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1. INTRODUCTION: BACKGROUND

In tle mid-1940s, as the nuclear era was Jjust beginning, -a prestigious group includ-
ing Robert Gopenheimer and led by David Lilienthal, the first chairman of the U.S. Atomic
Energy Commission, was comnissioned by Under Secrelary of State Dean Acheson to recommend
ways that the benefits of nuclear énergy could be shared ujth the world without the dangers
of what we nov refer to as "nuclear proliferation”: that is, the creaiion"oflnqmerous
nuclear weapons states. The report’® they submitted states that "tne proposed solution is
an;internationéi institution and framework of tieaties and agreementZ for cooperative
opefatiqn’of'séhsitive,ndcléarﬁ;gchnology.f At the same time, the committee proposed -
several po%sib!e technclogical developments to help implement an internstional system, -
including‘theiieﬁaéuriﬁg of zéactoz feeis. They also suggested the restriction of the
most sensitive activities within a muclear cycle to nucléar energy’ drenas.

d : “ .

n ihe subsequent years several steps have been taken toward internatiopa? coopera-
tion in the political control of the potential for making nuclear weapons. In 1953 the
Atoms for Peace Program was initiated by the U.S. and in 1957 the Internaticaal Atomic
Erergy Adency was formed, one of its chartered responsibilities being the sa-‘eguarding of
fissile material and the reduction of the potentia. %ér the production of nuclear weagons.
In 1970 thése effoigs resulted in a nonproliferation treaty that wes drafted by the U.S.
and the U.S.S.R. and subscrived to by 116 nations. As the dialog has continued, inevit-
ably all serious studies of the problem, including the most receni studies, have a-rived
at the same conclusion as the Achesun committee: internationral cooperation and safeguards
with technological supports are mandatory -- or to state it arother way, no purely tech-
nological fix to prevent nuclear proliferation is possible.

It was against this background and largely through the initiatives of Presicent
Carter that an International Nuclear Fuel Cycle Evaluation Program {INFCE) was established
in the Fall of 1977 to study how proliferation-resistant nuclear fuel cycles could be
developed for world-wide nuc’ear generation of electrical power. At the same time a U.S.
Nonproliferation Alternative Systems Assessment Prrigram (NASAP) was formed to carry out
intensive studies that would both provide fnput to INFCE and recommend technical and
institutional approaches that could be impiemented with various nuclear fuel cycles
propo.ed for the U.S. ‘

The principal proliferation concern in civilian nucliear power fuel cycles is the pos-
sible disersion of fissile material to tbe fabrication of nuclear weapons. [f obtained in
sufficient quantities, the fissile material employed -ir. any nuclews fuel cycle can be pro-
cessed into weapons-ysable material, but fuel cycles that are considere. to offer the least
resistance to diversion are those that include weapons usable material tha: can be chemi-
cally separated from a)l the other m.ter%als in the cycie. The <Y in the Jow-enriched
uranium (LE)J) fuel used by currently operating Light-Water Reactors (LWRs) cannot Le chemi-
colly srparated hecause it is embedded in a matrix of < '*U, To extract the - * U fetwm the - U
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; to this haﬁ not 'Jeen done in the u.5. ang currently 2 woratorium on U.S. comerc:al
reprocessingis in effect. -As a result, the spent fuel elements now being removed from
[.Hks;g}e Eeing‘stored'On site. Because initially the_y are mghly radipactive due to a
f%ssionlp(hdﬁCt‘ buildup, the spent elemer;ts must be heavily shielded, but as their radio-
activity ;Scié;s wits time 'less shielding will be required.

- Various nuc!ear alternat‘ ves” are beirg proposed by the U.S. and other countries
or mternational conside. oo on in lieu of the classical Pu/U cycle. One proposal- is
) bap nations cont,inue marketing LWRs and other type: of thermal reactors fueled wi th
~ natural or Tow-enriched uranium. A moratorium on_veprocessing would be adopted, and
" “the spebg fuel would be stored in secure national or internationa) centers such as has
~ recently been ,roposed by the Unite? States, the security of the fuel being transported
-, to the centers being provided-hy its fissjon-product radioactivity. This scenario assumes
; «arantee to the nuc!ear-power»consummg nations of a fuel supply for the approxfmately

o o ‘30-year economic 1ife of tbeir nuclear plants.

- Other aroposals that assu.e the absence of reprbcessing (aﬁd thus do not fnclude
. * recycle of yranfum and/or piutonium) are aimed at improving the In-visw utilization of
. " fissile material within the framework of current Hight-water technology. Light-water
reactor opticns such as fnproved refueling patteras and ‘cycle "coastdown” procedures, as
well as more extensive modifications {such as increasing the design burnup), are beiné
studfed. Signiticant gains in resource utilization also appear possible with the intro-
duction of "advanced converter” designs based on Heavy-Water Reactors (HWRs), Speciral-

Shifs~-ControTled Reactors {SSCRs), or High-Temperature Gas-Cooled Reactors (HTGRs).


http://uran.ua

_ ~ Whiie these various proposals could be useful for increasing the emergy generated
,_f 5v" from the uranius: resource base while recycling is disallowed, they will not provide the
e *inexhaustible” supply of nuclzar fuel that has been anticipated from the commercialization
g of fuel recycle and breeder reactors. Yo provide such a supply would rgqnire the separation
7 lv and reuse of the "artificial” fissile isotopes 23%y and 233y, It was under the assumption
"f:;that rtcytle would occur, lnltlally in LMRs, that the technology for the Pu/U mixed-oxide
~f'fhel cycle, in which:2 3Py is bred from 238y, was developed. However, for the reasons
stated above. the prolifbratlbn resistance of the cytle as currently developed is perceived
V;Las belug lnadequate. Its prnllfbratloﬁ reslstance r»nld be increased by deliberately

, spltlng the Fresh fuel elements with radloactrve contzminants or allowing them tc retain
' of the flSSlOn products from the. prev10us cycle;y- elgher of which would discourage
seizure by»umauthor1zed groups or statés. The feasibility of these and other possible )
mod flcations to the cycle are currently under study. In addition, the employ-ent of
full-scope safé,Jards, including exten51ve fissile unnltorlng procedures, is being
investigated for use with the Pu/uU cycle: :

e

o
-

S B Also under study are several “alt:rnate” fuel cycles based on tie use of the
- artificial fissile isotope 23% which is bred in 232Th. One such cycle is the 233y/238y/232Th
& cycle proposed by Feiveson and Taylor,2 and it is thls cycle that is the subject of this
-, ~ veport. In the 233/238y/232Th fuel cycle the 23% is mixed with 23Cy which serves as a
- S denaturant. The fertile isotope Z232Th is included to breed additional 23%. The
‘ ~_addition of the 238y denaturant makes the proposed fuel cycle similar to the 235ys238y

- cycle currently employed in LWRs in that extracting the 233U for weapons fabrication would

require isotope separation facilities. Since 23%-does not occur in nawure, the cycle is
‘ also similar to the 23pus238y cycle in that reprocessing will be necessary to utilize the
e bred fuel. - However, as iuggested by the Acheson Committee and again by Feiveson and Taylor,
l reprocessing and other zensitive activities could be restricted to secure energy centers
and still allow power to be generated outside the centers.

It is the purpose of *his report to assess in the 1ight of today's knowledge the
- potential of the denatured 233 fue! cycle for meeting the requirements for electrical
- o power grewth while at Lhe same time reducing proliferétion risks. Chapter 2 examfnes
* 4 the rationale for utilizing the denatured fuel cycle as a reduced proliferation’measure,
and Chapter 3 attempts to assess the impact of the isotopics of the c,.cle, especially
with réspect to an implied tradeoff between chemical inseparability and isotopic
separability of the fuel components. Chapter 4 examines the neutronic performance of
various reactor types utflizing denatured 233y fuel, and Chapter 5 discusses the require-
ments and projectios for impiementing the cycle. Chapter 6 then evaluates various nucl-
ear power systems utilizing denatured fuel. Finally, Chapter 7 gives summations of the
safeguakds considerations and reactor neutronic and symbiotic aspects and discusses the
prospects for deploying denatured reactor systems. Chapter 7 also presents the overall
rconclusions and recommendations resulting 'from thi. study. ‘
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, The reader will note that throughout the study the U.S. has been used as the base
c,ése. This was necessary because the available input data -- that is, resource base
" estimates, proje-ted reactor and fuel cycle development schedules, and assumed power .
growth rates -- are all of I.S. origin. However, with access to corresponding data for
an international base, the study could be scaled upward to cover an interdependent world

model.

Re-‘erences for Chapter 1

1. "A Report on the Interrational Control of Atomic [nergy,” prepared for the Secretary
\of Stzte s Committee on Atomic Energy by a Board of Consultants: - Chester 1. Barnard,
Dr. J. . Oppenheimer, Dr. Charles i. Thomas, Harr, Winne, and Davi.! E. Lilienthal
(Chatmg:s)). Hashmgton. p.C., Harl:h 16, 1946. PP- 127—213. Departnnk of State Publi-
catlon 3.

Bull. Atorie Seientists, p. 14 (Deceuber ‘1976). .

" H: A. Feiveson and T. B. Taylor; 'Securtty Implications of Altermative Fission Futures. .
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2.0. INTRODUCT ION

- The primary rauonale for considering the proli fera..wn potential of the nucleer
fuel cycles associated uith civilian power r2actors denves fios two opposwg concerns:
the possibility of nuclear weapons proliferation versus a need for and the percelved
ecommclresoune benefits of a nuclear-based geueranug capacity. M. the outset it should
be emphasized that a civilian muclear pwer progran is not the only prohferatwn route R
avaﬂable t9 nonnuclear weapons states. The coutnes tllat have developed nuclear exploswes

" to date have not relied on a civilian nuclear pover progra- to obtam the fissile -at.enal

Rather, they have utilized-enrichment fact‘httes. pluhm ) j_,_,jtun reactors. and,” more
racently, a research reactor. Homver, as omse'd\to iehberate (aud possubly clande—
stme) veapms-develomut prngra- based upon a natlenal lec"‘smn. nuclear po-er pmgras

are. currently subJect to mterna*mnal mmtanng aml mfluence m most cases. 'l'hus u!nle

. civilian nuclear pouer does represent one concewable pmhferatlon rwte t it is ncle,

less attractive than other possrble routes, prollferal ion concems should not inhibit the
‘development of cosmercial nuclear power. i -

. Proliferation cohce'ns regarding civilian nuclear power progra=< cente~ on two
intrinsic characteristics of the nuclear fuel cycle.  First, nuclear reactor fuel -
mherently prov'des a potevmal source of fissile material from which production of -
weapons-qrade material is jossible. Second, certain fuel cycle components, particularly
enridment and reprocessiiig facilities, exacerbite the proliferation problem since they
provide a technological capability which could be directed towdrds weapons developwent.
The term "laient prohferatlon has been coined by Feiveson and Taylor! to cover these
characteristics of the nuclear fual cycle which, although not pertaining dlrertly r.o
weapons developmeni. by their existence facilitate a possible future decision to
establi:n such a capability.

It shouid be noted that the problem of latent proliferation impacts even the "once-
through” Tow-enriched uranium (LEU) cycle currentiy emnloyed in light-water reactors {iWRs)

and also t.e natural-uranium cycle utilized in the Canadian heavy-waier system; (CANDUS).

The technology required to enrich natural uranium to LWR tuel represents a tecanological
cepability whizh could be redire.ted from peaceful purposes. In addition, the plutonjum-
cortaining spent fue), albeit dilute and contaminated with highly radioactive fission
products, represents a3 source of potential weapons material. Thus the possibility of
proliferation exists even for the fuel cycles now in use. This has already beean recoy-
nﬂzed and it has been proposed!.? that internationally controlled “ue) cycle service
centers e establisned whose purpose would be to preclude subvarsion of sensitive
rechnnlogy (such as enrichment technology) and to provide facilities for the 3isay and
secure styrage of spent once-through reactor fuel, ‘
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PR s s ant study is tde need to de-.er.rme whether -7 °U-based recycle scenarios have sugmf*cant

~
S

Tre: €statlishment of such fuel cycle service centers is cu-rently receiving serious

« <isizeraiior. As the costs of U.0: production increase {and as it is preceived that long-

* m relianca on nizlear power is necessary), the expansion of trne fuel cycle service center

“vaciude repracessing activitios will become attractive. The expansior would allow the

" %' ‘remaining in the spent fuel to be utilized. [t would alsc allow the artificial (that
is, "canufactured”) “issile isotopes produced as a direct result of the power pruduction
'V»;ro';_ass to Se recycled. Of the lat{er, oaly two possible candidave isotopes exist: *3°Pu

ard -y, In con- idering these two isotapes, it appears tnat the proliferation aspects of
s pussible re.ycle scenarios a~e ccnsidera‘nly different. 'u fact, the rationale for the

chfnratlon -resistant advanta('ns copared with plutonium-based recycle scenarios.
2.1, IhTERMT-.')ML PLUTONIUM ECGNOMY
Prior to President Carter’'s April 7. 1377, nuclear policy statement, the reference

teéycle fuel scenario had teen basud on pluton:um, referred to by Feiveson and Taylor! as
the "plutonium economy.” IR this scaneric tie plutonium generated i~ tho LEU cycle would

- be recycled as feed material fi:st into therma’ reactors and later into fast breeders,

these reactors then operating on mixed Pu/U oxides instead of on uranium oxide alone. As
with any recycle scenario, the plutonium-based nuclear power economy would require the \
operation of spent fuel reprocessing facilities. If Jisgersed throughout the world, surh
reprocessing technology, like uranium enriciment tecinolegrs, would markedly increas . che
latent proliferation potentiai inherent in the nuclear fuel cycle. Of course, such facili-
ties could also be restricted to the fuel cycle service centers. Huwever, the plutonium
recycle ccenario introduces a far greater concern regarding nuclear p-oliferation since
weapons-usable material can be produced .vom the fresh mixed cxide fue™ through chemiezl
seroratior. of the plutonium from the uranium, whereas to obtain weapois-usable material from
LE fuel requires <actoric enpichmen: in 235y,

Since the fresh mixed oxide (Pu/U) fuel of the reference cycle is vulnerable to chemical
separation, not only are the fuel faorication facilities of the cycle potential sources of
directly usable weapons material, but also the reactors themselves. While restriction of
mixed oxide fabricetion facilities to safeguarded centers is both feasible and advisable,
it is unlikely that the reactors can be centralized into a few such internationally con-
trolled centers, Rather they will be dispersed outside the centers, which will necessitate
that fresh fuel containing plutonium be shipped and‘stockpiled on a globat scale and that
it be safeguarded at all points. Thus, as pointed out by Feiveson and Taylor,! the plu-
tonfum recycle scenario significantly increases the number of nuclear fuel cycle facilities
which must be safequarded. The prosprct of such widespread use of plutonium and its as-
socfated problems of security have led to an examinatfon of pussible alternative fuel cycles
aimea at reducing the proliferation risk inherent in recycle scenarios. One such alternative
fuel cycle is the denatured “'’U fuel cycle which comprises the subject of this raport.
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2.2. THE DEMATURED 233y FUEL CYCLE

In *he dematured 233y cycle, the fresh fuel would consist of a mixture of fissile 233y

- diluted with 238y (the denaturant) anc combined with the fertile isotope thorium. The pre-

sence of 2 significant quantity of 23U denaturant would preclude direct use of the fissile
Faterial for weapons purposes even i the uranium and thorium were chemically separated. As
in the LEV cycle, an additional step, that of isotopic enrichment of the uranium, this time
to increase its 233 concentration, would be necessary to produce weapons-grade material,
aad the development of an enrichment capability would require a significant decision and com-
wjtment well in advance of the actwal diversion of fissile material from the fresh fuel.

«_'li{is is in contrast to the reference Pu/U fresh fuei for which only chemical separation would

be required. Moreover, even if such an enrichment capibility were developed, it would ap-
pear that erriching clandestinely obtained natural urenium would be prefersble to diverting
ani venrichit"g reactor fuel, whether it be denatured 233U or some other type, since the reactor
fuel would be more internationmally “accountable.” '

The primary advantage of the denatured fuel cycle is the inclusion of this "isotopic
Larrier™ in the fuel. Whereas ir the plutonium cycle no denaturant comparable to 2%y exists
and tre fresh fuel safeguards (that is, physical security, international monitoring, etc.)
would all be external to the fuel, the denatured 2333 fuel cycle would incorrorate an in-
herent safeguard advantage as a physical property of the fuel itself. Like the plutonium
cycle, the denatired fuel cycle would require the development of fuel cycle centers to
safeguard sensit ve fuel cycle activities such as reprocessing (but not necessarily refabri-
cation). However, unlike the plutonium cycle, the denatured fuel cycle would not require
the extension of such stringent safeguard procedures to the reactors themselves, and they
are the most numeraus component of the nuclear fuel cycle. {(As noted above, LEL fuel is also
“denatured” in the sense that a low concentration of 35U is included in a - :“U matrix.
Similarly, natural uranium fuel is denatured. Thus, these fuels also have the proliferazion-
resistance advantages of the isotopic barrier.)

The concept of denatured 33U fuel as a proliferation-resistant step fs addressed
principally at the front and of the nuclear fuel cycle, that is, the fresh fuel charged
to reactors. The 238U denaturant will, of course, produce plutoniun under irradiation.
Thus, as in the LEU and mixed oxide cycles, the spent fuel from the denatured cycie 1s a
potential source of plutonium. Huwever, alsc as in the LEU and mixed oxide cycles, the
plutonium generated in the spent fuel is contaminated with highly radicactive fission products.
Moreover, the guantity of plutonium generated via the denatured fuel cycle will be signif-
fcantly less than that of the other two cycles. Further, the decision to use spent
raactor fuel as a source of weapons material requires a previous comnmitment to the develop-
ment of shielded extraction facilities. In summary, the use of a denatured fuel as a
source of weapons material implies one of two strategic decisions: the developmert of an
isotopic enrichment capability to process diverted fresh fuel, or the development of a fis-
site extractfon capability (chemical or fsotopic) to process diverted arcve fuel, In
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‘comirast, while the plutonium cycle 2lse would iéquire 3 strategic decision concerning the
sremt fuel, the decision te utilize the fresh mixed oxide fuel would be easier and thus

-

cuid b= more tactical in nsture.

, A subsidiary proliferation-related advantage of the denatured fuel cycle is the

~ presence of 23y {anc its highly radicactive decay daughters) in the fresh fuel. The 222y,
an unavoidable byproduct in the production of 27y from “Th, comstitutes a chemically
inseparabie radiocactive contaminant in the fresh fuel, which would be 2 further deterrent

to proliferation. Similar contamination of mixed Pu/U oxide fuel has been proposed via
 "spiking” tne fuel with fission products or preirradiating it to produce the fission products
in situ, tut Eoth *hese options woulC involve significant perturbstions te the Pu/-3%U fuel
cycle as oprosed to the natural® contamination of thorium-basad fuel ’--UStimllx,’the

" artificial spike of mixed oxide fuel would be Subject to ckamical elr. - * -2, albeit re- -

© quiring heavily shielded facilities. The natural spite of the denature¢ :  : !+:at is, the
232y decay dauahters) would also be subject to cheziril elimination, bit Tre Lontinuing
decay oS the <*‘U would replace the natural spike within a limited pericd of time. -

N

b=

vmm’

!

233y aiso has the advantage of a higher fissile worth in thermal reactors than 23%Pu,
both in terms of the energy release per atom destroyed and in terms of the conversion ratio
(see Section 4.0). Commercial thermal reactors are currently available 21 are projected
to enjoy a capital cost advantage over proposed fast breeder reactors. Additionally, the
technological base required for installation and operation of a thermal system is less
sophisticated tuan that for fast systems such as LMFBRs. Thus it appears likely that near- ..
term scenarios will be dominated by current and proposed thermal systems. In considering
possible replacement fissile materials for the limited “2%U base, the worth of the replace- E
ment fuels in the thermil systems is of some importance.

One important ractor which must be considered in discussing the denacured fuel cycle
is the potent:1] source of the required fissile material, 23'30. It appears 1ikely that
current-grneration nuclear power reactors operating on the ‘denatured cycle will require an

external source of 233U to provide makeup raquirements, Moreover, even if future de-
natured reactors could be designed to be self-sufficient in terms of - *:U, there would still

remain the question of the initial - :*U loading. One possible source of the required <33y
is a - "*U production reactor located in the fuel cycle service center (now perhaps more
accurately termed an energy renter). This system would be ‘ueled with plutonium and would
both produce power and trinsmute - *-Th into - U, which could then be denatured for use out-
side the secure encrgy certer Loosely tarmed a -»».o~.-pr, SUCh & reactor vould be con-
strained to the ener.y center because of its utilization of plutonium fuel. The required
plutonium for the transmuters is envisioned as coming initially from reprocessed LEU fuel,
and later, in the more mature system, from plutonium produced in energy-center reactors or
via the - *“U denaturant in dispe-sed reactors. Thus, in mature form a symbiotic system such
as that depicted in Fig, 2.2-1 will evolve in which the energy center transmuters produce
fuel (' ''U) for the dispersed reactors and consume the plutonium piyduced by the dispersed



cenatured reactors or by energy-certer reactors. The dispersed reactors in turn are
provided a source of 233U for initial loading und makevp requirements, as well as a means
for disposing of the non-recyclab?z (in the dispersed reactors) plutonius. The significant
point of such a system is that .o plutoniun—cmuining fresh fuel circulates outside the
energy center. The plutonium containzd in the spent fuel is returmed to the center for
ultimate destruction. )
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Fia. 2.2-1. Schematic Fuel Flow for Symbiotic Systen' Consisting of an
Energy Center and Dispersed Reactors Operating on Denatured 233U Fuel.

One obvious concern regirding such a coupled system is the amount of power produced
by the dispersed systems relative to that produced in the energy center reactors. The
power ratio,” defined as dispersed power generated relative to centralized power, can be
viewed as a parameter characterizing the practicaiity of the system. While the pewer
ratio depends on the characteristics of the reactors actually utilized for the var,ous
components and is concidered in detail later in this report, certain generic statements
can be made. In a mature "safeguarded” plutonium cycle, the ratio would be ze.o since
311 reactors would, of necessity, be located in energy centers. In the current open-ended
LEU cycles, this ratio is essentially infinite since current nuclear generating capacity
is dispersed via "naturally denatured® thermal systems. The denatured 2%3U cycle will fall

[
Also called "energy support ratio.”
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between thase two extremes, and thus t{he proposed system’s power ratio will be a crucial

~ evaluation parameter. .

The symbiotic system depicted by Fig. 2.2-1 can also be characterized by the type ~
of reacters utilized inside and outside the center. In gemeral, systems consisting of
thermal (converter) reactors only, systems consisting of both thermal convel:tefs and fast
breeder reacters, and systems conslstmg solely of fast breeder reactovs can bt en-

‘visioned.* Ore important characteristic of each systen is the extent to which it mst rely

on an external fuel supply to meet the demi1d for nuclear-based generating capatity. The
thermal-thermal system would be th= most resource-dependent. The breeder-thenpl systu
could be fuel-self-sufficient for a given power Tevel and possibly alse prwide for moderate
nuclear capacity growth. “The breeder-breeder scenario, if economically awetihve with
alternative energy sources, would permit the maximzs resource-tndepundent mlqr contribu- -
tion to energy production. - 's'

while such consuieratwns serye- tr categorize tbe symbiotic systems thelsdves. the
transition from ° e current once-through LEU cycles to the symbiotic systems is of more
immediate concern. Although all-brecder systems would be resource-independent, quuerctal
deployment of such systems is uncertain. The transition to the denatured cycle égmld be
initiated relatively soon, however, by using moderately enriched 23597232y mixed -Ey'it!l :
thorium (sometimes referred to as the “denatured 233U fuel cyc'e”) in existing ani, pro-
Jected chermal systems. The addition of thorium {and the corresponding reduction‘fof 238y
over the LEY cycle) would serve a dual purpose: the quantity of plutonium generated would
be significantly reduced, and an initial stockpile of 234 would be procuced. It ’Imuld
be noted thac this rationale holds even if commercial fuel reprocessing is deferre\l for
come twme. Use of denatured - =V fuel would reduce the amount of plutonium contaired in
the stored spent fuel. In addition. the sper. fuel would represent a readily accessible
source of denatured < iy should the need %o shift from 235y arise. However, substituting
23iTh for some of the 222U in the LEU cycle would requfre higher fissile loadings and thus more
233y would be committed in a shorter time frame than would be necessary with the LEU cycle.
An alternative would be to utilize energy-center Pu-burming transmuters to provide the initial
source of 233y for dispersed 233U-based reactors. From these starting points, various scenarios
which employ thermal or fast energy-center reactors coupled with denatured thermal or fast
dispersed¢ reactors can be developed.

On the basis of the atove, eight general scemarios have been postulated for this study,
#ith two sets of constraints on Pu utilization considered: either plutoniuvm 17 not be al-
loned 35 a recycle fuel but recycle of donatured 733U will be permitted; or plutonium will
be allowed within secure energy center. with cnly denatured fuels being acceptable for use at
¢ispersed “ite reactors., The eight scenarios can be summarized as follows:

e o e - ——— Y b WP et A -

':ec.v Lectinn 4.0 for discussion of reactor terminology as applied in this study.
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1. Nuclear power is limited to Jow-enriched uranium-fueled (LEU) thermal reactors operat-
ing on a stowaway cycle (inclcded to allow comparisons with current policy).

2. LEY reactors with uranius recycle are operated outside secure energy centers and thermal
reacturs with plutonium recycle are operated inside the centers.

3. Same as Scenario 2 plus fast uUreeder reactors /FBRs) operating on the Pu/U cycle are
deployea within the centers.

4. LEV reactors and denatured 235U and denatured 233 reactors are operated with uraniu
recycle, all in dispersed areas; no plutcnium recycle is permitted.

5. Same as Samno 4 plus thermal reactors operating ow the Pu/Th cycle are permtted
= _within secure energy centers.

6. - Same as Scemario 5 plus Ftas with PufU cores and thorium blankets (" ight™ transsuta-
* ticn reactors) are permitted within- ‘secure energy centers. ‘

7. Seme as Scemario 6 plus denatured FBRs \nth 233\"23'0 cores and thorium.-blankets are
) permitted in dispersed areas. :

8. The "light™ transmrtation FBRs of Scerario 7 are replaced mth 'heavy transmtatwn
reactors with Pu/Th cores and thorium blankets. ’

2.3. SOME INSTITUTIONFL CONSIDERATIONS OF THE DENATURED FUEL CYCLE

As stated above, the impleme-*ation of the denatured fuel cycle will entail the
creation of fuel cycle/energy centers, which will require institutional arrangements to
mnage‘ind control such facilities. The advantzges and disadvantages of such centers,
whether they be regional, multinational, or fnternational, as well as the wechanisms re-
quired for their i-ple-entatibn. have been reported.?’™ Although a detailed enumeration of
the conclusions of such studies are beyond the s-ope of this particular discussion, certain
aspects of the energy center concept as it relates to the denatured fuel cycle are relevant.

Since only a few thousand kilograms of 223U currently exist, it is clear that
production of 223y will be required prior to full-scale deployment of the denatured < U
cycle. 1f the reserves of economically recoverable natural uranium are allowed to become
extremely limited before the denatured cyc'e is implemented, most if not a1l power pro-
duced at ibat time would be from energy-center transmuters. Such a situation is clearly
inconsistent with the principle that the number of such centers and the percentage of
total power produced in them be minimized. A gradual *ransition in which * 35U-based
dispersed reactors are replaced with denatured 23 “.-based dispersed reactors and their
accompanying energy-center transmuter systems is thus desirable.

The proposed denatured fuel cycle/energy center scenario also presents an additional
dimension in the formulation n“ the energy policies of national states - that of nuclear
interdependence. By the very nature of the proposed symbiotic relationship inherent in
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the denatured cycle, 2 conditiorn, of mutual dependence between the dispersed reactors and the
energy-center reactors is created. Thus while nations choosing to operate only denatured
{i.e., dispersed) reactors must obtain their fuel from nations that have energy-center trans-
muters, the naiions operating the transmuters will in wrn rely on the nations oherating
dispersed reactors for their transsuter fuel requiremmacs (Pu}. Hence, in addition to the
possible nonprcliferation advantages of the denatured fuel cycle, the concept also intro-

- - duces 2 greater flexibility in national energy policies. '

Coe References for Cbapt.er 2

LN 1. H. A, Feiveson and T. B. Tay]or. "Secu.: Ity thcattons of Altermtive Fission Futures,”
S SR Buil. nto~ie Seientizts, p. 14 (Dec. 1976).

2. "A Report on the International Control of Atomic Energy,” prepared for the Secretary
of State's Committee on Atomic Encrgy by a Board of Consultants: Chester I. Barmard,
Dr. 2. R. Oppenheimer, Dr. Charles A. Thowmas, Harry A. Winne, and David E. Lilienthal
(Chairmcn), Washington, P.C., Warch 16, 196,-pp. 127-213, Department of State Pub-
hcatlon 2493.

3. "Nuclear Energy Center Site Survey - 1975," Volumes 1-5, NUREG—OO')I Nuclear Regulatory
= Comission, January, 1976.

4. "RegionaT Ruclear Fuel Cycle Centers,” 1977 Report of the IAEA Study Project, STI/TUB-445,
International Atomic Energy Agency, 1977



 oum—t

3

PR—

3.0.
3.
3.2.
3.3.

CHAPT.R 3

PR s AL

ISOTOPIC CHARACTERISTICS OF DEMATURED 233y FUEL

Chapter Outline

Introduction, r. J. Burns and L. S. Abbott, ORSL
Estimated 232Y Concentrations in Denatured 233U Fuels, p. T. Ingersoll, .'RNL
Radiological Hazards of Denatured Fuel Isotopes, ¥. R. Meyer and J. E. Till, ORNL

Isotopics Impacting Fuel Safeguards Cons‘idérations

3.3.1. Enrichment Criteria of Denatured Fuel, c. M. Newstead, BNL

3.3.2. Fabrication and Handling of Denatured fuel, J. D. Jenkins and
R. E. Brooksbank, ORNL

3.3.3. Detection and Assay of Denatured Fuel, D. T. Ingersoll, ORNL

3.3.4. Potential Circumvention of the Isotopic Barrier of Denatured Fuel, E. H. Girft
and W. B. Arthur, ORGDP

3.3.5. Deterrence Value of 2321 Contamination in Denatured Fuel, C. M. Newstcead, ORNL



|

LS

ag, M

GENR Semm —— L ——

33

3.0. [INTRODUCTION

T. .J. Burns and L. S. Abbott
Oak Ridge National Laboratory

An assessment of the denatured 233U fuel cycle - both for meeting the requirements
for electrical power growth and for reducing the risks of nuc’:ar weapons prolifcraiion -
ihvariab]y‘must include an examination of the isotcpics of the cycle. It has been

" poiuted out in Chapters 1 aad 2 that the concept ¢f the denatured 233U cycle is an attempt

to retain the isotopic barrier inherent in the curvently used LWR low-enricted 235U (LEU)
cycle brt at the sawe “ime to allow the production and recycling of new fuel. In both the
denatured and the LEU cycles the isotopic barrier is created by diluting the fissile
isotope with 23°U, so that the concentration of the fissile nuclide in any uranium chemical-
1y extracted from fresk. fuel would be sufficiently low that the material would not be “
directly usable for weapons purposes. This s in contrast to the two reference fuel cycles;
the Pu/U cycle, and the HEU/Th cycle. In both of these cycles, weapons-usable material
could be extracted from the fresh fuel via chemical separation. Of rourse, as shown in
Table 3.0—1.'chemically extractable fissile material is present in the spent fuel elements
of all these cyzles; however the speni elements are not ccnsidered to be particularly

vulnerable beczuse of the high radioactivity emitted by the fission products - at least
inisially.

In this assessment ¢f denatured “?%U fuel, the implications of substituting the
denaturec fuel for the reference cycles of various reactors are examined. In addition to
the -obvious- advantage o: L= jsotopic barrier in the fresh fuel, denatured 233U fuel has
an additional protection factor against diversion in that its fresh fuel is radioactive
to a much greater extent than any of the other fuels listed in Table 3.0-1. This
characteristic is due to the presence of the contaminant 232y, which is generated as a
byprcduct of the - *°U producticn process 0 which spawns a highly radioactive decay chain.
As shown in Fig. 3.0-1, 237y decays through 27“Th to stable 2C8pPb, emitting numerous gamma
rays in the process, the most prominent being a 2.6-"ieV gamma ray associated with the decay
of 071,

Table 3.0-1. Comparison of Principal Fissile -1 Fertile Nuclides in Some Reactor Fuels

fuel : Fresh Fuel Nuclides Spent Fuel Nuclides
Denatured “ U Ffuel 233y, 2Ry, 232Th 233y, puf, 232y, 2227p
(with recycle)
LEU (no recycle) 3%y, 7y 235y, puf, 228y
LEU (with recycle) 239y, puf, 738y 73y, puf, 710y
Pu/U (with recycle) puf, 73 puf, 718y
HEU/Th (no recycle) 2y, "1 Th 213y, “2%U, CTh
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The radioactivity associated with the
omsa-Dus €5-30R3 232U significantly impacts the associated fuel

I cycle. The fabrication, shipping, and handling
.2y of the fresh denatured fue: is expected to
differ markedly from the other cycles, primarily
wmy, due to the fact that :re-ote procedures will
_have to be employed throughcut. _To design the
. necessary facilities will require a knowledge
ol®y

of the concentrations of 232U (and its daughter
products) in the fuel as a function of time.

To date, insufficient data are available on

this subject, bul on the basis of some pre- :

D &3
i, um, 2,

10y 373y je3see liminary investigations some estimates are.
given in Section 3.1 on the 232y concentrations
%n, S ™6 . that could be expected in the recycled fuel of °
LWRs, HTGRs, and FBRs operating on denatured
363 [ 12,3 o 304s0%s 233y
Tre Mg ey The radiological hazards associated with
. ) the use of denatured »72330 fuel represent another
- «0138s s [ fonm aspect of the cycle deminding attention. Again
' little information is available, but Section 3.2
Wy W8T (7.6-KeV ¥) discusses the toxicity of the various isotope,s;
present in the fuel and also in thorium ore,
Fig. 3.0-1. Decay of 232y, , as well as the effects of exposure to the gamma

rays emitted from the fresh fuel.

In assessing the safeguard features of denatured 233U fuel, the isotopics of the cycle
must be examined from several viewpoints. While the 232U contamination will be essentially
an inherent property of the denatured fuel cycle, the concentration of the isotopic denaturant,
238y, is controllable. The presente of hoth isotopes affects the proliferation potential of
the denatured fuel cycle. As the 238U concentration is increased, the difficulty of circum-
venting the intrinsic isotopic bariier is increased. However, increasing the 2380 fractjon
also increases the 23%Pu concentration in the spent fuel so that an obvious trade-off of
proliferation concerns exists between the front and back ends of the denatured fuel cycle.
As pointed out in Section 3,3.1, the enrichment criteria for denatured 233J fuel are still
being formulated.

The requirement for remote operations throughout the fuel cycle will in itself
constitute a safeguard feature in that access to fissile material will be difficult at all
stages of the cycle. But this requirement will also be a complicating factor in the design
of the fuel recycling steps and operations. This subject is treated in more detail in
Chapter 5, but Section 3.3.2 of this chapter points out that the remote operation requfrement
could dictate the selection of techn:ques, as, for example, for the fuel fabrication process.

1
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The radioactivity of te 232U chain would also make it easier to detect diverted de-
natured fuel and would cosrlicate both the production of weapons-grade 233U from fresh
denatured fuel and its: subsequent use in an explosive device. On the other hand, as
discussed in Section 3.3.3, the radioactivity will inhibit passive, nondestructive assays
for fissile accountability..

. Fimally, the possible circumvention of the isotopic barrier must be addressed. In
Section 3.3.¢ it is postmated that a Jas centrifuge isotope separaiwn facility is avail-
able for isotopically enridiing diverted fresh denatured 233y fuel, and estima’es are made
of the amounts of uupons-grade material that could be 50 obtaine. tonclusions are then
drawm as to the relative attractivensss of denatured 233 fuel and other fuels to would-be
diverters.




2.1, ESTIMATED - °7U CONCEKTRATIONS IK DEXATURED ° ‘U FUELS

0. T. Ingersoll
Nax Ridge Mational Laboratory

Although it is mandatory that the concentrations of “°U at each stage of the fuel
cycle be predictatle for the various reactors operating on thorium-based fuels, little
information on the subject is available at this time. This is attributable to the fact
that the interest in thorium fuel cycles is relatively recent and therefore the nuclear
data required for calculating tne production of >*2ii have nut been adequately developed.

Of primary importance are the {n,y) cross sections of “*'Pa, 2*°Th, an¢ **?Th and the
{n,2n) cross sections of 22U and **Th, all of which are intermediate intcractions that
can lead to the formation of *%U as is iilustrated by the reaction chain given in Fig.
3.1-1. These cross sections are under current evaluation® and shauld appear in the Version
V reiease of the Evaluated Tuc’=ar Data File (ENDF/B-V).

ORNL-DWS 77-15745% s =
In spite of the nuclear data deficien-

g2 mi B 127 .
Liéfn cies, some results for < *-U concentrations
are available from calculations for denatured
) in2m  fuels in light-water reactors (LWRs) and in
. fast breeder reactors (FBls). Although no
P 732 A U3ar oo .
E"E' o 92y results for denatured high-temperature gas-
f cooled reactors (HTGRs) a~e currently available,
{n,7n] .y 2374 concentrations can be roughly inferred
L from existing HIGR fuel data. Moreover, the
2%, B71255n) 2% . ey : :
50 5070 analysis of - "“U concentrations in standard
HIGR designs (HEU/Th) serves as an upper
bound for the denatured systems. A compila-
tion of the available results is given below.
230 -
I 0" ] The current state of the related - *’U nuclear

data is amply reflected ir the large variances

Fig, 3.1-1 Important Reaction Chains of the calculated concentrations.
reading to the Production of 27y, s

{nr}

3.1,7, Lianht-Water Peactor Fuels

Existing data on - U concentrations in denatured LWR fuels are primarily from cal-
culatinns based »n the Combustion Engineering System ROTH reactor design.” Results from
CE® for a denatured < *"U cycle (200 - ‘"U-enriched uranium in 78 thorium) show the - ' U
concentration afier the zeroth generation to be 146 ppm 7 *<U in uranium, while after
five generations of recycle uranium, the concentration is increased to 251 ppm, These
levels are in qood agreement with ORNL calculations,” which indicate 130 ppm /*7U in
uraniun for the zeroth qeneration., The discharqe uranium isotopics arc summarized in

Table 3.1-1. Also shown are the results from an ORNL calculation for a denatured - '‘U cycle ,
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(10% 2?y-enriched uranium in 785 Th). The slight contribution from 2*°( reactions in-
creases the 22U content to 157 ppm after the zeroth generation.

Table 3.1-1. Uischarge Isotopics for LWRs Operating on Denatured Fuels

Isotopic Fraction

232y jn U
Cycle 232y 233y 238y 233y 236y 239 2327 (ppm)
2:50)Th Fuel”
ce(o)’ 0.0029 1.07 011 1.5 0.5 16.81  76.21 146
ORNL(0) 0.0026 1.00 0.09 1.5  0.49 16.85  76.23 130
CE(5) 0.0061 1.60 0.69 1.27 1.86 18.78  75.79 251
233Y/Th Fuel®
ORNL(0) 0.0031 1.16 0.29 0.056 0.0052 18.32 75.99 157

%Initial isotopics: 4.4% 2°%U, 17.6% 2?%, 76% 2%2Th.
Brhe number in parentheses represents the fuel ganeration number.

“Initial isotopics: 2.8% 233y, 19.2% 238y, 78y 232Th,

3.1.2. High-Temperature Gas-Cooled Reactor Fuels

Although calculations for 232U concentrations in denatured HTGR fuels are not avail-
adtle, it is possible to roughly infer tiis information from existing HTGR calculations if
the expected changes in the thorium content are known. The conventional HTGH cycle begins
with 93% 235U-enriched uranium fuel and thorium fertile material. On successive cycles,
the 233U produced in the thorium is recycled, thus reducing the required amount of 235y
makeup. The 232U content of the recycled fue) hecomes appreciabl: after only a few genera-
tions, Table 3.1-2 gives the uranium jsotopics or the recycle fuel batches at the beginning

of recycle and at equilibrium recycle,® the latter showing a maximum 232U concentration
of 362 ppm in yranium,

Table 3,1-2, Uranium Isotopics for Conmercial HTGR Recycled Fuel (HEU/Th)

Isotopic Fraction

— 2324 jn y
232y 233y 234y 235y ) (ppr)
Beginning 0.000126 0.921 0.0735 0.00568 0.000245 126
rof recycle
Equilibrium 0.000362 0.614 0.243 0.0802 0.0630 362

'recycle
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Tre values in Table 3.1-2 are 2 result of a standard HTGR fuel composition which
has an average Th/= 3 ratio of about 20. Preliminary estimates have been made of dena-
tured HTGR fuels which assume a 20% denatured 235§, leadirg to a 155 denatured 233y.6
Because of the added >*2y fertile material, the ampunt of thorium is correspondingly re-
duced by about 30%, resulting in a similar reduction in the 232y production. The con-
centration of 272U in total uranium would also be reduced by the mere presence of the
diluting 3%y, so that it can be estimated that a 15% denatured 233y WTGR would contain
aporoximatel,; 40 pom 232U in uranium after equilibriuw recycle. The lower 232y levels
in the HTGR are primarily due to a softening of the neutron energy spectrum compared with
that of the L¥R. Thic results in a marked reduction in the 232Th(n,2n”) reaction rale,
which is a prime source of 232y,

3.1.3. Fast Breeder Reactor Fuels

232y concentrations calculated by Hann and Schenter’ and by Burms® for various
commercial-sized FBR fuel cycles are given in Table 3.1-3. Except for Case 2, tnese
values were determined from reaction-rate calculations using 42 energy groups and ome-
dimensional geometry; the Case 2 results were determined from a coarse nine-group two-

dimensional depletion calculation.

It is important to note that Cases 1 and 2 represent the "transmuter® concept. All
the discharged uranium (2320, 233y, 23%y, and 2350) is bred from the 222Th initially
charged and consists principally of 233y, This accounts for the high 232U/U ratio, which
will be reduced by a factor of 5 to 8 in the denatured fuel manufactured from this mate-
rial, Thus, denatured fuel generated via the fast Pu/Th transmuter is expected to have
approximately 150-750 ppm 2320 in uranium.

Table 3.1-3. FBR Core Region 232y Discharge Concentrations®

232y in y  (ppm)

Case
fio. Fuel t=1 yrb t=2yr t=3yr t=5yr
No recycle
1 10% 23%Py in Th 982 17110 2380 3270
2 11% 23%y in Th 1106 2376 3670
3 10% 233y in In 288 830 1330 2210
4 105 233y 9n 278y €.6 10.7 12.5 13.3
| With recycle
5 102 233 in Th 1820 2760 3260
b 100 233 §n 23y 35 35 35

“tases 1, 3-6 are from ref, 7; Case 2 is from ref. 8.

by« fuel residence time for no recycle cases; t = burning time before recycle for
recycle cases. |
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The last two cases in Table 3.1-3 give the equilibrium 2?2y concentrations assur.-
ing recycle of the 233y and the associated 232y. 1t should be noted that these two cases
represent the extremes regarding allowable enrichment (233/U). For a 20: denatured tuel
in which approximitely nalf the heavy metal is 232Th, the expected 232y equilibrium con-
centration would be ~ 1600 ppm (232U/U) for a 3-yr cycle residence time.

3.1.4. Conclusions

The results presented in this section are, for the mos'. part, preliminary and/or
approximate. This is largely a mseduence of the unrer’_;nties in the anticipated fuel
compositions, denaturing limits, recycle modes, etc., as well as the basic nuclear data.
Also, the results assumed zero or near-zero 239Th concentratioms, which can approach signi-
ficant levels depending cn the source of the thorium stick, particularly in thermal sys-
tems. Because of the relevant cross sections, the preseice of even small amounts of 22°Th
can result in considerably higher 232U concentrations. It is possible to conclude, how-
ever, that 232U concentrations will be highest for 233y-producing FBRs. increzse with
fuel recycle, and decrease with fissile denaturing.
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3.2. RADIGLOGICAL HAZARDS OF DEXATURED FUEL ISOTOPES

k. R, HMeyer and J. E. Till
Oak Ridge Hatiomal Laboratory

Consideration of the Jenatured i cyclc nas created the need to determine the
radiological hazards associated with extensive use of “*°4 as a nuclear fuel. These
hazards will be determined by the toxicity of the wvarious isotopes present in the fuel
and thorius ore, which in tum is irfluenced by the path through which the isotopes
entc: the body--that is, by inhalation or ingestion. In addition, the garma rays er.itted
from the denatured fuel present a potential hazard.

3.2.1. Texicity of “*°; and “°°C

Only limited experimental data are available on the toxicity of high specific activ-
ity uranium isotopes such as 2’ and **2U. Chemical toxicity, as oppased to raliologica®
hazard, is the limiting criterion for the long-lived isotopes of uraniwm (32U and “?%y)
which are ¢i primary concern in the light-water reactor uranium fuel cycle.’ In order
to establish the relative radiotoxicity of cematured 233U fuel, it is helpful to consider
specific metavolic and dosimetric parameters of uranium and vlutonium isotopes. TYable
3.2-1 lists several important parameters used in radiological Jose cslculations. he
effective half life for 2?*Pu in bone is approximately 240 times that of uranium. How-
ever, the effective energy per disintegration for <’y is cbout three times greater than
that for any of the plutonium isotopes. In general, the time-integrated dose from
plutonium isotopes would be significantly greater than the dose from uranium isotopes
for the inhalation pathway, assuming inhalation of equal activities of each radionuclide.
Doses via the ingestion pathway, 2gain on a per . Ci basis, are much lower than those esti-
mated for the inhalation pathway.

It is currently assumed that all bone-seeking radionuclides are five times more
effective in inducing bone tusors than ??%Ra. However, the limited number of studies that
have been conducted with **U (ref. 2) and “*"U (refs. 3-5) suggest 2 reduced effectiveness
in inducing bone tumors for these isotopes and may result in use of exposure limits that

are less restrictive than current limits.

The last two columns in Tatle 3.2-1 represent dose conversion factors (DCFs) for
uranium and plutonium isotopes calculated on the basis of mass rather than activity. [t
may be seen that the “'°U "Mass DCFs" are more than four orders of magnitude greater than
those for fissionable ?''U, due largely to the high specific activity of - '"U. This factor
contributes to the overriding importance of - '-U content when considering the radiotoxicity

of deratured uranium fueis.

Figurc 3.2-1 illustrates the importance of *'’U content with respect to potentia!
toxicity of 22°U fuel. This figure presents the estimated dose commitment to bone calcu-
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Table 3.2-1. Metabolic Data and Dose Conversion Facto-s (DCFs) for Bone
for Selected Uranium and Plutonium Isotope

A-tivity Dose Comrersion Mass Dose Conversion

Isotope 59&:8:‘;9?‘““ ty E:;:cf;vgo::lf lmiatiggmr Tngestiond rnh?Iat!;::f:o';ngestimc
(Days) (rems/.Ci) (rems/uCi) (rews/.q) (rems/.:q)
5y 21.42 3.00 x 102 1.1 x 102 4.1 x 10° 2.4 x10° 8.8 x 10-
33y .48 x 103 3.00 x 10° 2.2 x 10! 8.6x10°! 2.1x10°t 8.2x 15°
sy 2.14 x 1076 3.00 x 102 2.0 x 10! 8.0x10! 4.3x10°° 1.7 x 10°%
238y 3.3 x 1077 3.00 x 102 1.9 x 10° 7.6 x 107t 6.3x10% 2.5x 107
23epy 17.4 2.3 x 10* 5.7 x 103 6.8x 107! 9.9x10¢ 1.2x10!
235py 6.13 x 10-2 7.2 x 10* 6.6 x 10° 7.9x10-' 40x102 4.8 x10?
240py 2.27 x 107} 7.1 x10° 6.6 x 103 7.9x10°! 1.5x10° 1.8x10!

?International Commission on Radiologica® Protection, “Report of Comaittee Il on Permissible
Dose for internmal Radiation,” ICRP Pubiication 2, Perganon Press, New York, 1959.

®Xillough, G. G., and L. R. McKay, "A Methodology for Calcula®ing Radiation Doses from
Radioactivity Released to the Environment,” ORNL-4992, 1976.

“Product of specific activity and activity dose conversion factor.

lated for inhalation of 107'2 g of uairr _ ‘ed 2*’U HTGR fuel (~93. >**U/U) as a function
of the <2y impurity content for two different times following separation at a reprocessing
facility. The upper curve is the dose coﬁimm at 10 years after separation. Two basic
conclusions can be drawn from tl 2se data. First as recycle progresses and concentrations
of 2?2y pecome greater, the overall radiotoxicity of **'U fuel will increase significantly.
Second, the ingrowth of **?U daughters in %y fuel increases fuel radiotoxicity signifi-
cantly for 2 given con_entration of ?'2U. Altiough the data graphicaily illustrated in
Fig. 3.2-1 were not specifically calculated for denatured °’’U fuel, the required data not
being available, the relative shape of tne curves would remain the same. All else being
equal, the estimated radiotoxicity of dematured fuel would be reduced due to dilution of
23y ang 22y with 2%y, which has a low radiological hazard.

A comparison of the dose commitment to bone resulting from inhalation of 107'° g
of threc typar of fuel, HTGR 3L fuel, LWR **5U fuel, and FBR plutonium fuel, §s given
in Fig. 3.2-2. This analysis evaluates uniyradiated HTGR fuel containing 1000 ppm 23% and
does not consider fissicn products, activation products, transplutonium radionuclides, or
environmental transport. As shown in Table 3.2-1, the inhalation pathway would be by
far the most significant for environmentally dispersed fuels. Therefore, other potential
pathways of exposure are not considered in this brief analysis.
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an.

It is noted that Fig. 3.2-2 applies to fresh fuel as a function of time after separation,
presuming it has been released to the environment. Inhalation long aft:r release could result
from the resuspension of radicactive materials deposited on terrestria surfaces. A dose
comnitment curve for denatu~cd ?'’U fuel would be expected to lie slightly below the qiven
curves for HTGR fuel; however, the denatured fuel would remain significantly more hazarlous
from a radiological standpoint than LWR uranium fuel.
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3.2.2 Toxicity of “*°Th

Given the potential for radioloyical hezard via the mining of westerm U.S. thorium -
deposits as a result of implementation of -*-Th-based fuel cycles, current difficulties in
estimation of “!*Th DCFs must also be considered here.

As is evident in Fig. 3.0-1 (<ee Section 3.0), both *?U and **?Th decay to *?°Th,
and then through the remainci’ 3f the decay cha’. to stable 2°*Pb. ':U decays to 2*:Th
via a single 5.3-MeV 1loha emission; °’°Th deciéss via three steps, a 4.01-MeV alpha
emission to “?*Ra, followed by serial beta decays ‘o -2%Th. The tctal energy released
in the convergent decay chains is obviously nearly eyual.

The ICRP’ lists effective energies (to bone, per disintegration) as 270 MeV for
232Th and 1200 MeV for 2°7U; these effective energies are critical in the determination
of dose conversion factors to be used in estimation of long-term dose commitments. The
large difference between the effective energies calculated for the two radionuclides is

based on the ICRP assumption (ref. 7} that radium atoms produced by decay in hone of a
thorium parent should be assumed to be released from bone to blood, and then reaistributed
as though the radium were injected intravenously. As a result, the presence of 22®Ra in
the 22Th decay chain implies, under this [CRP assumption, that 902 of the 22%Ra created
within bone is eliminated from the body. Therefore, most of the potential dose from the
vremaining chain alpha decay events is not accrued within the body, and the total effective
energy for the ?2Th chain is a factor of 4.4 luwer than that for ?1%U, as nnted.

Continuation and reevaluation of“the early research®’® leading to the above dis-
similarity indicated that the presumption of a major translocation of *?°Ra out of bone
was suspect (refs. 10-14), and that sufficient evidence existed to substantiate retention
of 975 of 22%Ra in bone. Recalculation of effective energies for the 232Th chain on this
basis results in a value of 1681 MeV as listed in ERDA 1451 {ref. 15 a substantial increase
implying the need for more restrictive limits with respect to >??Tn exposures. In con-
trast to this argument, the 1972 report of an ICRP Task Group of Committee 2 (ref. 16)
presents a newly developed whole-body retention function for elements including radium
which effectively relaxes 2!?Th exposure limits.

3.2.3 Hazards Related to Gamma-Ray Emissions

While fuel fabricated from freshly separated °''U emits no significant gamma radia-
tion, ingrowth of 7 ‘?U daughters leads to buildup of ’°"T1 2.6-MeV gamma radiation, as
weli as other gamma and x-ray emissions. As discu;sed elsewhere in this report, it is
anticipated that occupational gamma exposures during fuel fabrication can be minimized by }
such techniques 3s remote handling and increased shizlding.
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Gamma exposure resulting from the transportation of irradiated fuel elements con-
taining 27U will not be significantly different from that due to other fuels. Shielded
casks would be used in shipment to control exposures to the public along transportatior
routes. Gamma exposure from 2’2 daughters would be insignificart comparcd to exposure
from fission products in the spent fuel.

Refabricated fue) assemblies containing 32U would require greatei- radiation
skielding than LWR fuel. ilowever. this problem can be mirimized by shipping fresh assem-
blies in a container simlar in design to a spent fuel cask. Gamma doses to workers and
to the general public aue to transport of fuel materials between facilit..: are therefore
expected to be easily controlled, and have been estimated to be low, perhap. one man-rem
+or 1000 Mé(e) reactor-plant-year.'-

The estimated gasma hazard of environmentally dispersed 2*%U, while a significant
contributor to externally derived doses, is overshadowed as a hazard by the efficiencies
of internally deposited alpha emitters in delivering radiolo,ical doses to sensitive
tissues.

3.2.4. Conclusions

Several conclusions can be made from this assessment. It appears that additional
metabolic and toxicological data, both human and animal-gerived, focusing on high specific _
activity uvranium, would be helpful in assessing the radiological hazards associated with
denatured ***U fuel. Specifically, data on the biological effectiveness of 2?2U and 2%%y
could modify exposure standards for these radionuclides.

In terms of relative toxicities based on the dose commitment resulting from inhala-
tion of equal masses of fuel, plutonium fuel is significantly more hazardous than HTGR 1
233y fuel or denatured U fuel. However, denatured 2’3/ fuel would be significantly rore
hazardous than LWR uranium fuel, As the range of fuel cycle options is narrowed, wore '
comprehensive research should be directed at derivation of toxicity data specific to facil-
ities and fuel compositions of choice. |

|
Research investigating potential environmental hazards resulting from de'iberate’
introduction (for safequards purposes) of gamma emitters into fuels prior to re‘abrication
is necessary, as is a thorough investigatior. of the hazards related to repeatec irradiaﬁion
of recycle naterials, with consequent buildup of low cross-section transmutati ~ nreducts.
‘ \ |
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3.3. ISOTOPICS IMPACTING FUEL SAFEGUARDS CONSIDERATIONS

3.3.1. tnrichment Criteria of Denatured Fuel

C. M. Newstead
Brookhaven National Laboratory

A very important problem in the determination of the characteristics of denatured
fuel is the isotopic composition of the uranium, that is to say, the percent of 3%y
present in the mixture of 233U plus 32U, The guidelines provided by current regulations
concerning the distinction between™low-enriched uranium (LEU) and high-enriched uranium
(HEU) are applicable to 233U, the limit being set at 207 235 in ey, Anything above
that constitutes HEU and anything below that constitutes LEU.

LEU is considered to be unsuitable for constructing a nuclear explosive device.
The rationale for making this statement is based upon the fact that the critical mass of
207 - *“U-enriched uranium is 850 kg, and in a weapon this amount of material must be
brought together sufficiently rapidly to achieve an explosive effect. Theoretically the
enrichment could be lower and still achiese prompt criticality. However, the amount of
material becomes so enormous and the diificulty of brirging it together so great tnat it
vould be impractical to attempt to produce an expiosive device with less than 20° enrich-
ment. It is clear that the distinction is somewhat of a gray area and the enrichment
could be changed a few percent, but this should be dene extremel; cautiously since the
<351 enrichment vs. critical mass curve is rather Steep and increasing the enyichment
only slightly could reduce the critical mass substantially. Also, it is necescary to
consider institutional arrangements. A number of domestic and internationai .cgulations
revolve about the 20” figure and it would be no easy matter to change all these stipula-
tions. This sets the background against which the enrichment considerations tor denatured
fuel must be addressed.

The matter of arriving at a practical criterion is complicated and is currently
under study by the Special Projects Division of Lawrence Livermore Laboratory, where an
in-depth analysis of the weapons utility of fissile material (including ~ U with various
enrichments) for the Non-Proliferation Alternate Systems Assessment Program (NASAP) is
being conducted in accordance with a work scope developed by the [nternational Security
Affairs Division (ISA) and the managerent of the NASAP Program, Unfortunately, the results
of the LLL study are not yet available. Because of the considerable impact of enrichment
considerations on the utility of particular reactors and particular symbiotic <ystems, it
seems best at this point to discuss the several approaches for determining the quide-
lines for the enrichment of °'‘U--*3U mixtures and to make a determination based on the
LLL study at a later time.



here are three aporoaches which can be employed to estimate allowable enrichment
criteria for 23 in Z3fy corresponding to the statutory 2G. limit set for Z:%U in 238y,
These three criteria are: (1) critical mass, (2) infinite multiplication factor, .ad
(3) yield. These can be empioyed singularly or in combination as discussed below.

Critical Mass

As stated above, the bare-sphere critical mass of .netallic 20% 75U and 80: <%V is
about 850 kg. This amount can be reduced by a factor of two to three by the use of a
neutron reflector. However, the size and weight of the combination of reflector and
fissile material will not be substantially less than that of the bare sphere, and may
even be greater. In addition, for a nuclear explosive, an assembly scheme must be added
which will increase the size and weight substantially. Concentrations of 235y, 233y, or
plutonium in mixtures with “°U such that they have bare-sphere metallic critical masses
of about 850 kg represent one possible reasonmably conservative criterion for arriving at
concentrations below which the material is not usable in practical nuclear weapons. This
850 kg bare-sphere critical mass criterion can also be used for other materials which are
or might be in nuclear fuel cycles. Although this criterion provides a basis for con-
sistent safequards requirements for =330 or 3%y embedded in 733y, it Jeans to rather
Tow limits.

Infinite Multiplication Factor

Fnother possible criterion is the one associated with the infinite multiplication
factor k . for a weapon to be successful, a certain degree ¢f supercriticality must be
attained. D. P. Smith of Los Alamos Scientific Laboratory has adopted this 2pproach. He
takes k= 1.658 for 20" *'*U-enriched uranium, which implies k = 1.5346 for the oxide.
He then performs a search calculation on enrichment for the other systems so as to obtain

the same k_value. His results are shown in Table 3.3-1. We note that for *''U the limits

are 11.657 "3V for the oxide and 1i.12° 7' for the metal.

Table 3.3-1 Fquivalent Fnrichrent Limits

Fuel l'aterial k.

Metal 200 750, 807 2%y 1.658
11,127 4334, BR.BB” 27| 1.658
11,112 7?3y, 83.897 23y 1.658

Oxide (200 =374, 80 “354)0, 1.5386
(11.65" <%, 38,357 2’#u)0, 1.5346
(13,76 23py, 86,247 %4 )0A : 1.5346
(14,5 2%9py, 1,5° +4"py, 857 2iE)0, 1.5344

These nurbers were chtained by N, P, Smith of Los Alaros
Scientific [.aboratory from DIF [V calculations using
flansen-~Rnach cross sections,
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Yield

It may also be possible to set a minimum yield for a practical nuclear explosive
device. An obvious consideration here is that in attempting tc achieve supercriticality
with increasing amowmts of fissile material of decreasing enrichment, a point is
reached where the yield of an equivalent mass of chemical high explosive exceeds the
nuclear explosive yield. The LLL Special Projects Division is currently investigating
the possibility of establishing such a limit.
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3.3.2. Fabrication and Handling of Denatured Fuel

J. D. Jenkins R. E. Brooksbank
Oak Ridge Mational Laboratory

The techiniques required for fabricating and handling < *’L-containing fuels encount-
ered in the ldenatured fuel cycle differ from those employed for -*5U fuels because of the
high gamma-ray and alpha-particle activities present in the “-3U fuels. Some idea of the
radiation levels that will be encourtered can be deduced irom recent radiation measure-
ments for a can that contains 500 g of 70 with a - 20 content of 25) ppm and has been
aged 12 years sirce purification. The results were as followus:

Distance Radiation (mr/hr)
Contact 250,000
1 ft 20,000
3 ft 2,000

These radiation levels are equivalent to those that could be expected at the same distances
from 500 g of ‘U containing ~ 1250 ppm “*°U and aged six months, which is comparable wit1
233y that has undergone several cycles in a fast breeder reactor. wWith such high activitiss,
complete alpha containment of the fuel will be required, and all personne! must be protect:d
from the fuel with thick biological shielding (several feet of concret: or the equivalent).
This, of course, necessitates remote-handling operations, which constitutes an inherent
safeguard against the diversion of the fuel while it is being fabricated and/or handled.

The requirement for remote operation is further borne out by experience gained in
two earlier programs in which “::U-containing fuels were fabricated. In these two pro-
grams, the "Kilorod” program! and the Light Water Breeder Reactor (LW3R) program,-
(7*°U,Th)0. pellets could be fabricated in glove boxes, but only because the - *3U used
contained extremely low {<10 ppm) amounts of ~*-U. Even so, the time frame for fuel fab-
rication was severely restricted and extraordinary efforts vere required to keep the con-
tamination level of aged 2’3U sufficiently low to permit continued glove box operation,
Based on experience at ORNL in the preparation of nearly two tons of - *U0. for the LWBR
program, it was determined that the handling of kilogra quantities of 33U containing
10 ppm of 22U and prncessed in unshielded glove boxes 2. -lays after purification (complete
daughter removal) to prcduce 7VUO. powder resulted in per onnel radiation exposures of
50 mr/man-week., The techniques used in preparing Kilorod ar.! LWBR fuel would not be feasi-
bl= in a large-scale fabrication plant using 773U containing tre 100 to 2000 ppm 232U
expected in recycled 7', Therefore, one must conclude that remote fabrication, behind
several feet of concrete shielding, will be required for - *‘U-bearing LWR and FBR fuels,

Remote operation will impact the fabrication process and the fuel form., For ex-
amp,e, LWR and LMFBR fuels can be manufactured either as oxide pellets or as sol-gel
microspheres. The many powder-handling operations requirnd in fabricating pellets with
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their inherent dusting problems and the many mechanical operations required in blending powder,

pressing, sintering, and grinding pellets make remotely operating and maintaining a ~’’U-

bearing pellet fabrication line difficult. Altermatively, the relative ease of handling liquids

and microspheres remotely makes the sol-gel spherepac process appear more amenable to remote

operation and maintenance than powder preparation and pelletizing processes, although the process

is less fully developed.

Detailed analyses of specific flow sheets and process layouts for a particular
fuel form would be required to quantitatively determine the relative safeguards merits of
one process versus another. In general, however, batch processes where control of special
nuclear materials can be effected by item accountability are easier than continuous pro-
cesses in which the material is contained in liquid form., Thus, in our example above, an
assesspent might conclude that some sacrifices must be made in material accountability <n
order to achieve remote fuel fabrication.

The overriding safeguards consideration in denatured fuel fabrication however is
the remote nature of the process itself, which limits personnelvaccess to the fissile
material. Access is not impossible, however, for two reasons. First, for material and
equipment transfer, the processing cells will be linked to other cells or to out-of-cell
mechanisms. Second, some partions of the processing equipment may be maintained by persons
who enter the cells after appropriate source shielding or source removal. Thus, some cells
may be casigned for personnel access, but all access points will be controlled because of
the requi.ement for alpha-activity containment. Health physics radiation monitors would
provide an indication of breach of containment and of possible diversion. Qlecause the
ingress points from the cells will be limited, portal monitors may also provide additional
safequards assurance.

It should be noted that although kilogram quantities of material represent hignh-
radiation levels from the standpoint of nccupational exposures, the levels of recently
purified 233U are low encugh that direct handling of the material for several days would
ot result in noticeable health effects.

The remote nature of the refabrication procecs requires highly autonated machinery
for rnost of the fabrication, Elaborate control and monitoring instrumentation will be
required for automatic operation and process control and can provide additional data for

material accountability and material balance consistency checks., The remote nature of the

process has the poteniial of substantially improving the safequarding of the recycle fuel
during refabrication. The extent of this improvement will depend on the specific facility

design and on the degree to which the additional real-time process information can enhance

the safrquards system,
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3.3.3 Detectior and Assay of Denatured Fuel

D. 7. Ingersoll
QOak Ridge National Laboratory

The relatively high gamma-ray activity of -’*U fuels, enriched or denatured, has
opposite effects on detection and assay: it increases the detectability of the fuels
but it also increases the difficulty of passive gamma 2ssay. That this situation exists
is apparent from Fig. 3.3-2, which presents a Ge{lLi)-measured gamma-ray spectrum’® from a
I3iy sample containing 250 ppm “°U. A.1 major peaks in the spectrum are from the decay
products of 237U, which is near secular equilibrium with the products. The presence
of the 2.6-MeV gamma ray emitted by " “°T1 provides a useful handle for the detection of
materials that conta » even small quantities of - :-U, thus providing a basis for preventing
fuel diversion and/o fcr recovering diverted fuel. On the cther hand, the presence of
numerous gamma rayvs in the spectrum eliminates the possibility of direct gamma-ray assay
of the fissile isotope. Indirect assay using the - *“U gemma rays would be impractical,
since it would require a detailed knowledge of the history of the sample.

Detection systems are already availabie. A Los Alaras Scizntific Laboratory (LASL)
report describes a doorway monitor svster” tnat eploys & 12.7- x 2.5-cm Nal(T1)} detector
and has been used to measure a dose rate of about 2,5 mr/nr at & distance of 30 cm from a
20-g sample of Pu0.., Approximatelv the sc~. dose rate wculd be measured for a similar
sample of - “*U containing 100 ppm of - °-U only 12 days fcllowing the separation of daugh-
ter products. T..c dose rate would increase by a factor of 10 after 90 days and by an
additional f::_tor of 4 after one year.” Also, the gamma-vay dose rate scales linearly
with “*2U content and is nearly independent of the type of bulk material, i.e., “i'y,
23, or 227y,

The nat counting rate for the Pud_  sampie (shielded with 0.635 cm of lead) was
1060 cps. The observed background was 1800 cps, resultin} in a signal-to-noise ratio of
only 0.6, Similar sanples of ~“-U-contaminated uranium not only would yield higher count-
ing rates, but could ¢lso yield considerably better signal-to-noise ratios if the detector
window viere set to cover only the 2,.6-MeV gamma ray present in the <pectrum, Al though
the denaturing of uranium fuels tends to dilute the - *-U content, the anticipated - ‘U
levels in most denatured fuels is still sufficiently high for relatively easy detection,
except immediately after complete daughter removal.

The difficulty in performing nondestructive assays (HDA) of denatured tuels relative
to highly enriched fuels is attributable to wo effects: (a) the d:sired signal (emitted
neutrons or garma rays, heat generation, etc.) is reduced because ¢f the material dilu-
tion, and (b) the signal is mostly obscured by the presence of - *-U, The latter problem
exists because although denaturing rcduces the total concentratica of - U, the relative
groportion of “*7U to fissile material remains the same, This is an especially signifi-
cant proilem with passive NDA techniques, As is shown in Fig, 3,3-2, the gamma-ray

|
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spectrum from a - iU sample containing 250 ppa of - 37U is totally dominated by the - *°U
decay gamma rays, thus eliminating the possibility of direct gamma-ray assay. Passive
techniques employing calorimetr; are also complicated since °<U decay particles can con-
tribute significantiy to the heat generation in a fuel sample. It has been calculated, >»*
that for a fresh sample of 33U containing 400 ppa - 32U, nearly 50" of the thermal heat
generation can be attributed to - 32U decay, which increases to 75: after only one year.

It is, therefore, apparent that fissile content assay for denatured uranium fuels will
require more soshisticated active NDA techniques which must overcome the obstacles of
material dilution and 233Y-activity contamination.
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3.3.4. Potential Circumvention of the Isotopic Barrier of Denatured Fuel

E. H. Gift and M. B. Arthur
Nak Ridoe Gaseous Diffusion Plantc

If a large-scale denatured-uranium recycle program is fully implemented (with secvre
energy centers), many types of both fresh (unirradiated) and spent fuel may be in tramsit
trroughout the world. In order to ensure that these fuels are proliferation resisiant, they
must meet the basic criterion that a sufficient quantity of fissile material cannot be
chemically extracted from seized elements for direct use in the fabrication of a nuclear
weapon. As pointed out in previous sections of this repert, the addition of the denaturant
224 to the fissile isotope “:°U will prevent the divect use of the uyranium in weapons
manufacture providing the - ’:U content of the uranium remains below a specified limit, which
for this study has been set at 12 {see Section 3.3.1). Thus, even if the uranium were
cnemicall - separated from the thorium fertile material included in the elements, it could nct
be used for a weapon. Similarly, if the “**J content of uranium is kept below 20°, the
uranium would not be directly usable. For the discussion presented here, it is further
assumed that fuels containing both “°3U and Z3°U will meet this criterion if their weighted
average lies between these limits,

With the chemical isolation of the primary fissile isotopes thus precluded, two poten-
tial weans exist for extracting fissionable material for the denatured fuel: (1) isotooic
separation of the fresh fuel into its 223U (or “3%U) and <370 components; 214 (2) chemical
extraction from the spent fuel of the “3°Pu bred in the 7 3*U denaturant or chemical extraction
of the intermediate isotope <3°Pa that would subsequently decay to *3U. In this examination
of the potentia) circumvention of the isotopic barrier of denatured fuel both these possibili-
ties are discussed; howeve' , the probability of the second one actually being carried out is
essentially discounted. Thus the emphasis here is on the possibility that would-be proliferators
would opt for producing weapons-grade uranium through the clandestine operation of an iso*ope
separation facility. For the purposes of this study it is assumed that the seized fuel is in
the form of fresh LWR elements of one of the following fuel types:

A. Approximately 3 - ‘U-enriched uranium (same as currently used LWR fuel).

£. PRecycle uranium frum a thorium breeder blanket, denatured to 12 - ‘U with depleted
uranium,

€. Fitth-generation recycle of fuel type B with “*'U fissile makeup from a thorium
breeder blanket.

T, First cycle of - "U-“*"U-Th fuel assuming no - “*U is available from ar external
source. In this fuel scheme the - “"U concrntration in uranium can be as high as 20.

‘e ahovel,

€, First racycle of fuel type D with 93 - *'U in uranium makeup, In this fueling option,
ot all of the fuel in a reload batch will contain recycle uranium, Some portion of
the relnad batch will contain fuel type D, [his option is analogous to the “tradi-

tinnal" concept envisioned for plutonium recycle fuels, [t allows some of the fuel
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to be fabricated in nonradioactive facilities. This fueling option will be referved
to in the remainder of the text as fuel recycle Option 1.

F. Fifth-generation recycle of fuel types D and E with 935 “?°U makeup {Option 1).

G. First recycle 6 iuel type D, with recycle uranium in all fuel assemblies of a reload
batch. Mikeup uranium is 205 and 935 233U as needed to maintain reactivity. [n this
opticn all fuel would probably require remote fabrication facilities. This fueling
option will be referred to in the remainder of the text as fuel recycle Option 2.

H. Fifth recycle of fuel type G with - :U makeup {Option 2).

The uranium compositions of these fuels are showm in Table 3.3-2. In addition to these, it
should be assumed that natural uranium is also available.
Table 3.3-2. Uramium Fuel Mixtures That May Be Available
{Weight Fraction in Urgnium)

B T I ko N I L R T I e e e i R R R N L L R St S i ]

Isotope A 8 c_. o _E £ 5 W
ny 9 5.02 « 10~ 6.565 « 10~ 0 1.2363 - 10~ 2.435 » 10~* 1.134 < 10~ 2.331 . 10~
2y g 0.113611 0.114%8 0 0.047004 0.05914 0.04310 0.05633
ivy 1.2 197- 0.008523 0.035108  0.001754  0.005430 0.02115 0.005125 0.020245
%y 0.0R2 0.002317 0.0'255  0.2000 0.13201 0.113457 0.13765 311739
vy g 0.000036 0.005327 0 0.92303 0.0564% 2.021119 0.0532%

¥y 0.96753 0.870311 0.831228  ©.798246 0.792389 0.749522 J3.793021 n.75t3¢
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Description of Fuel Type:
A - 132wt 3 <Y from natural uranium.
- Thorius breeder bianket fuel derdtured with deple“ed uranium.
Fifth generation recycle of B with thorium breeder blanket makeup.
20 wt % 23y from natural wranium.
First recycle of 0 with 93 wt £ “ 35U in uranium makeup (Option I, see note).
Fifth generation recycle of D with 93 wt $ “5U in uranium makeup (Option 1, see note).
First recycle of D with 93 wt 1 *5U makevp {Option 2, see note).
Fifth recycle of D with 93 wt T 7 '°U makeuwp (Option 2, see note).

TOoT"MOO®
e e

NGTE:  Fuel types € and F are designed so that not all of the fuel 1n 2 reload batch is recycle fuel; sore of tne
reload batch will contain fuel type B. This situation is analojous to the "traditional” corcepl envisigned
for plutonium recycle fuels. This concept allows some of the fuel to be fabricated in non-radiosciive
Yacilities. and is referred to in the tex® a3 fuel recycie Option 1.

Fuel types G and H result if every asseably in the reload batch contains recycle fuel. The fueling rode is
referred tc as Option 2.

[sotopic Separation of Fresh Fuel

Selection of Separation Facility. Of the various uranium isotope separation processes
which have been conceived, only the current technology processes {i.e., gaseous diffusion,

gas centrifuge, the Gecker nozzle and the South African fixed wall centrifuge) and possibly
the calutron piocess could be considered as near-term candidates for a clandestine facility
capable of enriching divered reactor fuel., Of these, the gas centrifuge may be the preferred
technology, This conclusion is directly re'ated to the proven advantages of the process,
which include a high separation factor per machine, Tow electrical power needs, and the
adaptability to small low-capacity but high-enrichment plants. Further, more national group;
(V.e., the 11,S., England, Holland, Germany, Japan, Australia, and France) have operated
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either large centrifuge pilot plants or small commercial-sized plants, more so than for any
other enrichment process, so it is apparent that this technology is widely understood and
applied. & brief description of the centrifuge process, as well as descriptions of other
current and future separation technologies, is given in Appendix A.

The application of centrifuge technology to a small plant capable ¢f producing a
couple of hundred kilograms of uranium enriched to 90. < 5U has not proved to be inordinately
expensive. Two examples can be provided. An article appearing in two journals?’¢ presents
information on @ proposed Japanese centrifuge plant. This plant, which coeld be operational
in 1980, is designed tc produce 50 MT S3U/yr in a 74500-machine facility. The totai cost of
the facility was estimated by the Japanese to be S163.7 million. Simple arithmetic yields
tke individual centrifuge separation capacity of 7 kg SWU/yr and a centrifuge cost of ap-
proximately $24,000 {(which includes its share of all plant facilities).

An upper limit for the cost of developing a smal! gas centrifuge enrichment facility
can be estimated from published costs from the United States uranium gas centrifuge progrem.
R paper by Kiser ™ provides 2 convenient summary of the status and cumulative costs for the
U.S. program. The Component Test Facility, a plant which is expected to have a separative
capacity of 50 MT S¥U/yr (see Appendix A}, was operational in January of 1977, To that
date, the cumulative cost of the entire U.S. gas centrifuge program was given as about $310
million. Of this tctal, about 5190 million was identified as development costs. The remain-
ing $120 million was identified as equipment and facility expense. Further, only about 330
million was identified as being techmology investigation, Even more intriquing is that
within the initial 3-year development program (beginning in 1960 and budjeted at $S6 million),
the following accomplishments were recorded.

a. The operating performance of the gas centrifuge was greatly improved.

b. Small machines were successfully cascaded in 1961 (one year after initiation of the
contract).

C. Wnen the last of these units was shut down :n 1972, some machines had run continu-
ously for about eight years.

That these centrifuges were not commercially competitive with gaseous diffusion may be ir-
relevant when they are considered as a candidate for a clandestine enrichment facility, Thus,
as stated above, of the c.urrent technologies, the centrifuge process would probably be
selected, The utilization of the developing technologies (laser, plasma, etc.j for a
clandestine enrichment facility is not currently feasible. Successful development of these
technoloqgies by any of the numerous national research groups would make them candidates

for such a facility, however, and they would offer the decided advantages of a high separa-
tion factor, low-power requirement and modular construction,

Effect of ~''U on the Enrichment Process and Product, A}l fuels con‘aining 73U also
contain substantial amounts of “' U, As mentioned earlier in this report, the daughter pro-
ducts from 747U (t, - 72 yr) release hiqghly energetic gamma rays and alpha particles that can
complicate both th; enrichment process and the subsequent weapon fabrication,
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As a first step in evalyating the effect of - *-U on the enrichment process and the en-
riched product, consider fuel types B and C from Table 3.3-2 as feed to an enrichwent plant.

For making an acceptable weapon a fissile content of 90: 33U + 35U in the product should be
satisfactory. An acceptable product flow rate from suck a plant might be 100 kg U/yr.

Based on these assumptions, the product concentrations shown in Table 3.3-3 were ob-
tained from multicomponent enrichment calculational methods.'® This table illustrates that
while 2 sufficientlv fissile uranium is produced, at a relatively low feed ate, the product
has also concentrated the highly gamma active (through its decay daujhters) -3°U by about

a factor of 10. G&reater than 99 of the - *°U in the enrichment plant feed will be present
in the praduct.

In the enrichment plant the 232U concentration gradient from the feed point will
drop rapidly in the stripping section. In the tails the 232y concentration will be
reduced by about a factor of 150 from the feed concentration. As a result, the gamma
radiation levels in the enrichment plant can be expected to vary by a factor of greater
than 1000 from the tails to the product.

Calculations have been made for a typical centrifuge enrichment plant to illustrate
the gamma radiation level that could be expected at equilibrium as a function of tte
232y concentration.}! These results are shown in Table 3.3-4. Implicit in these ectimates
is the assumption that the daughter products of 232U are all deposited within the enrich-
ment facility. This assumption seems justified since the fluoride compcund of the first
daughter product, 278Th (t% = 1.9 years), is nonvolatile. With thc exception of - “Pa
(t% = 3.6 d), all of the other daughters have very short lives.

Experimentally, little evidence exists to determine the true fractional deposition
of 23°U daughters. Current evidence is incorporated in the existing specifications for
UF, feed to the gaseous diffusion plants.’2 These specifications call for a maximum - '-U

concentration of 110 parts of - '°U per billion parts of 23U in the feed. At this concentra-
tion, the radiation levels would be significant in a hignly enriched product (-270 mr/nr
at 1 ft and 3 mr/hr on the plant equipment).

Based on Tables 3.3-3 and 3.3-4, the maximum gamma radiation level in a plant
enriching - 'U to 907 would be about 2 r/hr at equilibrium. At this radiation level,
little decomposition of either lubrication oils or the UF. gas would occur. Some evidence':
exists to show that at thic radiation level the viscosity of the lubricating oils would be
unaffected over a 20-year plant life, Thus, there should be no bearing problem. It is also
expected that the UF. would be fairly stable to the combined alpha and gamma radiation
Tevels. At the 2-r/hr level, less than one-tenth of the mean inventory of the mavhine would
be decomposed per year. This material would be expected to be distributed fairly uniforniv
throughout the machine with perhaps slightly higher accumulation on the withdrawal scoops.
Since the individual machine inventory would be very low, this should not be a significant
loss of material.
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Table 3.3-3. Enriched Product Compositions
{deight “raction in Uranium)

" "Fuel Type B Fael Type C
Isotope Feed Product Feed Product
Sy 5.02 x 10~  4.1545 < 163  6.565 x 10™*  5.626 x 1073
233y 0.118611 0.90 0.11498 .90
234y 0.008523 0.03757 0.035108 0.09%01
235y 0.002317 Q.00376 0.01255 0.00379
Z3gy 3.6 x 1973 1.98 x 10°5 0.005327 1.73 = 107"
238y 0.37001 0.05450 0.831228 3.124 x 10°%
233y in Tails 0.01 0.01
Feed Flow, 832 859
kg U/yr
Product Flow, 100 100
kg U/yr

Khen removed from the plant, the UF. product would be condensed and probably stored in
monel cylinders, If it is assumed that the cylinders were sized to hold 16 kg of UF,, the
gammg dose rates that could be expected from the unshielded cylinders are as Shown in
Tadle 3.3-5. To reduce these product dose rates tc acceptable levels would require substan-

tial shielding. As an example, Table 3.3-6 shows the shielding required to reduce the dose
rate at 1 ft to 1.0 and 50 mr/hr,

Table 3,3-4., ¢ Radiation Level in an Enrichment Plant
as a Function of 232l Concentration

T3 Concentration T Radiation Level (r/hr)

(wt %) ) at Equilibriun®
2.0 6.8

1.0 3.4

0.5 1.7

0.1 .34
0.001 .0034
0.0001 .00034

b bt i e eit A M . A beed LTI 2 b .t W FETE - o e TIBE M. it iaedd it by S AP AN L 2BE

*Within an infinite array of centrifuges.
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Table 3.3-5. 23Zy-Induced Gamma-Ray Dose Rates from Unshielded
Monel Cylinders Containing 16 kg of UFg

Dose Rate (r/hr)

Distance from Decay Time*
Cylinder {days) 0.1 wt § 232 0.6 wt % 23
Contact 10 40.2 242
30 194 1,166
9% 654 3,922
Equil. 7,046 42,300
1 Foot 10 4.2 25.4
30 20.4 122
%0 68.6 412
Equil. 740 4,440
1 Meter 10 0.85 5.1
30 4.1 24.6
90 13.8 82.9
Equil, 149 894

[ ——— =z P =

*Time measured from chemical separation from thorium.

Table 3.3-6. Shielding Required to Reduce 222U-Induced Gamma-Ray
Dose Rates from Monel Cylinders Containing 16 kg of UF.*

P N N T R LR L T

L.il e EE

Concrete Thickness (cm)

Desi g?m?‘%i )Ra te Decz I‘;a;; ;\e** STV UEWETT
1.0 30 101 120
9 114 132
Equil. 138 157
50 30 62 80
90 74 92
Equil. 98 116

..... O N L T Y B R T e L N A cas oL L.

*Distance from source to shield = 1 ft.

**Time measured from chemjcal separstion from thorium.



The hiah alpha activity of uranium containing - <y will present two protlems:

1. In the UF; there will be a strong (a,n) reaction. A crude estimate of the neutron
emission from a 16-kg Ur. product cylinder containing 0.6 wt™ 733U is 5.7 x 107
neutrons/sec at 10 days decay, 2.5 x 10% at 30 days decay, and 8.7 x 10° at 90 days
decay.

2. The 272y will provide a strong heat source in the UF; and the metal produrts. A
crude estimate of the heat generation rate from pure 232U as a function of time after
purification is: 0,03 W/g ai 10 days, 0.13 k/g at 30 days, and 0.46 W/g at 90 days.

The degree to which these properties will affect weapon manufacture or delivery is

unknown.

Alternative Enrichment Avraingements to Reduce 2 U Contert in the Product. [n con-

sidering the complications introduced to the final urarium metal product, i.e., the radia-
tion level and heat generation resulting from 232U, it is apparent that removal of the 32U
would be beneficial, Enrichment cascades can be designed to accomplish this., The mosi ef-
ficient arrangement wouid be to first design 3 cascade to strip “2“U from all other uranium
isotopes and then to feed the tails from
the first cascade to a second cascade where
the fissile isotopes can be enriched. This

Sraduct ety oming

Serry 20 e is fllustrated in Fig. 3.3-2.

I

Such an enrichment arrangement can be
independent of the specific enriching device.
Based on the discussion of the gas centrifuge

fradu,it Lirtatein: 57
Pro,rie tArT ant vy

o eremtrinice process in Appendix A and at the beginning
of this section, a small, low scparative work
capacity machine may be within tne technical
capabilities of a would-be diverter (see
Appendix A).

Although no information exists on the
separative work capacity of a Zippe machine
in a cascade, a reasonable estimate of its
separative capacity is about 0.3 kg SuWl/yr

¥ e when separating “'“U from 7*°U,
Fig. 3.3-2. [Illustration of Enrichment

Arrangement to Produce Low ~‘’U Content
Uranium,
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To further specify the plant, it can be a-sumed that the diverter would like toc:

1. Minimize the feed and waste stream flows in the first and second cascades consistent
with limiting the number of centrifuges required.

2. Achieve a significant weapons-grade product flow rate. (A flow rate of 100 kg Ufyr
having a fissile content of 907 733U + 235§ was chosen.)

3. Reduce the 237y content in the metal nroduct so that contact :manufacture can be
achieved without <z..vus rediation hazard.

Based on these assumptions and considering the fuel types listed in Table 3.3-2,
a series of enrichment cascades, flows and selected isotopic parameters are presented
in Tabl~ 3.3-7. ™+e basic criterion chosen for the final uranium product was that the
232y concentration was about 1 ppm 37U in total vranium. At this level the gamma
emission rate from the final metal preduct 15 sufficiently low that mos: fabrication
and subsequent handling operations can be carrizd out in uashielded facilities using
contact methods.

The first enricament cascade to perform the separation of 232U from the remaining
uranium will be very radioactive. But it will be only slightly mere radioactive than if
only one -cascade were used and the 232U not separated from the final product. The table
shows that a factor of two increase in 232U product concentration will provide sufficient
decontamination without a prohibitive increase in the number of centrifuges. If much
greater (by a factor of 20} concentrations of %3y can be tolerated in the cascade, some
reduction (20 to 30%) can be made in the necessary number of centrifugec.

Table 3.3-7 aiso shows a striking difference in the number of centrifugzs reguired
to decontaminate the uranium product when the uranium makeup to the thorium cycles is 93%
2350 rather than <33y from the thorium breeder blanket. This results because with the
235y recycle fuel it is more advantageous, Joth in centrifuges and in annual feed require-
ments, to design the separation to throw away in the first cascade waste stream much of

the 2% and 73U in addition to the 237U, Thus, the fissile content in the final product
from these fuel mixtures is nec~ly all 233y,

As a better means of measuring the proliferation potential of the different fuel
mixtures, the data presented in Table 3,3-7 have been recast in Table 3.3-8 as a
function of three parameters: (1) the number of centrifuges needed, (2) the uranium
feed requirements to produce 100 kg/yr of 90" fissile uranium and {3) the number of
standard Westinghouse PAR fuel assemblies that must be diverted.

Based on these criteria, the following conclusions can be drawn with respect to
desirbility of fuels for diversion:
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Tatle 317, Sumary of Sesuits af Certrifyge Enricheent Survey of Potentia! Fuel wixture”

_ Fissile Centert YWoter of Lentrifuges Required
< -y Content {wt. Fraglicr! {mt. Fractior; b Salifyr ligpes!

¢ st ¥ Zme of 2ra GF 2n¢ Arnual n iy In Fissile

Fye? Cascace  Cascaze Cascard Cascace Fee¢ Strigping Enricning
Tyce Iritial  Product  Product Tarls  Prriact (kg L/yr) Cascace Cascace Total
A 3 A I 3,002 T 29373 < 2922¢ 2%22C
S 5.3 e < 36e 346
C.5C kit (a1 13826 €312%¢
5.9 1332 50600 9981 60581
3.9¢ ;204 &1€53 7287 28513
- €.5620-2 0,50 BES 3 3191 Sist
£.5€8]-2" (.90 390G 26227 1£362 104523
€.5€81.2; 3.90 173 €1277 18802 Begre
{118 51 [ 853 5483 127z 56760
< o ) o 5,01 [ 53 L b 2991 4951
13 1.2.€7-3} 2.8°0-87 T 0L £.5 3GC 25248 7c0? 3224¢
1.23€/-8} 1.14(-6} 0.0€ G.9%0 1218 15453 $921 213en
1.22€7-2} €.€2(-7}) ~.6 0.9¢ 704 5292 13635 22927
F Z.485{-4} 2.€3(-6} 9. 13 C. 35 3001 13012 14398 47431
2.845/-¢; 7.87(-6} 9.80S 0.3 860 11872 205e2 32854
G 1.134(-) Dol €.42(-7} £.0%5 6.%¢ 664 8758 13933 21791
= 2.350(-8} 7.0023 2.5{-6) 9.0715 .5 3000 32136 12419 44555
2.231{-¢) G.003 7.44(-7) £.00S 0.90 egs 11889 19477 31366

Naturat

vraniar Z NA [ 3.962 £.9%0 17575 1] 77918 19

Feed and centrifuges needed to produce 100 kg U/yr of S0% fissile product.
‘see Tatle 3.3-2 for description of fuel types.

Read: .02 x 107+,

N2 a not applrcerte.

Table 3.3-2. (nrichment Resistance of Fuel Mixtures Investigated”

vt/ T T Feed Approximate Number ;7
Fuel Type Curher Of.  Requirenents  PUR Fuel Assemdlies
9 (kg U/yr)  Needed to Supply Feed
A 32w U 29,220 2,993 6.7
0 20 wt . - U with thorium 4,991 468 4.8
Natural uranium (0.711 wt = - "-U) 77,918 17,575 Kot Applicable
B 1Ist generation - '‘U recycie with thorium
No - "“U removal 5.469 832 7.1
With < U removal 48,910 817 6.9
C  5th generation - ’'U recycle with thorium
No < *'U removal 9,191 860 7.0
with 7 *’U removal 80,079 1,750 14.2
€ st generation /''U recycle with tho ium (Option 1)
With < '“U removal 22,927 704 6.8
f  5th generation - '“U recycle with thorium (Option ™)
With /U removal 32,854 860 7.4
€ 1st generation < *"U recycle with thorium (Option 2)
With - *“U removal 21,791 664 6.6
H  5th generation - *"U recycle with thorium (Option ?)
With 7 "U removal 31,366 205 1.0

*Feed and centrifuges needed to produce 100 kg Usyr of 90 fissile product.
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1. Of the fuel mixtures that may be in commerce in a thorium-based fuel cycle, 20 “3%y
mixed with thorium is the most desirable both in ease of enrichment and because it
requires diversion of the fewest fuel assemblies to produce a given quantity of
highly enriched uranium,

2. Enrichment of 233y recycle fuels, without 27U removal, is an enrichment task com-
parable (with respect to the number of centrifuges) to enriching 20% Z35U. The
product, however, will be highly radioactive.

3. If would-be proliferators must remove the 232y, the 235U makeup fuels are less prolifera-
tion resistant than the 232y makeup fuels.

4. The 23%Y recycle fuels with thorium and 232U removal are equivalent to 3.2 wt:
slightly enriched uranium fuels with respect to both the number of centrifuges and
the numper of fuel assemblies to be diverted.

5. The 233U recycle fuels with thorium and 232y removal are equivalent to natural
uranium enrichment with respect to the number of centrifuges.

6. If 232y removal is necessary for ease of weapon manufacture and reliability of delivery,
then a diverter would probably prefer to divert either slightly enriched uianium fuel
or enrich natural uranium than to enrich either 235U or 233U recycle fuel from thorium
cycles. This conclusion results from the fact that for each recycle fuel, the cor-
responding slightly enriched or natural uranium fuel enrichment plant requires
approximately the same number of centrifuges but has the decided advantage of a
nonradioactive facility.

Reliability of Centrifuge Enrichment Plants., As a final item, the average centrifuge
failure rate and its impact on the maintainability and production rate of a centrifuge en-
richment plant must be considered. Information on the reliability and operating life of
centrifuges is scarce. The URENCO-CENTEC organization has over the years made cl:ims of very

long average operating life and correspondingly low failure rates. Typical examples of
these claims can be found in some of their sales brochures.}® These claim an average 10-year
operating life and a failure rate of less than 0.5%/year. [t is not clear how much periodic

maintenance (e.g., 0il changes and bearing inspection) is required to achieve these low
failure rates,

If these claims are accepted as a goal of a long-term development project, tnen
it can be assumed that in the early part of the development somewhat higher failure
rates would occur, perhaps greater by a factor of 10. This factor might be further
Justified in a highly radioactive plant since periodic maintenance would not be practical.

The effect of centrifuge failures on the production rate in a radioactive plant
has not been determined; however, some qualitative statements can be made. A1} centri-
fuoe plants must be designed so that failed units or groups of units can be immediately
isolated from the rest of tne plant. [t should also be possible, for a specific cascade
Tayout, an assumed fajlure rate, and a specified plant operating life, to provide
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statistical redundancy throughout the plant, so that as units fail a new unit is avail-
able to be started. Thus, the production rate could be maintained for the chosen time
period within the assumed statistical reliability. In order to achieve this reliability,
greater numbers of centrifuges than listed in Table 3.3-9 would be required. The exact
number would be determinable when the above parameters are specified.

Chemica) Extractions from Spent Fuel

As pointed out in the introduction to this section, another possibility for obtaining
fissionable material from diverted denatured - 33y fuel is through the chemical extraction
of protactinium or plutonium from spent fuel elements. <33Pa is an intermediate isotope in
the decay chain leading from 232Th to 233y that would be chemically separable from the
uranium prior to its decay. The plutonium available in the fuel elements would be that
produced in the 238U denaturant of the fuel elements.

The technical possibility of producing pure 233y via chemical extraction of 233pa
(t% = 27.4 days) from spent denatured fuel was suagested by Wymer.!“ Subsequent decay of
the protactinium would produce pure “37G. While such a process is technically feasible,
certain practical constraints must be considered. It is estimated!> that the equilibrium
cycle discharge of a denatured LWR would contain -.34 kg of -’>Pa [approxirately 1 kg/metr c
ton of heavy metal]. However, due to its 27.4-day half-life, a 1-MT/day reprocessing cap-
ability could recover only ~23 kg of °*'Pa (beginning immediately upon discharge with a
100" - 3pa efficiency).

Presumably a diverter group/nation choosing this route would have access to a re-
processing facility. Under routine operations, spent fuel elements are usually allowed
a cool-down period of at least 120 days to permit the decay of short-lived fission p-oducts,
but in order to obtain the maximum quantity of - °*Pa from the denatured fuels it would be
necessary to process the fue. shortly after its discharge from the reactor. This would
involve handling materials giving off intense radiations and would probably involve an
upgrading of the reprocessing facility, especially its shielding. On the other hand, con-
ventional reprocessing plants in general already have high-performance shields and incre-
mental incredses in the dose rates would not be unmangeable, especially for dedicated grouns
who were not averse to receiving relatively high exposures. Other prooiems requiring
attention but nevertheless solvable would be associated with upgrading tae system for
controlling radioactive off-gases, making allowances for some degradation of the organic
solvent due to the high radiation level, and obtaining shipping casks with provisions for
recirculation of the coolant to a radiator.

wWhile from the above it would appear that extraction of 233Pa would be possible,

considerably more fissfle material could be obtained by extracting plutonium ... the spent
denatured elements, HMoreover, the usual cool-down period probably could be allowed, which
would require less upgrading of the reprocessing facility., On the other hi.nd, tre amount of
plutonium obtained from the denatured elements would be considerably less (approximately a
factor of 3 less) than the amount that could he obtained by seizing and reprocessing spent LEU
e.ements which are already stored in numerous countries, Thus it seems unlikely that a nation/
group would choose to extract either 233pa or Pu from seized spent denatured fuel elements.
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3.3.5. Deterrence Value of 232y Contamination in Denatured Fuel

C. M. Newstead
- Brookhaven National Laboratory

The precading sections have emphasized that unless 232y is isotopically separated
from 233U, both it and its daughter products will always exist as a contaminant of the
fissile fuel. Ard since as 232U decays to stable 208Pp the daughter products emit severai
high-intensit; gamma rays (see Fig. 3.0-1), all 233U fyet, except that which has undergone
recent purification, will be highly radioactive. While the gasma rays, and to a iesser
extent the decay alpha and beta particles and the neutrons from .,n reactions, will intro-
duce complications into the fuel cycle, they will also serve as a deterrent to the seizure
of the fuel and its subsequent use in the fabrication of a clandestine nuclear explosive.
Consider, for example, the steps that would have to be fullowed in producing and using such
a device:

1. Diverting or seizing the fissile material (as reactor fuel elements or as bulk
material).

2. a, Chemically reprocessing the spent fuel to separate out the bred fissile plu-
tonium (or 23p3) or
b. Isotopically enriching the fresh fuel or bulk material to increase the <>U con-
centration in vranium sufficiently for its use in a weapon.

3. Fabricating the fissile material into a configuration suitatle for an explosive
device,

4. Avwing and delivering the device.

As indicated, at Step 2 a decision must be made as to which fissile material is to be
employed, ~3°Pu or 273U, Extracting the plutonium present in spent denatured fuel would
require a chemical separation capahility analogous to that required for current LEU spent
fuel; however, the giu.vit7:. of spent denatured fuel (i.e., kilograms of heavy metal) that
would have to be processed to obtain a sufficient amount of - *’Pu would be increased by a
factor of 2 to 3 over the amount of LEU fuel that would have to be processed. Moreover,
for some reactor systems, the ~i.:’'’r. (i.e., the fraction of the material which is fissile)
of the plutonium recovered vrom denatured fuel would be somewhat degraded relative to the
LEU cycle.

The selection of ‘U as the weapons fissile material meons, of course, that the
material being processed through all the operations listed above would be radiocactive, wWhile
both nationa! and subnational groups would be inhibited to some deqree by i°e radiation
field, it is clear that a national group would be more likely to have the re‘ources and
technological base necessary to overcome the radiation hazard via remote haniling, sHieldinq,
and various cleanup techniques. Thus, the radiativn field due to the - '-U cuntamination
would be effective in limiting proliferation by a nation to the extent that it would:com-
plicate the procedures which the nation would have to follow in employing this path and
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introduce time, cost and visibility consicerations. These factors would force a

trade-of f between the desirability of utilizing saterial from the denatured fuel cycle and
obtaining fissile material by some other means, such as isotopically enriching natural
yranium or producing plutonium in a research reactor,

A subnational group, on the other hand, would not in general possess the requisite
tecanological capability. In addition, while a nation could, if they chose to, carry out
the;e processes overtly, a subnationa! group would have to function covertly. Thus the
radiation barrier interposed by the self-spiking effect of the 232U (ontaminart in the de-
natured fuel would contribute in some measure to the safeguardability of the denatured
fuel cycle insofar as the subnational threat is concerned.

The degree of protection provided by the self-spiking of Jdenatured fuel varies accord-
ing to the radiation level. The radiation level in turn depends on both the 232y concentra-
tion and the time elapsed after the decay daughters have been chemically separated. As
indicated in other sections of this chapter, in denatured fuel the expected concentrations
of 232y in uranium are expected to range from ~100 to 300 ppm for thermal systems up to
<1600 ppr. for recycled fist reactor fuel. It should be noled that if the latter denatured
iuel (typically 10-297 2331 in 738y} is processed in an enrichment facility to obtain hignly
enriched (-90 ) uranium, the resulting material would Fave a ?32U content that is propor-
tionally higher, in this case ~.7000 to 8000 ppm maximum.

Table 3.3-9 shows the radiation levels to be expected from various concentrations
of 237U at a number of times after the uranium has been separated from other elements in
a chemical processing plant. For a 5-kg sphere of <7’U with 5000 ppm of ~33U the radia-
tion level 232 days after chemical separatior is 67 r per hour a2 1 m. The highest
level of deterrence, of course, is provided when the radiation level is incapacitating.
Table 3.3-10 describes the effects on individuals of various totai body doses of gamma
rays. Complete incapacitation requiies at least 10,000 rem. Beginning at about 5000 rem
the dose is sutficient to cause death within about 48 hr. [n the 1000-rem range, death
is practically certain within a week or two. A dose causing 50. of those exposed to die
within several weeks (an LD-50) is around 500 rem., Below 100 rem it is unlikely that any
side effects will appear in the short term but delayed effects may occur in the Tong term.
In general, the ganma-ray total dose levels required to ensure that an individual is dis-
abled within an hour or so are at least on the order of a magnitude higher than those
likely to cause eventual death. There may be individuals who are willing to accept doses
in excess of several hundred rem and thus eventually sacrifice their lives. As irdicated
above, to stop persons of suicidal dedication from completing the operation< would require
doses in the 10,000-rem range. Apurt from the dedicated few, however, most individuals
vould be deterred by the prospect of long-term effects from 100-rem levels, lowever, it
fs also important to note that the individuals involved in the actual physical operations
may not be informed as to the pre#ence of or tﬁe effects of the radiation field.
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Table 3.3-9. Gasma-Ray Dose Rates at a Distance of 1 & from a 5-kg Sphere
of 12 Containing Various Concentrations of 2=®@
Dose Rate at 1 m (ar/hr)

Tine® (da 100_ppm* 500_ppm 1000 _ppm 5000 ppm
0 0 0 0 0
0.116 1.6x107 8x1074 1.6x1073 8x1v™3
15 4.3x10° 2.1xio! 4.3x10! 2.1x10%

10 3.5x10 1.8x10° 3.5x10° 1.8x10°
23 1.1x10° 5.7x10° 1.1x10° 5.7x10°
s 2.6x10° 1.3x10° 2.6x10° 1.3x10*
93 5.5x10° 2.8x10° 5.5x10° 2.8x10%

232 1.3x10° 6.7x10° 1.3x10* 6.7x10%
‘Fru- Ref. 16- o
bTille after separation.

CConcentration of 232y,
Table 3.3-10. Effects of Various Total Body Doses of Gamma Rays on Individuais?

Total Body Dose
lrem)

< 25
25-100
100-200

200-600

600-1,000

1,000-5,000

5.5u0-10,000

10,000-50,000

Effects

No likely acute health effects.
No 2cute effects other than temporary blood changes.

Some discomfort and fatique, but no major disabling effects;
chances of recovery excellent.

Entering lethal range (LD-50 ~ 500 rads); dea-h may occur
within several weeks; some sporadic, perhans temporary dis-
abling effects will occur (nausea, vomiting, diarrhea) with-
in hour or two after exposure; however, effects are unlikely
to be completely disabling in first few hours.

Same as above, except that death within 4-6 weeks is highly
probable.

Death within week or two s practically certain; disabling
effects within few hours of exposure will be more severe
than above, but only sporadically disabling.

Death will occur within about 48 hr; even if delivered in
less than one hour, dose will not cause high disability for
several hours, except for sporadic intense vomiting and
diarrhea; convulsing and ataxia will be likely after
several hours.

Death will occur within a few hours or less, with complete
incapacitation within minutes if dose is delivered within
that short period.

%From Ref. 17,
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An additional factor relative to the deterrent effect is the time required to carry
out the necessary operations. This is i1llustrated by Table 3.3-11, which gives the dose
rates (in rem/hr) required to acquire each of three total doses within various times,
varying from a tot2lly incapacitating 20,000 vrem to a prudent individual's dose of 100
rem. Thus, to divert a small amount of fissile material to a portable, shielded container
might take less than 10 seconds, in which case a dose rate of 10° rem/hr would be required
to prevent completion of the transfer. Only 200 rem/hr would be required, on the other
hand, to deliver a othal dose to someone who spends five hours close to unshielded 1%U
while performing the complex operations required to fabricate components for an explosive
device. The maximum anticipated concentration of - U as projected for denatured fuel
does not provide sufficient intersity to reach totally disabling levels. Fast-reactor
bred material (depending on time after separation and quantity as well as <2l concentra-
tion) can come within the 100-rem/hr range.

Table 3.3-11. Gamma-Ray Dose Rates for Three Levels of Total Dose vs. Exposure Time?

Dose Rate {rem/hr) Reguired to Deliver Total Dose of

Time of Exposure 100 rem 1000 rem 20,000 rem
10 sec 36,000 360,000 7,400,000
1 min 6,000 60,000 1,200,000
5 min 1,200 12,000 240,000
30 min 200 2,000 40,000
1 hr 160 1,000 20,000
5 hr 20 200 4,300
12 hr 3.3 83 1,660

3trom Ref. 18.

The fact that the level of radiation of ’3-U-contaminated -~ *'U increases with time
is a major disadvantage for a " ’U-based nuclear explosive device. There is a window of
10 to 20 days immediately following chemical separation when the material is comparatively
inactive due to the removal of - ®Th and its daughters. Having to deliver a device less
than ten days after fabricating it would be undesirable. While the tamper would provide
some shielding, this short time schedule would complicate the situation considerably.

For a national program it is likely that the military would want a clean %%
weapon. This could be accomplished to a larqge deqree by separating the 73U from the
233y ysing gas centrifuyation. However, because the masses are only 1 amu Jpart this
requires s-veral thousand centrifuges to make 100 kg of clean material per year (see Sec-
tion 3.+.4). A nation possessing this isotopic separation capability would therefors proh-
ably choose to enrich natural uranium rather than to utilize denatured fuel, thu. rliminat~

ing the 7 *’U-inducea complications.




e | m—— [ ]

3-39

In summary, for the case of national proliferation, the intense garmma-ray field as-
sociated with the - }2U impurity would not provide any absolute protection. However, the
presence of 33U and its decay daughters would complicate weapons production sufficiently
so that the nation might well prefer an alternate source of fissile material. For the case
of subnational proliferatior, the intense gamma-ray fizld is expected to be a major deter-
rent.
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4.0. INTRODUCTION

L. S. Abbott, T. J. Burns, and J. C. Cleveland
Oak Ridge National Laboratory

The three preceding chapters have introduced the concept of - 33y fuel and its use ir
nuclear power systems that include secure (guarded) energy centers supporting dispersed power
reactors, the rationale for such systems being that they would allow for the production and
use of fissile material in a manner that would reduce weapons proliferation risks relative
to power systems that are increasingly based on plutonium-fueled reactors. Throughout the
discussion it has been assumed that the use of denatured “23U fuel in power reactors is
feasible; however, up to this point the validity of that assumption has not been addressed.
A number of calculations have been performed by various organizations to estimate the
impact that conversion to the denatured cycle (and also to other "alternate” fuel cycles)
would have on power reactors, using as models both existing reactors and reactors whose
designs have progressed to the extent that they could be deployed before or shortly after
the turn of the century. This chapter presents pertinent results from these calculations
which, together with the predictions given in Chapter 5 on the availability of the various
reactors and their associated fuel cycles, have been used to postulate specific symbictic
nuclear power systems utilizing denatured fuel. The adequacy of such systems for meeting
projected electrical energy demands is then the subject of Chapter 6.

The impact of an alternate fuel cycle on the performance of a reactor will, of
course, be reactor specific and ~il1l largely be determined by the differences between the
neutronic properties of the fissile and fertile nuclides included in the alternate cycle
and those included in the reactor's coference cycle. In the case of the propised denatured
fuel, the fissile nuclide is -33U and the primary fertile nuclide is - “Th, with fertile
2371l included as the ~}3U denaturant. [f LWRs such as those currentiy providing nuclear
power in the United States were to be the reactors in which the denatured fuel ;s deployed,
then the performance of the reactors using the denatured fuel must be compared with their
performance using a fuel comprised of the fissile nuclide “'°U and the fertile isotop»

- By, And since the use of 33 assumes recycle, then the performance of the LwRs usin.
denatured fuel must 11so be compared with LWRs in which Pu is recycled. Similarly, if
FBRs were to be the reactors in which the denatured fuel is deployed, then the perfeoriance
of FBR5 operating on - *U/<*°U or - **U/- "*U/ - Th and including - **Th in their blankats
must be compared with the perfornance of FBRs cperating on Pu/- *'U surrounded by 4 N
blanket.

A significant point in these two examples is that they represent the two genevic
types of power reactors -- :icrm:’ and i -- and that the neutronic rroperties of the
fissile and fertile nuclides in a thermal-neutron environment differ from their properties
in a fast-neutron environment. Thus while one fissile material may be the optimum fucl in
a reactor operating on thermal neutrons (e.q., WRs) it may be the least desirabir tucl

for a reactor operating on fast neutrons (e.q.., FBRs).



Table 4.0-1 gives some of the pertineat neutronic properties of the different fis-
sile nuclides for a specific thermai-neutron emergy. In discussing these properties,* it
is necessary to distincuish between the two functions of a fissile material: the production
of energy (i.e., power) and the production of ..~»: neutrons which when absurbed by fertile
mat.rial will produce additional fissile fuel.

fable 4.0-1. Nuclear Parameter; of the Principal Fissile Nuclides
T3y, Py, and “*lPus? at Thermal Energy
(heutron Energy 0.0252 eV, velocity = 2200 in/sec)

Cross Section (barns)

Nuclide a i e B P v n
3y 574 + 2§31 +2 A7+ 1 0.089 + 0.002 2.487 + 0,007 2,284 + 0.006
Ty 676 + 2 580+ 2 98+ 1  0.169 + 0.002 2,423 + 0.007 _2.072 + 0,006
Si%py 1013 + 4 742 + 3 271 + 3 0.366 + 0.004 2.880 + 0,009 2.109 + 0.007
ielpy 1375+ 9 1067 +7 368 + 38 0.365 + 0.009 2.934 + 0.012 2.149 + 0,014
“G. C. Hanna et at., .-~ - i o, o, 7, 3-92 (1969); figures in the refereaced article

were all given to one addi tional SIgnrfrcanf figure.
‘fa T e + e -c/«f; . = neutrons produced per fission; - = neutrons produced per atom
destroyed = /(1 + .).

The energy-production efficiency of a fissile material is directly related to its
neutron capture-to-fission ratic {.), the smaller the ratio the greater the fraction of
neutron-nuclide interactions that are energy-producing fissions. As indicated by Table
4.0-1, at thermal energy the value of . is significantly smaller for - U than for the
other isotopes, and thus - U has a greater enerqgy-production efficiency than the other
isotopes. (lhe energy released per fission differs only slightly for the atove isotopes.)

The neutron-production efficiency of a fissile material is determined by the number
of ncutrons produced per atom of fissile material destroyed (), the higher the number the
more the neutrons that will be available for absorpticn in fertile material. Table 4.0-1
shows that the n value for - “°U is higher than that for any of the other nuclides, although
plutoniun would at first appear to be superior since it produces more neutrons per fission

(.). The superiority of - ‘U results from the fact that . is lower for < **U and n = v/f1 + ).

Thus at thermal energies - *“U both yields more energy and produces more neutrons per atom
destroyed than any of the other fissile nuclides.

In the eneryy range of interest for fast reactors (-0.05 - 1.0 Mev), the situation
fs not quite so straightforward. Here again, the . value for < is significantly lower
than the values for the other ficsile nuclides, and, moreover, the microscopic cross sec-
tion for fission is higher (see Fig. 4.0-1). The energy release per fission of - ‘3 js
somewhat less than that of the plutonium nuc:ides, but the enerqgy release per atom of - *U
derlroyeu is '»qn1f1cantly higher than for the sthor nuclides. Thus, from the standpoint

*Much of this discussion on the necutronic properties of nuclides is based on refs. 1 - 3,
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~ of energy-production efficiency, 233U is clearly superior for fast systems as well as for
thermal systems. However, with the historical e—hasis on fissile production in fast systems, }g
‘the overriding consideration is the neutron-procuctien efficiency of the system,-and for '
rieutron production 239y is superior. This can be deduced from the values for n given_in

~ Fig. 4.0-1. The n value for 23%u js much higher than that for the other nuclides, es-

pecially at the higher neutron energies, owing to the fact that 23%Pu produces more neutrons

per fission than the other Isotopes, that is, it has a higher v value, and that valuve is es- ,

sentially energy-lndependent. As a -esult, more neutrons are available for absorption in o .
fertile materials and “3%u was originaily chosen as the fissile fuel for fast breeder ‘
“Feactors. -
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el :1uce fuel demands. At<h1gher energt:s, fértile f1ssrnns contr1bute S]gﬁlfl—
r, the degree of the contribution dependlng greatly on- the nucTiue belng used. As
bewn’ln Fig. 4.0-1, the f15510n cross section for 232Th is significantly lower {by a factor 2
f approxxm?tely 4) tnan the fissior cross section of 2330. In a Fast reactor, this means ‘
,that whire 15 to 20% of the * ssuons in the system would occur in 23SU only 4 to 5% would
occur in 232Tn  Thus the paired use of 233U and 232Th in a fast system would incur a double
penalty with respect to itsfbreEding performance. 1t should be noted, however, that since
_denatured 233y fuel would also contain 2% U (and eventually “39Pu), the penalty would be -
somewhat mitigated as compared with 3 system operating on.a nondenatured 232U/232Th fuel. '
In a thermal system, the fast fission effect is les:s significant due to the smaller fraction
of neutrons above ‘he fertmle fest f15510n threshold i

fresieet

In con51d=r1ng the impact of tne fertile naclides on reactor performance, it is also
:necessary to compare their nuclide production chains. Figure 4.0-2 shows that the chains
‘are very similar in structure. The fertile species 232Th and 234U “n the thorium chain
“ ~orresponding to 72U and 7" Pu in the uranium cain, while the fissile components 223U and
- 2350 are pairad with “*%Py gnd ™ 'Pu, and finally, the parasitic nuclides “*¢y and ““?Pu
complete te respective chains. A significant difference in the two chains lies in the
nuclear characteristics of the intermediate nuclides 2%°Pa and 23’Np. Because Z73Pa has
S’Ionger half-1ife (i.e., a smaller decay constant), intermediate-nuclide captures are more
probable in the thorium cycle. Such captures are doubly significant since they not only
“utilize 2 neutron that could be used for breeding, but in addition eliminate a potential -
fissile atcm. A further consineration associated with the different intermediate nuclides :
; {s the reactivity addition associated with their decay to fissile isotopes following reactor
o shutdown. Owing to the longer half-1ife (and correspondingly higher equilibrium isotopic
‘ concentration) of 233Pa, the r ctivity addition following reactor shutdown is higher for
thorium-base¢ fuels, Proper consideration of this effect §s required in the design of the
reactivity control and shutdown systems, The actual effect of all these factors, of course,
deponds on the neutron energy spectrum of the particular reactor type and must be address:.d
on an 1ndividual rcactor tasis, Significant differences also exist in the fitsion-product
yields of 233 versus 235U, urd these, too, must be addressed on an individual reactcr basis, ‘
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Fig. 4.0-2a. Nuclide Production Chain for 232Th.
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Fig. 4.0-2b. Wuclide Production Chain for 238,

Consideration of many of the above factors is inherent in the "mass balance” calcula-
tfons presented in this chapter for the various reactors operating on alternate fuel cycles.
It §s emphasized, however, that if a definite decfsion were made to employ a specific alternate
fe. cycle in a specific reactor, the next step would be to optimize the reactor design for
that particular cycle, as is discussed in Chapter 5. Optimization of each reactor for the
:any fuels considered was beyond the scope of this study, however, and instead the design
used for each reactor was the design for that reactor's reference fuel, regardless of the
fuel cycle under consideration,

The reactors analyzed 'n the calculations are light-water thermal reactors; spectral-
shift-controlled thermal reactors; heavy-water thermal reactors; high-temperature gas-
cooled thermc1 reactors; liquid-metal fast breeder reactors; and fast breeder reactors of
advanced or alternate designs,
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Since with the exception of the Fort St. Vrain HIGR, the existing power reactors in

the United States are LWRs, initial ctudies of alternate fuel cycles have assured that they
would first be implemented in LWRs.* Thus the calculations for Lkls, summdrized in Sec-

tion 4.1 have considered a number of fuels. For the purposes of the present study the fuels
have been categorized according to their potential usefulness in the envisioned rower system
scenarios. Those fuel types that meet the nonproliferation requirements stated earlier in

~ this report are classified as "dispersible” fuels that could be used in LWRs operating out-
side a secure energv center. The dispersible fuels ave further divided into denatured -~ “3U
fuels and 23SU-based fuels. The remaining fuels in the power systems are then categorized as
*energy-center-constrained” fdels. Finally, a fourth category is used to identify "reference”
fuels. Reference fuels, which are not to be confused with an individual reactor’s reference
fuel, are fuels that would have no apparent usefulness in the energy-center, dispersed-reactor

- scenarios but are included as 1imiting cases against which the other fuels can be compared.
(Note: The reactor’'s reference fuel may or may not be appropriate-for use in the reduced
proliferation risk scenarios.)

To the extent that they apply, these four categories have been used to classify all
the fuels presented here for the various reactors. Although the contributing authors have
used different notations, the fuel« included are in general as follows:

Dispersible Resource-Based Fuels

A. Natural uranium fue) (containing approximately 0.7: -3“U), as currently used in
CANDU heavy-water reactors. HNotation: US(NAT)/U.

B. Low-enriched #3°U fuel (containing approximately 3. “3U), as currently used in
LWRs. Notation: LEU; U.._Z)/U.

€. Medium-enriched - *“U fuel (containing approximately 20" “*°U) mixed with thorium
fertile material; could serve as a transition fuel prior to full-scaie implementa-
tion of tuc denatured “*%U cycle. Notation: MEU(235)/Th; DUTH(235).

Dispersible Denatured Fuel

D. Denatured 233U fuel (nominally approximately 12% 233y in U), MNotatfcn: Denatured
233y; deraturerd urenfur/thorium; denatured “33U0,/ThO,; MEU(233)/Th; 233i/238y;
DUTK(233); U3(DE)/J/Th.

*NOTE: The results presenteu in this chapter do not consider the potencial improvements
in the once-through LWR that are currently under study. In general this is also true
for the resource-constrained nuclear power systems evaluated in Chapcer 6: however,
Chapter 6 does include results from a few calculations for an extended exposure
(43,000-MWD/MTU) once-through LEU-LWR, The particular extended exposure design con-
sidered requires €% less U,0. over the reactor's lifetime,

| Spe—
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tnergy-Center-Constrained Fuels

E. LEU fuel with glutonium recycle.
F. Pu-232Th mixed-oxide fuel. Notation: Pu0./Th0:; (Pu-Th)0,; Pu/Th.

§. Pu-?3U mixed-oxide fuel, as proposed for currently designed LMFBRs. Notation:
PuG-/U0,; Pu/23U; Py/U.

Reference Fuels

H. Highly enriched 235U fuel (containing approximately 93% 235U) mixed with thorium
fertile materia), as currently used in HTGRs. Notation: HEU(235)/Th; US(HE)/Th.

I. Highly enriched 2’3U fuel (containing approximately 90% 23%y; wixed with thorium
fertile material. Notation: HE(233)/Th; U3/Th; U3(HE)/Th.

Including plutonium-fueied reactors within the energy centers serves a two-fold purpose:

It provides a means for disposing of the plutonium produced in the dispersed reictors, and
it_provides for an exogeneous source of °-*U.

The discussior of LWRs operating on these various fuel cycles presented in Section
4.1 is followed by similar treatments ~f the other reactors in Sections 4.2 - 4.6. The
first, the Spectral-Shift-Centroiled Reactor /SSCR), is a modified PWR whose operation on
a2 LEb cycle has been under study by both the United States and Belgium for more than a
decade. The primary goal of the system is to improve fuel utiiization through the in-
creased production and in-situ consumption of fissile plutonium (Puf). The capture of neu-
trons in the “*U included in the fue) elements is increased by mixing heavy water with
the light-water moderator-coolant, thereby shifting the neutron spectrum within the core
to energies at whick neutron absorption ir 2%%0 is riore likely to occur. The heavy water
centent in the moderator is decreased during the cycle as fuel reactivity is cepleted. The
increased capture is also used as the reactor control mechanism. The SSCR is one of a class
of reactors that are increasingly being referred to as ccuwiced converters, @ term applied
to a thermal reactor whose design has been modified to increase its production of fissile
material,

Heavy-water-modified thermal reactors are represented here by Canada's nstural-
uranium-fueled CANDUs. Like the SSCR, the CANDU has been under study in the U.S. as an
advanced converter, and scoping calculations have been performed for several fuel cycles,
inciuding a slightly enriched - ""U cycle that is considered to be the reactor’s reference
cycle for implementation in the United States.

The high-temperature gas-cooled thermal reactors considered are the U.S. HTGR and
the West German Pebble Bed Reactor (PBR), the PBR differing from the HTGR in that it
utilizes spherical fuel elements rather than prismatic fuel elements and employs on-1ine re-
fueling. For both reactors the reference cycle [HEU(2*'U)/Th] includes thorium, and shifting



to the denatured cycle would consist initially in replacing the 932 2350 in 238y with 15
to 20% 235U in 238y, The HTGR has reached the prototype stage at the Fort Vrain plant in
Colorado and a PBR-type reactor has been generating electricity in West Germany since 1967.

While the above thermal reactors show promise as power-producing advanced converters,
they will not be self-sufficient on any of the proposed alternate fuel cycles and will re-
quire an exogenous source v° 233U. An early but limited quantity of 233U could be provided
by introduc{ng thorium within the cores of 235U-fueled LWRs, but, as has already been pointed
out in this report, for the long-term, reactors dedicated to 233U production will be required.

In the envisioned scenarios those reactors primarily will be fueled with Puf. In the
calculations presented here a principal 223 production reactor is the wixed-oxide-fueled
LHFBR containing thorium in its pianket. In addition, “advanced LMFBRs™ that have _
blanket assemblies intermixed with fuei assemblies are examined. The possible advantages
and disadv:zntages of using metal- or carbide-bas:ed LMFBR fuel assemblies are also discussed.
- .~ Finally, some {reliminary calculations for a heliwm-cooled fast breeder reactor (GCFBR) are
presented.

) The cons.ueration ot fast reactors that burn one fissile material to produce another
‘Vhas invroduced considerable confusion in reactor terminclogy whica, unfortunately, has not
< been resoived in this report. In the past, the term ras: Erocder has been applied to a
fast reactor that breeds enough of its own fuel to sustain itself. Thus, the fast reactors
that burn - * 'Pu to produce >y are not "breeders” in the traditional sense. They are,
however, producing fuel at a rate in excess of consumption, which is to be contrasted with
the advanced thermal corverters whose primary function is to stretch but not increase the
fuel supply. In order to distinguish the Pu-to-%33y fast reactors from others, the term
tponrators Was coines at ORNL.  Immediately, however, the word began to be applied to
any reactor that burns one fuel and produces another. Moreover, it soon became obvious
that the words :"i:t and Ero..ir are used synonymousiy. Thus in this report and elsewhere
we find various combinations of terms, such as L'*B3 zransrurcr and orvcptop Lrsomer o
The situation becomes even more complicated when the fast reactor design uses both -~ U
and - **Th in the blanket, so that in effect it takes on the characteristics of both a
transmuter and a breeder,

Finally, the reader is cautioned not to infer that only those reactors discussed in
this chapter are candidates for the enernv-center, dispersed-reactor scenarios. In fact,
the scenarios discussed in Chapter £ do not even use all these reactors and they could
easily consider other reactor types. The selection of reactors for this preliminary
assesement of the denatured - **U fuel cycle was based primarily on the availability of
data at the time the study was initiated (December, 1977).

it
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4.1. LIGHT-WATER REACTGRS

J. C. Cleveland
Oak Ridge llational Laboratory

If an alternate cycle such as tne denatured cycle is to have a significant early impact,
it must be implemented in LURs already operating in the United States or soon to be operating.
The current national LKR capacity is about 48 Gile and LV that will provide a total capacity
of 150 to 200 -GWe by 1990 are either under construction = grder. Much of the initial

“aralyses of the denatured 233 fuel cycle has therefore been performed for current LWR core
and fuel assembly designs under the assumption that subsequent to the required fuels develcpment
and demonstration phase for thoria fuels these fuels could be used as reload fuels for operating
LtWRs. It should be noted, however, that these current LER designs were optimized to minimize
power costs with LEU fuels and plutonium recycle, and therefore they do not represeat optimum
designs for the denatured cycle. Also excluded from this study are any improvements in reac-
tor design and operating strategies that would inprove in-situ utilization of bred fuel and
reduce the nonproductive loss of neutrons in LWRs operating on the once-through cycle. Studies
to consider such improvements have recently been undertaken as part of MASAP (Nonproliferation
Alternative Systems Assessment Program).

4.1.1. vPressurized Water Reactors

Mass flow calculations for FWRs presented in this chapter were performed privg.:ly
by Combustion Engineering, with some additional results presented from ORNL calculations.
The Combustion Engineering System 80"' (PHR) design was used in all of these analyses. A
description of the core and fuel assembly design is presented in the Combustion Engineering
Standard Safety Analysis Report (CESSAR). The following cases have been analyzed:!-*

Dispersible Resource-Based Fuels

LEU (i.e., Yow enriched uranium, ~.3; - **U in - *“U}, no recycle,

B. MEU/Th {i.e., medium-enriched uranium, 207 7 *"U in “*°U, mixed with - *-Th},
no recycle,

C. LEU, recycle of uranium only, - ‘“U makeup.

D. MEU/Th, recycle of uranium (-~ U + <*3U), 200 7*"U makeup.®

Dispersible Denatured Fuel

E. Denatured 73U (i.e., 127 U jin - *“U, mixed with - "~ Tn), recycle of uranium,
23 makeup,

*An alternate case utilfzing 93% 235U as a fissile topping for recovered recycle uranfum and
utilizing 20% 2350 as fresh makeup is also discussed by Combustion Engineering,
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Energy-Center-Constrained Fuels

F. LEU, recycle of uranium and self-generated plutonium, - iU makeup.
6. Pu/?:%4, recycle of plutonium, plutonium makeup.

H. Pu/7:Th, recycle of plutonium, plutonium makeup.

I. Pu/- 32Th, one-pass plutonivm, plutonium makeup.

Reference Fuel

J. HEUW/Th (i.e., highly enriched uranium, 93.15 w/o 233U in 233, wixed with “*2Th),
recycle of uraniwm (2 % + 233y), 235y makeup.

Case A represents the current mode of LWR operation in the absence of reprocessing.
Case B involves the use of MEU/Th fuel in which the initial uranium enrichment is limited
to 205 235U/238y, With reprocessing again disallowed, Case B reflects a "sicwaway” option
in which the 2°% bred in the fuel and the unburned 235U are reserved for future utilization.

Case C represents one logical extension of Case A for the cases where the recycle
of certain matericls is 2llowed. However, consistent with the reduced proliferation risk
ground rule, only the uranium component is recycled back into the dispersed reactors. Case D
similarly reflects the extension of Case B to the recycle scenario. In this case, the bred
plutonium is assumed to be separated from the spent fuel but is not recycled. MEU(20: 233U/u)/Th
fuel is used as makeup material and is assdned to be fabricated in separate assemblies from
the recycle material. Thus, only the assemblies containing recycle material require remote
fabrication due to the presence of 232y, (It is assumed that the presence of the 232U pre-
cludes tke recovered uranium being reenriched by isotopic separation.} The recovered uranium
from both the recycle and the makeup fuel fractions are mixed together prior tg the next
recycle. This addition of 3 relatively high quality fissile material (uranium recovered from
the ma<eup fuel) to the recycle fuel stream slows the decrease in the fissile content of
the recycle uranium. As in tne LEU cycle, the fissile component of the recycle fuel n
this fuel cycle scheme is diluted with 232U whick provides 2 potential safeguards advantage
over the conventional concept of plutonium recycle in L¥Rs with about the <ame U0,
utilization.

Case £ is the denatured 773y fuel. it utilizes an exogenous source of <*‘U for both
the initial core fissile requirements and the fissile makeup requirements.

Cases F - [ represent possible fissile/fertile fuel cycle systems allowable for use
in secure energy centers, Case F represents an extension of Case C in which all the fissile
material present in the spent fuel, including the plutonium, s recycled, Under equilibrium
conditions, about 1/3 of each reload fuel hatch consists of mixed oxide (MO;) fuel assemblies
which contain the recycled plutonium in a uranium diluent, The remaining 2/° of cach reload
consists of fresh or recycled uranium (- '°U) oxide fuel,
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Case G allows one possible means for utilizing the plutonium bred in the dispersed
reactors. Plutonium discharged from LEU-LHPs is :sec tc prcvide the iritial core fissile
requirezents as well as the fissile makeup requirements. This plutonium is blended in a
U0; diluent consisting of natural or depleted uranium. The plutonium discharged from the
UG, /Pul; reactor is coriinually recycled - with two years for reprocessing :~4 refabrica-
tion - through the reactor. In the equilibrium condition, plutonium discharged from about
2.7 LEU-fyeled LRs can provide the makeup fissile Pu requirement for cne UG,/PuC, _-P.

Ir Case H the Pu0;/ThO, LLR also utilizes plutonium discharged from LEU-LKRs to
provide the initial core fissile requirements and the fissile makeup requirements. This
plutonium i< blended in a ThG, diluent. The isotopically degraded piutonium recovered from
. the Pu0,/Th0. _WR is “Terdec with LEU-LWR discharge plutonium (of a higher fissile content)
and recycled back into the Pu0./ThQ. LWR. HNot only does this case provide a means oV
eliminating the Pu bred in the dispersed reactors but, in addition, also provides for the
production of 233U that can be dematured and used to fuel dispersed reactors.

The Pu0,/Th0, LUR of Case I is similar to that in Case H in that plutorium distharged
from LEU-LWRs is used to provide the fissile requirements. However, the isotopically degraded
plutonium recovered from the PuD-/ThO- LWR is not recycled into an LWR but is stored for
Tater use in a breeder reactor.

Case J involves the use of highly enriched uranium blended with ThD. to the desired
fuel enrichment. Tne uranium enrichment in HEU fuels was selected as 93.15 w/o on the basis
of information in Ref, 7. Initially all fuel consists of fresh HEU/Th fuel assemblies. Once
equilibrium recycle conditions are achieved, about 35 of the fuel consists of this fresh
makeup fuel, the remaining fuel assemblies in each reload batch containing the recycled (but
not re-enriched) uranium oxide blended with fresh ThO -,

Table 4,1-1 provides a summary, obtained from the detailed mass balance information,
of initial loading, equilibrium cycle loading, equilibrium cycle discharge, and 30-yesr
cumulative U.0. and separative work requirements, All recycle cases involva a two-year
ex-reactor delay for reprocessing and refabrication. It is important to point out that for
cases which involve recycle of recovered fissile material back into the <2.~ 'WR, in
"equilibriun” conditions the makeup requirement for a given recycle ceneration is greater
than the difference between the charge and discharqge quantities for the previous recycle
qeneration because of the degradation of the icotopics. This is rspecially important in
Case H where, for example, the fissile content of the plutonium drops from about 71 to
atout 47 over an equilibrium cyzle.

Comparing Cases A and B of Table 4,1-1 indicates the penalties associated with im-
rlementation of the MEU/Th cycle relative to the LEU cycle under the restriction of no re-
c/cle, The MEU/Th case requires 407 more U.0, and 214 more separative work than the LEU

-——
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case. C(learly the MEU/Th cycle would be prohibitive for "throwaway™ options. A second signi-
ficant result from Tatle 4.1-1 is given by the comparison of Case D, MEU/Th with uranium recycle
and Case F, LEU with uranium and self-generated plutonium recycie. The U;0, demand in each

case is the same, although the MEU/Th cycle requires increased separative work. Additionally

it should be noted that in Case D the MEU/Th fuel also produces significant quantities of
plutonium, an additional fissile material stockpile which is not recycled in this case.

Table 4.1-1. Fuel Utilization Characteristics for PMRs Under Variout Fuel Cycle Options"'b

Seperative work

—"AH cases assume 0,2 w/o tails and 75% capacity factor.

Initial Equilibrium Cycle U,0, Requirement  Requirement
Fissile Fissile Fissile { ST/Gle {10° kg sawr.ue,
Inventory  (harge Discharge f.unverswn c B
Case Fuel Tpe (kg/Ghe) (kq/GMe-yr} {kg/tbe-yr] tio l lll Initis tou '“lnuui Ton‘
Dispersible Resource-Based Fuels
A LkU, no recycle 1693 <3 794 iy 215 23;11 0.60 30.4f 392 5985-" 203 3555
. 174 Pu
B MEU/Th, no recycle 2538 235y 1079 -3y 260 2::11 0.63 32.6 638 8360 580 7595
384 - By
71 Puf
C  LEU, J recycle 1693 - 33y - - 0.60 30.4 392 2336 - 203 3452
0 MEU/TR, self- 2538 2 %y 313 3 282 y7  0.66 32.6 638 4090 530 3632
generated U recycle 675 235g¥ 257 ";uf’
95 Puf =

Dispersible Denatured Fuel

E  Denatured - *'n./Tho . 1841 -”u 750 -y 46 -y 33.4
H] recycle {exogenous’ 27 - 29 -3y 43 <y
- 1 makeup) 63 Pu’

Energy-Center-Constrained Fuels

F LEU, recycleof U » 1693 -y 612 -y 193 - 9.61 30.4 392 4089 223 2690
self-generated Pu 258 pyf 28 Pu
G Pu0_/UO,, Pu recycle 1368 Pu 1153 Pyf €58 Puf 0.63 30.4 100 1053 0 )
546 - 173 - g 108 < 5y
H  Pu0,/ThO;, Pu recycle 2407 Puf 1385 Puf 696 ng 33.0
272 13y
[ Pu0_/TNC,, single Pu 2407 Puf 1140 Pyf 410 Puf 33.0
pass 284 -y

A
Reference Fuel

J  HEU/Th, self-generated 2375 - U 388 - =Wy 377 -3y 0.67 33.4 597 3453 596 3436
U ecycle 504 iy 172 2%y

All calculations were performed for the 3800-Mit, 1300-Mée Combustion Engineering Systew ao reactor design,
“Assumes 1,0% fabrication loss and 0,5% conversion 10ss.

no credit taken for end of reactor life fissile inventory.

fissuus 1.0% fabrication loss,

An additional case is considered in Chapter 6 in which an extended exposure (43 MWD/k3 HM) LEU-PWR on a once-through cycle
results in & 6% reduction fr the 30-yr total U,0, requirements, while still requiring essentially the same enrichment {SWU)
requirements, Somewhat Tess plutonium is d!scﬁarud from the reactor because of a reduced conversion ratio,

hvnuos provided are representative of years 19-23,
Reference fuels are considered only as limiting cases,

Differences in the nuclide concentrations of fertile fsotopes from case to case result
in differences in the resonance integrals of each fertile isotope due to self-shielding effects,
thus significantly affecting the convérsion of fertile material to fissile material. Table
4,1-2 gives the resonance integrals aﬁ core operating temperatures for various fuel combina-
tions. Although the value of the - !%U resonance integral for an infinitely dflute medium
is much larger than the corresponding value for - '’Th, the resonance integral for “‘PU in LEU
fuel is only 25 larger than that for " ‘’Th in HEU/Th fuel, indicating the much larger amount
of self-shielding occurring for 78U ﬂn LEU fuel. These two cases represent extreme values,



£
[

-

(-1

since in each case the one fertile isotope is not significantly diluted by the presence of
the other. For MEU(20. -3%U/U)/Th fuel, the “3°U density is reduced by a factor of ~§
(relative to LEU fuel], causing the ~ 27U resonance integral to increase due to the reduced
seif—shielding. The decrease in the - '2Th density for the MEU/Th fuel (relative to the

- HEU/Th) fuel is only a factor of ~0.3 - resulting in a much smaller increase in the " :Th

resonance integral. Thus, although the 232U number density is roughly six times less in
MEU/Th fuel than in LEU fuel, the fissile Pu production in the MEU/Th fuel is still 40 of
that for the LEU fuel as shown in Table 4.1-1 (Cases A and B) due to the increase in the
238y resonance integral.

{

-

The presence in denatured uranium-thorium fuels of two fertile isotopes haviné

. resonances at different energy levels has a significant effect on the initial loading -Z
“requirement. The initial 235U requirement for the HEU/Th and MEU/Th cases is 2375 and ~
2538 kqg/GWe, respectively, reflecting the penalty associated with the presence of the two ;;
fertile isotopes in the MEU/Th fuel. -

The large increase in initial - 35U requirements shown in Table 4.1-1 for the thorium-
based HEU/Th and MEU/Th fuels compared to the LEU fuel results primarily from the larger
thermal-absorption cross section of “32Th relative to 23%U as shown in Table 4.1-2. Also
contributing to the increased - *°U requirements is the lower value of , of 23%U which re-
sults from the harder neutron energy spectrum in thorium-based fuels.

Tatle 4.1-2. Thermal Lbsorption Cross Sectiors and Rescnance ‘-
Integrals for 232Th and 23%( in PWRs

Resonance Integrai® (barns)

Isotope %a ggégﬁz)eV) Infinitely In LEV In HEU/Th Tn MEU(Z35U/U)/Th :
Dilute Fuel fuel Fuel
“321h 7.40 85.8 _ 17 19
238y 2.73 273.6 21-22 — 50-54

4or absorption from 0.625 eV to 10 MeV; oxide fuels.

A further consideration regarding MEU(- *“U/U)/Th fuel with uranium recycle muct also
be notnd, Since the fissile enrichment of the recovered uranium decreases with each genera-
tion of recycle fuel, the thorium loadings must continually decrease. (As pointed out above,
it is assumed that the recovered uranium is not reenriched by isotopic separation techniques.)
The initial core 2%2Th/”%*#U ratio is ~5.8 and the first reload - *'Th/- *"U ratio is 4.4, but
by the fourth recycle generation the 7 *“Th/- '“U ratio has declined to ~1.4.° An alternative
is to use HEU (§3.15 w/o ~3%U) as a fissile topping for the recovered uranium, In this way
the recovered uranium could be reenriched to an allowed denaturing limit prior to recycle,
thus minimizing the core - *"U component and therefore minimiziny the production of plutonium,
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The use of HEU as a fissile topping could be achieved by first transporting uranium recovered
from the discharged fuel to a secure enrichment facility capable of producing HEU. Next, the
HEU fissile topping would be added to the recovered uranium to raise the fissile content of
the product to an allowable limit for denatured uraniuvm, The product (denatured) would then
be returned to the fabrication plant. MEU({20% 23°U)/Th would be used to supply the remairnder
of the makeup requirements. Mass flows for this option in which HEU is used as a fissile
topping are reported in refs. 2 and 6. For Case D, in which the recycle fuel is not reenriched
by addition of HEU fissile topping, about 35% more plutonium is bred over 39 yr (~60% more in
equilibriumn) than when the HEU is used as a fissile topping. The 30-yr cumulative U;0; and
SWU requirements for the case in which HEU is used as a fissile topping are 4120 ST U;05/GWe
and 3940 x 103 SWU/GWe respectively at a 75% capacity factur and 0.20 w/o tails.?

Table 4.1-3. IsotOpic Fractions of In addition to the uranium fuel cycles
Plutonium in Pu0,/ThO, PWRs discussed above, two different Pu/Th cases were

analyzed, As indicated in Table 4,1-3, the

degradatior of the fissile percentage of the

Equilibrium Once-Through Cycle

Charged Discharged plutonium which occurs in a single pass (i.e.,
239py 0.5680 0.2482 once-through) is rather severe. Thus, in addi-
2%0py 0.2384 0.3742 tion to the plutonium recycle case (Case R) a
245py 0.1428 ' 0.2297 case was considered in which the discharged
2e2py, 0.0508 0.1568 plutonium (degraded isotopically by the burnup)
Fissile 0.7108 0.4689 is not recycled but rather is stockpiled for

Plutonium later use in breeder reactors (Case 1}.

Only limited analyses of safety parameters have been performed thus far for the al-
ternate fuel types. Combustion Engineering has reported some core physics parameters for
thorium-based (Pu0,/Th0,) and uranium-based (Pu0,/238U0,) APRs,* and the remaining discus-
sion in this sectior. is taken from their analysis:3

In general, the safety-related core physics parameters (Table 4.1-4) of the two
burner reactors are quite similar, indicating comparable behavior to postulated accidents
and plant transients. Nevertheless, the following differences are noted. The effective
delayed neutron fraction (seff) and the prompt neutron lifetime (t*) are smaller for the
thorium APR, These are the controlling parameters in the reactor’s respcnse to short-term
{vseconds) power transients. However, the most 1imiting accident for this type transient
is usually the rod ejection accident and since the ejected rod worth {s less for the
thorium APR, the consequences of the smaller values of these kinetics parameters are
largely mitigated,

‘ The moderator and fuel temperature coefficients are parameters which affect the
inherent safety of the core. In the power operating range, the combined responses of

these reactivity feedback mechanisms to an increase in reactor thermal power must be a
decrease in core reactivity. Since both coefficients are negative, this requirement is
éasily satisfied. The fuel temperature coefficient i5 about 257 more negative for the

-

*All-plutonium reactors,



thorium APR, while the moderator temperature coefficient is approximately 20: less nega-
tive. These differences compensate, 10 a large estent, such that the consequences of
accidents which involve a core temperature transient would be comparable. For some
accidents, however, individual temperature coefficients are the controlling parameters,
- and for these cases the consequences must be evaluated on a case-by-case basis.

Control roc and soluhie boron worths are strongly deperdent on the thensal-revtron
diffusicn length. Pecause of the larcer *herral abserption cross section of 2327k and
the higher plutoniur lcadings of the thoriwa FPR, the diffusior length and, consequently,
‘the control red and seluble toron wortns ere sraller. Cf prirary concern is tke wainte-

Table 4.1-4. Safety-Related Core Physics Parameters for Pu-Fueled PURs

Third Cycle Third Cycle
Uranium APR  Thorium APR

Effective Delayed Neutron Fraction
BOC .00430 0.00344

EOC ' 6 .00438 0.00367
Prompt Neutron Lifetime {(x 107 Sec)

BOC 10.54 9.03

£0C 12.53 11.30
Inverse Soluble Boron Worth (PPM/% ac)

BOC : 221 270

£0C 180 217
Fuel Temperature Coefficient (x 10~3ac/°F)

BOC -1.13 -1.49

EoC -1.15 -1.42
Moderator Temperature Coefficient (x 10-*aa/°F)

BOC -1.65 -1.31

EOC ~3.32° ~2.60
Control Rod Worth (% of UQ, APR)

BOC - 90

EOC - 96

nance of adequate shutdown rarqin te corpensate for the reactivity cCefects during rostu-
lated accidents, e.a., for the reactivity increase asscciated with nioderator ccoldown in
the stean-line-treak accicdert. Tre analysis of individual acciderts of this type would
have to bte perforried to fully assess tie consequences of tie 10 reductior in controi-rec
worth at the teginning of cycle.

The overall results of the alove covparison ¢f core physics paraveters incicate
that the consequences of postulated accidents for the thoriun APR are comparabie teo those
of the uranfum APP,  Furtherrore, this comparison irdicates that other thar the possi-
bility of requiring additional control rods, a thorium~based plutonium burner is feasible
and major modiffcations to a PWR (already designed to accommodate a plutonium-fueled core)
are probably not required, although some modifications might be desirable if reactors were
specifically designed for operation with high-Th content fuels.

—————
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4.1.2. Boiling Water Reactors

Mass flow calculetions for BRRs presented in this chapter were performed by
General Electric. A description of the fuel assembly designs developed by General
Electric for the utilization of thorium is presented in Ref. 8. The following cases have
been analyzed: 8 10

Dispersible Resource-EBased Fuels

A. LEU, no recycle.

B.  LEU/IK, rc recycle.
B*. LEU/Th mixed lattice (LEU and ThO, rods), no recycle,

B". LEG/FMEU/Th mixed lattice (LEU/Th, MEU/Th, and ThQ, rods), no recycle.
D. LEU/MEU/Th mixed lattice, recycle of uranium, 2*5U makeup.

Dispersible Deratured icel

E. -Benatured 223U, recycle of uranium, 233y makeup.

Erergy-Center-Constrained Fuels

F. LEY, recycle of uranium and self-generated plutonium, 235U makeup.
G. Pu/238y, recycle of plutonium, plutonium makeup.
H. Pu/232Tn, recycie of plutonium, plutonium makeup,

Case A represents the current mode of BWR operation. Case B involves the replacesent
of the current LEU fuel with MEU/Th fuel in which the initial uranium enrichment is }imited
to 20v 235y/238y. (Cases B' and B" represent partial thorium loadings that could be
utilized as alternative stowaway options. In Case B' a few of the LEU pins in 2
conventional LEU lattice are replaced with pure ThO. pins, while in Case B some LEU
pins in a conventional lattice are replaced by MEU/Th pins and a few others are replaced
with the pure ThO, pins. These cases are in contrast with Case B in which a "full" thoriun
loading is used (U0,/Th0, in every pin). Case D represents the extension of Case B" to
the recycle mode; however, only the uranium recovered from the Th-bearing pins is recycled.
Cases F-H represent possible fissile/fertile combinations for use in secure energy centers.

Table 4.1-5 provides a summary of certain mass balance information for BWRs operating
on these fuel cycles. All recycle cases involve a two-year ex-reactor delay for repro-
cessing and refabrication.

As was shown in Table 4.1-1 for PWRs, the introduction of thorium into a BWk core
inflicts a penalty with respect to the resvurce requirements of the reactor (compare
U304 and SWU requirements of Cases A and B). However, as pointed out above, Case B is
for a full thorium loading. {n the two General Electric fuel assembly designs”
represented by Cases B' and B" a much smuller fissile inventory penalty results from
the introduction of thorjum in the core. (Similar schemes may also be feasible for
PWRs. )
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Case B’ 1s a perturbation to the reference UO. BWR assembly design in that the four
U0, corner pins in each fuel assembly are replaced with tour pure ThO. pins. The remaining
U0, pins are adjusted in enrichment to obtain a desirable local power distribution and to
achieve reaztivity lifetime. In the once-through mode this design increases U.0. require-
ments by cnly 2 relative to the reference design. This option could be extended by
removing the Th0, corner pins from the spent fuel assemblies, reassembling them into nes
assemblies. and reinserting them into the reactor. This would perai‘ the ThO pins to
schieve increased burnups {and also increased - *°U production’ without reprocessing.
U0, requirements for this scheme (i.e., re-use of the ThO, rods coupinrd with U0, stowaway)
are approximately 1.3, nigher unan for the referenc. U0, cycle." !
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wSe B" is @ modification of Case B* in that in addition to the fous ThO. corner
pins, the other peripheral pins in the assembly are composed of MEU(235;/Th. The
remainder of the pins contain LEU. In the once-through mode this design increases U;J:
requirements by 12- relative to the reference BWR U0, design.

Both Case £' and Case B* would offer operational benefits to the BWR since they
have & iess negative dynamic void coefficient than the reference U0, design.? This is
desirable since the sensitivity to pressure transients is reduced. As shown in Table
4.7-5, in equilibrium conditions a BWR employing the ThQ, corner pin once-through de-
sian would discharge 26 kg 233i/GHe annually while the BWR employing the peripheral ThQ,
mi.ced Tattice desiyn would discharge 125 kg 223U/Gde annually.

use of tnese cptions in the once-through mode not only could improve ine operational
perforrance of the BHR but also woulu build up a supply of "33, This supply would then
be available if 2 denatured 23U cycle {toge*her with reprocessing) were adopted at a later
time. Furthermore, use of the mixed lattice designs could be used to acquire experience
on the performarce of thorium-basec fuels in BHRs, Similar schemes for the use of thorium
in the once-thrcugh mede may also be feasible in PWRs,

Althongh only limited scoping an2lysis of the sifety parameters involved in the
use of alternate fra!s in paRs has been performed,5 the BWR thorium fuel designs appear
to offer come advantageous trends over UQ, designs relative to BWR operations and safety.
Uranium/thorium fuels have a less negative steam void reactivity coefficient than the
U0, reference design at equilibrium. This effect tends to reduce the severity of
overpressurization accidents and improve the reactor stability. The less negative vrid
re.-tivity coefficient for the denatured 72 %/Th fuel indicates that the cure will have a
flatter axial power shape than the reference U0, design. This could result in an
increase in xW/ft margin and increase the maximum average planar heat generation ratio
(MAPLHGR). Alternativelv, if current margins are maintained, the flatter axial nower
shape could be utilized to increase the power density or tu allow refueling patterns
aimed at improved fuel utilization.

raferences for Section 4.1

1. . L, Shepiro, .. P, Pec, arg P, A, TMatzie (Cortustior [rgineeringj, "Assessiert of
Thorium Fuel Cvcles ir Pressurizec rater Peactors,” EPRi .P-35¢ (feb, 1777).

2. "Thoriur Fosessment Study fuarterly Proqgress Pepert for Socong Quarter Fiscal 1477,"
ORNL/T1-5G49 (Jure 1477},

3. R, A, lMatz 2, J. ¥, Pec, and £. ii, Terrny, "Ar Lvaluation of Cenatured Thoriur Fuel

Cycles in Pressurized {ater Peactors,” paper presented at the Annual !leeting of the
Merican 'luclear Society, June 12-1F, 1077, tiew Yorh, liew Yorl.,


http://Fisc.il

10.

4-22

letter fror P, 5, "atzie (Cortustion fruineering) o .
Lvaluations Corpany), "U:0: Recuirerents in L.Ps anc SSCRs,” duly 25, 1577,

Letzer fror P, A. latzie {Contustior Ercineerirg) to 5. C. (levelend {ORNL}, "ass
Balarces for Yaricus LwP Fuel Cvcles,” ay 1977.

"uarzerly Precress Beport for feurth fuarter Fy-77, Treoriur Assessient Prograr,”
Corbustion trgineering.

“Luclear Power Growth 167£-2C30," Office of Planning and fralysis, L.S. htomic Erergy
Corvwicsion, LFSH 1139(74), (Februasry 1674).

"Assessment of Utilization of Thorium in oWRs,” ORKNL/SUB-4320/5, NEGD-24073
(January 1978).

"Monthly Progress Report for August 1978, NASAP Preliminary BWR Uranium Utilization
Improvement Evaluations,” General Electric Co.

"Appraisal of BWR Plutonium Burmers for Energy Centers,” GEAP-11367 {January 1976).

L. Stewart {luciear Tech.rclogy

preed et pumey pessl O

{ -



et fewed P

—

b 4

ot od

4-23

4.2. SPECTHAL-SHIFT-CONTROLLED REACTORS

N. L. Shapiro
Combustion Engineering, Inc.

The Spectral-Shift-Controlled Reactor {SSCR) is an advanced thermal converter
reactor that is based on PWR technology and offers improved resource utilization, partic-
ularly on the denatured fuel cycle. The SSCR differs from the conventional PWR in that it
is designed to minimize the number of reactions in control materials throughout the plant
life, utilizing to the extent possible captures of excess neutrons in fertile material as
a method of reactivity control. The resulting increase in the production of Fissile
material serves to reduce fuel mekeup requirements.

In the conventional PWR, long-term reactivity control is achieved by varving the
concentration of soluble boron in the coolant to capture the excess neutrons generated
throughout plant life.-  The soluble boron concentration is relatively high at beginning
of cycle, about 700 to 1500 ppm, and is gradi .11y reduced during the operating cycle by the
introduction of pure water to compensate for the depletion of fissile inventory ancd the
buildup of fission products.

The SSCR consists basically of the standard PWR with the conventional soluble boron
reactivity control system replaced with spectral-shift control. Spectral-shift control is
achieved by the addition of heavy water to the reactor coolant, in a wnner analogous to
the use of soluble boron in the conventional PWR. Since heavy water is a poorer moderator
of neutrons than light water, the introduction of heavy water chifts the neutron Spectrum
in the reactor to higher energies and results in the preferential absorption of neutrons
in fertile materials. In contrast to the conventibnal PWR, where absorption in control
absorbers is unproductive, the absorption of excess neutrons in fertile material breeds
additional fissile material, increasing the conversion ratio of the system and deCreasing
the annual makeup requirements. At beginning of cycle, a high (approximately 50-70 mole )
0,0 concentration is employed in order to increase the absorption of neutrons .. fertile
material sufficiently to control excess reactivity. Over the ~ycle, the spectrum is
thermalized by decreasing the D,0/H.0 ratio in the coolant to compensate for fissile
material depletion and fission-product buildup, until al end of cycle essentislly pure
light water (approximately 2 mole D,0) is present in the coolant,

The basic cnanges required to implement spectral-shift control in a conventional
PWP are illustrated in a simplified and schematic form in Fig, 4.2-1, In the conventional
PWR, pure water is added and borated water is removed during the cycle to compensate for
the depletion nf fissile material and buildup of fission-product poisons, The borated
water removed from the reactor is processed by the boron concentrator which separates the
discharged coolant into two streams, one containing pure unborated water and the second

1
|
|
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Fig, 4.2-1, Basic Spectral Shift Cortral Modifications.

containing boron at high concentrations. The latter stream is stored until the Leginning
of the subsequeni cycle where it is used to provide the boron necessary to hold down the
excess reactivity introduced bv the loadina of fresh fuel. The S5CR can consist cf the
idertical nuclear stear suonly svsterm as ernloved in a conventional ncicon-contrclled

WR. excest that the torcn concentrator is replaced with &8 1.0 urnarader. The functien

of this upgrader is to separate heavv and liaht water, so trat concentratec reavy water
is avaflable for the next refuelinc. The urgrader consists of a series c® vacuur Afstii-
latfon columns which utilize the differences in volatilitv between liqgrt and neavv water
to effect the separation. Althcuah the boron concentrator and the unarader perfcrm
analogous functicns and ooerate rsina sirilar nrocesses, the 0.0 uoarader is ruck larcer
an¢ more sophisticated, consisting of three or four towers each about 70 ft in diameter
and 190 ft tall, Aithough Fig. 4.2-1 illustrates tre bas.c crandes required to implerent
the shift-control concept, numerous ad¢itional chann , will be recuired to realize snec-
tral-skift control in nractice. These include modificaticis to minirize and recover 0.0
Jeakane. to facilitate refusling, and to remove coron “rom the coolant after refiuelinc.
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Initial analyses of sgectral-shift-controlled reactors were carried out in the U.S.
by M. C. Edlund in the early 1960s and an experimental verification program was performed
by Babcock & Wilcox both for LEU fuels and for HEU/Th fuels.! Edlund's studies, which
were performecd for reactors designed spe:ci‘ically for spectral-shift control, indicated
that the mventory and consumption of fissile material could be reduced by 25 and 50%,
respectlvely, relative to poison control in reactors fueled with highly enriched 235y and
torium oxlde‘ and that a 25% reduction in uranu- ore requlrerents could be realized with
spectral smvi control using the LEU cycle.?

The spectral-shift-control concept. has been de-nnstratéd by the Vulcain reactor
experiment in the BR3 nuclear plant at Mol,. Belgu..’ The BR3 plant after two years of
operation ac a conventlonal PR was I)d'lfled for spectral—shlft-—control operation and -
successfully operated with this mode of control between 1966 and 1968. The Vulcain core
operated to a core average bumdp of 23,000 M¥d/T (a peak burnup of dround 50,000 Md/T)
and achieved an average load factor and primary plant availability factor of 91.2 and
98.6, respectively.” The leakage rate of primary water from the high-pressure reactor
sys_tem to the atmosphere was found to be negligible, about 30 kg of D,0-H,0 mixture per
year.3 After the Vulcain expcriment was completed, the BR3 was subsequently returned to
caventicnal PAR operation. In addition to demonstrating the technical feasibility of
spectral-shift control, the Vulcain experiment served to identify the potential engineering
problems inherent in converting existing plants to the spectral-shift mode of control.

£t the tize of the Sajocr development work or the SSCR concept, fuel resource con-
servation was not recognized as havina the importance that it has today. Both uranfum
cre and separative work were relatively inexpensive and the technology for 0:0 concen-.
tration was not as fully developed as it is now. With the expectation that the plutonius-
fueled breeder reactor would te deploved in tre not too distant future, there appeared tc
be little incentive to pursue the soectral-shift-controlled reactor concept.

The decision to defer the commercial use of plutonium and the commercial plutonium-
fueled breeder reactor is, of course, the primary motivation for reevaluating advanced
converters, and the principal incentive for considering the spectral-shift-controlled
reactor is that the potential gains in resource utilization possible witi the SSCR con-
cept may be obtainable with changes largely limitad to ancillary components and subsystems
in existing PWR systems. The prospects of rapid acceptance and deployment of the SSCR
are alsc enhanced by the low risk irherent in the concept. Since the SSCR can always te
operated in the conventional poison control mode, there would be a reduced risk to station
generating capacity if the SSCR were ~arloyed, and financizi risk would be Timited to the
cost of the additional equipment required to realize spectral-shift control, which is
estimated to he only a few percent of the total cost of the plant, The risk, with respect
both to capital and generating capacity, is thus much lower than for other alternate
reactor systenms.
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It may also prove feasible to backfit existing pressurized water reactors with
spectral-shift control. Such backfitting might possibly be performed in some completed i
plants where the layout favors modifications. However, even when judged feasible, the
benefits of backfitting V'v’mgid have to be great tc justify the cost of replacement power ..z
during plant modification. A second and potentially-more attractive alternative is the oo ’
possibi!ity:of modifying plants still in the early stage of construction for spectral- ) :

shift control, or of incorporating features into these plants which would allow conversion tc - M
spectral-shift control to be easily accomplished at a later date. ' ) f,

In order to establish_the potentia’l gains in resource utilization which might be
o realized with spectral-shift control, scop%ng mass balance calculations have been performed
by Combustior, Engineering for SSCRs opei'ati’ng on both-the LEU cycle and on thorium-based DU R
< cycles, including the denatured 233U cycle.S The calculations were performed vor the C-E ‘ 1
N .system BOT core and lattice design, with the intent of updating the earlier analyses re-
< ported by Edlund to the reactor design and operating conditiuns of modern PWRs using state- ~
of-the-art analytic methods and croSSjsectidns. Preliminary results from this evaluation -
are presented in Table 4.2-1. Note that these results were obtained using the standard
System 80 desiyn and operating ptocedures. and no attempt has beer. made to optimize either - B
the lattice design or mode of operation to fully take advantage of spectral-shift control. . . ' ..

For the LEU throwaway mode, Table 4.2-1 indicates a reduction of reaghly 10 both - ‘ .
in or. recuirenents and in separative work requirements relative to the conventional PWR -
(compare with Case A of Table 4.1-1). If uranium recycle is allowed, thc SSCR also reduces
the ore dcmand (and separative work) for the MEU/Th case by ahout 20 (compare with Case D
in Table 4.1-1). '

Of particular interest to this study is the reduced equilibriim cycle makeup re-
cuirements for the spectral-shift reactor fueled with 233U, As indicated, the equilibrium
cycle makeup requirement is 236 °  233U/GWe-yr as opposed to 304 kg - 330/Gue-yr for the
conventional PWR (see Case £ in Table 4,1-1), The reduced 233U requirements, coupled with
the 3iightly higher fissile plutonium produccion, would allow a given complement of energy-
center breeder reactors to provide makeup fissile material for roughly 40% more dispersed -
denatured SSCRs than conventional denatured PWRs, A comparison of the Pu/Th case with
Case H in Table 4.1-1 shows that the SSCR and PHR ara comparable as transmuters, These
results are, of course, preliminary and are limited to the performance of otherwise un-
s modified PHR systems, A more accurate assessment of SSCR perforuarce, including the

perfc.rmance of systems optimized for spectral-shift control, will be performed as part of
the HASAP program,® - .

The p.eltmiwry studies performed to date and the demonstration of spectral-
shift co'\trol in the Vulcain core have served to demonstrate the feasibility of tho.-
- concept and to identify the resource utilization and economic incentives for thic

e


http://perforc.ar.ee

- 8-27
- i

Table 4.2-1. Fuel Utilization Characteristics for 35CRs
Mr Yarious Fuel Cycle dptions=~ -

Equilibrium Cycle 30-v
. r Comulati
. _Initial Fissile Fissile 30-yr Comlative rative Ilw:e
Fissile Inventory Rakeup Discharge U30, Requirement Trement®
Fuel Type ‘ (kg/Ghie) {kg/Cue-yr} {kg/Gle-yr) {ST/Ghe) (103 kg SMU/GUR)
’ _ . Dispersible Resource-Based Fucls s :
W, mrecycle . - ST D% T n3 B w e 7 5% 0o 5
T S : 19% Pf 0 -
_ WEU/Th, 3% feed, 00 W L 1w s W 3 w7
U recycle . m Yy
65 Puf . <.

Dispersible Demat.~-. Fuel

LA S

Demstured 2300,/Th;. 1663 0%y 26 % a9 BN -
U recycle s7 135\!
: 7 W
E . .. B Energy-Center-Construined Fue) L
gg I PO,/THO;, Pu recycle 2354 P . m oS 780 Pu’ - -
L= , a3 v
e 3y
H
r
g

1 \ ';lzgo-me SSCR; 10-Mie additional power required to run veactor coolant pumps and D0 upgrader facility.
B o Assumes 75% capacity factor, aneua) refueling, and 0.2 w/o tails assay.

ORI

- mcde of cperation. Because the basic PHR NSSS* is used, the utilization of the denatured

i trorium fuel cycles will sose no additional problems or R3" needs beyond those required

‘ " to implement this type of fuel in the conventional PWR. Although the general feas1b1hty
. cf spectral-snft control zppears relatively well established, nevertheless there are a -

A number of aspects of SSCR design which must be evaluated in order to fully assess the s

commercial precticality of snectrai-shift-contrnﬂed reactors. The more siquxc.:nt ci_\: j_} = -
these are briefly discussed befow. e E

kS

1. Resource Utilization - A more accurate assessment of resource Autﬂju‘rfc'n'?‘is:' o
- require¢ to more definitively establish the economic incentives for.gp_e,étraléhi& ;,c/o_nrfrq[/' -
| on the LEU cycle. - If the .oncept s to be economically competitive with conventienal .z
L water reactors, the savings in U,0; and separative werk for 3%U-based systen's muss be e
demarctratec to be sufficiently large to compensate for the additional caoital cost of '
equiprent required to irplement spectral-shift control. A simi lar assessment for :
ceratured ?2%U fuel is al<o required.

yu——
}
{

gv=nmned
¢ :

2. Plant Modiﬁgﬁi_gg_é_ - The olant modifications necessary to realize spectral- R
shift controi must be idertifie¢, and the cost of these modifications es:ablished. The
practicality and cost of these modifications, ct course, bear directly on the ‘economics
and commercial feasibility cf the concept. O0f particular concern are modificaticns which
may be required to limit the leakane of primary coolant (from valve stems, seals, etc.)
and the equipment ‘requfred to recover unavoidable primary coolant leakage. Primary
v coolant leakage s important both from the standpoint of economics, because of the high !
cost of D0, and fr m the standpoint of radiation hazard, because of the prohlem of occu-
pationa) exposures to tritium during routine maintenance, Other possibie modifications to
current dosigns which result from thc presence of D0, such as the increased fast !iuence w
on the reactor vessel an¢ possible changes in pumping power, will also have to be addressed. )

| —— |

NSSS Nuclear Steam Supply System,
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3. Refueling Syster Modificaticns - At the enG of each operatina cvcle, svent fuel
must be discharged and fresh fuel inserted intc the reactor (tvnically 1/2 of the core
loading is replaced each year}, and the 1ight water present at end of cycle rust be
‘replaced with a 9,0-H:0 mixture before the reactor can be returned to power cperaticn.
‘Refueling procedures and eguipment rust be developed which will allow these ogerations to -
Se perforred with minimum 0,0 inventory requirements. Minimizing the D0 inventory is '
gjﬁbortant to the economics ané commercial feasibility ¢f the SSCR, since the cost of D50
'>fgpresents roughly 757 of the additional capital experditures required to realize spectral-

shift control. Care must aiso be taken tc ensure thet refuelinc does not irncrease outage
“times because of the adverse effect on capacity factor and the resulting increase in nower
?Q S cost. The exposure of personnel to tritium cenerated in tre coolant must alsc be wini-

ﬁlzed durlng refueling operaglors.

Dol e e . " )

B o 4 DZO Upgrader Desien - Although 0,0 upgraders have yet to be employed in con-
= Junctlon with spectral-shift control, similar units kKave operated or CANDU reactors, and
vacuum distillation columns are also vtilized in heavy-water production facilxt*es. Thus,
the technical feasibility of the D,0 upgrader can-be considered as deronstrated However,
2 conceptual upgrader design cptimized for the specific demands of the SSCR rust be '
developed so that its cost can be determined. The upgrader is probably the sincle most : -y
significant and costly piece of equvaent which must be added to realize spectral-shift ;_ :

b

control.

FE O U

5. Licensability and Safzty - Altnough the spectral-shift-controlled reactor is - -
. ~ not expected i~ raise any new §3fety. licensing or environmental issdes except the basic - :
~ . ‘4;;5:;i;issue ofAtritiumlproduction‘and containment, a number of core physics parameters are !
\\“*chanqed sufficiently that the response to postulated accidents st be evaluated. The
e’ i == —gost significant of these appears to be the somewhat different moderator temperature co- N
- ) eft»crent of reactivity, which could Tead to a number of potentxally more severe accidents
s ear1y in cycle when the 0,0 concentratfon is relatively high. The D.0 dilution accident ” é
- ; mggt?also be addressud; this arcident is analogous to the boron dilution accident in the :
‘/'boison~controlled PWR, but the response to D.0 dilutien may be more rapid and hence the

— T accident way be potentially more severe than its counterpart in the PWR. 3

- — .~
. 3

B e N
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~ Finally, it should be pointed out that while the relatfonship of the SSCR to the — }
LWR gives it market advantages, it also gives it some disadvantages relative to other
L alternitivqé;, Althoqgg/;he SSCR demand for-1j;05 will be less than that of the corventional
LWR, the basfc propertfes of 11ght water and the LKR desian characteristics innerent in
“the SSCR will imit its fuel utilization efficfency to lower levels than those achievable
vith olﬁéfﬁalternatives such as the HWR, On the other hand, the prospect for carly and
widespread aoployment may mean that it could effect - more siynificant reduction in over-
all system U,0, demand than miqhz be achievable with gther élternatives, even though the
- irhorent resource ut(!vzatIOn of an individual S5CR plant may be less than that of other

- systems, [mploying denatg#eﬂ SSCRs w0uld allow aoditional time to develop effective
e .
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safeguards for breeder reactors which will eventually be required. These breeders might
produce 233y, which, as pointed out above, could then be denatured and used in SSCRs.
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4.3, HEAVY-WATER REACTORS

Y. [. Chang
Argonne National Laboratory

. Due to the low neutron absorption cross section of deuteriun. reactors utilizing heavy
water as the moderator’ theoretlcally can attain higher conversion ratios than reactors using
'other moderators.  As a practlcal matter. however, differences in the neutron absorption in
the structural materials and fission products in the different reactor types make the con-
‘version: efflclency luore dependent on reactor design than on moderator type.” In the study
rted here, a current-generation 1200-#We CANDU desm-l was chosen as the model for ex-
‘mng the effects of various fuel cyclc options, including the denatured 233y cycle, on

: !-mter-mderated reactors
The CANDU design differs from the LWR design primarily in three areas: its reference
by_a pressure tube; and its fuel management scheme employs continuous on-line refuelmg

father than periodic refuelmg. In the development of the CANDU reactor concept, neutron
egonomy was stressed, trying in effect to take maximum advantage of the D,0 properties. The

&

on -Tine refueling scheme was introduced to minimize the excess reactivity requirements.
Unlike in most other reactor systems, in the naturalfura'niwu 0,0 system the payoff in re-
kd'ucing parasitic absorption and excess reactivity requirements is direct and substantial in
the amount of burnup achievable. These same considerations olso make the CANDU an efficient
o."mrter when the natural uranium restriction is removed and/or fueling schemes based on
l'ecycle .uatertals are introduced,

o Penalties associated with the irproved neutron econory in the raturaleursniur-
fueled CANDU include aAlarr;r.- inventory of the moderator (the UG Leing @ significant por-
tion of the plant capital cost), a large fuel mass flow througn the fuel cycle and & lower
thermal efficiency. In enriched fuc__l cvcles, with the reactivity constraint vemoved, the
CAHDL; desiqgn can be reoptiriizec for the prevailing econoric and rn'sr-urce'condi:ions.

. The rewtimizatioo of the current CAETU design involves tradeoffs between economic
considerations and the neutron econosy (and hence the fuel utilization). For example,
the D,0 inventory can be reduced by a sraller lattice pi .cn. but this results in a poorer
fuel vtilization, Also, the lattice piteh s constrained Ly the piactical Tiritatione
placed on it by the refueling machine cperations.

The fuel mass flow rate (and hence the fabrication/reprocessing co5%t5) can Le re-
duced by increasing the discharge burnup, but the increased burnup also results in a poorer
fuel utilization. In addition, the burnup has an frpact on the furl irradiation performe
ance reliatility, The fuel failure rate is a ‘strong function of the burnup history, and

;fuel is natural uranium rather than enriched uranium; its coolant and mderator are separatod'

Y
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a significant increase in burnup over the current design would require mechanical design
modifications.

The thermal efficiency can be improved by increasing the coolant pressure. This
would require stronger pressure tubes and thus penalize the neutron economy. The use of
enriched' fueling could result in a higher pouer peaking facfor, which would require a re-
duced linear power rating, unless an improved fuel -anage-ent scheme is developed to re-
duce the power peaking factor.

' Scoping calculations have been perforsed to address possible design modifications
for CANDU fuel cycles other than natural uranium,!"*and detailed design tradeoff and
optimization studles assoclated with the enriched fuel cycles in CANDUS - are being carried
out by Combus tion Engmeerlng,as ;Lpart of the _NASAP program. In the study reported here.
in which only the relative perfor-ance of the denatured 233y ¢ycle is addressed, the current-
generation 1200-Mie CANDU fuel design presented in Table 4.3-1 was assumed for all except
the natural-uranium-fueled reactor. A discliarge burnup of 16,000 MND/T (which is believed
to be achievable with the currenf design) and the on-line refueling capability were also
assumed.

The fuel utilization characteristics for various fuel cycle options, including the
denatured 233y cycle optivn, were amalyzed at Argonne National Laboratory® and the results
are summarized in Table 4.3-2. Some observations are as follows:

1. Natural-Uranium Once-Through Cycle: In the reference natural uranium cycle,
the 30-yr U405 requirement is about 4,700 ST/GWe, which is approximately 20% less than
the requirement for the LWR once-through cycle. Even though the fissile plutonium
concentration in the spent fuel is low (~0.27%), the total quan. ty of fissile plutonium
discharged annually is tvnce that from the LWR.

2. Slightly-Enriched-Uranium Once-through fycle: With slighily-enriched uranium

(1% 23%y), a 16,000-MWD/T burnup can be achieved and the U;04 consumption is reduced by
' 25% from the natural-uranium cycle. As shown in Fig. 4.3-), the optimm enrichment is

in the area of 1,21, which ‘corresponds to a burnup of about 20,000 MWD/T.

3. Fu/U, Pu Recycle: In this option, the natural uranium fuel is "topped” with
0.3% fissile plutonium, A discharge burnup of 16,000 MWD/T can be achieved and the plu-
tonium content in the discharge is sufficient tr keep the system going with only the
natural-uranium makeup. The U,0, requirement is reduced to about one half of that for
the natural-uranimm cycle. (Sml]er plutonium toppings decrease the burnup and make the
system a net plutonium producer; larger toppings increase the burnup and make the system
a net plutonfum burner.)

[ !




Table 4.3-1. CANDU-PHN Design Parameters

Natural Uraniwr Thorium
System System
Fuel Element
Steath o.d, mn 13.075 13.081
Sheath i.d, mm 12.237 12.244
Sheath material Ir-4 Ir-4
"~ Pellet o.d, mm 12.154 12.154
Fuel density, g/cc 19.36 9.4
Fuel material llOZ 1’h02
Bundle
Number of elements/bundle 37 37
Length, mm 495.3 495.3
Active fuel length, mm 476,82 475.8
Volume of end plugs, etc., cc 54.29 65.68
Yoid in end region, cc 28.14 34.99
Coolant in end region, cc 76.69 66.43
Ring 1(No./radius, mm) 1/0.0 1/0.0
Ring 2(No./radius, mm) 6/14.885 6/14.884
Pinc 3(MNo./radius, me) 12/28.755 12/28.753
Ring 4(’lo./radius, mm) 18/43.305 13/43.307
Channel
Number of bundles 12 12
Pressure tube material Ir-lib Ir-Hb
Pressure tube i.d, mm 103.378 103.4300
Pressure tube o.d, mm 111,498 111,782
Calandria tube material Ir-2 Ir-2
falandria tube i.d, mm 128,956 129.200
Calandria tube o.d, mm 131.750 131,740
Pitch, mm 285.75 285.75
Core
Number of channels 380 728
Net Mie 633 1229
Net thermal efficiency, * 29.0 29.7
%perating Conditions
20 purity, © 99,75 99.75
Average pin linear poxer, W/cm 271.,3 269.3
Average temperature, C
Fuel 936 850
Sheath 290 293
Coolant 290 293
Moderator 68 57
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Fuel Utilization Char--teristics for CANDUs Under Various Fuel Cycle Options'’
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Fig. 4.3-1. Fuel Utilization Characteristics for Enriched-Uranium-fueled CANDU.

. HEU/Th, U Recycle: With 93 235U-enriched uranium startup and makeup, the
~anmial U;0; makeup requirements at near-equilibrium are about 27 ST/SWe for the 16,000-MWD/T
) bdrnup case. This net consumption of U,0, is only 142 of the LWR once-through cycle and
- 287 of the LWR thorium cycle -(see Cases A and J in Table 4.1-1). However, the initial core
U304 requirement is more than double tha* of the CANDU slightly enriched uranium cycle.
In additior, the transition to equilibrium and the out-ot-core inventory requirements, de-

pending on the recycle turn-around t1me can be very significant,

5. Denatured U/Th, U Recycle (2% Makeup): The initial core 223y jnventory require-
ment is abou’ 1,650 kg/GHe. with an annual net requirement o1 .- Jut 100 kg Z33U/GWe,

6, MEU/Th, U Recycle {“3"U Makeup): The initial core requirement is abou* the same
as that for the standard thorium cycle (i.e., HEU/Th cycle); however, the equilibrium net
U,0. consumption is slightly fncreased.

7. HMEU/Th, No Recycle: This cycle option is included to indicate that recycle of
the self-generated “ 7' is advisable for the MEU/Th cycle, The lifetime U.0; requirement
for the orce-through MEU/fh cycle is about 8,300 ST, which is a factor of 2.5 higher than
that for the once-through enriched-uranium cyclie in CANDU reactors,
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4.4, GAS-COOLED THERMAL REACTORS

J. _C.‘i:lev;land -
0ak Ridge National Laboratory

B 4.4.1. High-Temperature Ga:-Cooled Reactors

The High-Temperature Ges-Cooled Reactor (HTGR) is another candidate for implementing
alternate fuel cycle options, partwularly the denatured 2*3U cycle. Unlike other reactor
types that generally have been optimized for either LEU or mixed oxide (Pu/222y) fuel, the

.. HIGR ha> a design bared on utilization of a thorium fuel cjcle, and althoush current-
* °  design HTGRs may not meet potential proliferation-based fuel cycle restrictions, the ,efer-
~ .ence-design involves both 232Th and 233y, which are the primary materials in the denatured
" fuel cycle. - - — )

) In contrast to the fue: for water-cooled reactors and fast breeder reactors, the -~ C
fuel for HTGRs is not in the form of metal-clad rods but rather is composed of coated fuel 4 -
particles tonded together by a graphite matrix into a fuel stick. The coatings on the in-
diviual fuel pa-ticles provide fission-product containment. The fuel sticks are loaded
in fue) holes in hexagonal graphite fuer blocks. These slocks ulso contain hexagonal arrays
of coolant channels through which the helium flows. In the conventional HIGR the fuel
particles are of two types: fissile particles consisting of UC, kernels coated with layers
of pyrocarbon and silicon carbide; and fertile particles consisting of h0, kernels coated
only with pyrocarbon, The pyrocarbon coating un the fertile particles can be burned off
while the SiC coating on the fissile particles cannot. Therefore the two particle types
can be physically separated prior to any chemical repr.cessing. As indicated in Chapter 5,
hot demonstrations of the heac-erd processing operations unique to this reactor fuel, the
crushing end burning of the fuel elements, the mechanical particie separation, and the
particle crushing and burning are needed to ensure that low-10ss reprocessing can take
nlace.

An inkerent feature of the LTGK which results in uraniur. rescurce corservaticn is
fts high . 40°) thermal efficiency. 11 else being equal, tris fact alore resu!i:s ir ¢
t 15 reduction in uranfum resource requirements compared to LURs, which achieve a 347
thermal efficiency. This larger thermal efficiency also leads to reduced thermal

di<.harges that provide significant siting advantages for HIGRs, especially if many reac-
ors are to be deployed in central locations such as energy centers.

Other factors innerent in HTGR design that lead to improved U0y utilization due

to the irproved revtren cconony are:
1. Mfesorption of enly . 3.0 of the neutrons oy e particle ccatings, raphite |
rnoderator, and heliun coolant, corpared to ar atscrpticrn ¢f - 5.( of the reu- ‘
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trons in the Zircaloy cladding and the coolant of conventional PWRs (~4% of all
neutron absorptions in PWRs result from hydrogen absorption).
2. Low 223pa burnc ‘'t due to the Tow (7-8 W/cm?) power density.

The combination of low pouver ¢ -sity and large core heat capacity associated with
the graphite moderator and the ccramic fuel largely mitigate the consequences of HTGR loss-
of-ccclant accidents. Loss of cooling does not lead to severe conditions nearly as quickly
as in conventional LWRs or FBRs since the heat capacity of the core is maintained, there-
fore allowing considerable time to initiate actions desinned to provide auxiliary core cooling.

The HIGR offers a near-term potential for realization of improved U,0; utilization.
The 330-Mie Fort St. Vrain plant has been under start-up for several years with & current '
ticensed pewer level of 70% and the plant has operated at the 70% pcwer level for limited
periods. A data collection program is providing feedback on problem areas that are tecoming
apparent during this start-up period and will serve as the basis for improvements in the
camercial plant design.

An advantage of the HIGR steam cycle is that its commercialization could lead to
later commerciali:ation of advanced gas-cooled systems based on the HTGR technology. These
include the HIGR gas turbine system which has a high thermal efficiency of 45 to 50% and
the VHIR {Very iigh Temperature Reactor) system for high-texperature process heat applica-
tion.

Kass balince calculations have been performed by General iomic for r.everal alternate
HTGR fuel cycles,! and some additional calculations carried out at ORNL have verv‘1ed certain
GA results.? Their results for the following fuel cycles are presented here:
Dispersible Resource-Based Fuels

1. LEU, no recycle.
a. Carbon/uranium ratio (C/U) = 350,
b, C/U = 400, optimized for no recycle.

2. MEU/Th (207 ?35U/U mixed with 232Th), C/Th = 650, no recycle.

3. MEWTh (204 7¥"usU), C/Th
?3% recycle,

306 for initial core, C/Th = 400 for reload segments,

Dispersible Denatured Fuel

4, MEU/TH (157 233u70), C/Th
for uranfum recycle (733U

2747300 (initial core/reload segments), optimized
;“!'su)'

-

Eneryv-Center-Constrained fuel

5. Pu/Th, C/Th = 650 (batch-loaded core),
Reference Fuels

L

6. HEU(Z'5U)/Th, C/Th = 2147238 (initial core/reluac segments), no recycle.

7. HEUW("**U)/Th, C/Th

150, high-qain desiqn, uranium recycle,

8. HFU(- *"U)/Th, C/Th - 1807180 (inftial core/rclodd seqments), uranium recycle
(from ve’., 3),
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A1l of the above fuel cycles are ior a 2360-MJt, 1344-Mide HIGR with a core power den-
sity of 7.1 Ht/cm:. Table 4.4-1 provides a summary, obtained from the detailed mass balance
information in ref. |, of the conversion ratio, fissile requirements, fissile discharge, and
U:0: and separative work requirements. Cases 1-a3 and 1-b involve the use of LEU fuel with
an equilibrium cycle enrichrent of 7.4 w/o and 8.0 w/o, respectively. Case 1-b would be
preierred for no-recycle conditions.

In Case 2 thorium is used with 2C3 235U/U (MEU/Th) for nec-recycle conditions. HNote
that while the initial U.0; and fissile loading requirements are higher for the MEU/Th case
than for the LEU cases, due to the larger thermal absorption cross section of therium and the
partial unshieldinc of the - *“U resonances resulting from its reduced density, the cumulative
U.0. requirements are slightly less Jor the MEU/Th case. This results from the high burmup
attainable in HTGRs and the resultant large amount of bred -33U which i< burmed in situ.
Other converte:r énd advanced converter reactors (LWRs, SSCRs, and HWRs) typically require
less U.0. for the LEU case than for the MEU/Th case with no recycle.

Case 3 also uses the MEU/Th feed but with recycle of - *'U. The unburned ~:°U and
-t lutonium discharged in the denatured °*"U particles is not recycled. The bred - ’°U re-
coverad from the fertile particle, however, is denatured, combined with thorium, and
recycled, In the calculations for all cases involving rerycle of denatured - “°U, GA assumed
that an isotopic mix of 15 - "°U and 85 - '“U provided adequate denaturing. Due to the high
burnup and the fact that the thermal-neutron spectrum in HIGRs peaks near the -3 Py and - “-Pu
resonances, a large amount of the fissile plutonium bred in tne denatured fuel is burned
in situ, thus resulting in the low fissile plutonium content of the fuel at discharge. Cor-
siderable - '"U self-shielding is obtained by the Tumping of the - *“U in the coated particle
kernels, Studies are currently underway at GA concerning the use of jarger diameter fissile
particles, thereby lowering the - '“U resonance integral and, consequently, the amount of

bred plutonium discharged.”

Case 4 employs a denatured ''3U feed and includes uranium recycle. [t represents a
feasible successor to Case 3 once an exogenous source of - }!U is available,

Case 5 involves Pu/Th fuel. Since mo - *°U is present in the core, no plutonium is
bred; only “3*U is bred. This recctor has greatly reduced requirements for control poison,
resulting in enhanced neutron economy. This resuits from the f%ct that this Pu/Th HTGR
essentially achieves the “Phoenix” fuel cycle effect, i.e., the decrease in ‘- Py content
is largely compensated for by buildup of - ~!Pu from -“Pu capture and by buildup of - *°U
from - * 7 capture, resulting in a nearly constant ratio of fissile concentration to - Py
concentration. Therefore tiie fuel reactivity is relatively cnnskant over a long burnup
period, reducing the need for control poison. “his allows the core to be batch loaded;
i.e., the entire core is reloaded at approximately 5-yr intervals. This reload scheme
mininizes down time for refueling and eliminates probiems of pow#r sharing hetween fucl
elements of di.feren# aqes. Furthermore, it allows easy conversion to a¢ U/Th HTGR after
any cycie. It is important Lo note that the Pu/Th case presented in Table 4.4-1 is not,

bosmat sy pmmg P



lare, Fuel Type

T-a, L&,
no recycle,
C/L 2 350

I, LeU,
no recycle,
C:u = 400

2, MEU{20 - UM Th,
“no recycle,” T T
Crim = 637

3, MEU{20 S g TR
- 'Y recycle,
C’Th = 30674007

4, WUy e
v recycle,

C/Tn = 274/300

5. ®uflhy

C/Th = 650

6, HEL )/ Tw
no recycle,
C/Th 2 (147238

7, wEC( YT,
hi/gain, U recycle,
C:Th = 150

3, WEU{ T U)/Th,
hi/gain,

U recycle,

C7Th = 190180

Table 4.4-1,

-
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fuel Utilization Characteristics for HIGRs Under Various Fuel Cycle Dptions

latzdal Core Reauirements’ _____ Equiltbrium Cycle

Discharge of

—~————

U,0, Requirenient®
T/Gwe) _

—

Separative Work Requirament®

— {107 kg SusGHe)

Fissile HM Fissile Nonrecyclable 30-yr Totsl 30-yr Total
Conversion Ratio laventory Loading Makeup Fissile Material for CF of for CF of
(1st Cy./€a, Cy.} {kg/GMe) (M1/Gwe) (kgsGwe-yr) (Lg/GWe-yr) Inftial 65.9‘4./475"""’ Initial 65.9*/75'1"
Uispersible Resource-Rased Fuels
2,580/0,553 901 'y 24,6 U 698 "3 I;; ;’;U Hal) 4272/4860 142 331973781
(]
0,557/0,526 819 "% 21,6 U 76 7Sy n 5";;U 197 4040/4594 130 3188/3629
52 Pu
0,630/0,541 1077 ¥y sS4 s51 2%y 4; % 274 3967/4815 249 3640/4142
20,2 Tn 74 23y
22 el
0,682/0,631 1474 "'y 7.4 U 397 ¥ &5 % m 322973666 340 2913/3361
27.5 Th 3 puf
Dispersible Denatured Fuel
0.824/0.764 168 <% 13U 246 73 s pf 0 0 0 0
30.7 Tn
fnergy-Center-Constrained Fuel
0.617/0.617 nsapef™ 22T s30 Rf 102 ! 0 0 0 0
97 23y
Reference Fuels’
0,2723/0.068 1358 " sy $08 ?Y%y a9 % 345 3864/4395 344 3ass/438/
37.2 Th 183 “:U
1 Py
0.915/0,359 1395 MYy 2.0 120 YW - 0 0 0 0
139 My $3.0Th 12 Y%
70.75 1987 23505 % 446 s 229 My 1 e sos/sk 2280 sosdek 2218
2.1 uhd 6 3%

b

-

“Assumes 0.2 w/o tails,

Initia) cycle lasts one caleadar year at 60X capacity factor,
Equilibriue cycle capacity factor is 72%.

Loalue preceding slask {s for an average 30-yr capacity facior of 65.9; value following slash is for a constant capacity factor of 781,
No credit taken for end of Yife core,
~N - U from MEU particle or Py recycled in Case 3; all U recycled in Case 4, but no Py recycled.
-;_}m'lnl core/relodd segment,
“Core is batch loaded; initial 10ad provides fissile material for .5 yr of cperation,
<Reference fuels are considered only as limiting cases.
1lritind cycle length is 1.6 yr,
“Nusbers shown are for a capacity factor of 75%,

6t-v
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optimized for high conver=zion; rather it is a Pu burner designed for low fuel cycle costs.
R Pu/Th case designed for high “>°U production would have a C/Th r7tio for the equilibrium
cvcle of ~430 vather than 656 as in Case $ {ref. 5).

Tn Case 6 the feed is fully enriched {23 ) uranium and thorium and no recycle is allowed.
Such a system would provide the means for generating a potential stockpile of “*'U in the
absence of reprocessing capability. [f U recycle is not contemplated, the economical optimum
snce-through cycle would have a iuwer thorium loading (C/Th = 33n).

Case 7 involves the use of highly enriched “°U and uranium recycle. The heavy fer-
tile locading (C/Th = 150) results in the high conversion ratio {and high initial fissile
loading requirement) shown in Table 4.4-1.

Cace 8 involves the use of fully enriched (93%) uranium and thorium designed for
recycle ~onditions. This is included as the pre-1977 reference high-gain HEU(" *5U)/Th
recycle case for comparison with the other above cases.

Both GA and ORNL have nerformed mass balance calculations Ffor an HEU(”SU)/Th fuel
cycle with uranium recycle. +6 These calculations were for a 1160-Mie plant with & power
density of 2,4 He/em™ and &2 C/Th ratio for the first core and reload cycles of 214 and
238 respectively. The GA results indic.te cumulative U-0. and separative work reguirements
{for & capacity factor of 75 and an assumed tails enrichment of 0.7 w/o) of 2783 ST U:.0./
GHe and 2773 vq SWU/GHe, respectively., The corresponding results for the ORNL calculations
are 2690 ST U O;IGNe and 2634 kg S.1'/GHe. As can be seen, the agreement is fairly good.
Comparison of these risuit- with the same cese without recycle (Case 6, Table 4.4-1) shows

a U.D. savings of 38 if uranium is recycled,-

[t is conventional to compare 30-yr cumulative U.0. and separative work requirements .
for different reactor types on a per GWe basis with an assumed constant capacity factor,
The rasults reported in Table 4.4-1 were qenerated for an assumed variable capacity factor
which averaged 65.9 over the 30-yr life, To facilitate comparison with U.0, requirements
in . ther <ections of Chapter 4, estimated 30-yr requirements for a constant capacity factor
of 75 have also been included in the table. These values were obtained by applying a
fa.tor of 0,750/0.659 to the calculated requirements for the variable capacity factor, -
Obviously this technique is an approximation but it is fairly accurate, The 30-yr require-
men.s for @ 79 capacity factor for Case 3 were explicitly calculated and not obtained by

the ahove estimating procedure,
|

|
Ao i indicated in Tahle 4.4-1, the ME.(20  ""U)/Th no-recycle case is more re-
source efficient than the LU no-recycle case. This results from the high exposure attein-
able in HIGR fuels and the high in ity utilization of ‘U, In water reactors, the onre-
throuqgh MEU(20 "“ﬁ)/fh cycle requires siqnificantly more U,0, than the once-through LLU
cacte,  Thue MEU{200 UY/Th fuely in HTGRS are an ¢ttractive option for wtowdwa, cyelien

' . |
in whirh it 4 beed for later uae,
i
|
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4.4.2. Pebble-Bed High-Temperature Reactors

A second high-temperature gas-cooled thermal reactor that is a possible candidate
for the denatured 233U fuel cycle is the Pebble-Bed Reactor (PBR). Experience with PBRs
began in August, 1966, in Julich, West Germany, with the criticality of the Arbeitgemeinshaft
Versuch Reaktor (AVR), a 46-Mit reactor that was deweluped to gain knowledge and experience
in the construction and operation of a high-temperature heliiwm-cooled reactor fueled with
spherical elements comprised of carbon-coated fuel particles. This experience was intended
to serve as a basis for further development of this concept in West Germany. Generation
of electricity with the AVR began in 1967.

In addition to generating electric power, the AVR is a test facility ‘or investigat-
ing the behavior of spherical fuel elements. It also is a supplier of high-burnup high-
temperature reactor fuel elements for the West German fuel reprocessing development work.
The continuation of the PBR development initiated by the AVR is represented by the THTP
2t Schwehausen, a reactor designed for 750 MWt with a net electrical output of 300 MJ,
Startup of the THTR is expected about 1980,

Table 4.4-2. PBR Core Design The PBR concept offers favorable
_— ) conservation of uranium resources due to
Power, ot 3000 MWt its low fissile inventoq requl:rements.and
Power density 5 Whi/m? to the high burnup that is achievable in
Heating of helium 250--985 °C PBR elements. This has been demonstrated
Helium inlet pressure 80 atm by the analysis of several once-through
Plant efficienc ~ycles calculated for the PBR by a physics
Height of ball :;]?emt 553.:: design group7 at KFA Julich, West Germany,
Radfus 539 om and swmmarized nere. The reactor core de-
Ball packing 5394 balls/m’ sign used for the study is described in
Inner fueling zone: Table 4.4-2. various fuel element typec
Onter radius 505 cm were consicered, differing by the coated
Number of ball flow channels 4 particle types used and by the heavy metal
Relative residence time 8/9/9/9 loadfng. The basic fuel element design is
Outer fueling zone: shown in Table 4.4-3, thc coated particle
gqmte;rr:gi::” flow chanmel's 589 c‘;‘ designs are described in Table 4.4-4, and
Relative residence t‘me 13 the compositions of the various fuel ele-
Top reflector: ment types are given in Table 4.4-5. The
Thickness 200 once-through cycles considered are de-
Graphite density ¢.32 scribed below, with t . core compositions
Bottom reflector: of each given in Table 4.4-6,
Thickness ‘ 150
Graphite density ! 1.60
Radial reflector: w Case 1, LEU, Low-enriched uranium
Thicknese ‘ 100 is loaded into the coated fuel particles.

Graphite densfty 1.60 The radial power profile is flattened by

‘ ’ varying the enrichment in the inner and
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Table 4.4-3. PBR Fuel Element Design outer radial core zones. The enrichment
of the inner zone is 7.9 at.: and that of

the ocuter zone is 11.1 at.:.

Ball diameter 6 cm )
Thickness of graphite shell 0.5 cm —— U+ THIG. fuel

. + Ti
Graphite density 1.70 g/cm? Case 2, MEU/Th. ( )G, fue

with 205 enriched uranium is loaded into

the coated fuel particles. The heavy metal

loading in the MEU/Th fucl element is between that of the TH'R and AVR elements. As in

Case 1, the radial power is flattened by the choice of fissile loading of the elements in the .
-

inner anu outer radial core zones, 6.85 and 11_&7 respectively. 7~ ccatea particles
would require some development and testing.

(ase 3, Seed and Breed MEU/Th. (. + Th)0, fuel with 20% enriched uranium is Toaded
into seed elements and ThO, is loaded into “~>ed elemcnts. By thus separating the seed and
breed elements, 236y bred into the seed elen. . will not have contarinated the 233y pro-
duced in the breed elements in case reCycle is opted for later. Graphite balls are added
to the inner core zone to adjust the carbon/heavy metal ratio (C/HM) to that of the outer
zone. The heavy metal loading of 6 g HM/ball in the seed elements is essentially the
same as in the AVR. The feasibility of a considerably heavier loading of the breed ele-
ments, 16.54 g HM/ball, is currently being tested.

fase 4, HEU/Th. (U + Th}0, fuel with 93: enriched uranium is loaded into the coated
fuel particles. The coated part:-le and fuel element designs are essentially identical to
those of THTR fuel elements, which have been licensed and are being manufactured. The only
modification .s the fissile Toading. Again the fissile Toading of the elements in the inner
and outer .adial core zones is varied to flatten the radial power distribution, the inner zone
fissile loading being 6.23; of the heavy metal and the Juter zone fissile loading being 10.9..

Case 5, Seed and Breed HELU/Th. (U + Th)0, fuel with 93. enriched uranium is loaded
into seed elements and breed vlements contain ThQ, only. The radial pover profile is flat-
tened by the choice of the nii«i.., fraction of seed and breed balis in the inner and outer
radial core zones, and qraphite talls 2re addea to the inner zone to adapt the C/HI ratio
to that of the outer zone. In the seed elements the HEU is mixed with some ThO, in order

to achieve a prompt negative Dopoler coefficient. Again the “eavy metal loading of the
balls is essentially the same as that in the AVR and the feasibility of the loading of
the breed elements is being tested.

The mass flow data for the equilitrium cycle of each of the five cases are pre-
sented in Table 4.4-7. The high thermal cross sections of 72°Py, 0Py and 241y, the
soft spectrum, and the low self-shielding c# the fuel element design lead to a very high
in sftu utilfzation of the fissile plutonium (95 for the MEU/Th cycles). In addition,
the high burnup results 1n the Tow discharge plutonium fissile fractions shown in Table
4.4-7. The buildup of plutonium fsotopes in the MEU/Th cycle is shown in Fig, 4.4-1.
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Table 4.4-4. PBR Coated Particle Design

Kernel Carbon Coatings
ype . Diameter Density Thicknes ses Lensities
Haterial (1m) (g/cs) {um) (g/cm3)
I U/Tho0, 400 9.50 85/30/80 1.0/1.6/1.85
I1 Uu/Tho, 400 9.50 50/80 1.0/1.85
I vo, 800 9.50 110/80 1.0/1.85
Table 4.4-5. {osposition of PBR Fuel Elerents
keavy letal Meration
Identification Type of Leading Fatio
Ceated Particle® (g/ball) (/)
1
m 1 11.24 325
”2 1 8.C7 45%
<l II €.C 617
S¢ H 6.0 629
£l Il 26.13 180
B2 Il 16.54 229
L1 Il G.&¢ 320
Le Il 11.70 320
G Carbon

?See Table 4.4-4.

Table 4.4-6. Composition of PBR Core
Mass Flow Calculations

Regions Used in

Inner Core Outer Core
Case Fuel Fuel
Element Type® Fiss(i"le L/?:‘di)“‘.'. Element Type [l ss(i"le L;;‘adi)ng
(Fractional Mixing) fis' 'HM {Fractional Mixing) fis’ "HM
1, LEU L1 (1.0) 0.079 L2 (1.0) 0.1
2, HEU/Th M2 (1.0) 0.0685 M2 (1.9) v.114
3, Seed and $2 (0.485) 0.20 S2 (0.765) 0.20
Breed MEU/Th BZ (0.305) B2 (0.235)
6 (0.210)
4, HEU/Th M (1.v) 0.0623 M1 (1.0) 0.109
5, Seed and s1 (0.10) 0.27 S1 (0.69) 0.27
Breed HEU/Th 81 (0.33) 81 (0.31) ‘
6 (0.21)

— -

“See Table 4.4-5.
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. HEU/Th 0.59
5 Seed & Breed 0.58

HEY/Th

S1

81

[ [} pr— Jamooand
Reference Fuels ¢
6302 Th 5794 Th
- 128 233(y,Pa)
- 38 23y
495 2%y 23 235y
1 33 8y
38 238y 30 28y
533 ytot 292 ytot
0,263 239(Py,Np)
0.244 240py
0.148 241py
0.512 242py
1,166 Putct:
1287 Th 1185 Th
- 23y
- Zg a:uéu‘P‘)
496 2%y 16 235y
. 76 238y
38 238y 30 230y
53¢ Ytots 155 ytot:
0,227 239(Py,Np),
0.257 240py ' ..
0.120 2“'py
0.500 242Py
1.106 pytot:
4783 Th 4594 Th

91 213(y,Pa)
29 7y
5 235y
1 :'Jrlu

126 Utot.

0.23 2”(Pu Np)
0.2 2%0py
0,13 241py
0.44 242pY

puf/putots . 0,38

243

J.2Y 23%/py Np)
0,23 2409y,
0,1) 24ipy
0.45 “42py

Puf/Putt ¢ 0,32

100

a8

:Calculated for 1000-Mde p’> nt operating at 75% rapacity.
“See Tables 4.4-3 through 4,°-6 for descriptiont o1 cases and fucl elements,

“Reference fuels are considered only as limitinre cases.
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fs car te seen, the - >°Fu conteni ;eals at
<. 30 U Zkg, decressing thereafter, The
higher f'u isctores tend _o pezd et higher
“uinups se tha. at disckarge - =Py domi-

retes. Correrec tc ar LUR wite LEU fuel,

n

tle

T Thases 8 with FEU/Th fgel discrargss only &.
. Tescmear- Retrren.ora as much fissile plutonium, Furthercore, the
Fig. 4.4-1. Buildup of the Plutoniun fissile fraction of the dischargnd plutonium

isotoric Compositien i ne AtU/Th Fuel. .
‘ mrositicn in the 4EU/Th Fue is only 39% compared to 712 for an LWR.

Table 4.4-8 presents U-0: requivements of the various once-through cycles.’»¢ The
30-yr cumulative U.0s derand. for the MEL/<h once-through cycle and the HEU/Th once-
through cycle were determined by expticit 30-yr calculations.® The 3G-yr cumlative U;0,
demands for the LEU, the seed-and-breed MEU/Th and the sved-and-breed HEU/Th cycles were
determined from the U;Oe demand for the equilib: ium cycles and estimates of the inventory
of the startup gofe and cf the requirements for the approach to equilibrium.®

As can be seen from Table 4.4-8, from the viewpoint of J;0, utilization for once-
through cycles ir the PBR, LEU fuel is the leact favorable and HEY/Th fuel is the most
favorable with MEU/Th fuel having a U.0. utilizatiot between FEU/Th and LEU fuel. It should
be noted that the cases preéented in Table 4.4-8 do not include recycle of the bred fissile

-material. Under these no-recycle constraints the MEU/Th cases have a 30-yr U,0. demand com-
parable to a PWR operating with uranium and self-generated Pu recycie (see Case F, Table
4.1-3). Thus if rc.ycle w2 e perfofmed with the MEU/Th PBR cases, significantly less U:0:
would be required than vor the PWR with U and Pu recycle. One option for ihe :ecycle in the
sead-and-b-eed MEU/Th PBR case would ba ‘0 cycle the fertile balls back into the fead stream
(without renrucessing) for an addi*sanal pass througn the pebble bed if the irradiation
behavior of the fertile balls permits.

Tatle 4.4-8. U;)g Requirements for
Cnce-Tnroual PCR Cvclec?

Case 1, Ceze 2, Case 2, Case £, Case &,
teed and Treed Seed an¢ Lieer
LES. TEL/Th MEL/Th HEG/TH HEU/Th
Eauilibrius cycle 173 135 137 126 12¢

U.0. demand, ST/GWE-yr

30-year cumulative P . d -
1.0. demand,” 5T/GWF 4500¢ 4184 4200 4007 4000

“The basis for these requirerents ia a 1700.t%e plant operating at 757 capacity
factor for 2N vears; tails composition is assumed to Le 7,7 v/o.

“pequren no recveie,
“Lstimatec vali2; could differ from an explicit 30-yr calculation by + 37,

‘Explicit 30-yr calculation.

!
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4.5. LIQUID-METAL FAST BREEDER REACTORS

T. J. Burns
Oak Ridge Kational Laboratory

A preliminary analysis of tha impact of denatured fuel on breeder reactors was
performed by fAirgonne National Laboratory,! Hanford Engineering Development Laboratory,<
and Oak Ridge Nationel Laboratory3 for a variety of fissile/fertile fuel options. The
analysis concentrated principally on oxide-fueled LMFBRs due to their advanced state of
development relative to other potential breeder concents.

Table 4.5-1 sumarizes some of the significant design and performance parameters
for the various U .R designs-considered. The procedure followed by each analysis group
in assessing the impact of alternate fuel cycles was essentially the same. A reference
desiqn {for the Pu/22By cycle) was selected and analyzed, and then the performance para-
meters of alternate fissile/fertile combinations were calculated by replacing the refer-
ence core and tlanket material by t.e appropriate alternative material(s).

As indicated by Case 1 in Tabie 4.5-1, a different raference design was selected
by each aroup, emphasizing different design characteristics. The three basic designs do
share certair. characteristics, however. Each is a “classical™ LMFBR design consisting of
two core zones of different fissile enrichments currounded by blankets (axial and radial)
of fertile material. In assessing the performance impact of various fissile/fertile com-
binations, no :ttempt was made to modify or ontimize any of the desigrs to account for
the better thermophysical properties (e.g., melting point, thermal concuctivity, etc.)
of the alternate materials relative to the re“erence system. (Note: The question of
selection and subsequent optimization of prcliferation-resistant LMFBR core designs is
currently being addressed as part of the nore detailed Proliferation-Resistant Core
Design study being carried out by DOE and its contractors.)”

In all cases ENDF/6-IV nuclear data® were utilized in the calculations. The ade-
quacy of these nuciear data relative to detailed evaluation of the denatured fuel cycle in
fast systems is open to some question. PRecent measurements of the capture cross section
of 2%2Th,” the prirary fertile material in the denatured fuel cycle, indicate significant
discrepancies between the measured and tabulated ENDF/B-IV cross sections for the energy
range of incerest. Additionally, the adequacy cf the nuclear data for the primary de-
ratured fissile species, %31, for the LKFBR spectral range has also been questiored.’
Due to these possidble nuclear data uncertainties and also to the lack of design optimiza-
tion of the reactors themselves, it is prudent to regard the results tabulated in
Tahle 4.5-1 as preliminary evaiuvations, subject ty revision as more data become available.

The compound system fissile doubling time given in Table 4.5-1 was calculated using
the simple approximation that

. 0.693 + (Inftial Core + Eq. Cycle Charge'
€.5.0.7T [RF x Eq. Cycle Dfscharge - £q. Cycle %ﬁarge) ’
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Table 4.5-1. Fuel Utilization Characteristics and Perf:

Core Specific
Reactor Materials (:,';' ;elﬁg
Axial Radial Core VYol. Fractions, Capacity Therma) Fissile
Cise Core  Blanket Olanket  Fuel/Ma/SS/Control Factor Efficiency Material)
Energy-Ce
1 pusingd iy 230y 42/38/20/0 8.75 0.3%
41/44/15/0 0.72 0.32
43/40/15/2 0.75 0.39 1.10
2 ou/iey Uy 2321y, 42/38/20/0 0.75 0.36
41/44/15/0 0.72 0.32
43/40/15/2 0.75 0.3% 1.1
3 Pu/20y 2327H 2321 42/38/20/0 0.75 0.36
41/44/15/0 0.72 2.2
4 Pu/Th 2331p 1327 42/38/20/0 6.75 0.36
41/44/15/0 0.72 0.32
43/740/15/2 0.75 0.39 0.94
Jispers:
H 233yy238y 134y 118y 41/44/15/6 0.72 0.32
6 233yy238y 234y B A £ 41/44/15/0 0.72 0.32
£3/40/15/2 0.75 0.39 1.25
7 233y,238y  2327n iR 42/38/20/C 0.75 0.36
41/44/15/0 0.72 0.32
43/40/15/2 0.75 0.39 1.2%
8 233yy238y  232Th 2321 43/40715/2 0.75 0.39 1.l
+232Tn(203)
9 2337238y  232Th 21 43/40/15/2 0.75 0.39 1.10
+232Th(40%)
&
10 233y/Th 2321h 2321h 42/38/20/0 0.75 0.36
4174471570 0.72 0.32
43/49/15/2 0,75 0.39 1.06

20imens § ons/Groups/Cycles.,
Reference fue) for LWFBR,
“Reference fuels are considered only as Vimiting cases,
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Table 8.5-1, Fuel Utilization Characteristics and Performance Parameters for LIFBRs Urder Various Oxide-Fuel Optioms

Apparent quilibri
ific Equilidtrive Cycle
Reactor Material Power, BOL A Fissile Inivial Net Fissile
> £ - ) (mith per k¢ Breeding  Dosbling  Fissile  Fissile  Productios
Radial Core Yol. Fractions, Capacity Therma Fissile Ratio, Time Insentory Charge (L,Iﬁ-,r) Burnag
t Blanket  Fuel/Ma/$5/Control Factor Efficiency Material) MOEC {yr) (kq/Gue) (ke/Glie] 3% pe {(mo/xg
Energy-Center-Constrained Fuels
138y 42/ 34/20/0 2.75 0.36 1.27 17.2 324 1647 0,+242 51
41/44/15;0 6.72 0.32 1.36 %96 3072 us3 | 0,+36)
43/40/1572 6.7 0.39 1.ic 1.27 1.7 216 04 0,187 -}
ir2th 42/38/20/0 0.75 .3 1.27 17.5 k775 ] 1523 *122,+110 sl
4174471570 0.72 0.32 1.3 5.4 3677 1540 *150,+197
4346,15/2 0.75 0.3% 1.1 1.27 131 2251 804 *154,430 4
EEN 1) £2/38/20/0 0.75 0.36 1.27 19.5 2482 1674 +298,-77 ]
4174471570 0.72 .32 1.2 10.8 93 1545 4299435
2321n 42738/20/0 6.75 0.36 V.26 46.2 [ TT 117 +798,-662 57
41/84/15/0 0.72 0.32 1.1% 27,5 3641 1806 +898,-723
4374071572 0.7 2.39 £.28 .14 3.1 2n2 320 +581,-493 %5
“-sgerc-ble Dengtured Fuels
AL 41/44/15/0 c.72 0.3z 1.20 15,1 2957 1483 -698,923
FEST 1S 41744/15/¢ .72 6.32 T.iy 17,5 2556 H -566,+778
£3/40,15/2 c.75 0.29 1.0 1.1 24,2 2638 795 -354,0453 92
- 227, 42/38/20/¢C 0.75 0.36 1..5 21.5 nis £330 -348,+430 (4]
417447570 0.72 0.32 1.186 19,2 2973 1498 -443,+638
4374071572 .75 0.3y 1.2 i.i2 26.4 2056 801 -254,+347 92
SR 437407357 8.i% G.39 Yaf 1.4% LEN 2208 (X1} -136,+203 95
Il2qp 437401572 6,75 U.39 1.1% 1,65 1ie.: 2322 A75 -41,+78 98
defererce Fue_l_f.f
2327h 42/38/23/0 .75 0.3 1.04 -- 3822 1673 *31,0 57
4174471570 ¢.72 0.3 1.06 154.0 3452 1726 +59,0
£3/49/15/2 0.75 3.39 1.6 1.62 -- rv 9N *15,0 9
es.
‘8R,

nsidered only 35 limiting cases,
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wwance Paraseters for LWFBRs Urder Yarious Oxide-Fuel Options

Apparent Equilibriue Cycle
Cozpound =
Fissile Initial Net Fi.sile
Greeding  Doubling Fissile Fissiie Production Calculation
Ratio, Time {nventory Charge (tglﬁue-¥r) Aurnup Parameters , . Bata
WOEC {yr) {kg/Guie) (kg/GMe) 233y, Py {(mi/ug W8}  Dim./Gr./Cy. Contributor
iter-Constrained Fueis
1.27 17.2 21 1647 G,*242 51 N AL
1.36 9.6 3022 1453 3,+363 2/812 HEDL
1.27 12.7 221G a0e o,*187 a8 2/9/12 (1.8
.27 17.5 443 1523 *122,+110 s1 N ? AnL
i.2% 1C.8 »n77 1540 +1£3,+187 2/4/2 HEDL
1.27 13.1 2z¢t 804 +15¢ 32 a2 2/9/12 oM
1.27 19.5 3485 1674 +298,-17 51 nY? AmL
¥.32 198 3c93 1545 +299 +35 2/4/2 HEDL
i.22 45.2 4016 1717 +798,-662 s7 F7AL V4 ANL
1.1% 27.3 3641 1806 +898,-721 2/8]2 HEDL
i.14 g1 2n2 920 +583,-£93 95 2/9/12 ORML
tle Qenatured Fuels
}.20 | {9 2937 1483 -698,923 2/4/2 HEDL
i.19 17.3 2558 1488 -566,7722 2/4,2 HEDL
.13 24,2 2038 795 -354,+453 32 2/9/12 ORNL
i.16 21.5 13 1330 -348,+450 51 2My? AL
g 18.2 7973 1495 -431 638 2/4/2 HEDL
12 26.8 2056 A0l -254,¢347 ['2d 279712 ORWL
1.9% 43.0 2208 234 -136,+203 95 2/92 ORNL
1.8 Tied 2322 875 -41,+78 98 27912 ORNL
Worsnce Fuels®
1.04 -- 822 1673 #31,5 57 ML
1.9€ 154.5 3452 V7% *59.0 2/48)2 HEDL
*.62 -- 2833 914 +15,0 99 /92 ofm
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where 3F is the reprocessing recovery factor (0.98). While swch an expression is mot
absolutely correct, it does provide 3 measwre (f the relative growta carability of each
reacto”. Since the data summarized in Table £.5-1 are based on three separate reference
LFR8s operating with 2 variety of design differences amd fuel sanigement schemes, the
2bove expression was used simply to provide relative values for each system. It should
2lso be moted that some -eactor configuratiems listed have dissimilar core and axial

bianket materials and thus would probavly require modifications to staadard reprocessing
procedures.

The data presented in Table 4.5-1, 21though preliminary, do serve to indicate cer-
tain cemeric characteristics reqarding the impact of the altermate LAFBR fuel optioms. By
considering those cases in which similar core mat rials but different blanket materials
ave uiilized 7t is clear that the choice of the dlanket saterial has ooly 2 rather smll
effect o= Lhe veactor physics pavameters. Or the other hand, the fmpict of chinges in the
core fissile and fertile mpterials is consideradle, particwlar)y on the breeding ratis.
Ctitizing 223U as the fissile material results in a sigmificant decrease in the orveding
ratio relative to the correspunding Pu-fueled case (ranging from ~ 0.10 to 0.15, depending
on the systex). This decrease is dve primarily to the lower value of v (neutrons produced
per fission) of 1% relativ> to 2%y and 1Py, Somewhat compensating for the differemce
in . is the fact that the capture-to-fission ratio of 2'% is sigmificantly less than that
of the twe plutonium isotopes. The differences in breeding ratios gives in Table 4.5-1
reflect the net result of these two effects, the decvedse in u clearly domingting. Use of
233y a5 the fissile materfal also results in 3 slight decrease in the fissile inventory
required for criticality. This is due to two effects, the lower captere-to-fission ratio
of 255 relative tn the plutonium itotopes, and the obvious decrease in the atomic weight
of 2}t relative to Pu (- 2.5%).

The replacement cf 28U by <2<Th 3s the core fertile material 21so has 2 significant
ingact (n the overall breeding ratio regardless of the fissile material utilized. As the
data n Table 4.5-1 indica’ , there is a substantial breeding ratio penalty associsted
with the use of - :°Th as a core mater:al in on LAFBR. This pendity is due tn the much
lower fast fission effect in 12Th relstive to that in 238 (roughly a factor of 4 iower).
The “ertile fast fission effect .5 reflected in the breeding ratfo fn two wiys. First,
dlthough the excess neutrons g:merdted by the fissior of 3 fertile nuclevs can be sud-
sequently captured by fertile material, their production is not 3t the expense of 3
fissile nucleus. Moreover, the fertile fission effect produces energy, thereby reducing
the fission rate required of the fissile material ip maintsin & given power level. Since
both these effects act to improve the breeding ratio, it s not surprising that use of
Th-bases fuels result in significant degradation in the breeding ratio. A further
censequence of the reduced fast fission effect of 7-Th is 3 merked incresse in fissile
inventory required for criticality, evident from (he values given in Tadle €,5-1 for the
required initigl loadings,
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The calculations fFor LMFBRs operating on denatured - ~“U fuel cover 2 range of enrich-
ments. Cases 5, 6, and 7 assume an 12 enrichment, Case § a8 Z0. enrichment, and Cas: @
a 40 enrichoent. All these reactors ire, of course. subject to the breeding ratio penalty

Ty as the fuel material. The less denatured cases
(8 and 9} also reflect the effect of thorium in the LMFBR core spectrum. (These higher

inhereat in replacing plutonium with

enrichment cases were calculated in an attempt to parameterize the effect of varying the
amount of denituring.) A& further point which muit Le audiressed regardirc the deratured
reactors is their self-sufficiency in terms of the fuel material - *'L. Since the denatured
LMFERs typically contain both - 2Th and ° ‘“U as pofertial fissile materials, both - * ¢ and
“i'Py are produced via neutron capture. Thus in evaluating the sels-sufficiency of ¢ fast
breeder reactor, the - ‘U component of the overall breeding ratio is of orimery importance
since the bred plutonium cannot be recycled back into the danatured system. As illustrated
scheratically by Fig. 4.5-1, the 223U component of the breeding ratio increases as the
allowaole denatured enrichment is increased (which allows the amoun:z uf thorium in the fue!
material to be increased). More importantly, the magnitude of the - ~ U component of the
breeding ratio is very sensitive to the allowable degree of denaturing at tre lower errich-
ments (i.e., between 12° and 20.). The overall breeding ratic decreases a: the allowatle
enrichment is raised, but a concomitant and significant decrease in the required U makeuyp
presents a strong incentive from a performance viewpoint to set the 2»nrichment as aigh as
is permitted by nonproliferation constraints. In fact, based on :re dita sumcrized in
Table 4.5-1, the lowest enrichoent limit feasible for the conventinnal LMFER ty e systams
anaiyzed lies in the 11-14" (inner-outer core) rarqe, Such 2 syot i wouls utilize ell U
fuel and would require significant amounts of - °U as makeun. (.t should be noted that

the U/Th system is not denatured. It is included in ° g, 4 5-1 because it represente

an upper bound on the ‘U enrichment.)

Since ¢ll denatured reactors require an initial weventary of - "L, ac wall a. vao ing
anunts of - U as makeun waterial, a s:cond class of reactors wyst be considered uh-r
evaluating tie denatured fuel cycle. The purpose of these systens woult be tn produce tne

“'U required by the denatured reactors. Possible LMFEP candidates for this role zre tne
Pu/- "Il reactor with thorium blankets (Cases 2 and 3), a Pu/Th reactor with tnoriur blankets
{Case 4),and a - ./Th breeder (Case 10).* In the reduced-groliferation risk scensrio, all
threr of these 4ystems, since they are not denatured, would be subject to rigorous safe-
quards and operated only in nuclear weapon states or in infernationally contrcllied cne. ,,
centers. Performance parameters for these three types of aystems are incluged in Tel e
4.5-1, and the isotapic fissile production {or destruction) ohtained tyom the HRNL caicu-
lations i< schematically depicted by Fig. 4.,5-2, C(learly, each sysitem has 1ts own unique
propertics, From the <tandpoint nf - ' ‘U production capability, the hybrid Pu/Th .ysten i4

*5ee discussion on "trensmuters” on p.4-10,
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clearly suiperior, However, it dnes requive ¢ large ruanlity of ficsile plutoniz: as makeup
since 1% eccentially “transtutes” rlutonius ints -~ U, The Pu/- U system with the thorium
racdigl Lianket qenerates sianificantly less ‘I but also me kedly reduces the required
slotoniye fead, In fact, for tha case Tllustrated, tnis system actually produce+ a slight
=vcess of olutoniur, The - 1/7n bracder, charaiterized by a very <mall excess - U pro-
wannion, does not provide a ~eant for utilizing the plutonium bred in the denatured -ystems,
w2 2rut it does not appear o have a place in the symbiotic systems gtilizing energy-center
rzacncrs paired with disperaed reactor,,  [The coupling of each type of fissile production

rrznoc with g particular denatured Ay ten i considered in Section 7.2.)

~3 4 final pnint, prelirinary ritirates nave been r:ade of the safety characteristics
2f e nf ere alternate tuel cycle TMFGRY relative to thowe of the Pu/ U reference
~.onte, ritial calculations have indicated that the redactivity chanqe due to sodium voiding
o eigeled ayntec i sigaificantly wealler than that of the corresponding Pu-fueled
r. Tr, ., the denature. reactoras, <ince tney are fueled with - ‘U, would hn&n hetter
C.ognttien ergracterinticn relative o the coference Systen, However, for oxide fuels

’

ser s es ot e dndicate that the Donnler confficient for Th) -hased fuel, in com-
cet Tt v gt 6 e cnere ending Uoetaed fuels, ‘
|
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Fig. :5 -2. Eruilitriu- Cycle lNet Fissile Production for Possible
Oxide-Fueled 723U Production Re.ctors. (ORNL Cases 15, 2, and 4 from Table 4.5-1;
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4.6. ALTERNATE FAST REACTORS

4.6.1. Advanced Oxide-Fueled LMFBRs

T. J. Burns
Oak Ridge National Laboratory

One method of improving the breeding performance of the LWFBRs discussed in the
previous section is to increase the core fertile loadings. Typically, this goal is
accomplished bty one of two means: redesign of the pins to accommodate larger pellet
diameters or the use of a heterogeneous design (i.e., intermixed core and blanket
assembles}. To maintain consistency with the "clcssical™ designs considered in the
previous section, using the same fuel elements for both concepts, the lattev option was
pursued to assess the impact of possible redesign nptions. Table 4.6-1 summarizes some
prelininary results from calculations for a heterogeneous reactor core model consisting
of alternating concentric fissile and fertile annuli (nrimed cases) and compares them
with results from calculations for corresponding homodéneous cores (unprimed cases).

As the dats in Table £,5-1 indicate, the heterogeneous conficuration results in a
significant increase in the overall breeding ratio relative to the corresponding homo-
geneous calculation. The heterogeneous reactors also require a much greater fissile
loading for criticality due to the increase in the core fertile loading. However, the
increase in the breeding gain more than compensates for the increased fissile requive-
ments, resulting in an overall improvement in the fissile doubling time. On the other hand,
because of *he hignh fissile loading requirements, it appears that a n:terogeneous model for
the denatured cases with 12 enrichment (cases 6 or 7 of the previous section) is unfeasible;
thererore, an enrichment of - 20 was considered as the minimum for the denatured heterogene-

ous confiquration,

w“nile the denatured heteroneneous configurations result in an increase in the
overall breeding ratio, it is cianificant that tke “22U component cf the breedina ratio
2iso improves. Fiqure £.6-1 depicts the breedine ratio components for both the homo-
aeneous and heteraqenecus denatured confiqurations. (Aozin, the 233U /Th LYFBR §s included
as tre uypper limit.) As Fig. 4.6-1 indicates, the heteroneneous conficuratfons are
clearly superior from the standpoint of 7l self-sufficiencv (i.e., renuirine less
makeup requirements). !Mcreover, if enrichments in the range af 30" - 40% are allowed,
it aprears possible for a denatured reterogenecus reactor to nrcduce enouah 7} to
satisfy its cwn epuflibrium cycle fuel recuirements, Procuction reactors would therefore
be reguired only to supply the initial inventory olus the additional makeun consured
pefore the equili?rium cycle is reached,
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Table 4.6-1, Comperison of fuel Utilization Characteristics and Performance Parameters
for Homogeneous and Heterogenecus LMFBRs Under Various Oxide-Fuel Options

e v Tt s v . e v v ¥ e v A V——————— - >, . V. e - Y ¥ T e e ® T Gmrig P G Oy W N W A A 4TS T e WIS eyt S S—- = ® - o

Equilibrium Cycle

_Reactor Material. . Fissile Initial Treereme—

T T R Breeding Doubling Fissile Fissile Fisstle Discharge

, , Axial Internal Radial Ratio, Time (yr) laventory Charge ‘qwjgglgyg;xgj-_

Case Driver Blanket 8lanket Blanket MOEC (RF=O 98) (kg/GwWe} (kg/GWa-~yr) MR puT

Energy-Center-Constrained Fuels

1 Pu/U 1] - u 1.27 12,7 2270 804 - 941

1 PusU v V] U 1.50 10.2 3450 173 - 1917

BOY4l) u - Th 1.27 13.1 229N 804 154 834

2t 2u/u v Th Th 1,44 12.9 3725 1250 536 013

E] Pu/Th Th - Th 1.14 3.1 2Nz 920 583 427
a: Pu/Th Th Th Th 1.35 18,2 4159 5168 Coo 808 o
Dispersible Denatured Fuels ' &

3t - U (U TR, Th - Th 1,09 43.0 2208 834 698 203

3! SRRTH 1 U Th Th 1,29 18,0 3338 1624 1544 306

9 U (U Th) Th - Th 1.05 112.3 2322 875 835 8

g Y v ™ Th 1.29 20.8 4062 1354 1457 108

Reference Fuels”
tu </ TR Th - {5 1.02 - 2419 L2 926
10 U/Th Th Th Th 1,20 30.1 ns 1309 1454 0
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‘Capacity factor is 73 ; unprimed cases are for homogeneous cores, primed cases for heterogenecus cores;
.see Table 4.5-1 for case description,
20 - g,
AD Ty,
“Included for illustrative purposes only; oxceeds design constraiats.’
“Reference fuels are (onsidered only as limiting cases,
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[Fig. 4.6-1. Breeding Ratio Components for LMFBRs Operating on 2. (Cases 8,8 for

20 -2y, and Cases 9,9' for 40 ““3U/U; Cases 10,10° for - “U/Th with no - **lU; see Tables
4.5-1 and 4.6-1.)

The hetercaenecus desians alsc car be emnlgved for tie energv-center nroduction
reactors recuire2 by the denatured fuel cycles. fs indicated in Table 4. £-1, the three
possible production reactors all show significant increases in the quantity of - 33U
produced. Tne net production rates are illustrated schematically by Fig. 4.6-2. More
importantly, however, use of a heterogeneous core dasign will allow th: isotopics of the
fissile material bred in the internal blankets to be adjusted for changing demand
requirements without modifying the driver assemblies. For example the internal blankets
of tne Pu/7h LUFBR could be either ThO, or ~ *"U0-, depending on * > demand requirements
for < 30 and Pu.
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4.6.2. Carbide- and Metal-Fueled LMFBRS

D. L. Selby
b. M_ Haas H. E. Knee
0ak Ridge National Laborctory

Another method that is being considered for improving the breeding ratios of LMFBRs
.and is currently under deveijpment! is one that uses cartide- or metal-based fuels. The
major advantages of the metal- and carbide-based fuels are that they will require lower
* initial fissile inventories than comparable oxide-based fuels and will result ir shorter
doubling times. This is especially true for metal-based fuels, for which doubling times
as low as 6 years have been calculated.? Since for fast reactors the denatured fuel cycle
would have an inherently lower breeding gain than the reference plutonium~uyranium cycie,
these advantages would be especially important; however, as discussed below, before either
carbide- or metal-bas.d fuels can be fully evaluvated, many ad.itional studies are neeced.

et bvane) - ) oy [

P

Carbide-Based Fuels

-~

Carbide-based fuels have been cdnsidered for use as advanced fuels in conventional Pu/U
LMFBRs. Burnup levels as high as 120,000 M&D/T appear feasible, and the fission gas release
is less than that for mixed oxide fuels.® Carbide fuels also have a higher thermal conduc-
tivity, which allows higher linear power rates with a lower center-line temperature. in
general, the breeding ratio for carbide fuels is higher than the breeding ratio for oxide
fuels but lower than that for metal fuels.

Both helium and sodium bonds are being considered for carbide pins. At present 247
carbide pins with both types of bonds are being irradiated in £BR-I!. Other differences in
the pin< include fuel density, cladding type, cladding thickness, type of shroud for the
sodium-b. ided pin, and various power and temperature conditions. The lead pins have already
achieved a burnup level of 10 at. ., and interim examinations have revealed no major problems.
Thus there appears to be no reason why the goal of 12 at.. burnup cannot be achieved.

”

In terms of safety, irradiated carbide fuel releases greater quantities of fission gas
upon melting than does oxide fuel. Dercnding upon the accident scenario, this could be
either an advantage or a disadvantage. Another problem associated with carbide fuels may
be the potential for iarge-scale thermal interaction between the fuel and the coclant [see

- discussfon of potential FCIs (Fuel-Coolant Interactions) below].

Metal-Based Fuels

Reactors with metal-based fuels have been operating in this country since 1951
(Fermi-I, EBR-I, ana EBR-II). Relative to oxide- and carbide-fueled systems, the metal-
fueled systems are characterized by higher breeding ratios, lower doubling times, higher
heat conductivity, and Tower fissile mass. These advantages ara somewnat offset, however,
by several disadvantages, including fuel swelling problems that necessitate operation at
Tower fuel temperatures. \
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Most ¢f the information available on metal fuels is for uranium-fissium {U-Fs) fuel.
(Fissium consists of extracted fisson products, principally zircmium, niobium, malsb-
denum, technetium, ruthenium, rhodium, and palladium.} Some information is available
for the Pu/U-Ir and U/Th alloy fuels but none exists on Pu/Th metal fisels. (The U/Th
fuels do not require the addition of another metal for stability.] I[n terms of irredizticr
experience, approximately 700 U-Fs driver fuel elements have achieved burnups of 10 at.
without failure. Less irradiation information is available for the Pu/U-Ir alloy, with
only 16 Pu/U-Zr encapculated elements having been irradiated to 4.6 at .> burnup.“ Fast
reactor experience with U/Th fuels is also quite limited; however, a receit study at
Argonne National laboratory has shown that the irradiation performance of U/Th fuels should
be at least as good as that of U-Fs fuels.>

With resgpect te safety, one concern with metal fuels is the possibility of thermal
interactions between the fuel and the cladding. For most metal alloys, the fyel will sweill
to contact the cladding between 3 and 5 at.: burnup. This effect has been cbserved in
irradiation experiments; however, for burnups up to 10 at.", , no more than &~ of the
cladding has been affecrea- Thus whether or not fuel-cladding interactions will be a
limniting factor for fuel burnup remzins to be determined.

For transient overpower (TOP) analysis, the behavior of U/Th elements has beer shcwr
tn be superior to the behavior of the present EoR-[I fuel (uranfum with 5° fissium), the U/Th
elerents having e 1360°C failure threcheld versus 1000°C for the EBR-II elements. Thus
U/Th metal pins would have a higher reliability during transients than the fuel pins already in
use in fast reactors. On tke cther hard, fuel-coclant interaction (FCI} accidents ray pre-
sent a major problem, more so than for carbide fuels (see below).

Potential for Large-Scale FCIs

The potential for 2 large-scale FC! that would be capable of producing mechanical
werk sufficient to breach the reactor vessel and thereby release radfoactivity from the
primary cortainment his been an important safety concern for LMFBRs for a number of years.
The assumed scenario for a large-scale FCI is that a large mass of molten fuel (a major
portion of the core) present as the result of an hypothetical core disruptive accident
(HCDA) contacts and "intimately mixes with” about the same mass of liquid sodjum, The
extremely rapid heat transfer from the molten fuel (with temperatures perhaps 3C0C to
4000°K) to the much cooler sodium (MIOOOOK) produces rapid vaporization of the sodiu-,
[f the mixing and thermal conditions are ideal, the pctentia! ~xists for the vapcriza-
tion to be extrerely rapid, i.e., for a vapor "explosion” to occir with the sodiur vaser
active as the working fluid to produce mechanical work,

A qreat deel of laboratary cxperimentation, modeling effort, and sone “ipepit.e-
testing has been carried out in this country and elsewhere to define Lhe mechanis=— for
and the necessdarv-and-sufficient conditions for an enerqetic FCI or vapor explosien *or



given materials, particularly for oxide LMFSR fuel and sodium. Although there is no con-
clusive theoretical and/or experimental evidence, the must widely accepted theory is that
for an energetic vapor explosion to occur, there must be intimate liquid-liquid contact
of the fragmented molten fuel particles and the contact temperature at the fuel-sodium
surface must exceed the temperature reauired for homogeneous nucleation of the sodium.

A considerable amount of evidance exists to suggest that for oxide fuel in the reactor
environment, the potential for a large-scale vapor expibsion is extremely remote. The
key factor is the relatively low thermal conductivity of the oxide fuel, which does not
permit rapid enough heat transfer from the ‘uel to cause the fuel-sodium contact tempera-
ture to exceed the sodium homogeneous nucleation temperature.

The primary difference between carbide and/or metal fuels as opposed to oxide fuels
is their relatively higher thermal conductivity. Under typical assumed accident conditions,
it is possible to calculate coolahr temperatures which erxceed the sodivm homogeneous nuclea-
tion temperature. This does not mean, however, that a large-scale FCl will necessarily
occur for carbide-sodium or metal-sodivm systems. As noted above, these theories as mecha-
nisms for vapor explosion have not been completely substantiated. However, insofar as
the noiiogeneous nucleation ériterion is adequate, it is clear that the potential for large-
scale‘vapOr explosion, at least in clean laboratory systems, is greater for carbide or
metal in sodiun than for oxide in sodium. Continued theoretical and experimental study is
necessary to 3ain a thorough understanding of the details of the mechanisms invalved and to

estimate the likelihood for vapor exolosion under reactor accident conditions for anv
breeder system.

Breedi 4 Performance of Alternate Fuel Schemes

Table 4.6-2 shows that in terns of fissile production, tne reference Pu/U core
with U blankets gives the best breeding performance reqgardless of fuel type (oxide, car-
bide, or metal}. For the carbide systems considered, a heterogeneous core design using
Pu/U carbide fuel with a U carbide blanket gives a breeding ratio of 1.550. For the metal
systems considered, a nominal two-2one homogeneous core design using U-Pu-Zr alloy fuel
gives a breeding ratio of 1.614.

The increased fissile production capability of the carbide and metal fuels is
especially advantageous for the denatured cycles, A breeding ratio as high as 1.4 has
been calculated for a metal denatured sy<*em, and the breeding ratio for a carbide de-
natured system is not expected to be subscantially smaller, However, a good part of the
fissile production of any denatured system is plutonium, Thus the denatured system is
not a qnod producer of 31, However, when used with the enerqgy park concept, where the
plutonium produced by the denatured systems can be used as a fuei, the denatured carbide
and metal uranium systems are viahle concepts. !letal and carbide concepts may also prove
to be valuahle as transmuter systems for producing - '*U from - */Th,

4 ! . P
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Table 4.6-Z. Beginning-of-Life Breeding Ratios vor
¥arious LMFBR Fuel Concepts

Breeding Ratio
Oxide  Carbide  HMetal
Fuel” Blanket Fuels Fuels Fuels
Pu/23% (reference) 238y 1.887 1.550°  1.629°
2232364 py-Tr 3y 1.614
22238y py-2r Th : 1.537
233y/23%4/Py/Th 235y 1.532
2335/228y/pPy/Th Th 1.406
Pu/Th Th 1.30° 1.353°  1.381°
22%5/Th Th 1.04 1,048 1.105°
225y/Th Th 0.786 0.817 0.906°
23y/228Y-7r fdenatured) Th I )

2A11 Pu is LWR discharge Pu.

bRadial heterogeneous design.
“From ref. 2.

0f the thorium metal systems considered, the U/Pu/Th ternary metal system was found to
to pe the best 23 producer. Irradiation experiments have shown that the U/Pu/Th ailoy can
be irradiated at temperatures up to 700°C with burnups of up to 5.6 at....*> Beginning-of-
cycle breeding ratios around 1.4 have been calculated for this system, and it appears that
optimization of core and blanket geometry may increase the breeding ratio to as high as 1.5,
It is alco clear that the equilibrium cycle breeding ratic may be as much as 10.. higher due
to the fiux increase in the blankets from the “3'U production. This system not only is a puré
223y producer (no plutonium is produced), but also acts as a plutonium sink by burning plu-
tonium produced in light-water reactors.

Summary_and Conclusions

Both carbide- and metal-based fuels have larger breeding gains and potentially lower
doubling times than the oxide-based fuels, When the proliferation issue is considz2red in the
design aspect (especially for 733U/Th concepts with their inherently lower breeding gains),
these advantages are enhanced even more. In light of the emphasis on proliferation-
resistant nuclear design, the carbide- and metal-fueled reactors have the potential to
contribute extensively to the energy requirements of this country in the future. However,
the first step is to establish carbide and metal fuel data bases similar to the present
data base for oxide fuels, particularly for .afety analyses, Present development plans for
carbide and metal fuels call for a 1ead concept selection for the carbide fuels by '~1981,
with the metal fuel selection coming in ~1984, |
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4.6.3 Gas-Cooled Fast Breeder Reactors

. T. J. Burms
Qak Ridge National Laboratory

In addition to the sodium-cooled fast reactors discussed above, the impact of the vario.s
altermate fissile/fertile fuel combinations on the Gas-Cooled Fast Breeder Reactor (GCFR) has

also been addressed (al<hough not to the degree that it has for the LWFBR). A 1200-Mie Puy/U

GCFR design with four enrichment zones was selected as the reference case.?’-% The various

' 3lternative fissile/fertile fuel combinations were then substituted for the reierence fuel.

" No design modifications or optimizations based on the alternate fuel properties were per-
formed. It should also be emphasized that the results of this scoping evaluation for
alternate-fueled GCFRs are not comparable to the results given in Section 4.5 for LMFBRs
due to markedly different design assumptions for the reference cases.

The results of the preliminary calculations for the alternate-fueled GCFRs, sum-
marized in Table 4.6.3, reflect trends similar to those shown by LMFBRs; i.e., relative
to the reference case, a significant breeding ratio penalty occurs when 233y is used as
the fissile material and 232Th as the core fertile material. Iioreover, the magnitude
of the penalty (aBR) is iarger for the GCFR than for the LMFBR. Owing to the helium
coolant, the characteristic spectrum of the GCFR is significantly harder than that of
a comparably sized LMIBR. In light of the relative nuclear properties of the various
fissile and fertile species discussed in Section 4.5, this increased penalty due to the
harder spectrum is not surprising, The number of neutrons produced per fission (v) >f
the fissile Pu isotepes in the GCFR is significantly higher than the number produced in
the softer spectrum of an LMFBR. The value of v for 23U, on the other hand, is rela-
tively insensitive to spectral changes. Hence, the larger penalty associated with
233y_pased fuels in the GCFR is due to the better performance of the Pu reference system
rather than to any marked changes fn 233U performance. A similar argument can be made
for the replacement of core fertile material. Owing to tha harder spectrum, the fertilev
fast-fission effect is more pronounced in the GCFR than in an LMFBR, Thus, the reduction
in the fertile fission cross section resulting from replacement of 238U by 232Th results
in a larger decrease in the breeding ratio. It should also be noted that as in the LMFBR
case, 233y-fueled GCFRs require smaller fissile inventories than do the corresponding
Pu-fueled cases.

The better breeding performance of Pu in the harder spectrum of the GCFR, on the
other hand, indicates that the GCFR would be a viable candidate for the role of energy
center "transmuter,” either as a Pu/Th system or as 31 Pu/U + ThO, radial hlanket system,
It must be emphasized, however, that these cunclusions are tentative as they are based
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on only the prelirinary data presented in Table £.6-3. The possibility of employing
heterogeneous designs and/or carbide- or metal-based fuels has not been addressed. It
should also be noted that evzlvation of which type of reactor is best suitzd for a given
role in the denatured fuel cycle nust also reflect nonneutronic considerations such as
capital cost, possible introduction dite, etc.

l Table £.6-3. Fuel Utilization Characteristics and Perfermance Pavameters for GUFRs
Under Yariews Fuel Optioas”

{27 lesses asswsmd in seprocessing)

7° PAAY
&-.-&

2 . nitial Fissile Equilidrium Cycle
_ Reactor Ratevials Fissile Greeding  Doubling TF 3ile 'Tiss'ﬁeﬁfi——"' Scharge
: Axial Radial Inventary Frtio, Time {yr] 7 savge {hg/Cle-yr}
i Core Blanket  Blanket {kg/Ge) MOEC (wF=0.5€} JaglGale-yr} ERE (3
i; l Energy-Cent:. —“unstra’red fuels
E : Py ¥ v 2641 1.301 0.3 %5 - %3
Pu/t v ™ %93 1.276 15.¢ o7 224 L]
§ ‘i Pu/Th n ™ nre 1.150 2.3 ns8 26 619
TS Bf spersidle Denatured Fuels
) g g n %38 1.087 50.5 190! € &50
. S ™ ™ 2587 1.073 6.2 1919 822 2%
4. SRRy e Tat Th ™ 2120 1.060 8.4 1331 (74 202
BT U (' ™ ™ 7956 1004 1n3n 105& €l
X . 's_’s.'s:'.csjs.'z"
l [i7a4 Th h ice 0.970 1392 1162
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-Reterence fuelz are considered only a3 limizing cases.
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5.C. IXTROGUCTIQN

T. J. Burns
Oz« Ridge Rational Laboratory

Currently, 2 major portion of the nuciear generating capacity in the U.S. consists
of L¥Rs operating on the LEU once-through cycle. [=plesentation of the denatured 73U fuel
cycle will require thet the nuclear fuel cycie be closed; thus research and development
efforts directed at nuclear fuel cycle activities, that is, repro.cssing, fabrication of
fuei assesblies contzining recycle material, etc., will be necessary, as well as research
and development of specific reactor systems designed to ut¥,ize these glternate fuels. T¢
dzte, most fuel cycle RAD has been directed at closing the Pu/U fuel cycle under the
essurgtion that plutonium would eventuall. be recycled in the existing LWRs. With the
exception of the HTGR !for which a 330-Mide prototype reactor is undergoi: ; testing at “ort
3t. Vr2in), end the Light ¥ater Breeder Reactor {LWBR) at Snippingport, Pe., U.S. reactors
have not been desicned 1o operate on thorium-based fuels, and thus the RAD for therium-
based fuel cyclcs has not received as much attention as the F&D for the Pu/U cycle. As a
vesult, any strategy for irplementation of the denatured fuel cycle an a timely basis must
be concerned with ‘uel cycle researzh and development. [t must also be concerned with
reactor-specific research and development since the implementation of the denatured -y
cycle in any reactor »nill necessitate design chenges in the reactor.

The following two sections of this chapter contain estimates of the research and
developrent costs and possible schedules for the reactor-relatea research and development
end the fuel-cycle-related research and development reguired ‘or implementation of the
denatured fuel cycle in the varicus types of reactors that have been considered in earlier
chacters of this report. It should be noted that these two sSections are intrinsically
connected: the implementation of 2 rejctor operating on recycle fuel necessitates the
arior wnplementation of the reprocessing and fabrication facilities attendant to that fuel,
and conversely, the decision to construct a reprccessing facility for a specific recycle

fual type ic dictated by the existence {or projected existence) of 2 reactor discharging
the fuel.
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5.1. REACTOR RESEARCH AND DEVELOPMENT REQUIREMERT

. N. L. Shapiro
Combustion Engineering Power Systems

The discussions in the preceding chapters, and alse the discussion that follows in
Chapter 6, all assume that LWRs and advanced converters hased on the HTGR, "MR, and SSCR con-

.. cepts will be available for commercial operation on der ztured uraniuvm-thorium (DUTH) fuels

‘on a relatively near-term time scale. If this comserc *lization schedule is to be achieved,

I

- substantial reactor-related research an& development will o reazived. The purpose of this
" section is to delireate to the degree possible at this preliminary stage of development the

magni tude and scope of the react»r R,D8D requi rements necessary for implementation of the

: ‘, reactors on DUTH fuels and, further, to determine whether there are significant R,D8D cost

dlfferences between the reactor systems. The rqureuents listed are those believed to be
necessary to resolve the technical issues that (.urrently preclude the deployment of the

- various reactor concepts on DUTH fuels, and no attempt is made to prejudge or to indicate

- @ preferred system.

It is tc be emphasized that the proper development of reactor R,D&D costs and schedules
would require a comprehensive identification of design and licensing problems, the development
of detailed programs to address these problems, and the subsequent development of costs and

" schedulas based upon these programs. Unfortunately, tne assessment of alternate converter

concepts has not as yet progressed to the point that problem areas can be fully identified,
and so detailed development of R,D4D pregrams is generally lmpractlcal at this stage. Con-
sequently, we have had to rely on somewhat subjective evalu.».tlons of the technological status
of each concept, and upon rather approximate and somewhat intuitive estimates of the costs
required to resolve the still undefined problem areas. A more detailed development of the
requirements for many of the candidate systems will be performed as part of the characteriza-
tion and assessment programs currently under w2y in the Nonproliferation Alternative Systems
Assessment Program (MASAP).

In general, reactor R,D&D requirements can be divided into two major categories:
(1) the R,D&D pertaining to the development of the reactor concept on its reference fuel
cycle; and (2) the R,DL0\ necessary for the deployment of the reactor operating on an altern-
ate fuel cycle such as a DUTH fuel cycle. In the discussion presented here it i; assumed
that, with the exception of tne HTGR (whose reference fuel cycle already includes thorium),
the reference cycles of the advanced converters would initially be the uranium cycle (i.e.,
235y/238y) and that no reactor would employ DUTH fuel until after its satisfactory per-
formance had been assured in 2 large-plant éemonstration. Although it is possible to
consider the development of advanced converters using DUTH fuel a< their reference fuel
cycle, such simultaneous development could be a potential impediment to commercialization
since surveys of the utility and manufacturing sectors’ indicate a near universal reluctance to
erbark on either a new reactor technoloqy oé a new fuel cycle technology, largely because



of the uncertainties with respect to reactor or fuel cycle performance, economics, licens-

ability, and the stability of government policies. Thus attesmpts to introduce a2 new re-

actor technology conditional upon the successiul development of an untried fuel cyrle tech-

- nology would only compound these concerns and complicate the already difficuli problem of

j. commercialization. The development of advanced converter concepts intended initially for

_ ura;,ium fueling would allow research and development; design, and the eventual demonstra-

~ " tion of the concept to proceed Siruilaccously with the separate development of the DUTH

I: s cycle. '

R , : The R,DSD related to the reactor concept itself typically can be divided i1 12 thre2 -

1 B componarts:

S (1) Proof of principle (operating test reactor of small size).

(2) Design, construction, and operation of prototype plant (intermediate size).

(3) Design, construction; and operation of commercial-size demor: ‘ration plant {about
1000 Mie). : ’

Each stage typically involves some degree of basic research, component desiaon and testing,

i and licensing development. In certain instances, various stages of the Jevelopment can be

) bypzssed. This is particularly true of technologies representing only a modest departure
from the present reactor technology, in which case prototype reactor construction mey be
bypassed completely and demonstrations performed on commercial-size units. If a decision is
made to do this, the Lime required to introduce commercial-size units can be shortened, but
financial risks are increased because of the larger capital commitment required for full-
scale units. On the other hand, total RiD costs are somewhat reduced, since some fraction

of the RLD required for prototype design usually proves not to be applicable to la~ae-plant
design.

I* is also possible in certain instances to perform component R4C and design for rne
prototypes in such a fashion that identical components can be used directly in the demon-
stration units. Thus, by employing cowponents of the same design and size in both svstems
the R&D necessary to scale up components could be avoided.

Each of the three advanced converter reactors discussed in this section has already
proceeded through the proof-of-principle stage. Of these, the HTGR is the most highly develop-
ed within the United Stites, with a 330-Mde prototype currently operating {the Fort St. Vrain
plant). FHWRs have received much less development within the United States, but reacto:s of
this type have been commercialized in the Canadian CANDU reactor. MHnwever, due to differences
“n wesign between the CANDU and the HWR postulated for U.S. siting \ror example, the ex-
pected use of slichtly enriched fuel in a U.S. HWR) and also to differences in licensing
criter’), it would still be desira’le to construct a U.S. prototype plant before proceeding
to the commercial-size demonstratiun plant phase. The SSCR represents only a modest
departure from the design of PWRs alrcady operating, but even so0, the construction and

ép ation of a prototype piant would also be the logical next stage in the evolution of this
concept.

o
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As has been pointed out above, relatively rapid introduction schedules for the
various reactors have been postulated in the nuclear power scenarios described in Chapter
6. This is because one of the objectives of this report is to establish the degree to
which advanced converters and the denatured uranium-thorium {DUTH} cycle can contribute to
improved uranium resource utilization so as to defer the need for plutonium-fueled breeder
reactors and to eliminate from further consideration those concepts which cannot contribute
significantly to this goal even if rapidly introduced. The SSCR is assumes to be intro-

.diced in 1991 and HWRs and HTGRs in 1395. In view of the time requirements for olant

construction and Vicensing, it is clear that the prototype plant stage will have to be
bypassed if these introduction dates are tu be achieved. Consequently, for the discussion
below it has been assumed that the program for each reactor will be directed toward the )
constrﬁction of the demonstration plant. This reactor/fuel cycle demonstration is in

turn divided into two parts: one consisting of the generic reactor RD required to
provide the basic information necessary for the design and licensing of = cimmircial-size

- demonstration facility; and another consisting of the final design, construction, and

operation of the facility. For this demonstration program, continued governmeut funding
has been assumed because of the substantial R3D and first-of-a-kind enginesring costs that
will be incurred and because of the increased risks as;ociaied with bypassing the prototype
stage. ) )

In considering fuel-cycle-related reactor R,D8D, it is assumed that the demonstration
of the reactor concept on its reference cycle has been accomplished and only that R,D&D re-
quired to shift to-an alternate cycle (specifically a CJTH cycle) need be addréssed.* The
basic types of fuel-cycle-related reactor R,D&D are:

(1) Data-base development.
(2} Reactor components development.

(3) Reactor/fuel cycle demonstration.

The purpose of the data base development R&D is to provide physics verification and
fuel performance information necessary for %i. design and licensing of reactors operating on
the subject fuel cycle; the intent here is to provide information similar to that which has
been developed for the use of mixed-oxide fuels in LWRs., Physics verification experiments
have typically consisted of critical experiments to provide a basis to demonstrate the ability
of analytical models to predict such important safety-related parameteis as reactivity level,
coerficients of reactivity, and poison wortns. Saf_ty-related fuel performance R&D might
consist of such aspects as fuel rod jrradiations to estavlish in-reactor performance and
discharge isotopics; special reactor experiments to establich such parameters as in-reactor
swelling, densification, center-line temperature and fission gas release; and tests of the

*Hote tha* the k.D&D requirement:z inciuded are those related to the design, licensing and
operation of ¢/ pourtor anli, The requirements for developing the fuel cycle itself are
considered separately (see Section 5.2). The prime example of such fuel-cycle-related
reactor R,D4D fs that already performed for plutonfum recycle., Here, fairly extensive
R,U&D was performed both by the government and by the private sector to develop reactor
desiqgn changes and/or reactor-related constraints, licensing information, and in-reactor
demenstrations to support the eventual utilization of mixed-oxide fuels,
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parformance of the fuel during anticipated operationa) transients. Since such safety-related
fuel performance information would b developed as part of the fuel recycle program dis-
cussed in Section 5.2, the R3D costs for this aspect are mentioned hee only for completeness.

Reactor components development has been included since, in principle, the use of
alternate fuels might change the bases frr reactor design sufficiently that additional com-
ponents development could be required. The extent of the reactor design modifications re-
quired to accommodate 2 change from a reactor's reference fuel to denatured fuel would, of
course, vary with the reactor type. ’

The third aspert'of fuel-cycle-related RaD is the reactor/fuel cycle demonstration.
This demonstration includes the core physics design and safety analysis, which identifies
any changes in design basis events or4in reactor design necessitated by the denatured
uraniur-thorium fuel cycles, the preparation of an analysis report (SAR), and the subse-
quunt in-reactor demonstration of substantial quantities of denatured fuels.

tn s.mary, a number of assumptions have been made to arrive at a point of refer-
ence for evaluating the research and development required for reactors to be commercialized
on a/DUTH fuel cycle within the postulated scheduie. In particular, it has been assumed
that the prototype plant stage either has been completed or can be bypassed for HIGRs,
HWRs, and SSCRs, and thus the remaining R,08D related to the reactor concept itself is
that required to operate a commercial-size demonstration plant The demonstration plants
are based on each reactor's reference fuel rather than on a DUTH fuel; to converti the
reactors to a DUTH fuel will reguire additional R,D&D that will be fuel-cycle-related
Fer the LWRs, which have long passed the demonstration stage on their reference fuel, all
the reactor P,CED required to cperate the reactcrs on a DUTH fuel is fuel-cycle-related.

The demonstration program in this case would be the demonstration of DUTH fuel in a
current-generation LWR. (Note: This discussion does not consider reactor R,D80 to
substantially improve the resource utilization ot LWRs, which, as is pointed out in
Section 4.1 and Chapters 6 and 7, is currently being studied as one approach for increas-
ing the power production from a fixed resource base.)

This evaluation has alco required that assumptions be made regarding the degree of
financial support that could be expected from the government. These assumptions, and the
criteria un which they are based, are presented {n the discussions below on each reactor
type. While the assumptions regarding government participation are umavoidably arbitrary
and may be subject to debate, it is to be pofnted out that basically the same assumptions
have been made for all reactor types., Thus the reader way scale the costs presented to
correspond to other sets of assunptions.

Finally, it 1s to be noted that while the nuclear power systems fncluded in this
study of the denatured - °U fuel cycle include fast breeder reactors, no estimates are
includec¢ in this section for FBRs. Estimated research and development cost schedules for
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the LMFBR on its reference cycle are currently being revised, and a Study of the denatured
fast breeder fuel cycle, which includes fast transmuters and denatured breeders, is included
as part of the INFCE program (International Nuclear Fuel Cycle Evaluation). The results
from the INFCE study should be available in the near future.

5.1.1. Light-Hater Reactors

Pyeliminary evaluations of design and safety-rela‘*ed considerations for LWRs operat-
ing on the conventional thorium cycle indicate thorium-based fuels can be employed in LuWRs
with little or no modification. Consequently, the R&D costs given here have been estimated
under the assumption that denatured fuel will be employed in LWRs of essentially present
design. This assumption is not meant to exclude minor changes to reactor design {for
exarple, changes in the number of control drives, shim loadings, or fuel management, etc.)
but rather reflects our current belief that design changes necessitated by DUTH ivels will
be sufficiently straightforward so as to be accommodated within the engineering_désign
typically performed for new plants.

As has been described in the discussion above, the first phase of such fuel-cycle-
velated research consists of the development of a data base from which safety-related
parameicrs and fuel performance can be predicted in subsequent core physics design and
safety analysis programs. First, existing thorium materials and fuel performance infor-
mation should be thoroughly reviewed, and a preliminary evaluation of safety and licensing
issues should be made in order to identify missing information and guide the subsequent
development program. Although this initial phase is required to fully define the required
data base R&D, it is possible to anticipate in advance the need to establish information
in the areas of physics verification and safety-related fuel performance.

As shown in Table 5.1-1, the physics verification program under data base develop-
ment is estimated to cost ~510 million. This program should be designed both to provide
the information required *o predict important safety-related physics parameters and to
demonstrate the accuracy of such predictions as part of the safety analysis. Improved
values must be obtained for cross sections of thorium and of isotopes in the thorium
depletion chains, such as 73U and protactinium, all of which have been largely neglected
in the past. Resonance integral measurements should also be performed for denatured fuels
both at room temperature and at elevated temperatures, such experiments being very im-
portant for accurately calculatin~ safety-related physics characteristics and also for
establishing the quantities of plutonium produced during irradiation. Finally, an LWR
physics verification program should include a series of critical experiments, preferably
both at room temperature and at elevated moderator temperatures, for each of the fuel
types under consideration (i.e., for thorium-based fuels utilizing denatured - *“U, denatured
~*'U4, or plutonium). These experiments would serve as a basis for demonstrating the adequacy
of the cross-section data sets and of the ability of analytical models to predict such
safety-related parameters as reactivity, power distributions, moderator temperature
reactivity coefficients, boron worth, and control rod worth,

i s eSam esmmms beomm O GomE 0 MO RS



o R IR, S

Es

fomimeen o

5-9

Table 5,1-1. Government Research and Development Required to Convert
Light-Kater Reactors to Denatured Uranium-Thorium Fuel Cycles

(20 23342 3%0-Th or 20° “%:yf23%Y-Th)

Assumptions: All basic reactor R&D required for commercialization of LWRs cperating on

their re®erence fuel cycle {LEU) has been completed.

Use of denatured fuel can be demonstrated in a current-generation LWR.

Because utility sponsoring demonstration will be caxing some risk of
decreased reactor avila~ility, a 25/ government subsidy is assumed for

a 3-year demonstration program.

Note: LWRs can he operated on the denatured Z35U/2*U-Th fuel cycle before any other reactor
syctem; however, they cannot be economically competitive with LWRs operating on the
LEU once-through cycle because higher U.0:. requirements are associated with thorium
fuel. Any commercial LWRs operating on a denatured cycle before the year 2000 must

be subsidized.

Cost
Research and Development (sM)
A. Data base development
Al. Physics verification program 10
Improve cross sections for Th, “33U, Pa, etr.
Measure resonance integrals ‘or deratured uranium-
thorium fuels at room temperature and at elevated
temperatures.
Perform and analyze critical experiments for
each fuel.
A2. fuel-performance program (30 - 150)°
Perform in-reactor properties experiments
Perform power ramp experiments
Perform fuel-rod irradiation experiments
Perform transient tests
B. Reactor components dcvelopment (developﬂhandling 5 -25%
equipment/procedures for radioactive - *'U-con-
taining fresh fuel elements).
C. Demonstration design and licensing 20 - 100
Cl. Develop core design changes as required for
denatured fuels
C2. Perform safety analysis of modified core
C3. Prepare safety analysis report (SAR); carry
throuqgh licensing
D. Demonstration of LWR operating on denaturer fuel 50° - 200

{probably “*uy” " U~Th)

BT P P WS Y EE N S BT > i E . T TP } e B E—— S WY it g g ——

%ould be included in fuel recycle RAD cost: (see Section 5.2),

bPotential government subsidy; i.e.. total cost of demonstratfon is $200M,
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The fuel performance program under LWR data-base development would consist of the
ztablishment of safety-related fuei performance infcrmation such as transient fuel damage
irits, therral performance both for normal operatiun and with respect to LOCA* margins on
stored heat, dimensional stability (densification and swelling), gas absorption and release
behavior, and fuel cladding interaction. The inmitial phase of this progcram should consist
of in-reactor properties experiments, power ramp tests, transient fuel damage tests, and

- fuel rod irradiations. The in-reactor properties experiments would be sir:ilar to the

procra; currently underway in Norway's ialden HWR and would be designed to provide informa-
tion on such parametérs as center-line tesperature, swelling ard densification, ana fission-
gas release during operation. The power ramp expefiuents would cons’st of preirradiation

of the fuel rod segments in existing LWRs and the subsequent power ramping of these segments
in special test reactors to establiih anticipated fuel performance Juring power changes
typically encountered in the operation of LWRs. Examples of such programs are the inter-
national inter-ramp and over-ramp programs currently being undertaken at Studsvik. The
trensient fuel damage experiments would be designed to provide information on the performance
of the deratured fuels under the more rapid transients possible during operation and in
sostulated accidents. Lastly, the fuel rod irradiation experiments would provide informa-
tien on the irradiation performance of prototypical thorium-based fuel rods, and, with
subseguent post-irradiation isotopic analyses, would also provide information on burnup

an¢ plutonium production. (As noted previously, the fuel performance program costs are
included, though not specifically delineated, urder the fuel cycle R,P"%D discussed in
Section 5.2.)

In aadition to the data base Jevelopment, some as yet uridentified reactor components
develeopment could be expected. To cover this aspect of the program, an estimated cost of
$3 - $25 million is included in Table 5.1-1.

The remaining fuel-cycle-related R&D for LWRs would be devoted to developing core
design changes and safety analysis information in preparation for a reactor/fuel cycle
deronstration. In this phase of the program, safety-related behavior of alternate Tusl
would be determined using the specific design attributes of the demonstration reactor.

The effects of alternate fuel cycles on plant safety and licensing would require examina-
tion of safety criteria and the dynaric analyses of design bas - events. Appropriate
safety criteria, such as acceptable fuel design limits and limi- . on maximum energy deposi-
<fon in the fuel, would have to be deterrined. Changes in core pnysics parameters that
resutt from alternate fuel loadings and the implication of these cringes on rractor design
ang safety would also have to be identified and accommodated within tr.. Jdesign. For
axarcle, changes in fuel and moderatcr temperature reactivity coefficients, boron worth,
control-rod worth, prompt-neutron lifetime and delayed-neutron fraction must be addressed
«iv_.. tn., can have a large impact on the perfornance and safety of the system. The ef-
faro of alternate fuel cycles on the ¢ynamic system responses should he determined for all
transients rejuired by kegulatory Guide 1.70, Revision 2. [t would also be necessary to
derer-ing wne implications of denatured fuel cycles on plant operation aﬁd load change
secfar ance tn determine whether the response of plant control and protection systems i«

LGk 2 Lons-af-Lonlant Accident,
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altered. A safety analysis report for denatured thorium fuels would be prepared as part
of this development task and pursued with liceasing authorities through appreval.

The reactor development cost associated with commercializing the LWR on the DUTH fuel
cycle is thought to be about $200 million. This relatively low cost results from the cos-
mercial status of the LWR and from the relatively smail risk ¢ssociated with deploying a
new fuel type, since if the demonstration prugram is unsuccesstul, the reactor can always
be returned to uranium fueling. fhe estimated cost for the light-water reactor is based
on an-assumed 252 govermment subsédy for a three-year in-reactor demonstration. The 25:
subsidy is intended primarily to ensure the sponsoring utility against the potential for
decreased reactor availability which wmight result from unsatisfactory performance of the
DUTH fuel. (The cost of the fuel itself is included in the fuel recycle development costs
discussed in Section 5.2.) .

5.1.2. High-Temperature Gas-Cooled Reactors

Although 2 number of altermate Ligh-temperature gas-cooled reacor technologies F-ve
been or are being developed by various countries, this discussion considers the reactor con-
cept developed by the General Atomic Company. U. S. experience with high-temperature gas-
cooled reactors dates from March 3, 1966, when the 40-Mde Peach Bottom Atomic Power Station
became operchle. More recently, the 330-Mue Fort St. Vrain HIGR plant has been completed
and is current.y underacing initial rise-to-power testing. Consequently, HIGP status in
the Y. S. is con: idered to be at the prototype stage and the basic reactor development
still requived is that associated with the demonstration of a large plant design. Al-
though the success of thie Fort St. Vrain protoltype cannot be fully assessed until after
several years of operation, in this discussion satisfactory performance of the fort St.
Vrain plant has been assumed.

Cost estimates for the R&D requirements 72+ the development of a large commercial
HTGR on its reference HEV'’Th cycle are shown in Table'5.1-2. These estimates inciude only
that R3D required relative to the Fort St. Vrain nlant. As these tables indicate, the
majority of the R&D expenditures would be directen toward component RAD and component
design, specifically for the development of the PLRV (prestressed concrete reacior vessel),
steam generitor., instrumentation and control, materials 2and methods, and the main heliuym
¢circulators and service systens. [n addition, an estimated $30 million to $60 million
would be required for licensing and preparing a safety analysis report for the initial
power reactor demonstration program.

The cost of a power reactor demonstration plant for the HIGR on its reference cycle
would be significantly higher than the cast given earlier for an LWR on a DUTH cycle,
reflecting the increased cost and risk associated with deploying new concepts. In
developing the potential reactor demonstration costs for the HTGR, we have assumed that
a substantial government subsidy (50" ) would be required for the first unit. Since it
will be 'necessary to commit at least the second through fifth of a kind prior to the
surceseful operation of this initial demonstration unit if the postulated deployment



1. AT) reactors excep. LWRs still require hasic reactlor research and development

A, Proof of principle with smal) test reactor,
B. Design, comstruction, and gperaticn af protatype reactor and/u ' campunpnt tenting facilfcy,
C. Design, construction, and pperation of demonstration plant,

or gperation an their roferonce fyel cycles.

2. logical progression of basic reactor RAD {excluding fue) perfurmance and recycle RAD) 4

3. Substantial government subiidics are required for rapid commercialization of reactors since unfaveratile ncac-term
economicy and/or high-rish factors nake early zommitment an Concupts hy provate sector unattractive,
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schedule i5 to be maintained, our costs pre<ure further governmental support will be nec-
essary (a 25° subsidy is assumed) for the second through fifth tnits. As noted in Table
5.1-2, a 50% subsidy of the first unit is expected to be about {400 million, and 3 25:
subsidy of the next four units is expected to total S700 million. Since the assumptions
underlying government csubsidies of the reactor demonstration prigram shown in Table 5.1-2
have been #ofined, these costs can be adjusted to refiect eithe- different levels of govern-
ment “upport or & change in the ogverall cost of the demomstration program.

As has been stated above, “t has been assumed that the acdvanced converters Such 2s
the HTGR would 311 be successfully cmonstrated on their reference cycles before they are
converted to DUTH cycles. However, since the reference cycle for the HYGR is already a
thorium-tased cycle, it is likely that a denatured cycle could be designated as the
reference cycle for this reactor and thus that the lead plant demonstration program would
be for a DUTH-fueled HIGR. If this were done, the addition2l costs reguired to convert
the HTGR to a denatured fuel might be smaller than those associzted with converting (MRs
from their uvanius-based fuel cycle to 2 thorium-based cycle.

5.1.3. Heavy-Water Reactors

Although 2 number of e¢lternmate heavy-water reactor concepts have been developed by
various rations, only the CARDU pressurized heavy-water reactor has been Geployed in sig-
nificant muorbers. Therefore, as noted previously, the CANDU reactor is taken as the
reference reactor for ceplo,ment in the United States. The RED cost camn vary considerably,
depending on whether developed Ca~adian technology is utilized or whether the U,S, elects
to independently develop 2 heavy-water-reacor concept. It is assumed here that the U.S.
HWR will be based on the CANDU-PHWR and deployed under Canadian license and with Canadian
cooperation. Thus, our costs address only those aspects required to extend the precent
CANDU design to that of a large plant (1,00G6-MWe) for U.S. siting. An order of magnitude
higher RAD commitment would be required if it were necessary to reproduce the development
angd demonstrations which the Canadians have performed to date.

Research and development requirements for the HWR are included ia Table 5.1-2. |In-
herent in these requirements is the assumption that although the U.S. design would be based
on the CANDU-™R, significant changes would have to be made in order to realize a com-
mercial offering in the U.S. These modifications consist of the development of a large
plant design (1,000-Mie), the use of slightly enriched fuel b th to improve resource
utilization and to reduce power costs, modifications of the HUR design to reduce capital
cost (the practicality of which is generslly related to the ute of slightly enriched fuel),
and modifications required for U.S. licensing.

The rather large range of potential R&D costs shown in Table 5.1-2, particularly
fcr licensing and SAR development, is indicative of the uncertainty introduced by
licensing, i.e., to the degree to which the HWR will be forced to conform to licensing
criteria developed for the LWR,
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The first aspect of large plant design and licensing k3D, identified as component
R3D, is related primarily to the extension of the CARDU to },000 Mie, the use of slightly
enriched fuel, and possible increases in system pressure 50 25 to reduce effective capital
cost. In general, increasing the power output of the HWR to 1,000 Mie should be more readi-
ly accomplished than with other concepts such as the LNR, since it can be accomplished
simply by adding additional fuel channels and an additional coolant loop. The use of
slightly enriched fuel and higher ogperating pressures should result in no fundazental
changes to CANDU design, but nevertheless will necessitate some development in order to
accommodate the higher interchannel peaking expected with slightly enriched fuels and the
effect of higher system pressures on pressure-tube design and performance. Modifications
for U.S. siting are sovewhat difficult to quantify since a2 thorough licenrsing review of
the H¥R has ,. to be completed. Although there is no doubt of *he fundamental safety of
the CARDU, modifications for U_S. sitin~ and licensing are nevertheless anticipated for
such reasons at differing seismic criteria (duer to the differing geology between the i.S.
and Canada) and tecause of differing licensing traditions. Additional experimental informa-
tign on the nerfermance of slightly enriched uraniue fuel should also be developed by ir-
radiating such fuel in existing MRS (such as in Canada’s NPD plant near Chalk River) to
the discharge burnups anticipated for the reference design {about 21,000 Mie/TeM). Methods
of analyzing the response of the MWR to anticipated operational occurrences and other
postulated accidents will have to be developed and approved by the Huclear Regulatory
Commiission, and 3 safety analysis report in conformance with KRC criteria will have to be
developed and defended.

Rs is the case for the HIGR, the cost for a power demonstration plant for the HWR
would be significantly Righer than the cost for a DUTH-fuelad LWR. The large plant demon-
stration costs shown in Table S.1-2 have been estimated under the same set of assumptions
used for estimating the HTGR plant.

The cost of a program to convert an HWR from its reference uranium cycle to denatured
fuel would be approximately equal to that previnusly described for the LWR.

5.1.4. Spectral-Shift-Controlled Reactors

As was noted in Chapter &, the SSCR consists basically of a PHR whose reactivity
control system utilizes heavy water instead of soluble boron to compensate for reactivity
changes during the operating cycle. Since the SSCR proof-of-principle has already been
demonstrated by the operation of the BR3 reactor in belniur, and since various components
required for heavy-water handling and reconcentration are well established by heavy-water
reactor operating experience, the SSCR is considered to be at a stage where either a
prototype o 8 large power plant demonstration fs required.

For most alternative reactor concepts at this stage of development, a prototype
program would be neces:sary because of the capital cost and high risk associated with

-
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bypassing the prototype stage and comstructing a large power reactor demomstration. Such
a prototype program may also be desirable for the SSCR, particularly if the prototype pro-
gram involved the modification of an existing PHR for spectral-shift control rather thar
the ccastruction of a2 wholly new plant for this purpose. However, the esticates of the
reactor RAD requiresents given for the SSCR in Table 5.1-2 are based on the assumption
that this prototype stage is bypassed. This can be justified nan the basis that the SS(R is
rather uwnique among the various alternatives because of its close relationship to present
PR technology. In particular, no reactor development would be required and the reactor
could be designed so that the plant would be operated in either the conventional poison
control mode or in the spectral-shift control mode. As a result, 2 great majority of the
capital investment in the plant and the power gutput of the plant itself is nouv at risk.
Likewise, the potential for serious licensing delays is largely mitigated, since lhe reac-
tor could initially be operated as a3 ﬁoison—controlled PUR and easily reconfigured tar

the spectral-shift control once the licensing approvals were obtained. Conseguently, \he
capital at risk is limited to the additional expenditures required *o realize spectral-
shift control, roughly $30 - $60 million for component RED, plus rental charges on the
heavy water inventory. The additional expenditures for design and licensing, $20 - $50
million, would have also been necessary for the prototype.

The component RAD would consist of a thermal-hydraulic development task; valves and
seal development; development of D 0 upgrader techrology; and refueling methods development,
design and testing. The thermal-hydraulic tests would be designed to produce a departure
from nucleate boiling correlation for the SSCR moderator similar to that which has been
developed for the PMR light-water moderator. The correlations are expected to be very
similar, but tests to demonstrate this assumption for the various mixtures of heavy and
Tight water will be required.

Velves and seal development will be necessary in order to minimize leakage of the
heavy-water mixture; reduction of coolant leakage is impv.rtant both from an economic
standpoint (because of the cost of D 0) and because of the potential radinlogical hazard
from tritium which is produced in the coolant. Methods of reducing coolant leakage from
valves and seals have bren extensively explored as part of the design effort on heavy-
water reactors and utilization of heavy-water reactor experience is assumed. The R&D
program . juld address the app!ication of the technologies developed for the heavy-water
reactor to the larger size components and higher pressures encountered in the SSCR.

The D 0 upgrader employed in the S$SCR is identical in concept to thle upgraders used
on heavy-water reactors and in the last stage (finishing stage) of 0.0 production facilities,
The sizing of various comgonents in the upgrader sould, however, be somewhat different for
5SCR application because of the range of D 0 concentration feeds (re.&u!tinb from the
changing D O concentration during a reactor operating cycle), and because of the large
volume of low D:0 concentration coolant which must be upgraded toward the end ‘pf each
operating cycle. The upgrader RED program would consider the sizing of th‘é‘r upgradcr.
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and should also address methods of minimizing the D.0 inventory in the upgrader so as to
minimize -0 inventory charges.

Lastly, component RAD should address methods for refueling and for coolant exchange
during refueling. Refueling should be performed with pure light water present in the reac-
tor (so as to avoid the radiological hazard of tritius); the light water muct subsequently be
veplaced with the light-water/heavy-water mixture prior to initiating the next eperating
cycle. In order to accomplish this refueling/coolant exchange without necessitating large
volumes of heavy water for this purpose, a modified bleed-and-feed procedure is being ex-
plored in »hich the differences in density between the warm water in the core and the cool
makeup water is exploited in order to minimize coolant mixing and the amount of excess D-0
inventories required. Scale tests of this refueling procedure (or any other refueling/
coolant erchange procedure selected) will be required.

The R8D related to safety and licensing should comsist first of dzta development for
the SSCR operating on the uranium fuel cycle. This data base has been partially developed
in the initial SSCR development work performed by the USAEC in the 1960s. However, additional
work, primarily in the area of physics verification of safety-related parameters (i.e;, critical
experiments which establish reactivity predictions, power distributions, D-0 worths, and con-
trol rod worths) are required for uranium fuel. The second aspect of the safety and licens-
in; w&D should consist of 2 preliminary system design, the performance of a safety amalysis
for the SSCR, and the development of a safety analysis report for spectral-shift-control
operation. At this stage, component design and development would be limited to those areas
in which some design changes would te required in crder to ensure that the consequences of
postulated accidents and anticipated operational occurrences with the SSCR would be comparable
to those for the conventional PiR.

The main 3areas thought 20 reguire attention are the implications of coefficients of
reactivity on accidents that re:ult i~ a cool-down of the primary coolant, the D-0 dilution
accident, and tritium producticn. 7Tne irnlicaticns of the spectral-shift mode of control
on plant operation and load charge cerformance should also be addressed as part of the
preliminary design evaluation.

With respect to the large plant demonstration of the SSCR, the fimancial risk to
utilities would be limited to the extra capital equipment required to realize spectral-shift
control. Because the pruposed schedule for commercialization is more rapid for the SSCR
than for any of the other advanced converters, it has been :assumed here that the government
would essentially purchase the extra equipment required for the first five units (at $25 mil-
Tion per unit)., In the case of the first unit, additional funding to mitigate the lower
capacity factors anticipated for an experimental unit have been added. Also the cost for
the first unit includes the carrvinq charges on the 0 0 inv:enr.ory. 0.0 carrying charges
are not included for the second {hrough fifth units since it should be possible to
demnnstrate the spectral-shift control on the first unit before the I () for tie remaining
urits needs to be purchased, so that 4 decision to emplay spectral-<kift control ir ful-
senuent units would be nne which“ is :pt“lrely comercial in na:f.ure.

'ﬁ-
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It is unlikely that an SSCR would be convert-d to the denatured fuel cycle unless a
similar change had previously eccurred in the LWR. In this case, only a demonstration of
the performance of denatured fuel in the spectral-shift mode of contirol would be needed.
These incremental costs are estimated to be $10 - $60 million.

5.1.5. R.D&D Scnedules

Schedules for completing the R,DAD effort delineated above are summarized in Fiq.
5.1-1. Althoush it can be argued that, given strong govermmental support both in funding
and in helping usher the various concepts through the licensing process, these schedules
could be accelerated, the scheduies shown are thought to be on the optimistic side of what
can reasonably be expected to be achieved. In particular, a nine-year period has been as-
sumed for the design, Vicensing and construction of 2 new reactor type; this would appear
somewhat optimistic since it is currentiy taking longer to bring conventional LMRs on Tine.
It should also be noted that in general the time scale required to develop alternate fuel
cycle technologies (cf. Section 5.2) is estimeted to be at least as long, and sowmetimes
longer, than that vequired to develop reactor-related aspects. In generai, this is because
test facilities (for example, to perform demonstration irradiation) are available either
in the U.S. or in Canada, so that RAD work prior to the design, licensing, and construction
of a3 large demonstration plant could be rapidly initiated.

5.1.6. Summary and Conclusions

It has been the purpose of this section to delineate the magnitude and scope of reac-
tor R,DAD expenditures associated with the use of DUTH fuel in converter reactors and to
determine if there are significant R,D&D cost differences between reactor systems. Recom-
mendations for the further development of specific denatured reactors are provided in
Section 7.5 where the R&D requirements discussed here are weighed against the potential

benefits of various nuclear power systems utilizing denatured fuels, as presented in
Chapter 6.

In developing thz nuclear pov;er scenarios examined in Chapter 6, it was recognized
that the benefits of operating LWRs and alternate reactor types on DUTH fuels are dependent
upon the speed and extent to which the systems can be deployed. Since the primary goal of
this interim report is to establish whether there is an incentive for DUTH-fueled systems,
a8 rather rapid deployment schedule was assumed so that the maximum benefits that could be
articipated from each reactor/fuel cycle system could be determined. Systems for which
there is insufficient incentive for further development could thus be identified and eliminated
from further consideration. Trade-offs between the prospects for commercialization, R&D
costs, and deployment schedules and economic/resource incentives could then be avaluated
in greater Jetail fo%' the remaining options.
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LS on Denatured Cycie”™

ST
(ALENDAR YEAR sTs
1978 1980 1985 1990 1995 2000 005] (90
LIGI-YRIER REACTORS
DAYA BASE DEVELOPMENT 40 - 160°
DD DESIGNY AND LICENSING 25 - 125
DEONSTRATION 50~ 200

SIndicates winimum time from standpoint of reictor development; start time wuld be delayed for -

. inter acing with fuel cycle development.
“ Includes 150 million for foel

. i prvgran (see Table 5.1-2).
©450 willion is potential government subsidy.

BTGRs, Wiks, and SSCRs on Refevence iycles

ESTIMUED
1978 1980 - 1985 1290 1995 2030 2005 (6,))
HIGH-TEPPERATURE GAS-
(DOLED REACTORS
(WEU/Th CYCLE)

' PROTOTYPE CONSTRUCTION PROTOTYPE [N
. AND OPERATION OPERATION
DE'D DESIGN AND LICENSING 160 - 250
DEMD CONSTRUCTION .

DEMD OPERATION z w0cé
HEAVY-WATER REACTORS

{SEU CYCLE) .
PROTOTYPE CONSTRUCTION PROTOTYPE
AND OPERATION ﬁqssmym‘r

DEMD DESIGN AN LICEISING ﬁ_J. 210 - 370

DE'D CONSTRUCT [ON ,

DEMD OPERATION z 400"”
SPECTRAL-SHIFT-CONTRLED
REACTORS  (LEU CYCLE) ,

DD CoNSTRUCTION 7 ] so-ww

DEMD OPERATION . 140722
frfrst demonstration unit only.

xcludes cost of D,0 plant facilities.

Incremental costs above PWR costs,

Fig. 5.1-1. R&D Schedules and Costs for Government-Supported

Demonstration of Varjous Reactor Systems
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The most rapicd deployment schedule considered to be feasible was one in which time

was allowed to resolve technical problems but one that was largely unimpeded by commercializa-

tion considerations. The R,DRD schedules that have been preserted in this section are _
consistent with this approach. However, it is recognizéd that the high-risk factors and
potentially unfavorable near-term econowics of such a schedule would make it unattractive
to the private sector, especially for those systems requiring large-plant demonstration.
Demonstration program costs are viewed as highly uncertain and dependent upon the specific
economic incentives for each reactor/cycle concept and on such factors as the licensing
climate and general health of the industry prevailing at the time of depl'o:-aeg\t. Thus the
costs associated with-the R,D8D schedules are assumed to be largely government financed.

A couphrison of the total estimated costs to the government for the various reactor
systems discussed above is presented in Table 5.1-3. As noted, ‘the R,D8D costs: are lowest

Table 5.1-3. Estimated Total Government Support Pequired for Demonstration of
LWRs on DUTH Fuels and Advanced Converters on Various Fuels

- Total Costs 7
Syctem (63,)] : Comments

LHR; DUTH Fuels 85 - 2154 In current-generation LWR; no demon-
straiiom plant required.

Advanced Converters;
Reference Fuels

HTGR; HEU/Th Fuel  56C - 7507 If DUTH fuel selected as reference
fuel, additional incremental cost
probably less than cost of convert-
ing LWRs to DUTH fuels.

HWR; SEU Fuel 610 - 770!;’c ~ Additional incremental cost to con-

vert to DUTH fuels approximately
equal to that for LWR conversion.

SSCR; LEU Fuel 190 - 2507 Could be converted to DUTH fuel for

$10M - $60M if LWRs already con-
verted.

2includes 257 subsidy for demonstration of LWR on DUTH fuel; excludes fuel
bperformance program (see Table 5.,1-2).

Covers first demonstration unit only; 25% subsidy of four additional units
Lanticipated (see Table 5.1-2),

“Excludes costs of heavy-water plant facilities,

for the LWR on denatured fuel because of the already widespread deployment of this reactor
concept. It is assumed thsat all basic RAD required for commercialization of LWRs operat-
irg on their reference fuel cycle (LEU) has been completed, and that the use of denatured
fuel can be demonstrated in current-generation LWRs, Thus, an LWR demonstration plant,
as such, will not be ;equired. The commitment of an LWR to DUTH fuels will entail some

risks, however, and a 25 government subsidy is assumed to be necessary for a thrce-year
dewonstration program,



5-20

The R,D&D cosis are hichest for the HTGR and HWR, which are yet to be demcnstrated
on their reference cycles for the large unit size {1000-Mde) postuleted in this report.
The cost of these demonstiration uni®s constitrtes the largest fraction of the total esti-
mated R,D8D costs, although substantial costs will also be incurred for large plant design -
and licensing, whick includes component R&D, component design, and licensing and SAR
devclopment. ine R,D8D requirements for the HTGR and HWR are judged to be similar under
the assumption that experience equivalent to that of the Fort St. Vrain HTGR prototype . --
can be obtained from Canadian technology. The SSCR is viewed as having R,D&D costs
intermediate between those of the LWR and those of the iITGR because of the heavy reliance
of the SSCR on LMWR technology. As has been discussed in the text, once these ieactors
have been demonstreted on their reference cycles, additional R,D8D will be required to i L
conver: them to DUTH fuels. -

Section 5.1 References

. 1. "The Economics and Utilization of Thorium in Nuclear Power Reactors," Resource Planning
> : Associates, Inc., January 16, 1968 (draft).
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5.2. FUEL RECYCLE RESEARCH AND DEVE_OPMENT REQUIREMENTS

I. Spiewak
Oak Ridge National Laboratory

The purpose of this section is to summarize the tecknical problems that must be ad-
dressed by a fuel recycle research and development program before reactor systems producing
and using denatured uranium-thorium (DUTH) fr<1s -zn be deployed commercially. Preliminary
estimate: of the schedul: and Z,.¢s for such a program are also included to provide some
perspective on the commitments that will be required with the introduction of reactors

- operating on denatured fuels. Wide ranges in the estimates reflect the current uncertain-

ties in the program. However, detailed studies of the research and development requirements
for the reéycle of DUTH fuels are now being conducted by the DOE Nuclear Power Division's
Advanced Fuel Cycle Evaluation Program (AFCEP), and when the results from these studies be-
come available, the uncertainties in costs and schedules should be reduced.

5.2.1. Technoiogy Status Suemary

The technological areas in a fuel recycle program cover fuel fabrication/refabrication
{fuel material preparation, rod fabrication, element assembly); fuel qualification (irradia-
tion performance testing and evaluation); fuel reprocessing (headend treatment, sclvent
extraction, product conversion, off-gas trcatment); and waste treatment (concentration, cal-
cination, vitrification, ar.! radioactive-gas treatment).

Fuel Fabrication/Refabrication and Qualification

In general, the basic technology for the fabrication of uranium oxide pellet fuels is
established, with the fabrication of both LWR and HWR uranium fuels being ccnducted on a
commercial scale. JIn rontrast, Pu/U oxide pellet fuels have been fabricated only on a small
pilot-plant scale, and a significant amount of research an. development is still required.
Areas requiring further study include demonstration of:

(1) a pelletizing process to ensure uniform product characteristics and performance;
{2) methods for verifying and cont~olling the characteristics of the Pu/U fuels;

(3) processes for the recovery of contaminated scrap;

14) a reliable nondestrgctive assay system for powders, fuel rods, and wastes;

(5) the ability to operate 2 large-scale plant remotely, but with hands-on maintenance
{in the case where Pu/U oxides containing high quality plutonium are being fabricated);
and ‘

{6) savisfactory irradiation per’ormance of Pu/U fuels produced in commercial-scale
proc. sses and equipmént.



In the case of metal-clad oxide fuels that are thorium based, the areas recuiring
further study ere essentially the same as those listed above for the Pu/U oxide fuels; how-
eve ", in contrast to FufU-oxide fuels, where significant effort has already been devoted
toward resolving this list of areas. relatively iittle RAD has been performed to date for
thorium-based fuels and conseguentiy a larger amount of research and development would be
required. The intense racdicactivity of the decay daughters of - 32U (which is produced in the
thorium alang with the - “°U) requires that the refabrication processes all he remotely
operated and maintained. This reguirement will necessitate additional development of the
refabrication processes and may require the development of new fabrication methods. The
qualification of U/Th and Py/Th oxide fuels will aiso require additional R3D efforts.

HIGR fuels are coated uranium oxide or carbide microspheres embedded in a graphite
fuel element. The process and equipment concepts for refabricating HTGR fuel remotely
have been identified; however, addition:1 R&D prior to construction of a hot demonstra-
tion facility is needed. This should cover:

(1) the scaleup of refabrication equipment,
(2) the recycle of scrap material,
(3) the control of effluents, andg

(4) the assay of fuel-containing materials.

Additionel R&D will also be required for qualification of the recycle fuel.

While the reference HTGR fuel cycle already includes thorium, further development work
will be required to fabricate DUTH fuels for HTGRs because of the requirement of & higher
uranium content of the fissile particle and the increased production of plutonium during

irradiation.
fuel Reprocessing

The basic technology for reprocessing of uranium and uranium/plutonium oxide pellet
fuels with Tow burnup exists in the Purex process. This technology is based on many years
of government reprocessing experience with military-related fuels; however, a commercial
reprocessing plant for mixed oxide powe- reactor fuels that conforms to current U.S. federal
and state requirements has not yet been aperated. Additionally, while engineering or
pilot-scale work has been successfully carried out or all important processes and components
of the reprocessing plant, operability. reiiability, and costs of an integrated plant have
not been demonstrated in all cases at fuel exposures expected in commercial reactors.
Specific areas that still require development work include the following:

(1) operation and maintenance of the mechanical headend equipment:

(?) methods for handlina highly radioactive residues that remain after the dissolution
of high-burnup fuel;

(3) the technolcgy for reducing radioactive off-gas relcases (e.qg., Kr-85, iodine and
tritium) 1o conform to anticipated requlation-;

b
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(4) remotely operated and directly maintained conversion processes for plutonium from
power reactor fuels; and

(5} high-level waste solidification and vitrification to prepare for terminal storage.

- The technology for reprocessing thorium-based oxide pellet fuels is less advanced than
that for uranium-based fuels. The Thorex process has been used to process irradiated thori-
um oxide fuels of low burnup in government planis and in limited quantities in a small-scale

v i ) industrial plant. Thorium oxide fuels have not been processed in a large-scale plant specif-
ically designed for thorium processing, nor has highly irradiated thorium oxide fuel
: l been processed by the Thorex process in engineering-scale equipment.

. The principci differences between the reprocessing development required to reprocess

; . metal-clad thorium-based oxide fuels and graphite-based HTGR fuel occur in the headend
treatment. Partitioning of fuel materials from both classes of reactor fuel can then be

- accomplished by a Thorex-type solvent extraction process.

In the case of metal-clad oxide fuels, additiona) headend process RID is required to
determine how zirconium cladding can be removed and the Thy: fuel dissolved. Significant
‘L waste hand1ing problems may be encountered if fluoride is required to dissolve ThO,.

In the case of the headend process development for graphite-based HIGR fuels, develop-
ment work is needed with irradiated materials in the crushing, buriing and particle separatiun
operations, and in the treatment of !“C-containing off-gases associated with the headend
~f the reprocessing plant.

Specific areas of soivent extraction process development work required to reprocess
all thorium-containing reactor fuel include:
(1) fuel dissolution, feed adjustment, and clarification;

(2} technology development for containing “2°Rn and other radioactive gases to conform to
regulations;

(3) recovery of fully irradiated thorium in large-scale facilities;
(4) partitioning of fuel solutions containing U, Pu, and Th;

(5} recovery and handling of highly radioactive product streams;
{6) process and equipment design integration; and

(7) high-level waste concentration and vitrification.

Waste Treatment

Waste treatment R&D requirements common to a1l fuel cycles involve development of
the technology needed for immobilizing high-level and intermediate-level solid and gaseous
wastes, Processes for concentration, calcination, and vitrification of these are needed.
The waste treatment requirements for the various fuel cycles are similar, but they would
be more complex for the thorium-based cycles if fluorides were prasent in the wastes.



5.2.2. Research, Development, and Demonstration Cost Ranges and Schedules

While fue! recycle R8D needs can be identified for a variety of 2ilzmate fuel
cycles and systems, the launching of a wajor developmental effort to ir.tegrate these
activities into a specific integrated fuel cycle must await a U.S. decision on the fuel
cycle and reactor development. strategy that would best support our nonproliferation objec-
ti. s and our energy needs. Whether it would be more expeditious to develop individual
cycles independently in separate facilities or te plan for an integrated recycle develop-
ment facility will depend on the nature and timing of that decision. If a number of related
cycles were developed in the same facilities, the total costs would be onl, moderately
higher than the costs associated with any one cycle. Sinuce the denatured - U cycle impiies
a system of symbiotic reactors (%:°U producers and 3’0 conswmers), such an approach is ;
likely to be attractive if a decision were made to develop the denatured - i3y cycle.

The existence of major uncertainties in the fuel recycle developmert and demonstration
programs make cost projections highly uncertain. There are, first, difficulties inherent in
projecting the costs of process and equipment developmeqt programs which address the resolu-
tion of technic2i problems asscciated with particular reactors and fuel cycles. In addition,
there are uncertainties common to projecting costs and schedules for all fuel recycle develop-
ment programs; specifically, uncertainties in the future size of the commercial nuclear in-
dustry cause prob\ems_in program definition. It is necessary to identify the reactor growth
scenario associated with the fuel cycle system so that fuel loads can be projected and
typical plant sizes estimated. This is critical from the standpoint of establishing the
scale of the technology to be developed and the principal steps to be covered in the
development. For example, if the end use of a fuel cycle is in a secure energy center,
smaller plants are involved and the development could conceivably be terminated with a
plant that would be considered a protatype in a large (1500 MT/yr) commercial reprocessing
facility development sequence, Similerly, growth rates for particular reactor types may be
ruch smaller than others, or the fuel loads may be smaller because of higher fuel burnup.
Thus, smaller fuel cycle plants would be required.

The problem is further complicated by the fact that the fuel recycie industry has
for a number of years been confronted with uncertiin and escalating regulatory requiremenis.
Permissible radiation exposure levels for operating pursonnel, acceptdble safeguards
sy3%ems, and environmental and safety requirements, all of which affect costs, have not
neer specified. Nevertheless, bLased upon experience with previous fuel recycle develop-
~gre srogrems, typical fuel recycle R,D&D costs for the fuel cycies of interest can be pre-

-~ zr=z7 ir proad ranges. In the past, reprocessing costs had been developed for the U/Pu
~.u%emy aisr cartitioned and decontaminated product streams. These have heen used here *.
Lrn.tme nzoe-iine costs. Any institutional consideration, such as a secure fuel ser.ice
sarene, ceas anyld permit conventional Purex zad Thorex reprocessing to take place wula
vt es mere nretence o the hase-line technology development costs used here.
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Estimated cost ranges and times for the development and commercialization of a new
reprocessing technology and a new refabrication technology are presented in Tables 5.1
nd 5.2 respectively. From these tables, it can be seen that the total cost to the
federal governsent to develop > new reprucessing technology would range between $0.8 billion
and $2.0 billi~n. The corresponding cost for a new refabrication technology would be
between $0.4 bi:lion and S1.1 bil-
Table 5.2.1. Estimated Cost Range for Development and lion. For fuel recycle developwent,
Cmnrce;:;;::::; ?’:c:ngpo;;‘ ! Hew the costs traditionally borne by
the government include basic RAD,
Bi"l,-,::c:}‘;:?' ars construction and operation of
pilot plants, development of large-

- - Y
Base l_:echnology RED i -1 - 0.5 scale prototype equipment, and sup-
Hot pilot plant testing 0.5 - 1.0 port for initial d stration
} Swbtotal 0.6 - 1.5 facilities. 7o these costs should
Large-scale cold prototype testinqb 0.2 - 0.5 be added the costs of the waste
Total ” 0.8 2.0 treatment technology development
Large-scale demonstration plant™ (1.0 - 3.0) needed to close the fuel cycle
B § ’ fEstmated reg ebrirenty Seem Tnlnial devele
i through A R I Lo vanoes from ‘= .ore . .
for estabhshed technoiogy 2o L6 eare for new tech- The capital costs estimated
: "0‘09)!- for a commercial demonstration
‘Goverrnent might incur costs of this magnitude as s . .
_part of demonstration program, facility are listed separately in
- ®Commercial facitity - extent of government participa- Tables 5.1 and 5.2 because the

tion difficult to define at this time. extent that the government might

support these facilities is un-

Table 5.2-2, Estimated Cost Range for Development known.  Since they will be
and Demonstration of a Typlsal ‘ew commercial facilities, costs
Refabrication Technology incurred either by the goverrment
. l_Jnescalated or by a private owner could be
f.illions of Oollars recovered in fees. The total
- 0.2
Base technology . 6.1-¢e.2 capital costs might range between
Cold component testien . 0.2-0.4 $1.0 billion and $3.0 billion for a
Irradiation performance testing 0.1 -0.4 large reprocessing demonstration
Total . 0.4 - 1.1 facility and between $0.7 billion and
Large-scale demonstration” (0.7 - 1.8)

$1.4 billion for a refabrication
“Estimated lapsed time requirements fror initial demonstration facility.
development through dem..ntratfon ranges from

about 8 - 10 years for technology r~ar that

.established to about 15 years for new technology. Tables 5.1 and 5.2 ihow that
“Commercial facility - extent of gow rnment .
participation difficull to define at this {ime, the major costs associat:d with

commercialfzation of fuel ~vcles lie
at the far end of the R&D progression, namely, fn the steps involving pHot. plants, large-:cale
prototype equipment develnpment, and demonstration plants. if required. ‘ The raste and sequern-ing
of RYD expenditures can be inferrac from Tables 5.2-1 and 5.2-2. Base Fechnology R&D to fdentify
procass and equipment concepts may require 2-6 years. The engineering phase of the development
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program, including hot testing, may require 5-12 years. Reference facility design and con-
struction might require 8-12 years. There can be considerable overlapping of phases so that
for a given fuel cycle the total lapsed time from initial development to commercialization cf
fuel recycle ranges from about 12-20 years. The total tiwe would depend upon the initial
technology status, the degree to which the RAD program steps are telescored to save time, and
the stage to which the development program must be carried. The thoriue cycles would be at
the far end of the development time range.

Table 5.2-3 presents the RAD cost ranges in terms of reactor types and fuel recycle
systems. For all fuel cycles, the uncertainty in the RID costs should be emphasized. Thus,
in water reactors, the estimated range of R8D costs is $1.3-2_3 billion for Li/Pu recycle
development, and S1.2-3.3 billion for DUTis recycle development. For HYGRs, the corressond-
ing ranges are $1.4-2.6 billion and $1.8-3.3 biliion for U/’u and DUTH recycle development.
respectively; for FBRs, the correspondirg ranges' are $1.6-3.0 billion and $2.0-3.6 billion,
respectively. Although there is a significant cost uncertainty for each reactor type and
fuel cycle, for 2 given reactor type the trend in costs as a furctior of fuel cycle is
significant. Generally, the reference U/Pu cycle would be least expensive and ine DUTH
cycle the most fxpensive, with the Pu/Th and HEU/Th cycles intermediate.

Table 5.2-3. Estimated Range of Fuel Recycle RAD Costs*
gillions of Doliars

Reactor Type
¥ u/Py Pu/Th DUTH HEU/Th
Mater Reactors 1.3-2.3 1.6-3.C 1.2-3.3 1.6-2.9
HTGRs 1.4-2.6 1.6-3.0 1.8-3.3 1.6-2.2
FBRs 1.6-3.0 1.8-3.2 2.0-3.6 1.7-3.1

*Includes costs for developing reprocessing and refabrication
technologies and a portion of the waste treatment technology
development rosts.

5.2.3. Conclusions

A decision to develop reactor systems operating on denatured fuel cycies requires a
government commitment to spend $0.5 billion to $2 billion more on a fuel recycle develop-
ment program than would be required to develop reactors operating on the reference
(partitioned, uncontaminated products) U/Pu cycles, The differential is even larger when
reactors operating on DUTH cycles are compared with reactors operating on once-through
cycles. No comparison has been made with the costs of developing diversion-resiscan’ /vy
rycles (using co-processing, spiking, etc.).

Expenditures to develop recycle systems for DUTH fuels would span a pericd of
20 years from initial development to commercialization. The principal expenditures would
occur in the second half of this period, when large facflities with high operating costs
are needed.
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CHAPTER 6

EVALUATION OF RINLEAR POWER SYSTEMS UTILI7ING
OURATURED FUEL
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. R. Shay, 0. R. Haffrer, ¥. E. Black, T. M. Helm,
¥. 6. Jolly, R. W. Hardie, and R. P. Caberg

Hanford Engineering Development Laboratory
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6.0, [INTXODUCTION

Ir thic chapter Civilian nuciear power systems that utilize denatured ~ U fu2i to
various degrees are aralyzed to determine whether they could meet projected nuciear power
derands with the gre resources assured 1o be availabie. The reactors employed in the systems
are thase discussed in earlier chapters of this regort 2s being the reactors most likely te
be deveioped sufficiently for commercial depioysent witkin the planning horizen, waich is
assured tc externd to the year 2030. The reactors inciuded are Light Water Reactors [LuWRs),
ipectral-Snifi-Controiles Reactors {SSCRs). Heavy Water Reactors (HERs;. High-Terperjture
Gas-Coanled Reactors (HiGRs;, and fast Sreader Peactors (FSRs). In each case, tne nuclear
sower systes is initiated with currently used LWRs operating on tne lom-enriched -t fuel
cycle, and Gther converter rezciors and/or fuel cyrles are added as they become avaiiable.

Cr the basis ¢f inforration provided by the reacter designers, it is assumed that - ' U-fueled
LWRs alone will be utilized through the 1930s and that LWRs operating on denatured -“°U and

- %Py will become availeble in the early 1990s. [t ic also assumed that SSCRs operating on

the various fuel cycles will become available in the earlv 1990s. Thus nuclear power systems
consisting of LWRs alone or of LWRs and SSCHs in combination, witn several fuel cycle options
heing availatle, could be intrcduced in the early 193Cs. LWR-H4R and LWR-HIGR systems could be
expected in the mid 1990s, and FBR; could be added to any of the systems after tne year 2000.

Tre nruclear power svstems utilizing deratured = U fuel were *‘ivided into two major
categories: those consisting of theiwal converter reaciers only ar. lhose consisting of
sotn therral converters and fast bresders. Tnree "nuclzar pelicy options” were examined
vnder eacn category, -he individual opfions diffzring primarily in the extent to whicn
slutanium is procuced and used to breed additional fissile material. For comparison, a
tarowaways stowaway option employing LEU c¢onverters wac zlso analyzed, and two options
rilizing the classical plutonium-uranium cycle were studied. one using converters only
and the other using both converters and breeders.

B11 of the options studied were based on tne ccncept of secure eneray centers and
dispersed reactors discussed in previous chapters, Thus, all enrichment, reprocessing, and
fuel fabrication/refabrication activities, as well as fuel and/or waste storage, were assumed
to be confined to the energy centers. In addition, all reactors operating on plutonium or

highly enriched uranium were assigned to the centers, while reactors operating on low-enriched

or denatured vramium were permitted to be cutside the reater<, Determining the precise nature

and structure of the enerqy center was not within the scope of this study. Friesumably it

rould be 2 relatively small localized area or a larqe geoqraphical region covering an entire

nuclear state, or even a rollection of nuclea- vtatas, If pore 'ran one country were involved,

the sensitive facilities cnuld be rnatiorally owned but operated under international safequards,

Su. whatever the character of the center an important consideration far any nuclear policy o
tion is its

pe

—

"onergy support ratin,” which is defined < the ratio of the nuclear capacity
‘notallea nutside the center to the capacity installed inside the center,

BTt ratin increases cnove unity i the capability of the aystem to deliver power to dis-

Only a5 the sup-
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persed areas ensured - a fact which is particularly important if nuclear states are nlenning
to provide nuclear fuel assurances to nonnuclear states.

The philosophy used in this study is
illustrated in Fig. 6.0-1. Given a specified
U,0. supply and a specified set of reactor
develoomant options, the potential role of

CIeey
SPECIFIED Gyly SUPRLY

3

nuclear sower, the resources required to
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achieve this role, and the composition and

~

movement of fissile material were calculated.

[£.8478) 3

AE The deployment of the individual‘ reactors and
NWUCLEAR COOmTe PGEWIAL
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their associated fuel cycie facilities were
in all cases comsistent with the nuclea~

policy option under consideration., The intvo-

SESCURCE SEQUIBEVERTS K0 g I
FISSILE MARRIA LOCATION _c-i)—-i . -

i duction date for each individual reactor con-
cept and tiel cycle facility was assumed to he

- W .

Fig. 6.0-1. The Prilosophy of the . . . .
Nuclear Systems Assessment Study. This allows an evaluation of the maximum im-

pact of the system on any particulay nuclear

the earliest technologically feasible date.

option. The effect of delaying the deployment
of a reactor/cycle because it produces undesiratle consequences was determined simply by
eliminating it from the option.

It was assumed that a nuclear power system was acdequate if its installed nuclear capacity
was 350 GWe in the year 2000 and a net increase of 15 GWe/yr was realized each year thereafter,
with the incrz2ase sustained by the U0, supply. Two different optimizing patterns were
used in the study. A few runs were made assuming economic competition between nuclear
fuel and coal, the plants being selected ro minimize the levelized cost of power over
time. These runs, described in Appendix D, indicated that for the assumptions used in
this analysis nuclear power did not competa well at U.0: prices above S1€0/1b; therefore,
in the remaining runs an attempt was made to satisfy the demand for nuclear power with
Us0; available for less than S16C/1b U;0=. It is these runs that are described in this
chapter.

The specific assumpticns regarding the U 0. supply are presented in Section 6.1 below,
which also includes descriptions of the operating characreristics of the individual reactors
utilized, the various nuclear policy options chosen for snalyses, and the analytical method
applied. Section 6.2 then compar2s the results obtained for a selected set of nuclear policy
options, and Section 6.3 summarizes the conclusion: reached on the basis of those comparisons.
The economic data base used for these studies is given ir Appendix B, and detailed results
for all the nuclear policv options are presented in Apperdix C.
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6.1. BASIC ASSUMPTIONS AND ANALYSIS TECHRIQUE
6.1.1. The U:0: Supply

The most recent estimates of the supply of U.0. available in the United States as re-
ported bv DOE's Division of Uranium Resources and Enrichment (URE) are summarized in Table
6.1-1 (from ref. 1). On the basis of a maximm forward cost of $50/1b, the known reserves
clus probable potential resources total 2,325 x 103 ST. URE estjmates that an additional
140 x 10° ST is available from byproducts (phosphates and copper), so that the amount of
U.2. prooably available totals 2.465 x 10° ST (or approximately 2.5 million). If the
"possibie” and "speculative”™ resources are also considered, the URE estimates are increased
to approximately 4.5 million ST. MNeither of these estimates include .0 which may be
available from other U.S. sources, such as the Tennessee shales, or from other naticns.*

—

The actual U;0: supply curves used in the analysis‘were based on the long-run marginal
costs of extracting U;0: rather than the forward costs. The long-run marginal costs con-
tain the capital costs of facilities currently in operation plns a normal profit for the
industry; thus they are probabiy more appropriate for use in a nuclear strategy analysis.
The actual_long-run marginal costs used in this analysis are shown in Tabie B-7 of Appendix
C and are plotted in Fig. 7.4-1 in Chapter 7. These sources show that if the recoverability
of the U:0- supply is such that large quantities can be extracted only at high costs, then
the supply available at a cost of less than $160/1b is probably no more than 3 million ST.
1f, however, the recoverability is such that the extraction costs fall in what is considered
0 be an intermediate-cost range, then as much as € million ST U-:0: could be avzilable at
a2 cost of less than S160/1b. In the remainder of this study, these two assumptions are
referred to as "high-cost” and "intermediate-cost” U-0: supply assumptions.

The rate at which the U:0: resource is extracted is at least as important as the size

~»f the resource base. URE has estimated that it would be difficult for the U.S. to mine

~4 miil more than 60,000 ST of U.0. per year in the 1990's (ref. 3}. (Note: This estimate
«32 bised on developing reserves and pctential resources at forward costs of less than
230/1b. These costs do not include ciyital costs of facilities or industry profits.)
Although the combined maximum capability of a coalition of states may exceed this, it is
not peossible to specify a definite upper 1imit until more is known about the locations of
the sources of U30. and the difficulties encountered in recovering it. Recognizing this,
and alsn recognizing that the annual capacity is still an important variable, the nuclear
volicy ootions analyzed in this study were considered to be more feasible if their annual
wining and milling rate was less than 60,000 ST of U.0. per year.

‘Lditar's Note: In 1977 the U.S. produced 15,000 ST of U.0 concentrate (ref. 2).

tartor's Note: [n 1977 the U.S. qaseous diffusion plants produced 15.3 million kg SWU per
year {ref. 4}, After completion of the cascade improvement program (CIP) and cascade up-
dating proqgram (CUP) in the 1930's, the U.S. capacity will be 27.4 million kq SWU per year
(refs. 5 and 6). A gas centrifuge add-on of 8.8 million SWU has been proposed for the
Jovernment-owned enrichment facility at Portsmouth, Ohio. Considerable enrichment capacity
alan eyists abroad; therefore. enrichment copacity is inherently a less riqid constraint
tnan urantum requirements or prqduction capabititien.
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6.1.2. Reactor Options

The reactor designs included in this study have not been optimized to cover every con-
ceivable nuclear policy option. Such a task is clearly impossible until the options have
been revuced to a more manageable number. However, the designs selected have been developed
by using detailed design procedures and they are more than adequate for a reactor strategy
study such as is described here.

Table 6.1-1. Estimates of U;0; Supply Available in H.S.A-.-L”"‘"‘—
‘  Resources (10° ST)

o ——Forvavd
Cost ; _ .
($/1b) Knosm Probable Possible Speculative Total
15 360 560 ags 165 1,570
30 690 1,065 1,120 815 3,290
soP 875 1,450 1,470 570 4,365
drom ref. 1.

PAt 55010, the known reserves of 875 x 10° ST plus the probable reserves of 1,450 x 102

ST plus 140 x 103 ST from byproducts (phosphates and copper) total 2,865 x 102 ST (or ~
2.5 million ST). If the possible and speculative resources are included, the total is
increased to 4,505 x 10° ST (or ~ 4.5 million ST}.

Four general types of reactors are included: LWRs, represented by Pressurized Water
Reactors (PWRs); HWRs, represented by Canadian Deuterium Uranium Reactors (CANDUs); Righ
Temperature Gas Cooled Reactors (HTGRs); and Fast Breeder Reactors (FBRs). The data for the
PWRs were provided by Combustion Engineering (CE) and Hanford Engineering Development Lab- ——
oratory (HEDL); the data for the CANDUs by A _onne National Laboratory (ANL); the data for
the HTGRs by General Atomic (GA); and the data for the FBRs by HEDL. In addition to the
standard LWRs (PWRs), spectral-shift-controlled PWRs (SSCRs) are also included in the study,
the data for the SSCRs being provided by CE. Descriptions of the individual reactors used
in the study are given in Tables 6.1-2 and 6.1-3 (ref. 7), and the economic data base for
each is given in Appendix B.

The LWR designs include reactors fueled with low-enriched and denatured ”*“U, denatured
<33y, and plutonium, the ¢iluent for the denatured designs consisting of either 238U or
thorium, or both. In addition, a low-enriched LWR design optimized for throwaway has been
studied, and also three SSCRs fueled with Tow-enriched 23U, denatured ?*3U, and Pu/Th.

The HWRs are represented by three 72°(-fyeled reactors (natural, slightly enriched,
and denatured), @ denatured 73U reactor, a Pu/%3U reactor, and 4 Pu/Th reactor. The HIGR
designs consist of low-enriched, denatured, and highly enriched ?*°U reactors; denatured*
and highly enriched 73U reactors; and a Pu/Th reactor. '

The FBR designs consist of two Pu/22%U core designs {one with a ”**U blanket and onc
with a thorium blanket) and one Pu/Th core design (with a thorium blanket). In addition, a
710317 %% core d2sfgn with a thorium blanket has been studied. The 33U enrichment is less
than 127, and thus this FBR is a denatured design.

#Tn contrast to the other reactor types, the denatured ' U HTGR design is assumed to contain
187 7'y in 7 *"U instead of 127,

! —— D o om— [
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Introduction dates for each reactor type are included in Table 6.1-2. A slight modifica-
tion to an existing PWR fuel design, such as a thicker fuel pin cladding to extend the dis-
charge exposure, was introduced in 1981. A more extensive modification, such as a denatured
215y PHR fuel pin, was delayed until 1987. The remaining PNR designs, including the 5SCRs,
were introduced in 1991. The HWRs and YTGRs were all introduced in 1995, while the FBRs R

]

were not introduced until 2001. e T - i

g I i

The Titetime-averaged mgﬁ;ﬁsﬂe plutonium flows given in Table 6.1-3 shol’
that for the throwaxay cycle, low-enricked HIGRs offer significant (almst 20%) uranium ore
savings compared to low-enriched PHRs. Slightly enriched WWRs reduce uranium ore require-
ments by an additional 20% cver HTGRS and more than 35% over LWRs. Although low-enriched
LWRs and HIGRs have roughly the same enricheent requirements, the slightly enriched HWRs
require 5 to 6 times less enrichment. The low-enriched SSCR offers about a 227 savings in
enrichment.

Core discharge exposures for FBRs are approximately twice the exposures for LWRs,
while exposures for HWRs are about half those for LWRs., An eiception is the natural-
uranium HWR, which has a discharge exposure of one-fourth that for the LWR. HIGR dis-
charge exposures are extremely large - nearly 200 MMd/kg for the Pu/Th fuel design.

The two FBRs with Pu-U cores have breeding ratios of 1.34 to 1.36. Replacing the
uranium in the core with thorium reduces the breedin§ ratio by 0.15, while replacing the
plutonium with 233U reduces the breeding ratio by 0.16. Finally, comparing 235U-fueled
tizormal reactors with 233U-fyeled reactors shows that the 233U-fyeled reactors have con-
version ratios about 0.10 tu 0.15 higher,

The most striking observation that can be made from the total fissile fuel requirements
shown in Table 6.1-3 is the significantly lower fissile requirements for the denatured 232y-
fueled SSCRs and HWRs and for the highly enriched *32U/Th-fueled HTGR.

Finally, a few comments should be made about the relative uncertainties of the per-
formance characteristics for the reactor designs in this study, Clearly, the low-enriched
73%y-fueled LWR (P!'R) has low performance uncertainties. Numerous PWRs that have been designed
using these methods are currently in operation. The highly enrichea “*"U-fueled KTGR also
would be expected to be quite accurate since Fort St. Vrain started up in 1977. For the same
reason, the successful operation of HWRs in Canada gives a high level of confidence in the
natur3] uranium fueled CANDUs,

The Pu-U-fueled FBRs have had a n:reat deal of critical experiment backup, and a few
FBRs have been built in the U.S. and abroad, givin 1 assurance in the calculated performance
parameters of these reactors, Mos: of the remainin, reactors, however, have rather large
uncertainties associated with their performance characteristics. This is because these
reactors have not been built, and most have not even had tritical experiments to verify the
designs, The uncertainty for the alternate-fueled reactok desiqns is even nreater since the
effort in developing nuclear data for ~ ‘U and thorium has heen modest compared to that
expended in developing data for 7"y, 7**U, and plutonium;




fable 6,1-2, Characte-istics of Various Reactors

Equilibrium Conditior-

T Lifetime Requl rementsr"” hiame Heavy Metal — ~ Core BreedTng
{ntroduction r::gr (tons U“OB,GHQ)", “0" kl_] SNU/GNQ)"' R::‘b”1cat“:n ?‘5’6’]"‘1'8 C lWor io.
. ! ) ju rements xposure onversio.
'*f_c_lgri”.‘,‘c_lev'_’ Date {Mue) mﬁnsd@rge Net Charqe Disd\arqe: Net (NT/GWewy: )  (MWD/kg) Ratio
LRR-US(LE)0-S 1369 1% 5236 1LY 078 N 017 2,94 25.8 “:«.0 0.60
UaR-USILE ) U- L 1981 1150 4904 0 4904 in 0 KRR 18,2 43 0,54
URR-US(DE )7y Th 1987 1150 8841 3803 5038 8,03 3,20 4,R3 240 a3 0.66
LAR-UGI(DEY U, 1991 1150 0 0 0 0 0 0 24,1 32 0,80
LWR-Pu v 1991 1150 950 0 950 0 0 0 25,7 30 0,70
LHR-Pu/Th 199} 1160 0 0 < 8} 0 0 22,6 33 .
IS SHLY 'R 3 13T 1991t 1300 4396 908 3489 2.42 0,05 2,37 25.3 30 -
SSCR- 1308 )y T 1991 1300 0 b 0 0 0 0 23.0 33 -
SSCR-v -4 Th 199} 1300 0 0 0 0 - 0 0 23,0 33 .
HER-USINAT ) 1995 1000 415+ 0 4156 i ] 0 114,9 7.5 -
HRS-US(SEUY, o 1995 1200 3187 0 3187 0.59 0 0,59 53.9 16 -
HaR-US{DF )SuTh 1995 1000 3y 2402 4935 6,66 1.94 4,75 53,9 16 . o
HRR=L:3(DE) U/ Th 1995 1000 0 v 0 ] 0 0 53,9 16 - &
HNR-Py L 1995 1000 2030 (] 2930 0 u 0 53,9 16 -
HAR-Tu/ Th 1995 1000 0 0 0 0 0 0 53.9 16 -
HIGR-US({LY)u-T 1995 1344 4017 0 a7 .23 Q .23 8,2 80 0,50
' r-?':-R-US\'L[),‘U 1945 1344 4017 431 3584 3,23 0,12 Ln ?.2 91 0..4
HTGR-US{DEY U/ Th 1995 1344 3875 465 340 3,52 0,30 22 6.3 104 0,54
HISK-US{HE )} U Th 1995 1344 3903 558 3345 3,90 0,55 3,35 8.9 74 0,67
PIGR-UIDE TN 1995 1344 0 0 0 0 0 0 10,4 63 0,65
HIGR-U2'Th 1995 1344 0 0 0 0 0 0 14,0 47 0,8¢
HTGR-Fu  Th 1995 1344 0 0 1] 0 0 0 3.4 196 0,62
FaEaPu-0n 200 1200 0 0 0 0 0 0 12,/5,/7,Y 62 1.3
FER-Pyu-t/Th 2001 1200 0 0 0 0 0 0 12.7/4.6/6.4 62 1,34
#5R-Pu-ThTh 2001 1200 0 0 1) 0 0 0 11,6/4,6/6,4 68 1,19
LELEIR TR L} 2001 1200 0 0 0 0 0 0 12,7/4.6/6,4 63 1,18

——— - r gt ¥t e srwer st o

TE - Tow enrtohed: D0 aemar eady NAT v onaiwrals STU o sliahtly enciched; HE ¢ nignhly cnricheds U5 = SYoU; ud v <7 U S v standard LWRy FE » LHR with
ol Pacharge 2gature; T ooptiwized for thromaway,

K ! fadwication and 1 reprocessing losses; envichment tails assay 0,2.,

Cors 'Ragial Blarict’Axial 8lanter,

. s Eeme et Sand SEmw  me e




\ ) . : " y ool bmemii | S— - i )
Table ‘,.1-3T Average Fissile Mass Flows* for Various Reactors
3 (ny/GMe-yr) <350 (kg/GWe-yr) Fu (ka/GWe-yr) Total (kg/GWe-yr)
Reactor/Cycle Charge Discharge Net Charge Discharqe Net Charge Discharge Net Charge 0ischarge Nesy,

CRR-ULE)2U-S 4] [} 0 736.9 13,4 523,58 0 1456,8 -146,8 736,9 360,2 376,7
LuR- US{LE J/U-LE Q 0 Q 643,3 a 683.3 4 0 0 683,3 0 683,31
LWR-US{DE)/U/Th 0 256,2 -2%6.2 1169.7 507.9 661,8 0 17,8 -77.8 1169,7 81,9 327.8
LWk-U3(DE )Y/ TH R02.0 530.4 2726.6 13.5 16.8 =33 [} 88,2 -88,2 820,5 635,4 185,1
LWR-Pu’U 0 0 0 173.1 91,2 82,0 700.6 472.2 228,5 873,7 663,4 310.5
L&R=Fu/Th 0 239.0 -239,0 0 2.3 -2.3 1294,1 620,2 673,9 1294,1 861,5 432.6
SER-15{LE) /L 0 0 0 626.3 169,3 457.3 0 185,0 ~185,0 626,6 354,3 272,3
SSCR-U3I(DE}/U/Th 619.9 426,2 193,7 26.8 n,? -4.4 0 72,9 <709 616.7 530,3 116,4
SR T 0 281,2 -281,2 i 4.3 -4,3 1202,3 556,4 645,9 1202,3 841.9 360,4
Hul ~US{NAT ) u [} 0 0 757.4 221.8 529.6 [i] 290,4 «290.4 197.4 518,% 239,2
Re 1-US{SEU)U n 0 0 521.8 2.0 449,7 0 189.8 -169,8 521,8 232,0 249,9
Ha¥-US{DE)/U/Th o) 18,2 -a18,2 970,38 2.4 644,0 0 22,5 -22,% 920,8 763,5 207.3
He 2-U3(DL )V TH 765.8 ' 664,7 1011 33.6 37,0 -3.4 0 26,9 «26,9 79,4 728,6 70,8
baR<PyU o} ] 0 369.9 62,2 2,7 156.6 77,7 =21,1 526,5 244,9 281,6
HaR-Pu’Th )} 191.9 -391,9 0 2.8 «2.8 895,5 234,4 661,2 895,5 629,1 266.4
HIAR-US(LE) "v-1 0 0 0 540,1 0 540,1 J 0 0 540,1 0 540, |
HIGR-15{LE) /L 0 9 0 540,1 69,1 47,0 0 41, «43,1 540,1 12,2 427.9
HIGR-US(DE ) /U Th 0 68,9 -68,9 689,0 64,8 624,2 0 223 «27,3 689.0 161,0 528,0
HIGR-US{HE )/ Th 0 186,4 ~186.9 512,3 73,3 439,0 0 1.0 -1.0 512,3 261,2 251,
HIGR-U3({DE)/U/Th 411,0 108,4 302,5 13,2 21,0 1,7 0 27,9 «21,9 424,2 157,3 266.9
HTGR-U3/Th 501.% 389,0 312.5 73.8 69.9 3.4 0 0 0 575,13 458,9 16,4
HIGR-Pu/Th [V} 9.1 -94,1 0 2.9 -2.9 637,0 126,7 §10,3 637,0 223,7 413,3
FBR-Py-U/U 0 0 0 69.7 48,1 21,6 1253 1526 -273,3 1322,7 1574,1 «251,7
FaR-Pu-U/Th 1} 231.5 -237.% 3.8 17.8 14,0 1261 1283 -21.9 1292.4 1538,23 -245,4
FER-Pu-Tn/Th 0 13,2 -743,2 0 0 0 1484 853,7 630,7 1484 1596,9 -112,9
F3R-u3-U/Th 1212.5% 844.5 68,0 33.3 19.4 13,9 0 199,.8 «499,8 1245.8 1363,7 «117,9

*“Lifetime average with 1. fabrication and 1 reprocessing losses,
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6.1.3. HNuclear Policy Options

Under the assumption that the reactor/fuel cycles listed in Tables ¢.1-2 and 6.1-3 --
could be deployed, a set of nuciear policy options were developed for studying the relative
capabilities of the various reactors to produce civilian nuclear power during the period
from 1920 to 2050. As was pointed out above, it was assumed that for a system to be
adequate, it should have an installed nuclear capacity of 350 GXe by the year 2000 and a
net increase of 15 GWe thereafter, with each plant having a 30-yr lifetime. (Note: In
order to determine the effect of a lower growth rate, a few cases were also run for an
installed capacity of 200 GMe in the year 2000 and 10 GWe/yr thereafter.) It was also
assumed that reactors fueled with natural, Vow-enriched, slightly enriched, or denatured
uranium could be dispersed outside the secure ene"gy centers and those fueled with highly
enriched uranium or with plutonium would be confined within the centers. All enrichment,
reprocessing, and fabricating facilities would also be confined within the centers.

The nuclear policy options fell under four major categories: (i) the throwaway/
stowaway option; (2) classical plutonium-uranium options; (3) denatured uranium 2p*ions
employing thermal converters only; and (4} denatured uraniv- coptions employing both converters
and breeders. The various options under these categovies are described in Table 6.1-4, and
the specific reactors utilized in each option are indicated in Table 6.1-5. Schematic repre-
sentations of the options are presented in Figs. €.1-1 through 6.1-4. Runs were made for
both intermediate-cost and high-cost Us0; supply assumptions.

These nuclear options cannot be viewed as predictions o, the future insofar as nuclear
power is concerned; however, they can provide a logic framework by which the future implica-
tion of rurrent nuclear policy decisions can be understood. Suppose, for example, a group
of nations agree to supply nuclear fuel t- another group of nations providing the latter
agree to forego reprocessing A careful analysis of the nuclear system options outlined
above can illustrate the logical consequences of such a decision upon the civilian nuclear
power systems in both groups of nations. Only those rations providing the fuel would main-
tain secure energy centers, since the nations receiving the fuel would be operating dispersed
reactors only. (Note: The analysis presented here considers only the U.S. ore supply. A
similar analysis for a group of nations would beqgin with different assumptions rega~ding the
ore supply and nuclear energy demand.)

For the purposes of thic analysis, all the nuclear system options were assuned to be
mutually exclusive. That is5, it was assumed that any nption selected would be purtued to
its ultimate end, In actuality, o nation would have the ability to change policies if con-
sequences of the policy in effect were determined to he undesirable, However, the ability
to successfully change a policy at a future date would he quite linited if the necessity
of changing has not been identified and incorparated into the current program, The purpo.e
of the study contained in this report was to identify the basic nuclear system options, and
to determine the consequences of pursuing them to their ultinate end. (Note: A +tudy of the
consequences of changing policies at a future date - and thereby the implicstion of current

programs - will be analyzed in a later study. )
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6.1.4. The Analytical Method

The principal components of the analytical method used in this study are illustrated
in Fig. 6.1-5 and are based on the following assumptions:

(1) Given a specified demand for nuclear energy as a function of time, nuclear units
are constructed to meet this demand consistent with the nuclear policy option under
consideration.

(2) As nuclear units requiring U;0; are constructed, the supply of Ui0g is continuously
depleted. The depletion rate is based on both the first core load and the annual reloads
required throughout the life of the nuclear unit. The long-run marginal cost of U,0g is
assumed to be an increasing function of the cuwlative amount mined. This is indicative of
2 continvous traesition from higher grade to lower grade resources.

{3) If the nuclear policy option under consideration assumes reprocessing, the fuel
is stored after discharge until reprocessing is available. After reprocessing, the fissile
plutonium and 222U arc available for refabrication and reloading.

(4) A nuclear unit which requires ?3%Pu or 2330 cannot be constructed unless the
supply of fissile material is sufficicnt to provide the first core load plus the reloads
on an annual basis throughout the unit's life.

{5) The number of nuclear units specified for operation throug . the 1980°'s is
exogenously consistent with the current construction plans of utilities.

(6) A nuclear plant design which differs from established technology can be intro-
duced orly at a limited maximum rate. A typical maximum introduction rate is one plant
during the first biennium, two plants during the second biennium, four during the third,
eight during the fourth, etc.

{7) If the manufacturing capability to produce a particular reactor type is well
established, the rate at which this reactor type will lose its share of the new construction
market is limited to a specified fraction per year. A typical maxinaum construction market
loss rate is 10%/yr. This reflects the fact that some utilities will continue to purchase
plants of an established and reliable technology, even though » new technology may offer
an improvement.

The acquisition of fissile material will be the principal goal of any nation embarked
upon a nuclear weapens program. Therefore, any analysis of a diversion-resistant civilian
nuclear power strategy must include a detailed analysis of the nuciear fuel cycle. The
steps in the nuclear fuel cycle which were explicitly modeled in this analysis are shown
in Fig. 6.1-6. They include: the mining of U40,; the conversion of U,04 to UF; the
enrichment of the uranﬁum by either the gaseous diffusion technique or the centrifuge
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Table 6,.1-4, Nuclear Policy Optiom?

Throwaway/Stowaway Option ‘see Fig. 6.1- l) : S i BRI

Option 13 LEV (2%0/27%) converters” oparating on the throwaway/stowaway cycle are pomittndr-auud« the energy centers and no reace

tors are operated inside the centers. Spent fuel 1: returned to the secure energy centers for: umm. d“pew\.

Plutonium-Uranium s (see Fig, 6.1.2) : . T : ' f

Option 2: LEU (?%%4/23%U) converters are operated outside the secure ener,y centers ard: Pu/U eonvori "y md 238y HE Th ‘"u Th
and Pu/Th HIGR's are permitied inside the centers. Uranivm s recycled in all ?zacton. nd nlutmﬂn {HEiThs A

, Option 3: LEU (2'%/23%) converters are operated outside the secure energy conter; and Puzu. canvarters , PysU/y: ‘breaders, and
“YY(HE)/Th, 733Y/Th, and Pu/Th HTGRS are permitted inside the centers, Uranium is ve¢ vclnd in €torsy and: plutonium 1§:re-
cycled in the emergy-center reactors, ‘ , ¢ o P :

Denatured Uraniwm Options with Converters Only (see Fig, «6.1-!)

f

Al
' r‘y conters lnd no ru:torl Are
nside: thce nun sither for

operated inside the centers, The fissile uranium i3 vocyclod 1nto the converters, but thn ,p'lutoml
ultimate disposal or for future use at an unspecified date,

- option SU: LEU {<Y%7%%3y) converters and denatured 2'SU and YU converters are aperated: gu ,
verters are permitied inside the centers, The ﬂslilo uranium is recycied into the outside redcters. andith
tors, The goal in this case 13 ;s miu™niae the womaer of pluzontin produce.? and to "'l"lllllmti 411
center reactors,

Option ST: LEU {¥1%/23%) converters and denatured 213U converters are oparated outside: m m; conters and Pumn eouvnrun are
permitted inside the centers. The fissile uranium {s recycled into the outside reactors and the::plutenium Mto UM inside-reagtors,. ‘The
goal in this case 18 nor o miufwise ke oo of plezontien ;ma dused but Mpguanyte” all that iﬂ P,Odkﬂ’d t° U in: ﬂ'l.slﬂ.l'ﬂ'“ﬂ"l‘

nergy: eontoﬂ ang: ’Pu/'rh cons
e -plutonium. 1ntg the ins{de reac.
produeld inte 1n the .anergy-

reactors,

Denatured Uranium Options with Converters and Breedery {see Fig, 6.1-4)

“n .
Option 6: LEV (“‘uﬂ‘ﬁug converters and denatured 725U and 73U converters are opevateq outside’ yhe fmwgy eovmn ond='f!'ul!h cone
verters and Pu<U/Th breeders (Pu-U cores, Th blankets) are permitted inside the centers. ‘Tne fiy ranium i$ recycled: into the outside
reactors and the inside bmders and plutonium is recycled into the inside convertars and brudc -'t"ll vr'mmm usede-anly a light
PPuer <3N sanemrat fon mate s realized, | :
tion 7: LEU 2“0/2“’0 converters, denatured 75U and )% converters, and danatured ?)Uibresders-are oparated cutside the energy
ce«!e?g and Pu/Th cm(tverter! a-)sd Pu-U/Th breedurs (Pu=U cores, Th blankets) are parmittad inside  th :nton. - The fissile uranium: s re«
cycled {nto the outside reactors and the inside breeders and plutonium 13 recycled in. e {nside:con rtars and:beadens, - With- the reactors
used, only & gkt "Puaera? DM aaquameation rare s reallud. This case represents “he: ﬂrst Imeum donaturod b:wcdan ‘i8 tncm«hmd in
the system,

Option &1 LEU (? ‘5{1/’"0} converters, cenatured 235 and 2} converters, a"d denatureg 212
centers and Pu/Th converters and Pu-Th/Th breeders (Pu=Th cores, Th blankety) are pe mitted {nsid
vecycled into the outside reactors and the plutonium inte the inside reactors. With the reactors us
rire is realized, Again 8 doranuned drceder o uziliaad in the system, = o

rl“mf»m ope
ANecantors,
¥y 8 ham:y "m‘ro-

m oumdt the energy
;“Jn uranium I
V" eranemetacion

=X
‘

‘In all options except Option 1, spent fuel i3 returned to the secure onorgy centers u- mpmum for fﬁpﬂlﬂ»\‘. tnc‘ipnnt fuel 18
véturned to the center for yitimate disposal, v A

‘¥Rs that are fueled with natural or slightly enriched uranium are Included fn this Lategory, . al

[

Qeyr.'lod 1in energy=center reagtors,
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Tahle 6,1-5, Reactors Available in Secure ($) Centers or Dispersed (0) Areas for Vcﬂﬁ‘s aﬂwﬁ-urwl'u\\j‘lﬁ options.
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Option I: In this option, LEY (225y/228y) converters® operating on the throwaway/
stowaway cycle are permitted outside the energy centers and no reactors are operated
inside the centers. Spent fuel is returned to the secure energy centers for ultima e

© . disposal, - B

Fig. 6.1-1. Option 1: The Throwaway/Stowaway Option.

technique; the fabrication of 235U, 23%y, and 23?Pu fuels; the destruction and transswtation
= of fissile and fertile isotopes occurring during power production in the reactor; the storage
of spent fuel, and, f permitted, the reprocessing of spent fuel; the size and composition
of fissile stockpiles as a function of time; and the amount of spent fuel or high-level
_waste which must be stored as a function of time. Thus, the amount, composition, and move-
ment of all fissile material in the civilian nuclear power system were accurately calculated
for each case under the nuclear policy options shown in Tables 6.1-4 and 6.1-5,

The cost of each nuclear option and the total'power cost of each nuclear unit in

the Optfon were a1so calculated; however, the total power cost of a nuclear unit did not
determine whether it would be constructed. Generally it was constructed if (1) it was

available in the policy under consideration, and (2) it had a lower U,0, consumption ,3ﬁ
rate than the other nuclear units available under the same policy option. This approach
was adopted because it is possible to calculate the U;0., fissile plutenium, and “ U
requirements of a nuclear unit with reasonable accuracy, while it is very difficult to

GRING R

RS that are fueTed with natural or slightly enriched uranium are included in this category.
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Option 2: In this eption, LEU (2)50/23%) converters are eperated outside the
securé energy centers and Pu/U converters and 235U(HE)/Th, 2233u/Th; and Pu/Th HTGRs are
permitted inside the centers. Spent fuel is returned to the centers for reprocessing.
Uranium is recycled in all »actors, and plutonium is recycled in energy-center reactors..
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.
1 Option 3: In this option, LEU (2350/23By) converters are ogcraud outside the
1 s secure enerjy centers and Pu/U converters, Pu-U/U breeders, and 235U(HE)/Th, 233y/Th,
and Pu/Th HTGRs are permitted inside the centers, Spent fuel is returned to the centers
- for reprocessing. Uranium is recycled in all the reactors, and plutonium is recycled

= in thesenergrunm reactors, (Note: Sketch does not fully cover Option 3G; see
Table 6,1-5,

S Fig. 6.1-2, Optfons 2 and 3: The Plutonium-Uranium Options.
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Oprion &: In_this option, LEU (2350/238y) converters and denatured 235y and 233y
" converters are operated outside the ensrgy centers and no reactors are operated inside
the centers, Spent fuel is returned to the secure energy centers for reprocessing. The
fissile uranium is recycled into the converters, but the plutonium is stored inside the
center either for ultimate disposal or for future use at an unspecified date.

Fig. 6.1-3. Options 4, 5U, and 5T: Denatured Uranium Options with Converters Only.

calculate the capital, fabrication, and reprocessing costs for the same unit. (Note: An
exception to this philosophy was contairzd in a set of cases described in Appendix D in
which the U;0, supply was assumed to be sufficiently large so as not to impose a practical
limit on the growth of the nuclear system over the planning horizon. In this case, the
decision to construct--or not to construct--a reactor concept was based on its total

power cost, which of course included the cost of U;0g as an increasing function of the

“total amount consumed. Thus, while the ability to conserve U0, did enter into the Jecision,
it was not the single dominating factor.)

An éxample of the uncertainty involved §n calculating the total pewer cost of a
nuclear unit in the future is 11lustrated in Fig. 6.1-7. This figure was developed by
"8ssigning a reasonable set of uncertainties to the capital, fabrication, and reprocessing
costs for a set of five reactor concepts with four fuel options for each concept. The
actual costs and their uncertainty are discussed in detail in Appendix B, In all cases,
the costs were assumed to be mature industry costs during the period 2010 to 2040 with
the price éf U304 increasing from $140/1b to $180/1b during this period. The reactor
concepts shown in the figure are the LWR, SSCR, HWR, and HTGR converters and the FBR.
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Option 5U: In this opticn, LEY (235u/238y) converters and denatured 235U and 233y ..
- converters are operated outside the energ, renters and Pu/Th converters are permitted
. inside the centers, Spent fuel is returned to the secure energy centers for reprocessing,
. The fissile uranium is recycled into the outside reactors and the plutonium into the
inside reactors. The goal in this case is to minimize the amownt of plutonium produced
. and to “"transmute' all that is produced into 233U in the energy-center reactors.
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Option 5T: In this option, LEU (235u/238y) converters and denatured 223U converters
are operated outside the energy centers and Pu/Th converters are permitted inside the
centers, Spent fuel is returned to the secure energy centers for reprocessing., The
fissile uranium is recycled into the outside reactors and the plutonium into the inside
reactors, The goal in this case is not to minimize Lhe amownt of plutonium produced but
to "tpmamute” all that is produced to *>* in the energy-center reactors.
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Option 6: In this option, LEU (?35U/-38)) converters and denatured 235U and 223y
converters are operated outside the energy centers and Pu/Th converters and Pu-U/Th
breeders (Pu-U cores, Th blankets) are permitted inside the centers, Spent fuel is
returred to the secure energy centers for reprocessing. The fissile uranium is recycled
into the outside reactors and the inside breeders, and the plutonium is recycled into
the inside converters and breeders, With the reactors used, only a 7izit "Pu-to-233y”
transmutation rate is realized,

Fig. 6.1-4, Options 6, 7, and 8: Denatured Uranium Options with Converters and Breeders,

The fuel cycle options assumed for the converters are as ¢nllows:

(1) Low-enriched “:"U/- °"U fuel, reactor operating on throwaway cycle;

(2) Low-enriched <’5U/?** fuel, reprocessing and '"U recycle permitted;
(3) PusU fuel, reprocessing and Pu and **'U recycle permitted (LWRs only):
(4) Pu/Th fuel, reprocessing and Py and - °U recycle permitted;

(5) Denatured “’°U/"*"U/Th fuel, reprocessing and “*’U and Pu recycle permitted.
For the case of the FBR, the fuel options are

(1) Pu/U fuel in core, Th in biankets, reprocessing and Pu and - ‘U recycle permitted;

(2) Pu/Th fuel in core, Th in the bhlankets, reprocessing and Pu and 7 ‘U recycle
permitted,
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Option 7:

the centers.
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In this option, LEU (2335u/238y) converters, denatured 233y and 233y
converters, and denatured 233y breeders are operated outside the energy centers and
Pu/Th converters and Pu-U/Th breeders (Pu-U cores, Th blankets) are permitted inside

Spent fuel is returned to the secure energy centers for reprocessing.

The fissile uranium is recycled into the outside reactors and the inside breeders,

and the plutonium is recycled in the inside converters and breeders.

With the reactors
used, only a light "Pu-tc-233)" tpansmitation rate is realized.

This case represents

the first time a denatured breeder i3 introduced in the system.
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Option B: In this optuon, LEU (?23u/238y) converters, denatured 225U and 233y

converters, and denatured 233U breeders are operated cutside the energy centers and
Pu/Th converters and Pu~Th/Th breeders (Pu-Th cores, Th blankets) arz permitted inside
the centers, Spent fuel is returned to the secure energy centers for reprocessing,
The fissile uranium is recycled into the outside reactors and the plutonium into the
inside reactors. With the reactors used, a heavy "Pu=to-?23U" tpansmutation rate is
realized, Again, a denatured breeder 1o utilized in the system,
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Fig. 6.1-5. Model for Nuclear Systems Fig. 6.1-6. Nuclear Fuel-Cycle Model.

- Assessment Study.

As Fig. 6.1-7 illustrates, the tota' levelized power cost of a reactor concept insofar
as an intercomparison of concepts is concevmed s dominated by the uncertainties. In partic-
ular, the total power costs for those concepts po§sessing the greatest resource saving (the
HWR and the FBR) exhibit the greatest uncertainties. The effect of the price of U;0, is also
significant, Figure 6.,1-7 shows that the total power cost of the LWR on the throwaway cycle
is significantly lower if the price of U,0, in the year of startup is S40/1b rather than
$140/1b.

The 1~velized power costs given for each reactor system in Fig. 6.1-7 were determined
from the sum of the discounted values of the cash flows associated with the system divided
by the discounted electrical energy production. The cash flows considered were: (1) capital

- investment, including the return -~ the investment and the return - the investment; (2)
fixed charges, such as capital replacements, nuclear liability insurance, etc.; (3) opera-
tion and maintenance costs; (4) income taxes; and (5) fuel expenses. The first four item:
are relatively straightforward, with the relevant data given in Appendix B. The fifth
item, however, merits somz additional discussion, particularly as fuel expenses relate to
the valuation of the bred fissile material. For these calculations the cost of bred fis-
sile material was taken to be the "shadowv price,”\dhich is the value of an additional unit
of fissile material to the particular scenario in question.

The shadow price ralculated for the bred fissile material is directly related to the
U,04 prices at and subsequent to the valuation point in time, The value of the bred fis-
sile material thus increases with increasing U,0, price which in turn increases as a func-
tion of the cumulative quantity consumed. For the resource-limited scenarios, an additional
unit of 7% or Pu will postpone the purchase of an equivalent amount of U,0,, the delay
having a dollar value due to tha use of discounted cash flows. For those scenarios which
are not resource-limited, an additional unit of bred fissile material permits the elimina-
tion of an equivaIené amount of U.0,.
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Fig. 6.1-7. Total Levelized Power Cost Sensitivity to Capital, Fabrication, and
Reprocessing Cost Uncertainties.

Since the valuation of the bred fissile material is related to the cumulative U.0:
prica structure, the rate at which the U0, is consumed during a particular scenario also
affects the time-dependent price calculated for tha bred fissile material. Rapid consump-
tion of the resource base (i.e., 3 hign energy demand) yields a rapidly ricing shadow
price. Such an effect is readily noticeable in the calculation of tne power costs of
breeder reactors since it is possible for the credit calculated for the bred material to
exceed the period's charges for the reactor’s inventory. Thus, the net fuel expense fo:
certain systems producing highly valued fissile material can be negative, resulting in
significant power cost differences when compared to the reactor systems operating with
high-cost natural resources. This type of phenomenon is illustrated schematically by
Fig. 6.1-8 in which the power costs of a fast breeder and of an LEU-LWR are plotted as a
function of U0, price. The rising power cost of the LWR is directly attributable to the
increasing fuel expense caused by the U0, price. The declining fast reactor power cost
reflects the increasing value of (and hence larger credit for) the hred material -in
compared to U,0p-derived fissile material.

The sitvatfon is still complicated even if one considers only the conceptually
simple case of the throwaway cycle. From Fig, 6,1-9, where for simplicity the price of
U,0, was assumed to be constant over the life of the plant, it appears that the LWR is
the least expensive reactor when the U;04 price is Tess than $60/1b, and that tie HWR

will be less expensive than the LWR when the U,0; price fs greater than $160/1b. However,
an examination of the uncertainties leads one again to the conciusion that they dominate
the problem, and that conclusfons based on economic arguments are tenuous at best. Thus,
the decision was made to construst or not construct a nuclear unit on the basis of its
ability to extend the U0, supply rather than on its relative cost.
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6.2. OISCUSSION OF RESULTS FOR SELECTED
NUCTLEAR POLICY OPTIONS

This section discusses results obtained in this study for a selected set of nuclear
system options that typify the role of nuclear power under different nuclear policy deci-
sions. The intent is to identify the basic issues, to determine the logical consequences
of decisions made in accordance with those issues, and to display the consequences in an
illustrative manner. Detailed results for all the nuclear system options outlined in
Section 6.1 are presented in Appendix C,

6.2.1. The Throwaway/Stowaway Option

The throwaway/stowawady cycle (see Fig. 6.1-1) is a conceptually simple nuclear system
option and therefore has been selected as the reference cycle against which all other op-
tions are compared. In order to thorough-

1y understand the implications of the throw-

‘ away cycle, the effect of several deployment
m—e— - S — options utilizing the various advanced con-
5 wany bxtor it verters on the throwaway cycle was analyzed

M o e SR in detail. In general, the analysis assumed

‘ ' a nuclear growth rate of 350 GWe in the year

[ UH——

it ! 2000 followed by a net increase of 15 GWe/yr,

but the consequences of a significant reduc-

tion in the nuclear growth rate were also

; wonsidered. In addition, the effect of both
! the high-cost and the intermediate-cost

U,0; supplies was determined.

Yo
M e
| Vet

.

N,

L l i A symmary of the 30-yr U.0. raquirements

——— —

.- - ) -3 - f
O 0 4

Fig, 6.2-1. Lifetime U;05 Requirements including an LWR with a fuel system designed
for Various Reactors on the Throwaway Cycle. for an extended discharge exposure, is

for several reactors on the throwawavy cvcle,

<hown in Fig. 6.2.1. In each case, the

average capacity factor of the reactor was

assumed to be 0.67, and the tails composi-
tion of the enrichment plant was ascumed to be 0.0027., As the figure indicates, all the
reactors have lower U,0. requirements than the s*andard LWR, the extended-discharge LWR being
© Jower, the SSCR ».° lower, the HIGR 23. lower, and the slightly enriched HWR 39. lower.
These U.,0, requirements were calculated for essentially standard designs without elaborate
design optimization, It is recognized that design optimization could improve the reactor
performance characteristics; however, the goal of this analysis was not to delineate the
ultimate role of any p-rticular reactor concept based on current performance characteristics,
but rather to identify the probahle role of each reaztor concept and the incentive for
improving its performance characteristics.
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The potential nuclear contribution with LWRS on the throwaway cycle, both with and
without a fuel system designed for extended exposure being included, is shown in Fig. 6.2-2
for the high-cost U;0. supply. The nuclear contribution passes through a maximm of
approximately 420 GHe installed capacity in about 2010 and declines continuously thereafter,
the system with the LWR-EE providing a slightly greater capacity over most of the period.* The
cumulative capacity constructed throughout the planning horizon is approximately 600 GWe. The
maximum installed capacity is less than the curwlative capacity because new units must be con-
structed to replace those retired during the period. The maximum annual U.0, requirement is
72,000 ST/yr and the maximum annual enrichrment requiremcnt is 45 million SWU/yr, neither of
which can be regarded as excessive. Thus, the principal limitation, in this case, is simply
the size of the economic U.0: supply.

A more costly U;0; supply would, of course, imply a smaller maximum installed
capacity occurring earlier in time, while the converse would be true for a cheaper
Y.0. supply. As is shawm in Fig. 6.2.3, if the U.0: supply were a factor of two larger, the
maximum nuclear contribution would increase from approximately 420 GRe to approximately
730 GWe and would occur at about the year 2030. If, on the other hand, the supply were a
factor of two smalier, the maximum nuclear contribution would decrease to approximately
250 GWe and would occur in about the year 2000. A cross-plot of the effect of the U.0:. supply
on the maximum installed nuclear capacity for the LWR on the throwaway cycle is shown in
Fig. 6.2-4. It is noted in Fig. 6.2-3 that if the U.0. supply should be as large as 6.0
millioﬁ ST, the maximum annual 1.0, requirement would be 120,060 ST/yr and the maximum
annual enrichment requirenent would be 77 million SWU/yr. Given the probable limitation on
the amount of U,0. that could be mined anc milled anrually, these annual U:0. requirements
could be the 1.1iting factor.

The effec: of adding an advanced converter (SSCR, HIGR, or HWR) to a nuclear power
system operatiry on the throwaway cycle with the high-cos: U.0. supply is shown in
Fiq, 6.2-3. The increase in the ruclear contribution for each of the advanced converter
options is relatively smnall, At most the maximum installed nuclear capacity increases by
aporoximately 30 GWe and the year in which the maximum occurs by approximately “hree
years, Adding the SSCR to an LWR produces a sligqntly qreater nuclear contribution than
adding an HIGR. This may at first appear to be 3 paradox since the lifetime ¥,0, require-
mer* for the HIGR is Tess than that for the 5SCR (see Fig, 6-2,1), but the 4-yr difference
fn introduct.on dafes is sufficiant to offset the difference in U .0, requirements, (The dif-
ference 7 nat large enough to he siqnificant, hawever.) The reason that so small an fncrease
in nuclesr capacity is realized by intronducing the varinus convertors i that by tne time
the, d6rinate the nuclear sy.tem a very sign.ficent fraction of the U.0. supply has already
Leer cormitted L) the standard LWR, This is illustrated in Fiqg, 6,2-6, where an HWR intro-
1004 1 1795 does not becowe dominant until 2010, 1t follows that if the U.0. <upply were
iarger 4t the sase syclear qrowth rate, or if the nuclear growth rate were »maller with the
same 1J,0, supnly, the addition of an advanced converter would have a qreater imoact. This
i5 11lustrated in Fiq, ,7-7, for which the intermediate-cost U,ﬂﬁ supply was assum~d, and

WToter Tn aeneral, unless a aystei consisting of the standard LWR alone 15 designated, 1t 15
the LAR nysten including an LWR-EE that is dennted 4s 1L and compared with other systems in
lTater sections of this chapter, tHowever, as pointed out here, the installed capacities of
the two LR ystems differ only <liqghtly,

f
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Fig. 6.2-2. The Nuclear Contribution
of LWRs on the Throwaway Cycle (High-Cost
U;0; Supply).
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Fig. 6.2-3. The Effect of U;04 Supply
on the Nuclear Contribu*ion of LWRs on the
Throwaway Cycle.
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Contribution of Adding Advanced Converters Tails Composition on the Nuclear Contri-
on the Throwaway Cycle (200 GWe in 2000 bution with the LWR on the Throwaway Cycle
plus 10 GWe/yr Thereafter) (High-Cost 4.0, (High-Cost U,0: Supply).
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Fig. 6.2-10. The Enrichment Tails Fig. 6.2-11. The Amounts of U;0;
Composition as a Function of Time for the Proces.ed Through the Enrichment Plants
Reference Case and for an Improving Tails as a Function of Time for the LWR on the
Strategy. Throwaway Cycle (High-Cost U,0, 5Supply).

in Fig. 6.2-8, for which a reduced growth rate was assumed. With the wntermediate-cost
supply, the effect of the 4-yr difference in introduction dates between the SSCR and the
HTGR is ro longer significant, and the HTGR makes the greater contribution.

The effect of changing the enrichment tafls composition upon the nuclear contribution
with the LWR on the throwaway cycle is shown in Fiq, 6.2-9 in which the reference case with
3 constant enrichment tails composition of 0,0020 is compared with two other cases: one in
which the enrichment tails composition decreases linearly from i,002C in 1930 o 06,0005 in
2010 and remains constant thereafter; and another in which the tails composition similarly
decreases and in addition the tails stockpile accumulated prior to 2010 i< mined at a later
date with 3 tails composition of 0,0005, The decrnasing enrichment tafils composition, shown
in Fiq, 6.2-10, is the industry averaqge, and hence the imnroving tails strateqy implies low-
eving the tails composition of the gasenus diffusion pluats beyinning i 1980, In addition,
the sirategy implies a continual transition toward an indistry hased upon an enrichment
process capahle of operating at an averane tails compositi. » pf v,0005,

f
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The effect of applying the improving tails strategy to a nuclear system based on the

. throwaway cycle is to increase the maximum installed nuclear capacity by approximately 60 GWe

and to delay the maximum by approximately five years {see Fig. 6.2-9). Mining the tails
stockpile accumulated prior to 2010 does not significantly change the result. The reason
that mining the past tails stockpile does not produce a significantly larger nuclear contri-
bution is explained by Fig. 6.2-11, which shows the cumlative amount of U.0. processed
through the enrichment plants as a function of time. The amount is considerably less than
the amount of U .0, cormitted at any given time, 2s shown in Fig. 6.2-6. It is important to
note thet the amount of U.0:. actvally processed through the enrichment plants prior to 1990
is relatively small, and at this time the tails composition for the voving tails strategy
has been decreasing linearly for 10 yr. Thus, most of the U;0. in the improving tails case
is processed at lower tails compositions, and mining the past stockpile does not produce a
significant improvement. The most dramatic effect associated with the improving (ails opticn
is the increase in the maximum annual enrichment requirement. As indicated in Fig. 6.2-9,
the maximum annual U.0: rzquirement for this option is 67,000 ST/yr, while the maxizum
annual enrichment requirement is 92 million 5WU/yr. Thus, the principal limitation in this
case would be the availability of enrichment capacity.

The utilization and movement of fissile material per GWe of installed capacity in
the year 2035 for each of the converter options is shown in Fig. 6.2-12a-d, assuming the
high-cost U,0; supply. These figures represent a snapshot of the system in time and include
the first core loadings for units starting up in the year 2036, As can be seen, the U,0, con-
sumption for Case 1L in the vear 2035 is approximately 142 ST U.0,/GWe, with the LWRs having
an extended discharge exposure comprising 92° of the installed capacity. When the LWRs are
followed by SSCRs {Case 15), the annua) Y;0: consumption is 135 ST U,0,, with the SSCR com-
prising 74. of the installed capacity. The fractional installed capacity of the SSCR is less

than that of the extended-exposure LWR in Case 1L because the extended-exposure LWR is intro-
duced in 1981 while the SSCR is not introduced until 1991. In general, the fractional installed
capacity of a reactor concept in the year 2035 will decrease monotonically as the intro-
duction date for the concept increases, Similarly, the fractional installed nuclear
capacity of a reactor concept will increase monotonically as i*s U.0. requirement decreases,

When the LWRs are followed by HTGRs (Case 1G), the U,0,. consumption in the year 2035
is 133 ST U,0./GWe, with the HTGR comprising 547 of the installed capacity. The annual U,0,
consumption is lower than in Case 1S because the U.0. requirement of the HIGR is less than
that of the SSCR (see Table 6.1-2 and Fig, 6.2-1), The fractional installed capacity of the
HTGR is Jess than that of the SSCR in the Case 15 becduse the SSCR is introduced in 1991
while the HTGR is not introduced until 1995,

When HWRs follow the LWRs (Case 1H), U.0. consumption in year 2035 is approximately
106 ST U40,/GYe and the HWR comprises 797 of the installed capacity, The HWR in this case
and the HTGR in Case 1G have the same introduction date, The HWR, however, has a lower
U0s requirement and hence the total instalied nuclesr capacity is greater with this
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Fig. 6.2-12 {cont.)
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reactor. Since this increase is due simply to the construction of additional HWRs, the
fractional installed capacity of the HWR is increased commensurately.

In summary, using the assumptions contained in this study, the following conclusions
can be drawn about the behavior of a nuclear power system operating on the throwaway option:

(1) The effect of deploying an advanced converter in 1995, under the assumption of
353 GWe in the year 2000 and 15 GWe/yr thereafter with the high-cost U,0, supply, would
be small.

(2) If the U;0, supply available below SlGOIlb_should be larger than 3 million ST,
or if the nuclear growth should be smaller than assumed above, then the effect of deploying

the advanced converter would be larger.

(3) The effect of reducing the enrichment tails composition is somewhat larger than
that of deploying an advanced converter under the assumed conditions. -

(4) The dominant variable for the nuclear power system on the throwaway cycle is

_ the U;0; supply; a U.0: supply either twice as large or twice as small is of greater

consequence than any of the effects discussed above.

6.2.2. Converter System with Plutonium Recycle

In order to assess the option of plutonium recycle in converters it was assumed that
‘é re‘{:r%écssing capability would be available in 1991, (This assumption does not arque that
the reprocessing capacity would be economically attractive or diversion-resistant, but
merély that it would be technologically feasible by this date.) In this option the classi-
cal plutonium recycle was modified somewhat by rejecting converters with self-qgenerated
recycie in favor of converters with complete plutonium loads. This has the advantage of
reducicg the number of reyrors that must be blaced in the energy centers and cormensurate-
ly increases themumbar Jf reactors that can be placed outside the centers. The individual
reactor concepts and their locitions are shown in Fig. 6.1-2 {(Option 2).

A comparison of the nuclear contribution of the LWR with plutonium recycle Ls that
of the LWR or. the throwiway cycle (Fig. 6.2-13) shows that with recycle the maximum in-
stalled ruclear caparity is increased from approximately 420 GWe to approximately 600 (e
and the time at which the maximum occurs is increased from ahout vear 2010 o abou. year

2070 (high-cost U,0. supply). The mayimm annual Y 0. vequiroment for this cace i
67,000 ST/yr and the maximr-snnual enrichment requirement is 46 million SWl/yr,  Thene
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Fig. 6.2-13. The Effect on the Nuclear Fig. 6.2-14. Relative Nuclear Contri-

Contribution of Recycling Plutonium in LWRS  butions of LWRs Located Inside (LWR-Pu) and
(High-Cost U;0, Supply). Outside (LWR-U) Energy Centers (High-Cost

U;0; Supply).

requirements do not differ significantly from
those of the LWR on the throwaway cycle (see
Fig. 3.2-2) because the nuclear growth pro-
jection was specified to be 350 GWe in the
year 2000 plus 15 GWe/yr thereafter. Thus,
the primary effect of reprocessing is to allow
the nuclear system to qrow beyond the 400-GiWe
level cven though a scarcity of U,0, exists

‘ at costs below 3160/1b. Viewed differently,
L the primary effect of reprocessing is not

to support the construction of additional

p
PSR U SE I S

v

Fig. 6.2-15. The Effect of U;0, Supply
on the Nuclear Contribution of the LWR with
Plutonium Recycle (Case 2L). U404 is in plentiful supply.

nuclear uynits in the earlier years when

The installed nuclear capacity that rust be located in the energy centers as a
function of time is shown by the Tower curve in Fig. 6.2-14, the difference between the
two curves indicating the nuclear capacity *hat can be made available outside the centers.
The maximum capacity which mist be located in the energy centers is approximately 2630 GWe,
while a maximum of 400 GWe can be available outside the center. For approximately three
decades (from the year 2000 to the year 2030), over 300 GWe can be available outside the
centers. The use of plutonium recycle to allow the nuclear system to grow beyond the
400-GWe level as the U304 supply becores scarce is vividly illustrated in Fig. 6.2-14,
Note that the number of units loaded with plutonium increases significantly as the in-
stalled capacity exceeds the 400-GWe level and that they comprise an increasing fraction
of the total installed capacity in later years.
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fig. 6.2-16. Utilization and Movement of Fissile Material in a Nuclear System
Consisting of LWRs Operating with Plutonium and/or lraniun Recycle {Case 2L, Hinh-
Cost U,0. supply} (Year 2035j.

The effect of the intermediate-cost U.0. supply on the LWR plutonium recycle case
is shown in Fig. 6.2-15. HWith 6.0 million ST U'.0. belra $160/1b, the maximum nuciear
contribution would increase from approximately 600 GWe in the year 2020 to approximately
960 GWe in the year 2045. Thus, the 1.0 supply is again the dominant variabie. The
maximum annual U,0. requirement viould be 110,900 ST/yr and the maximum annual enrichment
requirement would be 72 million SWll/yr. These annual requirements would constitute the

principal limitation of the system.

The utilization and movemen: of fissile material per Gde of installed capacity for
the LWR with plutonium recycle is showm in Fig., 6.2-16. Aqain this fiqure represents a
snapshot of the system in time (in the year 2035) and includes both the first core lodding

for those reactors that are starting up and the last core discharge for those reactors that

are shutting down. The annual U.0. consumptigz in 2035 is 59 ST 1,0../GWe, and the LWR
utilizing plutonium comprises 54  of the installed capacity. Approximately 362 kq of
fissile plutonium in fresh fuel per GWe of installed capacity per year must be handled
within the energy centers for this case. (Note: Simply identifying the amourt of
fissile plutonium in fresh fuel that must be handled i not analogous to determining the
diversion re.istance of the system, While the amount of fisqcile plutonium heing handled
may be important, the state and location of the fissile plutonium anc the procedures used
to handle it are more irmportant in 45%e055ing the diversion resistance of a system.)
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In summary, a converter strategy based on LWRs with plutonium recycle could supply
a maximum nuclear contribution of 600 Ghe with a U:0; supply of 3.0 million ST at below
$160/1b. This is 187 GHe more than thc maximum nuclear contribution obtained with the LWR
on the throwaway cycle; however, it is less than the maximum nuclear contribution of
730 GWe obtainable on the throwaway cycle with a U.0; supply of 6.0 million ST at below
S160/1b. Also, converter strategy based on LWRs with plutonium recycle will require that
as much as 260 GWe be located in the energy centers.

6.2.3. Converter System with Plutonium Throwaway

Under Option 4 (see Fig. 6.1-3) it is assumed that the nuclear policy is to defer use
of plutonium until some indefinite future date and to operate all converters on low-enriched
or denatured uranium. The activities in ihe energy center are thus limited to reprocessing,
uranium fuel fabrication, and plutonium storage. As shown in Fig. 6.2-17, with the high-
cost U.04 supply, the nuclear contribution in this case reaches a maximum of approxi-
mately 590 GWe in about 2020, which is a significant increase over that of the (U+Pu) throwaway
case, and, in fact, is quite comparable to the maximum nuclear capacity obtained with
plutonium recycle. However, the reacto.s emploved minimize the production of plutonium and
therefore the amount ultimately thrown away. This, coupled with the fact that - "'l is worth
slightly more than - "'Pu in a thewmal reactor, allowed the system with plotonium throwaway to
ultimately achieve the same nuclear contribution as the system with plutonium recycle.

The maximum annual U.0. and enrichment requivements were found to be 80,000 5T/yr and
6% million SWU/yr. This ore roquirement is 20. greater than that for the case of IWR plutonium
recycle, and the enrichment requirement is 50. greater. The increases can be directly at-
tributed to the U.0. and enrichment requirements of the denatured LWR Yoaded with 15 - '"U in
"“U. As illustrated in Table 6.1-2, the lifetime 4,0, and enrichment requirements of this
reactor are 248 and 64° qreater than the same requirements for the standard LUWR,

The effect of the intermediate-cost .0, supply for this case is shown in Fig.
6.2-18. The maximum nuclear contribution increases from approximately 590 GWe in about
year 2020 to approximately 980 GWe in about year 2045. Again the contribution of the
system is comparable to that of the LWR plutonium recycle case, and aqain the maximum
annual U-.0, and enrichment requirements, 105,000 ST/yr and 100 million SW/yr, respec-
tively, will represent the principal limitations of the system.

The utilization and movement of fissile material per GWe of installed capacity for
Case 4L in the year 2035 are shown in Fiqg, 6.7-19, The U.0, consumption, including the
first core loadings and last discharges, is 32 ST U.0./GWe., The standard LWR loaded with
approximately 3. enriched < *'U comprises 5° of the installed nuclear capacity, the dendtured
LWR 1oaded with 15. enriched - *"U comprises 39 , and the denatured LWR loaded with 11. - ‘U in
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Fig. 6.2-17. The Effect on the Nuclear
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Fig. 6.2-18. The Effect of the U-0.
Supply on the Nuclear Contribution of LiR]s
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Fig. 6.2-19. Utilization and Maovement of Fissile Material ‘o a Nuclear System
| Consisting of LWRs Operating with Fissile Uranium Recycle and PVatonjum Throwaway
(Case 4L, High-Cost U.0. Supply) (Year 2035).
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133y comprises 57°. The principal advantage associated with this option is that all nuclzar
units can be located outside the energy centers, which means that the amount of fissile plu-
tonium in fresh fuel that must be handled in this system is zero. This advantage is mot
without cost, however; it requires the development of an indu-try capable of reprocessing
significant quantities of fuel containing therium and refabricating significant quantities

of fuel containing ~ U, In order to successfully implement this option, one must develep a
nuclear industry in which approximately 95> of the reprocessing capacity in the year 2035 1is
capable of nhandling fuel containing thorium and 57: of the fabrication capacity is capable of
hardling fuel contairing - *-U.

In summary, if employed judiciously, a converter strategy based or the LWR can be
developed which can discard all fissile piutonium and stil} supply a maximum nuclear con-
tribution of £30 GHe with a U;0p supply of 3.0 million ST below $160/1b. This is essen-
tially identical to that of the classical LWR plutonium recjcle with the same U,0. supply.
With a U305 supply of 6.0 million ST below $160/1b, the system could supply a maximum

nuclear contribution of 930 GWe: however, as pointed out above, considerable development
work would be required on fuel design and fabrication. '

6.2.4. Converter Systes with Plutonium Production Minimized:
Pu-to-" 0 "Trapsmutation”

[ 4

An inherent disadvantage in the plutonium thrOuawéy option discussed abnve is that the
fissile plutonium produced in the system is never utilized. Therefore, it was considered de-
sirable to analyze an option in which fissile plutonium produced in a similar system is used to
produce - U for the dispersed reactors. The - ‘U producer would be a converter with a
plutonium-thorium ¢ ., This converter would, of course, be located in an energy center,
while the other reactors would be located outside the center as shown in Fig. 6.1-3
{Dption 5U0). It is important to no!~ that while this option utilizes all the plutoniun pro-
duced in the system, it -~ s 'm zo i mmer T w e kit e e, This requires
the development of reactor concepts designed specifically to minimize plutonium production.

The nuclear contribution of this option utilizinc LWRs only (Case 5UL) reaches a
maximum of approximately 700 GWe shortly before year 2030 (see Fig. 6.2-20). Thus,
utilizing the piutonium produced in the system increases the maximum nuclear contribution
by approximately 100 GWe over that of the option with plutonium throwaway: it also
produces a delay in the maximum of about eight years (compare with Fig. 6.2-17). The
maximum annual U0, and enrichment requirements for this cption are 75,000 ST/yr and 65

million SWU/yr, respectively, each being approximately 6° less than that reauired for
Option 4.

The amount of the system’s installed nuclear capacity that must be located in the enerqy

center is shown in Fig. 6.2-21 as a function of time. TRis cption is distinguished by the

fact that the maximum capacity that musi be located in 2 secure region does not exceed 100

GWe at any time during the planning horizon, The amount that may be 'ocated outside the
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.energy center ranges from approximately 30J GWe in the year 2000 to approximately 600 GWe
in the year 2025. The disadvantage of tais Gi.tion is ihat the high energy support ratio

k {the amount of capacity that can be locatad outsid: tﬁe ene.qy center divided by thz-auountv

. that must be located in the center) cannot be meintained ihdefiniteiy. In fact, tﬁe energy
- support ratio decreases continuously as the end of the 1.0 supply is approached.
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Fig. 6.2-20. The Effect of Minimizing Fig. 6.2-21. Relative Nuclear Contri-
-the Production and Use of Plutonium is L&Rs hutions of LWRs Located inside (LWR-Py/Tn)
(kigh-Cost U0 Supply). and Outside (Denatured LWRs) Energy Centers

(Production and Use of Plutonium Minimir~d)
(High-Cast 1.0, Supply).
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utitization. Utilization (High-Cost 1.0, Supply).

The high energy support ratio could be .iaintained for a longer period of time, however,
if the Ui0, supply were larger. Fiqure 6.2-72 shows that doubling the U.0_ <upply would
increase the maximum nucledr contribution of the system from approximitely 700 GWwe in year
2039 to over 1000 GWe in year 2050. Since the maximum energy support ratio occurs at about _
the same time 2s the maximum nuclear contribution, it can be:aSsumed that with the increased
UD: supply & large enerqgy support ratio could be maintained as far into the future as year
2050, Given the Y.0, supply, it would appear that the principal limitation for this option
would be the maximum annual 1.0. and enrichment requirements, which are 115,000 57/yr and
90 milifon SWU/yr, rnspe:tiveli.
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The effect vpon the ruclear contribution of adding advanced converters with the LWRs
is shown in Fig. 6.2-23 for the high-cost U;05 supply. The HMR has the largest ef ‘ect,
increasing the nuclear contribution of the system to approximately 810 GMe in year 2035.
The ‘arger effect of the advanced converters in th_is option compared to their effect in
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Fig. 6.2-28. Utilization and Movement of Fissile Material in an LWR Nuclear System
Minimizing the Production and Use of Plutonium (Case SUL, High-Cost U0, Supply) (Year
2035).

the throwaway option for this ore supply is primarily due to tne fact that reprocessing is
ayai\able in tris case. The availability of reprocessing effectively increases the amount
of U3i0; available after the advanced converters are introduced and therefore increases the
amount of U;0, upon which the advanced converters can employ their resource saving.,

The utilization and movement in year 2035 of fissile material per Ciwe of installed ~ -
capacity for the system utilizing LWRs only (Case SUL) is shown in Fig. 6.2-_24.' The annual
U0; consumption is approximately 36 ST U0s/GWe. The LWR transmuting plutonium to 2’3
is supplied with approximately 170 kg of fissile plutonium in fresh fuel per GWe of installed
capacity and it comprises 13% of the installed capacity. This can be compared to the
classical case of plutonium recycle in which approximetely 54% of the installed capacity must

*The movement of fissile material in all) cases is a function of time., Furthermore, it is
affected by first-core charges and last-core discharges (which are included in Fig, 6.2-24
and subsequent similar figures). The fissile balance for a decaying (or growing) system
differs significantly from that of » static system.
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be located in energy centers and 368 kg of fissile plutonium in fresh fuel per Gde nf install-
ed capacity must be handled each year in thuse centers. This is not meant to i=ly that a
decrease in the amount of nuclear capacity which must be placed in secure regions is
synonymous witn an inciaase in diversion-resistance. Neither is it meant to imply that a
decrease in the amount of fissile plutonium which must be handled as fresh fuel is synonymous
with an increasz in proliferation resistance. If either of these items is desirable, however,
this option minimizing the production and use of plutonium does offer a significant increase
in the energy support kratio and 2 significant decrease in the 2mount df fresh- uel plutonicﬁ
that must be handled.

It is important to note that the deployment of the plutonivm wminixization and
utilizaytion option wou'd reqaire the developnent or & nuciear industry capable of reprocessiuy
fuel containing thoriur anj refabricating fuel contaiming 23%U. As Fig. 6.2-24 indicates,
only one reactor providing 3% of the installed capacity in ypa-' 2035 does not utilize thorium.
Thus, in order to successfully implement this option, 97 of the reprocessing capacity in
“year 2035 must be capable of handling fuel containing thorium, and 51. of the rabrication
capacity must be capable of handiing fuel containing 22 gu. '

In summary, a converter strategy based on the LWR which minimizes tne arount of
plutonium produced, but uses that which is produced, coule supply 2 maximum nuciear con-
tribution of 700 GWe with the high-cost U,0: supply. This is approximately 100 GWe
greater than the maximum nucleasr contribution obtained in the case of plutonium throwaway
and fissile uranium recycle. The strategqy doec, however, require that approximately
100 GMe be located in an energy center. With the intermediate-cost U.0: supply, the system
could make a maximum nuclear contridbution of more than 1000 GWe. In either case, the
aevelopment of fuel designs capable of minimizing the amount of plutonium produced and alss
the dovelopment of a nuclear industry capeble of handliing thorium-based fuels must be developed.

6.2.5. Converter System with Plutonium Production Not

—— -

Mirirized; Pu-to- ''U "Transmutation”

This option differs from the preceding option in that the dispersed r-actars are not
designed to minimize the amount of plitonium produced. Thus more plutonium is handled as
fresh fuel and more is "transmuted” into -7’0, Again a converter with a plutonium-thoriur
core is Jocated in the energy center, and other reactors are located outside the center (see
Fig. 6.1-3, Option 5T), ‘

Figure 6.2-25 shows that the nuclear contribution for this optien using LWR: only
{Case 5TL) reaches & maximum of approximately 640 GWe <horily before year 2025. The maximum
‘contribution fs less than the 700-GWe maximum in the preceding case primarily because of the
different amounts of fisstle plutonium utilized in the two systoms, Since - *"Pu i5 worth less
in a thermal reactor than either ~'"U or -, the system which minimizes the amoun: of plu-
‘tonium should (and does) make a stightly targer nuclear contribution.

~—at
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The fraction of the installed nuclear capacity which for this case must be located
in energy centers is shown in Fig. 6.2-26 as 3 function of time. The maximum is approximately
120 Gie, which is slightly greater than that for the previous case. The amount of nuclear

‘capacity available for location outside energy centers ranges from approximately 300 GiWe in

the year 2000 to approxi- tely 500 GWe in the year 2025. The waximum annual U,0, and enrich-
ment requivesents are 65,000 ST/yr and A5 million SWU/yr, respectively. These are quite similar
to the maximum annual requiremeats for the case of therlut with classical plutonium recycle

(see Fig. 6.2-12).

" The disadvantage of this option is that the energy support ratio decreases contimu-
cusly as the end of the U,0g supply is approached. Figure 6.2-27 indicates that if a U,0;
supply of 6.0 million ST below $160/1b were available, the system would continue to grow
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Fig. 6.2-25. The Effect on the Huclear
Contribution of "Transmuting” Plv.oniun
Produced in LWRs to 233U {High-Cost U.0,
Supply).

Fig. 6.2-27. The Effect of U0, Supply
on the Nuclear Contribu.ion of LWRs in
Systers with Plutonium "Transmutation” (Case

STL).
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fig., 6.2-26. Relative Nuclear Contri-
butions o7 LWRs Located Inside (Pu/Th) and
Outside’(Denatured LWRs) Energy Centers
(Plutonium "Transmuted” to 73°i1) (High-Cost
U,04 Supply).
until approximately year 2050, and thus the
high energy support ratio associated with
this oplion could be maintained much longer.
The maximum annual U,0, and enrichment
requirements in this case are 109,000 ST/yr
and 77 million SWU/yr, respectively. Thus,
again we have an option for which the
principal limitation would be the annual
ore and enrichment requirements.

The utilization and movement of fissile
material per GWe of installed capacity for
Case 5TL in the year 2035 are shown in Fig. 6.2-28.
The annual U,04 consumption is approximately
62 ST U,0,/GWe, and the LWR utilizing plutonium

romprises 18% of the installed capacity. Approximately 260 kg of fissiie plutonium per GWe of
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installed capacity must be handled as fresh fuel each y2ar within the emergy centers. This
can be compared to the classical case of plutonium recycie in which 563 of the installed
capacity is located in the energy centers and 368 kg of fissile plutonium is handled as fresh
fuel esch vear. Tiws, usir) the plutonius o produce Z*'U results in a significant reduction
in the amount of installed capacity that must be located ir Secure regions, and it also reduces
th. amount of fissile plutonium that must be handled as fresh fuel each year. ‘

o R B
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Fig. 6.2-28. Utilization and Movement of Fis<ile Material in an LYR Huc)_ir System
*Transmuting™ Plutonium to 73U (Case STL, High-Cost U,04 Supply) (Year 2035}.

As for the preceding option, the high energy support ratio associated with this case
requires the development of ¢ nuclear industry capable of reprocessing significant amounts
of fuel containing thorium and refabricating significant amounts of fuel containing -2,
although these amounts are considerably smallier, As Fig, 6.2-28 indicates, the LWR loaded
with approximately 3. enriched 7 U comprises 62. of the installed capacity in year 2035,
the LWR loaded with Pu in Th comprises 187, and the LWR loaded with 120 < “%U in " *"U comprises
209, Thus approximately 34 of the reprocessing capacity must be capable of handling fuel
contafning thorium and 20” of the fabrication capacity must be capable of handling fuel con-
taining 2320,

wow

In summary, a converter strateqgy based on the LWR which "transmutes” all plutonium
to " 33U could supply a maximum nuclear contribution of 640 GiWe vith the high-cost U-0.
supply, of which about 120 GWe would be located ¥n enerdgy centecr., ﬂhﬂe the nuclear con-
tribution for this case is somewhat Tess than for the caw in which the production of
plutonium is minimized, it doe' not require the dcvelopmont of new rpa..tor concepts and

it will re uire handling smaller amounts of - ‘',
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6.2.6 Converter-8reeder System with Light Plutonius “Transsutation”

- ~The results precented in the preceding sections have demonstrated that muclear
power systems based on coaverter reactors will ultimately be limited by the quantity of
economically recoverable vranivm. While a larger U;0, resource base will allow larger:
systems to develop, the comerse is also true. Since the U,0, resource base has always
been somewhat uncertain, the deployment of fast breeder reactors has traditionally been
considered as the rethod by which the consequences of this uscertainty would be minimized.
Thus, it has histori.ally been assuced that by deploying FBRs muclear power systes: would -
outgrow the comstraists saturally imposed by the U0, resource base.

In the nptuu discussed here (Option 6), an FBR with s plutonivm-uranium core ard 3
thorivm blanket is located in the enargy center to prodvce 233 which is then used in de-
natured comverier reactors outside the center. Because 2 higher plutonivs “transmutation”
rete could ‘e obtained with « plutonius-thorium core in the FBR, this option is referred

“to as hav ng a Ipx% "Pu-to-"*3U" transmutation rate. The individual reacter concepts
contained :n this option are shors in Fig. 6.1-4.

The nuclear contribution associated with this option when all the converters utilized
are LWRs (Case 6L} is shown in Fig. 6.2-29_ In thic case, even with the high-cost U,0;
supply, the system is capable of maintaining a net addition rate of 15 Gie/yr throughout
the planning horizon - i.e., frox 1980 through 2050. The ability of the nuclear systen
to maintain this net addition rate is a direct consequence of the compound sys;tem doubling
time of the FBR, wnich, in tRis case, is 13 yr. This doublino time in turn is a direct
consequence of th~ FBR havinc a Pu-U core.

In this option the instailed nuclear capacity which must be located in energy centers
increases as & function of time to approximately 560 GWe in year 2050 (see Fiy. 6.2-30).
The most rapid increase occurs between 2010 and 2020 as the number of FBRs on line in-
creases signivicantly. The amount of nuclear capacity available for installation outside
the centers increases from approximately 300 GWe in year 2000 to over 500 Gde in year 2050.
Initially, the LWR loaded with approximately 3: enriched - ‘U is the principal reactor
available, but as the U,0. is depleted, it ic replaced by the LWR loaded with 11 - %
in -**U. This is illustrated in Fig. 6.2-31, which also indicates that this opticn is

capable of maintaining an energy suppert ratio qreater tham unity throughout the planning
horizon.

The maximum annua) U:0; and enrichment requirements for this case are 62,000 ST yv
and 44 million SWU/yr, respectively. These annual requireﬂ‘!ents do not Jdiffer sisnificantly |
from those ubtained with the LWR on the throwaway cycle. the reasor being that in eitner
case, the goal of the ruclear power system is to naintain a“ net addition rate of 15 Gae yr
provided this increase can be sustained by the U.0 supply. Tne maxi=um irstalled caracity
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= Fig. 6.2-29. The Ruclear Contribution _ Fig. 6.2-30. Relative Ruclear Contri-

of an LMR-FBR System with Light Plutoniun vutions of Reactors Located Inside {Pu-Fueled)
"Transmutation™ (High-Cost U.0. Supply}. and (utside (Denatsred LWBs) Energy Centers -

{High-Cost U.0, Supply). i
L] T i
| et .. o e e P P it for the LWR loaded with approximately 3. en-
o~ _ riched - U in either case is approximately
: 420 Gie. However, ir this option, 25 the in-
g-— stalled capacity of the ~:°i-loaded LWRs
5 ! ~ decreases, the eneruy center Fifs produze in-
2‘5 creasing acrounts of - U tor the denztured LWRs,
; ; and thus Tthe totz2l installed nuclear capacity cor-
N "'r

tirues to increase at a net rate of 15 G¥e/yr.

Ve : The amount of fissile plutonium that =ust

be handled in tre enercy centers as fresh fue;
Fig. 6.2-31. Relative Nuclear Contri- . . .. .
butions of Each Reactor Type in LuR-FBR each year is shown ir Fig. 6.2-32. Approxi-

System with Light Plutonium "Trarsmutatica® mately 620 kg of fissile plutoniam per Gde must
(Righ-Cost U.0: Suppy). be handled in this case, s compared to apovoxi-
matel 170 kg of fissile plutonium in fresh fuel per Glde eacrn year for the case of plutonium
minimization and utilizatic . Thus, it appears thet tre ability to mainte.1 an energy support
ratio greater than unity while simultaneousiy adding 15 Gde/yr wili necessitate handli*g more

fissile plutorium in fresh fuel in the eneryy centers.

As pointed out in previous cases, the ability to maintain a high energy support ratic
requires the development of a nuclear industry rapable of reorocessinq'fuel containing
thoriun and refabricating fuel containing - -U. [In this opticn in the year 2337, the LWR
loaded with approxir:tely 3 enrichec - '\ comprises approximately 2 ¢f the instailed
capacity, the FBR ccrprisec 42 , and the LR loaded with 11 - " in  *" comprises 24
Upon exarining the flow 07 thorium and uranium mertal associated with these rudincrﬂ, it
cer be seen that 34 of the reprocessing capacity st he capable of nandling fuel cone
taining thorium and 27 of the fabrication induslry must ﬁﬁ capable of handling fuel
containine -1}, |
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The wnstalled uuc"{ear capacity whicn for Case BL must be located in energy centers
sluu in Fig. 6.;-34 as & function of time. The maximm is Tess than 300 Gie through-
&t the p!ming honzon The amount available for location outside the energy centers

m This can. be mared te Cption v for which the nuc!ear capacity that must be
Tocated in secure regions increases continicusly to approximetely 560 Gie in 2050. Thus,
3 nuclear system containing FBRs with Fu-Th cores plus FBRs with denatured 22U cores is
capable of maintaining 3 very high encrgy support ratio for an indefinite period of time.
It does require, however, that reactors th.. are net producers of fissile material be
Tocated in ener;, ...lers.

The utilization ard movement of fissilc material in year 2035 for Case 8L and the
soall U504 supply are stown in Fig, 6.2-35, The LWR loaded with approximately 3% enriched
2351 comprises approximately 13% of the instailed capacity, the denatured *SU LWR comprises
approximately 125, the energy center FBR comprise- approximately 297, the denatured 233U LWR
comprises 8%, and the deratured FBR compriset 38i. The denatured “'°UY LWR i- being rapidly
phases out of the nuclear system in year 2035, while the denatured “**U LWR is being
rapidly phased in. This is indicated in Fig, 6.2-35 by the fact that the heavy metal dis-
charge for the denatured - *5U LWR is considerably greater than the heavy meta) charge,
while the heavy metal charge for the deratured < ‘U LWk is considerably greater than the
heavy metal dJischarge. The former is indicative of fing] core discharges, while the latter
is indicative of first core loading:, !
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Fig. 6.2-33. The mwciear Cnntrllntiusf‘f’?' Fvg. i-u, ﬁelatwe Contnbutmns
of an LUR-FBR System'with Heavy Plutonism of Iuctors Located: Easide (Py-Fueled) and
*Transmststion” (High-Test U0, Smlﬂ‘ Dutside (Denctured LMRS and FBRs) Energy

I Centers (uxgH:ost u,na Supply)._
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. in this option the 2nmual conéh-ptiou of u,ﬁe"i’s" amﬁauly 25 ST U,0; in year _
2035, decreasing thereafter as the LURs Joaded with 235U are replaced by the LWRs loaded
with 233y Approximately &30 kg of ftssiie p!utomw per Gle of installed capacity must
be handled as fresh fuel each year w}thm energy centers, somewhat less than the 620 kg
that must be handled in Option 6. The ability to maintain 2 high energy support ratio
while simltaneously adding 15 Gle/yr again requires the development of 3 nuclear industry
capable of reprocessing fuel containing thorium and refabricating fuel containing < 32U.
Figure 6.2-35 shows that 65: of the reprocessing capacity in year 2025 must be capable of
handling fuel containing thorium and that 313 of the refabrication capacity must be capable
of handling fael containing 232y,

The effect of deleting the denatured FBR from the system is shown in igs. 6.2-3€ and
6.2-37. Figure 6.2-36 shows that without the denatured FBR the iustalled nuclear capacity
reaches a maximum of approximately 840 GWe in about 2035 and declines continuously there-
after. The reasnn for this, of course, is that withoul Lhe denatured FBR the system has
a net breeding ratio of less than unity. Therefore, while the system can multiply the
fissile supply significantly, it canmnot continue to grow indefinitely. The nuclear capacity
that must be lccated in energy centers for the modified Case 8L is shown in Fic. 6.2-37.
This capacity does not exceed 140 GWe throughowut the planning horizon. The amount of
capacity available for location outside the secure regions raries from approximately
300 GWe in the year 2000 to approximately 700 Gie in year 2035.

In summary, a strateqy based on an FBR with a Pu-Th core and a2 thorium blanket can
sucaly a net addition rate of 15 GWe/yr to year 2050 and beyond provided a denatured breeger
5 included in the system. [f the denatured breeder is not included, then the maximum
nuclear contribution woulr be approxim“tely 840 GWe. Tne amount of nuclear capacity that
must be iocated in secure regions does not exceed 140 GWe in this case. !

|
i
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5.3. CONCLUSIONS

The principal concl' sions developed during the course of this study are summarized
in Tables 6.3-1, 6.3-2, and 6.3.3.

From the preceding discussion and Table 6.3-1, the following conclusions are drawm
for various nuclear systems operating on the throwam.y cycle:

(1) With a U;0, supply of 3.0 million ST below $150/1b, the maximum installed
capacity with the standard LWR on the throwaway cycle would be approximately 420 Ghe,
and this would occur in about year 2006.

{2) A reduction in the U;0, requirement of all LWRs commencing operation in 1981 and
thereafter by 6% wouid not significantly increase the maxirum installed capacity. Thus, for .
the case of the LWR on the throwaway cycle, the effort should be on improvements in U0 ut®/-

I

ization significantly greater than 6. for LsRs commencing operation after 1981 or on illprv',’.»,-
ments which can be retrofitted into existing LWRs,

/
Table 6.3-1. Summary of Results for Nuclear Power Svstems "'
Cperating on the Throwaway/Stowaway Cycle i
Technology Maximum Nuclear
Development Contribution Year + Maximum
Option Reguirement (GWe) fon' ibution

High-Cost U,0; Supply

Standard LWR None 420 2006

[mproved LWR LWR with extended dis- 430 2010
charge exposure

LWR plus advanced SSC?, HTGR, or HWR 450 . 2012*

converter

LWR with improved Advanced enrichment 500 2015

tails composition process

Intermediate-Cost U,04 Supplx

Standard LWR Successful U;04 explora- 730 RN
tion program
LWR plus advanced SSCR, HTGR, or HWR; also 850 RNRE
converter successful U.0, exploration
program

Pepends on advanced CONvErter Concept and its Intrpduesiw aaee, ~ W07 TTTTmoomTIIm




o-48

Table 6.3-2. Summary of kesults for Nuclear Power Systems Utilizing LWR
Conve-ers with and without FBRs {with Rncrcle)

Maximum Naclear Contribution

Optior Tecrnology Development Y Total Fraction of GWE
? ear .
Reguirement Gtle in Energy Center
High-Cos®. V' 7 Supply
Pu recycls (.l} 2aprocessirg, retabrication 2020 60C 0.40
Py throwaway (4L} Advanced fuel design, repru- 2029 590 -
cessing
Pu oroduction minimized, Advanced fyel design, repro- 233C 700 0.15
Pu-zo- U "transmutation” (5UL} cessing
Pu productinn not aininized, hdvanced fuel design, reoro- 2025 640 0.21
Py-to-- ‘U “transmutation” {371} -essing
-. .FBRs 2dde1, light Py Advanced fuei desicn, repro- 2050 1100 J3.56*
transmutaticn [6L) cessing, €BR (w/0 denat. FBR)
FBRs ended, heavy Pu Advanced fyel desiqn, v nro- 2050 . 1100 0.27~
ransrutation (7L) ces. na, FBR © {with senat, FB2,
2035 850 G.16
{w/c denat. FBR)
intermediate-Cost U0, Svpply
Pu recycle {21 Rer-acessing, refatricatior 2045 961 -
Py throwaway (L) aduinced fuel ¢esian, repro- 2045 930 -
cossing
Pu preduction @inmized, Advanzed fuel desian, repro- 2050 1530
Pu=2-<"  "traasoutetion” (LUt cesing
~ Py poeduction nol minimized, Advar ced fuel dosian, reprs- 2059 1020
Pu-to-- - % “trarsmgtation” (ST cessing

"In yesr 2050.

{5) Tha deployment of an advanced conv-rter beginning in 1995 will not signifi-
rantly increace the maximum installed cepacity if the U.0Og supply is iimited to 3.0
million ST delow $160/ib. Thic is primarily due to ithe fact that a significant amount
of the U,0. suprly has been committed to the standard LWR prior to the advanced converter
attaining a large ‘ractisn of the installed capacity. If the U,0q supply shouid be as
large as 6.0 million ST below $160/1b, then the effect of the advanced converter is
considerahly larger.

(4) An gdvanced enrichment process capable of economicallv reducing the tails ~ompo-
sitin Lo 0,0005 could have a qreater effect than improvements in iWR U304 utilization or
the ceplnyment o7 an advanced conve%ter.

— e e —— S |- ] C ]
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Table 6.3-3. Summary of Fuel Cycle Reauirements for Nuclear Pawer
Systems Utilizin> LWR Converters with and without FBRs
(with Recycle; High-Cost U.0s Supply)

Fraction cof Installed Kuclear

Capacity Permitted Outside Fraction of Reprocessing Fraclic: of Refabrication
tnergy Center in Capacity to Handle Th Capacity to Handle
Latien Year 2025 in Year 2015 SU i Year 2933
Pu recycle 0.61 1] 4]
Py tn owaway 1.c0 .35 G.57
P; production minimized; 0,85 0.97 6.53
Pu-to-- * I “transmutation -
Pu production not minimized; 0.79 . 0.34 8.20
Pu~to- U “transrutation”
FBRs added, light Pu .56 6.32 0.27
transmutation
k3
FERs added. heavy Tu 0.76 0.€5 0.3t
transmutation

(5) The effect ¢f an exploration program successful enough to reliably increase
the U;0: resource base to 6.0 millic.i ST below S160/1b would be considerably greater than
any of the above. Thus, when analyzing the throwaway option, the size of the U,0. resource
base and the uncertainty associated with it Jominate the analysis.

From the discussion in Section 6.2 and Tables €.3-2 and 6,3-2, the following concly-
sinns are drawn for LWR and LWR-FBR systems operating with recycle:

(1) With the high-cos- U04 supply, the effect of plutonium recycle in LWRs would
be to increase the in.talled nuclear capacity to F00 GWe, and this would occur in about
year 2020. This would require, however, that as much as 40" of the nuclear capacity be
Tocated in the energy centers. If the U.0q supply should be as large as 6.0 million 5T

below $160/1b, the maximum instalied nuclear capacity would be 960 Gle, and this would
occur in about year 2045.

(2) If 211 plutonium were thrown away but fissile uranium were refabricated and
reloaded, the maximum installed nuclear capacity could be as large as 590 GWe with the
high-cost U,0, -upply. Attaining 590 GWe, however, rcguires the development of fuel
designs which minimize the amount ~f plutonium produced. In addition, it requires the
development of an industry in whicl as much as 95 of the reprocessing capacity is devoted

to fuel containing thorium and as much as 57 of tne refabrication capacity is devoted to
fuel containing -1y,

(3} 1f the plutonium produced in the system described immediately above were re-
fabricated and reloaded, the maximum installed nuc}ear capacity would increase to approxi-
mately 700 GWe, which is an increase in the maximum of approximately 110 GWe
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{4} If all plctonium produced were transmuted to 73U but no attempt was made to
minimize the amount of plutonium produced, the maximum installed nuclear capacity could be
as large as 640 GWe with the high-cost Ui0: supply. As much as 217 of the installed
nuciear cagacity would have to be located in secure energy centers, however, and it would
require that 347 of the reprocessing capacity be devoted to fuel containing thorium and 20%
of the refabrication capacity be cevoted to fuel containing “:3y.

{5) If a nuclear system utilizing an FBR with 2 Pu-U core and a thorium blanket were
developed, the system could maintain a ret addition rate of 15 GWe/yr indefinitely. The
irstalled nuclear capacity, in this case, could pe as high as 100 GHe in year 2050; however,
56% of this capacity would have tc be located in secure energy centers. Also, approximately

©..38% of the reprocessing capacity would have to be devoted to fuel containing thorium and 27%

of the refabrication capacity would have to be devoted to fuel containiug 232y,

- (6) If 2 nuclear system utilizing an FBR with a Pu-Th core and a thorium blanket were
developed, the maximum installed capac%ty'would depend upon the performance chars~teristics
of the denatured design receiving fuel from the FBR. If this design were a denatured breeder,
the nuclear system would be capable of adding 15 GWe/yr indefinitely. If, however, the

design were a denatured LWR, then the installed nuclear capacity would increase to approxi-

mately 850 GWe in about year 2035 and decrease thereafter.

In addition to the results and conclusions presented in this chapter, detailed results
for all the nuclear policy options calculated are tabulated in Appendix C. Also, as men-
tioned earlier, a separate analysis performed under the acsumption of an unlimited U.0¢
supply but with the nuclear power svstems in competition with coal-fired plants is described
in Appendix D.
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7.0. [INTRODUCTION

{. J. Burns
Oak Ridye Hational Laboratory

The assessment of any proposed fuel cycle must of necessity consider various topics
that affect the feasibil.ty and vichility of the particular cycle. Moreover, «n assessment
of a particular fuel cycle must consider the relative merits of the fuel cycle compared to
other potentially availchle fuel cycle options. Tkis study of the denatured - :°U fuel cycle
has addressed various aspects of the cycle in the preceding chapters: the proliferatirn-
resistant characteristics of the cycle {in Chapter 3); the impact of denatured - “:U fuel on
the performance of several types of reactors {in Chapter 4); the implemertation and com-
mercialization aspects of tne denatured fuel cycle {in Chapter 5); and the economic/resource
implications of the cycle (in Chapter 6}. In each of these chapters, the assessment of the
denatured -~ U cycle was limited primarily to the specific aspect under consideration. I[n
this crapter the detailed results of the assessment are summarized ard integrated, and the
potential tradeoffs possible between the various considerations are addressed. 'n andition,
recurirendations for further study of crucial aspects of the denatured - * 'V fuel cycie are

»ade.
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7.1. PROLIFERATION-RESISTANT CHARACTERISTICS OF DENATURED <3°U FUEL
C. M. Newstead
Brookhaven National Laboratory -
and

T. J. burns
Oak Ridge Hational Laboratory . .

As has been stated in earlier chapters, the primary goal of the denztured fuel cycle _;
is to permit the recycle of fissile fuels in dispersed reactors in a manner cousi;tent with
nonproliferation considerations. In this section the proliferation-resistant character-
istics of the denatured 23 %: fuel cycle that have been described in detail in Chapter 3 -
‘are summarized, and their significance with respect to both national proliferation and E
subnational terrorism is noted. In general, these caaracteristics derive from three
distinguishing features of the denatured fuel cycle: (1) the intrinsic isotopic barrier ~-
of the fresh denatured fuel, (2) the gamma radiation barrier associated with the 232y '
impurity present in thorium-derived fuel, and {(3) the Yow chemically separable fissile
content of the spent denctured fuel. '

7.1.1. Isctopic Barrier of Fresh fFuel

3 .
Ny

The isotopic barrier of the fresh fuel is created by the addition of the ¢
denaturant to the 273y fissile fuel, its purpose being to preclude the use of the “:3y -
directly in a nuclear weapcns program. Although the‘thcrium present in most proposed
aenatured fuels could be chemically removed, the separated uranium would have too low a
fissile content for §t to be directl’ usable in a practical nuclear device. By contrast,
the other potential fuel cycle relying on racycled material, the Pu/U cycle, would reguire
only a chemical separation to extract weapons-usabie material directly from power reactor
tuel. The isotopic barrier in denatured fuel is not an absolute barrier, however, since
any isotope separation (i.e., enrichment) technique can be used to circumvent it.

Depencing upor its tecrnological resources, a nation may have or may develop separation
facilities. On the other hand, it is unlicely that a subnational Jroup would possess
isotopic separation capabilities and thus the isotopic Larrier inherent in denatured fuel
vould srnvide considerable protec.ior against terrorist nuclear activities.

As 45 pointed out in Section 3.3.4 and Appendix A, enrichment technology has made
great strides in recent years and is presently undergoing rapid further development. Ten
years aqo the oniyv operational enrizhment facilities were based on the gaseous diffusion
techniaue, a method requiring a large expenditure of enzrgy and a large plant to be
economic., Today the gas centrifugation technique, which requires a significantly lower
energy consumption than tne gaseous diffusion method, is available and is practical with
small-scale plants. For example, the URENCO consortium is currently operating centri-
fuge enrichment plants of 50 tonnes per year capacity at Capeshurst in the United
Kingdom and at Almelo in The Netherlands. The URENCO centrifuqge represents an economic
design built by technologically advanced countries (Lnqland, The fictherlands, Germany)
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without benefit of U.S. experience. For a nilitary program, 2conomics would not be an
overriding criterion and could be sacrificed in favor of a more mderate level of

technology. Moreover, the open literature contains sufficient information concerning the

centrifuge designs to guide mechanically competent engineers with access to adequate
facilities. Replication of an economic design would requive 2 somewhat higher level of

technology than prototype construction.

The following particular points regarding the enrichment of denatured %1 fuel

should be noted:

(1) Because of the lower mass of 233y, separating 22V from 238y would require only 9/25

of the effort required to separate <50 from 233U, assuming equal feed enrichments.

(2} Since the fast critical mass of 23U is less than that of 235U, less enrichment

capacity would be required to produce 2 2> weapon from 2337238y feed than would
be requirec to produce a 23°U weapon from Z35U/235U feed, again assuming equal

enrichments of the feed material.

have 0 be done to upgrade the material to 90° enrichment.

{3) The higher the enrichment of the source material, the less separative work that would

For example, enriching

natural uranium to a 10. level consumes 90 of the separative work required to
achieve 2 90 level. It is to be noted that the enrichment of denatured “ >3 fyel
is approximatels 12, whereas the enrichment of currently used LWR 235U fuel is

around 3-4°,

With respect to items (2) and (3), a rough comparison can be made of the feed

requirements and the number of centrifuges that would be necessary to produce 90. enriched

material from various fuels in one year (normalized to 1 kg of product):

Number of Centrifuges Kequired

Feed Required 0.3 kg SWu/yr 5 kg SWU/yr

Fuel : (kg) Capacity _Capacity
12 3%y 8 55 3
20. 3%y 5 50 3
3.2. 7%y 30 292 17
- Natural Uranium 178 779 46

The above values do not consider measures to eliminate the 732U contamination and they
assume that a rezsorable tails assay will be maintained (<0.2" 23°U). If a higher tails
assay were acceptatle, the number of centrifuges could be reduced but the feed material

required would be increased.

One year, of course, is a long time when compared to a period of weeks that would
Le needed to ~btain approximately 10 kg of plutonium by chemically reprocessing two to
three spant LWR-LEU fuel elements, It would be possible to speed up the process time for
the centrifuge method either by increasing the individual machine capacity, by adding

additional centrifuges, or by operating at a higher tails assay.

Increasing the capacity



i _ separation techniques are under development in many countries. Laser isotope separation

would be quite difficult and would require increasing technological sophistication; how-
ever, adding cenirifuges would require only that the same device be duplicated as -ahy ]
times as neces.ary. Increasing the tails assay would require more feed mateiial. -

Finally, in considering the potential circumvention of the isotepic barrier, it is - . '—’i,f;
important to anticipate the enrichment technologies that could exist in 20 to 25 years - o B
the time when the denatured fuel cycle could be deployed. Technologically advanced

countries already have the necessary technalogical base to design and' construct ceatri- ‘ . _ l
fuges, and many presently developing countries may have acquired the technology base by ,k' o I
that time. Countries with a primitive technology are unlikely to use this route, since ~ - P ]
even with the finarcial assets and technically competent personnel they would have the S ' i

v

- difficult task of aoveloping the requisite support facilities. Other potential isotope .~ . _

(LIS), plasma techniques, erodynamic methods, chemical techniques, and electromagnetic

separation :ethods currently show varying degrees of promise. The current status of ; )
these methcds is iiscusséd in Appendix A. [t is impossible to predict the ultimate R
success or failure cf these alternative methods, and hence the isotopic separation

capability which might exist in 25 years is even more difficuylt to estimate. Current

estinates for the U.S. development program in LIS and plasma methods suggest that it will

be at least ten years before such methods could be operative on a wérking industrial

basis, even with a highly sophisticated R&D effort.

7.1.2. Gamma-Radiation Barrier or Fresh Fuel

The production of 32U results in the concomstant production of a small but radfo- l
actively significant quantity of - *°U through the “32Th(n,2n) reaction [and the “3°Th(n,y)
reaction :f “*57n is present in the thorium]. As the -3-U decays through “-5Th and its l
daughte- products, the gamma activity of the “*:U-containing fuels increases, thus providing
a radjiatian barrier much more intense than is found in other fresh fuels. While chemical brocessing
couid be emu[oyed to remove the - -y decay products, such a procedure would provide a relatively ) l
low radioactivity for only 10-20 days, since further decay of the “*?U present in the fue) ’
would provide a new population of “-“Th and its daughters, the activity of which would con- ]

tinue to increase in intensity for several years.

The cencentration of 237U in the recycle fuel is usually characterized as so many
parts per millior (ppm) of 32U in total uranium. Due to the threshold nature of the
21:Th(n,2n) reaction, the 237U concentration varies with the neutron spectrum of the
reactor in which it is produced. [t also varies with the amount of recycle. For 12
- 3% denatured fuel, the < *2U concentration (in ppm IJ) rznges from 250 ppm for LWR-
produced 7 **U to a maximum of 1600 ppm for certain LMFBR-derived denatured fuels (see
Section 5,1.3). [f the latter material were enriched to produce weapons-grade material,
the ° ¥ concentration would be approximately 8000 ppm, and *hus the material would be
highly radiodctive,
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able. The plutonium concentration is comparable to that of 22 ¥a, but very little is lost

the the radlatton ﬁeld would mtrod.sce comhcahons in the manufacture of a

'*bselute barrler (see Sectlor 1.a.5).— As mentroned above, it uould be possible to clean
. ug th\ flsslle raterial so that it was rf-lahvely free of radiation for a period of 10 to
o 20 days‘ Mtematwelg, providing <iielding and remote handling would allow the radiation
: ib&rrler 1o te c!rcunverted' ‘however, consiruciion and/or acquisition of the shielding,

re!dte haﬂdhng equunent “etc., could increase the risk of detection of 2 covert pro-
‘grie. be’are its unp!euon !!on-fxssﬂe material included in the weapon would also

) provlde some shielding during de'hvery. and additional shadow shielding to protect the
. operator of the ¢zlivery vehicle and to-facilitate the loading operations could be
+ developed. .

- In another approach, the - 3y could be separated from the 233U by inve ting in a

rjztber large cascade of over some 3000 centrifuges, possibly including 22¢Th cleanup to limit
-the radiation contamination of the centrifuges. A willingness to accept certain operational

disalvantages would oermit the radiation-contaminated ma*erial to be processed in tha cen-
trifuges provided they were shielded and some provision was made for remote operation. By

: ~ comparison, clean mixed oxide Pu/U fuel would have a much less <ionificant racicticn nrotlen
‘and the currently employed fresh LEU fuel would have essentiall; none at all,

7.1.3. Spent Fuel Fissile Content

Spent denatured fuel contains three possible sou-ces of fissile material: unburned
733y, 233 which decays to 23%; and Pu produced fror. the 232U denaturant. Use of the
uranium contained in the spent denaturcd fuel is su.ject to all the considerations ovt-
lined above and would also be hindered by the fission-product contamination {and resu.tant
radiation) inherent in spent reactor fuel. As was noted in Section 3.3.4, the rei‘atively
long half-life of 233pa (27.4 days) could permit the production of weapons-arade matarial
via chemical separation of te ?3%a; however, such a procedure would require that
chemical separation be iniciated shortly upon discharge from the reactor (while radiation
levels are very high) to minimize the amount of 233Pa which lecays to “3% while stil}
contained in the 238U denaturant. Moreover, since the discnarge concentration of - :*Pa is
typically 5. of that of 23%), a considerable heavy metal processing rate would be required
to recover a significant quantity of 22%a (and hence 73%) within the time frome avail-

by decay. Hence, the spent fuel can be allowed to cool for some time befc e reprocessing. | w
It would seem, thereforé, that if denatured 33U spant fuel were diverted it would be ! ‘
primarily for its plutonium content.

Any fuei cycle utilizing 7%y inevitably leads to some plutonium production.
Compared to the LEU cyc?e and the Pu/U cycle, the denatured 2% fuel cycle reduces the ! |
plutonfum production by (1) employing as little /3PU as necessary to achieve the ‘
denaturing objective, and (2) replacing the displaced 7%y with “3’Th to ennance the




production of "denaturable” 233. The plutorium production rates for various reactors
operating on conventional and denatured fuel cycles are discussed in Chapter 4 and
sumsarized in Table 7.1-1, where the Light-MWater Reacter (LWR) is represented by the
pressurized-water reactor (PWR}; the SSCR (Spectral-Shift-Controlled Reactor) is a -
modified PWR; the heavy-water reactor (HWR) is assumed to be a slightly enriched CANDU;
the High-Temperature Gas-Cooled Reactor {HIGR)} is taken o be the Fort St. Vrain plant;
and the High-Temperature Reactor (HTR) of the Pebble-Bed Reactor (PBR} type is represented
by the West German desfgn. Plutonium discharge data for Fast Breeder Reactors (FBR<)
represented by the Liquid-Metal Fast Breeder Reactor (LMFBR) are included for comparison.

It is quite clear from Table 7.1-1 that the denatured fuel cycle for the HWR gives
the greatest reduction in plutonium production between the regular and denatured cycles.
The YTGR has about the same absolute plutonium production for the dematured fuel cycle as
the HWR and in both cases the plutonium amounts are rather smell. The HTR-PBR is best in
absolute minimum plutonium production, yielding only 14 kg/GWe-yr and even less in 2 highly
optimized design.

Table 7.1-1. Fissile Plutonium Discharge for Various

Reactor and Fuel Cycle Combinations
(Capacity Factor = 0.75)

Fissile Pu Disctarge (kg/GWe-yr)

LEU Cycle Pu/U Cycle Denatured Cycle

LWR S 178 85g% 63
SSCR . 196 - 72
HWR (CANDU) 163° - 32
HTGR 72 - 36
HTR-PBR 63 - 14
LMFBR - 991 347

gPlutonium burner,
Slightly enriched CANDU.

For the LWR, SSCR and HWR the percentage of the disciarge plutonium that is fissile
plutonium §s approximately the same for the denatured cycle as for the LEU cycle, For
the HTGR and PBR, the fissile plutonium percentage is only ~39% for the denatured cycle
(compared to 56% for the LEU cycle). Further, the discharge plutonium from the HTGR and PBR,
and also from the HWR, is more diluted with other heavy material by a factor cf three to
four than that from the LWR or SSCR. Thus, rwore material must be processed in the HIGR,
HTR, and HWR to obtain a given amount of plutonjum, which pro&ides an additional prolifera-
tion restraint associated with spent fuel discharged from these reactors, However, the
on-1ine refueling feature of the CANDU, and also of the PBR, may be a disadvantage from a
proliferation viewpoint since low-burnup fuel could be removed and weapons-grade plutonium
extracted from it. On the éther har!, premature discharge ofi]ow-burnun fuel from the
reactors would incur economic penalties,



Viewed solely frem thé plutonium production viewpoint, the order of preference in terms
of higher proliferation resistance for the various denatured reactor candidates to be employed
at dispersed sites is as follows: HTR-PBR, HWR, HIGR, LWR. 23 33CR. However, other factors
must also be addressed in evaluating the candidate reactors, one of which is that their
plutonium production mairtains the symbiosis of a system that includes plutonium-fueled - >°U
producers in secure energy centers. This plutonium being consumed within the center as it is
recovered from the spent fuel would limit the amount of plutonium available for possible
diversion. While such an energy center could 2lso be implemented for the Pu/U cycle, the
denatured cycie wuld permit the dispersal of a larger fraction of the recycle-based power
generation capability. Hence, the number and/or size of the required energy centers might
be markedly reduced relative to the number required by the Pu/U cycle.

7.1.4. Conclusions

The proliferation-resistant characteristics of the denatured 233 fuel cycle derive from
its iatrinsic isotopic barrier, its gamma radiation barrier, and its relatively low content of
cherically separable fissile material in spent fuel:

e The isctopic denaturing of the dematured <3°U cycle would provide a significant
technical barrier {although not an absolute one} that would decrease with time
at a rate which is country-specific. Technologically primitive countries will
find it an imposing bar ‘~r relative to other routes. Countries that have the
technological expertise to develop isotope separation capabilities will have *he -
technology requived to circumvent this barrier; however, they will also have the

option of utilizing possible indigeneous natural uranium or low enriched - *'U fuel
as alternate feed materials.

e The denatured - U cycle imposes @ significant radiation barrier due to the - *U
daughter products in the fresh fuel as an 1nherent property of the cycle. Such
a radiation field increases the effort required t{o obtain weapons-usable material
from fresh denatured feactor fuel.

o While the amount of plutonium dischirged in the denatured - >U fuel cycle is
significantly less than in either lhe Fu/U cycle or the LEY cycle, the presence
of plutonium in the cycle (even though it is in the snent fuel) does represent
a proliferation concern. Conversely, it also rer esents - resource potentially
useful in a symbioti¢ power system employina ienatured fuel. The concept of a
safequarded energy center provides a means of addressing this duality in that
the fissile plutonium can be burned in the center to produce a proliferation-
resis-ant fuel.

| In surmary, the denatured 7 **U fuei cycle offers a technical centributicn to pro-
Viferaticn resistance, ilovwever, the fuel rycle nust be supplemented with political and
1hst1tutinnal arrangerents also cesiqned te discourage preliferation,

}
i
|



7.2. IMPACT GF DENATURED 233y FUEL ON REACTOR PERFORMANCE AND SELECTION:
COMPARISON MITH OQTHER FUEL CYCLES

: T. J. Burns
Oak Ridge National Laboratory

o

The discussion in Chapter 4 has shown that the impact of the denatured 233y fuel
cycle on the performance of the various reactors considered in this study is largely due
to differences in the nuclear properties of >y and “32Th relative to those of 3%y
(and #3°Y) and 23U, respectively. For thermal systems, 233U is a significantly better
~ fuel than either 23%Pu or 235y, both in terms of energy production and in terms of the
conversion ratio* that can ue attained. For fast systems, however, the substitution of
233y-pased fuels for 2°SPu-based fuels results i.: a somewhat poorer reactor performance,
particularly with respect to the breeding ratio.* In this section the performance of the
various reactors operating on the denatured “3°U fuel cycle is compared with their per-
formance or other fuel cyclé%. In additfan; the dependence of the denatured 233U._fuel
cycle on auxiliary fuel cycles for an adequate supply of %30 is discussed. Because of this
dependence, reactors fueled with denatured “33U must be operated in symbiosis with reactors
that produce Z°3U. These latter reactors. referred to as cronsruiors, may be either thermal
reactors or fast reactors. The particular reactors selected for operation as tranimuters and
those chosen to operate on denatured 33U fuel will depend on several factors, two of the most
impo-tant being the resource requivements of the individual reactors and the energy growth
capability required of the symbiotic system. The influence of these various factors is
pointed out in the wviscussion below.

7.2.1 _Thermal Reactors

In comparing tne performance of thermal reactors operating on denatured 72:U fuel
with their performance on other fuels, it is useful to distinguish between two generic
fuel cycle types: those that do not require concurrent re;-ncessing {that is, ance-through
systems) and those that do. Although the denatured **%lj fuel cycle cannot itself be
employed as a once-through system, the implementation of the MEU(235)/Th once-through
cycle is a logical first step to the implementation of the denatured - 33U cycle. Thus both
once-thiough and recycle scenarios are considered here for thermal reactors.

Once-Through Systems

Two fuel cycles of interest to this study can be implemented without concurrent reprocess-
ing capability: the LEU cyrle and the MEU(235)/Th cycle. The LEU cycle is, of curse, already used

: ‘
The covnepcion rat?. 8and breeding protio are both defined as the ratio of the rate at |

which fissile material is produced to the rate at which fi<sile material is destroyed at a
specific point in time (for example, vt the midpoini of 'the equilibrium cycle). The term

conversion ratfo s applied to those reactors for whichithis ratic is less than 1, which
is usually the case for thermal reactors, while the turm brecding ratio is applied to !

those rear.tors for which this ratio is greater than 1, which is usually the case for fast w
reactors (i.e., breeders).
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routinely in LWRs ..d suall-scale fabrication of MEU(235)/Th fuels for LWRs might be attain-
able within 2 - 3 years. However, it is pointed out trat the once-through cyc.2 has two
variants - throwaway and stowdway - and in ceriain systems (for example, the PUR, as noted
below), the MEU(235)/Th cycle wight be economic only from a stowaway standpoint - that is,
only if a reprocessing capability is eventual!; envisioned

. Table 7.2-1 sumarizes the U,0, and'§59arafive work requivements estimateu :fqgjﬂiii
HiWRs, HTGRs, PBf's, end SSCRs operating as orce-through systems on both the LEU and the .
MEU(235)/Th cycles. Several interesting pc .nts are evident from these data. The LEU-HWR
requires the smalle:t resource commitwent as well as the smallest SWU requirement). The
conventional PWR requires a significantl) greater rescurce ccomitment and larger SWU
requirements for the MEU/Th once-turought cycle than for the LEU once-through cycle and
hence no incentive exists for the MEU/™ cycle on FiRs if only the throwaway option is
considered. Significantly, houevér, } sth of the gas-cooled g-aphite-moderated reactors, the
HTER and the PBR, require smaller U: 5 commitments for the MEU/Th once-through cycle than
for the LEU case. Moreover, for br 'n of these reactors, the SW requirements ‘or the MEU/Th

cycle are not significantly diffe :nt from those for the LEU cycle; in fact, 1 the PBR,
the MEU/Th cycle is slightly ler demanding than the LEU cycle. These effects are pri-

marily due to the high burnup %ign of both the HTGR and the PBR. At the higher burnup
levels of the gas-cooled rear ors, most of the 233y pruduced in the MEU/Th cycle is burned in
situ and contributes §igpaf' antly to both the power and the conversion ratio. It is also

" . interesting to note that, » ile not considered in Table 7.2-1, the unique design of the

PBR would permit recycle /. the fertile elements without intervening reprocessing and thus
would further reduce bott the ore and SNU requirements for the MEU/Th cycle. [Note: The
data given in Table 7.2-: for PWRs considers only current commercially deployed designs.
Studies now underway in the DOE-sponsored Norproliferation Alternitive Systems Assessment
Program (NASAP) indica’« that LWR modifications to reduce uranium reyuirements are feasible.
Similarly, much of the other reactor data are subject to design refinement and uncertain-
ties, as well as to future optimization for specific roles.]

Table 7,2-1. 30-Year Uranium and Separative Work Requirsments for
Onc2-Through LEU and MEU(235)/Th Fuel Cycles®’

Uranfum Requirement Separative Work Requirement

(ST U;04/GWe) (MT SWl/GWe)
Reactor LEU MEU/Th LEU MEU/Th
PUR 5989 8360 3555 7595
HWR 3563 8261 666 7521
HTGR 4860 4515 3781 4143
PBR 4289 4184° 3891 3663
SSCR 5320 7920 3010 7160

“.7%. capacity factor; no credit for end-of-life core inventories;

.0.2% tails,

“The data presented in this table are consistent with the data submitted
by the U.5. to INFCE (International Nuclear Fuel Cycle Evaluation) for
U e cases in which corresponding reactors arc considered.

"Dres not include recycle of fertile elements without intervening re-
processing.
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1€ these once-through systems are operating on the throwaway option, the fissile
material discharced in their spent fuel elements is deemed unusable; in fact, no value is
assigned tokthe spent fuel in once-through fuel cycle accoenting. Thus, in this case the
most resovrce-efficient once-through fuel cycle is the one that requires the lowest fissile
charge per unit power. If, however, a capability fcr reprocessing the spent fuel is
e#entqally enisioned {i.e., if the throwaway option becomes a stowaway optionj, then the
quantity of fissile material in the spent fuel becomes an important consideration. Esti-
ma.es of the amounts of the various fissile materials discharged by each reactor type
operating on both the LEU cyz12 and the MEU(235)/Th cycle are given in Table 7.2-2.

Table 7.2.2. 30-Year Charge and Discharge Quantities
for Once-Through Fuel Cycles®

MT/GWe
- Fissile Discbdrgeb Cumulative
- 235y Total et Fissile
- Reactor Charge 273y 235y py  Fissile Consumption
LEU Cycle
MR - 28.72 - 6.45 5.22 11.67 13.05
e 1788 - L7 543 7.6 10.37
~RTGR 19.49 - 3.5 2.16 5.4 13,08
PuR 18.09 - 2.7 1.89 2,65 13.41
SSCR 22.25 - 5.46 5.88 17.24 10.91
MEU(235)/Th Cycle
PWR 33.82 7.80 11.52 2,13 21.45 12.38
HWR 32.63 16,28 10,08 0.75 25.11 7.52
HTGR 17.99 2.31  1.35 0.69 4.3 13.64
PBR 16,55 2.73 1.17 0.4 4.32 12.23

SSCR - - - - - -

a o
gAt 75% capacity factor.

Estima.ed from equilibrium cycle.

For tre PWR and HWR, the use of the MEU/Th fuel cycle rather than the LEU fuel

cycle results in a siynificant incrcase in the amourt of fissile material contained in

the spent fuel. It should be noted, however, that this increase is primarily the result

of higher feed requirements (i.e., 2*°U commitment). In contrast, converting from the

LE cycle to the MEU/Th cycle does not materially affect the net consumption of the gas-
cooled HIGR and PBR {although it dramatically affects thr types of fissile material pre-
sent in their spent fuel). The relatively low values for the discharge quantities for the
yas-cooled reactors is the result of two effects: a lower initial Joading; and a design
that is apparently based on higher burnup, which in turn reduces the amount of fissile
matevial discharged. Finally, it is to be renemhered that the' resources represented by the
spent fuel inventory are recoverable only when the spent fuel ﬁs reprocessed, whereas the
Ui0g commitment ic necessary throughout the operating 1ifetime of the reactor. Thus, fn a
sense, the spent fuel resource must be discounted in time to order to assess the best system
from a resource utilization basis. J
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The isntopic composition of the spent fuel inv:ntories is also of interest from a
proliferation standpoint. For both the LEU and the MEU/Th once-through fuel cycles, the
fissile uranium content of the spent fuel is denatured (diluted with 238U) and hence is
protected by the inherent isotopic barrier. Thus the plutonium in the fuel would be the
fissile material most subject to diversion. The use of the KEJ/Th cycle in place of the
LEY cycle sharply reduces the amount of plutonium produced (by 60-80%, depending on reactor
type), and for both cycles the quantity of plutonium produced in the gas-cooled reactors is
substantially less than that produced in the other reacto. types. -

Recycle Systems

If recyling of the fissile material in the thermal reactors is permitted, then 233y
(and plutonium) produced in the MEU(235)/Th is recoverable on a schedule dictated by the
production rate of the system. Table 7.2-3 gives estimates of the net lifetime consumption
and production of various fissile materials for the MEU(Z235)/Th fuel cycle under the as-
sumption that the capability for uranium recycle is available. (The 235U consumption tabul-
ated does :o: reflect the -3y Tost to the enarichment tailings.) For comparison purposes,
the MEU(233)/Th fuel cycle estimates are also provided. The most striking aspect of
Table 7.2-3 is the apparent 307 reduction of fissile consumption achieved with the 232U system,
indicating the higher value of 2% as a thermal reactor fuel. 1In fact, the true extent of
this effect is masked somewhat since a large fraction of the recycled fuel for the “3% maxeup
case is in fact 722U. 1t should also be notec that the MEU{233)/Th cycle generally results in
a smaller net plutonium production, evsn thouyh the degree of denaturing is less (i.e., the
722U fraction of uranium charged is higher).

Table 7.2-3. Estlmated Net 30-Year Fissile Consumpt1on and
Production for MEU/Th Cycles with Uranium Recycle

MT/GWe
With 235U Loading and Makeup With 233U Loading and Makeup

Fissile Pu Fissile Pu
Reactor 35U Consumption Production 233y Consumption Producticn
PWR 12.5 2.85 9.1 1.89
HWR 4.5 0.90 39 0.96
HTGR 10.4 1.13 1.7 1.09
PBR - . - -
SSCR 8.7 2.56 5.9 2.44

“At 757 capacity faclor.



As has been stated earlier, the consideration of an MEU/Th cycle that utilizes 23%j
makeup presumes the existence of a scurce of the requisite <33U. Although the 233y in the
spent fuel elements would be recovered, the amount would be inadequate to maintain the
system and an exogenous source must be developed. One means for gemerating <33U is by
using a Pu/Th-oxide-fueled thermal reactor. Table 7.2-8 summarizes some pertinent results
for the various thermal reactors operating on the Pu/Th cycle. It should be noted that the
F'TGR case given in Table 7.2-4 is for a case in which the full core is refueled every 5 yr
and is not optimized for 233 production. Thus, much of the 233y bred during this period is
consumed in providing power, and the transmurtation efficiency (tons >f plutonium “transruted”
into tons of 32Y) is significantly reduced relative to the PWR and SSCR. The transmutation
kéfficiency of 0.40 for the PWR and SSCR is also rather poor, however, compared to the 1.20
value for a Pu/Th-fueled FBR (see Section 4.5). Production of 233y via plutonium-consuming
transmuters is more suited to fast reactors. On the other hand, it is recognized that Pu/Th-
fueled thermal reactors could provide an interim source of 233,

Table 7.2-8, Net 30-Year Fissile Consymption and Production
for Pu/Th Cycles

MT/GWe
Fissile Pu 233y Transiutation
Reactor Consumption Output Efficiency
PUR 20.7 8.16 0.393
HWRD 19.84 *1.76 0.593
HTGR 16.5 3.03 0.184
PBR ) - - -
SSCR 23.8 9.63 0.405

“At 755 capacity factor, using equilibrium cycle
.values.
“From data in Table 6.1-3.

7.2.2. Fast Reactors

In this study fast reators have been considered as possible candidates for wwo
roles: as power reactors operating on denatured 233U fuel; and as transmuters burning
plutonium to produce Z33U. With LMFBRs used as the model, the denatured FBRs were analyzed
for a range of 2¥3U/U enrichments to parameterize the impact of the fuel on the reactor
performance (see Section 4.5), and the transmuter FBRs were -nalyzed both for a Pu/73%y
core driving a Th0, blanket and for a Pu/Th system in which the thorium was included in
both the cére and the blanket.

The 'specified ??3U/U enrichment is a crucial parameter for the denatured fast
reactors. kncreasing the allowable enrichment permits more thorium to be used in the fuel
material and hence allows the reactors to be more self-sufficient ({.e., reduces the
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required <3°U makeup). Increasing the 233U enrichment also reduces the amount of fissiie
plutonium contained in the discharged fuel, wkich is obviously desirable from a safeguards
viewpoint. However, increasing the 233U fraction also increases the vulnerability of the
denatured fuel to isotopic enrichment, effectively forcing a compromise between prolifera-
tion concerns regarding the fresh fuel versus proliferat:ion concerns regarding the spent fuel.
The lowest enrichment feasible for the denatured LMFBR cystems analyzed liez in the ringe

of 11-14=. Such a system would utilize U0, as fuel and would require sigm'ficant amounts

u® 233y as makeup s uce the plutonium it produced could not be recycled into it.

The “"breeding” ratio components of certain denatured IMFBRs as a function of 233U
enrichment are shown in Table 7.2-5. The ratio of 233y produced to Puf produced is very
sensitive to the specified degree of denaturing in the range of 12-20% 233y/U. This sug-
gests that significant performance improvements may be possible (i.e., i creased 233y produc-

_tion and decreased 23%u production) for relatively small increases in the denaturing

criteria. Of course, the overall “breeding” ratio of the denatured LMFBR is significantly
degraded below that for the reference Pu/Z3%U cycle (see Table 4.5-1 in Chapter 4).

Table 7.2-5. ODenatured LHFBR Hld-Equlllbrlum Cycle
Breeding Ratio Components®

233y 233y *BreeZing" Pu "Breedirg” Overall "Breeding”
Enrichment Component Component Ratio
~12% 0.41 0.1 1.12
202 0.70 0.39 1.09
40% 0.90 0.15 1.05
100% 1.02 - 1.02

*Using values from Section 4.5-1. A more recent study [Prolifera-
tion Resistant Large Core Design Study (PRLCDS}] indicates that
substantial improvements in the FBR performance i< possible.

Because of the superior breeding potential of a - **Pu-fueled system relative %o a

‘*U-fueled system in a fast neutron spectrum, the fast reacior is ideally suited tn the

role of a plutonium-fueled transmuter. Moreover, in contrast to the thermal trcnsmi.ters,
the fast reactors result in a net overall fissile material<gain.'

Two types of FBR transmuters have been analyzed for the classical horogeneous FBR
core configuration (a central homogeneous core surrounded by fertile blankets). In the
first, the usual Pu/” *?U-fueled core was assumed wi‘h a ThO- radial blanket (also a Th0O. axial
blanket in one case). In the second type a Pu/Th core was assumed. Table 7.2-6 summarizes
the net production data for typical fast transmuters of each type. The overall fissile
gain/cycle w1th the Pu/ 38y core is significantly higher than that with the Pu/Th core. |
the result being that he "breeding” ratio is not noticeably reduced from the breeding !
ratio for the reference Pu/- ‘“U cycle. The production of -“*U .n the PL/Th reactor is ‘
approximately a factor of 4 higher, but this is achieved as a result of 'sacrificial”
consumption‘of piutoniuﬁ. Thus, these two reactor ty.es reflect a tradeoff between - L

cross sectiont for '‘lI'and Th.
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and overali fissile production {i.e., poteniial growth rate}.

Table 7.2-6. Zquilibrium Cycle Net Fissile Production for
Potential LMFBR Transmuters*

Net Fissile
Productic
Reactor (kg!ﬁue -yr}
Core Axial Blanket Radial Blanket
Material Material Material Pu 23 Fissile
(Pu/2%u)o, . w0, T +30 4157 B4
(Pu/Th)0, Tho, o, -490  +583  +90

*Using values from Section §.5-1 {~75: capacity factor). A mre recent
study [Proliferation Resistant Large Core Design Study (PRLCDS)] indi-
cates that substantial improvements in the FBR performance is possibie.

In addition to the systems utilizing the classical homogeneous core configuration,
sysiems utilizing 2 heterogeneous core Eonfiguration {i.e., interspersed fissile and
fertile regions) were examined as a possible means of improving the performance of fast

" reactors operating on alternate fuel cycles. The substitution of different zoalants
and fuel forms {i.e., carbides and metals versus oxides) were also considered. The net
effect of these changes is to increase thke fuel volume fraction in the reactor core,
.harden the spectrum, or, in some cases, both. The advanced fast reactor concepts show
significant improvement regarding the breeding ratic (and doubiing time) relative to the
classica' design when cperating on alternate fuel cycles; howevzer, the performance of the
alternate fuel cycles is still degraded over that of the same reactor type ope-ating on
the Pu, 238y cycle.

7.2.3. Symbiotic Reactor Systems

As has been stated throughout this report, in considering denatured ~*2U reactor
svstems it is assumed that the denatured reactors will operate as dispersed power systems
supported by fuel cycle services and reactor transmuters located in secure energy centers.
When the system is in ful! operation no external source of fissile material §s supplied;
that is, the system is self-contained. Initially the resource base (i.e., naturz] uranium)
can be used to provide 3 source of 233U for implementing the denatured 223U fuel cycle [via
the MEU(235)/Th cycle]; however, a shift to plutonium-fueled transmuters will eventually be
required. Ouring this tran. .ion period, the system can be characterized by the rate at
which the resource base is consumed (see Chapter 6). In order to compare the long-term
potentiai of various reactor systems under the restrictions imposed by the denatured fuel
cycle, two s}sten parameters have been developed: (1) the energy support ratio, defined
3s the ratio of dispersed reactor power relative tc the energy center (or centralized) power,
and (2) the fnherent growth potential of the system, Since both the growth rate and the
energy support ratio invelve fissile mass flows, they are interrelated. In order to unambig-
uously deterﬁine both parameters, the inherent system growth rate is determined at the
asyrptotic value of the support ratio, a value which can be viewed as the "ndtural” operat-
ing ratio of 'tre system, |

| [
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Three generic types of symbiutic reactor systemc can be envisioned by considering
various combinations of thermal converters and fast breeders for the dispersed (D) and
energy center (S) reactors: thermal(D)/thermal(S], thermal(D)/fast(C), and fast(D)/fast(S).
In order for the gererating capacity of a system to increase with time without an external
sepply of fissile material, a net gain of fissile materizl (of some type) must occur. Thus,
the grouth potential of the thermal(D)/thermal(S) system is inherently negative; that is,
the installed nuclear capacity must decay as a function of time since the overall conversion
ratio is less than 1. The thermal(D)/fast(S) system, however, does have the potential for
growth since the ret fissile gain of the fast component can be used to offset the fissile
loss of the thermal reactors. However, a tradeoff between the support ratio [thermal(D)/
fast(S)] and the growth rate clearly exists for this system, since maximizing the suuport
ratio will mean that net fissile-consuming reactors will constitute the major fraction of
the system and the growth rate will be detrimentally affected. The fast(D}/fast(S) system
provides a great deal more flexibility in terms of the allowable energy support ratio and
inherent growth rate.

To illustrate tne tradeoff between the growth potential and the support ratio, the
"operating envelopes” shown in Fig, 7.2-1 have been generated using denatured PWR data
from Section 4.1 and LMFBR transruter data from Section 4.5.1. Each envelope represents
the locus of permissible symtiotic parameters (growth réte, support ratio) for the system
considered,! i.e., the permissible conbinations of growth rate and support ratic for each
specific reactor combinations. At points £, B, and C on the curves, the transmuter used is,
respectively, the classical (Pu/U)0, reference system with a U0, radial blanket, a (Pu/U)0,
system with & ThO- radial blanket, and a {Pu/Th)0, system with a ThO, radial blanket. At
each point along the curves connecting points A, B, and C, the transmuter is 2 combination
of the two reactors defined by thie end points of each curve segment (see key in upper right-
hand corner). Points =’r~i» the envelope correspond to combinations of the three trans-
ruters in different propc-*tions,

The lower envelcpe in Fig. 7.2-1a (repeated in Fig, 7.2-1b) illustrates the tradeoff
for the denatured PUPs and LMFBR transmuter:, and the upper envelope depicts the fast/fast
analogue in which the denatured PWR is replaced by an 12 denature¢ LMFPR, As indicated,
the fast{D)/fast(S) symbiotic syster provides a higher growth rate for a given energy sup-
pert ratio, and moreover, the growth rate is always positive. The upper envelope in Fig,
7.2-1b represents the corresporaing case using 207 denatured LMFBRs,

In a1l cases the fast reactor data utilized were taken from Section 4,5.}; that is,
homogeneous LMFBR cores were assumed, The use of a heterogeneous core for the transmuter
reactor would have the effect », displacing the curves in Fig, 7,2-1 upwards and to the

right. The employment of an advanced converter (a high ccnversion ratio thermal reactor)
would have a similar effect on the thermal/fast curve.
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7.2.4. Conclusions

———

Since optimization of the various reactors for the particular fuel cycle covsidered
was beyond the scope of this study, the results presented above are subject to several uncer-
tainties. HNevertheless, certain generai conclusions on the impact of the various fuel
cycles on reactor performance are believed to be valid:

e For once-through throwaway systems, the varicus systems studied are ranked in order
of resource utilization as follows: the IR or. the LEU cycle; the HTGR and HTR-PBR
on either the LEU cycle or on-the MEU/Th cycle; and the SSCP. and PiR on the LEU cycle.
On the MEU/Th cycle the SSCR and PAR require more uranium than they do on the LEU
cycle and hence do rot merit further consideration for once-through operation.

o For once-through stowaway systewms, in which _he fissile material in the
: o spent fuel is expected to be recovered at some future date, the relative
l ranking of the systems would depend on the ultimate destindtion of the

- fissile material. If future nuclear power systems are to be thermal

i recycle systems, then early emphasis should be placed on reactors and
fuel cycles that have a high - 350 discharge. If tne future systems are
to be fast recycle systems, then emphasis should be placed on reactors
and fuel cycles that will provide a plutonium jnventory.

p ot

e For recycle systems utilizing thermal reactors, the preferred basic
fissile material is 233U, However, implementation of a ~3°U fyel cycle will
require an exogenous source of the fissile materiail; therefore, it is likely
that the MEU(235)/7h cycle would be implemented first to initiate the produc-
tion of 232y, Both the unburned - >'U and the ~ U would be recycled; thus the
system would evolve towards the MEU(233)/Th cycle, which is the denatured - ' U
cycle as defined in this study. However, it is to be emphasized that these reac-
tors will not produce enough - ‘’U! to sustain themselves and separate - “°U production
facilivies must be operated. A Pu/Th-fueled thermal reactor has been considered

as a 233 production facility.

|

e For recycle systems utilizing fast reactors, the preferred basic fissile
material is “'°Pu. Using <7’y as the primary fissile material or placing
thorium in the core sharply reduces the breeding performance of fast
reactors. However, fast reactor: using plutonium fuel and thorium
blankets would be efficient < ' ‘U production facilities.



1.
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o The inherent symbiotic nature of the denatured 233 fuel cycle (i.e., dispersed

reactors fueled with denatured 233y and supported by energy-center reactors fueled
with Pu) mandates a tradeoff analysis of growth potential versus energy support

ratio (ratio of power produced outside the energy center to the power priduced inside
the center), assuming no externz) source of fissile maicrial. For thermal/thermal
systems, the growth potential is negative. Fast/thermal systews would permit some of
the net fissile gain (i.e., growth potential) of the fast reactors to be sacrificed
for a higher energy suppert ratio. Fast/fast systems would provide the highest

growth potential. Factors other than those affecting reactor performance would

also influence the choice of reictors for the system, 3s has been discussed in Chapters
5 and 6.

Section. ’.2. Reference

J. Burns and J. R. White, "Preliminary Evaluation of Alternate Fuel Cycle Options
s Utilizing Fast Breeders,”™ ORKL-5389 (1978).
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7.3. PROSPECTS FOR IMPLEMENTATION AND COMMERCIALIZATION
OF DENATURED 233y FUEL CYCLE

X J. C. Cleveland and T. J. Burms
Oak Ridge National Laboratory

Chapter 5 has discussed the reactors in which denatured 233 wmight be deployed, as

__well as the accompanying fuel recycle facility requirements, and has presented schedules

of deployment that are based solely on the minimum time estimated to be required to solve
technical problems. These schedules, which have been used in the nuclear power system
evaluations presented in Chapter 6, were developed in discussions between Hanford Engi-
“neering Development Laboratory (HEDL), Argonne Mational Laboratory (ANL), Oak Ridge
Kational Laboratory {ORNL), Combustion Engireering (CE), and the Departmen’. of Energy (DOE)
specificaily as a bounding case for assessing the maximum benefits that could be obtained
by employing denatured 234y fuel. As a result, the schedules are not entirely consistent
with those that have been developed subsequently in the Nonproliferation Alternative
Systems Assessment frogram (NASAP). While the introduction dates of the lead plants do
not differ significantly, the NA.AF scenirios predict a much slower deployment of
commercial reactors.

The reactor introduction dates and de)loyment schedules used in this study were
based on the following assumptions:

~10 yr to develop/commer-ialize now fuel design
~14 yv to develop/commercialize modified reactor design
~18 yr to develop/commercialize new advanced converter design

24 yr to develop/commercialize new breeder design
The resulting introduction dates for the various reactors are ;s listed below, where the

intreduction dite is defined as the date of startup of tne first unit, reactor depioywment
thereafter being limited to a maximum introduction rate* Ty biemniw. of 1, 2, 4,... r2actors:
1969 - LWRs operating on LEU fuel
1987 - LWRs operating on "denatured - ~U" fuel {i.e., #EU(235)}/Th}
1991 - LWRs operating c. denatured ~ %, Pu/U, and Pu/Th fuels
1991 - SSCRs operating on LEU, denatured - U, or Pu/Th fuels
1995 - HWRs operating on any of several proposed fuels
1995 - HTGRs operating on any of several proposed fuels
2001 - FBRs operating on Py/ll, P./Th, or denatured “ U fuels

Since the above introduction dates are those estimated to he the earliest possible
dates tha: technical problems could be resolved, it is clear that they cannot be achieved
without substantial initiatives and <trong firancial support from the Ui.S. Government,

T T
The introduction rate of any new techaology is likely to be less than the maximum rate

noted above, since the construction market loss rate of an established technoiogy is
Timited to 10. per year and total nuclear capacity additions cannot exceed 15 GWesyr.
“3iy systems are further constrained because the number of - ° U-burning plants that can
be operated is limited by the - producticn rate.
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Even with governmeni support, achieving the postulated schedules would be a difficult
undertaking and would entail considerable risk since it would be impossible to fully
dencnstrate an alternate reactor concept before construction on the initial comwercial
size units has to begin. A minimum of six years would be required to construct a nuclear
unit, and a minimum of three years would be required prior to construction for R3D and
licensing approval. {It currently takes 10 to 12 yr to license and construct LWRs in

the U.S.) At least two additional years of operation of the demonstration umnit would be
necessary to gstalilish satisfactory rvactor performance. Thus the earliest time 3 new
reactor concept could be demonstrated is in the 1991-1995 period indicat_erd, and that
assumes that a commitment to proceéd has been made by 1980. Because of «Esign. Ticensing,
and construction schedules, the first ommercial units would have to be ordered well in
-advance of the operation of the initial demonstration reactor to achieve the buildup
rates assumed in this study. In order to achieve such commitments prior to the first
-suc :essful demonstration, governaent support would have to extend tlirough the4initi:.l
commercial units in addition to the lead plant. The new reactor cycle would also have to
be perceived as economically advantageous to attract the postulated nymber of 'c,ustouers.

Aithough several of these reactor/fuel options (e.g., Pu/Th LURs, denatured advanced
converters, et:.) are based on the use of recycled fissile material, it should be emphasized
that -c-=ca>7:l-r2:7¢ reprocessing is not necessarily required on the same time scale as the
introduction of the recycle fuel types because the demand for recycle fissile material may
be quite modest during the initia) introduction phase. I[n the anzlysis presen.ad in
Chapter 6, many of the new fuel types are, in fact, introduced pefore the associated fuel
reprocessing i, fully developed, it being assumed that pilot or prototype-plant scale
reorocessing would be adequate to support the initizl phase of deployment of fu2l recycle.
Hence, although cosmercial reprocessing of - Ifij-containing fuels is not projected until

~ around the turn of the century, limited introducticn of dend ured ° 3y fuel is permitted

as early as 1991. A further argument i< that commercial-scale reprocessing for the
alternate fuels would not be feasible untis the backlog of spent fue! required for plant
startup had accumula®ed and the number of reactors utilizing recyclec fuel <aulc a<sure
continued operation of cormercial-scale faci, ties. Cn the other nand, for ° *'U-conlaining
spent fuel elements 1o be avaiiable cven for pilot-plant pracessing, it is essential that
early irradiation of thorium in reactors be implemented.

In Section 7.3.1 a possible procedure for impl-=onting and eventually commercializing
the denatured - ‘U cycle i‘ﬁ discussed. Included i; a scenario which would provide for the
early introduction of rhor:im fuel into current |.ght-water reactor: and allow an orderly

progression to the utilization of denatured ''U fuel in breeders, Ths major considera-
tiors in commercial izing these various reactors operating on alternate fuels, and in
particular on denatured 7*'U fuel, are sumarized in Section 7.3.“2.

f
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7.3.1. Possible Procedure for Implementing and
Commercializing the Denatured Fuel Cycle

On the basis of the above assumptions, and the discussion in Section 5.1, it is ob-
vious that the only reactors that could operate on denatured 2334 fuel in the near tem
(by 1991) would be LMRs. Two possibilities exist for producing 233U for LWRs prior to
the introduction of comercial fuel reprocessing. One involves the use of “denatured 23y~
fuel (i.e., MEU(235)/Th) in LWRs, thereby initiating the production of - 33Uy. However, this
scheme suffers from very high fissile inventory requirements associated with full thorium
loadings in LWRs (see Section 4.1}. A second option involves the use of partial thorium
loadings in LWRs. In this optien ThO. is introduced in certain lattice locations and/or
MEU(235)/Th fuel is used in only a fraction of the fuel ruds, the remaining fuel rods
being conventional LEU fuel rods. This scheme significantly reduces the fissile
inventory penalty associated with full thorium loadings in LWRs and for BWRs may offer
operational benefits as well (see Section 4.1). Also, the partial thorium lcadings would
allow experience to be gained on the performance of thorius-based fuels while ¢enerating
significant quantities of 253U. Either of the above cptions for producing 233y will
probably require some form of government incentive since the U:0e and separative work
requirements (and associated costs) will increase with the amount of Th utilized in the
once-through throwaway/stowaway modes in LRs.

Although 2 reprocessing capability would be required to recover the bred ~ :° from
thorium fuels, such a capability wwuld not be required for the qualification and
demonstration of thorium-based fuel, which initially would employ “°U rather than -1,
As has been pointed out above, the operation of LWRs with MEU(235)/Th or with partial
thorium loadings could be accomplished during the next decade while t*.» development and
demonstration of the needed fuel cycle facilities for the impiementation of the denatured
- 3y cycle are pursuved. Initially the spent fuel could he stored in repositories in
secure fuel storage centers which would represent a growing stockpile of - * U ana plutonium.
Additional fuel cycle service facilities, such as isotopic separation, reprocessing, fuel
refabrication and possibly waste isolation, could be introduced into these centers as the
need develops. As pointed out above, these could initially be pilot-plant-scale facilities
fol lowed by larger prototypes and then commercizl-scale plants. It has been estimated
in Section 5.2) that commercialization of a new reprocessing technology would require
12 to 20 yr anc the commercialization of a new refabrication technclogy would require 8 te
15 yr.

With the deployment of the pilot-scale reprocessing anc refabrication facilities,
recovery of Pu and U from spent fuel and the subsequent refat.-ication of Pu/Th and
deratured 7'3/Th !, :Ts could be demonstra’ed within the center. Pu/Th LWRS* could then

*That is, thermal tran:muters of an LWR design (see Sectior 4,0), As used n this report,
3 transmuter is a reactor (thermal or fast) which burns one fuel and praduces another
(specifically, a reactor that burns Pu to produce 2''U from Th),
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introduced within the centers to provide an additional means for 233U production, as well
as additional power production. Concurreatly, 233U (and unburned 235U) recovered from
MEU(235)/Th or from partial thorius loadings could be utilized in denatured 233U fueled
LWRs introduced at dispersed sites. Later, 233U recovered from the Pv ‘Th fuel~“ LWRs
could also be utilized to fuel dispersed reactors. At this point the first pha.c of a
nuclear power system that includes reactors operating both in emergy centers and a. dis-

_persed locations outside the centers would oe in effect. Duri.g this phase, which is
represented in Fig. 7.3-1a, the research

and developwent that will be required to
sony r5 m.n donlsy Pu-fueled FBR transmuters with
“thorium blankets in the energy centers

tWR-LEu DERATSRED L9R c2uld be pursued.

With these advance preparations
having been made, by the time conventional
LEU fueling in LWRs begins to phase out
(due to increasing depletion of an eco-
nomical resu.rce base}, the power system

2 mTEmEMATEMSE : would evolve into a fast/thermal combination
SENATURED FLa 3 sas
employina FBR transmuters and - *’U-fyeled
PUREX REPROCESENG sensrancs converters, which by then might include
FEN By denatured L¥Ps and 24vanced converters (SSCRs,
©  FmAL s HTGRs, or HdRs), depending on the reactor(s)
selected for development (see Fig. 7.3-1b).

Fig. 7.3-1. Tnree Phases for an . .
Evolving Energy Center. Suck a systex could pmvide adequate capacily

expansior. for modest energy demand growth;

howsyer, if the erergy demand is such that

the fast/thermai systum is inedequate, an
ali-fast system including denatured FBRs could be substituted o:- shown ir Fig. 7.3-lc.
The necessity of the third phase of the energy center develoomen® is sncertain 3t this
time, reflecting as it does assumptions ccncerning the supply of eccromically recoverable
U;0. and energy demand.

It is noted thet this proposzd scheme for implementing the denatured fuel cycle and
instituting the energy center concept relies heavily on two <trong technical bases:
currently employed LWR technology, and the resedrch and deve,opmer? already axpended on
LMTBRs, which includes the Pures and, to a lesser extent, the Thorex ruoprocessing
technologies. While alternstive fuel cycle technologies or other types of reactors will
be involved if they can be demonstrated to have resource or economic advantages, the LWR-
LMFBR scenario has been selected as representative of the type of activity that would be

required.
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7.3.2. Considerations in Cammercializing Reactars Operating ' o
' on Alternate Fuels ‘ S

Although the introduction dates cited above for commercial operation of the various
reactors cn alternate fuels are consicered to be attainable, they can be realized only if

the first steps toward comercialization are initiated in the near future under strong and

sustained governmeni support. Currently, there is little cconomic incentive for the

private sector to pruceed with such dJevelopment alone. For example, while recent
evaluations®>- of "“WRs have indicated the feasibility of using thorium-based fuels with
current core and lattice designs. either as reload fuels for reactm . already in operation
gr as both initial and reioad fueis for future LWRs, the resource-savings benefit of such

fuels relacive to once-through LEU fuel cannot be realized in the abseace of fuel repro-

cessing and refabrication services. Horeover, the introduction of thorium in.o the core

will require high initial uranium loadings, so that the fuel costs for the core would

.ncresse. Obviously, the lack of strong evidence that fuel recycle services would e

arsiailable as soon as they were needed would discourage . tramsition to thorium-based fuels.

Riternatively, such services could not be expected to be available commercially until
utilization of thorium has been established and a market for these services axists.
Thu:s cormercialization of the denatured fue® cycle in UWRs, especially within the time

frame postulated in this study, is unlikely Jnless major government incentives are provided.

The gove. nmen” incentives could be in the form of gGuarantees for investzent in the
fuel cycle services andjor subsidies for ihe cousts associated with the additional 4.0 and

sepa--itive work required for thorium-based fuels or for partial thorius: loadings on the
once-through cycle. Tnis wiuld also encourage the develnpment of thne fuel cycle services
by establishing widespread use of thoriua-based fuels. The coumercial introduction of tne

requisad new LWR fuel cycle servizes could probitly be accaupiisned by allowing a 7-yr
iexd time for construction of deucnstration re.rocessing and refabrication piants znd ar

adcitional 7 yr t; construct cormerciai-size zlants. [n the resntime, fabricazion of

HEU(235./Th fuel or fuel designs involving partiel thorius loadings for Lars could
probably pe accomplisned with existing LEU facilities within 2 20 3 yr iRef. 3} witn an

additional 5 to ! vr recuired for fuel qualification and/or demonstration. Tae R&D cr.ts

for demonstrating denatured urgnium fuel in commercial rcactors would be horne by the
qovernment.

Tre commercial introduction in the U. S. of lhe advancec convert -r ccrzepts (SSCRs,
iHTGRs, ard "URs) would be rore difficult today than was the past commer :ial introducticn
2f the LW, Although the introductior in 1458 of the first LuR, the S .vingport reactor,

dig involve government support, a relatively small investrent was required due to its size

{ €8 Vde). The larges® base-1sad power plants were about 3CO Mae when L#Rs initia.ly pe:re-

trated the commercial market. Also, during the initial years of ceplcymeat of nuclear power,

delays due to licensing procedures were considerably shorter, allowing plants to be coastruc-
tec and broight on-1ine more rapidly than the current 10- to 12-yr lead time, The longer
time cavses nuch larger interest payments anu wuch areater risk of licensing difficulties.
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Prior to ccmmercial introduction, a demonstvation phase of a new advanced converter
concept will be required, and, as has been pointed out in Chapter 5.1, it is asswned here
that the demonstratirn will be on the reactor's reference cycle, which except for the
HTGR, does not involve thorium. Utilities are unwilling to risk th2 large investment for
commercial-size plants of 1000 MWe to 1300 Mde on untried concepts. With the large
investments necessary for demonstration units, significant government support would be
required: i.e., a2 demonstration program involving government comnstruction of the initial
unii with government financial support of the first commercial-size plant (1000 MWe *-
1300 MWe). For commercial sales to occur, a vendor would have to market it and make .he
necessary investment to establish the manufacturing infrastructure.

The SSCR is expected to draw heavily on existing LWR technology, and it may even be
S feasible to operate a conventional PWR in the Spectral-shift-control mode by addition of
i Ccerfain eﬁﬁipmeﬁt. The feasibility of spectral-shift-control has already been demonstrated
* in the Belgian VULCAIN experiment (see Section 4.2). Wailc the pessibility of retrofitting
existing larye PWRs to the SSC mode exists, for reactors going into operafion after the
late-1980s, designing PWKS to accept SSC control at some later date i1s a more lively
possibility. A major impediment to commercial! introduction of the SSCR in the U.S. is
1ikely *o be the supply of D,0 and government incentlive would probably also be required
in ihis area, as it will be for the deployment of the CANDU reactor (see below).

The technology for HTGRs is ¢lready well under way, with a prototype reactor
currently undergoing startup testing at Fort St. Vrain. Prior to commercial deployment,
however, successtul -operation of a demonstration HTGR in the 1000-MWe to 1300-Mde range
would be required. Initially, HTGRs could operate on the stowaway MEU(235)/Th or LEU cycle.
Again, commercial-scale reprocessing and refabricatior facilities would not be expected until
> demonstrated market frr such services is present.

The technolagy for HWRs is also well advanced, with the CANDU reactors fueled with
natural uranium already commercialized in Canada. It would be necessary, however, to
demonstrate that the CANDU with appropriate modifications for slightly enriched fuel could
be licensed in the U.S. and produce power at an acceptable cost. Commercialization of
the CANDY in the U.S.:w0uld nrobably require government action in three areas:

|
1. Transfer of technology from Canada to take advantage of CANDU reactor development
and demonstrated performance. “Alternatively, a demonstration unit designed to
U.S. licensing standards would be required,
Government fiﬁancial support of a large (1000-MWe to 1300-Me) CANDU in the U.S.
Development of D,0 production facilities in the U.S. on a larger scale than
currently exists.

CANDUs operatfn§ on thorfum-based fuel. could possibly be introduced simultaneously
w:th the deployment in the U.S. of the CANDU reactor concept itself. Assuming Canadfan

! participation, thorfum-based fuel could be demonstrated in Canadian reactors prior to the
‘ oparation of & CANDU réactor in the U.S. Furthermore, if by then the LWR thorium fuel
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cycle services of reprocessing and refabrication had been commercially developed, the
extension of these servic-s to CANDU reactors could be built on the existing LWR facility
base. OJtherwise, the commercial introduction of these services could not bs expected
until some time after it becomes clear that CANDU reactors will be commercially deployed
in the U.S. with thorium fuel, thereby indicating the existence of a market for associat-d
fuel cycle services. The introductior dates postulated for the alternate fuel cycle
CANDYs assume that requisite fuel cycle services have already been developed for thorium-
fueled LWRs.

As pointed out in Section 5.1. no attempt has been made here to consider the com-
mercialization prospects of FBRs since the INFCE program (International Nuclear Fuel Cycle
Evaluation) is currently studying the role of FBRs in nuclear power scenarios and their
results should be available in the near future.

In summary, it is apparent that significant barriers exist for the private sector
either to convert LWRs to thorium-based fuels or to develop advanced reactor concepts.
While U.0. is still relatively inexpensive, the economics of alternate reactor and fuel
cycle concepts at best show marginal savings relative to the LKWR and consequently their
development and deployment would have to be heavily subsicized by the government. ;n the
longer term, as the price of uranium increases due to depletion of lower-cost uranium
depcsits, these alternate concepts could achieve superior economic performance compared
to the LWR. The most optimistic introduction dates for advanced converters result in a
relatively small installed capacity by the year 20r0, and, as shown in Chapter 6, the
impact of advarced converters on the cumulative U:0. consumption by the year 2000 woula
be small. However, deployment of alternate reactor concepts in the time from 1995-2000
could have significant impact on resource use in the period 2000-2025. Except for HTGRs,
none of the alternate reactor concepts that promise improved resource uytiiization has
undergone licensirg review by the government. Due to these factors, conversion to the
denatured fuel:cycle and/n» introduction of alternate reactor concepts on a time scale
which can dissvade international tendencies toward conventional plutorium recycle will
require very significant government involvement and financial incentives in the near
future. ‘

7.3.3. Conclusions

From the above discussion the following conclusions can be summarized:

o The production of ~3°U for the denatured ° ‘U fuel cycle could be initiated
by 1ntﬁoducing Th into the LWRs currently operating on the once-through
cycle. . Hovever, there is an eronomic disincentive within the private
sector 'to convert LWRs to thorfum-based fuels vecause of the increased
costs associated with the higher U;04 and separative work requirenents,
Thus cobmergfalization of the denmatured fuel cycle is nou plausible
unless government incentives are provided, Inftfal production of 23%y
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for later recycle could he initiated by the mid-1980's if such incentives
were forthcoming. Recycle of 2334 on a commercial scale is not plausible

prior to the year 2000, however. : : ) ' o 7 £

e The introduction of advanced reactor concepts that would —provide significint
resource savings beyond the year 2000 will recuire \ver‘yrlarge government .
" support for P&D, for demonstration facilities, and.for lead commercial

Plembdg,
LI i

: ’-'At”: ' plarlts. If a rapid deploywent scredile were required, additional resources ‘ %:f
' would have to be committed to cover the risks of early commercial plants.' -

- 5

o Fuel service/energy centers uhose ultilat‘e purpose is to utlhze plutenium botl! s

for energy production and for 233 production would progress through vanous FIT SR
phases. Imha"y tllese centers mld be fuel storage ficilities. U‘lﬂl the ‘ e §
mtroduchm of reprocessu:q and. refabncatwn in the center; LWRs ‘located at - *“,;;
dispersed sites would be fueled with denatured 23%U. Concurrently Pu-fueled =
thermal transmuters would be deployed mﬂun the center. Ultimately, to meet
long-term energy demands, Pu-fueled fast transuuters would be introcuced

within the centers. , -

o It is deswable that a fuel recycle PAD program be 1mtlated for denatured fuels T
at the same time a decision is made to fabricate thonum-rontammg fuel ) - '
for large-scale irradiation in enstmg LWRs, Pilot-scale recycle facihttes ) i
could be required within seven years after the 1mt1atlon of a thoriun '
irradiation program, .
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7.4. ADEQUALY OF NUCLEAR POMER SYSTEHS UTILIZING DENATURED -33U FUEL
FOR MEETING ELECTRICAL POMER DEMANDS

M. R. Shay, 0. R. Haffner, M. €. Black, T. M. Helm,
“R. M. Hardie, and R. P. Omberg

supply 25 a fum:hm of cost

’rk: o , Hanford Engineering Development Laboratory

An important mpeasure for evaluatirg) nuclear power system is whether it can veet
proJected peuer demands with the uranium resources estimated to be anllable at an accept-
“able cost. This section summarizes the results of analyses verformed in.this study to ‘
determine uﬁetl\er various nuclear power Systess. utlhzmg denatured 233y feel could meet
- a pm ectgd power duaud of 350 Elevmstalled eapaelty by the year 2000 and a net mcrease
s of 15 Gle/year u;mgn the year 2049, the total-capacity if the year 2050 being. 1o Ve,
The auilys_," uere based ona mnun su;ulﬂy lndel sham in Fig. 7. 4-1 and in Tahle 8-7 ‘
(Appendu Bl ﬂl‘lid\ provules both conservat'lve and optimshc vredlctions of the uramu

e ,mﬁ/

T The pouer systells amlyzed ‘are described in’ deta!l in Chapter 6. They are cownsed :

of LEU-LWRs operating in conjunction with LWRs on other fuel cycles or in conjunction with —
one of the three types of ‘advanced converters (SSCR, HMR, or HT6R) considered in the stud-.

In some cases, 'FBRs are included in the system, Since the maintenance of proliferation-
resistant power systems was one of the primary concerns, the concept of a secure energy

- : o ORwL-DNG T9-21707
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Fig. 7.4-1. Marginal Costs for | igh-
and Intermediate-Cost U:,;O8 Supply Curves.

center supporting dispersed reactors was
used, with the fuel utilized in the dis-
persed reactors restricted to LEU (or SEJ)
and denatured¢ fuels, A reactor operatinj on
the denatured 23°U fuel cycle fs not seli-
sustaining, however, and therefore it
requires an exogenous source of <330, In
the power systems studied, the 233U is '
provided by MEU/Th-fueled thermal reactors
or plutonium-fueled thermal and/or fast
transmuters. hese reactors, of course,
also contribute to the power generation,
Because the transmuters have plutonium cores,
however, they must be Jocated within the secu-e
energy centers. (Note: With this restriction

the “energy support ratio” of a nuclear
system becomes a8 second important measure

of evaluation, as is discussed in Section
7.2.3, The energy support ratios for the
systems described here are given in Appendf X
C, along with other detailed results from
the analyses.) '
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A nuclear power systess evaluation suc!! as the one performed in this study requires
three basic components. First, the various nuciear power syste-s to be analyzed must be
., ideatified. Second, there must be an znalytical model capable of wodeling each system in
“-sufficient detail that differences between the systems can be accurately calculated. And

-finally, a data base that contains both reactor perforaance dita and economic data must be

~developed. Sections 7.4.1 and 7.4.2 befow give brief Gescriptions of the model and data
"ﬁase as ttnby were applied to this ivalua‘tion. The rws_-tts i the analyses for specified

7-4-1— The aalstics! Method -

»«r

Two fmdueutal aspects of the wdel ‘used m tbe analyses relate to the uuclear
energy denend and the u;or, sup:ny, both of uinch bave been syecxf;ed above. The mn:lear
e'lergy dewand assuned in the model is comsistent with the current construction plans of
utilities thruugh the 1980°s. As more nuclear wmits uere required, with the supply of
_ow-cost U40¢ progresswely depleted, it was assumed that more expenswe louer-grade
_uranium resources would be mined. This was modeled by assuming that the long-run marginal
‘cost ¢f U.0. was an increasing function of -the cumulative ampunt mined. For a-particular
.. puclear policy option, the plant construction pattern was therefore governed by economics

. and/or yranium utilization.

Two different optimizing patterns were used in the study. In the first runs -
ecommc competition between nuclear fuels and coal uas assumed, and the plante were
" ‘selected to n.inimize the levelozed cost of power over time. "’hese runs, which-are pre-
sented in-Appendix D, indicated that nuclear power did not compete well at Us0; prices
above $160/1b for the assumptions used in this study. Thus for the runs of all-nuclear
power systems, described in Chapter 6 and summarized here, an attempt was made to satisfy
the-demand for nuclear power with the U;0. available at-a price less than $160/1b U304.

" Other considerations also affected the selection of the nuclear power plants %o be
constructed. For example, 3 reactor tnat require?! Pu or > U could not be constructed
unless the prqjected'supply of fissile material we- sufficient throughout the reactor's
Yifetime. In addition, a nuclear plant design that 4iffered from established technology
could be introduced only at a limited rate. Furtheriore, nnce the manufacturing capability
to produce a particular reactor type was well establisrcd, tne maximum rate at which that
reactor type could lose its share of the new construction market was limited to a speci-
ffed rate, ‘

Both the total power cost of each nuclear policy option and the total power cost
of each reator type available in each option were calculated. For each reactor type, the
total power cost was calculated for four components -- capital, operation and mafntenance,

# -i..a“-( fuinaned fomnaneels
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taxes, and fuel cycle. The fuel cycle costs were, in turn, divided into seven components --
233, yranium, thorium, enrichment, plutonium, fabrication, and reprocessing.

It is to be noted that the power systems calculated were all assumed to be U.S.
based, the input data all bei#g of U.S. origin. With appropriate input modifications,
however, the model could be wsed for other scgnai-ios. For example, it could be used to
analyze the potential for the de; loyment of transmuters both to produce power in secure
states and to produce 23V for expert to states wishing to base their own power systews
on thermal reactors without national reprocessing.

i

7'.5.2. Dta Base

The data required by tlle uodel for each reactor type include power level, annual -
isotopic charge and dlscharge. annual fabrication requirements, lntroductwn dates, etc. -
These data are presenzed in Tables 6.1-2 and 6. 1-3 in Chapter 6. It is to be pomted out,
houeverr, that the data are for reactors of essentially conventional desu_ms. and that the
U0, requirements for the various reactor types could be reduced through design optimiza-
tion. (Note: The effect of optimizing LWRs has been corsidered in a separate analysis
and is chscussed in Section 7. 4.. below.)

|

The major parameters in the economic data base used for L.is study are capital costs,
w mium costs, fabrication costs, spent fuel disposal costs, reprocessing costs, and money
costs. The entire data base, whlch was developed in a joint effort mvolvmg government:
and industry representatives, lS presented in Appendix B.

Resultg for Price-lLimited Uranivm Supplies -

7.4.2.

As noted above, the denatured nuclear power systems utilfzed various combinations
of thermal cenverters and fast reactors. These fn turn were examined under six fuel cycle
options, which are summarized in Table 7.4-1 (Options 4-8). In addition, the same reactor
types were caamined under three reference fuel cycle options -- a throwawdy/stowaway option
(Option 1) and two plutonium-uraniim options (Options 2 and 3). Four cases were considered
under each option, each case beiny distinguished by the type of converter heing emphasized --
,LHRs, SSCRs, HHRs. or HTIGRs. Thus a total of 36 different nuclear power systems were
analyzed.

The maximum nuclear capacity and the year in which the maximum occurs for each
nuclear system studied §s shown in Table 7.4-2 for the two uranium supply assumptions (see
Fig. 7.4-1). As stated earlier, with the intermediate-cost supply it was assumed that 6

“milljon ST of U;0s could be recovered at costs less than $160/1b, while with the high-cost
supply it was assumed that 3 million ST of U30; would be available.



Table 7.4-1. Description of Fvel Cycle Options*

Throwaway/Stowaway Option (see Fig. 6.1-1):
Option 1. LEU converters on once-through cycle.
Plutonium-Uranium Options (see Fig. 6.1-2):

Option 2. Pw/U recycle optma- LEU converters -outside oenter. Pu/U comverters = . , ”
- inside center; HTGls msule ténter operate on 2350[1!: 23%/Th, and '

Optidqu 3. Pu/U recycle option; LEU converters uiside center; Pu/U comverters g
and breeders. iusnde center. IltGlls inside center ogerau . 2350[11:, O
2530/Th, .and PW/V. = ‘

-~ Option 4'. |  option:
B outsule center; M reectors, ’ ceuter, |l only recycled.
‘Option 5U. Plutonium minimization eptien; LEV and Ginatured 2350 and 2330 com.
‘ verte;'s outside center; Pu/Th converters inside center; U and Pu ’
recycled.

Option 57. Same as S5U mtlm.-t deuatured ’350 converters.
Denatured Uranium Options Using Both wnverters and Breeders (see Fig. 6.1-4):

Option 6. Light transmwtation option; LEU and denatured 235y and 233y conver-
- ’ ters outside center; Pul‘m converters and Pu—llITll breeders. inside
; center.-

Option 7. Light transmutation option with denatured breeder; LEU converters,
denatured 235U converters, and denaturad 233U converters and breeders
outside center; Pu/Th converters and Pu-U/Th breeders inside center.

Option 8. Heavy transmutation option; same as Option 7 except inside breeder is
a Pu-Th/Th breeder. .

*Four cases considered under each option, identified by letters L, S, H, and & to denote T
tyoe of converter employed in addition to LEU-LWRs (L = LWR, S = SSCR, H = HWR, G = HIGR).

The effect of varying the fuel cycle system can be seen by reading across Table 7.4-2
and the effect of changing the converter reactor option can Le deduced by reading down a
_column. An installed nuclear canacity of 1100 GNe in year 205 indicates that the projected
energy demand is fully met by tne reactors in & given nuclear -uel cycle system.
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Raximm Nuclear Capicity of Various Nuclear Power Optiom:
and Year in Which Maxinum Occurs

A capacity of T100 GNe in year 2043 meets demand. )

Maximum Installed Woclear Capacity (QWel/izor moximer cosere

LWRs
(L)

SSCRs
(s)

HWRs
(W)

HTIGRS
(6)

2008

2327

763
2029

852
934

783
2043

2933

968
2041
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Non-FBR Systems, Options 1, 2, 4, and 5

For the high-cost U0y supply case (3 mit19on ST Us0s below $160/1b), it is evident

that introducing advanced converters on the throwaway/stowawsy fue) cyc1e (Option 1) has

Tittle effect on the maximum attainable nuclear capacity.

introduction dates assumed for the advanced converter reactors.

This is directly due to the
By the time the converters



dominate the mew capacity being built, a very significant fraction of the U;,0, supply has
already been committed to the standard LMR. I follows that if the intermediate-cost Uy0,

were used (6 million ST U 05 below $160/1b), together with the same nuciear growth rate, the
addition of an advanced converter would have & such larger impact. For exaple, in this case
the system including Hits has a2 maximum attainable installed nuclear capacity 7or the throwaay/
stowaway option that is zpproximately 17% greater than the installed capacity of the system
comprised of LWRs alone, while for the kigh-coct supply case it is only 3t greater.

In Option 2 converter reictors are operated on the LEU fuel cycle cutside the energy
_center and Pu/U converters and 235U(HE}/Th, 233/Th, and Pu/Th HIGRs are operated inside
the center. As expected. the thermal recycie systems all support nurlear power growth
».th less U0; consumption than the once-through sysiems of Option 1, and, in generil, the
options inclucing advanced ~onverter reactors [SSCRs, HMRs, and NIGRs) provide for increased
maximm installed capacity relative to the LWR option for both the high-cost and the
intermediate-cost U0, supply assumptions. The HTGR option (2G) provides for the gre:test
level of installed nuclear capacity for boath U;0: supplies. The resource efficiency of
these scenarios is largely due to the fact that they include the nondenatured < U/Th fuel
cycle which is used only by HTGRs in this study.

Option 4 utilizes only denatured 235U and 233 fuels and LEU fuel, all outside the
energy center, and none of the plutonium produced is recycled. Here it is interesting to
observe that for both uranium supply assumptions the HMR converter option (4H} has installed
capacity levels that are greater than or equal to those of any other converter reactor
option, while the HTGR option (4G} has the lowest installed capacities. It appears that
the HTIGRs used in this study dn not operate efficiently on denatured fuel cycles relative
to the other converters available (see also Options 5UG and 5TG). This can be partially
attributed to the fact that the reactors used in these evaluations were not optimized for
the roles in which they were employed, and for the HIGR this has a greater impact than for
the other reactor types.

Option 5 uses denatured and LEU-ueled reactcrs outside the center and Pu/Th-fueied
converters within the center. This option is divided into two suboptions: Option SU, in
which both denatured 235U and denatured 239 units are used; and Option 5T, in which the
denatured 235U units are excluded. In both cases, 233 is produced in the Pu/Th converters.
In these cases the HWR options produce the greatest maximum installed nuclear capacify
with 'the high-cost ore supply, and both the HWR options and SSCR options meet the power
deman:d with the intermediate-cost cre supply. Ajain, the HTGRS do not appear to operate as
efficiently as the other converters for the reasons cite? abovc. ‘

In summary, non-FBR power systems using denatured fue) but discarding plutonium
require about the same amount of U,04 as thermal systems on the classical Pu/U cycle and

offer potential nuclear growth rates that are roughly the same, [f the plutonium is re-

1
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cycled in Pu/Th converters. the systems have potential nuclear growth rates thet exceed
those of analogous reactors operating on the Pu/U fuel cycle. [f the intermediate-cr.i
U;0, sspply assumption proves to be correct, advanced comverters in the recycle moce can
satisfy the postulated nuclear emergyy demand through year 2050 at competitive costs.
This analysis therefore indicates that, at least under optimistic resource conditions,
advenced converters using denatured fuels can defer the need for cosmercial use of an
~inexhaust:ble” energy source {such as FBRs) beyond the year 2050.

FBR Systems, Ontinas 3 6, 7, and 8

Table 7.4-2 hows that almost all of the muclear systes options using FER fuel
cycles (Options 3. 6, 7, and 8) are able to meet the projected mxclear eneryy demand
without mining U- 0, cost’ g sore than S160/1b. The only exception is Option 8 for the
case of the high-cost ore supply, and even this option, whicn includes the Pu-Th/Th
breeder and the denatured ?'% breeder, wuld satisfy the desand if slightly improved FBR
reactor design parameters were used. Thus, as was expected, this aralysis indicates that
FBR-containing systems will potentially support much larger muclear capacities than
thermal recycle systems and/or will require less mining. The Th-containing FBR cycles
supporting dispersed denatured converters perform as well as the anziogous Pusfl cycles
within the framework of this analysis. Of the Th-containing cycles, the FBR with a Pu/y
core and Th blanket is particularly resource-efficient.

7.4.4. Results for Unconstrained Resource Availability

The preceding results represent 2 somewhat artificial situvation because ot the
$160/1b limitation on the U.0: availability. Tnat is, the failure to meet the projected
power demand in many of the scenarios investigated is 3 direc’ result of the system's
inability to utilize U0, costing more than S160/1b. In order to address the potential
of the various fuel cycle/rcactor options under the condition that the proiscted demand
for nuclear power must be satisfied, the S160/1b constraint was removed. The cumulative
quantity of U0, required to completely satisfy the demand for nuclear generating capacity
was then estimated for cach of the nuclear power options; these results are presented in
Table 7.4-3.

The rate at which U.0, is required to support the projected nuclear capacity
represents an important additional conctraint on a system. An overall maximum U.0
production rate is difficult to specify because of the possibility of importing U.0.
and because any prediction of the production of U.0. from uncertain resources in the next
century is highly speculative. Recognizing this, and also recognizing that the required
U104 production rate §s still an important variable, the maximum required !).0. production
rates for each scenario were estimated and are tabulated in Table 7.4-4. As a roint of
reference, note that DOE has estimated that domestic mining and milling could sustain a
production rate of 60,000 ST of U;0, per year in the 1990s by developing U,0. reserves
and potential resources at forward costs' of less than $30 per pound.

4
Forward costs do not include the capital costs of facilities or industry profits, which
are included in the Yonj run marginal costs used in this study.
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Table 7.4-3. Cemwlative U;0, Consumption
of Yarious Muclear Policy Options -

Cummlative U,0, Consumption (willions of tons) .

Converter Through year 2025/ 7iroiech zear 2543 {
Reactor
Option ] 2 3 £ U ST 6 7 8

, With High-Cost U,0, Supply
LMRs 3410 233 2.4 287

2.36 2.36 2.18 2.14 2.29
{L) 7.88 £.22 2.73 5.4 £.53 £.3f z.82 2.3 z.86
SSCs 3.26 .23 1.9 2.70 2.35 2.14 1.93 1.93 2.07
(S) £.52 £.35 z.70 $£.68 J.5¢ §.i¢  2.83  Ll.:s .63
lalks 3.10 2.72 2.2% 2.50 2.16 2.14 2.25 2.21 2.29 B
{n) 5.33 £.64 2.50 £.35 3.27 3.77 L 2.8 .33
HIGRs 3.23 2.19 1.97 2.58 2.2 2.34 2.1% 2.12 2.32
(6) £.2¢8 $.0¢ .75 .23 2,33 3,54 .72 LT 3.:4

With Intermediate-Cost U0, Supply

LWRs 3.41 2.39 2.28 2.87 2.3 2.36 2.37 2.3 2.37
{L}) 7.0 .2 5.4 o4l R $.5% £.38 $.358 3.8

SSCRs 3.26 2.23 2.20 2.70 2.4 2.14 2.14 2.14 2.14
(s) €.52 $.3¢ $.1% $.58 3.z J.8¢ 3.5¢ 2.8¢ 3.:7
HWRs 3.10 2.72 2.3 2.94 2.52 2.51 2.32 2.30 2.38
(n) D §.€% 2,72 £.47 A .37 3.68 2.7¢ 3.37
HTGRs 3.23 2.32 2.30 2.58 3.3 2.34 2.23 2.23 2.26
(G) 6.26 4.23 4.22 éoi 4.4 i.34 5.i8 .13 4,54

The results presented in Tables 7.4-3 and 7.4-4 indicate the relative resource
efficiencies of the varjous nuclear power systems since the energy produced was held
constant. It should be noted that although the U,05 cost Timitation of $160/1b was
removed, the uranium requirements were estimated for both the intermediate- and high-cost
4.0, supplies. Hence, the differences in the cumulative U;0, requirements and annual

, U-0. production rates for similar fuel cycle/reactor combinations are due to different
i reactor mixes associated with each uranium price structure.
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Table 7.4-4. Favium U 0. Requirements
of Various WNuclear Policy Options

Maximm U,0:. Consumption (thousands of toas per year)

Converter
Reactor
Option 1 2 3 4 50 ST 6 7 8

With High-Cost U;0. Supply

LMRs 183 120 60 m 115 1s 62 60 68
SICRs 160 115 52 83 83 83 S0 50 . 55
wRs 120 - 3 66 78 62 69 64 63 65
HIGRs i;o 82 53 105 2% 115 51 60 65

. With Intermediate-Cost U:0, Supply

LWRs : 183 120 92 11 nz Hs 86 8¢ 92
SSCRs 160 1s 93 83 - 83 83 83 83 83
HWRs 120 83 65 110 89 _ 90 66 66 66
HTGRs 140 86 66 - 105 % : VI 15 87 87 87

Satisfying the demand for 1100 GWe in year 2050 with the standard LWR once-through
cycle {Option IL) would require that about 183,000 ST U404 be produced in year 2049, with
a cumlative consumption of 7.1 million 5T through that date. Introducing advanced
converters (Options 15, 1H, and 1G) would reduce both the cumulative U;0; consumption and
the maximum production rate requirements on the once-through cycle — in the case of the
HWR as low as 5.6 million ST and 120,000 ST/yr, respectively.

Thermal recycle modes (Optfons 2, 4, 5U, and 5T} would reduce U,04 consumption
through year 2049 to within the range of 3.3 to 5.4 million ST U,0,, depending on the
policy option chosen and to a lesser extent on the uranium cost level. The maximum 1),04
consumption would vary from 62,000 to 120,000 ST/yr. The resource consumption is sensi-
tive to the uranium price level to the extent that high-cost uranium favors the choice of
efficient hign-capital-cost systems such as the HWR, whereas lower-cost uranium favors
continued use of LWRs even if other reactors are available.

It should be noted that when plutonium is recycled in thermal power systems includ-
ing denatured reactors (Options 5U and 5T) the total resource requirements (including Pu)
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are generaliy less then these for thermal systems in the Pu-U recycle =6ds {(ptin 2;.
Discarding Fu from the recycle of denatured thermal sysiems (Cetiun 4] reduces the
efficiency of the den2iured cycle.

The nucledr power systems that include fast dre2gers f0ptionc 3, §, 7, and £} have
cunglative U:0: requirewents through year 2042 witnin the range of Z2.7! to 4.4i million ST
U6. in the case of the intermediate-cost U0. supply and within 2.6 to 3.2 rillion ST
€. . in the case of the high-cost suoply. The maximum L.C: lonswmption varies from 66,000
to 93,000 <T/yr fe. the intermediate-cost suppl; and froc= 52,JGC to 68,000 ST/vv for the
high-cost supply. The breeder-containing octions are able to adjust the reactor oix
effectiveiy to seduce U . consumption in the event U L. costs are high. The larger the
fraction of breeders in the reactor mix, the lower the U-0: regquiresents.

It s;hould be noted that the U 0. requirements for the systems containing breeders
with Pu/t cores 2nd Th blankets (Options 6 and 7] are similar to the §-0. requirements
for the system containing the classical Pu/U breeder (Option 3}. The systems contzining
breeders with Pu/Th cores anc Th blankets require somewhat tore U 0. on an integrared
pasis.

The U:0: requirements presented in Table 7.4-4 qualitatively support the ranking of
cvcles in the cost-constrained runs. Specifically, the power systems operzting on once-
through cycles require 5.6 to 7.1 million ST Y:0. 1o satisfy the demand for nuclear
power throu(;h 2050, the thermal-recycle systems require 3.3 to 5.4 rillion ST U.0., and
the breeder-containing systems require 2.6 to 4.4 million ST U:C.. The systei's including
denatured “ U reactors require approximately the same cum:lative amount of U.0. as their
Pu/U counterparts. The results presented in iable 7.4-5 alsc support these statements:
the required production rates are highest for the once-through Systems; they are reduced
somewhat for the thermal re le cases; and they are lowest for the breeder-containing
scenarios.

7.4.5. Systems Employing Improved LWRs and Enrichment Technology

While not considered in the analysis summarized above, it is possible to optimize
LWR designs to greatly enhance rheir utilization of U,0. per unit erergy prrduced. These
optimized designs may result in reduced U.0. requirements of up to 37 relative to more
conventional LWR designs. The 30" improvement in LWR U;0, requirements assumes no spent
fuel reprocessing, the improvements bein. .e result of increased discharge exposure fuels
and/or recnnfigured rezctor cores.

The effect of developing these LWR cores optimized for throwaway/stowaway operation
was examined by assuming that the U,04 utilization would be improved i sequential incre-
ments 1.0, requirements equal to 90" of the standard LWR. It was alwo ascumed that this
improvement would be retrofitted into existfnq‘reactOrs.z Similarly, reactors starting up

“Neither the down time required for retrofitting nor the associated costs were addressed
in this analysis. ‘
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petween 1961 and 081 were assured to have Ud: requireseats equel to 80 of the standard
LR, with the imprs wweats retrofitted to all axtsting reactors it that iiwe. Finally,

" those plants beginnin_. operztiion 2fter 2001 were assumed to have U: requivements equal

to 70 of the standarc .NR, 202in with the improvements retrofitted to existing plants.

I addition, the effev” of 2 lower enriciment t2ils assay was examined for poth the
standar and the eoptimized LR c.:‘tigus; The standard enrichment tails schedule assum’
that the assay fraction was & constan® Q.0028. The rediced tails schedule begam 2t $.002G
but decressed to 0.0005 between 1980 and zu ' 2nd remained constant thereafter. The fatter
tdils scheduie was assumed to represent i chingeo s (0 2n improved enrichment teciwwology.

The effects of considering both the improved LW deN\™ and the improved tails
technology are summarized in Table 7.4-5. The resulcs show thad\ith {2ils improverents
alone the U.G: requirements may be reduced by 16 by wear 2029. TheN educed level of
U,0: consumption translates to an increase in the maximum irstalled capR
mately 60 GMe for standard Li®s on the tircwawdy/sStoweway fuel cycle.

N of approxi-

lable 7.4-5. Comparison of 4;0: Gtilization of Standard and I=proves
LARs Operating on Throwaway/Stowdway Option With and dithout
improved Tails

ST U0, S
Standard LYK iechnology Improved LWR Technglogy
Rormal Improved Nermal  improved
Year Tails Tails Tails Tails
1989 523¢ 875¢ 4649 4224
2009 5226 4508 4c70 3560
2029 5236 4398 3923 3346

*Normal tails assune 0.2 w/c -~ U in -~ 'U; improved tails as-
sumed 0.05 w/o - * U in - " 'U; 75 capacity factor.

With improved LWR technologies (no tails improvements, the U;0: coasumption levels
could be reduced ~25 in year 2029. This translates to an increase of 100 GWe in the
maximum installed capacity for optimized LWRs. [f both reduced tails and advanced LWR
technologies were used, the maximum achievable installed nuclear capacity would increase
by abou: 144 GWe.

It §s important t» place these results within the perspective of the results re-
ported in Vable 7.4-2. The maximum installed nuclear cépacities obtained with these
improvements are comiarabls to those for standard LWRs operating on the classical Pu// U
recvcle mode or on the denatured < ¥4 cycle, Obviously, if both improved LWRs and Pu
recycle were zvailable. the nuclear capacity could be evlen fnreater.

i

1
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7.4.6  Conclusions

From the precedig discussion and the results presented in Chapter 6 and Appendix C,
the following conclusions may be drawn concerning the reactor options, the fuel cycle
options, and the U0g supply cases analyzed for this study. It should be emphasized that
the conclusions are tentative and may be changed as>a result of different demand growth
projections or more accurate or improved reactor characterizations.

e If nuclear power systems were limited tc the once-through cycle, it would be
necessary to utilize U30g sources at above $160/1b sometime between year 2009
and year 2035 in order to satisfy the 6rojected nuclear power capacity demand.
If nuclear pow:r systems were limited to the once-through cycle and to U0q
supplies beiow $160/10, the U.S. nuclear pewer capacity would peak some time
between 2009 and 2035. Nuclear power would fail to satisfy the projected
nuclear demand during the 10-year poriod preceding the peak. If improved LWR
designs and improved tails stripping techniques were implemented, the peaks
would occur 10 to 15 years later.

o If the high-cost U;0: supply is assumed (3 million ST below $160/1b}, all
once-through systems, regardliess of the converter type employad, result in
approximately the same maximum installed nuclear capacity. For less-restrictive
U30; supply assumptions, advanced converters have time to increase the total
nuclear power sunply on the once-through cycle.

e Thermal recycle systems have the capability of substantially reducing requirements
for U305 or of increasing the maximum installed capacity over the capacity of the
once-through ¢,cle. The best thermal recycle systems can suppori over twice the
maximum installed capacity cf the unc.-*hrcuch cycle, and, under the iatermediate-
cost Us0g supply assumption (6 mi!lisn ST below $16%/1b), they can fully support
the assumed nuclear power growth through year zus0.

e The systems incluaing breeders have the capability of suvstantially reducing the
mining requirements and/or increasing the maximum installed capacity beyond thermal
systems with recycie. This capability is needed to satisty the nuclear capacity
demand through year 2050 under ihe high-cost uranfum supply assumption (3 million
ST below $160/1b).

e Therma) recycle systems including denatured - 33U reactors have the capability of
supporting more nuclear capacity than the thermai Pu/ “°U recycle systems. However,
achieving this capability vould usually require Pu utilization.

® From a resource utilization point of view, nuclear power systoms utilizing denatured
23 reactors can be started equally well with MEU{235)/Th or Pu/Th fuels, providing
the eventual use of the plutonium generated in the MCU{235)/Th cycle 15 assumed.

o e—
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* Systems thai use breeders (i.e.. fast transmuters) to produce 233U for LWRs or
advanced converters operating on denatured 233y fuel have a capability comparable
to systems employing the classical Pu/U breeder cycle to satisfy the assumed
demand through 2050 with the U305 resource base assumed in this study.

Section 7.4. References

John Klemenic, Director, ant Tavid Blanchfield, Mineral Econoxist, Supply Analysis
Division, Grand Jurz ;01 Office, DUE Uranium and Enrichment Division, in paper
entitle* "Troduction Capability and Supply,' paper presented at Uranium Industry
Seminar, Dctober 26-27, 1977, Grand Junction, Colorado; proceedings published

as GJ0-108(77).



7.5. TRADE-OFF ANALYSIS AND OVERALL STRATEGY CONSIDERATIONS

T. J. Burns-and I. Spiewak
Oak Ridge National Laboratory

One of the principal concerns about civilian nuclear power centers on the possible
diversion of recycled fissile material to weapons fabrication, in particular, the diver- -
sion of plutonium. Oepending on the degree to which this concern is addressed, various
nuclear power strategies can be developed between the current no-reprocessing option (and
hence no recycle) and options that would permit the uncoenstrained recycle of plutonium.
The denatured 233U fuel cycle that is the subject of this report provides a middle ground

within which nuclear power strategies may be developed. Although the denatured cyc}g/ggss*’:

employ recycled fissile material, it can be structured so that it has more pggliiefétion-
resistant characteristics than the plutonium cycle. Befoie any pggpcséd;ﬁé; fuel cycle
can be implemented, however, it must be addressed inﬂghp/lignt’bf practical considerations
such as the supply of U;0, available, the pfnjzcced‘hdclear power demand, the reactors
and fuel cycles available, and the iechnological and implementation constraints imposed
on the nuclear power system. These varigus aspects of nuclear power systems utilizing
denatured 2>:U fuel have been discussed at length throughout this report. It is the

- purpose of this final section of the report to restate tne most important conclusions of
the study and to address trade-offs inherent in developing nuclear policy strategies that
include the denatured 23U fuel cycie as opposed 0 strategies that do not.

The nuclear power systems that have been examined can be c'issified as (a) no-
recycle options, (b) classical reference recycle options, and (c) denatured recycle
options. An integrated assessment of options in these three categories is presented in
matrix form in Table 7.5-1, which also serves as a basis for the discussion that follows.
In evaluating the systems, each option was characterized on the basis of the following
criteria:

(1) HNuclear proliferation resistance relative to other nuclear power systems.
{2) Potential for commercialization of the reactor/fuel cycle components.

{3) Technical feasibility on a reasonable schedule (and cost) for research,
development and demonstraticn of the reactor/fuel cycle components.

(4) Capabflity of the system for meeting long-ter: nuclear energy demands.

(5) Economic feasibility.

As has been pointed out in earlier sections of this report, throughout this study
the United States has been used as a base case since the available input data (that is,
reaétor design data, nuclear growth projections, etc.) required for the analytical model
are all of U.S. origin. However, with appropriate data tases, the same mode} could apply
to other individual nations. Moreover, it could appl* to cooperating nations, in which
case the nuclear strategy would include a mutual nuclear interdependence of the participat-
ing hations. ‘

|
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-.5%.1.  No-Recycle Options

e
-

Since corzercial-scale reprocessing is not envisioned for some time, the currently
employed cuce-through low-enriched uranium cycle (LEU) represents the only significant
cowanercial possibility in the near term. At current ore and separative work prices,
power generated via the once-through LEU cycle in LWRs is economically competitive with
other energy sources. The once-through fuel cycle also has favorable proliferation-
resistant characteristics: its fresh fuel contains an inherent isotopic barrier; and
while its spent fuel contains plutonivm, the fuel is contaminated with highly radioactive
fission products and thus has a radiation barrier. On the basis of these and other
advantages (see Case A in Table 7.5-1), the continued near-term use of the once-through
LEU fue] cycle for nuclear-based electrical generation is desirable.

The principal drawback of the once-through fuel cycle i}es in the fact tha" it is
tied to resources that will become increasingly more expensive. Satisfyinrg the nuclear
demand postulated in this study to year 2050 would require the consumption of 5.6 to 7.1
million tons U0g. An equally important consideration is that it would also require an
annual Ui0: production capacity of 90,000 to l30.b00 tons of U0z by the year 2030. As
the price of uranium increases, there will be incentives to reduce both these requirements
by using uranium more efficiently. For example, improved LWR technology could potentialily
reduce U;0g consumption levels up to about 252 in the year 2030. A reduction in enrichment
tails assay could result in an additional reduction in the uranium requirements of about
16%; however, this would require about 807 additional SWU capacity to maintain a constant
production level of enriched uranium. But even with these gains the viability of the once-
through cycle would be limited by the availability and procucibility of U;0. from uncertain
resources in the next century.

A second once-through option (Case B in Table 7.5-1) would involve the addition of
advanced converters to the power éystem either on the LEU cycle or on the }[EU(235)/Th cycle.
The implementation of the MEU(235)/Th once-through cycle in LWRs is unecononiic relative to
the LEU cvcle primarily because it would require higher fissile loadings and hence higher
U,0; commitments. And even if incentives were provided, the use of thorium-based fuels in
LURs would necessitate additional fuel R,D&D. To use either the LEU cycle or the MEU/Th
cycle in other reactor types would entail significant expenditures te commercialize the

reacinrs in the U.S. Moreover, the generic drawback of once-through cycles -- that is, the
uncertainty in the size of the economically recoverable resource base - would remain. On

the other hand, as costs for extracting the resource base increase (to above $100/1b U.0,,
for example), commercialization of the alternate reactors will become more attractive.

1f continued reifance on once-through fuel cycles is to be a long-term policy, it
would be desiratie to make provisions for restricting the spread of enrichment facilities.
Also, safeguarding the spent fuel elements is neceésary since the plutonium bred in the
spent fuel represents a potential source of weapons-usable materfal which becomes increas-
ingly accessible as its radioactivity decays with time. Near-term resolution of the storage



gquestion could be accomplished via irternational failities chartered for just such a pur-
pose. Suck ccoters (and the institutionai arrangements attendant to them) could also serve
as forerunners of the full-scale fuel cycle service/energy center concept wonsidered for the

recycie-based options.

7.5.2. Recycle Qptions

The inherent limitations of the resource base would require the use of recycled
material to supplement the LEU cycle if the growth of a nuclear-based electrical generation
capacity were to be sustained. Table 7.5-1 compares three recycle options utilizing de-
natured fuel (Cases E-G) with two reference’rigycle opticns utilizing the classical Pu/U
_cycle {Cases C and'D). The two reference cycles differ in chat Case D employs FBRs while

- Case C does not. The denatured cases differ in that Cases E and F are all-thermal systems
and (Case G employs FBRs in addition to thermal reactors. Case E uses only LWRs as dis-
persed reactors while Case F uses both LWRs and advanced converters (HWRs, HTGRs, or SSCRs).

It has been assumed tnat, given a strong government mandate and fimancial support,
all the fuel cycles and reactor types that have been considered in this report could be
developed by the time they would be needed - by the year 2000 or later. However, the
Pu/U cycle is much closer to being commercialized than the Th-based cycles, and, as noted
in Chapter 5, the research, developmeni, and demonstration costs for implementing the
denatured ? 33y fuel cycle in LWRs would be between $0.5 and $2 billion higher than the
costs for implementing the reference Pu/y cycle in LWRs. [f the HWR or HIGR were the
reactor of choice, an additional $2 billion would be required for reactor research,
development,‘and demonstration.

A system in which raactors consuming Pu and producing - *°U (transmuters) are
combined with reactors operating on deratured - -’y fuel 2ppears to have somewhat better
protiferation-resistant characteristics than a system based solely on the Pu’/U cycle.

The "fresh" <33 fuel is denatured with - U, and thus some of the proliferation-resistent
features of the front end of tne LEU cycle would be extended to the recycle mode. That

is, both chemical and isotopic separation cf the fresh fuel would Lo necessary to obtain
weapons-usable material. Additionally, the fresh denatured fuel is c(ntaminated with
radioactivity due to the decay daughters of a 7 *1j impurity that is unavoidably produced
along with the 7%, and lhz associated complications intruduced into the isotope separation
procedure would be severe. By contrast, weapons material could be obtained from Pu/U or

23 34Th fuel through chemical separation alone, althaugh the %4 obtained would also be
redioactive due to the < U daughters, (The Pu/U fuel would alsc be radicactive but .uch
less so,)

The spent denatured fuel rcpresents a somewhat lower proliferaticn ris! than Lhe

spent fuel from other options would, The recovery of a qgiven quancity‘of Pu bred in the
! !

7 ¥} denaturant would require tine processing of more aaterial Lthan would be necessary in
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Table 7.5-1. Integrated Assessment of Various Nuc

Reactor/Fuel Cycle Combination Proliferation Resistance Implementation/Commercialization
»
A iMRs on LEU cycle Probably best to the extant that non-nuclear ¢ In wide commercial use
weapons states continue -0 forego natiomal o Concern exists about fuel
fvel recycle supply
Fresh fuel has isotopic barrier; spent fuel ® Emphasis on improved LWRs and
ccntains radioactive fission products U.0; resource development
Sgent fuel stockpile containing Pu is a needed
risk; requirez institutional barriers
8 LEU-LWRs followed by Similar to above o Little commercial incentive to
advanced converters on HTGRs on MEU/Th cycle would reduce Pu pro- introduce advanced converter
LEU (SEU) cycle or on duction by factor of 5 over LEU-LNRs but ® Known to be technically
REU(235)/Th cycle fresh fuel would have higher 235y content feasible
(2)2) ® Concern exists about long-term
HWls on SEU cycle about equal to LWRs on LEU fuel supply
cycle in Py production
€ Once-through LEU-LWRs Reci'cled Pu in fresh fuel chemically sepa- ® Acceptable to private sector

followed by LWRs with Pu
recycle -

D Once-through LEU-LWRs
followed by LWRs and FBRs
with Pu recycle

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

F Dispersed LWRs and advanced
converters operating on LEU
and denatured 233y 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 fuel

U recycle; energy-center
fast transmuters with Pu
recycle

rab' e; probably acceptable if Pu can be
1im ted to nuclear weapons states and to
secure nternational fuel service centers
Option requires technical and institutional
bariiers for Pu-fueled reactors (~30%)
Spert fuel contains radioactive fission
procucts

Increased risk over Case C because system
tencs to become Pu domirated

Leacs to significant Pu inverto:ies

and requires extensive Pu transpor-
tation for agispersed reactors

Requires technical and instituvional
barriers.

"Fres1” denatuyred fuel has fsotopic and
radioictive barriers; spent fuel contains
radioactive fission products

Spent denatured fuel contains less Pu than
spent LEU fue) (factor of 2.5 Tess)
Requires technical and institutional
barriers to Vimic Pu to secure energy
centers

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

Fresh and spent denatured fue) advantages
same as for Case £

Requires technical and institutional
barriers

Use of 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 ef’i-Sency

Very similar to Case £ except that 15 to 5)%
of reactors may be Pu-fucled FB8Rs, depending
on choice of cycles

Requires completion of Generic
Environmental Impact Statement
on Mixed Oxide Fuel

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

De

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

Requires government incentive

Same as Case F

Advanced converters likely to
to be attractive if FBRc are
unavailable

Same as Case £

Private sector likely to accep
government mandate

Should be structured for maxim
thermal-to-fast reac'or ratio
allow siting flexibility
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Concern exists about fuel
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Emphasis on improved LWRS and
U;30: resource development
needed

Little cormercial ircentive to
*ntroduce advanced converter
Known to be technically
feasible

Conceru exists about long-tem
fuel supply

No-Recycle Options
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Low cost
Gradual improvements introduced from year
1980 tg year 2000

Up to 82 billion for advanced converter
R,C8D
Advanced converters introduced in 1990°s

Classicz]l Reference Recycle thions

" Acceptable to private sector

Requires completion of Generic
Environmental Impact Statement
on Mixed Oxide Fuel

Preferred by private seclor
FBR licensing and commercial-
ization may ba difficult
Uncertain public acceptance

foout $1 billion, mainly for fuel cycle
R&D -

Introduction in Tate 1960's

FBR R,R&D up tc $10 billion

fuel cycle R,DSD $1.6 to $3 billion

FBRs not available before 2000

fenatured Recycle Options

Fuel cvcle somewhat more ~om-
plex tha: Pu/U cycle, but func-
tionally equivaient

Requirec government incentive

Same as Case f

Advanced converters likely 1
to be attractive if FOR: are
unavaiiable

Same as Case €

Private sector ifkel, to acrept

qovernment mandate

Should ve sti¢tured for inaximm
thermal-to-fost reactor ratic 7,

allow siting flexihil.ry

Up to $0.5 billion, PWRs and BWRs
Fuel cycie R,D&D $7.8 to $3.3 billion

Introduction in 1963's

bp to $72.3 billfon for advanced
converters

Fuel cycle same as in Case E
introduction ir late 1990°¢

L'p to $10 billion for FONs

Converter R,D&D a3 in Cases € and F

Fuei cycle $2 t5 $3,6 billion
Tntroduction after year 2000

Least resource effi
Peaks out between
and declines therea

-amounts of low-gra

Peak could be inc
to 15 years with
and reduced tails a

Mvanced converte
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to 10 years over sﬁ
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this study
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lear Policy Options for Meeting U.S. Nuclear Power Growth Demand

R.08D Cost and Time of
coamercial Introduction

Ability to Meet Fower Demands

Economics

No-Recycle Qptions

Low cost

Gradua! improvements introduced from year

1985 to year 2000

Up to $2:bitlion for advanced converter
R,D&D

Advanced converters introduced in 1990°s

L Reference Recycle Options

About $) bnhon mainly for fuel cycle
R&D :
Intraduction in late .030'

FAY R,P4D up tc S10 bitlion
fuel cycle R,DE0 $1.6 to $3 billion
FBRs not available before 2000

patured Recycle Options
|

tUp to $0.5. billion, PWRs and BWRs
Fuel cycle R,D80 $1.8 to $3.3 billion
introduction in 199C's

p to %2.5 bitlion for advanced
converters.

Fuel rycle sam: as in Case £
introduction in late 1990°s

Un to $10 bi'lion for FBRs
Converter ». 08D as in Cases £ and F
Fuel cycle $¢ to €3.6 billion
Introduction a,ter year 2000

Least resource efficient

Peaks out between years 2010 and 2030
and declines thereafter unless large
amourts of Yow-grade U.0q are exploited
Peak could be incre2sed and delayed 10
te 15 years with veactor improvements
ard requced tails assay

Advanced converters could extend
usefulness of once-through cycle up
ty 1G years over standard LWRs

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

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

Bivorce from mining possible

Somewhat better than Case C due to
superiority a7 - *XU as thermal readtor
fuel

Cen fully sa%isfy assumed demand through
year 2050 for plentiful U;0g supply;
especially true if HdR converters used

As qo0¢ as Case D sbove for assumed
power demand

Divorce from 4 mining Jess 1ikely than
for Case 0 above

Economics closely Vinked to U;0: price
Yery favorable 2t current U,0. prices

Uncertain capital costs cloud near-term
interest

Advanced converters favored at high
U304 prices (>$100/1b)

Preferred over Case A at high U.0.
(>$300/71b)

Economics uncertain because of FBR
costs, but protably acceptable

Close to Case C

Possibly lowest cost for U,0; price
range of $140-$200/1h, cspeciaily
for HTGR converter

Economics similar to Case D above

If FBR costs are high, can compen-
sate by reducing the fraction of fBRs
fn the mix and fncreasing the mining
rate
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either the Pu/U cycle or the LEU cycle (about 2.5 times more than the LEU cycle). It must
be noted, however, that the presence of chemically separable fissile material at any point
in a fuel cycle represents a proliferation risk, and thus these points must be subject

to stringent safeguards. Also, the potential spread of enrichment facilities and improve-
ments in enrichment technology (and hence greater ease in obtaining fissile material) may

make such differences between the various fuel cycles less important. _

As is evident from Table 7.5-1, the private sector prefers the Pu/U cycle to the
denatured fuel cycle, and a government mandate would probably be required to induce
commercialization of denatured recycle in prefereace to Pu/U recycle. Private investors
have developed recycle technology for mixed-oxide Py fuels extensively, while putting
little effort into recycle technology for thorium-based fuels.

Because reprocessing is inherent in the denatured 233U cycle, implementation of the

cycla is likely to require the development of "fuel service centers,” safequarded facilities

whose purpose would be to protect sensitive fuel cycle activities. Such centers could
evolve from the safeguarded spent fuel storage facilities required for the once-through
fuel cycles. For the recycle scenarios, the center would first coutain sensitive fuel
cycle facilities tr produce denatured 233} fuels from stored ?:3J-containing spent fuel;
later it woul< include those reactors that operate on fue' from which the fissiie component
couid be chemically separated. Under the assumption that no weapons-usable fuel that is
chemically separable can be used in dispersed reactors, a power system utilizing denatured
223 fyel has a significant advantage over one based on the Pu/U cycle alone.  The Pu/U
cycle would necessitate that all reactors be constrained to the energy center, which will
result in a penalty for electric power transmission since energy centers could not be sited
as conveniently as dispersed reactors. With a denatured system, a significant fraction (up
to 85%) of the power could be dispersed since only the Pu-fueled transmuters would be oper-
ated in such centers and thus the system could maintain a relatively high energy-support
ratio {ratic of nuclear capacity installed outside center to nuclear capacity installed
inside center). ' -

Evaluation of the dematured 233y fuel cycle on the basis of economics and/or energy
supply is difficult due to the uncertainties in unit cost factors and. potential energy
demand. With the economic and energy demand assumptions employed in the analysis pre-
sented in Chapter 6, however, the economics of the denatured cycle appear to be equivalent
to, or slightly better tnan, the economics of the classical Pu/U cycle for moderate
growth-rate scenarios (i.e., those employing combinations of fast and thermal systems).
Although the fuel cycle unit costs of the denatured cycle were assumed to be higher than
those of the Pu/U cycle, power systems utilizing denatured 733U fuel typically allow a
larger fraction of the reactors constructed to be thermal reactors, which have lower
capital costs. This is possible because the nuclear properties of 737U are such that it
can be used in thermal reactors more efficiently than in fast reactors.

-
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Although the strategy analyses presented in Chapter 6 considered various advanced
converters as potential dispersed denatured reactors, the selection of an optimum advanced
converter is precluded at this time due to cost and performance uncertainties and the
failure of this study to identify a single advanced converter for further development on
the basis of commonly accepted selection criteria. For example, at high U 0: prices, the
HTGR appears to generate the lowest-cost power of the thermal reactors, while an HWR
appears to be the most vesource-efficient and to have the best energy-support ratio on
the denatured cycie. The SSCR might be developed most quickly and cheaply. AIll the
advanced converters, but particularly the HWR and the HTGR, appear to have certain
superior fuel utilization characteristics relative to standard LWRs due to their higher
conversion ratios (i.e., lower 233U makeup reguirements), lower fissile inventories, and
lower Pu production. Denatured advanced converters also can be sustzined at higher support
ratios than can denatured LWRs. ([Cycles with potentially higher thermal efficiencies (such
as the direct cycle) and potential siting advantages were not considered in the comparisons
of Lhe advanced converters.} : '

The introduction of dematured advanced converters, however, is estimated to require
up to $2 billion more research, development, and demonstration expenditures than would
the introduction of a denatured LWR. Moreover, a denatured LWR could be commercialized
up to 10 years sooner than a denatured advanced corverter. Developing & denatured LWR
would be less difficult due to the backlog of LWR experience and the reduced risk
associated with a previously demonstrated reactor system. The capital cost of an advanced
converter, although generally lower than the cost of a fast reactor, is estimated to be
somewhat higher than that of an LWR. Thus, the improved performance must be weighed
against the increased capital costs, the delay in introduction, and the research and
development costs in any decision relative to the use of advanced converters in con-
junction with the denatured cycle.

The analysis of Chapter 6 indicates that, as ~° U producers, fast transmuters would
have more favorable resourre characteristics than thermal transmuters. Ffor the enargy
demand assumed in this study, the most satisfactory denatured power system would consist of
denatured thermal reacto-s coupled to fast transmuters in a symbiotic relationship, the
logical transmuter candidate being a fast reactor with (Pu-i/)0. drivers and ThQ, olankets.
It should be noted, however, *hat a more rapid growth in enerqgy demand could dictate that
Fu/U breeders be constructed to meet the demand cr that some combination of Pu cycle
breeders containing thorium and dispersed denatured breeders be used. [n these cases the
nuclear power capacity could grow independent of the resource base.

Although the denatured cycle appeirs to possess advantages relative to the Pu/i
cycle, several important areas requir: further study. In particular, “he refinement of
the denatured advanced converter characterization is of prime importance, both to evaluate
various reactor options and to study the overall use or advanced converters as opposed to
LWRs. As the potential “or improving the performance of LWRs, both on the once-throuqh



and recycle modes, is better defined and as advanced converter designs are optimized for
denatured systems, the analysis will become more useful for R,08D planning. Also, system
interaction studies for the dispersed denatured reactors and centralized transmuters
require refinement based on improved reactor designs and updated mass balances. Finally,
the question of implementing the energy-center concept, toc-:ther with the use of specially
designed transmuters as a source of denatured fuel, deserves more detailed study. The
Nonproliferation Alternative Systems Assessment Program (NASAP) is currently developing
characterizations of improved fast transmuters, improved L¥Rs, and reoptimized advanced
converters and LMFBRs. Light Water Breeder Reactors (LWBRs) wili also be included in
these characterization studies. o

7.5.3. Overall Conclusions and Recommendations

The denatured <3y cycle emerges from this éssessment as a potential alternative
to the conventional Pu/U cycle. Its advantages may be characterized as follows:

e The denatured 233 cycle offers proliferation-resistance advantages relative
to the Pu/U cycle in that the “fresh" denatured fuel has an isotapic barrier;
that is, it does not contain chemically separable Pu or highly enriched uranium.
By contrast, the Py/U cycie together with fast breeder reaciors tends toward
an equilibrium with all reactors ising Pu fuels. "Also, fresh denatured fuel
has a much more intense radicactive barrier than does the fresh fuel of the
classical Pu/U cycle.

e For moderate growth rate scenarios, oeployment of power systems that include
reactors operating on denatured * 33U fuei would allow a larger fraction of
the reactors in & pewer system to be thermal reactors. This would tend to
minimize the overal) capital costs of the system compared to fast/thermal
power system<s based on the Pu/U cycle.

e If in addition to LWRs, the denatureu thermal reactors of the power system
were to include denatured advanced converters, the dependence of the power
system on 2 fast reactor component (i.e., fast transmuterc) could be further
minimized due to the improved resource utilization of denatured advanced
converters compared to denatured LWRs. Although the advanced converters
would have higher capital costs than the LWRs, this might be nffset by
reduced requirements; for FBRs,

The disadvantages of the cycle xre the foliowing:
o The denatured 233U fuel cycle is morz comples tnan Lne Pult cyele, and since

233 must be produced in transmuter reactors, the rate al which denatured - *°U
reactors can be introduced will be inherently Timited. Burssse the Pu/Ul cycle

et e e e e R
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technolooy is closer to commercialization, there is a reluctance both by
U.S. industry and by foreign governments to embrace an alternative which
is less developed and which is considered primaril; on the basis of its
nonproliferation advantages, and this would have to be overcome.

The R,D3D costs for developing the denatured 733y fuel cycle are significantly
higher than those for tne Pu/' cycle. If advanced converters must also be
developed, significant additional costs would be incurred.

; Other important conclusions from this study are as follows:

On the

The once-through cycle based on L¥Rs is likely to dominate nuclear power
production through the yea~ 2000. This provides time to develop either
the denatured cycle or the Pu/U cycle for the recycle mode.

The denatured 233y fuel cycle can be used in LWRs, SSCRs, HWRs, HTGRs,
and FBRs without major changes from the present conceptual reactor designs
based on their reference fuels.

After the necessary R,D8D is completed, the denatured ~°°U fuel cycle
anpears to be economically competitive with the Pu/U fuei cycle in LWRs,
advanced converters, and in symbiotic fast-thermal recycie systems.

With the fuel resources assumed, the nuclear power derind postulated in this
study {350 GWe in the year 2000 and a net increase o’ 15 GWe/yr thereafter)
can be met as well by the denatured fuel cycle as it can by the Pu/U cycle.
However, the Pu/U-FBR cycle has an inherent ability to grow at a faster rate
than the other cycles.

basis of this study, it is recommended that:

Optimized designs of alternate breeders, improved LWRs, HWRs, SSCRs, and
HTGRs be examined to refine the characteristics o7 the denatured cycle
relative to fuel ytilization, economics and energy-support ratio. The
study should also be expanded to include LWBRs and the fast breeder
designs developed by DOE in the Proliferation Resistant Large Core
Design Study (PRLCDS). More detailed assessments of the nroliferation
risks and the economics of the denatured cycles compared to other
recycle options (Pu/U and HEU/Th)} should also be pursued.



These studies could provide guidance for the following R&D programs:

e Thor um fuel cycle RED to investigate the use of MEU(235)/Th, MEU(223)/7n
(denatured 233y), and Pu/Th fuels in LWRs and HWRs (tne latter in cooperation
with Canada). This program might also include the LWBR fuel cycle.

e Studies to consider denatured 233y or 235y fuels as czadidates for the
HIGR reference fuel cycl~.

s Thorium technologv studios, particularly for blanket assemblies, as am
integral part of the MBR programs (LMFBRs and GCFBRs).

o Exploratory work with utilities and PWR and MR vendors for quali ication
and use of MEU/Th ard Th fuel rods in ccmercial reactors. An cxample of
the beneficial use of Th would be in corner roas of the BWR fuel assembly.

(N
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Rppendix A. ISOTOPE SEFARATION TECHNOLOGIES

E. H. Gift
Qak Ridge Gas2o0us Diffusion Plant

A.1. Current Separation Capability

Three enrichment technologies exist that are sufficiently advanced to be classi-
fied as current separation technoloay. These are:
2. The Gaseous Diffusion process.
b. The Gas Centrifuge process.
c. The Becker Separation MNozzle process (and its variant, the South African Helikon
process).

Both the centrifuge and the Becker processes are expected to provide enrichment
services that are competitive with gaseous diffusion. The centrifuge ﬁkocess. in parti-
cular, is projected to provide a 303! saving in sep” ative work cost when fully imple-
mented in a large scale plant.

A brief description of each of these processes and their current productive
capacity foliows.

Tne Gaseous Diffusion Process:

The gaseous diffusion process is based upon the physical fact that in a gas made
vp of rolecules of different masses, molecules cont2i-ing the lighter mass isotopes will,
as ¢ result of the distribution ¢f kineti. erervies, rdve .verage velocities slightly
faster than those woich contain the heivier isotopes. As a result, these lighter isotopes
will reach the walls or pores in tne walls of a conteinsent vessel more freguently and at
higher velocities. [n the qaseous diffusion process, the container wall is a porous tube
ftrjer} through which diffusicn is accomplished.

The maximum theoretical separation that can be arhieved is a functicrn of the
square root of the ratio of the masses of the :as molecules In the diffusion process,
utilizing uranium hexafluoride, the square root of *the ratio is 1.00429, Because this
number is s¢ close to unity, the deqree ot enrichment whick can be achieved in a single
diffusion stage is very small, but the effect can be nultiplied t; making use of 4
cascade consisting of a number of stages. Production of 90 weiqght percent - U from
0.711 weiqht percent - ' 1} material, as found in natural ore, requires about 3,000
diffusion stages in series, A plant constructed for the purpose of producing material
of up to 4.0 weiqht percent U, as might be required for typical light water power
reactors, vould contain about 1200 staqes,






To take advantage of the small separation factor discussed above, diffusive flow
mst be ensured, not just simple gas flow. Diffusive flow requires rot only small pores,
i.e., less than two-millionths of an irch in diameter, but also uniformity of pore size.
Because of the small pore size, literally acres of barrier surface are required in a large
producticn plant.

Complexity of plant design is increased by the difficulties arising from the
nature of the diffusing gas itself. A volatiie compound of uranium must be used, and
the hexafluoride (UFg) is the only known suitable compound. It is a solid at room
temperature; consequently, the diffusion plants must be operated at temperatures and
pressures necessary to maintain the UFg in gaseous form. Although it is a stable com-
pound, UF; is extremely reactive with water, very corrosive to most common metals, and
not compatible with organics such as lubricating oils. This chemical activity dictates
the use t f metals such as nickel and aluminum and means thai the entire cascade must
be leak-:ight and clean. The corrosiveness of the process gas also imposes added diffi-
cecltics in tie fabrication of a barrier which must maintain its separative quality over
long perivus of time.

The enrichment stage is the basic unit of the gaseous diffusion prucess. In all
stages gas is introduced as UF; and made to flow along the inside of the barrier tube.
In the standard case about one-half the gas diffuses through the barrier and is fed to
the next higher stage; the remaining undiffused portion is recycled to the next lower
stage. The diffused stream is slightly enriched with respect to ?35U, and the stream
which has not been diffused is depleted to the same degree.

The basic equipment components vital to the process are the axial flow compressors,
the converter shell and the btarrier tubes. Avial flow compressors are used to compress
the UFg gas to maintain the interstage flow, and electric motors are used to drive the
compressors .

A gas cooler is provided in the converter since gas compression unavoidably
generates heat which must be removed at each stage. The diffuser, or converter, is the
large cylindrical vessel which contains the barrier material. It is arranged in such @
fashion that the diffused stream and the stream that has not diffused are kept separate.

Groups of stages are coupled to make up operating units and such groups. in turn,
make up the cascade.

Gaseous diffusion plants are in operation in the United States, Enqgland, france,
and Russia.
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The Gas Centrifuge Process

The countercurrent gas centrifuge separation of uranium isotopes is based on
processes developed more or less independently in the U.S. at the University of Virginia,3
in Gerwany,* and in Russia® during Mor.d War II. Much nf this work was reported at the
1958 Geneva Conference. In the U.S. this work was continued at the University of
Virginia and reported in 1960.¢ The machine developed is shown in Fig. A-1.

The theory":’ for operation of the gas centrifuge shows that the maximms separative
capacity of a gas centrifuge is proportional to:
2. The fourth power ot the peripheral speed,
b. the length, and
c. the square of the difference in molecular weights.

Thus, it is evident that one should make the peripheral speed and the length of the
centrifuge as large as possible. The peripheral speed is limited by the bursting strength
of the material of the rotor wall. A long rotor of small diameter is comparatively
flexible and will pass through a series of resonant mechanical vibration frequencies while
being accelerat~d tc high peripheral speed. Unless provided with special damping bearings,
a centrifuge woulgd destrcy itself while passino through one of these resonant speeds. Much
of the world's effort in advanced centrifuge development has been designed to keep below
the first resonant frequency. As a result, they are comparatively short and have relatively
low separative capacity.

Some of the differences betweer. gas centrifuge and gaseous diffusion technologies
should perhaps be noted. Gaseous diffusion requires fabrication of permeable barriers
with a very smell pore size; the manufacture of these barriers is a difficult process
and a closely guarded secret. Gas centrifugation requires manufacture of high-speed
rotating equipment. While such manufacture is certainly not trivial, it basically
requires a well-equipped precision machine shop that may well be within the technical
capabilities of many nations. The technology of rotating machinery is widespread and
designs for gas centrifuges are in the open literature.

The power requirements for a centrifuge facility are much less than for a
diffusion facility of the same size. For U.S. plants of economic scale and of the same

separative caparity, gas centrifugation requires about 7% of the power needed for gaseous
diffusion,?

| Following the early work in the U.S., further research on the centrifuge process
was undertaken for 'he USAEC by the University of Virginia, Unfon Carbide Corporation
Nuclear Division and Garrett Corporation-AiResearch Manufacturing Co., and Dr. Lars
Onsager. Tne current status of the U.S. program can best be indicated by a briaf
descr?ption of the operating and planned facilities:!



A-§

b=

Light Fraction
Heavy Fraction It /' UF. Feed ]
Vo >
vy Magnet -
Suspension i
‘ f:fEEEEE;::V Stati
i l N\ ] N - N nﬁ;:;‘tm‘r’
o
:acum ——— N Spinning Magnet -
ump
1 N ~——_ Damper
? (/" N
3 ( -
Molecular ,_,f”}bgij ) N
Pump \
\ X
I~ Scoop
\ N
N
N | } R
/- otor
N [l ! *l/ i
U \ | \P
asing a
H T
it d
—— N
N AN
N l /
= == J |
—_— = S
N\ o
| == b
!
NN NN N N NN

\ Bearing

Fig. A-1. ZIPPE Centrifuge (Simplified).

The Equipment Test Facility (ETF) was conceived to provide for the reljability
testing of "high capacity” centrifuges. This facility, which began operation in 1971,
has been the source of reliability testing for two generations of machine designs. Many
of the first generation high capacity machines are still operating in this facility,
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The Component Preparation Laboratories (CPL) in Oak Ridge, Tennessee ard Torrance,
California, were built to evaluate, improve and demonstrate techniques amenatle to the
mass production for menufacturir gy centrifuges. This facility became operational in
early 1974.

The Component Test Facility (CTF) was desioned to demonstrate the mechine reli-
ability and operability testing of substantial numbers of centrifuges in a cascade
operation. Construction was begun in 1972 and the first phase of startup of the facility
was completed in January 1977 vith cascade operation of about one-half of the machines
operating. The remainingy michines were operable within a few weeks Yater. The capacity
of the CTF is significant, abwt 50,000 SWU/yr, or about the annual enriching requirement
for a 500 Ki¥ power reactor.

The Advanced Equipment Test Facility (AEYF), in addition to being a reliability
test facility will also test the plant subsystems which support the machiwes. The
machines to be installed in this facility will have significantly greater separative
work capability than those in the CTF. The AETF is expected to be operable in the spring
of 1978.

In Enrope, the URENCO organization, consisting of participants from England,
Germary, i¢nd Holland, has a program that so far hac been directed toward machine reli-
ability ani long lifetime. URERCO is cﬁfrer:t.'ly producing about ZOO’HTSHU/yr from
plants at Almelo, Holland and Capenhurst, Enqiand. Expansion of these facilities is
planned by 1582. The URENCO group expects to have 2000 HTSKU/yr in operation, 1200
MTSWU/yr at Almelo, and the remaining 700 MTSWU/yr at Capenhurst.

The: Becker Separation Nozzie

The Becker prezess,? being deveioped in Germany by Dr. E. %. Becker and his
associates, utilizes the pressure gr2dient developed in 3 curved expanding supersonic jet
to achieve separation in a gqas mixture. The separation nozzle stage is shown schematically
in Fig. A-2. A light gas, heljum or hydrogen, is added to the UF. in order to increase
the velocity of Lhn jet. As tune expanding jet traverses the curved path, the ’.\eaviér
component is enriched in the vicinity of the wall. A knife edge divides the jet into two
fractions--one enriched in the Jight compcnent, and the other enriched in the heavy
component--which ar2 then pumpec off sepsrately from the stage. Although the separation
obtained per stage is relatively high (.1.025), many <cparation nozzle stages are n‘¢eded
to obtain an apyrecicble enrichment, Tnis process avoids the problems associated with
the fine-pored membrar: required for gaseous diffusicr, and those associated with the
higr -speed rctating parts of tne gas centrifuge. It does suffer, however. from the
disadvantage of a relativeily high power requirernent, primarily because 4 qreat deal :of \
1ight gas must be recomressed between staqges aion] with the UF, process qgas. oo
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Fig. A-2. Cross Section of the Separation Nozzle System of the Becker Process.

A small 10-stage pilot plant was operated in 1967 to prove the technical feasi-
bility of the process. rollowing that, a single large prototype stage suitable for use
in a practical cascade was fabricated.

A prototype separation stase contains 81 separating elements and is reported to
have a separative capacity of approximately 2000 kg U SW/yr. A plant producing a product
enriched to 3% 225U and with tails at 0.26% 235y is expected to require about 450 such
stages.

Figure A-3 shows the individual separating elements, each containing 10 separation
nozzle slits on its periphery. The fabrication of these units is not as simple as one

might at first expect. [In order to obtain the desired separation performance at reasonable

pressures, it is necessary to employ very small geometries. The spacing between the knife
edge and the curved wall in the prototype separating unit should be about 0.0005 of an
inch. In order to obtain good performance, it is necessary that this spacin :nt deviate
by more than £10% over the 6-foot length of slit.

The power requirement for the Becker process is currently estimated to be about
one and one-third times as great as that required for gaseous diffusion. Or. Becker
believes that further process improvement is still possible and that the power require-
ment can be substantially reduced. '
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Fig. A-3. Becker Separating Element With Tem Slits

The South African Helikon Process

The South African!® (or UCOR) process is of an aerodynamic type whose separating
element is described by the developers as a high-performance stationary-walled centri-
fuge using UF. in hydrogen as process fluid. All process pressures throughout the system
will be above atmospheric and, depending on the type of "centrifuge” used, the maximm
process pressure will be in a range of up to 6 bar. The UF. par*ial pressure will,
however, be sufficiently low to eliminate the need for process heating during plant
operation, and the maximum temperature at "he compressor delivery will not exceed 75°C.

The process is characterized by a high separation factor over the element, namely
from 1.025 to 1.030, depending on economic considerations. Furthermore. it has a high
degree of asymmetry with respect to the UF; flow in the enriched and depleted streams,
which emerge at different pressures. The feed-to-enriched streams pressure ratio is
typicaily 1.5, whereas the feed-to-depleted streams pressure ratio is typically only 1.312.

To deal with the small UF. cut, a new caccade technique was deve ~red--the so-called
"helikon™ technique, based on the principle that an axial flow compressor can simul-
taneously transmit several struvams of different jsotopic composition withnut thrre being
significant mixing between them. The UCOR process must, therefore, be regarded as a
combination of the separation element and this tecnnique, which makes it possible to
achieve :the desired enrichment with a relatively small number of large separation units
by fully utilizing the high separation factor available. A further feature of the helikon
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technique is that a module, defined as a separation unit consisting of one set of com-
pressars and ore set of separation elements, Joes not as in the classic case, produce only
one separation factor of enrichment in one pass but can produce for a constant separative
work capacity various degrees of enrichment up to a maximum 2f several times the separation
factor over the element.

Full scale modules of this type are nearing the prototype stage. Recent design
imorovements are expected to result in a nowminal capacity of 80 to 90 kg SMU/yr!! per
separation module.

A valuable feature of a plant based on this process is its very low uranium inven-
whick ressits in & short cascade equilibrius time, of the order of 16 hours for a
wercial:plant earichisg wranius to 30 275U,

The theoretical lower limit to the specific energy coesumption of the separation
element can be shown %o be about 0.30 MN_h/kg S¥. The minimum figure observed by the
developers with laboratory separating elements is about 1.80 MM.h/kg SH, based on
adiabatic compression and ignoring all system inefficiencies. This difference is a

measure of the improvement potential expected by the South Africans.

Current and Projected Enrichment Capacity

Most of the knowm installed enrichment capacity is based upon gaseous diffusion
technology. Only small incresents of centrifuge technolog; are in operation (i.e.,
URENCO, Japan and U.S.), and one plant utilizing modified nozzle technology (the South
African Helikon plant) may be operating. Indicative of the status of other isotcpe
separation methods, all planned additions to the world enriclment capacily are bised on
either diffusion, centrifuge or nozzle technology.

The existing worldwide capacity and planned additions to capacity are shown in
Table A-1 by country and technology type. In the table the groups identified as
Eurodif and Coredif are multinational organizations building caseous diffusion plants
in France.

A.2. New Separation Technologies

In addition to the more developed technologies (gaseous diffusion, gas centri-
fuge, and the Becker nozzle), there are several other separation metnods tnat either
nave been utilized in the past or 2re currently being developed. These technoloqgies
are listed in Table A-2.
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Table 2-1. Approximate Schedule of World Enrichment (:almcit_ya

world's
Caaacity Cumulative
Nation Technology [ncroment Capacity
Year or Group Type _(mr SWu) Present Status of [ncresent et seily
1977 v.c.b Diffusion 35,400 Existieg 15,402
FE-France Diffusion #%0-1000 Enisting, 2% dedicated w 16,400
nilitary use
Russia® Diffusion 800 Existing, actual total 172
CIPACity unhngns:
hing Biffysion Uk nown Enisting, wostly rilitary
UREXCD Centrifuge 200 Existing V7,400
U.S. Centrifuge 50 Existing 17.45C
S. Africa Helikon-Fixed Umbcomaees Existing pilot plast ar in
wall centrifuge process of coming on-lire
1378 v.s.t Diffusion 3,300 Fror CIPIQUP plus added
power nurchése
LRETCD Centrifuce 250 Fazilities at Rlmelo & Capen-
TSt now IR construction
Japan Centrifuge 20 Curvently ucder consteuciion
Pussia® Piffosion 200
197 v.s.b D€ eusion 2,700 Fro- LIP/CE
fussia Diffusion 500
URENCD Certrifuge 40 Uader consiruciion
torodif Diffysion 2,606
188 r.et Jiffusion 1,86C Froe CIP/CLP
opEace Centrifuge &0 Planned
Eurndif Gi’e ¢ion 3,70 Under constriction
dapan Con 2 1fute 3% inger consitruclicn
Pugsia” Piffusion 50C
1921 SR Siffusion 100 From CIP/CLF
VRERCSG Centrifuge G rlanned
Eurndif Biffusion 2,10 Under consiructior
Pussia™ Diffusion L)
bl vt Diffusion e Incr. Power [rplererting (UF
UPERLA Centrifuge [44) Flanmed
furng: ¢ Diffysinn 2,4 Under comstrucitior
Byzsia® Diffusion 20
Srazi) Secker no2le 123 Flannee
1743 LRENCO Centrifuge H Plannea
Coredif Piffy~ion 1,8} Planres
196k v.s.k Ciffusion 2., Incr. Pewer leplesenting (CP
wRERD Cengrifuse 118 R+ Planree
5. Africe Fized wall 1. €28 Planned
centrifuge
Coredif Biffusion 1,300 Plannert EN
1ags st Niffygion 2,56C {ncr. Fower lrplementing 29
URERCO Centrifuge 1,48 Plannec
S. Africa fizeg wall 1,620 Flanned
Centrifuge
Coredif Liffustan 1,800 Planned LY O
Japan Centrifune 6,200 Pianned, .yt should pe €3, tu
consideren conditieral
1326 s Centrifugqe 550 Plarres IPIEN
S, Irica Fized wall 1,803 Planred 63,51
contrifoge
URENCO Contrifune 2,000 Planned 67,5135
1987 u.s.> Centrifuge 2,150 Planses b 280
UREACO Centr i fuge 2,000 Planned 12,280
1988 u.s.? Centri(uge 3,300 Planned 75,580
1989 v.s.b Centrifuge 2,200 Planned 7,786
Coreaif Diffysfon 5.400 Planned, but should de 83,180

T consVdered conditiona)

“[nformation fram references 12 and 13,

.Iol tncluded in IThis schedule are pOssidie additions 10 the U.S, snrichment capacity by private corporations, Such
as Exxon Ruclear, Garratt and Centar, these may Jmownt to 4% such o3 10,000 AT SWi by 1990,

“Far Russia, this 15 & schedule of qrowth in enrichment sales availability Jnd not necessartly of capacitly expansion.



Table A-2. Jther Isotope Separetion Technologies
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A. 0Discarded Teccnologies
Thermal Diffusion
Electromagnetic {the Calutron Process)
8. Developing Technologies
Photo-Excitation Methods (Laser)
Chemical Exchange ‘ethods
Aerodynamic Methods (Other Than the Becker Nozzle
and the Fixed Mal) Centrifuge)
Plasma Based Processe:
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The dis~2rded technoiogies listed in Table A-Z have been used to produce

enriched uranium.

A large-scale, iiquid-phase, thermal-diffusion plant was constructed in 1945
by the Manhattan Project.l™ This plant produced v..ry slightly eariched uranium
(0.86%). Thermal diffusion is impractical for commercial enrichment of uranium
isotopes because of its very high enerqy requirements. Compared to gaseous diffusion,
the energy requirement is over 200 times greater.

The electroamdgnetic or Calutron methods were used during the Manhai*an Project
to produce highly enriched uranium.!® The process was discarded shortly after the
more economical gaseous diffusion plant began operation. A brief description of the
process foilows.

The Calutron Process involved the vaporization of a salt feed material,
typically UCl,, from an electrically heated charge bottle through slots into an arc
chamber where the salt was ionized by an electron beam which travels along the lines
of flux of the magnet. iie ionized wranium, as the y* ion for the most part, passcd
through another slot where it was accelerated by other slotted electrodes into the
vacuum tank which filled the pole area of & large electrrmagnet. The ions from the
accelerating electrndes diverged several degrees from the slots and at the 90° point
passed by some haffles as a rather thick beam. This beam was brought to a focus at the
slots of a receiver system as curved lines by the shimmed magnetic field. In the
large units, 96-in. beam diameter, there were up to four of these beams in a given
tank. The divergent trajectories of the ions from the four sources intersected some
few degrees from the accelerating electrodes and separated as distinct beams, again a
similar distance from the receivers. There were various side beams of UCI'. ot
other fons which hi? the baffles and the walls of the tank at a series of Jocations.
The uranium content of these beams condensed as various compounds of uranium. The
product was, for the most part, converted to UC by interaction of the very high
voltage uranium ions with tne graphite of the receivers. Since, in even the most

, and
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efficient of the nits developed, only about 227 of the teed was collected as product
in a vaporizatisn .ycle of the feed, there werc large amounts of uranium compounds to
be recovered and recycled through the system. The chemical operatiors required were
complex, but the amount of space and the number of workers rejuired in the chemical
function were zlways small compared to the requirements of the rest of ihe process.
The processing of the receivers to recover the product uranium was a smeli scale

but very demanding series of chemical procedures.

The developing technolagies listed in Table A-2 offer no current capability
forproducing kiiogram quantities of enriched uranium. [f any of them approaches
comercial feasibility, they may pr.vide enhanced opportunities for 2 clandestine
enrichment operation. A brief description of each of these processes fallows.

Photoexcitation (Laser) Methads

The developnent of high intensity navrow-frequency tunable lasers has raised
the possibility of nearly complete isotopic separation in 2 sinale step. Thus,
reactor grade and perhaps even weapons grede uranium Could be produced in one pass
through the apparatus. Such 2 single-stage process would allow for a much more compact
enrichment plant, saving land area, capital investment and power consumption.
These hopes have ied to active research and development proqrams in the United States,
the Soviet Union, [srael. France and possibly other countries.

In the U.S. the developwent of laser ernrichment is being pursued alona two
distinct lines. One line of development uses atomic uranium vapor 2s the source
material for the laser excitation whereas the other line of development is pursuing
eiEitation of molecular uranium hexafluoride. C€ach method has its virtues and
defects.

Laser Enrichment with Atoms.'® [n the atumic enrichment pracess most ¢ften
discussed, molten uranium is heated in an oven to about 2500°K. Tne atomic vapcr
emerges in the form of a long, thin ribbun into a highly evacuated reqior where it
js illuminated by two visible or near-ultravinlet lasers. One laser is tuned to
2 transition from the ground state of uranium to an excited state roughly halfway up
the ladder to ionization. This is the isotopically selective step, and it is hoped
that very high selectivities will be achieved nere.

The purpose of the second laser is to boost the excited “ 1} atoms to a leve)
just below the ionization limit, This step need not be isotopically selective, and
in principle the second laser could be used to ionize the atom direct!ly. But joniza-
tion cross sections are generally about 1000 times smaller than resonant excitation
cross sections, and so it i¢ far more efficient to use a resonant transition to excite
the atom to o state just below the jonization level and then to use either a static
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electric iieid or an nfrared ‘aser sulse to pull the =lectrons off the atoms. Once
the atoms are ionized, they can be scparated from the neutral atoms in the beam by
the use of electric or magnetic fields, cr both.

The major limiting facto- un the above process is the density of atoms in the
uranium “ribbon." There is an upper limit on the density and therefore on the rate
of production of enriched uraniuw, because both excitation energy and ionic charge are
very easily transferred to other atoms in. collisions. Such collisions rust be kept to
a winimum if a kigh selectivity is tc be obtained.

Other technical difficdlties in the development of the process are:

a. The corvosiveness of the uranium vapor.

b. The presence of thermally excitad or ionized atoms of 235U in the urani.um vapor
{at 2500°K, ~55% of #¥SL atoms arc not in the ground state).

c. The potential for self lasing of the vranium vapor. )
Thermal fonization of 2380 +i11 sericus?y degrade the selectivity and thus
limit the enrichment. :

e. Lasers comb ning high energy Jdensity, rapid pulse repetition rate, high tuning
precision, and long-term stability ~nd reliability must be developed.

'ngggzggrjggmgggnggn Molecules.!> Gaseouvc UFg is used in all proposed schemes
for molecular enrichment, since ths is "= uily cumpound of uraninm with a sizable
vapor pressure at reasonable temperatures. Because the molecule contains seven atoms
and exhibits a high degree of symnetry, it produces a complicated épectrum of
vibrational and rotational excitations. The most interesting vibrational modes from
the point of view of laser excitations are those which involve motion of the uranium
atom and which thereforz produce an oscilluting electric dipole moment. Only these
mudes are likelv v produce transitions from the ,round state when excited by elec-
tromagaetic energy.

The low energies associated with these transitions lead to two serious
problems for laser enrichmeni in UF,. The first problem is the creation of an
infrared laser with the correct frequency. The second problem is related to the
high occupation numbers of the low-energy vibraticnal states at temperatures where
UF;, has a hign vapor pressure. Becausz so many low-lying states are occupied, it
fs impossible to find a single excitation frequency that will be ubsorbed by most
of the molecules. The przsence of these so-called "hot hanJds” reduces the efficiency
of the process very drastically.

The second problem is easily solved, at 12ast in principle, if warm UF, gac
is passed through 8 supersonic nozzle. The effect of the expansfun is to convert |
most of *the kinccic eneryy of random motion f the gas in the rese voir into kinetic !
enerqgy cf rranslational motion of @he g#s in tne nozzle, As the gas accelera&es ‘
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through the nozzle, it becomes cclder and the energy stored in the vibrational
and rotational degrees of freedom of the molecules is reduced by intermolecular
collisions in the narrow region just downstream of the siit. The molecules can
now be illuminated by a lacer beam which has been tuned to excite selectively
molecules containing 235y,

This technique yields the first step in the molecular isotope separation
Lrocess; however, this selective excitation does not provide a way of segregating
the excited mglacules. To dg-this, considerably more Taser eneryy must be absorbed
by the molecules to get them to dissociate to 235UF; and fluorine. In theory, this-
enerqgy can be provided by either an infrared or an ultraviolet laser.

Since it is not necessary for either of these secondary processes to be
isotopicaily selective, the primary demands on the ultraviolet or infrared lasers are
related to their energy output and pulse repetition rates. In both cases considerably
nigher powers are required for the molecular than for the atomic processes because
much larcer numbers of molecules can be processed in the same period of time. This
high powcr requirement fcllows because the density restrictions apparently are
less severe for molecules than for atoms.

The dissociated product must still be physically separated froﬁ the undissociated
materiai and substan.ial recombination could occur if the recombination probabilities
for UF¢ and F are high. ) ’

As with the atomic process, the molecular process must also overcome formidab[r
technical difficulties tefore it becomes a feasible production process Some '
of these obstacles are: )

3. The nigh prooability of resonant vibrational energy exchange between the 2°°UF,
and the 2*%UFg,

B. The recombination of dissociated molecules.

c. An infrared high-powered laser tunable to ihe regquired wave length for the primary
excitation must be invented.

d. The secondary laser must satisfy the combined demand of high pulse energy, rapid
repetition rate and high efficiency.

e. The rapid and efficient separation of the dissociated product from the depleted
tafls.

Chemical Exchange Methods
The use of a chemical exchange system to separate metal fsotopes has been under

investigation in the U,S. for several years. In addition i. work in the U.S., the
French rr-ently have made allusions to similar research. [t has been shown that calcimsn
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isotope enrichment can be accomplished using a simple extraction process involving
the relatively new class of compounds known as polyethers. Xork is underway to
determing whether a similar process could be used for uranium isotape enrichment.

The electron exchange equilibrium between U(IV) and U(YI) may result in a
significant isotope enrichment. The exiraction of a single uranium cation without a
valence change yields a small isotupe effect which by itself would have no practical
use. Combining the two srocesses leads to a potentially economic process for urinium
isotope enrichment.

The electron exchange reaction which occurs in the aqueous phase can be
described by | uation ):
235yt 4 233y, 24 = 2384+ 4 235y0,2+ 1
This reaction was reported to have an 2 = 1.0014 with 238y concentrating on tha U{IV)

ion. The solvent extraction exchange reaction of the U{VI) ion can be described by
Equation 2:

21315 2+ 218 2 Z38 g b A1
V0> (aq) * * W02k (grg) ¥ U0 (aq) * T W2l (grq) (2)

Althougi. the a for Equation 2 is unknown, theory and experience predict that 235U
will concentrate in the aqueous phase. The constructive nature of the two processes
might, therefore, be expected to result i:. an a suitably large to be the basis of a
uranium isotope enrichment process. ‘

From a chemical standpoint, several problems immediately appear as critical
ones. Obviously, one needs an extractant which will separate U(IV) and U(V]). It
must operate under some very specific conditions set by other portions of the system.
In order to form the basis of a useful process, the electron exchange reaction in

Equation 1 must have a half-time, %, , on the order of a few seconds. Also, the exchange
2

reaction shown in Equation 2 must be rapid. Both these reactions must, therefore, be
well understood. Finally, it must be demonstrated that a sufficiently large a rxists
under these condiiions. '
Based on these exchange reactions and based on a reasonable value of ~ (hetween
1.0014 and 1.002), countercurrent 1iquid extractors can be set up into 8 c. 2
_arrangement. Fur:her assuming thut the exchange reactions and the « are fndepencent
- of the relative concentrations of 235U and 77U, estimates of the equilibrium time to
achieve 3% enrichment range from approximately three months to one year. To achieve

90% enrichaent, the equilibrium time may range from 3 to 30 years.




Cogaride SR R

AP LW

A-i7

Aeradynamic Hethods

Both the separation nozzle and the stationary-walled centrifuge can be
classed as aerodynamic processes. These are considered to be competitive processes
by their proporents and plans for their implementation are well advanced. Research
efforts have been directed at several other aerodynamic methods such as the vortex
tube, the separation probe, crossed beaws, velocity slip and the jet membrane. None
of these appear at the present time to offer the promise of the two aforementioned
aergdynamic processes, 3lthough anvexpanded 2ffort is proceeding on the jet membrane.
process. Commonly known as the Muntz-Hamel process, it ipvolves the penetration of
a stream of Uf; gas into an expanding jet of easily condeasible carrier gas. The
Tignter Z35UF, molecules penetrate the jet more easily than the heavier ~’3UF,
molecules. A tube placed on the axis of the jet collects the enriched UF.. The
depleted UF, flows out of tne other end of the scattering chamber, after the carrier
gas is separated from it by condensation.

Plasma -Based Processes

Since a plasma can be made tc rotate at speeds greater than that of an ultra-
centr:fuge, it occurred to various investigators that such high speed gas rotation
without the use of revolving equipment might possibly be developed into a more
efficient isotope separation process than that based on a mechanical centrifuge.

Five papers on this topic were presented at the International Conference on Uranium
Isotope Separation in London in March 1975. The authors’ assessment of the prospects
for such a process ran the gamut from highly optimistic--technology is simple and well
knows so that minimal development will be requirci--to pessimistic--a rotating plasma
process cannot possibly be economically competitive. To our knowledge, no one has
separated uranium isotopes by means of the plasma centrifuge.

Since that time, several other plasma-based processes have bean proposed. Of
211 these processes, the currently most feasible seems to be the Plasma [or Enrichment
process (the Dawson separation process). [n this process a plasma of Uf. {or of
uranium atoms) within a strong unfform magnetic field is exposed to a low energy
radio-frequency wave resonant with the cyclotron frequency of the - *'UF, ions. The
rotatfon thereby imparted preferentially to the ?"UF, jons enables the - i to be
separated from the 2°3U by properly placed collection plates.

This wethod has been used successfully to enrich macroscopic samples of po-
tassfum. '6 The collector was a cooled tunysten ribbon having a voltage hias to
collect salectively the excfteq fons. The potassium vapor was contact ionized at
the entrance to the mass spectrometer. To eliminate spurious effects, samples were
collected under three conditions of rf excitation: (1) no rf; (2) excitation at the
YK cyclotron frequency; and () excitation at the "!'K cyclotron frequency. The

i
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resulting ratios of “!K/39K abundance as measured by the mass spectrometer were,
respectively, 0.07 (the natural abundance), 0.02 and 4. The abundince ratio of 4
corresponds tc a more than tenfold enrichwent of *!K.

In addition to potassium ions, work has been done on neon, argon, xenon and
uranius toward resolving the ion cyclotron resonances for individual positive ions.
The work- with uranium is proceeding toward estimates of realistic operating parameters
(ion densities, magnetic field strength, isotopic excitation energies, device leagth,

- Tor-temperatures, and callector types).

A second process involves the achievement of a UFg plasma by chemi-ionization.
UF; molecules are accelerated by expansion with an inert carrier gas through a
supersonic jet. A cross beam of alkali metal molecules results in the formation of

" NA* or Cs* and UF;~. A radio-frequency quadrupole mass filter deflects the 228UF¢

out of the plasma beam, permitting the separation of the two isotopes by collection
of the two beams on separate baffles cooled by liquid nitrogen. This process seems
to have less potential than the first.

Comparison of Advanced Separation Processes

The estimated costs of the processes mentioned are compared in Table A-3
with that of gaseous diffusion. With two exceptions, the table is based on process
evaluations made by the Nuclear Division of the Union Carbide Corporation'’ for
ERDA. For the exceptions, which are the FRG's separation nozzle and South Africa’s
stationary-walled centrifuge, the comparison is based on published statements by the
developers of the process. Of all the processes listed, only the costs for the
centrifuge, and possibly for the separatio. nozzle, are known with aﬁy degree
of certainty.

»
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Table A-3. Comparison of Process Econonics’

- Specific Costs
Capi tal Power Gther Than
e Inves tment Cost Power
‘ L Centrifuge - ~ < >
? Separation Rozzle* ' < > =
; ,] Stationary-uWalled Centrifuge* = = ?
LIS-Atomic < < >
l LIS-Molecular < <
: Ch. Exchange: U‘v(aq)°va(org) = - >
_ I Other Aerodynamic Processes ' > . =
) Plasma: Chemi-ionization > . >
l Plasma lon Enrichment (Dawson Process) “ «
*Based on estimates made by the process developers.
!
' DEFINITION OF SYMBOLS: ’
‘l = Approximately equal to the diffusion process. !
> 4< Greater than or less than the diffusion process, respectively.
l ? 7 Unknown .
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Appendix B. ECOPOMIC DATA BASE USED FOR EVALUATIONS CF
MUCLEAR PONER SYSTEMS

M. R. Shay, D. R. Haffmer, W. E. Black. 7. K. Hels,
N. 6. Jolly, R. W. Hardie, and R. P. Omberg
Hanford Exgineering Development Laborato:y.

Theecmtc cata base used in the assessment of the impact of denatured fuel cycle?. in
the various nuclear systems options described in Chapter 6 was jointly developed by Combustion

‘Engineering; UaK K10ge Kational Laboratory, I™ited Engineers and Constructors, Arcoane

Hatiomal Laboratory. Resource Planning Assciislcs. Hanford Engineering Development Laboratory,
DOE Division of Uranium Resources 2nd Enrichment, and DOE Division of uucle;r/ Research and
Applications. The data base includas capital costs, operation and -amtemce costs, fuel
fabrication and reprocessing costs, capacity factors, money costs, and uceﬂamtles.

The cdeflated and present-valued capital costs for LWRs, SSCRs, HIGRs, CANDUs, and FBRs,
excluding interest during construction, are shown in Table g-1. The same caepital costs ;
including interest during construction are shown in Table B -2. In either case, the stream of
expehses incurred during the construction of the plant is discounted to the date of stactup
and is measured in dollars of constant purchasing power. The uncertainty ranges iacluded in
Table B -2 represent current best estimates of the most probable variations in capital costs.
For flexibility, the uncertainties are expressed relative to the reference LWR capita) cost.

Table B-1. Capital Costs of Power Plants The operation and maintenance costs

) Excluditg Interest Qunng Construction for the same power plants are .sh&u‘n‘in: E

Power Plant Type Costs (S/kNe)" Table B-3. The higher‘costs for the SSCR
and the CANDU over the stapdmd LWR are duﬁ
LWR 500 to the heavy water rep!arement requlrement
SSCR 520 + 33 (for D.0) = 558 and the necessuty for perfru‘:rfng some B
HWR 605 + 156 (for D:0) = 76} maintenance in atr;nsphere§ gqnt.z!nvng IR
HTGR 560 to 580 tritium. Additional mind¥ reactor cosis’
FBR <5 to 875 are given in Table 6-4. )

'Based on 7/1/76 dollars.

Table B-2. Captial Costs of Power Plants Including Interest During CogsLPuctibn

Fower Plant . Cost Cost Relative Cost B
Type ($/kwe)r ~ to LR Cost Aincertainty
LWR o 625 95 to 105 reference cost
SSCR 650 + 40 {haavy water) = 690 +107 105~ to 120. of LWR cost
HWR 755 + 160 (heavy water) = 915 +467 1207 to 1507 of LWR cost
HTGR 715 +147 105% to 125° of LWR cost
FBR 800 +287 1257 to 1757 of LWR cost

'Based on 1/1/77 doliars. |

. ,
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The fuel fabrication costs for the various reactor types are shom‘iﬁéb’:e £-5 as @
function of time beginmning with the expected introduction date for a particular reactor and
" fuel design. If a particular reactor and fuel design should prove successful, fabrication
costs should decrease as larger plants with higher throughput rates are constructed. The
decrease in fabrication costs over the first decade after introduction is siaply indicative
of a transition from small fabrication plants with high unit costs to larger fabricaticn
plants with Tower unit costs. These costs are a2 strung function of the fissile isotope and
@ weak function of the fertile isotope. The sensitivily to the fissile isotope is ciauvsed

ST giiner by the Spontaneous TISSIUn assocliated with migh-exposure fissile plutonium or by the
gamma activity associated with high-exposure 23%. The costs are based on the assumption
that fuels containing 233U are fabricated on a line with contact operation and contact

“maintenance, fuels containing Fissile plutonium are fabricated on a line with remote
operation and contact maintenance, and fuels containing 233 ave fabricated on a line with
both resote operation and remote maintenance. The expected variations in fuel fabrication
costs (costr uncertainties given in footnote b of Table B-5) represent the upper and lower
cost boundaries anticipated for fabrication costs and are expressed as percentages. For
example, the expected fabrication cost for plutonium-bearing LWR fuel with uncertainties
applied ranges from $306 per kg HM (-10: of reference) to $510 per kg HM (+5C .V reference)
for year 2001 and beyond. )

The expected reprocessing costs are
Table B-3. Power Plant Cperation shown in Table §-6. These rosts were obtained
) and Maintenance Costs by estimating the capiial and operating costs
{=[Fixed +(Variable x Capacity F“w"a)]’“’m"} associated with each of five stages of the
: reprocessing process. The stages were:
heudend, solvent extraction, product conver-

. Fixed Cost
~Z=._Power Plant Type ($/kwe-yr )P Variable sion, off-gas treatment, and waste treatment.
\,~ . S - The costs are shown as 2 function of time
T LWR 3.6 1.9 reflecting the transition from a new industry
- SSCR 4.8 ’ 1.9 consisting of small plants with high unit
costs to a mature industry consisting of
HWR — 8.4 ~ 1.9 larger plants with lower unit costs The
- UTGR 3.6 1.9 - expected costs for spent fuel shipping, waste
’FBR a1 2.3 shipping, and waste storage are also included
o - L in Table £-6, as well as the total costs for
9See Table B3 rfof capacity factors. all these processes. The total cost uncer-
bBa:ed on 1/T/77 dellars. tainty factor for all fuel types is estimated
to be a 50 increase for the reference values.
Thus, the total reprocessing cost for LWR fuel
Table #-4. Minor Reactor Costs " with tre uncertainty included ranges from $220
I — ) - to $330 per kg H4 for year 7001 and beyond.,
Property In<urance Rate 0.0025 It should be noted that it is assumed here
Capital Repiacement R;te '(/),0935 that a policy decision will have heen made fn

’ time for the first reprocessing plant to be
Nuclear Liability i} 58 x 10" $/yr  in uperation by 1991, Al fuel discharged
e e = e e = === from the reactor prior to this date is
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Table 8-5. Reactor Fuel Fabrication Costs™
Cosr {$;kg HR)® Qver First

Reactor Type Decade After Intvoductiom
LUR-US(LE)/U 100 (1969 - 2089)"
LR-U5(DE }/U/ Th 236 {1987} - 13 {1997}
LER-U3(0E }/u/ T &30 {1991} - 550 {Z001)
LUR-Pu/y 550 {1991} ~ %0 (2001)
LUR-Pu/Th 550 (1991) - 340 (2001)

" SSCR-US(LE)/u 100 (1991 - 2689)°

SSCR-U3I(DE)/U/Th 380 (1991} - 550 (2001}

SSCR-Puh 550 (1991) - 340 (2001}
R-US(RAT)/U 60 (1995 - 2089)"
R-US{ SEV)/U 60 (1995 - 2089)°
FAR-US (DE )/U/Ta i8¢ (1995) - 85 (2005)
HAR-U3(DE }/U/Th - 560 (1995) ~ 350 (2005}
HR-Pu/U 320 {1995} ~ 200 (2005}
HR-Pw/Th 320 (1995) - 200 (2005)
HTGR-US{LE ) /U

HTGR-US{DE)/U/Th

. HiGR-US{HF)/Th

C/Th + ¥ = 150 3¢ {(1995) - 218 (2015)
C/Th + U = 238 500 ‘199%) - 108 {2005}
C/Th + U = 335 660 {1995) - 400 (2005}
C/Th + U = 400 760 (1995) - 470 (2005)
C/Th + U = 650 1220 {1995) - 770 - {2005)
HTGR-U3{DE}/U/Th
HTER-U3/Th
C/Th + U = 150 860 (1995) - 470 (2005)
C/Th + ¥ = 238 1220 (1995} ~ 670 {2005)
C/Th + U = 335 1630 (1995} » %00 (2005)
C/Th + U = 400 2000 (1995) -~ 1100 -(2h05)
C/Th + U = 650 - 3200 (1995) ~ 1750 (2005)
HTGR-Pu/Th _
TN = 238 1220 (1995) - 670 {2005)

FBR-Pu-U core
FBR-Pu-Th core
FBR-U3-U core
FBR-U axial blanket
FBR-U radial blanket

1750 (2001) - 950 ~(2611)
1750 {2001) ~ 950 {2011)
3000 (2n01) ~ 1650 (2011)

35 (2001} ~ 25 {201})
250 (2001) ~ 150 (201))
FBR-Th axial blanket 35 (200%) - 25 (z011)
FBR-Th radfa) blanket 250 (2001) - 756 (2011}

FFabrication costs based on the foliowing: for LR
and SSLR, a 17 x 17 pin assembly {374-mi1-0D pin):
for the HWR, a 37-pin CANDU assenbly -20 in, long
{531-m11-00 pin); for tne HTGR, standard carton-
ccated uranium carbide fissile microspheres formed
into cylindrical rods located in a hexagonal gra- '
phite block; and for the FBR, a 217-pin assembly
in & hexagonal duct (310-mil~0D pin), ‘

byncertafnities cn fab icati<.. costs: 235y-bearing |
fuels, no uncertainty; Pu-bearing fuels, -10% to
50% increase; 73¥-bearing fuels, -10% to 507
increase,

“Costs assumed to remain constant, !

[

assured to have been stored, with the

spent fuel stockpile being reduced n 2n
crderly manner after the advent of repro-
cessing. After the spent fuel stockpile
kas been reduced to zevg, the gut-of-reactor
tie: required for reprecessing and refab-
rication is assumed to be two years.

—The_long.run marninal cocte ocrimatad— -
for U;0: ore as a functio: of the cumulative
supply are shown in Table 5-/. "As noted in
Chapter 6, the U:0. estimates have been
provided by DOE's Rivision of Uranium
Resources and Enrichment (URE}, the high-
cost supply beirg based on the assunptioh
that approximately 2.5 million tons of -0,
will be available from conventional uranium
ore resources and the intermediate-cost
supply being based on the assumption that
approximately 4.5 million tons of U.0.
will be available. In either case, it is
assumed that shales can be mined after the
conventional resources are depleied. The
cost of extracting the shales increases
from $125/1b to S240/1b for the high-cost
supply case and from $100/1b to $180/b
for the int..eni-édiate-cost' supply case. "It
is important to note that the long-run
marginal. costs shown in Table B-7 are larger
than the forkard costs shown in Table 6.1-1
of Chapter 6 because the long-run marginal
costs contain the carital cost of facili’tie's..,_v,

_ currently in operation, plus a“'nomal profit
for the industry. - The long-run marginal
costs are more appropriate for use in a

“nuclear strategy analysis.

The enrichiment costs and tails’
conpositions assuming efther a contfnuation
of the gaseous diffusion technology or the
deployment of an advanced enrichment tech-
nology are shown in Table R-8. It was
assume- that §f the gaseous diffusion
technology is continued the tails composi-

" tion will be stabilized at 0.0020 and that
the cost of enrichment will increase to
$80/SWU in 1987 and remain constant theres
after. 1f an advanced enrichment technologyy

. u | ! !
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Table 8-6. Reprocessing, Shipping, and Maste Storage Costs for Various Reactor Types

Costs {$/xg MM}

Reactor Reprocessing Coasts Spent Feet a1 te Shipping Wste Storage Tatel Costs
Trpe Over first Decade’ Shipping Costs Costs Ower Firul Decade
Costs” 2:7er Iatreduciion
(L 225 (1M1} - 150 (2001) 143 10 5 295 {1991} - 220 {200V}
Sscr 225 {1991) - 150 (2001} 15 10 45 295 (199} -~ (20 {2001}
[ "] 225 {1995) - 150 [ 2005) 16 S 5 255 (1995} ~ 180 (2005)
HIGR 200 (1995) -400{2005) 85 %5 65 985 (1995} - 585 (2005}
FBR 540 (2001] - 200 (2011) ] 50 1113 78S [200t) - 34S {20i11)

. “Fissile storage costs after reprocessing = $2/3-yr for *''U amd fissile plutomivm.

s '~“"‘-{oul costs for Uwowamay Cycle are spent fuel shipping costs ples $100/kg W,

50 uncertainty on total costs for 311 reactor Uypes.

is deployed, the tails <omposition would decrease continuously from 0.0020 to 0.0010 between
the years 1980 and 2000 as the instalied capacity of the advanced technolegy increased, and
the cost of a unit of separative werk would decrease to approximately 60% of that of the
gaseous diffusion process.‘ It was also assumed that the tails composition would further
decrease from 0.0010 to 0.0005 betwe :n the years 200 and 2030 due to improvements in

technology, while the cost of a unit of enrichcent would remain constant during this period.
" The tails composition and enrichment cost were assume?! (3 remain constant thereafter.

Tne capacity factors of a plant throughout its 30-yr lifetime are shown in .Table B-9.
- The capacity factor increases from 60% to 725 during the first 3 yr of operation and remains
&t 724 during the subsequent 14 yr. It then decreases continuously as the forced outage
rate increases and as the plant is shifted from a base-load unit to an intermediate-load unit.

The loﬁg-tem real cost of money to the electric utility industry is shown in Table B-10.
These costs were developed by dnalyzing the deflated cost of debt and equity to the industry
over the past 30 yr. The long-term deflated cost of debt has been 2.5%/yr and the long-term
. defiated cost of equity has been 7.0%/yr. Assuming the industry to be funded at approximately
- 551 debt and 45% equity, the long-term real money cost is approximately 4.5./yr.

. The combined effects of capital, fuel fabrication, and reprocessing (or permanent
disposﬁl) cost uncertainties on the levelized total power costs for individual reactor and
-fuel cycle options are shown in Fig. B-1. These costs represent typical nonfuel components
whose uncertainties are easfly quantified. Figures B-2a and B-2b show the relationship of
total power costs to the 01303 price fer four reactors on the throwaway fuel cycle. The
sensitivity of the total power costs to the U;04 price was analyzed first by assuming that
~the price rematned constant over the 30-yr 1ife of the reactor, and second by assuming that
the price increases in relation to the race of consumption (see Fig. B-3). Thus, the total
power costs in Fig, B-2b are given for 2 reactor starting up with the U;Cy price shown on
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Table B-7. Marginal Costs of U;0: as
a Function of Cumulative Supply2-b

Long-Run
Quantity of U0 Farginal Cost
{10* toms) £s/1b)

=5 Intermediate-Cost Jy0, Supply

0.6 - 0.25 14
0.25 - 0.75 23
0.75 - 1.25 3
1.25 - 1.75 "
1.75 - 2.5 53
2.5 - 3.5 61
3.5 - 4.2% R 80
4.25-4.75 ) 107
.75 - 5.25 128
5.25 - 5.75 143
5.75 - 6.0 : 165
6.00 - 8.5 165
above 8.5 180

High-Cost U ?08 Supply

0.0 - 0.25 14
0.25 - 0.75 24
0.75 - 1.25 35
1.25 - 1.75 54
1.75 - 2.25 34
2.2 - 2.715 128
2.75 - 3.00 158
3.00 - 3.25 158
3.26 - 3.7% 173
3.75 - 4.25 180
4.25 - 4.75 180
4.7 - 6.5 210
abave 6.5 240

%For those cases in which plant selection
was oeftermined by uranfum utiljzation a limit
of 3 million tons of ore are assumed at
below $150/1b U,0, for tne high-cost U;0q4
supply and 6 million tons for the inter-
mediaie-cost supply.

Cost of converting U.,0, co UF, = $3.50/kg
of U.

Tails Composition and

Table B -8.
Enrichment Costs
Tails
sition
Time (2350 Fraction)

Cost(S/SwU)

Gaseous Diffusion Techmology

e s b v ———

Debt Interest
Equity Interest
Fraction Debt
Fraction Equity

Effective Interest Rate

S

1969 to 1976 0.6020 S0
1977 to 1986 0.0020 75
1987 to 2089 0.0020 80
Advanced Technology
1969 to 1976 0.0020 50
1977 to 1980 0.0020 75
1981 to 2000 0.0020 to 0.0010 75 to 5%
2001 to 2030 (.0010 to 0.0005 55
2031 to 2089 0.0005 55
Table B -9. Plant Capauty Factors
Year - CF() Year CF( ")
1 60.0 20 65.7
2 66.0 21 63.)
3 72.0 22 62.6
4 72.0 23 61.0
- 24 59.4
. 25 57.9
15 72.0 26 56.3
16 72.0 27 54.7
17 70.4 28 53.1
18 68.9 29 51.6
19 67.3 30 50.0
Table B 10. Lonq Term Real Cosms of Honey

2.5"
7.0%
0.55
0.45
4.525%

- e et g
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Fig. B-1. Semsitivity of Total Levelized Power Cost to Capital, Fabrication, and
Reprocessing Cost Uncertainties,

the abscissa. The major difference between the two methods of analysis is the UL0; price at
which reactor options incur the same total) power cost. For example, whereas at a constant
U s price the PWR and HWR options have the same power generation cost at » $160/1b Us

for an increasing U:0g price they have the same cost at ~ $130/1b 1305,

From the data shown in Fig. -1 it is clear that the total power cost for each reactor
and fuel cycle option is dominated by uncertainties. The uncertainty effect produces a
significant overlap between reactor power costs. In addition, it is evident from Fig. §-2
that fuel costs, viz., Ui0g prices, also significantly affect not unly the levelized power
costs but also the competitive relationship between reactor options. Therefore, it is
difficult to classify reactors as either more economical or less economical basei sotely on
power generation cost estimates.
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Fig, B-2, Effect of U,0; Price on Total Power Cost for Reactors Operating on
Trrowaway Cycle.
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Appendix C. DETAILED RESULTS FROM EVALUATIONS OF VARIOUS WUCLEAR
’ POWER SYSTEMS UTILIZING DEMATURED FUEL :

g'.’,

M. R. Shay, D. R. Baffner, W. E. Black, T. K. Helm,
W. G. Jolly, R. W. Hardie, and R. P, Merg
Ranford Engineering Development Laboratory
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This appendix: presents detailed results from the calculations performed for the
ernromic/resource evaluation of denatured nuclear reactors operated in concert with other
reactors to form nuclear-based power generation systems. For purposes of comparison, it
also presents results for siliilar systems that do not utilize denatured fuel.
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_ As pointed out in Chapter 6, nine different nuclear policy options were examined with
': a ';; ; four cases under each option. The resulting cases can be classified as shown in Table C-1,
- o ' vhere the letters L, S, 6, and H indicate the thermal converter option employsd in each case.
E For all cases identified with an L, the only converters used are LWRs. ° For cases icentified
: with an S, SSCR converters are used in additionm to LWRs. Similarly, for cases identified
with H and G, the converters used are HWRs and HTGRs respectively, bech again in combination
with LMRs. Under Options 3, 6, 7, and 8, FBRs are also included in the nuclear systems.
In addition to these 36 cases, Case L was recalculated for 2 standard LWR 'alone; that is,
the LR with an extended discharge exposure, which ;'s included in Case 1L, was eliminated
from the system. This case is identified in this appendix as Case 1E.

£

g R R

sy v 1 §

vable C-1. Nuclear Policy Options*

Options ' LWR SSCR HTGR HWR

) Throwaway Option (1) I 1s 6 ™
‘ l Pu/U Options
_ With Converters Only (2) 2 2s 26 2H
‘ l With Converters and Breeders (3) i 3 36 H

Denatured Jranjum Options with
! Converters Only

} 1 Plutonium Throwaway (4) aL 4s 46 aH
Plutonium Miminization (5U) 50L 5U8 5U6 SUH

| ] Plutonium "Transmutatfon” (5T) STL 5TS 5T6 5TH

Denatured Uranfum Options with
Converters and Breedars \

Light "Transmutation” Rate (6) 6L 6S 66 .
Light "Transmutation” Rate, Denatured |
Breeder (7) 7L 7S 76 H
Heavy "Transmutation” Rate, Denatured |
Breeder (8) 8L 8s 86 8H

*See Table 6.1-5 in Chapter 6 and Tables C~2 and C-4 ‘n this appendix for idantiﬂcation
of specific reactor types in each case.
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In all cases the reactors operating un plutonium or on hignly enriched uranium were
assums to be restricted to secure energy centers, while those operating on low-enriched,
sl.ghtly enriched, natural, or denatured uranium were perwitted to operate outside the
centers. The specific reactors used for each case, end their locations, are given in
Table 6.1-5 of Chapter 6.

Aﬁ ‘cases were run assuming 350 Gie of installed nuc:ear capaci'y in‘ the year 2000

~ and a net increase in installed capacity of 15 Gie per year thereafter. Each new plant was

assuwed to have a 30-yr lifetime. For :Iptio_n 1, some additional cases were run for a lower
energyy demand 200 GWe in the year 2000 and 3 net increase of 10 Gie per year thereafter.
These latter cases are identified with a C following the case mumber (i.e., cases I1LEC, ILC,

- ete.).

In the results presented here, particular mhasis is given to uranivw vtilization,
separative work utilization, and energy-support ratios. Two important criteria are to be
considered when analyzing uranivm utilization of reactor systems. The first is the ability
of the system to meet the specified auclear energy demand with the available U305 supply.

For these calculations two different supplies were assumed: 3 million and 6 million ST below
$160/1b U;0., corresponding to a high-cost and an intermediate-cost supply. respectively.

(As shown in Appendix D, nuclear pewer plants Jo not cospete well at higher U,04 costs.)

Th= second criterion is the capatility of the uranium industry to discover, mine and mill the
ore at a rate adequate to satisfy the demand for uranium. The specification of the overall
maximum production rate is difficult to postulate because of the possibility of importing
U30; and because of the difficulties that might be encounterad in developing uncertain
resources. As pointed out in Section 7.4.4 of Chapter 7, the DOE Uranium and Enrichwent
Division has estimated that by developing known and potential reserves domestic mining and
milling could sustain 60,000 ST of U.0:. per year.

When analyzing enrichment utilization, the same two criteria - total amount and enrich-
ment capacity - were also used, the more meaningful being the capacity since enrichment is
nct a Vimit-.Jd natural resource like uraniuym,

For the cases in which 3 million ST nf uranium below $160/1b U304 was assumed, the
lack of low-cost U3;0, dominates the plant selection because the amount of ore available is
inadeouate for meeting the projected nuclear energy demand. As a result, resource-efficient
reactors are constructed regardless of their cost. With a U,0; supply below $160/1b as
large as 6 million ST, however, most systems are no longer dominated by the lack of U;04,
and the relative total power costs of the individual reactors play a more important role,

In fact, if the systen is not limited in any way by the supply of U.0,, then the solution is
determined solely by economics. 1Yhe results in this cas? become more tenuous because of the
uncertainty in capital costs, fabrication costs, reprotrssing custs, etc.

The cumulative nuclear capucities that co- d be constructed thrnush the year, 2050
fcr the various cases are shown in Table C-2. Only those cases totaling 1959 GWe will have
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Table C-2. Cumulative Nuclear Capacity Built Through Year 2050 with
Various Nuclear Policy Options

{Mequate Capacity = 1959 Gie)
Rdvanced Gotiom Capacity (Giie)

Option I 1 2 3 ) St st & 7 8

uR’s 572 5% 953 1953 45 1205 107 1938 1958 i

)

s?s's - 07 1043 1958 1071 1423 1275 1958 1959 geas
%;s . 67 o%7 1958 15% 1747 1505 1959 1638 1259
wres . 3 1417 1959 855 1068 1008 159 1952 178;

Intermediar~ Cost U;0: Suppls

u(l:;s 1135 1193 1783 1959 1 ' 1863 1958 1553 1356
s?a's - 121 1837 1559 2N 50 1939 193¢ 1832 185¢
lial';s - 1497 1921 1959 1943 1059 1959 1556 1539 1233
"{s's - 1320 1958 1959 17% 1928 1544 1959 1953 €33

*Lvsiem witn standard LKR only,

mei the projected nuclear demand under the criteria of an instalied capacity of 350 GWe in
year 2000 and an increase of 15 GWe per year thereafter.* With the high-cost U;0; supply

some of the systems fall far short of satisfying the demand; in fact, the only nuclear systems
that fully meet the demand are those including FBRs (Options 3, 6, 7, and 8). The throwaway
option, in particuiar, builds less than a third of the desired nuclear plants. Of the cases
that do not include FBRs, those employing HWRs come closest to meeting che demand. One HTGR
case (2G) is also c'early superior to most of the other cases. This §s to be expected since
Case 26 includes traditional HTGRs that are fueleo with highly enriched 225U and also with
233y/Th.

A doubling of the economic U;0g supply to 6 million tons 21lows many more nuclear
system options to meet the projected nuclear energy demand. In fact, only the throwaway
option has cases that don't even come close to satisfying the demand. None of the Option &
cases meet the demand efther; however, Cases 45 and 4H are within 16 GWe of the demand.
A11 other systems have at least one advanced ~onverter option that builds the desired
1959 GWe of encrgy. It should be emphasized that for the systems where the demand was met
with the high-cost U,04 (f.e., the systems with FBRs), a doubling of the ore supply means
that the ore supply is no longer the sole constraint and plant selection is based on economics.

*NOTE: Since this is a 50-year span, some of the reactors buflt in the first few years
will have been deconmissioned after having operated 30 years. |
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Table C-3, Utilization of U0, Ore and Envichment Through Year 2050 with
Various Ruclear Policy Options

,“'f“:  uy milinaties (bems U0 R/ ricimans o Hnari Lo ST

Option e i 2 - 3 . sy 5T & 7 :
, High-Cost U .%. Supply
‘pR's 2%  Sez us U BT %0 . BT 1514 152§
) 3.08 3.0 2.8 .92 2.7¢ 2.12 2.08 1.63 1.03 1.17
. sser's - on 2 W s 2w B W W . 1
{S) - 2.05 1.7% .87 2.3 1.7% 1.59 9.95 .95 2.01
. - “» »7 1 s 170 1983 15 1514 1520
) - 1 1% o.m .7 1B 9 o *e  1Le
wRs - N3 aes. 1505 uy e o 158 14% 1666
3] - s.1e 111 1.15 275 ;2 216 1e2 1.0 1.20
Intermedizte-Cost £.0. Supply

ue's 256 4973 e s nes 25w 3037 733 7ss 7
(o} 2.95 2.5 1.7 1.45 .46 1.3 1.77 1.58 1.58 1.0
ssCR's - “ws?  ar .m mu s1 311 1 1 su
(s) - 243 1.3 1.27 206 1M 1.3 1.3¢ 1.3 1.%
s - me 28 1393 S0 243 475 295 12 172
{3 - 1.0 122 1.00 210 156 1.58 1.32 .99 1.23
HTGR"s - un 263 2600 nn 2865 305§ 2683 7Y
(6} - 2.8 i@ 1.60 2.21 1.77 1.77 1.58 1.58 1.62

*Systen with standdrd LWR only,

Urnium and enrichment utilization fyr the various cases are shown in Table C-3. -2
wvranium stilization valves are the total amount of uranium consumed plus the formard coamit-
ment per GWe of nuclear power constructed through the year 2050. The enrichment utilization
values are the total a.ount of separative work units required through the year 2050.

As pointed out above, for the cases for which only 3 million ST U.0; was assumed to
be available below $160/1b, the ore is the limiting factor. Comparing Case ILE with Case IL
gives the savings in ore on the throwaway cycle as a result of introducing the ex“ended
exposure LWR -- less than 4% in ore and none in enrichment. Cases IL, 1S, IH, and 16
compare the relative ore and enrichment utilfzation of the various advanced converter options
on the throwaway cycle. The HWRs clearly offer the greatest savings in both ore and
enrichment. Compared with LWRs, the HWRs reduce ore requirements by over 107 and SWU
requirements by almost 30%. In contrast, the $SCRs only offer a 2: ore savings and an 87
enrichment savings. The HIGRs reduce the ore usage by less than 2%, with about the same
enrichment requirements. The impact on ore utilization of the SSCR, HWR, and HTGR advanced
converters on the throwaway cycle is less than might be expected. The reason for the minimal
effect is because most of the 3 million ST of U0, has already been comitted to LWRs
before enough advanced convei"ters can be built to have much influence.

Allowing the recycle of fuel in thermal reactors (Option 2) resu'ts in siqnificant
savings fn ore compared to the throwaway cycle -- almost 6G. for the HTGRs and from 30 to
40% for the other conver;nrs; For this nuclear policy option and the high-cost U,0, supply,
the HTGR clearly has the best ore utilization, although the HWRS have better enrichment |
utilization, ‘ . - ‘ B
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The introduction of the classical Pu-U/U FBR in Option 3 results in an additional cre
and enrichment savines of about a factor of two from that in Option 2 except for the HIGRs.
Note, however, that in Option 2 the HIGRs alreédy had 2 Tow ore and enrichment usage; In
Option 3 a1l the advanced converter ciases have about the same usage.

Recycling uranium in dematured reactors and throwing the plutuwnium avay (Option &)

. requires enrichment about halfway between Options 1 and 2. Compared with the classical

recycle of pluconium in thermal reactors (Option 2), Option & consumes roughly the same
quantity of uranium with LMRs and SSCRs. That is, the increased worth of 233y in LMRsS and

-SSCRs is nearly balanced by throwing awdy the plutonium. The requirvements for iMRs, however,

are censiderably reduced over those of Option 2 when 233U is recycled compared to recycling plu-
tonium. The very low fissile requirements for the dematured 233U HWRs is responsible for the
more favorable U30, vtilization in Option 4 compared to Option 2. In contrast, the HIGRs in
Option 4 Jook much worse than in Option 2. This is because the HIGRs were already operating

on the 233y/Th cycle in Cption 2. However, in Option 2 the uranium-fueled reactors all use
highly enriched fuel while in Option 4 they use denatured fuel,

Options 5U and 5T allow the recycle of plutonium in plutonium/thorium transsuters,
the difference between the two being that denatured 235y reactors are availatle in SU whereas
they are not in 5T. This forces the 5T system to initially rely on the Pu/Th-fueled reactors
for 233y, Compared to Option 4, ™ .n 5U results in 20 to 25% savings in ore usage and
Option 5T in 10 to 15% savings. e HWRs are the most efficient advanced converters for
uranium ard enrichment utiiization for Options 5U and 5T.

Option 6 introduces FBRs with thorium blankets, although these FBRs havc uranium as
fertile material in the core. Comparing Option 6 with Option 3 reveals that both systems
have approximately the same resource utilization. Option 7 is identical to Option 6 except
the denatured 22U FBR is included. The inpact of this reactor on rescurce utilization for
these cases is small.

In Option 8 the Pu-U-fueled FBRs of Option 7 are replaced with Pu-Th-fueled FBRs. The
Tonger doubling time of this reactor type results in someshat increased uranium and enrichment
requirements. A key point for all of the systems centaining FBRs (Options 3, 6, 7, and 8)
is that the ore and enrichment usage is relatively indepandent of the advanced converter
option. This is in contrast to the nonbreeder systems where the type of advanced converter
available (LWR, SSCR, HWR, or HTGR) much more strongly affects the resource utilization,

Another very important point that needs emphasi:s is that the superior ore utilization
of the HWRs relative to the otner advanced converters for the alternate fueled systems
(Options 4 - 8) is diractly dependent on the denatured - ’'U-fueled HWR. Of all the reactor
designs, the design of alternate fueled HWRs have prob“ably received the least amount of analy-

sis and therefore have the largest uncertainty, Thus, before it can be concluded that the
HWRs offer significant resource savings, more work needs to be performed to verify the

optimistic performance characteristics of the denatured 7 *‘U-fueled HWR,
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Since 6 million ST 2 U,04 below $160/1b is adequate, or nearly adequate, to satisfv
the projected nuclear energy demand for most cases in the various muclear options, the
power ¢rowth patterns for these cases are sirongly influénced by economics as well as
resource utilization. Thus, s mentioned earlier in this appendix, the results for the
cases based on the intermediate-cist U305 supply arve subject to muct larger errors I -cause
of large cost uncertainties. Tatle C-3 shows that the advanced converters for the throw-
away cycle reflect a larger U;0; savings when 6 wmillion ST is used as a base rather than
3 miliion ST. This is because many more nuclear plants are built with the i;f"ger supply
and therefore more advanced ronverters can be built, resulting in 3 larger impact. For
the high-cost U304 case, most ¢f the economic U30. was already mittul to tlle MR before
.the advanced converters could have an effect.

For Option 2, the results are about the same for both U;05 supplies except for the
case with HIGRs (Case 2G). Ore requirements per Gie are 27' higher for this case with the
intermediate-cost U30; assumed to be available. This is because € million ST of econowic
Y305 is an acequate amount of ore for the system of reactars in Case 26 to satisfy the
nuclear energy demand and economic considerations are also affecting the mix of reactors
that are built. Tiws, the fraction of low-enriched LWRs constructed s larger because -
this reactor is less expensive than the HTGRs, even though the HT5Rs use less uranium.

The plant selection for the cases that include FBP.s_(Optioné 3, 6, 7, and 8) is also
determined by ecoromics when 6 million ST of U0, below $160/1b is assumed to be available.
Therefore, the uranium utilization for thesc cases has less meaning. Siwilarly, some of
the advanced converter options for the denatured cases (Options 4, SU, aild 5T) are resource
Jimited and some are not, so it is difficult to draw concluswns regarding relative uranium
and enrichment utilization.

To summarize, there are two important and competing effects when comparing the cases
for the two uranium supplies: (1) For systems that fall far short of meeting the demand
with the high-cost U.04 supply, the larger supply allows the advanced converters to have a
greater impact and therefore better ore utilization; and (2) systems that have almost
enough ore with the high-cost Ui0, supply have plenty of ore with the intermediate-cost
supply, and therefore plant selection with the larger supply is based on cost and ore
utilization is lower.

The maximum annual U.0: requirements and the raximum annual enrichment requirements

thy 'ugh the year 2050 are shown in Table C-4. The number in parentheses next to each maximum

indicates the year the maximum occurs. As was mentioned above, 1t has been estimated that
the maximum gomestic mining and milling rate may be approximately 60,000 ST/yr. Table C-4
indicates that if the high-cocc Uy0, supply is assured, the annual U,0, requirements vary
from 5G,000 ST/yr (C#se 7S) to 80,000 ST/yr (Case 4L). For most of the cases, the maximum
occurs during the first decade of tie next century. Thus, most of the cases - juire annual
re usage within the next 25 - 30 years that exceeds the 60,000/yr criterion.
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Table C-4.  Maximum Annual U;04 and Enrichment Requivements Through Year 2050 fur
) Various Nuclear Policy Options

Converter U0 Requirements {thocsands toms/pr)/oe=? Smom: Scsulmmwese =010 S gr) ]
Gption . yge a 2 3 < u 5T 6 7 8

.High-Cost U,0: Supply

uR's. TS(2007) 72(Z007) 67(2009) G0(2008) SO(2VS) TS(2009) GS(WI1) 62(2008) GO(2099) GH(2005)
(L)~ 4#r2007) 45(2007) -~ 46(2009) 41(2008) 63(2009) @5(2011) 45(2011) 44(2009) 42(2009) 55(2008)

ssat's - 7i(2007) 62(I1) 52(2009) T(2008) 69(2N1) <L UOIT) SO(2005) SO(200S) SS(2009)
s} - - 4202007} 40(2011) 3472009) “(2”’) S0(2011) 39(2070) 35(2005) 3I5(2005) “(ml
ma'sT - 68(208) SS(2011) G6(2009) TL(2009) S5(Z05) SS(AN9) 64(2009) S(2009) 65(Z099)
[()) - “(:”5} “m) 46(2009) 58(2011) 48(202%) 3I5(2003) 46(2009) 4£4(2009) 46(2909)
Wars - 722000) ST(2619) SS(2005) €5(208) ST(GIL} GAQNII} G1(2909) GO(2009) .6S(2N9)
{6) - £502009) 51(2019) 37(2003] 5;(2011) £902017) 45(2011) 44(2009) 42(2009) $6(20983) ‘

Intermediate-Cost U,0. Supply ’ T

DR's  124(2025) 120(2025) 110(2039) 2(2057) loﬁfﬂi‘l) 115(2039) 109(2059) 86(2033) 86(2053) 92(2043)
L} 7e02025) 77(2025) 72(2039) .80(2037) 100(2037) 90(2039) 77(2039) 61(2083) 61(2033) 65(2043)

ssa’s - 14(2027) 96(I043) 93(2047) 82(2049) 83(2049). 83(2049) 83{2049) S3(2049) $3(2049)

(s} - 83(2028) S7(2045) 53(2047) 73(2089) 55(2049) SS5(2049) 55(2049) 55(2048) 55(2049)
ne's . 98(2031) 81(2023; 66(2009) 117(2031) 89(2029) 90(2029) 66(2009) 66(2019) 66(2009)
(n} - 42(2009) 53(2011} 47(2009) 96(2033}  64(2029) 64(203F) £7(2009; 47(2909) 46(2009)
HIGR's - 110(2029)  86(2049) 86(2049) 96(2039)  95(2043) 108(2041) B87(2047) S7(2047) 81(2047)

(6} - 84(2029) 70(2049) 70(204%) $90(2039) °8(2047) 76(2061) 74(2067) 74(2047) 75(2047)

*Systes with standard LER only.

The maximm annual separativa work requirements based on-the high-cost U,0, supply
varies from 34 million SWi/yr to 69 million SWU/yr. This means that the current separa-
tions capacity would have to be doubled or quadrupled to meet the demand. As expected,
the year in which the maximum separative work capacity occurs is nearly the same as the
year when the U,0g demand is greatest.

Asspming the intermediate-cost U;05 supply, the maximum annual ore requirements are
greater than 60,000 ST for all cases. For most of the options, the year the maximum occurs
is 40 yr later than for the high-cost cases. This is because, with 6 million ST of economic
U-0g, the nuclear industry continues to expand. The breeder reactor systems that include
HWRs (Cases 3H, 6H, 7H, and 8H) are the only cases that have ore requirements that are
close to being as low as 60,000 3T/yr. The maximum sepzrative work requirements are also
very high for this uranfum supply -- from 42 to 100 miliion SWU/yr.

Table C-5 shows the energy support ratios calculated in this study for the year 2025,
the energy support ratio being the ratio of installed nuclear capacity outside the energy
centers to the installed nuclear capacity inside the centers. A1l tre reactor types that
are av&ilable in Cptions 1 and 4 could be constructed outside the centers; therefore, the
energy;Support ratio for each case in these -ntions is =. However, it has already been
shom that these systems offer the lowest uran‘um utilization and therefore the lowest
nucleaﬁ growth potential, even if it is assumed that 6 million ST of U,0, is available at !
below $160/1b.. ‘

]



Table C-5. Energy Support Ratios in Year 2050 for Various Nuclear Policy Options
{Support Ratio = Installed Muclear Capacity Cutside Energy Center/Installed
Nuclear Capacity Inside Emergy Center)

Advanced Support Ratic
Converter —_—
forinn 1£- I 2 k} 4 Su ST 6 7 3

High-Cost 2 0 Supply

'J‘ﬂL!’s - - 1.54 0.72 - 5.69 3. 1.27 1.46 3.09

S?gl'!'s - - 1.47 V.76 - 6.33 3.8 2.13 2.13 .27
}

W?'.:;s - - 0.49 0.92 - 5.7 3.0 1.07 1.06 2.9

HIGR"s - - 0.4 0.24 - 4.02 2.5 1.26 1.28 3.11

{6}

intermediate-Cost U.0. Supply

L?FL!;S - - 2.2 1.65 - 5.06 5.05 5.37 5.37 5.4_9

S?g‘\l's - - 2.Iv 1.65 - 4.78 4.78 4.78 4.78 4.78
)

‘1’7:)5 - - 1.85 0.94 - 4.03 3.4 1.03 1.04 3.07

RG2S - - 1.77 1.82 - 3.30 3.20 2.1h 2.74 3.62

{3}

*systen wilh standard LWR orly,

As pointed out previously, with only 3 million ST of U0y availa.le below $160/1b,
the on'y systems that satisfy the energy demand of 350 GWe in the year 2000 and 15 GWe/yr
thereafter are those with breeders. The disadvantage of the classical Pu-U breeder cycle
(Option 3), of course, is the low energy suppori ratio since the plutonium that is produced
must be used in the energy centers. One technique for increasing the energy support ratio
is to load thorium in the blanket of these breeders, while retaining plutonium and uranium
in the cores. The 33U that is produced in the blankets is then burned in denatured LWRs
located outside the centers (Option 6). The resulting energy support ratios for Option 6
vary f-om 5 to 2, depending upon the advanced converter option. Option 7 introduces a
denatured FBR which would provide 233U to the system and therefore should increase its
nuclear growth potential. However, since Option 6 can meet the projected nuclear growth
demand itself, the addition of the denatured breeder fn Option 7 actually had a minimal
impact.

The energy support ratios of Options 6 and 7 could he further increased by replacing
the uranium in the core of the Pu-U breeder with thorium (Gption 8). With the high-cost
U,04 supply, energy support ratios of about 3 are obtained for thfs system. The intro-
duction of thorium in the core of a breeder Towers the breeding ratio to the point that,
in contrast to Option 7, significan® quantities of FBRs uperating on denatured fuel must be
built to meet the projected nuclear growth demand.
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In general, the energy support ratio trends for the various options are the same if
6 million tons of U304 is availabls “elow $160/1b; however, they are significantly higher,
largely because more low-enriched LWRs can be built.

Selected detailed results for all the cases calculated are preseated in Table C-6,
C-7, and C-8. While many of the numbers in these tables appear elsewhere in this report,
many numters are 2lso showm for the first time. For example, the plant mix in year 202%
and the levelized power cost for each plant starting up in the year 2025 are showm. The purpose
of these tables is to group all the data together and also to provide sufficient data to
help explain the behavior of the various reactor systems. (Note: Cases ILT and ILTM in
Table C-6 are for changing enrichment compositions; see Section 6.2-1 in Chapter 5.)
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Table C-6. Summary of Results for Cases Assuming High-Cost U304 Supply, 350 GWe
Installed Capacity ia Year 2000, and 15 GMe Installed Capacity Each “ubsequent Year
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Table C-6 (cont.)
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Table C-6 (cont.)

Installed Capacity (Qie)/levelized Power Cost (Mills/Kedr) iu year 2025

fLnter watr standard Lk only,

Reactor 1E* 18 a L “_ .3 STL oL 7n o
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Table €-7. Swmmary of Results for Cases Assuming High-Cost U305 Supply, 200 GWe
Insta}z2 Capacity in Year 2000, and 10 GWe Installed apacity Each Subsequent Year
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Installed Capacity (f¥e)/Levelized Power Cost (Mills/Kwhr) in Year 2025

Reactor 1IRC* 1 7d 1SC

LWR-US(LE)U 363/21.7 11/21.6 44/21.4
Lw-U5(LE)/U-RE - 374/20.8 -

LWR-US(DE) /1/Th - -
LMR-U3(DE)/U/Th - -
LWR-Pa/YS - .
LWR-Pu/Th - -

fg-g:(l.!)/ll : - 365/20.4
208 U3 (OF)/1/Th : :

IR -US (NAT) A8
HWR-US (SBI) /U
IWR-US (DE) /U/Th
HWR-U3(DE) /U/Th
IWR-Pu/U
HR-Pu/Th

HIYR-US (LE)/U . . .
HTGR-US (1E) V- - . -

[ T T S N}
[ T R}
LI T T S Y

nc
144/21.2

D I )

-

0/24.2
305/21.5

-
-
-

-

i
114/21.4

304/20.1

(1) Cumulative U.0s consumed thro i year 2050 (including forward commitments) per cumulative nuclear capscity duilt through 2050,
{¢) Curulattve enrichment requir  ents through 2050 per cumulative nuclear capacity built through 2050,

{3} Year tn which maximum enrichment re-uirements o6eur,

*System with standard LWR only,
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Table C-8. Summary of Results for Cases Assuming Intermediate-Cost U;0; Supply, 350 Gie
Installed Capacity in Year 2000, and 15 GWe Installed Capacity Each Subsequent Year
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Table C-8 (cont.)
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Table C-3 (cont.)

Installed Capucity (Wie)/Levelized Pover Gost 0ills/Nade) in year 2025

Beector e m 2 X & 2w S &4 N &
= BYH e /M5 S2V17.0 #60/15.8 S7/18.8 S41/16.% 544/16.3 SS1/1S.8 SSI/15.8 S5V16.0
DR-USQE)N-EE - [ TR - - - - - - - -
DR-US(RE) AR - - - - 4¥/1%9e 3178 - /16.3 W63 Wlies
UR-US(UE) A/ Th - - - - U788 13170 2/16.4 TINN.2 TYIIZ  T3M42
R-Pha/Y - - 216/16.8 254/14.9 - - . . - ;
LMR-Pu/Th - - - - - 122/16.2 122/15.8 103/12.5 18Y12.5 183/14.1
FIR-Po-UAS - - - 25128 - - - - . .
FaR-Pa-U/Th - - - - - - - 1V10.7 1¥/18.7 -
FR-Pu-Th/Th - - - - - - - - 11/12.8
FR-U3-U/Th - - - - - - - - 0/58.5  0/16.2
1S b 3s s s STS s 7S ss
DR-YSIEV 1I0W28.3  S316.4 1157154  S7/17.9 184/15.6 188/15.6 1847156 184/15.6 184/15.6
LR-US (DE) /. Th - - - 3%0/17.6¢ eN73 - o/17.3  #/17.3  o/17.3
LMR-US(DE) /U/Th - - - - - - - - -
LR-A/Y - 9/15.7 719/18.4 - . - . . .
SSCRUS(ALE)N 630/19.5 418/16.0 346/15.0 0O/17.8 300/15.5 300/15.5 300/15.S 300/15.5 300/1S.S
SSOR-U3 (DE)/V/Th - . - 302/17.1 128/15.S 128/15.5 128/15.5 128/15.S 128/15.S
-Pu/Th - - - - 128/15.5 128/15.5 1I8/15.5 128/15.5 128/15.>
FaR-Pa-UM - - 0/14.1 - - - - - .
FOR-Pu-U/Th - - - - - - 0/16.3 0/16.3 -
m_m_m - - - - - - - - O/li.!
FBR-U3-U/Th - - - - - - o/18.4  0/19.3
m m 1} ] sl 1 ] ™ ]
UR-US(LEYU 232/19.9 480/17.8 359/16.1 666/19.S S92/17.4 S87/17.4 375/16.1 357/15.8 410/15.7
1IMR-US (NAT) 0/22.9 ©0/23.9 0/22.2 o/25.4 ©/23.% ©/23.0 O/21.7 o/21.7 ©O/21.5
HR-US (SEU) /U 507/29.4 0/.6 0/19.3 0/21.8 ©6/20.1 0©0/2.1 ON%.1 0/19.0 0/18.9
1MR-US (DEYAI/Th - . - 63/1.7  0/2.1 - 0/25.1 0/24.4 0/24.1
R -US (DE)/VS/Th - - - 10/™.4 0o/17.5 0/17.5 o/17.3 0/17.4 0/17.6
1R -Pu/U - 259/19.6  n/I%.8 . - - - - .
MR -Pu/Th - - - - 147/:7.2 153/17.3  0/18.8 G/17.0  0/17.3
g:-hl-u% - - 380/14.6 - - - - - -
-Pu-tl, - - - - - - 364/15.9 363/15.2 -
FBR-Fu-Th/Th - - - . - - - 182/15.8
FAR-U3-U/Th - . - - - - 19/15.1 148/15.%
16 x " « ax; STG o I "
IR-US(LE)U 201/20.3 472/14.6 377/14.9 193/17.9 405/16.1 518/16.2 466/15.1 464/15.1 4N/15.)
HIVR-US(IE)U - 0/16.1 0/16.3 0/17.7 9/17.1 0/17.2 ©0/16.3 ©0/16.3  0/16.3
HTGR-US(LE) /U-T 519/19.2 . - . - - - - -
HICR-US/DEMS/Th - - - 471/16.7 109/16.2 - $/18.3  7/15.3  14/15.4
INGR-US (E) /Th - 28/14.5  14/15.1 - - - - - -
HIVR-US(DE)NI/Th - - - 7€¢/15.9 S4/15.7 4S/15.6 71/1%5.0 71/15.0 94/15.0
CR-UI/Th - 63/13.4 63/14.% . . . - - -
IR -P/Th - 176/15.3 178/15.7 - 172/16.0 176/16.2 148/16.5 148/16.5 132/16.6
FBR-Pu-U/ - - 10/11.1 . . - . . .
FRR-Pu-1/Th - - - - - - S0/12.8 S0/12.7 -
FRR-Ps-Th/Th - . - - . - /32 4
FRR-US-U/Th - - - - - 0/16.1

0/16.6

#S ite~ witr standard LWR only,
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Appencdix D, CALCULATIONS OF NUCLEAR AND FOSSIL PLANT COMPETITION
BASED ON ECONOMICS

M. R. Shay, D. R. Haffner, W. E. Black, T. M. Helm,
W. G. Jolly, R. M. Hardie, and R. P. Omberc
Hanfard Engineering Development Laboratory

In a series of calculations that preceded those reported in Chapter 6 for nuclear
power systewms, the same analytical model was used to evaluate power systems that include
both nuclear power plants and coal-fired power plants, with the two types of plants being
in econonic coepetition. As was stated in Chapter €, the results of these calculations
indicated that at U;0s prices above $160/1b, nuclear power plaats do not compete well for
the assumptions used in this study. Therefore, for the all-nuclear systems it was decided
to limit the vranium resources to those available at prices below $160/1b.

This aprendix describes the initial set of calculations. Tne nuclear plants used
were LWRs, with and without recycle, and they currespond to Cases 1L, 2L,....8L in Chap-
ter 6. The primary differences between the calculations presented in Chapter 6 (and in
Appendix C) and the calculaticns described here are as follows:

(1) Instead of a nuclear energy growth projection, a total electrical energy orowth
projection was used.

(2) In addition to nuclear plents, coal plants were available to satisfy the total
electrical encrgy demand.

f3) Mo price constraint ca ore existed. Instead it was assumed that ~dditional
uranium ore was aiways available at increasingly higher costs. As with the all-nuclear
systems, two different U;0: price structures were used.

(4) Pover plant selection was based on economics instead of U.0. utilization.

The electrical energy demand that was used for these calculations is shown in
Table D-1. This projected demand assumes - 5.6. per year growth r-te until 1950, and a
5.1. per year giowth rate from 1980 to 1990. The growth rate decre.ses each decade unti)
year 2030, after which a constant 2.5% per year growth rate is assumed.

The marginal cost of uranjum as a function cf the cumulative quantity mined was
shown in Table B-7 oy Appe~dix B, In this appendix cases that use the high-cost uranium
supply are denoted as cases L, 2L, ..., while cases that use the intermediate-cost uranium
supply a: 2 denoted as cases 1LU, 2LU,.... As has already been emphasized, it was assumed
for these calculations that the quantity of available uranium was unlimited. The only
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restriction on urarius cons:mption was
Table 0-1. Projected Total based on economics - that is, the
Electrical Generation . i L
marginal cost »f an additional pound
of U305 increases as move uranium is

Electrical
El:cn::;;al Emzrgy“a (é;wth consumed.
Year (1012 kim) (2 per year) Fossil-fueled power plants were re-
presented by nine different coal plant

1975 1-9; 5.6 types which are indicative of different
1380 2-5; 5.1 coal regions. The principal differences
1990 ‘-l} &1 between coal plant types are the coal price,
2000 5-1' 3.5 the cozl energy content, and the size of
2010 3—5} 3.0 the demand that can be satisfied by each
2020 11-5‘ 2.5 coal plant type. The maximam fraction of
2030 14.9 the total electrical energy demand that can

be satisfied by each regional coal plant
type is showm in Table D-2. This table
also gives the heat content of the coal for each region.

The capital cost associated with bi:ilding a coal plant was assured to be 12: lower
than the _gpital cost of a LWR, or $550/kWe (in 1/1/77 dollars). Therefore, for nuclear
plants to be built instead of coal plants, the fuel costs of the nuclear plants must be
enough lower than the fuel cost of fossil plants to override this capital cost differential.
If nuclear plants are less expensive than coal plants for all regions, then all of the new
plants built will be nuclear. Figure D-] shows how the nuclear market fraction cecreases
as nuclear plants become morc expensive. I7 nuclear plants fncrease in price by 205 over
the price where all of the market would be nuclear, the nuclear market fraction decreases
to 0.75. An increase of about 35% in the price of a nuclear unit reduces the nuclear
market fraction to about 0.34, while a 57% increase results in all of the new plants built
being fossil-fueled plents.

Nuclear power growth projections for the LWR on the throwaway cycle are shown for
both uranium supplies in Fig. D-2a. For the high-cost uranium supply case, nuclear power
peaks at 500 GWe of installed capacity around the year 2005 and then phases out to about
100 GWe in 2040. On the other hand, if the intermediate-cost uranium supply is assumed,
nuclear power continues to grow until about 2015 to almost 900 GWe, and then decreases to
about 300 Cd4e in 2040. As a result, nuclear is more competitive with coal and captures a
larger share of the market,

Figure D-?b shows that recycling plutonium in LWRs (Case 2L) fncreases the nuclear
power market even more than the assumption of & larger uranium supply, and introducing
the Pu/U-fueled FBR with recycle (Case 3L) further increases the nuclear market to 130U
GWe of installed 'nuclear capacity in the year 2040. The U0, utflization, defined as the
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Table D-2.

Maximym Electrical Energy
Demand Satisfied by Regional Coal Plants

D-3

Maximum  of Tctal Heat Content
Electrical Sales {Btu/1b)
Hew England
(RE) 3.9 13,500
Middle Atlantic
(M) 13.1 11,783
East North
Central (ENC) 19.5 10,711
West North
Central («NC) 6.6 9,408
South Atlantic
{SA) 16.6 11,855
East South
Central (ESC) 9.6 11,006
West South
Central (WSC) 12.2 6,583
Mouta.n (MT) 4.3 9,637
Pacific (PA) 13.5 3,101

center.

total U-0: consumed plus committed per
Gt 2 of nuclear power constructed through
the year 2050, is also given for these
cases. A: soted, recycling plutonium in
LWRs reduces U;0; usage by 34" per Gle,
while introducing the FBR results in a 62-
reduction.

With the intermediate-cost U0,
supply, 1300 GWe for the FBR case becomes
almost 1800 GMe in 2040 (see Case 3'U in
Fig. D-2c).
each of the ore supplies occurs around
the year 2040, although the installed
nuclear capacity is very fla. at this
point.

The nuclear power peak for

The disadvaatage of classical
plutonium recycle in FBRs is demonstrated
in Fig. J -2d for Case 3L.
Pu-fueled reactors are inside the enerjy
center and the LEU-LWR is outside the

here the tw)

It cen be seen that after ébout 2020, the ratio of reactors that can be located

outside the center to those inside is less than unity and rapidly decreasing. In fact, as
1.0 l T \ T Y T T
2
g 0.8} l -
= y
o
p=)
z
2 0.8}t -
2
s
5
< o4l
z 0.4 T
o
(7]
]
502 J
H
$
0.0 [ i =L L 1 ‘ 1 IJ
0.9 1.0 1] 1.2 1.3 1.4 1.5 1.6 1.7
RELATIVE POWER COST
HEDL 7805-090.50
Fig, D-1, Effect of Changing Nuclear Power Costs on the Nuclear Market Fraction.
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the syster becomes less and less dependent upon uranium ore and more and more upon
plutonium, the energy support ratio will approach zero.

The denatured fuel cycle Cases 4., 5!.,1|r and 6L are compared with the throwaway cycle
in Fig. D-2e. Nuclear market penetration for plutonium throwaway (Case &L) is not sub-
stantially greater than for the throwaway cycle (Case IL}. The peak peretration is atout
630 GMe of installed nuclear capacity versus 500 GWe for the throwaway cycle. However,
if the plutonium is utilized in an LWR Pu/TK converter (Case 5L), the maximum nuclear
penetration is 1000 GWe, which is a factor of two greater than for the throwawdy cycle
and, furthermore, the peak does not occur unti) more than 10 years later. Introduction
of the FBR with a Pu-U core and thorium blankets (Case 6L) results in a peak penetration
of 1250 GMe in about 2025. After 2025, the nuclear market fraction is constant because
the system is essentially independent of uranium, which is becoming increasinecly more
expensive.

With respect 0 U;0; utilization, Fig. D-2e shows that the Pu/Th converter case has
slightly better ore utilization (by 72) than classical plutonium recycle in LWRs (Case 2L
in Fig. p-2b). Furthermore, plutonium “transmutation” in Pu-U FBRs also has better U.0:
utilization (by 12%) than classical plutonium recycle in FBRs {compare Cases 3L and 6L).
The reason for these trends is that the “2°U fuel that is being bred is worth more as a fue!l
in thermal reactors than the plutonium that is being destroyed.

The effect of a larger uranium supply on the market penetration for converters and
FRBs that oroduce 3% is shown in Figs. D-2f and D-29. For both cases (5 and 6}, the
large uranium supply increased the maximum nuclear penetration by about 450 GWe. Case 7L
introduced a denatured 233y-fueled FBR to the 6L case, and Case 8L is identical to Case
7L except that the FBR with a Pu-U core is replaced with an FBR with 3@ Pu-Th core. The
maximum nuclear penetration for Cases 7L and 8L are compared with 6L in Fig. D-2h. The
denatured 223-fueled FER does.'t have any impact because this reactor is competing with
less expensive 2 23U-fueled LWRs and thercfore isn't built. The nuclear market penetration
for Case 8L is seen to decrease after about 2020. This is because the neutronics
properties of FBRs fueled with Pu-Th are degraded significantly from those fueled with
Pu-U. As a result, the doubling time of these reactors is longer and the cost is higher.
The degraded neutronics of the Pu-Th FBRs are reflected in the Uy0, utilization of Case
8L where the ore usage per GWe fs almost 50 higher than for Case 6L.

The objective in building FRBs with Pu-Th cores is to increase the 23 X production
and therefore the ratio of reactors located outside the energy center to those inside the

*

The nuclear reactors that are available in Case 5L with nuclear-fossil competition are
simitar to Case 5UL described in the other sections of this report. However, in SL the
denatured 235y-fueled LWR isn't built because of economics, Therefore, the solution
more closely resembles Case STL.
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energy center. It can be seer from the nuclear power growth patterns for Cases 6L and
8L, shown in Figs. D-2i and D-2j, that the energy support ratio for Case 8L is higher.
The degraded neutronics of the FBRs fueled with Pu-Th are reflected in the U.0; utilization

of Case 8t where the ore usage per “We is almost 50" higher then for Case 6L {see Fig.
D-2h}. However, for most years the total amount of emergy that is available to be built
in tiie energy centers is about the same for Case 8L as it is for (ase 6L because the
total amount of nuclear energy is lower.

Key selected results from thé nuclear-fossil competition calculations are presented
in Tables D-3 and D-4 for high-cost and intermediate cost U,0, supplies respectively.
Each table presents the cumylative capacity of nuclear and fossil plants built througn
year 2050, the total system costs, the annual coal consumption in 2025, data on uranium
and enrichment utilization, the installed c~pacity of each reactor type in year 2026, and
the levelized power cost of each reactor type for a reactor starting up in year 2025. The
most striking conclusion that can be drawn from the comparison of levelized power costs of
each reactor type is that there isn't a large difference. The reason, of course, is that
the total amount of uranium consumed doesn't vary much from case to case berause when
uranium becomes expensive, fossi. plants are constructed in place of nuclear plants. This
point is demonstrated in Table D-5, which shows the time behavior of the U.0. price. It
can be seen from this table that the differences in the price of U,0. for the different
nuclear systems are not large. '
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Table D-3. Summary of Results for Cases Assuming High-Cost U,0; Supply, an Electrical
Energy Growth Projection, and Power Systems Including Both Nuclear and Coal Power Plants

IL - 8 x AL SL 5 L 5 i
Qmulavive Capacity Built
(Gie) through 2050
Nuclesr 708 1585 243 933 1684 2597 595 1909
Fossil 4611 ™ 2653 4383 3632 mne ma 3407
System Costs (5B} 1977
through 2050 Discounted @
2/ 1904 1733 11 1806 1728 1703 1703 1718
Tyn nr 764 S8 ™ 751 760 760 751
101 (1, ] 47 “e %8 [ 65 &9
Anmal Cos fon
in 2025 (10° vons) .n .nr 3.15 L, ] 3.59 2.9 1.9 3.5
stive Caxsumption
(10° toms)
20% 2.92 3.50 1.5 .88 3.62 3.68 3.68 3.9
2059 3.82 475 4.60 .13 4.75 433 4.33 %]
Toral itred th
250 Jﬂm Us0y throoeh 3.5% 8.9 5.06 3.18 4.85 .37 8.37 4.77

Yaxws Anmal Enrichment

hgtirmts through 2050 54 ) 65 73 n ke 0 L4 ki )
(16% Swyyr) ] 2005)63) (2011) (20000 (2005 (15) (I} (2011) (2mS)
Cmalatiye Envicment th._ough

w50 (105 S0y 2.12 .1 e 2.5 3.0 5.1 5. 3.3
U0, Keitization (V) 5.0¢ .10 1.% 3.4 2.5 1.68 1.68 2.5
Eavjchment Wilization(?)

(16° SMr/GNe) 5.00 1.9 109 2.7 202 1. 1.20 L7

Installed Capacity (GWe) in Year 2026/Levelized Power Costs (Mill/Kwhr) in Year 2025

__Reactor AL A 3 a4 L e T L
LR-US(LE) /U 36/23.2  579/21.1 S13/20.8 113/21.6 661/21.2 $94/20.7 S94/20.7 668/20.8
US(LE)/U-EE 225/22.3 - - . . . . -

US(DE)/U/Th - - - 189/22.5  0/23.5 0/23.2 0/23.z  0/23.1
U3(DE)/U/Th - - - 157/20.0 120/20.6 190/19.6 190/19.6 230/20.8
i . 336/22.3 196/19.5 - - . . .
Pu/Th - - - - 181/20.1 52/22.1 £3/22.1 102/23.0
FBR-Pu-U/U . - “s18.4 - - - - .
Pu-U/Th - - - - - 408/19.4 408/15.5 -
Pu-Th/Th - - . - . - . 104/22.6
U3-u/Th R - . - - - 0/23.0  0/25.0
Fossil 1934 1280 1062 1736 1233 951 951 1091
Total Nuclesr 261 918 1183 459 962 1244 1244 1104

(1) Cumulative U;0, comsumed through 2050 {including forward commitments) per cumulative
nuclear capacity built through 2050.

(2) Cumuiative enrichment requirements through 2050 per cumulative nuclear capacity built
through 2050, |

(3) Year in which maximum enrichment requirements occcur,

[

= U= =R s B =
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Table D-4. Summary of Results for Cases Assuming Intermediate-Cost U;0s Supply,
an Electrical Energy Growth Projection, and Power Systems Including
Both Nuclear and Coal Power Plants

1 piii] 3L 4L SLU [1¢1] 7 u
Gsulative Capacity Builr i
(G¥e) through 2050 R
Nuclez. 1257 252y s s b | 3296 3338 »7
Fossil 1059 3 %1 3501 2615 echcd 57 1585
Svstens Costs {§3) 1977
through 205C Disammted
s Un 1732 1652 1622 1743 1643 1624 162¢ 1638
71/ 59 38 738 0 735 35 735 36
10% 466 459 458 178 158 439 459 458
Anmunl Coal Consampt ion
in 2025 (109 Tons 4.13 .2 1.92 3.4 .2 1.2 1.57 o1
ative U.0 Consumption
(16° toas) through
2026 3.75 4.60 .43 4.4 4.63 4.43 £.50 $.60
2050 6.10 7.48 6.29 5.7% 7.40 5.75 3.7% 6.62
" Total Gagwitted U0, through
2053 (10° tons) s 6.7 788 6.90 5.9 7.0 5.97 5.89 6.0
Maxime: Amural Enrichment
lquirutn:s chrough 2050 93 3 103 93 19 111 101 102 195
(10° s\u/yr) (2013) (2025) (2011) {2011) (2023) (2011} (201D 2917)
Comalat ige Enrichment through
205C (187 ) 5.0 3.27 3.96 4.7 5.26 $.12 $.12 3.73
USOO U:'x'.izatim(“ 5.00 5.12 .02 5.7 2.56 | P 1.76 .51
n
Enrgr.‘m: Utiliza:ion("
(10% Say/Cma} 3.02 1.93 1.16 2.65 1.95 1.28 1.2% 1.73

Installed Capacity (GWe) in Year 2026'Levelized Power Costs {Mills/Kwhr) in Year 2050

Reactor 1LU 2LU Ly 4Ly SLU 6LU LG 8Ly
LWR-US(LE)/U 61/22.4 1028'19.8 827/19.4 235/20.6 1108/19.5 874/19.2 872/19.2 1028/19.7
US(LE) /U-EE 675/21.6 - - - - . -
US(DE)/U/Th . - - 489/21.6  0/21.9  0/21.3  9/l1.3  0/21.7
U3(DE)/U/Th - - - 336720.4 143/19.5 219/19.6 221/19.6 280/19.7
Pw/u - 441/19.2  269/18.7 - - - - .
Pu/Th - - - - 235/18.9  63/20.3 56/20.8 1:7/21.3
FBR-Pu-U/U - - 516/17.3 - - - - .
Pu-U/Th - - - - - 486/19.2 509/19.2 -
Pu-Th/Th - - - - - - lSp/Zn,s
U3-U/Th - - . - . - nf2s,7 " 9/23.5
Fossil 1458 728 s iYL 710 553 337 632
\ Total Nuclear 736 1470 1612 3760 1485 1642 1658 1363

(1) Cumulative U305 consumed through 2050 (ircluding forvard comnitments) per cumulative
| nuclear capacity built through 2050.
| (2) Cumulative enrichment requirements throug: 2050 nor cumulative nuclear capaciiy built
‘ througt. 2050,
(3) VYear in which maximum enrichment requirements occur,

I -
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Table D-5. Varietion of 0308 Price with Time for Variogus Nuclear Casas

l1308 Price ($/1b)

var IL & X & & & L Y
1987 76 81 83 73 82 83 83 82
1997 104 112 115 99 113 114 114 113
2007 136 150 153 130 150 153 153 151
2001 157 177 175 151 177 175 175 175
2027 167 185 179 158 184 180 180 180
2037 172 189 120 158 :8€ 180 180 180

2047 173 195 180 158 189 180 180 180




