 3 cal!

TJ Trapp
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DEVELOPMENT NEZEDS PCR AQUECUS-2A8ED CHEMIC AL SEPARATIONS IN
SUPPCRT OF ACLELERATOR-DRIVEN TRANEMUTATICN SYSTEMS

A. General Comments

Agueous separations involting «ctinides and fissivn predusta ¢an draw upnna

calth of literature developed as a result of decades of reproczssing throughiout the
world. Typicai reprocessing plants have annual capacities of hundreds of tons of spent
fuel. Accelerator transniutation systerms would require s gnificanily smaller plant
capacities tor their internal chemical separaticas. Bzsaun? thess are fluid-fueled
systems thege is av deciadding requirsd, end the remaval of the matrix material (DO
i3 very straighiforward. On the cther hamd, tne ATW system aust process -clatively
shortecooled material om the blankat while reprocessing plants tvpicully deal with
spent fuel thal has heen coolea {or yeurs. The procs
peca demonsteated at facilines sueh a3 the QRNL TR
presents chomical engineering challenges.

3
o
4

sing of shori-cooled marerial has
U spearativps facility but

The development needs cudined rers concentrate grimarily on basic chemistry oeeds
associated with the scpatattons <ompanents that ar: listed helow. The chemical
engincenng 1ssues (eqmpment 1avout, sizing, control systems, ctc needed to make
these proceases work on @ giant scaie have net yor Meen explicitly addressed, although
basic tlowshea: cumpanzais have deen thosen, 1o many cuse2e, based on technologies
used in plant-scaie enviroaments However what cur be said now is that the chemica
plant will be a highly shielded, remotely operated and muaintzined facility.

For example, we have proposed an aquenus astinide processieg flowsheet that
incoipotates, to the extent possible, uait operations that have bhern demonsrrated at or
near such plunt scales. Nevertheless, tiese unit operations must be demonstrated
undcr the conditions as close as possibi¢ to those envisioned in the ATW system, and,
eventuaily, it will be necessary to demonstrate the iategrated flowsheet at pilot scale,
Where possible, each upit operation would Le vacked up with alternative approaches,
and newer technolugies that could improve the cverall perfarmance should be
evaluated. [t should be ciphasized that beeruse the progran is in an early stage ot
development, we have failen back on proven techaolegies in an atiempt to iilustrate
feasibility, not optimum performance.

B. The Base-Case Aqueous Flowsheet
This Dowsheet is documented in the Los Alamos report, LA-UR-92-63, " Baseline

Actinide Blanket Processing fuur the Accelerator Transinutation of Waste (ATW)
Program."
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Oae concemm in developing ihe wetinide piooessing f1rweheet has been the effect of
radinlysis due o ihe shon couling times srior o arowessing. A aumber of ~ampaigne
at e Oak Ridge TRU processiny facility Rave iy olvsl precessiag of solutions
having specific heats of 10-30 waits, L, The cumen: Howsheet ensures an uwpper himae
of 10 wans/Z fur ali provessing sclations. Recent Los Alemos tests using ™Pu
solutions have venfied thai the procesaing of such soiutions i3 fasible (see Los
Alamos report LA-UR-Y2.63)

Individual unii oparations for acinide separarions are dissussed with an cmphasis on
develupiment needs.

C. Actinide Separation Unit Operations: Development Needs
1. Solvent Removul

The removal of the D,0 solvent by evaporation should be straightforward. Thig
saiveut can be recycled o the transmuter, but tiium must be perodically removed.
The samc is 1rue of he blanket medarator, The tatium septoval system could be
similar o those used with CANDU reactors. Volatile fiesion products. such as
krypton, xenon, and iadine that are not trupped in the siurry particles must be scrubbed
from the cvaporator off-gas. Tae inethod for trappicg the velatiles has not yet been
determined, but the sutue procedurss used in reprocessing pleats shemld be acceptuble.
The amounts of these volatile fission peoducts will depend eon the panticle size, We
nave pot vet speciticd panicls size o morphnlogy althoggh beginaing assessments
based on facturs such as erosien, setthag, snd O:sinn produst trapping are beginnmiag,
Any aoavolatile tission products that escape the siurry pariicles will remain with the
slurry after evaporation.

2. Oxide Dissolution

The oxide siurry shou'd he easily dissclved in concentrated nitric acid, but any heels
from the dissolution could be saved for more aggirssive dissclution technigues. This
operation is comraonly done at the Los Alamos Plutonium Fasility (see Los Alamos
report, LA-3542 , "Plutenium Procassing 2t Lus Alames Scieatific Laboratory".) We
have proposed the usc of ozone to a:d the dissolution and drive off mathenium as the
tetroxide. In addition to the RuO,, the off-gas will comain Kr, Xe, 1., Br,, and NOx.
Conventional techniques used in reprocessing pianis for serubbing the off-gas should
be acceptable, but cur system must reciaim and purity the iodine for transmutation.
There are many other sieps in the flowsheet that also produce NOx off-gases, and
these will need to be scrubbed with provisions for nitric acid recycle. Significant
engineering will be required in this area. Next, valence adjustment or the plutonium
and neptunium o the 44 oxidation stite is (#quired for their subsequent removal. ‘This
is ¢asily accomplished in the case of plutonium but may be more difficult in the case
of neptunium. Again, develcpment and Jdemonstration will be required.

3. Liquid Anion Exchange
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10 the nexs at2p o, tar Sowsizen, bl ot 330 a3 aaed Looesteact Py Me, T, and Pd.
The use uf weh amines e et adnt B e demonsteaed for wesnt feel onoa lurge
scale in the EUREN process deve oped o0 Franse ond Sus veos used for largesseals
setap tecoveny 2t Dnk Ridy: Nauenul Laborwory 0o the parcoule case of aliguat
326, we have measurad the us Lo Pu Too aad T4 This verk must b= exteaded 12 Np
with particular attennca ta ine eff=<t of L dation szt We lave ctserved third.ghase
formation uudar some cizcumerances, sod funher iuvestigation may be reguited 1o ind
conditions taat prevent turd-phase or sulids fomeaticn. The cumment Sowshest alls
for the selective siappiag of Pu and Np {elicwed Ly the sifpping of To aad Pd. We
will explure the possibidiry of stnpping T2 and P oweporately. We also will examine
other amines. Although aliquat 356 has giod tadiativo stakidity {b2tter than TBP), we
believe that pynditium-besed aaslogs inay be even iacre Indiation revistuat.

4. Puw/Np Thermal Denitration

The nitrate sciutivn v plutonium and ceptunium from liguid anicn exchange will be
spray caicined to produce oxide pamcies, s'urried wih DO, and returned 1o the
tragsmuter. o is not knewn whether this process can produce gcceptable particle size
and morphelogy  Expsrencs and dua frem the Oak Ridge slemy reactor cxperiments
need Lo Le asseused along with imtiaton of slwry {low expeniments  Sol-gel processes
vould be a mure feasible methid (v mesting slurmy characierisitios requirsments that
warrent investigation.

§. Te/Pd Separutivn

If we ara not abie tu sepaiately strip Te and Pd from the liquid ion exchanger, they
must be separated 10 procluce a pure Tz fozd surearm (o the trunsmuter. We have
proposcd a thermal demtration of the strip solution, perhaps in the presence of oxygea,
to drive the Te ofl as gaseous T,C, This process 15 one of the few in our tlowsheet
that has not been demonsirated ut large scale. Becausc the PO heel will be sent to
waste, it is crucial that it be relatively free of T¢. Expenmeantal data Is needed
regarding separation factors fur this process.

6. Furmic Acid Denitration

The raffinate from the liquid icn exchange must be adjustad 20 3 pH of 3 pricr to the
reverse-TALSPEAK cxtiaction step. This 18 achieved using a formic actd denitration
process. Although this process has be=n cumied oul 3t plant scale at many facilities,
operation of the process ia the radiation environment « F ATW must be demonstrated.

Our initial material balance indicates tha: this step produces one of the largest waste
streams in the flowsheet. It produves copious amounts of water that must be
scrupalously cleaned of transuranics, RCRA metals, and unions such as nitrate 50 as to
allow discharge to the envirunment. An alterndtive 1o this step, or the TALSPEAK
process that requires the high pH, would have substannal payoft.
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7. Reverse TALSPEAK

The reverse TALSPEAK provest s sad oo antouct e tiivalent ac :d-s and
.nthamdes. The adtiniaes are then sol=cuven backt ~3.‘.’.{u."-“ ' ! ermally Jenitzated o
axide (see discussicn above iegarding pantic!s nizz cem-ol, w0 ), and :::v*!ef* o the
transpauter. The lanthamides ars then atdpped therrally 'c._..‘.,awi. and scat to waste.
Tue lanthaaide factioe may cuntain soine actnides ard Sould be TRU waste, The
raffinate from ne TALSPEAK piocess will oontain niost of the filcion produsts,
except volatiles, lanthamides, Ru, T, and P4, This soluiion couid be zalcined,
Development work will be reguired to £i0d acseptabiz final wasts frms.

The reverse TALSPEAK process has been Je acnsteated oz o reasoachly large ccale in
Swedea as a pant of the CTH process. The process is quite seavitive ' nH, and
catetul CORMrol iy trucin:  AS menticned vahier, the flowsheet might he improved
substantially with 1n altecnative process to TALSPEAK

8. The Separativn ol Qther Tlsslon Products for Truasmutation

The accelerator-driven systeia (s aot thecratically Limitzd with respect to the suite of
long-lived fistion products that muy be trarcmutzd. Thc base-cis« system currently is
confiyured tc transmute caly To and 1 vacause we belisve agy teonsmutation systewm
will need 0 tramsmute these fission ;».-wduax.a 4 3 minimum. ~\r.* f=cision to tackle
additional radinnudlides ahodld be bused o 2 fasthenzfil analysis 1€ other fission
products are 1aggeted fur transinataian, the, most be separated in mé actinide
flowshesl  Cesium- 132 iy probubly the n=at ot Lkeiy candidate for transmutatiog.
Transmutation of this sotope may (-"f‘l...rr et ;:c separatin froa siable ™Cs and the
other shoit-lived isotopes. Among s2varal possible appidaches to such 1sotope
separauon, thy plasina separation provess ‘P_. k ,,;. a3 particularly attractive becauss
Cs has a high vapor pressure and is 2asily 1onized

Thete are a number of possibilities for the sepuruiion of Cs from ether fission preducts
under acidic conditicns. Pessible spproaches 1nclude the use of hexacyanofercate.
ammonium phusphumolybdate, zeolites, rzzcreinol formauldenyde. crown ethers, or
cobalt dicarbollides. Such unit uperatinns couid be iucerporated into the flowsheer in
a number of places, and even it it is decidzd not o transmute Cs, there may be
benefits to separating Cs and St eatly in the Jowshect in order to reduce the radiation
tor subsequent processing. !n addition, vversll waste management fur the system
could be favorably impacted threugh the segregation of the Cs and St. Thus, any
development program should include aa effort wimed at Cs and Sr scparations.

9. Alternative aud Inproved Processes for the Actinide Flowsheet
The flowsheet Jescribed in LA-UR-¥2-63 15 a beginning effort 10 demonstrate
components and parfoxmuncc It is nct optimized 2nd would bene€it from

invesngaiion and developmeat of improved piceess components which are discussed
here.
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{a) Seicctive 1R0rgan:s (CRIDCGAI Y TEOXIUL ;-m.lpii::".en of actinides and fssion
pmduc!s - Use of selective complexanonsipracipitalions by varving the i
eageni couwid pravide a ragid separntion of acunidey Tom the Sssion products.
Fuuhcr development inciudes delsrminaiic. of soluhiinty proge st of zamain fission
products \Mu Ru, Pd, Cd; 2ad acticides (A, Cn} foteractive effects iri sing from

mixtures of elements similar 0 (a exiting from the minsmaler regoirss investization.
Deierminaliot of separation { r:.r-.:s under suc.i. r.‘li).f. ire condihors bs alse required,

() Alternanves (o the reverse TALSPEAK processe Thare are sevaral possible
appreacies o the selective Scparm ons of hx 41'-'-' aatinides reguired for the
transmutgtion system. Oae agproach wouid 52 o Amst parform 3 growp separation of
the actinides and lanthunides and then follew hat up \u‘.!‘ a separation of the actinides
trom th: lamnanides. [n this appioach one could =uale TF U' X or TRUEX
altermatives and thein pedform the medh more dq‘nc"‘. acticide Tanthanide sepuratinns
under cunditions of reduced mdiation and 0 the absence OF many other ml::rfer.ng
species. Although TRUEX nas unaergonz & 'mm‘*u:;l lwsting, difficultizs have been
identiried such as thind phese formation and difficult back exteaction properties.
Alternative exuactants such a» the diamides being Jescloped in France and
carbamoylmethylene phosphonaies (CMP) could produce betier 2xtrzction prupernties
and |ess waste.
(¢) Development «f "soft” Jonor extractanid for mivalent aclinide Janthanide separanon
- Development ia this area couid ehminate difficuliizs 23s0ciated with the current
flowsheet (significant pracsss contra! conditiong) or -.th\,r metheds (TRAMEX that
uses concentrated sait condinoa), Sulfur centaining donsrs 2an provide high
separaiion of irivaient actinides from trivalent .ar.' hanides. Thess systems ruquire
testing to detepmine their ability 1o function 0 p.ocesses where the extractant is cyleed
through many exiraction steps. Boih chemicet and radioiytic stubility of these sulfur
compounds in the ATW environment "*q‘ ir~' iurther investigation.
(d; Waste stream cleanup through use of watsr-solible chelating pelymers - This
approach would usé such polymers o nmi with aorinides and fissicn produets tor
<eiecnve removai fiC aqueous streams by viseatilirotion. Testing of currsatly
available put)mer syitems on synthelic wastd streams will detemitine whether actinides
.md selected fissicn produdts can be removed to the dagree required {or discharge of
the waste to the enviroament. Advanced water soluble polymers would also be
synthesized and tested. Tests include pH seninaitivity, capacity, and back extraction
propenties.

10. Integrated Flowsheet Lesting

The integrated performance of major compuieits of the actinice flowsheet would be
tesied under cold sirulant concitions using the Advanced Testing Line for Actiuide
Scparations (ATLAS (acilicy) at Los Alamos. Use of this ‘ac.hty would also begin the
precess of component scaleup and sizing investigaiions. Beginning cold tests would
be followed by testing under radiation environments and short-cooling times
charactensitic of ATW processing. These could te done usiag the Ozk Ridze Righ-
flux reactor (HFIR) for sample uraditicon coupled with the hoi-cell processing lines
associated with the ORNL TRU Separations Fasility.
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D. Fission Prnduct Sepurations
1. Tc/Ru Separations
The basc-case aquecus system acludas & separacr Dow '-:-c-p cantrining a DO selution

of dissolved "LiTe(), where T¢ is rutsuuied. This lo :p fed from aav extzmal
waste (€., Tc from spent tuzl) as well as the foremaily geacraled To Jom actinide

huming. We envisicn puiliag of 3 Slip s en-n from this Pow locp where the Ru
wansmutation groduct wouid be separaied fow the TeC, sotuncn hefore 'h:‘ TeO,
sciution is rerumnad o the ransmuter. Th;., Sooaeben 3. acromyplishud by sparging the

sulution with ozune w voletilize the Ru as Ru®,. The BuO, is rapped 10 o wdmm
hydroxide solution where it is convenried to sodiun ruthenate or perruthenate.

Aithough initial exponawental vaiiblations of this process have heen camed cut at Les
Alamos, it has not been demonstiated 5t targe scale, and the developmezt plan must
inciude such demoastrations. Alernative sppraaches o the Te/Ru have besn
excmined including ion exchauge, pracipitation, magnetic separatiog, luonde
volatility, and solvent extracuon. Seversl of these alluinative approaches should be

evaluated as a pant of a comprehensive development nlan,
2. Separaticns for lodine Transmutation

We have proposed the transmutation of ivdine using solid iodine a2 the target mateml
The gaseous xendn formed during transmutating woul.( be ailowed to diffuse from th
soiid and pass througn a cr;.'cbm‘c rap to remave any untransmted iodine bafore:
reiease. Preliminary caleulations ipdicate taai the low thermal conductivity of iodine
may cause an un.u..eptable temperture nise in the iodine. A developmezat effort zhould
address this problem and develop alt:ﬂ:.mc cransmutation schemes. OQther Approaches
include trapsmiutation of an iodide szlt or various ©.C solutions of iedine compounds.

3. Sepurations for Cesium sud Other Long-Lived Fission Products

The current base~case agquecus sysiem is not designed 42 transmute fission products
other than Tc and 1. Developmeat plans must inciude evaluations of possible
approaches to the transmutaticn of these othes Iang-tived fission products. For
exampie, Cs might be transmuted as a D,0 soluiion of ZsOD. Under the proper
conditions, the burium transmutaion picduct could e precipitated from solution and
filtered. As mentioned abov#, decisions regarding transmutation of these other fission
products wiil be based on cost/benefit analyses. Such analyses will require sconing
studies of possihle approsches 1o the required scparations.
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Development Needs for Aqueous Based Separations for ATVY
Sunimary Table

explicit identification

Status Assue Development
Solvent Removail
Valatik trapping ‘Method requires None Apply reprocessing, plant

yocedurcs

T1ss10n product escape ino
solveat

Begmmng slumry panicle
asscssmemt

Panicle size and
morphelogy requires
definition

ORNL sluary reactor
database examination,
valculational assessiment,
slutiy particle creation and
wsting

Afamos Plutonium Facility

Oxade Dissolution
Dissclution Done routinely at the Los | None

Rothemum velatilization

Propased

Needs demonstration

Scrubbing of off gases

Mcthixds proposed based on
reprocessing plant
iechniques

ladine must be caplured tor
inserion inte transmuter

Necds demoenstration

NOx gas irapping and
necycie

Program at Fu tacilily to
explure nilne acid recycle

Precess demoastrahen and |
waitleup

Valence adjusunent of
neptunium

More ditficult as compared
with plutenium

Needs demonsttating:

Liguid Anion Exchange
Ahquo

G use

Scparauon tactors measured
for Pu, Tc, Pd

Neptuiom nxidanen siate.
third phase ctfects
radiavon stability

Farther demonstirauon of
alignol necded. eXaminauon
ol otlicr amnes
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Pu/Np and Am/Cny Thermal
Demtration

Shary particle size

Spray calcinahon proposed

Paiticle size and
mophulogy

ORNI. database scarch and
demonsteation needed; sol-
gcl pracess requires
mveshgahion

Lo/l Separation

Volatilizaton of Tc

Thermal
demtrabionfvolahhzation
proposed

Scparabion factors need 10
be detcimnned

Demnonstraton needed

Topnic Acid Denitralion

pH adjosiment

Proposcd based on plant
sczie eapenence

Conteol tn radiation
environment. waste volume
generaton

Domuonstration tn
Charaatensue cehiaten
envimnment, identification
ol alterme processes

Reverpse TALSPLAK

Pertormunce

Demonsuaied in Swedish
C1H process

pl 1 conurol and achievable
separation factors

Demonstraison necded in
cadition envirosuient

Wasie (oS

Spectfic forms not delined

tdennly possible candidare
toimy and requiremenls

Oiher Fission Product

Separations

Candidate wentiicaton

Beginning nentronics
rerfonnance analysis
undenway; ATW
theoreticaliy has smtable
neutron economy for
transptation

U Cost versus risks and
i benefits

Mecd wadeold analysts 10
identifly Costs versas
henefits

Actinide Flowshcet

Improvement




(AR,

Inorganic precipitation
methods ior actinide/FP
separatnons

Proposcd, initial tests at
smaill scale and for tew
element mixtures

Interactive cifects due to
mixiuecs

Nieds 1ests using simulants
for representative waste
feed

Solt donor extractant

Sepasation Tactors measured

Pertormance in radiation

Needs demonsiration with

wiste stream clcanup

synthesized

factors for actindes and FP

development for sultur-bascd donors and material recycle representalive wasie torms
chvircnments and investipation of
additienal donor candidates
Chelating polymers lor Beginming polymers Achicvable separation Tests necded on synathene

waste streams 10 detenmine
ptY requised, back
extraction perfonnance;
synthesis v! advanced
walcer-satuhle chelaors

Fission Product Separations

Tc/Ru

Ozonalysis method ested at
small scale

Needs demunsuahon al
Luge scale plus exaiminasion
of aitzinanve, backop

propnsed

apprcaches
I’Xe Sohd 1arzct with xenon Heat generation mn target ldephncaton of ndide salt
ditfusion siebfor D0 colutions of
wddine cempoonds
s/Ba No real processes yet EXQIRINENON ¢ Csm

fonm, pvestigation of
nrecipitation-based methods
(0r separaions
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Tabie IT Blankat Neuvtrcruc Ferformance Summary

LWRs Supportzd {actinide) 2.3
LWRs Supported (Teand D) 03
Average Blankat Flux Leve! (/em=5) 1.54 ¢ 1018
Neutron Multiplication 12,5
ket for Target/Blanket Assembly 0.92
Slurry Loading (g/1) 500
Actinide Blanket Inventory (kg) 1150
Tc and I Blankat Inventory (kg) 300

The inventory of acunides in the systern 18 larger compared o that (-890 kg for the
20%-efficiency blanket desiza. Tae fission prodaze (Te-89 and 1,125 inventones ar2
larger as well. The higher puwer per siormy tebe that resudis fram he inereased slurry
loadings requirz a slurry veiceity of ~12 m/s tampared wih -7 /s fur the 20%-
efficiency Jesign (i.e., for the same flwx, slurry velocity is proportional to the slurry
loading).

This ATW refzrencs systzm with four wiget blanke: madulas would Gansmute the
acrinides, technetum, and icdiae .0 the spent fuel dischorged frem -9.2 LWRS based ¢n
a LWR annual discharge of 32.3 tonnes (HM) of spert fuel. Using a 40-year ATW
systern life, a single reference ATW sysiem ceuld uansmuse thets specified waste
auclidas in «12,250 wanes (AMi <f speas fusl. Approaimartely {va such ATW svatems
would be raquired (o ransmuie the actimides, ehnsiam, and indine in the §0.0C0 tonnes
(HM) of spemt fusl slated for the geologic repasitory  The cconomics of this system 1s
addressed below.

In order to obtain cradible cost informadon for air ATW systemt, a concapuial design is
needed. In the absence of such concepiual design information. beginning system mcodels
and costing relationships have been developed, primarily for system optimizaton and
parameter radeoffs. These models, as embodied in th2 ATW Systems Cude (ATWSC),
also allow initial system costs to be estimated.

The paramerric costing of an ATW that burny speat fuel, generatss net elecuric power, and
which incorporawes the equilibrium neatrenics perfommance described above has bezn
performed using ATWSC. For the purpose of the ATW Systems Code, the kev neutronic
pacameters are neutron muldplication, kg = 0.92, n2utrun yield per fission, v = 3.02. and
capture-to-fission ratio, @ = 1.62. Recent changes in the systems analysis include an
increase in the plant life iirae {from 30 years to 40 years) used to estimate present-worth
costs and relawed unit costs and a -10% reducdon in the weget agurron yield per incidznt
proton (i.e., differences between an idealized pune-lead rarget versus an engineered
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ungsten-lead composite wrget)

The cost-opiomized ATW cage hoewn i Teh's T Daed on b;-"v'.n.o- - ‘.': MW
LWRs, which for a four-Ulaaket ATW irissnonds o ~2.3 LWRMlenka Wis
eraphagized tha: thess “atryuwman” par amenrs A Jznaraia f’“*‘: EUL e .-\\ TH3C at
has little basis in Jetailed enginsering dusign. Aldidor 3l | in s0me oses the parametess
used in the ATWSC analysis do not conre ;pnnd Chanily W'Yt wscelamior and aystam
design presanied in April, The beam curreni and energy (365 maA and 240 MaV,
respecdvely) are system opumized walugs which maietaly the sppresimate biam power
of the 250 mA and 1600 MeV. respectvely. sefarence aceslerawsr design.  Alsc, the
system W drmal power used includes hoth tha beam poiwar deposied i the target and the
heating in the moderator; enzrgy resovery of thuse sy<tem componcald was not discussed
for the ca:hcr ATW system design.

Table I0 ATW Parammater Surcraary Us2d in the ATV Systems Cods

ACCEIZraior NEUTon yiald (Mo evyt) 3,500
Nuruber ef 1,000-MWe LWRs supparead 9.2
Beam current (mA) 465
Beam energy (MeV) 940
Beam power (MW) 437
Accelerator power, (MW) 971
Totwa! thermal power (MWy) 83594
Touwl electric power (MWe) 1518
Net electric power (MWe) 1,547

Other than that abave-noted ¢hanges, the ecincmic models used are those descnibed at
the April 15th STATS Subpane! mesting {i.c., NUS cost accounts, EEDB cosung
methodologizs. private utility funding groundrules, highly intagraad cost estimating
relationships for each NUS a2ccount, insluding tie chemical-plant equipment, etc.)
Specifically, the Cos: Estimaiing Relationship used in ATWVSC for the chenucal plan:
equipment account is based an a curve fic o actal and projecled capital cost versus
capacity (tonne (HM)/yr) for a half-dozen fuel reprocessing plants. The costing of the
ATW chemical plant equipment uses this cosi esumating relauornsoip and the mass of
fission-product throughput appropriately converted ¢ "heavy metal equivalent” through
an assumed bum-up fraction. This procadure is used as un approximauon of the ATW
chemical processing cost, and does not specifically includs front-end processing (i.e., fuel
reprocessing) cos:s. Generally, processing costy alorg with the tasgaublanket capiwal and
operational costs represent arzas of large uncerainty and in ne2d of further design-based
resolution, although in both chemical plant equipinent and wrgevhianket sysiems areas,
the ATWSC costing is considered 1o be conservanve. The costng for the reference 30)%-
efficiency ATW system is summarized in Table IV.
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Table IV ATW System Costing Summary

Direct Costs M %
d and Privileges 10 -
i 110 2
tor 1810 36
arget-Blanke: Systems 1550 3
urbine Plant Equipment 610 12
actor Plant Equipment 240 5
isccllaneous Plant Equipment 120 2
Chemical Plant Equipment 530 12
Total Direct Cost 4590 100
Total Cost (Direct plus Indicect) 8430 169
Annual Charpes SM/yr

pital 350

i 250

Total Annual Charges 600

Present Worth of Charges $B

Total Capital 14

otal Operadng and Mainwenance 10.3

oataminaton and Decommissioning 2

Total Present Worth of Charges 24.5

Present Worth of Revenues 20

(@ COE=50 millkWeH)
NET COST per ATW Unit 4.5
Electricity Cost (cost recovery) (mill'kWeh) 54.5
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Baseline Actinide Blanket
Processing for the Accelerator
Transmutation of Waste {(ATW)

Program

Los Alamos
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Bascline Avtinide Blunket Procesting
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Transmutation of Waste (ATW)
Program
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B.F. Smith
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R.B. Walker
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MA. Yates
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Introduction

To ectablish a high performarnze ievel in
the blanke:, a censtant fissile conczarradon
with a low nguon pcison inventory must he
rainained. Tais requiras that the puntied
plutonium and nepiunium be returriad 1w the
blanke! with a shon five day ¢ool-dowr time.
The Lugal precessing step must be robusi and
for pletonium and neprunivmn. To
accomplish this, a liquid aniorn exchange
sCparalion using a quarternary
chosen. It has the f2atures of high selectivity
for plutonium and neprunium. very low affinity
for rypical neumon poisons and the extactant is
more radiadon stable than wributy! phosphate
(PUREX) solvenis. Also, the degradaiion
sroducts are weaker extractants thaa the
original ligand and therafore do not extract

fission products such

bwtCk:’V

amdne was

AS  zirconium.
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Furthermore, the thermal decompesition
products of de 2xiTactant are nen-radicactiva
gases an! do not add o the waste. A further
advantage of this process is that wehaetun,
produced daring fission is well-exmacied and
can be easily sent 1o the technetium
wanemuranon loon. '

The amencium, curium, lanthamdes

and higher actinides produced during
rarsmuaten wili be processed to separate the

lantnanidss, which are neugon poisons, from
the transmumable gansplutonium clements.
Because of the kigh hear produced from the
decay of fission product lanthanides, this
fracticn will be sepzrated from the plutonium
and neptunium and sooled for an addidenal 90
At this point, a reverse TALSPEAK
process wil] te used to separate the lanthanides
Thermal

days.

from the ganspletenium elements.



\*}//,l " ///(0

Q X?\\f\% \\\<\QD//% AliM // /\\ 3
A Lot \! Association for Information and Image Management {y //\J;\\& ‘
\\\\// \ X\\//\b/ 'éﬁfef'éZ?iié.vﬂ';”rffasn%"zeo&%o ///9\\ ?f\f/\ ///\<//<\
\ / 301/587-8202 &N . \/ \.9
¢
Centimeter

1 2 3 4 S 6 7 8 9 10 11 12 13 14 15 mm

Inches N 4 5
10 2l [z
"l = =z
||| T
= 2
2 s e
& \
’ P
N7 N 4
7 /// A > / //\\ \
9 //%\>\// A //\\\\
ﬁ%“ v \\ //\\\\ %%Aﬁh" //6\\\

x‘w ,5—‘;‘;. // ? D"
R4 \ // MANUFACTURED TO ATIM STANDARDS /{1\\\ @3@\{%‘

07\\// BY APPLIED IMAGE, INC. 1)1)///1\\






Gﬂmﬂ'adOu W yA\.A-ld\-: P‘."' ull .-ch '." M

)

. . - - ¢ N
10 iz ganimuter and opray salsinaton Sy he

E
r
]
7
L
G
£
*Jl

Al of .h.. somponenis of

Nowshses have been sucuessiully tssind Witk
eicher Righ-iave: wastes or spent fuels in gram
to diogram quannudes. Al of the feaiurss of

N

the ilowsheet have been dovumented in (he
Leranire,
wad ol

The high radiadon and themmal i

the trradiated marerial Dlaczs scov

ar2

-

P

consTanls Cn processes that 2am be sl

taseline flow snest (Appendix ) has beea
Jevaicped o meet these goals i was chosen
as the baseline becauss all the componeins
have besn successfully tested with high-leve!
fuels
All of tke fiowshast

sieps have been documented in the Nteraturs,

in gram ro

Less testad bur potenmiiz’ . 1mproved

processing steps are proposed as alterna‘ives
1c the ba"el'me case.

The baseline aztinide Manke: faed can
consist of ~400 kg of acunides 25 a low-
fired-oxide slurry in "heavy watar” or D20,
Afier a residence ume of 15 days in the
ransmuter the oxide slurry will be removad
and processed afier five days cool-down time
to reccver the pluronium, neptuniur, and
rechnegum for return to the oansmuter. This
procass may also be done as a 7% per day
slipsream on the blanket slurry. The
raffinate containing the remainirg
radionuclides will be siored for 90 davs
before it is further processed for givaleat
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PP . s mena 1l :
interfars subsiandally with
L

Disscluddon/off-gas treaument
The geasouiagon must be performed
in D2C szdier than nerowel waier te mors

Rt T . - . ; . . .
inaiize tie nsutron dux Slem

efficieady e >
faads aliow easy szomoval of acdnides and
fission graducis femthe D20 carner, Using
0xid: shurries aveids using acid selutdons i
the wansmaiar eliminaing the producdon of

nevtron adiivaticn products and redox

products of e weid anion. This minimizes
the breavdown of the D20 in the blanker.

The oxide siurry ceacenmaten of about 30-
75 gL is more reachly handled than the 1500
g/t Thz clurries used by ORNL rescarche
on carly Th-U bregder fuel cycles (Lane

19¢60). The slurry preparaton will invslve

‘spray =alcining for particle size conzol and

slury swbility (Long 1978). Furher paricle

optimuzatica, if warranted, ceuld be
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accompusied wiih a s G8 priesss olaumes
giw. 1969, realizng Ciat mose wodte wil 5
geaerated. Az mest of die fzsicn product

Sssion prodducts are enpected o rrmain inas
in ihe particies aud can ve Rliczd {rom e
D30, These that are antizipared 0 o=
saisased from the siwiry are the ga:zeous
products such as Xe, Kr, Iz, Bro, and
xuCy, which will br handled by an off-332
system (Bencdict 1881, McKay et al.1%34).
The Duik of the D20 will bw evaporzied Bom
ihe oxide and recyc’ed Mack to the Tanumais.

Thue consanwaied sivrmy wiil ke evaporam

spargec for comple.c wtuliuny rasava. Ag
periodic intervals over Wle iifedms Of the
process, the D2C will have 6 be replaced or
purified from oitium. There is 2 marsition
from a 220 slurry system to H30 processing
at this point. The wet slurry will be
dicsolved in concenmated HNQ3 withour the
aid of HF (Lerch 1979; Harvey 1047,
Cieveland 1979, p. 573). Further cut-
gassing is expecied and will be vented o a
gas-handling systzm. RuQs volatilization
will be enhanced by O3 sparging during
dissoludon (Stolier 1961, Bastsle et al. 1981)
and coilected. Becuuse of the low.fired
nature of the slurry, the majority of the
material will b2 easily dissolved and anx
residue will be filtered and saved fer mors
smingent dissolution rachnigues (Dahlby 2t al.
1975, Weigel ¢t al. 1586). The acid is
adjusted to 2 M INQ3 and the neptuniom

and pictonium valeacss adjusied wih
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The Pu/Np/Te recovery
employs a ligquid anion exchanger (Aliqua
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Lieime. However, poznnal third

solids formaiion would rcdu
effectiventss. The subsequent extracton ar

back-extraction processes 'will use pulse

v

columns as they aliow for longer cont2ct #m
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waich wiil facilimc senaragons.

anion exchanger wis cho

The liguid

n btecause of iis
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stzbility in Uie presence of ﬂ'u: migh radigtice

e
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fields. It also has hign exgacdorn vidues and
selectivities for Pu and Np (Chesne or. al.
1963, Cieveland 1977, p. 220, Cieveland

1979, p 473; Coleman 1962) over fission
Ahq t 336 has 4

igher radiadon
mousyiphoschate {TBP). wid

e PUREX process(Laure 138%).
Since little sraanam is producaed

-
['d

5 used in th

wansmuter, Aliquat 356 can readily replace
TEP when only Np and Pu require selacdve
P r =t

removal.
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Figure 2. Plutonium Distribution

Coeflicients in 0.2 M Aliqua: 336
(Yarbro 1992)
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Assuming that Np and Pu brhave
shoadlialy "Masck 2 2l 1961), over 9004
9f Np oond Puozan b :r.:v.-ar:r.cd into the
cryanic Phase alorg with 99 9% of the Te
and DA {Tolaqan 2o 2l 1260). Since Puoand
Np ermmuct o well e grocess was sized fer
Te removal
T
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Figurs 3. Technetiumm Distribution

Coeflizients by  Aliguat 3J¢

(Sch roade. 1992)

column bated on
component ensures that enovgh

5 zre availaklz w0 properly exmact the

Si:ing e the leas:

or rerurn ¢ the mansmuter. The Py
and Np are back-exwacted or stripped with
0.05 M HNQO3 lcaving Tc and Pd in the
organi¢ phase (Cieveland 1979, p, 220).
Thermally dzniwrating (Loag 1578) the
aquezous soip saludon will produce NpO2
and PuGy suiiable for retum to the
Small amounts of fission
products are experted to be enmained and sent
back to the zansmuter. This can be toleruted.
This separation should give a waste soeam
that 15 non-TRU (<100 ali/g) in Np and Pu,
The high asid aquecus stream coat2ining the

aiemenis £

ransmular,
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4 Aﬁqu.lf 124
Geotannl

for Paitadiom for 9.2
in Diicoprony) A X
in Diisopropyribenzene/t %
{Smith 1992)

This stripping also serves 43 a ¢xmra
e somé ofganic
It 15 expected that

ciani
cleaning step o (emov
degradation products.
substanual degradation wall oceur at these
high radiaton fi=ids (Baroacelli ¢:. al, 19633,
An addiuonal filoration siep for the orgamc
extract may be required as solid polvmers
have been observed. The aquesus smip is
denirrated with voladlizatien of T¢207
(Kinkead et al. 1991; Smith et al. 1953)
which is collected for Te recycle to the
mansmuter. Palladium oxids is the major
This rcaterial
can be combined cr kept for sepurdie

solid product froro this step.

disposal. The organic phiasc will be recycled
for reuse in the next bawch, Jolvent makeup
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extradiinn low

-vn
oaba

ne TALSPEAX separution process
(Bond and Leuze 1980).

e x
LD

baseling procduy. lewerss.
TALAPEAN, wis choseu Decause it is the

m currently demonswaied for
xad-nacu» waste medument (Weaver and
Kappetmaon 1984, Weaver 1974). It has
teen demonstrared that Am and Cm can be
separated from the
produc.c protably with sufficient purity tor
reentry into the tansmurar. The first step,
extraction of the trivajent aciinides and

tanthanide fission

tarthanides from the res: of the fissien
products with M HDEHP (di-2-
ethylhexviphosphoric acid), is critical
because 1t determines if the squeous wasie
or nea-TRU. It is this
agueous stream thai can be further weated for

screamn i (RYU

Cs and Srrecovery if required. This waste

sTeam contaias the majoriry of the fission
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CTH-provess

sepasations wese accompdshad su

term on-siie
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owedish

sutficient 10 make thuy watie
AU (Persson awn 4l 10%9 The sondiasas
wsed in als siPp wers noi hose (N have
Deen regoited in other presesses, such as the
sNEX process used ac ORNL (Bigelzw
e al. 1930) that use the sans soiveniligand
"a ed ..h-z al

equilibrium hydrogen lon conceniraticns of

sysietn.  Ii has besn domens

0.02M, ipstead of 0.M, extraclon
coellicients are greatly ireproved.  The

oTganic-to-aquecus flow rato: wire aul
cpoiniced in the CTH process. Mt soms
maciilcations cn the reene TALEPIAX ac

demonsos

t N . Ty a2 - [
ated by the TTE process and s
e BRI R b R v me - pL . —~rye o -
Gl ANIIA PICCSES. Wus aJuedus STCarn ~an

- £ A M . -
be clazs C wasiz or bener far TRU elexenis.

Greater than 95 2% of e oivalent actinises

organic phase. The aguecus rall
from ihe initial exwraci
caleined. This is a possible solid wasie fum
for storage 1n shom-teom, énginearad sicrage.
After the HDEIP is loaded with actinides
and lanthanides, the aciinides will Be
selecdvely back exmacted from the srganic

phase with an aqueous phase zontaining L0
N lactic acid and Q.03 M
diethyl2neciaminepentacesis scid (DTFA),
Because the radiation levels are =0 fugli [Tus

the presence of Cm, DTPA and lacdc acid
will be severeiy degraded and
available for recycle (Bourges ¢t al 1920).

will not &2
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;o) rent wil! o ba owarkad witk 05 M
ammontan curkcnore

makeve for degrsdanion. The olid wast
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26 DR oTganis with Wit Ay calzinad
e 2 . . :
tne Npoand Puomanemuter loop will hava 3

residence ome of 15 davs, whereas the A
and Comionr wdll meide in the pangnuter for
N Ao e * ‘ g o eyt
GO days This difforence wall reguire 2
v
:

separite dissolusion far the Am/Cm loop 28
thown it Apperdix 3. This feed will have
N

Appendix 1 i is reposied on zn elemantal
weight basis as ogposed 1o an oxide weight
zasis. Aflier the majority of the material is
rertmed 10 e wansmuter the rercainder of
of TRU solids and non-
T geseous wasies with the

the wasi2s consisis
TRU d

maioﬁr zing water., The need fer rapxd

processing after yansmuadon will generate
larger volome of aquecus waste. Water will

by rzoyeled 1o various poiniz within the




sgeracessing plant Cassows produnts of
thermad denitragon (CG2, N2) will te liamd

m'-rd amcunts a2l ;‘~:;r.:z im thy ernre

drme shodd e tneum farbath

fyStem At aay Lo saden o ,
MCA and criticality purposes.
aquedns based process s 3
pardenlarly easy o aceorsplish. The surrene
detapminzdons for

T2S210r sSwsigme U325

manval isotope dlldden mass speoomeny

oS teehniques. At a varery 2f peints in

the procassing, online verification of azonide
materide will e developed as zdvanced
canczots, Advancad mrocess diagnosiics
deelonment is dasirable

The final waste forms ar? ye: 10 be

licansing concepts are Lased or JAnger-temm
urdergraund storage reguirements (10.000

years) 25 contrastad to shom-term storage

{200- 1000 years)
orms besides vimific

, it 18 destrabis 10 -:-onsidcr

other § agen. Calowned
formns curently used at the 'dahe Nanonal
Engincering Laboratery (INEL) may be
acceptable. Further waste form development
is required and sheuld be considarad in the
coniext of short-term on-sits cagincersd

torage facilites.
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seseling 1his sivars aemands on shleldin
and o1 g, MR PET
uie ensrgy prudaction
gansniuer,

Many i he actismide owides ase
Jis0iucit Wy mulien salis (Pomer 1623 L
would have (o be estadblished thar the
[GNZaseuus simiias

ihsoiubiliny's o remained iutact in ihe

Thus. ready
on asuld be accompiisnedd from he

original oxide paricles.
«.cp":

moilen cait mar would be recycled with

anetaer Lalch of asnnides dack to the
transmuiet Though it has Dbeen
compusiied 0 the past, improved

w2cnasicgy wauid includs advanced physical

wepwration tzchniques of selds Som imolten
salts at high temperarure. The acunide oxide
solids would te diszolved in acid 2nd could
scheme as described

tc processed using the

in the baseline above.



TRAMEIX with Bigh nitrate soluilcns
¥ all the acdnides could be wouve

tanaousiv dsisd one solveant sysiem, th

«l'

12

baszline flow sheer could be greaily
amphinied.  Ia high-chlodde exoucdon
systerms wizh bgod anjon exchangars such as

of remaalvylanmonium sais
toth the tetra. and tivalent actinides can be
extracted and separated from mast other
fission produvis muluding the trivalant
lanmanides. Procassing ia chloride madinm
se of corosicn privklems
and neutron 2bscrpuon problems from
chlonde 'mp..muc., i the biarket. Studlss

waticns of asgandas fruin

have indicated

inthe literaiare. The advantagss are the a2

fone solvant 3ysiem that has high stabiliy,
removes e prasenss in the [low shes! of
phospherus-conuairing excacuants thai nve
wa

difficulty «n wastz managemen, and reducses

the number of requircd processing s1eps. Tae

Slsadvaniage 1s the use and subs:qucm
dispcsal ur recovery of high concentaticns

of nitraze salts.

Direct Trivalent Actinide Extraction
Another advanced approach over the
baseline flowsheet is to find high stability
solvent extraction systems that can dirccdy
remove trivalent actinides from the mivalent
lanthanides and other fission products with
high specificiry to replace the TALSFEAXK
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aviinide-iznthanide ration approa
iNugikas ¢t 31 1980; Enser =0 a) 108y,

sxiansive 1asdng for siebiliny or

B
<
(1)
£
,9
IS
EL.

the auwmber of piocessing 3teps with an
ensuing wasts redacton, sspecially if the
phasspneiTds conminiug sxmacants could be

replaced.

Carbonate flow sheet

procucts Kaovlev 1955, Marmalla ¢r all 1984,
.\'1133) and Miner 1576) for

ansmuter.

recvele 10 the
The sTategy relias on the
concept ¢f selazuve precipitation of the
smulie: impurity fraction Janthanides) from
= pulk of the actinides and fission products.
DOnce the aterfering lanthanides have been
sclecdveiy removed, all the actinidas could be
recovered simultansously by a selective
carbonate precipitation under different
condigoas leaving the fission products. The
advartages would be more rapid twrmnaround
of processing streams without the
ccompanying organic solvent degradation
and ease of redissolving carbonates. This
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ior the woonides A disadwaniize woild Be
that further processing would be required for
high TRU deconwminay

thesc wasies wouid te :iiluz: and ¢uald Ls

n facivis. DBu:

more easily handled Wiar approprise ct-
down umes.

Conclusion and Summary

The curreni baseline flowiheer is
feasible and can be achieived wirh avatlable
wchnology, It has perforrnacee factors that
make it attractive for supporting
Tansmutation optians for waste Teamment.
Judicious uce of spray caleination redic
sclid waste volumes 2nd the selective rnare
of the ion exchznge exeaztants zliow for

efficient recovery of the targeted
radionuclides. Issues, such ar ivalemt

actinida/lathanide separation have bteen
tenual solutions have hzen
developed. Alse, the flowsheet has the
flexibility to be adapted for spen: fuel

s3ibly tank wasie remediadon,

identificd and

Iecovery or po
if required.
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Se-D

FEED
Basis: 1 Kg Tol
Heat generaton: 10 W/g

Volanles: 3¢g

Np 20
Pu 326
Am 60
Cm 478
Cs 4
Sr 0.7
Vé § 4
Pd 3
1c 28
Ln's 154
F.P. 86.1

OFF-GAS HANDLING

Tota): 3 g 1,Xe Kr
Br Ru

[ S

Dissolution

ACID/VALENCE ADJUSTMENT

‘Total Vol: 1000 L
HNO3 167L 12M
H20 833L
NaNO»2 67¢g

Filter

FEED TO Np/Pu RECOVERY

Tatal Vol:1000L
HNO3 2M
Heat IDW/L

Figure 2. Material Balance for Head-end Dissolution of the Np/Pu Blanket
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FEED PREPARATION
ACT/LN SEPARATION
Total Vol: 1000L
HNO3 2M
Am 0.060 g/L_
Cm 0.476
Cs 0.039
Sr 0.0008
7r 0.004
Ln's 0.015
FP. 0.086
Na 0.067

OFF-GAS HANDLING

‘Towl Vol: kY457 L

8¢-D

CO2 22304 L
NO? 44728
67! 2364

L ]

|

DENITRATION

Total Vol: 154 L.
HCOOH 20M

FEED ACT/LN SEPARATION
Total Vol: 1071 L
H+ 0001 M
Am B05S gL
Cm 0 445
Cs 0.0036
Sr 0 V065
Zr 00036
Ln's E]
F.P. 0.080
Na 0.017

Figure S. Maierial Balance for Actinide/Lanthanide Separation Feed Preparation
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SPRAY CALCINER

Total Vo!: 1607 L
Actinides <100 nCi/g

La's 0.0096 g/L.
Cs 0.0025
Sr ~0.0004
Zr 0.0025
F.P. 0.0036
Na 0.0004

Phosphate  0.0004

v

TO LIQUID RECYCLE
ORLLW

Towal Vo::  1607L

Recycle  1536L

LLW 71
CO2 6000
N2 296

ENGINEERED STORAGE
Elemental W1: 985 ¢
Ln's 154¢g
Cs 39
St 0.6
Zr 39
FP. 58.6
Na 66
Phosphate 7
Ash S

Figure 6. Material Balance for Spray Calcination Waste Treatment
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ABSTRACT

Powerful proton linacs are being studied at Los Alamos as drivers
for high-flux neutron sources that can transmute long-lived fission
products and actinides in defense nuclear waste, and also as
drivers of advanced fission-energy systems that could generate
electnc power with no long-term waste legacy. A transmuter fed
by an 800-MeV, 140-mA cw conventional copper linac couid

destroy the accumulated %Tc and ‘¥ at the DOE's Hanford site

within 30 years. A high-efficiency 1200-MeV, 140-mA niobium
superconducting linac could drive an energy-producing system
generating |-GWe electric power. Preliminary design concepts
for these different high-power linacs are discussed, along with the
pnncipal technical issues and the status of the technology base.

BACKGROUND

Present U.S. plans for disposal of high-level defense wastes,
namely vitrification and long-term storage in deep geologic
repositories are meeting with public skepticism and opposition. A
principal concern is that migration probabilites for the long-lived
fission products (™ T¢ and '291) in these wastes may not satisfy
long-tcrm confinement criteria for the environment of the
proposed repository. Current studies at Los Alamos! suggest that
an accelerator-driven intense thermal neutron source could
transmute all the. ?T¢ and '2°1 accumulated at the DOE Hanford
site (about 2000 kg) to stable or short-lived products within about
30 years, eliminating them from the waste stream, and
overcoming a serious environmental objection to the repository
plans. Higher actinides, such as ¥"Np and #3Am, could also be
rapidly bumed by such a system if desired. Neutron sources
driven by high-power proton accelerators have been studied
previously for waste transmutation and other nuclear process
applications,? but the technology base has only recently reached
the point that the feasibility of such machines is assured.

In the Los Alamos scheme® for accelerator ransmutation of
waste (ATW) a heavy-metal target is used to produce a high flux
of spallation neutrons with an incident medium-energy high-
current proton beam. The primary neutron is moderated
to yield an intense thermal flux (10'% 1o > 1016 /em-s) in a D0
blanket surrounding the target. Material (o be converted is trans-
ported through the neutron field by continuously flowing aqueous
or molten-fluoride-salt carrier loops. Precision chemical
partitioning removes transmuted material from the carrier flow
while the residue is retumed (o the blanket for continued irradia-

*  Work performed under the auspices of the U.S. Department of Energy
with Los Alamos National Laborstory program development {unds.
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tion. The Los Alamos scheme differs from other transmutation
idcas in that it employs a thermal neutron spectrum. Other
schemes, both reactor-based and accelerator-based, have relied on
a fast spectrum which is inefficient for buming fission products.
With the right fractional loading of actirudes, the tranmuter can
generate enough fission emergy to power the accelerator. Details
of the Los Alamos ATW scheme and its advantages in comparison
with previously described systems are discussed in several com-
panion papers in these proceedings.

If fertile material (¥7Th or P%U) is added to the D,0 blanket,
the ATW concept can be configured as an accelerator-driven
subcritical convener/bumer. The fertile material is converted by
neutron capture to fissile fuel (3*2U or 23*Pu), which 1s then
bumed directly in the blanket to produce power. Preliminary
studics reported at this meeting? suggest that such a sysiem has
the potential to generate electricity at competitive prices, while
producing enough excess neutrons to convert its own high-level
waste 10 stable or short-lived products. This concept could lead
eventually to a new safe fission-energy system fueled by abundant
ferile resources and requiring no off-site waste management

Driver accelerator requirements for a defense-waste transmuter
and for an advanced energy production system are somewhat
different, both in terms of performance goals and development
needs. Because disposal of defense wastes is a near-term con-
cem, we consider conventional linac technology as the appropriate
design approach for an ATW. By conventional we mean a linac in
which the radiofrequency (RF) accelerating cavilies are fabricated
from copper and are water cooled. For an energy production
accelerator, on the other hand. preliminary studics show that high
power efficiency will be critical, and that 2 more advanced
approach would be the best solution. For this longer-range but
potentially higher-impact application, we consider a design in
which the high-energy portion of the linac is made up of super-
conducting (niobiurm) cavities where RF losses are negligible.

ATW ACCELERATOR REQUIREMENTS

Neutron transport calculations suggest that the primary source
strength for a defense-waste wransmuter should be approximately
2x1019 rys, based on a plan for desuoying Hanford site wastes
within 30 years. Figure 1 plots the calculated neutron yield versus
energy for protons axially incident on a 0.5-m-diameter, 2-m-long
cylindrical lead target. Also shown are the proton current and
bcam power needed 10 produce this neutron source strength. The
required beam power is nearly constant at 100 MW above 1000
MeV, so that current can be traded inversely for beam energy.
Bclow this energy the neutron yield drops rapidly, and more beam



launcher (compnsing two dc injectors, two 3S0-MHz RFQs. and
two 3SO-MHz DTLs) funneling beams at 20 MeV into a T00-MHz
CCL. Figure 3 sketches the configuration. For the beam
parameters selected above, each leg of the ATW beam launcher
would provide a 70-m A, beam,.

The CCL would be a |-km-long 300-MeV side-coupled linac,
carrying 140-mA cw current . [t would be divided into six
sections, each made up of modules consisting of n accelcrating
cells, a quadrupole magnet, and a diagnostic station, The number
(n) of coupled cells per module increases from 2 to 10 as the
proton energy increases from 20 MeV to 800 MeV. The average
acceleraling gradient 1s relatively low | MV/m w0 minimize RF
structure power losses, and the CCL aperture is large (3 cm to 7
cm) o achieve a very high ratio of aperture o0 rms beam size (9 ©
22). This high rauo assures the extremely small fractional beam
losses (< 10-%/m) required for hands-on maintenance. The CCL
cavites are somewhat more efficient than those in the APT design.
providing an RF efficiency of 0.70. Because of the lower beam
current and smaller beam size in ATW, smaller CCL apertures
may be tolerable, which could push the RF efficiency up 10 0.78.

Table 2 lists design values for the RFQ, DTL, and CCL. Other
features of the design, including the avoidance of permanent mag-
nets in the DTL dnift tubes (because of the radiation threat), tran-
sition to a CCL structure at the low energy of 20 MeV, possible
use of emittance filtening, and strong transverse focusing are
similar 10 those in the APT study, and are discussed in Ref.6.

Y . Iﬁ R o
w
408 MoV

} wm + 018 m {

|

Fig. 3. Reference cw linac concept for ATW

Table 2
ATW Linac Parameters

REQ o508 QL
Frequency (MHz) 350 350 700
Energy (MeV) 0.1w2s 25020 20 w0 800
Synchr. phase (deg) -90 w -37 40 60 w 40
Radial aperuure (cm) 041003 0.8 l4wlS
Beam current (mA) 150w 140 140 140
Length (m) 34 113 101$
Accel. grad. MV/m) 11w il 1.0 (avg)
Copper power (MW) 0.4x2 13x2 416
Beam power (MW) 0.2x2 12x2 108.9
Towl power (MW) 1.2 50 156.5
Beam loading 0.33 0.48 0.70
No. of klystrons 2(1-MW) 6 (1-MW) 82 2-MW)
Accel. structure 4-vane 285 side-coupied

For the nominal ATW current specification, funneling is not an
absolute requirement. A current of 140 mA could be obtained
from a single 350-MHz RFQ and DTL, which would simplify the
accelerator front end. However, funneling allows a significanty
lower emittance in the CCL. for the same total current, and reduces
the charge-per-bunch by a factor of two. This can be translated
into smaller cavity apertures and improved CCL RF efficiency.
The cost of RF power (both capital and operating) dominates the
transmuter facility cost 1o such a degree that there is a premium in
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Jesigrung for as lugh an efficiency as pracucal. This factor aone
appears (0 outweigh the extra complicatuon introduced by funnel-
ing. In addiuon, the 1on-source current demand would be
reduced by a factor of two in a funncled sywem.

RF power for the ATW RFQs and DTLs would be provided by
existing, commercially avalable, 1-MW cw 350-MHz klystrons;
cight tubes are needed. For the CCL it would be necessary (o
develop a new high-power RF amplifier tube at 700 MHz. In
order to reduce capital costs and improve system reliability, we
propose a power level of 2 MW per urut or greater.

TECHNOLOGQY ISSUES AND TECHNOLOGY BASE

Accelerator technology improvements in the past few years and
advances in understanding of high-current beam behavior provide
high confidence that a machine of the ATW power level can now
be built and operated. The major technical concerns for a high-
power proton linac are 1) beam-loss activation of machine com-
ponents, threatening hands-on maintainability; 2) RF system
efficiency and capital costs; 3) reliability and longevity of
components: and 4) operability of an integrated cw system.

The APT point design study addressed the above technical
issues in detail $ for a 4 x more powerful machine. It included
compiete beam simulagons with matching errors, a machine con-
figuration layout, engineering assessment of critical components,
and an analysis of off-normal conditions and beam/target safety
issues. The design codes have been benchmarked in the relevant
energy and charge-density regimes through simulation of high-
current behavior on the Los Alamos NPB Accelerator Test Stand
(ATS), and by an end-t0-end simulation of LAMPF that predicts
measured emittance values as well as beam loss locations and
approximate magnitudes.

A number of accelerator systems have operated at or near ATW
-level parameter values. Existing ion source designs appear
capabie of delivering the needed proton current with the desired
brightness. Performance requirements are not as demanding as
those for the NPB program. A 267-MHz 0.6-MeV proton RFQ
at CRNL has operated at 70 mA cw, ' and peak H" currents of
100 mA have been demonstrated in a 7-MeV ramped-gradient
425-MHz DTL a Los Alamos. Beam funneling in the relevant
current and frequency range has been successfully demonstrated at
Los Alamos.® A coupled-cavity accelerating structure at NIST has
operated cw with a 1-MV/m gradient, at 4 x the ATW frequency.

Experience with existing research linacs that have operated for
years with high availability as beam “factories” has provided a
strong foundation for making extrapolations to the ATW perfor-
mance regime. Because of its high average current (1 mA),
operational experience at LAMPF is especially relevant, and also
directly addresses the important beam-loss issue. For most of the
LAMPF CCL length, the beam loss fraction is estimated to be
< 2x10"/m, and radiation levels after shutdown allow unlimited-
access hands-on maintenance. Because all CCL RF buckets
contain charge in the ATW concept and the duty factor is 1.0,
compared with LAMPF's 1-in-4 bucket filling and 0.06 duty
factor, the charge/bunch in ATW is only 2.5 times greatcr than in
LAMPF. Therefore, even though the average beam power is 140
times greater in ATW, the beam dynamics in a well-understood
range. Given the very large aperture-to-beam-size ratio in the
ATW CCL and the high quality input beam, we can be confident
of achieving the low fractional beam loss (1/10 that of LAMPF)
needed for hands-on maimenance.




power is needed. The relations in Fig. | provide inputs to a
simple cost model that has becn used o help sciect the hnac
parameters that would produce 3 miumum-cost ATW system.
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Fig. 1. Energy dependence of neutron yield from lead target Also
linac beam power and current for specified ATW source sgrength.

COST/PERFORMANCE MODELING FOR ATW

A linac for ATW will be similar to the concept developed in the
recent study of an accelerator for production of trit'um (APT).*
Parameters for APT were 1600 MeV and 250 mA, cw. At that
high current level much more RF power is delivered to the beam
than is lost in the accelerating structures, resulting in a high RF
efficiency - necarly 0.8 in the high-enrgy portion of the linac.

Since the ATW beam power requirement is only 1/5 0 1/4 that
of APT, the current, energy, and duty-factor tradeoffs must be re-
examined (0 determine the best design space. Power-efficiency is
cntical because of the very high cost impact of the RF power
system. This cnterion could lead to cither: 1) a lower-energy
high-current cw machine: or 2) a pulsed high-energy machine with
high peak current. In order to obtan a first-order quantitative
comparison of these two possibilities, simple accelerator cost
models have been constructed. These models assume a common
machine architecture similar to APT, with dual RFQ/DTL 350-
MHz beam inputs funneled into a 700 MHz CCL. Because most
of the accelerator cost is contained in the CCL, these mudels treat
the linac front ends simply as fixed sums, and focus on algorithms
that parameterize the CCL costs. While the models are incomplete
in terms of structural detail, the principal cost factors are included,
along with the usual multipliers for contingency, project manage-
ment, ED&I, etc. Results are displayed in Fig. 2, which shows
the estimated construction cost and annual cost versus beam
energy for cw and pulsed linacs.

Table ! lists values of the key model parameters for each kind
of linac. Average accelerating gradient for the cw linac was
choscn as 1.0 MV/m, a value that is close 10 minimizing construc-
tion cost , but slighlly above the annual cost minimum. The
pulsed linac duty factor was taken as 0.25 at 1600 MeV, which
would require 240 mA peak current. The cost-optimized gradient
for a pulsed machine with that duty factor is about 1.5 MV/m. An
RF system (installed) capital cost of $2/watt was assumed for a
cw machine, based on about 85 2-MW power modules. For a
pulsed machine, with the high duty factor and pulse length that
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Fig. 2. ATW consuruction cost and annual cost versus proton
enrergy, for cw and pulsed linac models.

Table 1
ATW Linac Cost Model Parameters

W Bulsed
CCL real eswate gradient (MV/m) 1.0 1.5
Duty facior 1.0 0.2§
RF unit capiwal cost ($/avg. watt) 2.0 4.0
CCL structure cost (MS/m) 0.100 0.100
CCL shunt impedance, avg. (Mohm/m)  32.5 238
Cost of electric power (SkWh) 0.05 0.05
Time-on fraction 0.78 0.75
Number of operaung swafl 200 200
Power conversion efficiency (rf/ac) 0.60 0.60

would be required (o keep peak current at or below APT levels,
the capital cost (per average watt) was doubled. based on
preliminary comparisons of cw and pulsed RF system costs.

Figure 2 shows that construction costs for a cw linac minimize
near 700 MeV, while annual costs minimize closer to 1000 MeV.
Annual costs are dominated by electric power (at $0.05/watt) and
the capital charge (a 10%/year). The posidon of the annual cost
minimum is remarkably insensitive 10 moderate variation of the
principal model parameters. FiRy-percent changes in accelerating
gradient, average CCL shunt impedance, CCL structure cost, and
RF power unit cost shift the cost minimum less than 50 MeV.

For a pulsed linac the energy cannot be decreased much below
1400 MeV without incurming excessive peak current levels in the
CCL (> 300 mA) or duty factors greater than 30%. Figure 2
shows that at 1400 MeV the construction cost of a pulsed linac
would be significatnly higher than for an 800-MeV cw machine,
but the annual cost is neariy the same as that for a cw system,
within the credibility of the model. This cost resuit, which on
balance favors the cw system but not overwhelmingly, leaves the
real choice o technical considerations. A cw linac would simplify
RF control aspects, eliminate modulators and energy storage from
the RF system, and permit substantially lower peak currents in the
accelerator, with lower resultant beam-losses. These are impor-
tant advantages. We therefore propose that a linac for the ATW
application should be a cw machine, with energy and current
selected as 800 MeV and 140 mA.

ATW ACCELERATOR POINT DESIGN

A first approach (o a point design for a cw ATW could be
based on the APT architecture,* and would thus consist of a beam
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High power cw RF tubes (klystrons) in the 0.5 to l‘O-Mw‘

class are available at frequencies near 350, SO0, and 1000 MHaz.
Operaung lifetime informauon for 1-MW cw tubes is sparse, but
vendors are confident that 50,000 bours 1s a reasonable cxpec-
taton. The tube longevity is somewhat addressed by LAMPF
operating stansucs. which show the average lifeume of the 1.25-
MW peak-power 805-MHz klystrons (up to 12% duty factor) as
> 50,000 hours, with many tubes surviving for > 80,000 hours.

Major leverage for reducing the cost of an ATW linac could
come from reducing the unit caputal costs of the CCL RF power
system, and/or from development of higher efficiency RF gener-
ators. The capital cost (per watt ) of installed RF capacity is ex-
pected (o scalc inversely as the square root of the module output
power, so there should be an advantage in going (o larger tubes
than the 1-MW cw generators now available. A smaller number
of tubes should also improve overall accelerator reliability. Candi-
dates for ATW usc are the klystron, klystrode, and the magnicon.

The kiystro'i, which operates by velocity modulation of an
electron beam. represents mature high-power tcchnology. Devel-
opment of a new 1-MW cw kiystron for service at 700 MHz
would be well within the explored design space and a straight-
forward enterpise. [t is thought that 2 MW is probably the
pracucal upper power limit for klystrons at this frequency. The
klystrode, a relatively new device, produces RF power through
amplitude (grid) modulation. Pushed by SDI program require-
ments, high power klystrodes (up to 0.5 MW) are being
developed at ATW-relevant frequencies. The power limit is
thought to be about | MW, due 10 grid heating, but the tube has
the advantage of compactncss and retains high efficiency (0.70)
over a large output range. Although there is no lifetime data for
the new high power tubes, experience with the 50-100 kW
klystrodes widely used in television transmitters is good. The
magnicon, 2 new RF ube invented in the USSR, produces RF
power by using circular deflection of the electron beam w0 produce
a rotating electromagnetic wave.’ [t may be capable of generating
4 MW cw at very high efficiency. However, a cw high power
version not been demonstrated and a significant development
program will be needed 10 assess the promise of this technology.

ACCELERATOR FOR POWER-PRORUCTION

Initial estimates for an accelerator-driven power-producing
system specified at 1000-MWe generating capacity call for a
neutron source strength somewhat greater than required for a
defense-waste transmuter, about 3.3x10'" n/s. This translates to
about 160 MW of beam power for proton energies in the linear
spallation neutron yield range (1200-2000 MeV). To generate
electric power at competitive prices, the accelerator efficiency must
be as high as possible and the capital and operating cosis as low as
possible. Initial studies using a cost model similar to that for
ATW suggest that these objectives can best be achieved with a
linac whose high-energy section (above 20 MeV) consists of
superconducting RF (SCRF) accelerating cavities. The ac-to-
beam power efficiency could be > 0.65. The best that can be
achieved with a conventional machine is about 0.45. SCRF
niobium cavity technology, developed over the past 20 years, has
reached a high level of maturity, culminating recently in major
(electron) accelerator projects at several high-energy physics
laboratories (CEBAF, CERN, KEK). Standard accelerating
gradients achievable within the accelerating structures are in the
range S to 8 MV/m, and cavity fabricatiion costs, initially high,
have come down (0 $200K/m, with further decreases anticipated.
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The simple ATW linac cost model was extended (0 accomodate
a superconducung CCL. While RF power loases in the accelerat-
ing cavities become very small, there arc signuficant refngeration
requirements to handle them as well as the ambient heat lcaks.
Table 3 lists the relevant parameters, including refngeration as-
sumptions, included in the model. The structure gradicnt was
chosen a S MV/m, even though costs appeared (0 be somewhat
lower at higher gradients, in order 10 avoid an excessively large
RF drive power per unit length. SCRF (cw) linac construction
and annual costs are compared in Fig. 4 with costs for a room-
temperature (RT) cw linac as a function of beam energy.
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Fig. 4. Construction cost and annual cost versus prolon enrergy
for superconducung and room-lemperature cw linac models.

Table 3
Energy-Production Linac Cost Mode! Parameters
RI SCRE

CCL real estate gradient (MV/m) 1.0 30
CCL swucture gradient (MV/m) 1.3 5.0
Duty factor 1.0 1.0
RF unit capital cost (S/avg. waa) 20 2.0
CCL sructure cost (K$/m) 100 200
RF structure losses (W/m) 72,500 20
Refrigerator efficiency 0.002
Cost of electric power ($AWh) 0.0 0.05
Time-on fraction 0.78 0.7§
Number of operating staff 200 200
Power conversion efficiency (rf/ac) 0.60 0.60

The construction cost and annual cost dependence on beam
energy for the SCRF linac appear to have considerably broader
minima than those for a room-temperature system, and the cost
optimum is at higher energy. This effect is due to the elimination
of cavity RF power consumption in the CCL, which is only party
offset by the refrigeration requiremenus. The cost comparisons
suggest that a superconducting linac for energy production could
be 25 to 30% less expensive 1o build and operate than a room-
temperature system. Because SCRF cavities can operale cw at
higher gradients than RT copper structures, a superconducting
CCL can be much shorter than its room-lemperature equivalent,
even if the SCRF linac has a higher output energy. - Another
advantage of a superconducting CCL is that beam apertures in
coupled SCRF cavites can typically be much larger than those in
RT cavities of the same frequency, allowing lower beam losses.
Since negligible RF power is lost in SCRF cavities, there is no
design imperative to reduce apertures in order (0 maximize the
shunt impedance. On the contrary, apertures are made large in
order 10 provide adequate on-axis coupling for the fundamental
accelerating RF mode and 10 prevent trapping of destrucuve beam-
excited high-order modes.



A possible accelerator for dniving an energy-producing system
might have an architecture as sketched 1n Fig. 5. Table 4
summanzes some of the expected machine parameters.

Table 4
Parameters for an Energy-Production Linac

REQ o108 CCL
Frequency (MHz) 350 350 700
Energy MeV) 0.1w2s 25020 20 10 1200
Radial aperture (cm) 0.4 w00J 0.8 Swl
Beam current (mA) 75w 70 n 140
Length (m) 34 1.3 51§
Accel. grad. MV/m) 1.1wil 3.0(avp)
Copper power (MW) 0.4x2 1.3x2 0.006
Beam power (MW) 0.2x2 1.2x2 165.2
Total power (MW) 1.2 5.0 165.2
RF efficiency 0.33 0.48 1.00
No. of kiysoons 1 (1-MW) 4 (1-MW) 87 (2-MW)
Accel. syucture d.vane 280 axis-coupied
Refngerator power (MW) 5.6

The beam launcher for this machine could be a room-temper-
awure funneled system identical to that described for ATW. The
coupled cavity linac, from 20 MeV to 1200 MeV would consist of
multicell superconducting niobium cavities, with the number of
coupled cells per module increasing from 2 to about § as the
energy increases. If an average packing factor of 0.6 can be
achieved (as at CEBAF), and assuming a structure gradient of
S MV/m. he real-estate gradient would be 3 MV/m, which leads
to a CCL length of only 0.5 km.

Beam performance for the superconducting linac should be
very similar t0 that estimated for the ATW linac., Transverse and
longitudinal emittance are determined essentially in the beam
launcher. Only a small growth is anticipated in the CCL. The
ratio of structure aperture to rms beam size in the SCRF CCL
could be 2 x larger than for the RT machine, with the machine
aperture limit probably detcrmined by the quadrupole bores.

700 i, 10 mA

L - e '}
o » -t [T ]

Fig. 3. Superconducting linac (or energy production.

ﬂismuvidufwnwmmnmwudbe
cooled at 4.2 K by a refrigeration system comparable in scale to
those now in use at CERN, DESY, and KEK. Estimated residual
RF losses in the niobium cavities (at $ MV/m) will be about 20
W/m. This load and the static heat load t0 the cryostat (aiso about
20 W/m) must be rejected at room temperature by the refrigeration
plant, which would require about 6 MW of ac power, assuming
an overall efficiency of 0.0022. This is 10 be compared with the
80 MW of ac power saved by eliminating CCL RF power losses.
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With a 130-mA cw beam, the CCL RF power input require-
ment averages 700 kW/m: at the 1200 MeV point this implies a
700 kW power coupler feeding ¢ach S-cetl module. This high
power coupling requirement consututes one of the tcchnology
challenges for development of a superconducting linac. The
practical level that has been reached is 100 kW per feed (at S00
MHz), but Comell University is now developing a 500-kW
coupler (also at SO0 MHz). Additional areas that need to be
addressed in an R&D program for high-power SCRF linacs
include the sensitivity of niobium caviues to radiation damage,
cavity Q-degradation due (0 adsorbed residual gas layers, handling
of beam-excited high-order RF modes and other control issues.
and development of cavidy designs appropriate for the large range
of proton velocities in the linac (v/c = 0.2 10 0.9).
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Abstract

Accelerator Transmutation of 129]

Moses Attrep, Jr.
[sotope and Nuclear Chemistry
Los Alamos National Laboratory
Los Alamos, New Mexico 87545

lodine-129 is one of several long-lived reactor products that is being
considered for transmutation by the Los Alamos Accelerator
Transmutation of Waste (ATW) program. A reasonable rate of
transmutation of 1291 is possible in this system because of the
anticipated high neutron flux generated from the accelerator. This
report summarizes previous papers dealing witk the transmutation
of 1291 where reactor technologies have been employed for neutron
sources. The transmutation process is considered marginal under
these conditions. Presented here are additional information
concerning the final products that could be formed from the
transmutation process in the ATW blanket. The transmutation
scheme proposes the use of solid iodine as the target material and
the escape of product xenon from the containers after van Dincklange
(1981). Additional developmental plans are considered.
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Accelerator Transmutation of Iodine-129

Moses Attrep. Jr.
Isotope and Nuclear Chemistry Division
Los Alamos National Laboratory
Los Alamos, New Mexico 87545

1. Introduction.

Iodine-129 (T),;= 15.7 Ma), produced from the fissioning of actinides, is
one of the longest lived fission products. This auclide with **Tc (T,,; = 0.213
Ma) and the long-lived waste actinides (Pu, Np, Am, Cm, etc.) is the topic of
concern for the proper management and disposal. Over the years a number of
options have been advanced for the proper management of these nuclides.
These include (a) low risk factor long term storage, (b) extra-terrestrial
disposal, (c¢) use of nuclear devices to transmute and vitrify nuclear waste in
underground explosions, (d) direct storage of irradiated fuel pins in a
repository, and (e) transmutation by neutron absorption (neutrons from
reactors, accelerators or coatrolled thermonuclear devices) to produce stable
and/or manageable products. Most all of these options requires some degree of
chemical pantitioning before treatment and disposal. Each has its draw-backs
touching on objections which are social, political, economical, scientific
and/or environmental. This interim report focuses on the application of
accelerator transmutation of the fissiogenic iodine isotopes as integrated into
the Los Alamos accelerator transmutation of waste (ATW) plan.

2. lIodine Inventories.

It is estimated that the amount of 1291 in the Hanford tanks (defease
waste) is ~33 Ci (Wodrich, 1991). This equivaleat o ~190 ki 1291 or as much as
~240 kg fission produced 1291 + 127 assuming no additional stable iodine had
beea added to the Hanford tank waste. This is coasidered to be in ~25 million
gallons of double sheil tank liquid. The focus of iodine recovery was on speat
fuel dissolver off-gas recovery where the concentrations may have been 1.000
to 10.000 greater than in the existing waste. In addition to the presently LS
stored nuclear waste associated with the nuclear defense, it should be noted
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that there are estimations that cumulative amounts of fissiogenic =91 » i27[
will be 15,200 kg in the year 2000 for the Euratom countries (MacKay et al..
1984). This amount is many times more for world-wide inventories. The Loas
Alamos scheme presently ecavisions an ATW system (0 (ransmute actinides, %9Tc¢
and iodine isotopes from 8 light water commercial reactors. Regardless of the
inventories and the load requirements, the amount of fissiogenic iodine to be
transmuted is considerable and conventional technologies and methods of
tranmutation by reactors probably cannot support the disposal of such
inventories. Thus, high neutron flux accelerator technology becomes an
option for rapid transmutation.

3. Nuclear Considerations of Iodine.

lodine-129 is a P~ emitter (Emax = 0.606 Mev), emits a weak gamma at 39.6
keV, and is considered not to be very radiotoxic (MacKay et al..1884). The
fission yield for !291 from the thermal fission of 233U is 0.75%. Ia addition,
1271 (stable) is also produced as a fission product with a fission yield of 0.126%.
From a prompt 235y fission system the total iodine produced would be
composed of approximately 86% !291 and 14% stable !27I. This composition
would change if different fissile materials were used, if the energy spectrum
of neutron is changed, and if the residence time of the iodine in the actinide
fuel were increased. The latter reflects ia situ transmutation which will be
related to their respective neutron capture cross sectionms, etc.

The central issue for the successful transmutation of radiogenmic !291 is
the rate of that transmutation. This is dependent on two factors: the neutron
absorption cross section (o) and the neutron flux (¢). The thermal neutron
cross sections for the following reaction of !291 are 20 + 10 bams (to isomeric
and ground states of !391, respectively). Neutrom capture consideration must
be gives for the stable !27[ that would also be present (thermal neutron
capture cross section = 6.2 b). Its presence automatically reduces the 1291
transmutation efficiency by coansuming neutrons. These reactions are
illustrated as follows and are the primary reactions of conmsideration.

1291(n,y) 1301 (B~ emitter) to !'39Xe (stable)
and
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1271 (o.y) 18 (B and B* emitter) w0 !'3#Xe (stable) and ! 3Te(stable;.

Multiple (o.y) reactions and (n.2n) (especially where harder aeutron spectra
are used) onm starting materials and intermediate irradiation species must be
considered for ultimately defining the waste stream and estimating the
radiation fields during and post irradiation. This is addressed in the section on
Transmutation Products and the Waste Stream.

4. 1 Transmutation Proposals.

lodine-129 was considered for transmutation by vomn Dincklange (1981)
in an accelerator system. A requirement of 10!6 a cm-2 sec-! was considered
necessary for the system to work effectively. Considering the ecnergy release
from the formation of !301 and the p- Q energy release. he deduced that I3
could be irradiated in rods of approximately 0.5 t0o 1 cm radius to maintain
temperatures where eclemental iodine would not vaporize appreciably. Figure
1 illustrates the van Dincklange proposal. Rods containing '291 are loaded and
placed in the transmuter. Stable !39Xe gas produced from neutrom capture on
1291 and subsequent f.decay would escape to the plenum. (lodine-127 was not
considered in this proposal, hence other products from !27[ are not
considered.) Any iodine released from the rods would be captured in the de-
sublimer and eventually returned to the transmuter whereas the xenon s
released to the eavironment having passed through a filter to capture any
remaining iodine. The proposal eavisions the de-sublimer functioning as a
cryopump for the iodine. This proposed scheme has many attractive features
and will provide a staning point for consideration of the transmutation of
iodine in this report.

Serious considerstion of reactor neutrom transmutation have been
given. Wacher and Croff (1980) discussed a transmutation system for iodine
(as Nal for calculational purposes) whose isotopic composition was 75% 1291
and 25% 1271. Origen calculations for a PWR estimated that transmutation
would produce 1.1 g 128Te: 18.1 g 128Xe; and 56.2 g !30Xe per kg iodine treated
per full-power year. Their conclusion was that the low transmutation in the
system planned is marginally feasible. The CURE (1989) concept addresses a
wide range of applications of transmutation of fission products from
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commercial light-water reactor fuel. Included in the coansiderations is ':91,
The report discusses the transmutation products, the collection of iodine from
the reporcessing of the fuel and transmutation rates, etc. The repont is
optimistic about the control of inventories of these materials using
ransmutation as a reasonable option. Specifics to the flow sheets for iodine in

the transmutation process are not presented.

s. Target Considerations.

The Los Alamos ATW actinide and **Tc loops are designed as continuous
flow sysiems where the target material is either a slurry or in solution.
Circulating iodine containing compounds/solutions in systems create some
serious materials, chemical and target deasity problems. This is due to the
multiple oxidation states of iodine, the uncertainty and complexity of the
radiolysis products of iodine, and the kmown corrosive properties of iodine and
iodine compounds. The corrosive nature of iodine on the proposed containers
has been raised by Logan et al. (1980) and van Dincklange (1981). Although
the optimal iodine compound or species has not beea finalized for this system,
elemental iodine is attractive and is adopted as the target material for this
study on the basis of simplicity related to competing neutron absorbing
clements, chemical speciation and radiolysis issues.

6. Transmutation Products and Waste Stream.

Besides the off-gas treatment of " jodine, there are not many, if any,
"baseline® solution/flow chemical process technologies available for adoption
in 2 tramomutation system. Considering the nature of the complexity of the
chemistry of iodine and its corrosiveness, the system of irradiating solid I has
been adopted as previously mentioned as the starting or "baseline” system.

High chemical purity iodine from reactor waste or nuclear defense
waste is to be prepared and loaded into rods for piacement in the accelerator
blanket.  After irradiation the rod and contents are removed and time is
allowed for the radioactive decay. The resulting products are processed and
disposed and the un-transmuted iodine s reprocessed for further
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transmutation. Ualike the actinide (ransmutation system where there are
many clements formed requiring complex chemistry, the iodine system,
somewhat like the technetium system, may be conosidered “simple.” The system
is similar to that of van Dincklange (1981), but other products. etc.. will have to
be evaluated.

To determine the parameters and characteristics associated with the
transmutation of iodine in high neutron fluxes for the purpose of designing
strategies for handling and treatment, calculations for the transmutation of
iodine and the production of products were performed. The following
conditions were set for ORIGEN2 calculations. A single rod (1 cm diameter x |
meter) much like that described by van Dincklange (1981) was filled with 200
g of 1291 and '2%] in a ratio described by Wacher and Croff (1980). A aeutron
flux of 10! n cm-2sec-! with an he energy spectrum of the neutrons was
similar to that of the CANDU reactors was assumed. The transmutation times
were set for 1| hour, 1 day, 10 days and 100 days to provide a wide range of
reaction periods in order to see the development of other products. The
reaction vessel was assumed to be sealed ualike that of the previous
considerations in which a plenum was provided for xenon gas escape. These
were set to maximize higher order clement formation as "worse case”
scenarios. The perceat !291 transmutated and the approximate activity at end
of transmutation for each irradiation period are given in Table [. Under this
high neutron flux it is seen that remarkably high quantities of the '29[ can be
transmutated.  Caution should be cxercised in accepting these transmurtation
values, Fluxes at 10!'¢ 1o 10! may be more realistic 10 determine iodine
transmutation values. The activities at end of the transmutatios period have
been listed to provide some guidance as to the level of radiation fields that the
target material and the encapsulation assembly will experience during the
irradistion. The radiation level will have decreased sigmificantly also after the
180-day cool period. In ail cases. the radiation levels are dominated by iodine
isotopes (128, 130m, 130g, 131, and 132) with the 8-day '3!I controlling the
cooling time.

To help define the chemical waste stream for the system, the clements
produced (quantities) have beea tabulated for the four irradiation periods
immediately following irradiation and for a 180-day cooling period. (A 90-day
cooling period would probably be satisfactory based on the !J'L) These
numbers are given in Tables [I and III, respectively. For the 1-hour. l-day
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and 10-day irradiation periods the products are Te, [, and Xe with very lutle
coatribution of barium. cesium or other elements. For the 100-day
transmutation period, Te, | and Xe again are the primary products with small
contributions of Cs (0.13 g) and Ba (3.8 mg) and trace quantities of lanthanum
and cerium. For purposes of chemical treatmeat the products of these
clements are assumed to be Tel,, Bal; and Csl. [a the 100-day inventory. these
three clements would bond approximately 3.2 g of iodine. The waste stream at
first approximation following the transmutation phase appears to be quite
simple consisting of un-transmuted iodine, tellurium (Tel,), xenon gas, barium
(Bal;) and Cs (Csl).

It is necessary and desirable to consider a coatinuous release of product
xenon gas. When this is done, the amounts of higher clements (Ba, Cs, etc.)
would be reduced since further neutron capture and decay in the transmuter
would be reduced. By removing the xenon the build-up of '33Xe which has a
very large neutron absorption cross section (poisoning the system) would be
minimized. However, those elements being formed from the B° decay of xenon
isotopes would be physicaily located in ‘the filter system and/or filter.

7. Flow Diagrams of Waste Streams.

There does not appear to be many flow sheets for the treatmeat of iodine
in a traopmutation system. However, to our advantage there must be
considerable experience in handling and dealing with off-gas iodine from the
reprocessing of fuel rods (Maeck et al., 1968). The following treatment and
waste stream scheme is summarized in figure 2. Because it is not practical or
safe to have sealed containers where the buildup of Xe gas pressure would
increase dramaticaily, the scheme incorporates the release of xenon from the
reaction rods as vam Dincklange (1981) indicated in his system for the
transmutatiomn of iodine. Waste management for this system includes the
preparation of the target rods or pins, transmutation and collection of
products, removal of rods and processing of uatransmutated iodine and
transmuted products.

The numbers in figure 2 assume an approximate 17% transmutation of
1291 (corresponding to calculation results previously described for estimations
of a 10-day irradiation) to estimate the mass balance of the waste stream
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products.  No estimation of the fraction of xemon that would escape ths
reaction rods. [f higher transmutation rates are permitted. thea the amounts
of Te, Ba, and Cs will become higher (see Table III). Deposition of these
elements in other components of the iodine assembly probably would not pose
a serious radiation haadling problem but would present challenges of
recovery if this were necessary.

If aeeded, chemistry for the collection of the iodine chemically bound
to the other elements should oot be difficult. For example, the following steps
could easily be employed. To the iodides of Te, Ba, Cs, etc., dilute hydrochloric is
added and the mixture is heated. Sodium nitrite is added slowly and the iodides
are converted to [, which are trapped and collected for further reprocessing
and transmutation. This process could be done in a glove box. The major
concern with regards to long lived transmuted products would be those of the
cesium isotopes. In a worse case situation (long irradiation periods in sealed
tubes) the cesium isotopes would begin to build up. Using the 100-day
irradiation as an example, the amount of the 2.065-year !'34Cs would be the
greatest activity producer at about 20 Ci. Thirty-year '37Cs is produced at a
level of ~4 x 10" g (~0.004 Ci). In either case, cesium does not appear to present
a problem in radiation handling or disposal. Nome of the barium, tellurium,
xenon, or higher iodine isotopes appear to present either radiation
bandling/storage or disposal problems.

8. Summary.

This document provides the review and additional transmutation
calculations that are useful to define the products, maximum radiation levels,
and information for developing strategies for transmutation of fissiogenic
iodine isotopes by accelerator transmutation. It is apparent that a oumber of
additional exercises and developmental plans will have to be performed. Some
of these inciude, for example, the following:

.refined calculations for the transmutation of !2°I in the final (mear-
final) blanket design:

-investigation of the feasibility of isotopically separating 'X°1 from 127
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-the study and selection of materials (corrosion resistant) capable of
bandliag iodine and disposal fate of these.;

-determination of the degree of chemical purity of the iodine for
tranosmutation;

-removal (if necessary) of products (Te, Cs, Ba) other than iodine from
filters (assuming the Ag-mordenite type);

-further investigation of a possible cyrogentic system to move I[; in and
out of the transmuter;

-the behavior of [; in the rods and the xemon release system, continued
calculations (for transmutation rates and product formation) of iodine
using neutron fluxes and neutron spectra which are evolving from new
blanket designs;

-incorporation of advanced techologies to specialize design of target
iodine in the blanket; and

-refined details of the chemical treatment of the products.
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Table I. Percent !3°l Transmuted at End of Transmutation (EOT)
Actlvity Levels for a 200-g lodine Sample in a Flux of 10!¢ n cm.?

sec-!,
lrradiation Length Percent 291 Activity at EOT
Transmuted (mega Cunes)
1 hour 0.059 1.
1 day 1.83 4.36
10 days 16.6 6.55
100 days 83.7 2.9
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Table Il. Elements Produced (Grams) frem Four Irradiation Penods at EQT fer 200 g

Target lodine.
Element 1-hour 1-day 10-day 100-cay k
Tellunum 2.11E-4 9.59€-3 9.57E€-2 0.7545
lodine 2.00E+2 1.98E+2 1.72E+2 45.5
Xenon 1.11E-2 1.81 28 156
Caesium 3.91E-11 9.94E-4 0.1
Barium 1.45E-17 4.48E-10 2.02E-3 |
Lathanium 4.44E-10
Cerium 2.02E-11
Praseodymium 2.42E-14
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Table Ill. Elements Produced (Grams) frem Four Irradiation Penods at EQT for 200 g
Target lodine Following 180-day Caoling Penod.

Element 1-hour 1-day 10-day 100-qay |
Tellunum 2.11E-4 9.83€-3 9.59€-3 0.7545
lodine 1.99E+2 1.97E+2 1.71E+2 45.11 |
Xenan 1.36E-1 3.235 29.94 1583 |
Casium 6.02E-16 1.74E-9 4.56E-5 0.1337 ]
Barium 1.88E-14 . 4.88E-8 3.77€-3
Lathanium 5.00E-10
Carium 3.00E-14
Prasecdymium 1.00E-14
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Xenon Release

Filter

Transmuter with Rods

Cigure 2. Represnetatlion of components of transmutation apparatus for lodine
after van Dinckiange (1881).
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Products from Transmutation Process

Te,Ba,Cs
Process Disposal
lodine < ) l: and Xe > Di::osal 0.01g Te Rod
Recovery 30g Xe traces of Ba+C¢ | Disposal
Escape rate unknown
Y 200 g l2/rod
. 17% Burn
lodine Feed Rod Preparation Transmutation 16 2
®= 10" n/cm /sec
[} Rod: 1 m length
1 cm diameter
50% volume capacity filled Rod Process
Rod Removal (2, Xo, and To)
180-day cool

Y

lodine Recovery

Total lodine Recovery = ~170 g

lodine Isotopic Compasition: 85% '2°1and 15%'271.

Figure 2. Diagram for iodine ATW and disposition of products.
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General Features of An Accelerator
Based System

Heavy Metal Target

ll IWV

« 18 to 20 neutrons/proton (typ)

- Fission-like neutron source
s;:ectrum with high-energy
ta |

" » Highly thermalized spectrum
in surrounding moderator

« Minimal radioactivity per
Material Separation source neutron
- Small capacity -

- Continuous, batch
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Technology Applied To
A Spectrum of National Needs

Technology Base
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Stand-Alone System (APP)

Tnjeclor 40 MeV

| 350MHz,22mA | CCL (700 MHz, 2.5 MV/m)

' ccL
20 MeV 800 MeV

| 22 mA

100 keV

2.5 MsV

| -
, 25 m = 320 m -]

%« Components
- 22 ma, 800 MeV accelerator (pulsed, 18% DF)
- Pb target and D, O blanket
- 23 kg inventory for 15 kg/yr production

- Rough cost estimate |
- Accelerator - 200 to 250 M

- Target/Blanket - 25to 50 M
- Processing- 75 to 100 M
- Operating 50to 65 M Los AlaMos



Initial Performance Model Results
for 15 kg/yr Production

« 23 kg 237Np inventory
125cm
» NpO,, slurry (suspension) @100 g/liter A
o 30 day irradiation, 20 day cooling bo 2

« Average production sigma =100 b

.2x10° *pu

. 2% %3Py

S5cm S5cm

NpO

«1-2 MWr blanket power susgension
« 800 MeV, 22 mA accelerator

| e L\ttt s



Blanket Environment Allows

Production Conditions to Be Optimized

In core inventory of feed material can be minimized

ot

ProductionRate = M o, @

|

- Location in blanket allows use of maximum effective
production cross section

69-0

- Choice of accelerator current range allows increase in flux

» Processing strategy chosen to produce minimal parasitic

absorption, contaminant production
Los Alames
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Accelerator System Has Minimal

Radioactivity

- Decay power is "
1000 times less i ——— Accelerator (20 MWh)
than an equivalent LI I o
production reactor = | T
oy *1 T
Q B | T
= : w1 T
- Small production of "
Tp> 30 yrs 0
radionuclides in
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» About 30 g of bl Nt e e e raten
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Additional Options - LAMPF Upgrade

-LAMPF presently operates at 1mA (can be increased to 2
mA)
o Upgrade to 10-15 mA
N - Requires refit of first 100 MeV of present accelerator
- Takes advantage of existing facilities and support crew
- Could produce 7 to 10 kg/yr if run on year-round basis

- Very rough capital cost estimate (accelerator,
target,processing) is $200 to 250 M
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Additional Options
Add-On to APT System

CCL (700 MHz, 1 MV/m)

Emittance
100 keV Filter

Je——30m ——= 950 m

- Inventory equal to stand-alone
system

- Rough estimate of costs
assignable to **° Pu mission
- Capital 175-200 M

- Operating 25-30 M
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Technology Status of Principal
Accelerator-System Components
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High Power Accelerators Can Be
Constructed Using Current Technology

Transition
1 ns! LAMPF
Cockroft- L= Matching 800 MeV
Walton DI
Injectors L " T e
W 100 MeV > 17mA Peak
' 0.5 x10” ppb
ATS 100 mA peak

RFQ Radio-Frequency Quadrupole
DTL Drift-Tube Linac
CCL Coupled-Cavity Linac

Injector

40 MeV
| 250 MHz, 22 mA

| cCL (700 MHz, 2.5 MV/m

15 Iw' ppb
GTA

APP 1

| l o ' 22mA avg
100 keV 20 MeV 125 mA_peak
2.5 MeV “ 0.9 x169 ppb
25m "= 320 m ______—-'
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Current Technology Will Allow
Construction of Reliable Neutron Target

D,0 - Cooled
D70 - Cooled Tungsten Coalant D20 - Cooled

Inconel Window [ /ﬂmﬂm ?“"m /Oulbmndor /1aad A

%
2
7
— 2
WVem Pt ?
square —b 3
— %
?
4 - ,

‘ Z 7

Coolant
| inlet Header

APP L AMPF
Proton Flux (pA/cm?) 24 30
Fluence (p/cm2 X 10?1) 3.5 (/yr) 13
Power density (MW/m®) <2 1.6
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Component Demonstrations

- LAMPF is a key resource for

. Full target power demonstrations
- Production rate verification (238Pu/proton)

- Scaled integrated system demonstration

Los Alamos



8L-D

LAMPF Beamstop Provides
Test or Production Demo Environment
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APP Schedule

Fiscal Year |1 | l l l 5 l l l I i 10 |
Design \

Test and e

Demonstrate (LAMPF)

Construct

Operate T

. Operation would begin within 10 years of project initiation
- LAMPF tests would demonstrate target operation

(and possibly integrated system performance)
Los Alamos
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Technology Status of Principal
Accelerator-System Components
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High Power Accelerators Can Be
Constructed Using Current Technology

Transition
b LAMPF
Cockroft- Matching 800 MeV
Walton 3 : . ‘
Injectors L 1mAavg
M- 17mA Peak
0.5 x10” ppb
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RFQ Radio-Frequency Quadrupole 1.5 Iw' ppb
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GE Nuclear Energy

XL-270-930070
March 9, 1993

Mr. Duane J. Hanson
EGAG Idaho, Inc.

P.0. Box 1625

MS 2508

Idaho Falls, ID 83402

Re: Your FAX transmittals dated 2/17/93 and 2/22/93 requesting responses to
several questions related to plutonium disposition.

Dear Mr. Hanson:

We are pleased to respond to the questions you transmitted to me in the
referenced FAX’s. Subsequent to receipt of the FAX's I transmitted a copy of
the ALMR presentation to the National Academy of Sciences, Committee on
International Security and Arms Control, Panel on Reactor-Related Options and
the ALMR Plutonium Disposition Study report to John Herczeg, DOE-HQ. A few of
the following responses refer to the report to Herczeg.

The questions in your FAX's are shown below with the responses following each
question. Please note that these responses are preliminary; a more
comprehensive DOE-sponsored plutonium disposition study is currently underway

in which most of these questions will be addressed in significantly more
detail.

If you have any additional comments or questions, please let me know.

Sincerely,

MO/W

Marion L. Thompson
(408)365-6481
FAX: (408)365-65643

.M. Magee W. Hannum (ANL)
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Information to be obtained from Option Sponsors for NAS

The National Academy of Sciences (NAS) has requested the INEL to obtain
answers to the following questions from sponsors of reactor options for
plutonium disposition. Answers are requested by February 24, 1993.

1. What is the irradiation time required for the fuel to reach a value of
0.10 and 0.20 for the ratio of Pu-240 to Pu-239? (Based on the average
core power.)

Response:

See the attached viewgraph with plutonium isotope data; these values
change somewhat with various core designs but represent nominal values
for the irradiation times indicated.

2. If the goal is to annihilate the fissionable plutonium and processing of
the irradiated fuel can be used to reccver and recycle plutonium, how
many times would a core fuel load need to be recycled and what is the
total irradiation (GWD/MT) needed to reduce the initial core plutonium
inventory by 90%, 95%,and 99%?

Response:

See the response to question No. 1 under the Reactor or Accelerator
System section below.
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The NAS requested that INEL obtain answers to the following questions from
sponsors of reactor options for plutonium disposition..... please send written
responses by 3/4/93.......

Euel

1. Did you assume that plutonium (PuO, or Pu metal) used in the fuel would
be free of contaminants (alloying m@taIS and americium now in the nuclear
weapon pits)? Will the fuel proposed be negatively impacted if plutonium
is contaminated with these alloying metals and the americium?

Response:
No, it was not assumed the Pu would be free of contaminants. For the
ALMR, metal fuel is the reference fuel form, and plutonium with alloying
metals and americium are acceptable. Pu cleanup can be readily accomp-
1ished in the fuel process electrorefiner, if needed. Also, the americium
serves as fuel in the fast neutron spectrum of the ALMR, therefore the Pu
fuel would not have a negative impact on the ALMR fuel system.

2. Briefly describe the technical work scope necessary to complete
development of the fuel and its estimated duration.

Response:

For the standard ALMR fuel and ALMR fuel for the moderate burner, (e.g.,
0.6 conversion ratio) the fuel is considered to be developed. The
developed fuel for the maximum. burner (e.g., minimal or no uranium in
fuel so as to achieve a 0.02 conversion ratio) requires some development
work for both fuel fabrication and performance testing. Preliminary
evaluation of this fuel, however, indicates no undue strain on the ALMR
actinide recycle system.

3. Identify technical issues that could impede fuel development and
fabrication. For example, have all issues related to material lifetime,
compatibility, etc., been resolved?

Response:
Fuel process development is ongoing and demonstration of this
pyrometallurgical process is scheduled to be completed by 1996 by Argonne
National Laboratory (ANL). Compatibility (e.g., with cladding, etc.) is
considered to be established. Testing of material to its lifetime is
ongoing and the design codes have been updated to provide design
information related to fuel lifetime and compatibility.

4. What are the current cost estimates for fuel development and for the fuel
fabrication facility construction, startup, and operation? What estimat-
ing method was used (e.g., parametric, historical cost, unit cost, etc.)?

Response:
The current construction cost estimate for a fuel cycle facility to
support one ALMR plant (1500 MWe) is about $120M. The operating cost is
estimated at about $25M per year, including manpower and fuel hardware.
The estimating method is primarily based on historical costs of similar
facilities, but with upgrading of the developed process equipment as
required to perfurm the batch based pyroprocess.
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Reactor or Accelerator System

1. If the plutonium disposition goal is to annihilate Pu-239 and Pu-241 in a
single fuel cycle, what is the total burnup or exposure (GWD/MT Pu)
required to reduce the initial inventory of these two isotopes by 90%,
95% and 99% (if gossible)? For each of these cases, identify the weight
percent of all plutonium isotopes in the initial fuel loading and those
remaining in the spent fuel after an equilibrium fuel cycle. Also
identify the cycle times.

Response:

In the ALMR, average burnup is approximately 10%, thus in theory, any
given fuel load would require recycle about 10 times for annihilation.
However, the fuel load would be supplemented each recycle with makeup
plutonium from outside the system (for a burner) and from breeding in
U238 (for a breeder) to sustain irradiation. The main points to be made
for the ALMR are that (a) with its recycle capability and hard neutron
spectrum it burns the higher isotope TRU which saturates thermal neutron
systems and (b) the only TRU disposed to waste from the ALMR are the
process losses (estimated to be 0.1%); major advantages over once-through
systems. Please see the attached viewgraph for estimated Pu isotopic
values at various irradiation times.

2. If the plutonium disposition goal is to annihilate Pu-239 and Pu-241 and
irradiated fuel can be reprocessed to recover and recycle plutonium, what
is the total burnup or exposure (GWD/MT Pu) required to reduce the
initial Pu-239 and Pu-241 inventory by 90%, 95%, 99%, and 99.9%? If the
option uses a batch mode fuel cycle, how many times would a core fuel
load need to be recycled to reach each burnup percentage? For each of the
four cases, identify the weight percent of all plutonium isotopes prior
to initiation of irradiation and those in the spent fuel.

Response:
Burnup for the ALMR is expected to have an average of about 100 GWD/MT.
But high burnup is not necessarily the answer for Pu annihilation in the
ALMR. Since the fuel is recycled, all but about 0.1% of the actinides are
retained or burned in the system. And the 0.1% is all that goes to the
waste stream. (See the response to No. 1 above).

3. If the plutonium disposition goal is to annihilate all plutonium isotopes
and irradiated fuel can be reprocessed to recover and recycle plutonium,
what is the total burnup or exposure (GWD/MT Pu) required to reduce the
inventory of all plutonium isotopes by 90%, 95%, 99% and 99.9%? If the
option uses a batch mode fuel cycle, how many times would a core fuel
load need to be recycled to reach each burnup percentage? For each of the
four cases, identify the weight percent of all plutonium isotopes
remaining in the spent fuel.

Response:
(Same response as shown in No.s 1 & 2 above)
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4. Briefly describe the technical work scope necessary to complete
development of your reactor or accelerator system and its estimated
duration.

Response:
See Section 2.4, Technical Availability, in the Herczeg Report.

5. Identify technical issues that could impede system development, design,
construction, and startup. For example have all issues related to
material lifetime, compatibility, etc., been resolved?

Response:
The system is based on known technology; only feature testing remains;
thus, there appear to be no serious impediments to system development.

6. What are the current cost estimates for system development and for
construction, startup, and operation of the facility? What estimating
method was used (e.g., parametric, historical cost, unit cost, etc.)?

Response:
See Section 2.5, Economics, in the Nerczeg Report. The estimates are

primarily based on historical costs upgrading to module (learning curve)
fabrication in factories.

Waste Processing

1. Briefly describe the technical work scope necessary to complete
development of a waste conditioning/processing flowsheet for your option
and its estimated duration.

Response:

See Sections 2.1.2, IFR Description, and 2.4.2, Fuel and Fuel Cycle in
the Herczeg Report.

2. ldentify technical issues that could impede development of the waste
processing flowsheet, systems, or facilities.

Response:
See response to No.l above.

3. What are the current estimates for the time required for construction and
startup of the waste processing facility?

Response:
The waste processing facility is a relatively small contribution to the
fuel cycle facility and is contained within the fuel cycle facility. See
response to question No. 4 in the Fuel section.

4. What are the current cost estimates for waste processing development and
for construction and startup of a waste processing facility?

Response:
See response to No. 3 above. The waste processing development costs are
covered in the ongoing fuel process development activity at ANL.



h"‘..

Waste Disposal

1. Relative to the assumed acceptance of commercial fuel and defense waste
in a geologic repository, is there waste characterization work that must
be performed?

Response:
The current repository waste references are spent fuel and processed high
level waste in glass. The metal fuel pyroprocess produces two main waste
streams. salt and metal, which do require performance and acceptance
testing. However, these waste forms are being developed and tested and
are expected to be acceptable to the repository.

2. Briefly describe the technical work scope necessary to complete
development of the waste disposal method and its duration. For example,
are there any preconditioning or packaging requirements that must be
satisfied for repository acceptance?

Response:
The preconditioning requirements should be covered in the testing
described in the response to No. 1 above. Packaging is expected to be
"standard."

3. Identify technical issues that could impede the placement of waste from
your option in a repository.

Response:
The waste performance and acceptance testing is ongoing and is expected
to be successful. There are no known impediments for placement of waste
from the ALMR pyroprocess in the repository.

4. What are your estimates for the elapsed time prior to opening a suitable
repository?

Response:
It is assumed that the current repository schedule, for example, opening
in about 2010, is compatible with the ALMR system development and
deployment schedule.

5. What are the current cost estimates for waste disposal system development
and for disposal of the waste?

Response:
The waste disposal system being developed by DOE for the first high-level
waste repository is considered to be acceptable and therefore the cost is
the cost of that program. The cost of disposal of ALMR processed fuel is
expected to be less than the current 1 mill/kwh fee. For example, it is
expected that the cost on an equivalent basis would be a half to three-
quarters of a mill/kwh.
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6. Does radiation make your proposed waste package "self protecting" (i.e.,
greater than 100 R/hr at 3 ft from the surface)? If so, how long does it
remain self protecting?

Response:
Yes, please see the attached preliminary figure, Discharge Assembly Dose
Rate, for the estimate of the exposure obtained and decayed over time,
with two relatively short ALMR fuel burnup times.
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Plutonium Isotopic Data

Pu-238
Pu-239
Pu-240
Pu-241
Pu-242

Estimated
Defense
Pu

94.00
6.00

100.00

Estimated "Denatured”
Value of Defense Pu
After One 5-year Cycle

Estimated ALMR
“Equilibrium” After

0.03
85.60
13.65*

0.69

0.03

100.00

Several cycles

0.40
7244
23.28

2.66

122

100.00

* Estimated to be 8.6% after one 20-month cycle and 11.2% after two 20-month cycles;
a 5-year cycle represents three 20-month cycles and the normal life of fuel in the ALMR.
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ATTACHMENT 1

Plutonium Disposition Replies for Duane Hanson of INEL

Fi ollbwing are the replies requested by Duane Hanson of INEL as input to the NAS
questions about plutonium disposition:

Question 1. What is the irradiation time required for the fuel to reach a value of
0.10 and 0.20 for the ratio of Pu-240 to Pu-239 (Based on the average core power)

A parametric study was conducted by SRS personnel to deduce the Pu-240 build-up rate
for Weapons Grade (WG) plutonium that is employed as a mixed oxide (MOX) fuel in
pressurized water reactors. A 600 MWe reactor with a specific thermal power rating of
12.5 MWt per assembly was used as a basis. One part of the study was conducted with
only one-third MOX fuel loading (to reflect the current practice with Westinghouse
designed, European licensed reactors), while the second part of the study used-full core
loading of MOX fuel.

The calculated Pu-240 build-up rate is given in Figures 1 and 2, for the one-third and full
MOX fueled cores, respectively. Plutonium enrichment of the MOX was varied from 2%
to 9% and each cycle was burned until 20% Pu-240 was attained or it was obvious that a
practical cycle length was too short to meet this criterion. Cycle lengths assume a 75%
capacity factor (i.e., 1 year on the time scale represents 9 months of full power operation).

Of note is the inability of high plutonium loadings to reach 20% Pu-240. In these cores
the fissile loading is relatively high while the fraction of Pu-239 burned is relatively low,
and thus the fractional isotopics in the WG plutonium do not change significantly over
practical cycle lengths. The lower plutonium enrichments reach about 10% Pu-240 in
about 3-4 months and 20% Pu-240 in about one year, respectively, for the one-third MOX
fueled core. The full MOX loaded cores require about twice those lengths.
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Percentage Pu-240 in Fuel
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Figure 1

Plutonium Denaturing For One-Third MOX Core

—o— 2% Total Pu
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Percentage Pu-240 in Fuel

25 1

20 1

15 4+

10 ¢

Figure 2

Plutonium Denaturing For Full MOX Core
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Plutonium Disposition Replies for Duane Hanson of INEL

Question 2. If the goal is to annihilate the fissionable plutonium and
processing of the irradiated fuel can be used to recover and recycle
plutonium, how many times would a core fuel load need to be
recycled and what is the total irradiation (GWD/MT) needed to
reduce the initial core plutonium inventory by 90%, 95%, and 99%?

For this option, it is desirable to contain the plutonium in a fuel containing no
U238 gp that no new plutonium would be produced. The preferred fuel is
likely to be "Ternary Fuel" in which PuOg is contained in a matrix of ZrOg
and CaO. At present we are assuming about 14 wt % PuOg, 77 wt % ZrOg
and 9 wt % CaO. There is extensive irradiation experience with this tvpe of
fuel, both with highly enriched uranium and plutonium as the fissile
material, and fuel performance has been very good. The fuel pellets would be
annular surrounding a core of ZrO2 - CaO. Boron would likely be added to
either the core or the fuel to serve as a burnable poison.

Reactor operation would have about a two-year operating period, after which
one-third of the core would be loaded with fresh fuel. Thus a fresh fuel
assembly would remain in the reactor about six years. At the end of this time
80-90% of the fissile plutonium would have been destroyed. If it is desired to
increase this fraction, the burned fuel could remain in the reactor longer, but
other fuel would have to be discharged and stored for later use. That is, the
one-third core reload fuel management would be disrupted. Possibly one-
quarter core reload could achieve destruction fractions greater than 90%. If
much higher destruction fractions are desired, chemical reprocessing of the
burned fuel would probably be required.

The (GWD/MT initial fissile Pu) needed to reduce the initial fissile plutonium
inventory by 90%, 95% and 99% are given below.

Fraction Fissile Pu GWD/MT Of Initial
Destroyed Fissile Pu
90% 781
95% 817
99% 845

Note that these exposures are defined entirely differently frbm GWD/MTHM
that are conventionally quoted.
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ATTACHMENT 2

RESPONSES TO NAS PLUTONIUM DISPOSITION OPTION QUESTIONS

Ql.

Q2.

Did you assume that plutonium (PuQO2 or Pu metal) used in the fuel
would be free of contaminants (alloying metals and americium now in
the nuclear weapon pits)? Will the fuel proposed be negatively
impacted if plutonium is contaminated with these alloying metals and
the americium?

Answer;

Gamma activity builds up continuously after purification from the decay of
Pu241 to Am241. Each year about §% Pu241 decays. Some of the weapons
grade plutonium has been around for awhile and will contain americium but at
concentrations much less than 1%. Because Am241 is a gamma emitter, there
may be difficulty in maintaining and achieving the DOE requirement of
keeping exposure to personnel as low as reasonably achievable (ALARA)
during fabrication and handling. Thus, returns will typically be reprocessed to
remove any Am241 and other contaminants.

According to the process outlined in Strategies for Denaturing the weapons-

WSRC-RP-92-1004, (pp 4-1 to 4-3), pits will be
dissolved in sulfamic acid and passed through solvent extraction which will
remove americium and other contaminants before the oxide is precipitated.
However, some pits may have to be processed first by a hydride technique.
They will be exposed to hydrogen gas to remove plutonium and eliminate other
impurities before further processing. Plutonium oxide used to make fuel
elements will be free of americium and contaminants.

Briefly describe the technical work scope necessary to complete
development of the fuel and its estimated duration.

Answer:

For MOX (PuO2-UO2) fuel, there is essentially no development needed for fuel
manufacturing. Similar processes are currently being used in Europe and
Japan to make MOX fuel elements. The concept has also been evaluated by
Westinghouse as discussed in the above report (p. 2-1). The basic techniques of
pelletizing, sintering, grinding and assembly are similar to processes used in
the U.S. to make UOg power reactor fuel.

“Ternary Fuel" has been proposed for complete destruction of plutonium, and it
is fully developed with apparently no additional work required. The fuel form
consists of solid or annular pellets of PuOg, ZrOg and CaOg. This special fuel
has been manufactured by Westinghouse Electric Corporation, Advanced
Energy Systems Division and has been evaluated in U.S. and Foreign
programs.1
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However, ternary fuel will require further evaluation. With highly enriched
UO, as the fuel material in ternary, there is essentially no Doppler feedback.
This will have to be evaluated for PuO, as the fuel material. Also, ternary fuel
has performance concerns for beyond design basis accident scenarios. For fuel
meltdown, the 3 ternary fuel components separate and recriticality of the PuO,
becomes a concern. This would have to be investigated for the particular
features of the ALWR concept.

Q8. Identify technical issues that could impede fuel development and
fabrication. For example have all issues related to material lifetime,
compatibility, etc., been resolved?

Answer:

None known at this time. All issues have been resolved because MOX fuel is
currently being used in other countries to produce electrical power.

Q4. What are the current cost estimates for fuel development and for the
fuel fabrication facility construction, start-up, and operation? What
estimating method was used?

Answer:

Cost estimates for facility construction are estimated in the document WSRC-
RP-92-1004. Costs are included for constructing a "Greenfield" facility and for
using existing WSRC and AGNS facilities. The costs are given on page 4-3 to
4-5 and were estimated using the PC-based Freiman Analysis of System
Technique (FAST) which has been used by DOE to provide uniform cost
estimating for reconfiguration studies (p. 4-1).

These estimated cost values are also compared to published costs for MOX
plants in Germany and England (page 4-3). The high spot estimate for the
WSRC "Greenfield" plant was $680 million (~70 MTHM) while the cost for
Germany's plant was $500 million (120 MTHM) and the cost for BNF's plant
was $400 million (100 MTHM). The differences in WSRC costs are assumed to
be due to rigorous safety standards imposed by DOE for new construction of
nuclear facilities.

The operating costs was estimated to be about $30 million per year. The
startup costs will be higher, but no estimates are available at this time.

Reference:

1. WSR-84-252, "Ternary Fuel Performance Data for the Special Water
Reactor," Westinghouse Electric Corporation -AESD.

SRT-SCS-930026
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Reactor System

Q1-Q3. Combined Response regarding annihilation options:

It appears that satisfactory annihilation of Pu239 and Pu241, with resulting
Pu unusable in weapons, can be achieved by irradiating fuel assemblies in
multiple fuel cycles without chemical reprocessing. Therefore, only question 1
out of questions 1-3 will be addressed.

For this plutonium disposition goal, it is desirable to contain the plutonium in
a fuel containing no U238 go that no new plutonium would be produced. The
preferred fuel is likely to be "Ternary Fuel" in which PuO; is contained in a
matrix of ZrOg and CaO. At present we are assuming about 14 wt.% PuOo, 77
wt.% ZrOg and 9 wt.% CaQ. There is extensive irradiation experience with this
type of fuel with highly enriched uranium as the fissile material, and fuel
performance has been very good.! The fuel pellets would be annular
surrounding a core of ZrO2-Ca0O. Boron would likely be added to either the
core or the fuel to serve as a burnable poison.

The reactor operation which has been calculated thus far would have a 2.3-year
operating period, after which a fraction of the core would be loaded with fresh
fuel. This fraction was assumed to be 1/3 initially and thus a fresh fuel
assembly would remain in the reactor for 3 operating periods, or seven years.
Irradiation for longer periods was calculated by simulating leaving the most
irradiated fuel in the reactor for one or more additional operating periods while
simulating 1/3 core reload for the other 2/3 of the reactor. If some particular
number of operating periods (say §) produced irradiated fuel deemed
acceptable, then a 1/5 core reload scheme would be designed to produce this
material on a continuous basis. Results of the more approximate calculations
are given below for 3, 4, 5 and 6 operating periods.

~ Number |Years In| Pu239 + Pu2dl | ZTotalPu GWD
of Reactor | Initial Pu239 + | Initial Total| MTPu
Operating Pu241 Pu (initial)
Periods % % _
3 6.9 13.59 24 .88 697.7
4 9.2 7.04 15.23 778.9
S 11.5 3.31 9.61 822.7
6 13.8 1.40 6.59 843.3

SRT-SCS-930026 E-9



_ Wt. % Pu Isotope In Total Pu

T Nbr. Of

Operating 238 239 240 241 242
Periods

0 0 94.00 5.70 0.30 0

3 2.88 20.92 29.90 30.58 15.72

4 6.99 10.49 18.29 33.10 31.13

5 12,53 6.16_ 6.46 26.29 48.56

6 17.34 4.97 2.85 16.01 59.83

Q4.

The above tables cover the range of interest implied by question 1. The values
of GWD/MTPu (initial) for the specific points in question 1 were obtained by
interpolation and extrapolation and are 741 (90%), 801 (95%) and 850 (99%).
Furthermore, it is clear that the material after 6 operating periods could not be
used in a weapon. We feel confident that the Weapons Labs would reach this
conclusion based on the Pu239, Pu241 and Pu242 relative contents alone. But
there is a further reason. The high Pu238 content (from decay of Cm242)
would result in any recovered plutonium metal having quite a high
temperature sitting in air. At the time when various non-proliferation schemes
for civilian plutonium were being studied, spiking plutonium with Pu238 of
this or lower content was proposed as a method of rendering it unusable in
weapons.

Six irradiation periods may well be needlessly conservative. If three
irradiation periods were adequate (using 1/3 core reload), material throughput
estimates can be given now. One-third of a fresh core would contain 1.38 MT of
weapons Pu. Since the operating period is 2.3 years, the average yearly fueling
requirement would be 0.60 MT/reactor year. If only 15 years of reactor
operation is available, it would take eleven 600 MWe reactors devoted to this
purpose to accept the 100 MT of plutonium. It is implicit here that beginning
irradiation satisfies the requirement of taking the plutonium out of the
weapons stockpile. If longer irradiation is required, the number of reactors
required would be greater than 11.

Briefly describe the technical work scope necessary to complete
gevelopment of your reactor or accelerator system and its estimated
uration.

Answer:

The advanced light water reactor (ALWR) has an extensive history of planning
and engineering that goes back to the early 1980's (i.e., more than 700,000
engineering man-hours on the AP-600 as of 11/91). Recently, two ALWR
designs won the financial support of a 16-utility consortium called the
Advanced Reactor Corp. (ARC), which has control of over $150 million in
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detailed engineering design funds. The winning designs are the Westinghouse
AP-600, a 600 MWe passive design pressurized water reactor, and the General
Electric ABWR, a 1300 MWe evolutionary design boiling water reactor. The
ARC money will be used to perform "first-of-a-kind" engineering for both
designs, making them essentially complete by 1996. Both G.E. and
Westinghouse also expect to receive design certifications from the Nuclear
Regulatory Commission (NRC) in early 1996 and late 1996, respectively.
Design certification is equivalent to having a licensed reactor design, which
will allow utilities to avoid the long, drawn-out process that was formerly
required for each plant on a case-by-case basis. Construction of the first new
reactor could presumably start on the day that NRC certification is received.

Q5. Identify technical issues that could impede system development,
design, construction, and startup. For example, have all issued
related to material lifetime, compatibility, etc. been resolved?

Answer:

There are no real issues that could impede reactor system development, design,
etc. for the ALWR. If fuel loading were based on a 1/3 MOX core, i
changes would i because a core with 1/3 MOX fuel has
characteristics that are still within the safety analysis envelope of a full UOg
core. If a full MOX core were used, sensitivity studies would have to be
performed to determine the total control rod worth requirements under various
conditions (e. g. rod ejection accident, shutdown margin). Options that could be
used to meet the 100% MOX core criteria include:

¢ Increased number of control rods to compensate for the reduction in rod
worth due to a 100% MOX core (might have to add 4 to 8 rods for an AP-
600).
Increased rod worth by using enriched Boron 10 control rods.
Proper choice of a fuel management scheme to address shutdown margin
concerns.

Aside from changes associated with the options listed above, there would be no
redesign of the ALWR to accommodate MOX fuel. This assessment is based on
the extensive experience with MOX fuel worldwide since the 1960's.

Q6. What are the current cost estimates for system development and for
construction, startup, and operation of the facility? What estimating
method was used (e. g. parametric, historical cost, unit cost, etc.)?

Answer:

As noted in the answer to Question 4, "first-of-a-kind" engineering costs are
being heavily subsidized by ARC. The remainder of these "development” costs
will be borne by the reactor vendors. Capital cost estimates for a scheme
involving one 600-MWe ALWR and an associated MOX fuel fabrication plant
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are estimated in the range of $1.5 to $2 billion. For a scheme involving three
600-MWe ALWRs and an associated MOX fuel fabrication plant, the capital
costs are estimated to be $4 to 4.5 billion. Annual operating costs are about
$110 million for the single reactor scheme and about $250 million for the three
reactor scheme. These 1992 dollar estimates were derived in Reference 2 and
are based on commercial industry and SRS data, using the Freiman Analysis of
System Technique (FAST). The FAST technique, which is also used by DOE,
involves parametric cost estimating.

References:

1. WSR-84-252, "Ternary Fuel Performance Data for the Special Water
Reactor," Westinghouse Electric Corporation -AESD.

2. M. R. Buckner et al., "Strategies for Denaturing the Weapons-Grade
Plutonium Stockpile, WSRC-RP-92-1004, Aiken, SC, October 1992, =

Waste Processing

This is a response to the questions from the National Academy of Sciences
regarding waste processing requirements for MOX fuel.

General Assumptions:

1.

Waste processing is only required where fuel is reprocessed. This would be the
case, for example, if complete burnup of the Pu is desired.

Reprocessing options would include either use of an existing government
facility or construction of a new dedicated facility. Existing government
facilities include the INEL chemical reprocessing plant and the SRS recycle
facilities. Use of decommissioned government facilities at the Hanford site is
not considered. DOE has committed to the Idaho government to shut down the
ICPP operation without further reprocessing, but as this plant is still operable,
it is considered here.

Reprocessing of fuel containing zirconium oxide (the so-called ternary fuel
option) is much more complex than reprocessing uranium-plutonium oxide fuel.
Highly corrosive acidic fluoride solutions are required to dissolve the fuel for
reprocessing. Development of a process flowsheet for such fuel and
qualification of a suitable waste form would require an extensive (probably >1
year) research and development program, because plutonium-based fuels of
this type have not been reprocessed previously.

The costs of constructing a new facility or converting a Savannah River facility
for reprocessing ternary fuel would also be higher because of the need for
special corrosion-resistant piping and vessels. However, the ICPP already has
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a head end facility suitable for use with acidic fluoride solutions. The
responses below are for MOX fuel only, and do not consider the additional costs
associated with ternary fuel.

As is indicated in the responses on the reactor system, there is no need for
reprocessing the ternary fuel since adequate annihilation can be obtained by
irradiating fuel assemblies in multiple fuel cycles.

Responses to Questions:

Q1. Briefly describe the technical work scope necessary to complete
development of a waste conditioning/processing flowsheet for your
option and its estimated duration.

A. Fuel reprocessing by the PUREX process was described in detail during the
Geneva conferences in the 1950's, and has been practiced extensively since. In
the United States this technology has been used at Hanford, Savannah River,
Idaho, and in the commercial reprocessing plant at West Valley, New York.
The concentrated high level wastes from PUREX reprocessing can (after an
appropriate period of cooling) be fed directly into calciners for making glass
waste forms. This technology has been used in France for over fifteen years.
Similar technology has also been developed in Germany, the United Kingdom,
and Japan for the disposition of wastes generated in their reprocessing
operations. A chemical treatment and concentration flowsheet was developed
and used in this country for the West Valley wastes. These will be converted to
glass during the next few years. The Defense Waste Processing Facility at
Savannah River uses similar technology; the principal difference is that this
operation requires several preliminary process steps to remove the large
quantities of aluminum in SRS wastes. For a new facility the technical work
associated with waste proccssing would primarily involve non-radioactive tests
of equipment and components to optimize operating conditions and ensure
adequate capacity. These would be performed with the individual components
as they become available, and in cold tests of the system after installation.

B. Reprocessing at the Savannah River Site would require installation of a shear-
leach head end facility in an existing plant. It has been estimated that such a
head-end facility could be installed in a Savannah River canyon for
approximately $110,000,000.1 It might be possible to do without shear-leach
dissolution at Idahe, because dissolution with acidic fluorides is possible there.
However, at the Idaho plant it would be necessary to provide a second
plutonium solvent extraction cycle, as well as facilities for concentrating
plutonium and converting it to oxide; cost figures for such new facilities are not
available, but by comparison with other recent construction within DOE, the
costs would be in the range of hundreds of millions of dollars.

Flowsheets and equipment are presently in place at SRS for converting high-
level wastes from reprocessing to glass waste forms for disposition in a
repository. Flowsheets and equipment are presently in place at the ICPP for
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converting similar waste to dry calcine for storage. A new facility will be
required for converting this waste calcine, and the large amount of existing
waste calcine now stored at Idaho, to a resistant waste form suitable for
disposition to a repository.

s
In summary, little development would be needed to derive flowsheets for waste
processing. However, there is no existing facility that can reprocess LWR
mixed oxide fuel and recover plutonium without significant modification.

Q2. Identify technical issues that could impede development of the waste
processing flowsheet, systems, or facilities.

As the response to the previous question indicates, there are no outstanding
questions regarding a waste processing flowsheet. If disposition of leached
segments of cladding is necessary, a process for encapsulating these into a
suitable waste form would have to be chosen and tested.

Q3. What are the current estimates for the time required for construction
and startup of the waste processing facility?

A new facility (or major addition to an existing facility) would be a line item
project and could be constructed on a schedule comparable to that of a
dedicated nuclear reactor for plutonium burning, that is, within six or seven
years. Reprocessing and waste disposal facilities would not be required until at
least a year after the first discharge from the reactor. They could be further
deferred for some years if desired, because it would be at least fifteen years
before all of the initial charge of plutonium is used.

As noted above, waste processing facilities are presently available at the
Savannah River Site. They will eventually be required at ICPP to process
existing calcined waste.

Q4. What are the current cost estimates for waste processing
development and for construction and startup of a waste processing
facility?

Approximate costs for converting an existing government facility are discussed

above. Cost estimates have not been developed for a dedicated facility of the

relatively small size required to support these operations. Comparison with

gﬂl:ler facilities suggests that any such facility would cost in excess of a billion
ollars.

Reference:

1. J. M. McKibben, "Disposition of Non-Processible Fuels at SRS (U)," WSRC-
RP-92-1242, November, 1992.
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Waste Disposal

Ql. Relative to the assumed acceptance of commercial fuel and defense
waste in a geologic repository, is there waste characterization work
that must be performed?

1. No recycling of the irradiated fuel is contemplated. The spent MOX fuel is to
be sent to a geologic repository following a period of interim surface storage.
Characterization studies for the MOX fuel would have to be factored into the
spent fuel characterizations currently in progress for the commercial oxide fuel.

Q2. Briefly describe the technical work scope necessary to complete
development of the waste disposal method and its duration. For
example, are there any preconditioning or packaging requirements
that must be satisfied for repository acceptance? )

2. The technical work scope supporting MOX spent fuel is not well defined at this
time. We expect that major elements would include:

Spent fuel characterization.

Reactor basin for underwater cooling.

Program for dry storage pending geologic repository storage.

Program to develop treatment facility to repackage fuel following dry
storage period in preparation for the geologic repository.

Definition of repository acceptance criteria and fuel qualification procedures
with particular emphasis on criticality prevention.

peop

®

Q3. Identify technical issues that could impede the placement of waste
from your option in a repository.

3. The principal technical issues that could impede the placement of spent MOX
fuel in the geologic repository are:

a. Waste form qualifications with particular emphasis on criticality prevention
over geologic time periods.
b. Safeguard assessments for both surface and subsurface storage.

It should be noted that any spent fuel form (specifically including commercial
spent fuel) will have to contend with these issues. A successfiill commercial fuel
qualification program will, no doubt, provide the means to qualify spent MOX
fuel for they have very similar characteristics.

Q4. What are your estimates for the elapsed time prior to opening a
suitable repository?

4. There is considerable question as to the possibility of storing MOX fuel in the
first repository, Yucca Mountain. The Nuclear Waste Policy Act of 1982
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specifically authorizes only defense high-level waste and commercial spent fuel
for storage in the first repository. All of the space in Yucca Mountain is
already reserved for the above two waste forms.

Several high ranking officials in OCRWM have voiced strong opposition to the
storage of anything but defense high-level waste and commercial spent fuel in
Yucca Mountain on the grounds that the public confidence in the geologic
repository program would be severely shaken by the addition of a third waste
type, not previously disclosed. A congressional act could resolve all of these
questions, but it is not considered likely in the present political climate.

A much more likely scenario is that MOX fuel would have to wait for a second
geologic repository. The 1987 amendment to the Nuclear Waste Policy Act
specifically forbids DOE from requesting a second repository before the year
2007. In view of the lengthy program involved in licensing and constructing
the Yucca Mountain repository, a widely shared opinion among those
concerned with the disposal of spent fuel is that a second repository would not
be available before 2030-2040.

Q5. What are the current cost estimates for waste disposal system
development and for disposal of the waste?

5. The waste disposal costs for MOX fuels were summarized in WSRC-RP-92-
1004, Table 6.1 (p. 6-2) with bases as discussed in the text. Additional
development work that could be required includes:

a. MOX fuel waste form characterization might take 3 years at a cost of ~$1
million per year.

b. Adaptation of a MRS facility design to the dry storage of MOX fuel, 2 years
at ~$2 million per year.

c. Investigation of needs for spent fuel treatment and repackaging prior to
entombment in geologic repository, 5 years at ~$0.5 million per year.

Q6. Does radiation make your proposed waste package "self protecting”
(i.e., greater than 100 R/hr at 3 ft from the surface). If so, how long
does it remain self protecting?

6. The MOX spent fuel form will be "self protecting” for essentially the same time
period as the commercial spent fuel form. They will both have the same
exposure, if the primary aim is to generate electricity. The "self protecting”
period of MOX fuel has not been specifically calculated, but based on similar
studies for much shorter irradiations of PuOg-Al fuels in K-reactor at SRS, that
period is expected to be >> 50 years. The radiation field surrounding the spent
assemblies will be more than ample to deter diversion while the spent MOX
fuel is most vulnerable-during the surface storage period.
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Revised 3/12/93

GENERAL ATOMICS
RESPONSES TO EG&G Pu DISPOSITION OPTION QUESTIONS

Fuel - on #1

Did you assume that plutonium (PuO, or Pu metal) used in the fuel would be free of
contaminants (alloying metals and americium now in the nuclear weapon pits)? Will the fuel

proposed be negatively impacted if plutonium is contaminated with these alloying metals and
the americium?

Res e to Fuel estion #1:

The fuel fabrication process for the MHTGR fuel can accept a variety of plutonium
feedstock forms. If the feedstock contains alloying metals or americium, they wiil be removed
during a purification step (solvent extraction or ion exchange) prior to kernel fabrication.

Fuel - Question #2

Briefly describe the technical work scope necessary to complete development of the fuel and
its estimated duration.

Response to Fuel Question #2:

As summarized in Reference 1, the required development activities for plutonium fuel
for the MHTGR will directly parallel those defined for the NP-MHTGR HEU fuel development
program (Reference 2). Key elements of a Pu TRISO-coated fuel development program are:

® Design of a TRISO-coated Pu fuel particle capable of achieving high burnup under
peak MHTGR core service conditions predicted for normal operation and

postulated accidents. The key product of this activity is the fuel product
specification.

® Demonstration of Pu fuel particle and compact fabrication capability, including
process development, equipment design, and process scaleup. The key products
are fuel process specifications and equipment specifications.




e Single-affects testing, both in- and out-of-pile, to facilitate the development of
component models to predict the performance of TRISO-coated Pu fuel particles
and fission product transport under the service conditions predicted for normal
operation and postulated accidents. The key product of this activity is a Fuel
Design Data Manual.

® Integral testing, typically in-pile, under representative MHTGR conditions to
independently validate the design methods and codes (which incorporate the
component models described in the previous bullet) used to predict Pu fuel
performance and fission product transport during normal operation and postulated
accidents. The key product of this activity is a suite of computer codes which
have been verified and validated to NQA-1/NQA-2 standards under plutonium-
fueled MHTGR specific conditions.

The total duration of the NP-MHTGR fuel development program was nine years

(Reference 2) ; it has been estimated that the Pu fuel development program would take
an additional 18 months (Reference 1).

Fuel - estion #

Identify technical issues that could impede fuel development and fabrication. For example
have all issues related to material lifetime, compatibility, etc., been resolved?

Respon Fuel Question #3:

As described in Reference 1, TRISO-coated Pu fuel particles have been successfully
fabricated and irradiated in the past in the USA and curope to burnups in excess of those
proposed. The performance of these particles provides a sound technical basis for concluding
that there are no technical feasibility issues; nevertheless, significant technology development
and testing will be required to fully qualify Pu fuels for use in the MHTGR. Similar tests with
highly enriched uranium particles also indicate the practicality of these high burnups.

The generic technical issues for high-burnup, TRISO-coated particle fuel are defined in
the NP-MHTGR HEU fuel development program (Reference 2). These issues generally apply
to Pu fuel as well, but several Pu-specific issues are also anticipated (e.g., remotizing the fuel
fabrication process). A preliminary list of key technical issues to be addressed in the
development and qualification program for Pu fuels follows:



Design of a TRISO-coated Pu fuel particle capable of achieving high burnup under
peak MHTGR core service conditions predicted for normal operation and
postulated accidents. Key elements will be specifying the kernel composition to

suppress kernel migration and CO formation and specifying the coating system
design.

Modifications to the fuel particle design and/or fuel fabrication processes to
improve the level of fuel performance over that exhibited in recent NP and NE fuel
irradiation capsules (NPR-1, NPR-2, NPR-1A, and HRB-21). On-going PIEs and
fuel process optimization studies being conducted under the commercial MHTGR
program and the NPR closeout program are expected to provide the technical
basis for determining the required changes in fuel design and/or fuel process
conditions. Detailed fuel process and fuel performance data from the highly
successful German TRISO fuel development program may also prove helpful in
this regard.

Remotizing the fuel fabrication processes and equipment to the extent necessary
to safely manufacture TRISO-coated Pu fuel meeting the fuel product
specification.

Scaleup and integration of unit operations for kernel fabrication, particle coating,

and fuel rod compacting to accommodate required fuel manufacturing
throughputs.

Demonstration of acceptable irradiation performance of TRISO-coated Pu fuels to
high burnup (>90% destruction of Pu-239) under peak MHTGR core service
conditions predicted for normal plant operation.

Demonstration of acceptable performance of high-burnup TRISO-coated Pu fuels
during dry and wet post-irradiation heating tests that bound the service conditions
predicted for postulated MHTGR accidents, including depressurized core
conduction cooldown transients. High-burnup (> 75% FIMA), HEU TRISO-coated
particles have performed well in such post-irradiation heating tests to
temperatures well excess of the peak fuel temperatures predicted for the MHTGR
(the peak temperature for a bounding core conduction cooldown to ground is
expected to be <1600 °C). Nevertheless, analogous tests with high-burnup Pu
fuel will be needed.




® Integral testing, typically in-pile, under representative MHTGR conditions to
validate the design methods and codes used to predict the source terms for a Pu-
fueled MHTGR during normal operation and postulated accidents. In this regard,
particular attention must be given to confirming that the Pu isotopes will be
essentially retained in the core under all credible service conditions. The release

and transport of silver isotopes, especially Ag-110m, will also receive special
attention.

As part of preconceptual design, design data needs (DDNs) for the development and
qualification of TRISO-coated Pu fuel will be systematically defined, and the scope, schedule
and cost of the attendant testing programs will be estimated. During a proposed follow-on
study, this initial planning would be refined and extended; the end result would be a
comprehensive draft of a Fuel Development Program Plan for TRISO-coated Pu fuels.

Fuel - Question #4

What are the current cost estimates for fuel development and for the fuel fabrication facility
construction, startup, and operation? What estimating method was used (e.g. parametric,
historical cost, unit cost, etc.).

R n Fuel ion #4:

The current cost estimates for fuel development and for the fuel fabrication facility
construction, startup, and operation were provided in Section 3.5 of Reference 1. Plutonium
fuel development costs ($261 million) were developed based on historical cost and experience
with the NP-MHTGR program. This is an incremental cost beyond the fuel development cost
(about $50 million) for the commercial MHTGR program presented in Reference 1. Fuel
fabrication facility construction costs ($260 million for a 4-module MHTGR) were derived from
cost estimates developed by Fluor-Daniel for the NP-MHTGR Fuel and Target Fabrication
Facility, with adjustments for use of plutonium fuel instead of highly enriched uranium and for
deletion of target fabrication process equipment costs. These costs were developed based
on labor, material, and commodity unit costs. Startup costs have not been calculated, but are
expected to be small compared to construction costs. Operations costs are included in the
plutonium fuel cost and represent about ¥a of the fuel cost (or, $750 million over 40 years).
Operations costs are estimated based on historical costs and parametric variations related to
throughput and are estimated to be about $60,000 per kilogram of plutonium.



If the plutonium disposition goal is to annihilate Pu-239 and Py-241 in a single fuel cvgle,
what is the total burnup or exposure (GWD/MT Pu) required to reduce the initial inventory of
these two isotopes by 90%, 95% and 99% (if possible)? For each of these cases, identify
the weight percent of all plutonium isotopes in the initial fuel loading and those remaining in
the spent fuel after an equilibrium fuel cycle. Also identify the cycle times.

R r jon #1 :

The current MHTGR reference design for achieving high burnup uses a 450 MW(t) core
in which one-half (420) of the total core complement of 840 fuel elements is replaced each
year to achieve a two year fuel exposure at discharge. At discharge this design achieves 90%
burnup of the initial Pu-239, 80% of Pu-239 plus Pu-241, and 63% of the initial total
plutonium charged, with an average burnup of 560,000 MWD/MT Pu. We believe that these
discharge isotopics, with attendant high radiation dose from any recovered plutonium - and
which would require processing many blocks to achieve a critical mass - make this fuel
unattractive for weapons purposes. This design also meets all safety-related criteria for
shutdown margin and power stability, has a large negative temperature coefficient of
reactivity at all times in cycle, and displays safety characteristics comparable to those of the
commercial MHTGR that has been reviewed by NRC.

Figure 1 shows plutonium burnup as a function of MWD/MT burnup out to an extended
exposure of 813,000 MWD/MT burnup, where greater than 99% Pu-239 + Pu-241 burnup has
been reached. This plot beyond ~550,000 MWD/MT was generated by merely extending the

nominal two years exposure loadings to an exposure of ~2.5 years without regard to
maintaining criticality.

A very promising potential option for achieving these high burnups and high Pu-239
and Pu-241 destruction in the actual reactor without recycle has been identified, and
preliminary radial one-dimensional burnup calculations for this option have been completed.
In this design the fuel is irradiated for a total of 3 years rather than the current 2 years. After
2 years of "in-core” exposure the discharged elements are moved into replaceable reflector
locations next to the active core for an additional one year irradiation in the "high" thermal
flux characteristic of the reflector. Data points for this case are also given on Figure 1 and
show that without any reprocessing Pu-239 burnups of 97%, Pu-239 plus Pu-241 burnups
of 90%, and total Pu burnup of 73% respectively are obtained. Results are also summarized
in Table 1. To recover, for example, about 25 Kg of plutonium of this discharge mixture



would require diversion and reprocessing of more than 200 fuel elements.

Higher burnups, up to 99% Pu-239 + Pu-241, are considered feasible with this design;
howaever, analytical results have not yet been obtained, and additional fuel development would
be required.

R ¢ m_- #

If the plutonium disposition goal is to annihilate Py-239 and Py-241 and irradiated fuel can be
reprocessed to recover and recycle plutonium, what is the total burnup or exposure (GWD/MT
Pu) required to reduce the initial Pu-239 and Pu-241 inventory by 90%, 95%, 99% and
99.9%7? If the option uses a batch mode fuel cycle, how many times would a core fuel load
need to be recycled to reach each burnup percentage? For each of the four cases, identify
the weight percent of all plutonium isotopes prior to initiation of irradiation and those
remaining in the spent fuel.

Reactor System - Question #3

If the piutonium disposition goal is to annihilate all plutonium isotopes and irradiated fuel can
be reprocessed to recover and recycle plutonium, what is the total burnup or exposure
(GWD/MT Pu) required to reduce the inventory of all plutonium isotopes by 90%, 95%, 99%
and 99.9%? If the option uses a batch mode fuel cycle, how many times would a core fuel
load need to be recycled to reach each burnup percentage? For each of the four cases,
identify the weight percent of all piutonium isotopes remaining in the spent fuel.

n r m i an

The answers to questions 2 and 3 have been combined. As discussed in the response
to Reactor System Question #1, the MHTGR can achieve high Pu-241 burnup in a three year
fuel exposure in a fuel cycle while not requiring any fuel reprocessing. However, we have
made estimates of the isotopic content as a function of fuel particle burnup for the
assumption of reprocessing, using a simplified model, to provide preliminary resuilts related
to Questions 2 and 3. To date, using this model, the isotopic data for the reprocessing
assumptions in Questions 2 and 3 are only available for 3 passes through the core, i.e., a 6
year fuel exposure.
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At equilibrium conditions, this "3 pass" recycle mode of operation would result in
~80% of the 420 fuel blocks loaded per year being fresh fuel blocks, ~15% being first
recycle (or second pass) fuel blocks, and 5% being second recycle (or third pass) fuel blocks.

Figures 2, 3 and 4 illustrate the Pu-239 burnup, the Pu-239 + Pu-241 burnup, and the
total Pu burnup - expressed as % remaining - as a function of the MWD/MT Pu burnup in the
fissile particle during each pass through the core. For the third pass the burnup is extended
to ~460,000 MWD/MT by using a selective fuel placement strategy where the blocks are
placed in high thermal flux locations.

After 3 passes through the core, with selective fuel placement in the last pass, the
total burnup of the discharged recycle plutonium relative to ti e initial loading is 814,000
MWD/MT Pu. At this point 99.9% of the Pu-239, 97.5% of the Pu-239 + Pu-241 (relative
to initial Pu-239), and 90.7% of total plutonium has been consumed after 6 years exposure.
These burnup rates at 814,000 MWD/MT are in very close agreement to the values shown
in Figure 1.

As noted earlier, the no reprocessing cycle with added exposure in the reflectors
(innovative once-through design) achieves 97% Pu-239 burnup. The added cost,
environmental impacts, and complexity of reprocessing MHTGR fuel would have to be
considered in light of the modest increases in fissile burnup that result from reprocessing and
recycling in the MHTGR. Recycle of the fuel elements that have been exposed for an
additional cycle in the reflectors should also be possible, but plutonium destruction rates for
a sacond pass of these elements have not been calculated.

Table 1 summarizes the burnup rates and the discharge isotopics for each of the cases
previously discussed.

Added reprocessing cycles would be required to achieve > 99% Pu239 +Pu241
burnup. From the curves it is estimated that this would be reached after 5 or 6 cycles.
Because of the relatively low thermal cross section of Pu-242, it would be difficult to achieve
99% burnup of all plutonium isotopes without a very large number of recycle steps.

- ion #4

Briefly describe the technical workscope necessary to complete development of your reactor
or accelerator system and its estimated duration.



Response to Reactor System Question #4:

The technical work scope necessary to complete development of the MHTGR is
summarized in the NP-MHTGR Engineering Development Plan (Reference 3). The plan
addresses five major technical areas that pertain to a plutonium-fueled Mk GR.

- Fuel development

- Thermal hydraulics development

- Reactor physics and shielding development
- Structural materials development

- Component test development

With funding such as was planned to be provided on the NPR program, the duration
of the development activities would have been about nine years. Itis estimated that use of
plutonium fuel instead of highly enriched uranium would add 18 months to the development
program.

Reactor System - Question #5
Identify technical issues that could impede system development, design, construction, and

startup. For example have all issues related to material lifetime, compatibility, etc., been
resolved?

Response to Reactor System Question #5:
The critical path technical issue that could impede design, development, and startup
of a plutonium-fueled MHTGR is plutonium coated fuel particle development and qualification.

Fabrication processes must be adapted to use of piutonium, and the fuel product and its
fabrication processes must be qualified by irradiation testing.

Reactor System - Question #6

What are the current cost estimates for system development and for construction, startup,
and operation of the facility? What estimating method was used (e.g. parametric, historical
cost, unit cost, etc.).
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Besponse to Reactor System Question #6:

The requested information is provided in Section 3.5 of Reference 1. These costs were
estimated by cumbinations of parametric, unit, and historical costs.

Waste Processing - Question #1

Briefly describe the technical workscope necessary to complete development of a waste
conditioning/processing flowsheet for your option and its estimated duration.

Response to Waste Processing Question #1:

Based upon a recent ORNL conceptual evaluation of potential disposal options for spent
HTGR fuel elements (Reference 4), the preferred option appears to be disposal of the spent
Pu fuel as whole blocks. ORNL further concluded that whole HTGR fuel elements could be
placed, without any significant preconditioning or processing, in spent fuel waste containers
(essentially the same as planned for use with LWR discharged fuel). While this conclusion
needs to be confirmed by detailed engineering analysis, no significant technology development
is anticipated in this area for the whole-block disposal option.

The fuel, highly depleted in plutonium, will remain in the fuel element just as they were
irradiated in the reactor. The packaging will involve handling needed to remove the fuel
elements from their shielded storage and to load them into their storage containers. Minimal
new waste forms will be generated by this transfer operation.

The development steps would be part of the development of the overall fuel handling
system. It would involve the design of the spent fuel bicck transfer and packaging system
and facility, and integrating it with the interfacing systems. This overall effort is estimated
to require three years. The system components will be built and integrated into the overall
transfer and packaging system, and integrated system tests would then be conducted. This
final demonstration testing is estimated to require an additional three years.

Waste Processing - Question #2

Identify technical issues that could impede development of the waste processing flowsheet,
systems, or facilities.
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Response to Waste Processing Question #2:

" No technical issues have been identified for the whote-block disposal option that would
require extensive technology development. It is anticipated that the packaging of the spent

fuel blocks for final disposal would be accomplished at the reactor site using currently
available technology.

The equipment and facility will utilize components less sophisticated than the MHTGR
in-reactor fuel handling equipment and the fuel handling equipment used at Fort St. Vrain.
Developmentis not expected to present any insurmountable impediments although technology
for neutron shielding, dust containment and system leaktightness will be added to the
demonstrated technology as required.

Waste Processing - Question #3

What are the current estimates for the time required for construction and startup of the waste
processing facility?

Response to Waste Processing Question #3:

The facilities for packaging the spent fuel blocks for final disposal are currently
expected to be designed and constructed as an integral part of the spent fuel handling and
storage facilities at the reactor. Therefore, the schedule for design, construction, and startup

is essentially the same as the sct - .ule for the reactor plant, which is presented in Section 3.4
of Reference 1.

w Pr sing - ion #4

What are the current cost estimates for waste processing development and for construction
and startup of waste processing facility?

Response to Waste Processing Question #4:

Asdescribed above, minimal technology development is anticipated for the whole-block
disposal option, and no separate waste processing facility is planned. The costs to design,
construct, and startup the packaging facilities at the reactor site have not yet been defined.

Nevet theless, they are not expected to be a significant component of the total plant capital
costs.
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Wa Di | - tion #1

Relative to the assumed acceptance of commercial fuel and defense waste in a geologic
repository, is there waste characterization work that must be performed?

Response to Waste Disposal Question #1:

Based upon arecent ORNL conceptual evaluation of potential disposal options for spent
HTGR fuel elements (Reference 4), the preferred option appears to be disposal of the fuel as
whole blocks, in which case the highly depleted Pu fuel will be permanently encased by large
quantities of highly corrosion-resistant nuclear graphite. For this optioit, the required waste
characterization - beyond the characterization of the fuel and graphite needed to qualify it for
reactor application - would appear to be minimal, but this subject has not been exhaustively
investigated. Several technical issues are immediately evident:

L The C-14 content of spent HTGR fuel elements would need to be confirmed
since it has been identified as a key radionuclide in assessing the acceptability
of whole-block disposal. Preliminary analysis by ORNL indicates that while
HTGR spent fuel blocks contain more C-14 than LWR spent fuel, the release
rate of C-14 from HTGR fuel will be lower (Reference 4, page 44).

° The leach rates of radionuclides from spent HTGR fuel elements with varying
levels of fuel particle failure would need to be estimated. Such leaching studies
with spent FRG fuel spheres from the AVR prototype HTR at Juelich, FRG, have
been in progress for more than a decade, but differences in the fuel form and
fuel materials need to be considered.

o The oxidation rates of the nuclear grade graphites used in HTGR cores (e.g., H-
451) are very low at credible repository temperatures (Reference 4,
Appendix C). However, these predictions are extrapolations of measurements
made on unirradiated graphites. Certain fission metals, including Sr, Ba, and
Ce, are known to catalyze graphite oxidation at higher temperatures.
Therefore, the concentrations of fission metals in spent graphite blocks should
be determined, and the oxidation rates of irradiated graphites with
representative fission product loadings should be measured.
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w isposal - Question #2

"Briefjl\/ describe the technica. workscope necessary to complete development of the waste
disposal method and its duration. For example, are there any preconditioning or packaging
requirements that must be satisfied for repository acceptance?

Response to Waste Disposal Question #2:

As stated above, the preferred option appears to be disposal of the fuel as whole
blocks; in fact, ORNL concluded that "...the HTGR fuel assembly may be a superior waste
form with repository performance characteristics significantly better than conventional waste
forms...[including spent LWR fuell.... (Reference 4)." They further concluded that whole
HTGR fuel elements could be placed, without any significant preconditioning or processing,
in spent fuel waste containers (essentially the same as planned for use with LWR discharged
fuel) and placed into a permanent repository. While such conclusions are highly encouraging,
it is recognized that the ORNL study was conceptual in nature, and that their conclusions need
to be confirmed by detailed engineering analysis and, possibly, validated by testing programs.

w Di l_- estion #
Identify issues that could impede the placement of waste from your option in a repository.

R n Waste Disposal Question #3:

No technical feasibility issues were identified in the ORNL assessment (Reference 4)
that are expected to impede the placement of whole HTGR fuel elements in a permanent
repository; in fact, they concluded that whole HTGR fuel elements were a more suitable form
than spent LWR fuel. Consequently, the issues of potential concern are the same political
issues (e.g., states vs. federal rights) and sociological issues (e.g., NIMBY) that are currently
impeding the disposal of commercial and defense nuclear waste in the US.

The one disadvantage of whole block disposal identified in the ORNL study was high
volume of repository space per unit of heavy metal in the spent fuel because of the large
volume of graphite and low power densities inherent to HTGR fuel. However, larger (taller)
waste containers and alternate emplacement strategies were suggested as ways to mitigate
the cost impact associated with the larger waste volume. (Alternate emplacements strategies
include decreased distances Detween boreholes for HTGR fuel elements in recognition of the
much lower volumetric heat generation rates associated with the much lower power densities
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compared to LWR and LMR fuel assemblies.)
Waste Disposal - Question #4
What are your estimates for the elapsed time prior to opening a suitable repository?

Re nse to Waste Disposal Question #4:

Whole-block disposal of spent MHTGR plutonium fuel will be suitable for a LWR spent
fuel repository. Accordingly, there is no incremental elapsed time beyond that for opening a
suitable LWR fuel repository for commercial or defense high level waste.

Waste Disposal - Question #5

What are the current cost estimates for waste disposal system development and for disposal
of the waste?

Respon Waste Disposal Question #5:

A rigorous cost estimate has not been made to date. However, engineering judgment
suggests that the costs for whole element disposal of MHTGR fuel would ultimately be
comparable to those for commercial LWR spent fuel disposal (Reference 1). That judgment
is strongly influenced by the ORNL study (Reference 4), which concludes that repository
design, size and cost are controlled primarily by heat generation rate. The very low volumetric
heat generation rate of MHTGR spent fuel and the capability to optimize the repository design
for that lower rate are projected to result in an overall repository size - hence, cost - which
is comparable to that for other systems.

Waste Disposal - Question #6

Does radiation make your proposed waste package "self protecting” (i.e., greater than
100R/hr at 3 feet from the surface). If so how long does it remain self protecting?

Response to Waste Disposal Question #6:
The discharged MHTGR graphite fuel element is suitable for disposal "as is” in the

standard LWR high-level waste package container (Reference 1). The MHTGR package would
consist of seven such fuel elements.
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Figure 5 shows the dose rate at 3 feet from this waste package for the high burnup
options presented in Reference 1. As can be seen from the figure, the waste container
remains self protecting for about 60 years.
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SUMMARY OF BURNUP AND DISCHARGE ISOTOPICS®

Table 1

m =
CURRENT INNOVATIVE REPROCESSING
REFERENCE DESIGN AND RECYCLE
2 YR EXPOSURE 2 YR IN-CORE (3 PASSES)
NO RECYCLE 1 YR IN-REFLECTOR
NO RECYCLE
Bumup MWD/MT 560,000 677.000 813,000
Fuel Exposure, yrs. 2.0 3.0 6.0
# Passes Through Reactor 1.0 2.0 3.0
% Pu-239 Remaining 10.0 3.0 0.1
% 239 + 241 Remaining 20.5 10.0 2.5
% Pu Total Remaining 37.0 27.0 9.3
Isotopic Content at Discharge
% Pu-239 25.5 12.5 1.0
% Pu-240 39.1 45.6 21.5
% Pu-241 27.0 238 24.6
% Pu-242 8.4 18.1 52.9
— — —— e ]

‘In all cases WGPu feed is 94% Pu-239, 6% Pu-240
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Figure 2

Plutonium Consuming MHR
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Figure 3
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WASTE CONTAINZR RADIATION LEVEL AT 3 FEET (R/hr)

FIGURE 5
RADIATION LEVEL IN MHTGR WASTE DISPOSAL PACKAGE
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OAK RIDGE NATIONAL LABORATORY POST OFFICE BOX 2008

OPERATED BY MARTIN MARIETTA ENEPGY SYSTEMS, INC.

OAK RIDGE, TENNESSEE 37831-6399

FOR THE U.S. DEPARTMENT OF ENERGY

March 1, 1993

Mr. Duane J. Hanson
EG&G Idaho Inc.

P. O. Box 1625

MS 2508

Idaho Falls, Idaho 83415

Dear Mr. Hanson:
Plutonium Disposition Option

Following is the response to your questions on the subject matter. A general comment is that fluid
fuel reactors are fundamentally different, as you recognized, and the questions are oriented toward
conventional reactors. Also, there is no active program on molten salt reactors and, hence, we can
not make any additional calculations, no matter how simple they are.

Fuel

1.

The molten salt concept utilizes fluorides (there is a chlorides option). The plutonium would
be used as PuF,. While a detailed calculation is needed to determine the exact effect of any
additives, it is not expected that alloying metals will have a significant negative effect. Some
of the alloying metals may simply stay out because they will not dissolve as a fluoride. The
molten salt reactor is also being proposed as an actinide transmuter. It is expected that any
actinides would become part of the salt and either fission or transmute or be taken out in the
processing waste stream. No particular difficulties are anticipated from plutonium alloying
when considered in the reactor design and operation.

The fuel development for the molten salt reactor option constitutes the dissolving of the
metal with fluoride into a molten salt. There are various chemical possibilities to accomplish
that, all of them do not require much development. The usual safety precautions regarding
quantities, criticality, spills, etc., associated with hazardous and fissionable material must be
complied with. The duration for this head-end development is not significant.

In the processing facility, accommodation for the additional components for the plutonium
are necessary. The MSR processing development reached the stage of individual steps in
laboratory scale. There is need to integrate the steps and up the scale. This is not unlike
other fuel processing schemes, and the inclusion of plutonium is not expected to have a big
impact.

Fluid fuel reactors have no fuel fabrication. T~ feasibility of the fuel processing of MSRs
is considered resolved. Associated material _ .. Jlems are considered resolved in principle.
The fuel processing for MSRs is, relatively to common fuel processing facility, small scale.
Much of the lifetime questions are basing on components and pipes exchanges as needed,
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Duane J. Hanson 2 March 1, 1993

providing for an essentially unlimited life of the facility. The remote technology needed is
limited to such exchanges, which can be considered relatively simple in today’s state of the
art. The process itself is handling a fluid in contained components and pipes. Development
work is necessary to establish the full scale operating processing part.

There is no current cost estimate available for fuel processing. Any estimate would have to
base on the fact that completed molten salt reactor studies included the fuel processing part
as an integral part of the reactor and yet were competitive with other reactors. In the
economical evaluations, it must be considered that no large scale fuel processing facility is
aecessary, and the risk associated with the integral facility is comparatively small.

Reactor or Accelerator System

1.

As you noted correctly, in the MSR with integral processing, the plutonium stays in the
reactor until completely consumed. Fuel cycle times and equilibrium fuel cycle have no
meaning in a reactor with continuous processing.

In an MSR with continuous processing, there is no meaning to burnup or exposure. Also,
there is no spent fuel. At present, it is not known if there will be a residue of plutonium in
the waste. In any case, such a residue would be minuscule and non-significant, because it
would be below the level of recoverable concentration since that would be the reason for
leaving it in there. The plutonium in the fuel will remain there until completely consumed.

This question is not applicable to MSRs, there is no burnup in an MSR. All plutonium
isotopes are treated "equally” they stay in the reactor until destroyed by fission or
transmutation. No calculation has been made to estimate the fate and expected residence
time of the different plutonium isotopes in the various possible MSRs.

Work scope and duration to bring an MSR on line depends on the immediate and long term
goal for the project. The duration is funding dependent.

A minimum program, based on completed development and with restricted processing can be
accomplished in five years. This will be an operating molten salt reactor that can be fed small
quantities of plutonium with processing that is limited to retention of the fuel in the reactor
and, at least initially, only partial removal of waste. The project will provide proof of
principle, demonstrate operability, consume some plutonium, provide experience, acceptance
and input for the next steps, and produce power.

A full development and optimization requires:

] Update of the state-of-the-art and adjustment to today’s reqmrements of laws,
regulations, documentation, licensing, etc.

] Analysis and design of desired options, optimization of parameters.
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° For the thermal reactor option — development of the appropriate graphite or
equivalent.

U For the epithermal reactor option — development and conceptual design.

° Upscaling, integration, and demonstration of the processing.

° Updating of the processing to today’s state-of-the-art.

° Adjusting and optimizing the processing to today’s needs.

U Including the plutonium in the processing scheme.

. Testing and demonstrating the processing.

] Optimization and handling of the waste stream.

° Complete safety analysis and NEPA.
] Demonstration and deployment.

The estimated duration of that development has such wide margins that any number or even
range is meaningless. A lower end of ten years for concentrating on the more important
aspects provided available adequate priority and funding. A higher estimate can be thirty
years for more details and restricted parallel efforts, including perhaps a prototype.

S. At this time, there are no known feasibility questions remaining for the molten salt reactor.
For the thermal option, using graphite as a moderator, there is limited lifetime for the
graphite. The proposed solutions are either a limited power density, or a design that allows
for the exchange of the graphite. Several material solutions were accomplished only at the
last states of the molten salt reactor program and have not yet been demonstrated.

The fuel processing part has been tried out as individual laboratory scale components only.
A system integration and demonstration is needed. Much of the reactor design assures ability
to exchange components. At the time of development of the MSR the remote and robotic
technology were limited. The new available remote and robotic technology needs to be
adapted for the MSR and demonstrated.

No critical missing links are known. The information on plutonium processing is very limited.

Licensing requirements are totally geared toward solid fuel reactors and many regulations
account for LWRs only.

6. There are no current cost estimates for MSRs. Where attempts were made to provide more

recent estimates, they were based on previous cost estimates. Cost estimates for MSRs have
always been very favorable for the MSRs due to their relative simplicity and safety. These
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factors may weigh even heavier today. In economical comparative studies of power supplies,
MSRs were among the most economical. A recent publication suggested that the cost is
within 5% of LWRs. In considering MSR economics, it must be remembered that the MSR
with processing also closes the fuel cycle, essentially eliminates the spent fuel issue and makes
an important contribution toward simplifying the waste issue. There is also the potential for
actinide transmutation and breeding with the same basic design. These potentials can provide
significant economical advantages and may contribute to the acceptance of the system and
nuclear power in general. Essentially there is very little added cost for the plutonium burning
option.

Waste Processing

1.

It is expected that no additional waste disposal or conditioning is required for an MSR that
is adapted for burning plutonium. There is no spent fuel. All waste conditioning and
processing is included in the design and development of the processing. The head-end,
dissolving the plutonium, is not expected to have waste streams. There is no fuel
manufacturing.

There are no known technical issues that can impede the waste processing. The MSR
processing was developed when waste disposal was not considered a significant issue.
However, since the waste is already in a liquid form in a processing plant, it is very amenable
to any changes that may be required.

The MSR, as currently planned, does not have a separate waste processing plant. The waste
treatment is part of the integral fuel processing. No extra time or cost are required for a
waste processing facility.

Development work is needed to optimize the waste processing and handling part of the fuel
processing to current requirements and desires. This task is somewhat simplified by the
absence of fuel in the waste. Development and demonstration are needed prior to integrating
these steps in the plant.

Waste Disposal

1.

The waste from an MSR is fuel free. The waste is in a chemical processing plant, therefore,
it is expected that it can be readily optimized to the needs and requirements and possibly also
the desires of any repository. Side stream wastes may contain chemicals that will require
characterization. Again since the streams come from the chemical processing plant it is
expected that they can be modified, classified and separated according to requirements.

The waste treatment development is part of the entire fuel processing development. No
separate facilities are anticipated. One of the molten salt concepts that addresses safety and
acceptance, envisions that the waste will be optimized in every respect such as: chemical
composition, concentration, size, shape, the matrix and container, size of shipments or any
other aspect. This is possible because the waste streams are encountered in a fluid form in
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a chemical processing facility. The continuous treatment also limits them to small quantities
at a time.

3. There are no known issues that are unique to the MSR that could impede waste disposal in
a repository. The waste is fuel free and can be processed to the desired requirements of the
repository. There may be some side streams that contain. elements that require special
treatment, such as fluorine and beryllium with radioactive materials included.

4. The MSR is not dependent on the opening of a repository for waste. The waste from a MSR
is fuel free and relatively small in quantity because it is planned to recycle many of the usable
coruponents.

S. There are no cost estimates for the MSR’s waste disposal system development nor for the
disposal of the waste. The waste disposal system is part of the fuel processing. There are
some new and additional steps that will be required to comply with current needs. These
additional steps are not considered critical as they address a fuel free stream. This assumes
that the recycle of plutonium has been accomplished under the fuel processing development.
(In the defense fuel treatment such separation steps ‘with fluorides are used.)

6. The MSR waste is the ultimate in "self protecting” it does not contain fuel in quantities that
can be processed out of it. Furthermore, the waste can be concentrated to the extent
desirable and is expected to be very active, containing mostly fission products.

If you need additional information or clarification, please contact me at (615) 574-0560.

Very truly yours,
’/) / . . / 8
/ //"Lv %/M
/
Uri Gat
UG:mw
cc: F. J. Homan
J. E. Jones Jr
T. S. Kress
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|) n l__.. -  BROOKHAVEN NATIONAL LABORATORY
aul " ASSOCIATED UNIVERSITIES. INC

Uptonr. Long s'and. New ¥ork 11972
Depatmenrt S Nuclear Snergy (2;2) ?,22: 2624

March 4, 1993

Dr. Duane J. Hanson

Idaho National Engineering Laboratory
1daho Falls, ID

Dear Dr. Hanson:

The answers (o your questions from the fax of February 22, 1993, are shown on the
attached sheets.

Sincerely,

W Lot
(e —"
Hans Ludewig
HL:STC

Attachments
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1. The grou~d rulas 2gree ed to at the Baginni: g  f the srudy stipulated that the
plutonium was pure ™Pu. Bovever, Le process 2roposed (ol pre,)a:‘ng
particulate flel wwbu or 2 Particle Bad Reatior 'PBR, 15 raatively msensitive
to conraminant type and Tovell A delaled braakown of the contaminants and
their reapcedve amounts woule be equiced 1) Zve a definetive angwer (o these

questions.

9

The process, being cong'deied for the masforarer of particulate fuel has only
been demonstrated for uraniam Wo phuroninma hased ‘u..l .4 Deen mani-
factured. However, it i f2lt ba,ed un (e chemistry f actinides that a process
simila- to that demonswraiad for uranium showld have a high probability of
success. Thus, the first siep wo ‘.d he n repeal he steps carried ot for
uranium using plutonium feed stack  Felic ving the successiul demonstration of
partizie mar ,.r ctucer, an irradiation program wil be undertaken (o demonstrate
the abiliy to contaia ﬂssio:~ produ.ly o vperatng temperatures. Finally, the
disposal of burned (93%-99% of Pu fissioned) particies will be demonstrated.
I summary it is seen thai a three step progran is required (0 complete the
deveiopment of the fuel particles.

At this stage an estimate of the duration of this program is not easy, but with
sufficient funding the above three processes would de completed in approximately 5 years.

3 Havirg not manufactured ary pluterium based fuel, it iy essentially impossible
10 identify any outstanding issue which could impede fuel development. At this
poirt in time none are envisivned, and the primary issue would be construction
of a facility suitable 10 carrv out the fuel deve'onment using piutonium feed
stock. Furthermore, the irradiation tests would have o be carried out in an
appropriate reactor, which 50 must be suitabia 1o handle plutonium based fuel
samples. Finally, the disposa! experimeni would have to te carried out as
highly turned plutonium fue! panicles, presumabl) alsv requiring a special
facility. Tn summary cost and snvironmental issues are currenily seen as the
primary impediments to fuel development.

4. At this point in time no ranscnable answers ¢an Le giver to this quastion, Al
the environmental issues associated with 4 plutonium fuel manufactinng facility
have essentially no histosical rz2ferences,

1. The initial plutonium loading in the bed is .2 gm/cc, and the reactor is assumed
to operate at § M/7. Under these conditions (see figure) it takes 20 cays to
reduce the initial inventory by 953%. Fror this curve it \s estimated ‘hat 90%
reduction is achieved alter appreximately 17 days. The burnup impl7ied by
these calculations are given on the fullowing page.
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Pe:certage Feduzmn Burnup MWD/MT)

’.
o
!

At
;

- —-—

90 425,000

Fially, it should be puinted out that the atom percent burnup i this fuel form is
iower than 1% since *he piutonium ioadirg in each '.-.c nal is extremely low,

2. If chermical reprocessing is allowed and 2! par teles are manufactured follow
each xvpmw;s,ng step, the results ill be simitar (o those given above. In

arder fo reguce the inventory b) 99.78%, wo (- '*ay iz ad.mon periods would
bc required. Following three 2 -day ,)mu.ds the wriginal inventory should be
reduced by 99.98%.

3. No analyses have been carried cut in which all the plutonium isotopes have been
rracked beyond a 20-day irradiation cycle  However, assuming that the be-
havior during sudsequent cycles is sirilar to the behavior in the first cycle, it
can be zssumed that the total plutonium i-veniory is reduced by approximately
70% per cycie Thus, the following results can be estimated:

o
Number or 20-Day Cycies Exposure (MWD/MT) Inventory Reduction
(%)
) 1 500,000 72
2 o 1,000,000 91
3 1,500,000 97.3 1
4 2,000,000 99.2
5 2,500,000 99.75
6 3,000,000 99.93
e e —— S AT

Tt should be pei inted aut that it is not pecessary to recycle the fuel through a repro-
cessing plant between each 20-day irradiation.
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4. The program weould we condatad in sevaral phases, described briefly below:

Phase 1. The purposa of the frst shaes a1 be 0 aF aud asthillty studies and identify

gu:‘nm,p critical issues. The major mulotonas world ¢ nsist of

¢ Sclf-consisteat conceptia! desigr of reactor systemn
Identificatior. of go'ne-go ciitical issues,

. Demo-siratnon of fluid dyremic fueirafiel cneradons on fullscale mockup of
fuel elements.

*  Start fuel particle development.

This phase is expected to last two years and cost $8 M.

Phase 2; The second phase will consist of a prelimirary syster dasigr and component
developnient  Majar efforts in this phase «ill be:
2 Y

Detailed preliminary design of reastor and procass system,

Fabrication and testirg of protutype fuel particles,

Design of high flaence tes! experiment fur reactor meteria’s corpatibility.
Electrically heated non-nuzlear flu'd dyramics and heat trarafer experiments.

¢ @ o e

This phase will last three years and cost $50 M.

Phase 2. This phase will consist of an engineeriag ¢2sign and corrponent validation effort.
The foliowing major accompiishment will be expeced.

Detailed engireering design of reactor and process system
Production 1ype particies, [u’ !) tested.

Nuclear test of PBR/Pu Burner fue!l element

High fluence tests of reazior materials.

This phase is expected to last 3 years and cost $150 M,
Bhase 4. This phase consists of consizucting a prototype PBR/Pu Burner which will senve as
se 4

a demonstration unit. The duratior. of Fhase 4 i3 expacted to be & 0 5 vears and cost
approximately $800 M-S1 B
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Phase 5. This is the operation phase Tt consists of an verview of the demonstration opera-
tion, construction of six additional r2acwors, aid Jisposition operation.

S.

The primary techrical issae which mus? he wddressad concerns long term fuel
element testing. Two issaes ne2d 0 B¢ addressed in the development of the fuel
elerent. First, the loading and urloading of particle fuel by hydraulic means
needs o e confirmed  Secord, Nuid dynarrics, heat transfer, and material
comipacibility experimenis need 10 be carried out for a prototype {uel elemant.
Inidally the material compal:bility tests will be carried out on test coupons in
specially Jesignad furnaces. The first set of fuel element tests can be carried
out using slectrizal heating. Subsequen: tests would be carried out in an appro-
priate reactor. (The final tests ai target power densitiss will challenge existing
test reactors, since sudstantial 1oy is required to drive a fuel element up to 10
M/L).

The costs are discussed below:
Capital Costs

Preliminary estimates have beer made of capital costs for reactors and fuel
rabrivatian handling facilities, The sstimates apply to the baseline configuration
of three reaciers and a fuel fabrication facility at 2ach of two government-owned
sites.  This configuration will dispese of 50 Mg Pu in 16 years of 1.56 Mg/year
at each site. Bach reactor is rated at 639 MW,. The el facility would have 10
parallel glovebox lines, each sized o handle 156 kg/year or 0.5 kg/day on a six-
day work week.

The basic operations at the fuel facility lnvolve dissolution of Pu and preparation
of the pariicle fuel. After exposure in a PBR to high hurnup, the spent fuel
partizles wou'd be sealed ir containers, stored for a period of time and sent to a
federal waste repository. There is no reprocessing in the once-through fuel
cycle. All the operations could take place under one rocf. The capital invest-
ment for the fue! facility is estimated to be $1 B for iwo sites, The total capital
invesiment, including reactors, is estimaied 1o be $11.5 B for two sites.

Operating Cost

The operating cost of a PBR/Pu Burner site will consist primarily of wage
expenses for operating and maintenance persornel. An estimate of the per-
sennei for a three shift round-the-clock basis with a fourth shift for vacation,
holidays, etc., i3 estimated to be 530 persuns for one site  Based on these
manpower estimaies the iota! aunual operating 203t is estimated to be $50 M for
one site and $100 M for two sites.
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Total Cost

The {otal cost to dispose of S0 mg Pu with six 630 M, reactors in 16 years is
the sum of the above quaniiies, edjusied for « credit resuling from electricity
sales. The deveioptnent cost of $1 B i< inzivded as well as a credit for sale of
elecirical power (at S0.35/kWE), Power gaueration totaling of 3800 M, at a
63% capacity factor would rewurn $0.753 Rlyew anc over 16 years would amount
to $11.7 B. This reveaue can be deducte:! from the total expenditure over 16
years of $14.1 B, resuiting in a net ccst for the «ntire campaign to dispose of 50
Mg Pu by PBR ‘echnology of $2.4 B,

essi

Since no waste reprocessiag s envisioried for 2 PBR based concept, the waste
conditioning step will be relatively simple. It is envisioned that the irradiated
particles are suitably packaged and stored. Thus, the need for Jeveloping an
elaborate flowsheet seems superfluous.

No technical issue can currently be identified to impede development of an
irradiared fuel particle packaging scheme.

No design of such a processing and packaging facility has been carried out.
However, it is not expected 0 be the item which controls the rate of construc-
tion,

No estimates have baen made of a fuel particle packaging facility. However,
the cosis are not expected to be large compered to the reactor development,
construction, and operating costs.

Waste Disposal

[ 2)

Since the waste packaging has not been explicitly defined, no precise answer can
be given. However, the waste will consist of suitably packaged irradiated
particulate fuel. Clearly, these packages couid be adapted to conform to a
geological repository environment.

Lhe waste form wiil be irradiated particulate Tuel for which a suitable packaging
“mathod needs to be detined ™t is not eapec:ed to he technically impossible to

find a suitable method of carrying out this step. Since no chemical reprecessing
19 required, it is expected to e a relatively sinail step compared 10 development
and construction of the PBRs.

Currently no issue has been identified.
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No estimate has bean mada of the time prior ' opening a repository. Political
issues could dominaie (his question, regardiess of waste type or form.

No cost estimate has been made of 3 particle packaging facility. However, it
will probably be small conparsd e de clopment and reconstraction of the
PBRs.

Yes. No estimate has been made of the time which the package is self-
protecting.



OI-H

PU BURNER PERFORMANCE FOR AVERAGE
ELEMENT e 5 MW/LITER: ORIGEN2 RESULTS
127 ELEMENT CORE

GRAMS PER ELEMENT (GM)

500

400 P~

1011 ] e -
P27 0] 0 ] SRR SRR S ———— S
100} e R e T e

__,_._,..-——-\!---’*""“"""'—= ' ' Yﬁ;%
Opb——A g, - ]

0 2 4 6 8 W 12 14 1B 18 20
BURN-UP TIME (DAYS)

—— Pu-239 ~+Pu-240 —FPu-241 —©— py-242



Appendix |

Particle Bed Reactor Fuel Element

I-1



Appendix |

Particle Bed Reactor Fuel Element
Dr. C. S. Olsen

The Particle Bed Reactor (PBR) fuel element consists of three components: a cold frit, the particle bed
fuel, and the hot frit. The coolant gas flows through the cold frit, the particle bed fuel, and out the cold frit
(Figure I-1). The largest advantage for the PBR fuel element is the very high area to volume ratio in the bed
which is very amenable to high heat transfer rates in the bed. This high heat transfer rate allows it to have
high thrust to weight ratio for nuclear propulsion applications or high burnup rates in the case of plutonium
recycling. This advantage can also be its Achilles heel in corrosion rates, flow instabilities, and fuel element
integrity.

The coolant flow can be controlled by the pressure drop through the cold frit or through the fuel bed. In
all reactors, flow is controlled by orificing. In the PBR fuel element, this orificing is done by the cold frit
when the pressure drop is controlled through the cold frit. This has been the basis for the PBR fuel element
design to date. The technical feasibility issues focus on fuel particle integrity, fuel element integrity, and
power/flow matching. Each of these broad issues will be briefly discussed. Resolution of these issues would
have to be performed through engineering design and fabrication and material process development.

Fuel Particle Integrity

The fuel particles for the PBR fuel element are approximately (0.5 mm in diameter and consist of a carbide
fuel kernel, graphite coatings, and a carbide coating. Although the fuel tested to date has been a BISO fuel
consisting of UC; 7 kernel, a porous graphite layer, a dense graphite seal coating, and a zirconium carbide
outer coating, TRISO-coated particles can be employed if the SiC layer is replaced by a ZrC layer. Cur-
rently, the NRC has only licensed TRISO fuel for commercial reactors.

The first issue for PBR fuel is the chemical compatibility of the fuel, coatings. fission products, and cool-
ant with each other. For plutonium burning, because the coolant is assumed to be an inert gas or mixture of
inert gases, the compatibility involves the remaining materials from which the fuel particle is fabricated.
This material compatibility is manifested in the amoeba effect that occurs under a temperature gradient. This
amoeba effect involves the diffusion of the fission products along the temperature gradient and the subse-
quent fission product chemical attack on the outer carbide coating. Plutonium diffusion may also occur
along the temperature gradient.

Superimposed on the temperature gradient within a particle is the temperature gradient arising across the
fuel bed annulus. This perturbation has not been evaluated or tested yet, but the magnitude of the gradient
across the bed could be greater than that within an individual particle.

Another compatibility issue involves the fuel particle and the materials from which the cold and hot frits
are constructed. These materials need to be chemically compatible for high temperatures and long times. In
previous nuclear testing, either temperatures became high enough to melt the hot frit or the interaction
between the fuel and the hot frit caused the hot frit to liquefy.

The diffusion of fission products in uranium carbide fuels appears to be governed by the diffusion coeffi-
cient of uranium in the uranium carbide. Because this diffusion coefficient is much less than that of uranium
in UO3, the fission products, particularly the gaseous ones, are retained. This retention leads to significant
fuel swelling on the order of 20 to 30% with burnup when the fuel temperatures are greater than 1600 to
1700°C. This amount of swelling could easily lead to extensive fuel failure. Similar behavior would be
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Figure I-1. Particle Bed Reactor fuel element.
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expected in plutonium-based fuels. Fuel swelling has not been a problem for the HTGR fuels because the
temperatures are lower than 1100°C.

Plutonium carbide fuels would have to be fabricated for the PBR elements with very low defect ratios.
Some form of gelation process, internal or external, or a cryochemical process would have to be developed.
Impurities in the plutonium may effect the development of these processes and the quality of the spherical
particles produced. Extrapolation from the uranium fuels fabrication technology to plutonium is not war-
ranted.

Fuel Element Integrity

The basic premise for the mechanical stability of the PBR fuel element is that the cold frit needs to act as
an elastic sock and expand elastically when the PBR element is heated and contract elastically when it is
cooled. The hot frit needs to be very rigid at operating temperature. This premise is compromised because
the fuel particle bed in the annulus becomes very closely packed (locked) unless there is some provision
made to prevent it. The hot frit will expand outward more than the cold frit placing the particle bed in com-
pression and induce bed lockup. This bed lockup constrains the hot frit from expanding further axially, and
additional temperature rise after the yield point is reached will cause plastic deformation of the hot frit.
Upon cooling, the plastically deformed frit will contract. As a result the hot frit becomes shorter with cycl-
ing which could lead to fracture and loss of the fuel pellets. The number of cycles required for failure would
depend on the mechanical properties of the material selected for the hot frit. Nuclear testing of two PBR fuel
elements resulted in hot frit shortening and numerous cracks in one element, even though the initial material
was very ductile. Good engineering design. appropriate material selection. and fabrication development
may alleviate this problem, but currently this effect may limit the number of times the PBR fuel elements
could be thermally cycled.

Power-Flow Matching

The cold frit had been fabricated from metal filters, which contain about 30% interlinked porosity and
pores 5 to 10 microns in diameter. The flow passages in the particle fuel bed may be only slightly larger
depending on the fuel particle size and its distribution. Bussard has questioned the thermal/hydraulic flow
stability in these very small capillaries. Flow instability. if it occurs in a localized region, may propagate to
adjacent regions because of changes in viscosity and density as a result of localized heating.

Analytical modeling of flow instability is extremely difficult, if not impossible, because of truncation and
limits in the numerical analysis schemes handling the differential equations. Flow instabilities may only be
determined by experimental ineasurements. Analysis of two particle bed experiments was performed by a
graduate student at the Air Force Institute of Technology for a master’s degree. The results of this analysis
were inconclusive because some coefficients in the analytical model need to be determined experimentally.
Experimental measurements of the flow resistance in cold frit materials resulted in values 2-1/2 times higher
than that predicted theoretically.

Nuclear testing of two PBR fuel elements resulted in an apparent flow instability and loss of temperature
control. The experiments experienced some experimental problems such as plugging the cold frits with
graphite from blower motors and from closing the pores in the cold frit surfaces during element preparation
to obtain a flat axial temperature profile. Even the thickness of the cold frit wall was varied to aid in shaping
the axial temperature profile.

The Commonwealth of Independent States tested a PBR fuel element and concluded that the operating
temperature necded to be limited to 2300°C and low power levels on the order of kilowatt or fractions of
kilowatts per liter because of flow instabilities. They have engineered a different fuel form to achieve the
high surface area to volume ratios.
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