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ABSTRACT OF ORNL-5388

A fuel cycle tnat ewnloys <33 depatur=d with 233U and mixed with thorium fertile
materfal is examined with respec: o its proliferation-resistance characteristics and its
technical and economic feasibility. The rationale far considering the dematured 23 fuel
cycle is presented, and the impact of the denatured fuel on the performance of Light-Water
Peactors, Spectral-Shift-Controlled Reactors, Gas-Coaled Reactors, Heavy-Hater Reactors,
and Fast Breeder Reactors is discussed. The scope of the R,D%) programs to commercialize
these reactors ard their asscciated fuel cycles is also sumarized and the resource require-
ments an ! economicy of dematured 233U cycies are compared to those of the conventional Pu/U
cycle. In 24dition, several nuclear power systems tnat employ denatured 223U fuel and are
based on the eneruy ceter concept are evaluated. Under this concept, dispersed power
reactors fueled with denatured or low-enriched uranium fuel are supported by secure energy
centers in which sensitive activities of the nuclear cycle 2re performed. These activities
irclude <330 production by Pu-fuele "trancmuters” (thermal or fast reactors) and repro-
cessi’ng. A summary chapter presents the most signifizant conclusions 7rom the study and
recommerds arezs for future work.
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PROLOGUE

In a 1976 article published in the Bulletir of the Atomic Sxiertists! Feiveson and
Taylor of Princeton University proposed that a thorium-based nuclea= fuel cycle in which
the 233y fissile component is denatured with 238_) pe considered as an altermative to *he
uranium-based plutonium cycle. Their thesis was that the denatured 233U ycle could be
made wore proliferation resistant than the plutonium cycle, and, moreover, that it might
even eliminate tne mucessity for 7ast reactors operating on and breeding plutonium. Soon
thereafter a multi-institutional feasibility study of the denatured 233U cycle was initi-
ated by the Department of Energy, with Argonne National Laboratory, Brookhaven National
Laboratory, Combustion Engineering, Inc., Hanford Engineering Development Laboratory, the
Oak Ridge Gaseous Diffusion Plant, and Oak Ridge National Laboratery as the participants.
ORNL was assigned the responsibility for compiling and editing the contributions to the
study and publishing the final report, which was issuea in December, 1978, as ORNL-5388
(Interim Asgessment of the Demutured 2330 Puel C1:2le: Feasibility and Nomproliferation
Characteristics). An extended summary of the report is presented here.

1.0. INTRODUCTION

UTtimatelv the extent to which nuclear power can be used throughout the world will
depend on the availability and cost of the fissile fuel supply. While todzy's geueration
of power reactors have remained competitive, even with the recent sharp increases in uranium
ore prices, it is to be recognized that these reactors are essentizlly all 235y burners,
and 235y, the only fissile isotope that orcurs naturally, comprises less than 1% of na‘ural
urenfum. As the known supplies of high-grade ores diminish, the costs for urarium expla-
ration, mining and processirg will {ncrease. It is clear that if a widespread and long-
term dependence o+t nuclear enercy is to be realized, at some point it will be more econom-
;cal to greatly reduce the use of 235U and instead to produce and recycle an ertificial
fissile isotore. OFf the many artificial isotopes that can be produced in quartity, only
three can be classified as fissile isotopes: <3%u and 2"1Py, which are pracuced by the

neutron bomoardment of the fertile isotope 238U; and 233y, which fs produced by the neutron
bombardment of the fertile isotope 231Th,

As the ruclear power industry has matured, the majfor trend nas been toward the pro-
duction and recycling of 23%Py and 2*1Pu, collectively referred to as pef. This has
been a natural development since fn most pover reactors the 235U fuel is distributed in a
matrix of fertile 238y, For example, the heavy-water reactors (HWRs) developed by Canada
(called CANDUs) are fueled with natural uranium, which is >99% 25U, and the 1{ght-water
reactors (LWRs)* developed by the Unite¢ States are fueled with urarium enriched to only a
slightly higher concentratfon of 235y (3-4%). Thus Puf is a byproduct of all these reactor
operations by virtue of the constant bombardment of the 238U with reactor neutrons. Under
the current U.S, pol.cy of a "once-through” cycle, the ?uf remains lncked in the stored spent

*Commercialized as Pressurfze slater Reactors (PWRs) and Boiling Water Reactors (BWRs).

o




§ 4
A -




— e N i S T L i 1 e e gt s, 4 s 5 A S B S gt

fuel elemerts, but if the elements were reprocessed, it could be chemically separated and
recycled, together with the unburned 23%y, in replacemwent elements. This does not mean,
however, that the CANDUs and the Ldas could sustain themselves, since both are therail
reactors which for reasons discussed later cdarnot practically be develej..d into "breeders®
(reactors that produce more fuel than they use). Jut recycled fuel could be uced to sup-
plement the supply of =35y for thermal reactors. Morecver, it has been demonstrated that
[fast reactors* whose fissile cores are suircunded with 238y "plankets” can over a period

f to replace their awn fuel and at the same time supplement the
fuel supply of thermal reactors. It was, Jf course, the urpectatiun that this would occur

of time breed encugh Py

th>t prompted the U.S. industry's it - st in tre constiuction of commercial plants for re-
pracessing the LWR los-enriched uranium fuels (LEU fuel) and provided the incentive for

the development of fast breeder reactors, particularly the Liquid-Metal Fast Breede: Reuc-
tor (LMFBR). The evolution of an LMFBR-iype fue! cyc'e, with an increasing concentration
of piutonium ir tre recycle elements, has been re’erred to as moving toward a "plutonium
economy . "

While the primary emphasis in the U.S. has been on the uranium-based plutonium cycle
(alsc referred to as the Pu/U cycle). the development of a thorium-based cycle has also
been pursued — to the extent that a prototype therma1 High-Temperature Gas-Cooled Reactor
(HTGR) that contairs thorium in its core is already operating {the Fort St Vrain plant
located at Platteville, Colorado). Currently the reactor fuel in the HTGR cycle consists
of highly enriched uranium (+93% 2350 jn U) intermixed with 2327h (referred to as an HEU/Th
cycle), but if the cycle were closed so that the spent fuel elements could be reprocessed,
the <33y tred in the 232Th could be ext~icted and uscd in new HTGR elements. Thus, the
evolution of the closed HTGR cycle could result in an increasing concentration of 233U
in tne recycle elements. although, again, the HTGR could not practically be developed into
a completely self-susftai-~7 reactor.

While our fissile fuel supply could be enhanced by deploying either the Pu/l' cycle or
the HCU/Th cycle, it has been argued by some groups that nefther is as "proliferatiorn
resistant” as the currently used once-through LEU cycle. Their concern centers or the fact
that in these fuel cycles weapons-usable fissile material is chemically extractable from the
fresh fuel elements. The fear is that terrorist or nationalist groups might seize the fresh
fue! elements as they are being transportad to reactors, or even steal them from the reactor
sites themselves, in order to extract fissile material from the elements and fabricate
nuclear weapons, however crude. Fresh LEU fuel in the once-through cycle is not considered
to be attractive for diversion because any 235U chemically extracted from the fucl would be
so diluted with 2-3U that it would not be usable in weapons fabrication. The uranium would
first have to undergo isotopic enrichment, which is technologically difficult and for which
few facilities in the world currently exist. These arguments were obviously a major factor
in the U.S. Administration's gecision in April 1977 to defer commercialization of the Pu/U-
fueled LMFBR in the Unjted States.

*Contrary to popular misconception, the word "fast" is not meant to imply a fast breeding
rate. !nstead "thermal" ard "‘ast" describe the relative energies (speeds) of the neutrors
moving within the resctor cores,




3

Another proliferation concerr that has been expressed is that the fiscile material
extracted when spent reactur fuel elements are reprocessed could be diverted to clandestine
weapons-fabrication operations. This, along with other concerns, led th: Administration
to place a moratorium or reprocessing. As a result, only once-through cycles are used it
U.S. commercial power reactors and when plutonium-containing spent elements are removed
from the reactors they are stored on site, where they are protected from diversion hoth by
institutional safeguards and by their high fission-product radioactivity. However, as the
number of spent fuel elemen’s increases and their radioactivity decreases, more permanent
storage arrangements will have to be made.

In contrast to the once-through LEU cycle, both the Pu/! cycle and the HEU(233)/Th
cycle mandate reprocessing. Thus they2 is a point in both cycles at which fissile material
wou'd be chemically isolated from all other materials in the spent fuel elements.* Also,
the fresh fuel elements in Eoth cycles would contain chemically separable fissile fuel (sec
Table 1.1). In the Pu/U cycle the fresh fuel would consist of a mixture of plutonium and
uranium (Puf, plus 2350 diluted with 238)) from which weapons-usable puf could be ex-
tracted, and in the HEU/Th cycle the fresh fuel would consist of a mixture of uranium and
thorium (223y, 235y, a small amount of 239U, and 232Th) from which weapons-usable 233U
and 235U, with the 238U, could be cc-extracted. (As noted later, however, any fuel con-
taining 233U is radioactive, which would cause handling problems.)

Tahle 1.1. Comparison of Principal Fissile and Fertile Nuclides in Some Reactor Fuels

Fuel Fresh Fuel Nuclides? Spent Fuel Nuclides
LEU (no recycle)d 235y, 238y 235y, Puf, 238y
LEU (with recycle) 235y, pyf, 238y 235y, puf, 238y
Pu/U (with recycle) Puf. 238y ((+235y)c puf, 23gy (+#235y)c
HEU/Th (no recycle)b 235y, 2321p 233y, 235y, 2127p
HEU/Th (with recycle) 233y, 235y, 2327h 233y, 235y, 232Th

ap,f = 239py 4 261p,,
"Once-through” system.
CUntil the cycle becomes self-sustaining, 235U will be included,

With the above objections in mind, several groups have offered "alternative" nuclear
fuel cycles which they view as being more prolfferation resistant than either the Pu/U
cycle or the HEU/Th cycle. For uranium-based cycles, these alternatives range from meking
the once-through LWRs more uranium efficient to impiementing the Pu/U recycle mode with

"full-scope” safeguards. For thorium-based cycles, the aliernatives are aimed at naking
233 recycle more acceptable.

*1t has been suggested that deliberately "spiking” or otherwise contaminating the fissile
material with radioactive materials would discourage diversion,



One thorium-based alternative that bas been proposed is the cycle row commonly re-
ferred to as the "denatured 233U" cycle. Suggested in 1976 by Feiveson and Taylor,! a
research team in the Program on Nuclear Policy Alternatives at Princeton University, the
cycle would be structured so that its fresh fuel would have the same isotopic barrier
that exists in LEU fresh fuel. That is, the 233U would be mixed with 238U, with the %33y
concentration kept at a level sufficient’y Tow for the mixture to be unusable for weapons
fabrication. The 238y content would be limited to that required to "denature® the 233y,
the remainder of the fuel being comprised of 232Th so that additional 223U would “e bred
during reactor operatiors.

While Feiveson and Taylor outlined their concept of the full cycle, they made nc
attempt to detail 7 specific cycle nor to provide a technical assessment of the capa-
bilitias of power systess utilizing denatured 233U fuel. However, with interest ir
thorium-based cycles ircieising, the Department of Erergy in 1977 initiated a multi-
institutional study of th: denatured 233y cycle which concentrated on the following
areas:

[1) The isotopics of denatured 233U fuel, particuiarly as they previda
inherent preliferation-resistance characteristics or impact the de-
sign of the fuel cycle;

(2) The struc:ure of a denatured 233U fuel cycle, i.e., the types of
reactors and fuels that would b2 included, the support facilities
that wru'ld be required, and the relative locations of the various
compoients;

(3) The impact of denatured 733U and other fuels in the cycie on tre
pe~formance of the reactors;

(4) The technical and economic feasibility of commerciaily deploying
the denatured 233U fuel cycle; and

{3) The adecuacy of postulated nuclear power systems utilizing denatured
fuel for me:ting power demands.

Because a nuclea data base for the denatu.ed 233y cycie was largely nonexistent,
and the designs of te reactors in which denatured fuel would be used were also incomplete,
the resuits of the study are necessarily preliminary. However, as will be apparent from
the following summary, many institutional and technical requirement. for implem:nting
the denatured 233y fuel cycle have been clarified and a broad view of its possibilities
and limitations has been provided,

'H.A. Felveson and T.B., Taylor, "Security Implications of Alternative Fission Futures,"
Bull, Atomic Scientists, p. 14 (Decimher 1976).



2.0. [ISOTOPICS OF DENATURED 737y FUEL: NONPROLIFERATION AND FUEL CYCLE IMFLICATIONS

As pninced out above, “fresh® dznastured <37 fuel” would consist of the fiscile iso*npe
233y diluted with the fertile isotoge 238U and mixed with the ferzile isotope <32Th. In
order to minimize the production of plutonium and concomitantly to maximize the produ.tion
of 233y during reactor operations, the amoun:i of 232y denaturant used would be limited to
that required to provide an effective isotopic barrier. That is, it would be detemined
by the allowable concentration of 233U in 238U. Just what the exact percentage of 233U
ia the denetured uranium would be has naot been firmly established, but estimates have been
made on the basis of limits set for 235U, Fast critical mass data for 235U indicate that
uranivm metal containing less tham 20% 2354 is unsuitable for weapons fabricition; therefore,
this percentage has been set as the dividing 1ine between low-enriched and high-enriched
235y fyel.”  Calculations that compare the infinite neut-on multiplication factors of 232
and 2351, both as metals and as oxides, indicate that a compaizble limit for 223U would be
between 11 and 12%. Thus in this study the upper 1imit for the enrichment of denatur:d
fuel was set at 12%. At this enrichment the uranium would comprise approximately 22% of
the fuel mix (2.6% 23y and 19.4% 238y), and 232Th would comprise approximately 78%.

Fresh denatured 233U fuel would also contain the very important isotupe 2320.% While
not contributing either to the energy production cr to the fuel production, this icotope
would be present because it is unavoidably produced along with the 23U and can be isolated
from the 233U only by a difficult and costly is~topic separation process. Suc1 a step would
appear to be unwarranted since the 232U would exist only in small concentrations and would
not affect the operation of the reactor »:r =c. 1its importance stems from the fact that
232 is an unstable isotope that emits radiation as it decays through 272%Th and its daughter
products to stable 278Pp, the most promisent emissions being 2.6-MeV gamma rays emitted in
the decay of 278T1. Thus fresh denatured -*’U fuel would be radioactive. Moreover, as
more and more of the 232y decayed, the radioactivity of the fuel would increase in intensity
for some time before peaking and eventually decreasing.

Spent denatured 213U fuel would, of course, contain all of the isotopes included in
the fresh fuel {233y, 232y, 238y, and %22Th) plus the pof produced in the 238y, In addi-
tion, the spent fuel would contain several other isotcpes that are present in the nuclide
production chains of 233U and 232Th, one of particular interest being ?’%Pa. Finally, the
spent fuel would rontain fission products, which because of their high radicactivity would
generate gamna-ruy fields orders of magnitude larger than those produced by the 232y chain.

The isotopics of the denatured 233U el cycle are unique in that they offer several
inhevent barriers to fuel diversion by terrorists or nationalist states. At the same time
they introduce complications in the design of the cvclie, as will be apparent from .o fol-
Towing discussion,

*As used here, "fresh" fuel is any fuel prepared for {nsertion into the reactor, regardless
of the number of times the fissile material nas been recycled.

"In general, however, "low enriched YU fuel" implies 3-4% enrichment and fuel enriched
to about 20% {s considered to be medium enriched uranium (MEU).

SThe processes whereby 2320 is produced and subsequently decays are shown in Appendix A.




2.1. Ncoproliferation Advantages

Isotopic Barrier of Fresh Fuel

The i~otcpic barvier provided by the 238y depaturant is the primary nonproliferation
feature of the denstured 233y fuel cycle, the premise being that the isotope separation
{enrichment) facilities required to upgrade the uranium to weapons material would not be
available to subnational terrorist groups and, with some possible exceptionz, probably
would not be availabl. *c non-nuclear nationalist states.

While th. isotopic barvier is formidable, it i5 not absnlute, especially since en-
ri.hment technclocy §s currently uvndergoing rapid development. Whereas 10 years ago 2l
anrichment operations were perforied at large gaseous diffusion plants, todey the gas
centrifugation technique is practical in small-scale plants and could be applied to bouh
233y and 2359 rresh fuels. Relatively speaking, 233U fuels woula be easier to 2rrich than
235y fuels. For erample, because of its lower mss. 233 would be more easily separated
from 238y than 235Y would be, assuming equal enrichmeniis of the feed matertal, Also, because
233y pas a lower fast critical mass and thus a smaller amouat would be needed, less enrich-
ment capacity would be required to produce 3 weapons worth of 233U from 233i/23%Y feed than
to produce a weapons worth of 235U from 235U/238y feed, again assuming equal enrichments of
the feed material. And finally, less effort would be required to upgrade 12% 233U material
to 99% enrichment than would be required to upgrade 3-4% 235U material (such as LWR-LEU
fuel) to 0% enrichment.

in considering the enrichment of diverted frash fuel, nowever, i't is to be recognized
that the current status of centrifuge technology is such that much advanced plannine and
Jong and undetected operations would pe necessary to enrich a sufficient amount of weapons-
grade material from any low-enriched fuel. Moreover, as the concentrition of 223U in the
ura.-ium increised, so also would the concentration of 232 increase, resulting ir 1
highly radioactive product unless the isotopic separatfon included the removal of 232y,
To completely remove the 2320 would require an increased centrifuge capacity, the total for
233y recycle fuels approaching 0% to 90% of that required to enrich LEU fuel (3.2 wt% 235U),
Thus the problems encountered irn onriching denatured 233U fuel would appear to be suffi-
ciently difficult to suggest that some other fuel might be a Letter chnice, On the other hand,
it : 1so must be recognized that enrichment technologies that will exist in the next 20 to 25
years will be considerably advanced over tha current technologies. Moreover, if means were
available for handling the radioartive fuel — that is, 1f the 232y contamination were accepc-
ahlc — then the centrifuge capacity required to enrich the denatured 233U fuel to weapcns
grade would be reducea to only 3% to 20% of the capacity required to enrich LEU fuel.

Radiation Barrier of Fresh Fuel

The 23 %-induced gamma activity in denatured 233U fuel will constitute an effectise
radiation barrier against sefaure of the fresh fuel. At the time this study was perforred,

the nuclear data required for calculating the concen - f 23 {n denatured fuels
{usually characterized as so many parts per millfor Jfficiently developed for
accurate calculations to he performed; however, estima.. seen made for some fuels

with the data at hand. The results range from appro.imate’y 40 ppm 2321 in U for
denatured HTGR fue) (after equilibrium recycle) to about 1600 ppm 24 in U for recycled
denatured LMFBR fuel. ‘
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In order to estimate the deterrence value of the 232U content of the fresh fuel, it is
necessary to correlate the 232y concentrations with gamma-ray dose rates and the dose rates
in turn with potential harm to would-be diverters. The highest level of deterrence, of
course, would be provided by a gamma-ray dose that is immediately incanacitating (greater
thar. 10,000 rem). While several factors must be considered, including the quantity of
material being handled, the maximum dose rates that could be expected vrom fresh denatured
fuel (fast-reactor bred material) would be on the order of 100 rem/hr, and thus disabling
doses would not occur. ‘However, doses in the range of 200 to 600 rem can cause eventual
death, and the 100 rem/hr dose rate could discourage diversion by all except those indi-
viduals who were «ither disdainful of or ignorant of the facl that they were risking expo-
sure to lethal doses.

If the fue' were successfully seized in spite of the radiation barrier, it would not
he useful for weapons fabrication unless it was enriched, which would be difficult (as
discussed above), especially if the 23U were removed in the process. if the 232 were not
removed, the gamma activity of the erriched product would be proportionately higher, the
fraction of 432U in LMFBR-derived denatured fuels increasing to approximately 8000 ppm.
Chemic2] processing might be employed after the enrichment process to remove the 232y
decay procucts that are the actual gamma-ray emitters; however, within 10 to 20 days
further decay of the 232§ woyld provide a new populatica of 228Th and its daughters.

Thus, no advantage would be gained unless a hignly accelerated schedule could be fol-
lowed.

If the 232U were not removed in the enrichment process, fabrication of a weapon with
the r-sulting contaminated product presumably could be dune by remote operation; however,
construction and/or acquisition of the shielding, remote handling equipment, etc. would
increase the risk of detection of a covert program before its completion. And while non-
fissile material included in the weapan would provide some shielding during its delivery,
additional shielding would be required to protect the operator of the delivery vehicle and
to facilicate the loading operations. Thus, the radiation barrier would present problems
throughout the entire diversion process. By contrast, fresh mixed oxide Pu/U fuel would
present a much smaller radiaticn problem and the currently employed fresh LEU fuel would
present essenticlly none at all.

In ¢ddition to discouraging diversion per se, the presence of the 2.6-MeV gamma ray
emitted from 233U.containing fuels would provide a useful handle for detecting material both
during and after d*version, Adequate detection systems that could be adapted for this
purpose ar2 alrew.'y avaflable, In particular, a monitor system developed at Los Alamos
Scientific Litsratory is capable of measuring a dose rate of aboutr 2.5 m/hr at a distence
of 30 ¢m from a 20-g sample of Pu0,. Approximately the same dose rate would be measured
for a similar sample of 733U containing 100 ppm 232y 12 days fcllcwing chemical extraction
of the daughter products, and, of course, the dose rate would increise manyfold as the
daughter population built up again, Also, the efficiency of the detector could be improved
if the detector window were set to cover only the strong 2.6-MeV gamma ray in the spectrum,
Thus. with respect to detectability, the radioactivity of the fuel would be a definite
advar tage.



Reduced Attractiveress of Spent Fuzl

Like all spent reactor fuel clements, spent denatured 233U fuel elements would con-
tain fissile materyal, some of which would be chemicaily separabie (see vable 1.1); however,
the elements would be protected from diversion, 2t least initially, by their high fission-
prodict radioactivity.

In adcition to unburned -33U, which would not be chemicallv s~parable because nf the
223y denaturant, the coent fuel would conta:n ruf produced in the 233 during reactor
operations. If a terrorist or nationalist g.oup could arrange to seize and pracess the
fuel elemerts after they hed dacayed to 2 manageable radiation level, ¢r if they could
devise a processing system that could be overated remotely or semiremotely, then the plu-
tonium coula be chemically separated. However, the choice of denatured fuel for this
purpose se~ms highly unlikely since the amount of 238 included in the denatured elements
would be only about une-fifth the amount included in LEU elements. Thus to extract a
given amount of pluconium from spent denatured elements would require processing more ela-
ments than would be necessary to obtain an equivalent amount of plutcnium from LEU elements.*

Spent denatured 2334 would also contain 233Pa, which is an intermediate isotope in
the 233y production process initiaten by the 232Th{n,y) reaction. 233Pa decays %o 233y,
and since it has a relatively long half-life (27.4 days), theoretically it could be chemi-
cally separated from the spent fuel and allowed to decay to 233U after the separation.
However, the chemical sepavation would have vo be initiaced snortly upon discharge of the
clements from the reactor while the fission-product radicactivity is very intense, which
is highly improbable. Moreaver, the discharge ccncentration of 233Pa is low (typically
5% of the discharge ?33U), which means a large quantity of heavy metal would have to be
processed to recuver a significant quantity of 233Pa, Even then the amount recovered
would be compirable to the amount of plutonium that could be recovered after the elements
had cooled. Therefore, it would seem that if any diverter group were to seize spent de-
natured fuel for its fissile content, plutonium would be the choice, even thoujh, as noted
wbove, the plutonivm content of the dena ured fuel would be relatively small.

Feduced Accessibility of Isolated Fissile Isotope

The intense activity associated with 233U would require that the fuel fabrication pro-
cess be performed remotely behind several feet of concrete, While this would introduce
complications in the fuel cycle development (see below), the remote nature of the process
would provide an additional safeguard feature in that access to tae fissile material would
be severely restricted.

2 2. Fuel Cycle Impact

The presence of the gamma-emitting 22U chain in denatured 233U fuel wold adversely
affect the design of the fuel cycle in several important ways. First it yould effectively
preclude nondestructive assays (NDA) of the fuel because the gamma-ray signals from the
fue) would be dominated by the 277U decay gamma rays that could not be properiy accounted

for without a detailed history of the sample. Also, the desired sirnal would be reduced
by the 7380 dflution.

*The number 0" elements varies with the type of reactor; for PWRs about three times as many
denatured 233y element: would be required,
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More importantly, the requirement for remote fahrication of the fuel would necessitate
significant modifications to the uranium oxide pellet fabrication process that is currently
employe- in fobricating LEU fuels and is planned for Pu/il fuels. It is nossible that a
continuous pracess, such as the sphere-pac process, in which liquids and micruspheres are
more easily handlec remotely, wouid be required, In a <ontinuous process, the usual
accountability techniques, in which the control nf fissile material is based on tracking
individual "batches,” could not be applied,

The remote operations would be required, of course, te provide protection for operating
persenne! against the gamma rays emitted by the 233U fuel. Other potential radiological
hszards are associated with the emission of alpha and betz particles by the Vuel isotopss,
and to the extent that th: denatured fue: isotopes differ from those in other cycles, these
hazavds might also require special consideration.

To cause sericus damage, alpha and beta emitters must be inhaled or ingested in the
body, since the penetra*iui ranges of the particles are so short that even if the radio-
nucl’des emitting ther. were deposited cn the skin, the alpha particles would not penetrate
the skin and the beta particles would give no more than ski: doses., As a result, no serious
hazard would exist from these particlos unless the fuel were inadvertently dispersed in the
environment, In that svent, however, the radioruclides might be in!zled or ingested anc
subsequently migrate to critical organs where the ir situ emission ¢ ° the alpha and beta
particles would cause damage of body tissue. While this is not expected, the potential
woxicity of the various fuel isotopes musi be considered.

The toxicity of any particular radicnuclice is determined by several factsrs, in-
cluding its specific activity (the number of disintegrations per second), tie effective
energy deposited in the organ per disintegration, the effective hali life of the isotope,*
and the critical body organ in which it is deposited. Ir general, the heavy metai isotopes
in reactor fuels are bone seekers, and in the "worst case” scenarios, they would be in-
hiled. (The dose from inhaled heavy metal isotopes is orders of mag~itude larger than the
dose from ingested heavy metal isotopes.)

Estimates of the time-integrated doses (50-year doses) that .an be expected to be
delivered to the bone by the inhalation of the impor-ant fuel 1'sotﬂ,'>es'r show that in terms
of dose per microgram of the isotope inhaled, 222If has a higher toxicity than any other
uranium or plutonfum isotope except 238Pu. 233y aiso has a relstively high toxicity

(higher than °35y or 238), but it is coisiderably lower than the toxicity of any of the
plutunium isotopes.

Obviously an important factor in estimating the potential danger pesed by an enviian-
mentally dispersed fuel is the relative amount of each isotope in the “uel. Ffor example,
the fraction of the contaminant 252U in denatured 233U fuel would be much lower than the
combined fraction nf nlutonium jsotopes in Pu/U fuel -- to the extent that the Pu/U tuet

[2
The half life of an isotope is the period of time required for one-half of a given
quantity to disintegrate, that is, for one-hal{ nf the nuclei to change form.

*See Appendix B,

L e —
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would be considerably more toxic. Also, since denatured 233 fuel would be diluted with
relatively nontoxic “38U, it wou'd conta2in proportionately less 232§ than highly erriched
HTGR fuel and therefcre would be somewhat less toxic than the HTGR fuel. Cn the ovher
hand, it would be considerabiv more toxic than LEU fuel.

The toxicity of the fertile isotope 232Th included in the 233y-containing fuels is not
considered because of the over—:ding importance ot 23%y, which has a dose commitment to
the bone that is more than four times greater. Huwever, tne radiolugical hazards
associated with mining of U.S. thorium deposits ar directly at ributable te 2321k and its
decay products, and thus must be cons.dered in the fuel cycle developwent.

2.3. fonclusions

In conclucicu, the ronproliferation advantages and the impast on the fuel cvcle d:sign
attributable o the isotopics of denatured 233y fuel can be suw.arized as follows:

e Isctopically denmaturi.j 233y fuel with 23ty would provide a significant
technical parrier to 223U isolation (although not an absolute one)
that would decrease with time at a rate that wouid be country-specific.
Countries tkat hive the technological expertise to develop isotape
separation capabilities would have the technology required to circum-
vent Lhis barrier; however, they probibly would also have the option
¢f u.ilizirg natural uranium or lnw-2nriched 235y fuel as fe.c material
far the enrichment process.

® Denatured -’y fuel would have an inherent gamma radia*ion barrier due to
232y davughter products in the fresh fuel that would significantly increase
the effort required to obtain weapons-usable material from diverted fresh
fuel. Moreover, the gamma rays emitted by the fuel would provide a useful
handie for detecting the fuel during or after Ziversion.

e Vvhile the production of plutonium in the spent deratured fuel would represent
a potential proliferation concern, the amount of plutonium in the denatured
spent elements would be less than that in LEU spent elements, It there-
fore seems unlikely that spent denatured ‘uel would be diverted ror its
plutonium content. Nther fissile constituents of the spent denatured
elements would be even less attractive.

o The radioactivity of the denatured 233 fuel would necessitate that all
fuel cycle operations involving the fuel be design2d for remute opera-
tion. This would provide an additional nonproliferation advantage by severely
restricting accessibility to fissile material, However, it would compli-
cate the development of the fuel cycle. In particular, the requirement
for remote fuel fabrication might impose constrainis on the use of uranium
oxide pellets. Also, the radfoactivity of the fuel would prevent the
usual methods for nondestructive assays of the fuel from being applied.

e In designing the denatured 233U fuel cycle, the toxicities of 232y, 233y,
and 2%2Th would have to be thoroughly established and taken into acccunt.

—
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3.0. STRUCTURE OF THE DENATURED 233y FUEL £YCLF

Tre preceding discussion ofiers the depat red Fiel cycle as a proliferation-resistant
alternative to the Pu/U cycle for preducing and recyciing an artificial fissile isotope
— 233y — in vower reactors. For thermal reactors, such as those that dominate today's
nuclear power systemc, 27U is a particularly efficient fuel, Whan the fissioning neutcons
are thermal neutrons, 232U relcases more energy por atom of fusl destroved {by ficsion or
transmutation) than eithar 22%u or 235y, and it also produces more neutrons per atom of
fuel destroyed than the other fissile isotopes. Thus for equivalent wmount - of fuel,
thermal reactors utilizing 2337 rot only wou’d g:nerate more encrgy than thermal reactors
operating on other fuels but slso would have more exces. mestruns available for breeding
adgition2l fuel.

233y is less attractive fo: fast reactors. The impetus for developing fart reactors
has always been due to their potential role as breecars, which requires a high production
of excess neutrns, 2nd when *he fisyi~ning neutrons are fast neutrons the neutron pro-
duction of 2331 is well below that of 23%u, As a result, Pu-fueled fast reactors sur-
rounded by fertile 238y blankets have always been favored fcr breeder designs rather than
233y.fyeled fast reactors survounded by fertile 232Th blankets. While the latter are thes-
retically feasible, their production of excess fuel would be low or even margina”,

The relati e ineffectiveness of 233U-fueled fast re. :tors as 233U breeders means, of
course, that they could not be depended upun to produce an adequate supply of 233U for the
denatured tvel cycle. Nor could 233j-fueled thermal reactors, since, as discussed earlier,
state-of-ihe-art thermal reactors cannot practic2lly be developed as 'r 2ders regardless of
the fissile isotope they utitize.¥ 0On the other hand, a class of thu.mal reactors that are
now being considered for development and are referred toc as "advanced converter reactors
(ACRs)" are expecied to have breeding {conversion) ratior* that would reduce their require-
ments for an exogenous source c¢f fissile fuel, which means that they would probably be gcod
candidates for operation on denatured 233U fuel. Still, some makeup 233 wou'd be required,
and since none of the reactors appear to be capable of burning 233y and simultzneously
producing an excess of 233U, reactors utilizing some other fuel would have to he developed
as 233y producers. Thus, implementation of the full denatured 223U fuel cycle would
require the deployment of diffecrent types of reactors operating on di fferent types of
fuels, and it could not be expected that all the fuels would have inhereit proliferation-

"Although not considered in this study, current efforts are under way to develop a Light
Water Breeder Reactor (LWBR) that utilizes and produces 233y,

*ihe breeding ratio and the conversion ratio are ooth defined as the ratio at a specific
point in time of the race at which fissile material is produced in a reactor (by excess
neutrons not required to sustain the fission process) to the rate at which fissile material
is destroyed in the reactor. The term breeding ratio is used for those reactors for which
the ratio is greater than 1 (as for ast breeders), and conversion ratio 15 used for those
for which the =atic is less than 1. If the ratio is greater than 1, ther, at least
theoretically, the reactor is producing enough fuel to sustain itself.



resistance characteisstics. As a result, technical and/or institutional barriers would be
necessarv td ensure that the vuels without an inherent resistance were not subject to
diversion. ‘

Similar barriers would alsa be required, of course, for the various steps in the fu2l
cycle at which fissile material would be isolated. Thus the structure of tra denatured fue’
cycle — that i5, the locations of the various components in the cycle and their attendant
technica) and institutional barriers — would be a major consideration.

3.1. Reactor Types Used in Denatured Fuel Cycle

Just as the initial recycling of plutonium would be in LWRs already in operation, the
initiz] use of denatured 233U fuel would be in LWRs, followed by its introduction into
other tvpes of thermal reactors. In this study ii has been assumed that the other types of
thermai reactors would be the ACRs that are currently receiving attention as systems with
a potential for signifizantly improved fuel utilization characteristics. Tnese reactors
are primarily baSed on three design concepts: the gas-cooled HTGR, which, as mentioned
earlier, has already passed the prototype stage; the pressurized heavy-water CANW, which
has been commercialized by Canada; and the Spectral-Shift-Controlled Reactor (SSCR), which
is basically a pressurized-water reactor (PWR) whose reactivity control system utilizec
Leavy water instead of soluble boron to compensate for long-term reactivity changes during
the operating cycle.

[2aTY

While to date the ACRs have not yet oveen demonstrated on their own reference fuels,
their feasibility appears assured (ree Section 5) and their adaptation to denatured 233y l
fuel would not require major alterations to their designs. Thus the addition of denatured
ACRs to the denatured LWRs would no doubt improve the overall fuel efficiency uf the cycle,
However, since none of these roactors would operate in self-sustainfng modes, they would '
each require an exogenous source ov 23°U. For reasons stated above, the 233U would
undoubtedly be preduced by a reactor that burned some fuel other than 233y, l

The obvious (and only) long-term choice for the fuel in a 233U producer is the other
artificial fuel — plutonium, And since 238U would be included in the denatured fue)
elements, plutonium would be available fn the cycle. Feiveson and Taylor suggested that a
plutonium-fueled fast reactor with a 232Th blanket might be used as a 233U-production
device, and to distinguisa this type of reactur from the classical fast breeder, the term
"transmuter” was coined at ORNL. However, a thermal reactor that is fueled with plutonfum
and contains 232Th within its core could also te & 233U producer, and this type of reactor,
whether based on an LWR design or one of the ACR designs, is also befng referred to as
transmuter, In any case, utilizing plutonfum-fueled reactors in the system would provide
a means for disposing of the plutonium produced in the fuel cycle, which would be a
nonprol iferation advantage.

The principal reactors fn the denatured fuel cycle then would be thermal reactors
operating on denatured 233U fue) (LWRs and possibly ACRs) and therma) and/or fast reactors
utilizing plutonfum to produce 233y (i.e., transmuters), Depending on the relative
requirements for 233U and plutonium, it might also be necessary for the cycle to include
plutonium-fueled "breeder-transmuters,” which would contain both 232Th and 238U in their

g e RO
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blankets. And for some energy scenarios the classical fast breeder mighi also be required,
although a constraint in the overall system would be that the production of plutoiium
would not -exceed the demand for it so that the net production of plutoniux would be zero.
Finally, deponding on the demard for pc.er, the cycle could aiso recuire fast reactors
that would o, -rate 9n denatured fuel and contain 237Th in their blankets. As will be
discussed more fully in Section 4, these "denatured fast breeder reactors" would produce.
more fissile fuel than they would consume, but the fuel they produced wouid consist of
433y pius 23%u. The 23%uy could not de recycled in the denatured reactor, and the amount
of 233y produced would not be sufficient to replace the 33U consuwed. Thus the denatured
233y fast ~eactor would also require an excgenous source of 233y. Even so, this type of
“breeder” could be used advantageously.

3,2. Other Components of Fuel Cycle

Nith the requirement for reactors fueled both with plutonium and with denatured 233y,
the full denatured 223U fuel cycle would include features of both the conventional plutonius
cycle and the conveational thorium cycle. For example, facilities would have to be avail-
able for reprocassing uranium/plutonium fuels by the already well-developed Furex process.
In addition, facilities would have to be available for reprocessing uranim/thorium fuels
by the Thorex process, or, depending on the form of the fuel elements, with a modified
version of tne Thorex process. Ard, of course, fuel fabrication facilities for the two
types of elements would be needed, as well as waste storage facilities.

3.3. Locations of Fuel Cycle Components

Because the plutoaium-fueled reactors and several other fuel cycle components and/or
operations would not have inherent proliferation-resistant characteristics, they would
require special protection. The proposal by the Princeton team, and others before them,?
is that the facilities falling in this category be centrally located in secure (guarded)
energy parks. The reactors operating on denature¢ 233U fue) would, of course, be dispersed
outside the parks to location: where they were r2eded for pruducing power.

A schematic indicating the locations of the varfous components in a typical power
system operating on the denatured 233U fuel cycle is shown in Fig. 3.1. The transmuters
and other sensitive support facilities are confined to the energy center and the fuel
assemblies traaspcrted outside the center are limited to fresh denatured assemblies, All
the plutonium produced in the dispersed reactors is returned to the center in the highly
radicactive spent fuel elements. The plutonium is then extracted and burned in the trans-
muters inside the center to produce 233U for the outside reactors. As a result, ro "fresh"
plutonium exists outside the energy center, The 233U produced outside the center {is
similarly returned to te center in the radicactive spent fuel elements, vr, if denatured
fast breeder resctors arce sed, in radinactive blanket elements.

2"A Report or the International Control of Atomic Energ: ,” prepared for the Secretary of
State's Committee on Atomic Energy by a Board of Consu cants: Chester I, Barnard,
Or. J. R. Oppenheimer, Dr, Charles A. Thomas, Harry Winne, and Gavid E. Lilienthal

(Chairman), Washington, D. C., March 16, 1946, pp. 127-217, Department of State ®ubli-
cation 2493,

- ———————
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Fig. 3.1. Schesatic of Nuclear Power S!sten Consisting of an Energy {enter and
Dispersed Rcactors Operating on Denatured 233y Fuel, .

Wnile not :ndicated in Fig. 3.1, the porer systen would also include, an east ini-
tially, LURs operating on the conventioral “naturally denatured” ¢EU 237: cy.l2, with
the plutonium produced in the spent fuel elements being recycled within the anter.
Fnother possioility is that LWRs operating on MEU{235)/Th fuel micht be included. In
MEU(235)/Th fuel the 235U enrrchment would be increased above the 3 to 8% in LEU fuel but
would remain below the 202 Timit that has been set as the dividing line bebveen low and
high enrichment for 225U, The increased onrichment would allow some of the 238 to be
replaced with 232Th, compensating for the lower fissicn cross section of 232Th relative to
238y % (Note: Even if the decision %o utilize 23%: fuels is deferre¢, introducing thorium
into currently operating LWRs would be a means for inftiating a stockpile of 233y and at
the seme time reducing the production of plutonium by such resctors. However, as discussed
in Sections 4 and 5, this weuld entail a significant economic penaity.)

Alsc rot fndfcated in Fig, 3.1 is the possibility that ACRs operating on some fuel
other than denatured 233U fuel might be included in the system. Those operating on Tow-
enriched 235U fuel could be used as dispersed reactors while those operating on highly
enriched fi:1s or plutonium would te included fn the energy centers. Finally, Fig. 3.1

does not indicate the possible inclusion of the classical breeders within tie energy center,

*Neutrons produced by “fertile fissions" always contribute to the chain reaction, and thus
the relative contributions by 238U and 232Th fissions must 2lways ba taken tnto account
when 232Th {s substituted for 2 | in reactor cores, :

o



http://Ps.Tk.J3
http://2U

15

3.4. Symbictic Character of Deratured Fuel Cycle

The denatyred 233y fuel cycle thus would evolve into a system in which the reactors
outside the energy center and those inside the center would be operating "in symbiosi.."
When the system reached maturity, ro external source of fissile material wouid be supolied
and the systam wauld b self-contained,

Obvicusly, the inherent growtn potential of a given power system would depend on the
tvpes of reactors it utilized, that is, whether or not they were net fissile consumers
(thermal reactors) ur net fissiie producers (fast reactors). The greater the fraction of
fast reactors, the greater the grmth potenttal. I addition, however, the growth potential
would be intimately tied with the ratio of powar produced outside the center to the powar
produced inside the center, which is defined as tre "energy support ratio.”

Although any number of reacior mixes can be envisioned, three yeneric types of
symbiotic systems are illustrative of the inter-relationship of the systew growth potential
and its energy support ratio. The generic Systas can be described as (1) dispersed thermal
reactors supported by energy-center thermal transmuters, (2) dispersed thermal reactors
supnorted by energy-center fast transmuters, and (3) dispersed fast reactors supported by
energy-center fast transmuters. Svetem | would have no net fissile gain and thus its
growth potential would be inherently negative and its installed nuclear capacity would
decay as 2 function of time. System 2 would have a potential for growth because it includes
fast reactors; however, a tradeoff b _wcen the support ratio and the growth rate clearly
would exist for this system since maximizing the support ratio would mean that the thermal
reactors would comprise the major fraction of the system and the growth rate would be
cetrimentally affected. System 3 would provide much more flexibility in terms of the allow-
able energy support ratio and inherent growth rate. Thus the design of a power system
utilizing denatured 233U fuel would be highly dependent not only on the power demand but
also on the locations where the power is to be delivered.

3.5. Conciusions

The preceding discussfon can be summarized by the followinc:

®  Denatured 233y fue) would be used initially in LWRs and subsequently
could be introduced into advanced converter reactors (ACRs). Reactor
types primarily “eing concidered for development as ACRs are HTGRs,
CANDUs, and SSCRs, FBRs might also be adapted for use with denatured
233y fyel,

®  Reactors operating on denatured 233U fuel would be unable to sustain
thes.selves and thus would reqnire an exogenous source of 233y, The
most 1ikely devices for 233y production would be "transmuters” —
reactors (thermal or fast) that burn plutonium t» produce 3*3U in
fertile 232Th, The plutonium producnd in the 278y denaturant could
be used to fuel the transmuters.



16

The denatured reactors and the transmuters wouid operate "in
symbiosis,” each producing the fuel needed by the other. Irn a
rature system, no external fissile source would be required,
although to reach this stage other types of reactors might have
to be added (e.g. classical breeders).

The Pu-fueled reactors and other cosponents in the cycle lacking
inherent proliferation-resistance characteristics would be con-
strained to a secure (guarded) energ; center. Other components —
particularly the reaciors operating on denatured 233U fuel — weuld
be dispersed outside the energy center to Incations where they were
needed.

The symbiotic nature of the denaiured <33y fuei cycle would
mandate a tradeoff analysis of growth potential versus energy
support ratio (ratio of power produced outside the energy
center to the pcwer produced inside thz center}. For
thermal/thermal systems (thermal reactors inside center/thermal
reactors outside center), the growth potential would be
negative. Fast/thermal systems would perrit some of thz net
fissile gain (i.e., growth potential) of the fast reactors to
be sacrificed 7or a higher ene~ev support ratio. Fast/fast
systems would provide the highest growth potential.
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4,0. IMPACT OF ALTERNATE FUELS ON REACTOR PERFORMANCE

The denatured 233 fuel cycle has been described as a symbiotic system of reactors
operating on several types of fuels — which may or may not include the fuels for which Lhe
reactors were originally conceived. Since each reactor type is specifically designed to
operate oa its own reference fuel, it can be assumed that most types would not perform
equally wo1} on “alternate” fuels. As a r.sult, to produce the same amount of power, a
reactor operating on an alternate fuel probably would require an increased fissile charge,
which in turn would require increased U;0g ore and separative work* {enrichment) units,
either directly for its own fuel or indirectly to supply a supporting system, If the

requirements are excessively high, then, of course, the use of that reactor-fuel combiration
in the denatured fuel cycle must be discounted.

Presumably the redesian of a reactor would improve its performance on an alternate
fuel, but redesign without some preliminary indication of the feasibility of a particular
reactor-fuel combination wo1ld be unrealistic. Therefore, first estimates of the impact
of an alternate fuel on the performance of a reactor are made by performing “mass flow"
calculations for the as-designed reactor operating on that fuel. The results are given in
terms of fissile fue! -harges and discharges, the U;04 and enrichment requirements, conver-
sion (or breeding) ratios, etc. Frior to the initiation of this study, such calculations
were already being perfcrmed by various crganizations, and pertinent results 7or reactor-
fuc! combinations of interest to the denatured 233U fuel cycle were collected for chis
study. The rationale whereby specific combinations were then selected as components for
postulated “denatured power systems” is described below.

4,1. Alternate Fuel Types Considered

In examining the performance of reictors operating on alternate frzis, it is useful
to distinguish between two generic fuel cycle types: <those in which the spent fuel fis
reprocessed concurrently (that is, recycle systems) and those in which the spent fuel is
not reprocessed concurrently (once-through systems).

A1l once-through systems must, of course, utilize the resource base since 235U is the
only naturally occurring fissile isotope and tcivs the only fissile isotope available with-
out reprocessing. The most well-known once-through cycle is tre LEU cycle ‘low enriched
uranfum) used fn LWRs. Varfations of this cycle are the natural-uranium cycle currently

used in HWR-CANDU. and an 3EU cycle (s1ightly enriched uranfum) proposed for the advanced
CANDU.

Bnother possible once-through cycle is the MEU(235)/Th cycle, sometimes referred to
as the "denatured <35U" cycle because the fuel composition is analegous to that of
denatured 233y fyel [i.e.. MEU(233)/Th fuel]). As will be shown below, however, it probably
would not be economic to introduce MEU(235)/Th fuel fnto reactnrs unless the fuel cycle was
assumed to be 1n a gtoweway mode — that is, unless it was planned to recover the 232U

+ .
Separati /e work unfts (SWUs) are dimensionless and are used to show the relative amounts
of effort required to 2nrich varicus fuels.



18

produced in the spent fuel at some later date, in which case subsequent {but not concurrent)
reprocessing would occur. By cuntrast, once-through cycles operating on a throwaway mode
do not include plans for recovering the unburred uranium (235U or 23%) or plutonium.

Because the denatured 233y fuel cycle mandates the recovery and recycling of the 233y,
it cannot be used in a once-througin mode. MNeither, of course, can ary of the cycles in
which the primry fuel, or even the "topping™ fuel, is plutonium. Thus, whenever 233U or
plutonium is used ir a reactor - thermal ar fast - the system is a recycle system. And
since plutonium is the only fuel seriously considered for fas? reactcrs {although denatured
233y might also be used), all fast-reactor systems are recycle systers. It follows, of
course, that all once~through systems are thermal systems,

When . 21s are being considered for use in proliferaticn-resistant power systems
dased on secure energy centers, they must also be classified as dispersible Or energy-
center—constrained, the dispersible fuels being those that have inherent proliferation-
resisiant characteristics. Dispersible fuels would include all fuels in which the 225y
enrichment is maintained below the 20% limit or the 233U enrichment is maintained telow
the 12% Timit. LEU fuel, the MEU(235)/Th and MEU(233)/Th fuels, SEU fuel and natural
uranium wouiu all be dispersible fuels. Conversely, fuels containing highly enriched 233U
or 233y or plutonium would be energy-center-constrained fuels, e.g., the HEU{235)/Th and
HEU(233)/Th fuels and the Pu/U and Pu/Th fuels. Viewed from this perspective, it is
apparent that the energy support ratio of a power system, which has teen defined as the
ratio of the power produced outside the center to the power produced inside the center, is
equivalent to the ratio of the power produced by reactors operating on dispersible fuels to
the power prodiced by reactors operating un energy-center-constrained fuels,

4.2. Reactar Designs Calculated

The thermal reactors for which mass flow calculations were collected include the LWRs
(both PWRs and BWRs), the three types of reactors under primary consideration as advanced
converters (HTGRs, HWRs, and SSCRs), and a gas-cooled reactor identified as the Pebble Bed
Reactor (PBR}. The fast reactors are the standard LMFBR with its homogeneous core, plus
an "advanced” LMFBR fn which some blanket assemblfes are intermixed with fuel assemblfes
{heterogeneous core).

In each case the reactor design used for the analysis was a current design ontimized
for the reactor's reference fuel, and thus reactor performance improvements that could
result from redesign to accommodate the alternate fusls are not reflected. The assumptions
incl4ad a 75. plant capacity factor, a 0.2 wt.% 235U content in the uranium tails, a 0.5%
Toss in the conversion process (U;0g + UFg), a 1% loss in the fuel fabrication process, a 1%
loss ‘n veprocessing, and no credit for the end-of-1ife fissile inventory.

Light-Water Reactors {PWRs_and_BWRs )

The analyses for PWRs were based on the Combustion Engineering System BOT" design for
a 3800-MWt (1300-MWe) reactor, and most of the calculatfons were performed by Combustion
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Engineering, with a few additional results provided by ORNL. The analyses for BWR-type
LWRs were performed by General Electric and included calculations for "mixed lattices” in
which MEU/Th pins (and also ThO, pins) were introduced within only a few of the LEU fuel
2ssemblies rather than throughout the core.* (Note: In the "denatured power systems”
considered later, only the PWR was used.)

Spectral-Shift-Controlled Reactors (SSCRs)

The mass flow calculations for SSCRs were also performed by Combustion Engineering,
and since the SSCR design is based on a PHR, the CE PWR System 80“‘ design was again used.
The advantage of the SSCR is that the heavy water used for long-ten: reactivity control
shifts the neutron spectrum to higher energies at which they are preferentially absorbed
in fertile materials. Thus the loss of neutrons to poisons is decreased with a concomitant
increase in the amount of fissile material bred by the reactor.

Heavy-Water Reactors (HWRs )

The fuel requirements for HWR-CANDUs were calculated by Argonne National Laboratory.
A current-generation 1200-Mie CANDU design was assumed for all cases except the natural-
uranium fuel case, for which an older design rated at approximately 600 MWe was used.
The CANDU utilizes D0 as moderztor and coolant in separate closed systems. It has a fuel
management scheme which allows on-line refueling that minimizes downtime and promotes
efficient use of the fuel by requiring less excess fuel to offset "parasitic” neutron
absorption in fission products during long-term operations.

Gas-Cooled Reactors (HTGRs and PBRs)

The fuel-utilization characteristics of HTGRS were calculated by General Atomic, with
some verification calculations carried out at ORKL. The assumed design was a 3360-MWt
(1344-Me) reactor with a core power density of 7.1 Ht/cm3. The analyses for the PBR, which
design concept was developed in West Germany and is represen.ed by the 46-FWt Arbeitgemein-
shaft Versuch Reacktor {AVR), were performe” b, a physics design group at KFA Julich, West
Germany. The desfgn was assumed to be a 3000-MWt (1000-MWe) reactor aaving a core power
density of 5 m/m3.

Unlike any of the other reactors, the HTGR and PBR utilize a thorium-based reference
fuel — currently a mixture of highly enriched uranfum and thorium {i.e., HEU(235)/Th fuel
which with recycle becores HEU{233)/Th]; however, some consideration is being given to
converting their designs to MEU/Th fuel, The principal difference between the HTGR and
the PBR is that in the HTGR prismatic fuel elements are loaded into a graphite blcck whereas

*Concurrent with this study, investigations were made as part of NASAP (Nonproliferation
Alternati e Systems Assessment Program) to determine how much improvements in design and
operating ;trategies wuld increase in sftu utilization of bred fuel in LWRs operating on
the once-iarough cycle, While such improvements were not considered as an integral part
of this study, a brief calculation of the effects of an assumed 30% improvement in U;0g
utilization is discussed in Appendix A,
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in the PBR small spherical eiements of fissile and fertile material are introduced intc a
spherical core. An important feature of the PBR aesign is that it «1lows on-line refueling
with spent fuel elements being removed from the bottom of the core. (Note: In the
"denatured power systems® considered later, only the HTGR is used.)

Liquid-Metal Fast Breeder Reactors (LMFBRs)

Preliminary analyses of the impact of alternate fuels on LMFBRs were performed by
Argonne National Laboratory, Hanford Engineering Development Laboratory, and 0ak Ridge
National Laboratory. Although differing in detail, each group selected as a reference
design the “classica'™ LMFBR consisting of a Pu/U-oxide-fueled core surrounded by axial
and radial blankets nf fertile 238U, The pertformance parameters of alternate fissile/fer-
tile combinations were calculated by replacing the reference corv: and blanket materials
with appropriate alternate materials. No attempt was made to vptimize any of the designs
to account for the different thermophysical properties of the alternate materials.

In addition tc the czlculations for these *homogeneous" LMFBRs (homogeneous cores),
calculations were carried out at ORNL to determine the effect of intermixing fuel and
blanket assemblies within _ne core. This ieactor model is commonly referred to as the
"heteryceneous” LMFBR. So that the results for the homogeneous and heterogeneous LMFBRs
could be compared directly, only the ORNL-calculated fuel utilization and production data
are included in this summary. In both se's of calculations, an oxide-based 12C0-MWe plant
was assumed, and the heterrgeneity was accompiished by using alternating concentric fissile
and fertile annuli in the core model,

4.3, Comparisons of Various Reactor-Fue! Combinations

Thermal Reactors

As discussed above, thermal reactors may operate .n a once-through cycle cr in a
recycle mode. The once-through cycle, it turn, may be a throwaway cycle or a stowaway
cycle, the economic feasibility of sone fuels existing onlv with the latter. Table 4.1
shows, for example, that of the thermal reactors aperating on once-through throwaway
cycles, the HWR-CANDU utilizing SEU fuel would require the smaliest U30g resource commfit-
ment. Ranking next would be the HTG? and PBR on LEU or MEU{235)/Th fuel and the HWR-CANDU
on natural uranium fuel, with the HWR veguiring 1ittle or no separative work,

Significant);, nefther the HTGR nor the PRR requires a higher U305 commitment for the
MEU(235)/Th once-through cycle than for the LEU case. This is primarily due to a high
burnup decign which allows most of the 233U produced by these reactors to be burned in
situ and contributes significantly to both che power and the conversfon ratio, The unique
d2sign of the PBR would also permit recycie of the fertile elements without isitervening
reprocessing and thus would further reduce the ore (and SWU) requirements for the
MEU(235)/Th cycle.

et wapec i
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Table 4.1. 30-Year U0 and Separative Work Requirements of Thermal Reactors
Operating on Resource-Based Fuels

U304 Separative Work
Reactor/Fuel {ST/Gke) {103 kg SWU/GWe)
Once-Through LEU Fuels
HWR-CANDU/Nat. U 4,688 0
HWR-CANDU/SEU 3,563 922
PBR-LEU 4,500 -
HTGR/LEU(C/U = 400) 4,594 3,629
HTGR/LEU(C/U = 350) 4,860 3,781
SSCR/LEU 5,320 3,010
PWR/LEU 5,989 3,555
BWR/LEU 6,051 3,490
Once-Through MEU(235)/Th Fuels
HWR-CANDU/MEU(235)/Th 8,281 7,521¢
PBR/MEU(235)/7~ a,18a> -
PBR/HEU(235)/ ih 4,007° -
HTGR/MEU(235)/Th (C/Th = 650) 4,515 4,143
HTGR/HEU(235)/Th 4,395 4,387
SSCR/MEU(235)/Th 7,920% 7,160%
PWR/MEU(235)/Th 8,360 7,595
BWR/MEU(235)/Th 8,680 7,763
Rezycle Fuels
HWR-CANDU/MEU(235)/Th with U recycle 1,640 2,000
HTGR/MEU(235)/Th with 233U recycle 3,666 3,361
HTGR/HEU(235)/Th with U recycle 2,280 2,278
SSCR/MEU(235)/Th with U recycle 3,220 3,077
PWR/LEU with U + Pu recycle 4,089 2,690
‘WR/LEU with U recycle 4,946 3,452
PWR/MEU(235)/Th with U recycle 4,090 3,632
BWR/LEU with U + Pu recycle 3,869 1,980

Aggtimated from other data provided on this reactor.

bDoes not consider possible recycle of fertile elements without intervening
reprocessing.

Ranking after the gas-cooled reactors and the HWR ara the SSCR and LWRs on LEll fuel.
The LWRs and the HWR-CANDU could not compete economically using MEU(235)/Th fuel on the
once-through throwaway cycle. If, on the other hand, the once-through cycle were viewed
3s 3 stwaway cycle, in which case the f{ssile content of the spent fuel elements would
be expected to be recovered at some future date, and especially if a stockpile of 233y
and/or Py’ were known to be required eventually, then the ranking of the reactors would
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change. In this case, the PkR and the HWR would e ti.e prefirred recctors for MEV(235)/7h
fuel because of their high 233U production (see Table 4.2). Moreover, apgroximately one-
third of the 235U charge in each of these reactors would be recoverable. Simi larly, the
PWR and HWR, together with the SSCR, would riak highest or the LEY stowawasy cycle if Puf
‘recovery at some future date were anticipated.

It is to be remembered, however, that the spent fuel inventory is recoverable only
wien the spent fuel is reprocessed, whereas the U30s conmitment is necessary throughout
the operating lifetime of the reactor. Thus, on an economic basis, when *¥U(235)," h fuel
is used, the expected future value of the recoverable fuel must offset the additional costs
associated with using increasing amounts of the resource base.

Another aspect' to consider in the stowaway cycle is the proliferation resistance of
the stored spent fuel. For bath the LEU and the MEU/Th once-through fuel cycles, the
fissile uranium content of the spent fuel is dematured (diluted with 228y) and herce is
protected by the inherent icoropic barrier. Thus the plutonium in the fuel would be the
fissile material most subject to diversicn. Table 4.2 shows that employing the MEU/Th
cycle in place of the LEU cycle sharply reduces the amount of plutonium produced (by 60-803%,
depending on reactor type), and for bnth cy.les the wuantity of pluiorium produced in the
gas-cooled reactors is substantially less than that produced ir tr2 other reactor types.

On the MEU(235)/Th cycle the HWR-CANDU als~ is a low plutonium producer,

Table 4.2. Estimeted 30-Year Fissile Fuel Utilization and Production i
of Thermal Reactors Operating on Once-Through Cyclesa

235y Fissile Discharge (MT/GWe) Net Fissile
Charge ¥ Consumption
Reactor ("T/Gue) 23 SU 2 33U Pu Total (HT/GHe)
LEU Fuel
HWR? 17.5 1.77 - 5,49 7.3 10.2
PBR® 18.1 2.79 - 1.89 4.7 13.4
HTGR 19.5 3.25 - 2.1¢ 5.4 14.1
SSCR 22.3 5.46 - 5,88 1.3 1.0
PWR 24.7 6.45 - 5,22 n.7 13.0
MEU(235)/Th Fuel
HWR 32.6 10.08 14.28 0.75 25.1 7.5
PBR® 16.6 1.17 2.73 0.42 4,3 12.3
HTGR 18,0 1.35 2.31 0.69 4,4 13.6
PWR 33.8 11.52 7.80 2.13 21.4 12.4

9Calculated as initial charge for first year plus annual charge for equilibrium core
times 29 years.

bsgy fuel.
®velues for PBR estimated from equilibrium cycle.




The picture for MEU(235)‘Th fuel changes again if the recovery of the spent fuel
fissile material is performed concurrently with the reactor operztion -- that is, if repro-
cessing is permitted a.d the recovered fissile material is recvcled in the reactors during
their lifetimes. Table 4.1 shows that for MEU(235)/Th fuel with 233 recycle, the demands
for Usg and separative work units are greatly reduced for veasons apparent in Tabie 4.3.
With 2339 being recycled in the reactors, substantially less 235U caurge is required —
approximately 303 less for the PWR and the HTGR and approximately 70% less for the HWR.

In most cases the net consumption of fissile material is also reduced. This is because,
as pointea out earlier, 233U is a mre efficient fuel for thermal reactors than 23°U.

The greater efficiency of 233U fuel is particularly obvious when the fissile fuel re-
quirements of a given thermal reactor operating on MEU(235)/Th fuel with 233U recycle are
compared with those of the same reactor operating on MEY(233)/Th fuel with 233 recycle
(that is, the denatured 233U cycle). As shown in Table 4.4, on MEU(233)/Th fuel the net

Table 4,3, Estimated 30-Year Fissile Fuel Utilization and Production
sof Thermal Reactors Operating on MEU{235)/Th Fuels with U Recycle2

235y Charge Fissfle Discharge (MT/GWe) Net 235y
Consumption
Reactor (MT/GWe) 235y pul (M7 /GWe)
HWR 9.4 3.0 0.9 6.4
HTGRD 20.7 1.9 0.8 18.8
SSCR 19.9 6.8 1,9 13.?
PWR 22.4 8.4 1.9 14,0

YCalculated as inftial charge for first year plus annual charge for equilibrium
core times 29 years.

bData for HTGRs deduced from Table 6.1-3 of main report.

Table 4.4, Estimated 30-Year Fissile Fuel Utilization and Production
of Thermal Reactors Operating on MEU(233)/Th Fuels? with U Recyclel

Fissile Discharge (ka/GWe) Net 233y

233y Charge - 7 Consumption

Reactor (MT/GWe) 233y Pu (MT/6Ne)
H4R 25.7 21.9 1.0 3.8
HTGR? 12.3 3.3 0.8 9.0
SSCR 21.5 13.5 2.2 8.0
PWR 23.4 13.4 1,9 10.0

%penatured 223y fuel,

bCa'Icu'lated as initial charge for first year plus annual charge for equilibrium
core times 29 years.

Data for HTGRs deduced from Table 6.1-3 of main report.



fissile fuel requirements of a given reactor are considerably recuced over those for the
same reactor on NEU(235)/Th fuel. It is to be re-emphasized, however, that while the 235y
requi “d for the MEU(235)/Th cycle can be obtained from the resource base, the 233y required
for the MEU(233)/Th cycle cannot. Thus any 233U required by a reactor in excess of what it
produces itself must be “"manufactured® by another reacior, and the manufacturing process
will make demands on the rec-rce base — indirectly if not directly ~ until such time as

a self-sustaining symbiotic :em of reactors has evolved.

A5 discussed previously, one possible techrique for manufacturing 233y is lo use
thermal transmuters that operate on plutonium and produce 233U via neutron absorption in
the thorium included in their cores. A comparison of the various therma} reactors operating
on Pu/Th fuel (Table 4.5) indicates that the HWR would be more efficient in this role than
either the PKR or the SSCR. In all cases, of course, the reactors would ytilize wmore
fissile fuel than they would produce, which means that a power system consisting solely of
thermal transmuters and denaturea thermal reactors would not be self-sustaining. This is
wmade more obvious by comparing Tables 4.4 and 4.5. Table 4.4 shows, for exampie, that
over its lifetime a PWR operating on denatured 233y [that is, on the MEJ(233}/Th cycle]
would require ~10 MT 233y per GWe, while Table 4.5 shows that the only thermal transmuter
- that could produce this amount would be the HWR-CANDU. But the HWR transmuter, in turm,
would reauire approximately 19,9 MT of Puf and none of the reactors operating on denatured
233y even approach an adequate'Pu‘P production, Under its current design, the HTGR would
nat be an efficient transmuter, largely hecause it consumes much of the 2231 it breeds
in gitu,

Table 4.5. Estimated 30-Year Fissile Fuel Utilization and Production of
Thermal Transmuters (Pu/Th Fuel)

f Fissile Discharge (MT/GWe) Net Puf
P Charge T Consumption Trar,smutatign
Reactor \MT/Gue Pu 233 (MT/GWe Efficiency
HWR-CANDL? 26.9 7.0 11.8 19.9 0.59
HTGRD 19.1 3.8 2.8 15.3 0.18
SSCR 47.9 23.4 3.2 24.5 0.33
PWR 42.6 20.9 8.2 21.7 0.38

9Tons of plutunium "transmute  into tons of 233y,
bBased on annual mass flow data in Table 6.1-3 of main report.

Fast Reactors

The fast reactors were considered as possible candidates for two roles: as power
reactors operating on denatured 233U fuel; and as transmuters burning plutonium to produce
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733y, With an LMFBR used as the model, the denatured FbRs were analyzed for a range of
223y enrichments to parameterize the impact of ii.> fuel on the reactor performance, and
the transmuter FBRs were analszed both for a Pu/?38y ccre driving ~ ThG, plantet and for
a Pu/Th system in which the thorium was included both the core and in the bianket.

In denatured fast reactors the specified 233U/l enr.chment is a crucial parameter.
Increasing the allowable enrichment of “330) in U permits wore thorium to be used in the
fuel matarial and hence allows the reactor to be more self-sufficient (i.e., reduces the
required 233U makeup). Increasing the 223U enrichment also reduces the amount of fissile
plutonium contained in the discharge fuel, which is obviously desirable from a safeguards
viewpoint. However, increasing the 233y fraction also increases the vulnerability of the
denatured fuel to isotopic enrichment, effectively forcing a compromise between prolifer-
ation concerns regarding the fresh fuel versus proliferation concerns regarding the spent
fuel. These trends are apparent in Table 4.6. A a 12% enrichment, which is the lowest
enrichment feasible for a denatured fast system, the overall breeding rutio is 1.12, but
the breeding ratio fcr 2330 is only 0.41. Thus a significant amcunt of 233U makeup is re-
quived. Still the system is a net fissile producer because of the plutonium it brzeds.

If the enrichment is increased to 20%, or preferably to 40%, the self-sufficiency of the
system greatly increases., It would increase even more so if Th blanket elements were intro-
duced inside the core (that is, if a heterogeneous core were employed). However, except
for the 12% case, all these enrichments exceed the criterion set for this study. On the
other hand, the ratio of 233U produced to puf nroduced is very sensitive ta the specified
degree of denaturing in the range of 12-20% 233U/U. This suggests that significant per-
formance improvements may be possible for relatively small increases above the 12% limit.
Of course, the overall "breeding” ratio of the denatured LMFBR will always be considerably
degraded below that for the reference Pus238U cycle.

Bucause of the superior breeding potential of a 23%u-fueled system relative to a
233y-fueled system in a fast neutron spectrum, the fast reactor is ideally suited to the
role of a plutonium-fueled transmuter {or breeder-transmuter}. Moreover, in contrast to

Table 4.6. Denatured LMFBR Mid-Equilibrium Cycle
"Breeding” Ratio Components*®

233y Pu Overall BreeJing
Fuelt Component Component Ratio
233y(12%)/u 0.41 o.M 1.12
233y(20%)/U/Th 0.70 0.39 1.09
233y40%)/U/Th 0.90 0.15 1.05
233(100%),7r 1.02 - 1.02

*A separate, more recent study [Proliferation Resistant large Core
Design Study (PRLCDS)] indicates that with design modifications
substantial improvements in the FBR performance is possibie.

fFor homogeneous cores; i.e., no blanket elements introduced inside core,
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the thernul transmuters, the fast reactors result in a net overall fissile material jain.
Table 4.7 shows that such reactors can have a net fissile production that is comparable
to that of classical fast breeders, both in the homogeneous-core configuration and in the
heterogeneous-core configuration (the latter with internal blanket elements).

In the case of the homogeneous-core breeder-transmuter, the reactor both sustains
itself (though only marginally)} and produces 233U, its overall “breeding® ratio (i.e., net
fissile production per GWe) being approximately the same as that for the reference Pu/U
cycle. When a homogeneous Pu/Th core is used (next to last entry in Table 4.7), the 233y
production increases almost a factor of 4, but this is acnieved by the "sacrificial™ con-
sumption of plutonium. Thus, these two reactor types represent a tradeoff betw2en maximum
232y production and maximsn total fissile production on homogeneous-core reactors. Con-
verting to heterogeneous cores would increase the net fissile production, but again the
gain would be at the expense of an increased plutonium consumption. On the other hand,
numerous advanced | MFBR concepts currently under study could significantly impact the
performance parameters of such systems.

Table 4.7. Estimated 3C-Year Fissile Fuel Utilization and Production of
LMFBRs Operating on Puf Fuel in Combination with 238y and/or 232Th

Net Fissile Production

f (MT/6He)
Blanket Pu’' Charge Ki
Fuel (A78/1)% (MT/Ge) Pu 233y Total
Classical Breeders
Pu/U (Ref.) L/u 24.1 + 5.6 Q + 5.6
Pu/U u/u/y 35.2 +10.3 0 +10.3
Breeder-Transmuter
Pusu u/Th 24 +0.9 +4.6 + 5.5
Transmuters
Pu/U U/Th/Th 37.5 -7 16.1 +9,0
Pu/Th Th/7h 27.6 -14.8 17.5 + 2.7
Pu/Th Th/Th/Th 40.9 -16.7 24.0 +7.3

“Axial/Radial/Internal (if any).

bEditor's Note: These comparisons ¢f - "<+ : production are not meant to
imply that a heterogeneous LMFBR cor. geci~ ¢ superior to a homogenenus design
since many rther factors enter into the c~~pac >ons of the overall systems.

VP
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4.4, Conclusions

Since optimization of the varivus reactors for the particular fuels considered was
beyend the scope 6f this study, the results presented above are subject to several uncer-
tainties. Nevertheless, certain gemeral conclusions on the impact of the various fue!®
cycles on reactor performance are believed *o be valid:

® For once-through throwaaay Systems, the various systems studied are
ranked in order of optimum resource utilization as follows: the HiR on
the LEU cycle or on natural uranium; the HTGR and PBR cn either the LEU
cycle or on the MEU/Th cycle; and the SSCR and PWR on the LEU cycle. On
the MEU/Th cycle the SSCR and PR require more uranium than they do on
the LEU cycle and rance do not merit further consideration for once-
through operation.

e For once-through stovawaw Systems, in which the fissile material in the
cspent fuel is expected to be recovered at some future date, the relative
ranking of the systems would depend on the ultimate destination of the
fissile material. If future nuclear power Systems are iG be thermal
recycle systems, then early emphasis should be placed oz reactors and
fuel cycles that have a high 233U discharge. If the future systems are
to be fast recycle systems, then emphasis should be placed on reactors
and fuel cycles that will provide a plutonium inventory.

® For thermal recycle systems, the preferred basic fissile material is
233y, However, implementation of a 233U fuel cycle will require an
exogenous source of the fissile material; therefore, it is likely
that the McU(235)/Th cycle would be implemented first to initiate
the production of 233U, Both the unburned 235U and the 233U would
be recycled; thus the system would evolve towards the MEU(233)/Th
cycle, which is the denatured 233U cycle as defined in this study.
However, it is to be emphasized that these reactors will not pro-
duce enough 233U to sustain themselves and separate 233U production
facilities must be opevated. A Pu/Th-fueled reactor has been con-
sidered as a 233y production facility.

For fast recycle systems, the preferred basic fissiie material is
Puf. Using 233U as the primary fissile material or placing thorfum
in the core sharply reduces the breeding pzrformance of fast reactors.
However, fast reactors using plutonfum fuel and thorium blankets

would be efficient 233U production facilities,
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5.0. [IMPLEMERTATION OF DERATURED FUEL CYCLE

As defined in this study, @ nuclear power system based on the denatured 233 fuel
cycle would consist of t¥Rs and possibly ACRs (SSCRs, HWRs, or HTGRs) and FBRs operating on
denatured 233y fuel, plus all the support facilities required to sustain those operations.
The support facilities would include transmuters, which could be any of these same reactors
operating on Pu/Th fuei, and they might also include breeder-transmuters or even the clas-
sical breeders. In addition, the support facilities would include the necessary facilities
for fresh fuel fabrication, spent fuel reprocessing, and waste treatment [see Fig. 3.)).

As of this date, neither the required reactors nor the supporting fuel cycle facil-
ities are fully developed for operation in such a power system. The LWRs, of course, are
commercialized for operation on their reference LEU cycle and the ACRs have reached advanced
stages of development for “heir own reference fuels; however, only preliminary consideration
has been given to adapting any of these reactors to denatured 233U or Pu/Th fuel. The FBRs,
which for this study were assumed to be of the LMFBR twpe, 2re similarly well advanced for
their own reference fuel but not for an altermate fuel. Thus prior to the implementation
of 2 denatured fuel cycle, the reactor-fuel combinations to be included in the cycle must
be selected and the research and development required for implementing and sustaining the
resulting systems must be carried out.

While it was too early for detailed R&D programs to be described in this study, it was
possible to make subjective evaluations of the status of the individual reactor and fuel
recycle technologies and to project estimated schedules for their completion, together with
order-of-magnitude costs. Such estimates were made and are reported below. It should be
emphasized, however, that the schedules assumed for deployment of the reactors and fuels
are based solely on the minimum time estimated to be required to solve tes:ical problems.
That is, no allowances were made for impediments to cosmercialization, such as 1i. asing
gifficulties, interrupted construction schedules, etc. Under these conditions, the intro-
duction dates for specific reactors operating on specific fuels were determined as follows,
the introduction date being defined as the date of startup of the first unit, with additional
reactors introduced at a marime rate of 1,2,4,..,unils each biennium:

1987 - LWRs operating on "denatured 23°U" fuel [i.e., MEU(235)/Th fuel].

1991 - LuWRs operating on denatured - 33U (§.e., MEU(233}/Th], Pu/U and Pu/Th fuels.

SSCRs operating on LEU, denatured 23%U, and Pu/Th fuels.

1995 - HWRs operating on any of several proposed fuels.

HTGRs operating on any of several proposed fuels.

2001 - FEas operating on Pu/U, Pu/Th, and denatured 233y fuels.

Obviously such an accelerated schedule could not be met without substantial initiatives
and strong financfal support from the U.S. Government. And because the first several
commercial units would have to be ordered before the operation of the initial demonstration
plant, partfal government support would have to extend through these units.

[ T
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5.1. Reactor Research and Development Raquivements and Costs*

In planning for the introduction of the various reactors into the denatured 233y
fuel cycle, it was assumed that the develorment cf each reactor on its own reference fuel
would be completed first, and that conversion to an alternate fuel would follow. In
general, the RAD required tc bring a reactor concep: to the point of cosmercialization cn
its reference fuel is divided into three areas:

{1) Proof of principle (operating a test reactor of small size);

{2) Design, construction, and cperation of a prototype plant (intermediate size);

(3} Design, construction, and operation of a commercial-size demonstration plant
(about 1000 MWe},

Similarly, the R8D required to convert a reactor to an alternate fuel would be divided
into three areas:

(1) Data base development (provic¢ing physics verification and fuel performance
information necessary for the design and licensing of reactors operating on
the alternate fuel);

{2) Reactor components development needed to accommodate the alternate fuel;

(3) Demonstration of the reactor on the alternate fuel cycle,

Of the reactors considered in this study, only tho LWPs have been fully developed
for their reference cy~le. Thus, the R&D on LWRs could be immed?ately directed to that
necessary to convert LWRS to alternate fuels. The three ACRs have progressed past the
proof-of-principle step, and moreover, their concepts have been sufficiently developed
that the prototype plant stage either has beer comnleted or could be bypassed. As 2
result, the remaining RAD for the ACRs is that essential to the operation of demonstration
plants on their reference cycles, to be followed, of course, by the R&D required to con-
vert them to alternate fuels. The LMFBR is similarly at the demonstration stage on its
reference fuel,

Light-Water Reactors (LWRs)

Preliminary evaluations of design and safety-related considerations indicated that
LWRs could operate on thorium-based fuels [MEU(235)/Th or MEU(233)/Th] with little modifi-
cation, and an essentially current-generation LWR could serve as a demonstration plant.
However, prior to any cuch demonstration, R4D programs would be required to verify the
physics data base for thoriuw-based systems and to develop and test as-yet unidentified
reactor components. Also, sume core design changes would be necessary to accommodate the
new fuel. »nd safety analy;es of the new core would be required for licensing. Since the
private sector would have iittle incentive to convert to MEU/Th fuels, especially without
assurances that the 233U in the spent fuel would eventually be recycled, all these programs
would require government subsidy to support the R&D program, In addition, the demonstration
itself probably would require a subsidy to insure the sponsoring utility against the
potential for decreased reactor availability, The government subsidy could total between
$100M and $200M. Presumably the costs of converting LWRs to Pu/Th fuels would be the same
order of majnitude,

*See Section 4.2 for additional discussfion of reactors.



Spectral-Shift-Controlled Reactors (SSCRs;

The proof.-af-principlz of the SSCR was accomplished by the operatian of the BR3 reactor
in Belgium. A prototype plant may be unnecessary since various components required for
heavy-water nandling ard reconcentration are well established by heavy-water reactor
operating 2xperience and the SSCR itself is a modiTication of the aiready commercialized
PWR, Thus the next step for an SSCR is a demonstration of the reactor on its reference
fuel (LEU).

The demonstration plant could be designed so *that it operated in either the conven-
tional poison control mode or the spectral-shift mede. Then the capital risk would be
iimited to that required for spectral-shift control plus heavy water costs, Because the
proposed schedule for commercialization of the SSCR is more rapid than for any of the other
ACRs, it was assumed that the government would cover all the component R8O costs and li-
censing costs for the demonstration plant and that it would also purchase all the extra
equipment required for the first five units. Additional government support to mitigate
the effect of probable lower capacity factors for the first experizental unit would Le
anticipated, as well as carrying charges on the D,0 inventory. 1he total govermment sub-
sidy would ranecz petween $300M and $350M. Incresental costs ror then converting the SSCR
to MEU/Th fuel would be $10M to $60M. In the long-term, a major impediment to commerciali-
zation of the SSCR could be the availability of D,0, and government incentives to ensure
D20 production w.uld be necessary. (The costs for converting the SSCR to Pu/Th fuel were
not considered in this study.)

Heavy-Hater Reactors (HWRs)

It is assumed here that the U.S. HWR would be based on the CANDU and deployed under
Canadian license and with Canadian cooperation. Thus, the anticipated R&D and the associ-
ated costs would be those requirea to adapt the present CANDU design to SEU fuel, to extend
the design to a larger plart (1000 MWe), and to acquire U.S. licensing.

As with the SScR, government support would be required, the total costs for trans-
ferring the Canadian technolcgy to the U.S. and upgrading the HWR tr meet U.S. licensing
criteria probably reaching t'ie range »f $200M to $400M. Also, a substantial govermment sub-
sidy would be required for the first unit and further government support could be necessary
for the next four units, espect2)ly if an accelerated schedule is mandated. The costs of
converting the HWR to a denatured fuel were estimated to be approximately the same as con-
verting an (WR to denatured fuel. Again, as with the SSCR, the D0 suppiy would be a cru-
cial ractor. (7he costs associated with the use of Pu/Th fuel in HWRs were nct considered.)

High-Temperature Gas-Cooled Reactors (HTGRs)

The HTGR status in the U.S. is considered to be at the prototype stage with the 330-Mde
Fort St. Vrain HTGR plant, and the basic reactor development still required is that asso-
ciated with the demonstration of a large plant design. The costs for component R&D and
licensing requirements would be in the range of $200M to $300M. As was the case for the HwR,
it is assumed that a substantial subsidy would be required for the first demonstration plant
and a partial subsidy would be necessary for each of the nert four units, especially in the
advent of an accelerated schedule.
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Since unltike the other reactors considered, the HTGR has a thorium-based reference
fuel, it is possible that a denatured cycle couid be designated as the reference cycle

50 that the 3 .onstration plant would be a denatured system.

If this were done, the

additional costs required to convert the HTGR to a denatured fuel minht be smaller than

those required to convert LWRs to thorium-based fuels.

+As with the nther reactors, the

costs of converting the KTGR to a Pu/Th system were not considered.,

Fast Breeder Reactors (FBRs)

FBR R,DD requirements and costs were not included in this stuuy since updated data
for the LMFBR both on its reference cycle and on the dematured 233U and Pu/Th cycles were

being ceveloped under other programs.

Summary of Reactor R,D&D Costs

The estimatad costs for reactor R.DAD are summarized in Table 5.1.

Table 5.1. Estimated Cost Ranges for Development and Commercialization
of LWRs on MEU/Th Fuels and ACRs on Reference Fuels
Costs
(sM) Conments
LWR; MEU/TH Fuels
Research, design, ¢~ ponent development, licensing 50-150 Government-subsidized.
Large-scale demonstration 50-200 Demnstration in current-generation LwR;
25% government-subsicized.
100-350
SSCR; LEU Fuel
Research, design, component dcvelopment, licensing 50-100 Government-subsiJdized.
Large-scale demonstration
First unit 150 Demonstration designed for either poison
control or spectral-shift control; re-
quirements for lctter (i,e., ~$150M)
government-subsidized,
Next four units {commercial) 100 Government subsidy for extra (spectral
shift) components.

300-350% Could probably be converted to MEU/Th
fuel for additional $1OM -~ $60M if LWRs
already converted.

MWR; SEU Fuel
Research, design, component development, licensing 200-400 Government-subsidized,
Large-s- ale demonstration
First unit 800 50% government-subsidized.
Next four units {commercial) 2,800 251 government-subs{dized.
~4,000%7 Additiona) incremental cost to convert
to MEU/Th fuels approximately equal to
that for LWR conversion,
HTGR; HEU/Th Fuel
Research, design, component development, licensing 200-300 Governmant-subsidized.
Large-scale demonstration
First unit ecc 50% government-subs {dized.
Next four units {~omme -cial) 2,800 25% government-subsidized.
~4,000° If MEU/Th fus) selected as referance

fuel, adcitional {ncremental cost proh-
ably less than cost of converting LWR
to MlU/Ti fuels.

Texcludns costs of heavy~water plant facilities.

—n

brhis cost assumes an accalerated davelopment schedule; if only the first unit of the four commerc’al units
required a \ubsidy, the coct would be $2,000M to $2,500M,
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5.2, Fuel Recycle Research and Development Requirements and Costs

Since the denatured 233y fuei cycle would consist of reactors operating on di{ferent
fuels in symbiosis, it is possible that an integrated recycling techaology could be
developed to handle the varicus fuels required in the system. However, until a U.S.
strategy is deveioped _u establish what reactors would be used and what regulatory require-
ments would be imposed at the various points of the fuel cycle, as well as the size of the
commercial industry, it would be inadvisable even to attempt to describe an integrated
system, much less tc project its RAD requirements and costs. Thus, at this point, we
can only describe the status of the various areas of recycle technology for the different
tynes of fuel and make very preliminary estimates of the requirements to complete the
individual cycles. The technological areas included are as follows:

(1) Fuel ;abrication/refabrication (fuel material preparation, rod fabrication,
and element assembly).

(2) fuel qualification (irradiation performance testing and evaluation).

(3) Fuel reprocessing (headend treatment, solvent extraction, product conversion,
and off-gas treatment).

(4) Waste treatment (concentration, calcination, vitrification, and radioactive-gas
treatment).

fuel Fabrication/Refchrication and Qualification

The technology for fabricating uranium-based metal-clad oxide pellet fuels such as
those used in LNRs and HWRs is complete. While Pu/U oxjde pelle’ fuels have also been fab-
ricated, the work has been at pilot plant scale and a significant amount of R&D is still
required to commercialize Pu/U fuel. i- particular, a pciletizing process must be demon-
strated, and methods must be developed for verifying and controlling the characteristics of
Pu/U fuels, recovering contaminated scrap, and performing nondestructive assays of powders,
fuel rods, and wasiss. 1n addition, the remote operation of a large-scale fabrication
plant must be demonstrated, and the irradfation performance of Pu/U fuels produced in
commercial-scale processes and ejuipment must be shown tc be satisfactory.

The technology for fabricating thorjum-based metal-clad oxide pellet fuels is less
complete than that for Pu/U fuels, requiring significantly morz effort in all the afore-
mentioned areas. Also, the develnpmental effort will be complicated by the need for remote
operations and maintenance at all points in the cycle where radioactive 232U is present.

The technology for fabricating uranium oxide or uranium carbide microspheres embedded
in a graphite fuel element, such as are used in the HTGR, is well advanced; however, addi-
tional R&D prior to construction of a ho’ demonstration facility is needed in the areas
of refabrication equipment scaleup, recy.ie of scrap material, control of effluents, assay
nf fuel-containing materials, and qualification of recycle fuel, Further work will also
be required to fabricate denatured uranium fuels for HTGRs because of a higher dranium
content of the fissile particle and an increased production of plutonium during frradiation.
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ruel Reprocessing

The well-established Purex process «:atain, the basic technology for reprocessing *
and Pu/U metal-clad oxide pel'et fuels with low burnup; however, 3 comtercial reorocessing
plant that conforms to current U.S. federal and state requirements ha. not been operatec.
Neither has an integrated plant for fuels with high burnup been demonstrated. Specific
areas still needing attention are: operation and maintenance of the mechanical headend
equipment; methods for handling highly radioactive residues following dissolution of hlgh-
burnup fuel; techniques for reducing radioactive off-gas releases to conform to anticipated
regulations; and conversion proca2sses for Pu from power reactor fuels.

The Thorex process for reprocessing Th-based oxide pellet fue.- is not as advanced as
the Purex process. While the Thorex process has been used to process oxide fuels of low
burnup in limited quantities, it is still to be tested in a large plant with high-burnup fuel.

Tn the Thorex process the headend treatment will differ for thc metal-:lad fuel and
the sraphite-based HTGR fuel. For the metal-clad fuels additioral R&D w1l be required
to develop techniques for removing the zirconium metal cladding, and if fiuoride is re-
cuired, significant waste-handling problems may be encountered. For the HIGR-type fuel,
development work is needed in the crushing, burning, and particle separation operations
and in the treatment of 1“C-containing off-gases.

Developmental work is also needed in several areas of the solvent extraction process
for thorium-containing fuels. These include: fuel dissolution, feed adjustment and
clarificacion; techniques for containing 220Rn and other radioactive gases; recovery of
fully irradiated thorium in large-scale facilities, partitioning of fuel solutions con-
taining U, Pu, and Th; recovery and handling of highly radiocactive product streams; and
process and equipment design integration.

While commercialization of these processes could reguire from 12 to 25 years, depending
on their current status, commercial-gcale reprocess 'rg will not necessarily be required on
the same time scale as the introduction of the recycle fuels, since initially the demand for
recycle fuel could be met by pilot or pretotype plants. In fact, commercial reprocessing
would not even be feasible until a sufticient backlog of spent fuel had accumulated.

Waste Treatment

To treat the wastes in all cycles requires the development of processes for concen-
tratjon, calcination, and vitrification of high-level and intermediate-level solid and
gasec s wastes. The requirements will be similar for all cycles but somewhat more complex

for thorium-based cycles if fluorides are present. No examination of these costs was
included in this study.

Summary of Fuel Recycle R,08 Costs

Estimated cost ranges for the research, development, and commercialization (demon-
stration) of typical new fabricatiun/refabrication and reprocessing technologies are
given in Tables 5.2 and 5.3 respectively. To these must be added the cost for waste

v
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“able u.). | Estimated Cost Range for Development and
Corrrciglizaticn of Hew Refabrication Technology?

Unescalated
- Billions of Dollars
Basé technologv n.1 - 0.3
Cold c 'penent testing 0.2 - 0.4
irradiation performance testing 0.1 - 0.4
. Tota1? 0.4 - 1.1
~ Large-scale damonstratien® 0.7 - 1.4

9 ime requirerents: 8 - 10 years if similar to es-
tabliched technclogy; 15 years for new technology.

bEstimate& government subsidy.

“Commercial facility; extent of government
participation difficult to define at lais time.

Table 5.3. Estimated Cost Range for Development and
Conmercialization o7 New Reprocessing Technology?

Unesca®ated

Billions of Dollars
Base technology R&D 0.1 - 0.5
Hot pilot plant testing 0.5 - 1.0
Subtotal 0.6 - 1.5
Larne-scale cold prototype testing 0.2 - 0,5
Tatat? 0:8 - 2.0
Le~ge-scale demonsiration plant® 1.0 - 3.0

%T:5e requirements: ~12 years for established tech-
nology to pc.sibly 25 years for new technology.

hiatimated government sub:'dy,

®Commercial facility; extent f government
pa-ticipation difficult to defina at this time.

Table 5.4. Estimited Range of
Fuel Recycle R&D Costs*

Billions of Dollars
Reactor Type -
Pu/u Pu/Th MEU/Th  HEU/Th

Water Reactors 1,3-2,3 1.6-3.0 1.8-3.3 1.6-2.9
HTGRs 1.4-2,6 1.6-3.0 1.8-3.3 1,6-2.9
FBRs 1.6-3.0 1.8-3.2 2.0-3.6 1.7-3,1

*Includes costs for ‘eveloping repirocessing and
refabrication technolngie; and a portfon of the
waste treatment *echnoliqyv development costs;
excludes large~scale demenstration plant,

treatment technology development.
Traditionally the costs borme by
the government are those covering
all steps up to demonstration
Part of the initial demonstration
may also be government supported,
but since the demonstration plant
will be a commercial facility the
costs could be recovered.

Tables 5.2 and 5.3 show thau
he major costs associated with
comm rcialization of fuel cycles
lie at the far end of the R&D pro-
gression. Thus the costs will be
least during the base technoloay
phase, which may require 2 to 6
years. They will increase con-
sistently during the engineering
pnase (5 to 12 years) and rapidly
during the facility design and
construction (8 to 12 years).
However, considerable overlap of
these phases and the asscciated
costs can be expected, The thorium-
based cycles are expected to re-
quire the Jongest developmental
times.

Table 5.4 sresents the R&D
cost ranges in terms of reactor
types and fuel recycle systems,
Although a large uncertainty is
associated with each case, the
trends are apparent. For al)
reactors, the Pu/U fuel cycle
would be the least expensive and
the MEU/Th cycle (denatured uranium
cycle) would be the most expensive.
Thus, if a decision {s made to uti-
1ize denatured 233U fuei, the costs
for developing the fuel recycle
facflitfes will be significantly
greater than for any other cycle and
will be compounded by the require-
mert for the simultaneous operation
of reactors on othier fuels.
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5.3.

Possible Procedure for Implementing Denatured 233U Fuel Cycle

From the preceding discussion, it is obvious that the only reactors that could operate
on denatured 233U fuel in the near term (by 1991) would be LWRs and SSCRs, and presumably

LWRs would be used first.

Two possibilities exist for obtaining the reguired 233 prior
to the introduction of commercial fuel reprocessing.
would be introduced in LWRs to initiate the production of 233U.
suffers from very high fissile inventory requirements (see Section 4.3).

In the first, an MEU(235)/Th core
Unfortunately, this scheme
In the second,

non-fueled ThO, rods would be introduced in certain lattice locations and/or MEU(235)/Th
fuel would be used in only a fraction of the fuel rods, the remaining fuel rods being

conventional LEY fuel rods.

This second option significantly reduces the fissile inventory

penalty a .ociated with full thorium loadings in LWRs and for BWPs may even offer opera-

tional benefits.
on a stepwise basic.

Also, it would allow experience yith thorium-based fuels to be gained

Although a reprocessing capability would be necessary to recover the bred 233y, such
a capability would not be required for the qualificatici. and demonstration of the initial

MEU(235)/Th fuel.

Fabricatiou of MEU(235)/Th fuel could probably be accomplished with

existing LEU facilities within 2 or 3 years, and qualification and/or demonstration could

be -ompleted within an additional 5 to 7 years.

Thus, the operation of LWRs with

MEU(235)/Th fuel or with partial th~~f.u Tnadings could be accomplished during the next
decade, and the spent fuel could be stored in repositories in secure fuel storage centers.

A stockpile of 233 and plutonium would then be initiated.

The additional fuel cycle

service facilities, such as isotopic separation, reprocessing, fuel refabrication and
possibly waste isolation, could be introduced into these centers later as the need develops,
initially as pilot-plant-scale facilities followed by larger prototypes and then commercial-

scale plants,

With the deployment of the pilot-scale reprocessing and refabrication facilities,
recovery of Pu and U from spent fuel and the subsequent refabrication of Pu/Th and

denatured 233U fuels could be demonstrated within the center.
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Fig. 5,1, Three Phases for an Evolying

Energy Center.

Dispersed LWRs fueled with
denatured 2330 or LEU and energy-center LWRs
fueled with Pu/Th could then begin opera-
tion. At this point the first phase of a
nuclear power system that inciudes reactors
operating both in energy centers and at
dispersed locations outside the centers
would be in effect. During this phase,
which is represented in Fig., 5.%a, the
research and developmen* that will be
required to deploy Pu-fueled FBR trans-
muters with thorjum blankets in the energy
centers could be pursued.

With these advance preparations having
been made, by the time conventional LEU
fueling in LWRs begins to phase out (due
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to increasing depletion o an economic resovrce base), the power system would evolve into
a fast/thermal combination {see Fig. 5.1b). Such a system could provide adequate capacity
expansion for modest energy demand growth; however, if the energy demand is such that the
fast/thermal system is ipadequate, an all-fast system including denatured FBRs could be
substituted as shown in Fig. 5.1c. The necessity of the third phase of the energy center
is uncertain at this time, depending on both the supply of economically recaverable Uj0,
and the erergy demand.

Variations of all three of these phases of an energy cenier operating in concert

with dispersed reactors are represented in the denatured power system scenarios analyzed
in Section §.

5.4. Conclusions

The preceding discussion can be summarized as follows:

e The rapid introduction of advanced reactor concepts operating on MEU/Th
or Pu/Th fuels would require very large government support for R&D, for
demonstration facilities, and for lead commercial plants.

o The initial production of 233U for the denatured 233y fuel cycle could be
accomplished by introducing thorium inte the LWRsS currently operating on
the LEU once-through cycle. However, no economic incentive would exist
within the rrivate sector to convert LWRs to thorium-based fuels because
of the increased costs associated with the concomitant higher fissile
loadings. If government incentives were provided, initial production of
233y for latev recycle could begin by the mid-1680's. Recycle of 233U
on a commercial scale would not be 7sasible prior to the year 2000, however.

o A fuel recycle R&D program for MEU/Th and Pu/Th fuels should be initiated
at the same time a decision is made to fabricate thorium-containing fue}
for large-scale irradiation in existing LWRs. Pilot-scale recycle facil-
ities could be required within a few years after the initfation of a
thorium irradiation program.

e Fuel service/energy centers whose ultimate purpose is to utilize plutonium
b-th for energy production and for 233U production would progress tarough
various pnases. [nftially these centers would be fuel storage racilities.
With the introduction of reprocessing and refabrication in the center, LWRs
Jocated at dispersed sites would be fueled with denatured 233U, Concurrently,
Pu-fueled thermal transmuters would be deployed within the center, Later,
ACRs cperating on denatured fuel would be added at dispersed locations and
FBRs operating on Pu/Th fuel would be added in the energy center. Ultimately,
to meet long-term energy demands, an all-fast system could evolve, with FBR
transmuters in che energy center and d:natured FBRs at dispersed locations,
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6.0. ADEQUACY OF DENATURED rOWER SYSTEMS FOR MEETING POWER DEMANDS

The final step in this interim study was an analysis to determine the adequacy of
several "denatured power systems” based on the secure energy center and dispersed reactor
concept. A power system was considered to be adequate if it could meet projected U.S.
nuclear power demands of 350 GWe in the year 2000, which is consistert with the current
construction plans of utilities through the 1980s, and provide a net increase of 15 Gie/
year thereafter up to the year 2050, The analysis procedure can be described as follows:
Given a specifind U505 ore supply and a specified set of reactor options, calculate (1)
the potential role of nuclear power, (2) the resources required to achieve that role, and
(3) the amount, composition, and movement of the fissile material through each step of the
fuel cycle. Step 3 was included because such information must be available in order to
assess the diversion resistance of a power system.

The denatured power systems were divided into two major categories: those consisting
of thermal reactors only and those consisting of both thermal and fast reactors. In each
case the power system was initiated with LWRs operating on the LEU cycle. ACRs operating
on LEU and/or other types of fuel, including denatured 233y fuel, were then added as they
became available. In those cases that included fast reactors, FBRs operating on denatured
233y, Pu/Th, and/or Pu/U fuel were also added. The times that specitic reactor and fuel
combinations could be introduced were consictent with the schedule given in Section 5.

Three "nuclear policy options" were examined under each of the two major categories of
denatured systems, the individual options differing primarily in the extent to which pluto-

nium existed in the system, In turn, four cases were studied under each option, the individual

cases being distinguished by the type of ACR utilized in the system — LWR,* SSCR, HWR, or
HTGR. In addition to the denatured options, three nondenatured options were studied for
comparison purposes: one utilizing LEU fuel on a throwaway/stowaway cycle and two utilizing
Pu/U recycle fuel.

A1l the cases analyzed are listed in Tables 6.1a, 1b, and 1c. It will be noted that
the second LWR Tisted in Table 6.1a is an "extended discharge” LWR which is an advanced
converter that is assumed to have U30g requirements 6% lower than those of the standard
LWR and to become available in 1981, Although not considered in this original analysis,
LWRs can probably be optimized so that their U;0g requirements on the once-through cycle

are reduced as much as 30%. A subsequent analysis that assumed this improvement is dis-
cussed in Appendix C.

Two different U305 ore supply models were employed, one representing a conservative
estimate of the amount of ore that is recoverable in the U.S, at a rea.onable cost and the
other an optimistic estimate, Because preliminary calculations had shown that nuclear power
plants could not compete with coal power plants at Yong-run rarginal costs greater than $160
per pound of Ua0g, these estimates are given in terms of the amount of uranium ore avaflable
at Tess than $160 per pound. The conservative estimate is 3 million ST U;0, and the opti-
mistic estimate is 6 mi1l{on ST. The marginal costs corresponding to these iwo supply
models, which are referred to as "High-Cost U30g Supply" and "Intermediate-fost U30g Supply"

*That is, an LWR operating on some fuel other than LEU fuei.



Tablz 6.1a. Descriptions of Nondenatured
Nuclear Power Systems

Table 6.1b. Descriptions of Denatured Nuclear

Power Systems Using Thermal Reactors Only

Dispersed
Case» Reactors

Energy-Center
Reactois

Dispersed
Case Reactors

Energy-Center
Reactors

Option 1: Throwaway/Stowaway Option
[Spert fuel returmed to emergu center ror uitimate
2 al.)

L LWR-LEU-5Z
LWR-LEU-E°

15 LWP-LEU
SSCR-LEU

H LNR-LEU
Hil-Kat.U
HWR-SEV

16 LWR-LEU
HTGR-LEU-T®

Option 2: Pu/U Recycle Option with ACRs

(Pu recv..ed iv. ewergy center ornly.l

¢ LWR-LEU LWR-Py/U

F) LWR-LEY LuR-Pu/U
SSCR-LEU
LWR-LEU HWR-Pu/U
HWR-Nat.U
HWR-SEVU

26 LWR-LEU HTGR-HEY(235)/Th
HTGR--LEU HTGR-HEU(233)/Th

HTGR-Pu/TE.
Option 3: Pu/U Recycle Notion with ACRs/FBRs

(Pu recucled iv evergy center only.)

3 LWR-LEU LWR-Pu/U .
FBR-Py /U/U
35 LWR-LEY LWR-Pu/U
SSCR-LEU FBR-Pu/U/U
3 LWR-LEU HWR-Py/U
Hif-Nat.U FBR-Pu/U/U
HYR-SEU
k' LAR-LEY HTGR-HEU(235)/Th
1.TGR-LEV HTGR-HEU(233)/Th
HTGR-Pu/Th
FBR-Pu/U/U

9standard LWR; this reactor used in all other cases.
PExtended discharge LWR.

“Optimized for throwaway.

9FBR with Pu/U core, U blanket.

respectively, are plotted in Fig. 6.1, For
most of the analysis, the available Ui0g
supply in efther model was restricted to
“hat costing less than $160 per pounc; how-
ever, in order to determine how much ore
would be required for all the options to
meet the projected ruclear demand,

additional calculations were performed in which

Option 4: Denatured ACRs, Pu_Throwaway

(7 onls recucied; Pu stcred Iv. energy certer “cr
ulti=cze disroec cr fhture use.)

(' LUR-LEY
LWR-PEL(235)/Th
LWR-MEU(233)/ThE

45 LWR-LEY
LWR-MEU(235)/Th
SSCR-LEY
SSCR-KEU(233)/Th

LU LMR-LEU
HWR-Nat U
HR-SEU
HWR-MEU(235)/Th
HIR-MEU(233)/Th

% LwR-LEU
HTGR-LEY
HTGR—KU’Z:!S /Th
HTGR-MEU(233)/Th

Option SU: Denatured ACRs, Pu Hinimization

(Pu recycled ir energy certer; gozl tg to minirize
awowrt of Pu rreduced and 20 "traverute” all Pu intc
233 )

Ve

S0 LWR-LEU
LWR-MEU(235)/Th
LWR-MEU(233)/Th

SUs LWR-LEU
LWR-MEU(235)/Th
SSCR-LEU
SSCR-MEU(233)/Th

SUH LWR-LEJ
HWR-Nat.U
HWR - SEU
HWR-MEU(235)/Th
HWR-MEU(233)/Th

SUuG LWR-LEU
HTGR-LEU
HTGR-MEV({235)/Th
HIGR-MEU(233)/Tr

LWR-Py/Th

SSCR-Pu/Th

HWR-Py/Th

HTGR-Pu/Th

Option ST: SU Minys MEU(235)/Th Reactor

(Pu recycled ir. energy cevter; nc attemp? made to
minimize amownt S Pu prodiced, but all Pu pro-
diecd is "tranerutad” to 13

STL LWR-LEU
LWR-MEU(233)/Th
5TS LWR-LEY

SSCR-LEV
SSCR-MEU(233)/Th

STH LWR-LEU
HWR-Nat.U

HWR-SEU
MWR-MEU(233)/Th

576 LWR-LEU
HTGR-LEV
HTGR-MEU(233)/Th

LWR-Pu/Th

SSCR-Pu/Th

HWR=Pu/Th

HIGR-Pu/Th

“Denatured 273y fuel,

the price constraint was removed from both models.

In addition to the Timitations on the resource base per se, it was assumed that it would
be difficult for the U,S. to mine and mi1] more than 60,000 ST of U,05 per year in the 1990s.
Although the combined maximum cupabflity of a coalition of states could be greater, there is
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Descriptions of Denatured Nuclear
Power Systems Using Both Thermal and Fast Reactors

Dispersed

Case Reactors Reactors

Energy-Center

Option 6: Denatured ACRs with FER Tvansmuters

(Light Puto=?120 tyoe—uzasion rete rezlized.)

e LWR-LEV LHR-Pu/Th

LWR-MEY(235)/Th FOR-PufB/Th™
LWR-MEU(233)/Th
€S LwR-LEU $SSCR-Fu/Th
LMR-MEV{235)/Th FBR-Pu/Y/Th
SSCR-LEU
SSCR-MEU(233)/Th
(4 LWR-LEU HWR-Pu/Th
HiR-Nat .U FBR-Pu; U/Th
HWR-SEU
HMR-MEU(235)/Th
HWR-MEU(233)/Th
66 LMR-LEY HTGR-Pu/Th
HTGR-LEU FBR-Pu/U/Th
HTGR-MEU(235)/Th
KTGR-MEU(233)/Th
Option 7: Denatured ACRs/FURs with FBR Transsuters

(Light Pu-20-2330 eramemutctior pate reclizel.)

n LWR-LEV
LWR-MEU(235)/Th
LWR-MEV(233)/Th
FBR-MEU(233)/Th

7S LWR-LEU
LWR-MEU(235)/Th
SSCR-LEU
SSCR-MEU(233)/Tk:
FBR-MEU(233)/Th

™ LWR-LEY
HR-Rat.U
HR-SEV
HR-MEU(235)/Tt
HR-MEU(233)/7h
FBR-MEU(233)/Th

7% LWR-LEV
HTCR-LEU
HTGR-MEU(235)/Tn
HTGR-MEU(233)/Th
FBR-MEU(233)/Th

LWR-Pu/Th
FBR-Pu/U/TH

SSCR-Fu/Th
FBR-Pu/U/Th

WWR-Pu/Th
FBR-PuU/U/Th

HT6R-Pu/Th
FBR-Pu/U/Th

Option 8: ODenatured ACRs/FBRs with FBR Transmuters

Containing Th in_Their Cores
(Heavy Pu-to-1¥3 trarerutotior rate reaiizad.)

a LWR-LEU LWR-Pu/TY
LWR-MEU(235)/Th FBR-Pu/Th/ThY
m-muizss JTh
FBR-MEU(233)/Th

8S LWR-LEV SSCR-Pu/Th
LWR-MEU(235)/%h FBR-Pu/Th/Th
SSCR-LEY
SSCR-MEU(233)/Tn
FBR-MEU(273)/Th

] LWR-LEY WWR-Pu/Th
HWR-Nat.U FBR-Pu/™h/Th
HWR-SEU

HWR-MEU!235)/Th
HWR-MEU]233)/Th
FBR-MEU(233)/Th

86 LWR-LEY HTGR-Pu/Th
HTGR-LEU FBR-PU/Th/Th
HTGR-MEU(235)/Th
HTGR-MEU(233)/Tn

FBR-MEU(233)/Th

2¢gn with Pu/U core, Th blanket.
PegR with Pu/Th core, Th blanket.

no real basis for specifying an upper
limit. Recognizing this, the nuclear
policy epuions analyzed were considered
to be mere feasibi~ ir *heir annual
mining and milliny rate was less than
60,000 ST of U30g per year, especially
through the 1990s. (Rote: The "effective
supply” couid be increased by assuming a
decrease in the 235 content of the
uranium tails from the enrichment process.
In the standard en~ichment process the
assay fraction of the tails is 0.0020.

The effect of decreasing this assay
fraction is discussed in Appendix C.)

Several other assumptions are inherent
in the analytical method. For example, for
those options that assumed reprocessing, the
fuel was stored afte: discharge until re-
processing and refabrication capabilities
were available, and a reactor that required
Pu or 233y could not be constructed unless
the projected su )y of fissile material was
sufficient throu out the reactor’s life-
time. In addit.u., 2 nuclear plant design
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that differed from established technology could be introduced only at a limited rate (typi-
cally at a rate of 1, 2, 4, 8, etc. during successive bienniums). And once the nanufacturing
capability to produce a particular reactor type was established, the rate at which that
reactor could lose its share of the new construction market was limited to a specified
fraction per year (typically 10% per year).

The analyses also provided detailed cost data, including the total power cost cf each
case and the total power cost of each reactor type in each case, the latter in turn ceing
sutaivided. Unfortunztely, however, the combined uncertainties on the costs were so large
that any conclusions aboul the various nuclear policy options based on economics were
tenuous at best; ther:fore, the cost of a nuclear unit usually did not enter into the
decision of whether it could be constructed or not. In general, a mit was selected if
(1) it was available in the optiun and (2) it had a Tower U303 consumption rate than of%er
units under the same option. However, for those cases in which the Ui0g supply was assumed
to be sufficiently large so as not to limit the growth of the nuclear system over the
planning horizon, the unit was chosen on the basis of its total power cost.

6.1. Systems with Price-lLimited Uranium Supplies

Typical Results

Typical results from the calculations for price-constrained uranium supplies 2re pre-
sented in Figs. 6.2 and 6.3, Figure 6.2 shows that with the currently used iLWR-\.cU system
operating on the high-cost uranium supply (Case 1L), the installed nuclear capacity would
peak somewhat above 400 GWe around year 2010. If, however, plutonium recycle were allowed
in some of the LWRs /Case 2L), the peak would go above 600 GWe and would be delayed until
about year 20:0. While both these cases would meet the criterion of 350 GWe in the year
2000, neither could sustain the required growth rate through year 2050.

Adding an LWR that operates on denatured 233U fuel (Case 5TL) would not significantly
increase the total installed nuclear capacity above that of Case 2L, nor would it delay the
peaking date. However, a distinct difference between Case 2L and Case 5TL is apparent: in
Case 2L the system's peak capacity is realized by a sharp increase jn the installed capacity
within the energy center, tne ratio of the outside capacity to the inside capacity (that is,
the encrgy support ratic) being approximately 2.5. By contrast, when the peak capacity
occurs in Case STL, the energy support ratio ‘< greater than 4 and remains above 4 unti)
after year 2035, By this time the support ratio for Case 2L has decreased significantly.
Thus with Case 5TL a much larger fraction of the reactors can be dispersed outside the
center. On the other hand, in the near term {to year 2015), there is no noticeable differ-
ence in the energy support ratios of the two systems, and if this period were the only per-
fod of concern, then Case 2L would clearly be the chofce. This statement is based on the
fact that to deploy Case 5TL would require a nuclear industry that is capable of reprocessing
significant amounts of fuel containing thorfum and fabricating significant amounts of fuel
contzining gamma-emitting 232U, in addivion to a Pu rec,cling capability, whereas Case 2L
would require only the plutonium recycling capability,
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The addition of the FBRs in Case 8. makes a decided impact on .“e potential of the
power system. The nuclear power dem:z-2 in year 2050 {1100 GMe) is effectively met and the
installed nuclear capacity of the systew i, rapidly rising. Moreover, at year 2050 the
erergy support ratio of the system is approximately 3 and is increasing.

If these systems were to operate on the intermediate-cost U,04 supply, in which case
6 million ST U305 would be available to them at costs less than $160 per pound, their
installed nuclear capacities would, of course, be much greater. Case 2L would not peak
uutil. about year 2040, at which time it would be approaching an installed capacity of 1000
GWe. Case S5TL would peak a few years later with a capacity of about 1000 GWe. The effect
on the LEU-LWR throwaway system (Case 1L) would be to increase the peak installed capacity
to about 730 GWe and to delay the peak abeut 20 years.

Since Case 8L is less dependent on the Uj0g supply, its installed nuclear capacity
for the intermediate-cost fuel supply would not differ greatly from that shown for the
high-cost supply; however, the availability of a more abundant economic fuel supply would
change the character of the system — to the extent that approximately 35% more U30s would
be used by the system by year 2050 and the energy support ratio in year 2050 would increase
from 3 to 5,5.

Figure 6.3 represents a "snapshot in time” for Case 8L, the snapshct occurring during
the system’s 55th »xar of operation on the high-cost fuel supply. During the 55th year
{year 2035), System 8L would require 25.2 ST of U30s and 21,000 SW of enrichment per GWe,
and 715 of the installed nuclear capacity would be outside the energy center. The sketch
2lso indicates che flow of fissile material and heavy metal through the system during the
year.

Summary of Installed Nuclear Capacities, Energy Support Ratios and Ore/Enrichment
Requirements

Sumary data for all the options calculated for price-constrained uranium supplies are
presented in Tables 6.2 and 6.3. The maximum nuclear capacities that could be actained by
all the systems considered are presented in Table 6.2, together with the years in which
the maximums would occur, Table 6.3 shows what the energy support ratics of the different
systems would be in year 2050.

The effect of varying the fuel cycle can be seen by reading across Table 6.2, and
the effect of changing the ACR option within a fuel cycle option can be deduced by reading
down a column. For the high-cost U304 supply, it is obvious that introducing ACRs has
little effect on the maximum attainable nuclear capacity of the throwaway/stowaway cycle
(Option 1). This is directly due to the introduction dates assumed for the ACRs. By the
time the ACRs become predominant in the system, a very significant fraction of the U;04
supply has already been committed to the standard LWP. [t follows that with the larger
supply of U;04, the ACRs would have a greater impact. For example, with the intermediate-
cost uranium supply, an approximately 17% greater installed capacity is attainable when
HWRs are addcd, whereas with the high-cost supply only a 3% greater capacity is attainable,



e
w

Table 6.2. Maximm Nuclear Capacity of Various Nuclear Power Options Limited
to $160 pe- pound Uy0g and Year in Which Maxiwam Occurs

(Note: A capacity of 1100 Gle in year 2049 meets demand.)

Maxioum Installed Nuclear Capacity (GNe)/Year Maxirae Ccurs

ACR LEU, Pu/y Denatured with ACRs Denatured with ACRs/FBRs
1 2 3 4 N 5T 6 7 8

With High-Cost U504 Supply

LR (L) 433 61 1100 585 ne 637 N0 1100 1087
2008 2027 2043 2913 2027 2021 2049 2743 2549
SSCR (S) 440 661 1100 660 820 764 1100 1100 1084
2009 2023 2549 022 2033 2029 2543 2048 2043
R (H) 444 630 1100 756 915 856 1100 1100 1100
20ii 2021 2349 2031 Zugl 2035 2058 2848 2949
HYGR (G) 437 818 1100 515 671 638 101 1100 958
2009 %033 2049 20:3 2023 2021 2049 2043 2041

With Intermediate-Cost U, 0¢ Supply

LWR (L) 779 968 1100 1002 1062 1012 1100 1100 1097
2027 2041 2049 2047 2049 2047 2749 2042 2049
SSCR (S) 763 1078 1160 1084 1100 1100 1100 1100 1100

2023 2043 2043 2043 2049 2045 2049 2649 2048

R (H) 852 1062 1190 1084 1100 1100 1100 1100 1100
2035 2049 2049 20439 2048 2049 2049 2045 2043
HTGR (6) 783 1100 1160 97 1065 996 i1 1100 1100
20312 2049 2045 2041 2049 2044 2543 2049 2049

Several other effects are apparent from Table 6.2. As noted earlier, Pu/U recycle
in an all-thermal system (Option 2) significantly increases the attainaole peak power over
that of the throwaway system and delays the time the peak would be reached. Moreover,
although not {ndicated in the table, this would be accompiisked with lower maximum annual
U309 ore requirements, The HIGR case (2G) would provide the greatest level of installed
canacity for both uyranium supplies, largely because WEW/Th-fueled HTGRs are included and
no other reactors used in the study employ HEU fuel. With the 1n.ermedfate~cost U304
supply, all cases using ACRs would effectively meet the demand,

As would be expected, with FBRs added to the Pu/U recycle case (Option 3), the system
would fully meet the power demands, again (in most cases) with reduced maxiumum annual ore
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Table 6.3. Energy Support Ratios in Year 2050 for Various Nuclear Policy Options
(Support Ratio = Installed Nuclear Caracity Outside Energy Center/Installel
Nuclear Capacity Inside Energy Center)

Support Ratio
ACR LEY, PufU Denatured with ACRs Denatured with ACRs/FBRs
1 2 3 4 5y 5T 6 7 8

High-Cost Ui;04 Supply

LwR (L) = 1.54 0.72 x 5.69 3.7¢ 1.27 1.36 3.09
SSCR (S) = 1.47 0.75 = 6.33 3.86 2.13 2.13 .27
R (H) = 0.49 0.92 = 5.79 3.07 1.07 1.06 2.89
HTGR (6) ® 0.24 0.24 = 4.02 2.50 1.26 1.28 n

Intermediate-Cost U30a Supply

LR (L) = 2.42 1.65 = 5.06 5.05 5.37 5.37 5.49
SSCR (S) = 2.10 1.65 = 4,78 4.78 4.78 4.78 4.78
R (H) ® 1.85 0.94 = 4.03 k) 1.03 1.04 3.07
HIGR (6} = .7 1.82 w .30 3.20 2.74 2.7% 3.62

and enrichment requirements. However, because the Pu/U recycle options are so dependent
on Pu-fueled reactors that must be confined to energy centers, the energy suoport ratios
for all cases in Options 2 and 3 are relatively Juw, {Note: It is to be emphasized that
the energy ratio of a given system changes with time. The ratios listed in Table 6.3 were
selected as "end points" of the analysis, some of them being higher in earlier years and
others being lower, as is apparent, for example, in Fig. 6.2,)

The all-thermal denatured systems (Options 4, 5U, and 5T) all have denatured 233y ACRs
operating outside the energy center and Options & and 5U also have the "deratured 235y" ACRs
operating outside the center. The primary difference in the systems is that Option 4 does
not utilize Pu whereas Options SU and ST include Pu/Th-fueled ACRs in the center. In the
case of the high-cost U30g supply, not recycling Pu causes Option 4 to peak at lower
installed capacities and at earlier dates in all cases compared to Options SU and 5T, And,
except for the HWR (Case 4H), the maximum installed capacities and peaking dates for Option
4 do not exceed or are lower than those for Option 2 — the HTGR case much lower. [n com-
paring the ACRs in these cases, 1t should be noted that the relatively good performance of
the HWR (not only in Option 4, but also in Options SU and 5T) 1s directly dependent on the
denatured 233U WWR, and of all the reactor designs, the design of alternate~-fueled HWRs
has received the least amount of analysis. Therefore, at this point large uncertainties
are associated with the projected performance of the HWR on such fuels, It should also be
noted that the relatively poor performance of the HTGR in these options can probably be
attributed to the fact ‘hat the nonoptimization of the reactors for alternate fuels would
have a greater impact on the LTGR than on the other reactors. (This disadvantage is
compensated for in Options 2 and 3, each of which includes HTGRs oper2ting on their
reference HEU/Th cycle.)
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The absence of the “"denatured 235U* ACR in Option 5T (compared to Option 5U) rec:ces
the peak installed nuclear capacities with the high-cost U;05 supply in all the cases and
causes them to be realized earlier. It also significantly reduces the ene-gy support
ratio in year 2050.

With the intermediate-cost U30g supply, all cases in Options 4, 5U, and 5T are improved,
with saveral meeting the power demand. However, in so doing, these cases will require more
than 60,000 ST of U;0g per year in some years, which could limit them, especially if these
large demands occurred while 60,000 ST per year was still considered to be the maximum
mining and milling rate. On the nther hand, if the mining and milling rates could be met,
then with the intermediate-cost uranium supply the all-thermal denatured power systems
(especially those including plutonium utilization in secure energy centers) could satisfy or
almost satisfy the postulated nuclear energy demand through year 2050 at competitive costs.

The denatured power systems utilizing FBRs (Options 6, 7, and &) would have greater
potentiai nuclear growth rates than the all-thermal denatured systems. With both assumed
U305 supplies, the projected power demand is met in essentially all cases, and those falling
short wculd no doubt meet the demand if slightly improved FBR designs were used. The Th-
containing FBRs supporting dispersed denatured ACRs perform as well as the analogous Pu/U
cycles within the framework of this analysis. Of these, the FBR with a Pu/U core and Th
blanket is particularly resource-efficient,

The denatured power systems utiliziig FBRs also have lower U30g and enrichment require-
ments than any of the other options. However, with the high-cost uranium supply, and in
some cases with the intermediate-cost supply, the energy support ratios in year 2050 are
generally lower than those of the all-thermal denatured systems.

6.2. Systems with Unconstrained Uranium Supplies

In order to determine what the ore and enrichment requirements of the various power
systems would be under the condition that the projected demand for nuclear power be met,
irrespective of the cost, all the cases were recalculated with no cost constraint an the
available ore. That is, it was assumed that the power systems could afford any amount of
resources they required to meet the demand. Again, however, the calcujations were per-
formed for the two different U-13 marginal cost models shown in fFig, 6.1, and for most
cases the ore requirements for the two models differed owing to different reactor mixes
associated with the two different price structures. High-cost Us0y favored the choice
of fuel-efficient (but high capital cost) reactors, wheresas lower-cost U;0, favored the
continued use of LWRs.

The results from these calculations are summarized in Tatles 6.4 and 6.5. It is to
be noted that for the LEU-LWR throwaway/stowaway option (1L), a cumulative consumption of
7.1 million ST of ore would be required through year 2049 and the maximum annual consump-
tion would be 183,000 ST U;04. Introducing ACRs on the throwaway cycle would reduce both
these requirements, most noticeably with an HWR, and allowing Pu recycle could reduce the
cumylative U305 consumption dowr *o 4 n.1lion ST and the maximum annual consumption down
to 82,000 ST (Case 26).



Table 6.4. Cumulative U;0, lonsumption of Various Nuclear Policy
Options Fully Meeting Projected Nuclear Power Demands

(Restriction to $160 per pound U;0g removed.)

Cumulative U30g Consumption (millions of tons)
Through year 2025/Through Year 2049

ACR : LEU, Pu/U Denatured with ACRs Denatured with ACRs/FBRs
1 2 3 4 Su ST 6 7 8

With High-Cost U304 Supply

LUR (L) 3.41 2.39 2.14 2.87 2.36 2.36 2.18 2.14 2.29
7.08 5.23 2.73 5.41 $.83 4.94 2.82 2.83 2.86

SSCR (5) 3.26 2.23 1.99 2.70 2.3 2.14 1.92 1.93 2.07
6.52 4.35 2.70 4.65 3.56 3.86 2.69  2.69 2.83

WR (H) 310 272 229 250 2.6 2.4 2,25 2.21 2.9
§.58 .64 2.70 4.36 3.27 3.77 2.61 2.58 2.87

HIGR (G) 3.23 2.19 V.97 2.58 2.32 2.3 2.y 2.2 2.32
6.26 §.04 2.7¢ 5.i3 £.43 4.9¢ 2.70  2.68 3.18

kith Intermediate-Cost U;0, Supply

LWR (L) 3.41 P 2.28 2.87 2.36 2.36 2.37 2.37 2.37
7.08 5.23 4.40 5.41 4.91 4.94 4.38 4.38 $.48
SSCR (S) 3.26 2.23 2.20 2.70 2.1¢ 2.\4 2.14 2.14 2.14

§.52 .38 4.14 4.65 J3.86 3.86 3.86 3.86 3.86

HAR (H) 3.0 272 231 2.9 2.5 251 2.32 2.30  2.38
5.88 1.64 2,71 5.40 £.32 4.37 3.66 2.70 3.37
HTGR (G) 3.23 2.3 230 2.58 3.32 2.3 2.23 2.23  2.26

6.25 4.23 §.22 $5.13 4.43 §.94 4.19 4.19 $,24

The denatured thermal options with Pu recycle (5U and 5T) would reduce the cumulative
U30g consumption even further (but not always the maximum annual consumption). When the
high-cost uranium supply is assumed, the preferred ACR fs again the HWR, but when the
intermediate-cost supply is assumed, the preferred ACR is the SSCR. When Pu is recycled
in the denatured thermal options, the total resource requireients are generally less than
those for thermai systems operating solely on the Pu/U recycle mode (the HTGR cases are
the exception).
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Table 6.5. Maximum Annual U;0z Requirements of Various Nuclear Policy
Optiors Fully Meeting Projected Nuclear Power Oema:nds

Jlestriction to $160 per pound Uj0p removed.

Maximm li30y Consumption {thousands of tons per year)

ACR LEU, Pu/U Leratured with ACRs  Denatured with ACRs/FBRs
1 2 3 4 ] 5T 6 7 8

With High-Cost U305 Supply

R (L) 183 120 60 m 115 15 62 60 68
SSCR (S) 160 s 52 83 83 83 50 S0 55
HWR (H) 120 83 66 78 62 69 64 63 . 65

HTGR (G) 140 82 53 105 96 1is 61 60 65

With Intermediate-Cost U303 Supply

LWR (L) 183 120 92 m 13Y) 115 86 86 92
SSCR (5) 160 115 X 83 83 83 a3 83 83
HWR (F) 120 83 66 110 89 90 66 66 66
HTGR (G) 140 86 86 105 96 115 87 87 87

The power systems tnat include FBRs (Options 3, 6, 7, and 8) have considerably more
flexibility and reduced cumulative ore requirements and consumption rates. When the U,0,
costs are hich, these options reduce their U;04 requirements by increasing the fraction
of FBRs in their reactor mix,

In sunmary, to completely satisfy the projected demanc¢ for nuclear power through
year 2050, LEU throwaway systems would require 5.6 to 7.1 million ST U;04, thermal re-
tycle systems would require 3.3 to 5.4 million ST, and FBR-containing systems would .o-
quire 2.6 to 4.4 million ST, the systems including denatured 233U reactors requirina
approximately the same cumulative amount of U30g as their PusU counterparts. These results
qualitatively support those obtained from the earlier cost-constrained cases, although
Tower U305 supplies were available for the earliier calculations,

6.3. Conclusions

Under the assumptions that the projected nuclcar power demand is 350 GWe in the ycar
2000 with an increase of 15 GWe/year thereafter to the year 2050, and that nuclear power
would not be competitive at U;05 prices exceeding $160/1b, the adequacy of scveral pos-




tulated denatured and nondenatured nuclear power systems based on the secure energy center
and dispersed reactor concept were analyzed. The results stowed the following:

® If ruclear power systems were limited to the once-through LEU cycle and to

3 million ST U3us below 3160/1b, the U.S. 1uclear power capacity would
peak around the year 2016. If 6 million ST U30s below $160/1b were
availabie, the peak would be higher and would be delayed 20 to 25 years.

® Witk the limitation of 3 million ST 1;0g below $160/1b, ail once-through
LEU systems, regardless nf the reactor types employed, would result in
approximately the same maximum installed nuclear capacity (about 440 GWe).
With 6 million ST U30g below $160/1b available, adding ACRs to the cycle
(i.e., SSCRs, HWRs, or HTGRs) would increase the maximum installed nuclear
cap.city above that of an all-LWR system.

®  Therral Pu/U recycie systems have the capability of increasing tne maxi-
mum installed nuclear capacity over the once-through cycle. Under the
linitation of 3 million ST U305 below $160/1b, the best thermal Pu/U
recycle system could support twice the maximum installed capacity of
the once-through cycle. With 6 million ST U305 below $160/1b, some
thermal Pu/U recycle systems could support the nuclear demand.

¢  With fast breeders added to the Pu/U recycle system, the nuclear power
demand could be fully met under both ore supply assumptions. However,
all Pu/U recycle systems would have relatively low energy support ratios
because ail Pu-fueled reactors would be restricted to the energy center.

®  Thermal recycle systems that include denatured 233U reactors would have
the capability of supporting more insta’led nuclear capacity than ther-
mal Pu/U recycle systems; however, achieving this capability would
require Pu utilization.

® Thermal recycle systems that include denatured <33U reactors and utilize
Pu could attain relatively hiyh energy support ratios, especially if the
systems also included "denatured 235" reactors.

® Essentially all systems that use fast transmuiers to produce 233y
for denatured thersal reactors could fully meet the projected nuclear
power demand under both Uy0g supply assumptions. However, because of
their dependency on Pu utflizc.fon, the systems 1imited to 3 milljon
ST U430 below $160/1b would have relatively low energy support ratios.

¢ To completely satisfy the profected nuclear power demand, LEU throw-
away/stowaway systems wouid require 5.6 to 7.7 million ST U305, thermal
2cycle systems (both denatured and nondenatured) would require 3.3 to
5.4 milifon SV, ard FBR-containing systems would require 2.6 to 4.4
million ST.

‘— ma— [ ] ——
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7.0. CONCLUSIGHS AND RECOMMELDATIONS

Depending on the degree to which the proliferation concern is addressed, various
nuclear power strategies could be developed between the current no-reprocessing option (and
hence no recycle) and options that would permit the unconstrained recycle of plutonium. A
strategy based on the denatured <33U fuel cycle would retain important advantages of both
these extremes: [t wouid employ recycled fissile ma*erial, and thus would extend the
effectiveness of the resource base. At the same time it would include reactors whose fresh
fuel would have an inherent isotopic barrier, plur a radiation barrier, that would be
difficult to circumvent. The cycle would also nave an added advantage in that extracting
weapons-usable material from the spent denatured fuel would be considerably more difficult
than extracting an equivai.nt amount of fissile material from spent LEU fuel. And while
some components and facilities in the denatured 233y cycle would not have inherent pro-
tection factors, they could be restricted to secure (guarded) energy centers.

Before any proposed new fuel cycle can be implemented, however, it must be examined
in the light of practical considerations, such as when the necessary reactors and fuels
could be on line, whether an economic supply of U30g would be available, and how the tech-
nical or institutional barriers required to ensure nonproliferation could be practically
implemented. In this interim study of the denatured cycle all these factors ware considered
insofar as possible within the constraints of the study, and several postulated nuclear
power systems utilizing denatured 233U fuel were analyzed to determine whether they coula
meet a projected U.S. nuclear power growth demand of 350 GWe in the year 2000 followed by
a net increase of 15 GWe/year up to the year 2050. Two different U;05 supply models were
employed: one that assumed that only 3 million ST U305 would be available at an econom-
ically rompetitive cost of $160/1b, and another that assumed that 6 million ST U;0g would
be available. So that the denatured cycle could be compared with other fuel cycles,
similar analys2s were performed for a nuwber of nondenatured power systems.

From the perspective of an overview, the various nuclear power systems can be classi-
fied under three major categories: (a) no-recycle options, (b) classical recycl. options,
and (c) denatured recycle options. These, in turn, can be subdivided into options that
utilize LWRs only and those that utilize LWRs in combination with ACRs and/or FBRs. An
integrated assessment of these various options is presented in matrix form in Table 7.1,
with each option characterized on the basis of the following criteria:

(1) Nuclear proliferation resistance relative to other systems.

‘?) Potential for commercialization of the reactor/fuel cycle components.

(3) Technical feasibility on a reasonable schedule (and at reasonable costs) for
research, development, and demonstration of the reactor/fuel cycle components.

(4) Capability of the system for meeting long-term nuclear energy demands.

() Economic feasibility.
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7.1. No-Recycle Options

Case A in Table 7.1 is the currently employed once-through low-enriched uranium cycle
in LWRs, which represents the only significant commercial pos.“%ility in the near term. At
current ore and separative work prices, this cycle is economically competitive with other
energy sources, and it has favorable proliferation-resistance characteristics: its fresh
fue! contains an inherent isotopic barrier; and while its spent fuel contains plutonium,
the fuel is contaminated with highly radioactive fission products and thus has a radiation
barrier. The principal drawback of the cycle is that to satisfy the nuclear demand postu-
lated in this study would require the consumption of 5.6 to 7.1 million tons of U;0;. Also
it would require that 90,100 to 130,000 tons of U30g be mined and milled annually, which
under current capabilities seems unfeasible. Possibilities exist for reducing these
requirements (see Appendix C), but even with improvements, the cycle would be limited by
the availability and producibility of U30g in the next century.

In Case B, ACRs (i.e., HWRs, HTGRs, or SSCRs) operating on once-through LEU or MEU(235)/Th
fuel would be added to the LEU-LWRs already commercialized. When operated on the once-
through LEU cycle, all the ACRs considered in this study would utilize less Uj0y than LWRs
(see Table 4.1), particularly the HWR, for which the uranium would be only slightly enriched.
When operated on the MEU(235)/Th once-through cycle, the HTGR also would use less fuel than
the LWR or: the LEU once-through cycle. Thus the substitution of ACRs on LEU fuel and
possibly HTGRs on MEU(235)/Th fuel would be resource efficient. However, as made clear
in Section 5, considerable effort and expenditures would be required to commercialize the
ACRs, and if MEU(235)/Th fuel were to bc used, additional fuel R,D&D would be necessary.

And even then the generic drawback of once-through cycles would remain — that is, the
uncertainty in the size of the ecnnomically recoverable resource base. On the other hand,
as costs for extracting the resource base increase (to above $100/1b U;0g, for example),
commercialization of the ACRs would become more attractive. [The implementation of
MEU(235)/Th in LWRs would be uneconomic because of high fissile loading requirements and
would not be considered except to initiate a stockpile of 233(.]

1f either the continuation of Case A or the implementation of Case B is adopted
as a Jong-term policy, plans should be included to provide centralized and secure regions
within which spent fuel could be stored and enrichment facilities could be operated. As
time passes, safeguarding the spent fuel discharged from operating reactors will assume
greater importance since all the elements will contain Puf that will become increasingly
accessible as the fission-product radivo:tivity of the spent fuel decays. [The MEU(235)/Th
elements, however, would have much less iu than the LEU elements.] And in the event that
recycling were eventually decided upon, Such centers would be ready sources of Puf and
233y, as well as forerunners of the fuel cycle enerqy centers for recycle-based options.

7.2. Classical Reference Recycle Ontions

1f growth of nuclear-based electrical generation is to be sustained indefinitely. the
breeding and recycling of artificial fissile materid) will be mandatory. With the growth
of the nuclear industry, it has been assumed that the Pu now being produced in the 238y
contained in the LWR fuel elements eventually would be chemically extracted from the spent
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Table 7.1. Integrated

Assessment of Various Nuclear

Reactor/Fuel Cycle Combination

Proliferation Resistance

Implemer.tation/Commercialization

A LWRs on LEY cycle

8 LEU-LWRs followed by
advanced converters on
LEU (SEU) cycle or on
MED(235)/Th cycle

C Once-through LEU-LWRS
followed by LWRs with Pu
recycle

D Once-through EU-LWRs
followed by Lhs and FBRs
with Pu recycl.

E Dispersed LWRS operating on
LEU and denatured 233U fuel
with U recycle; eneray-
center thermal transmuters
(LWRs) with Py recycle

F Dispersed LWRs and advanced
converters operating on LEU
and denatured 233U fuel with
U recycle; energy-center
thermal transmuters (LWRs
and advanced converters)
with Pu recycle

G Dispersed LWRs and advanced
converters operating on LEU
and denatured 233y fyel
U recycle; energy-center
fast transmuters with Pu
recycle

Probably best to the extent that non-nuclear
weapons states continue to forego national
fuel vecycle

Fresh fuel has isotopic barrier; spent fuel .
contains radiocactive fission products

Spent fuel stockpile containing Pu 1is a

risk; requires institutional barriers

Similar to above i
HTGRs on MEU/Th cycle would reduce Pu pro-
duction by factor of 5 over LEU-LWRs but .
fresh fuel would have higher 235U content
(20%) .

HWRs on SEU cycle about equal to LWRs on LEU
cycle in Pu production

Recycled Pu in fresh fuel chemically sepa- .
~able; probably acceptable if Pu can be .
limited to nuclear weapons states and to

secure international fuel service centers
Option requires technical and institutional
barriers for Pu-fueled reactors (~30%)

Spent fuel contains radioactive fission
products

Increased risk over Case C because system .
tends to become Pu dominated L
Leads to significant Pu inventories

and requires extensive Pu transpor-

tation for dispersed reactors

Requires technical and institutional

barriers

"Fresh" denatured fuel has isotopic and .
radioactive barriers; spent fuel contains
radioactive fission products

Spent denatured fuel contains less Pu than L]
spent LEU fuel (factor of 2.5 less)

Requires technical and institutional

barriers to 1imit Py to secure energy

centers

Reduces Pu-fueled reactors by factor of 2
compared with Case C

Fresh and spent denatured fuel advantages .
same as for Case E °
Renuires technical and institutional

barriers

Use 0f HWRs or HTGRs substantially reduces

Pu production relative to Cases C and E

Pu produced in denatured HWRs and HTGRS may be
discarded with minor loss of fuel efficiency

Yery similar to Case E except that 15 to 50% e
of reactors may be Pu-fueled FBRs, depending e
on chofce of cycles

®

In wide commercial use
Concern exists about fuel
supply

Emphasis on improved LWRs and
U305 resource development
needed

Little commercial incentive to
intmduce advanced converter
Known to be technically
feasible

Concern exists about long-term
fuel supply

Classical R

Acceptable to private sector
Requires completion of Generic
Environmental Impact Statement
on Mixed Oxide Fuel

Preferred by private sector ¢
FBR licensing and comercial- ¢
ization may be difficult L

Denaty
Fuel cycle ;omewhat more com- L
plex than Pu/U cycle, but func-
tionally equivalent '

Requires government incentive

Same as Case t ‘
Advanced converters likely to

to be attractive if FBRS are '
unavailable '

Same as Case € ‘
Private sector likely to accept
government mandate ‘
Should be structured for maximm
thermal-to-fast reactor ratio to

allow siting flexibility
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In wide commercial use
Concerr exists about fuel
supply

Emphasis on improved LWRs and
U304 resource development
needed

Little - ~wro-ial incentive to
introduce sdvanced converter
Known to be techmically
feasible

Concern exists about long-term
fuel supply

No-Recycle Options

Low cost

Gradual improvements introduced from year

1980 to year 2000

Up to $2 billion for advanced converter

R,D80

Advanced converters introduced in 1990's

Classical Raference Recycle QOptions

Acceptable to private sector
Requires completion of Generic
Environmental Impact Statement
on Mixed Oxide Fuel

Preferred by private sector
FBR licensing and commercial-
jzation may be difficult

Over $1 billion, mainly for fuel cycle
R&D
Introduction in late 1980°s

FBR R,R&D up ta $10 billion )
Fuel cycle R,D8D $1.6 to $3 billion
fBRs not available before 2000

Denatured Recycle Options

Fuel cycle somewhat more com-
plex than Pu/Y cycle, but func-
tionally equivalent

Requires government incentive

Same a3z Case E

Advanced converters likely to
to be attractive if FBRs are
unavailable

Same as Case E

Private sector likely to accept
government mandate

Should be structured for maximum
thermal-to-fast reactor ratio to
allow siting flexibility
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Up to $0.5 billion, PWRs and BWRs
Fuyel cycle R,D&D Sl 8 to $3.3 bilhon
Introduction in 1990's

Up to $2.5 billion for advanced
converters

Fuel cycle same as in Case E
Introduction in late 1990's

Up to $10 btll{on for FBRs
Converter R,08D as in Cases € and F
Fuel cycle $2 to $3.6 billfon
Introduction after year 2000

Least resource efficient

Peaks out between years 2010 and 2030
and declines thereafter untess large
amounts of low-grade U,0, are exploitex
Peak could be increased and delayed 10
to 15 years with reactor improvements
and reduced tails assay

Mvanced converters could extend
usefulness of once-through cycle up
to 10 years over standard LNRs

Gains 10-15 years relative to Case A;
somewhat less reiative to improved A

Superior ability to respond to power

|

growth greater than that considered in

this study
Divorce from mining possible

Somewhat better than Case C due to
superiority of 233y as thermal reactor
fuel

Can fully satisfy assumed demand throuﬁ

year 2050 for plentiful Us0, supply;
especfally true if HWR converters used

As good as Case D above for assumed
power demand

Divorce from U mining less Jikely than
for Case 0 above

4
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Superior ability to respond to power
growth greater than that considered in
this study

Divorce from mining possible

Somewhat better than fase C due to

superic-ity of 223U as thermal reactor
fuel

Can fully satisty assumed demand through
year 2050 for plentiful U;04 supply;
especiall, true if HWR converters used

As good as Case D above for assumed
power demand

Divorce from U mining less Vikely than
for faze D above

tconomics closely linked to U0, price
Very favorable at current U;04 prices

Uncertain capital costs cloud near-temm
interest

Advanced converters favored at high
U405 arices (>$100/1b)

Prererred ove~ Case R at high U,04
(>$100/1b)

Economics uncertain because of FBR
costs, but probably acceptable

Close to Case C

Possibly Jowest cost for U30, price
range of $1N0-$200/1b, especially
for HIGR converter

Economics similar to Case D above

If FBR costs are high, can compen-
sate by reducing the fraction of FBRs
in the mix and incressing the mining
rate
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elements and used in the fabrication of replacement LWR cores, and as the Pu/U cycle
maturad, FBRs would be added. This progression is represented by Cases C and D in Table 7.1.

While recycling Fu in LWRs alone would extend the usefulness of the uranium resource
base, Case C, like other all-thermal systems, would be inherently limited in that the
amount of fissile material produced (Puf) would always be less than the amount of fissile
material burned up (235y). The overal’ effect would be to gain several years over
Case A and a few years over Case B. However, this option has the advantage that it could
be implemented earlier than the Case B option since it requires only that the already well-
advanced Pu/U fuel cycle RAD be completed and commercialized. The perceived disadvantage
of the system is that for it to be proliferation resistant the Pu-fueled reactors (on the
order of 30%) and essentially all the other components of the fuel cycle would have to be
located in secure energy centers. As a result, the system's energy support ratio (ratio
of power produced outside the center to the power produced inside the center) would be
relatively low. And since energy centers could not be sited as conveniently as single
reactors, long-distance electric power transmission could both decrease the efficiency of
the system and increase the costs. Still, if U;0; prices were to increase to more than
$100/1b, Case C cculd be preferred over Case A.

With fast breeders included in the Pu/U cycle (Case D), the projected power demands
could be fully met and a positive growth rate could be anticipated far into the future.
The system would become self-sustaining and eventually could be divorced from ihe uranium
resource base, thus eliminating the necessity for further mining. However, commerciali-
zation of the FBR probably could not be accompiished before the year 2000, and large costs
to complete the reactor and fuel cycle R,D&D could be expected. Also, this option would
tend to have an even lower energy support ratio than Case C.

7.3. Denatured Recycle Options

The three denatured recycle options, Cases £, F, and G in Table 7.3, are all basi-
cally the same, differing prirarily in the reactor mix utilized. In each case the sys-
tem is structured with proliferation resistance as a primary criterion and it relies
heavily on the eneray-centar and dispersed-reactor concept. A large fraction of the reac-
tors (up to 85%) utilize denatured 23U or LEU fuel and thus can be dispersed outside the
energy center to locations where they are most needed (see Fig. 3.1). Components located
in the energy center would include Pu-fueled thermal or fast transmuters dedicated to the
production of 233U plus all the facilities required for fuel fabrication, reprocessing,
etc. Thus tne Pu would be restricted to and destroyed within the energy center and all
the fresh fuel outside the center would have isotopic barriers tha. would preclude 1so-
lation of the 233U or 235y through chemical processing. In addition, the fresh denatured
<33y fuel would have a radioactive barrier due tc the decay daughters of the 232U impurity
that is unavoidably produced along with the 233U, Although the spent denatured fuel would
contain Pu, the amount would be less than one-half that in spent LEU fuel, Moreover, it
would have the usual protection of fission-product radioactivity while it wa, being
returned to the center,
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Case E is a denatured recycle option that would utilize LWRs only. In this respect
it is comparable to Case C; however, in Case C the LWRs would be using only LEU and Pu/U
fuel, whereas in Case E they would be using LEU, MEU(233)/Th (i.e., denatured 233U), and
Pu/Th fuel. As a result, the fuel cycle would be more complex and its R,D&D costs would
be higher, partially because of the necessity for developing remcte operations to handle the
radioactive 233y (+ 232) fuel. Also, in order for the LWRs to accommodate MEU{233)/Th and
Pu/Th fuel, additional LWR R2D would be required. An advantage that this case has over
Case C is that 233y is superior to either 235U or Pu as a fuel for thermal ~cactors and
thus the system probably would better meet the projected power demand. Homzver, like Case
C, this option is inherently limited by the absence of FBRs. Also, with the R,D8D still
required, the option would require approximately 10 more years than Case C for deployment,
and than only with strong goverrment incentives and support.

Case F differs from Case E in that some of the LWRs both inside and outside the energy
center would be replaced with ACRs; thus, before this option could be mace available, the
R,D8D of the ACRs would have to be comple’ed. This would considerably increase the costs
of the system, as well as the requirements for government support, but at the same time the
projected power demand could probably be fully met. In fact, 1f the U;0g price were to
increase to $100 to $200 per pound, this option would be economically attractive compared to
the preceding options. Still it would be an all-thermal system that would be using more
fuel than it produced, and its long-range feasibility would be intimately tied to the
recovery costs of the uranium resource base.

In Case G the energy center would utilize fast transmuters rather than thermal trans-
muters. This system could fully meet the projected pcwer demand, and thus in energy pro-
duction it would be equivalent to the classical FBR Pu/U cption {Case D), although indepen-
dence from the resource base would not be as probable as it would be for Case D. Because
this system would use essentially all the reactor and fuel types considere¢ in this study,
its deployment would require that all the reactor R,D8D and all the fuel cycle R,D&D
mentioned for the other cycles be carried out. As a result, its costs would be higher than
those for Case D and its implementation wouid require a strong govermment mandate. If it
were implemented, however, its proliferation-resistance characteristics would allow a large
fraction of the power-producing reactors to be dispersed outside the energy center to
locations where they were most needed, whereas in Case D most of the reactors would be
restricted to the center.

As was stated in Chapter 6, it was not possible in this study to evaluate the dena-
tured 233y fuel cycle or any of the other cycles in detail on the basis of economics due
to the uncertadnties in unit cost factors. dowever, the economics of the denatured cycle
appear to be equivalent to, or slightly better than, those of the classical Pu/U cycle for
moderate growth-rate scenarios (that is, scenarios that would require the use of fast and
thermal reactors in combination). While the R,D&D costs and fuel cycle unit costs of the
denatured cycle were assumed to be higher than those of the Pu/U cycle, power systems
utilizing denatured 233y fuel typically would allow a larger fraction of the reactors to
be thermal reactors (LWRs or ACRs), which would have Tower capital costs than fast reactors.

This is directly due to the fact that 233U can be used in thermal reactors more efficiently
than in fast reactors. ‘

v



Neither did this study single out any one ACR as an obvious selection for further
development and conversion to altermate fuels {MEL/Th and Pu/Tn fuels). Both the HWR and
the HTGR, particularly the &R, appear to have certain superior fuel utilization character-
istics relative tc the SSCR or LWRs (see Saction 4). But the SSCR could be deployed faster
and with significantly lower R,D8D -osts, the more so if the PWR on which the SSCR design is
based had already been converted, which it undoubtedly would be. As discussed in Section &,
developing an alternate-fueled PWR wouid be much less difficult than developing an ACR due
tc the backlog of LMR experience and the reduced risk associated with a previously demon-
strated reactor system. And the capital cost of an aliernate-fueled LKR would be somewhat
lower than the capital cost of an ACR. Thus, the improved performance of an ACR must be
weighed against the increased R,D8G and capital costs and the delay in introduction.

The reactor data in Section 4 and the system 3inaiyses in Section 6 indicate that fast
transmuters would have more favorable resource characteristics as -33Y producers than
would thermal transmuters. The logical transsuter candictte would be a Pu-fueled fast
reactor with a thorium blanket. It should be noted, however, that a sore rapid growth in
energy demand could dictate that classical Pu/U breeders also be included in the system or
even that fast reactors operating on denatured 233U be used. In these cases the nuclear
power capacity could grow independently of th2 resource base,

In summary, the denatured cycle appeirs to possess advantages relative to the Pu/U
cycle, but several important areas require further study. In parlicular, the refinement
of the denatured ACR characterization is of prime importaice, both tu evaluate yarious
reactor options and to study the overall use of ACRs as opposed to LWRs. Also, system
interaction studies for the dispersed denatured reactors ana ~entralized transmuters i
require refinement based on improved reactor designs and updated ma>> balances. Finally,
the question of implementing the energy-center 'cun..e;it'.* togetber with the use of specially
designed transmuters as a source of denatured fuel, desefv}a; wore detailed study. Charac-
terizations of improved fast transmuters, improved thg;; reoptimized ACRs and LNFBRs, as
well as a characterization of the Light Water Breeder :Reactor (LWBR), have been developed
under the Nonproliferaticn Alternative Systems Assessment Program (NASAP) and a DOE Pro-
Viferation Resistant Large Core Design Study {PRLCDS) and should be Ltilized in any further
studies that are performed. ’ -

7.4, Gverall Conclusions ans Rocosmendations

The denatured 233U fuel cycle emerges from this assessment as a potential alternative
to the conventional Pu/U cycle, with advantages that can be characterized as follows:

¢ The denatured 233U cycle offers proliferation-resistance advantages
relative to the Pu/U cycle in that: the fresh denatured fuel would have
.sotopic barrier that would preclude isolation of the *33U through
chemical processing; the fresh fuel would have a radioactivity barrier
due to the daughter products of its 232U impurity: and the spent fuel -

would contain relatively small ampunts of Pu. By contrast, the Pu/U 1 |

cycle, especially when including fast breeder reactors, wou'd tend

.
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toward an equilibrium in which all the fresh firel would contain
chemicaliy extractable Pu and the spent fuel would contain increasing
amounts of Pu.

® Because 233y is a more efficiert fuel for thermal reactors than either
235y gr Pu, power systems employing denatured 223U fuel could meet
moderate growth-rate demands with a larger fraction of thermal reactors
than power systems based on the Pu/U cycle. This would tend to winimize
the overall capital costs of the power system since thermal reactors have
significantly lower capital costs than fast reactors.

o If denatured power systems were to include ACRs as well as LWRs, the
dependence on fast reactors could be further minimized due to the
improved resource utilization of ACRs compared to LWRs. The degree of
economy would depend, of course, on the reactor mix since the ACRs
would have higher capital costs than the LWRs.

® Under the mandate of a proliferation-resistant system based on the
secure energy-centec and dispersed-reactor concept, denature ; power
systems could be divorced from the resource base and still support
dispersed reactors whereas power systems operating on the Pu/U cycle
alone could not.

The disadvantages of the denatured 233U cycle are the following:

® The cycle would be more complex than the Pu/U cycle, and since the
required 233 must first be produced in transmuters, the rate at which
reactors fueled with denatureu 233U could be introduced would be inher-
ently limites. The Pu/U cycle is closer to commercialization a~d Pu is
already being produced in currently operating reactors.

® Because the Pu/U cycle technology is well advanced, it is the preferred
cycle buth of the U.S. industry and foreign governments; therefore,
their reluctance to embrace an alternative which is less developed and
is considered primarily on the basis of its nonproliferation advan-
tages would have to be overcome.

® The R,04D costs for developing the denatured 233U fuel cycle would be
significantly higher than those for the Pu/U cycle. If ACRs were also
required, even higher costs would be incurred,

Other important conclusions from this study are as follows:

® The LWR-LEU once-through cycle is 1ikely to dominate nuclear power
production through the year 2000, which should provide time to develop
either the denatured cycle or the Pu/U cycle for the recycie mode.

® Denatured 233y fuel can be used in LWRs, SSCRs, HWWRs, HTGRs, and FBRs
without major chanjes from their present conceptual designs.



After the necessary R,DAD is completed, the dematured 233U fuel cycle
appears to be economically competitive with the Pu/U fuel cycle.

With the fuel resources assumed, the nuclear power demand postulated in
this study (350 GMe in the year 2000 and a net increase of 15 G¥e/yr
thereafter) can be met as well by power systems operating on the denatured
fuel cycle as it can by power systems using the Pu/U cycle. However, the
Pu/U cycle with FBRs has an inherent ability to grow at a faster rate than
the other cycles.

On the basis of this study, it is recommended that:

Optimized designs of improved LMRs, ACRs, and fast reactors operating on
alternate fuels (specifically denatured 233U fuel and Pu/Th fuel) be
examined to refine the characteristics of the denatured cycle relative
to fuel utilization, economics, and energy-support ratio. The study
should also be expanded to include LWBRs and the fast breeder designs
developed by DOE in the Proliferatinn Resistant Large Core Design Stuay
(PR_CDS). More detailed assessments of the proiiferation risks and the
economics of the denatured cycles compared te other recycle options
(Pu/U and HEU/Th) should also be pursued.

These further studies could provide guidance for the following RAD programs:

Thorium fuel cycle R&D to investigate the use of MEU(235)/7h,
MEU(233)/Th (denatured 233U), and Pu/Th fuels in LWRs and HWRs (the
latter in cooperation with Canada). Thi; prograr might also include
the LWBR fuel cycle.

Studies to consider denatured 233U or 235y fuels as candidates for che
HIGR reference fuel cycle.

Thorium technology studies, particularly for blanket assesblies, as an
integral part of the LMFBR program ard the GCFBR program (Gas Cooled
Fast Breeder Reactor).

Exploratory work with utilities and PWR and BWR vendors for qualifi-
cation and use of MEU/Th and Th fuel rods in commercial reactors. An
example of the beneficial use of Th would be in corner rods of the
BWR fuel assesmbly.




APPENDIX A.

232y PRODUCTION AND DECAY PROCESSES

The production of 233U from thorium results in the concomitant production of 232U
(see Fig. A.1) which probably would not be isotopically separated from the 233U before the
fresh denatured fuel was fabricated. As the 232l decays through 228Th and its daughter
products to stable 208Pbh (see Fig. A.2), numerous gamma rays would be emitted, the most

prominent being a 2.6-MeV gamma ray associated with the decay of 29871,

Thus the fresh

denatured 233U fuel would be radicactive, and would be increasingly more radioactive with
This characteristic of the fuel would have several ranifications,

the passing of time.

both with respect to proliferation and to the development of the fuel cycle, as has been

discussed in Section 2.

{n.y)
l 232 ‘
port}

(n.2n)

(n.y)

2:’“

B2 m

Fig. A.1.
Leading to the Production of 232U and 233y,

ORNL-DWG 77-15743

23,’&. | B (2t zgu
(n.2n)
2’,2,90 8 (130) z:ﬁu
{n,y)

BTi255n)
2 e
L 2o

Important Reaction Chains

B 6.3

1y, 178y,

1. 30310 2573y

Fig. A.2.

0343

ORNL-0G 6S-330R3

3

ey

dpy W0y (2.6-Mev v)

Decay of 232 and 2327h,



58

APPENDIX B. TIME-INTEGRATED DOSES DUE TO INHALED U AND Pu ISCTOPES

Estimates Jf the time-integrated doses (50-yr doses) that can be expected to be de-
livered to the tone by the inhalation of the important fuel isotopes are compared in Table
B.1. Although the values given for 232U and 233U are based on limited experimental data,
it is apparent that, in terms of dose per ug inhaled, the toxicity of 232U is higher than
that of any of the other isotopes listed except 238Pu. When compared with 235U or 238y,
233y also has a relatively high toxicity, but one that is considerably lower than the
toxicity of any of the plutonium isotopes. It should be pointed out, however, that these
toxicities are based on the assumption that all bone-seeking radionuclides are five times
more effective in inducing bone tumors than is 226Ra, and some evidence exists that 232U
a1d 233y are not that damaging.

Table B.1. Time-Integrated (50-yr) Dose Deliveries to Bone hy Inhaled
Uranium and Plutonium [sotopes

Effective Half Dose to Bone
Specific Activity? life in Bonev (rems/ug
Isotope Ci/qg) (days) inhaled)
23y 21.42 X 1¢- 3.0 X 102 2.4 X 103
233y 9.48 % 10-3 3.0 X 102 2.1 X 10-1
235y 2.14 x 10-¢ 3.0 x 102 4.3 X 1¢rs
238y 3.33 x 1077 3.0 X 162 6.3 X 1¢°¢
“3epy 17.4 X 100 2.3 X\ 9.9 X 1¢¢
23%py 6.13 X 10-2 7.2 X 1o 4.0 X 107
240py 2.27 x 107! 7.1 X0 1.5 x 10

21 ¢f = 3.70 x 101? disintegrations per second.

bTime required for one-half of a given quantity to disintegrate, that is, for one-half of
the nuclei to change form.

The fraction of the contaminant 232U in denatured 233U fuel would, of course, be much
lower than the combined fraction of plutonium isotopes in Pu/U fuel, While no calculations
of dose comnitments have been performed specifically for denatured 233y fuel, an upper
1imit can be estimated from calculations for HTGR fuel containing 93% 233y in U, As
recycle progresses, the 2320 content of HTGR fuel could increase to a maximum of perhaps
1000 ppm 232U in U, in which case the dose commitment to the bone resulting from the
inhalation of 10712 g of the fuel would be about 4 X 1073 mrem {f inhaled immediately
after the fuel has been processed. Because of the ingrowth of 232y daughters, however, the
potential dose commitment would increase for a period of approximately 10 years (to about
3 X 10°2 mrem/ug inhaled) after which it would decrease. Since denatured 233U fuel is
diluted with relatively nontoxic 238U, it would contain proportionately less 232U and would
be somewhat less toxic than highly enriched HIGR fuel. By contrast, Pu/U fuel would be
signific..tty more hazardous and LEU fuel would be significantly less hazardous,
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APPENDIX C. EFFECT Gr IMPROVED LWR DESIGNS AND ENRICHMEMT TECHNOLOGY

While not considered in the system analyses discussed in Section 6, it is possible
to improve LWR designs to greatly enhance their utilization of U 0g per unit of erergy
produced — possibly as much as 307 on the once-thraugh cycle. In order to estimate the
effect that such improvements could have, a series of calculations was run to determine
what the U.0; requirements of LWRs would be at points in the future if their designs were
gradualiy improved. At the same time the effect of a gradual decrease in the *3%U content
of the uranium enrichment tails was considered.

In these calculations it was assumed that the LWR U303 utilization would be improved
in sequential increments of 10:. Reactors starting up between 1981 and 1991 were assumed
to need 90% of the U 0; required by the standard LWR, those starting up between 1991 and
2001 would require 80%, and those starting up after 2001 would reauire 70%. [t was alsd
assumed that in those same decades the improvements would be retrofitted in all operating
LWRs (with no downtime considered). The reduced tails schedule began with the standard
235y fraction of 0.0020 in 1980 and gradually decreased to 0.0005 by 2010 and rewained
constant thereafter.

The results of the calculations, summarized in Table C.1, indicate that with improved
LWR designs alone, the U304 consumption level would be reduced 25% by year 2024. If, in
addition, the decreased tails enrichment were realizea, the total U;0; consumption could
be reduced by 36%.* The U30g consumption of LWRs on once-through cycies would then be

comparable to that of the standard LWR operating on the Pu/U recycle mode (or on cenatured
233y fuel).

Table C.1. Comparison ol Us0g Utilization of Standard and Improved
LWRs Operating on Throwaway/Stowaway Option With and Without
Improved Tails

ST_U,0, /Gue
Standard LWR Technology Improved LWR Technology
Normal Improved Normal  Improved
Year Tails Tafls Tails Tails
1989 5236 4759 4649 4224
2009 6236 4508 4079 3560
2029 5236 4398 3923 3346

*Normal tails assume 0.2 w/o 235y in 238U; improved tails as-
sumed 0.05 w/o 2350 in 238U, 75% capacity factor.

W
This would require a large increase in SWU requirements, however.



