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ACTINIDE PARTITIONING~TRANSMUTATION PROGRAM FINAL REPORT.
ITI. TRANSMUTATION STUDIES

J. W. Wachter and A. G. Croff

ABSTRACT

Transmutation of :the long-lived nuclides contained in fuel
cycle wastes has been suggested as a means of reducing the long-
term toxicity of the wastes. A comprehensive program to evaluate
the feasibility and incentives for recovering the actinides from
wastes (partitioning) and transmuting them to short-lived or stable
nuclides has been in progress for 3 years under the direction of
Oak Ridge Nationmal Laboratory (ORNL). This report constitutes the
final assessment of transmutation in support of this program.
Included are (1) a summary of recent transmutation literature,

(2) a generic evaluation of actinide transmutation in thermal,

fast and other transmutation devices, (3) a preliminary evaluation
of éTc and 1291 transmutation, and (4) a characterization of a
pressuried-water-reactor fuel cycle with and without provisions for
actinide recovery and transmutation for use in other parts of the
ORNL program. The principal conclusion of the report is that
actinide transmutation is feasible in both thermal and fast reactors,
subject to demonstrating satisfactory fuel performance, with
relatively little impact on the reactor. It would also appear that
additional transmutation studies are unwarranted until a firm
decision to proceed with actinide transmutation has been made by
the responsible authorities.

1. SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

1.1 Summary

The disposal of radioactive wastes that are produced by nuclear
power plants presents one of the most serious obstacles to public
acceptance of nuclear power reactbrs for the large-scale generation of
electric power. Much of the concern arises because of the long-lived
radionuclides that are produced as a result of the fission process.
Most of these nuclides have a relatively short half-life and decay to
stable forms within a few hundred years. Others, including the

actinides and the fission products 99Tc and 1291, which are of



particular interest here, have long half~-lives and contribute signi-
ficantly to the long-term radiotoxicity of the fuel cycle wastes. The
long~term toxicity of these wastes can be reduced by segregating these
elements from the wastes during reprocessing (partitioning) and
irradiating them with neutrons so as to transmute them to shorter-
lived, less toxic nuclides (the transmutation process).

Implementing partitioning and transmutation (P-T) for radiocactive
waste management involves changing the chemical processing methods and
reactor fuel management practices as well as restructuring the reactor
fuel cycle. The Chemical Technology Division at the Oak Ridge National
Laboratory (ORNL) is coordinating a project that involves evaluating
the feasibility, impacts, costs, and incentives of P-T by several
national laboratories and private organizations. The work reported here
summaries the transmutation-related analyses and results of this program.

Specifically, this report addresses the following topics on behalf
of the ORNL P-T program:

1. a summary and analysis of the transmutation literature published

since the previous comprehensive literature summary,

2, a generic study of actinide transmutation in thermal reactors
and other transmutation devices, based on the literature and
studies supported by the ORNL P-T program,

3. a preliminary analysis of the transmutation of 99Tc andlzgl,
and

4. the characterization of reference and P-T fuel cycle materials

for use in other phases of the ORNL P-T program.

1.1.1 Literature review

Although the last transmutation literature review was issued only
a short time ago, 20 additional transmutation studies have since been
identified and have been included in this report. Interesting aspects
of these studies include
1. the use of sophisticated reactor physics codes for thermal
reactor transmutation calculations,
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2. the fabrication and irradiation of a small sample of 1Am,



3.  a more detailed study of a fast reactor fuelled with waste
actinides, and
4...a coordinated and detailed examination of actinide and fission
product transmutation in fission reactors.
It is generally very difficult or impossible to quantitatively compare
the various transmutation studies due to either a lack of detail in the
published information or flaws in the study ground rules. - -The most
common flaw is that the actinide recyele system is not "closed" with
respect to the actinides. For example, many investigators have studied
the transmutation of the waste actinides (neptunium and the
transplutonics) without considering uranium and plutonium. - Unfortunately,
this results in a substantial stream of unfissioned waste actinides

leaving the fuel cycle in the form of 238Pu (from captures in 237Np and

242Cm 244Cm). This procedure

decays of ) and 240Pu (from decays of
effectively makes it impossible to determine the transmutation
performance of a particular-device.

Qualitatively, all of the studies conducted indicate that actinide
transmutation is feasible in thermal and fast fission reactors, as well
as fusion reactors and other specialized high~flux devices. However,
even qualitatively, it is clear that a fast neutron spectrum is
superior to a thermal spectrum for actinide transmutation, although the
differenceé is probably not large enough to be an overriding decision
parameter.

The transmutation of fission products other than iodine and
technetium has not been studied very much as compared to the pre-1976
time frame. Both the more recent and earlier studies have indicated
that the transmutation of other fission products will require wvery (and
probably unrealistically) high fluxes. On this basis, the transmutation
of fission products other than iodine and technetium should realistically

be relegated to the infeasible category.

1.1.2 Generic analysis of actinide transmutation

1.1.2.1 Thermal reactors.  As a result of DOE (then ERDA) guidance,

an extensive effort was made in this program to examine and incorporate

thermal reactors as transmutation devices. Therefore, detailed reactor



physics calculations concerning the transmutation of actinides in a
plutonium-recycle PWR were performed under the auspices of the project.
European investigators have also conducted relatively sophisticated
calculations concerning actinide transmutation in boiling-water
reactors (BWRs).

The results of these studies generally indicate that actinide
transmutation is entirely feasible in thermal reactors at a rate of
6% per full-power year (at the fifth recycle), subject to developing
adequate fuels. Furthermore, recycle is feasible in a variety of modes,
such as homogeneously dispersing actinides in all or part of a fuel
reload or concentrated in target elements. However, it is equally
clear that the results of actinide recycle calculations in thermal
reactors are very sensitive to ground-rule assumptions and calculational
methodology. Specifically, sophisticated reactor physics calculations
(i.e., multiple neutron-energy groups and multiple dimensions) are
definitely required, and the reactivity criterion should be the end-of-
cycle (EOC) reactively at constant burnup, not the beginning-of-cycle
(BOC) .

If the correct ground rules are used in the studies, it appears
that the iwmpacts of actinide recycle on the thermal reactor are
relatively small and certainly much less than what was originally
anticipated. This effect apparently results from the buildup of
fissile isotopes in the recycled waste actinides, the principal
contributor being the additional plutonium.

Finally, it does not appear that special thermal transmutation
reactors (i.e., high-flux reactors) would be advantageous for actinide
transmutation unless they are capable of paying for themselves by
generating power. If this is not the case, the entire reactor cost
must be attributed to transmutation, and the overall cost clearly
becomes prohibitive.

1.1.2.2 Fast reactors. Fast reactors, specifically liquid-

metal fast breeder reactors (LMFBRs), have been studied for years in
the context of transmutation. Recent studies have added relatively
little to the existing body of knowledge. More detailed calculations

have confirmed that the impact of the recycled actinides on LMFBR



breeding ratios and enrichment requirements is very small, and may be
positive or negative. Furthermore, it appears that a target assembly

containing 25 to 40% recycled actinides diluted with depleted uranium
would be neutronically identical to a standard LMFBR core assembly.
Calculated transmutation rates are 9% per full-power year for an
advanced-oxide LMFBR, It should be noted that the transmitation rate
in LMFBRs can vary significantly, depending on the selected LMFBR
design (i.e., on fuel burnup).

1.1.2.3 Fusion reactors. A coordinated effort under the sponsor-

ship of the Electric Power Research TImnstitute (EPRI) studied fusion
reactors as transmutation devices in a more realistic manner than had
been done in previous studies. The spatial arrangement of the plasma,
structural materials, actinide blankets, and magnets was specifically
accounted for in one- and two-dimensional calculations. The results
showed that fusion reactors would not transmute actinides as quickly

as previously thought. The principal reasons were that the flux
declined relatively rapidly when passing through the suberitical
actinide blanket, and that the outermost portions received very little
irradiation since the power density was limiting at the innermost
portions of the blanket. The solution to the poor performance would

be to either make the blanket critical or very near critical, in which
case it is effectively a fission reactor,or go to very high wall
loadings to increase the flux (> 10 MW/mZ). In any case, it would seem
difficult to improve on the performance of an LMFBR since this device
is already limited by materials damage and power density considerations,
and any dincrease in flux would only exacerbate these problems.

1.1.2.4 Other devices. 'Two other transmutation devices that have

been proposed are particle accelerators (i.e., spallation reactors) and
nuclear explosives. The former suffers from many of the drawbacks
inherent in fusion reactors (i.e., flux decline in the blanket) plus the
inefficiencies of converting neutrons to electricity, which is then
converted to accelerated particles and finally to the transmutation
neutrons. The nuclear explosives concept is expensive, subject to

negation by international treaties, and almost certainly socially and



politically unacceptable at the projected rate of four 100-kiloton (kt)

per year per 1000-MW(e) reactor.

1.1.3 Technetium and iodine transmutation

1.1.3.1 Technetium. The only long-lived (including stable)
isotope of technetium produced by nuclear fission is 99Tc, with a half-
life of 213,000 years. This nuclide has been shown to contribute
substantially to the long~term risk from a geologic repository under
certain conditions. Therefore, as a part of the ORNL program, the
possibility of its being transmuted was briefly investigated.

Technetium-992, which would have to be recovered from the liquid
high-level waste and dissolver solids, can be transmuted at a rate of
11% per full-power year when placed in a target rod as the metal and
irradiated in a uranium-enriched pressurized water reactor (PWR).
The metal has a high melting point and is a likely candidate for
irradiation, although there has been no experience to suggest that
its behavior under irradiation would be satisfactory. Based on these
considerations, it appears that 99Tc transmutation is probably feasible.

1.1.3.2 TIodine. The isotope of iodine that is of interest is
1291, which also has been shown to contribute significantly to the long-
term risk from a geologic repository. Fission product iodine, after

a relatively short decay period, is comprised of 75% 1291 (half-life =

15.9 million years) and 25% 1271 (stable). Calculations have shown
that iodine in a target rod can be transmuted at a rate of 3% per
full-power year, with both isotopes transmuting at roughly the same
rate. The transmutation product is copious quantities of stable xenon
gas.

Potential or actual problems associated with the transmutation of

iodine are as follows:

1. Todine and its compounds tend to be corrosive, and the
development of a satisfactory cladding material would be very
difficult.

2. Most iodine compounds decompose at or below reactor operating
temperatures.

3. The xenon gas results in pressurization of the fuel rvod.



4.

The transmutation rate is very low.

As a result of these considerations, iodine transmutation should be

considered to be marginally feasible at best.

1.2 .Conclusions

The conclusions supported by this report are as follows:

1.

Actinide tramnsmutation is feasible in thermal and fast redctors,
subject to the development of satisfactory fuel forms. Transmu-
per full-power year in an advanced-oxide LMFBR. =~
Actinide transmutation has a relatively small, but significant,
impact on a thermal reactor. This impact can probably be
accommodated using existing technology.

Actinide transmutation has virtually no impact on an IMFBR
transmutation reactor.

The transmutation of 99Tc appears to be feasible, subject to

the development of a satisfactory fuel form.

The transmutation of 1291 is marginally feasible at best.

Many of the transmutation studies conducted to date are not
comparable and thus are marginally useful because -of
methodological or calculational flaws.

Actinide recycle should have a negligible impact on any risks

associated with reactor operation.

1.3 Recommendations

It appears that further transmutation studies of any description

would be fruitless until a decision to proceed with P-T has been made.

This conclusion is based on the following observations:

1.
2.

The number of studies conducted to date,

the generally faVorable:conclusions regarding the feasibility
of actinide transmutation cited above and in the body of:this
report, and

the fact that transmutation does not appear to be the limiting

or controlling aSpect of -the P-T concept.



This should not be taken to preclude physics studies and measurements
needed for standard fuel cycles.

If a decision were made to implement P-T, then the most immediate
need with respect to transmutation would be for cross section measure-
ments on the nuclides to be tramnsmuted and their progeny. In conjunction
with this need, detailed reactor physics calculations and verification
studies comparing calculated and measured compositions would be required
for one or more realistic closed~recycle scenarios. Particular attention
will have to be given to power peaking in thermal reactors. Small
actinide samples must then be subjected to in-reactor irradiations to
determine fuel behavior and fuel-cladding compatibility. This is
particularly important if targets containing concentrated recycle
actinides or fission products are used. Finally, full-scale

demonstration irradiations would be required.

2. INTRODUCTION

The disposal of radioactive wastes that are produced by nuclear
power plants presents omne of the most serious obstacles to public
acceptance of light water reactors (LWRs) for the large-scale generation
of electric power. Must of the concern arises because of the long-lived
radionuclides, particularly the actinides, that are produced as a result
of the fission process. This report discusses one aspect (actinide
transmutation) of a special method (P-T) that might mitigate the impact

of the actinides.

2.1 Background

The fuel material inserted into a nuclear reactor consists of a

fertile material (typically 238U) enriched with a fissile material

23"
( 35

consists of the unburned fraction of the original charge, the fission

U and/or plutonium). The fuel material discharged from the reactor

products from the consumed fuel, and a significant amount of nonfuel
actinides such as neptunium, americium, and curium formed by nonfissile
neutron absorptions in the fissile and fertile fuel materials. Chemical

reprocessing of the fuel may be used at this point to recover the uranium
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figssions: (1) there is no coulomb barrier to be overcome since.the
neutron is uncharged, and (2) there are now, and are expected to be
in the future, large sources of neutrons in the form of fission and
possibly fusion reactors.

This .concept is summarized in. Fig. 2.1, which depicts a generic
P~T fuel cyele. A discharged batch of spent fuel, after some decay
period, is sent to a reprocessing plant where the fissile and fertile
actinides are recovered to a much greater extent than normal economic
considerations would dictate. The other actinides are also recovered
from the TRU wastes. The actinide-depleted wastes are sent to the
repository. The recovered actinides, including all transuranics, are
gent to-the fabrication facility and are manufactured into fuel
elements so that they may be reinserted into the reactor. This
facility also has provisions for partitioning and internally recycling
the actinides from the wastes. Actinide-depleted wastes are also sent
to the repository from this facility. The fresh fuel, containing all
of the recovered actinides, is then sent to the (fission or fusion)
reactor for reirradiation, thus producing power and fissioning the

actinides.

2.3  Scope

The Chemical Technology Division: of OBNL is coordinating a project
to evaluate the feasibility and idncentives for P-T. The purpose of this
report is to summarize the results of transmutation studies that are
pertinent -to this effort, both those supported by the ORNL program and
those conducted independently by others. More specifically, this report
addresses the following aspects of transmutation:

1. .a summary of pertinent transmutation literature,

2. actinide transmutation in thermal reactors,

3. actinide transmutation in fast reactors,

4, transmutation of 1291 and 99Tc, and

5, the characterization of -an actinide recycle scenario for the

P~T assessment program.



and/or plutonium for refabrication into fresh fuel and recycling back
into the reactor. The by-products of fuel reprocessing and re-
fabrication are a wide variety of radioactive wastes containing varying
amounts of fission products, actinides, and activation products
(irradiated structural metals) diluted in relatively large amounts of
aqueous solutions of HNO3 and/or chemical salts. The fission product
and activation product nuclides in these wastes generally decay to
stable nuclides within 1000 years. There are, however, two important
exceptions: 1291 (half-life = 16 million years) and 99Tc (half-life =
213,000 years). At this point, some of the wastes are still contaminated
with significant amounts of long-lived actinides. These wastes are
called transuranic (TRU) wastes and require long-term isolation from

the biosphere so that they can decay to innocuous levels. This

isolation is typically assumed to be provided by a geologic repository,

although other alternatives may be feasible.

2.2 Partitioning-Transmutation Concept

One method that has been proposed for reducing the long-term
hazard from TRU wastes isolated in a repository is to remove (i.e.,
partition) the actinides from all of the wastes in which they occur to
a very high degree. This would, in theory, result in two products:
1. wastes that are essentially actinide-free and would represent
a reduced long-term hazard, and
2. a relatively small amount of actinides recovered by the
partitioning processes, which would require some alternative
disposition.
The alternative actinide disposition considered in this report is trans-
mutation. Transmutation is defined as irradiation by subatomic particles
(e.g., neutrons), resulting in the conversion of the long-lived nuclides
to shorter-lived species. Transmutation of the actinides consists of
fissioning them to generate the generally shorter-lived fission products.
Although it is possible to fission actinides using charged parti-
cles, the preferred method for accomplishing this is by using neutrons.

The use of neutrons has two advantages over other methods for inducing
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As noted in the previous section, the transmutation studies
described herein are restricted to neutron-induced transmutation.
Furthermore, because of the relatively small number of studies on
fusion reactors and the lack of definition concerning the design of
a realistic fusion reactor, these potential transmutation devices are
only considered briefly. Finally, as a result of these considerations,
and of DOE (then ERDA) guidance, LWRs (specifically PWRs) were taken to
be the reference transmutation device. LMFBRs were considered to be

a parametric variation.
3. LITERATURE SURVEY

A review of the transmutation literature was given previously in
ref. 1, which covers the major contributions to the literature prior to
1976. Table 3.1 lists many of the published contributions since that
time. The table gives the principal investigator(s), the corporate or
academic affiliation(s) of the investigators, a brief description of
the transmutation studies reported, and a reference to any generally
available documentation for the transmutation studies.

Evaluation of the transmutation literature cited in Table 3.1
indicates that, as in the previous review,1 many of the studies are
uncoordinated and repeat work which bas already been performed.
However, there are several interesting aspects to the studies listed
in Table 3.1.

1. Relatively sophisticated actinide tramnsmutation calculations

(i.e., multigroup, multidimensional) have been performed for
thermal reactors, thus giving a more accurate picture of the

. . A . 2-5
neutronic behavior of the actinides in these systems.,

2. A small sample of 241Am was actually fabricated and irradiated.6

3. A relatively detailed study of a fast reactor fuelled solely
with waste actinides was published.7

4., Seven of the fifteen references are based on studies conducted
in western Europe, where there is apparently somewhat more

interest in the P-T concept than in the United States.
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Table 3.1. Summary of fission and fugion reactor transmutation studies
Investigators Pescription Reference
(Organization)

€. Andevsson Recyeling . of actinides containing residues 2
(AE ATCMENERGI of yttrium and lanthanides in thermal and

Studsvik, Sweden) fast reactors

Ri L, Engel Evaluarions of fusion-fission concepts 8
D. E. Deonigi

(Battelle, Richland)
G. A. Harte Incinération of UK reactor wastes in a 11
R. H: Clarke fast-breeder reactor

(UK Central Electricity

Generating Board)
J. J. Prabulos Actinide recycling.in a 1500-MW(e) carbide 12
(Combustion Engineering) LMFBR

{ (

M. Taube Transwutation of Q)Sr and 137Cs in a 13
(Fed. Inst. for Reactor fast reactor with a thermalized central

Research, Switzerland) region

¢ LT 241 .

R. Gasteiger trradiation of Amuz in an aluminum &
(Karlsrube) matrix
T. H. Pigford Generic actinide transmutation study 14
Ji :Choti

(U. of California-Berkeley)
E. Zamorani Dose tates from LWR P~T fuel refabrication 15
(Ispra)
T. €L Gorrell Survéy: caleulations of candidate irradiation 3,5, k6
(SRL) scheémes for transmurtation of waste actinides

in ‘thermal reactors

G. Oliva Comparison of ‘burnup in a Superphenix 17
G. Palmiotti Fquidsmetal fast breeder reactor with
M. ‘Salvatores that of'a thermal reactor
L: Tondinelli
(CNEN-Cassica)
G. Oliva Actinide recycling in LWRs &
L. Tondigelldi

(CNEN-Cassica)
M. L. Williams Actinide transmutation in an LMFBR 18
Ju Wi MeAdoo
G. F. Flanagan
(ORNL) :
D. H. Berwald A laser~fusion~driven actinide waste 9

F.:3. puderstadt
(Exxon Res. & Eng.;
U.. of Michigan)

B~ J. Murphy

W.. M. Farr

B.. D, Ganapol
(Sandia Laboratory;
U, of ‘Arizona)

T. Al Parish
(U.of Texas)

A. H. Robinson (Oregon
State University)

G.. W. Shirley (Gulf Atomic)

A W. Prichard (Oregon
State University)
T. J. Trapp (PNL)

S, L. Beaman (GE)

burner

Actinide traunsmutation in a dedicated,
haxrd=spectrum Yeactor

Transmutation of fission products by
fusion neutrons

Actinide transautation in a dedicated,
hard~gpectrum teactor :

Extengive study of actinide rransmutation
in ‘LMFBRs

10, 19

‘ 203 }
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5. The study of fusion reactors as actinide and fission product
transmutation devices has continuedanlO Generally, present
and previous studies have shown fusion transmutation reactors
to be less attractive than had been originally thought, unless
the material being transmuted is nearly critical, thus preventing

the flux from rapidly decreasing in the blankets.
4. ACTINIDE TRANSMUTATION IN THERMAL REACTORS

At the present time, and in the forseeable futuvre, thermal reactors,
principally LWRs, will form the basis of the power reactor system in the
United States and the world. Studies of transmutation in thermal
reactors have been limited in the past because (1) the necessity of
accounting for actinide self-shielding and neutron spectrum changes
made the calculations onerous, and (2) most investigators intuitively
concluded that the hard-spectrum fast breeder reactors (FBRs) were
superior transmutation devices and therefore concentrated their efforts
on them. However, in light of the substantial number of existing and
projected thermal reactors, it is desirable that actinide transmutation
in these systems be better characterized in any comprehensive program
involving P-T. Thus, the ORNL P-T program supported studies at
Savannah River Laboratory concerning actinide transmutation in thermal

3,5,16 It is principally the relevant conclusions and results

reactors.
of these studies that are summarized here, although substantial use is
also made of ref. 4. For the details of the calculational methods and
cases considered, the reader is referred to the referenced reports.
Before beginning a discussion of actinide transmutation in thermal
reactors, it is very important that the reader recognize a substantial
deficiency in many of the actinide transmutation studies conducted to
date. This deficiency is that the transmutation fuel cycle being con-
sidered is not '"closed" with respect to the actinides being transmuted.
For example, many studies measure transmutation efficiency based on the

difference between the initial and final masses of waste actinides

(i.e., neptunium and tramsplutonics). However, this is not valid
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gince some of the waste actinide nuclides produce either uranium or
plutbhiUm via neutron capture 6r decay. Thus, the waste actinidas are
neither fissioned nor counted in the residual waste actinide mass.
Another common instance where the fuel cycle is not closed is when the
plutonium is stored or treated as waste and is therefore not considerved
to be an actinide requiring transmutation. A final and very important
example of an open fuel cycle is when waste actinide targét rods or
assemblies are used. By definition, the fissile and fertile elements
are not inecluded here. Analysis of these cases usually results in
spuriously high transmutation rates and an improper basis of éomparison
with other cases. Unfortunately, virtually all of the actinide
transmutation studies performed to date have their cases defined in
this manner, thus rendering their results useless for quantitative
comparison purposes. Therefore; the results reported in this section
will be based on a qualitative analysis, evaluation, and synthesis of
many different studies performied on different bases. Quantitative
results will be given only in those few instances where the system is
closed. Even here, other considerations may raise questions as to the

accuracy of the results.

4.1  Light Water Reactors

There are four principal methods for recycling actinides in LWRs:
1. dispersing the actinides homogeneously throughout the entire
fuel reload,
2. dispersing the actinides homogeneously in a fraction of the
reload fuel,
3. concentrating the recycled waste actinides in target rods
within an assembly, and
4; concentrating theurecycled waste actinides in target assemblies.
In the first two methods, the actinides include all of the plutonium
generated in the reactor. In the second two methods, plutdnium is
excluded from the targets, and the recycled actinides are the waste

actinides.
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When possible, the set of dimensions that will be used to char~-
acterize the different actinide recycle methods are (1) the fissile
makeup penalty, (2) the actinide transmutation (i.e., fission) rate
near steady state, and (3) the fraction of the reload comprised by
recycled actinides.

The first dimension is important since it represents the net effect
of neutronic penalty associated with transmuting the actinides in thermal
reactors. Unfortunately, a recently identified effect that renders many
of the earlier studies in this area useless is that the rate of fuel
reactivity decrease becomes smaller as larger amounts of actinides are
recycled. This, in turn, means that in order to maintain a constant
EOC neutron multiplication factor (5) at constant burnup, which is the
appropriate basis for comparing cycles, the BOC k value must decrease.
However, in most of the studies conducted to date, the BOC k was held
constant, since this is a much simpler procedure. Therefore, the fuel
was too highly enriched. This is very important since the fuel enrich-
ment must be significantly increased to change the BOC k by only a small
amount in the systems under consideration. Thus, rather than include
incorrect values in this report that may lead to erroneous conclusions,
only qualitative, judgmental results will be given in those cases where
the BOC k criterion was used.

The second characterization dimension is very important since it is
a direct measure of the rate at which the transmutation scenario being
considered is achieving its goal of fissioning the actinides. This
parameter should be calculated at steady state since it is the only
well-defined point common to all scenarios. However, this is usually
not feasible because true steady state in the actinide region can take
nearly 60 cycles.l Fortunately, effective steady state is reached within
only 5 to 10 cycles; thereafter, only the heavy, low-concentration (and
therefore marginally important) actinides are changing. An additional
problem is that the incorrect enrichments mentioned above seriously
affect the neutron flux, and therefore the transmutation rate.

The third dimension—the fraction of the reload comprised by

recycled actinides—is important since (1) it is possible in some
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scenarios for the waste actinides to overwhelm the system and (2) it
is a good indicator of the impact of the recycled actinides on the

fuel cycle.

4.1.1 Homogeneously dispersed actinide recycle

In the homogeneously dispersed actinide-recycle mode, the trans-
uranics are recovered via partitioning and homogeneously mixed with the
entire reload of fuel to the reactor. Advantages of this recycle mode
are as follows:

1. The actinides are relatively dilute in the fuel and thus

interact with the neutron flux to the maximum possible extent
(i.e., minimum self-shielding effects are present).

2. The fact that all of the fuel is partially enriched with 235U
means that the thermal flux will be higher than in a purely
plutonium-enriched fuel assembly, thus enhancing the
transmutation rate.

These two items indicate that the homogeneously dispersed actinide-~

recycle mode should have the highest transmutation rate of all LWRs.

The dlsadvantage of this recycle mode is that the entlre fuel

requlres remote refabrlcatlon

It appears that having to refabricate the entire reload remotely
outweighs the higher transmutation rate which results from the actinide
dilution, and that this option is not advantageous in an overall sense,
as compared to other options which will be described later.

It should be noted that it ié possible to devise homﬂgeneously dis=
persed actinide scenarios in which the fissile makeup penalty is very
large -and the transmutation rate is low. For example, if the BOC k is
used as the reactivity criterion, additional 235U will be requitred. = This
will have the following effects:

1. increase the fissile makeup penalty,

2. decrease the thermal flﬁx‘(i.e., transmutation rate), and

3.. ‘increase the prqduction of 236U and 237Np.
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The lower transmutation rate and the increased amounts of 236U and 237Np
will require further 235U additions in subsequent cycles, thus resulting
in a situation where the solution exacerbates the problem. 1In fact, it
appears that in the case where most of the discharged uranium is recycled
without re-enrichment (i.e., the fissile content of the fuel is increased
by adding a small amount of highly enriched 235U), the 23bU required

at steady state may be as much as three times greater than that required

without waste actinide recycle.

4.1.2 Homogeneous actinide dispersal in a fraction of the reload fuel

In this recycle mode, the actinides are only placed in some fraction
of the reload fuel, and the remainder of the reload is standard, low-
enrichment UOZ' Although it is possible, in principal, to use any
fraction of the reload, the most common assumption is that the waste
actinides are recycled into the portion of the reload that would
ordinarily be standard mixed oxide (MOX) fuel. This fraction is
generally ~v33% for LWRs. This approach is advantageous in that it
minimizes the amount of fuel that must be refabricated remotely while
still retaining a maximum amount of dilution commensurate with this
advantage. The principal disadvantage is that the thermal flux is

significantly lower in a MOX fuel assembly as compared to a UO, assembly,

2
thus reducing the transmutation rate. Calculated transmutation rates
for this scenario are on the order of 6% per full-power year of
irradiation. The waste actinide content of the MOX fuel is V1%,

In the scenario where standard MOX fuel is assumed to be made up
with virgin natural uranium, the first cycle that includes the waste
actinides requires that the MOX assembly uranium enrichment be in-
creased from the 0.7 wt 7 in the standard assembly to 2.9 wt % 235U in
order to obtain the same EOC k. However, after five recycles, the
required uranium enrichment in the actinide recycle assembly drops
to 0.7 wt 7 235U, and this value would probably drop somewhat further
with additional recycles. This effect is due to the buildup of
additional plutonium and the decline in the production rate of the
relatively nonfissile 237Np because of the reduced amounts of 235U in

the MOX assemblies.
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To demonstrate the effects of using BOC k as the appropriate
criterion for measuring the reactivity effects of actinide recycling,
a scenario identical to the one above has been calculated, except that
BOC k was used to set the uranium enrichment in the MOX assembly instead
of the EOC k. The result was that the uranium enrichment required in
the fifth recycle was 4.0 wt % 235U, as compared to 0.7 wt 7 in the case
where the EOC k was used. Thus, a difference of 3.3‘wt % 235U resulted

simply by changing the reactivity measure.

4.1.3 Actinide recycle in target rods

In this actinide recyele mode, the waste actinides are concentrated
into térget rods with enoﬁgh diluent to give the rod the same specific
power és those surrounding it. The plutonium is recycled in the same
manner as in a standard LWR plutonium-recycle scenario.  In this ecase,
however, 1 to 2% of the fuel rods in either the U02, the MOX, or both
types of fuel assemblies are replaced with the target rods. This recycle
mode would be expected to have a somewhat lower actinide transmutation
rate due to the self-shielding of the concentrated actinides. However,
this effect should not be too large since the targét rod is surrounded
by critical fuel rods. The overall fissile makeup penalties in this
case should also be relatively small or nonexistent, depending on the
recycle being considered.

When using this recycle mode, it would generally be desirable to
remove the target rods from the fuel assemblies before sending the
fuel material to the reprocessing plant, thus avoiding the dilution of
the waste actinides in the largé:fuel mass in the reprocessing plant
dissolver. The target rods would most likely be taken to a facility
specially designed to handle their unique composition and radiation

properties. The process of hav1ng to remove the target rods from

th?:.‘%.,,ﬁ@gycl,_e_ ‘mode-

This recycle mode is advantageous in that it allows most of the

diseharged fuel to be fabricated and transported normally while
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achieving a relatively high transmutation rate due to the target rods
being surrounded by active fuel. It also offers the possibility of
diluting the waste actinides with some material so that they can be
reinserted into the fuel assembly and irradiated without reprocessing.
This yields the dual advantages of (1) decreasing the number of times
the waste actinides must be reprocessed and refabricated (i.e., reduces
actinidesreporting to wastes) and (2) decreasing the out-of~reactor
time of the actinides, which increases the overall transmutation rate.
This "no~-reprocessing' option has not been investigated extensively,
but there appears to be two possible problems: (1) the large fraction
of the core taken up by the recycled actinides, since their volumes are
not reduced by reprocessing after each cycle, and (2) finding a suitable
diluent that will contain the actinides and fission products during
extended irradiation and yet will be amenable to dissolution for

reprocessing.

4.1.4 Actinide recycle in target assemblies

The final recycle mode involves concentrating the waste actinides
in a target assembly that is totally comprised of target rods. About
5% of a fuel reload would consist of the target assemblies, although
this number might vary from 1 to 10%, depending on power peaking and
transmutation rate considerations.

The recycle of the waste actinides in a target assembly with
natural uranium as a diluent is not feasible due to the severe flux
depression in the center of the subcritical assembly. However, a
tolerable flux level can be obtained in this situation by removing the
target rods in the center of the assembly, thus forming a large water
hole which maintains the flux at an acceptable level throughout the
remaining portions of the assembly.

An alternative procedure is to enrich the assembly in order to
make it approximately critical and thus generate a self~sustaining
flux throughout the assembly. The transmutation rates that result are
substantially lower than those in the homogeneous cases but are still

acceptable. The enrichment increases required to achieve these
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transmutation rates are also larger than those in the homogeneous cases.
Finally, ‘even though the average target assembly power 1s the same as
that of a standard assembly, substantial power peaking problems are
evident (a factor of 2 between assembly center and corner). Thus, a
substantial increase in énrichment grading will be required in the

target assemblies in order to achieve a satisfactory power shape.

4.2 Other Thermal Reactors

There are two other types of thermal actinide transmutation
reactors that have been considered in brief studies -D20~moderated

reactors -and high-temperature gas-cooled reactors (HTGRs).

4.2.1 D,O-moderated reactors

The two heavy-water reactors that have been briefly examined3 are
(1) a production reactor at the Savannah River Plant (SRP) and (2) a
CANDU reactor. The SRP production reactor is a specially designed,
high-power-density, high-flux reactor (as compared to a PWR)operating at
atmospheric pressure. As a tresult of the high flux, its transmutation
rates are quite high when compared to other thermal reactors. : However,
the use of this type of reactor as a transmutation device entails
gseveral substantial penalties thét do not exist in commercial reactors:
1.: SRP production reactors do not produce usable power or heat.
Thus, the entire cost of building and operating the reactor
must be allocated to transmutation.
2. The attainment of the high fluxes requires the use of highly
enriched uranium as the driver fuel.
3. The waste actinide loadings must be kept smallj; the high neutron
flux would otherwise be seriocusly degraded.
As a result of these considerations, it does not appear to be beneficial,
in an overall sense, to incur these penalties when the insertion of the
actinides into commercial thermal reactors does not cause any substantlal
difficulties. However, this conclusion might be altered if it were
possible to build a high-flux reactor that wduld be capable of paying for

itself with the usable power it produced.
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A plutonium-recycle CANDU reactor has been studied briefly as an
actinide transmutation device. Overall, its performance appears to be
about the same as that of LWRs when operating on the same actinide
composition and mass. However, when operating in the self-generated
actinide recycle mode, it appears to be somewhat better than LWRs because
of the lower actinide production rate resulting from the low fuel

burnup (V8000 MWA/MTHM) .

4.2.2 High-temperature gas-cooled reactors

HTGRs have been studied in a very preliminary fashion for use as
actinide transmutation devices. The actinide transmutation rates
achievable in an HTGR are somewhat higher than these in a LWR, prin-
cipally because of the somewhat higher flux levels in the HTGRs. Studies

thus far have not progressed beyond this qualitative statement.

4.3 Discussion

Based on the preceding discussion, the following conclusions con-
cerning actinide transmutation in thermal reactors appear to be
appropriate.

1. The majority of actinide transmutation studies concerning
thermal reactors are not comparable with each other and are
marginally useful because (1) the system considered was not
closed with respect to the actinides, (2) neutron spectral
changes and cross section self-shielding effects were not
accounted for, and/or (3) the fuel enrichments were based on
initial instead of final reactivity.

2. The few consistent studies that have been conducted plus
qualitative inferences from other studies indicate that
actinide transmutation is feasible in thermal reactors in the
following recycle modes: (1) homogeneously dispersed in an
entire reload, (2) homogeneously dispersed in part of a reload,
and (3) in target rods. Actinide tramsmutation in target

assemblies is probably feasible, but movre information
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concerning transmutation rates and power peaking is needed
before reaching a final conclusion.

3. The impacts of the recycléd actinides on the thermal reactor
are not large, principally because of the reactivity declining
at a lesser rate in fuels containing recycled actinides. As
a result, fissile makeup penalties are largest in the first few
recycles and decline to zero or even negative valﬁes (i.e.,
the waste actinides are a net reactivity benefit) after about
five recycles. ‘

4. Actinide transmutation rates in LWRs are 5 to 7% fissioned
per full-power year of irradiation for homogeneous and target
rod recycle, which is a tolerable rate. Actinide transmutation
rates may be too low in target assemblies, but more studies
will be required for a final determination.

5. Actinide transmutation in special high-flux transmutation
reactors does not appear to be beneficial unless the reactor
pays for itself by generating usable power.

6. Fuel behavior and fuel-cladding compatibility remain as un=
answered questions. These aspects are probably not important

in the homogeneous options where waste actinide contents are

5. ALTERNATIVE ACTINIDE TRANSMUTATION DEVICES.

Most of the transmutation studies conducted under the ORNL P-T
program have concentrated on thermal transmutation reactors,
specifically PWRs. This emphasis was the result of guidance from DOE
(then ERDA), which was, in turn,:a result of the President's deferral
of LMFBRS.22 However, through the vears that actinide transmutation has
been studied, a large variety of transmutation devices other than
thermal fission power reactors have been proposed. It is the purpose
of this section to identify these different devices and to‘briefly

discuss what their implications might be to P-T.
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5.1 Fast-Fission Reactors (LMFBRs)

5.1.1 Actinide transmutation in LMFBRs

Up to the present time, LMFBRs have been the most intensively
studied actinide transmutation devices {see ref. 1 and Sect. 3 of this
report). As with the thermal reactors, most of these calculations have
been relatively simple in a neutronic sense. Fortunately, the hard
neutron spectrum in the LMFBR eliminates many of the difficulties that
plague the thermal reactor transmutation calculations. 1In fact, the
only consistent methodological difficulty in the LMFBR studies is the
use of an open system with respect to the actinides. The following
paragraphs will summarize, in an overall sense, the results of the many
IMFBR actinide transmutation studies. A consistent comparison of
actinide transmutation in a PWR and an advanced-oxide LMFBR will be
given in the following section.

The most important aspect of an IMFBR with respect to actinide
transmutation is that the neutron spectrum has a very high average
energy (i.e., it is hard). This fact has two important results. First,
the mean free path of a neutron in an IMFBR is very long when compared
to that in a thermal reactor. The net effect of this is to "homogenize"
the core and drastically reduce the self-shielding and power peaking
effects evident in the thermal reactors. The second result of the hard
neutron spectrum is that the fission-to-capture ratio for all of the
actinides is larger than in a thermal reactor. This effectively means
that fewer neutron absorptions are required to fission an actinide,
and thus, the recycled actinides are more similar to '"fuel' than in a
thermal reactor.

The results of these two aspects of actinide recycle in LMFBRs,
based on the large number of studies referred to previously, are as
follows:

1. Actinide transmutation is feasible in ILMFBRs, subject to the

development of satisfactory fuels containing waste actinides.

2. The recycle mode (homogeneous vs targets) of the actinides

has very little effect on a LMFBR.
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3. An actinide-recycle target assembly containing 25 to 40% waste
actinides diluted with depleted uranium is neutronically
indistinguishable from a standard {(Pu,U)Oz] fuel assembly.

4. The effects of actinide recycle on the LMFBR core enrichment
and the breeding ratio’ are extremely small and may be positive
or negative.

5. The actinide transmutation rate depends substantially on the
type of LMFBR considered (i.e., prototype, early oxide,
advanced-oxide, etc.) due princéipally to differences in
reactor fuel burnup.

Most of the LMFBR actinide transmutation studies conducted to date have
assumed that the actinides would be concentrated into target assemblies
to minimize the amount of fuel containing neutron-active curium isotopes.
However, no study has yet been performed that considered the cost
penalties of handling the low-volume target assemblies in small, separate
reprocessing and fabrication facilities vs simply homogenizing the
actinides in all of the recycle fuel and paying the accompanying
fabrication penalty. Fortunately, as noted in item 2 above, this makes

no difference with respect to transmutation considerations.

5.1.2 Comparison of actinide transmutation in LWRs and LMFBRs

The LMFBR has been by far the most intensively studied actinide
- transmutation device. Many of these studies concluded that IMFBRs are
superior transmutation devices. Unfortunately, this conclusion was

often arrived at based on limited:calculational studies (none involving

a consistent comparison with an alternative system) and séientific
judgment/experience.

To alleviate this problem, a direct comparison of the transmutation
performance of a plutonium-recycle PWR and an advanced U-Pu oxide LMFBR
was undertaken. The inclusion of plutonium recycle is necessary in both
systems to ensure that the system is closed with respect to the elements
of potential concern in actinide transmutation (i.e., the transuranics).
A schematic diagram of the PWR/LMFBR transmutation system considered is

shown in Fig. 5.1. In this system, one reactor (e.g., the PWR) is
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Fig. 5.1. Schematic diagram of a PWR/LMFBR actinide transmutation
system.



27

operating in its standard mede, producing power, waste actinides to be
recycled (i.e., neptunium and the transplutonics), and actinide~depleted
wastes. The other reactor (e.g., the LMFBR) is beingrcharged with
recycled actinides and is thus serving as the transmutation device,
as well as producing power, actinides to be recycled, and actinide-
depleted wastes. Two cases are then run using this system: one
with the PWR as the transmutation reactor and the other with the LMFBR
as the transmutation reactor. . The differences between the two cases
become more obvious whén the calculations are carried out in such a
manner that only the recycled actinides plus their decay énd capture
progeny are taken into account; that is, the fuel material in the
reactor is ignored even though the recycled actinides from this fuel
are accounted for.

The basic PWR model used in this study is documented in ref. 23.
The cross sections were updated using values determined by Gorrell5 in
his study of actinide transmutation in PWRs. The LMFBR model used is
documented in réf. 24 éﬁd has a core fuel burnup of 100,000 MWd/MTHM.
The basis of the~maséf%10ws in the system was 1.0 GWY(e) of electricity
from each of the two reactors. All calculations were performed with
the ORIGEN computer code.

5.1.2.1 Quantitative comparison. The quantitative results of

these two cases are summarized in Table 5.1. 1In this table, several
characteristics are given for three actinide streams: the total

actinides introduced into the recycle system, the recycled actinides
charged to the PR, and the recycled actinides charged to the LMFER.
The total actinides introduced into the system represents the sum of
the actinides produced by the standard plutonium~recyc1é PWR and the

standard plutonium-recycle LMFBR. - These actinides are added to the

actinide recycle stream each time the recycled actinides are re-
fabricated. The PWR and LMFBR recycled actinide streams are the total
amount of recycled actinides in a fuel reload, including those just
introduced and those that have been irradiated previously but not
fissioned. These recycled actinide streams are examined just as they
are about to be reinserted into the transmutation reactor (i.e., as

either fresh PWR or IMFBR fuel assemblies).



Table 5.1. Quantitative comparison of actinice recycle in a PWR and an LMFBR

Nuclide or

Composition of recyclied actinides

Actinidesb introduced

Recycled actinides charged to PWR® Recycled actinides charged to LMFBR®

element@ into recycle system
wt % of wt 7% of wt % of
wt % of total wt % of total wt % of total
g/recycle element heavy metal g/recycle element heavy metal g/recycle element heavy metal
234, 0 5,510 57.9 3,550 77.6
235, 0 2,960 31.1 - 680 14.8
236, 0 1,040 11.0 347 7.6
Total U 0 0 9,530 2.5 4,580 1.5
237y, 16,000 100 22.9 37,590 100 10.0 34,530 100 11.1
238, ) 74,300 50.6 38,150 44.1
239,, 0 16,680 1i.4 11,570 13.4
260, 9 26,240 17.9 26,270 30.3
261, 0 10,050 6.9 3,080 3.6
262, 0 19,370 13.2 7,470 8.6
Total Pu o 0 146,700 - 39.1 86,590 - 27.9
261, 17,000 41.3 24,350 35.6 35,700 32.8
242m, 0 0 180 0.3 2,620 2.4
263, 24,200 58.7 43,820 64.1 70,490 64.8
Total Am 41,200 59. 68,360 - 18.2 108, 860 - 35.0
w2 2,370 18.8 2,480 2.2 2,490 3.3
2630 0 0 250 0.2 290 0.4
264 9,810 78.0 77,780 59.1 53,240 69.7
285, 350 2.8 15,970 14.2 14,250 18.7
246, 56 0.4 14,030 12.5 5,530 7.2
247 0.3 2.7£-03¢ 1,490 1.3 470 2.6
248 9.1E-03 7.2E-05 650 0.6 110 9.1
Total Cm 12,580 18. 112,706 - 30.0 76,390 - 2.6

8¢



Table 5.1 {continued)

Composition of recycled actinides

Nuclide or ActinidesP introduced

Rédyeled actinides charged to PWRS

Recycled actinides charged to IMPBR®

element?d into recycle system
wt % of wt % of wt % of
wt % of total wiokoof total wt % of total
g/recycle element heavy metal g/recycle element heavy metal g/recycle element heavy metal
249Cf 1.3E-05 27 66.3 8 83.5
304 1.56-05 5 12.1 1 14.8
Zlef . 1.3E-06 4 9.3 G.1 1.6
252.¢ 9.4E-07 5 12.2 5.006 0.07
Total Cf 3.0E-05 4,3E-08 40 0.01 9 3.0-0.3
Total heavy 69,780 108 - 374,900 100 310,300 100
metal
Decay neutrons
Neutron astivity,® R s L :
deitrons s71 mrml 3.0E412 3L 6E+13 2.68+12
i : 5y 50
Principal 244en(53.3%3, 2420m(46.50) 252¢£(90.5%), 24hcm(7.17) When6.37), “Pen12.9)
contributors :
Thermal power
Decay heat,® kW/MTHM 558 736 603
2
Principal 244Cm(7l.32), 2420m(23.3%) ‘QACm(79.7%), 238Pu(15.32) 244Cm(80.4%), 238Pu(ll.62)
contributors

Photons

Photon activity,e ]
photons s~1 Mt 8.9E+17 2.6E+17

Actinide transmutation rate

Percent of actinides - 6.4
figsioned per fuli-
“powWer year

Proximity fo steadV state

Ratie of actinides charged = : 1.0359
to tenth recycle to actinides
charged to ninth recycle

2.7E+Y7

9.3

Lip24s

S

Only major nuclides and eléments listed.
b

From 1 GWY{e} of PWR electricity plus 1 GWY{e} of LMPBR electricity.
Srenth recyclie.
%Read as 2.7 x 1077,

€ R -
Recycled actinides only.

6¢
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Table 5.1 compares the composition of these three materials. The
newly introduced actinides are predominately americium, with lesser
amounts of neptunium and curium. Plutonium and uranium are not
included here since they are considered to be fuel and not waste
actinides. The PWR recycled actinide composition is markedly different
from that of the newly introduced actinides. Substantial amounts of
plutonium are present, principally resulting from the neutron captures
in 237Np and the decay of 242Cm to 238Pu, both followed by successive
neutron captures in the 238Pu and its progeny. Both the neptunium and
americium are significantly depleted compared to the unirradiated feed,
and the fraction of curium is greatly increased because of neutron
captures in americium. The total mass of the actinides recycled in
the PWR is about five times greater than that of the unirradiated feed
and is equal to ~v807% of a fuel assembly, assuming that no other heavy
metal is present. The composition of the actinides recycled in the
LMFBR is roughly similar to that for the PWR, although there are notice-
able differences. The LMFBR recycled actinides contain a much higher
fraction of americium and less plutonium and curium. This is prin-
cipally due to the more fissile nature of the plutonium and curium

2419243Am. At the beginning of the tenth

isotopes as compared to
recycle, the total LMFBR recycled actinide mass is 311 kg/GWY(e), which
is 83% of that for the PWR transmutation reactor.

Table 5.1 also compares the neutron activity of the three different
actinide materials, assuming that no diluent material is present (e.g.,
fuel). The PWR actinides have a markedly higher neutron activity because
of the much larger amounts of 252Cf in the PWR recycled actinides (5 g)
as compared to the LMFBR recycled actinides (0.006 g). This difference
is indicative of one disadvantage inherent in recycling actinides in
thermal reactors.

The decay heat of the unirradiated and recycled actinides is
summarized in Table 5.1. As a basis for comparison, the decay heat
of fresh PWR plutonium-enriched fuel is 0.7 kW/MTHM. Thus, even
allowing for the diluting effects of fuel, the decay heat of the fresh

fuel in the actinide recycle system will be much higher than in a
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'standard fresh plutonium~eénriched PWR fuel. There is relatively little
difference between the PWR and the LMFBR recycled actinides for this
characteristic. ‘

The photon activities of the actinide materials are also compared
in Table 5.1. The PWR and IMFBR recycled actinides are nearly iden~
tical, although they are about a factor of 2000 greater than, the photon

The transmutatlon rates of the two transmutation reactors are
also summarized in Table 5.1. The transmutation rate of the LMFBR is

v45%  greater than that of the PWR, pr1nc1pally due to the hlgher

flSSlon—to-capture ratio in the hard LMFBR neutron spectrumJ However,

it should be noted that the transmutation rate of an LMFBR can vary
substantially, depending on the type of IMFBR selected, while the
transmutation rate fbr the PWR is relatively fixed. For example, an
early oxide LMFBR might have a burnup of 60,000 to 80,000 MWd/MTHM and
a correspondingly lower specific power or residence time in the core,
thus resulting in a proportionately lower transmutation rate. -In
addition, the values for these transmutation rates are highly idealistic

since they assume that the actlnldas are belng 1rrad1ated contxnucusly.

1rrad1ated they w111 be out of the reactor for reprocessiug and

eff1c1ency These values 3 x 0r75 years of full-power ;pradlatlon
per 5 years of calendar time) give a transmutation efficiency of 45%
and actual transmutation rétes of 2.9% per calendar year for the PWR

and 4.27% per calendar year for the LMFBR.

The final part of Table 5.1 glves ‘an indication of how close the
recycled actinide compositions, and therefore most of the other
characteristics, are to their steady-state values. As is evident,
~neither of the reactors is at steady state at the beginning of the
tenth recycle. Howeﬁer, the rate of mass increase in the system is
relatively small for both transmutation reactors, and the character-
izations would probably change little if true steady state were

achieved. One possible exception to this is the neutron activities of
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the recycled actinides from both reactors, particularly the PWR. Because
of the substantial dependence of the neutron activity on the amount of
2520f present and the long\time required to reach steady state for this
nuciide, the neutron activities might increase by as much as a factor

of 100 for the PWR recycled actinides and a factor of 10 for the LMFBR
recycled actinides. Removal of the 252Cf is not effective in reducing
neutyvon activities because it builds back up to Vv 60% of its original
level in only one irradiation cycle.l Although it is probably not
possible to recycle actinides until steady state is attained (100 to

200 years), this thought should be kept in mind when considering the

recycle of actinides over the long term.

5.1.2.2 Qualitative comparison. There are some attributes of the

PWR-LMFBR transmutation device comparison that are not amenable to a
quantitative comparison because of the nature of the comparison or
because comparable numbers have not yet been determined. These com-
parison attributes are listed in Table 5.2, along with a brief,
qualitative discussion of the attribute with respect to the PWR and
LMFBR.

The first attribute is concerned with whether the use of target
fuel assemblies is viable in these reactors. The use of such an
assembly, which is comprised of highly concentrated recycled actinides
and some diluent to limit the specific power, may be desirable to
minimize the number of highly radioactive assemblies that must be
handled and transported and to allow these assemblies to be reprocessed
in special facilities tailored for their unusual composition (Table 5.1).
The PWR is at a disadvantage here because of the lower thermal flux and
the self-shielding of the recycled actinides. It is this consideration,
plus the extra expense of handling the small number of targets, that
results in the most likely PWR transmutation case being that in which
the actinides are homogeneously distributed in the MOX fuel.

The power peaking in the PWR-MOX fuel assembly containing recycled
actinides can also be quite severe due to the high thermal flux leakage
into the MOX assembly from adjacent 235Uwenriched assemblies. It
appears that this effect can be controlled, but multiple enrichments of

MOX fuel will be required to control the peaking.



Table 5.2 Qualitative comparison of actinide recycle in a PWR and an LMFBR

Attribute

PWR

LMFBR

Use of target fuel
assemblies

Power peaking

Fissile makeup
requirements

Breeding/conversion
ratio effects

Long~term viability

Penalties incurred because of
the thermal flux depression
in the middle of the assembly
and self-shielding effects.

Severe at edge of MOX assembly

with recycled actinides and in -

target assemblies because of
extra fissile material present;
several different enrichments
most likely needed.

Extra fissile makeup required
during first few recycles;
after first few cycles, the
recycled actinides represent
a small fissile benefit.

Very small

Limited due to the continuous

‘. need for fissile material

(i.e., 235U).

Can be made to appear neutronically
the same as a regular core assembly;
no penalties incurred.

Virtually nonexistent if a proper
amount of diluent (U0, or non-
figsile/fertile material) is used.

Reduces. fissile makeup requirements
by the volume displaced in the
reactor plus possibly an additional
small amount.

Very small

Very good since exogenous sources

of fissile material are not needed.

£e
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The PWR requires some extra fissile material during the early
recycles when the generally fertile recycled actinides are building up
sufficient amounts of fissile nuclides. The amounts required are not
large, and thus this attribute does mot show any substantial difference
between the PWR and the LMFBR.

The breeding/conversion ratio effects caused by the recycled
actinides also appear to be very small because they are principally
due to second- and third-order effects which have not been fully
accounted for. The effects may, in fact, turn out to be zero or
slightly positive if the breeding/conversion ratio is defined so as to
account for the nonstandard fissile and fertile materials in the

238Pu and 245Cm, respectively).

recycled actinides (e.g.,

Finally, a major disadvantage of the PWR is its limited long—-term
potential as a transmutation device due to the limited availability of
naturally occurring fissile materials required to fuel this reactor.
Since partitioning and transmutation could not possibly begin in
earnest until after the year 2000, the remaining lifetime of the PWR
with respect to transmutation is restricted to perhaps five or six

c

cycles (at 5 years per cycle) before the number of PWRs begins to

decline.

5.2 Other Transmutation Devices

Although LMFBRs are by far the most widely assumed actinide trans-
mutation devices, a variety of other devices have also been proposed
and briefly studied for this application. These other devices can be
broken down into the following categories:

1. fusion reactors,

2. particle accelerator devices, and

3. nuclear explosives.

The use of fusion reactors as transmutation devices has been studied
by several organizations during the last few years. Virtually all of
these studies have assumed the use of a Tokamak-type fusion reactor
with the actinides arranged in annular blankets around the torus. Most

of the studies conducted to date have analyzed the problem by generating
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cross sections appropriate to the anticipated blanket neutron spectrum
and then calculating the actinide transmutation rate using a simple
depletion code such as ORIGEN. The fusion reactor appeared to be
very attractive as a transmutation device because of the very high
neutron fluxes. However, a more recent and extensive studyz5 mocked
up the geometry of the torus and actinide blankets explicitly and then
calculated the actual neutron spectrum and flux level in all portions
of the actinide blanket. Their results showed that the transmutation
rates were not nearly as high as those calculated in previous studies.
This effect appears to be a result of the neutron flux declining sharply
as it passes through the actinide blanket because the blanket is sub-
critical. The portions of the blanket nearest the torus were highly
irradiated, whereas those portions furthest from the torus were
virtually untouched. The conclusions of this study were that actinide
transmutation in fusion reactors with wall loadings on the order of
1 Mw/m2 were marginally acceptable (transmutation rates appear to be
w87 per full-power year), but that wall loadings on the order of
10 MW/m2 were necessary if an incentive were to exist for actinide
transmutation in fusion reactors. However, the use of the higher wall
loading requires that the actinide density in the blanket be reduced
to maintain an acceptable power density. Thus, under these conditions,
more fusion reactors would be required for a given mass of recycled
actinides. Finally, the power density and configuration of the actinide
blankets of the fusion reactor are very similar to those in fast fission
reactors. This means that the design of the blanket will involve a
complex balancing of heat removal, radiation damage, transmutation rate,
and ease-of-refueling considerations based on the same engineering
levels as the LMFBR. 1In summary, actinide transmutation in fusion reactors
appears to be feasible and at least as efficient as LMFBRs, but there are
a substantial number of engineering problems to be overcome, and the trans-
mutation performance of these devices appears to be similar to that of
LMFBRs ‘and not as overwhelmingly superior to other transmutation devices
as they once did.

Another class of transmutation devices that has been heavily
investigated is that based on particle accelerators. The most popular

concept appears to be that of using a particle accelerator to make a
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beam of protons with energies on the order of 1 to 10 GeV. These
protons are impacted on a molten heavy-metal target such as lead,
bismuth, or uranium. The high—energy protons disintegrate the heavy
nucleus in a spallation réaction, producing 5 to 50 neutrons per
interaction. These neutrons are then used to transmute the actinides
which are in a blanket surrounding the spallation target. The
spallation target is molten for heat removal purposes. The large
numbers of neutrons produced by each proton result in a very intense
neutron source. However, there are several serious drawbacks to this
concept.

1. The neutron source is effectively a point source, and the
neutron flux declines very rapidly in the subcritical actinide
blanket in a manner similar to that in the fusion reactor.

2. A method for recovering the heat from the spallation device
must be devised or the entire cost of the operation must be
charged to the transmutation operation — a very expensive
proposition.

3. This concept would require the design and construction of
high-energy particle accelerators that are much larger than
any built to date.

4. It would appear to be inefficient to use nuclear fission heat
to make electricity, which in turn makes high-energy protons
(and more energy losses from inefficiency). The proton are
then used to make neutrons, which finally accomplish the
transmutation. Actinide transmutation in the fission reactor
seems much more straightforward and eliminates the unavoidable
intermediate energy losses.

5. The handling of molten metals in a high-intensity, high~energy
neutron flux at high temperatures would appear to be a
formidable engineering obstacle.

Thus, the engineering and theoretical limitations of this concept would
seem to greatly overshadow any possible advantages.

The final alternative transmutation process that has been proposed

involves the use of nuclear explosives as the source of transmutation
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neutrons.  This option is discussed in more detail in ref. 26. The
detonation of a nuclear device produces copious quantities of high~
énergy neutrons which would transmute the actinides almost ‘instantan-
eously. Estimates indicate that three to four 100-kt explosive shots
would be required annually per 1000-MW(e) reactor at a cost estimated
to be v 17% of the cost of the electricity. Ignoring the relatively
high dollar cost of this concept, there are three fundamental problems:

1. The (underground) explosion would result in the residual
nuclides being irretrie&ably encased in rock at the explosion
site in a manner that may not be suitable for long-term
isolation. ‘

2. Presently, there are limitations on the testing of nuclear
weapons, and further limitations are to be expected in the
future. |

3. The detonation of three to four 100-kt nuclear devices annually
for each 1000-MW(e) nuclear reactor for waste management
purposes would most certainly be socially and politicalily
unacceptable. , ,

Thus, although it appears to be technically feasible, the politiéal
realities, high cost, and logistical difficulties make this concept

unacceptable.
6. TRANSMUTATION OF IODINE AND TECHNETIUM

The two largest contributors to the risk from a geologic repository
are‘gch and 1291 according to the analysis conducted as a part of this
program.27 Although this 1s not the principal goal of the ORNL P=T
program, it would appear‘appropriate to briefly describe the result of
studies concerning the transmdtation of :these two nuclides.

in general, the transmutation of fission products: is more easily
accomplished in a thermal reactor since the flux-cross gection product
(i.e., reaction raté) ig . larger in a thermal reactor than in a fast

reactor and the fission-to-capture ratio is irrelevant. Evidence of

this is readily apparent in the form of the much larger poisoning
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effect of the fission products in a thermal reactor than in a fast
reactor. As a result, the iodine and technetium transmutation studies
described herein will only consider thermal reactors, specifically

uranium-enriched PWRs.

6.1 Technetium—99 Transmutation

Technetium-99 is produced as a result of the fissioning of
actinides and is the only technetium isotope that is both present in
significant quantities (V700 g/MTHM) and long-lived (half-life =
213,000 years). Technetium-99 would have to be separated from the
high-level waste and dissolver solids and purified in preparation for
transmutation. The form of the technetium during irradiation has not
been investigated, although the metal is a likely candidate since its
melting point is " 2400 K.

The spectrum—averaged capture cross section of a fuel element of
99Tc metal (density = 11.5 g/cm3) in a UO2 fuel assembly is "13.8 x
10“28nﬁ based on the neutron flux spectrum given in ref. 23. Subsequent
transmutation calculations performed using the ORIGEN28 code and the
PWR model described in ref. 23 yielded a transmutation rate of 11% per
full-power year. The discharged element had the following composition

99Tc: 99Tc, 728 o; 100R 101

per initial kilogram of u, 270 g; Ru, 2.5 g;

lOZRu, 0.006 g.

The transmutation rate indicates that 99Tc is readily transmutable
in a PWR. However, two important considerations must be fully addressed
before technetium transmutation can be unequivocally declared feasible:
(1) the irradiation behavior of technetium and the technetium/ruthenium
mixture must be determined and (2) the amount and impact of the 98Tc
(half-life = 4.2 million years) formed by (n,2n) reactions on 99Tc must

be determined.

6.2 Todine~129 Transmutatbion

Iodine-129 is also a product of fissioning actinides. It has a

half~life of 15.9 million years and is produced in the amount of 194

g/MTHM. Tt is accompanied by ~V61 g of stable 1271 per MTHM. In the
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nuclear fuel cycle, it can be made to appear virtually quantitatively
in the dissolver off-gas dnd can be removed with a variety of techniques
such as scrubbing with caustic splutions or highly concentrated HNO3.
The form of iodine appropriate for insertion into a reactor is not
clear due to the proclivity of many iodine compounds to volatilize
or decompose and the corrosive nature of iodine toward wvirtually all
metals at elevated temperatures.  For calculational purposes, the sodium
iodide (Nal) form has been assumed.

The gpectrum—averaged caﬁture cross sections of a fuel element con~
1291 and 25% 1271) in a U0

taining solid Nal (75% fuel assembly are

. 2
3«12 x 10 28 m2 for 1291 and 3.39 x 10 P m2 for 1271 based on: the neutron

flux given in ref. 23 and also on values given in ref. 5. Transmutation
calculations performed with the,ORIGEN28 code and the PWR model described
in ref. 23 yielded a transmutation rate of 3% per full-power .year. - The
discharged element had the following composition per initial kilogram

of iodine: 1271 221 g; 1291 704 g3 lste, 1.1 g 128Xe~ 18.1 g; and

130Xe, 56.2 g. The initial iodine composition was 240 g of 12 71 and

760 g of 129
In summary, the following probiems are associated w1th the
‘ 129
transmutation of
1. Todine-129 is very corrosive toward potential cladding materials.
2. Many iodine compounds are decomposed or volatile at LWR
operating temperatures.

3. The xenon gas produced by the transmutation will put consider-

able stress on the cladding in a corrosive environment.
4. The transmutation rate is very low.
The net result of the low transmutation rate would be that at steady
state, 1.5% of the reload fuel would be comprised of iodine target
plns.' Thus, on the basis of the four considerations llsted above, it
would appear that the transmutation of iodine should be considered to

be marginally feasible at best.
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7. TFUEL CYCLE CHARACTERIZATION FOR THE P-T ASSESSMENT PROGRAM

The purpose of P-T is to reduce the long~term risk associated
with the disposal of fuel cycle wastes contaminated with transuranic
elements. To properly assess the value of this option, the following
information is needed: (1) the design (leading to the cost) of the
partitioning facilities, (2) the change in short-term (fuel cycle) risk
resulting from implementation of P-T, and (3) the change in the long-
term (repository) risk resulting from implementation of P-T. TIn all
three of these areas, one of the principal inputs required is the
nuclide compositions of the nuclear materials in the relevant facilities.
This section characterizes two model reactor fuel cycles that have been
developed as input for other portions of the P-T assessment program:

a reference (no P~T) fuel cycle and a P-T fuel cycle.

7.1 Description of Fuel Cycles and Ground Rules

7.1.1 Description of reference and P-T fuel cycles

Both the reference and P-T fuel cycles are depicted schematically
in Fig. 7.1. These fuel cycles are based on a single 1250-MW(e) PWR
operating in the self-generated plutonium recycle mode. The fuel
reprocessing plant is assumed to be producing a coprocessed product
(i.e., the uranium, plutonium, and any other actinides are intimately
mixed). The fuel is assumed to be in the reactor for 3 calendar years.
Out-of-reactor decay times are 1.5 years between reactor discharge and
reprocessing and 0.5 year between reprocessing and refabrication.

7.1.1.1 Reference fuel cycle. Referring to the left and center

portions of Fig. 7.1, the reference cycle begins with the insertion
of a reload of fuel into the reactor. The reload mass is 34.19 MTHM,
which is comprised of two-thirds 3.2 wt 7% enriched UO2 and one~third
coprocessed MOX (i.e., plutonium-enriched uranium including some
neptunium). This fuel is irradiated to a burnup of 33,000 MWd/MTHM,
at which time it is discharged and decayed for 1.5 years. Both the
UO2 and MOX fuels are then reprocessed together, yielding (1) a

coprocessed MOX product, which is sent to refabrication after a 0.5-year
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delay, and (2) TRU wastes, which are sent to a repository. The MOX
product, which is in powder form, is refabricated after the addition

of a sufficient amount of enriched uranium to achieve the desired burnup.
The TRU wastes from the refabrication of MOX fuels are sent to the
repository. Simultaneously with MOX fuel refabrication, the 3.2 wt Z
enriched UO2 fuel is being fabricated in a separate facility. The

cycle is completed at this point, with the fabricated fuels being

inserted into the reactor.

7.1.1.2 P-T fuel cycle. Again referring to Fig. 7.1, the P-T fuel

cycle is basically the same as the reference fuel cycle except that
partitioning facilities (the extreme right of Fig. 7.1) have been added.
As before, the cycle begins with the insertion of a reload of fuel into
the reactor. The reload mass is 34.19 MTHM and is comprised of two-
thirds 3.2 wt 7 enriched UO2 and one-third coprocessed MOX, which has
all of the waste actinides (i.e., neptunium and the transplutonics)
homogeneously dispersed in it. The reload is irradiated to a burnup

of 33,000 MWd/MTHM, at which time it is discharged and decayed for 1.5
years. Both the UO2 and MOX fuels are then reprocessed together.

The TRU-contaminated wastes are then sent to the fuel reprocessing
plant waste treatment facility (FRP-WTF) for partitioning. A stream

of recovered TRU actinides and TRU-depleted wastes are returned to

the reprocessing plant. The recovered TRU actinides are combined with
the coprocessed MOX and sent to the refabrication plant after a 0.5~
year delay. The TRU-depleted wastes are sent to the repository. The
MOX product (including the waste actinides), which is in powder form, is
refabricated after the addition of a sufficient amount of enriched
uranium to achieve the desired burnup. The TRU wastes from refab~-
rication are then sent to the FFP-WTF for partitioning. A stream of
recovered actinides and TRU-depleted wastes are returned to the
fabrication plant. The recovered actinides are incorporated with MOX
recycle streams within the facility. The TRU~depleted wastes are sent
to the repository. Simultaneously, the 3.2 wt % enriched UO2 fuel is
being fabricated in a separate facility. The cycle is completed at this

point, with the fabricated fuels being inserted into the reactor.
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7+1.2 Ground rules

7.1.2.1 Materials of interest. In the assessment of P-T, many

different fuel cycle materials (e.g., fresh fuel, spent fuel, wastes)
must be characterized at a vériety of decay times. Since it is
impossible to even partially characterize these materials in a reason-
able amount of space, this report will confine itself to characterizing
only the fundamental fuel cycle materials: the fresh and spent fuel
compositions in both the reference and P-T fuel cycles.

7.1.2.2 Uranium composition. The composition of the enriched

and, if needed, the MOX fuel is of

uranium used in making up the UO2

significant importance in determining the composition of the fresh and
. 236 o .
spent fuels. 1In particular, the U composition of the enriched
. i . 237 . :
uranium is important since the amount of Np in the spent fuel is a

. 236 .,
strong function of the amount of U in the fresh fuel. The amount of
236 . . . : g : A
’U in enriched uranium is a function of the amount and composition

236

of theirecycled uranium (the only source of U) fed to the enrichment

plants and the methods used to operate the enrichment plants. Although
the 236ﬁU content of currently produced enriched uranium is virtually
nil, substantial amounts of this‘isotope would be expected in the
enriched product by the time P-T could be implemented (about the year
2000). Thus, it is appropriate that a uranium composition, including

a significant amount of 236U, be used. Based on the projections of
Ford,29 all enriched uranium used in either the reference or P-T fuel
cycle ‘was assumed to contain 0.047 234U and 0.4% 236U.

7.1.2.3 Actinides reporting to wastes. Another important fuel

cycle parameter that affects the fuel-cycle material compositions is

the amounts of actinides assumed to report to wastes. These unrecovered
actinides are directly important since they determine the composition

of the wastes going to the repository based on the fresh or spent fuel
composition. They are indirectly important because the materials not
reporting to the wastes are assumed to be present in the refabricated
fuel. The fractions of actinides reporting to’various waste types are
given in Table 7.1 for the reprocessing plant (based on input spent

0
fuel) and for the MOX fuel fabrication plant (based on input MOX).3
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Table 7.1. Percentage of actinides reporting to final actinide wastes

Fuel reprocessing

p].anta Fuel fabrication plantb
Waste Reference  P-T Reference P-T
product Element cycle cycle cycle cycle
High-level U 0.5 0.01
solidified waste NP 20.0 0.01
Pu 0.5 0.01
Am 99.9 0.01
cm® 99.9 0.01
Cladding waste U 0.1 0.01
Np 0.1 0.01
Pu 0.1 0.01
Am 0.1 0.01
cm 0.1 0.01
Nonimmobilized U 0.4 0.02 0.5 0.05
waste Np 0.4 0.02 0.5 0.05
Pu 0.4 0.02 0.5 0.05
Am.C 0.0 0.02 0.5 0.05
Cm 0.0 0.02 0.5 0.05
Concreted waste U 1.0 0.06 1.5 0.1
Np 1.0 0.06 4.0 0.1
Pu 1.0 0.06 1.5 0.1
Am, 0.0 0.06 20.0 0.1
Cm 0.0 0.06 20.0 0.1
Total U 2.0 0.1 2.0 0.15
Np 21.4 0.1 4.5 0.15
Pu 2.0 0.1 2.0 0.15
AHE 100 0.1 20.5 0.15
Cm 100 0.1 20.5 0.15

aBased on feed to FRP.

bBased on feed to FFP.

CValues for Bk and Cf are assumed to be the same as those for Cm.
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Of particular importance 1s the unvecovered neptunium in the reference
cycle, which totals 21.4% in the reprocessing plant and an additional
4,5% in the fabrication plant. In effect, this means that 75% of the
neptunium in the reference-cycle spent fuel is being recycled in the
MOX fuel. This fact, along with the fact that the enriched uranium

2 [y 236 . g .
contains significant amounts of U, serves to significantly increase

. 238

the production rate of Pu.

7.1.2.4 Recyele considered. The fact that both the reference and

P-T cycles involve actinide recycle poses an interesting question:
Which recycle is to be used as the basis of comparison? In many
instancés, the most obvious approach would be to continue calculating
recycles until steady state (i.e., compositions are invariant from one
recycle to the next) was attained. However, in the case of P-T in
thermal reactors, steady state is not reached until the 60th recycle
due to the long time required for 252Cf to equilibrate.l The large
number of recycles required to attain steady state causes two problems:
(1) calculations become prohibitively expensive and time-consuming and
(2) 60 recycles are equivalent to 300 years, which is an unreasonably
long duration for a LWR scenario, depending heavily on natural uranium
resources, As a result of these considerations, the baseline recycle
for comparison purposes was taken to be the fifth recycle. The
rationale for this was that, assuming P-T was implemented in LWRs in
the year 2000, only "v25 vears (5 recycles) could reasonably be
expected before uranium resources became a serious limitation.
Additionally, the calculation of five recycles is achievable within

a reasonable time and budget.
7.2 Calculational Methodology

The calculational methodology consisted of two principal steps.
The first step was to perform relatively sophisticated reactor physics
calculations to characterize the neutron spectrum and cross sections
during irradiation as a function of recycle. Due to the detailed

neutronics treatment, these calculations only consider the principal
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materials in the reactor (i.e., actinides, structural materials,
moderator). However, since the risk analyses require much more detailed
information, a second step is required. This involves the use of a

less sophisticated reactor physics calculation that provides detail on

many nuclides in a format and units convenient for engineering analysis.

7.2.1 Sophisticated reactor physics calculations

7.2.1.1 Reference cycle. The reference-cycle reactor calculations

were performed as a part of the ORIGEN update program. These calculations
were described in detail in ref. 20. DBasically, these calculations
involved performing static, one-dimensional 84-neutron-energy-group
spectrum calculations for fuel compositions typical of different burn-
ups. The results of these calculations were five~group cross section
sets. These cross section sets were used in a resactor depletion
calculation for four reactors, one of which was a self-generated
plutonium~recycle PWR, which is the reference reactor. The vesults
of the depletion calculation plus the 84-group spectrum calculation
were used to supply effective one-group cross sections to subsequent
ORIGEN calculations providing the detailed composition of the fuel
cycle materials.

7.2.1.2 P-T cycle. The sophisticated P-7T cycle reactor physics
calculations were performed by Gorrell as a part of the ORNL P~T
program. In particular, the calculations were those for Case 2.2 of
ref. 5, where a detailed description can be found. The basic procedure
used was the same as that in the reference case: static, one~dimensional
multigroup neutron spectrum calculations followed by depletion calcu-
lations using cross sections from the spectrum calculation. In the
case of the P-T cycle, these calculations are all performed with a
single reactor physics code, called GLASS.31 These calculations
explicitly accounted for the recycle of the actinides for five cycles.
The amount of enriched uranium makeup required for the MOX fuel
assemblies was based on the EOC reactivity. The results of these cal-

culations were used to supply effective, one-group cross sections to
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gubsequent calculations providing the detailed compositions of the P-T

fuel-cyvele material compositions.

7.2.2 Caleculation of detailed fuel-cycle material compositions

ALl of the detailed calculations of the fresh-fuel and spent-fuel
compositions were performed using an updated version of the ORIGEN
computer cade_zs This code provides the detailed nuclide composition
of the fuel that is necessary to perform subsequent facility designs
and risk analyses in a variety of forms convenient for engineering
analysis.

The cross sections used for the reference cycle were those developed
as a result of the effort to update ORIGEN. These same cross sections
were used for all five recycles. 1In the case of the P~T cycle, the
cross sections developed by the ORIGEN update effort for the plutonium-
recyele PWR were used for only the first two recycles. At that point,
the cross sections developed by Gofrell were incorporated and used for
the remaining three recycles. The enriched uranium makeup requirements
for the MOX fuel that were developed by Gorrell were used throughout.
The results predicted by ORIGEN were found to agree very well with
those of Gorrell, except where fuel cycle assumptions were altered
(e.g., the amount of 236U in the enriched uranium).

The compositions of the wastes were also calculated by ORIGEN
by simply decaying the fresh fuel or spent fuel for the required time

and then applying the factors given in Table 7.1.

7.3 Reference and P-~T Fuel Characteristics

The composition and activity of the reference and P-T fuels, both
fresh and spent, are given in Table 7.2. The values given in this table
were based on the assumptions and input data described in Sects. 7.1

and 7.2.
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Table 7.2. Composition and characteristics of fresh
and spent reference and P-T fuels

Fresh MOX fuels® ) Spent MOX fuels’

Reference P-T Reference P-T

Composition, g/MTHM

235 6,938 6,768 3,846 3,517
236y 6,853 6,829 6,409 5,846
238 918,200 907,600 900,200 883,800
23750 4,284 2,576 3,599 2,827
238, 5,241 4,442 5,473 5,260
239, 24,230 25,670 13,830 17,600
2405, 16,650 17,880 13, 360 14,870
2hlp, 9,530 9,203 7,675 7,925
2425, 7,286 10,400 7,071 11,070
240 463 1,535 1,197 1,388
243Am 0 2,749 2,408 2,923
26200 0 28 15 26
2h4en 0 3,478 941 4,526
24500 0 484 54 813
246Cm 0 215 24 332
247 e 0 13 0.14 25
248, 0 2.8 3.4 E-03 6.2
2495, 0 6.9 E-04 8.3 E-06 6.7 E-02
249:¢ 0 6.2 E-03 2.3 E-05 0.21
250 ¢ 0 1.5 E-03 4.2 E-06 6.8 E~02
251c¢ 0 2.5 B-04 3.7 B-07 1.0 E-02
252.¢ 0 2.7 E-04 1.4 E-07 2.1 E-02

Neutron activity,  1.84 E+08 4.16 £+08 1.19 E+10 1.05 E+11

neutrons~1 MTHM”l

Dose rate from one 0.17 11.2 11,900 11,900

assembly, rem/hr®

Decay heat, W/MTHM 3,250 12,440 12,970 23,170

aDecay of 0.5 year assumed.
bDecay of 1.5 years assumed.

c . .
Dose is 1.0 m from the assembly midplane.
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