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Foreword

On April 7, 1977, President Carter made the following nuclear power
policy statements:

"The benefits of nuclear power are thus very real and practical. But
a serious risk accompanies world-wide use of nuclear power--the risk
that components of the nuclear power process will be turned to pro-
viding atomic weapons."

"The U.S. is deeply concerned about the consequences for all nations
of a further spread of nuclear weapons -or explosive capabilities. We
believe that these risks would be vastly increased by the further
spread of sensitive technologies which entail direct access to
plutonium, highly enriched uranium or other weapons useable material."

"We will redirect funding of U.S. nuclear research and development
programs to accelerate our research into alternative nuclear fuel
cycles which do not involve direct access to materials useable in
nuclear weapons.' ’

As a result of this policy statement, ERDA embarked on a vigorous
effort aimed at evaluating various alternative fuel cycle systems
having possible non-proliferation advantages. Over 60 possible
candidates were identified for preliminary evaluation. Contractors
for the Division of Waste Management, Production and Reprocessing, ERDA,
proceeded to characterize and define the candidate alternatives from
a fuel cycle processes.and operations standpoint. This document
contains these preliminary definitions in the format of functional
flow diagrams and tabulated evaluations of the operations shown in
these diagrams. In addition to the definitions presented herein,
process streams containing fissionable material were identified;

and the state-of-the-art for each process function has been included.

WPR is continuing to assess these nuclear fuel cycle alternatives
from the viewpoint of costs, materials:flows and inventories, and
proliferation potential. A follow-~on document will be issued when

the work is completed. _ '

Dennis R. Spurgeon, Assistant
Director for Fuel Cycle _
Division of Waste Management,
Production and Reprocessing
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1. INTRODUCTION

The United States Energy Research and Development Administration
Division of Nuclear Research and Applications (ERDA—NRA) proposed
67 nuclear fuel cyclés1 for assessment as to their nonproliferation
potential. Although the candidate alternative systems present distinct
cases with respect to reactor (or combinations of reactors) operationms,
certain reprocessing and refabrication operationé are common to several
cases, making it expedient to treat the cases generically rather than
individually. The object of the assessment is to determine which fuel
cycles pose inherently low risk for nuclear weapon proliferation while
" retaining the major benefits of nuclear‘energ§. Economics, resource use,
and timeliness are also factors in‘the evaluation. Argonne National
Laboratory (ANL), Hanford Engineering Dvelopment Laboratory (HEDL),
Oak Ridge National Laboratory (ORNL), and Savannah River Laboratory (SRL)
participated in studying the back cycles of the candidate systems. This

is a preliminary analysis of these fuel cycles to develop the fuel recycle

data that willAcompleﬁent reactor data, environmental data, and polftical
considerations, which must be included in the overall evaluation. ‘Back
cycle'evalqations per se are inadequate for eliminating certain fuel
cycles from further consideration. This report presents the preliminary
evaluations from the four Laboratories and is the basis for a continuing
in—depﬁh study. o

The proposed fuel cycles are identified in Table 1.1 and correlated
with the;responsible Laboratory and the lqcation>in~this report where the
evaluation ‘can be found. Case assignments among the several participants
:wereAsuch that presentation of results‘on a case-by-case basis was
imprqctiéal. Hence the evaluations are presented in alphabetical order
by participating institution. ORNL assumed the responsibility for all
thorium cycles plus high-temperature gas-cooled reactor (HTCR) cycles;
SRL for uranium-plutonium fuels in light-water reactor (LWR), heavy-water
reactor (HWR), and spectral<shiftAsystems; ANL/HEDL for uraniﬁm—plutonium
fuels in the liquid-metal fast breeder reactor (LMFBR) and the gas-cooled

fast breeder reactor (GCFR). Advanced concepts (Group 6) and certain



Table 1.1.- Index for Correlatiag ERDA-MRA Tdentification of Fuel Cycles with
Participants in Study and Reprccessing and Refabrication Evaluations

ERDA-NRA . Fuel Cycle Responsible - 1Index to Fuel
Identification ' Descripticn Laboratory Cycle Evaluation
Group LWR (U-Pu) SRL 3 Chap. 5

Standard recycle (reference)
Spiked recycle

Coprocessec recycle

Uranium recycle, Pu stowaway
Once~through oxide fuel

~ Once-through metallic fuel

IWR (Th-U) 4 ORNL Fig. 4.2

. .
VLW

Group

1 Full recycle

2 Partial recycle, Pu stowaway
Group " Gas-Cocled Reactors (U-Fu cycle) , ORNL/SRL Fig. 4.3

1 Stancard recycle in HTGR (referance) ORNL

2 Spiked recycle in HIGE ’ :

3 Coprccessed recycle in HTGR

4 Partial recycle in HIGR, Pu stowzway

5 HTGR once-through oxide fuel . ‘

6 GCR cnce-through metallic fuel - 4 SRL ' Chap. 5

_ 1.7 Stancard recycle in AGR {reference) SRL Chap. 5

Group 2. HTGR (Th-U cycle) . . : ORNL ' Fig. 4.4

.

NRONRON RHREMHERHEBERB DN BB

Full recycle
Partial recycle, Pu stowaway
HEU-Th (carbide) HTGR full recycle (reference)
HEU-Th in pebble bed gas reactor
with full recycle (reference)

NNNNN NNNRORRND RN R e e

SN

Group 3.1 HWR (U-Pu cycle) ' o . " SRL ‘ .Chap. 5
3.1:1 Standard recycle Co :
3.1.2 Spiked r=cycle
3.1.3 Once~through oxide fuel



‘Table 1.1. (Continued)

'ERDA-NRA

N =

w
.

N
w

U-Pu-Th full recycle GCFR/LWR

LEU-Th GCFR/LWR U recycle, ’
Pu stowaway

233y/Th GCFR/LWR full recycle

' Fuel Cycle Responsible Index to Fuel
Identification Description Laboratory Cycle Evaluation
“Group 3.2 HWR (Th-U cycle) ORNL Fig. 4.2

3.2.1 Full recycle '
3.2.2 Partial recycle, Pu stowaway
"Group 3.3 LWR/HWR tandem cycle SRL Chap. 5
3.3.1 Tandem cycle with reconstituted fuel
3.3.2 Tandem cycle without reconstituted fuel °
Group 3.4 Spectral shift reactors SRL/ORNL
3.4.1 Once-through uranium cycle SRL Chap. 5 -
3.4.2 Th-U full recycle ORNL Fig. 4.2
Group 4.1 LMFBR (U-Pu cycle) ANL/HEDL Chap. 2,3
4,1.1 LMFBR/LWR standard recycle (reference)
4.1.2 LMFBR/LWR coprocessed recycle oxide fuel
4.1.3 LMFBR/LWR coprocessed recycle carbide fuel
Group 4.2 LMFBR (Th-U cycle) ORNL Fig. . 4.5
4.2.1 U-Pu-Th full recycle LMFBR/LWR :
4.2.2 233y/238/Th LMFBR/LWR,
U recycle, Pu stowaway
4.2.3 233y/Th LMFBR/LWR full recycle -
Group 5.1 GCFR (U-Pu cycle). ' ANL/HEDL Chap-l?
5.1.1 -GCFR/LWR standdrd recycle (reference)
5.1.2 GCFR/LWR ‘coprocessed recycle oxide fuel
5.1.3 GCFR/LWR coprocessed recycle carbide fuel
" Group 5.2 GCFR (Th-U cycle) ORNL  _ Fig. 4.6
5.2 .
5.2



Table 1.1. (Continued)

ERDA-NRA
Identification

Fuel Cycle
Descripticn

Responsible
Laboratory

Index to Fuel
Cycle Evaluation

Group

Group

~J

~J
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N

~J

~J
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6
6
6.
6
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Advanced concepts

MSBR (Th-U cycle)

Direct reenrichment

Electromuclear fuel and power production
Gasecus core reactor

Fusicn hybrid breeder reactor (FHBR)

Energy centers with ccnverters and
recycle imside, converters outside

Energy center containing U-Pu converters,
dicpersed U-Pu converters; recycling
within center, no mixed oxide fuel
to dispersed reactors

U-Pu LWE inside, U-Fu LWR outside

U-Pu HTGR inside, U-Pu LWR outsice

"Energy center containing Pu-Th

converters, dispersed LEU-Th ccnverters,
full recycle within center

Pu-Th LWR inside, LEU-Th LWR
outside -

Pu-Th HTSR inside, LEU-Th LWR
outsice

Pu-Th HWR inside, LEU-Th LWR
outsice

Energy canter containing U-Th corverters,
dispersed LEU-Th.converters; U recycle,
Pu stcwaway in center ’

LWR inside, SSCR outside

HTGR inside, SSCR outside

HWR inside, SSCR outside

SRL/ORKL

"SRL .
ORNL
ORNL

ORNL

Not evaluated

Not evaluated

Chap. 5
Not evaluated
Not evaluated

Not evaluated



Table 1.1. (Continued)

ERDA-NRA

Fuel Cycle Responsible Index to Fuel
Identification Description Laboratory Cycle Evaluation
Group 8 Energy centers containing U-Pu breeders
' and U-Pu-FP fuel sent to dispersed converters
8.1 LMFBR inside ANL "Chap. 2
8.1.1 LWR outside SRL Not evaluated
8.1.2 HTGR outsidz ORNL Not evaluated
8.1.3 HWR outside SRL Not evaluated
8.2 GCFR inside ANL Chap. 2
8.2.1 LWR outside SRL Not evaluated
8.2.2 HTGR outside ORNL Not evaluated
8.2.3 HWR outside SRL Not evaluated
Group 9 Energy center with breeders with U-Pu ORNL
core, Th blanket inside; LEU-Th fuel
sent to dispersed converters
9.1 LMFBR inside Not evaluated
. LWR outside
9.1.2 HTGR outside
9.1.3 HWR outside
9.2 GCFR inside ORNL Not evaluated
9.2.1 LWR outside
9.2.2 HTGR outside
9.2.3 HWR outside _
Group 10 Energy center containing breeders with ORNL/HEDL
U-Pu core, Th blanket inside; LEU-Th
breeder (LMFBR) outside :
10.1 LMFBR inside HEDL
10.2 GCFR inside Not evaluated




combinations of cycles involving energy centers were not evaluated in
this preliminary study. This study might not include all interesting
cases, and other fuel cycles may be added for futu;e study.

The relationship of the back cycle to the overall fuel cycle is
shown in Fig. 1.1.

1.1 ELEMENTS OF THE EVALUATION

Level 0 and Level 1 functional flow diagrams were prepared to define
principal operations of reprocessing and refahrication. Each operation
was characterized by five elements, which were chosen to provide a cursory
technical assessment of the required fuel cycle and relate the nuclear
material in process to its attractiveness for diversion. These elements
are needed development, material location, material description,
convertibility, and radiation hazard. The ratings assigned to these
elements allow comparison among fuel cycles and broadly characterize
process streams containing fissionable material but are insufficiently
detailed to permit exclusion of certain fuel cycles; hawever, this
method of rating does bring out advantages of some cycles over others.

Needed development relates to the state of the art of the sovcral
operations on the functional flow diagram to provide an appraisal of
these operations with respect to the particular fuel cycle., The rating
defines the research phase to which development of the process step
has progressed in the sequence: cold laboratory, hot laboratory, cold
engineering, hot engineering, prototype; demonstration facility (hot
pilot plant or small commercial facility), and developed., For example,
hot engineering would indicate that development has progressed through
cold laboratory, hot laboratory, and cold engineering stages but needs
hot engineering and all stages beyond.

Matwrlal location identifies the facility that is needed to house

the process step, such as hot cell, glove box, shielded alpha facility,
or hands-on facility. Material location 1s probably not a serious
deterrent to proliferation but could impede diversion from safeguards
considerations. The importance of material location to proliferation
can be significantly influenced by equipment design, operating

procedures, and administrative controls,
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Material description identifies the material and/or stream in the

process operation. Chemical and isotopic concentrations were not
considered in this preliminary evaluation. However, these quantities
need to be assessed in an in-depth study.

Convertibility refers to the usefulness of diverted material for

making a weapon. An arbitrary scale, using nonfissionable, a, b, ¢, and
d, is used to give a qualitative rating to diverted material where

® nonfissionable identifies material that cannot be used for a weapon;

° a identifies radioactive fissionable material that requires a
shielded isotope separation facility for upgrading to weapon
quality (e.g., 233U denatured with 238y), This material may be
less attractive és a starting point for fabricating a weapon than
natural uranium;

b identifies material that fequires an isotope separation facility
such as < 20% 235y in 238y, A country wirth such separarion equipment
could make a weapon without diverting reactor fuel;

¢ refers to highly radioactive material requirihg remotély operated
engineering equipment for chemically separating weapon material
from impurities;

d identifies weabon material that can be separated from impurities
through hands-on operations, or material that is in a form suitable

for a weapon without additional treatment,

Radiation hazard of a process step is a measure of the danger in

handling the fissile material if it were removed from its containment
for conversion to a weapon. Also, it can be considered as a measure of
the danger associated with the alteration of a'process step (piping
changes, installation of new equipment, modification of existing
equipment, etc. in a confinement area) for diversion of nuclear material,
Only a rudimental rating is given in this study since computed data for
the candidate fuel cycles has not been completed. The ratings used in
this study are necessarily broad in context and are defined as follows:

® high identifies a radiation level equivalent to LDgg at 30 cm in

a few minutes, nominally > 10% R/hr;



° medium identifies a radiation level capable of producing harmful
physiological effects in one day (10 to 10" R/hr);

° low identifies a radiation level resulting in severe exposure in
several days but insufficient to prevent fabrication of a weapon
(< 10 R/hr); such exposure could lead eventually to death;

° negligible identifies no harmful radiation effects from the material

being handled. ' ’

In each definition it is tacitly assumed that the radiation level is

that associated with the quantity of material required for a weapon or,

for in-cell alterations, the total amount of material in the cell. The

presence of a highly radioactive isotope of the fissile material,'such

as 232y in 233U, was assumed to make the fissile material less attractive

than fissile material containing radioactive nuclides that can be

chemically removed.

1.2 "EVALUATION FORMAT

'The-évaluations of the nuclear fuel cycles named in Table 1.1 are
tabulated in the following sections accompanied by the appropriate
functional flow diagrams., Separate tables and diagrams are provided
for reprocessing and refabrication operations. Items in the tables
are keyed to operations shown on the diagrams and are assessed according
to the elements discussed in Sect. 1.1, The appraisals of the operations
are preliminary diagnoses of factors to be considered in evaluating the
relative attractiveness for weapon production of nuclear material diverted
from the process step. This study does not rate relative attractiveness
since it is premature to do so without also cohsidering the portions of

the nuclear fuel cycle that are outside reprocessing and refabrication.

1.3 FUTURE STUDIES

This study has identified a need to' develop additiohal information
on the Back cycles of the candidate systems to facilitate the choice of
the system that has the least proliferation risk. The initial list!
~ of fuel cycles did not include fast breeder systems that operate with

a thorium-plutonium core and a thorium blanket. Such systems have high
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breeding gain, good material performance, possible applicatioﬁ in energy
centers, and produce 233y fuel. These systems are to be included in the
next phase of this study.

The attractiveness of diverted fissile material cannot be fully
appreciated without an assessment of the technology and resources needed
to produce a weapon. Cost, manpower, time, and technical sophistication
are factors to be evaluated, including “quick and dirty" routes from
the point of diversion to the ultimate goal. Each functional flow
diagram needs to be analyzed (perhaps at Level 2 detail) to identify
diversion sidestreams and their required additional treatment.

The analysis should also include an appraisal of the difficulty,
cost, manpower, and time to modify existing back cycle facilities -to
obtain access to fissile material.

Mass flow data, including isotopic compositions, will be developed
to give a relationship between spent reactor fuel and weapon capability.
In-depth analyses of the back cycles will complement companion studies
on reactor performance and resource requirements in order to identify
the fuel cycle (or cycles) that offer the greatest proliferation

resistance.

1.4 REFERENCES .
1. United States Energy Research and Development Administration,
Nomproliferation Alternative Systems Assessment Program - Preliminary

Program Plan, (May 1977).



" 2. FUEL.CYCLE EVALUATIONS FOR URANIUM-PLUTONIUM FUELS IN THE
"~ LMFBR AND THE GCFR (Argonne National Laboratory)

M. J. Steindler/D. S. Webster

CORE AND AXIAL BLANKET OF U/Pu FAST BREEDERS

Group 4.1 LMFBR U-Pu Cycle
4,1,1 LMFBR/LWR standard recycle (Reference)

4,1.,2 LMFBR/LWR coprocessed, contaminated, recycled oxide fuel

4,1.3 LMFBR/LWR coprocessed, contaminated, recycled carbide fuel

Reprocessing and refabrication of cores and axial blankets

for the above options are treated in this section.

Group 5.1 GCFR U-Pu Cycle
5.1.1 GCFR/LWR standard recycle (Reference)

Not treated separately, since the system is essentially
identical to option 4.1.1 with regard to both chemistry
and proliferation susceptibility. (Since there is no

sodium present, step 3.3 in reprocessing is eliminated.)

5.1.2 GCFR/LWR coprocessed, contaminated, recycled oxide fuel

Not treated separately, sinée it is the same as option 4.1,2

5.1.3 GCFR/LWR coprocessed, contaminated, recycled carbide fuel

Not treated separately - same as option 4.1.3

8.1 Energy center containing a U/Pu LMFBR

A reactor within an energy center is postulated to be free
of proiiferation possibilities by means of institutional
arrangements for the center. Consequently, the LMFBR system

is that of option 4.1.1.

8.2 Energy center containing a U/Pu GCFR
This optién includes the GCFR of option 5.1.1

11
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Option 4,1.1 LMFBR/LWR Full U/Pu Recycle, Oxide Fuel
(Reference Case) '

Option 4.1.1 is shown in the attached Figure B-1ll taken from the
draft "Preliminary Plan for Nonproliferation Alternatives Assessment
Program." The figure represents two different periods of time. During
the first period LWR's are operated with low-enriched uranium fuel (LEU)
which is reprocessed to provide both plutonium for fabricating LMFBR cores
(and some LWR fuel), and uranium that goes back to the isotope enrichment
plant. As construction of LMFBR's progresses, a situation is eventually
reached in which no additional LMFBR's are required; during this second
period the plutonium bred in excess of that needed to fuel the existing
LMFBR's is recycled to LWR's. This fission-power sequence is that
envisioned for fast breeders before the recent reconsideration of
alternatives, and is consequently a reference case.

The functional flow diagrams (FFD) and process rating tablés that
follow Figure B-11l deal only with the LMFBR core and axial blanket; the
firét set of FFD's and tables apply to reprocessing, the second set to
refabrication,

Tho analycic of LWR Fuel reprocoesing and rofabrication ic the oame
as for option 1l.1l.1, so will not be repeated here., Reprocessing of the
radial blanket is the same as for LWK fuel, but with inclusion of the

sodium removal step, operation 3,3 of the attached core asasessment,
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- Option 4,1.1
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Option 4.1.1 .MFBR/LWR U~Pu Recycle, Oxide Fuel {Refereice)

Dzvelopment Material Material Radiation

Operation Needed - Location Descriptions Convertibility Hazard
1 Receive & Store Fuel Dev:zloped Water Pool Irra'd Fuel c High
2 ‘Transfer. to Head End Dev:loped " Water Pool Irra‘'d-Fuel “c High
3 Conduct Head-End Jperations T .
3.1 . Remove Fuel o Dev=loped Hot Cell Irra'd Fuel o High
3.2 Accountability Opzrations Dev=loped Hot Cell Irra'd Fuel c High
3.3 Remove Sedium Col: Lab Hot Cell Irra‘d Fuel c High
3.4 Transfer Fuel to Shear Devzloped Hot Cell Irra'd Fuel c High
3.5 - Shear Fuel Hot Engineering Hot Cell Fuel/Hulls. c High
3.6 Transfer to Voloxidizer Hot Engineering Hot Cell Fuel/Hulls c High
3.7 Voloxidize Fuel Hot Engineering Hot Cell Pewder/Hulls c High
3.8 Transfer to Dissolver Dev:loped Hot Cell Powder/Hulls c High
3.9 Dissolve Developed Hot Cell Sclution/Residie/Hulls c High
3.10 Clarify Dissclver Solutions Devzloped Hot Cell Sclution/Residie/Hulls c High
3.11 Second D°ssolution of Solids Colc Engineering Hot Cell Sclution/Resid.ie/Hulls c High
3.12 Clarify Dissolver Solution Developed Hot Cell Sclution/Residief/Hulls c High
3.13 Transfer to Make-.up Tank. Develcped Hot Cell U/Fu Soluticn - C High
3.14 Accountability Ope=rations Developed Hot Cell U/Fu Soluticn c High
3.15 Transfer to Feed Tank Developed Hot Cell U/Fu Soluticn c High
3.16 Check & Store Hulls Developed - Hot Cell/ Hulls NonFissionable High
) Water Pool A
Treat Off Gas Hot Engineering Hot Cell Gas, Particulate NonFissionable High
Conduct Solvent Extractioa Operaticns ) . - _
* 5.1 Co-Decontamination Cycle Developed . Hot Cell U-Fu Soluticn c High
5.2 Evaporation Developed ’ Hot Cell U-Fu Soluticn . c Medium
5.3 Partition Cycle Developed Hot Cell U-Fu Solutian c/d Medium
5.4 Uranium [Evaporation Developed Hot Cell U Solution NonFissionable Medium
5.5 Second Uranium Cycle - Developed Hot Cell U Solutien ) NonFissionable Low
5.6 U Purification . Developed Hands-on-Fac ‘U Solution NonFissionable Negl.
5.7 Second Pu Cycle ' Developed a Facility Pu Solution d ~ Medium
5.8 Pu Purification Developed a Facility .Pu Solution - ' d Low
5.9 Accountability Operations Developed & Facility Pu Solution d Low
Convert U Product Developed Hands-on-Fac U Solution/U0, Powder NonFissionable - Negl.
Convert Fu Product ' )
Oxalate Precipitation Developed a Facility Py Solution/Pu Precipitate  d Low
Filtraticn . Developed a Facility Solution/Pu Precipitate d © Low
Orying . Developed a Facility Pu Filter Cake _ d Low
Calcination Developed a Facility PuG, . d . Low
Accountabkility Operations Developed a Facility PuQ, d Low
Process Hastes Prootype Hot Cell Solution/Solids NonFissionable Medium/High
Store U Froduct Developed Hands-on-Fac UQ, Powder NonFissionable ©  Negl.
Store Pu Product Developed Hands-on-Fa¢ Pu(, Powder . d Low
Store Wastes Prozotype, Buried tanks, Solution/Solids NonFissionable Medium/Kigh

Hot Engineering Water pool

8T



19

Option 4.1.2.LMFBR/LWR,-U/PU Coprocessed, contaminated, Recycled oxide Fuel

This dption'is similar to option 4.1.1 except that plutonium is
always in the presence of uranium and enough f13$1on products to make
diversion difficult. - '

‘ The following functional flow diagrams and process rating tables
deal only with the LMFBR core and axial’blanket’ the first set of FFD's
and tables apply to reproce551ng, ‘the second set to refabrlcatlon.

The assessment of LWR fuel reprocessing and refabrlcatlon is the

"same ‘as for option 1.1.3, so will not be repeated here.



Option 4...2
" LMFBR/LWR, U-Pu ‘Coprocessed, Contaminated
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Option 4.1.2

LMFBR/LWR, U-Pu Coprocessed, Contaminated,
and Recycled--Oxide Fuel

Level 1
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‘Option 4.1.2

 LMFBR/LWR, U-Pu oprocessed, Contaminated,
and Recycled--Oxide Fuel
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Option 4.1. 2
LMFBR/LWR U-Pu Coprocessed, Contaminated,

and Recycled--Oxide Fuel

. Level 1
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Option 4,1.2 LM=BR/LWR U-P. Coprocessed, Recy:led Oxide Fuel

Hot Engireering

Developmens: Material Material Radiation
Operation Needed Location Descriptions Convertibility Hazard
Receive & Store Fuel Peveloped Shielded Water Pool Irradiated Frel c High
Transfer to Head End Developed Shielded Water Pool Irradiated Frel c High
Conduct Head-End Operatiors
3.1 Remove Fuel from Cask Developed Hot Cell Irradiated Fiel ¢ High
3.2 . Accountability QOperations Developed Hot Cell Irradiated Frel c High
3.3 Remove Sodius -Cold Lab .Hot Cell Irradiated Frel c High
3.4 Transfer Fuel to Shear Developed Hot Cell Irradiated Firel c High
3.5 Shear Fuel Hot Engineering Hot Cell Hot MO Fuel Fragments/Hulls - c High
3.6 Transfer to Voloxidizer ‘Hot Engineering Hot Cell Hot M) Fuel Fragments/Hulls c High
3.7 Voloxidize Furel Hot Engineering Hot Cell Hot MO Powder/Hulls c High
3.8 Transfer to Dissolver Beveloped Hot Cell tbt MO Pcwder/Hulls c High
3.9 Dissolve -Developed Hot Cell Solution/Sol1-ds Residue/Hulls ¢ High
3.10 Clarify Dissclver Solutiors ~ Developed Hot Cell SolutionsSol-ds Residue/Hulls c High
3.11 Second Dissolution of Solids Hot Engineering Hot Cell SolutionySol-ds Residue/Hulls ¢ High
3.12 Clarify Dissclver Solution Developed Hot Cell SolutionsSol-ds Residue/Hulls c . High
3.13 Transfer to Make-up Tank Developad Hot Cell Solution, U-Pu ¢ High
- 3.14 Accountability Cperations Developed Hot Cell Solution, U-Pu C High
3.15 Transfer to Feed Tank Developed Hot Cell Solution, U-Pu c ~ High
3.16 Check & Store Hulls Developed Hot Cell/Shielded Hulls NonFissionable High
: Water Pool .
Treat Off Gas Hot Engimeering . Hot Cell Gas, Parficu ate NonFissionable High
- Conduct Solvent Extraction Gp2rations - . L.
5.1 Modified Partition Cycle Cold Lab- Hot Cell U-Pu Solrtion c High
5.2 Uranium Concentration Developed Hot Cell U Soluticn NonFissionable Medium
5.3 Uranium Purification Developed Hot Cell U Sotuticn NonFissionable Medium
5.4 Uranium Concentration Developed Hands-on-Fac U Soluticn NonFissionable Low
5.5 Store U-nitrate Developed Hands-on-Fac U Soluticn NonFissionable Low
5.6 Add FP spike & Adjust Conc Cold Lab Shielded o Fac U=-Pu Solutionm .C High
5.7 U-Pu Concentration Cold Lab Shielded o Fac L-Pu Solution c High
5.8 Accountability Operations - Developed Shialded o Fac C~Pu Solution c High
- Convert U Product Developed Hands-on-Fac L Solutien/Selid NonFissionabie Low
Convert U-Pu Product :
Adjust Feed Concentration Developec Shi2lded o Fac L-Pu Solution c High-
Precipitaticn Hot Lab Shi2lded a Fac L-Pu Solution/U-Pu Pracipitate ¢ ‘High
Collect & Drv Filter lake Hot Lab Shi2lded a Fac L-Pu Oxide c High
Calcination Hot Lab Shiz2lded a Fac L-Pu Oxide c High
Spent Liquor Processing Hot Lab: Shiz2lded a Fac Solution NonFissionable Medium
Process Wastes Prototype Hot Cell Solution, Solids NonFissionable Medium/
: . . . High
Store U Procuct .Developec Hanis-on-Fac . L0z Powder NonFissionable  Negl.
Store U-Pu Froduct Developec Hot Cell L0,-Pul, Fowder c High
Store Wastes Prototype, Buried tanks, Solution, Solid NonFissionable Medium/
Watar Pool High

vt
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Option 4.1.3 _LMFBR/LWR, U/Pu CoproceSsed, Contaminated,

Recycled Carbide Fuel

This option is similar to option 4,l1.2--coprocessing and contamina-
tion with fissidn products—-—-except that the LMFBR core and axial blanket
are carbidés rather than oxides. ' ‘ -

Functional flow diagrams and process rating tables -follow for re-
processing and refabrication of LMFBR core and axial blanket.

The LWR assessment is the same as for optioq 4,1.2; the only chénge
is that during the first period (LMFBR buildup) material from LWR pro-

céssing is converted to carbide before use in the LMFBR.



Optionll‘.l.3

LMFBR/LWR, U-Pu Coprccessed, Contaminated,
and Recycled--Carbide Fuel ‘
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Option 4.1.3 )

LMFBR/LWR, U-Pu Coprocessed, Contaminated,
and Recycled--Carbide Fuel =~

LT

- Level 1
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Cptior “.1.3

LWBR/LWR. U-Pu I:oprocssed Contaminated,
- and Recyc]ed--carbfde Fuel
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CONVERT
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Op;ion 4.1.3 o
LMFBR/LWR, U-Pu Coprocessed, Contaminated,

and Recyc

led--Carbfde Fuel
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Orzion 4,1.3 LMFER/LYR U/Pu Coprocessed, Recycled Carbide Fuel
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Develcpment Material Material ' ‘Radiation
Cperation Neeced Location Descriptions Lonvertibility Hazard
Receive & Store Fuel: Developed Shielded Water Pool Irradidted Fuel c High
Transfer to Head End Developed Shielded Water Pool Irradiated Fuel c High
Conduct Head-End Operatiens . . - o
Remove Fuel from Cask Developed Hot Cell Irradiated Fuel ¢ " High
Accountability Operatwns Developed Hot Cell Irradiated Fuel c High
Remove Sodium Cold Lab " Hot Cell Irradiated Fuel c " High
Transfer Fuel to Shear Developed Hot Cell Irradiated fuel c High
Shear Fuel Hot £ngineering Hot Cell Hot MC Fuel Fragments/Hulls c High
Transfer to Burner Hot Engineering Hot Cell Hot MC Fuel Fragments/Hulls c ~ High
Oxidize Fuei " Hot Engineering Hot Cell Hot MQ Powder/Hulls c High
Transfer to Dissolver Developed Hot Cell Hot MO Pcwder/Hulls c High
Dissolve Developed Hot Cell SolutionsSolids Residue/Hulls c High
Clarify Dissolver Soluticns Developed Hot Cell SolutionsSolids Residue/Hulls o High
Second Disstlution of Solids Hot Engineer:ng Hot Cell SolutjonsSolids Residue/Hulls c High
Clarify Dissolver Soluticn Developed Hot Cell SolutionsSolids Residue/Hulls c High
Transfer to Make-up Tank Developed Hot Cell Solution, U-Pu [« High
Accountability Operations Developed Hot Cell Solution, U-Pu ‘c High
Transfer to Feed Tank Developed Hot Cell ) Soluticn, U-Pu c High
Check & Store Kulls Developed Hot Cell/Shielded  Hulls . NonFissionable High
Water Pool .
Treat Off Gas Hot Engineering Hot Cell Gas, Particuilate NonFissionable High
Conduct Solvent Extraction Operations ) .
Modified Partition Cycle - Cold Lab Hot Cell- " U-Pu Solution c High
Uranium Concentration Developed Hot Cell U Soluticn NonFissionable Medium
Uranium Purification Developed Hot Cell- U Soluticn NonFissionable Medium
Uranium Concentration Developed Hands-on-Fac U Solutiaon NonFissionable Low
Store U-nitrate Developed Hands-on-Fac ‘U Solution . NonFissionable Low
Add FP spike & Adjust Conc Cold Lab Shielded o Fac U-Pu Sojution c High
U-Pu Concentration Cold Lab Shielded-a Fac U-Pu Soiutien c Aigh
Accountabil-ity Operatwns Developed Shielded o Fac U-Pu Solutien < High
Convert U Product Developed Hands-on~Fac U Solution/Solid NonFissionable Low
Convert U-Pu Product - .
Adjust Feed Zoncentration Developed Shielded « Fac J-Pu Solution c High
Precipitation Hot Lab Shielded a Fac J-Pu Solution/U-Pu Precipitate ¢ - High
Collect & Dry Filter Cake Hot Lab Shielded o Fac J-Pu Oxidz c High
Calcination . Hot Lab Shielded o Fac J-Pu Oxidz ¢ High
Blend U-Pu Gxide & Graphite Hot Lab Shielded a Fac J-Pu Oxide/Craphite c High
Transfer to Reduction Hot Lab Shielded a Fac J-Pu Oxide/Craphite [ High
Conduct Carbothermic Reduct  Hot Lab Shielded o Fac J-Pu Carbide ¢ High
Accountability Operations =~ Hot Lab Shielded a Fac iJ=Pu Carbide c . High
Hot Lab. Shielded a Fac 30lution NonFissionable Medium

Spent Liquor Processing
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Option 4.1}3 LMFBR/LWR U/Pu Coprocessed; Recycled CarbideAFuel (Cont'd)

Development A Material

Hot Engineering Water Pool

v . Material - Radiation
'Operation Needed - K Location Descriptions . Convertibility Hazard
" 8. Process MWastes Prototype " ~Hot Cell Solution/Solids NonFissionable Medium/
: . : "' High
-9, Store U Product Developed Hands-on-Fac U0z Powder NonFissionable - Negl.
10. Store U-Pu Product Developad Hot Cell U0, -Pu0, -Powder c " High
1. Store Wastes Prototype, Buried tanks, Selution/Solid NonFissionable Medium/

High
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3. FUEL CYCLE EVALUATIONS FOR URANIUM-PLUTONIUM FUELS IN THE LMFBR AND
LMFBR/LWR (Hanford Engineering Development Laboratory)

H. C. F. Ripfel
M. J. Barr
S. R. Fields
~ E. M. Greene
R. L. Plum
D. D. Scott

3.1 DISCUSSION ‘
This chapter covers the fabrication of LMFBR fuel for the following
cases: ' ‘ ’
o LMFBR/LWR Standard Recycle - Case 29
. o LMFBR/LWR Coprocessed (Contaminated) Oxide - Case 30.
o LMFBR/LWR Coprocessed (Contaminated) Carbide - Case 31
o IMFBR With U/fu Core, Th Blanket, Inside Secure Energy Center;
LMFBR With Denatured U Core, Th Blanket, Outside Energy Center -
Case 66

3.1.1 IMFBR/LWR Standard Recycle - Case 29
This alternate using low (*12%) 240 Pu feed is established technology.

It is included ‘in the analysis as a "benchmark' case. Cost and process engi-
neering data exist to be used as a baseline for evaluation of other cycles and
extension of Case 29 to include the use of high (>20%) 240 Pu feed. Improve-
ment in the existing proliferation resiétance of this case can be obtained
through modification of feed materials and process operations and improve-

ments in material accountability and process line concepts.

3.1.2 LMFBR/LWR Coprocessed .(Contaminated) .Oxide - Case 30

This case is differentiated from Case 29 by the inclusion of gamma radio-

active materials in the fuel. This measure increases proliferation resistance,
‘particularly against diversion by a subnational (terrorist) group. Also, if
diversion occurs, the radioactive "spiking" material hinders subsequent handl-
ing aﬁd}processing of the fuel in the weapon factory. Removal of the spiking

material would require use of a shielded chemical processing facility.

33
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The required level of radioactivity induced by spiking is yet to be
determined as is the method of spiking. For the purposes of this study it
was arbitrarily assumed that:

o A spikant already existed in incoming Pu or MOX feed.

o The spikant was small quantities (<0.17) and would not adversely

affect processing or fuel behavior. '

o The spikant would be a high gamma emitter with a half 1ife of

about 1 year or more.

o The radiation would be high enough to debilitate diverters with

exposure to 1 KG for 1 HR.

The impact of spiking on fuel fabrication complexity, equipment require-
ments, personnel radiation exposure and cost is yet to be determined. The
economics of the fuel cycle, although secondary in'priority to nonprolifera-

tion, may ultimately determine whether the fuel cycle is viable.

3.1.3 LMFBR/LWR Coprocessed (Contaminated) Carbide - Case 31

This case is very similar to Case 30 except that it has a very few addi-
tional process sileps; e.g., Lhe addition of a carbothermic reduction and
modified waste recycle process. It has been concluded that the proliferation
aspects of these two cases will not differ significantly from each other and

the two cases may be combined in this study; i.e., Case 31 is a "derived case."

3.1.4 LMFBR With U/Pu Core, Th Blanket, Inside Secure Energy Center;
LMFBR With Denatured U Core, .Th Blanket, Outside Energy Center -
Case 66 , .
The type of fuel used for the core of the "inside" LMFBR 1is siwmilar Lo

that of Case 29,

It is to be noted that the method of analysis incorporates ﬁo way of
giving credit to the energy center concept for its antiproliferation value.
"Accessibility" refers to the ease or difficulty of access to materiai usable
for fabricating a nuclear weapon. The rating terms suggested by I. Sﬁieﬁak,
ORNL, tu Saul Strauch, ERDA DNA, in his letter of August 3, 1977 (remote pro-
cessing cell, hot cell, glovebox, shielded alpha facility and hands-on facili-
ty) do not allow consideration of other important factors such as the level

and type of plant safeguard measures and security.
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3.2 PROLIFERATION RESISTANCE FACTORS AND DEVELOPMENT REQUIREMENTS

The proliferation resistance factors and development needs for each
of the four cases treated in this chapter are shown iﬁ Tablés 3.1 through
-3.4.. The rating-method«used»was~the~one—described-in_the~introduetion to-

this report.

3.3 FUNCTIONAL PROCESS FLOW DIAGRAMS

Level I and Level II functional process flow diagrams for Cases 29,
30, 31 and..66.are shown in Figures 3.1 through 3.30. A level-0 diagram
is provided for Case 66 to show how the fuel-fabfl&ation process fits into

the rather complex fuel cycle.



Table 3.1. Cas=2 29, 3.2.3.1, LMFBR U/Pu Recycle
(Reference Case) Fuel Fabricatior:

~Process ' Develcpment Material . Radiation
Step  Operation Material Description Needed . Location Convertibility Hazard
1. Feed Material U0z, PuO; and MOX powder Someff Gloveboxé d* Lowt
2. TFuel 4 MOX powder and pellats Someff Glovebox2 d Lowt
Fatrication - , :
3. Pin MOX pellets and pins . - Somef Glovebox? d Lowt
Fabrication
4. ' Bundle ‘ MOX pins and assemblizs Moderatef Limited Access d Lowt
~ Assembly : Assembly Ar=a
5. Scrap MOX powder and pellets, Little**  Glovebox : d Low**
“Recycle A solutions of Pu and U
6. Waste Solid and liquid wastes Little**  Glovebox d Low**
Reprocess - containing low-level Pu

and U contamination

. 2!+"
(#) Processes are currently usad in industry with low ¢(n12%) )Pu material.
Hot prototype needed for zutomated operation and use of U or high (>20%) 240p,,,

(*) U0, is nonfissicaable. _
(+) Negligible for rornal or depleted UOp. May be higher for 233U02.
(A) Containment with mechanizei/automated cperation.

(**) Fuel containiﬁg 233y, may need an additional sepazztions stzp.
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Table 3.2. Case 30, 3.2.3.2, LMFBR/LWR U/Pu

Coprocessed, Contaminated and Recycled Oxide Fuel

Process L Development Material Radiation
Step Operation ‘Material Description Needed Location Convertibility Hazard
. L. *

1.  Feed Material UO:2, Pu02 and MOX powder, Hot Lab Hot cell+ c medium to
contaminated high

2. Fuel MDX_powdef and pellets, Hot Lab Hot cell c medium to
Fabrication contaminated : high

’ : ?

3. Pin "MOX pellets and pins, Hot Lab Hot cell c medium to
Fabrication contaminated high

4, Bundle MOX pins and assemblies, Hot Lab Hot cell c medium to
Assembly con;aminated ‘ high

‘5. Scrap Recycle MOX powder and pellets, Hot Hot cell c medium to
solutions of Pu and U, Engineering high

all contaminated )

6. Waste Solid and liquid wastes Hot Hot cell c medium to

Reprocess ¢containing low-level Pu, Engineering high

U and contaminmation

(+) Containment including local shielding with automated operation.

(*) U0, is nonfissionable.

LE



Table 3.3. Case 31, 3.2.3.2, LMFBR/LWR U/Pu

Coprocessed, Contaminated and Recycled Carbide Fuel

Process Devvelopment Material Radiation
Step Operaticn Material Description Needed Location Convertibility Hazard
*
1. Feed Material UO,, Pu0,, 1IC, PuC, MOX Hot Lab Hat ce11+ c medium
and MC powder, ;
contzminated
2. Fuel MC powder and pellets, Hot Lab Hot cell c medium
Fabricaticn contzminated
3. Pin MC. pcllets and pins, Hot Lab Hot cell c medium
Fabricaticn contaminated
4. Bundle MC pins and assemblies, Hot Lab Hot cell c medium
Assembly conteminated
5. Scrap Recycle MOX znd MC powdef and Hot Hat cell c medium
pellets, solutions of Pu Engineering
and 7, all contanimated
6. Waste Solid and liquid wastes Hot Hot cell c .medium
Reprocess containing low-level Pu, Engineering

U an< gamma emitting
contemination

+ Containment including local shielding with automated operation.‘

(*) U0, and UC are nonfissionable.

8¢ .



Table 3.4 Case 66, 3.4.2.6, Energy Center Containing LMFBR with U/Pu Core, Th Blanket

Inside, Modified LEU/Th LMFBR Outside.

Returned to Center for Reprocessing

External LMFBR Spent Fuel

Process - Development Material Radiation
Step Operation  Material Description Needed Location Convertibility Hazard
1. Féed Material UO,, PuC, and MOX powder Somef Glovebox® d* Low'
2.  Fuel MOX powder and pellets - Someft Glovebox? d Lowt
Fabrication

3. Pin MOX pellets and pins Somef Glovebox? d - Lowt

) Fabrication )

4. Bundle MOX pins and assemblies Moderatef Limited Access d Lowt
Assembly ) Assembly Area

5. Scrap MOX powder and pellets, Little**  Glovebox d Lowk*
Recycle solutions of Pu and U

6. Waste Solid and liquid wastes = Little** Glovebox d Low**
Reprocess containing low-level Pu

and U contamination

240
{(#) Processes are currently used in industry with low (v12%) 3 Pu material.
U or high (>20%)

Hot prototype needed for automated operation and use of

(*) U0, is nonfissionable.

2
(+) .Negligible for normal or depleted UOp. May be higher for 3?U02.

(A) Containment with mechanized/automated operation.

(**) Fuel containing 233U may need an additional separations step.

240
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CASE 29

3.2.3.1 LMFBR U/Pu RECYCLE (REF CASE)

FUEL FABRICATION PLANT
LEVEL-1 FUNCTIONAL FLOW DIAGRAM
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| 6
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— 1
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FUEL F——»  'PIN  [=# BUNDLE
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5
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Figure 3.1
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CASE 29
3.2.3.1. LMFBR U/Pu (REF. CASE]
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4, TFUEL CYCLE EVALUATIONS FOR THORIUM-FUELED REACTORS
AND THE HTGR (Oak Ridge National Laboratory)

R. H. Rainey, W. L. Carter, D. R. Johnson, and J. A. Horak

4.1 INTRODUCTION

The ahalySes of the back cycles for the HTGRs using either the
conventional or plutonium-uranium fuel and of the various other nuclear
reactor systems with nonconventional (thorium-containing) fuels were made
by staff members of the Oak Ridge National Laboratory.

At the time this report was originally prepared, the proliferation
risk assessment techniques under development by Science Applications, Inc.
(SAI)! and the descriptive matter on the various fuel types proposed in.
the EPRI report2 were not available as a basis for the evaluation. This
report therefore represents the authors' understanding of the various
reactor systems based on the material distributed at the Atlanta meeting.3
An example of the differences between the fuel handling systems evaluated
in this report and the fuel handling in ref. 1 is as follows: in this
report, except where specified, recycled fuel was assumed to return to
the same reactor; that is, if the fuels to the reactor were a driver fuel
of 235U02—238U02 and a fertile fuel of ThO, and the 233y Qas to be recycled
to the U0,, then the newAdriver fuel wquld contain a mixture of 233U,
235y and ?3%y. 1In the EPRI report the new charge would contain two
separate driver fuels, 235y in 238y and 2%% in 233U, which may be
loaded in different reactors. This difference influences the proliferation
evaluation, since credit is taken for the presence of the 232y associated
with the 2°%U to make this fuel less attractive, either for a weapon
directly or as a feed to an isotope enrichment plant. For this reason
if highly enriched 235y contained 2%y, it was assumed to be much less
attractive for proliferation than if the 233y were not present.

A report" by H. C. Carney et al., HTGR Fuel Cycle — Definitions
for Nomproliferation Assessment, General Atomic Company (Draft), was
prepared at approximately the same time as this report. There was
not enough time to make the two reports consistent;for this publication,

but the GA report will be very valuable for the next level of study.
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4.2 EVALUATION PROCEDURE

Figures 4.1 through 4.5 present the choice tree diagrams for the back
cycle processing schemes of the various reactor systems being evaluated. A
brief description is given of each type of reactor fuel recycle scheme and
the composition of the fuel that would be the feed to the recovery plant.
These descriptions assume that "homogeneous fuels' indicates that the
reactor contains only one type fuel, which contains all the designated
fissile and fertile materials. ''Heterogeneous fuels" indicates that
two or more types of fuel are in the reactor and that these are separable
before entering the solvent extraction system. When needed, there is an
indication that the fuel contains highly enriched uranium (HEU), low-

" enriched uranium (LEU), or either. The horizontal blocks indicate the
reprocessing scheme that would be required for the head-end treatment,
reprocessing, and refabrication of the fuel. An attempt was made to.
include all the choices that could be used to recycle the fuel from each
reactor back to the same reactor. The form of the product(s) from each
reprocessing and refabrication scheme is included.

The Level 1 Functional Flow Diagrams (FFDs) for the dissolution of
metal-clad reactor fuel are given 1n Fig, 4,6, For Zircaloy-clad UQz-Pu0;
fuel or stainless-steel-clad UO2-PuO2 or UO02-ThO; a size reduction followed
by a dissolution of the exposed fuel (chop-leach) on}d be used. For
Zircaloy-clad U0,-ThO; some as yet undecided method for removing the
cladding would be required before the fuel is dissolved. The head-end
processes for water-cooled reactors and for liquid-metal-cooled reactors
are evaluated in Table 4.1. The FFD for HTGR fuel is given in Fig. 4.7
and evaluated in Table 4.2, For these FFDs, and all that follow, the
processing steps being evaluated are enclosed in solid lines. The
blo¢ks enclosed by dashes are used to indicate related but not evaluated
operativns.

. The FFDs for the various choices for reprocessing the reactor fuels
are given in Figs. 4.8 through 4.21 and evaluated in Tables 4.3 through
4.25. These FFDs and tables include the modifications of the Purex and
Thorex solvent extraction systems to accommodate the gombinations of
235y, 233y, 238y, Pu, and Th that have been proposed for use in the

reactors and the choices of coextraction and partitioning of these fuels
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in the reprocessing systems. In evaluating the development needed for
the various operations, we assumed that mixtures of 235y and 23y would
be converted to UFg for return to an isotope enrichment facility. When
233y was present, we assumed that it would be enriched by blending with
additional 2%%U or enriched 23%U. Since the plutonium from recycled
power reactor fuels would contain relatively large quantities of 238Pu,
" the conversion and refabrication would require remotely operated equipment.
Commercial-scale equipment for these operations has not been developed.
Columns giving Material Location and Material Description are
included for used in future more refined evaluations of the attractiveness
of the material for proliferation. The scales used in rating the effects
of the convertibility of the material and its radiation on the proliferation
attractiveness are given in Chap. 1. _
Figures 4.8 through 4.14 show various modifications of the Purex
solvent extraction process for the reprocessing of fuels containing

235-238U or 233=-235~

238y and plutonium. These modifications include .
the flowsheets for partitioning or coextraction of the uranium and
~ plutonium or systems in which the plutonium remains with the fission
products in the aqueous waste. Figures 4.15 through 4.21 give similar
modifications for the Thorex process for the reprocessing of either ?33U
and thorium or mixtures of 233U, thorium, and plutonium. There is only
limited iaboratory—scale data for the three-component system (U-Pu-Th),
but the chemistry of the system indicates that processes of the types
presented could be successfully operated.

The fuel refabrication flowsheets can all be described in terms of
two functional fiow4diagram$. Figure 4.22 is the functional flow diagram
for metal-clad sintered pellet fuel. This flow diagram applies to the
LWR, HWR, and FBR cases. Figure 4.23 is the functional flow diagram for
the fabrication of graphite fuel elements containing coated fuel micro-
spheres. This flow diagram is peculiar to the HTGR. Tables 4.26 through
4.38 provide the preliminary preliferation analysis for the LWR, HWR, and
FBR fuel cycles; each of these tables is associated with functional flow
diagram 1, Fig. 4.22, Tables 4.39 through 4.46 are associated with functional
flow diagram 2,.Fig. 4.23, and provide the preliminary proliferation analysea

for the HTGR fuel cycles. In addition to the information tabulated in the
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reprocessing analyses, Tables 4.26 through 4.46 also have tabulations

of uranium enrichment as LEU, fissile content less than 47; MEU, fissile
content greater than 4% and less than 157 (in the case of 235y, 20%);
and HEU, fissile content greater than 157%. The fissile concentration of
fuel mixtures is also tabulated as low, less than 4%; medium, between

4 and 15%; and high, greater than 15%.

For the HTGR cases, colocation of the reprocessing and refabrication
plants has been assumed. The product of the HTIGR fuel reprocessing plant
will be aqueous solutions of uranium, plutonium, and thorium nitrates,
which will be pumped directly to the fuel refabrication plant.

In all éases, the refabricated fuel has been assumed to be in the
form of metal oxides. The functional flow diagrams for metal carbide
or nitride fuels would be no different at the Level 1 stage.. Thus, the
distinctions between the oxide fuel and more advanced types would not
influence this preliminary analysis. '

The analyses of fuel refabrication methods consider the uranium
enrichments that are currently used or planned for refabricated fuel:

LEU for LWR, HWR, and SSCR, and MEU for FBR and HTGR. The choice tree
diagram, Fig. 4.1, considers some advanced HEU fuel as well. The refab-
rication analyses have not been tabulated for the advanced HEU systems.
Nonetheiess, the HEU systems can be evaluated by modifying the reference
refabrication methods indicated on the choice tree diagram to indicate a
compatibility value of d for process steps 1, 2, and 3. The refabrication
methods for which the HEU fuel might be‘considéred are 1, 2, 3, 4, 7, 8,
13, and 14.

In the evaluation of the effects on proliferation potential due to
the difficulty associated with the conversion of the fissionable material
to a form suitable for a weapon, it was assumed that low-enriched uranium
(LEU) would require isotbpic enrichment but that HEU or plutonium would
require only chemical conversion. It was also assumed that the irradiation
level of plutonium separated from fission products would not be a major
deterrent to its conversion to weapons material. On the othcr hand, the
232y content of a weapon quantity of 233U'would result in a much higher

irradiation field and was considered a deterrent.
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4.3 CONCLUSION FROM EVALUATION

— ‘The evaluation of the reprocessing processes shows that a major
area of proliferation'potential is in the "rework and recycle"vand the
"waste treatment" areas. .Even when the main process line is'designed
to minimize the potential for proliferation there is a relatively gqod
éhance that off—specificationAmaterials, because of either unintentional
or intentional operational errors in the plant, would contain fissionable
materials that would be attractive for proliferation. Essentially all
process vessels are designed sp{that solutions can be sent to rework or
waste. Due to its isotopic dilution LEU remains unattractive under all

conditions. Similarly 233y is always associated with 232U and so is

"natural"

relatively unattractive. On the other hand, plﬁtoniuﬁ has no
protection and is relative1§‘easy to separate from impurities and so is

a more attractive source of material for a weapon. This study shows

that this remains true even when the processing plant is designed to
leave the plutonium with the fission products. .

This study assumed that the 233y was associated with several hundred
parts per million of 232y, pata that became available® after much of
this report was prepared indicate that the 233y may contain as much as
1% 232y, This would indicate that a 10-kg 233y weapon may contain about
100 g of 232y and have a radiation field of about 10" R at 0.3 m (1 ft).
At this level the "Radiation Hazard" would rate as "high" rather than

' as it was rated in this report. In order for the presence
233y

"medium,'
df the 232U to contribute to the irradiation level of the , the decay
products of the 2324 must be present. When the 232y 4g separated from
all of its decay products, the regrowth of activity is limited primarily
by the 1.9-~year half—life_of the 228Th. The activity reaches 1% of its
maximum value. in about 15 days. If the uranium is not separated from

the thoriuwm in the reproécssing, the regrowth of the decay products is
limited by the 3.6-day half-life of 22%Ra. The time available for
converting diverted 233y to a weapon material before the decay products
of the 232U reach thousands of réentgens at one foot is only a few

days when the uranium has been separated from thorium and is too short

to be of practical value when the uranium and thorium are not separated.



76

4.4 REFERENCES

1.

G. Borgonnavi et al., A Preliminary Mbthodology for Evaluating the

Proliferation Restistance of Alternative Nuclear Power Systems,

" SAI-78-596-WA, Science Applications, Inc. (June 15, 1977).

N. L. Shapiro and R. A. Matzie, Assessment of Thorium Fuel Cycles

- in Pressurized Water Reactors, EPRI-NP-359, Combustion Engineering,

Inc. (February 1977).
Letter from J. A. Lenhard (ORO) to H. Postma (ORNL), Transmittal of

Candidate Alternatives Regarding Proliferation Constraints on Various
Fuel Cycles, with enclosure, '"Nonproliferation Alternative Systems
Assessment Program — Preliminary Program Plan," May 18, 1977.

H. C. Carney et al., HIGKH Fuel Cycle — Definitions for Nomproliferation
Assessment, General Atomic Company (Draft).

T. H. Pigford and C. S. Yang, "Thorium Fuel Cycles," Draft prepared

tor U.S. Environmental Protection Agency under EPA Contract 68-01-1962
with Science Applibations. Inc. (June 1977).



77

Group 1.2 LWR (Th-U) ORNL-DWG 77-15864
Group 3.2 HWR (Th-U)
and 3.4.2 Spectral Shift (Th-U)
1.2.1, 3.2.1, and 3.4.2 (Full Recycle)
HOMOGENEQUS FUEL
Fuel: 211 21%.220y0,.Pul,-ThO, elther NCU or LLU
REPROCESSING SCHEME 10, 13, or 14

Products .
REFABRICATION METHOD
Headend 10 - 71347352300, Pud,, and ThO, £ ? ¢ , 0 )
14 13 = 233:233:23000__py0, -ThO, mixed oxide or Zor

14 — 23202332380, and PuQ,-Tni), mixed oxide

HETEROGENEOUS FUEL
Recycle to same fuel, i.e., Pu to UO. and 73 to ThO,
Fuel 1: 23%:238y0,_pPuD,, HEU or LEU
Fuel 2: 2°%0,-ThO,

REPROCESSING SCHEME 1 and 8, or 1 and 9,
or 3 and 8, or 3 and 9 ’ ’ REFABRICATION METHOD
Products 4 and 5 or
He?:end 1 — DI52I8F . Pul, 4 and 6 or
3 - 2385:23040,-Pu,, MOX 7 and 5 or
8 — 2*%0,, ThO, 7 and 6
9 — 233Y0,-ThO, mixed oxide

Cross progeny, i.e., recycle 2?0 to U0, and Pu to ThO,
Fuel 1: 233:235:730y0,, HEU or LEV
Fuel 2: Pu0z-ThO,
REPROCESSING SCHEME 2 and 10, or 2 and 14
REFABRICATION METHOD
Products

Headend 2 — 233,235,23840. and PuO, 8 and 9

A 10 = 2230, Pu0,, and Tho, or -
8, 9 and 10

14 — 237J0, and Pu0,-ThO, mixed oxide

Plutonium recycle one pass only, i.e., plutonium from U0,
recycted to ThO,; plutonium from Th0, discharged to agueous phase
with fission products; 2?*U recycled to either UD, or ThO,
Fuél 1: 233:23%:238y0,, HEU or LEU
Fuel 2: Pu0,-ThO,
or

Fuel 1: 2222380, HEU or LEU
fuel 2: 273U0,-Pul,-ThO,
REPROCESSING SCHEME 1 and 12 or 2 and 1

Products REFABRICATION METHOD
1 — 235:23%yF and PuO, 9 and 6
1A 2 — 233+235:238(0, and Pu0, or
11 = 22%40,, Tho, 9 and 8
12 — ??°Y0,-Th0, mixed oxide

1.2.2 and 3.2.2 (Partial recycle, plutonium stowaway)
HOMOGENEOQUS FUEL
Fuel: 233»23%5:238)0,.Th0,, LEU
REPROCESSING SCHEME 11 or 12
L Products ) REFABRICATION METHOD
1A 11 — 233423852380, Tho, 5o0rb
12 — 233,235:238))0,_Th0, mixed oxide

HETEROGENEOUS FUEL
233y from the ThO, could be recycled to either the U0,
or the ThO,
Fuel 1: 23%:238yp,, HEU or LEU
Fuel 2: 220,-Th,

. - Fuel 1: 223,225,238y0,  HEY or LEY

Fuel 2: Tho,

REPROCESSING SCHEME S and 8, or 5 and 9, or

6 and 8 REFABRICATION METHOD
Products : 5or 13

Headend 5 - 2IZI0UF, 6
1A 6 — 233,235,238y, 8and 13 or &

8 — 223y0, and ThO,
9 — 23340,-Th0, mixed oxide

Fig., 4.1. Choice Tree Diagram for Recycle of Th-U Fuels in LWRs,
HWRe, and SSCRs.
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GROUP 2.1 GAS-COOLED REACTORS (U-Pu CYCLE)

Standard Recycle in HTGR
Spiked Recycle in HTGR
Standard Recycle in AGR

Fuel 1. 235,238)0,_py0,, HEU
Fuel 2: 235:238)p, (natural)

Headend
2

REPROCESSING SCHEME 1 and 1, or 3 and 1
Products

ORNL-DWG 77-15865

235,238F . and Pu(NOs),

1 -
3 - 235’233U02(N03)2-PU(N03)Q

2.1.3

2.1.4

Coprocessed Recycle in HTGR

Coprocessing both fuel types would not be a satisfactory
procedure. The plutonium concentration in the natural
uranium would increase continuously so the design of
the fuel would have to change continuously. See above
for acceptable choices. .

Uraniam Recycle with Plutonium Throwaway (stowaway)

Fuel 1: 23%,238y5, HEU
Fuel 2: 235,23%30, (patural)

Headehd
2

REPROCESSING SCHEME 5 and §
- Products

REFABRICATION METHOD
14

5 - 235,239UF6

2.1.5 Once-through cycle----oxide fuel
2.1.6 Once-through cycle----metallic fuel

REFABRICATION METHOD
none required

Headend - REPROCESSING
none required none required
Fig, 4.2,

REFABRICATION METHOD
none required

Choice Tree Diagram for Recycle of U-Pu Fuels in HTGRs,
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ORNL-DWG 77-15866
GROUP 2.2 RKTGR (Th-U Cycle)

Full Recycle

-Recycle-Fissi-le-Materials~to-same-Microsphieres

Fuel 1: 23%2238y0,-Pug,
Fuel 2: 2?°U0,-ThO,

REPROCESSING SCHEME 1 and 8, or 1 and 9, REFABRICATION METHOD
or 3 and 8, or 3 and 9 14 and 15
Products ’ or

1= 235:23%F and Pu(N0, ). 14 and 16

3 — 235,2380, (N0, ) 2-Pu(ND;). mixed oxide, or
8 — 273U0,(N0,), and Th(ND;), 17 and 15
9 — 2330, (N0, )2-Th(NDG), or
17 and 16

Cross Progeny; Recycle Fissile Materials to Opposite Microspheres
Fue\ ‘: ?31.235,239UO2
Fuel 2: Pu02-ThO,

REPROCESSING SCHEME 2 and 10, or 2 and 14
Products

REFABRICATION METHOD
18 and 19

2.2.2

2 — 233,235,238)0, (N0}, and Pu(NO3).
10 — 2%2U0,(N03) 2, Pu(NO,)4, and TH{NO,;).
14 — 23340, (N0;), and Pu{NO;),-Th(NO;).

or
20 and 19

Partial Recycle (Plutonium to Aqueous with Fission Products)
Recycle 2334 to the U0, Fuel ’
Fue] ]: 233.235,238UOZ

Fuel 2: ThO;

REPROCESSING SCHEME 6 and 8
Products

Héadend
2

REFABRICATION METHOD
|6 — 233:235,238y0,(NO,), 15

8 = 2330,(N0+), and Th(NO3)y

Recycle 2?3U to the ThO, Fuel
Fuel 1: 235:238y0, HEU or LEU
Fuel 2: 22%00,-Th0.

" REPROCESSING SCHEME 5 and 8,
or 5 and 9

Products REFABRICATION METHOD

2.2.3

5 — 235,238F, 15 or 16
8 — 233U0,(N03), and Th{NO;),
9 — 223U0,(ND,) ,-Th{NO3).

HEU-Th(Carbide) HTGR Full Recycle (Reference)

HEU-Th in Pebble-Bed Gas Reactor with Full Recycle (Reference)
Fue] 1 233,235,238UO2 .

Fuel 2: " ThO,

REPROCESSING SCHEME 6 and 8

Products REFABRICATION METHOD

Headend
2

6 — 2331235,2380 (NO,),

15 0R 21
8 — 23%0,(N03 ), and Th(NO3),,

4.3, Choice Tree Diagram for Recycle of Th-U Fuels in HTGRs.
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ORNL-DWG 77-15867
GROUP 4.2 LMFBR (Th-U Cycle)

4.2.1 U-Pu-Th Full Recycle LMFBR/LWR
Fuel to LWR (23U from LMFBR)
Fuel 1: 233,235,238y0, |EU

REPROCESSING SCHEME 2
Headend Products - REFABRICATION METHOD
a 2 - 233:235.23040, and- Pud, . 8

Fuel to LMFBR (Pu from LWR)
Fuel 1: 235,238Y0,-Pul, LEU or HEU

Fuel 2: ThO.
REPROCESSING SCHEME 1 and 8
Products R REFABRICATION METHOD
He?gend 1 - 235,238yF, and Pul, - 4
8 - 23%U0, and ThO,

4.2.2 U-233/U-238/Th LMFBR/LWR, U recycle, Pu throwaway
Fuel to LWR (222U from LMFBR)
Fuel 1: 232,235,2380,, LEU

REPROCESSING SCHEME 6 ]
Headend - Products | REFABRICATION METHOD
1a 6 - 22,235,238, (Pu with FPs) 8

Fuel to LMFBR
FUCH 1Y B33 B30y, HLY

Fuel 2: ThO,
REPROCESSING SCHEME 5 and 8 .
Headend Praducts A ' REFABRICA1 10N ME [HUU
h - 235,238)F, (Pu with FRg) i 13

3
8 - 2330, and ThO.

§.2.3 U-233/Th LMFBR/LWR full recycle
Fuel to LWR (23% from LMFBR)
Fuel 1: 233,235,238'.}0?I LEV

Headent REPROCESSING SCHEME 2 RPPABRICATION METHOD
a 5 . 233,235,238 8
» s u0,

Fuel to LMFBR
Fuel 1: 233U0,-ThO,, LEU

Fuel 2: ThO,
REPROCESSING SCHEME 8 (combine fuels)
Headend - Producte _ | REFABRICATION MFTHOD
® 8 - 2330, and Tho, 5

Fig. 4.4. Choice Tree Diagram for Recycle of Th-U Fuels in LMFBRs.
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GROUP 5.2 GCFR (Th-U Cycle)
5.2.1 U-Pu-Th Full Recycle GCFR/LWR

fuel to LWR (2%°U from GCFR}

Fuel 1: +330335:238y0,  (EY

Headend REPROCESSING SCHEME 2
1A Products

ORNL-DWG 77-158h8

2 - 233,235,238y0, and Pul,

fuel to GCFR (Pu from LWR)

Fuel 1: 22%,23%Y0,-Pu0,, LEU or HEU
Fuel 2: ThO,

Headend REPROCESSING SCHEME 1 and 8
1A Products

REFABRICATION METHOD
8

1 - 22%:238)F and PuO,
8 - 23y0, and ThO,

5.2.2 U-233/U-238/Th GCFR/LWR, U recycle, Pu stowaway
Fuel to LWR {230 from GCFR)

Fuel 1: 233,235,2380,  [EY’

Headend REPROCESSING SCHEME 6
1A Products :

REFABRICATION METHOD
4

6 - 233,235,238y0, (py with FPs)

Fuel to GCFR

Fuel 1: 235,238 yo,  HEU
Fuel 2: Th0; -

Headend REPROCESSING SCHEME 5 and §
1A Products

REFABRICATION METHOD
8

5 - 235,238F, (Pu with FPs)
8 - ??*0, and ThO,

5.2.3 U-233/1h GUFR/LMK, 111 reeyele
Fuel to LWR (2*3U from GCFR)
Fuel 1: 239,235,238y, LEY

Headend REPROCESSING SCHEME 2
1A Products

REFABRICATION METHOD
13

2 - ¥3v,zn,2580,

Fuel to GCFR

Fuel 1: 22340,-ThO,. LEU
Fuel 2: ThO;

Headend o REPROCESSING SCHEME 8 (combine fuels)
1A Products

REFABRICATION METHOD
8

. REFABRICATION METHOD

8- f”UO; and ThO:

Fig., 4.5. Cholce Tree Diagram for Recycle of Th-U Fuels in GCFRs,

5
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Téble £,1.  Head-End Processing Scheme 1

Process Step_éhd' Development Material .. Material’ Conveffibiiit Radiation
Operation Needed . Location Description : _ y Hazard
Water-Cooled Reactor Fuels and GCFR -
1 Receiving and Developed Under water . Ir:adiated c or less* . High
storage . . fuel elements :
2 Size reduction Developed Hot cell Irradiated . c or less* High
' ' fuel elements
3 Cladding removal Cold lab or Hot cell : Irradiated c or less* . High
hot : fuel elements :
engineering i
Liquid-Metal-Cooled Reactor Fuel
1 Receiving and . .Cold Storage . - Irradiated- . ¢ or less* High
storage engineering undecided - .fuel elements '
2 Size reduction - Cold Hot cell Irradiated ¢ or less* High
" engineering ’ fuel elements
3 Cladding removal | .Cold , . Hot cell . Irradiated ‘ c or less* High
A laboratory or ‘ fuel elements o ‘
- hot ‘
‘engineering

*Could also require isotope separation, which would lower the rating of the convertibility.

€8
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Fig. 4.7. Head-Erd Scheme 2 — Level 1 Functional Flow Diagram: Hezd-End Treatment of HTGR Fuel.
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Table 4.2, -Head—End Reproceésing Scheme 2 for HTGR "f‘

Process Step and

- Development

Material

engineering

Material Convertibilit Radiation
Operation Needed Location Description ' y ~ Hazard
Receiving and Cold Vault storage Irradiated c or less* High
-storage engineering ‘ fuel blocks
Fuel element Cold “Hot cell Irradiated c or less* High
crush and burn engineering microspheres-
Fissile-fertile Ccld Hot qell Irradiated ¢ or less* High
separation ) ehgineering ) ’ microspheres
Particle crush Ccld | Hot cell Irradiated c or less¥* “ High
and burn : fuel kernels :

*Could also require isotopz separation, which would lower the rating -of

the convertibility:
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Table 43 Analysis for Reprocessing Scheme 1 for <20% 2335y

Feed: 235223800, (N03)2-Pu(NO3)y -

Products: (1) 2%%»23%yFg- (<207 2°°U)
(<20% 2°°v) (2) Pu0,
Process Step and Deveiopment Material Material ' . .Radiation'
Operation Needed Location Description .Convertlbllity Hazard
1 Dissoluczion and Cold Hot cell ~‘Dissolved fuel ¢ (Pu) High
feed adjustment engineering o " material ' . -
2 Separations process Prototype Hot cell Uo,(NO,)., or d (Pu) ‘Low
P121(N03)2
. 374
3 Uranium conversion Developed - Semiremote UO2 and UF6 b. Low
. facility s
1
4 Ship UF6 product Developed Gas cylinders - UF6 b Low
5 Plutonium coaversion Colid Shielded alpha PuO2 d Low
enzineering . facility
6 off-gas treatment Hot Remote Radioactive * Nonfissionable
‘ . enzineering facility gases
7 Gas storage Hot . Remote Radioactive Nonfissionable
- engineering facility ‘gases
8 Rework and recycle Hot A . Remote Radioactive c-tod Medium
' engineering facility liquid : to low
9 44Waste treatment Cold . Remote Radioaétivé c tod High te
' . engineering facility liquid medium
10 Waste stﬁrage. Hot . Remote 'Radipactive c High
: engineering . facility liquid

S 18



Tabls 4.4. Analysis for Reprocessiag Scheme 1 for >ZOZ'235U

Feed: 235’?38U02(N0332—Pu(N03)q (>20% 235) Prcducts: (1) 235 238gp. (>20% 235U)
‘ (2) PuO, -
Process Step and Development Material Material Convertibilit Radiation
Operation Needed .Location Description y Hazard
1  Dissolution and Cold Hot cell Dissclved fuel c ' High

ot feed adjustment engineering material .
2 Separations 2rozotype Jot cell UO5 (¥03)» or ¢ Low
process Pu(HO3)4 solution .
"3 Uranium conversion Devaloped Semiremote uo, and UF, d Low
facility : S
4 Ship UF6 procact .. Developed Gas cylindérs UF6 - d Low
5 Plutonium conversion Cold Shielcded a_pha Pu0, . d Low
o engineering facility - :
‘6 . Ofi-gas treatment Hot , Remote Radisactive Nonfissionable
engineering facility gaszs
7  Gas storage " Hot ' Remote Radisactive Nonfissionable
' engineering facility gas=s
8 Rework and racycle Hot Remotz - - Radinactive: c tod Medium
ergineering facility liquid
9 Waste treatmsnt - _Cold Remote Radioactive < to d  High
‘ : ergineering facility liquid
10 Waste storage Hot ~ Remote ~ Radioactive ’ c . High
engineering facility liquid :

88



_ORNL DWG.77-1413
=== g [l I
I spENT FUZL | : S | - i
| TransporT | - | RECEIVE 7$TORE | HEADEND - |
I FrOM P USPENT FUEL ), ) " TREATMENT

| reacTor | ! [ {
[ 4 :

.r"———-—'—1

®

OFF-GAS
TREATMENT

®

OFF-GAS
- STORAGE

@rework o @ 01SSOLUTION
AND {aND AND FEED
RECYCLE . ADJUSTMENT

AND )
SEPARATION PROCESSES ‘ : WASTE
2 [ PUREX -l @Dﬁ - Kt .

68"

® WASTE
STORAGE

(U/Pu PARTITION) h TREATMENT

\

- | )
— ];——---

1 ' | .
o\ Py 1 :
ANO - > CONVERSION TO @ REFABRICATION
: PuO-. | PLANT |
2 (I |
. 33 235 238
LWR, HWR, FBR FUEL 233, ,235,,2
IR #{ CONVERSION
: : . - ~To vop
' HTGR FUEL :

Fig. 4.9. Reprocessing Scheme 2 — Level 1 Functional Flow Diagram:

Reprocessing (?33%, 238yy0, Fuel - L
by the Purex Process. Partition of uranium and plutonium. t : ‘



5. Anéiysis fer Reprozessing Scheme 2 for <lSZ—Enriched 233y

Table 4,
Feed: 23223840, (NC3)2-Pu(NO3) s Products: (1) 23%2%23%y0s (<15%.2%%v)
(<15% 2330 (2) PuO,
Process St?p and DeYelopment Mater%al Mat§ri§1 Convertibility Radiation
Operation Needed Location Description ) Hazard
1 Dissolution and Cold Hot cell Dissolved frel ¢ (Pu) High
feed adjustment engineering material
2 Separations process . Prototype Hot cell U0 (NDd3) 9 or d (Pu) Low
: VPu(ND3)4 solation
3 Uranium conversion Hot . Shizld=d alpha UO2 d Medium
engineering fazcility
4 P_utonium conversion Cold . Shield=d alpha PQOZ‘ d Low
‘engineering - facility ' :
5 Off-gas treatment Hot Remote Radioactive- Nonficssionable
engineering facility gases.
6 Gas storage Hot Remote Radioactive Nonfissionable
engineering facility gases
7 Rework and recy:cle Hot- Remote Radioactive c tod Mecium
) engineering facility liquid to low
8 Waste treatment Cold Remcte Radioactive c tod High to
engineering facility liquid medium
9 ' Waste storage Hot ‘Remote Radioactive c High
' engineering facility liquid _

06



Feed:

Table 4.6.

Ana1y31s for Reproce551ng Scheme 2 for >15/ Enrlched 233U

1

233 an Y B o
~’238U02(N03)2-PU(N03)uJ(>154:233U) "Products: (1) 233, +23840,
. . . (2) PUO:
Process Step and Development Material Material c t'S'l't Radiation
Operation . Needed . Location 4 Desbriptipn onYer 1b1 1‘y Hazard
Dissolution and Coid Hot cell Dissolved fuel c High
feed adjustment engineering i material .
2 Separations 'Prdcotype " Hot cell U0, (NO3) 2 ‘or d (Pu) Low
process Pu(N03)4 solution
3 Uranium conversion Hot Shielded alpha uo, d*¥ Medium
' engineering = facility
4 Plutonium conversion'  Cold’ Shielded alpha  PuO, : d Low
engineering  facility : '
5 0ff-gas treatment Hot Remote ".Radioactive Nonfissionable Medium
engineering facility gases
6 Gas storage Hot Remote Radioactive Nonfissionable "Medium
engineering facility gases '
Rework and recycle Hot Remote Radioactive c tod Medium
: engineering facility liquid to low
8 Waste treatmant - Cold Remote Radioactive cted High to
) ergineering facility. liquid medium
Waste storage Hot ) Remote Radioactive . c High .
engineering facility liquid

*A 10 kg bat"h of 233U in equilibrium w1th the daughters of the

100 to 1000 R radiation f1e1d at one foot dlstance

32U it contains would result in about

16
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Tab}e 4.7. Analysis for Reprocessing Scheme 3 HEU or LEU — Factors Deterﬁined by Plutonium

Feed: 235:2%830,(N03),-Pu(NO3)e* - _ A ' Product: 23%:23%p,_pu0,
Prgcess Step and . . Deﬁelopment " .Material Material Convertibilit Radiation
-Operation Needed Location : Description ' y .Hazard

1 DisSolution.and  Cold . Hot cell Dissolved fuel c - - High
.feed adjustment er.gineering . : material
2 ‘Separations process Prctotype - Hot cell . U02(N03)2—Pu(N03)4 d - ‘ Low
_ : solution
3 Conversion to> MOX Cold ' Shielded alpha  UO,-Pu0, d Low
ergineering = facility
4  Off-gas treatment Hot Remote . "Radioactive Nonfissionéblg ~ Medium
engineering facility . gases
5 Gas storage Hot ~ . Remote " Radioactive Nonfissionable -Medium
g engineering facility- gases o ‘
6 Rework and racycle Hot Remote - Radioactive - c tod . Medium
’ ergineering facility ~ liquid _ ' to low
7 Waste treatment Cold Remote Radioactive ‘ctod High to
: : engineering - facility- - -liquid ) : mediumA
8 Waste storagz Hot . " Remote . Rédioactive c o High
engineering facility -~ liquid

€6

" *The uranium can be any concentration of 235U in 2%%y.
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Table 4.&. Analysis for Reprocessing Scheme 4 HEU or LEU — Factors Determined by Pluﬁonium

Feed: 23%,23%40,(N03)2-Pu(NO3) 4%

Product: 233+238¢G;-Pu0,
Process Step znd : Deveiopment Material’ Material "Conv rt'B'l't "Radiation
Operation Needed Location . Description pvertibllity Hazard
©  Dissolution and Cold Hot cell Dissolved fuel c High
feed adjustment - engineering " material
2 Separaticns process Prototype Hot cell U02(NO3) - ' d - Low
Pu(NO3)4 solutio
3 MOX conversion Cold Semiremote UOZ—PUO2 d Low
engineering facility : : VS
o . vl
4 Off-gas treatment Hot Remote Radioactive . Nonfissionable Medium
' engineering facility gases
‘5 Gas storé&ge Hot Remote Radioactive - Nonfissicnable Medium
engineering facility gases
6 Rework and Hot Remote Radioactive c tod Medium
recycle engineering - facility’ liquid C to low
7 Waste treatment Cold ' Remote . " Radioactive c tod High to
: - . engineering facility liquid . medium
8  Waste stcrage Hot Remote - Radioactive c High
’ ‘ engineering facility liquid

*The uranium can be any concentration

of 233U in

238U.
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4-Table 4.9,

" Feed:

Analysis for Reprocessing

- 23%:23%40, (NO3) 2-Pu(NO3)y (<20% 27°U)

Scheme 5 for <20%-Enriched 235y

Product: (1) 235, 38UF

(<2Oc/ 23 SU)

-Plutionium to aqueous waste for storage

liquid

Process Step and - Development Material ‘Material 1 Radiation
: . t lit
Operation Needed Location Description Convertibility Hazard
1 Dissolution and Cold Hot cell Dissolved fuel ¢ (Pu) High
feed adjustment engineering material ’
2 Separatinns process Pro:otype' Hot cell U037 (NO3) 9 ' b* Low
: solution ’
3 " Uranium zonversion Devaloped Semiremote UO2 and UF6 : b ) Low -
: facility : i
4 Ship UF6 product Devaloped Gas cylinders’ UFé, b Low
5 Off-gas treatment Hot Remote Radioactive Nonfissionable " Medium
enzineering facility gases
6 Gas storage Hot Remote Radioactive Nonfissionable Med ium
: engineering facility gases
7 Rewcrk and recycle Hot Remote Radioactive - b Medium
' engineering facility liquid to low
8 Waste treatment Cold ) Remote Radioactive c to d High to
engineering facility liquid . med ium
9 Waste storage Hot . Remote Radioactive c ~High
: engineering facility

*With relatively 51mple changes in the separatlons process flowsheet the plutonlum could be recovered
in a form that would enhance relative attractiveness.

L6



Table 4.10. Analysis fo> Reprocessing Scheme 5 for >20%—Enriched 235U

Feed: *3%223%00,(N0:)2-Pu(NO3)y (>20% 2%%U)

Product: (1) 23%5:238up, (>20% 2354) '
Plu-onium to aqueous waste for storage

1:quid

Process Step and Development .Material Mzterial U Radiation
. - ) L Convertibility
Operation Needed Location Description. Hazard
1 Dissolution and Ccld Hot :zell Dicsolved Fu:=1 ¢ (Pu) High
feed adjusTment engineering meterial
2 Szparations process Prototype Hot cell UOZ(NO3)2 d* Low
A sclution '
3 Uranium ccnversion Developed Semiremote UC. and UF6 d Low
facility
A Saip UF6 product Developed Gas cylirdars ~UF6 d Low
5 . Off—gas treatment Het . Remote Racioactiva Nonfissionable Med ium
engineering Facility gzses ‘
6 Gas storage Hot Remote Racioactiva Nonfissionable Medium
' - engineering facility geses :
7 Rzwork and -ecwcle Hot Remote Racioactive c tod Medium to
' engineering facility liquid " low
8 . Waste treatmen:z Cold ~ Remote Racdioactive c to d High to
' engineering facility liquid medium
9 Waste storage Hot . Remote Rac¢ioactive c High
engineering facility :

*Plutonium could be recovered by making

increase the relatives attractiveness.

relative:y simple flowsheet changes, but this would not
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Tabla 4.11. Aralysis fcr Reprocessing Scheme 6 for <15%-Enriched 233U

Feed: 233323870, (ND3. ,—Pu(NOz)y (<15% 23%%)

Product:

23’3,238U02(N03)2 )

Plutonium. to aqueous waste for storage

Process Step and Developnent Material Material Convertibilit . Radiation
Operation Needec _ocation Description onve * y Hazard
1 Dissolution and Coid Hot cell Dissolved fuel ¢ (Pu) High
feed adjustment engineering - mazerial
2 Separétions Fro:zess Prototvpe Hot cell U02(N03)2 a% Medium
solution
3  Uranium conversion Hot - Remote alpha UO2 a* Medium
engineering facility
4 O0ff-gas treatment Hot » Remote Radioactive Nonfissionable Medium
' engineering facility . < gases ’
5 Gas storage Hoz Renote Radioactive Nonfissionable Medium
engineering - facility gases
6 =~ Rework and recy:le Hot . Remote Radiocactive ¢ (Pu) High to
’ engireering facility lijuid ‘medium
7 Waste treatment Cold. Remote Radioactive ¢ (Pu) High to
: engineering facility liguid : medium
8 Waste storzge Hot Remote Radioactive ¢ (Pu) High
eangineering facility

liquid

*With relatively simple changes in the

separations process flowsheat the plutonium could be recovered.

00T



Table 4.12, " Analysis for Reprocessing Scheme 6 for >15%-Enriched 2%y

Feed: 2°%:2%%00,(N03)y (>15% 2%°m) . . e Product: 23%:23%70,(N03), -
' : : ' ‘ Plutonium to aqueous waste for storage

Process Step and B Development  Material ' Material 'Convertibilit . Radiation
- Operation ’ - Needed . Location Description : ) y Hazard
1 .;‘ Dissolution and Ccld - - Hot cell Dissolved fuel c : _High
' feed zdjustment . engineering » material : : : »
2 Separations process Prototype Hot cell ° © U02(NO3) 2 T ek o Medium
' " solution
3 Uranium conversion Het - Remote alpha uo, at Medium
engineering facility '
4 Off-gas treatment Het - Remote Radioactive ' Nonfissionable Medium
engineering facility gases .
5 Gas storage Het Remote ~ . Radioactive Nonfissionable * Medium
‘ ‘ engineering facility . . gases ' '
6 'Rewb;k and recycle Hot Remote “Radioactive c = - High to
engineering facility liquid : medium
7 Waste treatment Cold: Remote Radioactive : c _ '~ High to
engineering facility - liquid : : medium
8A- Waste storage ) Hot Remote : Radioactive c ‘ : _High
engineering facility liquid ’

*With relatively simple changes in the sebarations procéss flowsheet the plutoniqm could be recovered.

+A 10 ko batch of 223U in equilibrium with the daughtels of the ?32

1000 R radiation field at one foot distance.

U it contains would feshlt in a 100 to

10T
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Tab}e 4.13. Analysis for Reprocessing Scheme 7

Product:

‘Feed: 233U02(N03)2 233U02(N03)v2
Process Step and Development Material Material Convertibilit Radiation
Operation Needed -~ - Location Description ' nv , 'y Haz?rd
. A ;
1 Dissolution and Cold '~ _Hot cell Dissolved fuel c Hiéh
feed adjustment engineering material
2 Separations process Prototype Hot cell - U02(NO3)2 d Med'ium
: " solution o i
3 Off-gas treatment Hot : Remote Radioactive Nonfissionable Medium
' : engineering facility gases :
4 Gas storage Hot Remote Radioactive - - Nonfissionable Med ium
engineering facility gases
5 Rework and recycle Hot ) Remote Radioactive ' c tod Medium
engineering facility liquid
6 Waste treatement Cold : Remote Radioactive . ctod High to
engineering facility liquid medium:
7 Waste‘storage Hot i Remote - Radioactiver ' s High
' engineering facility liquid

‘%A 10 kg batch of 233U in equilibrium with the daughters of the

100 to 1000 R radiation field at one foot distance.

232

U it contains would result in about

£0T
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Feed: 2%3UD,(N03),-Th(NO3),

Table 4.14, Analysis for Réprocessing Scheme 8

Products: (1) 233[)02('\,10,3% 23,3U)

liquid

*A 10 kg batch of 23%U in equilibrium with the daughters

a 100 to 1000 R radiation field at one foot distance.

of the 232U it contains would result in about

(2)ATth , : ;!
Process Step and Development Material Material ' e Radiation
Operation Needed ' Location Description CODVFrtlblllty AHazarH,
1 - Diésolution and Cold Hot cell - Dissolved fuel’ c High
feed adjustment . -engineering material . -
2 Separations process Prototype Hot cell 007 (NO3) 5 and . c* Medium,
' ‘ Th(NO,), solutions -
374 ‘
3 Uranium conversion Hot Shielded uo, d* Medium
engineering alpha facility
4 Thorium product - Developed Shielded Th(NO3)4 Nonfissionable Medium =
storage tank solution’ - 62
5 Thorium product Developed Semiremote. ThO, ~ Nonfissionable Low
conversion facility
6 Off-gas treatment ' Hot Remote Radioactive’ Nonfissionable Medium
: engineering facility gases )
7 Gas storage Hot Remote i Radioactive ‘Nonfissionable Medium
: engineering facility gases
8 - Rework and recycle Hot Remote Radioactive c High to
engineering facility liquid medium
) '_ Waste treatmeht Cold Remote Radioactive c High .to
- ' engineering facility -1iquid medium
10 = Waste storage Hot Remote Radiocactive c High
: : " engineering = facility -
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Table 4,15. Analysis for Reprocessing Scheme ‘9

. Feed: 23%3y0,(N0O;),-Th(NO3), solution

Product: (1) 233v0,-Tho,

(~00% 233u)

Process Step and . Development Material Material c nv'rtibll't Radiation
Operation _ Needed _Location Description ° A? Rt Hazard
1 Dissolution.and Cold - Hot cell Dissolved fuel c High
feed adjustment engineering . material
2 Separations process Prototype Hot cell” uo (N03)2 Th(NO3)4 c* Medium
' solutlon
3 Product conversion Hot Shielded alpha U02—Th02 c* Medium
engineering facility
-4 Off-gas treatment Hot Remote Radioactive - Nonfissionable Medium
engineering facility gases ’
5 Gas storage Hor ’ Remote Radioactive Nonfissionable Medium
' engineering  facility gases
6 Rework and recycle. Ho=: : Remote Radioactive c High to
engineering facility liquid medium
7 Waste treatment . Cold : Remote Radioactive c High to
: ©  engineering facility “liquid medium
8 Waste storage Hot =~ = " Remote Radioactive d High
engineering facility - liquid

*A 10 kg batch of 233y 4p equlllbrlum with the daugkters of the

a 100 to 1000 R radiation .field it one foot distance.

232

U it contains would result in about

L01
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Table 4.16. Analysis fof Répfocessing

Scheme 10 for <15%—Enriched 233y 4 235y

Feed: 2%3,235,238y0,(N03),-Pu(NO3)4-Th(NO3), Products: (1) 233,235,2380, (<15% 233,235))
(<lsz 233,235U) X . ' (2) Pu0»
' ' (3) Tho,
Process Step and Development Material ﬁaterial c rtibilit Radiation
Operation . Needed Location Description onvertibiiity Hazard
1 Dissolution and- Cold Hot cell Dissolved fuel- c High
feed adjustment engineering material -
2 Separations process Pfotocype Hot cell UOZ(N03)2,Pu(N03)a d (Pu) " Low
and Th(NO3)4 ’
solutions
3 Cranium product Hot Shielded .alpha U0, a* . Medium
conversion engineering facility
4 - Flutonium product ‘Cold Shielded alpha PuO2 d Low
conversion engineering facility
5 Thorium product Developed Shielded tank Th(NO5), Nonfissionable Medium
storage :
6 Thorium product Developed Semiremote ThO2 Nonfissionable Low
conversion facility
7 Off-ges treatment Hot Remote Radioactive Nonfissionable Medium
engineering facility gases :
8 Gas storage Hot Remote Radioactive .Nonfissionable Medium
engineering  facility gases
9 Rework and recycle Hot . Remote Radioactive c tod Medium
engineering facility liquid ‘to Low
10 Waste treatment Cold Remote Radioactive c tod High to
‘ engineering facility liquid medium
11 waste'storage Hot . Remote Radioactive ctod High
- engineering facility liquid

*A 10 kg batch of 2°3U in equilibrium with the daughter of the
1900 R radiation field at one foot distance.

232

U'it contains would result in a 100

to

60T



Feed:

Table 4.17, Analysis for Reprocessing Scheme 10 Zor >15%-Znriched 233y 4 235y

233,235,238, (NO3) ~Pu(NO3) 4~Th (NO3)

(>15Z 233’235U)

Prcducts: (1) 23%,233,238yg, (>15% 233,235)
(2) pU02
(3) Tho,

Process Szep ar.d Development Material Material I
. p P Convertibility
Jperation Needed Location Description
1 Dissolution and Cold Hoz cel: Dissclved fuel 1
‘feed adjustmznt material
2 Separaticns process Prototype Het cell UOZ(NO3)2,PU(NO3)4 T d
Th(M)B)A sclutions
3 Uranium prodact Hot Stieided alpha U0, d?
conversion engineering facility
4 Plutoniur product Cold Shielded alrha Puo, d
conversion engineering facility
5 Thorium prodact [eveloped Shkieldec tark Th (NO4) Nonfissionable
storage : solution
6 Thorium prodact Leveloped Semiramcte- Tho,, Nonfissionable
conversizon facility i
7 Off~gas trea:ment ‘Fot Remot2 Radioactive Nonfiscionable
engineering facility gases
8 Gas storage Hot Remotz= _Radinactive Nonfissionable
engineering facility gases
9 Rework an: recycle.l Hot Remot=2 Radisactive c tod
engineering facility liquid
10 Waste trestment Cold Remot= Radinactive c to d
engineering fecility liqaid :
11 Waste storage Hot Remote Radioactive ¢
engineering facility liquid

Radiation
Hazard

High
Low
Med ium
Low
Med ium
Low
Mexd ium
Medium
Medium

to low

High to
medium

High

. *A 10 kg batch of
1000 R radiatios fZeld

233y in equilibrium with the daughters of the
zt one foot distance. ) :

232U

it

contains would result in a 100

ta
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Partition of uranlum and thorium.

‘Plutonium stowaway with fission ‘products.
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Table 4.18. Analysis for Reprocessing Scheme 11'fpr <15%-Enriched 233y 4 235

Feed: 233,23%,238(0, (NO,) ,—Pu(NO3)s~Th(NC3),

solutica (<15% 233,235

Products: (1) 233:235,2383g, (<157 233,235
(2) Tho:
Plutonium remains in the aqueouas phase with the fission products

Praocess 3tep amd Development Material Material Cotvertibility Radiation
‘Opération Needed Locatiom Description 1ty Hazard
1 Dissolution aad Cold Hot cell Dissolvad fuel : c High
feed ad2ustmant engineering material
2 . Separatizns process Frotctype Hot cell U0, (NO30, and a* Medium
Th(N03|4 sclutions
3 Uranium zonversion Hot Shielded altha UO2 a Medium
) engineering facility
4 Thorium arocuct Developed Shieldad tark Th(NO3)4 Nonfissionabie Medium t:
storage solutien- )
5 Thcrium product Developed Semiremote . ThO2 B Nonfissionable Low
ccnversion facility
.6 Off-gas -reatment Hot Remste Radioactive Nonfissionable Medium
’ ' engineering facility gases
7 ‘Gas stcrage Hot ) Remote Radioactive Nonfissionable Medium
zngineering facility gases
8 Rework and recycle Hot Remote Radioactive c tod Medium
angineering facilzty liquid to low
9 .Waste treatment Cold Remote Radiocactive . c tod (?g) ‘High to
s engineering facility liquid C low o,
10 Waste stcrags Hot Remote Radioactive c High
engineering facility . )

liquid

*With relezivz2ly simple changes in the szparations p-ocess flowsheet the.plutonium could be recovered.



Table 4.19.

Feed: 233,235 )38UOZ(N03)2—PU(N03)* ~Th(NO3).,
solution (>15% 233,235 U)

Analysis for ReproéeSsing Scheme 11 for >15%—Ehriched 233y 4 235y

(1) 233 235;238U62 (>15% 253,235U)
(2) ThO»
Plutonlum remains in the aqueous phase w1th the fission products

Products:

Process Step and Material

facility

Development. Material Convertiﬁilit ‘Radiation
Operation Needzad Location Description y, Hazard
"1 Dissolution and Cold ' Hot cell Disg§olved fuel c . High
feed adjustment engineering material )
2 Separations process Prototype Hot cell U02(NO )2 and d* - Medium
' Th(NO3)4 solutions
3 Uranium conversion Hot, Shielded alpha UO, - dt Med ium
' engineering facility
4 . Thorium product Developed Shielded tank Th(NO3} 4 Nonfissionable Medium
’ storage ) ’
'5  Thorium product Developed Semiremote ThO, Nonfissionable  Low
conversion facility '
6 - Off-gas. treatment Hot ‘ Remote Radioactive Nonfissionable Medium
o engineering facility gases ‘
7 Gas storage Hot . Remote Radioactive . Nonfissionable Medium
: engineering . facility gases
8 Rework ard recycle Hot . . Remote Radioactive c tod Medium
. ' engineering facility liquid ) to low
.9 Waste treatment Cold Remote Radioactive ¢ to d (Pu) High to
engineering facility liquid - low
10 Waste storage Hot Remote Radioactive c High
' engineering liquid :

*With relatively simple éhanges in the separations process flowsheet the'plutonium could be recovered.

tA 10 kg tatch of 233U in equilibrium with the daughters of the- 232y it contains would result in a 100
1000 R radiation fleld at one foot distance.
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Table 4.20.

Feed: 233,235 238U02(N03)2 Pu(NO;)l. ~Th(NO3), solutlon

"Product:

Analysis for Reproceésing Scheme 12 for <15%-Enriched 233U + 235U

(1) 233,235,238(0,_Th0, (<15% 233,235y
Plutonium remains with fission products in aqueous waste

Process Step and Development Material Material Co vertib'l't Radiation
Operation Needed Location Description - - . n Lty Hazard
1 Dissolution and Colc Hot cell " Dissolved fuel d High-
feed adjustnent engineering material
2 Separations process Prototype Hot cell U0 (NO3) 2-Th(NO3) 4 v a* Medium
. ' solution
3 Product conversion Hot Shielded alpha  U0,-ThO, : a Medium
: engineering facility :
4 0ff-gas trea:ment Hot Remote -Radiaoctive Nonfissionable  Medium
engineering facility gases
5 -Gas storage Hot Remote Radioactive Nonfissionable ‘Medium-
engineering facility gases
6 Rework and tracycle Hot Remote Radioactive . c tod (Pu)  Medium
‘ ‘engineering facility liquid : to low
7°  Waste treatment Cold Remote Radioactive . ¢ to d (Pu) High to
' engineering facility liquid : " medium
8 Waste stbraga. Hot Remote 4 ‘Radiocactive | c High’
" engineering facility liquid oo

*Tﬁe plutonium could be recovered with

the uranium and thorium by. use of relatively simple process changes.

ST1



Table 4.21;' Analysis fér Reprocessing Scheme 12 for >15%-Enriched 233y 4 235y

Feed: 233,235,23830,(N03)
(>15% 233,235))

2-Pu(NO:)4—Th(NO3)y solution Froduct: (1) 23%,2%5,238yg,_Tho, (>15% 233,235y
’ Plutonium remains with fission products in aqueous waste

Process Step and Dzvelopment Material Material Convertibilit Radiation
Operztion Needed Location Description onvertibiiity Hazard
1 Dissolution az=d Cold ‘Hot cell Dissolved fueél o High
feed adjustmant engineering material
2 Separations proc2ss 4 Prototyp= Hat cell U02(NO3) p-Th:EOz), o Medium
solution
3 Prcduct conversion Colq___ Snhielded alrha UOZ—T:hO2 2 Med ium
engineering faciliky
4 Off-gas treatmen: Zot Rzmote Radicective Nonfissionable Medium
engineering faciliky gases
5 Gas storage Hot Ramote . Radioactive Nonfissionable © Medium
- engineecing facility gases:
6 Rework and recycle Hot Rzmote Radioactive ¢ te d (Pu) Medium
enginee-ing facility liquid ‘ to low
7 Waste treatment Cold Remote Radioactive ¢ to d (Pu) High to
’ engineeting “Facility liquid ' medium
8 Waste storage Hot Remote Radioactive c High
engineec-ing liqudd

Tacilizy

*The plutonium could be recovered with the uranium aad thorium by use cf relétively simple prccess changes.

TA 1€ kg katch of 233y in equ_librium with the daughters of the 232y it contains would result in_a 100 to

1000 R radiaticn field at ore foot distance.
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Table 4.22. Analysis for Repfocessing Scheme 13 for <1 %—ﬁnriched 233y 4+ 235y

Feed: 233’235’238U02(Noéjszu(Nos)u—Th(NOa)u_solption Product: (1) 253’235’23EU02—Pu02—Th02 (mixed oxide)

(<15% 233,233

Process Step and Development Material Material i Radiation
; : . © Convertibility :
Operation Needed Location Description i Hazard
1 Dissolution and - Hot Hot cell Dissolved fuel c High
feed adjustzent - engineering material
2 Separations process Prototype Hot cell U0; (NO3) p~Pu(K03) 4 ¢ (Pu)* Medium
ard Th(NO4), mixed
sclution ‘
3 Product conversion Cold Stielded a_pha UOZ—PuOZJIhOZ ¢ (Pu)* Medium
engineering facility
4 Off-gas treatment Hot Remote Radioactiwvza Nonfissionable  Medium
engineering facility gzses’
5 Cas storage Hot Remote Racioactive Nonfissionable Medium
engineering facility geses
6 Rework and rzcy:le Hot Remote Radioactive ¢ to d (Pu) Medium
engineering facility liquid to low
7 Wasté treatment Cold Remote - Radicactive c tod (Pq) High to
o engineering facility liquid ‘ medium
8 ~Waste storages Hot Remote Radioactive ¢ High
engineering facility "~ liquid

*The plutoniun c>uld

be separated from the other zcmponents by use of relatively simple process changes.
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: Table'4.23. Analysis for Rébfocessipg Scheme 13 for >15%-Enriched 233’?35U

‘Produdt:

engineering

_Feed: 233:235,23830, (NO3) ,~Pu(NO3),~Th(NO3)y solution (1) 233,235,23840,_py0,-Tho, (mixed oxides)
"'(>15% »233’2351]) . .'

Frocess Step and . Development Material Material 'Coﬁvert'bilif Radiation

- Operation ' Nezded A Location Description % _y Hazard
1. Dissolution and Cold Hot cell Dissolved fuel c High

feed .adjustment enzineering ' material :
2 Separations process Prototype Hot cell U02 (NO3) 2-Pu(N03) 4— c (Pu)* Medium"
‘ ' Th(NO3), mixed
solutions
3 Product conversion Cold - Shielded alpha UOZ—PUOZ—ThOZ c (Pu)* Med ium
' laboratory ‘facility : : '
4 Off-gas treatment Hot o Remote Radioactive ‘Nonfissionable Medium
' enzineering facility gases
5 Gas stotagé Hot . Remote Radioactive- Nonfissionable Med ium
engineering. facility. - ‘gases o
6 Rework and recycle Hot ‘Remote Radioactive c tod Medium
) : engineering facility - " liquid o to low

-7 Waste treatment Cold _Remote - Radioactive c tod High to
' enzineéring facility liquid ~medium
8 Waste storage Hot ‘Remote Radiocactive c High
’ facility liquid . .

*The plutonium could

be separated from the other components by use of relatively simple process changes.

61T
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Costripping of plutonium and thorium. Partition of uranium from plutonium—thorium mixture.



‘Table 4.24.  Analys:s for Reprocessing Scheme 14 for <15%-Entiched 233y + 235y

Products:

(i) 233,235,238, (<15% 233,235))

Feed: 233,235,238y0, (N03),-Pu(NC3)y~Th(NO3)y solution
. : (2) Pu0;-ThO> (mixed oxide)
Process Step and Development Material Material c ' reibilit Radiation
Operation Needed Location Description onverti y Hazard
1 Dissolution and - Co_d Hot cell Dissolved-fuel c - High
feed adjustment engineering ' material :
2 4 Séparations process 'Prototype . Hot cell U09 (NO3)9 and d Med ium
Pu(NO3)4-Th(NO3)y
solutions '
3 Uranium conversion Cold Shielded alpha U0, a Med ium
: " engineering facility
4  Thorium-Plutonium Ho Shielded tank  Pu(NO3)4-Th(NO,), c* " Medium
product storage engineering solution
5 Thorium-Plutonium Ho= Semiremote Pqu—ThOZ d Medium'
product conversion engineering facility
6 Off-gas treatment Ho= Remote Radioactive Nonfissionable - Medium
engineering facility gases ' '
7 Gas .storage :Ho: Remote Radioactive Nonfissionable Medium
engineering =~ facility - gases -
8 Rework and recycle Hot Remote Radioactive c tod Medium
engineering facility liquid to low
9 Waste treatment Cold Remote Radioactive c tod High to
eagineering facility liquid medium
- 10 Waste storage Hot Remote -Radioactive c High
4 eangineering - facility liquid

*The plutonium could be separated from the thorium by use of relatively simple process changes.

T¢T



Table 4.25. Analysis for Reprocessing Scheme 14 for >15%-Enriched 233y 4 235y

Feed: *23%,235,238y0,(ND3) ,~-Pu(NO3)4~Th(}N03)y solution

Product: (L} zaa,éas,zaanz (>15% 233,235(

(2} Pu0,-ThO, (mixed oxide)

Process Step and Development Material Material C t'bil:t Radiation
Jperation Needed Location Description onverti ey Hazard
1 Dissolution and Cold Hot celil Dissolved Zuel c High
feed adjustment ~engineerirg material
2 Separaticns process Prototype Hot cell U09 NO3) 9p-2u(M03) 4- c* Medium
Th:NO4), solttions
3 Uranium conversion Cold Shielded aZpha U0, dt Madium
engineering facility . -
4 Thorium-Flutonium Hot Shielded tank Pu(li03)4-T1INC3}, c* Madium
product stcrage engineering so_ution
5 Thorium-Flutonium dot Semiremote PuO.,—ThO2 d Mad ium
product conversion laborator¥ facility oo
6 Off-gas treatment Hot Remcte Radzoactiva Nenfissionable  Medium
engineering facility gases
7 Gas storege Hot . Remote Radioactiva Nonfissionable Medium
" engineering faeility gases
8 Rework ard recycle “Hot Remcte Rad-oactiva c tod Medium
engineering facility liquid to low
9 Waste treatment Cold Remcte Rad:oactiva c to d High to
engineering facility liquid- medium
10 Waste stcrage Hot Remcte Radioactiva c- High
facility liquid

engineering

100C R radiation field at cne foot distance.

*The plutoniuvm could bte separated from the

+A 10 kg batch of 233y in equilibrium with che 2727 it contains would ~esult.ia a 100 to

zhorium by use of relativelr simple process changes.
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Table 4.26. Analysis of Fiel Refabrication Method 1,
: Flow Diagram 1

Feed: 233,235,238yC, powder

Prcduct: (U,Pu,Th)O, Pellets
Pu0, Powder Welded into Fuel Pins
ThO; Powder .
s Fissile ..
Process . Development Material Material Uraniun Concen— Convert- Radiatior
‘Step Operaticn Needed Locatfon Descriptior.  Enrichmeat tration ability Hazard
1 Fuel rec2ivinz Cold prototype Shipping cask U0, powder LEU Low a Medium
. storage - and hot cell PuO, powder High d Low
: ThO, powder Non- Low
’ fissionable .
: U0, makeup VEU Medium a (233U) or Medium (23%p)
2 Pellet sinter- Hot laboratory Hot cell b (233y) or low
ing (2 3 SU)
3 - Fuel pin Co_d engineer- Hot cell Sintered Low c Medium
assembly ing tU,Pu,Th)03
pellets
4 Element Co.d engineér- Hot cell and Welied fuel c Medium
' assembly ing shipping cask pias
5 ' Scrap reﬁovery Hot laboratory Hot cell Mis:zellaneous d Low
- ’ . ’ of E-spec
naterial
6 Off-gas treat- Hot engineer- Hot cell " " Sintering Non- Low
ment ing furnace

effluent

‘fissionable

et



Table 4.27.

Analysis of Fuel Refabrication Method 2,
Flow Diagram 1 - . o

Sintered Pellets of

menz

ing

‘fissionable
effluent .
. A3

Mixed Oxides of Product:
233,235,238y py,, (U,Pu,Th)0, Welded
E 2
and Th into Fuel Pins
0 i Developmenﬁ Material Material -Uranium zzz:zif Convert- Radiation
peration . Needed Location Description Enrichment ability Hazard
tration
Fuel receiving 'Cold prototype' Shipping cask (U,Pu,Th)0, LEU Low c Medium
storage and hot cell powder - - N
, : UO, makeup MEU  Medium . a (2330) or Medium (233U)
Pellet sinter- - Hot laboratory Hot cell b (235) or Low
ing . . . (23bu)
Fuel pin Cold ehgineer— Hot cell Sintered . c Medium
assembly ing (U,Pu,Th)0,
K pellets
Element Cold engineer- Hot cell and Welded fuel ' . c Medium
assembly ing shipping cask pins : .
Scrap recovery ‘ Hot labofatory Hot cell -Miscellaneous ' : c Medium
: off-spec
material
Off-Gas Treat- Hot engineer- Hot cell Sintering A Non- Low
furnace :

L



Table 4.28.

Analysis of Fuel Refabrication Method 3,
Flow Diagram 1

Product: (U,Pu,Th)0; Sintered

Feed: 233,235,238y, and
(Pu,Th)0; Pellets Welded in Fuel
Pins
e "Fissile s
Process Operation Development Material Material Urendumn Concan— Convert- Radiation
Step Needed Locatfon Description  Enrichmeat tration ability : Hazarq‘
1 Fuel veceiving Cold prototype Shippirg con- 235'235’238Ud§ LEU Low a Medium
. tainer .and
hot cell (?c,Th)0, Low d Low ’
Makeup UO; MEU Medium a (233y) or Medium (233V)

2 Pellet sinter- Hot laboratory Hot cell . b (2350) " or Low

ing (2350)

’*3 Fuel pin '~ Cold engineer- Hot ecell . . (J,Pu,Th)0y Low - a Medium -
assembly iag sintered
Jellets

4. . Element Cold engineer- Hot ce]i and Wa2lded fuel Low a Medium

assembly ing shipping cask 2ins .
5 Scrap recovery Hot Laboratory Hot cell Miscellaneous d (Pu,Th) Low

>ff-spec ’
nsterial

6 Off-gas treat~ Hot enzineer~ Hot cell Sirtering Non- Low

ment ing Ecrnace fissionable

affluent

9¢t



Table 4.29. " Anaiysis of Fuel Refabrication Method &,
' Flow Diagram 1

effluent

Feed: Pu0O; Powder Prpductﬁ (Pu,238U)0;, Pellets
238gp, pPowder - Welded into Fuel Pins
'jPrécess . Devélopment Material Material Uranium giiiiﬁf Convert- Radiation
Step Operation Needed Location Description Enrichment ability" Hazard
A tration .
1 Fuel receiving Developed Powder sealed
‘ storage in cans gggz powder High d Low
2 Pellet sinter- Developed Glove box UO2 powder . Low Low ¢ b Negligible
ing . : .
3 °  Fuel pin Developed  Glove box (Pu,U)0, Low (LWR) d Low
assembly : pellets Medium
: (LMFBR)
4 Elément Developed Hands-on Welded fuel d ‘ Low
assembly . pins
5 Scrab recovery Developed Glove box Miscellaneous d Low
: off-spec
material -
6 Off-gas treat-.  Developed Sintering Non~ Low
ment. furnace ~fissionable -

et



Feed: 233Uoz Powder
ThO, Powder

Table 4.30. Analysis of Frel Refabrication Method 5,

Flow Dizgram 1

Product:

(U,Th)0, Pellets
Welded into Fuel Pins

effluent

Process Development Material .Material Urzrnium _ Convert- Radiation
Operation Needed Location Description Enrichment Concen ability Hazard
tration
Fuel receiving Cold prototype Shipping cask
‘storage » and hct cell 233002 powder HIy High 4 Mediuﬁ
- L
Fuel pellet Cold eagineer~ Hot cell T20, powder Non o¥
e fissionable
sintering ing
Fuel pin Cold eagineer- Hot cell (J,Th)0, Low (LWR) c Medium
assembly ing sellets Medium
. . (LMFBR)
Element Cold engineer- Hot cell ard Welded fuel c Medium
assembly ing shipping cask »ins
Scrap reccvery Hot laboratory Hot cell Mlscellaneous d Medium
) »>ff-spec
material
0ff-gas treat- Hot enzgineer- Hot cell Sintering Non- Low
ment - ing ’ Zurnace fissionable

8¢1



Feed:'~(233U,Th)02 Powder

" Table 4.31. Analysis of Fuel Refabrication Method '6‘,
' : Flow Diagram 1

Product: (233U,Th)0, Pellets
. Welded into Fuel Pins
' . Fissile o
Process o . Developmer.t Material Material Uranium Concen— Convert- Radiation
Step peration " Needed Location Description  Enrichment tration ability . Hazard
1 Fuel\receiving Cold prototype Shipping cask (233y,Th)0, HEU Low c Medium
storage : and hot.cell powder
U0, powder MEU Medium a (233U) or Medium (233U)
2 Pellet sinter- Cold engineer- Hot cell for makeup b (235v) ~or_Low
ing ing . - (235y)
3 Fuel pin Cold engineer- Hot cell (U,Th)0, Low c Medium
assembly ing pellets
4 Element Cold engineer- Hot cell and Welded fuel c Medium
assembly ing o shipping cask pins
5 Scrap fecovgry Cold laboratory Hot cell Miscellaneous c Medium .
off-spec
material
6 Off-gas treat- Hot engineer- Hot cell Sintering Non-. ‘Low
ment ing : furnace

effluent

fissionable

6¢CT.



Feed: (23%2238y,Pu)C,

Table 4.32. Analysis >f Fuel Refabrication Mathod 7,
Flow Diagram 1 '

Product: (U,Pu)0O, Pellets

Powder Welded into Fuel Pins
Fissile R
Process . Development Material Material Uraniun Concen- Convert- Radiation
Step Operatio= Needed Location Description  Enrichmemt [ 0 ability Hazard
1 Fuel rec2iving Developed Powder sealed: (U, Pu)0, LED Low d Low
storage in cans :
) gwder
2 Pellet sinter- Developed Glove box £ U0z powder MEU . Medium b Low
or makz2up
ing :
3 Fuel pin Deveioped Glove box (U,Pu)0, : Low d Low
assembly ) o pellets
4 Element Developed Contact Welded fael d Low
assembly ) facility pins
5 Scrap recovery Deve_oped Glove béx Miscellaneous 4 Low
ofE-spe:z
material
6 Off-gas treat-- Deveoped Glove box Sintering - Non- . Low
ment furnace

efFluent

fissionable

0¢ctT



. Feed:

Table 4.33.

Analysis of Fuel Refabrication Method 8,
Flow Diagram 1

233,23%,238y0, Powder - Product: UO, Pellets Welded
’ ’ 5 into Fuel Pins
Process Developn{ant Material Material Uranium gi:iiii . Convért— Radiation
Step Operation Needed Location Description  Enrichment ability Hazard
. ) - tration
1 F ivi
:iir:eze1v1ng Cold prototype Sgigpizi 22?? U0, powder LEU Low ] a Medium
& ) U0, makeup MEU Medium a (233y) or Medium (233y)
; . b: (235) or low
2 Pellet sinter- Cold engineer-: Hot cell (2350)
ing ing
.3 Fuel pin Cold engineer- Hot cell Sintered UO; LEU - Low a Medium
assembly ‘ing ) pellets
4 Element Cold engineer- Hot cell and Welded fuel a Medium
: assambly ing " shipping cask pins
5 Sérap recovery Cold engineer—(.Hot-cell Miscellaneous aorb Medium or low
ing off-spec
material
6 0ff-gas treaﬁ- Hot ehgineer— " Het cell 4 - Sintering Non- Low
ment ing ' : furnace fissionable

effluent

TET



Tabtle 4.34. Analysis of Fuel Refab-ication Mzthod 9,
Flow Diagram 1

Feed: Pu0O; Powder Product: (Pu,Th)O; Pellets
ThO, Powder Welded into Fuel
Pins.
. R Fissile s
Process . Development Material Material Uranium Concen- Convert- Radiaticn
Step Operatizn Needed Location " Description  Enricament . - ability Hazard
tration
1 Fuel receiving Developed Powder sealed
storage in cans Pul, powder High d Low
- ’ Th); powder Non- Low
2 Pellet sinter— Hot laboratory Glove box fissionable
ing
3 Fuel pin " Developed Glove box (Pu,Th)0, " Low d Low
assembly : pellets
4 Element Developed . Contact Welded fuel Low d Low
assembly facilicy pins
5 Scrap Hot laboratory Glove box Miscellaneous d Low
recovery of f-spec :
material
6 - Off-gas t-eat- Developec Glove box Sintering Non- Low
ment . furnace fissionable

ef fluent

[A%!



Table 4.35. Analysis of Fuel Refabrication'Méthod:lO,
' Flow Diagram 1

Product:

Feed: (Pu, Th)O, .Powder (Pu,Th)0, Pellets
. Welded into Fuel
Pins
' Fissile o
Process o i Development Material Material Concen— Convert-~ Radiation
Step peration Needed Location Description  Enrichment - ability Hazard
1 Fuel receiving Developed Powder sealed .
storage ‘ in cans (Pu,Th)0, powder Low . d ‘Low
2 Pellet sinter- Hot laboratory Glove box Pu0y makeup High d Low
ing .
3 Fuel pin Developed Glove box (Pu,Th)0, " Low d Low
assembly- ‘ pellets : :
4 Element Developed Contact Welded fuel " Low d Low
’ assembly ’ - facility pins
-5 "Scrap- recovery Hot laborztory Glove box Miscellaneous d Low
S : off-spec
material
6 Off-gas treat=- Developed . Glove box Sintering Non- Low
ment. ‘ . furnace fissidnable

effluent

- EET



Table 4.36. Analvsis of Fuel Refabric’ation Method 11,
Flow Diagram 1 ’

Feed: 233’235=238U02 Powder Preduct: (U,Th)0; Pellets Welded
ThO, Powder : into Fuel Pins
. Fissile s
Process . Development Material Material Uraniun C Convert- Radiation
Operation Needed Location Descriptior  Enrichment oncen= ability Hazard
Step - eede - "% tration
A .
1 Fuel receiving Cold prototype Shipping cask UD; powder LIU Low a . Mediuym
storage and hct cell ThCG, powder Non- Low
. fissionable )
U0; makeup MEU Medium a (233U) or Medium (23%D)
2 Fuel pellet Cold engineer- Hot :zell : b (235) "or low
sintering ing E (235y)
3 Fuel pin - Cold engineer- Hot czell Sintered LEU Low .. a Medium
) assembly - ing : (U,Th)0, :
pellets
4 . Element Cold sngineer- Hot cell and welded fuel a Medium
assembly ing shipping cask pins
S . Scrap recovery Cold latoratory Hot cell Miscellaneous aorb Medium or low
off-spec
material
6 Off-gas treaz-~ Hot engineer- Hot cell Sintering Non- Low
ment : ing furnace: fissionable

effluent

wet



‘Table 4.37. Analyéis of Fuel Refabrication Method 12,
‘Flow Diagram 1 '

Feed: (233’235’238U,Th)02 Powder

Product: (U,Th)0; Pellets
Welded into Fuel Pins
: ' ' . Fissile
Process Development Material Material Uranium Concen- Convert- Radiation
Step Operation Needecd Location Description  Enrichment . ability Hazard
} tration :

1 Fuel recz2iving Cold prototype Shipping cask (U;Th)oz LEU Low a Medium

storage ' and hot cell powder

. U0, makeup MEU Medium - a (2337) or Medium or low

2 Peliet sinter- Cold engineer- Hot cell b-(2350)

ing ing )
3 Fuel pin Cold engineer- Hot cell Sintered - LEU Low - a Medium

assembly ing (U,Th)0,

pellets

4 Element Cold engineer- Hot cell and Welded fuel a Medium

asgsembly ing ’ shipping cask pins
5 Scrap recovery Cold laboratory Hot cell Miscellaneous aorb Medium or low

- ' - off-spéc ’
material

6 Off-gas treat-' Hot engineer- Hot cell Sintering Non- ° Low
: ing o furnace

ment

‘effluen;

fissionable

Get



.Table 4,38, Arzlysis of Fiel Refabricatioa Ma2thod 13,
Flcw Diagram 1 '

Feed: 233y0, Powder Product: U0, Pellets Welded
238y0, Powder into Fuel Pins
) ‘Fissile .
Process 0 i Development Material Material Uran-um Concen-— Convert- Radiation
Step peration Needed Location Description  Enrichment ability Hazard
) tration
1 Fuel réceiving Colé prototyne Shipping cask .
storage and hot cell. 233y0, powder EED High d Medium
238y0, powder LEU Low b Low
2 Fuel pellet Cold engineer- Hot cell .
sinteriag ing ’
3 Fuel pin Jold engineer-~ Ho: cell [0, pellets LEC Low (LWR) a Medium
T assembly- . ing : Medium
(LMFBR)
4 Element Cold engineexr- Hot cell and Velded fuel ' a Medium
assemb_y ing’ salpping cask pins
5 . Scrap recoverr Hot laboratcry Hot cell Miscellaneous d v Medium
. off~spec Co
material
6 Off-gzs treaz- Hot engineer— Hot cell Sintering Non- Low
ment ing furnace fissionable

effluent

9¢T
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Tazle 4.39. Aralysis of Fuael Fabrication Metnod 14,

Flcw Diagram 2 ’ :

Feed: Pu(NO3),; Scluticn

Product: Coated (U,Pu)0Oy Fuel
235%,238y0, (NC3), Solution Particles Within a
. Graphite Fuel Element
- Fiscile R
Process i Development Material Material Uranivme Concen— Convert- Radiation
Step Operation Needed Location Cescription  Enrizhment ability Hazard
; . tration
1 F::ir:e:elving H?; erginzer- .Glove:box FulNO3). High d Low
& -ng solution
2 Fuel kernel Hot engineer- Glove Hox 102 (NO3) LEY Low b Low
2 solution
fabrication ing
3 Fuel particle Hot engineer-  Glove Sox {U,Pu)0, fuel LEU Medium d Low
coating ing. ' " k2rnels
4 Fuel rod "Cold prototype Glove box Coated fuel d Low
fabrication . particles
5 ‘Fuel elerent €>ld prototype Glove box Pitch bonded d : Low
assembly fuel rods
6 Scrép-recovery Hot engireer-  Glove box Hiscellaneous d . Low
ing of f-spec¢ :
material
7 Off-gas treat- Developed Glove box " Radioactive Non- . Low
: gases fissionable

ment

8T



Table 4.40.

Analysis of Fuel Fabrication Method 15,
' Flow Diagram 2

‘gases

Feed: (233y0,) (v03) 5 Product: Coated UO; Fuel
. Particles Within a
Graphité Fuel Element
" Process o ri Development' Material Material Uranium giiiiﬁf‘ Convert- Radiation
Step peration ‘Needed Location Description Enrichment ability Hazard
tration
1 Fuel receiving Cold prctotype Hot cell A [
storage and hot ' . _
engineering | ‘§§§U°2’ (NO3) 5 HEU High d . Medium
2 ~ Fuzl kernel Cold prctotype Hot cell 1 (33%u02) (W03), LEU ‘Low b. : Low .
.fabrication and hot
' engineering .
| S N\
3 . Fuel particle Cold prototype Hot cell UC, micro- MEU Medium a Medium
coating - ’ spheres
4 Fuel rod Cold prototype  Hot cell‘ Coated micro- a © Medium
fabrication : spheres
5 Fuel element  Cold prototype Hot cell Pitch-blended a . Medium
assembly : fuel rods
6 V Scrap recovery Hot laboratory Hot cell Miscellaneous . d Medium
' : - _off-spec
material
7 . off-gas treaf— Hot engineer- Hot cell Radioactive . Non- Low
ment : ing : -

fissiqnable

T 6ET
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Tatle 4.41. Analysis of Fuel Febrication Method 16,
Flow Diagram 2
Feed: MNixed Solutions c¢f Th and Product: Coated (U,Th)O; Fuel
233y nitrate ’ Particles Within a
Graphite Fuel Element
- Fissile e
Process 0 i Developnoent Material Matariac Uraniuom Cocen- Convert- Radiation
Step peratisn Needed Locarion Jdescription  Enrichment terion ability Hazard
1 . Fuel recéiving Cold pro-otype Hot cell : ,
storage x-U02) (NO3) 2 * HEU Medium c Medium
 TTh(NO3)y
2 Fuel kerzel Cold laboratcry Hot cell lAqueous solution
fabrication
3 Fuel:particle Cold prototype Hot c211 (J,Th)0; fuel HREU Medium c Medium
coating e ’ microspheres
4 Fuel rod Cold prctotype Hot cell Coated fuel c Medium
fabrication . -parti:les
5 Fuel element  Colc prctotyoe Hot cell ‘PHtch bonded c Medium
assenbly - fuel rods :
6 Scrap recovery Hot laboratory Hoz cell Miscellanedus c Medium
' off-spec
material -
7 Off-gas treat- ‘Hot engineer— Hot cell Radiozctive Non- » Low
ment gases .fissionable

ovt
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" Table 4.42. Analyéis of Fuel Fabrication Method 17,

Mixed Nitrate Solutions of

Flow Diagram 2

Coated (U,Pu)0; Micro-

Feed: ] Product:
235,238y and Pu - spheres Within a
h Graphite Fuel Element
, . Fissile o
Process o i Development. ~  Material Material Uranium Concen— Convert- Radiation
Step peration Needed Location Description Enrichment . ability ' Hazard
. ; _ , tration
1 Fuel receiving Developed Glove box
storage (U0, ) (NO3), — MEU Medium d Low
Pu(NO3)y _ :
2 Fuel kernel Hot laboratory Glove box solution
fabrication '
3 Fuel particle Hot engineef— Glove box (U,Pu)0O MEU Medium d Low
coating ing : microspheres .
4 Fuel rod Cold prototype Glove box Coated micro- d Low
.fatrication . spheres
5 Fuel element Cold pfotogype Glove bbx Pitch bonded d Low
assembly N fuel rods
6 Scrap recovery Hot engineer- * Glove box Miscellaneous d Low
: ing ) of f-spec
material
7 0ff-zas treat- ‘Developed-» Glove box Radioaqtive’ Non- Low

ment

gases

fissionable

CTIeT



Tatle 4.43. Anaiysis of Fuel Febrication Method 18,
Flow Diagram 2

Feed: Pu(NOj3), Solutiom’ Product: Coated PuO; Microspheres
’ ' Combined with Coated ThO;
.Microspheres in a Graphite
Fuel Element

Process . Developaent Mzterial Material Uranium giii:ii Convert- Raciation
Step Operation Needed Location Description Enrdichnment- ; ability Hazard
tration
1 Fuel receiving Developed Glove box
_ storage _ Pu(NO3) s : High d ‘ Low
2 Fuel kerael 4ot -abcrato-y Glove box solution
fabrication
"3 Fuel particle Hot engineer- Glove box Fu0; micro- | ‘ High d Low
coating ing spheres ) o ‘ :
4 Fuel rod Cold prototype Glove box . Coatec PuOz ) d Low
fabricztion microspheres -
5 Fuel element Colc prototype Glova box ?itch bonded . d Low
assembly fuel rods
6 Scrap recovery Hot latoratory Glcve box Miscellaneous . d . Low
off-spec
material
7 Off-gas tfeat— Devaloped - Glove box Radioactive >j Non- Low

ment . : gases fissionable

T



Tabl3 4.44.

Analysis'of Fuel Fabrication Method 19,
‘ Flow. Diagram 2

Coated U0, Miérosphereé

Feed: '233y0,(H03), Solutions, Product:
: HEU and LEU in a Graphite Fuel Element
. . ’ ’ o T ‘Fissile . D
Process " Operaticn Developmeat Material Material Uranium Concen-— Convert- Radiation
Step P Needed Location Description  Enrichment tration ability Hazard
1 Fuel receiving Cold prototype Hot cell
storage ;g :Uoz (NO3), HEU High d Medium
2 Fuel kernel <  Cold engineer- Hot cell 7002 (N03) 2 LEU Low a Medivm
fabricatZon ing
3 Fuel.part:cle Cold‘proﬁotype Hot cell U0, micro- MEU Medium - a- Medium
coating spheres
4 - Fuel rod Cold prototype Hot cell Coated U0y : a Medium
fabrication microspheres
5 Fuel element Cold prototype Hot ceil Pitch bonded a . Medium
. _ assembly . ' fuel rods Lo :
6 Scrap recovery Hot laboratory Hot cell - Miscellaneous d Medium
- ’ off-spec
_ material i
7 Off—gas.treatf Hot engine=ring Hot cell Radioactive Non- ] _?» Low
ment ’ o . gases fissionable

el



Table 4.45.

Analysis of Fuel Fabrication Method 20,
Flow Diagram 2

Feed: Pu(NO3)y — Th(NC3), Product: Coated (Pu,Th)0, Micro-
Blended Soluticns spheres in a Graphite
: Fuel Element
- . Mate Fissile ..
Process Operation Deve_opment Material aterial . Uranium Concen- Convert- Radiation
Step - P - Needed Location Description  Enrichment : ability Hazard
tration
1 Fuel receiveé Developed Glove box )
storage Pu(NO3)y — Medium — d Low
2 Fuel kernel Hot laboratory Glove box Th(NO3)y High
fabrication
3 Fuel particle Hot engineer- Glove box (Pu,Th)0, Medium — d - Low
coating ing .nicrospheres High ’
T4 Fuel rod Cold prototype Glove box Coated fuel d Low
fabrication ' aicrospheres
5 Fuel element  Cold prototype Glove box Pitch-Bonded s d Lo&
assembly Euel rods :
6 Scrap iecodery Hot ladoratory  Glove box Miscellaneous d Low
>ff-spec
material
7 Off-gas trzat- Developed Glove box Radioactive Non- Low
ment 3ases fissionable

7h1



' Table 4.46.

233y0, (NO3), Solution

Analysis of Fuel Fabrication Method 21,
- Flow Diagram 2 '

Product: Coated. UO» Micr

Feed: v bspheres
Within Spherical Graphite
Fuel Elements ’
. . . Fissile . s
Process o jon Development Material Material Uranium Concen-. Convert- Radiation
Step peration Needed Location Description  Enrichment ability Hazard
N tration
1 Fuel receiving Cold prototype Hot cell !
storage . - i
’ 233y0, (NO3) 2. HEU High d 3 Medium
2 Fuel kernel Cold prototype Hot cell : : -
fabtrication '{
3 " Fuel particle Cold prototype . Hot cell U0, micro- HEU - High d : Medium
coating ' spheres
4 " Fuel rod NA ¥A NA NA NA - NA NA
fatrication . ’
.3 Fuel element Cold engineer- Hot cell Coated fuel d Medium
assembly ing ’ i particles
6 Scrap recovery Hot laboratory Hot cell Miscellaneous d Medium
i off-spec
material
7 Off-gas treat- Hot enginzer— ﬁot cell Radioactive Non- Low
ment ing gases fissionable

SHT
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5. FUEL CYCLE EVALUATIONS FOR URANIUM-PLUTONIUM FUELS IN LWRs
(Savannah River Laboratory)

Savannah Kiver Laboratory
E. I. du Pont de Nemours and Co.

 Aiken, South Carolina

F. R. Field and F. E. Driggers

5.1 INTRODUCTION ,

The Presidenf's Nuclear Policy Statement of October 28, 1976, iden-
tified activities by the U.S. Government to reduce the risk of nuclear
wéapon proliferation while providing for the continued use of nuclear
power worldwide. The United States Energy Research and Development
Administration (ERDA) is developing a Nonproliferation Aiternative
Syétems Assessment Program (NASAP) to implement the Nuclear Policy
Stétement. As shown-in Figure 5.1, a cooperative program to identify
and evaluate alternative nuclear fuel cycles is under the direction of
the Division of Nuclear Research and Applications (NRA); the Division
of Waste Management, Production; and Reprocessing (WPR); and the Division
of Safeguards and Security (DSS). The objective of this program is to
define viable fuel cycles which have the most potential for reducing the
risks of nuclear weapon proliferation. Laboratories currently partici-
pating in the WPR program are:

.Argonne National Laboratory (ANL)

Hanford Engineering Development Laboratory (HEDL)
Oak Ridge National Laboratory (ORNL)

Savannah. River Laboratory (SRL)

The studykbf_alternative fuel cycles is proceeding in phases; in
Phase 1, the interest is to consider a wide range of possible fuel cycles.

In Phase 2, the number of fuel cycles will be reduced for detailed study.

* The information contained in this article was devéloped during the
course of work under Contract No. AT(07-2)-1 with the U.S. Energy

Research and Development. Administration.
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This report combines three previous Phase 1 SRL reports into a
single document describing 16 fuel cycles (Table 5.1) and completes Phase
1 for SRL. The diagrams for the 16 fuel cycles cover two levels, Level 0

aﬁd Level 1. Level 0 is defined to include the major segments of a fuel

cyc1é Such as Enrichment, Reprocessing, Terminal Waste Storage, Mixéd
Oxide (MOX) Fuel Fabrication, etc., while Level 1 identifies major process
steps within éaéh segment; i.e., sheafing fuel and solvent extraction are
'.procéss steps for the Reprocessing segment. In Phase 2, Level 2 diagrams
will expand Level 1 processes to detailed equipment operations. Costs and
resource demands will be included.

Each Level 1 diagram is complémented by a table that desqriBes the
development status of each process and some of the relevant charécteristics
of the material in process (fissionable content, radiation level, etc.).
The development status will be used to estimate the cost and time frame
for development of such a fuel cycle. The material characteristics are
.intended to be used to analyze the relative resistance to proliferation
of a fuel cycle or to compare fuel cycles to other non-fuel cycie paths
to proliferation (e.g., research reactor or enrichment plant). The
methods to analyze fuel cycles are to be developed by Science Applications,
Iﬁc., under contract to the NRA. ‘ '

5.2 DISCUSSION |

The 16 cases (Table 5.1) are discussed individuaily. Seven cases are
4associated with the light water reactor (LWR). Two cases concerning the
gas-covled reactor (GCR) are dérived from generic LWR cases. Three cases
concern the heavy water reactor (HWR), three cases involve hybrid LWR-HWR
.operation, and the final case, energy centef'(EC), is a comBination of fuel

cycle cases.

5.2.1 Case 1.1.1 (LWR): Recycle of Uranium and Plutonium (Base)
The major segments of this fuel cycle (Level U) are shown schematically
in Figure 5.2. Major process steps (Level 1) are shown in Figures 5.3, 5.4,

and 5.5. The state-of-the-art and material characteristics for the chemical
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Table 5.1. Fuel Cycle Alternatives

Case Description Case Number Tables g;:ﬁ:i:
Ao LWR .
Recycle of Uranium and Plutonium (Reference) 1.1.1 S. 5.2 -5.5
Recycle of Uranium and Spiked Plutonium 1.1.2 - 5.3 5.6 -5.9
Recycle of Uranium and Spiked Uranium - 1.1.3 5.4 5.10-5.13
Plutonium Oxide (Coprocessed) .
Recycle of Uranium; Plutonium Diverted to 1.1.4 5.5 5.14-5.16
High Activity Waste Stream
Fuel Throwaway - Oxide Fuel 1.1.5 5.6 5.17-5.19
Fuel Thruwaway = Metal [Fuel 1.1.6 5.7 6.20 5.22
Recycle of Uranium and Uranium-Plutonium 1.1.7 5.9 5.23-5.26
Oxide (Coprocessed)
B. Gas-Cooled Reactors®
Fuel Throwaway - Metal Fuel (Magnox) 2.1.6 5.10 5.27-5.29
Recycle of Uranium and Plutonium in 2.1:7 5.11 5.30-5.33
Advanced Gas Reactors (Oxide Fuel)
C. HwR
Recycle of Plutonium® 3.1.1° 5.12 5.34-5.37.
Recycle of Spiked PlutoniumP 3.1.2 5.13 5.38-5.41
Fuel Throwaway - Oxide Fuelb 3.1.3 5.14 5.42-5.44
D. LWR-HWR Hybrids
Tandem Cycle - Reconstituted LWR Fuel 3.3.1 5.15 5.45-5.48
Tandem Cycle - Fuel not Reconstituted® . 3.3.2 5.16 5.49-5.51
(LWR fuel compatible with HWR operation)
SpecFral Shift Reactor - Tbrogaway of 3.4.1 5.17 5.52-5.53
Odee Fuel (IWR-HWR hyhrid)
F Energy Center® - i
U-Pu LWR with Recycle of Pu Fuel Inside 7.1.1 5.18 5.54-5.58

Center; U Fueled LWR Qutside Center,
Irradiated Fuel Transferred to
Lnergy Center

a . .
Gas-cooled reactor cases are derived from generic LWR cases.

b . . i . .
HWR cases are derived from generic LWR cases, except uranium is not recycled

because of low 2%°U content.
“Derived from the previous tandem case.

dperived from Case 1.1.5 for LWR fuel.

e . .
Energy center cases are combinations of other fuel cycle cases.
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Fig. 5.2. Case 1.1.1 — Recycle of Uranium and Plutonium
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LEVEL 1
Conver- Solvent cent
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. . . : . Treat
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|
[
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e e e ki s, st Rt e . S oy e — e ] S0]id

Waste

-

A1l functions are developed state of the art; ma‘terial has
negligible radiation level. ' ‘

Material convertibility is Category B for all steps except
"Treat O0ff-Gas" and "Process Solid Waste."

Fig. 5.3. Case 1.1.1 — Recycle of Uranium and Plutonium; ,
S1ightly Enriched (2-4% 2°°U) Uranium Fabrication (2.0)
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Fig. 5.4. Case 1.1.1 — Recycle of Uranium and Plutonium;
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Chemical Reprocessing (4.0)
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feprocessing step (4.0) and the MOX fabrication step (5.0) are shown in
Table 5.2. This fuel cycle is probably the most well-defined and will be
useful in the study as a reference cost case.

"The MOX plant is assumed to be located at a separate site from the

Teprocessing plant (also in Cases 1.1.2, 1.1.3, and 1.1.7). A co-located

MOX plant could be another case for evaluation.

5.2.2 Case 1.1.2 (LWR): Recycle of Uranium and Spiked Plutonium

Level 0 segments are shown schematically in Figure 5.6; Level 1 steps,
in Figures 5.7, 5.8, and 5.9. The state-of-the-art and material character-
istics for the chemical reprocessing step (4.0) and refabrication step (5.0)
are shown in Table 5.3.

Fission products in the plutonium may interfere with proven fabrication
methods and quality control ihspection of MOX fuel and thereby affect the
fuel power guarantees that are customary for fuel fabricators to offer
utilities.

The optimum amount of radiation to be emitted by the plutonium is a
balance.of the benefits gained in resisténce to unauthorized use to the
cost penalties in processing. Pending more study (see Séction 5.4, "Spiking
Plutonium'), the plutonium stream'from the first Purex cycle of solvent
extraction is assumed to contain the desired level of fission product
content in the plutonium in Cases 1.1.2, 1.1.3, and 3.1.2. Radiation
emitted will vary with fuel power, fuei decay period, chemical processing

techniques,. and other factors.



156

KEY to Symbols in Tables 5.2 through 5.18

‘A. State of the Art (8 stages)

S
CL
HL
CE

Study Concept HE = Hot Engineering
Cold Laboratory CP = Cold Prototype
Hot Laboratory HNF = Hot Demonstration Facility

o
"

Cold Engineering Developed

B. Radiation Hazard (4 ranges)

High: >10* R/hr
Medium: 10 to 10* R/hr
Low: <10 R/hr

Negligible: <100 mR/hr

C. Material Convertibility (4 classes of fissionable material)

A

Material needs isotope separation for enrichment

to weapons grade and is radioactive.

Material needs isotope separation for enrichment
To weapons grade. '

Highly radioactive material mixed with fissionable
material, but chemically separable.

Minor impurities or minor chemical changes needed to
convert to weapons-grade material.
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Table 5.2. Case 1.1.1 (LWR): Recycle of Uranium and Plutonium (Reference Process)
State-of- Material Material Radiat lon Material
Process Step the-Art Description Location Hazard Convertibility

Chemical Reprocessing (4.0)

4.1 Receive and: Store Fuel Irradiated Fuel Basin High C

4.2 Transfer to Shear Irradiated Fuel Basin High C

4.3  Shear Fuel Elements Canyon High C

4.4 Voloxidation HL Fuel Element Pieces Canyon High C

4.5 Dissolve D Fuel in Solution Canyon High c

4.6 Solvent Extraction D Solution of U, Pu, Canyon High .C

Fission Products

4.7 Transfer Pu Liquid Pu Nitrate Can;'on Low D

4.8 Store Pu Pu Nitrate Canyon Low D

4.9 Convert to Pu0; HE Pu02z Cell Low D

4.10 Store Pu0; HE Pu0, Cell Low D

4.11 Package for Shipment HE Pu0; Cell Low D

4.12 Convert U to UFg " U Nitrate Cell Negligible B

4.13 Package UFg UFg Warehouse Negligible B

4.14 Store Liquid Waste Radioactive Liquids Canyon High

4.15 Solidify Liquid Waste HDF Radioactive Solids Can)-'on High

4.16 Store Solid Waste HDF Radinactive Solids Canyon High

4.17 Package for Shipment CE Radioactive Solids Canyon High

4.18 Collect Waste Radioactive Solids Canyon Variable

4.19 Collect :lels and Solids Radioactive Solids Canyon High

4.20 Process Waste CE Radioactive Solids Canyon High

4.21 Package for Shipment CE Radioactive Solids ' Cell High

4.22 Treat Off-Gas HL Radioactive Gases 'Canyon High

MOX Fabrication (5.0)

5.1 Receive and Store HDF Pu0» Cell Low D
Pu Powder

5.2 Receive and Store HDF U0, Cell Negligible B
U Powder .

5.3 Blend HDF Pu0, /UG, Cell Low D

5.4  Produce Pellets HDF Pu0, /U0, Cell Low D

5.5 Assemble Rods HDF Pu0,/U0,/Cladding Cell Low D

5.6 Prepare Assemblies HDF Pul,/U0,/Cladding Cell Low D

5.7 U0, Rod Storage D U0, /Cladding Warehouse  Negligible R

5.8 Regrind and Screen Scrap HDF Pu0, /U0, Cell Low B

5.9 Store and Package HDF Pu0,/U0, Warehouse Low B

5.10 Process Solid Waste HDF Miscellaneous Cell Low

5.11 Store and Package Scrap HDF Miscellaneous Cell

5.12 Treat Off-Gas HDF Pu Cell
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A1l functions are developed state of the art; material is a negligible radiation hazard.

Material convertibility is Category B for all steps except "Treat Off-Gas" and
"Process Solid Waste."

Fig. 5.7. Case 1.1.2 — Recycle of Uranium and Plutonium with Fission
Products; S1ightly Enriched (2-4% 235)) Uranium Fabrication (2.0)
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Table 5.3. Case 1.1.2 (LWR): Recycle of Uranium and Spiked Plutonium

Process Step State-of- Material Material Radiation Material
the-Art Description Location Hazard Convertibility
Chemical Reprocessing (4.0)
4.1 Receive and Store Fuel Irradiated Fuel Basin High C
4.2 Transfer to Shear Irradiated 4Fuel Basin High C
4.3 Shear Fuel Elements Canyon High C
1.4 Voloxidation HL Fuel Element Pieces Canyon High C
4.5 Dissolve n Fuel in Solution Canyon High [
1.6 Solvent Extraction D Solution of U; Pu, Canvon High C
Fission Products .
3.7 Transtfer Pu Liquid cp Pu Nitrate, Fission Prod. Canyon Medium C
4.8 Store Pu cp Pu Nitrate, Fission Prod. Canvon Medium C
4.0 Convert to Pul; cpP Pu0z, Fission Prod. Cell Medium C
“1.10 Store Pud: cp PuU,, Fission Prod. 3 Mealum L
4.11  Package for Shipment cP Pul2, Fission Prod. Lett Medium C
4.12 Convert U to UFg D U Nitrate Cell Negligible B
4.13 Package UFg D UFg Warehouse Negligible B
1.14 Store Liquid Waste D Radioactive Liquids Canyon High '
4.15 Sulidify Liyuid Waste HDF Radiocactive Solids Canyon High
4.16 Store Solid Waste HDF Radioactive Solids Canvon High
4.1 Package for Shipment CE Radioactive Sulid.sv Canyon High
4.18 Collect Waste Radioactive Solids Canyon Variable
419 rallect Hulls and Solids D Radicactive Selids Canyon High
4.2 Prutess Waste (44 Rudivuctive S0lids Ganyon Iligh
4.21 Package for Shipment CE Radioactive Solids Cell High
1Y Treat NffaGas ' HI, Radinactive Gases Canvon High
MOX Fabrication (S5.0)
5.1 Receive and Store ch . PuQy/F.R. Cell Medium C
Pu Powder : .
5.2 Receive and Store HDF uo, Cell Negligible B’
U Powder
5.3 Blend cP Pu02/U0,/F.P. Cell Medium C
5.4 Produce Pellets cp PuO2/UO3/F.P. Cell Medium C
5.5 Assemble Rods ce PuQ;/U02/Cladding/F,P. Cell Medium C
5.6 Prepare Assemblies ce Pu0,/U0;/Cladding/F.P. Cell Medium C
5.7 uN; Rod Starage cp 102 /Cladding Cell Negligible B
5.8 Regrind and Screen Scrap cp PuQ; /U0, /F.P. C'ell Medium C
3.9 Sture and Pachaye cp PuOz /UOy/I.D. Cell Medium C
5.10 Process Solid Waste HDF Miscellaneous Cell
5.11 Store and Package Scrap _HOK Miscellaneous Cell
5.12 Treat Off-Gas HDF Pu Cell
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5.2.3 Case 1.1.3 (LWR): Recycle of Uranium and Spiked Uranium -
Plutonium Oxide (Coprocessed)

Level 0 segments are shown schematically in Figure-5.10; Level 1

steps, in Figures 5.11, 5.12, and 5.13. The state-of-the-art and material

- e ——-—characteristics for-the-chemical processing step (4:-0) and the MOX fabri- -

cation step (5.0) are shown in Table 5.4.
The coprocessed product is about 10% Pu - 90% U with excess uranium
separated and converted to UFg. The fission product content is assumed

to vary as previously discussed. See also the section ''Spiking Plutonium.’

5.2.4 Case 1.1.4 (LWR): Recycle of Uranium (Plutonium Diverted to High
Activity Waste Stream) '

Level 0 segments are'sh9wn schematically in Figure 5.14; Level 1 steps,
in Figures 5.15 and 5.16. The state-of-the-art and material description
for the chemical reprocessing step (4.0) are shown in Table 5.5.

This fuel cycle complicates the waste processing steps and yields
none of the economic benefit from plutonium recycle as in Reference Case

1.1.1.

5.2.5 Case 1.1.5 (LWR): Fuel Throwaway - Oxide Fuel

Level 0 segments are shown schematically in Figure 5.17;gLeve1 1 steps,

in Figures 5.18 and 5.19. The state-of-the art and material characteristics
for the major processing- steps are shown in Table 5.6.

A portion of this fuel cycle is the current mode of LWR operation in
the U.S. and thus is a present-day reference similar to Case 1.1.1. Ir-
radiated fuel is currently being stored at LWR sites in the U.S. ERDA
has programs to define the away-from-reactor storage systems and the

terminal waste disposal systems for irradiated LWR fuel.

5.2.6 Case 1.1.6 (IWR): Fuel Throwaway - Metal Fuel

Level 0 segments are shown schematically in Figure 5.20; Level 1 steps,
in Figures 5.21 and 5.22. The state-of-the-art and material characteristics
for the fuel encapsulation sfeps (8.0) are shown in Table 5.7.

The process description is similar to Case 1.1.5, except that no metal

fuel fabrication industry exists. Uranium metal fuel for LWR's would
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Fig. 5.11. Case 1.1.3 — Recycle of Uranium and Spiked Uranium-P]ufonium
' Oxide (Coprocessed); Slightly Enriched (2-4% 23°U)
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Table 5.4. Case 1.1.3 (IWR): Recycle of Uranium and Spiked Uranium-Plutonium Oxide (Coprocessed)

State-of- Material Material Radiation Material
Process Step the-Art Description Location Hazard Convertibility
A, Chemical Reprocessing (4.0)
4.1 Receive and Store fFuel D Irradiated luel Basin High 8
4.2 Transter to Shear D Irradiated Fuel Basin High C
1.3 Shear il Fucl lilementé Canyon Ili gh ™
4.4 Voloxidation He Fuel llement Picces Canyon High &
4.5 Bissolve 1] Fuel in Solution Canyon High C
1.6 Solvent Extraction n Solution of U, Pu, Canyon 1igh C
Fission Products . .
4.7  Transfer U-I'u Liguid cp U-Pu Nitrate/F.P. Canyon Medium [
1.8 Store U-Pu Liquid cp U-Pu Nitrate/F.P. Canyon Medium C
1.9 Convert to Pu0,-UO; P Pu0, /U0, /F.P. Cell Medium «
1,10 Store pud, UQ, re Pung /LN, /K © a1’ Medinm [
1.11  Package for Shipment cp Pue /U0 fF P, Cotl Med i nm (
4.12 Convert U to UFs n U Nitrate Cell Negligibic B
4.13 Package Ulg D UFg Warehouse Negligible B
4.14 Store Liquid Waste i} Radioactive I,iéuids Canyon High
4,15 SUL1d1Fy Liyuid wasee AUl Rudluacilve svilds Canyun High
4.16 Store Solid Waste HDF Radioactive Solids Canyon High
4.17 Package for Shipmént CE Radioactive Sc;lids Ca.nyon High
4.18 Collect Waste D Radioactive Solids Canyon Variable
4.19 Collect Hulls and Solids D Radioactive Solids Canyon High
4,2 Process Waste CE . Radioactive Solids Canyon High
4.21 Package for Shipment CE Radioactive Solids . 4 Cell High
4,22 Treat Off-Gas HL Radioactive Gases Canyon High
B. MOX Fabrication (5.0)
) 5.1  Receive and Store cp PuO,/F.P. Cell Medium C
Pu Powder
5.2  Recelve and store HOF U0, Cell Negligibie B
U Powder
5.3  Blend cp PUO2/U02/F.P. Cell Medium c
5.4 Produce Pellcts cP P-qu/UOQ/F.b. Cell Medium C
5.5 Assemble Rods cpP Pu02/U0;/Claddihg Cell Medium C
5.6 Prepare Assemblies cp Pu0,/U0;/Cladding Cell Medium C
5.7 UO2 Rod Storage cp UQ2/Cladding éell Negligible B
5.8  Regrind and Séreen Sétap P PU02 /U0 Cell Medium ¢
5.9 Store and Package ce Pu0, /U0, Cell Medium
5.10 Process Solid Waste HDF Miscellaneous  Cell
5.11 Store and Package Scrap HODF .N'liscellaneous Cell
5.12 Treat Off-Gas HDF Pu Cell
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A1l functions are developed state of the art; material is a negligible

radiation hazard.

Material convertibility is Catcgory B for all steps except “Treat Off-Gas"
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Case 1.1.4 (LWR):
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Recycle of Uranium (Plutonium Diverted to Waste)

1.
N
1.

State-of~ Material Material Radiation Material
Process Step the Art Description Location Hazard Convertibility
Chemical Reprocessing (4.0)

1 Receive and Store Fuel D Irradiated Fuel Basin High «
2 Trunster to Shear n Irradiated Fuel Basin Iligh C
3 Shear D Fuel Elements Canyon High o

Voloxidation HE, Fuel Element Pieces Canyon High «
5 Dissolve D Fuel in Solution Canyon High W
6 Solvent Extraction )] Solution of U, Pu, Canyon ligh [&

Fission Products

12 Convert U to UFg n U Nitrate Cell Negligibloe R
15 Puckage UFg \] UFg Warchouse Negligible B
14 Store Liquid Waste n Radioactive Liquids/Pu Canyon High «
1S Solidify Liguid Waste HDE Radioac¢tive Solids/Pu Canyon High &
16 Store Solid Waste HDF Radioactive Solids/Pu Canyon High C
17 Package for Shipment CE Radicactivo Solids/Pu Canyon High t
18 Collect Waste D Radioactive Solids Canyon Variable
19 Collect Hulls and Solids D Radioactive Solids Canyon High
20 Process Wasteo CF Radioactive Selids Canyon High
21 Package for Shipment CE Radioactive Solids ceil High
22 Treat Off-Gas HL Radioactive Gases Canyon High
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Fig. 5.18. Case 1.1.5 — Fuel Throwaway (Oxide Fuel); Slightly
Enriched (2-4% 235U) Uranfum Fabrication (2.0)
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Table 5.6. Case 1.L.5 (LWR): Fuel Throwaway (Oxide Fueld)

State-of- Material Material Radiation Material
Process Step the-Art Description Location Hazard Convertibility
A. lncapsulation (8.0) .
8.1 Receive Fuel n Irradiated LWR Basin migh? C
Fuel
8.2 Transfer to D Irradiated Fuel Basin High C
incapsulation
8.3 Encapsulate Fuel Sb Irradiated Fuel Canyon Iligh C
Remove Gas
8.4 Store Encapsulated Fuel D Irradiated Fuel Basin or High C
. ] Vault '
R.5 Recycle Failures S Failed Irradiated Canyon High C
: Fuel
8.6 Package for Shipment CE Irradiated Fuel Basin or lHigh C
to Storage . ' Vault
3varics with age of fuel.
PSome Canadian development work for CANDU fuel may be applicable.
Level 0
SEU
2.0 3.0 7.0 8.0
U SEU - pu | E Spent Fuel
Do . LWR U, Pu xtra U, Pu .
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A11 functions are developed but are not demonstrated on a commercial scale.
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Fig. 5.21. Case 1.1.6 — Fuel Throwaway (Metal Fuel);
Slightly Enriched (2-4% 23°U) Uranium Fabrication (2.0)
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Table 5.7. Comparison of Oxide and Metal Fuel Cycles for LWR

Cycle Nxide Metal
Fuel Enrichment, % 233U charged 3.2 1.5 '
Fuel Exposure, MWD/tonne 30,000 12,000 (6000)8
Uranium Feed Required,
Tails = 0.25% ?**U (throwaway) kg/kg fuel 5.87 2.71
Normalized and Corrected for Fuel Exposure 1. 1.15
Enrichment Required, :
Tails = 0.25% 2%°U (throwaway), SWU/kg fuel 4.21 1.06
Normalized and Corrected for Fuel Exposure 1.0 0.63
Pu Produced, kg fissile/MT 6.2 4.1
Relative Pu Produced, kg/reactor-year 1.0 nv1LS

a . . . . .
The metal density is about twice the oxide density, so the exposure
conversion is necessary for exposure comparisons.
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prdbably raise formidable problems with respect to safety (metal-water
reaction in case of a fuel failure) and exposure (fuel growth) charac-
teristics. Nor does the use of uranium metal fuel appear  to have any
safeguards or non-proliferation advantages.

Operating characteristics of uranium oxide and uranium metal fuel
cycles are compared in Table 5.8. The estimates indicate some enrich-
ment savings, but more ore consumption with metal fuel. A The plutonium
produced in the fuel would be about 80% fissile, and considerably more
plutonium would be produced annually with metal fuel. The estimates are
based on metal fuel exposures that are considered difficult.to attain
without major penalties on LWR power as a consequence of fuel growth. If
a major metallurgical program were initiated, metal fuel for use in LWR's
might be available in about 20 years (10 years for development and 10
years to commercialize and license the fuel cycle). Licensing the uranium
metal fuel cycle in the U.S. may be difficult because the safety reviews
would address the risk of a metal-water reaction in the event of a cladding
failure. The chemical energy is high for the metal-water reaction, but
negligible for uranium oxide fuel.

Chemical recovery of plutonium from metal fuel diverted from the
throwaway mode is no more difficult than from oxide fuel. The waste volume
occupied by the irradiated metal fuel discharged from LWR would equal or
exceed that of oxide fuel because of the lower exposure attainable with

metal fuel.

5.2.7 Case 1.1.7 (LWR): Recycle of Uranium and Uranium-Plutonium
Oxide (Coprocessed)

Level 0 segments are shown schematically in Figure 5.23; Level 1
steps, in Figufes 5.24, 5.25, and 5.26. The state-of-the-art and material
characteristics for the chemical reprocessing step (4.0) and the MOX fab-
rication step (5.0) are shown in Table 5.9.

This case is similar to Case 1.1.3 except a source of high radiation
has not been deliberately added to the plutonium-containing stream as a
non-proliferation measure. This case is analyzed to identify the benefit,

if any, of radiation in the plutonium stream as a proliferation deterrent.
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P ss Ste State-of- Material Material Radiation Material
roce P the-Art Description Location Hazard Convertibility
A. Encapsulation (8.0)
8.1 Receive Fuel D Irradiated LWR Fuel Basin Higha 2
8.2 Transfer to D Irradiated Fuel Basin High C
Encapsulation
8.3 Encapsulate Fuel sb . Irradiated Fuel - Canyon -High &
Remove Gas
8.4 Store Encapsulated Fuel n {rradiated Fuel Basin or High C
Vault
R.5 Recycle Failures 5 Failed Irradiated Fuel Canvon High C
8.6 Package for Shipment CE Irradiated Fuel Basin or High C
Vault

8yaries with age of fuel.

PSome Canadian development work for CANDU fuel hay be applicable.
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Recycle of Uranium and Uranium-Plutonium (Coprocessed)

Process Step State-of~- Material Material Radiation Ha:ell'i:jll.
the-Art Description Location Hazard Convertibility
A, Chemical Reprocessing (4.0)
4.1 Receive and Store Fuel D Irradiated Fucl Basin High C
4.2 Transfer to Shear n Irradiated Fuel Basin High C
4.3  Shear Ml Fuel Elements Canyon High C
4.4 Voloxidation HL Fuel Element Pieces Canyon High C
1.5 Pissolve n Fuél in Solution Canyon High C
4.6  Solvent [Extraction D Solution of U, Pu, Canyon lligh C
Fission Products )
4.7 Transfer Pu-U Liquid ce Pu-U Nitrate Canyon Low b
4.8 Store Pu-U cp Pu-U Nitrate Canyon Low )]
4.9  (Convert to Pu0;-UO; cp Pul;-U0; Cell Low ]
4.10 Store Pu0,-U0; D Pu0,-UG; Cell Low I
4.11 Package for Shipment D Pu0,-U0,; Cell Low 1]
4.12 Convert U to UFg D U Nitrate Cell Negligible B
4.13 Package UFg 1] UFs ' Warehouse Negligible ‘ B
4.14 Store Liquid Waste D Radioactive Liquids Canyon High
.15 Solidify Liquid Waste HDF Radiocactive Solids Canyon High
4.16 Store Solid Waste HDF Radioactive Solids Canyon High
4.17 Package for Shipment CE Radioactive Solids Canyon High
4.18 Collect Waste D Radioactive Solids Canyon Variable
4.19 Collect Hulls and Solids D Radioactive Solids Canyon High
4.20 Process Waste CE Radioactive Solids Canyon High
4.21 Package for Shipment CE Radioactive Solids Cell High »
4.22 Treat Off-Gas HL Radioactive Gases Canyon High
MOX Fabrication (5.0)
5.1 Receive and Store HDF Pu0, Cell Low D
Pu Powder
5.2 Recelve and Sture HDF uo. Cell Negligihle B
U Powder
5.3 Blend HDF Pu0,/U0, Cell Low D
5.4 Produce Pellets HDF PuQ, /U0, Cell Low D
5.5 Assemble Rods HDF Pu0, /U02/Cladding Cell Low D
5.§ Prepare Assemblies HDF Pu0,/U0,/Cladding Cell Low D
§.7 UO2 Rod Storage D U0, /Cladding Warehouse Negligible 8
5.8 Regrind and Screen Scrap HOF Pu0, /U0, Cell Low D
5.9 Store and Package HDF Pu0,/U0, Warehouse Low D
5.10 Process Solid Waste HDF " Miscellaneous Cell . Low
5.11 Store and Package Scrap HDF Miscellaneous Cell
5.12 Treat Off-Gas HDF Pu Cell
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The major advantages of this coprocessing process are compatibility
with U.S. qualified and licensed fuel fabrication methods, some possible
small economic advantage in fuel fabrication, and a reduction in the
risk of successful diversion of plutonium by subnational groups. The
mass of UO, - PuO; required for a given amount of plutonium is increased
by about a factor of 8 over the spiked, separated plutonium (Case 1.1.2),
but is less than the corresponding mass of irradiated fuel by a factor
of 12. Therefore, the advantage of this fuel cycle is related to domestic
safeguards or to internationally controlled reprocessing centers.

Preliminary study of the uranium-plutonium coprocessing has indicated
that the Pu-U mixture obtained from solvent extraction for coprecipitation
(Figure 5.25) should contain 12% Pu for LWR. The mixture will be diluted
‘to about 5% PuO, (Figure 5.26) at the MOX facility for fabrication into
LWR fuel. Higher concentrations may be required for LMFBR fuél processing.,
If further study permits increasing the plutonium concentration beyond 12%,

some cost-savings would be expected.

5.2.8 Case 2.1.6 (GCR): Fuel Throwaway - Metal Fuel (Magnox)

Level 0 segments are shown schematically in Figure 5.27; Level 1
steps in Figures 5.28 and 5.29. The statc-of-the-art and material charac-
teristics for this case are shown in Table 5.10.

The processes described in this case are for a throwaway fuel cycle
which is representative of the British gas-cooled reactor (Calder Hall
type). This reactor concept is now considered obsolete and non-competitive
by the U.S. because of the low power-density inherent with natural uranium
metal fuel (Magnox-clad) cooled by carbon dioxide gas. A typical reactor
power level is only 200 MW¢n (35 MWe). Although the case is defined as
fuel throwaway, the British have reprocessed fuel from Calder Hall reactors

using the hasic Purex process.

5.2.9 Case 2.1.7 (GCR) Recycle of Uranium and Plutonium in Advanced
Gas Reactors (Oxide Fuel)

Level 0 segments are shown schematically in Figure 5.30; Level 1
steps, in Figures 5.31, 5.32, and 5.33. The state-of-the-art and material
attractiveness for the chemical processing step (4.0) and the MOX fabrica-

tion step (5.0) are shown in Table 5.11.
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Table 5.10. Case 2.1.6 (GCK): Fuel Throwaway (Magnox)
Process Ste State-of- Material Material Radiation Material
r P the-Art Description Location Hazard Convertibility
Encapsulation (8.0)
8.1 Receive Fuel D Irradiated Magnox Fuel Basin High? c2
8.2 Transfer to Encapsulation D Irradiated Fuel Basin High
8.3 Encapsulate Fuel sb Irradiated Fuel Canyon High
Remove Gas
8.4 Store Encapsulated Fuel D Irradiated Fuel Basin or High C
Vault
8.5 Recycle Failures S Failed Irradiated Fuel Canyon High C
8.6 Package for Shipment to CE Irradiated Fuel Basin or’ High
Vault

Storage

3varies with age of fuel.

bsome Canadian development work for CANDU fuel

may be applicable.
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(Oxide Fuel); Chemical Reprocessing (4.0)
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Recycle of Uranium and Plutonium in AGR (Oxide Fuel)

State-of- Material Material Radiation Material
Process Step the-Art Description Location Hazard Convertibility
Chemical Reprocessing (4.0)
4.1 Receive and Store Fuel D Irradiated Fuel Basin High C
4.2 Transfer to Shear D Irradiated Fuel Basin High C
4.3  Shear D Fuel Elements Canyon High C
1.4 Voloxidation HL Fuel Element Pieces Canyon High C
4.5 Dissolve D Fuel in Solution Canyon High C
4.6 Solvent Extraction D Solution of U, Pu, Canyon High C
Fission Products
4.7 Transfer Pu Liquid D Pu Nitrate Canyon Low D
4, Store Pu D Pu Nitrate Canyon Low D
4.9 Convert to PuO: HE Pu0; Cell Low D
4.10 Store PuO: D Pu0, Cell Low D
4.11 Package for Shipment D PuQ; Cell Low D
4.12 Convert U to UFg D U Nitrate Cell Negligible B
4.13 Package UFg D UFg Warehouse Negligible B
4.14 Store Liquid Waste D Radioactive Liquids Canyon High
4.15 Solidify Liquid Waste HDF Radioactive Solids Canyon High
4.16 Store Solid Waste HDF Radioactive Solids Canyon High
4.17 Package for Shipment CE Radioactive Snlids Canyon High
4.18 Collect Waste D Radioactive Solids Canyon Variable
4.19 Collect Hulls and Solids D Radioactive Solids Canyon High
4.20 Process Waste CE Radioactive Solids Canyon High
4.21 Package for Shipment CE Radioactive Solids Cell High
4.22 Treat Off-Gas HL Radioactive Gases Canyon High
MOX Fabrication (5.0)
5.1 Receive and Store HDF Pu0, Cell Low D
Pu Powder
5.2 Receive and Store HDF uo, Cell Negligible B
U Powder
5.3 Blend HDF PuQ; /U0, Cell Low D
5.4 Produce Pellets HDF Pu02/U0; Cell Low D
5.5 Assemble Rods HDF Pu02/U0,/Cladding Cell Low D
5.6 Prepare Assemblies HDF Pu03/1102/Cladding Cell Low D
5.7 UO2 Rod Storage D UOz/Cladding Warehouse Negligible B
5.8 Regrind and Screen Scrap HDF Pu0; /UQ, Cell Low
5.9 Store and Package HDF Pu0, /U0, Warehouse Low
5.10 Process Solid Waste HDF Miscellaneous Cell Low
5.11 Store and Package Scrap IIDF Miscellaneous Cell
5.12 Treat Off-Gas HDF Pu Cell



196

The processes described in this case include recycle of uranium
and plutonium discharged from an advanced gas-cooled reactor (AGR). A
typical example of an AGR, the Hinkley B Station, is rated at 1500 MW,y
(621 MW.). The fuel is slightly-enriched uranium oxide pellets (2% 23°u)
clad in stainless steel; typical fuel exposure is 18,000 MWD/Tonne. Fuel
coolant is carbon dioxide gas and the reactor core structure is graphite.
The fuel cycle is similar to the LWR cycle except for the lower enrich-
ment and enhanced plutonium conversion ratio with graphite (less ore
consumed) with some savings offset by the luwer fuel cxposure. Reprocess-
ing systems are very similar to the base recycle case for LWR. Even with
the similarities in fuel cycle, introductiaon nf a gas-cooled reaclur into
the U.S. power system would probably require many years for commercializa-

tion and licensing.

5.2.10 Case 3.1.1 (HWR): Recycle of Plutonium

Level 0 segments are shown schematically in Figure 5.34; Level 1

steps in Figures 5.35, 5,36, and 5.37. The state-of-the-art and material
attractiveness of the chemical reprocessing step (4.0) and the MOX fabri-
cation step (5.0) are shown in Table 5.12. ,

The CANDU reactor was developed in Canada for domestic use and for
export. Current power rating of CANDU reactors is about 2200 MWy, (630 MW.)
and some advanced designs are projected to operate at 750 MW,. The reactor
can be fueled with natural uranium, but some economic benefit is calculated

with slight enrichment (V1% 233

U) or with plutonium recycle. Higher capital
costs are estimated for HWRs than for LWRs because nf the cost of heavy
water and engineering refinements to minimize heavy water leakage. The
incentives and impediments for introduction of HWRs in the U.S. have been
studied. Commercialization and licensing of the HWR deéign in the U.S,
would probably require many years. _

Under current economic conditions in the 1.S., reprocessing and
recycle of plutonium from HWRs is probably not attractive. Other countries
lacking uranium ore and enrichment fucilities (e.g., Brazil) plan on
plutonium recovery. The processes for plutonium recovery are very similar

to those of the base case for recycle of LWR fuel.
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Reprocessing (4.0)
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Table 5.12. Case 3.1.1 (HWR): Recycle of Plutonium
p State-of - Material Material Radiation Material
Process Step the-Art Description Location Hazard Convertibility
Chemical Reprocessing (4.0) Tyt T/ e
4.1 Receive and Storc Fuel D Irradiated Fuel Basin High ¢
4.2 Transfer to Shear Irradiated Fuel Basin High [o
4.3  Shear Fuel Elements Canyon High C
4.4 Voloxidation HL Fuel Element Pieces Canyon High C
4.5 Dissolve Fuel in Solution Canyon High C
4.6 Solvent Extraction D Solution of U, Pu, Canyon High C
Fission Products
4.7 Transfer Pu Liquid D Pu Nitrate Canyon Low b
4. Store Pu D Pu Nitrate , Canyon Low - D
4.9 Convert to Pu0, HE Pu0, Cell Low D
- 4.10 Store Pu0; D . Pu0, Cell Low ]
4.11 Package for Shipment D Pu0, Cell Low D
4.12 Convert U to UO, D uo, Cell Negligible B
4.13 Package UO; D Uuo, Warehouse Negligible B
4.14 Store Liquid Waste D Radioactive Liquids Canyon High
.4.15 Solidify Liquid Waste HDF Radioactive Solids Canyon - High
4.16 Store Solid Waste HDF Radioactive Solids Canyon High
4.17 .Package for Shipment CE Radioactive Solids Canyon High
4.18 Collect Waste D Radioactive Solids Canyon Variable -
4.19 Collect Hulls and Solids D Radioactive Solids Canyon High
4.20 Process Waste CE Radioactive Solids Canyon High
4.21 Package for Shipment CE Radioactive Solids Cell High
4.22 Treat Off-Gas ' HL Radioactive Gases Canyon High
MOX Fabrication (5.0)
5.1 Receive and Store HDF PuO, Cell Low D
Pu Powder )
5.2 Receive and Store HDF Uo, Cell Negligible B
U Powder N
5.3 Blend HDF Pu0, /UO: Cell Low D
5.4 Produce Pellets HDF Pu0; /U0, Cell - Low D
5.5 Assemble Rods HDF Pu0; /U0 /Cladding Cell Low D
£:6 Droparo Assemblies HDF PuQ; /UO2/Cladding Cell Low ! b)
5.7 UO2 Rod S‘torage D U02/Cladding Warehouse Negligible B
5.8 Regrind and Screen Scrap HDF Pu0a /U0, Cell Low D
5.9  Store and Package HDF Pu0, /U0 Warehouse Low D
5.10 Process Solid Waste HDF Miscellaneous Cell Low
5.11 Store and Package Scrap HDF Miscellaneous Cell
5.12 Treat Off-Gas HDF Pu Cell
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The uranium recovered from HWR fuel is about 0.3% 235U (somewhat
higher with enriched fuel loading) and, hence, not economical for recycle.

Storage of uranium for eventual use in breeder reactors is assumed.

5.2.11 Case 3.1.2 (HWR): Recycle of Spiked Plutonium

Level 0 segments are shown schematically in Figure 5.38; Level 1
steps, in Figures'5.39, 5.40, and 5.41. The state-of-the-art and mate-
rial attractiveness for the chemical processing step (4.0) and the MOX
fabrlcatlon step (5.0) are shown in Table 5.13.

Difficulties in providing an effective spiking method for plutonium

fuel are discussed separately under Section 5.4, "Spiking Plutonium."

5.2.12 Case 3.1.3 (HWR): Fuel Throwaway — Oxide Fuel

Level 0 segmeﬁts are shown in Figure 5.42; Level 1 steps, in Figures

5.43 and 5.44. The state-of-the-art and material attractiveness are shown
in Table 5.14,

-‘The CANDU reactors are currently operated in the fuel throwaway
mode. Annual fuel throughput fof HWRs isAtwo or three times that of
LWRs because the fuel exposure is oniy about 7,000 MWD/ton metal compared
to about 30,000 MWD/ton for LWRs, This cnmparison is based on the same
thermal output from both types of reactors. The conversion ratio of
plutonium is higher in HWRs than for LWRs; thus, the stored HWR fuel
would become a future resource should a decision be made to phase in

breeder reactors as a consequence of high uranium cost or shert supply.

5.2.13 Case 3.3.1 (HWR): Tandem Fuel — Reconstituted LWR Fuel

Level O segments are shown in Figure 5.45; Level 1 steps, in F1gures
5.46, 5.47, and 5. 48 The state-of-the-art and material characteristics
for Operation 5.0 (Reconstitute Fuel for HWR) and Operation 8.0 (Spent
Fuel Encapsulation) are shown in Table 5.15.

In the tandem fuel cycle, irradiated LWR fuel is reirradiated in
HWRs without intermediate chemical reprocessing. The power recovered
from a given amount of uranium is extended about 30%, and the fuel dis-

charged from the HWR contains <0.5% 2%5U and about 20% less plutonium

A3
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Table 5.13. Case 3.1.2 (HWR): Recycle of Spiked Plutonium

Process Step State-of- Material Material Radiation Material
the-Art - Description Location Hazard Convertibility
Chemical Reprocessing (4.0) i
4.1 Receive and Store Fuel D Irradiated Fuel Basin High C
4.2 Transfer to Shear Irradiated Fuel Basin High C
4.3  Shear Fuel Elements Canyon High C
4.4  Voloxidation HL Fuel Element Pieces Canyon High C
4.5 Dissolve D . Puel in Solutien Canyon High C
3.0 Solvent Extraction D Solution of U, Pu, Canyon High C
. Fission Products
4.7 Remote Transfer Pu D Pu Nitrate/F.P. Canyon Medium C
Liquid/F.P.
4.8 Remote Store Pu/F.P. V] , Pu Nitrate/F.P. Canyon Medium C
4.9 Convert to PuO,/F.P. ce PuQ,/F.P. ' Cell Medium [o
4.10 Store Pu0,/F.P. cP PuO2 /F.P. Cell Med ium (o
4.11 Package for Shipment cP PuQ,/F.P. Cell Medium C
4.12 Convert U to UFg D U Nitrate . Cell Negligible B
4.13 Package UFg D UFeg Warehouse Negligible B
4.14 Store Liquid Waste D Radioactive Liquids Canyon High
4.15 Solidify Liquid Waste HDF Radioactive Solids Canyon High
4.16 Store Snlid Waste HDF Radioactive Solids Canyon High
4.17 Package for Shipment CE Radioactive Solids Canyon High
4.18 Collect Waste D Radioactive Solids Canyon Variable
4.19 Collect Hulls and Solids D Radioactive Solids Canyon High
4.20 Process Waste CE Radioactive Solids Canyon High
4.21 Package for Shipment CE Radioactive Solids Cell High
4.22 Treat 0ff-Gas HL Radioactive Gases Canyon High
MOX Fabrication (5.0)
5.1 Receive and Store HDF Pu0; /F.P, Cell Medium D
Pu Powder .
5.2  Receive and Store HDF uo, Cell Negligible B
U Powder '
5.3 Blend HDF Pu02 /UO2 /F.P. Cell Medium D
5.4 Produce Pellets HDF Pu0;/U02 /F.P. Cell Medium D
5.5 Assemble Rods HDF Pu0, /UO2 /F.P. Cell Medium D
5.6 Prepare Assemblies HDF Pu02/U02 /F.P. © Cell Medium D
5.7 U0, Rnd Storage D U0, /Cladding Warehouse Negligible B
5.8 Regrind and Screen Scrap HDF Pu0,/U02/F.P. . Cell Medium D
5.9 Store and Package HDF Pu0,/U02 /F.P. Warehouse  Medium D
5.10 Process Solid Waste HDF Miscellaneous Cell Negligible
S5.11 Store and Package Scrap HDF Miscellaneous ' Cell
5.12 Treat Off-Gas HDF Pu Cell
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Fig. 5.43. Case 3.1.3 — Fuel Throwaway (Oxide Fuel); Slightly Enriched
(0.7-1.5% 23%U) Uranium Fabrication (2.0)
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3.1.3 (HWR): Fuel Throwaway (Oxide Fuel)

State-of - Material Material Radiation Material
Process Step the-Art Description Location Hazard Convertibility
A. Encapsulation (8.0)
8.1 Receive Fuel D Irradiated [IWR Fuel Basin High? c*
8.2 Transfer to .Encapsulation D Irradiated Fuel Basin High C
8.3 Encapsulate Fuel st Irradiated Fuel Canyon High c
* Remove Gas
8.4 Store Encapsulated Fuel D Irradiated Fuel Basin or High C
Vault
8.5 Recycle Failures s Failed Irradiated Fuel Canyon High c’
8.6 Package for Shipment to CE Irradiated Fuel Basin or High C
Storage Vault

%varies with age of fuel.

bSome Canadian development work for CANDU fuel may be applicable.
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Table 5.15. Case 3.3.1: Tandem Cycle - Reconstituted LWR Fuel
Process Step State-of- Material Material Radiation Material
the-Art Description Location Hazatd Convertibility
A. Reconstitute Fuel (5.0)
5.1  Receive and Store D Irradiated Fuel Basin High &
LWR Fuel
5.2 Dissassemble and HL Irradiated Fuel Hot Cell High (o
Declad Rods
§.3 Grind Pellets CL Irradiated Fuel Pieces Hot Cell High C
5.4 Mill Powder CL UO02/F.P. /Pul; Hot Cell High C
5.5 Blend Powder CL ’ UO;/F.P./Pqu Hot Cell High C
5.6 Mix with Binder and Mress CL UQ; /F.I. /Pu0, Hot Coll High f
5.7 Sinter CL U0z /F.P. /Pul; Hot Cell High C
5.8 Grind CcL U02/F.P./Pul; Hot Cell High C
5.9 Inspect and Gage CE 1103 /F.P. /Puly llot Cell lligh C
§.10 Encapsulate Pellets CE U0z /F.P. /bBul, Hot Leéll High L
in Rodg '
5.11 Inspect Rods CE U0, /F.P. /Pub, Hot Cell High 8
5.12 Assemble HWR Clusters CE Clad UQz2/F.P. /Pu0. Hot Cell High
5.13 Inspect and Store CE Clad UO,/F.P. /Pu0; Hot Cell High C
5.14 LOI1&CT ALYDOTRE ACtivity LE Alr, ae, Kr, T HNui Cells  Luw, Vaylalle
5.15 Treat Airborne Activity HL Air, Xe, Kr, °T Hot Cell Low; Variable
5.16 Cullect Solid Waste CC Miscellaneous Hot Cclls Low; Variable
5.17 Treat Solid Waste CE Miscellaneous Hot Cell Medium; Variable
R. Fncapsulation (8.0)
8.1 Receive Fuel D Irradiated LWR Fuel Basin High® c8
8.2 Transfer to Encapsulation D Irradiated Fuel Basin High
8.3 EncapsulateAFQel sb Irradiated Fuel Canyon High C
Remove Gas .
8.4  Store Encapsulated Fuel D Irradiated Fuel Basin or High C
. : Vault
8.5 Rocycle Failures S Failed Irradiated Fuel Canynn High
8.6 Package for Shipment CE Irradiated Fuel Basin or High
to Storage Vault

8yaries with age of fuel.

bSome Canadian developﬁent work for CANDU fuel may be applicable.



- 217

than the fuel discharged from the LWR. In this case, the LWR fuel is
refabricated into a fuel form that corresponds to the normal CANDU HWR
configuration. Fuel pieces for HWRs are larger than for LWRs. The
refabrication step may be needed to improve the uniformity of fuel power
generation during HWR exposure and to match HWR mechanical design.

A preliminary review of the tandem fuel cycle was made in Reference
1. The refabrication step is technically uncertain, and the fuel perform-
ance during extended exposure is undemonstrated. Many years of technical
development would probably be required to implement the tandem fuel cycle.
The incentive to recover plutonium from stored fuel would depend on the
demands of a breeder reactor program. LWR fuel, HWR fuel, or tandem fuel

might all contain enough plutonium to warrant processing.

5.2.14 Case 3.3.2 (HWR): Tandem Fuel — Fuel Not Reconstituted

Level 0 segments are shown in Figure 5.49; Level 1 steps, in Figures
5.50 and 5.51. The state-of-the-art and material characteristics for
spent fuel encapsulation (7.0) are shown on Table 5.16.

' The fuel refabrication step would not be required if a fuel design
could be developed that could be used directly in HWRs after discharge
from LWRs. Currently there are three PWR vendors and one BWR vendor.
About 75 fuel designs have been developed, and there is very little inter-
changeability (only forlsome BWR fuel designs). Fuel enrichments are also
a variable. It seems unlikely that a dual-purpose fuel désign could be
developed without a major compromise in fuel economy and without causing

a reduction in reactor power.

5.2.15 Case 3.4.1 (HWR): Spectral Shift Reactor — Throwaway of Oxide
Fuel (LWR-HWR Hybrid)

Level 0 segments are shown in Figure 5.52; Level 1, is shown in
Figure 5.53. The state-of-the-art and material characteristics for this
case are shown on Table 5.17.

The spectral shift reactor concept is based on increasing the
moderating characteristics of the coolant during fuel exposure to
compensate for reactivity changes. This shift in moderating character-

istics is achieved by reducing the fractinn of heavy water (N20)) in
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Fig. 5.50. Case 3.3.2 — Tandem Cycle - Fuel Not Reconstituted;
Slightly Enriched (2-4% 2°°U) Uranium Fabrication (2.0)
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Tandem Cycle - Fuel Not Reconstituted; Encapsulation (8.0)

Proce st State-of - Material Material Radiation Material
cess step the-Art Description Location Hazard Convertibility
Encapsulation (8.0)
8.1 Receive Fuel . D Irradiated LWR Fuel Basin Higha c@
8.2 Transfer to Encapsulation Irradiated Fuel Basin High
8.3 Encapsulate Fuel sb Irradiated Fuel Canyon High [o
Remove Gas
8.4 Store Encapsulated Fuel D Irradiated Fuel Basin or High C
Vault
8.5 Recycle Failures S Failed Irradiated Fuel Canyon High
8.6 Package for Shipment to CE Irradiated Fuel Basin or High
Storage . Vault

Pvaries with age uf fuel.

bSome Canadian ‘development work for CANDU fuel may be applicable.
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Material

P s State-of - Material Material
rocess Step the-Art Description Location Convertibility
Encapsulation (8.0)
N a
8.1 Receive Fuel Irradiated LWR Fuel Basin ngh‘i C
8.2 Transfer to Encapsulation D Irradiated Fuel Basin High c
8.3 Encapsulate Fuel sb Irradiated Fuel Canyon High C
Remove Gas
8.4 Store Encapsulated Fuel D Irradiated Fuel Basin or High [
Vault .
.5 Recyclc Failures s . Failed Irradiated Fuel Canyon High
8.6 Package for Shipment CE Irradiated Fuel Basin-or High
to Etorage Vault

8varies with age of fuel.

bSome Canadian development work for CANDU fuel may be applicable.



225

the coolant from 60 to 10% during a fuel cycle, so that the spectrum

approaches that of the LWR-PWR. This mode of operation has the advantage
235
U

of reducing the amount of enrichment needed from 3.2 to 2.6 wt %
in the oxide fuel and eliminates the necessity of using boron as a
chemical shim for reactivity control in a PWR. B&W once attempted to
market the spectral shift reactor. :

If the same fuel exposure is attained (by producing more 23°Pu fuel
by resonance absorption with the spectral shift reactor concept), a
resource savings of about 20% is attainable without reprocessing. It
is not clear that annual fuel reloadings are compatible with the spectral
shift mode. The details of adjusting the coolant concentration should
be carefully reviewed. The conversion from 10% to 60% D20 would probably
require a significant inventory of D20 which, in addition to facilities
for upgrading the discharged coolant, would increasé the capital cost

of the spectral shift concept.

5.2.16 Case 7.1.1 (Energy Center - LWR): Combination of Fuel Cycles
with Internal Control of Plutonium

Level 0 segments are shown in Figure 5.54; Level 1 steps, in figures
5.55, 5.56, 5.57 and 5.58. The state-of-the-art and material character-
istics for chemical processing (4.0), MOX fabrication (5.0) and spent

fuel encapsulation (8.0) arc shown in Table 5.18.

Light water reactors fueled with uranium-plutonium would be operated
inside the energy center for internal control of the plutonium. Uranium-
fueled LWRs would be operated outside the energy center. All irradiated
fuel from outside the energy center could be shipped into the energy
center for internal processing and eventual use if the reactor capacity
in the center were large enough. About 30% of the total LWR power would
have to be located within the energy center. The flexibility shown in
the diagram implies some shipment of fuel to terminal storage as if the

energy center does not have sufficient capacity.
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Case 7.1.1 (LWR Energy Center): Internal Recycle of Plutonium

State-of- Material Material Radiation Material
Process Step the~Art Description Location Hazard Convertibility
Chemical Reprocessing (4.0)
4.1 Receive and Store Fuel D Irradiated Fuel Basin High c
4.2 * Transfer to Shear Irradiated Fuel Basin High c
4.3  Shear Fuel Elements Canyon High c
4.4 Voloxidation HL Fuel Element Pieces Canyon High C
4.5 Dissolve D Fuel in Solution Canyon High c
4.6 Solvent Extraction D Solution of U, Pu, Canyon High c
Fission Products
4.7 Transfer Pu Liquid p . Pu Nitrate . Canyon Low D
4. Store Pu D Pu Nitrate Canyon Low D
4. Convert to Pu0; HE Pu0,; Cell Low D
4.10 Store Pu0, b P, Cell Low ]
4.1 Package for Shipment D Pu0, Cell Low D
4.12 Convert U to UFg D U Nitrate Cell Negligible B
4.13 Package UFg D UF¢ Warehouse Negligible B
4.14 Store Liquid Waste D Radioactive Liquids Canyon High
4.15 Solidify Liquid Waste HDF Radioactive Solids Canyon High
4.16 Store Solid Waste HDF Radioactive Solids Canyon High
4.17 Package for Shipment CE Radioactive Solids Canyon High
4.18 Collect Waste Radioactive Solids Canyon Variable
4.19 Collect Hulls and Solids D Radioactive Solids Canyon High
4.20 Process Waste ) CE Radioactive Solids Canyon High
4.21 Package for Shipment CE Radiocactive Solids Cell High
4.22 Treat Off-Gas HL Radioactive Gases Canyon High
MOX Fabrication (5.0)
5.1 Receive and Store Pu Powder HDF Pu0, Cell Low ) D
5.2 Receive and Store U Powder HDF uo, Cell Negligible B
5.3 Blend HDF Pu0: /U002 Cell Low D
5.4 Produce Pellets HDF Pu0, /U0 Cell Low D
5.5 Assemhle Rads HDF Pu0, /102 /Cladding Cell Low D
5.6  Prepare Assemblies HDF Pu0,/U02/Cladding Cell Low . D
5.7 UOz Rod Storage D U02/Cladding Warehouse Negligible B
S.8 Regrind and Screen Scrap HDF Pu0; /U0, Cell Low )
5.9 Siure and Package HODF PuQ, /U0, Warehouse Luw D
5.10 Process Solid Waste HDF Miscellaneous Cell Negligible
S.11 Store ‘and Package Scrap HDF Miscellaneous Cell
5.12 Treat Off-Gas HDF Pu Cell
Encapsulation (8.0) .
8.1 Receive Fuel Irradiated LWR Fuel Basin High?® c?
8.2 Transfer to Encapsulation D Irradiated Fuel Basin High C
8.3 Encapsulate Fuel sb Irradiated Fuel Canyon High o
Remove Gas
8.4  Sture Encapsulated Puel D Irraudiated Fuel Basin ur High C
) Vault
8.5 Recycle Failures S Failed Irradiated Fuel Canyon High
8.6 Package for Shipment CE Irradiated Fuel Basin or High C
to Storage Vault

8yaries with age of fuel.

bSome Canadian developinent woirkh for CANDU [uel way Le applicable.
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5.3 PROCESSING SIDESTREAMS

Normal processing sequences for the 16 alternative fuel cycles
analyzed by SRL are shown in the previous figures and tables. However,
the ease of diverting fissionable material into a sidestream for special
processing and conversion into weapons is also of interest in this study.
The ease of modifying a process to recover the fissionable material in a
more convenient form will also be studied. A preliminary description of
such sidestream processing to recover plutonium is given in Table 5.19
for the SRL cases. Sidestream processing for some cases will be studied
in more detail in Phase 2. The cases are listed in order of increasing
difficulty; however, the degree of difficulty is judged to be minor.

Recovery of plutonium from a solution can be accomplished by pre-
cipitation or ion exchange as well as the large-scale industrial separa-
tion methods (mixer-settlers, pulse columns, etc.). Radiation provides
some interference with processing, but is only a minor complication in a

nationally planned program of recovery.

5.4 SPIKING PLUTONIUM

Cases 1.1.2, 1.1.3, and 3.1.2 require thét plutonium streams contain
a source of high radiation to serve as a deterrent to diversion of plutonium
for unaﬁthorized purposes. Some relationship between the radiation level
and resisténce to sidestream diversion (to proliferation) may be developed
in future work to aid in determiniﬁg a suitable processing method. Pre-
liminary consideration of spiking plutonium assumes plutonium containing
the residual fission products after one cycle of solvent extraction will
be adequately spiked. Calculations by the SRL Reactor Physics Division
indicate the radiation level in the spiked plutonium is about ten-fold
higher than in purified plutonium, because an effective DF of 5000 is
calculated for the first cycle of solvent extraction. ‘Thus, the spiked
“plutonium would emit more than several R/hr/kg. It would be necessary
to decrease the effectiveness of the Purex process if a further increase

in radiation is warranted.



233

Table 5.19. Diversion of Sidestreams
Steps to Obtain
. Pu Metal in Plant Facility for Pu Recovery
Sidestream After Decision to Industrial
Case? Composition Radiation Proliferate Plant Clandestine
U, Pu Recovery Cases
1.1.1 Recycle of U and Pu to LWR Pu0, 1-2 R/hr Reduce PuO. Yes Possible
(Base) or
2.1.7 Recycle of U and Pu to AGR or
3.1.1 Recycle of U and Pu to HWR
1.1.7 Coprocessed Pu Recycle to LWR Pu0, -U0; Al R/hr Modify operation to Yes Possible
separate U and Pu,
reduce Pu.
1.1.2 Spiked Pu Recycle to LWR or Pul; Under Modify operation to sepa- Yes Possible
3.1.2 Spiked Pu 'Recycle to HWR study but rate Pu and fission products,
. assumed recover and reduce Pu (shielded
to be over operation).
10 R/hr
1.1.3 Coprocessed Spiked Pu Recycle Pu02 - Over Modify operation to sepa- Yes Possible
to LWR uo2 10 R/hr rate Pu from U and fission
products, recover and reduce
Pu (shielded operation).
U Recovery Case
1.1.4 . Recycle Uranium-Plutonium PuQ, and Variable Modify operation to sepa- Yes Possible
and Fission Products to fission but very rate, recover, and reduce
Waste (LWR) products high Pu (shielded operation)}. "
: >10" R/hr
Throwaway Cases
Reactor Type Fuel
1.1.5 LWR Oxide Irradiated Variable Divert fuel assemblies, No Required
1.1.6 LWR . Metal Fuel but very dissolve fuel, separate
2.1.6 GCR ' Metal Assemblies  high Pu, reduce Pu.
3.1.3 HWR Oxide .
3.4.1 PWR/HWR Oxide
Tandem Cases
3.3.1 Irradiated Variable Same as for throwaway. No Required
3.3.2 Fuel but very
. Assemblies  high
Energy Center-
7.1.1 -LWR with Pu recycle inside Irradiated Variable Same as for throwaway No Required
LWR with U fuel only outside Fuel but very outside energy center.
Irradiated fuel shipped back Assemblies  high Energy center is not

to center

sited in a non-weapons
state.

8cases listed in order of increasing technical difficulty.
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Several techniques of spiking plutonium are listed in Table 5.20.

A1l methods provide some deterrence to diversion of small amounts of fissile
material, but none seem significantly proliferation-resistant. All would
cbmplicate the handling of the fuel and increase the risk of a severe
occupational dose to members of the nuclear work force. Most methods
impair the fuel fabrication process. However, all can be relatively
easily defeated when a national determination is made to obtain purified
plutonium. The ease of chemical separation of plutonium, fission products,
and uranium (ion exchange, precipitation, or solvent extraction with
valence adjustments)'is not significantly complicated by the need for
shielding to reduce dose rates. A national plan to assemble equipment

for the task Would not be delayed by radiation; cruder equipment and
poorer yields with radiation would not seriously deter the task. For

this reason, irradiated fuel assemblies (throwaway cases) or the mixture
of plutonium and fission products (Case 1.1.4) would also provide appro-
priate feed materials for a covert crude plutonium recovery plan.

Fission prdducts considered for spiking plutonium are characterized
in Table 5.21. No isotope has ideal qualifications of high dose, long
half-life, non-volatility, and chemical affinity for the plutonium stream.

Zirconium and ruthenium isotopes were suggested? as the best candi-
dates for deterring diversion (safeguards) in plutonium for up to 200 days
after separation from fuel that had decayed 160 days. The fuél cost was
estimated to increase 10 to 50% as a conseQuence of the fuel containing
fission products. No consideration of resistance to proliferation was

included in Reference 2.
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Table 5.20. Spiking Plutonium
Method Effect on Means to Radiation
é Fuel Process Defeat Level
Fission Products
Incomplete Yes Yes; recycle High; but will
Removal decay
Selective Partition Yes Yes; avoid High; but will
and Add-Back add-back .decay
Irradiate Fuel after No Yes; bypass Yes; but will
Fabrication irradiation decay
Cobalt Sources
Mixed with Pu Fuel Yes Yes; separate High; less
chemically decay
Added to Fuel Assembly No Yes High; less
or to Pu Fabrication decay '
Plant
- 238py No - No Minor

(“few R/hr)
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Table 5.21. Candidates for Fission Product Spiking of Plutonium

Radiation Level, Cross Volatiles Simple

R/hr @ 1 yr/kg Pu Section, in ‘MOX Contaminate
Isotope Gamma Beta Half Life, yr barns Pellet Fab. Pu
y?! 1 5 0.2 1.4 - -
zr®® 2 x 10° 2 0.2 - Yes
Ru'?3 40 <0.1 0.1 Yes Yes
Ru!?® 2 x 10° 200 1 0.15 Yes Yes
Sp!2s 150 S 2.7 - -
cst? 2 2 10° 7 30 0.1 Yes
Celt! 1 01 0.1 29 - No®
ce'** 7 x 102 200 0.8 1 - No?2

a . . . ‘ . . .
Pu contaminated with a mixture of rare earths is achievable, but selective
contamination with cerium and not gadolinium or samarium is very difficult.

[ 13
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