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ABSTRACT . c 

A fuel cycle that eaploys 2 3 ^ l denatured with 2 J *U and »ixett with tnoriw fertile 
Material is examined with respect to its proliferations-resistance characteristics,and its 
technical and ecouoric feasibility. The rationale for constdering tfafe denatured Z33U fuel", 
cycle is presented, and the inpact of the denatured fuel .OR the pet-fonniKe of, li*t.^fcejr^ 
Reactors, Spectral-Shift-Cpntrolled Reactors, Gas-Cooled Reactors. Heavy-Hater Reactors^ 
and Fast Breeder Reactors is discussed. The scope of the R,Dlb progracs to coanercialiie 

...^ „ ,-.<.. 

: |bese'reacter*f f j i«;^i f j fs |oeMl^^l i^l fc is also snearlted and the reseurce reouire-
' nents and ̂ Eii»W^;; ^ | t e t t t u j ^ ^ 3 3 i 

_ ~ , S \ J B ^ A . T ^ ? 3 

enafwheff^*»Jifel C•"-.' 

*by *£&£' v,poMir^T^^^«|iit: 
energy cen^rs f*'«M^ r >ir . - K J ^ l i t r a t W ^ # W ] » S f B P ^ ^ These 
activities include 2?^J prpuuction by Pu-fneledfj%ra»SB|rg^j|«|^»fc*r fast reactors) 
and reprocessing, A sumary chapter presents the" nost significant conclusions f re l the 
study and recomends areas for future work. 
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1. INTRODUCTION: BACKGROUND 

In tie mid-1940s> as the nuclear era was just beginning, a prestigious group includ­
ing Robert Gppenheimer and led by David Li lienthai, the first chairman of the U.S. Atonic 
Energy Commission, was comtissioned by Under Secretary of State Dean Acheson to recommend 
ways that the benefits of nuclear energy could be snared with the world without the dangers 
of what we now refer to as "nuclear proliferation": that is, the creation of numerous 
nuclear weapons states. The report1 they submitted states that "tne proposed solution is 
an international institution and framework of t^-eaties and agreement: for cooperative 
operation of sensitive nuclear technology." At the sane tine, the comittee proposed 
several possible technological developments to help implement an international system, 
including the tenaturing of reactor fuels. They also suggested the restriction of the 
most sensitive activities within a nuclear cycle to nuclear energy arenas. 

:. .: C 
In the subsequent years several steps have been taken toward international 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 International Atomic 
Energy Agency was formed, one of its chartered responsibilities being the safeguarding of 
fissile material and the reduction of the potent ia. for the pi eduction of nuclear weapons. 
In 1970 these efforts resulted in a nonproliferation treaty that wes drafted by the U.S. 
and the U.S.S.R. and subscribed to by lib nations. As the dialog has continued, inevit­
ably all serious studies of the problem, including the most recent studies, have arrived 
at the same conclusion as the Achesun committee: international cooperation and safeguards 
with technological supports are mandatory — or to state it another way, no purely tech­
nological fix to prevent nuclear proliferation is possible. 

It was against this background and largely through the initiatives of President 
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 nue'ear generation of electrical power. At the same time a U.S. 
Fionproliferation Alternative Systems Assessment Program (NASAP) was formed to carry out 
intensive studies that would both provide input to INFCE and recommend technical and 
institutional approaches that could be implemented with various nuclear fuel cycles 
propo-ed for the U.S. 

The principal proliferation concern in civilian nuclear power fuel cycles is the pos­
sible diversion of fissile material to the fabrication of nyc 1 ear weapons. If obtained in 
sufficient quantities, the fissile material employed ir: any nuclei fuel cycle can be pro-
ce<.sf:d into weapons-usable material, but fuel cycles that are considereo to offer the least 
r̂ si'.tanr.e to diversion are those that include weapons usable material th.u c<tn be chemi­
cally separated from all the other Materials In the cycle. The J 'U in the low-enriched 
uranium (LEU) fuel used by currently operating Light-Water Reactors (LWRs) cannot be chemi-
ctilly separated bc.du'.e it is embedded in a matrix of -'!"U. To cxtrdct the • ' (' f.-Jmi the • U 
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loû d raquir*. isotoptc separ'.oon «Mch is technological!' diffiruU and for which few 
facilities in the world currently exist. .The uran.ua fixture itself could not be used for 
Weapons fabrication because the concentration of the fissile component is too low. . 

. - ' ' i S > - ' 1 

- By contrast^ the pTutoniun in the Pu/U mixed oxide fuel cycle Developed for fast 
p e W ; ^ t ^ | ; # ^ ^ s ; i t l i e Liqufd.lMal.Fast breeder.-'LFMHt} t in be chwtitilly separated 
Fjjw|,.the-piter.*ater|Ms in the cycle; Thus, ** i&%Seot}y developed, thji-Pu/U fuel cycle 

Sf^perceived .te'ibe.lfcss t'nrol iteration resiitent than the VJEO cyrle. This facet of the 
~Pu/\i fuel cycle .was obviously a najor fartor in the Administration's decision in 

r»\ , \9ll\, to «eteV. coBwercialization of the WFBR in the United States. 

'*•__ ; pother concern absut plutoniua centers or» i t s presence-in the "̂ back-end" of the 
tr«iifflfel.;cycle:; ^Vhife-itf-tfoes not ex's*, in the."front end" of the cycle (that is,'-in the 
fresh fuel), plutoninn \z produced in the i 3 S U of" the fuel elements durii.g reactor opera­
tion*. Thus the 'spent UK elements contain fissile plu>inium that iC: chemically extract-

-. able. The fuel cycle, technology includes steps for-reprocessing the elements to recdver 
"..and recycle the plutonium,' together wit1* other unburned fissile material in tne elements, 
!. but to dat«» this h*s not been done in the U.S. ana currently a moratorium on U.S. commercial 

reprocessing is in effect. As a result, the spent fuel elements now being removed from 
, LVIRs are being stored on site. Because initially they are highly radioactive due to a 
" fissiotwpr*>*iuct bulldwp, the spent elements must be heavily shielded, but as their radio­

activity decays wit,» time less shielding wilt be required. 

Various nuclear "alternate*es" are beir.3 proposed by the U.S. and other countries 
fur international considc.ot'on in lieu of the classical Pu/U cycle. One proposal is 
that nations continue marketing IWRs and other type*, of thermal reactors fueled with 
natural or low-enriched uranium, k moratorium on reprocessing would be adopted, and 
the spent fuel would be stored in secure national or international centers such as has 
recently been yroposed by the Unite? States, the security of the fuel being transported 
to the centers being provided-hy its fission-product radioactivity. This scenario assumes 
a : .arantee to the nuclear-power-consuming nations of a fu*1 supply for the approximately 
30-yea» economic life of their nuclear plants. 

Other proposals that assu.w the absence of reprocessing (and thus do not include 
recycle of uranium and/or plutonium) are aimed at improving the in-citu utilization of 
f*-,sile material withir, the framework of current light-water technology. Light-water 
reactor options such as improved refueling patterns and'cycle "coastdown" procedures, as 
well as more extensive modifications Uuch as increasing the design bumup), are being 
studied. Significant gains in resource utilization also appear possible with the intro­
duction of "advanced converter" designs based on Heavy-Water Reactors (HWfts), Spectral-
Shift-Controlled Reactors (SSCRs), or High-Temperature Gas-Cooled Reactors (HTGrts). 

B 
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While these various proposals cou'd be useful for increasing the energy generated 
froa the uranium resource base while recycling is disallowed, they will not provide the 
"inexhaustible" supply of nuclear fuel that has been anticipated from the commercializatfon 
of fuel recycle and breeder reactors. To provide such a supply would require the separation 
and reuse of the "artificial'* fissile isotopes 2 3 9 P u and 2 3 J U . It was under the assumption 
that recycle would occur, initially in LWRs, that the technology for the Pu/U mixed-oxide 
fuel cycle, in which 2 3 9 P J is bred fron 2 3 8 U , was developed. However, for the reasons 
stated above, the proliferation resistance of the cycle as currently developed is perceived 
as being inadequate. Its proliferation* resistance royld be increased by deliberately 
"spiking" the fresh fuel elements with radioactive contaminants or allowing then to retain 
some of the fission products from the previous cycles either of which would discourage 
seizure by unauthorized groups or states. The feasibility of these and other possible 
Modifications to the cycle are currently under study. In addition, the employment of 
full-scope safe^jards, including extensive fissile monitoring procedures, is being 
investigated for uie with the Pu/U cycle. 

Also under study are several "alternate" fuel cycles based on tie use of the 
artificial fissile isotope 2 3 3 U which is bred in 2 3 2 T h . One such cycle is the 2 3 3 u / 2 3 eu"/ 2 3 2Th 
cycle proposed by Feiveson and Taylor,2 and it is this cycle that is the subject of this 
report. In the 23^i/23ali/23zlh fuel cycle the 2 3 3 U is mixed with 2 3 C U which serves as a 
denaturant. The fertile isotope 2 3 2 T h is included to breed additional 2 2 3 U . The 
addition of the 2 3 8 U denaturant makes the proposed fuel cycle similar to the 2 3 5 y / 2 3 S U 
cycle currently employed in LWRs in that extracting the 2 3 3 U for weapons fabrication would 
require isotope sepat?tion facilities. Since 2 3 3 U does not occur in naiure, the cycle is 
also similar to the 2 3 3 P u / 2 3 8 U cycle in that reprocessing will be necessary to utilize the 
bred fuel. However, as suggested by the Acheson Committee and again by Feiveson and Taylor, 
reprocessing and other sensitive activities could be restricted to secure energy centers 
and still allow power to be generated outside the centers. 

It is the purpose of this report to assess in the light of today's knowledge the 
potential of the denatured 2 3 3 U fuel cycle for meeting the requirements for electrical 
power growth while at '-he same time reducing proliferation risks. Chapter 2 examines 
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 respect to an implied tradeoff between chemical inseparability and isotoplc 
separability of the fuel components. Chapter 4 examines the neutronic performance of 
various reactor types utilizing denatured 2 3 3 U fuel, and Chapter 5 discusses the require­
ments and pro^ectiois for implementing the cycle. Chapter 6 then evaluates various nucl­
ear power systems utilizing denatured fuel. Finally, Chapter 7 gives summations of the 

l 

safeguards considerations and reactor neutronic and symbiotic aspects and discusses the 
prospects for deploying denatured reactor systems. Chapter 7 also presents the overall 
conclusions and recommendations resulting from thi^ study. 
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The reader Mill note that throughout the study the U.S. has been used as the base 
case. This Mas necessary because the available input data ~ that is, resource base 
estimates, projected reactor and fuel cycle development schedules, and assumed power 
growth rates -- are all of U.S. origin. HoMever, Mith 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 International Control of Atonic Energy," prepared for the Secretary 

of State's Cannittee oil Atonic Energy by a Board of Consultants: Chester 1. Barnard, 
Dr. J. n. Oppenheiner, Dr. Charles A. Thmas, Harr, Winne, and Davi.' E. Lilienthal 
(Chairman), Washington, D.C., March 16, 1946, pp. 127-213, Department of State Publi­
cation 2493 

2. H. A. Feivesbn and T. B. Taylor, "Security Implications of Alternative Fission Futures," 
Bull. Atonic Scientists, p. 14 (December 1976). . 
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RATIONALE FOR DENATURED FUEL CYCLES 
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2.0. INTRODUCTION 

The primary rationale for considering the proliferation potential of the nuclear 
fuel cycles associated with civilian power reactors derives fit*, two opposing concerns: 
the possibility of nuclear weapons proliferation versus a need for and the perceived 
economic/resource benefits Of a nuclear-based generating capacity. At the outset it should 
be emphasized that a civilian nuclear ptwer program is not the only proliferation route 
available to nonnuclear weapons states. The countries that have developed nuclear explosives 
to date nave not relied on a civilian nuclear power program to obtain the fissile material. 
Rather, they have utilized enrichment facilities, plutcniuaKproduction reactors, and, wore 
recently, a research reactor. Moreover, as opposed to a deliberate (and possibly clande­
stine) weapons-development program based upon a national decision, nuclear power programs 
are currently subject to international monitoring and influence in most cases. Thus while 
civilian nuclear power does represent one conceivable;proliferation route, it it is made 
less attractive than other possible routes, proliferation concerns should not inhibit the 
development of commercial nuclear power. 

Proliferation concerns regarding civilian nuclear power progr»-r rentf on two 
intrinsic characteristics of the nuclear fuel cycl?. First, nuclear reactor fuel 
inherently provides a potential >durce of fissile material from which production of 
weapons-grade material is possible. Second, certain fuel cycle components, particularly 
enrichment and reprocessing facilities, exacerbate the proliferation problem since they 
provide a technological capability which tould be directed towards weapons development. 
The term "talent proliferation" has been coined by Feiveson and Taylor! to cover these 
characteristics of the nuclear fuel cycle which, although not pertaining directly to 
weapons development, by their existence facilitate a possible future decision to 
establish such a capability. 

It should he noted that the problera of latent proliferation impacts even the "once-
through" Tow-enriched uranium (LEU) cycle currently employed in light-water reactors {LWRs) 
and also ure natural-uranium cycle utilized in the Canadian heavy-water systeir.j (CANOUs). 
The technology required to enrich natural uranium to LWR i«el represents a technological 
capability which could be redirected from peaceful purposes. In addition, the plutonium-
cqpuinin<j spent fuel, albeit dilute and contaminated with highly radioactive fission 
products, represents a source of potential weapons material. Thus the possibility of 
proliferation exists even for the fuel cycles now in use. This has already be<;n recoq-
iized and it has been proposed1'- that internationally controlled 'uel cycle service 
centers to established whose purpose would be to preclude subversion of sensitive 
technology (such as enrichment technology) and to provide facilities fdr the issay and 
secure stjraqe of spent once-through reactor fuel. 
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Th-.- estatlishment of such Fuel cycle service centers ^s c: rentiy receiving serious 
'-'«i?era'o'or. As the costs of U-.fc production increase (and as it is preceived that long- ^ 

:n reliance on nuclear power is necessary), the expansion of tne fuel cycle service center 
. '.iciude reprocessing activities will become attractive. The expansion would allow the 
-L' remaining in the spent fi.el to be utilized. It would also allow the artificial (that 

is, ".manufactured'} 'issile isotopes produced as a direct result of the power production 
i*rov»ss to be recycled. Of the latter, only two possible candidate isotopes exist: —Sfhi 
*rj - ;u. In considering these two isotopes, it appears tnat the (.roliferation aspects of 
cr*:,- possible reycle scenarios a~e considerably different. In fact, the rationale for the 
ii ;s>nt study is tae need to determine whether '-'~lU-twsed recycle scenarios have significant 
-.ciifp.ration-rejistant advantages conpared with plutonium-based recycle scenarios. 

2.1. IKTERNATiTMAL PLUTONIUM ECONOHY 

Prior to President Carter's April 7, 1977, nuclear policy statement, the reference 
s^cycle 'uel scenario had been based on pluton'.um, referred to by Feiveson an** Taylor1 as 
Uie "plutonium economy." Ir. this scuwrir tfc plutonium generated ir. the LEU cycle would 
be recycled as feed material fi st into therms' 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 plutoniun-based nuclear oower economy would require the 
operation of spent fuel reprocessing facilities. If iis^ersed throughout the world, surh 
reprocessing technology, like uranium enrichment technology, would markedly increar the 
latent prolift-ratior. potential inherent in the nuclear fuel cyclt. Of course, such facili­
ties could also be restricted to the fuel cycle service centers. Hcwever, the plutonium 
recycle scenario introduces a far greater concern regarding nuclear proliferation since 
weapons-usable material can be produced ."rom the fresh mixed cxide fue' through ak&ziezl 
zezamticr. of the plutonium from the uranium, whereas to obtain weapo is-usable material from 
LEU fuel requires -'ectopic er.ritilT-.eHi ir- 2 3 5 U , 

Since the fresh mixed oxide (Pu/U) fuel of the reference cycle is vulnerable to chemical 
separation, not only are the fuel fabrication facilities of the cycle potential sources of 
directly usable weapons material, but also the reactors themselves. While restriction of 
mixed oxide fabrication 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 global scale and that 
it be safeguarded at all points. Thus, as pointed out by Feiveson and Taylor,1 the plu­
tonium recycle scenario significantly increases the number of nuclear fuel cycle facilities 
which must be safeguarded. The prosp'ct of such widespread use of plutonium and its as­
sociated problems of security have led to an examination of possible alternative fuel cycles 
aimco 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 report. 
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2.2. THE DENATURED " M l FUEL CYCLE 

In *Jte denatured Z 3 3 U cycle, the fresh fuel would consist of a mixture of fissile 2 3 3 U 
diluted with 2 3 8 U (the denatwrant) and combined with the fertile isotope thorium. The pre­
sence of a significant quantity of 2 3 8 U denaturant would preclude direct use of the fissile 
material for weapons purposes even i the uranium and thorium were chemically separated. As 
in the LEU cycle, an additional step, that of isotopic enrichment of the uranium, this tine 
to increase its 2 3 3 U concentration, would be necessary to produce weapons-grade material, 
and the development of an enrichment capability would require a significant decision and com­
mitment well in advance of the actual diversion of fissile material from the fresh fuel. 
Tlis is in contrast to the reference Pu/U fresh fuei for which only chemical separation would 
be requfred. Horeover, even if such an enrichment capability were developed, it would ap­
pear that enriching clandestinely obtained natural uranium would be preferable to diverting 
and enriching reactor fuel, whether it be denatured 2 3 3 U or some other type, since the reactor 
fuel would be more internationally "accountable." 

The primary advantage of the denatured fuel cycle is the inclusion of this "isotopic 
barrier" in the fuel. Whereas ir the plutoniun cycle no denaturant comparable to 2 3 8 U exists 
and,tire fresh fuel safeguards (that is, physical security, international monitoring, etc.) 
would all be external to the fuel, the denatured 2 3 3'J fuel cycle would incorporate an in­
herent safeguard Advantage as a physical property of the fuel itself. Like the plutonium 
cycle, the denatixed fuel cycle would require the development of fuel cycle centers to 
safeguard sensitve 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 numerals composer* of the nuclear fuel cycle. (As noted above, LEU fuel is also 
"tienatared" in the sense that a low concentration of i 3 5 U is included in a :'M matrix. 
Similarly, natural uranium fuel is denatured. Thus, these fuels also have the proliferation-
resistance advantages of the isotopic barrier.) 

The concept of denatured * 3 3 U fuel as a proliferation-resistant step is addressed 
principally at the front end of the nuclear fuel cycle, that is, the fresh fuel charged 
to reactors. The 2 j e U denaturant will, of course, produce plutoniun under irradiation. 
Thus, as in the LEU and mixed oxide cycles, the spent fuel from the denatured cyc'ie is a 
potential source of plutonium. However, also as in the LEU and mixed oxide cycles, the 
plutonium generated :n the spent fuel is contaminated with highly radioactive fission products. 
Horeover, the quantity of plutonium generated via the denatured fuel cycle will be signif­
icantly less than that of the other two cycles. Further, the decision to use spent 
reactor fuel as a source of weapons material requires a previous commitment to the develop­
ment of shielded extraction facilities. In summary, the use of a denatured fuel as a 
source of weapons "taterial implies one of two strategic decisions: the development of an 
isotopic enrichment capability to process diverted fresh fuel, or the development of a fis­
sile extraction capability (chemical or isotopic) to process diverted aver.: fuel, Ir. 
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c d - i s t . while the plutonium cycle also would require a strategic decision concerning the 
sre^r fuel , the decision to ut i l ize the fresh nixed oxide fuel would be easier and thus 
«cu"sd t» more tactical in nature. 

A subsidiary proliferation-related advantage of the denatured fuel cycle is the 
presence of ---'J (ant its highly radioactive decay daughter*) in the fresh fuel . The 2 3 2 U . 
an unavoidable byproduct in the production of 2 ' 3 0 fro* r : ' 2 T h , constitutes a chemically 
inseparable radioactive contaminant in the fresh feel, which would be a further deterrent 
to proliferation. Similar contamination of nixed Pu/U oxide fuel has been proposed via 
"spiking" the fuel with fission products or preirradiating i t to produce the fission products 
in s i tu , tut both •'.hese options woulc involve significant perturbations to the Pu / : 3 e U fuel 
cycle as opposed to the natural" contamination of thoriun-based fuel ' «ditionally/the 
a r t i f i c i a l spike of mixed oxide fuel would be subject to charical el< --.-», albeit re- : 
quiring heavily shielded fac i l i t ies . The natural spi*e of the denatured < : r * .at i s , the 
2 3 2 U decay daughters) would also be subject to che^irsl elimination, b,t n^ continuing 
decay of the '"-'U would replace the natural spike within a limited period of tine, 

2 3 3 ! also has the advantage of a higher f issi le worth in thermal reactors than 2 } 9 P u , 
both in terns of the energy release per atom destroyed and in terns of the conversion ratio 
(see Section 4.0) . Conaercial themal reactors *re currently available -r-l are projected 
to enjoy a capital cost advantage over proposed fast breeder reactors. Additionally, the 
technological base required for installation and operation of a thereat system is less 
sophisticated tnan chat for fast systems such as LMFBRs. Thus i t appears l ikely that near-
term scenarios wil l be dominated by current and proposed thermal systems. In considering 
possible replacement f issi le materials for the limited : - - U base, the worth of the replace­
ment fuels in the thermtl systems is of some importance. 

One important ractor which must be considered in discussing the denatured fuel cycle 
is the potenf i l l source of the required f issi le material, 2 3 3 U . I t appears l ikely that 
current-gr.neration nuclear power reactors operating on the'denatured cycle wi l l require an 
external source of 2 i J U to provide makeup requirements. Moreover, even i f future de­
natured reactors could be designed to be self-sufficient in terms of - r ' U , there would s t i l l 
remain the question of the init ial - : ' U loading. One possible source of the required i2iU 
is a ' i) 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 trjnsmute - ' Th into -' : '-U, which could then be denatured for use out­
side the secure energy center Loosely termed a :.-.••-.?•» • •• -»», such a reactor M>uJd be con­
strained to the ener-.v center because of its utilization of plutonium fuel. The required 
Plutonium for the tr.»nsmuters is envisioned as coming ini t ia l ly 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) r'or the dispersed reactors and consume the plutonium produced by the dispersed 
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denatured reactors or by energy-certer reactors. The dispersed reactors in turn are 
provided a source of 2 3 3 U for in i t i a l loading «ind Makeup requirements, as well as a Beans 
for disposing of the non-r?cyclabT2 ( in the dispersed reactors) plutonium. The significant 
point of such a system is that M plutonium-containing fresh fuel circulates outsiie the 
energy center. The plutonium contain id in the spent fuel is returned to the center for 
ultiaate destruction. 

TT-lOOTl 
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Fin. 2.2-1. Schematic Fuel Flow far Symbiotic Systen Consisting of an 
Energy Center and Dispersed Reactors Opera t;ij on Denatured 2 3 2 U Fuel. 

One obvious concern regarding such a coupled system is the mount 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 practicality of the system. While the power 
ratio depends on the characteristics of the reactors actually utilized for the various 
components and is considered 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 
all 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 i i \ ) cycle will fall 

Also called "energy support ratio.' 



2-8 

between tlwse two extremes, and thus the 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 reactors utilized inside and outside the center. In general, systems consisting of 
thermal (converter) reactors only, systems consisting of both thermal converters and fast 
breeder reactors, and systems consisting solely of fast breeder reactors can be en­
visioned.* Ore important characteristic of each system is the extent to which it must rely 
on an external fuel supply to meet the demnwJ for nuclear-based generating capacity. The 
thermal-thermal system would be tie most resource-dependent. The breeder-tnerfjl system 
could be fuel-self-sufficient for a given power level and possibly also provide fr>r moderate 
nuclear capacity growth. The breeder-breeder scenario, if economically competitive with 
alternative energy sources, would permit the maxima* resource-icKjependent nuclear contribu­
tion to energy production, • 

i 
while such considerations serve to categorize the symbiotic systems themselves, the 

transition from 'he current once-through LEU cycles to the1 symbiotic systems is of more 
innediate concern. Although all-breeder systems would be resource-independent, commercial 
deployment of such systems is uncertain. The transition to the denatured cycle ciwld be 
initiated relatively soon, however, by using moderately enriched 2 3 S U / i 3 3 U mixed irith 
thorium (sometimes referred to as the "denatured 2 3 : 1 U fuel cyc.e") in existing ant pro­
jected thermal systems. The addition of thorium (and the corresponding reduction of 2 J 8 U 
over the LEU cycle) would serve a dual purpose: the quantity of Plutonium generated would 
be significant^ reduced, and an initial stockpile **f 23Ai would be produced. It Should 
be noted than this rationale holds even if commercial fuel reprocessing is deferral for 
tome time. Use of denatured •"•"'.' fuel would reduce the amount of plutonium contaiied in 
the stored spent fuel. In addition, the spen'. fuel would represent a readily accessible 
source of denatured ; 3 i U should the i.*ed to shift from 2 3 5 U arise. However, substituting 
2 3 ;-Th for some of the 2 3 8 U in the LEU cycle would require higher fissile loadings and thus more 
i 3 5 U 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-buming transmitters to provide the initial 
source of 2 3 3 ,J for dispersed 2 J 3U-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 ahove, eight general scenarios have been postulated for this study, 
with two sets of constraints on Pu utilization considered: either plutonium :Hll not be al­
lowed as a recycle fuel but recycle of denatured ? 3 3 U will be permitted; or plutonium vill 
be allowed within secure energy center, with only denatured fuels being acceptable for use at 
Si$pe>--,ed *.1te reactors. The eight scenarios can be summarized as follows: 

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

2. LEU reactors with uraniua 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 breeder reactors 'FBRs) operating on the Pu/U cycle are 
deployeo within the centers. 

4. LEU reactc-s and denatured 2 5 5 U and denatured Z 3 3 U reactors are. operated with uranium 
recycle, all in. dispersed areas; no plutenium recycle is pemltted. 

5. Sane as Scenario 4 plus thenial reactors operating or. the Pu/Th cycle are permitted 
within secure energy centers. 

6.- Sane as Scenario 5 plus Fb3s with Pu/U cores and thorium blankets ("•ight" transmuta­
tion reactors) are permitted within secure energy centers. 

7. Same as Scenario 6 plus denatured FBRs with 2 3 3 U / 2 3 8 U cores and thorium blankets are 
permitted in dispersed areas. 

8. The "light" transmutation FBRs of Scenario 7 are replaced with "heavy" transmutation 
reactors with Pu/Th cores and thorium blankets. 

2.3. SOKE INSTITUTIONAL 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 
manage and control such facilities. The advant&ges and disadvantages of such centers, 
whether they be regional, multinational, or international, as well as the mechanisms re­
quired for their implementation, have been reported.3"* Although a detailed enumeration of 
the conclusions of such studies are beyond the srope 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 2 3 3 U currently exist, it is clear that 
production of i J 3 U will be required prior to full-scale deployment of the denatured * 3 3 u 
cycle. If the reserves of economically recoverable natural uranium are allowed to become 
extremely limited before the denatured cyc*e is implemented, most if not all power pro­
duced at that time would be from energy-center transputers. 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 transition in which *35U-based 
dispersed reactors are replaced with denatured 2 3 Vbased dispersed reactors and their 
accompanying energy-center transmuter system* 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, a condition 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
puters, the nations operating the transputers will in turn rely on the nations operating 
dispersed reactors for their transputer fuel requiror.iics (Pw). Hence, in addition to the 
possible nonprcliferation advantages of the denatured fuel cycle, the concept also intro­
duces a greater flexibility in national energy policies. 
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3.0. INTRODUCTION 
T. •]. Burns and L. S. Abbott 
Oak Ridge National Laboratory 

An assessment of the denatured 2 3 3 U fuel cycle - both for meeting the requirements 
for electrical power growth and for reducing the rislcs of nuc^ar weapons proliferation -
invariably must include an examination of the isotcpics of the cycle. I t has been 
poiwted out in Chapters 1 and 2 that the concept t f the denatured 2 3 3 U cycle is an attempt 
to retain the isotopic barrier inherent in the curtently used LWR low-enriched 2 3 5 U (LEU) 
cycle brt at the same J.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 f issi le 
isotope with 2 3 ? U , so that the concentration of the f issi le nuclide in any uranium chemical­
ly extracted from fresh fuel would be sufficiently low that the material would not be ^ 
directly usable for weapons purposes. This vs 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 course, as shown in 
Table 3 .0 -1 , chemically extractable f issi le material is present in the spent fuel elements 
of a l l these cycles; however the spent elements are not ccnsidered to be particularly 
vulnerable bcceus^ of the high radioactivity emitted by the fission products - at least 
irn' v ia?l\ . 

In this assessment of denatured : 3 3 U fuel , the implications of substituting the 
denaturet fuel for the reference cycles of various reactors are examined. In addition to 
the obvious advantage o\ l*a isotopic barrier in the fresh fuel , denatured ^ 3 3 U fuel has 
an additional protection factor against diversion in that i ts 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 Z 3 2 U , which is generated as a 
byproduct of the - ! 3U production process \\i which spawns a highly radioactive decay chain. 
As shown in Fig. 3.0-1, - 3 Z U decays through 2 J , T h to stable 2 C f i ?b , emitting numerous gamma 
rays in the process, the most prominent being a 2,6-''eV gamma ray associated with the decay 
of ^ T l . 

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

fuel Fresh Fuel Nuclides Spent Fuel .Nuclides 

Denatured ^ 'U fuel ? 2 3 U , ? ' * U , ;'3-1Th 2 3 H J , Pu f , ? 1 ? U , 2 a *Th 
(with recycle) 

LEU (no recycle) i 3 5 U , • ! r lU ; 3 H l , Pu f , ; 3 f t U 
LEU (with recycle) 2 ' j r 'U , Pu f , '">8U " r U , Pu f , *' , BU 
Pu/U (with recycle) Pu f , 2 l " U Pu f , ' l f l U 
HEU/Th (no recycle) >-!;>U, : ' v T h ' " U , : 3 r ' U , • ",;'Th 
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Fig. 3 .0-1 . Decay of 2 3 2 U . 

The radioactivity associated with the 
2 3 3 U significantly impacts the associated fuel 
cycle. The fabrication, shipping, and handling 
of the fresh denatured fuel is expected to 
differ markedly from tlie other cycles, primarily 
due to the fact that remote procedures will 
have to be employed throughout. To design the 
necessary facilities will require a knowledge 
of the concentrations of 2 3 2 U (and its daughter 
products) in the fuel as a function of time. 
To date, insufficient data are available on 
this subject, but on the basis of some pre­
liminary investigations some estimates are 
given in Section 3.1 on the 2 3 2 0 concentrations 
that could be expected in the recycled fuel of 
LHRs, HTGRs.and FBRs operating on denatured 
2 3 3 U . 

The radiological hazards associated with 
the use of denatured 2 3 3 U fuel represent another 
aspect of the cycle demanding attention. Again 
little information is available, but Section 3.2 
discusses the toxicity of the various isotopes 
present in the fuel and also in thorium ore, 
as well as the effects of exposure to the gamma 
rays emitted from the fresh fuel. 

In assessing the safeguard features of denatured 2 3 3 U fuel, the i so topics of the cycle 
must be examined from several viewpoints. While the 2 3 2 U contamination will be essentially 
an inherent property of the denatured fuel cycle, the concentration of the isotopic denaturant, 
2 3 8 U , is controllable. The presence of both isotopes affects the proliferation potential of 
the denatured fuel cycle. As the 2 3 8 U concentration is increased, the difficulty of circum­
venting the intrinsic isotopic barrier is increased. However, increasing the 2 3 8 U fraction 
also increases the 2 3 9 P u 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 2 3 3ii 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 1s treated 1n more detail 1n 
Chapter 5, but Section 3.3.2 of this chapter points out that the remote operation requirement 
could dictate the selection of techniques, as, for example, for the fuel fabrication process. 
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The radioactivity of the 2 3 2 U chain would also mice it easier to detect diverted de­
natured fuel and Mould complicate both the production of weapons-grade 2 3 3 U 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. 

. Finally, the possible circumvention of the isotonic barrier Must be addressed. In 
Section 3.3.4 it is postulated that a gas centrifuge isotope separation facility is avail­
able for isotopically enriching diverted fresh denatured 2 3 3 U fuel, and estimates are made 
of the amounts of weapons-grade pateriai that could be so obtained. Conclusions are then 
drawn as to the relative attractiveness of denatured 2 3 3 U fuel and other fuels to would-be 
diverters. 
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2 .1 . ESTIK4TED ':'U CONCENTRATIONS IK DEfiATuRED m''U FUELS 

0. T. Ingersoll 
Oat Ridqe National Laboratory 

Although i t is mandatory that the concentrations of r i : U at each stage of the fuel 
cycle be predictable for the various reactors operating on thorium-based fuels, l i t t l e 
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 the production of ~"l i have not been adequately developed. 
Of primary importance are the (n,y) cro«s sections of z'lPa, 2 3 a T h , and 2 1 2 T h and the 
(n,2n) cross sections of 2 3 1 U and 2 3 X T h , al l of which are intermediate interactions that 
can lead to the formation of " J 2 U as is illustrated by the reaction drain given in Fig. 
3 . 1 - 1 . These cross sections are under current evaluation1 and should appear in the Version 
V release of the Evaluated r:uc'*ar Data File (ENDF/B-V). 
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Fig. 3.1-1 Important Reaction Chains 
Leading to the Production of ?-'?-U. 

In spite of the nuclear data deficien­
cies, some results for - 3 0" concentrations 
are available from calculations for denatured 
fuels in light-water reactors (LWRs) and in 
fast breeder reactors (FB3s). Although no 
results for denatured high-temperature gas-
cooled reactors (HTGRs) a^e currently available, 
2l-U concentrations can be roughly inferred 
from existing HTGR fuel data. Moreover, the 
analysis of - 'U concentrations in standard 
HTGR designs (HEU/Th) serves as an upper 
bound for the denatured systems. A compila­
tion of the available results is given below. 
The current state of the related •""'->U nuclear 
data is amply reflected ir, the large variances 
of the calculated concentrations. 

3.1.1. Lioht-Water fr»*ctor Fnols 

Existing data on 'U concentrations in denatured LWR fuels are primarily from cal-
TM 

culatims based ™ the Combustion Engineering System 80 reactor design.- Results from 
CE' fo>" a denatured - ''U cycle (20 • ! U-enriched uranium in 78 thorium) show the - i ; U 
concentration after the zerotn generation to be 146 ppm / ' U in uranium, while after 
five generations of recycle uranium, the concentration is increased to 251 ppm. These 
levels are in good agreement with ORNL calculations,1' which indicate 130 ppm ' t:\j in 
uranium for the zeroth generation. The discharge uranium isotopics drc summarized in 
Table 3.1-1. Also shown ar* the results from <<n ORNL calculation for a denatured -'' 'U cycle 
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(101 2 , 1U~enriched uranium in 785 Th). The slight contribution from 2 , S U reactions in­
creases the 2 J 2 U content to 157 ppn after the zeroth generation. 

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

Cycle 
Isotopic Fraction 2 3 2 U in U Cycle 

*»u n i y " *U «su "»U *»u 2 3 2 T h (PP«) 

2 t s U/Th Fuel a 

CE(0)fc 0.0029 1.07 0.11 1.56 0.50 16.81 76.21 146 

0RNL(0) 0.0026 1.00 0.09 1.59 0.49 16.85 76.23 130 

CE(5) 0.0061 1.60 0.69 1.27 1.86 18.78 75.79 251 

2 J , U/Th Fuel* 

0RNL(0) 0.0031 1.16 0.29 0.056 0.0052 18.32 75.99 157 

initial isotopics: 4.42 2 , S U , 17.61 "*\i, 7 M *"Th. 
*The number in parentheses represents the fuel generation number. 
cInitial isotopics: 2.6% 2 3 3 U , 19.2S 2 3 8 U , 78% 2 3 2 T h . 

3.1.2. High-Temperature Gas-Cooled Reactor Fuels 

Although calculations for 2 3 2 U concentrations in denatured HTGR fuels are not avail­
able, it is possible to roughly infer this information from existing HTGR calculations if 
the expected changes in the thorium content are known. The conventional HTGK cycle begins 
with 93S 2 3 5U-enriched uranium fuel and thorium fertile material. On successive cycles, 
the 2 3 3 U produced in the thorium is recycled, thus reducing the required amount of 2 3 5 U 
makeup. The 2 3 2 U content of the recycled fuel becomes appreciable after only a few genera­
tions. Table 3.1-2 gives the uranium isotopics of the recycle fuel batches at the beginning 
of recycle and at equilibrium recycle,5 the latter showing a maximum 2 3 2 U concentration 
of 362 ppm in uranium. 

Table 3.1-2. Uranium Isotopics for Commercial HTGR Recycled Fuel (HEUVTh) 

I sotopic Fraction 2 3 2 U in U 
(ppm) 

>n\i 233(j 2 3 * U 2 35u 2 36u 
2 3 2 U in U 

(ppm) 

Beginning 
of recycle 

Equilibrium 
recycle 

0.000126 

0.000362 

0.921 

0.614 

0.07J5 

0.243 

0.00568 

0.0802 

0.000245 

0.0630 

126 

362 
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The values in Table 3.1-2 are a result of a standard KTGR fuel composition which 
has an average Th/- ; : -u ratio of about 20. Preliminary estimates have been made of dena­
tured HTGR fuels which assume a 20v denatured 2 3 5 U , leading to a 155 denatured 2 3 3 U . 6 

Because of the added - 3 S U fertile material, the amount of thorium is correspondingly re­
duced by about 30'., resulting in a similar reduction in the 2 3 2 U production. The con­
centration of 2:1U in total uranium would also be reduced by the mere presence of the 
diluting : 3-U, so that it can be estimated that a 155 denatured 2 3 3 U HTGR would contain 
approximately 40 DOOI 2 3 2 U in uranium after equilibrium recycle. The lower 2 3 2 U levels 
in the HTGR are primarily due to a softening of the neutron energy spectrum compared with 
that of the LHR. This results in a marked reduction in the 2 3 2Th(n,2n') reaction rate, 
which is a prime source of 2 3 2 U . 

3.1.3. Fast Breeder Reactor Fuels 

2 3 2 U concentrations calculated by Hann and Schenter7 and by Burns6 for various 
comnercial-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 one-
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 ( 2 3 2U, 2 3 3 U , 2 3 U U , and 2 3 5 U ) is bred from the 2 3 2 T h initially 
charged and consists principally of 2 3 3 U . This accounts for the high 2 3 2 U / 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 2 3 2 U in uranium. 

Table 3.1-3. FBR Core Region 2 3 2 U Discharge Concentrations'3 

2 3 2 U in U (ppm) 
Case 7 
No. Fuel t * 1 yr* t = 2 yr t * 3 yr t = 5 yr 

Wo recycle 
1 10'; 2 3 9 P u in Th 982 1710 2380 3270 

2 11' 2 3 0 P u in th 1106 2376 3670 

3 10^ 2 3 3 U in Th 288 830 1330 2210 

4 IOC; 2 3 3 U in ?}BU 6.6 10.7 12.5 13.3 
With recycle 

5 )0'' - 3 3 U in Th 1820 2760 3260 
6 10'/ ? 1 3 U 1n 2?*U 35 35 35 

"Cases 1, 3-6 are from ref. 7; Case 2 is from ref. 8. 
kt * 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 3 2 U concentrations assur­
ing recycle of the 2 3 3 U and the associated 2 3 2 U . It should be noted that these two c-ises 
represent the extremes regarding allowable enrichment (233il/lf). For a 20i denatured tc»l 
in which approxim<tely half the heavy netal is 2 3 2 T h , the expected 2 3 2 U equilibrium con­
centration would be % 1600 ppa ( 2 3 2U/U) for a 3-yr cycle residence time. 

3.1.4. Conclusions 

The results presented in this section are, for the nos\ part, preliminary and/or 
approximate. This is largely a consequence of the imw-tiinties in the anticipated fuel 
compositions, denaturing limits, recycle modes, etc., as well as the basic nuclear data. 
M s o , the results assumed zero or near-zero 2 3 0 T h concentrations, which can approach signi­
ficant levels depending en the source of the thorium stick, particularly in thermal sys­
tems. Because of the relevant cross sections, the preseice of even small amounts of 2 3 c T h 
can result in considerably higher 2 3 2 U concentrations. It is possible to conclude, how­
ever, that 2 3 2 U concentrations will be highest for 2 3 3U-producing FBRs. increase with 
fuel recycle, and decrease with fissile denaturing. 
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3.2. RADIOLOGICAL HAZARDS OF OOtATUREO FUEL ISOTOPES 

h. R. Heyer and J. E. Till 
Oak Ridge Rational Laboratory 

Consideration of the denatured 2 , 1 U eye)*, nas created the need to detercine the 
radiological hazards associated with extensive use of * J SU as a nuclear fuel. These 
hazards will be determined by the toxicity of the various isotopes present in the fuel 
and thorium ore, which in turn is influenced by the path through which the isotopes 
entci the body—that is, by inhalation or ingestion. In addition, the garraa rays ec.itted 
from the denatured fuel present a potential hazard. 

3.2.1. Toxicity of S*~'V and --"l-

Only limited experimental data are available on the toxicity of high specific activ­
ity uranium isotopes such as 2 J J U and il2U. Chemical toxicity, as opposed to radiologic*1 

hazard, is the limiting criterion for the long-lived isotopes of uranium ( 2 , 1U and : 3 t U ) 
which are of primary concern in the light-water reactor uranium fuel cycle.1 In order 
to establish the relative radiotoxicity of denatured a , , l : fuel, it is helpful to consider 
specific metabolic and dosimetric parameters of uranium and plutonium isotopes. Table 
3.2-1 lists several important parameters used in radiological Jose calculations, 'the 
effective half life for 2 J*Pu in bone is approximately 240 times that of uranium. How­
ever, the effective energy per disintegration for 2i2\i is about 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, again on a per iXi basis, are much lower than those esti­
mated for the inhalation pathway. 

It is currently assumed that all bone-seeding radionuclides ire five times more 
effective in inducing bone tumors than J- 4Ra. However, the limited number of studies that 
have been conducted with 5 J , U (ref. 2) and "''U (refs. 3-5) suggest a 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 Taele 3.2-1 represent dose conversion facton (OCFs) for 
uranium and plutonium isotopes calculated on the basis of mass rather than activity. It 
may be seen that the J , : U "Mass OCFs" 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 denatured uranium fuels. 

Figure 3.2-1 illustrates the importance of ? , 5 U content with respect to potential 
toxicity of 2 , J U fuel. This figure presents iht estimated dose commitment to bone caku-
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Table 3.2-1. Metabolic Data and Dose Conversion Factors (DCFs) for Bone 
for Selected Uranium and Plutonium Isotope 

Activity Dose Conversion Mass Dose Conversion 
Isotope Specific Activity 

(Ci/g) 
Effective Half 
Life in Bone* 

(toys) 

Factor Factor Isotope Specific Activity 
(Ci/g) 

Effective Half 
Life in Bone* 

(toys) 
Inhalation* 
(rens/uCi) 

Ingestion** 
(rens/uCi) 

Inhalation^ 
(rems/ug) 

' Ingestion^ 
(rems/^g) 

232y 21.42 3.00 x 10 2 1.1 x 10 2 4.1 x 10° 2.4 x 10 3 8.8 x 10-
213„ 9.48 x 10- 3 3.00 x 10 2 2.2 x 10 1 8.6 x 1 0 _ l 2.1 x 10-1 8.2 x 1C"'; 

:35„ 2.14 x lO" 6 3.00 x 10 2 2.0 x 10 l 8.0 x 10" 1 4.3 x 1 0 - 5 1.7 x 10" € 

258u 3.33 x l ( T 7 3.00 x 10 2 1.9 x 10 l 7.6 x 10~ l 6.3 x 10"* 2.5 x 10~ 7 

2 3«Pu 17.4 2.3 x 10* 5.7 x 10 J 6.8 x 10" 1 9.9 x 10* 1.2 x 10* 

239PU 6.13 x 10- 2 7.2 x 10* 6.6 x 10 } 7.9 x 10- ! 4.0 x 10 2 4.8 x 10 - 2 

2*°Pu 2.27 x 10" 1 7.1 x 10* 6.6 x 10' 7.9 x 10"V 1.5 x 10 3 1.8 x 10"'-

^International Omission on Radioiogica'! Protection, "Report of Committee II on Permissible 
Dose for Internal Radiation," ICRP Publication 2, Perganon Press, New York, 1959. 

6Killough, G. 6., and L. R. McKay, "A Methodology for Calculating Radiation Doses from 
Radioactivity Released to the Environment," ORNL-4992. 1976. 

cProduct of specific activity and activity dose conversion factor. 

lated for inhalation of 10~ 1 2 g of unirr .ed 2 , , U HTGR fuel (^93* 2 1 3U/U) as a function 
of the 2 J 2 U impurity content for two different times following separation at a reprocessing 
facility. The upper curve is the dose commitment at 10 years after separation. Two basic 
conclusions can be drawn from M »se data. First as recycle progresses and concentrations 
of 2 3 2 U become greater, the overall radiotoxicity of 2 J , U fuel will increase significantly. 
Second, the ingrowth of *"l) daughters in 1 J J U fuel increases fuel radiotoxicity signifi­
cantly for a given concentration of 2 J 2 U . AltFjugh the data graphically illustrated in 
Fig. J.2-1 were not specifically calculated for denatured 2 " U fuel, the required data not 
being available, the relative shape of tne curves would retrain the same. All else being 
equal, the estimated radiotoxicity of denatured fuel would be reduced due to dilution of 
: , , U and 2 1 2 U with 2 " U , which has a low radiological hazard. 

A comparison of the dose commitment to bone resulting from inhalation of 1 0 _ u g 
of three type' of fuel, HTGR S , , U fuel, LWR 2 1 S U fuel, and FBR Plutonium fuel, is given 
in Fig. 3.2-2. This analysis evaluates unirradiated HTGR fuel containing 1000 ppm ~ J ?U and 
does not consider fission 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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Fig. 3.2-2. Relative Radiotoxicity of FBR Plutonium Fuel, HTGR Fuel (93; -nU/i}) and LMR Uranium Fuel as a Function of the Time after Separation at Reprocessing Plant. 

It is noted that Fig. 3.2-2 applies to fresh fuel as a function cf time after separation, 
presuming it has been released to the environment. Inhalation long aft ir release could result 
from the resuspension of radioactive materials deposited on terrestria surfaces. A dose 
commitment curve for denatirrd J 1 , U fuel would be expected to lie slightly below the given 
curves for HTGR fuel; however, the denatured fuel would remain significantly more hazardous 
from a radiological standpoint than LWR uranium fuel. 
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3.2.2 Toxicity of "''Th 

Given the potential for radiological hazard via the mining of western U.S. thorium 
deposits as a result of implementation of ; i :Th-based fuel cycles, current difficulties in 
estination of : : T h OCFs must also be considered here. 

As is evident in Fig. 3.0-1 (see Section 3.0), both ::'-U and -:'-Th decay to : : e T h , 
and then through the remainc*/ if the decay chavi to stable - 5-Pb. : 5 : U decays to 2 ! 2 T h 
via a single 5.3-HeV iloha emission; -':Th decf/s via three steps, a 4.01-HeV alpha 
emission to 2 2'Ra, followed by serial beta decays *o -- sTh. The total energy released 
in the convergent decay chains is obviously nearly etfual. 

The ICRP7 lists effective energies (to bone, per disintegration) as 270 HeV for 
2 3 2 T h and 1200 HeV for 2 3 2 U ; these effective energies are critical in Jie 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 tone of a 
thorium parent should be assumed to be released from bone to blood, and then reattributed 
as though the radium were injected intravenously. As a result, the presence of 2 2 8 R a in 
the 2 J 2 T h decay chain implies, under this ICRP assumption, that 901 of the 2 2*Ra created 
within bone is eliminated from the body. Therefore, most of the potential dose from the 
remaining chain alpha decay events is not accrued within the body, and the total effective 
energy for the 2 3 2 T h chain is a factor of 4.4 lower than that for 2 J 2 U , as noted. 

Continuation and revaluation o f the early research**' leading to the above dis­
similarity indicated that the presumption of a major translocation of 2 2 , R a out of bone 
was suspect (refs. 10-14), and that sufficient evidence existed to substantiate retention 
of 97'- of 2 2 8 R a in bone. Recalculation of effective energies for the 2 3 2 T h chain on this 
basis resulcs in a value of 1681 HeV as listed in ERDA 1451 (ref. 15). a substantial increase 
implying the need for more restrictive limits with respect to 2 , 2 T n 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 , JTh exposure limits. 

3.2.3 Hazards Related to Gamma-Ray Emissions 

While fuel fabricated from freshly separated ? 1 , U emits no significant gamma radia­
tion, ingrowth of ? l 2U daughters leads to buildup of ""Tl 2.6-MeV gamma radiation, as 
weli as other gamma and x-ray emissions. As discuised elsewhere in this report, it is 
anticipated that occupational gamma exposures during fuel fabrication can be minimized by 
such techniques as remote handling and increased shielding. 
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Gamma exposure resulting from the transportation of irradiated fuel elements con­
taining 2 J 2 U will not be significantly different from that due to other fuels. Shielded 
casks Mould be used in shipment to control exposures to the public along transportation 
routes. Gamma exposure from 2 S*U daughters would be insignificart compared to exposure 
from fission products in the spent fuel. 

Refabricated fuel assemblies containing 2 3 2 U would require greater radiation 
shielding than LWR fuel. However, this problem can be minimized by shipping fresh assem­
blies in a container siirilar in design to a spent fuel cask. Gamma doses to workers and 
to the general public aue to transport of fuel materials between facility ; an therefore 
expected to be easily controlled, and have been estimated to be low, perhaps one man-rem 
;.?r 1000 HH(e) reactor-plant-year.'-

The estimated gamma hazard of environmentally dispersed 2 3 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 radiological 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-oerived, focusing on high specific 
activity uranium, would be helpful in assessing the radiological hazards associated with 
denatured 2 3 3 U fuel. Specifically, data on the biological effectiveness of 2 3 2 U and 2 i 3 u 
could modify exposure standards for these radionuclides. 

In terms of relative toxicities based on the dose commitment resulting fron. inhala­
tion of equal masses of fuel, plutonium fuel is significantly more hazardous than HTGR 
2 3 1 U fuel or denatured 2 3 3 U fuel. However, denatured 2 3 3.J fuel would be significantly r(;ore 
hazardous than LWR uranium fuel. As the range of fuel cycle options is narrowed, n;ore 
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 fron de'iberate 
introduction (for safeguards purposes) of gamma emitters into fuels prior to re'abricadon 
is necessary, as is a thorough invest>gatior. of the hazards related to repeated irradiation 
of recycle materials, with consequent buildup of low cross-section transmutati •" products. 
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3.3. ISOTOPin IMPACTING FUEL SAFEGUARDS CONSIDERATIONS 

3.3.1. Enrichment 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 : i-U 
present in the mixture of 2 3 3 U plus - 3 5U. The guidelines provided by current regulations 
concerning the distinction between"!ow-eririched uranium (LEU) and high-enriched uranium 
(HEU) are applicable to ? 3 5 U , the limit being set at 20'; 2 3 5 U in i 3 6 U . 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 
20" • ":U-enriched uranium is 850 kg, and in a weapon this amour.t of material must be 
brought together sufficiently rapidly to achieve an explosive effect. Theoretically the 
enrichment could be lower and still achieve prompt criticality. However, the amount of 
material becomes so enormous and the difficulty of bringing it together so great tnat it 
would be impractical to attempt to produce an explosive device with less than 20 enrich­
ment. !t is clear that the distinction is somewhat of a gray area and the enrichment 
could be changed a few percent, but this should be done extremel> cautiously since the 
• : 5U enrichment vs. critical mass curve is rather steep and increasing the eni'chment 
only slightly could reduce the critical mass substantially. Also, it is necessary to 
consider institutional arrangements. A number of domestic and international -tgulations 
revolve about the 203 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 International Security 
Affairs Division (ISA) and the nianagenent 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 systems, it 
seems best at this point to discuss the several approaches for determining the guide­
lines for the enrichment of -""'U-•'',!iU mixtures and to make a determination based on the 
LLL study at a later time. 
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There are three approaches which can be employed to estimate allowable enrichment 
criteria for ; - 3 U in 2~:i\S corresponding to the statutory 2C limit set for ll-U in 2 3 6 U . 
These three criteria are: (1) cr i t ical mass, (2) infinite multiplication factor, „nd 
(3) yield. These can be employed singularly or in combination as discussed below. 

Critical Mass 

As stated above, the bare-sphere crit ical mass of .netallic 205 : >- 5U and 80;, i , 5 U 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 wi l l increase the size and weight substantially. Concentrations of 2 3 5 U , 2 3 3 U , or 
Plutonium in mixtures with : 2 "U such that they have bare-sphere metallic crit ical masses 
of about 850 kg represent one possible reasonably conservative criterion for arriving at 
concentrations below which the material is not usable in practical nuclear weapons. This 
850 kg bare-sphere crit ical 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 safeguards requirements for : 3 ' U or 2 3 r , U embedded in J - 3 U , i t leans to rather 
low limits. 

Infinite Multiplication Factor 

Another possible criterion is the one associated with the infinite multiplication 
factor k.n. For a weapon to be successful, a certain degree t f supercriticality must be 
attained. D. P. Smith of Los Alamos Scientific Laboratory has adopted this approach. 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 11.65' : n U for the oxide and 11.12 ? 1 1 U for the metal. 

Table 3.3-1 Equivalent Fnrichrrent Limits 

Fuel ftaterial k 

20 > ' 5 l l , 30? J , e l i 1.658 
11.12" ''^1), 88.88" "% 1.658 
11.11: >"Pu, 88.89!' - f t U 1.658 

(20' — ' I I , 80/ <'-'»*:j)0? 1.5346 
(11.65" '"'-M, 33.35r ? ^ U ) 0 , 1.5346 
(13.76 "'-Pu, 86.24'/. - ; i H:)0 r 1.5346 
(K .5 V : ' 'Pu f 1.5' '""Pu, 85: S':ft| )0 2 1.5344 

These number*, were obtained by D. P. Srilth of Los Alamos 
Scientific Laboratory from DTF IV calculations usino, 
Hansen-Roach 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 amounts 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.?. Fabrication and Handling of Denatured Fuel 

J. D. Jenkins R. E. Srooksbank 
Oak Ridge National Laboratory 

The techniques required for fabricating and handling :?;i;-coiitaining fuels encount­
ered in the denatured fuel cycle differ fron those employed for :-H' 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 encountered can be deduced from recent radiation measure­
ments for a can that contains 500 g of :'-U with a ;-:'U content of 250 ppm and has been 
aged 12 years since purification. The results were as follows: 

Distance Radiation (mr/hr) 
Contact 250,000 
I 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 pf ' 5 , U containing "- 1250 ppm •':U and aged six months, which is comparable witi 
2 1 3 U that has undergone several cycles in a fast breeder reactor. With such high activities, 
complete alpha containment of the fuel will be required, and all persoanel must be protect;d 
from the fuel with thick biological shielding (several feet of concrete 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 : :2U-containing fuels were fabricated. In these two pro­
grams, the "Kilorod" program1 and the Light Mater Breeder Reactor (LW3R) program,-
(?;'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 fo» fuel fab­
rication was severely restricted and extraordinary efforts vere required to keep the con­
tamination level of aged 2*'U sufficiently low to permit continued glovij box operation. 
Based on experience at ORNL in the preparation of nearly two tons of • 3-U0, for the LWBR 
program, it was determined that the handling of kilogro quantities of U 2 U containing 
10 ppm of ••''•2\i and processed in unshielded glove boxes 2'; lays after purification (complete 
daughter removal) to produce ? r ' U 0 ; powder resulted in per onnel radiation exposures of 
50 mr/man-week. The techniques used in preparing Kilorod ar. I LWBR fuel would not be feasi­
ble in a large-scale fabrication plant using 7 n U containing tr.r> '00 to 2000 ppm 2 1 Z U 
expected in recycled /}~'V. Therefore, one must conclude that remote fabrication, behind 
several feet of concrete shielding, will be required for r v ,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 required in fabricating pellets with 
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their inherent dusting problems and the many nechanical operations required in blending powder, 
pressing, sintering, and grinding pellets make remotely operating and maintaining a • ,yU-
bearing pellet fabrication line difficult. Alternatively, 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 
assessment might conclude that some sacrifices must be made in material accountability in 
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 personnel access 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 portions of the processing equipment may be maintained by persons 
who titer the cells after appropriate source shielding or source removal. Thus, some cells 
may be designed for personnel access, but all access points will be controlled because of 
the requirement for alpha-activity containment. Health physics radiation monitors would 
provide an indication of breach of containment and of possible diversion. Because the 
ingress points from the cells will be limited, portal monitors may also provide additional 
safeguards assurance. 

It should be noted that although kilogram quantities of material represent high-
radiation levels from the standpoint of occupational exposures, the levels of recently 
purified 2 V 5 U are low enough that direct handling of the material for several days would 
not result in noticeable health effects. 

The remote nature of the refabrication process requires highly automated machinery 
for w s t 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 potential of substantially improving the safeguarding 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 safegubrds system. 
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3.3.3 Detectior and Assay of Denatured Fuel 

D. T. Ingersoll 
Oak Ridge National Laboratory 

The relatively high gamma-ray activity of : ! 3 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 assay. That this situation exists 
is apparent from Fig. 3.3-2, which presents a Ge{Li)-measured gamma-ray spectrum' from a 
: > 3 U sample containing 250 ppm ; 5 U . A.I major peaks in the spectrum are from the decay 
products of - 3 ! U , which is near secular equilibrium with the products. The presence 
of the 2.6-HeV gamma ray emitted by : , i T l provides a useful handle for the detection of 
materials that conta » even small quantities of - i :U, thus providing a basis for preventing 
fuel diversion and/o fc r recovering diverted fuel. On the other hand, the presence of 
numerous gamma rays 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 available. A Los Alamos Scientific Laboratory (LASL) 
report describes a doorway monitor systerr tnat e ploys a 12.7- x 2.5-cm Nal(Tl) detector 
and has been used to measure a dose rate of about 2.5 mr/hr at a distance of 30 era from a 
20-g sample of PuO.. Approximately t*io s&~-- dose rate would be measured for a similar 
sample of • "U containing 100 pptn of -~'-L' only 12 days following the separation of daugh­
ter products. Ti.e 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 ganwa-ray dose rate scales linearly 
with :2iS content and is nearly independent of the type of bulk material, i.e., r :'U, 
2 i H I , or 2 3'U. 

The net counting rate for the PuO sample (shielded with 0.635 cm of lead) was 
10C0 cps. The observed background was 1800 cps, resulting in a signal-to-noise ratio of 
only 0.6. Similar samples of ,;U-contan:inate<l uranium not only would yield higher count­
ing rates, but could also yield considerably better signal-to-noise ratios if the detector 
window were set to cover only the 2.6-MeV gamn« ray present in the spectrum. Although 
the denaturing of uranium fuels tends to dilute the • -M 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 fuels relative 
to highly enriched fuels is attributable to two effects: (a) the disired signal (emitted 
neutrons or gamma rays, heat generation, etc.) is reduced because cf the material dilu­
tion, and (h) the signal is mostly obscured by the presence of 'U. The latter problem 
exists because although denaturing reduces the total concentration of U, the relative 
proportion of ' < ; U to fissile material remains the same. This is an especially signifi­
cant probleii. vith passive NDA techniques. As is shown in Fig. 3.3-2, the gamma-ray 
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spectrum from a ---U sample containing 250 pp* of - 5 r U is totally dominated by the -' :-;U 
decay gamna rays, thus eliminating the possibility of direct gaana-ray assay. Passive 
techniques employing calorinetry are also complicated since 2:2U decay particles can con­
tribute significantly to the heat generation in a fuel sanple. It has been calculated,5.': 

that for a fresh sanple of ; 5 3 U containing 400 ppn -3:"U, nearly 50 of the thermal heat 
generation can be attributed to Z3:U decay, which increases to 75= after only one year. 
It is, therefore, apparent that fissile content assay for denatured uraniwn fuels will 
require more soohisticated active NOA techniques which nust overcome the obstacles of 
naterial dilution and 2 3 2U-activity contanination. 

wo M> IOOO KM) a t ~ rm tm mo <tn wg <m> a t » • MB IMO MB mo rm ma 
CHWtHCL NUMM* 

Fi(j, 3.3-2. Gam..a-Ray Spectrum from a ' 1 3 U Sample Containing 250 ppm ''U. All 
major peaks are attributed to :^?U decay products. Ganva-ray enerqies indicated in HeV. 
(From ref. 3.) 
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3.3.4. Potential Circumvention of the Isotopic Barrier of Denatured Fuel 
E. H. Gift and U. B. Arthur 

flak Ridoe Gaseous Diffusion Plane 
If a large-scale denatured-uranium recycle program is fully implemented (with secure 

energy centers), many types of both fresh (unirradiated) and spent fuel may be in transit 
throughout the world. In order to ensure that these fuels *re proliferation resistant, 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 report, the addition of the denaturant 
: ="U to the fissile isotope ' \i will prevent the direct use of the uranium 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 
chemical) - separated from the thorium fertile material included in the elements, it could net 
be used for a weapon. Similarly, if the : i 5 U 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 :~~U and i 3 - 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 means exist for extracting fissionable material for the denatured fuel: (1) isotooic 
separation of the fresh fuel into its - 3 3 U (or ; 3Hl) and : 3 iHJ components; aid (2) chemical 
extraction frorr the spent fuel of the - , f ;Pu bred in the ? iBU denaturant cr chemical extraction 
of the intermediate isotope 2^"sPa that would subsequently decay to 2 , 1 U . In this examination 
of the potential 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 iscope 
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 Oenriched uranium (same as currently used LWR fuel). 
B. Recycle uranium frmti a thorium breeder t'dnket, denatured to 12 ' >U w'th depleted 

uranium. 
C. Fifth-generation recycle of fuel type B with : ''U fissile makeup from a thorium 

breeder blanket. 
"j. First cycle of • "U- 1 ' U-Th fuel assuming no - "U is available from ar. external 

source. In this fuel scheme the "U concentration in uranium can be as high as 20 
''f-.f. above}. 

E. Fii-,t rec/cle of fuel type D with 93 ' U in uranium makeup. In this fueling option, 
not all of the fuel in a reload batch will contain recycle uranium. Some portion of 
the reload t>atch will contain fuel type 0. This option is analogous to the "tradi­
tional" concept f;nvir,ioned for plutonium recye'o fuels. It. allows sonic of tho fuel 
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to be fabricated in nonradioactive facilities. This fueling option will be referred 
to in the reminder of the text as fuel recycle Option 1. 

F. Fifth-generation recycle of fuel types 0 and E with 93- 2iHl Makeup (Option 1). 
G. First recycle of fuel type D, with recycle uranium in all fuel assemblies of a reload 

batch. Makeup uranium is 20% and 93% 2 3 5 U as needed to maintain reactivity. In this 
option all fuel would probably require reaote fabrication facilities. This fueling 
option will be referred to in the reminder of the text as fuel recycle Option 2. 

H. Fifth recycle of fuel type 6 with : J 5 U makeup (Option 2). 

The uranium compositions of these fuels are shown in Table 3.3-2. In addition to these, it 
should be assumed that natural uranium is also available. 

Table 3.3-2. Uranium Fuel Mixtures That May Be Available 
(weight Fraction in Uranium) 

Isotope A B C 0 E c G H 

; i : u 0 5.02 » 1 0 - 6.565 - T0-- 0 1.2363 - 10-" 2.445 » 10— 1.134 - 10— 2.331 • 10" 

2l>- 3 0.113611 0.11498 0 0.047004 0.05914 0.04310 0.05638 

' i - U 1.2 - 10— 0.008523 0.035108 0.001754 0.005430 O.02U5 0.005125 0.020245 

::'AS 0.032 0.002317 0.0'255 0.2000 0.13201 0.113457 0.13765 0.it 749 

• 'Hi 0 0.000036 0.005327 0 0.32303 0.056496 a.o?im 0.C5386 

- > ' u 0.96783 0.870311 0.831228 0.798246 0.792389 0.749522 0.793021 1.751<JS 

Description of Fuel Type: 
A - 3.2 wt I - ' -U from natural uranium. 
B - Thorium breeder blanket fuel denatured with depleted uranium. 
C - Fifth generation recycle of B with thorium breeder blanket makeup. 
3 - 20 -<rt '. - ' 'u from natural uranium. 
E - First recycle of 0 with 93 wt 5 : lL"J in uranium makeup (Option 1 , see note). 
F - Fifth generation recycle Of D with 93 wt i : ''-U in uranium makeup (Option I . see note). 
& - First recycle of 0 with 93 wt I ; , S U makeup (Option 2 . see note). 
H - Fifth recycle of 0 with 93 wt ' ; , ' U makeup (Option 2, see note). 

NOTE: Fuel types E and F are designed so that not al l of the fuel m a reload batch is recycle fuel; SOP? of m* 
reload batch wi l l contain fuel type D. This situation is analogous to the "traditional'' corcept env-sionetf 
for plutonium recycle fuels. This concept allows some of the fuel to be fabricated in non-radioac.ive 
faci l i t ies, and is referred to in the text as fuel recycle Option 1. 
Fuel types u and H result i f every assembly in the reload batch contains recycle fuel. *he fueling <-o<se is 
rtftrrtd to as Option 2. 

Isotopic 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 Decker nozzle and the South African fixed wall centrifuge) and possibly 
the calutron process 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, low electrical power needs, and the 
adaptability to '.mall low-capacity but high-enrichment plants. Further, more national group; 
(i.e., the U.S., F.ngland, Holland, Germany, Japan, Australia, and France) have operated 
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either large centrifuge pilot plants or small connercial-sized plants, mure so than for any 
other enrichment process, so it is apparent that this technology is widely understood and 
applied. A 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 cf producing a 
couple of hundred kilograms of uranium enriched to 90 • ;U has not proved to be inordinately 
expensive. Two examples can be provided. An article appearing in two journals 7* 6 presents 
information on a proposed Japanese centrifuge plant. This plant, which could be operational 
in 1980, is designed to produce 50 KT StfU/yr in a 7000-machine facility. The total cost of 
the facility was estimated by the Japanese to be Slf»5.7 million. Simple arithmetic yields 
the individual centrifuge separation capacity of 7 kg SWU/yr and a centrifuge cost of ap­
proximately S24.C00 (which includes its share of all plant facilities). 

An upper limit for the cost of developing a small gas centrifuge enrichment facility 
can be estimated from published costs from the United States uranium gas centrifuge program. 
A paper by Kiser' provides a 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 KT S'JU/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 S310 
million. Of this total, about S190 million was identified as development costs. The remain­
ing S120 million was identified as equipment and facility expense. Further, only about S30 
million was identified as being technology investigation. Even more intriguing is that 
within the initial 3-year development program (beginning in 1960 and budgeted 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. Unen the last of these units was shut down in 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 dre considered as a candidate for a clandestine enrichment facility. Thus, 
as stated above, of the c.irrent technologies, the centrifuge process would probably be 
selected. The utilization of the developing technologies (laser, plasma, etc.) for a 
clandestine enrichment facility is not currently feasible. Successful development of these 
technologies by any of the numerous national research groups would make theti 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 •"•'» on the Enrichment Process and Product. All fuels containing '"U also 
contain substantial amounts of ?r:\i. As mentioned earlier in this report, the daughter pro­
ducts from ?,'U (t, - 72 yr) release highly energetic gamma rays and alpha particles that can 

•J complicate both the enrichment process and the subsequent weapon fabrication. 
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As a first step in evaluating the effect of :':U on the enrichment process and the en­
riched product, consider fuel types 6 and C from Table 3.3-2 as feed to an enrichment plant. 
For aaking an acceptable weapon a fissile content of 90. 2 3 3 U • : :"U in the product should be 
satisfactory. An acceptable product flow rate from such a plant night 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.'0 This table illustrates that 
while a sufficiently fissile uranium is produced, at a relatively low feed ate, the product 
has also concentrated the highly gamma active (through its dcr^y daughters) : 3 ; U by about 
a factor of 10. Greater than 991 of the - 3 2 U in the enrichment plant feed will be present 
in the product. 

In the enrichment plant the 2 3 2 U concentration gradient from the feed point will 
drop rapidly in the stripping section. In the tails the 2 3 2 U 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 the 

2 1 2 U concentration.11 These results are shown in Table 3.3-4. Implicit in these estimates 
is the assumption that the dauqhter products of 2 3 2 U are all deposited within the enrich­
ment facility. This assumption seems justified since the fluoride compound of the first 
daughter product, 2 2 8 T h (t, = 1.9 years), is nonvolatile. With the exception of " "Ra 
(t. = 3.6 d), all of the other daughters have very short lives. 

Experimentally, little evidence exists to determine the true fractional deposition 
of 2 J 2 U daughters. Current evidence is incorporated in the existing specifications for 
UF 6 feed to the gaseous diffusion plants.'2 These specifications call for a maximum " u 
concentration of 110 parts of - ^U per billion parts of 2 3 - U 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 90r 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 evidence1 

exists to show that at this 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 
levels. At the 2-r/hr level, less than one-tenth of the mean inventory of the ma.nine would 
be decomposed per year. This material would be expected to be distributed fairly uniformly 
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 
(Weight Traction in Uranium) 

Fuel Type B FaeT Type c 
Isotope Feed Product Feed Product 

232„ 5.02 « W* 4.1545 * 1G' 3 6.565 x 10-" 5.626 * lO- 3 

233u 0.118611 0.90 0.11498 0.90 

2 3 ^ 0.008523 0.03757 0.035108 0.0901 

23Su 0.002317 0.00376 0.01255 0.00379 

2360" 3.6 x 1 0 - 5 1.98 x 10" 5 0.005327 1.73 « 10"1* 

2 33(j 0.370011 0.05450 0.831228 3.124 x 10-" 
2 3 3 U in Tails 0.01 0.01 

Feed Flow, 
kg U/yr 

832 859 

Product Fli 
kg U/yr 

ow, 100 100 

Uhen 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 6, the 
gamma dose rates that could be expected from the unshielded cylinders are as showii in 
Table 3.3-5. To reduce these product dose rates to 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. P Radiation Level ir. an Enrichment Plant 
as o Function of 2 3 2 U Concentration 

2* 3 ¥U Concentration " 
(wt X) 

2.0 

1.0 

0.5 

0.1 

0.001 

0.0001 

"ftadlaVion Level T?7hr} 
at Equilibrium* 

6.8 

3.4 

1.7 

.34 

.0034 

.00034 

Within an infinite a m y of centrifuges. 
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Table 3.3-5. ^'U-Induced 6anaa-Ray Dose Rates from I 
•tonel Cylinders Containing 16 kg of UF 6 

nshielded 

Distance from Decay Time* 
(days) 

Dose Rate (r/hr) 
Cylinder 

Decay Time* 
(days) 0.1 trt X 2 « U 0.6 wt 5 2 3 2 U 

Contact 10 40.2 242 
30 194 1,166 
90 654 3,922 

Equil. 7,046 42,300 
1 Foot 10 4.2 25.4 

30 20.4 122 
90 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 

Mime measured from chemical separation from thorium. 

Table 3.3-6. Shielding Required to Reduce 2 3 2U-Induced Gamma-Ray 
Dose Rotes from Monel Cylinders Containing 16 kg of UFf,* 

Concrete Thickness (cm) 
Design Dose Rate Decav Time** 

(days) ~0~Vt" (mr/hr) 
Decav Time** 

(days) 0.1 wt * i 

101 
^U ~0~Vt" , • -u 

1.0 30 
0.1 wt * i 

101 
^U ~0~Vt" 

120 
9C 

Equil. 
114 
138 

132 
157 

50 30 
90 

Equil. 

62 
74 
98 

80 
92 
116 

*D1stance from source to shield > 1 f t . 

**T1me measured from chemical separation from thorium. 



The h?Qh alpha activity of uranium containing --:U will present two problems: 

1. In the UF, there will be a strong (a,n) reaction. A crude estimate of the neutron 
emission from a 16-kg lif6 product cylinder containing 0.6 wt' 2?tii is 5.7 x 10 7 

neutrons/sec at 10 days decay, 2.5 x 13 8 at 30 days decay, and 8.7 x 10- at SO days 
'•ecay. 

2. The 2 3 2 U will provide a strong heat source in the UF 6 and the metal produrts. A 
crude estimate of the heat generation rate from pure 2 3 2 U as a function of time after 
purification is: 0.03 W/g at 10 days, 0.13 W/g at 30 days, and 0.46 W/g at 90 days. 

unknown. 
The degree to which these properties w i l l affect weapon manufacture or delivery is 

Alternative Enrichment Arrangements to Reduce - 3 U Content in the Product. In con­
sidering the complications introduced to the f ina l uranium metal product, i . e . , the radia­
t ion level and heat generation result ing from 2 3 2 U , i t is apparent that removal of the > 3 2 U 
would be benef ic ia 1 . Enrichment cascades can be designed to accomplish t h i s . The most ef­
f i c ien t arrangement wouid be to f i r s t design 3 cascade to s t r i p : ' 3 : 'U from a l l other uranium 

isotopes and then to feed the ta i l s from 
the f i r s t cascade to a second cascade where 
the f i s s i l e isotopes can be enriched. This 

v^Vfr - i r " 5 i s i l l us t ra ted in Fig. 3.3-2. 

Such an enrichment arrangement can be 
independent o f the specific enriching device. 
Based on the discussion of the gas centrifuge 
process in Appendix A snd at the beginning 
of this section, a small, low separative work 
capacity machine may be within the technical 
capabi l i t ies of a would-be divsrter (see 
Appendix A). 

Although no information exists on the 
separative work capacity of a Zippe machine 
in a cascade, a reasonable estimate of i t s 
separative capacity is about 0.3 kg SWU/yr 
when separating , 1 ' U from r ' " U . 

Fig. 3.3-2. I l lus t ra t ion of Enrichment 
Arrdnqement to Produce Low ' '•'IS Content 
Uranium. 
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To further specify the plant, it can be assumed that the diverter would like to: 

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 L'/yr 
having a fissile content of 90" 233U + 2 3 5 U was chosen.) 

3. Reduce the 2 3*U content in the mptal oroduct so that contact .aamifacture can be 
achieved without zz. luus radiation 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. T u e basic criterion chosen for the f^nal uranium product was that the 
2 3 : U concentration was about 1 ppm - 3 : U in total uranium. At this level the gamma 
emission rate from the final metal product is sufficiently low that most fabrication 
and subsequent handling operations can be rarrisd out in unshielded facilities using 
contact methods. 

The first enrichment cascade to perform the separation of 2 3 2 U from the remaining 
uranium will be very radioactive. But it will be only slightly more radioactive than if 
only one-cascade were used and the 2 3 2 U not separated from the final product. The table 
shows that a factor of two increase in 2 3 2 U product concentration will provide sufficient 
decontamination without a prohibitive increase fn the number of centrifuges. If much 
greater (by a factor of 20) concentrations of 2 3 2 U can be tolerated in the cascade, some 
reduction K 2 0 to 30%) can be made in the necessary number of centrifuges. 

Table 3.3-7 also shows a striking difference in the number of centrifuges required 
to decontaminate the uranium product when the uranium makeup to the thorium cycles is 93% 
2 3 5 U rather than i 3 3 U from the thorium breeder blanket. This results because with the 
2 3 5 U 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 r , U and ?3''U in addition to the 2 3 2 U . Thus, the fissile content in the final product 
from these fuel mixtures is nec'-ly all 2 3 5 U . 

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-fl 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 
stanJard We-.tinghouse PWR fuel assemblies that must be diverted. 

Based on these criteria, the following conclusions can be drawn with respect to 
desiribility of fuels for diversion: 
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Tact* 3.1-7. Surrary of =ev.*!ts of Centrifuge Enrtchr^r.t Surrey of Potential Fuel !*iJiture~ 

'-v. Content (»t. Fraction 
Fissile Content 
> t . FracT.iQr; 

I f 1st G* 2nd Cf 2ra Of 2-"! fcmuai 
Fue* Cascade Cascade Cascard Cascade Feed 

"j^e-" In i t ia l Product Predict Tills Frr^jct (kg U/yr) 

lurter of Centrifuges Sequired 
(0.3 frq Stfi/yr Zippes: 

Ir. ; :-u T" Fissile 
Stripping Enricning 
Cascade Cascade T o t a l 

0.C02 2953 

c ~ 2 ' - • ' 

5l : i : -4 ; 
5.021-4) 

• i 

>'..K 

4.-=;-3j 
2.7!-«: 
i.3;-e: 
%.r-7". 

•:.X5 
•:.ci 
;.co5 
1.CC5 

0.90 
0.9C 
0.90 
0.9O 

£3^ 
3BC-
1302 
817 

c.;e4!-4: 
6.564;-;'; 
e.5£4.'-«; 
t.564[-4) 

V 

"..•:! 
• : . i 

5.t26!-3; 
:-.eP.M" 
l.£3f-«) 
S.5f-7) 

.-.ocs 
• ' . !M 
-..cos 
0.005 

O.'jO 
u.SO 
0.90 
0.9-3 

WO 
30OO 
1749 
853 

; - • j r. 0.01 ( • - . « • : 4ca 

E 
!.23«;?-4) 
!.23fC-4) 

-.•:--!i23e 
0.0C235 
0.00235 

2.4;-6) 
I . I 4 ( -6 j 
6.67(-7) 

Q.06 
0.0 

C.5C 
0.90 
0.9C 

KOC 
1210 

704 

F 2.445;'-4) 
2.445(-4j 

•3.00244= 
0.CC3 

2.63f-6j 
7.87(-6) 

0. 15 
0.805 

0.90 
0.9C 

3001 
860 

5 : . I34(-4j C.0C3 6.4J(-7) 0.005 0.9C 664 

• • • 
2.33K-4) 
2.331i-4) 

•J.M23 
C.003 

2.51-6) 
7.44(-7) 

•j.0715 
S.005 

C.50 
0.90 

3000 
8C5 

Natural 
Urariur- : M f, 0.002 "..90 17575 

2922C 

8241C 
50600 
41653 

546c 
10830 
9981 
7257 III

! 

0 
86227 
61277 
•15483 

9191 
18302 
tS8C2 
II277 

5191 
104529 
80075 
56760 

c 4991 4951 

25244 
15459 
9292 

7GO? 
5921 

13635 

32246 
21380 
22927 

33033 
11872 

14398 
20982 

47431 
32854 

8758 13033 ?579l 

32136 
11889 

12419 
19477 

44555 
31366 

77918 7791c 

"Feed and centrifuges needed to produce IOC kg u/yr of 90*: fiss'.le product. 
"See I j i ' e i .3-2 for descrtpttin of fuel types. 
"»ea<!-. 5.02 « I',"-. 
'•^ » not applicable. 

Table 3.3-i i . enrichment Resistance of Fuel Mixtures Investigated" 

fuel Type 
Hunter o f Feed Approximate Number of 

r«~rrif ™c Requirements PWR Fuel Assemblies uentr iruges ( k g u / y r ) N e e < | e ( J t Q $ u p p 1 y F e e ( j 

A 3.2 wt • 'U 

D 20 wt • ''U with thorium 

Natural uranium (0.711 wt U) 

8 1st generation • '• U recycle w i th thorium 
No • : U removal 
With • , ; U removal 

C 5th generation - ' 'U recycle wi th thorium 
No - '•'U removal 
With ' ''\i removal 

F. 1st generation - " ' u recycle wi th tho-ium (Option 1) 
With - , ; U removal 

29,220 

4,991 

77,918 

5,469 
48,910 

9,191 
80,079 

F 5th generation • " U recycle wi th thorium (Option "1 
With J 'M removal 

C 1st generation - '-'(J recycle wi th thorium (Option 2) 
With • w \ i removal 

H r j th generation - ! ' U recycle wi th thorium (Option ?) 
With ' -U removal 

2.993 

468 

17.575 

832 
817 

860 
1,750 

??,927 704 

32 ,f(54 860 

21,791 664 

31,366 805 

•Feed and centr i fuges needed to produce 100 kg U/yr of 90 f i s s i l e product. 

6.7 

4.8 

Not Applicable 

7.1 
6.9 

7.0 
14.2 

6.R 

7.4 

6.6 

7.0 
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1. Of the fuel mixtures that may be in commerce in a thorium-based fuel cycle, 20, :ihU 
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 2 3 3 U recycle fuels, without 2 3 2 U removal, is an enrichment task com­
parable (with respect to the number of centrifuges) to enriching 20% 2 3'U. The 
product, however, will be highly radioactive. 

3. If would-be proliferators must remove the 2 3 2 U , the 2 3 5 U makeup fuels are less prolifera­
tion resistant than the 2 3 3 U makeup fuels. 

4. The 2 3 5 U recycle fuels with thorium and 2 3 2 U removal are equivalent to 3.2 wt; 
slightly enriched uranium fuels with respect to both the number of centrifuges and 
the numoer of fuel assemblies to be diverted. 

5. The 2 3 3 U recycle fuels with thorium and 2 3 2 U removal are equivalent to natural 
uranium enrichment with respect to the number of centrifuges, 

6. If :' 3 2U removal is necessary for ease of weapon manufacture and reliability of delivery, 
then a diverter would probably prefer to divert either slightly enriched uranium fuel 
or enrich natural uranium than to enrich either 2 3 5 U or 2 3 H l 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.1^ These claim an average 10-year 
operating life and a failure rate of less than O.St/year. It is not clear how much periodic 
maintenance (e.g., oil 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. All centri­
fuge plants must be designed so that failed units or groups of units can be immediately 
isolated from the rest of the plant. It should also be possible, for a specific cascade 
layout, an assumed failure 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 tine 
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. 

Chemical Extractions from Spent Fuel 

As pointed out in the introduction to this section, another possibility for obtaining 
fissionable material from diverted denatured : 3 3 U fuel is through the chemical extraction 
of protactinium or plutonium from spent fuel elements. 2 3 3 P a is an intermediate isotope in 
the decay chain leading from 2 3 2 T h to 2 3 3 U 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 23SU denaturant of the fuel elements. 

The technical possibility of producing pure 2 3 3 U via chemical extraction of 2 3 3 P a 
{t, = 27.4 days) from spent denatured fuel was suoqested by Mymer.I!* Subsequent decay of 
the protactinium would produce pure ~—U. While such a process is technically feasible, 
certain practical constraints must be considered. It is estimated1 r- that the equilibrium 
cycle discharge of a denatured LWR would contain -34 kg of - 2 :Pa [approximately 1 kg/metre 
ton of heavy metal]. However, due to its 27.4-day half-life, a I-HT/day reprocessing cap­
ability could recover only -23 kg of r^ :Pa (beginning immediately upon discharge with a 
100 "'Pa 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 products, 
but in order to obtain the maximum quantity of - ' !Pa from the denatured fuels it would be 
necessary to process the fud 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 increases in the dose rates would not be unmangeable, especially for dedicated groups 
who were not averse to receiving relatively high exposures. Other problems requiring 
attention but nevertheless solvable would he associated with upgrading tie 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. 

While from the above it would appear that extraction of 2 3 i P a would be possible, 
considerably more fissile material could be obtained by extracting plutonium *.»•» tne spent 
denatured elements. Moreover, the usual cool-down period probably could be allowed, which 
would require less upgrading of the reprocessing facility. On the other h;.nd, the amount of 
plutonium obtained from the denatured elements would be considerably less (approximately a 
factor of 3 less) than the amount Lhat could be 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 2 u P a or Pu from seized spent denatured fuel elements. 
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3.3.5. Deterrence Value of 2 3 2 U Contamination fn Denatured Fuel 

C. N. Newstead 
Brookhaven National Laboratory 

The preceding sections have emphasized that unless 2 3 2 U is isotopically separated 
from 2 3 3 U , both it and its daughter products Mill always exist as a contaminant of the 
fissile fuel. And since as 2 3 2 U decays to stable 2 o e P b the daughter products emit several 
high-intensity gamma rays (see Fig. 3.0-1), all 2 ? 3 U fuel, except that which has undergone 
recent purification, will be highly radioactive. While fhe gamma rays, and to a tesser 
extent the decay alpha and beta particles and the neutrons from o.n reactions, wil-1 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 followed 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 2 3 3 P a ) or 

b. Isotopically enriching the fresh fuel or bulk material to increase the -'U con­
centration in uranium sufficiently for its use in a weapon. 

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

4. Aiming and delivering the device. 

As indicated, at Step 2 a decision must be made as to which fissile material is to be 
employed, -•'9Pu or 2 : , 3U. Extracting the plutonium present in spent denatured fuel would 
require a chemical separation capability analogous to that required for current LEU spent 
fuel; however, the qu.sut'.-.. 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 qu.i'.'\. (i.e., the fraction of the material which is fissile) 
of the plutonium recovered rrom denatured fuel would be somewhat degraded relative to the 
LEU cycle. 

The selection of U U as the weapons fissile material means, of course, that the 
material beinq processed through all the operations listed above would be radioactive, while 
both national and subnational groups would be inhibited to some degree by i> radiation 
field, it is clear that a national group would be more likely to have the rcources and 
technological base necessary to overcome the radiation hazard via remote handling, shielding, 
and various cleanup techniques. Thus, the radiation field due to the 'U ruitamination 
would be effective in limiting proliferation by a nation to the extent that it wov'ld com­
plicate the procedures which the nation would have to follow In employing this path and 

http://qu.su
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introduce time, cost and visibility considerations. These factors would force a 
trade-off between the desirability of utilizing material from the denatured fuel cycle and 
obtaining fissile material by some other means, such as isotopically enriching natural 
uranium or producing plutonium in a research reactor. 

A subnational group, on the other hand, would not in general possess the requisite 
technological capability. In addition, while a nation could, if they chose to, carr> out 
theie processes overtly, a subnationa! group would have to function covertly. Thus the 
radiation barrier interposed by the self-spiking effect of the 2 2 : U contaminant 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 denatured fuel varies accord­
ing to the radiation level. The radiation level in turn depends on both the 2 3 2 U 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 2i2V in uranium are expected to range from --100 to 300 ppm for thermal systems up to 
-v-1600 ppr. for recycled f;st reactor fuel. It should be noted that if the latter denatured 
niel (typically 10-20^ 2 3 5 U in ? 3 8 U ) is processed in an enrichment facility to obtain highly 
enriched ( 90 ) uranium, the resulting material would have a 2 3 2 U 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 2 3 2 U at a number of times after the uranium has been separated from other elements in 
a chemical processing plant. Fo>- a 5-kg sphere of 2 , , U with 5000 ppm of 2 2 : U the radia­
tion level 232 days after chemical separation is 67 r per hour at 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 requires at least 10,000 rem. Beginning at about 5000 rem 
the dose is sufficient to cause death within about 48 hr. In 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 t».e short term but delayed effects may occur in the long term. 
In general, the gamma-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 indicated 
above, to stop persons of suicidal dedication from completinq the operation* would require 
doses in the 10,000-rem range. Apurt from the dedicated few, however, most individuals 
would be deterred by the prospect of long-term effects from 100-rem levels. However, it 
is also important to note that the individuals involved in the actual physical operations 
may not be informed as to the presence of or the effects of the radiation field. 
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Table 3.3-9. Gaaaa-Ray Dose Rates at a Distance of 1 * from a 5-kg Sphere 
of 2 3 ^ l Containing Various Concentrations of 1 S U * 

Dose Rate at 1 n [mr/hr) 
Tine 5 (days) 100 ppa c 500 ppm 1000 ppm 5000 ppm 

0 0 0 0 0 
0.116 1.6xl0"4 8xl0" 4 1.6xl0"3 8xlO - 3 

3.5 4.3x10° 2-lxiO1 4.3X101 Z.lxIG2 

10 3.5X101 1.8xl02 3.5xl02 1.8xl03 

23 l.lxlO2 5.7xl02 l.lxlO3 5.7xI03 

46 2.6xl02 1.3xl03 2.6xl03 1.3x10* 
93 5.5xl02 2.8xl03 5.5xl03 2.8xl04 

232 1.3xl03 6.7xl03 1.3xl04 6.7xl04 

*Fro« Ref. 16-
Tine after separation . 

Concentration of 2 3 2 U . 

Table 3.3-10. Effects of Various Total Body Doses of Ganna Rays on Individuals 8 

Total Body Dose 
(rem) Effects 

< 25 No likely acute health effects. 
25-100 No acute effects other than temporary blood changes. 
100-200 Some discomfort and fatigue, but no major disabling effects; 

chances of recovery excellent. 
200-600 Entering lethal range (LD-50 £ 500 rads); dea'.h may occur 

within several weeks; some sporadic, perhaps 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. 

600-1,000 Same as above, except that death within 4-6 weeks is highly 
probable. 

1,000-5,000 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. 

5.0u0-10,000 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. 

10,000-50,000 Death will occur within a few hours or less, with complete 
incapacitation within minutes if dose is delivered within 
that short period. 

aFrom 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 illustrated 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 totally incapacitating 20,000 rem 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 7 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 lethal dose to someone who spends five hours close to unshielded I 3 - 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 intensity to reach totally disabling levels. Fast-reactor 
bred material (depending on time after separation and quantity as well as ii2\i 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) Required 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 100 1,000 20,000 
5 hr 20 200 4,000 
12 hr 3.3 83 1,660 

aFrom Rpf. 18. 

The fact that the level of radiation of - 3:U-contaminated : V'U increases with time 
is a major disadvantage for a r' 3U-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 •'• 3Th 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 : v , U 
weapon. This could be accomplished to a large degree by separating the n r : U from the 
; , , U using gas centrifuvjation. However, because the masses are only 1 amu jpart this 
requires s-veral thousand centrifuges to make 100 kg of clean material per year (->ee 'er.-
tion 3.*,4). A nation possessing this isotopic separation capability would therefor'.- prob­
ably choose to enrich natural uranium rather than to utilize denatured fuel, th<y. r;lirnin«jt-
in<j the /,?U-inducea complications. 
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In summary, for the case of national proliferation, the intense gamma-ray f ield as­
sociated with the "2U impurity would not provide any absolute protection. However, the 
presence of : 3 "U and its decay daughters would complicate weapons production sufficiently 
so that the nation might well prefer an alternate source of f issi le material. For the case 
of subnational proliferation, the intense gamna-ray f ield is expected to be a major deter­
rent. 
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4.0. INTRODUCTION 

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

The three preceding chapters have introduced the concept of : 3 3 U fuel and its use in 
nuclear power systems that include secure (guarded) energy centers supporting dispersed pcwe-
reactors, the rationale for such systens 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 : 3 3 U fuel in power reactors is 
feasible; however, up to this point the validity o f 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 symbiotic 
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 -ill 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 eference cycle. In the case of the proposed denatured 
fuel, the fissile nuclide is - 3 3 U and the primary fertile nuclide is • Th, with fertile 
; 3"U included as the n 3 U denaturant. If LWRs such as those currently providing nuclear 
power in the United States were to be the reactors in which the denatured fuel is d«ployed, 
then the performance of the reactors using the denatured fuel must be compared with their 
performance using a fuel comprised of the fissile nuclide ; , i U and the fertile isotope 

W U . And since the use tf • 5 , U assumes recycle, then the performance of the UvRs usin; 
denatured fuel must ilso be compared with LWRs in which Pu is recycled. Similarly, if 
FBRs were to he the reactors in which the denatured fuel is deployed, then the performance 
of FBRr, operating on • • JU/- ,"U or ' W - ' U/ '-Th and including ' '-Th in their blanker 
must be compared with the perfom-ance of FBRs operating or. Pu/' ; U surrounded b.y A 
blanket. 

A significant point in these two examples is that they represent the two generic 
types of power reactors -- ?,;:.r»r;/ and ;'..;' -- and that the neutronic [ropertics of t>ic 
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 fuel in 
a reactor operatinq on thermal neutrons (e.g., IWR%) it may be the least desir.ihln fuel 
for a reacfor operating on fast neutrons (e.M., FtiRs). 
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Table 4.C-1 gives some of the pertinent neutrom'c properties of the different fis­
sile nuclides for a specific thermal-neutron energy. In discussing these properties,* it 
is necessary to distincjish between the two functions of a fissile material: the production 
of energy (i.e., power) and the production of ••».•;; neutrons which when absorbed by fertile 
mat-rial will produce additional fissile fuel. 

table 4.0-1. Nuclear Parameters of the Principal Fissile Nuclides 
r r , U , ::' U, — P u , and ""^Pir-V at Thermal Energy 

(Keutron Energy = 0.0252 eV, velocity = 2200 m/sec) 

Nuclide 

Cross Section (barns) 

a "f r: 

5U 578 + 2 531 t 2 '7 + 1 0.089 + 0.002 2.487 + 0.007 2.284 + 0.006 
:'U 678+2 580 + 2 9 8 + 1 0.169 + 0.002 2.423 + 0.007 _^*QI2.i.QIQ06 

'"'Pu 1013 + 4 742 + 3 271 + 3 0.366 + 0.004 2.880 + 0.009 2.109 + 0.007 
> : P u 1375 + 9 10G7 + 7 368 + 8 0.365 + 0.009 2.934 + 0.012 2.149 + 0.014 

G. C. Hanna et a i . , ,;• ..•-•" - :-••:• ••..» '-'•-•. 7, 3-92 (1969); figures in the referenced a r t i c l e 
•were a l l given to one additional significant, f igure, 

' T, = • e + ; < = • / • ' , ; . - neutrons produced per f i ss ion ; n = neutrons produced per atom 
a i C C r 

destroyed - / ( I + t ) . 

The energy-production eff iciency of a f i s s i l e material is d i rec t l y related to i ts 
neutron capture-to-fission rat io ( . ) , the smaller the rat io the greater the f r i c t i o n of 
neutron-nuclide interactions that are energy-producing f issions. As indicated by Table 
4 . 0 - 1 , at thermal energy the value of . is s ign i f icant ly smaller for ' U than for the 
other isotopes, and thus U has a greater energy-production eff ic iency than the other 
isotopes, (lhe energy released per f ission d i f fers only s l igh t l y for the above isotopes.) 

The neutron-production eff iciency of a f i s s i l e material is determined by the number 
of nc-utrons produced per atom of f i s s i l e material destroyed (r,), the higher the number the 
more the neutrons that w i l l be available for absorption in f e r t i l e material . Table 4.0-1 
shows that the n value for "U is higher than that for any of the other nuclides, although 
Plutonium would at f i r s t appear to be superior since i t produces more neutrons per f iss ion 
(,.). The superiori ty of 'U results from the fact that . is lower for 'J * fU and n = v / f l + i 
Thus at thermal energies • V : U both yields more energy and produces more neutrons per atom 
destroyed than any of the oth^r f i s s i l e nuclides. 

In the energy range of interest for fast reactors (-0.06 - 1.0 MeV), the si tuat ion 
is not quite so straightforward. Here again, the . value for ' ( 'U is s ign i f icant ly lower 
than the values for the otht r f i s s i l e nuclides, and, moreover, the microscopic cross sec­
t ion for f iss ion is higher (see Fig. 4.0-1). The energy release per f iss ion of - A J U is 
somewhat less than that of the plutonium nuclides, but the energy release per atom of • ' 'U 
destroyed is s ign i f icant ly h i t l e r than for th.. athnr r.ucliJes. Thus, from the standpoint 

*Muc:h of this discussion on the noutronic properties of nuclides is based on refs . 1 - 3. 
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of energy-production efficiency, 2 3 3u is clearly superior for fast systems as well us for 
thermal systems. However, with the historical p.~>hasis oik fissile production in fast systems, 
the overriding consideration is the neutron-productici efficiency of the system,-and for 
neutron production 2 3 9 P u is superior. This can be deduced from the values for n given in 
Fig. 4.0-1. The n value for 2 3 9 P u is much higher than that for the other nuclides, es­
pecially at the higher neutron energies, owing to the fact that 2 3 9 P u produces more neutrons 
per fission than the other isotopes; that is, it has a higher v value, and that value is es­
sentially energy-independent. As a -esult, more neutrons are available for absorption in 
fertile materials and 2 3 S P u was originally chosen as the fissile fuel for fast breeder 
r^octors. 

Ihe fission properties of the fertile nuclides are also important since fissions in 
the fertile elements increase both the energy production and the excess neutron production 
and.thereby reluce fuel demands. At ̂ higher energies, fertile fissions contribute signifi­
cantly, the degree of the contribution depending greatly on the nuclioe being used. As 
shown in Fig. 4.0-1, the fission cross section for 2 3 2 T h is significantly lower (by a factor 
of approximately 4) tnan the fission cross section of 2 3 8 U . In a fast reactor, this means 
that whi're 15 to 20* of the • >sions in the system would occur in 2 3 S U , only 4 to 5% would 
occur in 2 3 2Tr> Thus the paired use of 2 3 3 U and 7 3 ,-Th in a fast system would incur a double 
penalty with respect, to its breeding performance. It should be noted, however, that since 
denatured 2 3 3 U futl would also contain 2 3 S U (and eventually :' 3 9Pu), the penalty would be 
somewhat mitigated as compared with 3 system operating on a nondenatured 2 3 2 U / 2 3 2 T h fuel. 
In a thermal system, the fast fission effect is les; significant due to the swaller fraction 
of neutrons above the fertile feit fission threshold. 

In considering the impact of tne fertile nuclides 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 2 3 2 T h and 2 3 1 fU 'jt the thorium chain 
corresponding to 7 3 e U and ? u f iPu in the uranium c^ain,-while the fissile components 2 3 3 U and 
2 , 5 U are paired with ? : H P u and ^'Pu, and finally, the parasitic nuclides : , € U and r " P u 
complete fie respective chains. A significant difference in the two chains lies in the 
nuclear characteristics of the intermediate nuclides 2 3 3 P a and 2 3 7 N p . Because 2 2 3 P a has 
a longer hilf-life (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 a neutron that could be used for breeding, but in addition eliminate a potential 
fissile atcm. A further consideration associated with the different intermediate nuclides 
fs the reactivity addition associated with their decay to fissile isotopes following reactor 
shutdown. Owing to the longer half-life (and correspondingly higher equilibrium isotopic 
concentration) of 2 3 3 P a , the n ctlvlty addition following reactor shutdown is higher for 
thorium-based fuels. Proper consideration of this effect Is required in the design of the 
reactivity control and shutdown systems. The actual effect of all these factors, of course, 
depends on thf» neutron energy spectrum of the particular reactor type and must be aidress',d 
on an individu.il reactor basis. Significant differences also exist in the flfsion-product 
yields of 2 3 3 U versus 7AlM, urd these, too, must be addressed on an indivfdual reactor basis. 

http://individu.il
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Consideration of many of the above factors is inherent in the "mass balance" calcula­
tions presented in this chapter for the various reactors operating on alternate fuel cycles. 
I t is emphasized, however, that i f a definite decision were made to employ a specific alternate 
f^e' 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 
r.,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 therm«.l reactors; Hqu1d-"»tal f ist breeder reactors; and fast breeder reactors of 
advanced or alternate designs. 
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Since with the exception of the Fort St. Vrain HTGR, the existing power reactors in 
the United States are LWRs, in i t ia l studies of alternate fuel cycles have assumed that they 
would f i rs t be implemented in LWRs.* Thus the calculations for LMs, summarized 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 power 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 energy center. The dispersible fuels ore further divided into denatured r ' 3 U 
fuels and 2 3 5U-based fuels. The remaining fuels in the power systems are then categorized as 
"energy-center-constrained" f i e l s . 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 limiting 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 classi fy a l l 
the fuels presented here for the various reactors. Although the contributing authors have 
used d i f ferent notations, the fuels included are in general as fol lows: 

Dispersible Resource-Based Fuels 

A. Natural uranium fuel (containing approximately 0.7- - 3 U ) , as currently used in 
CANDU heavy-water reactors. Notation: U5(NAT)/U. 

B. Low-enriched •' 3 5U fuel (containing approximately 3' r ' 2 5 U ) , as currently used in 
LWRs. Notation: LEU; U.;-£)/U. 

C. Medium-enriched • 5 U fuel (containing approximately 20 • , r U) mixed with thorium 
f e r t i l e material; could serve as a t ransi t ion fuel pr ior to fu l l -sca le implementa­
t ion of ti.e denatured : r , U cycle. Notation: MEU(235)/Th; DUTH(235). 

Dispersible Denatured Fuel 

D. Denatured 2 3 3 U fuel (nominally approximately 12% 2 3 3 U in U), Notation: Denatured 
233 U ; de^ato-ef urc-niur/thorium; denatured ' " U 0 2 / T h 0 2 ; MEU(233)/Th; 2 3 i U / " 5 U ; 
DUTK(233); U3(DE)/U/Th. 

•NOTE: The results presented in this chapter do not consider the potential improvements 
in the once-through LWR that are currently under study. In general th is is also true 
for the resource-constrained nuclear power systems evaluated in Chapter 6; however, 
Chapter 6 does include results from a few calculations for an extended exposure 
(43,000-MWD/MTU) once-through LEU-LWR. The par t icu lar extended exposure design con­
sidered requires 6S less U^O, over the reactor's l i fe t ime. 
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Snerqy-Center-Cons trained Fuels 

E. LEU fuel with plutonium recycle. 

F. Pu- 2 3 2Th nixed-oxide fuel . Notation: Pu02/Th02; (Pu-Th)02; Pu/Th. 

S. Pu-23BU mixed-oxide fuel , as proposed for currently designed LNFRRs. Notation: 
PuO :/U07; Pu / 2 3 a U; Pu/U. 

Reference Fuels 

H. Highly enriched i 3 5 U fuel (containing approximately 932 2 3 5 U ) nixed with thorium 
fe r t i l e material, as currently used in HTGRs. Notation: HEU(235)/Th; U5(HE)/Th. 

I . Highly enriched 2 3 3 U fuel (containing approximately 90i 2 3 H)> mixed with thorium 
fer t i l e material. Notation: HE(233)/Th; U3/Th; U3(HE)/Th. 

Including plutonium-fueled reactors within the energy centers serves a two-fold purpose: 
I t provides a means for disposing of the plutonium produced in the dispersed reactors, and 
i t provides tor an exogeneous source of ? ' J U -

The discussion 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 
f i r s t , the Spectral-Shift-Controlled Reactor 'SSLR), is a modified PWR whose operation on 
a LEu 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 uti l ization through the in­
creased production and in-situ consumption of f issi le plutonium (Pu ) . The capture of neu­
trons in the 2 i J U included in the fuel elements is increased by mixing heavy water with 
the light-water moderator-coolant, thereby shifting the neutron spectrum within the core 
to energies at which neutron absorption ir 2 B u *s rare likely to occur. The heavy water 
content in the moderator is decreased during the cycle as fuel reactivity is depleted. 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 advanced converters, a term applied 
to a thermal reactor whose design has been modified to increase its production of f issi le 
material. 

Heavy-water-modified thermal reactors are represented here by Canada's natural-
uranium-fueled CANDUs. Like the SSCR, the CANDU ha; been under study in the U.S. as an 
advanced converter, and scoping calculations have been performed for several fuel cycles, 
including a slightly enriched ' U cycle that is considered to be the reactor's reference 
cycl? 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 Realtor (PBR), the PBR differing from the HT&R in that, i t 

utilizes spherical fuel elements rather than prismatic fuel elements ana employs on-line re­
fueling. For both reactors the reference cycle [HEU(23HJ)/Th] includes thorium, and shifting 
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to the denatured cycle Mould consist initially in replacing the 932 23~ti in ? 3 8 U with 15 
to 20% 2 3 5 U in 2 3 3 U . 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 u c 2 3 3 U . An early but limited quantity of 2 3 3 U could be provided 
by introducing thorium within the cores of 2 3 5U-fueled LURs, but, as has already been pointed 
out in this report, for the long-term, reactors dedicated to 2 3 J U production will be required. 
In the envisioned scenarios those reactors primarily will be fueled with Pu . In the 
calculations presented here a principal 2 3 1 J production reactor is the mixed-oxide-fueled 
LHFBR containing thoriun in its blanket. In addition, "advanced LHFBRs" that have 
blanket assemblies intermixed with fuel assemblies are examined. The possible advantages 

^ and disadvantages of using metal- or carbide-based LHFBR fuel assemblies are also discussed. 
Finally, some freliminary calculation^ for a helium-cooled fast breeder reactor (GCFBR) are 
presented. 

The cons.ueration ot fast reactors that bum one fissile material to produce another 
has inv-oduced considerable confusion in reactor terminology which, unfortunately, has not 
been resotved in this report. In the past, the term fast breeder 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 *! :U 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 converters whose primary function is to stretch but not increase the 
fuel supply. In order to distinguish the Pu-to-'33!) fast reactors from others, the term 
n-oi.y.ut-:n was coineu at ORNL. Immediately, however, the word began to be applied to 
any reactor that burns one fuel and produces another. Moreover, it soon became ob"ious 
that the words ;'i.n and £*••:.. :•>• ire used synonymous iy. Thus in this report and elsewhere 
we find various combinations of terms, such as U'-:FBH transar,uT>:r and inr.-jt.ri- r it ^..v.-.i- ••. 
The situation becomes even more con-plicated 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 energy-center, dispersed-reactor scenarios. In fact, 
the scenarios discussed in Chapter 6 do not even use all these reactors and they could 
easily consider other reactor types. The selection of reactors for this preliminary 
assessment of the denatured ''U fuel cycle was based primarily on the availability of 
data at the time the study was initiated (Oecember, 1977). 
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4.1. LIGHT-WATER REACTORS 

J. C. Cleveland 
Oak Ridge National Laboratory 

If an alternate cycle such as the 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 LWR capacity is about 48 GUe and LI"* that trill provide a total capacity 
of 150 to 200 GUe by 1990 are either under construction •*•• order. Much of the initial 
analyses of the denatured 2 J 3 U fuel cycle has therefore been perfomed for current LWR core 
and fuel assenbly designs under the assumption that subsequent to the required fuels develcpnent 
and deronstration phase for thoria fuels these fuels could be used as reload fuels for operating 
LWRs. It should be noted, however, that these current LWR designs Mere optimized to minimize 
power costs with LEU fuels and plutoniun recycle, and therefore they do not represent optimuc 
designs for the denatured cycle. Also excluded from this study are any improvements in reac­
tor design and operating strategies that would improve in-situ utilization of bred fuel and 
reduce the nonproductive loss of neutrons in LURs operating on the once-through cycle. Studies 
to consider such improvements have recently been undertaken as part of KASAP (Ronproliferation 
Alternative Systems Assessment Program). 

4.1.1. Pressurized Water Reactors 

I 
I 
I 
I 
I 
I 
I 
I 
I 

Mass flow calculations for F'WRs presented in this chapter were performed pn.-w .ily 
by Combustion Engineering, with some additional results presented from ORNL calculations. 

TM The Combustion Engineering System 80 (PWR) 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:1-' 

Oispersible Resource-Based Fuels 
A. LEU (i.e., low enriched uranium, *•%. ' ! U in Hi), no recycle. 
B. MEU/Th (i.e., medium-enriched uranium, 20: • '-'U in ? ^ U , mixed with -Th), 

no recycle. 
C. LEU, recycle of uranium only, • ' rU makeup. 
D. MEU/Th, recycle of uranium (- ' U • 2 } i \ i ) , 20. ?V\S makeup.* 

Dispersible Denatured Fuel 
E. Denatured ? V , U (i.e., 12 •'' 'U in • i!'U, mixed with • Th). recycle of uranium, 

-''MJ makeup. 

*An alternate case utilizing 93% 2 3 5 U as a fissile topping for recovered recycle uranium and 
utilizing 20'; 2 3 5 U as fresh makeup fs also discussed by Combustion Engineering. 

\/ 

1 
I 
1 
I 



"»-IJ 

Energy-Center-Constrained Fuels 
F. LEU, recycle of uranium and self-generated plutonium, i£-U makeup. 
G. Pu/ ? !*U, recycle of plutonium, plutonium makeup. 
K. Pu/ r'Th, recycle of plutonium, plutonium makeup. 
I. Pu/~ 3 2Th, one-pass plutonium, plutonium makeup. 

Reference Fuel 
J. HEU/Th (i.e., highly enriched uranium, 93.15 w/o 2 3 5 U in 2 3 = U , mixed with 2 5 2 T h ) , 

recycle of uranium (2 ^ + 2 3 : * U ) , 2 3 5 U 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 2 3 S U / 2 3 S U . With reprocessing again disallowed. Case B reflects a "stowanay" option 
in which the 2 - i 3 U bred in the fuel and the unbumed 2 3 5 U are reserved for future utilization. 

Case C represents one logical extension of Case A for the cases where the recycle 
of certain oatericls is allowed. 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. KEU(20i; 2 5 5U/U)/Th 
fuel is used as makeup material and is assumed 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 2 3 2 U . (It is assumed that the presence of the 2 2 2 U pre­
cludes the recovered uranium being reenriched by isotopic separation.) The recovered uranium 
from both the recycle and the makeup fuel fractions are mixed together prior to. the next 
recycle. This addition of a 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 rec>cle uranium. As in the LEU cycle, the fissile component of the recycle fuel 'n 
this fuel cycle scheme is diluted >-.fth 2 3 8 U which provides ? potential safeguards advantage 
over the conventional concept of plutonium recycle in LWRs with about the same U.0 ; 

utilization. 

Case £ is the denatured 2 i J U fuel. It utilizes an exogenous source of i 3 i U for both 
the initial core fissile requirements and the fissile makeup requirements. 

Cases F - I represent possible fissile/fertile fuel cycle systems allowable for use 
in secure energy centers. Case F represents an extension of Case C 1n which all the fissile 
material present in the spent fuel, including the plutonium, is recycled. Under equilibrium 
conditions, about 1/3 of each reload fuel batch consists of mixed oxide (MO;) fuel assemblies 
which contain the recycled plutonium in a uraniurr. diluent. The regaining 2/3 of oach reload 
consists of fresh or recycled cranium (;">U) oxide fuel. 
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Ir Case K the Pu0 2/Th0 2 LUR also utilizes plutonium discharged from LEU-LWRs to * 
provide the initial core fissile requirements and the fissile makeup requirements. This 
plutonium is blended in a Th0 2 diluent. The isotopically degraded pi'itonium "-"covered from I 

Case 6 allows one possible means for utilizing the plutoniwr bred in the dispersed 
reactors. Plutonium discharged from LEU-LWRs is L-sec tc provide the initial core fissile 
requirements as well as the fissile makeup requirements. This pTutonium is blended in a 
UO: diluent consisting of natural or depleted uranium. The plutonium discharged from the 
U0 2/PuO z reactor is cortinually recycled - with two years for reprocessing c—i refabrica-
tion - through the reactor. In the equilibrium condition, plutonium discharged from about 
2.7 LEU-fueled LVIRs can provide the makeup fissile Pu requirement for one U(*2/Pu02 i.'-'T.. 

the Pu0 2/Th0 2 _WR is Hendec with LEU-LUR discharge plutonium (of a higher fissile content) 
and recycled back into the Pu0 2/Th0 2 LUR. Not only does this case provide a means or 
eliminating the Pu bred in the dispersed reactors but, in addition, also provides for the 
production of 2 3 3 U that can be denatured and used to fuel dispersed reactors. 

The Pu0 2/Th0 2 LWR of Case I is similar to that in Case H in that plutonium discharged 
from LEU-LWRs is used to provide the fissile requirements. However, the isotopically /Jegraded 
Plutonium recovered from the PuO /ThO LWR is not recycled into an LWR but is stored for 
later use in a b-eeder reactor. 

Case J involves the use of highly enriched uranium blended with ThO. to the desired 
fuel enrichment. The 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-year 
cumulative U.O.. 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 c2;." ' WR, in 
"equilibrium" conditions the makeup requirement for a given recycle generation is greater 
than the difference between the charge and discharge quantities for the previous recycle 
generation because of the degradation of the irotopics. This is (specially important in 
Cd'.e H where, for example, the fissile content of the plutonium drops from about 71 to 
about 47 over an equilibrium cycle. 

Comparing Cases A and B of Table 4.1-1 indicates the penalties associated with im­
plementation of the MEU/Th cycle relative to the LEU cycle under the restriction of no re-
c/cle. The MEU/Th case require. 40:' more UiO,, and 214'-'- more separative work than the LEU 
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I 
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case. Clearly the MEU/Th cycle would be prohibitive for "throwaway" options. A second signi­
ficant result from Table 4.1-1 is given by the comparison of Case 0, NEU/Th with uranium recycle 
and Case F, LEU with uranium and self-generated plutonium recycle. The U 3 0 8 demand in each 
case is the same, although the NEU/Th cycle requires increased separative work. Additionally 
it should be noted that in Case D the NEU/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 PWRs Under Veriou? Fuel Cycle Options''''' 

Fuel Type 

Initial 
Fissile 
Inventory 
(ka/GHe) 

Equilibrium Cvcle U,0; Requirement 

Initial total*' 

Separati 
Requii 

(10- ku, 
'Initial 

•e Vtork 
•eaent 

Case Fuel Type 

Initial 
Fissile 
Inventory 
(ka/GHe) 

Fissile 
Charge 

(U/Ote-vrl 

Fissile 
Discharge Conversion 
(ko/Ute-vrl Ratio 

Bumup 
(MD/k« Ml 

U,0; Requirement 

Initial total*' 

Separati 
Requii 

(10- ku, 
'Initial 

SHU/GHei 
30-yr 

"Total * 

Dispersible Resource-Based Fuels 

A LtU, no recycle 1693 - J-U 794 5*-U 215 - 3 i U 0.6O 
174 Pu^ 

30.4 • 392 5985-' 203 155S 

B NEU/Th, no recycle 2538 - » U 1079 ;3-U 250 2ilU 0.63 
384 - » U 
71 Pu' 

32.6 638 8360 580 7595 

c LEU, J recycle 1693 - } 5U - 0.60 30.4 392 4346 203 3452 
0 NEU/Tk. self-

generated U recycle 
2538 2 K U 313 ; " U 5 

675 '""u* 

Di 

282 2i3U? 0.66 
257 " C-U? 
95 Pu'=* 

spersiole Denatured Fuel 

32.6 638 4090 530 3632 

E Denatured - v,U0;/Th0.. 
U recycle (exogenous' 
- "-U makeup) 

1841 -"U 
27 -'i'-i! 

750 -i-'U 
29 -"'-u 

446 ~!iU 
43 • !'U 
63 Pu f 

33.4 

LtU, recycle of U • 
self-generated ?u 

1693 • J-U 

Enerqy-Center-Constrained Fue Is 

30.4 392 4089 2J3 F LtU, recycle of U • 
self-generated ?u 

1693 • J-U 612 • »-u 
258 Pu f 

193 • :U 0.61 
2B8 Pu f 

Is 

30.4 392 4089 2J3 i6M 
G PuO./UO,,, Pu recycle 1568 Pu f 

546 ; "•'U 
1153 Pu f 

1 7 3 ''•>[< 
858 Pu f 0.63 
108 : "U 

30.4 100 1053 0 0 
H PuO ;/ThOj, Pu recycle 2407 Pu f 1385 Pu' 696 Pu f 

272 - S 3 U 
33.0 

I PuO./ThC.,, single Pu 
pass 

2407 Pu f 1140 Pu' 410 Pu' 
284 -''-'U 

Reference Fuel 

33.0 

J HEU/Th, self-generated 2375 '•''-\i 
U .ecycle 

388 • ' V 
504 -i'U 

377 • '*U 0.67 
172 J ,'U 

33.4 597 3453 596 3436 

?A1! cases assume 0.2 w/o tails and 75S capacity factor. 
All calculations were performed for the 3800-MUt, 1300-HWe Combustion Engineering System 80 reactor design. 

jAssumes 1,0? fabrication loss and 0.55 conversion loss. 
No credit taken for end of reactor l i f t fissile inventory. 
Âssumes 1.04 fabrication loss. 

''An additional case is considered in Chapter 6 in which tn extended exposure (43 WWD/kj HH) LEU-PWR on a once-through cycle 
results in a Si reduction in the 30-yr total U)0 t requirements, while s t i l l requiring essentially the same enrichment !5MU) 
requirements. Somewhat less plutonium is discharged from the reactor because of a reduced conversion ratio, 

{values provided ere representative of years 19-23. 
Reference fuels trt considered only as limiting eases. 

Differences in the nuclide concentrations of fertile isotopes from case to case result 
in differences in the resonance integrals of each fertile isotope due to self-shielding effects, 
thus significantly affecting the conversion of fertile material to fissile material. Table 
4.1-2 gives the resonance integrals at core operating temperatures for various fuel combina­
tions. Although the value of the •' !''U resonance integral for an infinitely dilute medium 
is much larger than the corresponding value for ' M ; ,Th, the resonance integral for ^'"U in LEU 
fuel is only 257. larger than that for ' , ?Th in HEU/Th fuel, indicating the much larger amount 
of self-shielding occurring for ?- , HU in LEU fuel. These two cases represent extreme values. 



since in each case the one fertile isotope is not significantly diluted by the presence of 
the other. For HEU(20v -J,j0/U)/Th fuel, the - 3"U density is reduced by a factor of •>« 
(relative to LEU fuel], causing the !'U resonance integral to increase due to the reduced 
self-shielding. The decrease in the -" 1 ?Th density for the MEU/Th fuel (relative to the 
HEU/Th) fuel is only a factor of --0.8 - resulting in a much smaller increase in the "" ,::Th 
resonance integral. Thus, although the 2 3 8 U number density is roughly six times less in 
HEU/Th fuel than in LEO fuel, the fissile Pu production in the HEU/Th fuel is still 4ft of 
that for the LEU fuel as shown in Table 4.1-1 (Cases A and B) due to the increase in the 
2 33y r e s 0 n a n c e integral. 

The presence in denatured uranium-thorium fuels of two fertile isotopes havimj 
resonances at different energy levels has a significant effect on the initial loadin-; 
requirement. The initial 2 3 5 U requirement for the HEU/Th and MEU/Th cases is 2375 and 
2538 kg/GWe, respectively, reflecting the penalty associated with the presence of the two 
fertile isotopes in the HEU/Th fuel. 

The large increase in initial - 3 5 U 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 1 3 2 T h relative to 2 3 8 U as shown in Table 4.1-2. Also 
contributing to the increased : , rU requirements is the lower value of r, of 2 3 0 U which re­
sults from the harder neutron energy spectrum in thorium-based fuels. 

Tafcle 4.1-2. Thermal Absorption Cross Sections and Pesonance 
Integrals for 2 3 2 T h and 2 3 Sb* in PWRs 

Resonance Integra) a (barns) 
Isotope a a (0 025 eV) infinitely In LEU In HEU/Th m HEU("*U/U)/Th i oams ) D i ] u t e F u e l F u e l F o e l 

' 3 2 T h 7.40 85.8 — 17 19 
2 3 9 U 2.73 273.6 21-22 — 50-54 

aFor absorption from 0.625 eV to 10 MeV; oxide fuels. 

A further consideration regarding MEU( ' U/U)/Th fuel with uranium recycle mutt also 
be notod. 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 3 2Th/ :' 1"U ratio is -5.8 and the first reload ;,',:Th/- ,>!U ratio is 4.4, but 
by the fourth recycle generation the 2 '-'Th/- '"'U ratio has declined to "-1.4/' An alternative 
Is to use HEU (93.15 w/o ; V , 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 ' 3 , !U component and therefore minimizing the production of plutonlum. 
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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 uranium. The product (denatured) would then 
be returned to the fabrication plant. HEU(20% 2 3 SU)/Th would be used to supply the remainder 
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 355 more Plutonium is bred over 39 yr (*v-60c more in 
equilibrium) than when the HEU is used as a fissile topping. The 30-yr cumulative U 3 0 6 and 
SMI requirements for the case in which HEU is used as a fissile topping are 4120 ST U 30 8/GWe 
and 3940 x 10 3 SUU/GMe respectively at a 752 capacity factor and 0.20 w/o tails.2 

Table 4.1-3. Isotopic Fractions of 
Plutonium in Pu0 2/Th0 2 PWRs 

Equilibrium Once-Through Cycle 
Charged Discharged 

"•Pu 0.5680 0.2482 
"°Pu 0.2384 0.3742 
"•Pu 0.1428 0.2207 
" a P u 0.0508 0.1568 
Fissile 
Plutonium 

0.7108 0.4689 

In addition to the uranium fuel cycles 
discussed above, two different Pu/Th cases were 
analyzed. As indicated in Table 4.1-3, the 
degradation of the fissile percentage of the 
plutonium which occurs in a single pass (i.e., 
once-through) is rather severe. Thus, in addi­
tion to the plutonium recycle case (Case K) a 
case was considered in which the discharged 
plutonium (degraded isotopically by the burnup) 
is not recycled but rather is stockpiled for 
later use in breeder reactors (Case I). 

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 2/Th0 2) and uranium-based (Pu0 2/ 2 3 8U0 2) 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 (6 ef f) and the prompt neutron lifetime (i*) are smaller for the 
thorium APR. These are the controlling parameters in the reactor's response to short-term 
(^seconds) power transients. However, the most limiting accident for this type transient 
is usually the rod ejection accident and since the ejected rod worth Is 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 1n reactor thermal power must be a 
decrease in core reactivity. Since both coefficients are negative, this requirement is 
easily satisfied. The fuel temperature coefficient is about 25" more negative for the 

*A11 -plutonium reactor!.. 
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thorium APR, while the moderator temperature coefficient is approximately 20i less nega­
tive. These differences compensate, to a large extent, 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 soluble boron worths are strongly dependent or. the thenr.al-nei.tror. 
diffusion length. Because of the larc*"- 'herral absorption cross section of 2 3 2 T h ami 
the higher plutoniup loadings of the thorium APR, the diffusion length and, consequently, 
the control rod and solufcle horon norths ere sr-aller. Cf prirary concern is the i.ainte-

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

Third Cycle 
Uranium APR 

Third Cycle 
Thorium APR 

Effective Delayed Neutron Friction 
BOC 
EOC 

.00430 

.00438 
0.00344 
0.00367 

Prompt Neutron Lifetime (x 10 Sec) 
BOC 
EOC 

10.54 
12.53 

9.03 
11.30 

Inverse Soluble Boron Worth (PPM/* Ac) 
BOC 
EOC 

221 
180 

270 
217 

Fuel Temperature Coefficient (x lO'^Ac/'F) 
BOC 
EOC 

-1.13 
-1.15 

-1.40 
-1.42 

Moderator Temperature Coefficient (x 10_I*io/"F) 
BOC 
EOC 

-1.65 
-3.32 

-1.31 
-2.60 

Control Rod Worth {% of U0 2 APR) BOC 
EOC 

- 90 
96 

nance of adequate shutdown rarqin to corpensate for the reactivity c'efects during postu-
latud accidents, e.n., for the reactivity increase associated with noderator ccoldov.r; in 
the steani-line-hreak accident. The analysis .of individual accidents of this type would 
have to be perfornied to fully assess the consequences of the 10 reduction in control-rcc 
worth at the beginning of cycle. 

The overall results of the above comparison cf corf; physics parameters incicate 
that the consequences of postulated accidents for the thonur. (PP. are comparable to those 
of the uraniun WP.. Furtherrore, this comparison indicates that other thar. the possi­
bility of requiring additional control rods, a thorium-based plutonium burner is feasible 
and major modifications to a PWR (already designed to accommodate a plutonlum-fueled core) 
are probably not required, although some modifications might be desirable if reactors were 
specifically designed for operation with high-Th content fuels. 

I 
I 
I 
I 
I 
I 
I 
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4.1.2. Boiling Water Reactors 

Mass flow calculations for BWRs 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~ 1 0 

Dispersiole Resource-Based Fuels 
A. LEU, no recycle. 
B- KEU/lk, re recvcle. 
B'. LEU/Th mixed lattice (LEU and Th0 2 rods), no recycle. 
B". LEU/fcEU/Th mixed lattice (LEU/Th, MEU/Th, and Th0 2 rods), no recycle. 
D. LEU/MEU/Th mixed lattice, recycle of uranium, 2 3 5 U makeup. 

Dispersible Denatured fuel 
E. Denatured 2 3 3 U , recycle of uranium, 2 3 3 U makeup. 

Energy-Center-Constrained Fuels 
F. LEU, recycle of uranium and self-generated plutonium, 2 3 5 U makeup. 
G. Pu/ 2 3 8U, recycle of plutoniun, plutonium makeup. 
H. Pu/ 2 3 2Tn, recycle of plutonium, plutonium makeup. 

Case A represents the current mode of BWR operation. Case B involves the replacement 
of the current LEU fuel with MEU/Th fuel in which the initial urani'jm enrichment is limited 
to 20<: 235U/-^38lj. C a s e s B- a n d B" r e p r e s e n t partial thorium loadings that could be 
utilized as alternative stowaway options. In Case B' a few of the LEU pins in a 
conventional LEU lattice are replaced with pure ThOj 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 Th0 2 pins. These cases are in contrast with Case B in which a "full" thorium 
loading is used (U0 2/Th0 2 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 rt«lay for repro­
cessing and refabrication. 

As was shown in Table 4.1-1 for PWRs, the introduction of thorium into a BWft core 
inflicts a penalty with respect to the resource requirements of the reactor (compare 
U30ft and SWU requirements of Cases A and B). However, as pointed out above. Case B is 
for a full thorium loading. In the two General Electric fuel assembly designs* 
represented by Cases B' and B" a much smaller fissile inventory penalty results from 
the introduction of thorium in the core. (Similar schemes may also be feasible for 
PWRs.) 
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Case B' is a perturbatiori tJ the --eference U0 BWR assembly design in that the four 
UOi 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 rind to 
achieve reactivity lifetime. In the once-through mode this design increases U ,0„ require­
ments by only 2 relative to the reference design. This option could be extended by 
removing the ThOj corner pins from the spent fuel assemblies, reassembling them into new 
assemblies, and reinserting them into the reactor. This would per.ni' the ThO pins to 
uchieve increased burnups (and also increased V'U production] without reprocessing. 
IU0;; requirenrents for this scheme (i.e., re-use of th*> Th0 ; rods couplnd with DO,, stowaway) 
are approximately 1,3 higher ina* for the referena U0^ cycle. 

1 
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^»se B" is a modification of Case B' in that in addition to the foui 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 3 0 s 

requirements by 12- relative to the reference BHR U0 2 design. 

Both Case 8' and Case B" would offer operational benefits to the GUP. since they 
have a less negative dynamic void coefficient than the reference U0 2 design.8 This is 
desirable since the sensitivity to pressure transients is reduced. As shown in Table 
4.1-C, in equilibrium conditions a BWR employing the Th0 2 comer pin once-through de­
sign would discharge 24 kg 2 3 3U/GWe annually while the 3WR employing the peripheral Tho 2 

ni.:ed lattice design would discharge 125 kg i 3 3U/6We annually. 

use of tnese options in the once-through mode not only could improve u»e operational 
performance of the BWR but also woulu build up a supply of ""U. This supply would then 
be avaiTable if a denatured 2 3 3 U cycle ftogether with reprocessing) were adopted at a later 
time. Furthermore, use of the mixed lattice designs could be used to acquire experience 
on the perfomance of thorium-basec fuels in BWRs, Similar schemes for the use of thorium 
in the once-through mede may also be feasible in PWRs. 

Although only limited scoping analysis of the safety parameters involved in the 
use of alternate f'.rols in MIRS has been performed,3 the BWR thorium fuel designs appear 
to offer come advantageous trends over U0\ designs relative to BWR operations and safety. 
Uranium/thorium fuels have a less negative steam void reactivity coefficient than the 
U0 2 reference design at equilibrium. This effect tends to reduce the severity of 
overpressurization accidents and improve the reactor stability. The less negative v.id 
reactivity coefficient for the denatured ; 2 3U/Th fuel indicates that the core will have a 
flatter axial power shape than the reference U0 2 design. This could result in an 
increase in kW/ft margin and increase the maximum average planar heat generation ratio 
(MAPLHGR). Alternative^, if current margins are maintained, the flatter axial power 
shape could be utilized to increase the power density or tt» allow refueling patterns 
aimed at improved fuel utilization. 

inferences for Section 4.1 

1. fJ. L. Sh,;mro, .,'. P, Pec, ana P. A. "atz-e (Copiustinr. Er.oineprin<i/, "Assessnert r/ 
Thoriun Fu*l Cycles in Pressurized Water Tractors," EPRI .;P-3G9 (Feb. 1177). 

2. "Tlioriuf Assessment Study Quarterly Progress Reprrt for Sccona Quarter Fisc.il H77," 
0R:iL/TH-5940 (.lure 1977J. 

3. P. A. f!atz!3, •'. !'. Pec, and (•. V,. Tern«'y, "An Evaluation of Renature'l Thoriur, Fuel 
Cycles in Pressurized Water Reactors," paper presented at the Annual fleetinrj of the 
Arwrican Nuclear Society, Jure 12-1F-, K'77, flew Vor>, Hew Yorl.. 

http://Fisc.il


4-22 

Letter fror P. •'•.. T'atzie (Conti.st;r,r. fr.ini-eeriic) zc H. T.. Stewart (liuctcar Tec^.-clooy 
evaluations Corpar.v), "l-.G: Recjuir«rorts in l.lP.s ar,c SSCP.s," July 2., K>77. 

Letter fror P. A. '. atzie (Confcustior, tr<'ineerir.<;) to J. C. Cleveland (ORriL}» "'"ass 
Balarces for Various L'«'P Fuel Cycles," '.'a\ 1977. 

"Quarter';/ Progress Report for fcurtr Quarter Fi'-77, Thoriur Assessment Prograr," 
Cortustior. trainee-ring. 

"Nuclear Power Growtr 1?7£-200C," Office of Planning end Analysis, L.S. Atonic Energy 
rorrissior,, 'J"SH 1139(74), (February 1S74). 

"Assessment of Utilization of Thorium in bWRs,' ORNL/SUB-4330/5, NEGD-24073 
(January 1978). 

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

"Appraisal of BWR Plutonium Burners for Energy Centers," GEAP-11367 (January 1976). 



4-23 

4.2. SPECTRAl-SHIFT-COHTROllEO 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 makeup requirements. 

In the conventional PWR, long-term reactivity control is achieved by varying 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.lly reduced during the operating cycle by the 
introduction of pure water to compensate for the depletion of fissile inventory ami 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 i.«anner 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 shifts the neutron spectrum 
in the reactor to higher energies and results in the preferential absorption of neutrons 
in fertile materials. In contrast to the conventional 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 ) 
D 20 concentration is employed in order to increase the absorption of neutrons :,. fertile 
material sufficiently to control excess reactivity. Over the cycle, 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 at end of cycle essenUullj 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 ar% illustrated in a sinplified and schematic f o m in Fig. 4.2-1, In the conventional 
PWR, pure wafer is added and berated water is removed during the cycle to compensate for 
the depletion of fissile iraterial and buildup of fission-product poisons. The borated 
water renoved 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 
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Fig. 4.2-1. Basic Spectral Shift Control Modifications. 

containing boron at high concentrations. The latter stream is stored until the beginning 
of the subsequent cycle where it is used to provide the boron necessary to hold down the 
excess reactivity introduced bv the loadixo o* fresh fuel. The SSCR can consist cf the 
identical nuclear stearr suooly svster as ernloved in a conventional ooisor.-controlled 
P»R, except that the torcn concentrator is reolaced with a 3-0 unrrader. The function 
of this upgrader is to separate heavy and lioht water, so that concentrated heavv water 
is available for the next refuelinc. The urgrader consists of a series c* vacuur distil­
lation colurms which utflize the differences in volatility between light and heavy water 
to effect the separation. Although the boron concentrator and the uonrarter Derfcrm 
analogous functions and ODerate rslnn sirilar processes, the D;0 uoorader is ruch lamer 
and more sophisticated, consisting of three or four towers each about 10 ft in diameter 
and 190 ft tall. Although Fig. 4.2-1 illustrates the basic chances required to implement 
the shift-control concept, numerous additional chance will be reouired to realize soec-
tral-shift control in practice. These include modifications to rinirize and recover 0:.0 
leakage, to facilitate refueling, and to remove ooron 'ron the coolant after refielinc. 
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Initial analyses of spectral-shift-control led reactors were carried out in the U.S. 
by H. C. Edlund in the early 1960s and an experimental verification program Mas performed 
by Babcock & Wilcox both for-LEU fuels and for HEU/Th fuels. 1 Edlund's studies, which 
were performed for reactors designed spnci'ically for spectral-shift control, indicated 
that the inventory and consumption of fissile material could be reduced by 25 and 505, 
respectively, relative to poison control in reactors fueled with highly enriched 2 3 5 U and 
thorium oxide* and that a 25S reduction in uranium ore requirements could be realized with 
spectral smfl control using the LEU cycle.2 

The spectral-shift-control concept has been demonstrated by the Vulcain reactor 
experiment in the BR3 nuclear plant at Hoi, Belgium.3 The BR3 plant after two years of 
operation as a conventional PWR was modified for spectral-shift-control operation and 
successfully operated with this mode of control between 1966 and 1968. The Vulcain core 
operated to a core average burnup of 23,000 MM/T (a peak burnup of around 50,000 Mfd/T) 
and achieved an average load factor and primary plant availability factor of 91.2 and 
98.6, respectively.'1 The leakage rate of primary water from the high-pressure reactor 
system to the atmosphere was found to be negligible, about 30 kg of D 20-H 20 mixture per 
year. 3 After the Vulcain experiment was completed, the BR3 was subsequently returned to 
conventional PWR operation. In addition to demonstrating the technical feasibility of 
spectral-shift control, the Vulcain experiment served to identify the potential engineerin 
problems inherent in converting existing plants to the spectral-shift mode of control. 

At the tirre of the najcr development work or. the SSCR concept, fuel resource con­
servation has not recognized as having the importance that it has today. Both uranium 
ere and separative work were relatively inexpensive and the technology for D;0 concen­
tration was not as fully developed as it is now. With the expectation that the plutoniun-
fueled breeder reactor would be deployed in the not too distant future, there appeared tc 
be little incentive to oursue the soectral-shift-controlled reactor concept. 

The decision to defer the commercial use of plutoniwn and the commercial plutonium-
fueled breeder reactor is, of course, the primary notwation for reevaluating advanced 
converters, and the principal incentive for considering the spectral-shift-controlled 
reactor is that the potential gains in resource utilization possible witit the SSCfl con­
cept may be obtainable with changes largely limited 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 ir.herent in the concept. Since the SSCR can always be 
operated in the conventional poison control mode, there would be a reduced risk to station 
generating capacity if the SSCR were *jfloyed, and financial risk would be limited to tl.e 
cost of the additional equipment required to realize spectral-shift control, which Is 
estimate* to be 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 systems. 
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It may also prove feasible to backfit existing pressurized water reactors with 
spectral-shift control. Such backfitting sight possibly be performed in sane completed 
plants where the layout favors modifications. However, even when judged feasible, the 
benefits of backfitting Would have to be great to justify the cost of replacement power 
during plant modification. A second and potentially-more attractive alternative is the 
possibility 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 
spectral-shift control to be easily accomplished at a later date. 

In order to establish the potential gains in resource utilization which might be 
realized with spectral-shift control, scoping mass balance calculations have been performed 
by Combustior. Engineering for SSCRs operating on both the LEU cycle and on thorium-based 
cycles, including the denatured 2 3 2 U cycle. 5 The calculations were performed for the C-E 

TM 
system 80 core and lattice design, with the intent of updating the earlier analyses re­
ported by Edlund to the reactor design and operating conditions of modem PWRs using state-
of-the-art analytic methods and cross sections. Preliminary results from this evaluation 
are presented in Table 4.2-1. Note that these results were obtained using the standard 
System 80 design and operating procedures, and no attempt has beei. made to optimize either 
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 rrjghly 10 both 
in ore re>'uirenents and in separative work requirements relative to the conventional PWR 
(compare wit* Case A of Table 4.1-1). If uranium recycle is allowed, the SSCR also reduces 
the ore demand (and separative work) for the HEU/Th case by about 20. (compare with Case D 
in Table 4.1-1). 

Of particular interest to this study is the reduced equilibrium cycle makeup re­
quirements for the spectral-shift reactor fueled with 2 3 3 U . As indicatea, the equilibrium 
cycle itiakeup requirement is 236 ' 2 , 3U/6We-yr as opposed to 304 kg - 33U/GWe-yr for the 
conventional PWR (see Case E in Table 4.1-1). The reduced 2 3 3 U requirements, coupled with 
the sightly higher fissile plutonium produccion, would allow a given complement of energy-
center breeder reactors to provide makeup fissile material for roughly 40% i»r» 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 PWR are comparable as transmuters. These 
results are, of course, preliminary and are limited to the performance of otherwise un­
modified PWR systems, A more accurate assessment of SSCP. perforc.ar.ee, including the 
performance of systems optimized for spectral-shift control, will be performed as part of 
the NASAP program.6 

The preliminary studies performed to date and the demonstration of spectral-
shift control in the Vulcain core have served to demonstrate the feasibility of the 
concept and to identify the resource utilization and economfc incentives for this 

http://perforc.ar.ee
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Table 4.2-1. Fuel Utilization Characteristics for SSCRs 
Under Various Fuel Cycle Options=»= 

Equilibrium Cycle 

Fuel Type 

Initial Fissile Fissile 
Fissile Inventory Makeup Discharge 

(kg/GUe) (kg/GHe-yr) (kg/Ofe-vr) 

Disperstble Resource-Based Fuels 

I B ) / no recycle . .- .. 1577 " H i •"" '" '' 713 " H i 182 " H l 
196 »uf 

HEtt/Tk, " H i feed, 2540 i , s " 371 " H i 228 "H i 
II recycle 371 " H i 

65 P»* 

Dispersible DeniU-iw Fuel 

Denatured "Hl0 2/Th0 2. 1663 "H i 236 " H i 449 " H i 
U recycle 57 2JSu 

72 Pu* 
EnervjyvCenter-Construiiied Fuel 

ru0j/TM>2, Pu recycle 2354 Puf 791 P» f 780 P» f 

273 " H i 
3 "H i 

30-yr Cumulative 
UjOe Requirement 

(ST/OteJ 

30-Tr Cuuulative 
Separative Wort 

Reqaireoent 
(10' kg SMI/Ofc) 

5320 3010 

3220 3077 

• / • 

1290-M** SSCR; 10-IWe additional power required to run reactor coolant punps and 020 upgrader facility. 
*Assu**s 75? capacity factor, annual refueling, and 0.2 w/o tails assay. 

-Hide of operation. Because the basic PVR KSSS* is used, the utilization of the denatured 
thorium fuel cycles will >ose no additional problems or R&P needs beyond those required 
to implement this type of fuel in the conventional PWR. Although the general feasibility 
cf spectral-shift control appears relatively well established, nevertheless there are a 
number of aspects of SSCR design which must be evaluated in order to fully assess the ^ 
commercial practicality of spectral-shift-controlled reactors. The more significant' &~~~^ 
these are briefly discussed below. -. •-

1. Resource Utilization - A more accurate assessment of resource utilizfitttftr fs 
required to more definitively establish the economic incentives for^ptctral-shift control 
on the LEU cycle. If the incept is to be economically competitive wl£J> conventual 
water r-actors, the savings in M e a n d separative wsrk for 2 3 5U-bassd systems must be •• _• 
denonstratec to be sufficiently large to compensate for the additional capital cost of 
equiprent required to implement spectral-shift control. A similar assessment fe 
denatured 2 r , \ i fuel is a U o required. 

2. Plant Modifications - The Dlant jrodifications necessary to realize spectra> 
shift control must be identified, and the cost of these modi ff rat ions established. The 
practicality and cost of these modifications, of course, bear directly on the econonlcs 
and commercial feasibility cf the concept. Of particular concern are modifications which 
ray be requ'.rec to limit the leakage of primary coolant (from valve stems,'seals, etc.) 
and the equipment required to recover unavoidable primary coolant leakage. Primary 
coolant leakage is important both from the standpoint of economics, because of the high 
cost of D2^f » n^ f r m ^ e standpoint of radiation hazard, because of the eroMem of occu­
pational exposures to tritium during routine maintenance. Other possibl* modifications to 
current designs which result from the presence of D 20, such as the increased fast fluence 
on the reactor vessel and possible channes in pumping power, will also have to be addressed. 
NSSS <= Nuclear Steam Supply SyUan. 
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3. Refueling System Modifications - At the end of each operating cycle, soent fuel 
must be discharged and fresh fuel inserted into the reactor (typically 1/3 of the core 
loading is replaced each year}, and the light water present at end of cycle must be 
replaced with a D 20-H 20 mixture before the reactor can be returned to power operation. 
Refueling procedures and equipment must be developed which will allow these operations to 
be perforated with minimum OjO inventory requirements. Minimizing the 0 20 inventory is 
important to the economics and commercial feasibility of the SSCR, since the cost of D 20 
represents roughly 751 of the additional capital expenditures required to realize spectral-
shift control. Care must also be taken to ensure that refueling does not increase outage 
times because of the adverse effect on capacity factor and the resulting increase in newer 
cost. The exposure of personnel to tritium generated in the coolant must also be i»".«ii-
erized-during refueling operations. 

4. D 20 Upgrader Design - Although D 20 upgraders have yet to be employed in con­
junction with spectral-shift control, similar units have operated or CA'IDU reactors, and 
vacuum distillation columns are also vtV.ized in heavy-water production facilities. Thus, 
the technical feasibility of the 0 20 upgrader can be considered as demonstrated. However, 
a conceptual upgrader design optimized for the specific demands of the SSCR must be 
developed so that its cost can be determined. The upgrader is probably the sincle most 
significant and costly piece of equipment which must be added to realize spectral-shift 
control. 

5. Licensability and Safety - Although the spectral-shift-controlled reactor is 
not expectert t/> raise any new safety, licensing or environmental issues except the basic 

->- ^-issue of tritium production and containment, a number of core physics parameters are 
"-changed sufficiently that the response to postulated accidents must be evaluated. The 

— T -5*>s_t significant of these appears to be the somewhat different moderator temperature co-
"efCicteftt, of reactivity, which could lead to a number of potentially more severe accidents 

( yearly in cycle when the U;0 concentration is relatively high. The D,0 dilution accident 
mus,fê ilso be addressed; this accident is analogous to the boron dilution accident in the 

"• poison-r.ontrolled PWR, but the response to 0r,0 dilution may be more rapid and hence the 
accident may be potentially more severe.tfian its counterpart in the PWR. 

FinaJly, it should be pointed out that while the relationship of the SSCR to the 
LWR gives it market advantages, It also gives it some disadvantages relative to other 

• alternatives^ Although the SSCR demand for 'j 30 9 will be less than that of the conventional 
LWR, the basic propertfes of light water and the LKR desion characteristics inherent in 
the SSCR" will limit U s fuel utilization efficiency to lower levels than those achievable 
with other alternatives such as the HWR. On the other hand, the prospect for early and 
widespread deployment may mean that it could effects more significant reduction in over­
all system UiO^. demand than might be achievable with other alternatives, even though the 
inherent resource utilization of an Individual SSCR plant may be less than that of other 
systems, employing denatured SSCRs would allow additional time to develop effective 
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I 
{ safeguards for breeder reactors which Mill eventually be required. These breeders might 

produce 2 3 3 U . which, as pointed out above, could then be denatured and used in SSGRs. 

I 
I 
I 
I" 
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4.3. HEAVY-MATER REACTORS 

Y. I. Chang 
Argonne National Laboratory 

Due to the ION neutron absorption cross section of deuterium, reactors utilizing heavy 
water as the moderator theoretically can attain higher conversion ratios than reactors using 
other moderators. As a practical matter, however, differences in the neutron absorption in 
the structural materials and fission products in the different reactor types make the con­
version, efficiency more dependent on reactor design than on moderator type. In the study 

'-reported here, a current-generation 1200-HWe CANDO design War chosen as the model for ex­
amining the effects of various fuel cycle options, including the denatured 2 3 3 U cycle, on 
heavy-water-moderated reactors. 

The CANOU design differs from the LWR design primarily in three areas: its reference 
fuel is natural uranium rather than enriched uranium; its coolant and moderator are separated 
by,a pressure tube; and its fuel management scheme employs continuous on-line refueling 
rather than periodic refueling. In the development of the CANOU reactor concept, neutron 
economy was stressed, trying in effect to take maximum advantage of the D:.0 properties. The 
on-line refueling scheme was introduced to minimize the excess reactivity requirements. 
Unlike in most other reactor systems, in the natural-uranium 0 0 system the payoff in re­
ducing parasitic absorption and excess reactivity requirements is direct and substantial in 
the amount of burnup achievable. These same considerations also make the CANDU an efficient 
co»:v»rter when the natural uranium restriction is removed and/or fueling schemes based on 
recycle .tuterials are introduced. 

Penalties associated with the ir.,proved neutron economy in the r-atural-urciuwi -
fueled CANDU include a larr,c- inventory of the notlerator (the l/;0 teimf a significant por­
tion of the plant capital cost), a larqe fuel mass flow throutjrs the fuel cycle ar.d a lov.tr 
thermal efficiency. In enriched fuel cycles, with the reactivity constraint ret«oved, the 
CANDU (lesion can be reoptirized for the prevailing economic and resource conditions. 

The reoptfmization of the current CARPU design involves tradeoffs beUeen economic 
considerations and the neutron economy (and hence the fuel utilization). For example, 
the D̂ .O inventory can be reAuceti by a snaller lattice piich, but this results in a poorer 
fuel utilization. Also, the lattice pitch is constrained Ly the practical limitations 
placed on it by the refueling machine operations. 

The fuel nas< flow rate (and hence the fal>ri cat ion/reprocessing costs) can U re­
duced by increasing the discharge burnup, hut the increased burnup also results in a poorer 
fuel utilfzatfon. In addition, the burnup has an fripfict on the fuel irradiation perforw-
ance reliability. The fuel failure rate is a strong function of the burnup history, and 

http://lov.tr
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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 power peaking factor, *Hich would require a re­
duced linear power rating, unless an improved fuel management scheme is developed to re­
duce the power peaking factor. 

Scoping calculations have been perforated to address possible design modifications 
for CANDU fuel cycles other than natural uranium,1 "'•and detailed design tradeoff and 
optimization studies associated with the enriched fuel cycles in CANOUs are being carried 
out by Combustion Engineering's £ part of the WASAP program. In the study reported here, 
in which only the relative performance of the denatured Z J 5 U cycle is addressed, the current-
generation 1200-MWe CANDU fuel design presented in Table 4.3-1 was assumed for all except 
the natural-uranium-fueled reactor. A discharge bumup of 16,000 MWO/T (which is believed 
to be achievable with the current design) and the on-line refueling capability were also 
assumed. 

The fuel utilization characteristics for various fuel cycle options, including the 
denatured 2 3 3 U cycle option, were analyzed 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 U 3 0 8 requirement is about 4,700 ST/GMe, which is approximately 20%. less than 
the requirement for the IHR once-through cycle, Even though the fissile plutonium 
concentration in the spent fuel is low (M).27t), the total quant, ty of fissile plutonium 
discharged annually is twice that from the LUR. 

2, SIiqhtly-Enriched-Uraniuro Once-through Cycle: With slightly-enriched uranium 
(IX 2 3 5 U ) , a 16,000-MHD/T burnup can be achieved and the U } 0 8 consumption is reduced by 
25X from the natural-uranium cycle. As shown in Fig. 4.3-1, the optimum enrichment is 
in the area of 1.2X, which corresponds to a bumup of about 20,000 MWD/T. 

3, ru/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 30„ requirement is reduced to about one half of that for 
the natural-uranium cycle. (Smaller plutonium toppings decrease the burnup and make thr 
system a net plutonium producer; larger toppings increase the burnup and make the system 
a net plutonium burner.) 
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Table 4 .3 -1 . CANDU-PHW Design Parameters 

Statural L'raniwr Thorium 
System System 

Fuel Element 
Sheath o.d, mm 13.075 13.081 
Sheath i.d, on 12.237 12.244 
Sheath material Zr-4 Zr-4 
Pellet o.d, mm 12.154 12.154 
Fuel density, g/cc 10.36 9.4 
Fuel material uo 2 

Th0 2 

Bundle 
Number of elements/bundle 37 37 
Length, mm 495.3 495.3 
Active fuel length, an 476.82 475.4 
Volume of end plugs, etc., cc 54.29 65.68 
yoid in end region, cc 24.14 34.99 
Coolant in end region, cc 76.69 66.43 

Ping 1(No./radius, mm) 1/0.0 1/0.0 
Ring 2(No./radius, DID) 6/14.885 6/14.884 
Rinr. 3(Mo./radius, ram) 12/28.755 12/28.753 
Ring 4(flo./radius, mm) 18/43.305 18/43.307 

Channel 
Number of bundles 12 12 
Pressure tube material Zr-IJb Zr-Hb 
Pressure tube i.d, mm 103.378 103.400 
Pressure tube o.d, mm 111.498 111.782 
Calandria tube material Zr-2 Zr-2 
f.alandria 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 MWe 633 1229 
Net thermal efficiency, ? 29.0 29.7 

Operating Conditions 
0J0 purity, * 99.75 99.75 
Average pin linear power, W/cm 
Average temperature, C 

271.3 269.3 Average pin linear power, W/cm 
Average temperature, C 

Fuel 936 850 
Sheath 290 293 
Coolant 290 293 
Moderator 68 57 

I 
I 
I 
I 
I 
1 
! 
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4. HEU/Th, 11 Recycle: With 937, 2 3 5U-enriched uranium startup and makeup, the 
annual U:.08 makeup requirements at near-equilibrium are about 27 ST/SWe for the 16,000-HWD/T 
burnup case. This net consumption of U 3 0 e is only 14S of the LWR once-through cycle and 
23" of the LWR thorium cycle (see Cases A and J in Table 4.1-1). Howeve", the initial core 
UjOfi requirement is more than double that of the CANOU slightly enriched uranium cycle. 
In addition, the transition to equilibrium and the out-ot-core inventory requirements, de­
pending on the recycle turn-around time, can be very significant. 

5. Denatured U/Th, U Recycle ( ? n U Makeup): The initial core 2 ? i U inventory require­
ment is about 1,650 kg/GWe, with an annual net requirement oi ./jut 100 kg * , 3U/GWe. 

*>» HEU/Th, U Recycle (:3f'U Makeup): The initial core requirement is abouf the same 
as tha* for the standard thorium cycle (i.e., HEU/Th cycle); however, the equilibrium net 
UiO. consumption is slightly increased. 

7. HEy/Jh^Np Rec^cje: This cycle option is included to indicate that recycle of 
the self-oenerated ' r <(/ is advisable for the MEU/Th cyclw-. The lifetime U,Of. requirement 
for the or.ce-throufjh MEU/Th cycle is about 8,300 ST, which is a factor of 2.'i higher than 
that for the once-through enriched-uranium cycle in CANDU reactors. 
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4.1 GAS-COOLED THERMAL REACTORS 

J. C. Cleveland 
Oak Ridge National Laboratory 

4.4.1. High-Temperature Ga^-Cooled Reactors 

The High-Temperature Gas-Cooled Reactor (HTGR) is another candidate for implementing 
alternate fael cycle options, particularly the denatured 2 J 3 U cycle. Unlike other reactor 
types that generally have been optimized for either LEU or nixed oxide (Pu/ 2 3 3U) fuel, the 
HTGR ha> a design bared on utilization of a thorium fuel cycle, and although current-
design HTGRs ma> not Beet potential proliferation-based fuel cycle restrictions, the refer­
ence design involves both 2 3 2 T h and 2 3 3 U , which are the primary materials in the denatured 
fuel cycle. — 

In contrast to the fuei for water-cooled reactors and fast breeder reactors, th,e 
fu?l for HTGRs is not in the form of metal-clad rods but rather is composed of coated fuel 
particles tonded together by a graphite matrix into a fuel stick. The coatings on the in-
diviJual fuel pa-tides provide fission-product containment. The fuel sticks are loaded 
in fuel holes in hexagonal graphite fuei blocks. These blocks also contain hexagonal arrays 
of coolant channels through which the helium flows. In the conventional HTGR the fuel 
particles are of two types: fissile particles consisting of UC 2 kernels coated with layers 
of pyrocarbon and silicon carbide; and fertile particles consisting of fh0 2 kernels coated 
only with pyrocarbon. The pyrocarbon coating tn 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 reprocessing. As indicated in Chapter 5, 
hot demonstrations of the rcac"-crd processing operations unique to this reactor fuel, the 
crushing and burning of the fuel elements, the mechanical particle separation, and the 
particle crushing and burning are needed to ensure that low-loss reprocessing can take 
place. 

An inherent feature of the fiTGR v.ric* results ir. iiraniur. resource conservation is 
its high t" W ) thernal efficiency. ATI else beino equal, t M s fact alore results ir e 
15 reduction in uranium resource requirements compared to IWRs, which achieve a W 
thermal efficiency. This larger thermal efficiency also leads to reduced thermal 
di<„harges that provide significant siting advantages for HTGRs, especially if many reac-
.ors ire to be deployed in central locations such as energy centers. 

Other factors inherent in HTGR design that lea<< to improved U # e utilization due 
to the frprnverf neutron rconony are: 

1. /'(Sorption r.f only - ',f. of the neutrons <:j \",rJ? article ccar.ir.'js, <;r<;pinte 
noderator, and heliur.i coolant, corp-ved to ar .usorpticr, cf •• ',.{ of thf rou-
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trons in the Zircaloy cladding and the coolant of conventional PURs ['4% of all 
neutron absorptions in PWRs result from hydrogen absorption). 

2. Low 2 2 3 P a burno-t due to the '•<* (7-8 W/an 3) power density. 

The combination of low pouer d -sity and large core heat capacity associated with 
the graphite moderator an<i the ceramic fuel largely mitigate the consequences of HTGR loss-
of-coolant 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 designed to provide auxiliary core cooling. 

The HTGR offers a near-tern potential for realization of improved U 30^ utilization. 
The 330-HWe Fort St. Vrain plant has been under start-up for several years with a current 
licensed power level of 70S and the plant has operated at the 70? newer level for United 
periods. A. data collection program is providing feedback on problem areas that are becoming 
apparent during this start-up period and will serve as the basis for improvements in the 
comiercial plant design. 

An advantage of the HTGR steam cycle is that its commercialization could lead to 
later commercialiration of advanced gas-cooled systems based on the HTGR technology. These 
include the HTGR gas turbine system which has a high thermal efficiency of 45 to 50* and 
the VHTR (Very High Temperature Reactor) system Tor high-tes^erature process heat applica­
tion. 

Mass balance calculations have been performed by General .'.tonic for several alternate 
HTGR fuel cycles,1 and some additional calculations carried out at ORNL have verified certain 
GA results.2 Their results for the following fuel cycles are presented here: 
Oispersible 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 (20/. -'3''U/U mixed with ' " T h ) , C/Th = 650, no recycle. 
3. MEU/Th (20tl iVV/U), C/Th = 306 for initial core, C/Th = 400 for reload segments, 

-'3,U recycle. 
Dispersible Denatured Fuel 

*. MEU/Th (15 ?'<-HJ/U), C/Th « 274/300 (initial core/reload segments), optimized 
fcr uranium recycle P , 3 U • ; > V , U ) . 

Ejwr^y-CenJter-Conj»trjjj^d^F_uel_ 
5. Pu/Th, C/Th * 650 (batch-loaded core). 

6.. HEU(',r'l))/Th, C/Th = 214/238 (initial core/reloaa segments), no recycle. 
7. HEU(',!U)/Th, C/Th » 150, high-gain design, uranium recycle. 
8. HFU(- 'U)/Th, C/Th - 180/180 (initial core/reload segments), uranium n.-cyclo 

(from veT. 3). 
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All of the above fuel cycles ice ror a J360-MWt, 1344-MWe HTGR with a core power den­
sity of 7.1 H t/cm ;. Table 4.4-1 provides a summary, obtained from the detailed mass balance 
information in ref. 1, of the conversion ratio, fissile requirements, fissile discharge, and 
U;0-, and separative work requirements. Cases l-a and 1-b involve the use of LEU fuel with 
an equilibrium cycle enrichrrent of 7.4 w/o and 8.0 w/o, respectively. Case 1-b would be 
preferred for no-recycle conditions. 

In Case 2 thorium is used with 2C:,l 2 3 S U / U (KEU/Th) for no-recycle conditions. Note 
that while the initial l'30g and fissile loading requirements are higher for the KEU/Th case 
than for the LEU cases, due to the larger thermal absorption cross section of thorium and the 
partial unshieldinr of the - "U resonances resulting from its reduced density, the cumulative 
U,G\ requirements are slightly less ."or the HEU/Th case. This results from the high burnup 
attainable in HTGRs and the resultant large amount of bred ~ 3 3 U which i< burned in situ. 
Other converter and advanced converter reactors (LWRs, SSCRs, and KWRs) typically require 
less U ;0. for the LEU case than for the HEU/Th case with no recycle. 

Case 3 also uses the HEU/Th feed but with recycle of "'U. The unburned -"'r,U and 
l lutoniuip discharged in the denatured ? r U particles is not recycled. The bred ; ^"U re­
covered 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 thenital-neutron spectrum in HTGRs peaks near the s'Pu and 'Pu 
resonances, a large amount of the fissile plutonium bred in the denatured fuel is burned 
in situ, thus resulting in the low fissile plutonium content of the fuel at discharge. Con­
siderable : rU self-shielding is obtained by the lumping of the :"';'U in the coated particle 
kernels. Studies are currently underway at 6A concerning the use of larger diameter fissile 
particles, thereby lowering the '"U resonance integral and, consequently, the amount of 
bred plutonium discharged." 

Case 4 employs a denatured M 3 U feed and includes uranium recycle. It represents a 
feasible sjccessor to Case 3 once an exogenous source of •'1iU is available. 

Case 5 involves Pu/Th fuel. Since no • 'h\i is present in the core, no plutonium is 
bred; only -~3 HJ is bred. This recctor has greatly reduced requirements for control poison, 
resulting in enhanced neutron economy. This resuits from the fact that this Pu/Th HTGR 
essentially achieves the 'Phoenix" fuel cycle effect, i.e., the decrease in ;' !Pu 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 • Pu 
concentration. Therefore the fuel reactivity is relatively onstant over a long burnup 
period, reducing the need for control poison, "his allows the core to be batch lojded; 
i.f:., the entire core is reloaded at approximately 5-yr intervals. This reload scheme 
minimizes down time for refueling and eliminates problems of power sharing between fuel 
element of di.ferent ag«r». Furthermore, it allows easy conversion to a U/Th HTGR after 
any cycle. It is important to note that the Pu/Th case presented in Table 4.4-1 is not 



Table 4.4-1. Fuel utilisation Characteristics for HfSRs Under various Fuel Cycle Options 

Ca>e, Fjel Type 
Conversion Ratio 
(1st Cy./Eq, Cy.! 

. l i t ia l Core Requirements-' 

Fissile HM 
Inventory Loading 
Ug/GWe) (MT/GMe) 

Equilibrium Cycle'' 
Discharge of 

Fissile Nonrecyclable 
Makeup Fissile Material 

(kq/GWe-yr) (koVGMe-yr) 

U.O* Requirement" 
.(ST/awe) 

30-yr ToUl 
for CF of 

In i t i a l 6S.9',/7S ,' ,'«'' 

Separative Work Requirement 
(UP kg SWU/GWe) 

30-yr Total 
for CF of, 

In i t ia l 65.9V75-" 

no recycle, 
C/U - 3S0 

0,080/0.553 901 - V U 
Uisperslble Resou-ce-lUsed Fuels 

24,6 U 608 ^ ' U 113 " H i 
69 Pll f 

217 4272/4860 142 3319/3781 

i-b. i t u , 
no recycle, 
C/« » 400 

0.5U7/0.S26 819 M i U 21.6 U 76 > n U 77 - 1 !-U 
52 Pu f 

197 4040/4S94 130 3188/3629 

2, NEU(>0 - i v U) /Tn , 
no recvcTe, 

0,630/0,541 1077 : V U 5.4 U 
20.2 Th 

551 " S U 4; «»u 
74 "JU 
22 Pu' 

274 3967/4515 249 3640/4143 

3. «iU(30 • ' U).'Th, : 

U recycle, 
C'Th * 306/400" 

0.682/0.631 1474 •''[) 7,4 U 
27,5 Th 

397 , J H l 65 -1'JO­
SS Pu f 

371 3229/3666 340 2933/3361 

Dlsue rslble Denatured Fuel 
4. "»a'(IS • S H)) /Th, : 

'-' recycle, 
C/Th » ?74/300 

0.824/0.764 1168 - " U 7.9 U 
30.7 Th 

246 -"(J 35 Pu f 0 0 0 0 

0.617/0.617 3153 P u f h 

Energy-Centei-Constr«1ntd Fuel 

0 0 0 %, «VTh, 
C,Th . 650 

0.617/0.617 3153 P u f h 12.2 Th 630 Pu' 102 Pu f 

97 * " U 
0 0 0 0 

Reference Fuels' 
6 . HEt; ' tO/Th. 
no recycle, 
C'Th > t-!«/2J8 

0.7?3/D.o6B 1358 " v u 1.5 U 
37.2 Th 

508 " H i 49 *>*« 
183 >>'U 

1 Pu f 

345 3864/4395 344 3858/438/ 

7, HtL't- ' U j / T h , 
hi /9ain, u recycle, 
C. Th -- ISO 

0,915/0.859 1395 ^ H l 
139 - , V U 

2.0 U 
53.0 Th 

120 M 1 U 
1? - 1 S U 

- 0 0 0 0 

a. »iF.l!t ' U)/Th, 
hi /gain, 
U recycle, 
C'Th -- 190/180 

/0.75 1987 "Si r ' * * 44.6 1Y?>'k 

2.1 !>'•< 
239 » J i U * 1 Pu f 

6 »»U 
SO*' '* /2280 SOS^'* /227«l 

Cln>tial cycle lasts one calendar year at 60* capacity factor, 
.Equilibria cycle capacity factor is 72%. 
.Asstaws 0.2 «/o tails, 
.alue preceding slash is for an average 30-yr capacity factor o f 65,9; value following slash Is for a constant capacity factor of 75*. 

t-No credit taken for end of life core. 
•No 'J from MEU particle or Pu recycled in Case 3; all U recycled In Case 4, hut no Pu recycled, 
-•InitUl core/reload segment. 
•Ore is batch loaded; initial load provides fissile material for -5 yr of cperatlon. 
Reference fuels are considered only as limiting cases. 

•."tr't'il cycle length 1s 1,6 yr, 
'ttunoers sho».n trt for a capacity factor of 75t. 
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optimised for high conversion; rather it is a Pu burner designed for low fuel cycle costs. 
A Pu/Th case designed for high - V"U production would have a C/Th r^tio for the equilibrium 
cycle of -J430 rather than 650 as in Case 5 (ref. 5). 

'n Case 6 the feed is fully enriched (°3 ) uranium and thorium and no recycle is allowed. 
Such a system wojld provide the nieans for generating a potential stockpile of r 1 U in the 
absence of reprocessing capability. If ; ' U recycle is not contemplated, the economical optimum 
ence-through cyc'e would have a lower thorium loading (C/Th = 330). 

Case 7 involves the use of highly enriched '[} and uranium recycle. The heavy fer­
tile leading (C/Th = 150) results ir. the high conversion ratio (and high initial fissile 
loading requirement) shown in Table 4.4-1. 

Caie 8 involves the use of fully enriched (93?) uranium and thorium designed for 
recycle conditions. This is included as the pre-1977 reference high-gain H£U( r , 5U)/Th 
rtcycle caje for comparison with the other above cases. 

Both GA and ORfJL have performed mass balance calculations for an HEU( : ,HJ)/Th fuel 
cycle with uranium recycle. » 6 These calculations were fo>- a 1160-Wle plant with ? power 
density of 3.4 w t/cm ,ind a C/Th ratio for the first core and reload cycles of 214 and 
238 respectively. The GA results indicate cumulative UNO. and separative work requirements 
(for a capacity factor of 75 and an assured tails enrichment of 0.? w/o) of 2783 ST U.0,7 
GWe and 2773 kg SWU/GWe, respectively. The corresponding result-* for the ORNL calculations 
are 2690 ST U O./GWe and 2634 kg SV.V/OWe. As can be seen, the agreement is fairly good. 
Comparison of these rc-iuit'. with the same cese without recycle (Case 6, Table 4.4-1) shows 
a U ,0_ savings of 38 if uranium is recycled. 

It is conventional to compare 30-yr cumulative U,0, and separative work requirements 1 
for different reactor types on a per GWe basis with an assumed constant capacity factor. 
The results reported in Table 4.4-1 were 'jeneratod for an assumed variable capacity factor 
which averaged 65.9 over the 30-yr life. To facilitate comparison with U.O, requirements 
in ther actions of Chapter 4, estimated 30-yr requirements for a constant capacity factor 
of 7J 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. 
Obv'ously this technique is an approximation but it is fairly accurate. The 30-yr require­
ments for a 75 capacity factor for Case ?, were explicitly calculated and not obtained by 
the above estimating procedure, 

A'. is indicated in Table 4.4-1, the Hi,(20 U)/Th no-recycle case is more re­
source efficient than the r.cU no-recycle case. This results from the high exposure attain­
able in HTGR fuels and the high in situ utilization of ' !U. In v/ater reactors, the nnre-
throuqh MfU(?0 !')/Th cycle requires significantly mora 11,0, than the once-through l.'IJ 
cycle. Triii'. MLUfZOi 10/Th fuels in HTdRs -ire an attractive option for st.owa'wa, <yc!es 
in which il is bred for later use. 
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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 2 J 3 U fuel cycle is the Pebble-Bed Reactor (PBR). Experience with PBRs 
began in August, 1966, in Julich, Vest Germany, with the criticality of the Arbeitgemeinshaft 
Versuch Realctor (AVR), a 46-HWt reactor that was develop to gain knowledge and experience 
in the construction and operation of a high-temperature helium-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 Geraany. 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 
at Schmehausen, a reactor designed for 750 MWt with a net electrical output of 300 MW, 
Startup of the THTR is expected about 1980. 

Table 4.4-2. PBR Core Design 

Power, Q t 

Power density 
Heating of helium 
Helium inlet pressure 
Plant efficiency, Q e/Q t 

Height of ball fill 
Radius 
Ball packing 
Inner fueling zone: 
Outer radius 
Number of ball flow channel! 
Relative residence time 

Outer fueling zone: 
Outer radius 
Number of ball flow channel! 
Relative residence t'me 

Top reflector: 
Thickness 
Graphite density 
Bottom reflector: 
Thickness 
Graphite density 
Radial reflector: 
Thickness 
Graphite density 

3000 MWt 
5 HW/ro3 

250-985 °C 
40 atm 
0.40 

550 cm 
539 cm 

5394 balls/m' 

505 cm 
4 

9/9/9/9 

589 cm 
1 

13 

200 
C 3 2 

150 
1.60 

100 
1.60 

The PBR concept offers favorable 
conservation of uranium resources due to 
its low fissile inventory requirements and 
to the high bumup that is achievable in 
PBR elements. This has been demonstrated 
by the analysis of several once-through 
cycles calculated fo«* the PBR by a physics 
design group 7 at KFA Julich, West Germany, 
and summarized nere. The reactor core de­
sign used for the study is described in 
Table 4.4-2. Various fuel element typeo 
were considered, differing by the coated 
particle types used and by the heavy metal 
loading. The basic fuel element design is 
shown in Table 4.4-3, the coated particle 
designs are described in Table 4.4-4, and 
the compositions of the various fuel ele­
ment types are given in Table 4.4-5. The 
once-through cycles considered are de­
scribed below, with t > core compositions 
of each given in Table 4.4-6. 

Case 1. LEU. Low-enriched uranium 
is loaded into the coated fuel particles. 
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 outer zone is 11.1 at.2. 

Case 2. HEU/Th. (U + Th)0 2 fuel 
with 20'* enriched uranium is loaded into 
the coated fuel particles. The heavy metal 

Ball diameter 6 cm 
Thickness of graphite shell 0.5 cm 
Graphite density 1.70 g/cm3 

loading in the MEU/Th f,i%l element is between that of the THTR and AVR elements. As in 
Case 1, the radial power is flattened by the choice of fissile loading of the elements in the 
inner a ™ outer radial core zones, 6.85 and 11.4: respectively. !*•- ccateo particles 
would require some development and testing. 

Case 3. Seed and Breed .'!EU/Th. (~ + Th)0 2 fuel with 20S enriched uranium is loaded 
into seed elements and Th0 2 is loaded into '"••ed elements. 8y thus separating the seed and 
breed elements, 2 3 6 U bred into the seed ele^ .; will not have contaminated the 2 3 3 U 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/HH) 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 hW/ball, is currently being tested. 

Case 4, HEU/Th. (U + Th}0 2 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 loading. Again the fissile loading 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 HEU/Th. (U • Th)0 2 fuel with 93. enriched uranium is loaded 
into seed elements and breed elements contain Th0 2 only. The radial power profile is flat­
tened by the choice of the ni*;...., fraction of seed and breed balls in the inner and outer 
radial core zones, and graphite tails *re adrfea to the inner zone to adapt the C/iBT ratio 
to that of the outer zone. In the seed elements the HEU is mixed with some Th0 2 in order 
to achieve a prompt negative Dopoler coefficient. Again the *ieavy 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 equilibrium cycle of each of the five cases are pre­
sented in Table 4.4-7. The high thermal cross sections of J 3-Pu, 2"*r'Pu and 2 l , 1Pu, the 
soft spectrum, and the low self-shieldinq c* the fuel element design lead to a very high 
In-situ utilization of the fissile plutonium (95: for the MEU/Th cycles). In addition, 
the high burnup results 1n the low discharge plutonium fissile fractions shown in Table 
4.4-7. The buildup of plutonium isotopes 1n 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 
Type 

Material Dianeter 
(M«0 

Density 
(g/CH3) 

Thicknesses 
Cum) 

Densities 
(g/cm 3) 

I 
II 

III 

U/Th0 2 

U/Th0 2 

U 0 2 

400 
400 
800 

9.50 
9.50 
9.50 

85/30/80 
50/80 
110/80 

1.0/1.6/1.85 
1.0/1.85 
1.0/1.85 

Table 4.4-5. Composition of PBR Fuel Elenents 

Identification Type of 
Coated Particle 

Heavy Ketal 
Leadinn 
(g/ball) 

Moderation 
Patio 

f!l 

CI 

S2 
Fl 
B2 
Ll 
L2 
G 

I 
I 

II 
II 
II 
II 

III 
III 

Carbon 

11.24 
8.C7 
e.c 
6.0 
20.13 
16.54 
9.88 
11.70 

325 
458 
617 
629 
180 
220 
380 
320 

'See Table 4.4-4. 
Table 4.4-6. Composition of PBR Core Regions Used in 

Mass Flow Calculations 

Case 
Inner Core 

Fuel 
Element Typea " » " • W * 

(Fractional Mixing) <ww 
Outer Core 

£ W t \ y p e » " » « L>:adi."9 
(Fractional Mixing) <WW 

1 , LEU 
2 , HEU/Th 
3 , Seed and 

Breed MEU/Th 

4, HEU/Th 
5, Seed and 

Breed HEU/Th 

''See Table 4.4-5. 

Ll (1.0) 
H2 (1.0) 
S2 (0,485) 
B2 (0.305) 
G (0.210) 
Ml (l.c) 
SI (0.10) 
Bl (0.33) 
G (0.21) 

0.079 
0.0685 
0.20 

0.0623 
0.27 

L2 (10) 
M2 (1.0) 
S2 (0.765) 
B2 (0.235) 

HI (1.0) 
SI (0.69) 
Bl (0.31) 

0.111 
U.114 
0.20 

0.109 
0.27 
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Reference Fuel« c 

HEU/7h 0,59 Ml 

Seed & Breed 
HEU/Th 

0.58 SI 

6302 Th 

495 ?"u 
38 »'»U 

533 U tot. 

1287 Th 

496 "Hi 
38 * 3 8U 
534 U tot. 

Bl 4983 Th 

5794 Th 
128 S 3 3(U,P«) 
38 J 3"U 
23 >»U 
73 "*U 
30 * 3 8U 

292 U t o t > 

0.263 "'(Pu.Np) 
0,244 '""Pu 
0.148 ! , ,»Pu 
0.512 *"*Pu 
1.166 P u t c t ' 

1185 Th 

25 * 3 3(U,Pa) 
8 «"<V 

16 *»U 
76 »«U 
30 >"U 

155 U t o t ' 
0.227 ?3»(Pu,Np) 
0,257 J I , 0 Pu 
0.120 '"'Pu 
0.500 * , , JPu 
1.106 P u t o t < 

4594 Th 

91 
29 

5 
1 

126 U tot. 

100 

0.23 *»(Pu,Np) 
0.21 " 'Pu 
0.13 *" lPu 
0.44 ***PU 
p u f / p u

t o t - 0.36 

243 

s 
J.21 * 3".Pu,Np) 
0,23 J 1 , < ,Pu , 
0,11 ^ ' P u 
0.45 :**Pu 
P u ' / P u t 0 t 0.32 

48 

^Calculated for 1000-MWc p'>nt operating at 75* rapacity. 
•'See Tablts 4.4-3 through 4, *-6 for description' oi cases and fuel elements. 
Reference fueU are considered only as limiting cases. 
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Fig. 4 ,4-1 . Buildup c f the Plutor.iuit 
Isotocic Composition in the HEU/Th Fuel. 

As car, te seen, the • 3 0F'u content rea'.t at 
'. 2C r-.-'C/tg, decreasing thereafter. The 
Mqber Pu isotopes tend _o peak at higher 
Lun-ups so the*', at discharge •~2P>j dw. i -
netes. Corrdred to ar L.-'R wit.' LLl f u e l , 
t ' e Pi:r i-:ith ("EL'/Th *uel discharges only &. 
as much f i s s i l e plutonium. Furtheraore, the 
f i s s i l e fract ion of the discharged plutonium 
is only 391 compared to 7}% for an LWR. 

Table 4.4-8 presents ( i 30i requirements of the various once-through cyc les . 7 » e The 
30-yr cumulative U ; 0 S demands for the MEu/.'h once-through cycle and the HEU/Th once-
through cycle were determined by exp l i c i t 30-yr calculat ions. 6 The 30-yr cumulative U 3 0 8 

demands for the LEU, the seed-and-breed HEU/Th and the seed-and-breed HEU/Th cycles were 
determined from the UjO? demand fo r the equi l ib i lum cycles and estimates of the inventory 
of the startup core and c f the requirements for the approach to equi l ib r ium. 8 

As can be seen fron Table 4.4-8, from the viewpoint of U30g u t i l i za t i on for once-
through cycles i n the PBR, LEU fuel is the lear t favorable ?.nd HEU/Th fuel is the most 
favorable with MEU/Th fuel having a U20 f c u t i l i z a t i o i between KEU/Th and LEU fue l . I t should 
be noted that the cases presented i n Table 4.4-8 do not include recycle of the bred f i s s i l e 
material. Under these no-recycle constraints the MEU/Th cases have a 30-yr U>0H demand com­
parable to a PWR operating with uranium and self-generated Pu recycle (see Case F, Table 
4.1-3). Thus i f nvycle w: e performed with the HEU/Th PBR cases, s ign i f i cant ly less U 3 0 s 

would be required than vor the PWR with U and Pu recycle. One option for the recycle in the 
seed-and-b'eed MEU/Th PBR case would be 'o cycle the f e r t i l e bal ls bach in to the feed stream 
(without reorocessing) for an add'^-'onal pass through the pebble bed i f the i r rad ia t ion 
behavior of the f e r t i l e bal ls permits. 

T*t1e 4.4-8. UjDe Requirements for 
Once-TnroirnJ- PW f.vcles3 

Case 1, CBSC 2, 

LEi, HEU/Th 

Enuil ibriur: cycle 1"3 135 
U,0. demand, ST/GWE-yr 

30-ydar cumulative 
11,0.. demand,* ST/GWF 4500<:-' 4134 

Cast ?,, Case 4, Case t , 
Seed and [ireed Seed and Lvee'i 

MEU/Th HEU/T',i HEU/Th 

137 

4200'' 

Ui> 

4007" 

126 

4000" 

''The basis ror these rentiiforenf- ir, a 1".':0-r*'.ie nlant operat^rx at 71>r, capacity 
factor for ?.n '/ears; t a i l s ceppositinr is assumed to \>t. r\? v,/o. 

!'Fr,wi)r. no rocye'ft. 

r.stimateo' valt.3; could d i f fe r from an exp l ic i t 30-yr calculation by +_ 3". 

'Expl ic i t 30-yr calculat ion. 
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4.5. LIQUID-METAL FAST BREEDER REACTORS 

T. J. Bums 
Oak Ridge National Laboratory 

A preliminary analysis of tha impact of denatured fuel on breeder reactors Mas 
performed by Argonne National Laboratory,1 Hanford Engineering Development Laboratory,' 
and Oak Ridge National Laboratory3 for a variety of fissile/fertile fuel options. The 
analysis concentrated principally on oxide-fueled LHFBRs due to their advanced state of 
development relative to other potential breeder concepts. 

Table 4.5-1 summarizes some of the significant design and performance parameters 
for the various Lf!F.iR designs considered. The procedure followed by each analysis group 
in assessing the impact of alternate fuel cycles was essentially the same. A reference 
ties inn (for the Pu/~ 2 eU 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 blanket material by t.;e appropriate alternative material(s). 

As indicated by Case 1 in Table 4.5-1, a different reference design was selected 
by each group, 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 rurrour.ded by blankets (axial and radial) 
of fertile material. In assessing the performance impact of various fissile/fertile com­
binations, no attempt was made to modify or optimize any of the designs to account for 
the better thermophysical properties (e.g., melting point, thermal concuctivity, etc.) 
of the alternate materials relative to the reference system. (Note: The question of 
selection and subsequent optimization of prc!;feration-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 EflDF/B-IV nuclear data a were utilized in the calculations. The ade­
quacy of these nuciear data relative to detailed evaluation of the denatured fuel cycle in 
fast systens is open to some question. Recpnt measurements of the capture cross section 
of -'^Th/' the prinary fertile material in the denatured fuel cycle:, indicate significant 
discrepancies between the measured and tabulated EflDF/B-IV cross sections for the energy 
range of interest. Additionally, the adequacy of the nuclear data for the primary de-
ratured fissile species, ? VMJ, for the LKFBR spectral range has also been questioned.7 

Due to these possicle nuclear data uncertainties and also to the lack of design optimiza­
tion of the reactors themselves, it is prudent to rr.qard the results tabulated in 
Table 4.5-1 as preliminary evaluations, subject fr> revision as more data become available. 

The compound system fissile doubling time given in Table 4,b-1 was calculated using 
the simple approximation that 

r < n T x 0-693 » (Initial Core * Eg. Cycle Charge' 
c'i,'D-T J® x Eq. CycrrtHscharge - Eq. Cycle Charge) 
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Table 4.5-1, Fuel utilization Characteristics and Perf. 

Reactor Materials 
Capacity 
Factor 

Theraal 
Efficiency 

Core Specific 
rower. But 
(Wtk per kg 

Fissile 
Material) Use Core 

Axial 
Blanket 

Radial 
Blanket 

Core Vol. Fractions, 
Fuel/Ra/SS/Control 

Capacity 
Factor 

Theraal 
Efficiency 

Core Specific 
rower. But 
(Wtk per kg 

Fissile 
Material) 

Enerqy-Ce 

1 Pa/iMu* 2>«U »*V 42/38/20/0 
41/44/15/0 
43/40/15/2 

0.75 
0.72 
0.75 

0.36 
0.32 
0.39 1.10 

2 ?u/ 2 ,*U 23SU 2«Th 42/38/20/0 
41/44/15/0 
43/40/15/2 

0.75 
0.72 
0.75 

0.36 
0.32 
0.39 1.1! 

3 Pu/J'-«U 2»Th "*Th 42/38/20/0 
41/44/15/0 

0.75 
0.72 

0.36 
0.32 

4 Pu/Th 2«Th J»Th 42/38/20/0 
41/44/15/0 
43/40/15/2 

0.75 
0.72 
0.75 

0.36 
0.32 
0.39 0.94 

Oispers-

5 2»u/J»«u -•3au 2 3«U 41/44/15/0 0.72 0.32 

6 33JU/:J« U 2 3»U •»Th 41/44/15/0 
43/40/15/2 

0.72 
0.75 

0.32 
0.39 1.25 

7 JllU/JJay *"Th i'nn 42/38/20/C 
41/44/15/0 
43/40/15/2 

0.75 
0.72 
0.75 

0.36 
0.32 
0.39 1.25 

8 2 3J U /i3»U 
•" 2Th(20») 

2»Th *»Th 43/40/15/2 0.75 0.39 l.lt 

9 2 33J/2 34U 
•*«Th(40S) 

2«Th = »Th 43/40/15./2 0.75 0.39 1.10 

10 "Hl/Th 2»Th '»Th 42/38/20/0 
41/44/15/0 
43/4-J/15/2 

0.75 
0.72 
0.75 

0.36 
0,32 
0.39 1.06 

'Oimens i ons/Gro'jps/Cyc 1 es. 
Reference fuel for LHFSR. 

cttefei«nce fuels are considered only as l imit ing cases. 
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Table 4 . 5 - 1 . Fuel Ut i l izat ion Characteristics and Performance Parameters for U n a s Order Various Oxide-Fuel Options 

terials 

Capacity 
Factor 

Thermal 
Efficiency 

Core Specific 
rouer. BOL 

{Mth per kg 
Fissile 

Material] 

Breeding 
Ratio, 
R0CC 

*poar«»t 

Fissi le 
Doubling 

Tine 
(jrr» 

In i t i a l 
Fissile 

Inventory 
(Kg/We) 

Eeuitibriun Cycle 

Reactor Hat terials 

Capacity 
Factor 

Thermal 
Efficiency 

Core Specific 
rouer. BOL 

{Mth per kg 
Fissile 

Material] 

Breeding 
Ratio, 
R0CC 

*poar«»t 

Fissi le 
Doubling 

Tine 
(jrr» 

In i t i a l 
Fissile 

Inventory 
(Kg/We) 

Fissile 
Charge 
(kg/Me) 

•et Ffssile 
Production 

Radial 
t Blanket 

Core Vol. Fractions, 
Fuel/Na/SS/Control 

Capacity 
Factor 

Thermal 
Efficiency 

Core Specific 
rouer. BOL 

{Mth per kg 
Fissile 

Material] 

Breeding 
Ratio, 
R0CC 

*poar«»t 

Fissi le 
Doubling 

Tine 
(jrr» 

In i t i a l 
Fissile 

Inventory 
(Kg/We) 

Fissile 
Charge 
(kg/Me) 

•et Ffssile 
Production 

WMTMuf 
( M / k g 

Enenw-Cetter-Cons trained Fuels 

JiSy 42/3H/20/0 
41/44/15/0 
43/40/15/2 

0.75 
0.72 
0.75 

0.36 
0.32 
0.39 l . IC 

1.27 
1.36 
1.27 

!7.2 
9.6 

12.7 

3474 
3072 
2270 

1647 
1453 . 
804 

Q.*2W 

0,*187 

SI 

88 

; « T h 42/38/20/0 
41/44/15/0 
43'4C/'.S/2 

0.75 
0.72 
0.75 

C.36 
0.32 
0.35 l . t i 

1.27 
1.2S 
1.27 

17.5 
1C.4 
13.1 

3443 
3077 
2295 

1523 
1540 
804 

•122.M10 
•150,*I97 
•154,»30 

SI 

se 

JJ=Th 42/38/20/0 
4I /44/ I5 /C 

0.75 
0.72 

0.36 
C.32 

1.27 
1.34 

19.5 
10.8 

3480 
3093 

1674 
1545 

•296.-77 
•299,»35 

51 

i « T h 42/38/20/0 
41/44/15/0 
43/40/15'-

0.75 
0.72 
0.75 

0.36 
0.32 
0.39 C.94 

1.2G 
1.15 
1.14 

40.2 
27.9 
36.1 

4C16 
3641 
2712 

17W 
1806 
920 

•796,-662 
•896,-723 
•583,-493 

57 

95 

"'•Sfe". - bie Denatured Fuels 

:>«U 41/44/15/" 0.72 0.32 1.20 is.: 293/ 1483 -698.923 

- ^ T h 41/44/15/0 
43/40/15/2 

J . 72 
0.75 

0.32 
0.39 ! . : • : 

i.'.'t 
1.1 i 

17.j 
24.2 

2556 
2038 

1488 
795 

-56©.^778 
-3S4,»453 92 

- ' ' T h 

ill 0.75 
0.72 
0.75 

0.36 
0.32 
0.35 1 1 £ 

1 . 0 
L I S 
1.12 

27.5 
19.2 
26.4 

3135 
2973 
2056 

1330 
1498 
aoi 

-348,»490 
-443,-638 
-254,»347 

51 

92 

^ T h 43/40/15/; 0.V~> 0.39 1

 r if. 1.09 43.0 2208 e34 -136.-203 95 

•' »"Th 43/40/lf./2 0.75 U.39 l. l ' i 1.05 112.: 7it2 875 -4l , *78 98 

"r'ererce Fuel'. C 

^"Th 42/38/20/0 
41/44/15/0 
43/4-J/15/2 

0.75 
0.72 
0.75 

0.36 
0.3," 
0.39 I / * 

1.04 
1.06 
1.C2 

154.0 
3822 
3457 
2419 

1673 
1726 
911 

• 31,0 
•59,0 
• 15,0 

57 

99 

es. 
8R. 
wittered only as l imitinq cases. 
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irmante Parameters for LMFBRs Order Various Oxide-Fuel Options 

Apparent 
COEpound 
Fissi le 
Doubling 

Tine 
Cyr) 

In i t i a l 
Fissile 

Inventory 
(kg/Oie) 

Equ i l ib r ia Cycl e 

Calculation 
Parameters, 
01«. /6r . /C».* 

Breeding 
Ratio. 
HOEC 

Apparent 
COEpound 
Fissi le 
Doubling 

Tine 
Cyr) 

In i t i a l 
Fissile 

Inventory 
(kg/Oie) 

FissiV* 
Charge 
(kg/GHe) 

Net f i . s i l e 
Production 

(k« /«e - * r } 
"Jo.Pu* 

Runup 
(IMO/kg Ml) 

Calculation 
Parameters, 
01«. /6r . /C».* 

Data 
Contributor 

»ter-Constrained Fuels 

1.27 
1.36 
1.27 

17.2 
9.6 

12.7 

3424 
3072 
2270 

1647 
1453 
804 

0.+242 
0.^363 
0.+187 

51 

88 

2/11/? 
2/4/2 
2/9/12 

AM. 
HEDL 
OML 

1.27 
1.3* 
1.27 

17.5 
1C.4 
13.1 

3443 
3077 
229! 

1523 
1540 
8C4 

•122.*I10 
• H3.*197 
•154,^30 

51 

«8 

2/11/? 
2/4/2 
2/9/12 

AM. 
HEDL 
onu 

1.27 
!.34 

19.5 
io. e 

3480 
3C93 

1674 
1545 

•298.-77 
•299,^35 

51 2/11/? 
2/4/2 

AM. 
Htn. 

i.20 
1.15 
:.J4 

40.2 
27. i 
3c.! 

4016 
3641 
2712 

1717 
1806 
920 

•798.-662 
•898.-723 
•583.-493 

57 

95 

2/11/? 
2/4/2 
2/9/12 

AM. 
HE9L 
OHM. 

ble Denatured fuels 

1.20 16.: 293.' F483 -698.923 2/4/2 htn. 

i .19 
'..'.3 

17.3 
24.2 

2956 
2C38 

1488 
795 

-566.-773 
-354.^453 r2 

2/4/2 
2/9/12 

HCOl 
WW. 

i . ie 
I.«8 
! . i 2 

27.5 
19.2 
26.4 

313'.. 
?>»73 
2056 

1330 
I49S 
SOI 

-348,»490 
-44J..638 
-254.047 

51 2/11/? 
2/4/2 
2/9/12 

AM. 
NCOL 
own. 

! .09 

!.C5 

'i-ref.K Fuels" 

43.0 

1.04 
1.06 154.0 
' .02 

2208 

2322 

3822 
345? 
2»>5 

ft 34 

8*5 

1673 
.•"'6 
911 

-136.-203 

- 4 1 , - 7 8 

• 31.0 
•59,0 
•15.0 

95 

98 

57 

99 

2/9/12 

2/9/12 

ORM. 

ORHl 

AM. 
2/4/2 HEOt 
2/9/12 OWL 
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where Sf is the reprocessing recovery factor (0.98). M i l e such M expression is not 
absolutely correct, i t does provide a Measure i f the relative •rout* car ability of each 
rrecw. Since the dau suanarized in Table 4.5-1 are based on three separate reference 
linRs operating with a variety of design differences and fuel amaaenent scheaes, the 
above expression was used siaply to provide relative valves for each systen. tt should 
also be noted that sone -eactor configurations listed have dissiailar core and axial 
blanket Materials and thws would probaoly require •edifications to standard reprocessing 
procedures. 

The dau presented in Table 4.S-1, although preliainary. do serve to indicate cer­
tain generic characteristics regarding the inpact of the alternate LflFBt fuel options. By 
considering those cases in which siailar core not -rials bat different blanket Materials 
are utilized ; t is dear that the choice of the blanket naterial has only a rather snail 
effect b? the reactor physics parancters. Or the other hand, the fapact of changes in the 
core fissile and fertile Materials is considerable, particularly en the breeding ratio. 
Utilizing : ! J U as the fissile naterial results in a significant decrease in the oruding 
ratio relative to the corresponding Pu-fueled case (ranging from t 0.10 to 0.15. depending 
on the systerj. This decrease is doe priaarily to the lover value of v (neutrons produced 
per fission) of - , J U relative to -"Pu and ' " ' fa , Soaeiihat coapensating for the difference 
in v is the fact that the capture-to-fission ratio of 2 n U is significantly less than that 
of the tut plutoniur. isotopes. The differences in breeding ratios given in Table 4.5-1 
reflect the net result of these two effects, the decrease in v clearly douineting. Use of 
2 i 5 U as the fissile patertal also results in a slight decrease in the fissile inventory 
required for criticatity. This is due to two effects, the loner capture-to-fission ratio 
of : l 5 u relative to the ptutoniun isotopes. ar.d the obvious decrease in the atonic weight 
of - , ! S i ; relative to Pu (•- 2.5'.). 

The replacement cf i i B 0 by " 'Th as the core ferti le notorial also has a significant 
inpact en the overall breeding ratio regardless of the fissile Material utilized. As the 
data in Table 4.5-1 indica" . fiere is a substantial breeding ratio penalty associated 
with the use of ; ; :Th as a core Material in — LfVM, This penalty is due to the Much 
lower fast fission effect in : i 2 T h 'dat ive to that in '**b (roughly a factor of 4 lower). 
The 'ertile fast fission effect .* reflected in the breeding ratio in two ways, f irst , 
although the excess neutrons generated by the fissior. of a fertile nucleus can be sub­
sequently captured by fertile naterial, their production is not at the expense of a 
fissile nucleui. Moreover, the fertile fission effect produces energy, thereby reducing 
Che fission rate required of the fissile Material to Maintain a given power level. Since 
bom tnese effects act to improve the breeding ratio, it is not surprising that use of 
Th-bates f-jeis result in significant degradation in the breeding ratio. A further 
consequence of the reduce** fast fission effect of ? , ; , h »* a Marked increase in fissile 
inventory required for e' ittcality, evident fro* che values given in Table 4.5-1 for the 
required initial loadings. 
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The calculations for LMFBRs operating on denatured - ' U fuel cower a range of enrich­
ments. Cases 5, 6, and 7 assume an 12 enrichment. Case 8 a 20 enricrwent, and Cas: 9 
a 40\ enrichaent. All these reactors are, of course, subject to the breeding ratio penalty 
inherent in replacing plutonium with - U as the fuel material. The less denatured cases 
(8 and 9J also reflect the effect of thorium in the LMFBR core spectrum. (These higher 
enrichment cases were calculated in an attempt to parameterize the effect of varying the 
asiount of denaturing.) A further point which *Uit be auu.-^ssed regar-iing the denatured 
reactors is their self-sufficiency in terms of the fuel material "' U. Since the denatured 
LMFBRs typically contain both -"-:2Th and ; ?"U as potential fissile iwaterials, both u and 

'Pu are produced via neutron capture. Thus in evaluating the self-sufficiency of t fas? 
breeder reactor, the • ?U component of the overall breeding ratio is of primary important." 
since the bred plutoniur. cannot be recycled back into the denatured system. As illustrated 
schematically by Fig. 4.5-1, the 2 3 3 U component of the breeding ratio increases as the 
allowable denatured enrichment is increased (which allows the amount of thorium in the fje! 
material to be increased). Kore importantly, the magnitude of the "U component of the 
breeding ratio is very sensitive to the allowable degree of denaturing at the lower enrich­
ments (i.e., between 12 and 2 0 ) . The overall breeding ratio decreases a> the allowable 
enrichment is raised, but a concomitant and significant decrease in the required u makeup 
presents a strong incentive from a performance viewpoint to set the enrichment as high as 
is permitted by nonproliferation constraints. In fact, based on t-e data vjw.i'-ized :n 
Table 4.5-1, the lowest enriclwtnt limit feasible for the conventional LKFBR t/^e svsterrs 
analyzed lies in the 11-14' (inner-outer core} range. Such ,\ sy.t.u .-scald utilise all J" 
fuel and would require significant arcounts of - "0 as makeup. >".t should be noted that 
the U/Th system is not denatured. It is included in ' g. 4 5-1 because it represents 
an upper bound on the ''U enrichment.) 

Since <».ll denatured reactors regvre an initial ir.vent^ry of • ';:. as woll a, \~. ''n; 
anour.ts of • U as riakeun iraterial, a s.-cond class of reactors i?ust be considered wh-.-r 
evaluating the denatured fuel cyclt. The purpose of these iystens waul 1 be to prod:;re t>v 

"\1 required by the denatured reactors. Possible LKFEP candidates for this role ar>- tie 
Pu/ !.' reactor with thorium blankets (Cases 2 and 3), a Pu/Th reactor with tnorior blankets 
(Case 4), and a ,/Th breeder (Case 10).* In the reduced-proliferation risk scenario. &\\ 
thre** i»f these systems, since they Are not denatured, would be subject to rigorous s<ife-
guards <\ni operated only in nuclear weapon states or in internationally controlled rn,*. ,, 
centers. Performance parameters for these three types of systems ore included in *<:: ,»• 
4.5-1, and the isotopic fissile production (or destruction) obtained J roc the ffi.'l). cak'i-
lations is schematically depicted by Fig. 4.5-2, Clearly, each sy.tem h<ts its own unique 
properties. From the standpoint of • ''11 production capability, the hybrid Pu/Th .ysten- is 

•See discussion on "transputers" on p.4-10. 
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clear!/ superior. However, it does re«ui»-e « laro/r r>an-..ity of fissile plutoni-.i;- as makeup 
>ir.ce it essential 1 / " transmute s" f'Tutoniu-:" int- ' X. Ihe Pu/ If system with the thorium 
radial r.iael-et generates si';nifkar.-.lv If.-. "I; but also nv -kedly reducer, the required 
pl̂ toni'ir.' ff-ed. !n fact, for the case illustrated, this systerr. actually produces a slight 
-xcess r.f :>l.;tor.iu". The • ;J/Tr. breeder, characterized by a very small excess ' U pro-
".;'•.:.on, does not provide a -eans for utilizing the plutonium bred in the denatured systems, 
:• i *r-;'. it does not appear f.o have a place in the synbiotir. systems utilizing energy-center 
•"•^c'.crs paired with dispersed rear tor',, (The coupling of each type of fissile production 
•••:'..'.-,' with a particular drnatured syter* is considered in Section 1.2.) 

A, a f'n-il point, preliminary estinates have been <.AAV of the safety characteristics 
• :' 're alternate fuel r./rlc I W ; R s relatiw to those of the Pu/ '"U reference 

Vi'ial calculations have indi< * fed that the reactivity change due to sodium voidino. 
\-' i<-\rj\ s/ste<- is si',tiif ir.ant.lv smaller than that of the r.orrespondino Pu-fuelod 

"-'.., the denature', reactors, sine- tney Hff fueled with 'U, would have better 
_,,,,.,r. ,tr„racfris'.ics relative to rhe reference system. However, for oxide fuels 
'.'•••: <•••• ..Its indicate that tlie lloj.pler coefficient for ThO -based fuels is com-

'.'. V •:' ',' '•'• '.'iff .poridiri-; "•'•. -p.i .•1 fuels. 

http://ir.ant.lv
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4.6. ALTERNATE FAST REACTORS 

4.6.1. Advanced Ox ice-Fueled LHFBRs 

T. J. Burns 
Oak Ridge National Laboratory 

One method of improving the breeding performance of the LMFBRs discussed in the 
previous section is to increase the core fertile loadings. Typically, this goal is 
accomplished by 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 
assembl-es). To maintain consistency with the "classical" designs considered in the 
previous section, using the same fuel elements for both concepts, the latter option was 
pursued to assess the impact of possible redesign options. Table 4.6-1 summarizes some 
preliminary results from calculations for a heterogeneous reactor core model consisting 
of alternating concentric fissile and fertile annuli C*""»ined cases) and compares them 
with results from calculations for corresponding homogeneous cores (unprimed cases). 

As the data in Table 4.6-1 indicate, the heterogeneous cortf'curation 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 require­
ments, resulting in an overall improvement in the fissile doubling time. On the other hand, 
because of *h«> h-ijh fissile loading requirements, it appears that a n-terogeneous model for 
the denaturta casf>s with 12 enrichment (cases 6 or 7 o f the previous section) is unfeasible; 
therefore, an enrichment of - 20 was considered as the minimum for the denatured heterogene­
ous configuration. 

While the denatured heterogeneous configurations result in an increase in the 
overall breeding ratio, it is jianificant that the ; 3 3 U component cf the breedino ratio 
also improves. Figure 4.6-1 depicts the breedino ratio components for both the homo­
geneous and heterogeneous denatured configurations. (Aoain, the 2 3 3U/Th LW?R is included 
as tf'e upper limit.) As Fig. 4.6-1 indicates, the heterooeneous conficurations are 
clearly superior froi" the standpoint of r " u self-sufficiency (i.e., r c u M n o less 
makeup requirements), Moreover, if enrichments in the range of 30''! - 40 s are allowed, 
ir aor-ears possible for a denatured heterogeneous reactor to oroduce enounh ? , , U to 
satisfy its own equilibrium cycle fuel requirements. Production reactors would therefore 
be required only to Supply the initial inventory plus the additional naVeuo consumed 
before the equilibrium cycle is reached. 



Table 4.6-1, Comparison of fuel Utilisation Characteristics and Performance Parameters 
for Homogeneous and Heterogeneous LMFBRs Under Various Oxide-Fuel Options 

Reactor Material. 

Case' 

3." 
3* 

9'' 

9 ' " 

!u 

10' 

Dr iver 

Pu/U 

Pu/U 

•WU 
3 u / U 

Pu.'Th 

f V T h 

U/(U+Thi 

- U / ( U * T h ) 

• 'U/Th 
U/Th 

Axial 
Blanket 

U 
U 
U 
U 
Th 
Th 

Th 
U 
Th 
U 

Th 
Th 

Internal 
Blanket 

U 

Th 

Th 

Th 

Th 

Th 

Radial 
Blanket 

Breeding 
Ratio, 
MOEC 

Fissile 
Doubling 
Time (yr) 
(RF'0.98) 

Energy-Center-Constrained Fuels 

Equilibrium Cycle Initial 
Fissile 
Inventory 
(kg/GWe) 

Fissile 
Charge 

(kg/GWe-yr) 
Fissile Discharge 
.,.J.Kg/G.W.e_-^r) /Try p uT 

2270 804 991 
3450 1173 - 1517 
2291 804 154 834 
3725 1250 536 1013 
2712 920 583 427 
4159 V165 SOO 808 

2208 834 698 203 
3338 1624 1548 3Q6 
2322 875 835 78 
4062 1354 1457 108 

2419 911 926 0 
3718 1309 1454 0 

•Capacity factor is 75 ; unprimed cases are for homogeneous cores, primed cases for heterogeneous cores; 
see Table 4.5-1 for case description, 

"20 - • ' »1/U. 
~40 ,"U'U. 
"In.-luded (or i 1 lustrative purposes only; exceeds desiqn '.onstralnls, ' 
Reference fuel-, are coiuidvrpd only as limitint] casê ,. 
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Fig. 4.6-1. Breeding Ratio Components for LMFBRs Operatinq on r-*U. (Cases 8,8' for 
'• • -'U/U, and Cases 9,9' for 40 : 3U/U; Cases 10,10' for •" :U/Th with no " AU; see Table 
' 1 and 4.6-1.) es 

The heterogeneous designs also car be emrjlcei for t-'e ene-'cv-center nroductior, 
reactors recuired by the denatured fuel cycles, "s indicated in Table £.6-1, the three 
possible production reactors ail show significant increases in the quantity of ; , 3 U 
produced. Tne net production rates are illustrated schematically by Fig. 4.6-2. More 
importantly, however, use of a heterogeneous core design will allow th-j 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/Th LMFBR could be either ThOi or : ' U 0 : , depending on ' ? demand requirements 
for • ; ,u and Pu. 
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Fig 4.6-2. Net Fissile Production rates for LHFBRs. (Cases 10,10' for i 3 3U/Th core 
ith no * 3 8U, Cases 2,2' for Pu/ 2 3 f lU core, and Cases 4,4' for Pu/Th core; see Tables 4.5-1 wi. 

and 4.6-1.) 
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4.6.2. Carbide- and Ketal-Fueled LKF6RS 

D. L. Selby 
V. K. Haas H. E. Knee 

Oak Ridge National Laboratory 

Another method that is being considered for improving the breeding ratios of LHFBRs 
and is currently under development1 is one that uses carbide- 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 in shorter 
doubling times. This is especially true for metal-based fuels, for which doubling tines 
as low as 6 years have been calculated.2 Since for fast reactors the denatured fuel cycle 
would have an inherently lower breeding gain than the reference piutoniurn-uranium cycle, 
these advantages would be especially important; however, as discussed below, before either 
carbide- or metal-based fuels can be fully evaluated, many additional studies are needed. 

Carbide-Based Fuels 

Carbide-based fuels have been considered for use as advanced fuels in conventional Pu/U 
LHFBRs. Burnup levels as high as 120,000 HWD/T appear feasible, and the fission gas release 
is less than that for mixed oxide fuels.3 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 EBR-II. Other differences in 
the pin* include fuel density, cladding type, cladding thickness, type of shroud for the 
sodium-bv 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. Depending upon the accident scenario, this could be 
either an advantage or a disadvantage. Another problem associated with carbide fuels may 
be the potential for large-scale thermal interaction between the fuel and the coolant [see 
discussion of potential FCIs (FiW-Coolant Interactions) below]. 

Metal-Based Fuels 

Reactors with metal-based fuels have been operating in this country since 1951 
(Ferni-I, EBR-I, ano 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 lower fissile mass. These advantages ar<? somewnat offset, however, 
by several disadvantages, including fuel swelling problems that necessitate operation at 
lower fuel temperatures. 
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Host cf the information available on metal fuels is for uraniurv-fis',ium (U-Fs) fuel. 
(Fissium consists of extracted fiss:on products, principally zirconium, niobium, not/b-
denum, technetium, ruthenium, rhodium, and palladium.} Some information is available 
for the Pu/U-Zr and U/Th alloy fuels but none exists on Pu/Th metal fjels- (The U/Th 
fuels do not require the addition of another metal for stability.} In terms of irracietior 
experience, approximately 700 U-Fs driver fuel elements have achieved bumups of 10 at. 
without failure. Less irradiation information is available for the Pu/U-Zr alloy, with 
only 16 Pu/U-Zr encapculated elements having been irradiated to 4.6 at -i burnup.1" Fast 
reactor experience with U/Th fuels is also quite limited; however, a reeeit 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.5 

With respect to safety, one concern with metal fuels is the possibility of thermal 
interactions between the fuel and the cladding. For most metal alloys, the fuel will swell 
to contact the cladding between 3 and 5 at. bumup. This effect has been observed in 
irradiation experiments; however, for bumups up to 10 at.'. , no more than 4 of the 
cladding has been affected. Thus whether or not fuel-cladding interactions will be a 
limiting factor for fuel burnup remains to be determined. 

For transient overpower (TOP) analysts, the behavior of U/Th elements has been shewn 
to be superior to the behavior of the present EoK-II fuel (uranium with 5' fissium), the U/Th 
elements having a 1360°C failure threshold versus 1000°C for the EBR-II elements. Thus 
U/Th netal pins would have a higher reliability durinc transients than the fuel pins already in 
use in fast reactors. On the ether hand, fuel-coolant interaction (FCI) accidents may pre­
sent a rajor problem, more so than for carbide fuels (see below). 

Potential for Large-Scale FCIs 

The potential for a large-scale FC! that would be capable of producing mechanical 
wcrk sufficient to breach the reactor vessel and thereby release radioactivity from the 
primary containment hes 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 en hypothetical core disruptive accident 
(KCDA) contacts and "intimately mixes with" about the sarae mass of liquid sodium. The 
extremely rapid heat transfer from the molten fuel (with temperatures perhaps 300C to 
4000 K) to the much cooler sodium ('1000°K) produces rapid vaporization of the iodii/-. 
If the nixing and thermal conditions are ideal, the potential «xists for the vaporiza­
tion to be extremely rapid, i.e., for a vapor "explosion" to ocCv<- with the sodiur varcr 
active ar. the working fluid to produce mechanical work. 

A great deel of laboratory experimentation, modeling effort, -ind w o "ir-;u> 
testing ha-, been carried out in this country and eHewhero to define the nonuni.;-". »>»• 
rind tho ncoj'.Sdrv-Arid-siifficient conditions for rtn energetic FCI or vapor c\;»|,v.i.-r. \M-
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given materials, particularly for oxide LMFBR fuel and sodium. Although there is no con­
clusive theoretical and/or experimental evidence, the fiost 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-sodiwa 
surface must exceed the temperature required for homogeneous nucleation of the sodium. 
A considerable amount of evidence exists to suggest that for oxide fuel in the reactor 
environment, the potential for a large-scale vapor explosion 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 fuel 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 coolant temperatures which exceed the sodium homogeneous nuclea 
tion temperature. This does not mean, however, that a large-scale FCI will necessarily 
occur for carbide-sodiwn or jnetal-sodiur. systems. As noted above, these theories as mecha­
nisms for vapor explosion have not been completely substantiated. However, insofar as 
the naiogeneous nucleation criterion 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 sodiu.n than for oxide in sodium. Continued theoretical and experimental study is 
necessary to qain a thorough understanding of the details of the mechanisms involved and to 
estimate the likelihood for vapor explosion under reactor accident conditions for any 
breeder system. 

Breedi j Performance of Alternate Fuel Schemes 

Table 4.6-2 shows that in terms of fissile production, the reference Pu/U core 
with U blankets gives the best breeding performance regardless 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-zone 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«*<w, and the breeding ratio for a carbide de­
natured system is not expected to be substantially smaller. However, a good part of the 
fissile production of any denatured system is plutonium. Thus the denatured system is 
not a ^nod producer of M 3 U . However, when used with the energy park concept, where the 
plutonium produced by the denatured systems can be used as a fuel, the denatured carbide 
and metal uranium systems are viable concepts. Tletal and carbide concepts may also prove 
to be valuable as transmuter systems for producing •"•[! from • '-"Th. 
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Table 4.6-?. 8eginning-of-Life Breeding Ratios for 
Various LHFBR Fuel Concepts 

Breeding Ratio 
Oxide Carbide Metal 

Fuel a Blanket Fuels Fuels Fuels 

Pu/ 2 3 8U (reference) 2 3«U l.44 b 1.550 6 1.629c 

22?-j/^6U/Pu-Zr 238|) 1.614 
2"li/ 2 s aU/Pu-Zr Th 1.537 
2 33u/2 3 9 U / P u / T h 2 3S„ 1.532 
"*U/ 2- 8U/Pu/Th Th 1.406 
Pu/Th Th 1.30* 1.353* 1.381° 
2--U/Th Th 1.041 1.044 1.105c 

?3S0/ Th Th 0.786 0.817 0.906 c 

- i 5U/ 2 3 8U-Zr denatured) Th 1.41 b 

aAll Pu is L«R discharge Pu. 
Radial heterogeneous design. 
"From ref. 2. 

Of the thorium metal systems considered, the U/Pu/Th terr.^v metal system was found to 
to De the best 2 i 1 U producer. Irradiation experiments have shown that the U/Pu/Th alloy can 
be irradiated at temperatures up to 70O°C with bumups of up to 5.6 al.'.>.*J 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 also clear that the equilibrium cycte breeding ratio may be as much as 10» higher due 
to the flux increase in the blankets from the 2i?M production. This system not only is a pure 
? 3 3 U producer (no plutonium is produced), but also acts as a plutonium sink by burning p'u-
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 considered in the 
design aspect (especially for -'13U/Th concepts with their inherently lower breeding gains), 
these advantages are enhanced even more, fn 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 oxi'Je fuels, particularly for safety analyses. Present development plans for 
carbide and metal fuels call for a lead concept selection for the carbide fuels by ^1981, 
with ihe metal fuel selection coming in --1984, 
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4.6.3 Gas-Cooled Fast Breeder Reactors 

T. J. Burns 
Oak Ridge National Laboratory 

In addition to the sodium-cooled fast reactors discussed above, the impact of the vario1-* 
alternate fissile/fertile fuel combinations on the Gas-Cooled Fast Breeder Reactor (GCFR) has 
also been addressed (although not to the degree that it has for the LMFBR). A 1200-Mfe Pu/U 
GCFR design with four enrichment zones Mas selected as the reference case.'-6 The various 
alternative fissile/fertile fuel combinations Mere then substituted for the reference 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 LKFBRs 
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 2 3 J U is used as 
the fissile material and 2 3 2 T h as the core fertile material, rtoreover, the magnitude 
of the penalty (ABR) is larger 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 LMFBR. In light of the relative njclear 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) Jf 
the fissile Pu isotopes in the GCFR is significantly higher than the number produced in 
the softer spectrum of an LMFBR. The value of v for 2 3 3 U , on the other hand, is rela­
tively insensitive to spectral changes. Hence, the larger penalty associated with 
2 3 3U-based fuels in the GCFR is due to the better performance of the Pu reference system 
rather thsn to any marked changes in 2 3 3 U performance. A similar argument can be madt 
for the replacement of core fertile material. Owing to the harder spectrum, the fertile 
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 2 3 8 U by 2 3 2 T h results 
in a larger decrease in the breeding ratio. It should also be noted that as in the LMFBR 
case, 2 3 3U-fueied 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 i Pu/U + Th0 2 radial blanket system. 
It must be emphasized, however, that these conclusions are tentative as they are based 
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on only the preliminary data presented in Table 4.6-3. The possibility of employing 
heterogeneous designs and/or carbide- or neta!-based fuels has not been addressed. It 
should also be noted that evaluation of which type of reactor is best suited for a given 
role in the denatured fuel cycle oust also reflect nomeutronic considerations such as 
capital cost, possible introduction date, etc. 

Table ( .6-3. Fuel Utilization Characteristics at* Perfamace Parameters far OCRs 
tinier (ariaos Fuel Opt ionsJ 

tfi lasses as suae* i a resracessiao,} 

c tor Materials l a i t i a l 
f i s s i l e 

Imentary 
( I f / a * ) 

F i s s i l e 
Ereedinf Bmbl iag 
i ' t t i o . Tiae ( j r j 
PBCC { « f * 0 . « J 

F.«w> t i&r iuB Cycle c tor Materials l a i t i a l 
f i s s i l e 

Imentary 
( I f / a * ) 

F i s s i l e 
Ereedinf Bmbl iag 
i ' t t i o . Tiae ( j r j 
PBCC { « f * 0 . « J 

T- . s i l e 
" ja r^e 

^ S / W e - y r J 

F i s s f l e Disc 

•'ft Core 
fatal 

Blanket 
Ratfial 
Blanket 

l a i t i a l 
f i s s i l e 

Imentary 
( I f / a * ) 

F i s s i l e 
Ereedinf Bmbl iag 
i ' t t i o . Tiae ( j r j 
PBCC { « f * 0 . « J 

T- . s i l e 
" ja r^e 

^ S / W e - y r J 

F i s s f l e Disc 

•'ft Pv' 

Eaere/-Ceni - . . -Cunstra'tetf Fuels 

Pn/U IJ 0 2641 1.301 W . 3 «*s - 1163 
I W U U Th 2693 1.276 15.4 9*7 2 2 * « l 

Pi»/Th TB Th 3173 1.150 «S.3 1158 626 619 

IJ in 

Btspersible Denature* Fuels 

130! t?l ' " l i /U* IJ in 2538 i.ns3 so.s 130! t?l «o 
- - -wu Th Th 2587 1.074 « . P 1019 622 256 
-""•'•j/u • n~- Th Th mo 1.060 98.4 1031 671 202 

'• i:/L' » Th" Th T* 

Re. 

I.OOt 

'erence Fuels ' 

m i 1054 £1 

• L'/TC Th Th j ioe 0.970 1192 H 6 5 

.'Capacity *4ccor i i 75t. 
: !7 .9 ' , ; 'u/U. 
'.17.7. •"• U/U. 

•Reference fuel; trt considered only as limiting cases. 
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5.C. ISTROCUCTfOa 
T. J. Bums 

Oak Ridge National Laboratory 

Currently, a aajor portion of the nuclear generating capacity in the U.S. consists 
of LSuis operating on the LEU once-through cycle. Implementation of the denatured 3 ' 3 U fuel 
cycle will require that the nuclear fuel cycle be closed; thus research and development 
efforts directed at nuclear fuel cycle activities, that is, reprcvcssing, fabrication of 
fuel assemblies containing recycle roterial. etc., will be necessary, as well as research 
and development of specific reactor systems designed to ut'iize these alternate fuels. To 
date, svst fuel cycle RAO has been directed at closing the Pu/U fuel cycle under the 
assumption that Plutonium Mould eventual1. be recycled in the existing LWRs. With the 
exception of the HT6R (for which a 330-We prototype reactor is undergoii j testing at 'ort 
St. Vrain), amf the Light Water Breeder Reactor (LWBR) at Snippingport, Pa., U.S. reactors 
have not been designed to operate on thoriwc-based fuels, and thus the R&D for thorium-
based fuel cycles has not received as much attention as the f*D for the Pu/U cycle. As a 
"•esult, any strategy for implementation of the denatured fuel cycle an a timely basis must 
be concerned wit*, *'jei cycle research and development. It must also be concerned with 
reactor-specific research and development since the implementation of the denatured - ; ? U 
cycle in any reactor aill necessitate design changes in the reactor. 

The following two sections of this chapter contain estitrates of the research and 
development costs and possible schedules for the reactor-relatea research and development 
and the fuel-cycle-related research and development required for implementation of the 
denatured fuel cycle in the various types of reactors that have been considered in earlier 
chapters of this report. It should be noted that these two sections art intrinsically 
connected: the implementation of a reactor operating on recycle fuel necessitates the 
prior implementation of the reprocessinj and fabrication facilities attendant to that fuel, 
and conversely, the decision to construct a reprocessing facility for a specific recycle 
fuel type is dictated by the existence (or projected existence) of a reactor discharging 
the fuel. 
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5 . 1 . REACTOR RESEARCH AND DEVELOPMENT REQUIREMENTS 

N. L. Shapiro 
Conbustion Engineering Power Systems 

The discussions in the preceding chapters, and also the discussion that follows in 
Chapter 6, a l l assume that LWRs and advanced converters »»*sed on the KTGR, MWR, and SSCR con­
cepts wi l l be available for commercial operation on de'itured uranium-thorium (DUTH) fuels 
on a relatively near-term time scale. I f this commerc *lization schedule is to be achieved, 
substantial reactor-related research and development wi l l .K required. The purpose of this 
section is to delineate to the degree possible at this preliminary stage of development the 
magnitude and scope of the reactor R.D&D requirements necessary for implementation of the 
reactors on DUTH fuels and, further, to determine whether there are significant R,D&D cost 
differences between the reactor systems. The requirements listed are those believed to be 
necessary to resolve the technical issues that currently preclude the deployment of the 
various reactor concepts on OUTH fuels, and no attempt is made to prejudge or to indicate 
a preferred system. 

I t is tc be emphasized that the proper development of reactor R.DSD 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 
schedules 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.D&D programs is generally impractical at this stage. Con­
sequently, we have had to rely on somewhat subjective evaluations of the technological status 
of each concept, and upon rather approximate and somewhat intuitive estimates of the costs 
required to resolve the s t i l l undefined problem area«>. A more detailed development of the 
requirements for many of the candidate systems wil l be performed as part of the characteriza­
tion and assessment programs currently under way in the Nonproliferation Alternative Systems 
Assessment Program (MASAP). 

In general, reactor R,DSD 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,unnecessary for the deployment of the reactor operating on an altern­
ate fuel cycle such as a OUTH fuel cycle. In the discussion presented here i t is assumed 
that, with the exception of tne HT6R (whose reference fuel cycle already includes thorium), 
the reference cycles of the advanced converters would in i t ia l ly be the uranium cycle ( I . e . , 
2 35u/238u) a r u | t te t no reactor would employ OUTH fuel until after i ts satisfactory per­
formance had been assured in a large-plant demonstration. Although i t 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 u t i l i ty and manufacturing sectors'- indicate a near universal reluctance to 
eirbark on either a new reactor technology or a new fuel cycle technology, largely because 



5-5 

of the uncertainties with respect to reactor or fuel cycle performance, economics, licens­
abi l i ty , and the stability of government policies. Thus attempts to introduce a new re­
actor technology conditional upon the successful development of an untried fuel cycle tech­
nology would only compound these concerns and complicate the already d i f f icu l t problem of 
commercialization. The development of advanced converter concepts intended in i t ia l ly for 
urai.ium fueling would allow research and development, design, and the eventual demonstra­
tion of the concept to proceed sir.oiu>.:eously with the separate development of the OUTH 
cycle. 

The R,D*D related to the reactor concept i tse l f typically can be divided ii.1.0 threi 
coopoi.ai ts: 

(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 conmercial-size demon;, nation plant (about 
1000 MWe). 

Each stage typically involves some degree of basic research, component design and testing, 
and licensing development. In certain instances, various stages of the development can be 
bypassed. This is particularly true of technologies representing only a modest departure 
from the present reactor technology, in which case prototype reactor construction nk»y be 
bypassed completely and demonstrations performed on conmercial-size units. I f a decision is 
made to do this, the time required to introduce commercial-size units can be shortened, but 
financial risks are increased because of the larger capital commitment required for fu l l -
scale units. On the other hand, total RiD costs are somewhat reduced, since some fraction 
of the R&D required for prototype design usually proves not to be applicable to la-oe-plant 
design. 

I*. is also possible in certain instances to perform component R&D and design for me 
prototypes in such a fashion that identical components can be useJ directly in the demon­
stration units. Thus, by employing couponents of the same design and size in both systems 
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 Stftes, with a 330-HWe prototype currently operating (the Fort St. Vrain 
plant). MWRs have received much less development within the United States, but reactor of 
this type have been commercialized in the Canadian CANDU reactor. However, due to differences 
in utsign between the CANDU and the HWR postulated for U.S. siting (r'or example, the ex­
pected use of slightly enriched fuel in a U.S. HWR) and also to differences in licensing 
e n t e r ' ) , i t would s t i l l be desiraMe to construct a U.S. prototype plant before proceeding 
to the commercial-size demonstration plant phase. The S5CR represents only a modest 
departure from the design of PWRs already operating, but even so, the construction and 
op ation of a prototype plant would also be the logical next stage in the evolution of this 
concept. 
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As has been pointed out above, relatively rapid introduction schedules for ihe 
various reactors have been postulated in the nuclear power scenarios described in Chapter 
6. "his is because one of the objectives of this report is to establish the degree to 
whicii advanced converters and the denatured uranium-thorium (DUTH) cycle can contribute to 
improved uranium resource utilization so as to defer the need for piutoniurn-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 assumeo to be intro­
duced in 1991 and HWRs and KTGRs in 1395. In view of the time requirements for olant 
construction and licensing, i t is clear that the prototype plant stage will have to be 
bypassed if these introduction dates are to be achieved. Consequently, for the d.scussion 
below i t has been assumed that the program for each reactor will be directed toward the 
construction of tne demonstration plant. This reactor/fuel cycle demonstration is in 
turn divided into two parts: one consisting of the generic reactor R&D required to 
provide the basic information necessary for the design and licensing of z. oc~c :

- cial-s ize 
demonstration facil i ty; and another consisting of the final design, construction, and 
operation of the faci l i ty. For this demonstration program, continued government funding 
has been assumed because of the substantial RSD and first-of-a-kind engineering costs that 
will be incurred and because of the increased risks associated with bypassing the prototype 
stage. 

In considering fuel-cycle-related reactor R.DSD, i t is assumed that the demonstration 
of the reactor concept on i t s reference cycle has been accomplished and only that R.DSD re­
quired to shift to an alternate cycle (specifically a CUTH cycle) need be addressed.* The 
basic types of fuel-cycle-related reactor R.DSD are: 

(1) Oata-base development. 

(2) Reactor components development. 

(3) Reactor/fuel cycle demonstration. 

The purpose of the data base development R40 is to provide physics verification and 
fuel performance information necessary for *_!«. 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 cr i t ical experiments to provide a basis to demonstrate the abil i ty 
o f analytical models to predict such important safety-related parameters as reactivity level, 
coefficients of reactivity, and poison worths. Safety-re la ted fuel performance R&D might 
consist of such aspects as fuel rod irradiations to estaolish in-reactor performance and 
discharge isotopics; special reactor experiments to establish such parameters as in-reactor 
swelling, densification, center-line temperature and fission gas release; and tests of the 

*Note that the Ft.D&D requirement; included are those related to the design, licensing and 
operation of i>:, vi'-'.or OKII. The requirements for developing the fuel cycle i t se l f ire 
considered separately (see Section 5.2). The prime example of such fuel-cycle-related 
reactor R,0»D is that already performed for plutonium recycle. Here, fairly extensive 
R,D&D was performed both bv the government and by the private sector to develop reactor 
design changes and/or reactor-related constraints, licensing information, and In-reactor 
demonstrations to support the eventual utilization of mixed-oxide fuels. 
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performance of the fuel during anticipated operational transients. Since such safety-reioted 
fuel performance information would b developed as part of the fuel recycle program dis­
cussed in Section 5.2, the RSD costs for this aspect are mentioned hei'e only for completeness. 

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

The third aspect 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 or in reactor design necessitated by the denatured 
uranium-thorium fuel cycles, the preparation of an analysis report (SAR), and the subse­
quent in-reactor demonstration of substantial quantities of denatured fuels. 

In s'..unary, a number of assumptions have been made to arrive at a point of refer­
ent for evaluating the research and development required for reactors to be commercialized 
on a DUTH fuel cycle within the postulated schedule. In particular, it has been assumed 
that the prototype plant stage either has been completed or cjn be bypassed for HTGRs, 
HWRs, and SSCRs, and thus the remaining R.D&D 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 convert the 
reactors to a DUTH fuel will require additional R,DSD that will be fuel-cycle-relatet 
Fcr the LtfRs, which have long passed the demonstration stage on their reference fuel, all 
the reactor P,DRD required to operate the reactors on a DUTH fuel is fuel-cycle-rela^ed. 
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.D&6 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 also required that assumptions be made regarding the degree of 
financial support that could be expected from the government. These assumptions, and the 
criteria on which they are based, are presented in the discussions below on each reactor 
type. While the assumptions regarding government participation are unavoidably arbitrary 
and may be subject to debate, it is to be pointed 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 assumptions. 

Finally, it is to be noted that while the nuclear power- syr.tems included in this 
study of the denatured •"'• *l) fuel cycle include fast braedc-r reactors, no estimates are 
included in this section for P'BRs. Estimated research and development cost schedules for 
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the LMFBR on i ts 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 IHFCE 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 

Preliminary evaluations of design and safety-reload considerations for LWRs operat­
ing on the conventional thorium cycle indicate thorium-based fuels can be employed in LWRs 
with l i t t l e 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 
example, changes in the nuaber of control drives, shim loadings, or fuel management, etc.) 
but rather reflects our current belief that design changes necessitated by DOTH tuels will 
be sufficiently straightforward so as to be accommodated within the engineering design 
typically performed for new plants. 

As has been described in the discussion above, the first phase of such fuel-cycle-
related research consists of the development of a data base from which safety-related 
parameters 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 inforaiation 
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 -S10 million. This program should be designed both to provide 
the information required *o predict important safety-related physics parameters and to 
demonstrate the accuracy jf 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 ? ' 1 U 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 calculating safety- re la ted 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 

' U, 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-re la ted parameters as reactivity, power distributions, moderator temperature 
reactivity coefficients, boron worth, and control rod worth. 
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Table 5.1-1. Government Research and Development Required to Convert 
Light-Water Reactors to Denatured Uranium-Thorium Fuel Cycles 

(20;. : :- ;U/—U-Th or 20 -^U/--U-Th) 
Assumptions: A H basic reactor RSO required for commercialization of LWRs operating on 

their reference fuel cycle (LEU) has been completed. 
Use of denatuied fuel can be demonstrated in a current-generation LUR. 
Because utility sponsoring demonstration Mill be casing some risk of 
decreased reactor avilaMlity, a 25', government subsidy is assumed for 
a 3-year demonstration program. 

Note: LHRs can be operated on the denatured 2 3 5 U / 2 3 5 U - T h fuel cycle before any other reactor 
system; however, they cannot be economically competitive with LWRs operating on the 
LEU once-through cycle because higher U 30e requirements are associated with thorium 
fuel. Any commercial LHRs operating on a denatured cycle before the year 2000 mist 
be subsidized. 

Cost 
Research and Development (SM) 

A. Data base development 
Al. Physics verification program 10 

Improve cross sections for Th, : : , i l ) , Pa, etc. 
Measure resonance integrals for denatured uranium-
thorium fuels at room temperature and at elevated 
temperatures. 
Perform and analyze critical experiments for 
each fuel. 

A2. Fuel-performance program (30 - 150} a 

Perform in-reactor properties experiments 
Perform power ramp experiments 
Perform fuel-rod irradiation experiments 
Perform transient tests 

B. Reactor components development (develop handling 5 - 2 5 
equipment/procedures for radioactive ; > !l^con­
taining fresh fuel elements). 

C. Demonstration design and licensing 20 - 100 
CI. Develop core design changes as required for 

denatured fuels 
C2. Perform safety analysis of modified core 
C3. Prepare safety analysis report (SAR); carry 

through licensing 
0. Demonstration of LWP operating on denatured fuel 50^ - 200 

(probably "lJ/:': U-Th) 
aWould he included in fuel recycle R&D cost-., (see Section 5.2). 
^Potential government subsidy; i.e., total cost of demonstration is S200M, 
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The fuel performance program under LWR data-base development Mould consist of the 
e:tabHsrimert of safety-related fuel performance information such as transient fuel damage 
l i r i t s , thermal perfornance both for normal operation and with respect to LOCA* margins on 
stored heat, dimensional stabil i ty (densification and swelling), gas absorption and release 
behavior, and fuel cladding interaction. The in i t ia l phase of this prosra*! 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 similar to the 
program currently underway in Norway's Halden HUR and would be designed to provide informa­
tion on such parameters as center-line temperature, swelling ard densification, ana fission-
gas release during operation. The power ramp experiments would consst of preirradiation 
of the fuel rod segments in existing LURs and the subsequent power ramping of these segments 
in special test reactors to establish anticipated fuel performance during power changes 
typically encountered in the operation of LHRs. Examples of such programs are the inter­
national inter-ramp and over-ramp programs currently being undertaken at Studsvifc. The 
transient fuel damage experiments would be designed to provide information on the performance 
of the denatured fuels under the more rapid transients possible during operation and in 
postulated accidents. Lastly, the fuel rod irradiation experiments would provide informa­
tion on the irradiation performance of prototypical thorium-based fuel rods, and, with 
subsequent post-irradiation i so topic analyses, would also provide information on bumup 
and plutoniiiK production, (As noted previously, the fuel performance program costs are 
included, though not specifically delineated, under the fuel cycle R.PSD discussed in 
Section 5.2.) 

In addition to the data base development, some as yet unidentified reactor components 
development could be expected. To cover this aspect of the program, an estimated cost of 
S5 - S25 million is included in Table 5 .1-1 . 

Tho refraining fuel-cycle-related R4D for LWRs would be devoted to developing core 
design changes and safety analysis information in preparation for a reactor/fuel cycle 
cieronstration. In this phase of the program, safety-related behavior of alternate fuel 
would bt determined using the specific design attributes of the demonstration reactor. 
'he 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 cr i ter ia , such as acceptable fuel design limits and 1 i mi - . on maximum energy deposi­
tion in the fuel, would have to be deterrined. Changes in core pn/sics parameters that 
result fror alternate fuel loadings and the implication of these cringes on reactor design 
and safety would also have to be identified and accommodated within v,-. design. For 
e/arsle, changes in fuel and moderator temperature reactivity coefficients, boron worth, 
con fro I-rod worth, prompt-neutron lifetime and delayed-neutron fraction must be addressed 
'•''..•; r.f".y can have a large impact on the performance and safety of the system. The ef-
ferv. of alternate fuel cycles on the dynamic system responses should be determined for all 
transients required by Regulatory Guide 1.70, Revision 2. I t would also be necessary to 
^e'.oriru; tie implications of denatured fuel cycles on plant operation and load change 
serforrance to determine whether the response of plant control and protection systems is 

*LW • Loss-of-Coolant Accident. 
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altered, ft safety analysis report for denatured thorium fuels would be prepared as part 
of this development task and pursued with licensing authorities through approval. 

The reactor development cost associated with commercializing the LWR on the DOTH fuel 
cycle is thought to be about S200 million. This relatively low cost results from the com­
mercial status of the LWR and froti the relatively snail risk fssociated with deploying a 
new fuel type, since i f the Reasonstration program is unsuccessful, the reactor can always 
be returned to uranium fueling. Ihe estimated cost for the light-water reactor i s based 
on an assumed 25% government subsidy for a three-year in-reactor demonstration. The 251 
subsidy i s intended primarily to ensure the sponsoring ut i l i ty against the potential for 
decreased reactor availability which might result from unsatisfactory performance of the 
DUTH fuel. (The cost of the fuel itself i s included in the fuel recycle development costs 
discussed in Section 5.2.) 

5.1.2. High-Temperature Gas-Cooled Reactors 

Although a number of alternate high-temperature gas-cooled reactor technologies r^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 Karch 3, 1966, when the 40-MWe Peach Bottom Atomic Power Station 
became operable. More recently, the 330-fflte Fort St. Vrain HTGR pl*nt has been completed 
and i% current", v undergoing initial rise-to-power testing. Consequently, HTGR status in 
the U. S. is con-, idered to be at the prototype stage and the basic reactor development 
s t i l l required is that associated with the demonstration of a large plant design. Al­
though the success of t:ie Fort St. Vrain prototype 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 f or the RSD rcjuirenents fc- the development of a large commercial 
HTGR on i ts reference KEl'/Th cycle are shown in Table'5.1-2. These estimates include only 
that RSD required relative to the Fort St. Vrain olant. As these tables indicate, the 
majority of the R&D expenditures would be directeu toward component RSD and component 
design, specifically for the development of the PI'.RV (prestressed concrete reactor vessel), 
steam generttor, instrumentation and control, materials jnd methods, and the main helium 
circulators and service systems. In addition, an estimated S30 million to $60 million 
would be required for licensing and preparing a safety analysis report for the initial 
power reactor demonstration program. 

j The cost of a power reactor demonstration plant for the HTGR on its reference cycle 
would be significantly higher than the cost given earlier for an LWR on a DUTH cycle, 
reflecting the increased cost and risk associated with deploying new concepts. In 

I 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 

I wfll be necessary to commit at least the second through fifth of a kind prior to tno 
successful operation of thi', initial demonstration unit if the postulated deployment 



1.2. Government Research and Development Required to Demonstrate HTGRS, IIWRs, and SSCRs on Their Reference Cycles 

Assumptions 
1. All reactors encept IHRs s t i l l require basic reactor research and develoimitint or ni trat ion on their nifernnre fuel cvclr'.. 

?. logical progression ol basic realtor RAD (eicludlinj fuel prrfurnianio awl ri'iyclp RAO) Is: 

A. Proof of principle with small lest realtor . 
6. I<esign, construction, aid opcratlr.n of prolattpe reactor anil/u • camponerit le'.tlnfl f a c i l i t y . 
C. Design, construction, and operation of demonstration plant. 

3. Substantial government sul.sirtiv. are required for rapid comwrrtalUattoi. of realtors since unfavorable near-term 
economics and/or h lqh-r l i t fa t ie 'v "We early comnltwin on canc«pt> hy ;>r.v<i!i> r.octor unattractive, 

Mian-Temperature Gas-Cooled React rs 
(Reference fuel Cycle: MU/!h' , : 

iicdvy-Wa'' r leat ti>rs ••• 
(Reference (••••I Cycle: SCU) 

Spectral-Shift.Controlled Reactors • 
(Reference Fuel Cycle: LCI)) 

Research and Development 

A. Proof of principle accomplished 
in reach Bottom Reactor 

t. Prototype reactor operation in 
progress I ' t . St. Vrain plant) 

Cost 
Research and Orvi-liipwont 

A. Proof of principle accomplished 
hy Canada 

B. Prototypes of nuura I-uranium 
fueled reactors already operated 
at • 100C me hy Canada 

C O M 
Research and_ tovelppmenj 

A. Proof of principle accomplished In 
BR3 reactor In Belgium 

(I, Prototype operation not believed to 
be necessary 

Cost 

C. large plant design and licensing 

CI. Component RID 00-90 
PCRV; steam generators; 
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i . Canadian p l a i t s , while other design modifications such as higher operating pressures tan be demonstrated In the lead plant of the large plant 
Oe.-nonstretlon program after completion of component RAD. 



5-13 

schedule is to be maintained, our costs presume further governmental support Mill be nec­
essary (a 25'. subsidy is assumed) for the second through fifth m i t s . As noted in Table 
5.1-2, a 50t> subsidy of the first unit i s expected to be about MOO Million, and a 251 
subsidy of the next foar units i s expected to total S700 trillion. Since the assumptions 
underlying government subsidies of the reactor demonstration program shown in Table 5.1-2 
have been '•»*ined, these costs can be adjusted to reflect eithe* different levels of govern­
ment '.dpport or a change in the overall cost of the demonstration program. 

As has beers stated above, "t has been assuned that the advanced converters such as 
the KTGR would all be successfully (townstraced on their reference cycles before they are 
converted to DUTH cycles. However, since the reference cycle for the KTGR is already a 
thorium-cased cycle, i t 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 DUTK-fueled HTGR. !f this were done, the additional cc>sts required to convert 
the KTGR to a denatured fuel (eight be smaller than those associated with converting LWtts 
from their u'-anitcs-based fuel cycle to a thorium-based cycle. 

5.1.3. Heavy-Mater Reactors 

Although a number of alternate heavy-water reactor concepts have been developed by 
various nations, only the CAKDU pressurized heavy-water reactor has been deployed in sig­
nificant nwrbers. Therefore, as noted previously, the CANOU reactor is taken as the 

reference reactor for deployment in the United States, The R&D cost can vary considerably, 
depending on whether developed Canadian technology i s utilized or whether the U.S. elects 
to independently develop a heavy-water-reactor concept. It i s assuned here that the U.S. 
KM will be based on the CANOU-PHWR and deployed under Canadian licens» and with Canadian 
cooperation. Thus, our costs address only those aspects required to extend the present 
CANOu design to that of a large plant (l.OOC-SWe) for U.S. s it ing. An order of magnitude 
higher R&D commitment would be required if i t were necessary to reproduce the development 
and demonstrations which the Canadians have performed to date. 

Research and development requirements for the HWR are included in Table 5.1-2. In­
herent in these requirements is the assumption that although the U.S. design would be based 
on the CANDU-.VWR, significant changes would have to be made in order to realize a com­
mercial offering in the U.S. Thes<» modifications consist of the development of a large 
plant design (l,G00-MWe), the use of slightly enriched fuel both to improve resource 
utilization and to reduce power costs, modifications of the Hl;R design to reduce capital 
cost (the practicality of which is generally related to the use of slightly enriched fuel), 
and modifications required for U.S. licensing. 

The rather laroe 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 
f.ritrrfa developed (or the LWR. 
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The f i rs t aspect of Urge plant design and licensing MD» identified as component 
R&D, is related primarily to the extension of the CANOU to 1.000 NUe, the use of slightly 
enriched fuel , and possible increases in system pressure so as to reduce effective capital 
cost. In general, increasing the power output of the HWR to 1,000 HUe should be more readi­
ly accomplished than with other concepts such as the LWR, since i t can be accomplished 
simply by adding additional fuel channels and an additional coolant loop. The use of 
slightly enriched fuel and higher operating pressures should result in no fundamental 
changes to CANOU design, but nevertheless wilt necessitate son development in order to 
accomodate the higher interchannel peaking expected with slightly enriched fuels and the 
effect of higher system pressures on pressure-tube design and performance. Hodifications 
for U.S. siting are somewhat di f f icult to quantify since a thorough licensing review of 
the HWR has .,..' to be completed. Although there is no doubt of the fundamental safety of 
the CAKDU, nodifications for U.S. sit i i ." and licensing are nevertheless anticipated for 
such reasons at differing seismic criteria {due to the differing geology between the U.S. 
and Canada) and because of differing licensing traditions. Additional experimental informa­
tion on the perfemance of slightly enriched uraniup fuel should also be developed fcy i r ­
radiating such fuel in existing KWRs (such as in Canada's WD plant near Chalk River) to 
the discharge bumups anticipated for the reference design (about 21,000 NMe/TeK). Methods 
of analyzing the response of the HWR to anticipated operational occurrences and other 
postulated accidents wi l l have to be developed and approved by the Nuclear Regulatory 
Coemission, and a safety analysis report in conformance with NRC criteria wi l l have to be 
developed and defended. 

As is the case for the HTGR, the cost for a power demonstration plant for the HMR 
would be significantly higher than the cost for a DUTH-fueled LWR. The large plant demon­
stration costs shown in Table 5.1-2 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 previously described for the Liffi. 

5.1.4. Spectral-Shift-Controlled Reactors 

As was noted in Chapter 4, the SSCR consists basically of a PWR whose reactivity 
control system util izes 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 6eMiw, 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 or a large power plant demonstration is required. 

For most alternative reactor concepts at this stage of development, a prototype 
program would be necessary because of the capital cost and high risk associated with 
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bypassing the prototype stage and constructing a large power reactor demonstration. Such 
a prototype program My also be desirable for the SSCR, particularly i f the prototype pro­
gram involved the modification of *n existing PUR for spectral-shift control rather than 
the ccistruction of a wholly new plant for this purpose. However, the estimates of the 
reactor R&D requirements given for the SSCR in Table 5.1-2 are based on the assumption 
that this prototype stage is bypassed. This can be justif ied on the basis that the SSCR is 
rather unique among the various alternatives because of i ts close relationship to present 
PUR 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, a great majority of the 
capital investment in the plant and the power output of the plant i tse l f is not at risk. 
Likewise, the potential for serious licensing delays is largely mitigated, since Che reac­
tor could in i t ia l ly be operated as a poison-controlled PUR and easily reconfigured t.ir 
the spectral-shift control once the licensing approvals were obtained. Consequently, v*te 
capital at risk is limited to the additional expenditures required »o realize spectral-
shift control, roughly $30 - S60 million for component R&D, plus rental charges on the 
heavy water inventory. The additional expenditures for design and licensing, $20 - S50 
million, would have also been necessary for the prototype. 

The component R&D would consist of a thermal-hydraulic development task; valves and 
seal development; development of DO upgrader technology; 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 PVR light-water moderator. The correlations are expected to be very 
similar, but tests to demonstrate this assumption for the various mixtures of heavy and 
light water wil l be required. 

Velves and seat development wil l be necessary in order to minimize leakage of the 
heavy-water mixture; reduction of coolant leakage is important both from an economic 
standpoint (because of the cost of 0 0) and because of the potential radiological 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 . ould address the application 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 SSCR is identical in concept to the upgraders used 
on heavy-water reactors and in the last stage (finishing sta$e) of 0,0 production fac i l i t ies . 
The sizing of various components in the upgrader /ould, however, be somewhat different for 
GSCR application because of the range of DO concentration feeds (resulting from the 
changing 0 0 concentration during a reactor operating cycle), and because of the large 
volume of low DO concentration coolant which must be upgraded toward the end of each 
operating cycle. The upgrade RftO program would consider the sizing of the upgrader. 
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and should also address Methods of minimizing the D;0 inventory in the upgrader so as to 
Minimize DO inventory charges. 

Lastly, component RID 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 tritium); the light water must subsequently be 
replaced with the ligfet-water/heavy-water Mixture prior to initiating the next operating 
cycle. In order to accomplish this refueling/coolant exchange without necessitating large 
volunes of heavy water for this purpose, a Modified bleeC-and-feed procedure i s being ex­
plored in which the differences in density between the warn water in the core and the cool 
makeup water is exploited in order to minimize coolant nixing and the amount of excess 0-0 
inventories required. Scale tests of this refueling procedure (or any other refueling/ 
coolant exchange procedure selected) will be required. 

The R&D related to safety and licensing should consist f irst of data 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-re la ted parameters ( i . e . , critical 
experiments which establish reactivity predictions, power distributions, DO worths, and con­
trol rod worths) are required for uranium fuel. The second aspect of the safety and licens­
ing KiD should consist of a preliminary system design, the performance of a safety analysis 
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 
if. which some design changes would be required in order to ensure that the consequences of 
postulated accidents and anticipated operational occurrences with the SSCR would be comparable 
to those for the conventional PWR. 

The main areas thought to require attention are the implications of coefficients of 
reactivity on accidents that result i ' a cool-down of the primary coolant, the D.O dilution 
accident, and tritium production. 7*e irplicaticr.s of the spectral-shift mode of control 
on plant operation and load change performance should also be addressed as part of the 
preliminary defign evaluation. 

With respect to the large plant demonstration of the SSCR, the financial risk to 
ut i l i t i es would be limited to the extra capital equipment required to realize spectral-shift 
control. Because the proposed 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
lion per unit). In the case of the first unit, additional funding to mitigate the lower 
capacity factors anticipated for an experimental unit have been adaed. Also the cost for 
the first unit includes the c-irryimj charges on the 0,0 inventory. D,,0 carrying charges 
arc not included for the second thrpugh fifth units since it should be possible to 
demonstrate the spectral-shift control on the first unit before the f)0 for the remaining 
urits p.ecls to be purchased, so that a decision to employ spectral-'.M ft control in rul-
seguent units woulrt be one which is purely coimercial in nature. 
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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 occurred in the LWR. In this case, only a demonstration of 
the performance of denatured fuel in the spectral-shift node of control would be needed. 
These incremental costs are estimated to be S10 - $60 nillion. 

5.1.5. R.P&D Schedules 

Schedules for completing the R.MO effort delineated above are summarized in Fig. 
5.1-1. Although it can be argued that, given strong govermaental support both in funding 
and in helping usher the various concepts through the licensing process, these schedules 
could be accelerated, the schedules 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, licensing and construction of a new reactor type; this would appear 
somewhat optimistic since it is currently taking longer to bring conventional LWRs on line. 
It should also be noted that in general the time scale required to develop alternate fuel 
cycle technologies (cf. Section 5.2) is estimated to be at least as long, and sometimes 
longer, than that required to develop reactor-related aspects. In generat, this is because 
test facilities (for example, to perform demonstration irradiation) are available either 
in the U.S. or in Canada, so that R&D work prior to the design, licensing, and construction 
of a 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,DM) expenditures associated with the use of DUTH fuel in converter reactors and to 
determine if there are significant R.MO 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 the nuclear power 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, 
a rather rapid deployment schedule was assumed so that the maximum benefits that could be 
anticipated 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 evaluated 
in greater Jetail for the remaining options. 
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The most rapid 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,D*0 schedules that have been presented in this section are 
consistent with this approach. However, it is recognized that the high-risk factors and 
potentially unfavorable near-term economics 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 deplo»nent. Thus t^e 
costs associated with the R.0&0 schedules are assumed to be largely government financed. 

A comparison 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.MD costs are lowest 

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

Total Costs 
System ($H) Comments 

LWR; DUTH Fuels 85 - 215 a In current-generation LWR; no demon-
straLJon plant required. 

Advanced Converters; 
Reference Fuels 

HTGR; HEU/Th Fuel 560 - 750 6 If DOTH fuel selected as reference 
fuel, additional incremental cost 
probably less than cost of convert­
ing LWRs to DUTH fuels. 

HWR; SEU Fuel 610 - 770*'* Additional incremental cost to con­
vert to DUTH fuels approximately 
equal to that for LWR conversion. 

SSCR; LEU Fuel 190 - 2S(f'a Could be converted to DUTH fuel for 
S10M - S60M if LWRs already con­
verted. 

includes 252 subsidy for demonstration of LWR on DUTH fuel; excludes fuel 
•performance program (see Table 5.1-2). 
Covers first demonstration unit only; 25% subsidy of four additional units 
^anticipated (see Table 5.1-2). 
^Excludes costs of heavy-water plant facilities. 

for the LWR on denatured fje! because of the already widespread deployment of this reactor 
concept. It is assumed tfwt all basic RAD required for commercialization of LWRs operat­
ing 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 required. 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 th»ee-year 
deiconstration proqram. 



5-20 

The R.D4D cosLs are highest for the HTGR and HWR, which are yet to be demonstrated 
on their reference cycles fo r the large uni t size (1000-HWe) postulated in th is report. 
The cost of these demonstration unf-.s const*trt«s the largest fraction o*" the total e s t i ­
mated R,0&D costs, although substantial costs w i l l also be incurred for large plant design 
and l icensing, which includes component R&D, component design, and licensing and SAR 
development, me R,D&D requirements for the HTGR and HWR are judged to be s imi lar 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.DSD costs 
intermediate between those of the LtfR and those of the SITGR because of the heavy reliance 
of the SSCR on LWR technology. As has been discussed in the tex t , once these reactors 
have been demonstrated on the i r reference cycles, addit ional R,0&D w i l l be required to 
conver t. them to DUTH fuels. 

Section 5.1 References 

1. "The Economics and Ut i l i za t ion of Thorium in Nuclear Power Reactors," Resource Planning 
Associates, Inc. , January 16, 1968 (d ra f t ) . 
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5.2. FUEL RECYCLE RESEARCH AND DEVELOPMENT REQUIREMENTS 

I. Spiewak 
Oak Ridge National Laboratory 

The purpose of this section is to summarize the technical problems that must be ad­
dressed by a fuel recycle research and development program before reactor systems producing 
and usinq denatured uranium-thorium (DUTH) *»cls -\-n be deployed commercially. Preliminary 
estimate-, of the schedule an* _„»is 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 recycle 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. Technology Status Summary 

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, solvent 
extraction, product conversion, off-gas treatment); and waste treatment (concentration, cal­
cination, vitrification, arJ 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 conducted on a 
commercial scale. In contrast, Pi./U oxide pellet fuels have been fabricated only on a small 
pilot-plant scale, and a significant amount of research an u 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; 
(4) a reliable nondestructive assay system for powders, fuel rods, and wastes; 
(5) the ability to operate a 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) satisfactory irradiation performance of Pu/U fuels, produced in commercial-scale 
prod sses and equipment. 
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In the case of metal-clad oxide fuels that are thorium based, the areas requiring 
further study are essentially the same as those listed above for the Pu/U oxide fuels; how-
eve', in contrast to Pu/tj-oxide fuels, where significant effort has already been devoted 
toward resolving this list of areas, relatively iittle RXD has been performed to date for 
thorium-based fuels and consequently a larger amount of research and development would be 
required. The intense radioactivity of the decay daughters of ; ; - U (which is produced in the 
thorium along with the r'U) requires that the refabrication processes all be remotely 
operated and maintained. This requirement will necessitate additional development of the 
refabrication processes and may require the development of ntw fabrication methods. The 
qualification of U/Th and Pu/Th oxide fuels will also require additional R*D efforts. 

HTGR 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;! R8D prior to construction of a hot demonstra­
tion facility is needed. This should cover: 

(1) the scaleup of refabrication equipfiient, 

(2) the recycle of scrap material, 

(3) the control of effluents, and 

(4) the assay of fuel-containing materials. 

AdditifW? RRD will also be required for qualification of the recycle fuel. 

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

Fue 1 J^eproces $ i ng 

The basic technology for reprocessing of uranium and uranium/plutonium oxide pellet 
fuels with low 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 operated. Additionally, while engineering or 
pilot-scale work has been successfully carried out or. all important processes and components 
of the reprocessing plant, operability. reliability, 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 handlinn highly radioactive residues that remain after the dissolution 
of high-burnup fuel; 

(3) the technology for reducing radioactive off-gas releaser, (e.g., Kr-85, iodine and 
tritium) f.o conform to anticipated regulation',; 
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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 bumup in government plants and in limited quantities in a small-scale 
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 
been processed by the Thorex process in engineering-scale equipment. 

The principal 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 cast of me'cal-clad oxide fuels, additional headend process R&D is required to 
determine how zirconium cladding can be removed and the ThU ; fuel dissolved. Significant 
waste handling problems may be encountered if fluoride is required to dissolve ThO,. 

In the case of the headend process development for graphite-based HTGR fuels, develop­
ment work is needed with irradiated materials in the crushing, burning and panicle separation 
operations, and in the treatment of '^-containing off-gases associated with the headend 
*f the reprocessing plant. 

Specific areas of solvent extraction process development work required to reprocess 
all thorium-containing reactor fuel include: 
(I) fuel dissolution, feed adjustment, and clarification; 
[i.) technology development for containing ;' 2 0Rn 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 Tre_a.Went 

Waste treawent R&D requirements common to all 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 treawent requirements for the various fuel cycles are similar, but they would 
be more complex for the thorium-based cycles if fluorides were present In the wastes. 
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5.2.2. Research. Development, and Demonstration Cost Ranges and Schedules 

While fuel recycle R*D needs can be identified for a variety of alternate fuel 
cycles and systems, the launching of a major developmental effort to integrate 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 mmproliferation objec-
ti s and our energy needs. Whether i t would be more expeditious to develop individual 
cycles independently in separate faci l i t ies or to 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 fac i l i t i es , the total costs would be onli moderately 
higher than the costs associated with any one cycle. Since the denatured - 3 : U cycle implies 
a system of symbiotic reactors ( i 3 5 U producers and 2il\S consumers), such an approach is 
likely to be attractive i f a decision were made to develop the denatured :?-u cycle. 

The existence of major uncertainties in the fuel recycle developmert end demonstration 
programs make cost projections highly uncertain. There are. f irst , difficulties inherent in 
projectir.2 the costs of process and equipment development programs which address the resolu­
tion of technical problems associated with particular reactors and fuel cycles. In addition, 
the-e 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 problems 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, i f 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 3 prototype in a large (1500 WT/yr) commercial reprocessing 
facility development sequence, jinilarly, growth rates for particular reactor types ray be 
nuch smaller than others, or the fuel loads may be smaller because of higher fuel burnup. 
Thus, scalier fuel cycle plants would be required. 

The problem is further complicated by the fact that the fuel recycle inJ'istry has 
for a number of years been confronted with uncertain and escalating regulatory requirements. 
Permissible radiation exposure levels for operating personnel, acceptable safeguards 
systems, and environmental and safety requirements, all of which affect costs, have not 
;eer specified. Nevertheless, based upon experience with previous fuel recycle develop-
~v\ programs, typical fuel recycle R.D&D costs for the fuel cycles of interest can be pre-
:h<-:-." ir broad ranges. In the past, reprocessing costs had been developed for the U/Pu 
'...-.vr'. fti'.r, partitioned and decontaminated product streams. These have been used her* •.., 
•„".,• V: :,*-%-Une costs. Any institutional consideration, such as a secure fuel ser,ic» 
.-:''.-.', •.-** rfoyliJ permit conventional Purex j.id Thorex reprocessing to take place /oulc 
'.',<: -v.**: - n ^ r v s ".c '.*G base-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 
ind 5.2 respectively. Fro« these Ubles, it can be seen that the total cost to the 
federal government to develop ? new reprocessing technology would range between $0.8 billion 
and $2.0 billi-u.. The corresponding cost for a new refabrication technology would be 

between $0.4 billion and $1.1 bil­
lable 5.2.1. Estimated Cost Range for Development and 

Commercialization of a Typical Hew 
reprocessing Technology3 

Base technology M O 
Hot pilot plant testing 

Subtotal 
Large-scale cold prototype testing^ 

Total 
Large-scale demonstration plant' 

Unescalated 
Billions of Dollars 

.1 - 0.5 
0.5 - 1.0 
0.6 - 1.5 
0.2 - 0.5 
0,8 
(1.0 

2.0 
3.0) 

ranges from :i -^-.vre 
:.0 •̂•:>*.- for new tech-

:Estimated :-•::.?..: .-i-v •%•:,.-. 
i:r.-KZ through c..r..-•-?;.*r:: "• 
.for established technology 
nology. 

cGoverr.nent might incur costs of this magnitude as 
^oart of demonstration program. 
^Commercial facility - extent of government participa 
tion difficult to define at this time. 

Table 5.2-2. Estimated Cost Range for Development 
and Demonstration of a Typical ew 

Refabrication Technology 
Unescalated 

yilions of Dollars 
Base technology 
Cf»ld c<H"P0P»r»t test in" 
Irradiation performance testing 

Total 0.4 
large-scale demonstration" (0.7 

0.1 - C.3 
0.2 - 0.4 
o j . - 0.4 

1.1 
1.4) 

Estimated lapsed two requirements frcr. initial 
development through dcrr„.,;f.tration ranges from 
about 8 - 1 0 years for technology nftar that 
^established to about 15 years for new technology. 
Commercial facility - extent of govt rnnent 
participation difficult to define at this time. 

lion. For fuel recycle development, 
the costs traditionally borne by 
the government include basic R&D, 
construction and operation of 
pilot plants, development of large-
scale prototype equipment, and sup­
port for initial demonstration 
facilities. To these costs should 
be added the costs of the waste 
treatment technology development 
needed to close the fuel cycle. 

The capital costs estimated 
for a commercial demonstration 
facility are listed separately in 
Tables 5.1 and 5.2 because the 
extent tnat the government might 
support these facilities is un­
known. Since they will be 
commercial facilities, costs 
incurred either by the government 
or by a private owner could be 
recovered in fees. The total 
capital costs might range between 
$1.0 billion and $3.0 billion for a 
large reprocessing demonstration 
facility and between $0.7 billion and 
$1.4 billion for a refabrication 
demonstration facility. 

Tables 5.1 and 5.2 .how that 
the major costs associated with 
commercialization of fuel -vcles lie 

at the far end of the R&0 progression, namely, in the steps involving pilot plants, large--cale 
prototype equipment development, ?nd demonstration plants, If required. The rate and sequencing 
of R&D expenditures can be inferrec from Tables 5.2-1 ,md 5.2-2. Base technology R&0 to identify 
process and equipment concepts ma,'1 require 2-6 years. The engineering phase of the development 



5-Zft 

program, including hot testing, nay require 5-12 years. Reference facility design and con­
struction night require 8-12 years. There can be considerable overlapping of phases so that 
for a given fuel cycle the total lapsed tine from initial development to commercialization cf 
fuel recycle ranges from about 12-20 years. The total tine would depend upon the initial 
technology status, the degree to Nhich the M D program steps are telescoped to save t»ne, and 
the stage to which the development progran must be carried. The thoriwc cycles would be at 
the far end of the development time range. 

Table 5.2-3 presents the R&D cost ranges in terns of reactor types and fuel recycle 
systems. For all fuel cycles, the uncertainty in the W O costs should be emphasized. Thus, 
in water reactors, the estimated range of R&D costs is SI.3-2.3 billion for tf/Pu recycle 
development, and SI.9-3.3 billion for DUTn recycle development. For HYGRs, the correspond­
ing ranges are SI.4-2.6 billion and SI.8-3.3 billion for U/'.'u and DUTH recycle development. 
respectively; for FBRs, the corresponding ranges are $1.6-3.0 billion and S2.G-3.6 billion, 
respectively. Although there is a significant cost uncertainty for each reactor type and 
fuel cycle, for a given reactor type the trend in costs as a function of fuel cycle is 
significant. Generally, the reference U/Pu cycle would be least expensive and tne DUTH 
cycle the most expensive, with the Pu/Th and HEU/Th cycles intermediate. 

Table 5.2-3. Estimated Range of Fuel Recycle R&D Costs* 

Reactor Type 
Billions of Dollars 

Reactor Type U/Pu Pu/Th OUTK HEU/Th 
Water Reactors '..3-2.3 1.6-3.C 1.3-3.3 1.6-2.9 
HTGRs 1.4-2.6 1.6-3.0 1.8-3.3 1.6-2.9 
FBRs 1.6-3.0 1.8-3.2 2.0-3.6 i.7-3.1 

•Includes costs for developing reprocessing and refabrication 
technologies and a portion of the waste treatment technology 
development costs. 

5.2.3. Conclusions 

A decision to develop reactor systems operating on denatured fuel cycles requires a 
government commitment to spend $0.5 billion to S2 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* i.'/Vu 
cycles (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 facilities with high operating costs 
are needed. 
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6.0. IfiTxODUCTtOK 

Ir. tnis chapter c i v i l i an nuclear power systems that u t i l i z e der.a:.ured U fuel to 
various degrees are aralyzed to determine whether they could meet projected nuclear power 
•lerands with the ore resources assumed to be available. The reactors employed in the systems 
ire those discussed in ear l ie r chapters o f this report as being the reactors most l i ke l y to 
be developed su f f i c ien t l y for coranerctai deployment wi th in the planning horizon, which is 
assured tc extend to the year 2C5Q. The reactors included &re Light Water Reactors ^LWRs), 
Spectrai-Shift-Contrcl ' .ei Reactors !SSC?.s). Heavy Water Reactors (HkRs), Kigh-Terrperature 
Gas-Cooled Reactors ',H"GRsj» and Fast Breeder Reactors IFSRs',. In each case, the nuclear 
power syster is i n i t i a t ed with currently used LWRs operating on tne low-enriched U fuel 
cycle, aid other converter reactors and/or fuel eyries are added as they become available. 
Or. the basis of ir . forrat ion provided by the reactor designers, i t is assured that U-fueled 
LURs alone w i l l be u t i l i zed through the 1930s and that LWRs operating on denatured i : i U and 

---Pu w i l l becor-e available in the early 1990s. I t i c a'so assumed that SSCRs operating or, 
the various fuel cycles w i l l becoaie available in the early 1990s. Thus nuclear power systems 
consisting of LWRs alone or of LWRs and SSCRs in combination, witn several fuel cycle options 
being avai lable, could be introduced in the early 1930s. LWR-HWR and LWR-HTGR systems could be 
expected in the Kid 1990s, and FBR; could b c added to any of the systems af ter tne year 2000. 

Tr.fe r.uciear power systems u t i l i z i n g denatured L' fuel were ' 'v ided into two major 
categories: "hose consisting of thenral converter reactors only a: - those consisting of 
both thenral converters and fast breeders. Tnree rn;.cl-.-ar policy options" were examined 
under each category, the individual options d i f fer ing primarily in the extent to whicn 
phitcniur. is produced and used to breed additional f i s s i l e mater ial . For comparison, a 
tnrowaway/stowaway option employing LF.U converters was also analyzed, and two options 
• t i l i z i n g the classical plutonium-uraniun: cycle were studied, one using converters only 

And the other using both converters ernd breeders. 

A l l of the options studied were based on tne concept of secure energy centers and 
dispersed reactors discussed in previous chapters. Thus, a l l enrichment, reprocessing, and 
fuel fabr icat ion/refabr icat ion a c t i v i t i e s , as well as fuel and/or waste storage, were assumed 
to be confined to the energy centers. In addi t ion, a l l reactors operating on plutonium or 
highly enriched uranium were assigned to the centers, while reactors operating on low-enriched 
or denatured uramum were permitted to be outside the renters. Determining the precise nature 
and structure of the energy center was not within the scope of this study. Presumably i t 
could ht a re la t ive ly snail localized area or a large geographical region covering an ent i re 
nuclear s ta te, or even t col lect ion of nucle i - ' . tat* ' . . Ff more t'.an one country were involved, 
the sensitive f a c i l i t i e s could he nationally owned but operated under international safeguards. 
P.u. wharewr the character of rhe center an important consideration for any nuclear policy op-
tior, is i ts "energy support r a t i o , " which is defined a' the rat io of the nuch.-ar capacity 
instal led outside the center to the rapacity installed inside the center. Only as the sup­
port ra t io inr.r".»M:'. . uove unity is the capabi l i ty of the system to deliver power to rfis-
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persed areas ensured - a fact which is particularly important if nuclear states are planning 
to provide nuclear fuel assurance* to nonnuclear states. 
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Fig. 6.0-1. The Prilosophy of the 
Nuclear Systems Assesses.nt Study. 

of a reactor/cycle because it produces undesi 
eliminating it from the option. 

The philosophy used in this study is 
illustrated in Fig. 6.0-1. Given a specified 
ILO- supply and a specified set of reactor 
development options, the potential role of 
nuclear power, the resources required to 
achieve this role, and the composition and 
movement of fissile material were calculated. 
The deployment of the individual reactors and 
their associated fuel cycle facilities were 
in all cases consistent with the nuclea" 
policy option under consideration. The intro­
duction date for each individual reactor con­
cept and fjel cycle facility was assumed to he 
the earliest technologically feasible date. 
This allows an evaluation of the maximum im­
pact of the system on any particular nuclear 
option. The effect of delaying the deployment 

rafcle consequences was determined simply by 

It was assumed that a nuclear power system was adequate if its installed nuclear capacity 
was 350 GWe in the year 2000 and a net increase of 15 GMe/yr was realized each year thereafter, 
with the increase sustained by the U 30= 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 no 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 compete well at IhO-. prices above S160/lb; therefore, 
in the remaining runs an attempt was made to satisfy the demand for nuclear power with 
\iybh available for less than S16C/lb U-.O.. It is these runs that are described in this 
chapter. 

The specific assumptions regarding the U,0. supply are presented in Section 6.1 below, 
which also includes descriptions of the operatinq characteristics of the individual reactors 
utilized, the various nuclear policy options chosen for analyses, and the analytical method 
applied. Section 6.2 then cornparas the results obtained for a selected set of nuclear policy 
options, and Section 6.3 summarizes the conclusions reached on the basis of those comparisons. 
The economic data base used for these studies is rjiven ir. Appendix B, and detailed results 
for all the nuclear policy options are presented in Appendix C. 
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6 . 1 . BASIC ASSUMPTIONS AND ANALYSIS TECHNIQUE 

6 . 1 . 1 . The U 3 0 5 Supply 

The most recent estimates o f the supply o f U\0 e avai lable in the United States as re­
ported bv DOE's Division of Uranium Resources and Enrichment (URE) are summarized i n Table 
6.1-1 (from re f . 1 ) . On the basis o f a maximum forward cost o f S50/lb, the known reserves 
plus probable potential resources to ta l 2,325 x 103 ST. USE estimates tha t an addit ional 
140 x 103 ST is available from byproducts (phosphates and copper), so that the asnunt o f 
U.0; prooably available to ta ls 2.465 x 103 ST (or approximately 2.5 m i l l i o n ) . I f the 
"possible" and "speculative" resources are also considered, the URE estimates are increased 
to approximately 4.5 mi l l ion ST. Neither of these estimates include U30e which may be 
available from other U.S. sources, such as the Tennessee shales, or from other nat ions.* 

The actual U-50g supply curves used in the analysis were based on the long-run marginal 
costs of extracting U 30P rather than the forward costs. The long-run marginal costs con­
tain the capital costs o f f a c i l i t i e s currently in operation plus a normal p ro f i t fo r the 
industry; thus they are probably more appropriate tor use in a nuclear strategy analysis. 
The actual-long-run marginal costs used in this analysis are shown i n TabTe B-7 of Appendix 
5 and are p lot ted in Fig. 7.4-1 i n Chapter 7. These sources show that i f the recoverabi l i ty 
of the U;0-- supply i s such that large quantit ies can be extracted only at high costs, then 
the supply available at a cost o f less than S160/lb is probably no more than 3 mi l l ion ST. 
I f . however, the recoverabil i ty i s such that the extraction costs f a l l in what i s considered 
to be an intermediate-cost range, then as much as 6 mi l l ion ST U-0; could be available a t 
a cost of less than S160/lb. 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-0s resource is extracted is at least as important as the size 
of the resource base. URE has estimated that i t would be d i f f i c u l t for the U.S. to mine 
• I mi l l more than 60,000 ST of U-.0- per year in the 1990's ( re f . 3). (Note: This estimate 

.-.iVi bjsed on developing reserves and potential resources at forward costs of less than 
:30/1 b. These costs do not include c<pital costs of f a c i l i t i e s or industry p ro f i t s . ) 
Although the combined maximum capabi l i ty of a coal i t ion of states may exceed t h i s , i t is 
not possible to specify a de f in i te upper l i m i t un t i l more is known about the locations of 
the sources of U30„ and the d i f f i c u l t i e s encountered in recovering i t . Recognizing t h i s , 
and also recognizing that the annual capacity is s t i l l an important var iable, the nuclear 
NO!icy options analyzed in th is study were considered to be more feasible i f their annual 
f in ing and m i l l i ng rate was less than 60,000 ST of U.O. per year. 

" i d i t o r ' s Note: In 1977 the U.S. produced IS,000 ST of UO. concentrate ( re f . 2) . 

t .ai tor 's Note: In 1977 the U.S. gaseous di f fusion plants produced 15.1 mi l l i on kg SWU per 
year (n; f . 4) . After completion of the cascade improvement program (CIP) and cascade up-
rtotinri program (CUP) in the 19?.0's, the U.S. capacity w i l l be 27.4 m i l l i on kg SWU per year 
(refr.. 5 and 6). A gas centrifuge add-on of 8.8 mi l l ion SWU has been proposed for the 
government-owned enrichment f a c i l i t y at Portsmouth, Ohio. Considerable enrichment capacity 
'i 1 *".o fx is ts abroad; therefore, enrichment capacity is inherently a le&r. r i g i d constraint 
r.hitn uranium requirements or production capabi l i t ies . 
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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 reuuced to a nore nanageable number. However, the designs selected have been developed 
by using detailed design procedures and they are nore than adequate for a reactor strategy 
study such as is described here. 

15 360 560 485 165 1,570 
30 690 1,065 1,120 415 3,290 
50 b 875 1,450 1,470 570 4,365 

*From ref. 1. 
At S50,'lb, the known reserves of 875 x 10J ST plus the probable reserves of 1,450 x TO3 

ST plus 140 x 10 3 ST from byproducts (phosphates and copper} total 2.465 x 10 3 Sf (or -v. 
2.5 million ST). I f the possible and speculative resources are included, the total is 
increased to 4,505 x 10 3 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); High 
Temperature Gas Cooled Reactors (HTGRs); and Fast Breeder Reactors (FBRs). The data for the 
PWRs were provided by Combustion Engineering (CE) and Han ford 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-control led 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 
: r s U , and plutonium, the diluent for the denatured designs consisting of either ? 3 e U or 
thorium, or both. In addition, a low-enriched LWR design optimized for throwaway has been 
studied, and also three SSCRs fueled with low-enriched " - U , denatured 2 5 3 U , and Pu/Th. 

The HWRs are represented by three ; ' r U-fueled reactors (natural, slightly enriched, 
and denatured), a denatured x r , U reactor, a Pu/ 2 5 S U reactor, and a Pu/Th reactor. The HTGR 
designs consist of low-enriched, denatured, and highly enriched ^ U reactors; denatured* 
and highly enriched :n\S reactors; and a Pu/Th reactor. 

The FBR designs consist of two Pu/ 2 3 SU core designs (one with a ?if,M blanket and one 
with a thorium blanket) and one Pu/Th core design (with a thorium blanket). In addition, a 
J V 'U/ : ' ' '•% core design with a thorium blanket has been studied. The ? : n U enrichment is less 
than 12"., and thus this fBR is a denatured design. 

Mirco'n'traVt to the other roactor types, the denatured • 1 1 U HTGR design is assumed to contain 
15" :" V i U in '''•'"•[) instead of 12"'. 
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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 
-' 3U PWR fuel pin, was delayed until 1987. The remaining PWR designs, including the SSCRs, 
were introduced in 1991. The HWRs and HTGRs were all introduced in 1995, while the FBRs 
were not introduced until 20O1. ___ —-—"""' - ] 

The" Ittetime-averaged r j J U , ^ - U , and fissile plutonium flows given in Table 6.1-3 show5 

that for the throwaway cycle, low-enriched HTGRs offer significant (almost 202) uranium ore 
savings compared to low-enriched PWRs. Slightly enriched HHRs reduce uranium ore require­
ments by an additional 207 over IfGRs and more than 35% over LWRs. Although low-enriched 
LWRs and HTGRs have roughly the same enrichwent requirements, the slightly enriched KWRs 
require 5 to 6 times less enrichment. The low-enriched SSCR offers about a 22% 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 exception is the natural-
uranium HWR, which has a discharge exposure of one-fourth that for the LWR. HTGR dis­
charge exposures are extremely large - nearly 200 MUd/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 breeding ratio by 0.15, while replacing the 
plutonium with 2 3 3l} reduces the breeding ratio by 0.16. Finally, comparing 2 3 SU-fueled 
thermal reactors with 2 3 3U-fueled reactors shows that the 2 3 3U-fueled reactors have con­
version ratios about 0.10 to 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 2 3 3 U -
fueled SSCRs and HWRs and for the highly enriched 2 3 JU/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. Clea.'ly, the low-enriched 
23HJ-fueled LWR (Pl'R) has low performance uncertainties. Numerous PWRs that have been designed 
using these methods are currently in operation. The highly enriched ' vU-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 th» 
natural uranium fueled CANDUs. 

The Pu-U-fueled FBRs have had a great deal of critical experiment backup, and a few 
FBRs have been built in the U.S. and abroad, givn, i assurance in the calculated performance 
parameters of these reactors. Host of the remaining reactors, however, have rather large 
uncertainties associated with their performance characteristics. This is because these 
reactors have not been built, and most hiive not even had critical experiments to verify the 
designs. The uncertainty for the alternate-fueled reactor designs is even greater since the 
effort in developing nuclear data for ; U and thorium has been modest compared to that 
expended in developing data for 2 I'U, y*'V, and p1utoniumT 



Table 6.1-2. Characteristics of Various Reactors 
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Introduction 
Date 

1%9 

Power 
level 
(HWe) 

ma 

U,0B 

(tons UiOs/GMe)' 

Charge Discharge 

5236 1U7 

Lifetime 

• • ite't 

4078 

Charge 

3.11 

Discharge' 
U-

0.17 

Net 

2.94 25.8 30 0.60 
l<.R-US(Li.).'U-lC 1981 1150 4904 0 4904 3.11 0 3,11 18,2 43 0.54 
UN-USWU/Th 1987 1150 8841 3803 5038 8,03 3.20 4.83 24.1 33 0.66 
L<B-i:3(nt)/U/T». 1991 1150 0 0 0 0 0 0 24.1 32 o.au 
Lim-Pu.'l! 1991 1150 950 0 950 0 0 0 25.7 30 0,70 
IWR-Pu/Th 199) US') 0 0 \ j 0 0 0 22.6 33 

•sSC»-i'MU)'U 1991 1300 4396 908 3489 2.42 0,05 2.37 25.3 30 
iSCf- i j (0f)/U/Th 1991 1300 0 0 0 0 0 0 23.0 33 
SSC»-k'i;Th 199! 1300 0 0 0 0 0 0 23.0 33 

H«R-!i5:;;*T),.'" 1995 1000 415* 0 4156 0 0 0 114,9 7.5 
tttW-U5iSElll,„ 1995 1000 3187 0 3187 0.59 0 0.59 53.9 16 
•(«S-'J5;3f i 'U/Th 1«95 1000 733? 2402 4935 6.66 1.94 4 .7 i 53.9 16 
HXR-I3;0t ), 'b/Ih 1995 1000 0 U 0 0 0 0 53,9 16 
•.-»•«-Pu.'i: 1995 1000 3030 0 3030 0 u 0 53.9 16 
tMR-Pj,"Th 1995 1000 0 0 0 0 0 0 53,9 16 

HT6R-l!5{U")/U-T 1995 1344 4017 n 4017 3,23 0 3.23 8.2 81) 0.50 
fTSR-Hi(lC),'U 19*5 1344 4017 431 358*1 3.23 0.12 3.11 7.2 91 0. . ' . 
HTG<J-l'5{Bf, (.'ll.'Th 1995 1344 3875 465 34'0 3.52 0.30 ».22 6.3 104 0,64 
HT-:.^-US(Hi ),U Th 1995 1344 3903 558 3345 3,90 0.55 3.35 8.9 74 0,67 
^TliR-VJvDi i ' l i 'Th 1995 1344 0 0 0 0 0 0 10.4 63 0,65 
HlCMU'Th 1995 1344 0 0 0 0 0 0 14.0 47 0.8' 
•iTUR-fu'Th 1995 1344 0 0 0 0 0 0 3.4 196 0.62 

ISV-Pu-li'V ?001 1200 0 0 0 0 0 0 12.7/5.1/7.V 62 1.36 
FHR-Pu-y'Th 2001 1200 0 0 0 0 0 0 12.7/4.6/6,4 62 1.34 
?BR-Pu-Ih.'Th 2001 1200 0 0 0 0 0 0 l l .C /4 .6 /6 ,4 68 1,19 
•3R-l'3-U-7h 200) 1200 0 0 0 0 0 0 12.7/4.6/6.4 63 1,18 

": • l^rt " n r t i ' i ' J ; PI l-mt -oil; f.ST - naVural; St I' * slight lv enriched; !IE • nit,hly enriched; 1)4 « •"'•'U; U3 • • U; 5 • standard LWK; U > LWR with 

i 
a 

! Mr- ' ioVon ASI.1 1 r<.vrotes&1n;; losses; enrichment t i l l s <i!.say 0,2-, 
i U j U ! s:j ' ivt.'"«Ul SlanVet, 



Table ?.i-3. Average Fissile Mass Flows* for Various Reactors 

• M , U (..y/GWe-yr) - M'U (kg/GWe-yr) l-u (kg/GWe-yr) Total (kg/GWo-yr) 
Peactor/Cycle Charge Discharge Net Charge Discharge Net Charge Discharge Net Charge OHcharge Nl!l 

L KR-U: ; l£ ) /U-S 0 0 0 736,9 .'13.4 523.5 0 146.8 -146,8 736,9 360.2 376.7 
IKR-US(U)/U-LC Q 0 0 683,3 0 683.3 0 0 0 683,3 0 683.3 
IKK-US(D£ ) /U /Th 0 256.2 -256.2 1169.7 507.9 661,8 0 77.P -77.8 1169.7 841,9 327.8 
iW«t-U3(0C)/O/7h 807.0 530.4 276.6 13.5 16.8 -3,3 0 88.2 •89.2 820.5 635,4 185.1 
IWR-Pu'U 0 0 0 173,1 91.2 82,0 700.6 472.2 228.5 873.7 563.4 310.5 
l«'R-Pu/Th 0 239,0 -239,0 0 2.3 -2.3 1294.1 620.2 673,9 1294.1 861.5 432.6 

\s«-!'MiU/u 0 0 0 626. J 169.3 457.3 0 185.0 -185,0 626,6 354.3 272.3 
SSCR-i:i{Ot}/U.'Th 619.9 «?6.? 193,7 26.8 31.? -4.4 0 72.9 -7 : .9 646.7 530,3 116,4 
V>LR-P.\'7.. 0 281.2 -281.2 0 4.3 -4.3 1202.3 556,4 645.9 1202.3 841.9 360,4 

HWI-U5(NAT)/l> 0 0 0 757.4 ??7,8 529,6 0 290,4 -290.4 757.4 518,2 23-1.2 
K W M I 5 ' S l t l ) / U 0 0 0 521.8 7?.;' 449.7 0 159.8 -159.8 521.8 232.0 289,9 
H*-t-U5(Dl ) / U / I h 0 418.? -418.2 970.8 32?.)) 648.0 0 22.5 -22.5 970.8 763.5 207.3 
Hi^-U1(DI) . 'U/ I»> 765.8 664.7 101.1 33.6 37.0 -3.4 0 26.9 •26.9 79'.. 4 728,6 70,8 
iwa-Pu/u 0 0 0 369.9 67.2 302.7 l ;i6.6 177.7 -21.1 5S6.5 244.9 281.6 
HWR-Pu'Th 0 391.9 -391.9 0 2.8 -2.8 895.5 234,4 661,2 895.5 629.1 266.4 

H I 1 R - U 5 ( l l ) ' U - T 0 0 0 540.1 0 540.1 .1 0 0 540.1 0 540,1 
HTGR-DixllJ/U 0 0 0 540.1 69.1 471.0 0 4,'i, 1 •43.1 540.1 112,2 427.9 
HTGR-l!b(DU/U/Th 0 68.9 -68,9 689,0 64.8 624.? 0 27.3 -27.3 689.0 161.0 528,0 
MTGR-U5(HU/Th 0 186. <i -186.9 512,3 73.3 439.0 0 1.0 -1.0 512.3 261.2 251,1 
tM(.«-U3(0C)/U/Th 411.0 108.4 30?, 5 13,2 21.0 -7.7 0 27.9 •27,9 424,2 157.3 266.9 
m&R-Ul/Th SOl.b 389.0 ^l?,5 73.8 69.9 3.9 0 0 0 575.3 458.9 116.4 
HTCR-Pu/Th 0 94.1 -94.1 0 2.9 -2.9 637.0 126.7 510.3 637.0 223.7 413.3 

I B R - P K - U / U 0 0 0 69.7 48.1 21.6 1253 1526 -273.3 1322.7 1574.1 •251,7 
rsR-Pu-u/Th 0 ?37.5 -?37.5 31.8 17.8 14.0 1261 1283 -21.9 1292.8 1538.3 -245,4 
FBR-Pu-Th/Th 0 743.2 -743,2 0 0 0 1484 853.7 630,7 1484 1596,9 •112.9 
F3R-U3-U/Th 1217.5 844,5 368.0 33,3 19,4 13,9 0 499.8 -499.8 1245.8 1363.7 -117.9 

•Lifetime average with I. fabrication and 1 reprocessing losses. 
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6.1.3. Huclear Policy Options 

Under the assumption that the reactor/fuel cycles listed in Tables L.l-2 and 6.1-3 
could be deployed, a set of nuclear policy options were developed for studying the relative 
capabilities of the various reactors to produce civilian nuclear power during the period 
from 1980 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 GMe 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 GWe in the year 2000 and 10 GWe/yr thereafter.) It was also 
assumed that reactors fueled with natural, low-tiriched, slightly enriched, or denatured 
uranium could be dispersed outside the secure energy centers and those fueled with highly 
enriched uranium or with plutonitim 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; (i) denatured uranium options 
employing thermal converters only; and (4) denatured uranii- options employing both converters 
and breeders. The various options under these categories 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. 6.1-1 through 6.1-4. Runs were made for 
both intermediate-cost and high-cost U-.03 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 f 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 mtions 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 begin with different assumptions rega-ding the 
ore supply and nuclear energy demand.) 

For the purposes of this analysis, all the nuclear system options were assured to be 
mutually exclusive. That is, it was assumed that any notion selected would bt pursued to 
its ultimate end. In actuality, a nation would have the ability to change policier, if con­
sequences of the policy in effect were determined to be undesirable. However, the ability 
to successfully change a policy at a future date would be quite limited if the necessity 
of changing has not been identified and incorporated into the current program. Tho purpose 
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 ultimate end. (Note: A study of the 
consequences of changing policies at a future date - and thereby the implication 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. 

(Z) As nuclear units requiring U 3 0 8 are constructed, the supply of U 3 0 8 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 3 0 8 is 
assumed to be an increasing function of the cumulative amount mined. This is indicative of 
a continuous transition 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 2 3 3 U arc available for refabrication and reloading. 

(4) A nuclear unit which requires 2 3 9 P u or Z 2 3 U cannot be constructed unless the 
supply of fissile material is sufficient 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 only 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 maxinum 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 .i new technology may offer 
ar, intprwement. 

The acquisition of fissile material will be the principal goal of any nation embarked 
upon a nuclear weapons program. Therefore, any analysis of a diversion-resistant civilian 
nuclear power strategy must include a detailed analysis of the nuclear 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 U A ; the conversion of U 3 0 R to UFfi; the 
enrichment of the uranium by either the gaseous diffusion technique or the centrifuge 
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Table 6.1-a, Nuclear Policy Options" 
Throwaway/Stowawav Option !see Fig, 6.1-1) 

Option 1: u u ( J , 5u/ i ] i ,U) converters operating on the throwaway/stowaway cycle are permitted outside the energy centers and no reee-tors are operated Inside the centers. Spent fuel is returned to the secure energy centers for ultimate disposal, 
Plutonium-Uranium Options (see Fio. t.i.?l 

' i > 
Option 2; IEU (» , SU/-»»U) converters »rt operated outside the secure energy centers a»«l Pu/U. converters and J»U(Hl)Th, >"uyTh, 

and Pu/TH HTGR's are permitted inside the centers. Uranium 1s recycled in all reactors, <nd olutonlum it recycled In energy-center reactors. 
Option 3: LEU (*5Hi/«»uj converters are operated outside the secure energy center; and Pu/u converters, Pu-U/U breeders, and -'H)(HE)/Th, '"u/Th, and Pu/Th HTGPS are permitted inside the centers, uranium is recycled In all the reactors, and Plutonium Is re-cycled In the energy-center reactors. 

Denatured Uranium Options with Converters Only (see Fig, 6,1-S) 
Option «: LCU ( 2 Uu/ 2 3*u) converters and denatured -"'Hi and , J 5 u converters are operated outside the energy centers and no reactors are operated inside the centers. The fissile uranium is recycled into the converters, but the Plutonium Is stored inside the centers jither for ultimate disposal or for future use at an unspecified date. 
Option SU: LEU (-^Hi/'^U) converters and denatured J,"-U and S 1'U converters are operated outside the energy centers and Pu/Th con­verters are permitted inside the centers. The fissile uranium H recycled into the outside reicton and the plutonlum into the inside reac­tors. The goal in this case is :.- "iivV:'.iv ji.v * V M > K of plHtmiin rreditoe.! and to "transmute" »H- that 1s .produced into * , ,U In the, energy-center reactors. 
Option ST; LEU (;,,'U/-M'U) converters and denatured * U U converters are operated outside the energy centers and Pu/Th converters are permitted inside the centers. The fissile uranium Is recycled into the outside reactors and the Plutonium into the inside reietort, The goal in this case is <>.;: ts "'«.•>.'>,- :he rvwu ./ .••ii.je.ii'um j'>«a*«v^ h<i ^ranmuu" a l l that in ;'i«n«»«rf to * , J U In the energy-center reactors. 

Denatured Uranium Options with Converters and Breeders (see FI9, 6,1-4) 
1 1 • " " " " " " " t-

' Option 6: IEU ( ? , su/ J ,*U) converters and denatured J " U and ? 5 3 U converters ire operated outside the energy centers and Pu/Th con­verters and Pu-u/Th breeders (Pu-U cores, Th blankets) are permitted Inside the centers, Tne fissile uranium (s recycled Into the outside reactors and the Inside breeders and piutonium is recycled Into the inside converters and breeders. With the reactors used, only a Itflht. 
•VS.}. . - 3 V " :J \J».V* *.«?•*»; iviio Is realized, , .,'" 

Option ?: LEU ( ! , SU/"»U) converters, denatured ?"U and J>Hl converters, and denatured " Hi breeddri are oparated outside the anergy centers and Pu/Th converters and Pu-u/Th breeders (Pu-U cores, Th blankets) are permitted Inside the centers. The fissile uranium Is re­cycled into the outside reactors and the inside breeders and plutonlum is recycled In » Insldt qoiwgrMr* and breeders, With the reaeton used, only a .':>*; • V * - ? ^ " " * :twar»>r<4tL-»i rate Is realised. This case represents ..he first time a.denatured breeder i t ttitroituanl In the system, 
LEU ( J'Hi/- i eU) converters, denatured n''U and - n U converters, tVi denatured J " U breddars are operated outside trie energy 

centers and Pu/Th converters and Pu-Th/Th breeders (Pu-Th cores, Th blanket*) are pemltted 1n»<deIWt.ePntert, fhe fllli-1* uranium li recycled into the outside reactors and the plutonlum Into the Inside reactors. With *he reactors used* » haavu "rt«.f.e.*»0" tram r::, is realized. Again a 4%-n.itnreJ iiwJ.-r I t xtiliaee! In the system. 
tra»am<tati(m 

•In all options except Option 1, spent fuel 1s returned to the secure energy centers ft' reprocessing, 
returned to the center for ultimate disposal, 

-'wfts that are fueled with natural or slightly enriched uranium are Included 1n this '.attgory. 

for Option 1, the spent fuel is 

f 

: • * " ) ...., f , , 4 
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U h u 6.1-5. Reactors Available in Secure (S) Centers or Dispersed (0) Arees for Vsrleus Nuclear Pel ley Options 

Reactor/fjrcle 
um >suo/u-s 
um-ustit)/u-« 

LMR-US(OC)/U/Th 
IWR-UJ(Ot)/U/Th 
IHR-Pu/U 
IWR-Ru.'Th 

SSCR-US(U)/U 
SSCR-UJ(OE)/U/Th 
SSCR-Pu/Th 

HW-US(KAT)/U 
HWR-U5(SCU)/U 
HUR-US(DE)/U/Th 
HWR-U3(K)/U/Th 
HUR-Pu/U 
KWR-Pu/Th 

HTGR-US(IE)/U-T 
HTGR-U$(l£)/U 
HTSR-U5(«)^U/Ui 
HTGR-US(HC)/Th 
HICR-U3(«)/U/Th 
HTGR-Ul/Th 
H1GR-Pv/Th 

rB«-Pw-U/U 
r8R-Pu-U/Ih 
FBR-Pu-Th/Th 
FBR-U3-U/Th 

TnroMIMay 
Option. 

Option I 

Pu-U Options 
. Denatured Uranium 

Option 2 Option 3 
I S JJ 6 
0 0 0 0 
0 - . . 

I S H £ 
0 0 0 0 

t, S, H G 
0 0 0 0 

Option 4 

0 0 0 0 

Option SU 
i , $ H G 
0 0 0 0 

Mian, W 
H I S 
D 0 0 0 

_ , Denatured UraMum 

»tlw. i . OPMW.,7,, JMiaaJ-
k I « £ k i H fi k i t! g 
D 0 0 D D O D O 0 0 0 0 

0 0 - -
o . . . 

0 0 
0 -

s s s s 

0 0 
D • 

0 0 
0 • 

0 0 
0 -

• 0 
- 0 

• 0 
- 0 

- s 
• $ 

s s s s 
J J S S $ 3 S S 

D O D O 
s s s s 
0 0 0 0 

uc « IOM ewridwd; W • denatured; NAT • n»tur«i; sw « slightly enrlehedj Vt « highly enriched; US > 5 U U | UJ v '»Uj $ • stindird LHRi tE • tWR with <>it ended discharge *>pofur«; T « optialied for throwaMy. L, S. H, and G Indicate type of converter employed in option, where 1 •••« IHR, S • SJCH, H > HUR, *ne G » meat. 

en i 

a ^ > u U U l U < i y i i n ^-tJEu£*~i i**^i tefe*tt«L i * * 
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Option I: In this option, LEU ( 2 3 5U/ 2 3 8U) 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. 

Fig. 6.1-1. Option 1: The Throwaway/Stowaway Option. 

technique; the fabrication of 2 3 5 U , 2 3 , U , and 2 3 , JPu fuels; the destruction and transmutation 
- of fissile and fertile isotopes occurring during power production in the reactor; the storage 
of spent fuel, and, if 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 option were also calculated; however, the total power cost of a nuclear unit did not 
determine whether it would be constructed. Generally it was constructed ff (1) it was 
available in the policy under consideration, and (2) it had a lower UjO a consumption 
rate than the other nuclear units available under the same policy option. This approach 
was adopted because it is possible to calculate the U A , fissile plutonium, and :'1:'U 
requirements of a nuclear unit with reasonable accuracy, while It is very difficult to 

•HWRs that are fueled with natural or slightly enriched uranium are included in this category. 

II 
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Option 2: In this option. LEU ( 2 1 5U/ i 3 ,U) converters are operated outside the 
secure energy centers and Pu/U converters and 2 3 SU(HE)/Th, 2 3 3U/Th, and Pu/Th HTGRs are 
permitted inside the centers. Spent fuel is returned to the centers for reprocessing. 
UraniiiM is recycled in all ".actors, and plutoniuai is recycled in energy-center reactors.. 
(Note: Sketch dees not * , cover Option 2G; see Table 6.1-5.) 

Ufy 
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Option 3; In this option, LEU ( 2 3 5U/ 2 3 eU) converters tre operated outside the 
secure enerjy centers and Pu/U converters, Pu-U/U breeders, and 2 3 5U(HE)/Th, 2 3 3U/Th, 
and Pu/Th HTGRs art permitted inside th« centers. Spent fuel Is returned to the centers 
for reprocessing. Uranium Is recycled In all the reactors, and plutonium Is recycled 
In the energy-center reactors. (Note: Sketch does not fully cover Option 3G; see 
Table 6,1-$,) 

Fig. 6,1-2. Options 2 tnd 3: The Plutonium-Uranium Options. 
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Op'ion *: In this option, LEU ( 2 3 5U/ 2 3 8U) converters and denatured 2 3 5 u and 2 3 3 U 
converters are operated outside the energy 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, hut the plutonium is stored inside the 
center either for ultimate disposal or far 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 contained in a set of cases described in Appendix D in 
which the U 3 0 8 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 Uj0 3 as an increasing function of the 
total amount consumed. Thus, while the ability to conserve U3O& did enter into the decision, 
it was not the single dominating factor.) 

An example of the uncertainty involved in calculating the total pr*er cost of a 
nuclear unit in the future is illustrated in Fig. 6.1-7. This figure was developed by 
assigning a reasonable set of uncertainties to the capital, fabrication, and reprocessinq 
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 of UjO e increasing from S140/1b to $180/lb 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 option, LEU ( 2 3 5U/ 2 3 eU) converters and denatured 2 3 5 U and 2 3 3 U 
converters are operated outside the enerc,/ carters 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 amount of plutonium produced 
and to "transmute" all that is produced into 2 3 3 U in the energy-center reactors. 
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Option 5T: In this option, LEU ( 2 3 5 U/ 2 3 8 U) converters and denatured 2 3 3 U 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 
fissi le uranium is recycled into the outside reactors and the plutonium into the inside 
reactors. The goal in this case is not to minimize, the amount of plutonium produced but 
to "tranitmute" all that in produced to J i 3 U In the energy-center reactors. 
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Option 6: In this option. LEU ( 2 3 5U/ : 3 8U) converters and denatured 2 3 5 U and 2 3 3 U 
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 
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 into 
the inside converters and breeders. With the reactor* used, only a Hfnt "Pu-to~2i^U" 
transmutation raU is realized. 

Fig. 6.1-4. Optioi s 6, 7, and 8: Oenatured Uranium Options with Converters and Breeders. 

The fuel cycle options assumed for the converters are as follows: 

(1) Low-enriched ; rU/ '̂ U fuel, reactor operating on throwaway cycle; 
(2) Low-enriched J"'U/:''^U fuel, reprocessing and :-r-u recycle permitted; 
(3) Pu/U fuel, reprocessing and Pu and •'""[} recycle permitted (LWRs only); 
(4) Pu/Th fuel, reprocessing and Pu and ' 3U recycle permitted; 
(5) Denatured y}'Uf',>!U/Th fuel, reprocessing and :'~"M and Pu recycle permitted. 

For the case of the FBR, the fuel options are 

(1) Pu/U fuel in core, Th in blankets, reprocessing and Pu and U recycle permitted; 
(2) Pu/Th fuel in core, Th in the blankets, reproces-in'j and Pu <tnd /'• !U recycle 

permitted. 
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Option 7: In this option, LEU ( 2 3 5U/ 2 3 BU) converters, denatured 2 3 5 U and 2 3 3 U 
converters, and denatured 2 3 3 U breeders 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 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 nFu-tc-2i3i!n transmutation rate is realized. This case represents 
the first time a denatured breeder is introduced in the system. 

Option 8: In this option, LEU (m[}/*™\)) converters, denatured 2 3 5 U and 2 3 3 U 
converters, and denatured 2 3 3 U breeders are operated outside the energy centers and 
Pu/Th converters and Pu-Th/Th breeders (Pu-Th cores, Th blankets) ars 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-**3U" trannmutation rate is 
realized. Again, a denatured breeder ia 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 concerned is dominated by the uncertainties. In partic­
ular, the total power costs for those concepts possessing the greatest resource saving (the 
HWR and the FBR) exhibit the greatest uncertainties. The effect of the price of U 30„ 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 3 0 & in the year of startup is S40/lb rather than 
S140/lb. 

The l^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 soma additional dibcussion, 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 "shadow price," which is the value of an additional unit 
of fissile material to the particular scenario in question. 

The shadow price calculated for the bred fissile material is directly related to the 
Û Oft prices at and subsequent to the valuation point in time. The value of the bred fis­
sile material thus increases with increasing 11,0., price which in turn increases ar> a func­
tion of the cumulative quantity consumed. For the resource-limited scenarios, an additional 
unit of '"U or Pu will postpone the purchase of an equivalent amount of U t 0 K , thp delay 
having a dollar value due to tha use of discounted cash flow;. For those scenarios which 
are not resource-limited, an additional unit of bred fissile material permits the elimina­
tion of an equivalent 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-.Oc 
price structure, the rate at which the Uj0 8 is consumed during a particular scenario also 
affects the time-dependent price calculated for the bred fissile material. Rapid consump­
tion of the resource base (i.e., a high energy demand) yields a rapidly rising shadow 
price. Such an effect is readily noticeable in the calculation of the 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 foi 
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 U^0 H price. The rising power cost of the LWR is directly attributable to f'.e 
increasing fuel expense caused by the U}0> price. The declining fast reactor power cost 
reflects the increasing value of (and hence larger credit for) the bred material V V K 
compared to U 30 R-derived fissile material. 

The situation 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 P was assumed to be constant over the life of the plant, it appears that the LWR is 
the least expensive reactor when the U 30 f t price is less than $60/lb, and that tiie HWR 
will be less expensive than the LWR when the UTOJ, price is greater than S160/lb. However, 
an examination of the uncertainties leads one again to the conclusion that they dominate 
the problem, and that conclusions based on economic arguments are tenuous at best. Thus, 
the decision was made to construct or not construct a nuclear unit on the basis of Its 
ability to extend the U ^ supply rather than on its relative cost. 
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DISCUSSION OF RESULTS FOR SELECTED 
NUCLEAR 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. 

The 
option and 

L-

•Jjr. J 

6.2.1. The Throwaway/Stowaway Option 

throwaway/stowaway cycle (see Fig. 6.1-1) is a conceptually simple nuclear system 
therefore has been selected as the reference cycle against which all other op­

tions are compared. In order to thorough­
ly understand the implications of the throw-
away cycle, the effect of several deployment 

— 1 options utilizing the various advanced con-
i ..... .,....-.• I verters on the throwaway cycle was analyzed 

in detail. In general, the analysis assumed 
a nuclear growth rate of 360 GWe in the year 
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 
considered. In addition, the effect of both 
the high-cost and the intermediate-cost 
U^Og supplies was determined. 

A summary of the 30-yr U.O. requirements 
for several reactors on tho throwaway cvcle, 
including an LWR with a fuel system desiqned 
for an extended discharge exposure, is 
'hewn 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 assumed to be 0,0020. As the figure indicates, all the 
reactors have lower 0\0^ requirements than the standard LWR, the extended-discharge LWR being 
6 lower, the SSCR >„' lower, the HTGR 23- lower, and the sHghtly 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 particular reactor concept based on current performance characteristics, 
but rather to Identify the probable role of each reactor concept and the Incentive for 
improving its performance characteristics. 

Hit* Vb-fm *• 

Fig. 6.2-1. Lifetime U3O8 Requirements 
for Various Reactors on the Throwaway Cycle. 
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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 D supply. The nuclear contribution passes through a maximum of 
approximately 420 GWe 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 cumulative capacity because new units must be con­
structed to replace those retired during the period. The maximum annual U-.Oj. requirement is 
72,000 ST/yr and the maximum annual enrichment requirement 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 uSOc supply. 

A more costly lf30,o supply would, of course, imply a smaller maximum installed 
capacity occurring earlier in time, while the converse would be true for a cheaper 
UjO^ supply. As is shown in Fig. 6.2.3, if the U,0 q supply were a factor of two larger, the 
maximum nuclear contribution would increase from approximately 420 GWe to approximately 
730 GWe and would occur at about the year 2030. If, on the other hand, the supply were a 
factor of two smarter, 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.O, 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.O supply should be as large as 6.0 
million ST, the maximum annual U.Oj. requirement would be 120,000 ST/yr and the maximum 
annual enrichment requirewent would be 77 million SWU/yr. Given the probable limitation on 
the amount of IUQ; that could be mined and milled anrually, these annual U:0 f requirements 
could be the liiiting factor. 

The effec* of adding an advanced convsrter (SbCR, KTGR, or HWR) to a nuclear power 
system operatirj on the throwaway cycle with the high-cosr IhOp. supply is shown in 
Fig. 6.2-D. The increase in the nuclear contribution for each of the advanced converter 
options is relatively small. At most the maximum installed nuclear capacity increases by 
approximately 30 GWe and the year in which the maximum occurs by approximately three 
years. Adding the SSCR to an LWR produces a sliqntly qreater nuclear contribution than 
adding an HTGR. This may at first appear to be o paradox since the lifetime U.O;. require-
mer* for the KTGR is less than that for the f>SCR (see Fig. 6-2.1), but the 4-yr difference 
^n introduction daj^s is sufficient to offset the difference in U.O.. requirements. (The dif­
ference i? not large enough to he significant, however.) The reason that so small an increase 
in nue'e**- capacity is realised by introducing the various converter-', is that by the time 
f.K(=y .loc irate It--" nuclear s/.tem a very sign.ficant faction of the U.O supply has already 
beer cc-Titted tt the standard LWR. This is illustrated in Fig. 6.2-6, where an HWR intro-
Vsj-A if, \YJS doe' not become dominant jntil 2010. Ir. follows th.it if the U.O. supply were 
'itry:r ,.'.f- tne '-*r" syclear growth rate, or if the nuclear growth rate were smaller with the 
same U-.C\ supply, the addition of an advanced converter would have a greater impact. This 
is illustrated in Fig. './/-I, for which the iritennediate-r.ost \i.()., supply was assumed, and 
•Note! lT"gene7aT,"'ijnless a system consisting of the standard LWR alone is designated, it is 
the LWR system including an LWR-EE that is denoted as 1L and compared with other systems in 
later sections of this chapter. However, as pointed out here, the installed capacities of 
the two LWR systems differ only slightly. 

http://th.it
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Fig. 6.2-2. The Nuclear Contribution 
of LWRs on the Throwaway Cycle (High-Cost 
U 3 0 3 Supply). 

Fig. 6.2-3. The Effect of U 3 0 8 Supply 
on the Nuclear Contribution of LWRs on the 
Throwaway Cycle. 
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Fig. 6.2-4. The Effect of U 3 0 8 Supply 
on the Maximum LWR Installed Nuclear 
Capacity. 

Fig. 6.2-5. The Effect on the Nuclear 
Contribution of Adding Advanced Converters 
on the Throwaway Cycle (High-Cost U 3 0 8 Supply). 
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Fig. 6.2-6. The U 3 0 a Commitment 
versus Time for an LWR-HWR System on the 
Trrowaway Cycle (High-Cost U,0<, Supply). 

Fig. 6.2-7. The Effect on the Nuclear 
Contribution of Adding Advanced Converters 
on the Throwaway Cycle (Intermediate-Cost 
U 30 f i Supply). 
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Fig. 6.2-8. The Effect on the Nuclear 
Contribution of Adding Advanced Converters 
on the Throwaway Cycle (200 GWe in 2000 
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Fig. 6.2-9. The Effect of Enrichment 
Tails Composition on the Nuclear Contri­
bution with the LWR on the Throwaway Cycle 
(High-Cost U 3 0 3 Supply). 

Fig, 6.2-10. The Enrichment Tails 
Composition as a Function of Time for the 
Reference Case and for an Improving Tails 
Strategy. 

Fig. 6.2-11. The Amounts of U.Op 
Processed Through the Enrichment Plants 
as a Function o f Time for the LWR on the 
Throwaway Cycle (High-Cost UiO?. Supply). 

in Fig. 6.2-8, for which a reduced growth rate was assumed. With the intermediate-cost 
supply, the effect of the 4-yr difference in introduction dates between the SSCR and the 
HT6R is no longer significant, and the HTGR makes the greater contribution. 

The effect of changing the enrichment tails composition upon the nuclear contribution 
with the LWR on the throwaway cycle is shown in Fig. 6.2-9 in which the reference case with 
a constant enrichment tail', composition of 0.0020 is compared with two other cases: one in 
which the enrichment tdils composition decreases linearly from u,00,2b in 1980 'o 0.0005 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 is mined at a later 
date with a tails composition of 0,0005, The decr^asin^ enrichment tails composition, shown 
in Fig, 6,2-10, is the industry average, and hence the improving tails strategy implies low­
ering the tails composition of the gaseous diffusion pkits beginning in 1980, In addition, 
the strategy implies a continual transition toward an industry based upon an enrichment 
process capable of operating at an average tails composftl. i of ̂ ,0006. 
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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 nucleir capacity by approximately 60 GHe 
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 cumulative amount of U 30 F, processed 
through the enrichment plants as a function of time. The amount is considerably less than 
the amount of U.0 3 committed at any given time, as shown in Fig. 6.2-6. It is important to 
note thot the amount of U:.0t actually processed through the enrichment plants prior to 1990 
is relatively small, and at this time the tails composition for the roving tails strategy 
has been decreasing linearly for 10 yr. Thus, most of the 0 30e 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 tails option 
is the increase in the maximum annual enrichment requirement. As indicated in Fig. 6.2-9, 
the maximum annual U-.0= requirement for this option is 67,000 ST/yr, while the maximum 
annual enricnment requirement is 92 million SWU/yr. Thus, the principal limitation in this 
case would be the availability of enrichment capacity. 

The utilization and movement of fissile material per GHe 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 3 0 6 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 8 con­
sumption for Case 11 in the year 2035 is approximately 142 ST U.0p/GWe, with the LWRs having 
an extended discharge exposure comprising 92 of the installed capacity. When the LWRs are 
followed by SSCRs (Case IS), the annual U-.0f consumption is 135 ST U^O^, 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 11 because the extended-exposure LWR is intro­
duced in 1931 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,0H/GWe, with the HTGR comprising 547 of the installed capacity. The annual U,0„ 
consumption is lower than in Case IS because the U->0f. requirement of the HTGR 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 less than that of the SSCR in the Case IS because the SSCR is introduced in 1991 
while the HTGR is not introduced until 1995. 

When HWRs follow the LWRs (Case IH), tl-,0', consumption in year 2035 is approximately 
106 ST U-j0(,/GWe and the HWR comprises 79' of the installed capacity. The HWR in thi? case 
and the HTGR in Case 1G have the same introduction date. The HWR, however, has a lower 
Ufin requirement and hence the total installed nuclear capacity is greater with this 
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Fig. 6.2-12. Utilization and Movement of Fissile Material In Nuclear Systems 
Consisting of Converters Operating on Throwaway/Stowaway Cycle (year 2035). (iinte: 
Except for Case 1L, which utilizes the extended exposure LWR, all LWRs included 
here and in subsequent systems are standard LWRs.) 
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Fig. 6.2-12 (cont.) 

• 133.3 $T UjO • 

291 Kg U 2 3 5 

.9,967 Kg H M . 

40.9 X I 0 3 SWU 

lumen. *r 

51.2 X 10 3 SWU 

260 Kg U 
•3,*>5 Kg 

235 

LWR 
fU5(UyU \ _ _ l « , 4 5 0 Kg HM_ 
'-1.46 G W e p ^ 

CT=60.3 

THRCWAWAY 

HTGR 
( L t y U - T l — s,146 Kg KM -

0.54 GWe ' 9 

HEW. 7805-090.31 

(c) Case 1G: LWRs Followed by HTGRs; High-Cost U 30 f t Supply. 

113 K, U M i 

*,54S Kg HM 

!«.» • IQ3 Swu 

- l » . « SI UJOJ — ^ H B S l r Lx 

13.? . 10' SWU 

a 40.3 

7,502 Kg H M . 

IMROWAWAY 

MW1 

V>»,I00 K, » • " » ! I0.79OW.I 
CF 40.4 

HEDl 7MS-0M.il 

(d) Case IH: LWRs Followed by HWRs; High-Cost M R Supply. 

http://7MS-0M.il


6-30 

reactor. Since this increase is due simply to the construction of additional HWRs, the 
fractional installed capacity of the HWR is increased conmensurately. 

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 
350 GWe in the year 2000 and 15 GWe/yr thereafter with the high-cost U-,0S supply, would 
be small. 

(2) If the U 3 0 e supply available below SI60/1b 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-jO,. supply; a U-,03 supply either twice as large or twice as small is of greater 
consequence than any of the effects discussed above. 

6• ?•?_•-_0oI™PLt?JLSy sten_witji P1 utonium Recycle 

In order to assess the option of plutonium recycle in converters it was assumed that 
a reprocessing capability would be available in 1991. (This assumption does not argue that 
the reprocessing capacity would be economically attractive or diversion-resistant, but 
merely thdt it would be technologically feasible by th's date.) In this option the classi­
cal plutonium recycle was mo<ii?ied somewhat by rejecting converters with self-generated 
recycle in favor of converters with complete plutonium loads. This has the advantage of 
reducing the number of rercrors that must be placed in the energy centers and cormensurate-
ly increases the~numb< 1 jf reactors that can be placed outside the centers. The individual 
reactor concepts and their locations are shown in Fig. 6.1-2 (Option 2). 

A comparfson of the nuclear contribution of the LWR with plutonium recycle to that 
of the LWR or, the tlvow.iway cycle (Fig. 6.2-13) shows that with recycle the maximum in­
stalled nuclear capacity is increased from approximately 420 fiWe to approximately 600 M e 
and the time at which the maximum occurs is increased from about vear ?0)0 '.0 <ibo:i. ye.ir 
2020 (high-cost U {0„ supply). The maximum annual U 0, requirement f.,r this c.v.e i-, 
67,000 r>T/yr and the maximimr.innual enrichment requirement is 4ft million SWU/yr, 'he,.' 
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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 30p Supply). Outside (LWR-U) Energy Centers (High-Cost 

U 30 f t 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 grow beyond the 400-GWe 
level even though a scarcity of U^0 R exists 
at costs below $160/lb. Viewed differently, 
the primary effect of reprocessing is not 
to support the construction of additional 
nuclear units in the earlier years when 
U^OK is in plentiful supply. 

Fig. 6.2-15. The Effect of U 30 f t Supply on the Nuclear Contribution of the LWR with 
Plutonium Recycle (Case 2L). 

The installed nuclear capacity that Rjst be located in the energy centers as a 
function of time is shown by the lower curve in Fig. 6.2-14, the difference between the 
two curves indicating the nuclear capacity that can be made available outside the centers. 
The maximum capacity which must be located in the energy centers is approximately 260 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 U^O* supply becords 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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67 Kg ii\ Pu 
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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 Uranium Recycle (Case 2L, High-
Cost U,0r supply) (Year 2035}. 

I 

The effect of the intermediate-cost U.0, supply on the LWR plutonium recycle case 
is shown in Fig. 6.2-15. With 6.0 million f>T L'.0 belr.; S160/lb, the maximum nuclear 
contribution would increase fro-ii approximately 600 GWe in the year 2020 to approximately 
960 GWe in the year 2045. Thus, the 11,0 supply is again the dominant variable. The 
maximum annual 11,0.-, requirement would be 110,000 ST/yr and the maximum annual enrichment 
requirement would be 72 million SWU/yr. These annual requirements would constitute the 
principal limitation of the system. 

The utilization and movement, of fissile material per GWe of installed capacity for 
the LWR with plutonium recyc\e is shown in Fig. 6.2-16. Again this figure represents a 
snapshot of the system in time (in the year 2035) and includes both the first core loadino 
for those reactors that are starting up and the last core discharge for those reactors that 

me 
are shutting down. The annual H O consumption in 2035 is 59 ST U (0„/0We. and the LWR 
utilizing plutonium comprises ^4 of the installed capacity. Approximately 36.°, kg of 
fissile plutonium in fresh fuel per OWe of installed capacity per year must be handled 
within the energy center'-, for th's case. (fJnte: Simply identifying the amount of 
fissile plutonium in fresh fuel that must be handled is not analogous to determining the 
diversion re-,istance of the system. While the av.ount of fissile plutonium being handled 
may be important, the state and location of the fissile plutoniun anc the procedures used 
to handle it Are more important in assessino 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 GWe with a 1)}0S supply of 3.0 million ST at below 
S160/lb. This is 180 GWe more than the 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 ? Q S supply of 6.0 million ST at below 
S160/lb. 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 the 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\0<, 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 employed minimize the production of plutonium and 
therefore the amount ultimately thrown away. This, coupled with the fact that - ''U is worth 
slightly more than Tu in a thennal reactor, allowed the system with plotonium throwaway to 
ultimately achieve the same nuclear contribution as the system with plutonium recycle. 

The maximum annual [i.Q.. and enrichment requirements were found to be 80,000 ST/yr and 
69 million SWU/yr. This ore requirement is 20 greater than that for the case of IWR plutonium 
recycle, and the enrichment requirement is 50. qreater. The increases can be directly at­
tributed to the U,0,. and enrichment requirements of the denatured LWR loaded with 15 ' 'U in 

U. As illustrated it> Table 6.1-2, the lifetime it,0 and enrichment requirements of this 
re.ir.tor are 24 and 64 greater than the same requirements for the standard LWR. 

The effect of the intermediate-cost It ,0, supply for this case is shown in Fig. 
6.2-18. The maximum nuclear contribution increar.es 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 again the maximum 
annual ll,0H and enrichment requirements, 105,000 ST/yr and 100 million Stfl/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 Fig, 6.2-19. 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 denatured 
I.WR loaded with 15. enriched " U comprises 39' , and the denatured LWR loaded with 11 "U in 

http://increar.es
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Fig. 6.2-17. The Effect on the Nuclear 
Contribution of LWRs Operating with Fissile 
Uranium Recycle and Plutonium Throwaway 
(High-Cost U\0 H Supply). 

Fig. 6.2-18. The Effect of the U-,0> 
Supply on the Nuclear Contribution of L M s 
Operating with Fissile Uranium Reccit. and 
Plutonium Throwaway (Case 4L). 

,_ » Kg 
1,011 Kg HM 

p y / w / / / ( 

10 Kg fi» f>v 
235 

CF=*0.3 

16 Kg U 2 3 5 

1,669 Kg HM 

//////SS/////SS//SSS/S///S///////////S//S/S/////S//////S/S//S/SS/. 
— 435 Kg U 

/ 7 Kg U 
10,420 Kg Th 
13,910 Kg HM 

I 2 3 3 . 
235 

4.0 X 10J SWU 

32.0 ST U 3 Oj • • ' Q j 

L 
& 

29.8 X 10 3 SWU J 99 Kg fis 

LWR 

CF-64T7 I 
49 Kg fi» Pu 

273 Kg U 2 ^ 
9 Kg U * 0 

9,479 Kg Th 
12,900 Kg HM 

. 99 Kg fis p„ 

y///w//Mzmw/w///////M//////////m//////»//w;/p, 

40» Kg U 2 3 5 

7,392 Kg Th 
»,339 Kg KM 

40 Kg fit Pu 
l37KgU?33 
300 Kg U 2 3 5 -
030KgTh 

14,050 Kg HM 

HEDL 78GS-<M>.33 

Fig. 6.2-19. Utilization and Movement of Fissile Material {.i a Nuclear System 
Consisting of LWRs Operating with Fissile Uranium Recycle and P'-it^nium Throwawa/ 
(Case 4L, High-Cost U-,0,, Supply) (Year 2035). 
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~~:~-[} comprises 57-. The principal advantage associated with thi:» option is that all nuclaar 
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 not 
without cost, however; it requires the development of an industry capable of reprocessing 
significant quantities of fuel containing thorium and refabricating significant quantities 
of fuel containing : " 7U. In order to successfully implement this option, one must develop a 
nuclear industry in which approximately 95- of the reprocessing capacity in the year 2035 is 
capable of handling fuel containing thorium and bl% of the fabrication capacity is capable of 
handling fuel containing --U. 

In summary, if employed judiciously, a converter strategy based or. the LHR can be 
developed which can discard all fissile piutonium and still supply a maximum nuclear con­
tribution of £90 GWe with a U 3 0 8 supply of 3.0 million ST below S160/lb. This is essen­
tially identical to that of the classical UfR piutonium recycle with the same U 30, supply. 
With a U 3 0 8 supply of 6.0 million ST below S160/lb, 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 Systen with Plutonium Production Minimized; 
Pu-to-^Ul "Transmutation" 

r 

An inherent disadvantage in the piutonium throwaway option discussed above is chat the 
fissile piutonium produced in the system is never utilized. Therefore, it was considered de­
sirable to analyze an option in which fissile plutoniuro produced in a similar system is used to 
produce r 3 3 U for the dispersed reactors. The - '-U producer would be a con«ierter with a 
plutonium-thorium c .. 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 
{Option 5U). It is important to nof > that while this option utilizes all the plutoniun pro­
duced in the system, it -.W.-;..- *;:.. .r- j>.- ;'.-.",' • .. - -»•;* '.• .• .<•• •:.<•• . This requires 
the development or reactor concepts designed specifically to minimize piutonium production. 

The nuclear contribution of this option utilizing 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 owr that of the option with piutonium throwaway-. it also 
produces a delay in the maximum of about eight years (compare with Fig. 6.2-17). The 
maximum annual U # f l and enrichment requirements for this option are "5,000 ST/yr and 65 
million SWU/yr, respectively, each being approximately 6' less than that ronuired for 
Option 4. 

The amount of the system's installeJ nuclear capacity that must be located in the energy 
center is shown in Fig. 6.2-21 as a function of time. This ration is distinguished by the 
fact that the maximum capacity that must be located in a secure region does not exceed 100 
GWe at any time during the planning horizon. The amount that may be located outside the 
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energy center ranges from approximately SCO GWe in the year 2000 to approxi-nately 60Q GWe 
in the year 2025. The disadvantage of tnis option is that the high energy support ratio 
(the amount of capacity that can be located outsit the ene.-gy center divided by the aoount 
that must be located in the center) cannot be maintained indefinitely. In fact, the energy 
support ratio decreases continuously as the end of the U;.0C supply is approached. 

"C \ ******* ATiftfc*. fcfit'****.-

.•SB W e 

Fig. 6.2-20. The Effect of Minimizing 
the Production and Use of Plutonium i\ LwRs 
(High-Cost U-.0- Supply). 

Fig. 6.2-21. Relative Nuclear Contri­
butions of LKRs Located tnside (LWR-Pu/Th) 
and Outside (Denatured LWRs} Energy Centers 
(Production and Use of Plutonium Minimi;""^ 
(High-Cost JJ>0e Supply). 

Fig. 6.2-22. The Effect of UjC 3 Supply on the fluclear Contribution'of LWRs 
Operating with Plutonium Minimization and 
Utilization. 

Fig. 6.2-k3. The Effect or the Nuclear 
Contribution o.' Adding Advanced Converters 
Operating with Plutonium Minimization and 
Utilization (High-Cost UNO., Supply). 

The high energy support ratio could be ..Maintained for a longer period of time, however 
if the U-,0j supply were larger. Figure 6.2-«"2 shows that doubling the U\0„ cupply would 
increase the maximum nuclear contribution of the system from approxirately 700 GWe in year 
2030 to over 1000 GWe in year 2050. Since the maximum energy support ratio occurs at about „ 
the same time as the maximum nuclear contribution, it can be assjmed that with the increased 
U#.= supply a large energy support ratio could be maintained as far into the future as year 
2050. Given the U»0^ supply, it would appear that the principal limitation for this option 
would be the maximum annual U.O., and enrichment requirements', which are 115,000 ST/yr and 
90 million SWU/yr, respectively. 



6-37 

The effect upon the nuclear contribution of adding advanced converters with the LWRs 
is shown in Fig. 6.2-23 for the high-cost Uj0 8 supply. The HWR has the largest effect, 
increasing the nuclear contribution of the system to approximately 810 GWe in year 2035. 
The larger effect of the advanced converters in this option compared to their effect in 
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Fig. 6.2-24. Utilization and Movement of Fissile Material in an LUR Nuclear System 
Minimizing the Production and Use of Plutonium (Case 5UL, High-Cost U,(\» Supply) (Year 
2035). 

the throwaway option for this ore supply is primarily due to the fact that reprocessing is 
available in ttis case. The availability of reprocessing effectively increases the amount 
of UjOf, available after the advanced converters arc introduced and therefore increases the 
amount of UsO* upon which the advanced converters can employ their resource saving-.. 

The utilization and movement in ye»r 2035 of fissile material per GWe of installed 
capacity for the system utilizing LWRs only (Case 5UL) is shown in Fig. 6.2-24. The annual 
U$8 consumption is approximately 36 ST UAi/GWe. The LWR transmuting plutonlum to 2 } H * 
is supplied with approximately 170 kg of fissile plutonlum in fresh fuel per GWe of installed 
capacity and it comprises 13$ of the installed capacity. This can be compared to the 
classical case of plutonlum recycle In which approximately 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 stall ir figures). The fissile balance for a decaying (or growing) system 
differs significantly from that of c static system. 
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be located in energy centers and 368 kg of fissile plutonium in fresh fuel per GWe of install­
ed capacity oust be handled each year in those centers. This is not meant to i«"?ly that a 
decrease in the amount of nuclear capacity which m>jst be placed in secure regions is 
synonymous teitn an increase 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 synonyaous 
with an increase in proliferation resistance. If either of these itens is desirable, however, 
this option minimizing the production and use of plutonium does offer a significant increase 
in the energy support ratio and a significant decrease in the amount of fresh-fuel plutonium 
that wist be handled. 

It is important to note that the deployment of the plutonium minimization and 
utilization option Nou'd require the development of a nuclear industry capable of reprocessii^j 
fuel containing thoriur anJ refabricating fuel containing - r U . As Fig. 6.2-24 indicates, 
only one reactor pioviding S of the installed capacity in yea*- 2035 does not utilize thorium. 
Thus, in order to successfully implement this option, 97 of the reprocessing capacity in 
year 2035 nust be capable of handling fuel containing thorium, and 51 of the fabrication 
capacity nust be capable of handling fuel containing 2 r U -

In summary, a converter strategy based on the LHR which minimizes tne arount of 
plutonium produced, but uses that which is produced, could supply a maximum nuclear con­
tribution of 700 GWe with the high-cost U 30= supply. This is anproxirately 100 GWe 
greater than the maximum nuclear contribution obtained in the case of plutonium throwaway 
and fissile uranium recycle. The strategy does, however, require that approximately 
100 GWe be located in an energy center. With the intermediate-cost U 2 0 5 supply, the system 
could make a maximum nuclear contribution of snore than 1000 GWe. In either case, the 
development of fuel designs capable of nii.foizing the amount of plutonium produced and also 
the development of a nuclear industry capable of handling thorium-based fuels must be developed. 

6.2.5. Converter System with Plutonium Production Plot 

This option differs frm the preceding option in that the dispersed rectors are not 
designed to minimize the amount of pl^tonium produced. Thus more plutonium is handled as 
fresh fuel and more is "transmuted" into '''U. Again a converter with a plutonium-thoriur 
core is located 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 option using LWR; only 
(Case 5TL) reaches a maximum of approximately 640 GWe shortly before ye*r 2025. The maximum 
contribution is less than the 700-6We maximum in the preceding case primarily because or the 
different amounts of fissile plutonfum utilized in the two systems. Since • r'Pu is worth less 
in a thermal reactor than either : ' U or 'Hi, the system which minimizes the amount of Plu­
tonium should (and does) make a slightly larger nuclear contribution. 
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The fraction of the installed nuclear capacity which for this case wist be located 
in energy centers is shown in Fig. 6.2-26 as a function of time. The maximum is approxiMately 
120 GUe, which is si ightly greater than that for the previous case. The amount of nuclear 
capacity available for location outside energy centers ranges fro* approximately 300 GUe in 
the year 2000 to approxi- tely 500 GUe in the year 2025. The maximum annual U 3 0 8 and enrich­
ment requirements are 65,000 ST/yr and *5 million SWI/yr, respectively. These are quite similar 
to the maximum annual requirements for the case of the Wft with classical plutoniu* recycle 
(see Fig. 6.2-13). 

The disadvantage of this option is that the energy support ratio decreases continu­
ously as the end of the U 3 0 8 supply is approached. Figure 6.2-27 indicates that if a U 2 0 8 

supply of 6.0 million ST below S160/lb were available, the systew would continue to grow 

1 
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Fig. 6.2-25. The Effect on the Nuclear 
ContriNition of "Transmuting" Pl> ionium 
Produced in LWRs to 2 3 3 U (High-Cost U30„. 
Supply). 

Fig. 6.2.-26. Relative Nuclear Contri­
butions of LWRs Located Inside (Pu/Th) and 
Outside (Denatured LWRs) Energy Centers 
(Plutonium "Transmuted" to ? J 5 H ) (High-Cost 
M „ Supply). 
until approximately year 2050, and thus the 
high energy support ratio associated with 
this option could be maintained much longer. 
The maximum annual U 3 0 s and enrichment 
requirements in this case are 109,000 ST/yr 
and 7? million SWO/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^0« consumption is approximately 
CZ ST U,0o/GWe, and the LWR utilizing Plutonium 

comprises 182 of the Installed capacity. Approximately 260 kg of fissiie Plutonium per GWe of 

Fig. 6.2-27. The Effect of UjO„ Supply 
on the Wuclear Contribution of LWRs in 
System with Plutonium "Transmutation" (Case 
::«.). 

I 
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installed capacity must be handled as fresh fuel each >£ar within the energy centers. This 
can be compared to the classical case of plutonium recycle in which 56t of the installed 
capacity is located in the energy centers and 368 kg of fissile piutoniwi is handled as fresh 
fuel er'ch year. Thus, usir.3 the plutouium to produce ' U results in a significant reduction 
in the amount of installed capacity that mist be located in secure regions, and it also redacts 
th_ anount of fissile plutonium that must be handled as fresh fuel each year. 

• a.t ST UjO, 

3304 K«Tb 
4437 KgKMl 
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Fig. 6.2-28. Utilization and Movement of Fissile Material in an LHR Hucl.jr System 
"Transmuting" Plutonium to ? rHJ (Case STL, High-Cost U,0„ Supply) (Tear 2035). 

As for the preceding option, the high energy support ratio associated with this case 
requires the development of a nuclear industry capable of reprocessing significant amounts 
of fuel containing thorium and refabricating significant amounts of fuel containinq ^ u , 
although these amounts are considerably smaller. As Fig. 6.2-28 indicates, the LHR loaded 
with approximately 3, enriched -'' U comprises 62 of the installed capacity in year 2035, 
the LHR loaded with Pu in Th comprises 18", and the LWR loaded with 12 - ' 5U in rM comprises 
20?. Thus approximately 34 of the reprocessing capacity must be capable of handling fuel 
containing thorium and 20' of the fabrication capacity must be capable of handling fuel con­
taining 2 3 2 U . 

In summary, a converter strategy based on the IWR̂  whic'.i "transmutes" all plutonium 
to " J 3 U could supply a maximum nuclear contribution of 640 SWe H t h the high-cost U-fl, 
supply, of which about 120 GWe would be located <n energy center-,. )rfhile the nuclear con­
tribution for this case 1s somewhat less than for the case in which the production of 
plutonium is minimized, it does 
it will rt |uire handling smaller 

not require the development of new reactor concepts and 
amounts of - ! !n, i i > 
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6.2.6 Converter-Breeder System with Light Plutonium "Transmutation" 

-The results prereated in the preceding sections hove demonstrated that nuclear 
power systems based on converter reactors Mill ultimately be limited by the quantity uf 
econonically recoverable uranium. While a larger U 3 0 8 resource base will allow larger 
systems to develop, the comerse is also true. Since the U30g resource base has always 
been sonewhat uncertain, the deployment of fast breeder reactors has traditionally been 
considered as the csthod by which the consequences of this uncertainty would be minimized. 
Thus, it has histori .ally been assuced that by deploying FBRs nuclear pcwer systems would 
Outgrow the constraints naturally inposed by the UjO a resource base. 

In the option discussed here (Option 6 ) , an FBft with a plutoniint-vraniun core and a 
tnofiuB blanket is located in the energy center to produce 233V which is then used in de­
natured converter reactors outside the center. Because * higher plutoniun "transmutation" 
rate could I* obtained with a plutonium-thoriun core in the FIR, this option is referred 
to as hav'ng a luihi "Pu-to-7""1!!" transmutation rate. The individual reactor concepts 
contained in this option are shorn in Fig. 6.1-4. 

The nuclear contribution associated with this option when all the converters utilized 
are LNRs (Case 6L) is shown in Fig. 6.2-29. In this case, even with the high-cost U 30? 
supply, the system is capable of maintaining a net addition rate of 15 SHe/yr throughout 
the planning horizon - i.e., from 1980 through 2050. The ability of the nuclear system 
to maintain this net addition rate is a direct consequence of the compound system doubling 
time of the CBR, which, in this case, is 13 yr. This doubling time in turn is a direct 
consequence of th» F6R having a Pu-U core. 

In this option the installed nuclear capacity which must be located in energy centers 
increases as a function of time to approximately 560 GMe in year 2050 (see Fig. 6.2-30). 
The most rapid increase occurs between 2010 and /020 as the number of FBRs on line in­
creases significantly. The amount of nuclear capacity available for installation outside 
the centers increases from approximately 300 GMe in year 2000 to over 500 GUe in year 2050. 
Initially, the LHR loaded with approximately 3? enr*ched :i'u is the principal reactor 
available, but as the U }0& is depleted, it is replaced by the LWR loaded with 11 ; :i 
in - X*U. This is illustrated in Fig. 6.2-31, which also indicates that this option is 
capable of maintaining an energy support ratio greater than unity throughout the planning 
horizon. 

The maximum annual 1^0* and enrichment requirements tor this case are 62.CCC ST.yr 
ant 44 million SWU/yr, respectively. These annual requirements do not differ significantly 
from those obtained with the LWR on the throwaway cycle, the reason being that in either 
case, the goal of the nuclear power system is to maintain a net addition rate of IS Cwe.-yr 
provided this increase can be sustained by the u 0 supply., Tne raxi-^ instated capacity 
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Ffg. 6.2-29. The nuclear Contribution 
of an LW-FBft Systen with Light Plutonium 
"Transautation" (High-Cost U-.O, Supply}. 

Fig. 6.2-JO. Relative Ruclear Contri-
vutions of Reactors Located Inside (Pa-Fueled) 
and Outside i Denatured LWRs) Energy Centers 
(High-Cost IhO* Supply). 
for the LWR loaded with aperoxinately 3. en­
riched -" -H! in either case is approximately 
420* GUe. However, ir. this option, as the in­
stalled capacity of the -*U-loa*sd LWRs 
decreases, the eneroy center FBSs produce in­
creasing amounts of ' "U for the denatured L W s , 
and thus the total installed nuclear capacity con­
tinues to increase at a net rate of 15 6Jle/yr. 

The atnoont of fissile plutor.iun that sast 
be handled in tne energy centers as fresh fuel 
each year is shown ir Fig. 6.2-32. Approxi­
mately 620 kg of fissile plutonisim per f*te wist 
be handled in this case, as compared to approxi­

mate!/ 170 k9 of fissile plutoniom in fresh fuel per (Ue each year for the case of plutonium 
minimization and utilizatic . fhus. it appears that the ability to mainta.-i an energy support 
ratio greater than unity while simultaneously adding IS Gite/yr wilt necessitate handles more 
fissile plwtoniuw in fresh fuel in the energy centers. 

As pointed out in previous cases, the ability to maintain a high energy support ratio 
requires the development of a nuclear industry capable of reprocessing fuel containing 
thorium and refabricating fuel containing u. In this option in the year 203G. the I'AR 
loaded with approxirstely 3 enricheU U comprises approximately 2 cf the installed 
capacity, the FBR cc-prises 48 , and th«; LWR loaded with 11 V. in "i; ccmpnses 24 . 
Upon examining the flow 0* tho"iu^ and uranium metal associated with these reactors, it 
car. be seen that 33 of the reprocessing r.apacft.y ;mr.t be capable of handling fuel con­
taining thorium and 27 of the fabrication industry nust be capable of iv.ndlin'; fuel 
containing -(J. 

Fiq. 6.2-31. Relative Kuclear Contri 
butions of Each Reactor Type in LHR-FBR 
System with Light Plutonium "Trar.smutaticn 
(High-Cost U-.th Supply). 
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" — JzrrT'\rT:' 6.2.7. ^ja^rjebjareeder Svstsc with Heavy rlntwtSun TransMutation" 

_iir~"~ The p ^ < K i ^ ^ f OBsioB intfi^Ees t̂lvat a nuclear peuer systea that includes an FBR 
Jiving a Pu-tf cor* and jiTonucing £ l 3Sb in'* thoriuE blanket can Maintain an energy support 
^tiB,great3)et5an^iiy~ifc>le snulianeoBsIy adding 15 CMe/yr to the installed capacity 

§p~~'3££~ -_rr--_ ii^^tmi^&^_ili»iws horizon. The possibility exists, however, that a nuclear power 
S=f&j „"£^:~'^^tri^tarjliMfci -aw FBR'having a Pe-Th core and* a tteriua blanfc-t weald result ill a 
' r ~ ==^"T~*.-beavry 'Bojtoj^-^i transautatiep rate which would Maintain an energy support ratio signi-

jffcafttly greater "thaw unity over the sane period of t" a. The principal problem associated 
a JMctearjsystes based on an FBR with a hn-Th core is that the breeding ratic of the 

^^•••pfcir.-ani hence the breeding *atir_of the entire system, tends to be lew. Therefore, 
^ teVfec t of adding to tht systee an FIR operating on denatured 2 " u to augneat the 2 2 3 S 

gg^--:g£ ̂ Z 'A^^yroonction was all© investigat-*. - The individual reactor concepts contained in this 
? .̂'--jr"jr ^""""--.systfeM ace sfi$n in fig. S.l-% tion 8). 

'SS^: r ~ •- ^-.^zt' T b e l " J C ' e a r attribution associated with this option (Case 8L» vitk denatured 
i l l - \ fT V,— ̂  breeder) " conpared to tbat-_of the OR on the ttrowaway cycle for the high-cost U3O3 
~ZMT. '_ ~ - supply in Fig. 6.2-33. The systen is capable of Maintaining a net addition rate of 
?£f~J-~ - ~-j~<~~ 15 SMe/yr Jiroogbottt the planning horizon. 

l;:ji_ .--.§5?" ' ' T n e installed nuclear capacity whicn for Case 8L oust be located in energy centers 
~~S ~-- s> ~ZJ "-,-»s shown- in Fig. 6.2-34 as a function of tine. The maximum is less than 300 GUe threugh-
£ - ""„-=̂ "' : * 3 t *** planning horizon The aenunt available for location outside the energy centers 
=5^ ~ 1 ~-_V -Ranges- fron approximately 300 GWe in the ^e»r 2000 to approximately 800 Owe in the year 
•f_~ '_-.- "~ ' %058. This can be compared xr- Option t for which the nuclear capacity that mist be 

located in secure regions increases continuously to approximately 560 GHe in 2050. Thus, 
a nuclear system containing FBRs with ?u-7h cores plus FBRs with denatured 2 i 3 U cores is 
capable of Maintaining a very hign energy support ratio for an indefinite period of tine. 
It does require, however, that reactors tfr.s, are net producers of fissile material be 
Tocated in energy .^i.ters. 

The utilization ard movement of fissile material in year 2035 for Case 8L and the 
small U}0« supply are srown in Fig. 6.2-35. Thf LWR loaded with approximately 3% enriched 
2 } S U comprises approximately 13* of the installed capacity, the denatured , 5U LWR comprises 
approximately 12*, the energy center FBR coigns*' approximately 29̂ ., the denatured 2 3 3 U LWR 
comprises 8*., and the denatured FBR comprise?. 381. The denatured ? ' r U LWR i' being rapidly 
phases out of the nuclear system in year 2035, while the denatured '"U Li<R 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 •"''Mi LWR is considerably qreater than the heavy metal charge, 
while the heavy metal charge for the denatured -' ' li LWR is considerably greater than the 
heavy metal discharge. The former is indicative of final core discharges, while the latter 
is indicative of first core loading:.. 

i 
I 
I 
1 
I 
I 
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Fim. 6.2-33. The Jtoclear Contributions Fig. t .Z-34, Relative Contributions 
• f an LMR-FBR System with Heavy Plutonium of Keactors Locate* inside (to-Fueled) and 
-Transmutation* (High-Cost 0 5 0 8 to&TH&.z^ti&imi (Demstwed l i f e and FBRs) Energy 

? . V- Centers ( H i g h e s t 0 3 0 3 Supply). 

in this option the annual consumption of UA)& is approximately 25 ST U 30. in year 
2035, decreasing thereafter as the LURs loaded with 7-c-\i *re repUced by the IWRs loaded 
with 2 3 3 U . Approximately 439 kg of f issi le pluteniur per GUe of installed capacity must 
be handled as fresh fuel each year within energy centers, somewhat less than the 620 kg 
that must be handled in Option 6. The abi l i ty to maintain a high energy support ratio 
while simultaneously adding 15 GWe/yr again requires the development of a nuclear industry 
capable of reprocessing fuel containing thorium and refabricating fuel containing 2UU. 
Figure 6.2-35 shows that 65: of the reprocessing capacity in year 2025 must be capable of 
handling fuel containing thorium and that 31% of the refabrication capacity must be capable 
of handling fuel containing 2 1 : U . 

The effect of deleting the denatured FBR from the system is shown in Tigs. 6.2-36 ittd 
6.2*37. Figure 6.2-36 shows that without the denatured FBR the installed nuclear capacity 
reaches a maximum of approximately 840 GWe in about 2035 and declines continuously there­
after. The reason for this , of course, is that without the denatured FBR the system has 
a net breeding ratio of less than unity. Therefore, while the system can multiply the 
f issi le supply significantly, i t cannot continue to grow indefinitely. The nuclear capacity 
that must be located in energy centers for the modified Case 81 is shown in Fir. 6.2-37. 
This capacity does not exceed 140 GWe throughout the planning horizon. The amount of 
capacity available for location outside the secure regions ranges from approximately 
300 GWe in the year 2000 to approximately 700 GKe in year 2035. 

In summary, a strategy based on an FBR with a Pu-Th core and a thorium blanket can 
sucily a net addition rate of 15 GWe/yr to year 2050 and beyond provided a denatured breeaer 
<» included in the system. I f the denatured breeder is not included, then the maximum 
nuclear contribution wool', be approximately 840 GWe. Tne amount of nuclear capacity that 
must be located in secure regions does not exceed 140 GWe in this case. 
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Fig. 6.2-36. Ef'er.t on Nuclear Contr i­
bution of Eliminating Denatured Breewr from 
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mutation." (Case 81 Minus Denatured Rreeder) 
(High-Cost IĴ Or, Supply). 

Fig. 6.2-37. Relative Nuclear Contri­
butions of Ue*ctors Located Inside (Pu-Fueled) 
and Outairto (Denatured LWRs) Energy Centers 
(Case KL Minus Denatured Breeder) (High-Cost 
•i >(k jup;> ly) . 
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5,3. COHCIUSI0HS 

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 drawn 
for various nuclear systens operating on the thrvmauy cycle: 

(1) With a U 3 0 e supply of 3.0 million ST below SISO/lb. the Maximum installed 
capacity with the standard LWR on the throwaway cycle would be approximately 420 GWe. 
and this would occur in about year 2006. 

(2) A reduction in the U 3 0 3 requirement or all LWRs coauencing operation in 1981 and 
thereafter by 6' would not significantly increase the maximum installed capacity. Thus, for 
the case of the LWR en the throwaway cycle, the effort should be on improvements in U 3 0 e ut*"-'-
ization significantly greater than 6^ for LWRs conaencing operation after 1981 or on i«prc/>-
ments which can be retrofitted into existing LWRs. 

Table 6.3-1. Summary of Results for Nuclear Power Systems 
Operating on the Throwaway/Stowaway Cycle 

Option 
Technology Maximum Nuclear 
Development Contribution 
Requirement (GWe) 

Year 
Ton 

' Maximum 
' ibution 

High-Cost U,0 S Supply 
420 Standard LWR None 420 2006 

Improved LW? LWR with extended dis­
charge exposure 

430 2010 

LWR plus advanced 
converter 

SSH, HTGR, or HWR 450 2012* 

LWR with improved 
tails composition 

Advanced enrichment 
process 

500 2015 

Intermediate-Cost U,0fl Supply 
Standard LWR Successful UjOfi explora­

tion program 
730 " • * : • 

LWR plus advanced 
converter 

SSCR, HTGR, or HWR; also 
successful U,0„ exploration 
program 

850 
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Table 6.3-2. Sunmary 
Conveners 

OptiOP 

Pu recyc l " ,cL) 
Pu t l rowawy (4L) 

Pu production niniirri::.-d. 
Pu-tP- Li "transmutation" i5UL) 
Pu production not .nini^ized. 
Tu-to- U "transicutation" (5TI.J 

FBRs adde-1, l i gh t Pu 
t r a n s l a t i o n (61) 
fBRs addeii, heavy Pu 
transmutation (7L) 

of kesults for Nuclear Power Systems Utilizing LWR 
with and without FBRs (with Recycle) 

iechi.oloqy Development 
Requirement 

High-Cos'. I' J\, Suppl v 

Soprocsssirg, r<.*abr icat ion 
Advanced fuel design, repro­
cessing 
Advanced f j e l design, repro­
cessing 
Advanced fuel design, repro­
cess ina 

Advanced fuei design, repro­
cessing, TBR 
Advanced fuel design, >->nro-
ces. r.a, FB? 

Pu recycle (2L; 
Pu lhrowa*Sy (•'-;_! 

Pu production v.nmizei, 
ru-to-- ' j "tra,.»...ut<itt-on" \:.'Jl'': 
Pu reduc t ion not rMnimi/pd, 
Pu-to-- '•'•} "trarsnutatior." (STL) 

[n year 2050. 

Maximum Nuclear Contribution 
y Total Fraction of OK 

GHe in Energy Center 

2020 600 0.40 
2020 590 -

233C 700 0.15 

2025 6«0 0.21 

if 050 1100 
(w/o denat. FBK) 

0.56* 

2050 V.OO 
(wi th i ^nat . FB"., 

0.27* 

2035 850 
(w/o denat. FBR) 

0.56 

inter»e<Jiat«>-Cost U,0,, Scpply 

Reprocessing, r e f a f r i c a t i o r 2045 960 
Adv.incei fuel dc-jign, repro- 2045 930 
c^ss-nc 
Advanced '•>»>! do:; i on . repro- 2050 1000 
Ctr'.yirn 

Arivd' ced fuel dssian, reprc- 2050 1020 

(j) Tha deployment of an advanced canv-rter beginning in 1995 will not signifi­
cantly increase the maximum installed capacity if the U--0B supply is limited to 3.0 
million ST below 5160/iu This is primarily due to the fact that a significant amount 
ol the U?,0 «uprly has been committed to the standard LWR prior to the advanced converter 
attaining a large fraction of the installed capacity. If the U ?0 f t supply should be as 
large as 6.0 million ST below S16G/1b, then the effect of the advanced converter is 
considerably larger. 

(4) An advanced enrichment proceis capable of economically reducing the tails compo­
site in to 0.0005 could hav> a greater effect than improvements in LWR u^O* utilization or 
the employment or' an advanced converter. 
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Table 6.3-3. Summary of Fuel Cycle Reauirements for Nuclear r-ower 
Systems Utilizing LWR Converters with and without FBRs 

(with Recycle; High-Cost U,0 B Supply) 
friction of Installed Nuclear 
Capacity Permitted OutiiJe Fraction of Reprocessin<; Fr»i.:<<'i of Refabrication 

Energy Center in Capacity to Handle Th Capacity to Handle 
tear ZC25 »n Year 2035 --U in fear 7035 

Pa recycle 0.61 0 0 
Pu r. "owaway I.CO a.»5 0.57 
Pj production minimized; 0.85 0.97 0.53 
Pu-to-- ' 'J "transmutation 
Pu production not minimized; 0. 79 0.3* 0.20 
Pu-to- ' >U "transmutation* 
FBRs added, li^ht Pu 0.56 0.38 0.27 
transmutation 
FBRs added, heavy !"•» 0.76 0.65 0.3; 
transmutation _ 

(5) The effect of an exploration program successful enough to reliably increase 
the U 30= resource base to 6.0 millic.i ST below S160/lb would be consitierably 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 6.3-2 c-.nd 6.J-2, the following conclu­
sions are drawn for LWR and LWR-FBR systems operating with recycle: 

(1) With the high-cos1: U 3 0 a supply, the effect of plutonium recycle in LWRs would 
be to increase the installed nuclear capacity to £00 GWe, and this would occur in about 
year 2020. This would require, however, that as much as 40' of the nuclear capacity be 
located in the energy centers. If the M<> supply should be as large as 6.0 million ST 
be'.ow S160/lb, the maximum installed nuclear capacity would be 960 GWe, and this would 
occur in about year 2045. 

(2) If ell 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 3 0 o supply. Attaining 590 GWe, however, requires the deve^pment 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 trie refabrication capacity is devoted to 
fuel containing / 1 ? U . 

(3) If the plutonium produced in the system described immediately above were re-
fabricated and reloaded, the maximum installed nuclear capacity would increase to approxi­
mately 700 GWe, which is an increase in the maximum of approximately 110 GWe 
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(4) I f a l l Plutonium produced were transmuted to : - 5 U but no attempt was made to 
minimize the amount of plutonium produced, the maximum installed nuclear capacity could be 
as large as 640 GWe w'th the high-cost U30? supply. As much as 215 of the installed 
nuclea«- capacity would have to be located in secure energy centers, however, and i t would 
require that 34:1 of the reprocessing capacity be devoted to fuel containing thorium and 20% 
of the refabrication capacity be devoted to fuel containing : 2 3 U . 

(5) I f a nuclear system uti l iz ing an FBR with 3 Pu-U core and a thorium blanket were 
developed, the system could maintain a net addition rate of 15 GWe/yr indefinitely. The 
installed nuclear capacity, in this case, could De as high as 1100 GWe in year 2050; however, 
561 of this capacity would have tc be located in secure energy centers. Also, approximately 
382 of the reprocessing capacity would have to be devoted to fuel containing thorium and 27S 
of the ref3brication capacity would have to be devoted to fuel containing 2 3 2 U . 

(6) I f a nuclear system uti l izing an FBR with a Pu-Th core and a thorium blanket were 
developed, the rcaxircuir, installed capacity would depend upon the performance characteristics 
of the denatured design receiving fuel from the FBR. I f tnis design were a denatured breeder 
the nuclear system would be capable of adding 15 GWe/yr indefinitely. I f , 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 tho results and conclusions presented in this chapter, detailed results 
for all the nuclear policy options calculated are tabulat<d in Appendix C. Also, as men­
tioned earlier, a separate analysis performed under the a; sumption of an unlimited USOe 
supply but with the nuclear power systems in competition with coal-fired plants is described 
in Appendix D. 
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7.0. INTRODUCTION 

f. J . Bums 
Oak Ridtje "tetional Laboratory 

The assessment of any propostd fuel cycle must of necessity consider various topics 
that affect the feas ib i l i t y and v i&Si l i t y of the part icular cycle. Moreover, t n assessment 
of a part icular fuel cycle nwst consider the re la t ive merits of the fuel cycle compared to 
other potent ia l ly available fuel cycle options. This study of the denatured • : i -U fuel cycle 
has addressed various aspects of the cycle in the preceding chapters: the p ro l i f e ra t i r n -
resistant characterist ics of the cycle ( i n Chapter 3) ; the impact of denatured - 3U fuel on 
the performance of several types of reactors ( i n Chapter 4 ) ; the implementation and com­
mercial ization aspects of the 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 t'ie 
denatured U cycle was l imited primari ly to the specif ic aspect under consideration. In 
tn is chapter the detailed results of the assessment are summarized and integrated, and the 
potential tradeoffs possible between the various considerations are addressed. !n addi t ion, 
recoromendations for further study of crucial aspects of the denatured • ' U fuel cycle are 
Hade. 
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7 . 1 . PROLIFERATION-RESISTANT CHARACTERISTICS OF DENATURED a 3 3 0 FUEL 

C. K. Newstead 
Brookhaven Nat ional Laboratory 

and 
T. J. burns 

Oak Ridge National Laboratory 

As has been stated in earlier chapters, the primary goal of the denatured fuel cycle 
is to permit the recycle of fissile fuels in dispersed reactors in a manner consistent with 
nonproliferation considerations. In this section the proliferation-resistant character­
istics of the denatured 2'^\ fuel cycle that have been described in detail in Chapter 3 
are sumnarized, and their significance with respect to both national proliferation and 
subnational terrorism is noted. In general, these characteristics 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 2 3 2 U 
impurity present in thorium-oerived fuel, and (3) the low chemically separable fissile 
content of the spent denatured fuel. 

7.1.1. Isotopic Barrier of Fresh Fuel 

The isotopic barrier of the fresh fuel is created by the addition of the ; ̂ J 
denaturant to the i 3 3 U fissile fuel, its purpose being to preclude the use of the ; n U 
directly in a nuclear weapons program. Although the thorium present in most proposed 
denatured fuels could be chemically removed, the separated uranium would have too l w a 
fissile content for it to be <ff recti/, usable in a practical nuclear device. By contrast, 
the other potential fuel cycle relying on recycled material, the Pu/U cycle, would require 
only a chemical separation to extract weapons-usable material directly from power reactor 
fuel. 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. 
Depending upon its technological resources, a nation may have or may develop separation 
facilities. On the other hand, it is unliicely that a subnational jroup would possess 
isotopic separation capabilities and thus the isotopic barrier inherent in denatured fuel 
would ."•r'jvide considerable protection, against terrorist nuclear activities. 

As is 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 aqr> the only operational enrichment facilities were based on the gaseous diffusion 
lecbnione, a method requiring a large expenditure of energy 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 Capenhurst in the United 
Kingdom and at Almelo in The Netherlands. The URENCO centrifuge represents an economic 
design built by technologically advanced countries (r.nqliinci, Ine Netherlands, Germany) 
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without benefit of U.S. experience. For a nilitary program, economics would not be an 
overriding criterion and could be sacrificed in favor of a more moderate 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 require a somewhat higher level of 
technology than prototype construction. 

The following particular points regarding the enrichment of denatured 2 3 3?J fuel 
should be noted: 
(1) Because of the low»r mass of 2 3 3 U , separating 2 3 3 U from 2 3 8 U would require only 9/25 

of the effort required to separate 2 3 5 U from 2 3 3 U , assuming equal feed enrichments. 
(2) Since the fast critical mass of 2 3 3 U is less than that of 2 3 S U , less enrichment 

capacity would be required to produce a 2 3 3 U weapon from 2 3 3 U / 2 3 8 U feed than would 
be required to produce a 2 3 5 U weapon from - 3 5 U / 2 3 " U feed, again assuming equal 
enrichments of the feed material. 

(3) The higher the enrichment of the source material, the less separative work that would 
have to be done to upgrade the material to 90*, enrichment. For example, enriching 
natural uranium to a 10 level consumes 90 of the separative work required to 
achieve a 90 level. It is to be noted that the enrichment of denatured 2 3 3 U fuel 
is approximately 12", whereas the enrichment of currently used LWR 2 3 5 U 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 
materia] from various fuels in one year (normalized to 1 kg of product): 

Number of Centrifuges Required 

Fuel 
Feed Required 

(kq) 
0.3 kg SWU/yr 

Capacity 
55 

5 kg SWU/yr 
Capacity 

12 ; 3 3 U 8 

0.3 kg SWU/yr 
Capacity 

55 3 
20 '3f-U 5 50 3 
3.2, - 3'U 30 292 17 
Natural Uranium 178 779 46 

The above values do not consider measures to eliminate the : , 2 U contamination and they 
assume that a reasonable tails assay will be maintained (M).2 2 : ( C U ) . If a higher tails 
assay were acceptable, the number of centrifuges could be reduced but the feed material 
"•equired would be increased. 

One year, of course, is a long time wf»en compared to a period of weeks that would 
be needed to "btain approximately 10 kg of plutonium by chemically reprocessing two to 
three spent 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 



7-6 
I 

would be quite difficult and would require Increasing technological sophistication; how­
ever, adding centrifuges would require only that the S d m e device be duplicated as many • 
tines as neces.ary. Increasing the tails assay would require more feed material. '* 

Finally, in considering the potential circumvention of the isotopic barrier, it is 
important to anticipate the enrichment technologies that could exist in 20 to 25 years -
the time when the denatured fuel cycle could be deployed. Technologically advanced 
countries already have the necessary technological base to design and construct centri­
fuges, and many presently developing countries may have acquired the technology base by 
that time. Countries with a primitive technology are unlikely to use this route, since 
even with the finarcial assets and technically competent personnel they would have the 
difficult task of enveloping the requisite support facilities. Other potential isotope 
separation techniques are under development in many countries. Laser isotope separation 
(LIS), plasma techniques, aerodynamic methods, chemical techniques, and electromagnetic 
separation cethods currently show varying degrees of promise. The current status of 
these methods is discussed in Appendix A. tt is impossible to predict the ultimate 
success or failure of these alternative methods, and hence the isotopic separation 
capability which might exist in 25 years is even snore difficult to estimate. Current 
esti>nales 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 working industrial 
basis, even with a highly sophisticated R&D effort. 

7.1.2. Gamma-Radiation Barrier QT Fresh Fuel 

The production of • ? 3 3U results in the concomitant production of a small but radio-
actively significant quantity of - "i?U through the 2 3 2Th(n,2n) reaction [and the : 3 ; ;Th(n,Y) 
reaction -f •'-'"Tn is present in the thorium]. As the ; 3 U decays through ' ; 5Th and its 
daughte* products, the gamma activity of the 23'U-containing fuels increases, thus providing 
a rajiati ?r. barrier much more intense than is found in other fresh fuels. While chemical processing 
could be employed to remove the ji'\i decay produces, such a procedure would provide a relatively 
low radioactivity for only 10-20 days, since further decay of the ' , 2U present in the fuel 
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 rencentrjtion of 2 3'U in the recycle fuel is usually characterized as so many 
parts per million (ppm) jf • 3 iu in total uranium. Due to the threshold nature of the 
?'!:Th(n,2n) ruction, the 2 3 7 U concentration varies with the neutron spectrum of the 
reactor in whlrh it is produced. It also varies with the amount of recycle. For 12 
- 3 If denatured fuel, the ' 3 2U concentration (in ppm U) ranges from 250 ppm for LWR-
produced ? °U to a maximum of 1600 ppm for certain LMfBR-derived denatured fuels (see 
Section j.1.3). If the latter material were enriched to produce weapons-grade material, 
the - '-U concentration would be approximately 8000 ppm, and fhus the material would be 
highly radioactive. 
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While the radiation field would introduce complications in the manufacture of a 
weapon, particularly for a terrorist grtap, the resulting dose rates Mould not provide an 
-bs&lute barrier (see Section 3.3.5). As mentioned above, it would be possible to clean 
up the fissile .roterfal so that it was relatively free of radiation for a period of 10 to 
20 days. Alternative!?, providing shielding and remote handling would allow the radiation 
barrier to be circurwented* however, construction and/or acquisition of the shielding, 
Teoote handling equipment, etc, could increase the risk of detection of a covert pro­
gram before its completion. Hon-fissile material included in the weapon would also 
provide some shielding during delivery, and additional shadow shielding to protect the 
operator of the delivery vehicle and to facilitate the loading operations could be 
developed. 

In another approach, the • 2:'U could be separated from the C 3 3 U by inventing in a 
rather large cascade of over some 3000 centrifuges, possibly including 2 2 e T h cleanup to limit 
the radiation contamination of the centrifuges. A willingness to accept certain operational 
disadvantages would permit the radiation-contaminated material to be processed in the 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 significant raoiatioii nrobleu 
and the currently employed fresh LEU fuel would have essential 1/ none at all. 

7.1.3. Spent Fuel Fissile Content 

Spent denatured fuel contains three possible sources of fissile material: unburned 
? 33(j. :.i'ya which decays to 2 3 3 U ; and Pu produced fror. the 2 ^U denaturant. Use of the 
uranium contained in the spent denatured fuel is subject to all the considerations out­
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 relatively 
long half-life of 2 3 3 P a (27.4 days) could permit the production of weapons-grade malarial 
via chemical separation of t'»e 2- , 3Pa; however, such a procedure would require that 
chemical separation be initiated shortly upon discharge fron the reactor (while radiation 
levels are very high) to minimize the amount of 2 3 3 P a which Jecays to 2 3 3 U while still 
contained in the 2 3 6 U denaturant. Moreover, since the discnarge concentration of ' i j P i is 
typically 5: of that of 2 3 3 U , a considerable heavy metal processing rate would be required 
to recover a significant quantity of 2 3 3 P a (and hence 2 3 3 U ) within the time frjme avail­
able. The plutonium concentration is comparable to that of 2 3 3 P a , but very little is lost 
by decay. Hence, the spent fuel can be allowed to cool for some time before reprocessing. 
It would seem, therefore, that if denatured ' 3 3U spent fuel were diverted it would be 
primarily for its plutonium content. 

Any fuei cycle utilizing •™[) Inevitably leads to some plutonium production. 
Compared to the LEU eyeje and the Pu/U cycle, the denatured 2 " U fuel cycle reduces the 
Plutonium production by (1) employing as little • M ,H) as necessary to achieve the 
denaturing objective, and (2) replacing the displaced ; M f lu with / 3 ? T h to enhance the 
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production of "denaturable" 2 3\J. The plutorium production rates for various reactors 
operating on conventional and denatured fuel cycles are discussed in Chapter 4 and 
summarized in Table 7.1-1, where the Light-Water Reactor (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 (HTGR) is taken to 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 design. Plutonium discharge data for Fast Breeder Reactors (FBRf) 
represented by the Liquid-Hetal 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 HTGR has about the same absolute plutonium production for the denatured fuel cycle as 
the HWR and in both cases the plutonium amounts are rather snail. The HTR-PBR is best in 
absolute minimum plutonium production, yielding only 14 kg/GWe-yr and even less in a 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 174 858? 63 
SSCR 196 - 72 
HWR (CANDU) 1(3* - 32 
HTGR 72 36 
HTR-PBR 63 - 14 

LMFBR - 991 347 
^Plutonium burner. 
Slightly enriched CANDU. 

For the LWR, SSCR and HWR the percentage of the discharge plutonium that is fissile 
plutonium is approximately the same for the denatured cycle as for the LEU cycle. For 
the HTGR and PBR, the fissile plutonium percentage is only -v-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, wore material must be processed in the HTGR, 
HTR, and HWR to obtain a given amount of plutonium, which provides an additional prolifera­
tion restraint associated with spent fuel discharged from these reactors. However, the 
on-line refueling feature of the CANDU, and also of the PBR, may be a disadvantage from a 
prolfferatfon viewpoint sinCe low-burnup fuel could be removed and weapons-grade plutonium 
extracted from it. On the other har', premature discharge of low-burnuo fuel from the 
reactors would incur economic penalties. 
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Viewed solely from the 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, HTGR, LHR. zr.A 35CR. However, other factors 
must also be addressed in evaluating the candidate reactors, one of which is that their 
plutonium production maintains the symbiosis of a system that includes piutonium-fueled ; : i U 
producers in secure energy centers. This plutoi.ium 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 also be implemented for the Pu/U cycle, the 
denatured cycle would 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 2 3 3 U fuel cycle derive from 
its intrinsic isotopic barrier, its gamma radiation barrier, and its relatively low content of 
chemically separable fissile material in spent fuel: 

• Trie isotopic denaturing of the denatured 2:'iU 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 :nr relative to other routes. Countries that have the 
technological expertise to develop isotope separation capabilities will have >vie 
technology required to circumvent this barrier; however, they will also have the 
option of utilizing possible indigeneous natural uranium or low enriched - 3 u fuel 
as alternate feed materials. 

• The denatured • : 2U cycle imposes a significant radiation barrier due to the - ;-u 
daughter products in the fresh fuel as an inherent property of the cycle. Such 
a radiation field increases the effort required to obtain weapons-usable material 
from fresh denatured reactor fuel -

• While the amount of plutonium discturgeJ in the denatured • 3 U fuel cycle is 
significantly less than in either the ^u/U cycle or the LEU cycle, the presence 
of plutonium in the cycle (even though it is in the spent fuel) does represent 
a proliferation concern. Conversely, it also ren vsents resource potentially 
useful in a symbiotic power system employing uenatured fjel. The concept of a 
safeguarded energy center provides a me«ms of addressing this duality in that 
the fissile plutonium can be biirned in the center to produce a proliferation-
resis:ant fuel. 

In sjrmary, the cenatuntf 2 , 1 u fuel cycle offers a technical contribution to pro­
liferation resistance. However, thp fuel cycle must be supplercented with political and 
Institutional arrancjerrnts also ceslqned fc discourage proliferation. 
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7.2. IMPACT OF DENATURED - 3 3 U FUEL OH REACTOR PERFORMANCE AMD SELECTION: 
COMPARISON WITH OTHER FUEL CYCLES 

T. J . Bums 
Oak Ridge National Laboratory 

The discussion in Chapter 4 has shown that the impact of the denatured 2 3 3 U fuel 
cycle on the performance of the various reactors considered in this study is largely due 
to differences in the nuclear properties of , 3 ! U and 2 3 2 T h re la t ive to those of 2 3 9 P u 
(and J 3 - u ) and 2 3 * U , respectively. For thermal systems, 2 3 3 U is a s ign i f i can t ly better 
fuel than either 2 5 ' P u or 2 3 5 U , both in terms of energy production and in terms of the 
conversion ra t i o * that can "oe attained. For fast systems, however, the subst i tut ion of 
2 3 3U-based fuels for 2 3 9Pu-based fuels results i.i a somewhat poorer reactor performance, 
par t icu lar ly with respect to the breeding ra t i o . * In th is section the performance of the 
various reactors operating on the denatured r 3 3 U fuel cycle is compared with the i r per­
formance or other fuel cycles. In addi t ion, the dependence of the denatured 2 3 3 U fuel 
cycle on auxi l iary fuel cycles for an adequate supply of 2 3 3 U i s discussed. Because of th is 
dependence, reactors fueled with denatured : 3 3 U must be operated in symbiosis wi th reactors 
that produce 2 5 3 U . These la t te r reactors, referred to as trar^rrutuvs, may be ei ther thermal 
reactors or fast reactors. The part icular reactors selected for operation as trans.muters and 
those chosen to operate on denatured ? 3 3 U fuel w i l l depend on several factors, two of the most 
important being the resource requirements of the individual reactors and the energy growth 
capabi l i ty required of the symbiotic system. The influence of these various factors i s 
pointed out i n the discussion below. 

7.2.1 Thermal Reactors 

In comparing tne performance of thermal reactors operating on denatured ? 3 3 U fuel 
with the i r performance on other fuels, i t is useful to dist inguish between two generic 
fuel cycle types: those that do not require concurrent reprocessing (that i s , once-through 
systems) and those that do. Although the denatured 2 " : 5 U fuel cycle cannot i t s e l f be 
employed as a once-through system, the implementation of the MEU(235)/Th once-through 
cycle is a logical f i r s t step to the implementation of the denatured • 3 3 U cycle. Thus both 
once-through and recycle scenarios are considered here for thermal reactors. 

Once-Thrpugh Systems 

Two fuel cycles of interest to th is study can be implemented without concurrent reprocess­
ing capabi l i ty : the LEU cycle and the MEU(235)/Th cycle. The LEU cycle I s , of o u r s e , already used 

The ..•',t:>i.-i:,'.'jn iu!.'!..• and r.reetiiij ratio are both defined as the rat io of the rate at 
which, f i s s i l e material is produced to the rate at which f i s s i l e material is destroyed at a 
specif ic point in Mme ( for example, ut the midpoint of the equilibrium cycle). The term 
conversion ra t io 1s applied to those reactors for which th is ra t io is less than 1 , which 
is usually the case for thermal reactors, while the Virm breed 1 no rat io Is applied to 
those reactors for which th is ra t io 1s greater than 1, which i; usually the case for fast 
reactors ( i . e . , breeders). 
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routinely in LURs „..d snail-scale fabrication of NEU(235)/Th fuels for LURs might be attain­
able within 2 - 3 years. However, it is pointed out that the once-through eye.a has two 
variants - throwaway end stowaway - and in certain systems (for example, the PWR, 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 summarizes the U 3 0 8 and separative work requirements estimate* for P*Ss 
HNRs, HTGRs, PBRs, end SSCRs operating as v-ce-through systems on both the LEU and the 
HEU(23S)/Th cycles. Several interesting or nts are evident from these data. The LEU-HMR 
requires the smallest resource commitment .as well as the smallest SHU requirement). The 
conventional PWR requires a significant!.' greater resource cewn'traent and larger SMU 
requirements for the HEU/Th once-tUrougt'cycle than for the LEU once-through cycle and 
hence no incentive exists for the ¥E\tr\ cycle on PWRs if only the throwaway option is 
considered. Significantly, however, » jth of the gas-cooled graphite-moderated reactors, the 
HT6R and the PBR, require smaller U-' fl commitments for the HEU/Th once-through cycle than 
for the LEU case. Koreover, for br n of these reactors, the SUU requirenents 'or the HEU/Th 
cycle are not significantly diffe int from those for the LEU cycle; in fact, iir the PBR, 
the KEU/Th cycle is slightly ie« 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 rea' ors, most of the 2 3 3 U produced in the HEU/Th cycle is burned in 
situ and contributes sigrnf#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 both the ore and SWU requirements for the HEU/Th cycle. [Note: The 
data given in Table 7.2-i for PWRs considers only current commercially deployed designs. 
Studies now underway in the DOE-sponsored Nor.proliferation Alternative Systems Assessment 
Program (NASAP) indica'ij that LWR modifications to reduce uranium retirements are feasible. 
Similarly, much of the other reactor data are subject to design refinement and uncertain­
ties, as '.fell as to future optimization for specific roles.] 

Table 7.2-1. 30-Year Uranium and Separative Work Requirements for 
Onc-J-Through LEU and MEU{235)/Th Fuel Cycles 3' 0 

Uranium Requirement 
(ST U 30 8/6We) 

Separative Work Requirement 
(HT SUU/GWe) 

Reactor LEU HEU/Th LEU HEU/Th 

PWR 5989 8360 3555 7&95 
HWR 3563 82f.l 666 7521 
HTGR 4860 4515 3781 4143 
PBR 4289 4184 c 3891 366 $ 
SSCR 5320 7920 3010 7160 

'-7!i* capacity factor; no credit for end-of-life core inventories; 
• 0.2% t.Hls. 
The data presented in this table are consistent with the data submitted 
bj the U.S. to INFCE (International Nuclear Fuel Cycle Evaluation) for 
V e cases in which corresponding reactors arc considered. 
D>es not include recycle of fertile elements without intervening re­
processing. 
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I f these once-through systems are operating on the throwaway opt ion, the f i s s i l e 

material discharged in their spent fuel elements is deemed unusable; in f a c t , no value is 

assigned to the spent fuel in once-through fuel cycle accounting. Thus, i n th is case the 

most *«sou*xe-eff icient once-through fuel cycle is the one that requires the lowest f i s s i l e 

charge per unit power. I f , however, a capabi l i ty f c r reprocessing the spent fuel is 

eventually en-isioned ( i . e . , i f the throwaway option becomes a stowaway opt ion} , then the 

Quantity of f i s s i l e material in the spent fuel becomes an important consideration. E s t i -

ma-es of the amounts of the various f i s s i l e materials discharged by each reactor type 

operating on both the LEU cycls and the MEU(235)/Th cycle are given in Table 7 . 2 - 2 . 

Table 7 .2 .2 . 30-Year Charge and Discharge Quantit ies 
for Once-Through Fuel Cycles 

KT/GWe 

Reactor 
235o 
Charge 2"u 

Fissile Discharge 
- Total 

« 5 U PuT Fissile 

Cumulative 
Met Fissile 
Consumption 

LEU Cycle 
PWR 24.72 - 6.45 5.22 n.67 13.05 
inn? 17.53 - 1.77 5.49 7.26 10.37 

hTGR 19.49 - 3.25 2.16 5.41 14.08 
PriR 16.09 - 2.79 1.89 4.68 13.41 

SSCR 22.25 - 5.46 5.88 11.34 10.91 

MEU(235)/Th Cycle 

PWR 33.83 7,80 11.52 2.13 21.45 12.38 
HWR 32.63 '.4.28 10.08 0.75 25.11 7.52 

HTGR 17.99 2.31 1.35 0.69 4.35 13.64 
PBR 16.55 2.73 1.17 0.42 4.32 12.23 
SSCR - - - - - -

.At 75% capacity factor. 
Estimated from equilibrium cycle. 

For the PWR and HWR, the use of the MEU/Th fuel cycle rather than the LEU fuel 
cycle results in a significant increase in the amount of f issile material contained in 
the spent fuel. I t should be noted, however, that this increase is primarily the result 
of higher feed requirements ( i . e . , " H i commitment). In contrast, converting from the 
LEU cycle to the MEU/Th cycle does not materially affect the net consumption of the gas-
cooled HTGR and PBR (although i t dramatically affects thr types of f issile material pre­
sent in their spent fuel) . The relatively low values for the discharge quantities for the 
v;as-cooled reactors is the result of two effects: a lower in i t ia l loading; and a design 
that is apparently based on higher burnup, which in turn reduces the amount of f issi le 
material discharged. Finally, i t is to be >-cin«.#/ered that the resources represented by the 
spent, fual Inventory are recoverable only v^en the spent fuel is reprocessed, whereas the 
UjOg commitment is necessary throughout the operating lifetime of the reactor. Thus, in a 
sense, the spent fuel resource must be discounted 1n time to order to assess the best system 
from a resource utilization basis. 
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The isotopic composition of the spent fuel inventories is also of interest from a 
proliferation standpoint. For both the LEU and the MEU/Th once-through fuel cycles, the 
f issi le uranium content of the spent fuel is denatured (diluted with 2 3 8 U ) and hence is 
protected by the inherent isotopic barrier. Thus the plutonium in the fuel would be the 
f issi le material most subject to diversion. The use of the KEJ/Th cycle in place of the 
LEU cycle sharply reduces the amount of plutonium produced (by 60-80*, depending on reactor 
type), and for both cycles the quantity of plutonium proceed in the gas-cooled reactors is 
substantially less than that produced in the other reactor types. 

Recycle Systems 

I f recyling of the f iss i le material in the thermal reactors is permitted, then 2 3 3 U 
(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 f issi le materials for the MEU(?35)/Th fuel cycle under the as­
sumption that the capability for uranium recycle is available. (The 2 3 5 U consumption tabul­
ated does Kot reflect the : 3 - U lost to the enrichment tail ings.) For comparison purposes, 
the HEU(233)/Th fuel cycle estimates are also provided. The most striking aspect of 
Table 7.2-3 is the apparent 30? reduction of f issi le consumption achieved with the 2 3 2 U system, 
indicating the higher value of 2 i 3 U as a thermal reactor fuel , m fact , the true extent of 
this effect is masked somewhat since a large fraction of the recycled fuel for the :- 3-t ' inaxeup 
case is in fact : '~ 3 U. I t should also be notec that the HEU(233)/Th cycle generally results in 
a smaller net plutonium production, ev*n though the degree of denaturing is less ( i . e . , the 
' 2 h U fraction of uranium charged is higher). 

Table 7.2-3. Estimated Net 30-Year Fissile Consumption and 
Production for MEU/Th Cycles with Uranium Recycle" 

HT/GWe 
With 2 3 t y Loading and Makeup With 2«u Loading and Makeup 

Reactor 2 J 5 U Consumption 
Fissile Pu 
Production 2 3 3 U Consumption 

Fissile Pu 
Production 

PWR 12.5 2.85 9.1 1.89 
HWR 4.5 0.90 3.1 0.96 
HTGR 10.4 1.13 7.7 1.09 
PBR - - - -
SSCR 8.7 2.56 5.9 2.44 

a At 75% capacity fac'.or. 
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As has been stated e a r l i e r , the consideration of an MEU/Th cycle tha t u t i l i z e s 2 3 3 , J 

makeup presumes the existence of a source of the requisite i 3 3 U . Although the 2 3 3 U 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 generating 2 3 3 U is by 

using a Pu/Th-oxide-fueled thermal reactor. Table 7.2-4 summarizes some pert inent results 

for the various thermal reactors operating on the Pu/Th cycle. I t should be noted that the 

S7GR case given in Table 7.2-4 is for a case in which the f u l l core is refueled every 5 y r 

and is not optimized for 2 3 3 u production. Thus, much of the 2 3 3 U bred during th is period is 

consumed in providing power, and the transmutation e f f ic iency (tons i f plutonium "transmuted" 

into tons of - r 5 3 U ) is s ign i f i can t ly reduced re la t ive to the PWR and SSCR. The transmutation 

ef f ic iency of 0.40 fo» 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 ? 3 3 U via piutoni urn-consuming 

transputers is more suited to fas t reactors. On the other hand, i t i s recognized that Pu/Th-

fueled thermal reactors could provide an interim source of 2 3 3 U . 

TabTe 7 .2 -4 . Net 30-Year F iss i le Consumption and Production 
for Pu/Th Cycles 

MT/GWe 

Reactor 
Fissile Pu 
Consumption 

233u 
Output 

Transmutation 
Efficiency 

PUR 20.7 8.16 0.394 
HHR6 19.84 T1.76 0.593 
HTGR 16.5 3.03 0.134 
PBR - - - • 

SSCR 23.8 9.63 0.405 

"At 75'* capacity factor, using equilibrium cycle 
^values. 
"From data in Table 6.1-3. 

7.2.2. Fast Reactors 

In this study fast rectors have been considered as possible candidates for two 
roles: as power reactors operating on denatured : 3 3 U fuel; and as transmutes burning 
Plutonium to produce i 3 3 U . With LMFBRs used as the model, the denatured FBRs were analyzed 
for a range of i 3 3U/ll enrichments to parameterize the impact of the fuel on the reactor 
performance (see Section 4.5), and the transmuter FBRs were inalyzed both for a Pu/ J 3*U 
core driving a Th0 ? blanket and for a Pu/Th system in which the thorium was Included in 
both the cqre and the blanket. 

The specified 7%'i[}/[} enrichment is a crucial parameter for the denatured fast 
reactors. Increasing the allowable enrichment permits more thorium to be used in the fuel 
material and hence allows the reactors to be more self-sufficient (i.e., reduces the 
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required 2 3 5 U makeup). Increasing the 2 3 3 U enrichment also reduces the amount of fissile 
Plutonium contained in the discharged fuel, which is obviously desirable fron a safeguards 
viewpoint. However, increasing the 2 3 3 U 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 proliferation concerns regarding the spent f'jei. 
The lowest enrichment feasible for the denatured LMFBR systems analyzed lies in the rjnge 
of 11-141. Such a system would utilize U 0 2 as fuel and would require significant amounts 
of 2 3 3 U as makeup s nee the plutonium it produced could not be recycled into it. 

The "breeding" ratio components of certain denatured IMFBRs as a function of 2 3 3 U 
enrichment are shown in Table 7.2-5. The ratio of 2 3 3 U produced to Pu produced is very 
sensitive to the specified degree of denaturing in the range of 12-202 2 3 3 U / U . This sug­
gests that significant performance improvements may be possible (i.e., i creased 2 3 3 U produc­
tion and decreased 2 3 9 P 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 P u / 2 3 6 U cycle (see Table 4.5-1 in Chapter 4 ) . 

Table 7.2-5, Denatured LMFBR Mid-Equilibrium Cycle 
Breeding Ratio Components* 

233 0 2 33(, "Breeding" Pu "Breeding* Overall "Breeding" 
Enrichment Component Component Ratio 

•vl25! 0.41 0,71 1.12 
205! 0.70 0.39 1.09 
40% 0.90 0.15 1.05 
1002 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 F6R performance is possible. 

Because of the superior breeding potential of a • -'*Pu-fueled system relative to a 
- ,;U-fueled system in a fast neutron spectrum, the fast reactor is ideally suited to the 
role of a plutonium-fueled transmuter. Moreover, in contrast to the thermal trsnsnu.ters, 
the fast reactors result in a net overall fissile material gain.* 

Two types of FBR transmuters have been analyzed for the classical hon;ogeneous FBR 
core configuration (a central homogeneous core surrounded by fertile blankets). In the 
first, the usual Pu/ 2 3 6U-fueled core was assumed wi'h a ThO. radial blanket (also a ThO. 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 with the Pu/;'3rtU 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 Pu/Th reactor is 
approximately a factor of 4 higher, but this is achieved as a result of sacrificial ' 
consumption of plutonium. Thus, these two reactor ty^es reflect a tradeoff between u 

As noti;d in Chapter 4.5, significant uncertain! it s are associated with the fast-neuiron cross sections for ''Hand Th. 
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and overall fissile prod-ction (i.e., potential growth rate). 

Table 7.2-6. equilibrium Cycle Net Fissile Production for 
Potential LMFBR Transmuters* 

Reactor 

Net Fissile 
Production 

(kq/Ofe-vrl 
Core 

Material 
Axial Blanket 

Material 
Radial Blanket 

Material Pu 2 J 3 U Fissile 

(Pu/ 2 3 8 U)0 2 

(Pu/Th)02 

. UO, 
Th02 

Th02 

Th02 

+30 +157 
-49: +583 

+184 
+90 

•Using values from Section 4.5-1 (t75< capacity factor). A more recent 
study [Proliferation Resistant Large Core Design Study (PRI.COS)] indi­
cates that substantial improvements in the FBR performance is possible. 

In addition to the systems utilizing the classical homogeneous core configuration, 
systems utilizing a heterogeneous core configuration (i.e., interspersed fissile and 
fertile region'.) were examined as a possible means of improving the performance of fast 
reactors operating on alternate fuel cycles. The substitution of different coolants 
and fuel forris (i.e., carbides and metals versus oxides) were also considered. The net 
effect of these changes is to increase the 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 ratio (and doubling time) relative to the 
classical design when operating on alternate fuel cycles; however, the performance of the 
alternate fuel cycles is still degraded over that of the same reactor type operating on 
the Pu, 2 3 6 U cycle. 

7.2.3. Symbiotic Reactor Systems 

As has been stated throughout thii report, in considering denatured ; 1 3 U reactor 
s.'stems 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 full operation no external source of fissile material is supplied; 
that is, the system is self-contained. Initially the resource base (i.e., natural uranium) 
can be used to provide a source of 2 3 3 U for implementing the denatured 2 3 3 U fuel cycle [via 
the MEU(235)/7h cycle]; however, a shift to plutonium-fueled transmuters will eventually be 
required. During this tram .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 
potential of various reactor systems under the restrictions imposed by the denatured fuel 
cycle, two system parameters have been developed: (1) the energy support ratio, defined 
as the ratio of dispersed reactor power relative to the energy center (or centralized) power, 
and (2) the Inherent growth potential of the system. Since both the growth rate and the 
energy support ratio invrlve fissile mass flows, they are interrelated. In order to unambig­
uously determine both parameters, the inherent system growth rate is determined at the 
asyirptotic value of the support ratio, a value which can be viewed as the "natural" operat­
ing ratio of tre system. 

I 
I 
I 
I 
I 
I 
5 
I 
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I 
Three generic types of symbiotic reactor system can be envisioned by considering 

various combinations of thermal converters and fast breeders for the dispersed (0) and 
energy center (S) reactors: thermal(D)/therraal(S), thermal(0)/fast{CJ, and fast(D)/fast(S). 
In order for the generating capacity of a system to increase with time without an external 
supply of fissile material, a net gain of fissile material (of some type) must occur." Thus, 

1 the growth potential of the thermal(0)/thenoal(S) system is inherently negative; that is, 
the installed nuclear capacity must decay as a function of tine since the overall conversion 

1 ratio is less than 1. The thermal (D)/fast(S) system, however, does have the potential for 
^ growth since the net 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)/ 
I fast(S)] and the growth rate clearly exists for this system, since maximizing the support 

ratio will mean that net fissile-consuming reactors will constitute the major fraction of 

1 ' 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. 

1 
1 
I 
I 
I 
I 
I 
I 
I 
I 
I 

To illustrate the 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 LHFBR transputer data from Section 4.5.1. Each envelope represents 
the locus of permissible symtiotic parameters (growth rate, support ratio) for the system 
considered,1 i.e., the permissible ccrr-bi nations of growth rate and support ratio for each 
specific reactor combinations. At points A, E, and C on the curves, the transmuter used is, 
respectively, the classical (Pu/U)02 reference system with a 00 2 radial blanket, a (Pu/U)02 

system with a ThO : radial blanket, and a (Pu/Th)02 systen with a Th0 2 radial blanket. At 
each point along the curves connecting points A, B, and C, the transputer is a combination 
of the two reactors defined by t!ie end points of each curve segment (see key in upper right-
hand corner). Points •-•':«> the envelope correspond to combinations of the three trans-
nuters in different propc.*M'ons. 

The lower envelope in Fig. 7.2-la (repeated in Fig, 7.2-lb) illustrates the tradeoff 
for the denatured PWRs and LMFBR transmuter;, and the upper envelope depicts the fast/fast 
analogue in which the denatured PWR is replaced by an -vl2' denatured LKFPP, As indicated, 
the fast(0)/fast(S) symbiotic syster provides a higher growth rate for a given energy sup­
port ratio, and ntoreover, the growth rate is always positive. The upper envelope in Fig. 
7.?-lb represents the corresponding case using 20" denatured LMFBRs. 

In all 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 conversion 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 considered 
Mas beyond the scope of this study, the results presented above are subject to several uncer­
tainties. Kevertheless, certain general conclusions on the impact of the various fuel 
cycles on reactor perfomance are believed to be valid: 

• For once-through throwaway systems, the various system studied are ranked in order 
of resource utilization as follows: the HHR or, the LEU cycle; the HTGR and HTR-PBR 
on either the LEU cycle or on the MEU/Th cycle; and the SSCP. and PMR on the LEU cycle. 
On the MEU/Th cycle the SSCR and PUR require wore uranium than they do on the LEU 
cycle and hence do rot merit further consideration for once-through operation. 

• For once-through stowaway systems, in which .he fissile material in the 
spent fuel is expected to be recovered at some future date, the relative 
ranking of the systems would depend on the ultimate destination of the 
fissile material. If future nuclear power systems are to be thermal 
recycle systems, then early emphasis should be placed on reactors and 
fuel eyries that have a high - =5U discharge. If the future systems ire 
to be fast recycle systems, then emphasis should be placed on reactors 
and fuel cycles that will provide a plutonium inventory. 

• For recycle systems utilizing thermal reactors, the preferred basic 
fissile material is 2 , ! U . However, implementation of a -3'!U *uel cycle will 
require an exogenous source of the fissile material; therefore, it is likely 
that the MEU(235)/?h cycle would be implemented first to initiate the produc­
tion of 2 3 2 U . Both the unowned •" l'\i and the '-U would be recycled; thus the 
system would evolve towards the F€U(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 - i JU to sustain themselves and separate ' U production 
facilities must be operated. A Pu/Th-fueled thermal reactor has been considered 
as a i'ii\i production facility. 

• For recycle systems utilizing fast reactors, the preferred basic fissile 
material is :^Pii. Using 2 n u 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 ;' Hi production facilities. 



7-20 

• The inherent symbiotic nature of the denatured 2 3 3 U fuel cycle (i.e., dispersed 
reactors fueled with denatured 2 3 3 U 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 prjduced inside 
the center), assuming no external source of fissile material. For themal/thermal 
systems, the growth potential is negative. Fast/thermal systems would permit some of 
the net fissile gain (i.e., growth potential) of the fast reactors to be sacrificed 
for a higher energy support ratio. Fast/fast systems would provide the highest 
growth potential. Factors other than those affecting reactor performance would 
also influence the choice of reactors for the system, as has been discussed in Uiapters 
5 ar.c" 6. 

Section- 7.2. Reference 
T. J. Burns and J. R. White, "Preliminary Evaluation cf Alternate Fuel Cycle Options 
Options Utilizing Fast Breeders," ORKL-5389 (1978). 
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7.3. PROSPECTS FOR IMPLEMENTATION AND COMMERCIALIZATION 
OF DENATURED 2 3 3 U FUEL CYCLE 

:"\ J. C. Cleveland and T. J. Bums 
Oak Ridge National Laboratory 

Chapter 5 has discussed the reactors in which denatured 23\i Might be deployed, as 
well as the accompanying fuel recycle facility requirements, and has presented schedules 
of deployment that »re based solely on the minimum tine 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 National Laboratory (ANL), Oak Ridge 
National Laboratory (ORNL), Combustion Engineering (CE), and the Department of Energy (DOE) 
specifically as a bounding case for assessing the maximum benefits that cooM be obtained 
by employing denatured 2 3-U 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 NOvAP scenarios predict a much slower deployment of 
commercial reactors. 

The reactor introduction dates =tnd deployment schedules used in this study were 
based on the following assumptions: 

-10 yr to develop/commercialize new fuel design 
-v.14 yr to develop/commercialize modified reactor design 
-IS yr to develop/commercial ize new advanced converter design 
i<24 yr to develop/commercialize new breeder design 

The resulting introduction dates for the various reactors *re »s listed below, where the 
introduction date is defined as the date of startup of tne f*rst unit, reactor deployment 
thereafter being limited to a maximum introduction rate* iy bienr.iufc. of 1, 2, *,... r»artors: 

1969 - LMRs operating on LEU fuel 
1987 - LHRs operating on "denatured U" fuel (i.e., KEU(23S)/Tn} 
1901 - LWRs operating e.i denatured : ? 3 U , Pu/U, and Pu/Th fuels 
1991 - SSCRs operating on LEU, denatured ; n 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 Pu/'J, Pu/Th. or denatured ; 1 J U fuels 

Since the above introduction dates are those estimated to he the earliest possible 
dates tha; technical problems could be resolved, it is rlear that they cannot be achieved 
without substantial initiatives and strong financial support from the U.S. Government. 

The introduction rate of any new technology is likely to be less than the maximum rate 
noted above, since the construction market loss rate of an established technology is 
limited to 10 per ye*r and total nuclear capacity additions cannot exceed IS GWe/yr. 
• :tV systems trt further constrained because the number of ; '^-burning plants that can 
be operated is limited by the :"i\i production rate-
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Even with government support, achieving the postulated schedules would be a difficult 
undertaking and would entail considerable risk since it would be impossible to fully 
deauistrate an alternate reactor concept before construction on the initial comrercial 
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 R&D 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 unit would be 
necessary to establish satisfactory re-actor performance. Thus the earliest time a new 
reactor concept could be demonstrate*' is in the 1991-1995 period indicated, and that 
assumes that a commitment to proceed has been made by 1980- Because of design, licensing, 
and construction schedules, the first commercial 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 through the initi.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 nmeer of customers. 

Although several of these reactor/fuel options (e.g., Pu/Th LWRs, denatured advanced 
converters, etc.) ire based on the use of recycled fissile material, it should be emphasized 
that •••r-.c:*ri.-l-.'izZe 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 nay 
be quite modest during the initial introduction phase. In the analysis present in 
Chapter 6, many of the new fuel types are, in fact, introduced oefore the associated fuel 
reprocessing i» fully developed, it being assumed that pflot or prototype-plant scale 
reprocessing ««ould be adequate to support the initial phase of deployment of fuel recycle. 
Hence, although commercial reprocessing of : 5 "^-containing fuels is not projected until 
around the turn of the century, limited introduction of dena ured -: 3 5u fuel is permitted 
as early as 1991. A further argument i* that comnercial-scale reprocessing for the 
alternate fuels woald not be feasible until the backlog of spent fuel required for plant 
startup had accumulated and the number of reactors utilizing recycled fuel '.oulc a<sure 
continued operation of commercial-scale ?aci.'ties. On x*& other hand, »"or ' u-containing 
spent fuel elements to be available even for pilot-plant processing, it is essential that 
early irradiation of thorium in reactors be implemented. 

In Section 7.3.1 a possible procedure for imp'tr-cnting and eventually commercializing 
the denatured U cycle is discussed. Included i> a scenario which would provide for the 
early introduction of fhorium fuel into current l.qht-wdter reactors, and allow »n orderly 
progression to the utilization of denatured ' [} fuel >n r>reerters. T>*> major considera­
tions in commercializing these various reactors operating on <lternate fuels, and in 
particular on denatured , r , ,U fuel, are summarized in Section 1A.2. 
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7.3.1. Possible Procedure for Implementing and 
Commercializing the Denatured Fuel Cycle 

On the basis o* the above assumptions, and the discussion in Section 5.1, it is ob­
vious that the only reactors that could operate on denatured 2 3 3 U fuel in the near term 
(by 1991) would be LHRs. Two possibilities exist for producing 2 3 3 U for LWRs prior to 
the introduction of commercial fuel reprocessing. One involves the use of "denatured 2 3 £ U " 
fuel (i.e., MEU(235)/Th) in LHRs, thereby initiating the production of : 3 3 U . However, this 
scheme suffers from very high fissile inventory requirements associated with full thorium 
loadings in LWRs (see Section 4.1J. A second option involves the use of partial thorium 
loadings in LWRs. In this option ThO- is introduced in certain lattice locations and/or 
f€U(235)/Th fuel is used in only a fraction of the fuel rwJs, 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 leadings would 
allow experience to be gained on the performance of thorium-based fuels while generating 
significant quantities of 2 3 3 U . Either of the above options for producing 2 3 3 u will 
probably require some form of government incentive since the L';-0e and separative work 
requirements (and associated costs) will increase with the amount of Th utilized in the 
once-through throwaway/stowaway modes in LWRs. 

Although a reprocessing capability would be required to recover the bred ~ 3'U from 
thorium fuels, such a capability w-uild not be required for the qualification and 
demonstration of thorium-based fuel, which initially would employ ; n U rather than :'-V. 
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 implementation of the denatured 
• 'HJ cycle are pursued. Initially the spent fuel could be stored in repositories in 
secure fuel storage centers which would represent a growing stockpile of - *j 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 
followed by larger prototypes and then commercial-scale plants. It has been estimated 
[in Section 5.2) that commercialization of a new reprocessing technology would require 
12 to 20 yr ami the commercialization of a new refabrication technology would require 8 tc 
15 yr. 

With the deployment of the pilot-scale reprocessing anr refabrication facilities, 
recovery of Pu and U from spent fuel and the subsequent refaL.-ication of Pu/Th and 
denatured 2 J JU/Th .\ <ls could be demonstrated within the center. Pu/Th LWRs* could then 

•That is, thermal transmuters of »n LWR design (see Section 4,0). As used in this report, 
a transputer is a reactor (thermal or fast) which burns one fuel and produces another 
(specifically, a reactor that burns Pu to produce 2 n U from Th). 
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introduced within the centers to provide an additional means for 2 3 3 U production, as well 
as additional power protection. Concurrently, 2 3 2 U (and unburned i 3 5 U ) recovered from 
HEU(235)/Th or from partial thorium loadings could be utilized in denatured 2 3 3 U fueled 
LWRs introduced at dispersed s i tes . Later, 2 3 3 U recovered from the Pr'Th fuel"'' LWRs 
could also be utilized to fuel dispersed reactors. At this point the f irst pha;c of a 
nuclear power system that includes reactors operating both in energy centers and a., dis­
persed locations outside the centers woult* oe in effect. During this phase, which is 

represented in Fig. 7.3-la, the research 
and development thai will be required to 

wtuaiui i deploy Pu-fueled FBR transouters with 
thorium blankets in the energy centers 
r v l d 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 resource base), the power system 
would evolve into a fast/thermal combination 
employing FBR transputers and : 3 3U-fueled 
converters, which by then might include 
denatured LWRs and eivanced converters (SSCRs, 
KTGRs, or KURs), dependin9 on the reactor(s) 
selected for development (see Fig. 7.3-lb}. 
Such a system could provide *4*nv*K* capacity 
expansion for modest energy dennd growth; 
however, if the energy demand is such that 
the fast/therea! system is inadequate, an 

al i -fast system including denatured FBRs could be substituted c : shown ir Fig. 7.3-lc. 
The necessity of the third phase of the energy center deveioemen* is ^ncertiin at this 
time, reflecting as it does assumptions concerning the supply of economically recoverable 
UjO- and energy demand. 

TMOKI nmaamt 

nwinwtf 

Fig. 7.3-1. Tnree Phases for an 
Evolving Energy Center. 

It is noted that this proposed scheme for implementing the denatured fuel cycle and 
instituting the energy center concept relies heavily on two strong technical bases: 
currently employed LWR technology, and ts« research and devtiopmer.t already axpended on 
LWBRs, which includes the Pure* and, to A lesser extent, the r*!orex rc-proccssing 
technologies. While alternative 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 i n Commercializing Reactors Operating 
on Alternate Fuels 

Although the introduction dates ci ted above fo r commercial operation of the various 
reactors on alternate fuels are consiuered to be at ta inable, they can be realized only i f 
the f i r s t steps toward rorrciercialization are i n i t i a ted in the near future under strong and 
sustained government support. Currently, there i s l i t t l e tconomic incentive fo r the 
private sector to proceed with such development alone. For example, while recent 
evaluations 1 >• of '.WRs have indicated the f eas ib i l i t y of using thorium-based fuels wi th 
current core and la t t ice designs, ei ther as reload fuels for reactot already i n operation 
or as both i n i t i a l and reload fuels for future LWRs, the resource-savings benefi t of such 
fuels re lat ive to once-through LEU fuel cannot be realized in the absence of fuel repro­
cessing and refabricat ion services. Moreover, the introduction of thorium into the core 
w f l l require high i n i t i a l uranium loadings, so that the fuel costs for the core would 
ncrease. Obviously, the lack of strong evidence that fuel recycle services would j e 

asailable as soon as they were needed would discourage t ransi t ion to thorium-based fuels. 
Al ternat ive ly , such services could not be expected to be available commercially un t i l 
u t i l i z a t i o n of thoriun has be>?n established and a market for these services exists. 
Thu:; commercialization of the denatured fueT cycle in IKRs, especially wi th in the tir.e 

frane postulated in th is study, is unl ikely jnless r.ajor qovernment incentives are provided. 

The gove.-nmen* incentives could be in the fonr. of guarantees for investment in the 
f^el cycle services and/or subsidies for ihe costs associated with the addit ional U.O. and 
sepa i t i ve work required for thoriwn-based fuels or for par t ia l thorium loadings on tr.e 
once-through cycle. This v-juld also encourage the 4evelipiEent of the fuel cycle services 
by establishing widespread use of thor :^ -based fue ls . The co^erc ia l introduction of cne 
required new LWR fuel cycle services could prob&tly be acco.v*Sisned by allowing a 7-yr 
lead t i n * for construction of demonstration reprocessing and refabricatior, plants jnd jr. 
additional 7 yr v construct coeinercial-size plants. In the neantisr^, fabrication of 
MtU(235./Th fuel or fuel designs involving par t ia l thorium loadings for L*Ss could 
probably be accomplished with exi i t in<; LEU f a c i l i t i e s wirnin 2 to 3 jr -vRef. I) witr. ar. 
additional 5 to 7 vr recuired for fuel >>ua1ificatior. and/or demonstration. Tht R40 c > t s 
for deconstrating denatured uranium fuel ir. co»t!>ercial reacfors would be borne by ihe 
government. 

The commercial introduction in the U. S. of the advanced convert -r ccn:epts (SSCRs, 
HTGRs, ltd WWRs) would be rore d i f f i c u l t today than was tne past comer : ia l introduction 
i f the IMS, Although the introduction in 1£58 of t**e f i r s t LWR, th.» Si .^ K ingport reactor, 
ilia involve government support, a re la t ive ly sir^ll investrent was require^ due fo i t s s i /e 
( -€« Wte). The largest base-load power plants were about 300 MWe when L>Rs i n i t i a . l y pene­
trated the commercial market. Also, during the i n i t i a l years of tfeplcyre.it of nuclear power, 
delays due to licensing procedures were considerably shorter, allowing plants to be construc­
ted and broight on-line i^ore rapidly than the current 10- to 12-yr lead t i n * . The longer 
time causes njch larger interest payments ami *uch greater r isk of l icensing d i f f i c u l t i e s . 

http://tfeplcyre.it
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Prior to cciimercial introduction, a demonstration phase of a now advanced converter 
concept wil^ be required, and, as has been pointed out in Chapter 5.1, it is assigned 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 the large investment for 
commercial-size plants of 1000 MWe to 1300 MWe on untried concepts. With the large 
investments necessary for demonstration units, significant government support would be 
required: i.e., a demonstration program involving government construction of the initial 
unit 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 
feasible to operate a conventional PWR in the spectral-shift-control mode by addition of 
Certain equipment. The feasibility of spectral-shift-control has already been demonstrated 

' in the Belgian VULCAIN experiment (see Section 4.2}, While the possibility of retrofitting 
existing large PWRs to the SSC mode exists, for reactors going into operation after the 
late-1980s, designing PWRs to accept SSC control at some later date is a more likely 
possibility. A major impediment to commercial introduction of the SSCR in the U.S. is 
likely *o be the supply of D 20 and government incentive would probably also be required 
in this area, as it will be for the deployment of the CANDU reactor (ser below). 

The technology for HTGP.s is already well under way, with a prototype reactor 
currently undergoing startup testing at Fort St. Wain. Prior to commercial deployment, 
however, successrul operation of a demonstration HTGR in the 1000-MWe to 1300-MWe range 
would be required. Initially, KTGRs 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 for such services is present. 

The technology 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 CWDU with appropriate modifications for slightly enriched fuel could 
be licensed in the U.S. and produce power at an acceptable cost. Commercialization of 
the CANDU in the U.S. would probably require government action in three areas: 

1. Transfer of technology from Canada to take advantage of CANOU reactor development 
and demonstrated performance. Alternatively, a demonstration unit designed to 
U.S. licensing standards would be required. 

2. Government financial support of a large (1000-MWe to 1300-MWe) CANDU in the U.S. 
3. Development of D 20 production facilities in the U.S. on a larger scale than 

currently exists. 

CANDUs operating on thorium-based fuel- C/uld possibly be introduced simultaneously 
w:th the deployment in the U.S. of the CANDU reactor concept itself. Assuming Canadian 
participation, thorium^based fuel could be demonstrated in Canadian reactors prior to the 
op3ratfon of a CANDU reactor 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 CANOU reactors could be built on the existing LUR facility 
base. Otherwise, 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 associated 
fuel cycle services. The introduction dates postulated for the alternate fuel cycle 
CANOUs assume that requisite fuel cycle services have already been developed for thorium-

As pointed out in Section 5.1. no attempt has been made here to consider the com-I 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. 

I 
* 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, 
j While UjOj is still relatively inexpensive, the economics of alternate reactor and fuel 

:ycle concepts at best show marginal savings relative to the LWR and consequently their 
development and deployment would have to be heavily subsidized by the government. In the 

I longer term, as the price of uranium increases due to depletion of lower-cost uraniur, 
deposits, 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 20H), an<!, as shown in Chapter 6, the 
impact of advarced converters on the cumulative U-.(L consumption by the year 2000 woula 

1 be small. However, deployment of alternate reactor concepts in the time from 1995-2000 
1 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 utilization has 
I undergone licensing review by the government. Due to these factors, conversion to the 
*• denatured fuel cycle and/o-" introduction of alternate reactor concepts on a time scale 

which can dissuade international tendencies toward conventional plutorium recycle will 
I 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: 

• The production of r r U for the denatured • i n U fuel cycle could be initiated 
by introducing Th into the LWRs currently operating on the once-through 
cycle. However, there is an economic disincentive within the private 
sector to convert LWRs to thoriurc-based fuels oncause of the increased 
costs associated with the higher U 30g and separative work requirements. 
Thus commercialization of the denatured fuel cycle is not plausible 
unless government, incentives are provided. Initial production of 2 3 3 U 



7-28 

for later recycle could he initiated by the nid-1980's if such incentives 
were forthcoming. Recycle of 2 3 3 U on a commercial scale is not plausible 
prior to the year 2000. however. 

• The introduction of advanced reactor concepts that Mould provide significant 
resource savings beyond the year 2000 will require very large government , 
support for R&D, for demonstration facilities, and.for lead commercial 
plants. If a rapid deployment scr.«frle were required, additional resources 
would have to be committed to cover the risks of early commercial plants. 

• Fuel service/energy centers whose ultimate purpose is to utilize plutenium both 
for energy production and for 2 3 3 U production would progress through various 
phases. Initially these centers would be fuel storage facilities. With the 
introduction of reprocessing and retabrication in the center, LWRs located at 
dispersed sites would be fueled with denatured Z 3 3 U . Concurrently Pu-fueled 
thermal transputers would be deployed within the center. Ultimately, to meet 
long-term energy demands, Pu-fueled fast transmuters would be introduced 
within the centers. 

• It is desirable that a fuel recycle R&D program be initiated for denatured fuels 
at the same tine a decision is made to fabricate thorium-containing fuel 
for large-scale irradiation in existing LKRs. Pilot-scale recycle facilities 
could be required within seven years after the initiation of a thorium 
irradiation program. 
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7.4. ADEQUACY OF NUCLEAR POWER SYSTEMS UTILIZING DENATURED - ; 3 U FUEL 
FOR MEETING ELECTRICAL POWER DEMANDS 

M. R. Shay, D. R. Kaffner, W. E. Black, T. H. Helai, 
R. W. Hardie, and R. P. Omberg 

Hanford Engineering Development Laboratory 

An important measure for evaluating3 nuclear power system is whether it can ueet 
projected power demands with the uranium resources estimated to be available at an accept­
able cost. This section summarizes the results of analyses performed in this study to 
determine whether various nuclear power systems.utilizing denatured 2 3 3 U feel could meet 
a projected power demand of 350 GWe -installed capacity by the year 2000 and a net increase 
of 15 GWe/year through the year 2049, the total capacity in the year 2050 being 1100 GWe. 
The analyses were based on a uranium supply model shewn in Fig, 7.4-1 and in Table 8-7 
(Appendix Bj, which provides both conservative and optimistic predictions of the uranium 
supply as a function of cost. 

< The power systems analyzed are described in detail in Chapter 6. They are comprised 
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, HWR, or HTGR) considered in the stud;-. 
In some cases, FSRs 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 

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 operating on 
the denatured 2 3 3 U fuel cycle is not seli-
sustaiting, however, and therefore it 
requires an exogenous source of : 3 3 U . In 
the power systems studied, the 2 3 3 U is 
provided by MEU/Th-fueled thermal reactors 
or Plutonium-fueled therwal and/or fast 
transmuters. 'these reactors, of course, 
also contribute to the power generation. 
Because the transmuters have plutonium cores, 
however, they must be located within the secu-e 
energy centers. (Note: With this restriction 
the "energy support ratio" of a nuclear 
system becomes a 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 Appendix 
C, along with other detailed results from 
the analyses.) 

s 4 » f 7 a 

Fig. 7.4-1, Marginal Costs for Hgh-
and Intermediate-Cost U,CL Supply Curves, 
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A nuclear power systess evaluation such as the one performed in this study requires 
three basic components.' First, the various nuclear power systems to be analyzed wist be 
identified. Second, there ssst be an analytical model capable of Modeling each system in 
sufficient detail that differences between the systems can be accurately calculated. And 
finally, a data base that contains both reactor performance d*ta and econoaic data must be 
developed. Sections 7.4.1 and 7.4.2 below give brief descriptions of the mo'tel and data 
base as they were applied to this evaluation. The res-Us cr the analyses for specified 

-nuclear power systems are then summarized in Sections 7.4.1, 7.4.4 and,7.4.5, with the 
- detailed results presented in Appendix C. 

7.4.1. The Analytical Method 

Two fundamental aspects of the model used in the analyses relate to the nuclear 
- .energy demand and the UJOJ, supply, both of which have been specified above. The nuclear 
/ energy demand assumed in the model is consistent with the current construction plans of 
".- utilities through the 1980's. As more nuclear units were required, with the supply of 

low-cost rJ?0p progressively depleted, it was assumed that more expensive lower-grade 
uranium resources would be mined. This was modeled by assuming that the long-run marginal 
cost cf U3CL was an increasing function of the cumulative amount mined. For a particular 
nuclear policy option, the plant construction pattern was therefore governed by economics 
and/or uranium utilization. 

Two different optimizing patterns were used in the study. In the first runs 
economic competition between nuclear fuels and coal was assumed, and the plants were 
selected to minimize the level.zed cost of power over tine. These runs, which are pre­
sented in Appendix D, indicated that nuclear power did not compete well at U30e prices 
above $160/lb for the assumptions used in this study. Thus for the runs of all-nuclear 
power systems, described in Chapter 6 and sunnarized here, an attempt was made to satisfy 
the demand for nuclear power with the U,0* available at a price less than $160/lb U308. 

Other considerations also affected the selection of the nuclear power plants to be 
constructed. For example, a reactor that require••'. Pu or 22~\} could not be constructed 
unless the projected supply of fi»sile material wa • sufficient throughout the reactor's 
lifetime. In addition, a nuclear plant design that differed from established technology 
could be introduced only at a limited rate. Further.ore, once the manufacturing capability 
to produce a particular reactor type was well establ ish, f.ne maximum rate at which that 
reactor type could lose its share of the new construction market was limited to a speci­
fied rate. 

Both the total poner cost of each nuclear policy option and the total power cost 
of each realtor type available In each option were calculated. For each reactor type, the 
total power cost was calculated for four components •- capital, operation and maintenance. 
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taxes, and fuel cycle. The fuel cycle costs Mere, in turn, divided into seven components — 
2iM, uraniua, thorium, enrichment, plutonium, fabrication, and reprocessing. 

It is to be noted that the power system calculated were all assuned to be U.S. 
based, the input data all beiag of U.S. origin. With appropriate input Modifications, 
however, the model could be used for other scenarios. For example, it could be used to 
analyze the potential for the defloynent of transputers both to produce power in secure 
states and to produce z*\l for,export to states wishing to base their own power system 
on thermal reactors without national reprocessing. 

7.4.2. Data Base 

The data required by the Model for. each reactor type include power level, annual 
isotopic charge and discharge, annual fabrication requirements, introduction dates, etc. -__ 
These data are presented in Tables 6,1-2 and 6.1-3 in Chapter 6. It is to be pointed out, 
however, that the data are for reactors of essentially conventional designs, and that the 
U $ g requirements for the various reactor types could be reduced through design optimiza­
tion. (Note: The effect of optimizing LWRs has been considered in a separate analysis 
and is discussed in Section 7.4.? balow.). 

j 
The major parameters in the economic data base used for t.'.is study are capital costs. 

uMnium costs, fabrication costs, spent fuel disposal costs, reprocessing costs, and money 
cost>. The entire data base, which was developed in a joint effort involving government 
and industry representatives, is presented in Appendix B. 

7.4.3. Results; for Price-Limited Uranium Supplies 

As wted above, the denatured nuclear power systems utilized various combinations 
of thermal converters and fast reactors. These in 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 examined under three reference fuel cycle options — a throwaway/stowaway option 
(Option 1) and two plutonium-uraniijm options (Options 2 and 3}. Four cases were considered 
under each option, each case being distinguished by the type of converter being emphasized — 
LHRs, SSCRs, HWRs, or HTGRs. Thus a total of 36 different nuclear power systems were 
analyzed. 

The maximum nuclear capacity and the ytar in which the maximum occurs for each 
nuclear system studied is 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 
million ST of U 3 0 8 could be recovered at costs less than S160/16, while with the high-cost 
supply it was assumed tiiat 3 million ST of Ufa would be available. 
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Table 7.4-1. Description of Fuel 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. Pu/U recycle option; LEU converters outside center; Pu/U converters 
inside center; HTtts inside center operate on 2 J 5U/Th, 2«U/Th, and 
Ptt/Tb. 

Option 3. Pu/U recycle option; LEU converters outside center; Pu/U converters 
and breeders inside center; HTGSs inside, center operate on 2 3 5U/Th, 
2"U/Th, and Pu/U-

Denatured Uraniun Options Using Converters Only {see Tig. 6.1-3): 

Option 4. Plutonium throwaway option; LEU and denatured 2 3 5 U and 2 3 H l converters 
outside center; no reactors inside center; U only recycled. 

Option 5U. Plutonium minimization option; LEU and denatured 2 3 5 0 and 2 3 3 U con­
verters outside center; Pu/Th .converters inside center; U and Pu 
recycled. 

Option 5T. Sane as SO without denatured 2 3 5 U converters. 

Denatured Uranium Options Using Both umverters and Breeders (see Fig, 6.1-4): 

Option 6. Light transmutation option; LEU and denatured 2 3 5 U and 2 3 J U conver­
ters outside center; Pu/Th converters and Pu-U/Th breeders- inside 
center. 

Option 7. Light transmutation option with denatured breeder; LEU converters, 
denatured 2 J 5 U converters, and denatured 2 3 J U 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 G to denote 
tyoe of converter employed in addition to LEU-LWRs (I * IWR, S = SSCR, H = HWR, G * HTGR). 

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 te deduced by reading down a 
column. Aii installed nuclear carwcity of 1100 GHe in year 2050 indicates that the projected 
energy demand is fully met by tie reactors in a given nuclear uel cycle system. 
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Table 7.4-2. K u 

(note: A capacity of 1100 GMe in year 204? wets 

Unclear Capacity of Various Nuclear Power Options 
i Tear in Which H U H * * Occurs 

-) 

— 
I t a i •nn Instal led Kwclear Capacity (Ofe}/; *<££? Wg*£ZtJ£?i ts. c&sz&s 

Converter 
Reactor 

Option 1 2 3 4 5U 5T 6 7 8 

Kith High-Cost 0 i 0 4 Sonply 

LVRs m 611 1100 585 716 637 1100 1100 1087 

ID ZOS& . 2027 2Q42 201s- 20?.? **S—T z:*s £J*2 2343 

SSOK 440 661 1100 * » : 820 764 1198 1100 1084 

is> 2009 2925, 2049 £{??S 2f t» 2d£» 2542 SJiS 2042 . 

HMts. 444 630 1100 756 S15 856 1100 1100 1100 
(H) 2011 2021 "049 2031 2 « J 2 C » 2042 2042 

KTGRs 437 818 1100 545 671 638 1091 1100 958 
(6) 2009 2333 S£-s£ 2012 2(753 •^r * 2.045 2042 2041 

With Intermediate-Cost UjO, Supply 
- •~ 

LWRs 729 968 1100 1002 1062 1012 1100 1100 1097 

U> 2,127 &WI 2545 2047 204* 2J-J? ?*/%; ; '2043 - 2043 

SSCRs 763 1078 1100 1084 1100 1100 11C0 1100 1100 
CS) 2029 2049 20-*« 23-ft? '2042 ?/>4? 2049 ''.042 2049 

HWRs 852 1062 1100 1084 1100 1100 1100 1100 1100 
(H) ?os:. 2049 2i7'/;' 25-/.» 204? 2049 .%.,•/*' * > ~ , - * • •'"» , - « l r 

HTGRs 783 1100 1100 971 1065 996 1100 1100 1100 
(6) ?M1 204i> 2£?4f- 2041 20f9 2041 2043 2049 2042 

Non-FBR Systems r Options 1 . 2 , 4 , and 5 

for the high-cost UjOe supply case (3 million ST UjO» below S160/Tb), 1t is evident 
that Introducing advanced converters on the throwaway/stowaway fuel cycle (Option 1) has 
little effect on the maximum atuinable nuclear capacity. This is directly due to the 
introduction dates assumed for the advanced converter reactors. By the time the converters 
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dominate the new capacity being bwilt, a very significant fraction of the 11,0, supply has 
already been committed to the standard L W . It follows that if the interaediate-cost U,0, 
were used (6 Billion ST U }0« below $160/lb). together with the sane nuclear growth rate, the 
addition of an advanced converter would have a nuch larger impact. For example, in this case 
the system including HMts has a maximum attainable insUlled nuclear capacity /or the throwaway/ 
stowaway option that is approximately 17S greater than the insUlled capacity of the syste* 
comprised of LURs alone, while for the high-cost supply case it is only 3% greater. 

In Option Z converter reactors are operated on the LEU fuel cycle outside the energy 
center and Pu/U converters and 2 ) SU(HE)/Th, 2 3 t y T h , and Pu/Th HTGRs are operated inside 
the center. As expected, the thermal recycle systems all support nuclear power growth 
.•*.th less U J h consuaption than the once-through systems of Option I, and, in general, the 
options inclutfTWQ advanced '.onverter reactors (SSCRs, HNRs, and HTGRs) provide for increased 
maximum installed capacity relative to the LHR option for both the high-cost and the 
intermediate-cost Ufia supply assumptions. The HTGR opt'on (26) provides for the greatest 
level of installed nuclear capacity for both UjO g supplies. The resource efficiency af 
these scenarios is largely due to the fact that they include the nondenatured - J Xi/Th fuel 
cycle which is used only by HTGRs in this study. 

Option 4 utilizes only denatured 2 i S U and 2 3 3 U 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 HUR converter option (4K) 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 HTGRs used in this study do not operate efficiently on denatured fuel cycles relative 
to the other converters available (see also Options 5UG and STG). 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 HTGR this has a greater impact than for 
the other reactor types. 

Option 5 uses denatured and LEU-reeled reactcrs outside the center and Pu/Th-fueted 
converters within the center. This option is divided into two suboptions: Option 5U, in 
which both denatured 2 3 5 U and denatured zl'V units are used; and Option 5T, in which the 
denatured 2 3 5 U units are excluded. In both cases, 2 3\J is produced in the Pu/Th converters. 
In these cases the HWR options produce the greatest maximum installed nuclear capacity 
with the high-cost ore supply, and both the HWR options and SSCR options meet the power 
demand with the intermediate-cost ere supply. A^ain, the HTGRs do not appear to operate as 
efficiently as the other converters for the reasons citd above. 

In summary, non-FBR power systems using denatured fuel but discarding plutonium 
require about the same amount of Ufie as thermal systems on the classical Pu/U cycle and 
offer potential nuclear growth rates that ire roughly the same. If the plutonium is re-
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cycled in Pu/Th converters, the systems have potential nuclear growth rates that exceed 
those of analogous reactors operating on the Pu/U fuel cycle. If the intermediate-crii. 
U 30, sjpply assumption proves to be correct, advanced converters in the recycle coCe can 
satisfy the postulated nuclear energy demand through year 2050 at competitive costs. 
This analysis therefore indicates that, at least under optimistic resource conditions, 
advanced converters using denatured fuels can defer the need for commercial use of an 
"inexhaustible" energy source (such as FBRs) beyond the year 2050. 

FBR Systems. C«*ti«ns 3. 6. 7. and 8 

Table 7.4-1 *nows that almost all of the nuclear system options using FE» fuel 
cycles (Options 3 6, 7. and 8) are able to aeet the projected nuclear energy demand 
without Mining U 0 8 costr 3 more than SI60/lb. 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 - ? 1 U breeder. Mould satisfy the demand if slightly improved FBR 
reactor design parameters were used. Thus, as was expected, this analysis indicates that 
FBR-containing systems will potentially support auch larger nuclear capacities than 
therm*I recycle systems and/or will require less mining. The Th-containing FBR cycles 
supporting dispersed denatured converters perform as well as the analogous Pu/U cycles 
within the framework of this analysis. Of the Th-containing cycles, the F3R with a Pu/U 
core and Th blanket is particularly resource-eff'cient. 

7.4.4. Results for Unconstrained Resource Availability 

The preceding results represent a somewhat artificial situation because of the 
S160/lb limitation on the U.O? availability. Tnat is, the failure to neet the projected 
power demand in many of the scenarios investigated is a direct result of the system's 
inability to utilize U 30g costing more than S160/lb. In order to address the potential 
of the various fuel cycle/reactor options under the condition that the projected demand 
for nuclear power must be satisfied, the S160/lb constraint was removed. The cumulative 
Quantity of U^0 S required to completely satisfy the demand for nuclear qeneratinq capacity 
was then estimated for each of the nuclear power options; these results are presented in 
Table 7.4-3. 

The rate at which U^0 8 is required to support the projected nuclear capacity 
represents an important additional constraint on a system. An overall maximum 11-0= 
production rate is difficult to specify because of the possibility of importing UiO= 
and because any prediction of the production of V->0. from uncertain resources in the next 
century is highly speculative. Recognizing this, and also recognizing that the required 
UjOft production rate is still an important variable, the maximum required U,0<. production 
rates for eacii scenario were estimated and are tabulated in Table 7.4-4. As a point of 
reference, note that DOE has estimated thet domestic mininn and milling could sustain a 
production rate of 60,000 ST of U 30^ per year in th#> 1990s by developing ll-iÔ  reserves 

* and potential resources at forward costs of IPSS than $30 per pound. 
* 
Forward costs do not include the capital costs of facilities or industry profHs, which 
are included in the lon̂ j run marginal costs used in this study. 



7-36 

Table 7.4-3. CwUtive U30, Conswption 
of Various Nuclear Policy Options 

Converter 
Reactor 
Option 

Ciaariative U-,0, Consumption ( ir i l l ions of tons) 
Throvfh year 2fttSl7hnx*sh xear 2043 

5U ST 

LNRs 
CD 

3.41 
7.0& 

2.39 2.14 
2.7S 

With Hioh-Cost UjO, Supply 
2.87 2.36 

4.SS 
2.36 
4.24 

2.18 
2.82 

2.14 
t.ei 

2.29 

SSGts 
(S) 

3.26 
S.St 

2.23 1-99 2.70 
;.iS 2.70 i.ti 

2-35 ».14 1.93 1.93 
J.ic Z.Si 

2.07 
z.t* 

HWRs 
(H> 

KTGRs 
(£) 

3.10 2.72 
a. 55 <.£# 

3.23 2.19 
e.ze <.0^ 

2.29 2.50 
2.70 4.Si 

2.16 2.14 2.25 2.21 

1.97 2.58 2.32 2.34 2.15 2.12 
Z.7s 4.4Z 

2.29 
2.5.' 

2.32 
.?. la 

Kith Internediate-Cost U30s Supply 
Lifts 3.41 2.39 2.28 2.87 
U) 7.01 £.25 4.40 K. m-X± 

SSCRs 3.26 2.23 2.20 2.70 
(S) e.52 4.31 *.;* 4.it 

HWRs 3.10 2.72 2.31 2.94 
(H) i-.l£ 7 , t l ;: .7; £.4!? 

HTGRs 3.23 2.32 2.30 2.58 
(G) e.2e 4.22 4.22 i.'iZ 

2.14 

2.52 

2.14 2.14 2.14 
V5.5G -?.5c 

2.51 2.32 2.30 
4.17 X.S6 2.7C 

2.37 

2.14 
S. is 

2.38 
Z.Z7 

2.26 

The results presented in Tables 7,4-3 and 7,4-4 indicate the relative resource 
efficiencies of the various nuclear power systems since the energy produced was held 
constant. It should be noted that although the U 30 8 cost limitation of SI60/1b was 
removed, the uranium requirements were estimated for both the intermediate- and high-cost 
U-.Os supplies. Hence, the differences in the cumulative U?0R requirements and annual 
U-,0s. production rates for similar fuel cycle/reactor combinations are due to different 
reactor mixes associated with each uranium price structure. 
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Table 7.4-4. Ma*iiu» 0,0* RequireanU 
of Various Unclear Policy Optio-ts 

Converter 
Reactor 
Option 

H u i n w i u 3 0^ Constant ion (thousands o f tons per year ) 

511 5T 

LMts 

SSCfts 

HHRs 

HTGRs 

183 120 

160 115 

120 83 

140 82 

LWRs 183 120 

SSCRs 160 115 

HWRs 120 83 

KTGRs 140 86 

With High-Cost UjO. Supply 
€0 

52 

111 

83 

78 

53 105 

115 

83 

62 

115 62 

83 50 

69 

115 51 

Uith Intermediate-Cost U,08 Supply 
92 111 117 115 86 

93 83 

66 110 

66 105 

83 

89 

96 

83 83 

90 66 

115 87 

60 

50 

63 

60 

se 
83 

66 

87 

68 

55 

65 

65 

92 

83 

66 

87 

Satisfying the deaam) for 1100 GWe in year 2050 with the standard LW3 once-through 
cycle (Option 1L) would require that about 183,000 ST U 30 8 be produced in year 2049, with 
a cumulative consumption of 7.1 million ST through that date. Introducing advanced 
converters (Options IS, 1H, and 16) would reduce both the cumulative U 30 3 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 (Options 2, 4, SU, and 5T) would reduce U 30 8 consumption 
through year 2049 to within the range of 3.3 to 5.4 million ST U 30 8, depending on the 
policy option chosen and to a lesser extent on the uranium cost level. The maximum IJ308 

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 high-capital-cost systems such as the HWR, whereas lower-cost uranium favors 
continued use of LWRs even if other reactors »re 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 generally less than those for thereat systess in the Pa-'J recycle Ecfe (Option 2). 
Discarding Pu fro« the recycle of denatured thermal systems (Option 4} reduces the 
efficiency of the denatured cycle. 

The nuclear potter system that include fast breeders ''Options 3, 5. 7, and £} have 
emulative U:.0= requirements through year 204* within the range of 2.71 to 4.4i million ST 
t l:6- in the case of the interwediate-cost U3O; supply and within 2.6 to 3-2 r i l l ion ST 
U ' . in the case of the high-cost supply. The naxiBua U-.C: consumption varies from 66.000 
to 93.000 ST/yr fo.- the interwediate-cost suppli and fran 52,000 to 68,000 ST/yr for the 
high-cost supply. The breeder-containing options ire able to adjust the reactor n»x 
effectively to reduce u-fit consumption in the event V£- costs ire high. The larger the 
fraction of breeders in the reactor «ix, the loner the L'JJ- requirements. 

It should be noted that the Û Oj requirements for the systess containing breeders 
with Pu/U cores and Th blankets (Options 6 and 7} are similar to the U-.G. retirements 
for the system containing the classical Pu/U breeder (Option 3). The systems containing 
breeders with Pu/Th cores and Th blankets require somewhat nore UJO. on an integrated 
basis. 

The U-0; requirements presented in Table 7.4-4 qualitatively support the ranking of 
cycles in the cost-constrained runs. Specifically, the power systems operating on once-
through cycles require 5.6 to 7.1 million ST U.0. to satisfy the demand for nuclear 
power through 2050, the thermal-recycle systems require 3.3 to 5.4 HI? ion ST U.O., and 
the breeder-containing systems require 2.6 to 4.4 million ST U.G.. The systers including 
denatured •': % reactors require approximately the same cuf'.:i*tive amount of U.Q. as tteir 
Pu/U counterparts. The results presented in Table 7.4-5 also 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 their utilization of 1^0; per unit energy produced. These 
optimized designs may result in reduced USO? requirements of up to 30 relative to more 
conventional LWR designs. The 30 improvement in LWR U ^ requirements assumes no spent 
fuel reprocessing, the improvements bein': ,ie result of increased discharge exposure fuels 
and/or reconfigured reector cores. 

The effect of developing these LWR cores optimized for throwaway/stowaway operation 
was examined by assuming that the U,0« utilization would be improved 1:i sequential incre­
ments U.O.. requirements equal to 90" of the standard I.WR. It was also assumed that this 
improvement would be retrofitted into existing1 reactors. Similarly, reactors starting up 

Neither the down time required for retrofitting nor f.he associated costs were addressed 
in this analysis. 
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between 1951 and , ' *H were assured to haw 0 * 5 requirewsts equal to 80 of the standard 
LWR, with the «mpr«»-events retrofitted to af! existiiu,- reactors i t that t i r e . Finally, 
those plants begi'min. operation after 2001 were assumed to have U Jh requirements equal 
to 70 of the standard .TO, again with the improvements retrofitted to existing plants. 

{ addition, the effev* of a lower enrichment tai ls assay was exaaiesd for ooth the 
standar and the optimized Lin? oc'ions. The standard enrichment ta i ls schedule assum*-* 
that the assay ft action was a constat-0^0020. The reduced tai ls schedule began at 8.0020 
but decreased to 0.00C5 between 1980 atxi 2b«s.*nd remained constant thereafter. The latter 
tai ls schedule was assumed to represent a changeoSc to an improved enrichment technology. 

The effects of considering both the inproved LHP. deVs^ and the improved tai ls 
technology are summarized in Table 7.4-5. The resuKs show thaS^ith tails iaprovenents 
alone the 11$; requirements nay be reduced by 16 by year 2029. ThtS^educed level of 
U3O.X consumption translates to ut increase in the aaximue installed capav>^ of approxi­
mately 60 GWe for standard LWRs on the throwsway/stowaway fuel cycle. 

lable 7.4-5. Comparison of l'3.0; Utilization of Standard itui Isprovea 
LWRs Operating on Throwaway/Stowaway Option Kith and Without 

Improved Tails 

ST U^/SMe 

' X 

Standard L WR technology Improved 
Norm! 
Tails 

LWR Technoloav 

Year 
flormal 
Tails 

Improved 
Tails 

Improved 
Norm! 
Tails 

improved 
Tails 

1989 5236 4759 4649 4224 
2009 5226 4508 4C79 3560 
2029 5236 4398 3923 3346 
•Normal tai ls assume 0.2 w/c- - U jr. U; improved tai ls as­
sumed 0.05 w/o U in ' U; 75 capacity factor. 

With improved LWR technologies (no t * i ls improvements) the U 30; consumption levels 
could be reduced ".25' in year 2029. This translates to an increase of 100 GWe in the 
maxiiium installed capacity for optimized LWRS. I f both reduced tai ls and advanced LWR 
technologies were ust\', the maximum achievable installed nuclear capacity would increase 
by about: 144 GWt. 

I t is important to place these results within the perspective of the results re­
ported in Table 7.4-2. The maximum installed nuclear capacities obtained with these 
improvements are comparable to those for standard LWRs operating on the classical Pu/^'U 
recycle mode or on tlw dena'.ired ' ' \ i cycle. Obviously, i f both improved LWRs and Pu 
recycle were available, the nuclear capacity could be even qreater. 
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7.4.6 Conclusions 

.From the preceding discussion and the results presentPd in Chapter 6 and Appendix C, 
the following conclusions may be iratm concerning the reactor options, the fuel cycle 
options, and the U^0 8 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. 

• If nuclear power systems were limited tc the once-through cycle, it would be 
necessary to utilize U 3 0 e sources at above SI60/1 b sometime between year 1009 
and year 2035 in order to satisfy the orojected nuclear power capacity demand. 

> If nuclear pow;r systems were limited to the once-through cycle and to U $ s 

supplies beiow $160/lb, the U.S. nuclear power capacity would peak some time 
between 2009 and 2035. Nuclear power would fail to satisfy the projected 
nuclear demand during the 10-year period preceding the peak. If improved LWR 
designs and improved tails stripping techniques were implemented, the peaks 
would occur 10 to 15 years later. 

• If the high-cost U 3 0 6 supply is assumed (3 million ST below $160/Ib), all 
once-through systems, regardless of the converter type employed, result in 
approximately the same maximum installed nuclear capacity. For less-restrictive 
Ufia supply assumptions, advanced converters have time to increase the total 
nuclear power supply on the once-through cycle. 

• Thermal recycle systems have the capability ol substantially reducing requirements 
for u"308 or of increasing the maximum installed capacity over the capacity of the 
once-through c^cle. The best thermal recycle systems can support over twice the 
maximum installed capacity cf the onc..-fhrcugh cycle, and, under the i.itermediate-
cost U 3 0 8 supply assumption (6 miHion ST below SI60/1b), they can fully support 
the assumed nuclear power growth through year koi>0. 

• The systems incluoing breeders have the capability of substantially reducing the 
mining requirements and/or increasing the maximum installed capacity beyond thermal 
systems with recycle. This Capability is needed to satisfy the nuclear capacity 
demand through year 2050 under the high-rost uranium supply assumption (3 million 
ST below S160/15J. 

• Thermal recycle systems including denatured • ;'U reactors have the capability of 
supporting more nuclear capacity than the thermal Pu/" , ;U recycle systems. However, 
achieving this capability would usually require Pu utilization. 

• From a resource utilization point of view, nuclear power systems utilizing denatured 
^ V reactors can be started equally well with MEU(235)/Th or Pu/Th fuels, providing 
the eventual use of the plutonium generated in the MEU(235)/Th cycle is assumed. 
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• Systems that use breeders (i.e.. fast transputers) to produce 2 3 3 U for LWRs or 
advanced converters operating on denatured 2 3 3 U fuel tave a capability comparable 
to systems employing the classical Pu/U breeder cycle to satisfy the assumed 
demand through 2050 with the U 3 0 8 resource base assumed in this study. 
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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. Depending on the degree to which this concern is addressed, various 
nuclear power strategies can be developed between the current no-reprocessing option (and 
hsnce no recycle) and options that would permit the unconstrained recycle of plutonium. 
The denatured 2 3 3 U fuel cycle that is the subject of this report provides a middle ground 
within which nuclear power strategies may be developed. Although the denatured cycle dsc-» 
employ recycled fissile material, it can be structured so that it has more proliferation-
resistant characteristics than the plutonium cycle. Before any proposed new fuel cycle 
can be implemented, however, it must be addressed in the lignt of practical considerations 
such as the supply of U 3 0 s available, the projected nuclear power demand, the reactors 
and fuel cycles available, and the technological and implementation constraints imposed 
on the nuclear power astern. These various 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 the most important conclusions of 
the study and to address trade-offs inherent in developing nuclear policy strategies th«t 
include the denatured 2 3 ? U fuel cycle as opposed to strategies that do not. 

The nuclear power systems that have been examined can be c'tssified 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) Nuclear 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 demonstration of the reactor/fuel cycle components. 
(4) Capability of the system for meeting long-terr. 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, 
reactor design data, nuclear growth projections, etc.) required for the analytical model 
are all of U.S. origin. However, with appropr<ate data Uses, the same model could apply 
to other individual nations. Moreover, 1t could apply to cooperating nations, in which 
case the nuclear strategy would Include a mutual nuclear interdependence of the participat­
ing nations. 
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7.t>. 1. No-Recycle Options 

Since coirsiercial-scale reprocessing is not envisioned for some time, the currently 
employed c«ce-through low-enriched uranium cycle (LEU) represents the only significant 
commercial possibility in the near term. At current ore and separative work prices, 
power generated via the once-through LEU cycle in LHRs 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 plutonium, 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 fuel cycle for nuclear-based electrical generation is desirable. 

The principal drawback of the once-through fuel cycle lies in the fact tha": it is 
tied to resources that will become increasingly more expensive. Satisfying the nuclear 
demand postulated in this study to year 2050 would require the consumption of 5.6 to 7.1 
million tons U $ s . An equally important consideration is that it would also require en 
annual U3O5 production capacity of 90,000 to 130,000 tons of U£s 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 potentially 
reduce U 3 0 8 consumption levels up to about 251 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 80^ 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 producibility of U^Os 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 system either on the LEU cycle or on the !:£U(235)/Th cycle. 
The implementation of the HEU(235)/Th once-through cycle in LWRs is uneconomic relative to 
the LEU cycle primarily because it would require higher fissile loadings and hence higher 
UjO^ commitments. And even if incentives were provided, the use of thorium-baaed fuels in 
LWRs would necessitate additional fuel R.D&D. To use either the I EU cycle or the HEU/Th 
cycle in other reactor types would entail significant expenditures to commercialize the 
reactors 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 SlOO/lb U $ H , 
for example), commercialization of the alternate reactors will become more attractive. 

If continued reliance on once-through fuel cycles is to be a long-term policy, It 
would be desirable to make provisions for restricting the spread of enrichment facilities. 
Also, safeguarding the spent fuel elements Is necessary since the plutonium bred in the 
spent fuel represents a potential source of weapons-usable material which becomes increas­
ingly accessible as Its radioactivity decays with time. Near-term resolution of the storage 
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question could be accomplished via international facilities chartered for just such a pur­
pose. Suci> centers (and the institutional arrangements attendant to them) could also serve 
as forerunners of the full-scale fuel cycle service/energy center concept "considered for the 
recycle-based options. 

7.5.2. Recycle Options 

the inherent limitations of the resource base would require the use of recycled 
naterial 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 recycle options 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 that, given a strong government mandate and financial 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 tnan the Th-based cycles, and, as noted 
in Chapter 5, the research, development, and demonstration costs for implementing the 
denatured 3 3 J U fuel cycle in LWRs would be between SO.5 and S2 billion higher than the 
costs for implementing the reference Py/U cycle in LWRs. If the HirfR or HT6R were the 
reactor of choice, an additional S2 billion would be required for reactor research, 
development, and demonstration. 

A system in which reactors consuming Pu and producing • "-U (transmuters) are 
combined with reactors operating on denatured ••'-'•[} fuel appears to have somewhat better 
proliferation-resistant characteristics than a system based solely on the Pu/U cycle. 
The "fresh" •'- 5 iU fuel is denatured with • ' o, and thus some of the proliferation-resistant 
features of the front end of tne L£li cycle would be extended r.o the recycle mode. That 
is, both chemical and isotopic separation cf the fresh fuel would b<» necessary to obtain 
weaoons-usable material. Additionally, the fresh denatured fuel is ccntanp'nated with 
radioactivity due to the decay daughters of a •'•'•'M impurity that is unavoidably produced 
along with the -' r sU, and I'ne as>oc:idtf>d complications introduced into the isotope separation 
procedure would be severe. By contrast, weapons material could be obtained from Pu/U or 
;'\i/Th fuel through chemical separation alone, although the 3 y obtained would also be 
radioactive due to the '- :'-'V daughters. (The Pu/U fuel would also be radioactive bu f .nuch 
less so.} 

The spent denatured fuel represents a somewhat, lower proliferation ri'.i than the 
spent fuel from other options wmld. The recovery of ,\ f]iven quantity'of Pu bred in the 

would be necessary in •"'5"ll denaturant would require trie processing of more niateri.i) than 
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Table 7.5-1. Integrated Assessment of Various Nuc 

Reactor/Fuel Cycle Combination Proliferation Resistance faplementation/CoHMrcial ization 

A LNRs on LEU cycle 

LEU-LMRs followed by 
advanced converters on 
LEU (SEU) cycle or on 
HEU(235)/Th cycle 

Once-through LEU-LMts 
followed by LMts with Pu 
recycle 

Once-through LEU-LWRs 
followed by LURs and FBRs 
with Pu recycle 

Dispersed LURs operating on 
LEU and denatured 2 3 3 U fuel 
with U recycle; energy-
center thermal transmuters 
(LWRs) with Pu recycle 

Dispersed LWRs and advanced 
converters operating on LEU 
and denatured 2 " U fuel with 
U recycle; energy-center 
thermal transmuters (LURs 
and advanced converters) 
with Pu recycle 

Dispersed LWRs and advanced 
converters operating on LEU 
and denatured 2 , J U fuel 
U recycle; energy-cent»r 
fast transmuters with Pu 
recycle 

Probably best to the extant that non-nuclear 
weapons states continue ~o forego national 
f»el recycle 
Fresh fuel has isotopic Barrier; spent fuel 
ccntains radioactive fission products 
Sfent fuel stockpile containing Pu is a 
risk; requires institutional barriers 
Similar to above 
HT6Rs on HEU/Th cycle would reduce Pu pro­
duction by factor of 5 over LEU-LWRs but 
fresh fuel would have higher 2 3 5 U content 
(ZK) 
HUUs on SEd cycle about equal to LURs on LEU 
cycle in Pu production 

Recycled Pu in fresh fuel chemically sepa­
r a t e ; probably acceptable i f Pu can be 
l imted to nuclear weapons states and to 
secure international fuel service centers 
Opt-on requires technical and institutional 
barriers for Pu-fueled reactors (-v30") 
Speit fuel contains radioactive fission 
prot ucts 
Inci eased risk over Case C because system 
tents to become Pu dominated 
Leacs to significant Pu invertories 
and requires extensive Pu transpor­
tation for dispersed reactors 
Requires technical and institutional 
barriers-

In wide commercial use 
Concern exists about fuel 
supply 
Emphasis on improved LWRs and 
UiOg resource development 
needed 

"Fresi" denatured fuel has isotopic and < 
radioictive barriers; spent fuel contains 
radioactive fission products 
Spent denatured fuel contains less Pu than < 
spent LEU fuel (factor of 2.5 less) 
Requires technical ant institutional 
barriers to lfmU Pu to secure energy 
centers 
Reduces Pu-fueled -"actors by factor of 2 
compared with Case C 
Fresh and spent denatured fuel advantages 
same as for Case E 
Requires technical and institutional 
barriers 
Use of HWRs or HTGRs substantially reduce; 
Pu production relative to Cases C and E 
Pu produced in denatured HWRs and HTGRs may be 
discarded with minor loss of fuel efficiency 
Very similar to Case £ except that 15 to 5 W 
of reactors may be Pu-fueled FBRs, depending 
on choice of cycles 

Little commercial incentive to 
introduce advanced converter 
Known to be technically 
feasible 
Concern exists about long-term 
fuel supply 

Classic* 

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

• Preferred by private sector 
• FBR licensing and commercial­

ization may be difficult 
• Uncertain public acceptance 

Qe 

Fuel cycle somewhat more com­
plex than Pu/U cycle, but func­
tionally equivalent 
Requires government incentive 

Same as Case E 
Advanced converters likely to 
to be attractive if FBRs are 
unavailable 

Same as Case E 
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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Table 7.5-1. Integrated Assessment of Various Nuriear Policy Options for Meeting U.S. Nuclear Power ( 

feration Resistance Implementation/Commercial ieatioc 
R.08D Cost and Tine or 

Commercial Introduction Ability to Meet 

to the extent that non-nuclear 
s continue to forego national 

s isotopic barrier; spent fuel 
oactive fission products 
ockpile containing Pu is a 
s institutional barriers 

Th cycle Mould reduce Pv pro­
ctor of 5 over LEU-LWRs but 
u!d have higher 23-U content 

ycle about equal to LWRs on LEU 
•ra'action 

In wide commercial use 
Concern exists about fuel 
supply 
Emphasis on improved Otfs and 
0 3 0 g resource development 
needed 

Li t t l e comercial incentive to 
introduce advanced converter 
Known to be technically 
feasible 
Concer.i exists about long-term 
fuel supply 

No-Recycle Options 

» Low cost 
• Gradual improvements introduced fro* year 

1980 to year 2000 

Up to S2 billion for advanced converter 
R.CSO 
Advanced converters introduced in 1990's 

Least resource effi 
Peaks out between y 
and declines therea 
amounts of low-grad 
Peak could be incre 
to IS years with re 
and reduced tails a 
Advanced converters 
usefulness of once-
to 10 years over si 

Classic*! Reference Recycle Options 

n fresh fuel chemically sepa-
ly acceptable if Pu can be 
clear weapons states and to 
ational fuel ser.ice cente- > 
es technical arj institutional 
Pu-fi. • ed reactors (--30t) 
ntai'.s radioactive fission 

k ever Case C because system 
•w Pu dominated 
ificant ^u invertories 
extensive Po transpor-
spersed reactors 
pica) and institutional 

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

Preferred by private sector 
FBR licensing and commercial-
ization may ba difficult 
Uncertain public acceptance 

About $1 billion, nainly for fuel cycle 
RAO 
Introduction in '.ate 19S0's 

• F3R R.R&D up to $10 bill ion 
• Fuel cycle R.D&O $1.6 to S3 bi l l ion 
• FBRs not available before 2000 

Gains 10-15 years r 
somewhat less relat 

Superior abi l i ty to 
growth greater than 
this study 
Divorce from mining 

denatured Recycle Options 

•jrei fuel has isotopic and 
arriers; spent fuel contains 
ission products 
ed fuel contains less Pu than 
1 (factor of 2.S less) 
rtic-sl and institutional 
^it Pu to secure energy 

e!ed reactors by factor of 2 
Case C 

nt denatured fuel advantages 
ase E 
nical and institutional 

r HTGRs Substantially reduces 
relative to Cases C and f 

r denatured HWRs an3 HTGRs may be 
h minor loss of fuel efficiency 
to Case E except that T5 to 50* 
•iy De Pu-fueled FBRs, depending 
eye'es 

Fuel cycle somewhat more com­
plex that. Pu/U eye'e, but func­
tionally equivalent 
Requires government incentive 

• Same as C « e f. 
• Advanced converters 1 i k*>l y tc 

to be attractive if fBRs iff 
unavailable 

• Same as Case E 
• Private sector likely to accent 

government mandate 
• Should i>e sf.r-cturtsd for maximum 

thernwl-to-fo»t reacto* rati' ' to 
allow siting f lexibi 1 ,ry 

Up to $0.5 b i l l ion . PURs and BWRs 
Fuel cycle R.D4D $1.8 to $3.3 bi l l ion 
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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 preference to Pu/U recycle. Private investors 
have developed recycle technology for mixed-oxide Pu fuels extensively, while putting 
little effort into recycle technology for thorium-based fuels. 

Because reprocessing is inherent in the denatured 2 3 3 U cycle, implementation of the 
cycla is likely to require the development of "fuel service centers," safeguarded 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 contain sensitive fuel 
cycle facilities to produce denatured 2 3 3 U fuels from stored 233U-containir.g spent fuel; 
later it woulr include those reactors that operate on fue1 from which the fissite component 
could 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 
2 3 i U fuel 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 (ratio of nuclear capacity installed outside center to nuclear capacity installed 
inside center). 

Evaluation of the denatured 2 3 3 U 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 than, 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 ? 3 3 U 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 ? ,'U are such that It 
can be used in thermal reactors more efficiently than in fast reactors. 



7-<7 

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 U3CL: prices, the 
HTGR appears to generate the lowest-cost power of the thermal reactors, while an HWR 
appears to be the most resource-efficient and to have the best energy-support ratio on 
the denatured cycle. The SSCR might be developed most quickly and cheaply. All 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 2 ? 3 0 makeup requirements), lower fissile inventories, and 
lower Pu production. Denatured advanced converters also can be sustained at higher support 
ratios than can denatured LURs. [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 denatured 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 converter. Developing a 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 ;" \I producers, fast transmuters would 
have more favorable resource characteristics than thermal transmuters. For the energy 
demand assumed in this stjdy, the most satisfactory denatured power system would consist of 
denatured thermal reacto -s coupled to fast transmuters in a symbiotic relationship, tr.e 
logical transmuter candidate being a fast reactor with (Pu-U)0 drivers and ThCh olankets. 
It should be noted, however, that a more rapid growth in energy demand could dictate that 
Pu/U breeders be constructed to .neet the demand cr that some combination of Pu cycle 
breeders containing thorium and dispersed denatured breeders be used, tn these cases the 
nuclear power capacity could grow independent of the resource base. 

Although the denatured cycle appears to possess advantages relative to the Pu/U 
cycle, several important areas require further study. In particular, ".he refinement of 
the denatured advanced converter characterization is of prime importance, both to evaluate 
variou'. 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-through 
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and recycle modes, is better defined and as advanced converter designs are optimized for 
denatured systems, the analysis will become more useful for R.D&D planning. Also, systen 
interaction studies for the dispersed denatured reactors and centralized transputers 
require refinement based on improved reactor designs and updated mass balances. Finally, 
the question of implementing the energy-center concept, to< other with the use of specially 
designed transputers as a source of denatured fuel, deserves more detailed study. The 
ttonproliferat'on Alternative Systems Assessment Program (NASAP) is currently developing 
characterizations of improved fast transmuters, improved LWRs, and reoptimized advanced 
converters and LriFBRs. Light Watei Breeder Reactors (LWBRs) will also be included in 
these characterization studies. 

7.5.3. Overall Conclusions and Recommendations 

The denatured i 3 3 U cycle emerges from this assessment as a potential alternative 
to the conventional Pu/U cycle. Its advantages may be characterized as follows: 

• The denatured 2 3 3 U cycle offers proliferation-resistance advantages relative 
to the Pu/U cycle in that the "fresh" denatured fuel has an isotopic barrier; 
that is, it does not contain chemically separable Pu or highly enriched uranium. 
By contrast, the Pu/U cycle together with fast breeder reactors tends toward 
an equilibrium with all reactors jsing Pu fuels. Also, fresh denatured fuel 
has a much more intense radioactive barrier than does the fresh fuel of the 
classical Pu/U cycle. 

• For moderate growth rate scenarios, deployment of power systems that include 
reactors operating on denatured '• 3 3U fuel would allow a larger fraction of 
the reactors in a power system to be thermal reactors. This would tend to 
minimize the overall capital costs of the system compared ro fast/thermal 
power system*; based on the Pu/U cycle. 

• 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 a fast reactor component (i.e., fast transmuters) 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 stight be offset by 
reduced requirement! for FBRs, 

The disadvantages of the cycle ire the following: 

• The denatured i ) 3 U fuel cycle is more coir.ple/ tnan '-.w. Cu/'! cyc.lo, and since 
i 3 3 U must be produced in transmuter reactor'-,, r.ne riU: at. which denatured • ''U 
reactors can be introduced will be inherently iimivyi. iw.'ir.c the- Pu/u cycle 
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technology 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 primarily on the basis of its 
nonproliteration advantages, and this would have to be overcome. 

• The R.DSD costs for developing the denatured -'33U fuel cycle are significantly 
higher than those for the Pu/'.' cycle. If advanced converters must also be 
developed, significant additional costs would be incurred. 

Other important conclusions from this study are as follows: 

• The once-through cycle based on LWRs 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 2 3 3 U 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.DSD is completed, the denatured li:V fuel cycle 
aopears to be economically competitive with the Pu/U fuei cycle in LWRs, 
advanced converters, and ir, symbiotic fast-thermal recycle 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. 

On the 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 of the denatured cycle 
relative to fuel utilization, economics and energy-support ratio. The 
study should also be expanded to include LWBRs and the fast breeder 
designs developed by DOE in the Proliferation Resistant Large Core 
Design Study (PRLCOS). More detailed assessments of the Proliferation 
risks and the economics of the denatured cycles compared to other 
recycle options (Pu/U and HEU/Th) should also b» pursued. 
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These studies could provide guidance for the following R&D programs: 

• Ihor urn fuel cycle RID to investigate the use of MEU(235)/Th, MEU(2?3)/Tn 
(denatured 2 3 3 U ) , and Pu/Th fuels in LWRs and HWRs (trie lat ter in cooperation 
with Canada). This program might also include the LWBR fuel cycle. 

• Studies to consider denatured 2 3 3 U or 2 3 5 U fuels as candidates for the 
HTGR reference fuel cycl?. 

• Thorium technology studies, particularly for blanket assemblies, as an 
integral part of the TBR programs (LMFBRs and GCFBRs). 

• Exploratory wo-k with ut i l i t ies and PNR and 3WR vendors for qualification 
and use of MEU/Th and Th fuel rods in ccnmercial reactors. An example of 
the beneficial use of Th would'be in corner roas of the SWR fuel assembly. 
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Appendix A. ISOTOPE SEPARATION TECHNOLOGIES 

E. H. Gift 
Oak Ridge Gas-ecus Diffusion Plant 

A.l. Current Separation Capability 

Three enrichment technologies exist that are sufficiently advanced to be classi­
fied as current separation technology. These are: 
a. The Gaseous Diffusion process. 
b. The Gas Centrifuge process. 
c. The Becker Separation Nozzle process (and its variant, the South African Helikon 

process). 

Both the centrifuge and the Becker processes are expected to pnvide enrichment 
services that ire competitive with gaseous diffusion. The centrifuge process, in parti­
cular, is projected to provide a 30i ! saving in sep" ative vork cost when fully imple­
mented in a large scale plant. 

A brief description of each of these processes and their current productive 
capacity follows. 

Trie Gaseous Diffusion Process 

The gaseous diffusion process is based upon the physical fact that in a gas made 
up of molecules of different masses, molecules contai-ing the lighter mass isotopes will, 
as i! result of the distribution c-f kineti. energies, have iverage velocities slightly 
faster than those >.,.ich contain the heavier isotopes. As a result, these lighter isotopes 
will reach the walls or pores in the walls of a containment vessel more frequently and at 
higher velocities. In the gaseous diffusion process, the container wall is a porous tube 
(h'-j-ier) through which diffusion is accomplished. 

The maximum theoretical separation that can be achieved is a function of the 
square root of the ratio of the masses of the gas molecules In the diffusion process, 
utilizing uraniun hexafluoride, the square root, of the ratio is 1.00429. Because this 
number is so close to unity, the degree of enrichment which can be achieved in a single 
diffusion stage is very snail, but the effect can be rmltiplied t; making use of a 
cascade consisting of a number of stages. Production o' 90 weight percent •''U from 
0.711 weight percent i! material, as found in natural ore, requires about 3,000 
diffusion stages in series. A plant constructed for tie purpose of producing material 
of up to 4.0 weight percent "iJ, as might be required for typical light water power 
reactors, would contain about 1200 staves. 
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To take advantage of the snail separation factor discussed above, diffusive flow 
nust be ensured, not just simple gas flow. Diffusive flow requires not only small pores, 
i.e., less than two-nillionths of an itch in diameter, but also uniformity of pore size. 
Because of the snail pore size, literally acres of barrier surface are required in a large 
production plant. 

Complexity of plant design is increased by the difficulties arising from the 
nature of the diffusing gas itself. A volatile compound of uranium must be used, and 
the hexafluoride (UF e) 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 UF 6 in gaseous form. Although it is a stable com­
pound, UF e 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 if metals such as nickel and aluminum and means that the entire cascade must 
be leak-eight and clean. The corrosiveness of the process gas also imposes added diffi­
culties in t»e fabrication of a barrier which must maintain its separative quality over 
long periows of time. 

The enrichment stage is the basic unit of the gaseous diffusion process. In all 
stages gas is introduced as UF 6 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 2 3 5 U , 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 barrier tubes. Axial flow compressors are used to compress 
the UF 6 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 a 
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 1n the United States, England, France, 
and Russia. 
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The Gas Centrifuge Process 

The countercurrent gas centrifuge separation of uraniora isotopes is based on 
processes developed more or less independently in the U.S. at the University of Virginia,3 

in Germany.1' and in Russia5 during UOrid War II. Much of 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 I960.6 The machine developed is shown in Fig. A-l. 

The theory1''7 for operation of the gas centrifuge shows that the maxi'stum separative 
capacity of a gas centrifuge is proportional to: 
a. The fourth power of 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 accelerated to high peripheral speed. Unless provided with special dancing bearings, 
a centrifuge would destroy 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 small pore size; the manufacture of these barriers is a difficult process 
and a closely guarded secret. Gas centrifligation 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 capacity, 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 rhe USAEC by the University of Virginia, Union Carbide Corporation 
Nuclear Division and Garrett Corporation-AiResearch Manufacturing Co., and Dr. Lars 
Onsager. ine current status of the U.S. program can best be indicated by a brief 
description of the operating and planned facilities;1 
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Fig. A-l. ZIPPE Centrifuge (Simplified). 

The Equipment Test Facility (ETF) was conceived to provide for the reliability 
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 1n this facility. 
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The Component Preparation Laboratories (CPL) in Oak Ridge, Tennessee ar.d Torrance, 
California, Mere built to evaluate, improve and demonstrate techniques amenatle to the 
mass production for manufacture j centrifuges. This facility became operational in 
early 1974. 

The Component Test Facility (CTF) Mas designed to demonstrate the machine reli­
ability and operability testing of substantial nuabers of centrifuges in a cascade 
operation. Construction Mas begun in 1972 and the first phase of startup of the facility 
Mas completed in January 1977 *ith cascade operation of about one-half of the machines 
operating. The remaini*:^ machines Mere operable within a few weeks later. The capacity 
of the CTF is significant, abnut 50,000 SHU/yr, or about the annual enriching requirement 
for a 500 KH power reactor. 

The Advanced Equipment Test Facility (AETF), in addition to being a reliability 
test facility will also test the plant subsystems which support the machines. 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 Europe, the UROIC0 organization, consisting of participants from England, 
Germany, end Holland, has a program that so far has been directed toward machine reli­
ability an! long lifetime. UREHG0 is currently producing about 200 MTSWU/yr from 
plants at Almelo, Hoiland.and Capenhurst, England. Expansion of these facilities is 
planned by 1982. The URENC0 group expects to have 2000 MTSWU/yr in operation, 1200 
HTSHU/yr at Almelo, and the remaining 703 KTSWU/yr at Capenhurst. 

Tho Becker Separation Nozzle 

The Becker process,** being developed in Germany by Dr. E. W. Becker and his 
associates, utilizes the pressure gredient developed in a curved expanding supersonic jet 
to achieve separation in a gas mixture. The separation nozzle stage is shown schematically 
in Fig. A-2. A light gas, helium or hydrogen, is added to the 0T,- in order to increase 
the velocity of th? jet. As tne expanding jet traverses the curved path, the heavier 
component is enriched in the vicinity of the wall. A knife edge divides the jet into two 
fractions—one enriched in the light component, and the other enriched in the heavy 
component—which »n then pumpcc* off separately from the stage. Although the separation 
obtained per stage is relatively high (1,02*1), many '.eparation nozzle stages are needed 
to obtain an appreciable enrichment, Tnis process avoids the problems associated with 
the fine-pored membrane required for gaseous diffusion, and those associated with the 
higr-speed rotating parts of tne gas centrifuge. It does suffer, however, from the 
disadvantage of a relatively high power requirement, primarily because a great deal of 
light gas must be recomoressed between stages aiong with the UFf process gas. 
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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. Following that, a single large prototype stage suitable for use 
in a practical cascade was fabricated. 

A prototype separation stane contains 81 separating elements and is reported to 
have a separative capacity of approximately 2000 kg U SN/yr. A plant producing a product 
enriched to 32 2 } S U and with tails at 0.262 2 , 5 U 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, i t 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 spacing ::ot deviate 
by more than ±101 over the 6-foot length of sl i t . 

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 stil l possible and that the power require­
ment can be substantially reduced. 
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Fig. A-3. Becker Separating Clenent With Ten Slits 

The South African Helikon Process 

The South African 1 0 (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 e in hydrogen as process fluid. All process pressures throughout the system 
will be above atmospheric and,depending on the type of "centrifuge" used, the maximum 
process pressure will be in a range of up to 6 bar. The UF f partial pressure will, 
however, be sufficiently low to eliminate the need for process heating during plant 
operation, and the maximum temperature at ihe compressor delivery will not exceed 7S*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 "JF,-. flow in the enriched and depleted streams, 
which emerge at different pressures. The feed-to-enriched streams pressure ratio is 
typlca'.ly 1.5, whereas the feed-to-depleted streams pressure ratio is typically only 1.12. 

To deal with the small UF,- cut, a new cascade technique was deve';ied—the so-called 
"helikon" technique, based on the principle that an axial flow compressor can simul­
taneously transmit several streams of different isotopic composition without thrre being 
significant mixing between them. The UCOR process must, therefore, be regarded as a 
combination of the separation element and this teennique, which makes it possible to 
achieve the desired enrichment with a relatively small number of Urqe 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
pressors and or.c set of separation elements, does 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 of several times the separation 
factor over the element. 

Full scale nodules of this type are nearing the prototype stage. Recent design 
insprovenients are expected to result in a nominal capacity of 80 to 90 kg SWI/yr 1 1 per 
separation module. 

A valuable feature of a plant based on this process is its very low uranium inven-
twy. which results in -r short cascade equilibrium time, of the order of 16 hours for a 
C6^rctalpianfe»ricbif.g uranium to 3X ; ? 5 U . 

The theoretical lower limit to the specific energy consumption of the separation 
element can be shown to be about 0.30 MW.h/kg SH. The minimum figure observed by the 
developers with laboratory separating elements is about 1.80 HM.h/kg SW, 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 

Host of the known installed enrichment capacity is based upon gaseous diffusion 
technology. Only small increments of centrifuge technology 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 enrichment capacity are based on 
either diffusion, centrifuge or nozzle technology. 

The existing worldwide capacity and planned additions to capacity *re shown in 
Table A-1 by country and technology type. In the table the groups identified as 
Eurodif and Coredif are multinational organizations building gaseous 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 methods tnat either 
nave been utilized in the past or ere currently being developed. These technologies 
ere listed in T*ble A-2. 
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Table *.-!. Approxiute Schedule of World Enrichment Capacity8 

Cat tc i tv 
world's 

Cunutati«e 
M t i o n Technology IncrzmeFt Capacity 

Te»r or Group Type (RT SMIl Present Status of tncrwent CRISi-Ui 

1977 » .£ .» Dif fusion 15.400 E x i s t i n - I5.<00 
frit-France Diffusion imo-iooo Exis t ing , sst dedicated to 

r U i U r y use 
I6.«U0 

Russia^ Diffusion 900 Ex is t ing , actual to ta l 
capacity unxMMn 

S7.20C 

China Diffusion UVninQnMI Exis t ing . Mostly c i l i t a r y 
CRESCQ Centrifuge ZOO Exist ing 17.4CQ 
U.S. Centrifuoe SO Exist ing 1 7 . « C 
S. Afr ica Hel ikon-Fixed 

m i l centr i fuge 
Unanoun Exist ing p i l o t plant o r in 

process o f coming on- l ine 

l*?8 
V 

I ' .S." Dif fusion 3.300 Fror CIP/CUP plus added 
pouer Purchase 

2C.?;0 

CK9C0 Centrifuce 2-30 F a c i l i t i e s a t Aloelo 1 Capen-
Hurst nok i n construction 

2S.--3C 

Japan Centrifuge 20 Currently ueder construction 2ii,970 
Pussia C Diffusion 200 i I . ! 7 C 

« 7 * u.s.fc 
Diffusion 2 .2W frv. t l r / C * J i .37a 

ftjssia'' Z i f fusion 500 23.670 
atrsco Centri fuge *CC Under construction 24 .2 .J 
toroe'if Di f fits ion 2.S0C 21.S73 

!»«• C.S.* d i f fus ion I.60G Fror C I P / a P ie .470 
tasncc Centrifuge 40C Planned >.-:.S7.:-
Eurodif D i " ' sion i.JM L'nder construction i : . i - ^ 
Japan Ce-..v tfoae ^ J under coestrsc l ic* K.*C0 
•ussia" M f f u i i o n 50C 33,ICO 

1<WI " S ~ Qiffusion jaet Fror C!P/CCF 33.<JVJ 
•*£«Ci Cenlr i fwje 400 Planned K.2-A-
Eurodif Dif fusion 2 . T M Lnder const ructor 3 t . 3 > . 
Pusst*-' Dif fasion S<tf i t ..-,'> 

» - . • * ; v . S . f Bif fuv icn VK Incr . Poner IrpTerwitirt^ CLP i7 ," . j i . 
IPESCO Centrifwie VX) Planned i7 ,v ' . 
lurtxsif Diffusing 2.45C I f O f COnstructicr i j , . - v 
•ussia^ Diffusion ;0t5 *;.-... 
£rf-»2tl Seeker n o z i l * isa Manned *-'.,iiC 

1 3 3 tMSCO Centrtfwse T.3CO PlenneJ - ; . « . 
Coredif Dtffa-.ion I . * * Fl i iwed 4i,r.«C 

i««* U.S.* Dif fusion 2.-JT- Incr . P<n>«r |cp!*ff«ntir<; CS.P is . t - ic 
UPE3C0 Centri fu-;e l . 3o i PI awed 4C.70C 
S. J f r i c . Fixed M i l 

c e n t " fuse 
I.6CC Planned 4 i , i i i 

Coredtf Diffusion !.*» Planner! iC . i^c 

!*!« I . S / 3i?fus!<<r. 2,000 tncr . rouer ! ro!*ntnt in.} ClP V . , i . - , 
UttKCO Centrt'uqe I.4CC Planned r i . rV . : 
S. Afr ica Fixed w l l 

centr i fuge 
!.«« Flanneit ; i , 3 * . 

Cored! f Diffusion 1 ..oX Planned \:.\>.\ 
Japan Centrifuge A.000 Planned. L i t s»ot.l4 I>e 

considered condtttnnal 
63,1s.: 

IM£ n.s/ Centrifuge tffl Plar.r-eit » j . ; i c 
S. / . f r i t * F i l ed I M I I 

centr i fuge 
I.DCJ PIanred Ai.53.: 

MKRCO Centrifuue 2.000 Planned *7.!i30 

i « ; U.S.* Centrifuge 2,750 Planner /0 .280 
UtENCO Centrifuge 2.000 Planned 72.2«; 

l-Wft U.S." Centrifuge J .KO Planned 7S.S80 

IM» U.S." Centrifuge 2,200 Planned 77.78o 
Csreoif Diffusion 5,400 Planned, but should be 

considered conditional 
83.180 

'information 'ran references 12 and I I . 

V o l included in w i s schedule are possible aodivions to tbe U.S. enrichment capattly by private corporations, sue" 
as Eiaon nuclear, 6«rntC and Ccntar, tnes* nay aaount to as nuch as 10,000 «T SWU by 1940. 

"For Russia, this Is a schedule of orowth in enrichment sales availability and not necessarily of capacity espansion. 
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Table A-2. Other Isotope Separation Technologies 

A. Discarded Tecnnologies 
Thermal Diffusion 
Electromagnetic (the Calutron Process) 

B. Developing Technologies 
Photo-Excitation Methods (Laser} 
Chemical Exchange Methods 
Aerodynamic Methods (Other Than the Becker Nozzle 

and the Fixed Wall Centrifuge) 
Plasma Based Processes 

"the dis^rded technologies listed in Table A-2 have been used to produce 
enriched uranium. 

A large-scale, iiquid-phase, thermal-diffusion plant was constructed in 1945 
by the Manhattan Project. 1* This plant produced v:ry slightly enriched uranium 
(0.86*). Thermal diffusion is impractical for commercial enrichment of uranium 
isotopes because of its very high energy requirements. Compared to gaseous diffusion, 
the energy requirement is over 200 times greater. 

The electromagnetic or Calutron methods were used during the Manhattan Project 
to produce highly enriched uranium.1'* The process was discarded shortly after the 
more economical gaseous diffusion plant began operation. A brief description of the-
process follows. 

The Calutron Process involved the vaporization of a salt feed material, 
typically UC1,,, from an electrically heated charge bottle through slots into an arc 
chamber where the salt was ionized by an electron beam which travels along i^e lines 
of flux of the magnet. Ti,e ionized uranium, as the U ion for the most part, passed 
through another slot where it was accelerated by other slotted electrodes into the 
vacuum tank which fitled the pole area of a large electromagnet. The ions from the 
accelerating electrodes diverged several degrees from the slots and at the 90* point 
passed by some baffles 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 piagnetic 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 UC1 +, U + +, and 
other fons which hit the baff)es and the walls of the tank at a series of locations. 
Ihe uranium content of these beams condensed as various compounds of uranium. The 
product was, for the most part, converted to DC by interaction of the very high 
voltage uranium Ions with tne graphite of the receivers. Since, in even the most 
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efficient of the nits developed, only about 22-' of the teed was collected as product 
in a vaporization vycle of the feed, there were large amounts of uranium compounds to 
be recovered and recycled through the system. The chemical operations required were 
complex, but the amount of space and the number of workers required in the chemical 
function were ilways small compared to the requirements of the rest of the process. 
The processing of the receivers to recover the product uranium was a small scale 
but very demanding series of chemical procedures. 

The developing technologies listed in Table A-2 offer no current capability 
for producing kilogram quantities of enriched uranium. If any of them approaches 
commercial feasibility, they may provide enhanced opportunities for a clandestine 
enrichment operation. A brief description of each of these processes follows. 

ph 0J ; oA x ci. t al.lPiLilr a*?- rJ_ 5?^!}?d.'5 

The develooihent of high intensity narrow-frequency tunable lasers has raised 
the possibility of nearly complete isotopic separation in a sinole step. Thus, 
reactor grade and perhaps even weapons grade uranium could be produced in one pass 
through the apparatus. Such a single-stage process would allow for a much more compact 
enrichment plant, saving land area, capital investment and power consumption. 
These hopes have led to active research and development programs in the United States, 
the Soviet Union, Israel. France and possibly other countries. 

In the U.S. the development of laser enrichment is beinc, pursued along two 
distinct lines. One line of development uses atomic uranium vapor as the source 
material for the laser excitation whereas the other line of development is pursuit)*) 
excitation of molecular uranium hexafluoride. Each method has its virtues and 
defects. 

Laser Enrichment with Atoms.1'' In the atomic enrichment process rrost often 
discussed, molten uranium is heated in an oven to about 2500"K. Tne atonic vapcr 
emerges in the form of a long, thin ribbon into a highly evacuated fe-,\or where it 
is illuminated by two visible or near-ultraviolet lasers. One laser is tuned to 
a transition from the ground state of uranium to an excited itate rouqhly halfway up 
the ladder to ionization. This is the isotopically selective step, and it is hoped 
that very high selectivities will be achieved here. 

The purpose of the second laser is to boost the excited - ' u atoms to a level 
just below the ionization limit. This step need not be isotopically selective, cmd 
in principle the second laser could be used to ionize the atom directly. But ioniza­
tion cross sections are generally about 1000 times smaller than resonant excitation 
cross sections, and so it is; far nore efficient to use a resonant transition to excite 
the atom to a state just below the ionization level and then to use either a static 
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e lect r ic f i e ld or an infrared 'aser pulse to pul l the electrons o f f the atoms. Once 
the atoms zre ionized, they can be separated from the neutral atoms in the beam by 
the use of e lect r ic or "magnetic f i e l d s , or both. 

The rajor l im i t ing facto' in the above process is the density o f atoms in the 
uraniuir "r ibbon." There is an upper l i m i t on the density and t h e r e f o r on the rate 
of production of enriched uraniu.i, because both exci tat ion energy and ionic charge are 
very easily transferred to other atoms in col l is ions. Such co l l is ions rust be kept to 
a Minimum i f a high se lect iv i ty is to be obtained. 

Other technical d i *T i c j l t i es in the development of the process are: 
a. The corrosiveness of the uranium vapor. 
b. The presence of thermally excited or ionized atoms of 2 3 5 U in the uran'-jm vapor 

(at 2500°K, ^55'̂  of i , s U atoms ar*. not in the ground s ta te ) . 
c. The potential for sel f lasing of the uraniwit vapor. 
d. Thermal ionization of 2 3 8 U l i l l sericusT/ degrade the se lec t i v i t y and thus 

l im i t the enrichment. 
e. Lasers cantoning high energy density, rapid pulse repet i t ion ra te , high tuning 

precision, and long-term s tab i l i t y nd r e l i a b i l i t y must be developed. 

Laser Enrichment with Kolecules. l s Caserne UFF is used in a l l proposed schemes 
for molecular enrichment, since trvs is «.;•.•; u..'iy compound of uranium with a sizable 
vapor pressure at reasonable temperatures. Because the molecule contains seven atoms 
and exhibits a high degree of symmetry, i t produces a complicated spectrum of 
vibrational and rotational excitat ions. The most interest ing v ibrat ional modes from 
the point of view of laser excitations are those which involve motion of the uranium 
atom and which therefore produce an osc i l la t ing el f .ctr ic dipole moment. Only these 
modes a-e l ike lv to produce transit ions frow the ^round state when excited by elec-
tromageietic energy. 

The low energies associated with these transit ions lead to two serious 
problems for laser enrichment in UFS The f i r s t problem i s the creation of an 
infrared laser with the correct frequency. The second problem is related to the 
high occupation numbers of the low-energy vibrational states a t temperatures where 
IIF;, hjs a high vapor pressure. Because so many low-lying states are occupied, i t 
is impossible to f ind a single excitat ion frequency that w i l l be absorbed by most 
of the molecules. The presence of these so-called "hot tends" reduces the eff ic iency 
of the process very drast ica l ly . 

The second problem is easily solved, at bast in p r inc ip le , i f warm UFr, gas 
is passed through a supersonic nozzle. The e f for t of the expansion is to convert 
most of •'he kinccir enKrjy of random motion f the gas in the rese voir into kinet ic 
energy of rranstationa) motion of the g;»s in trie nozzle. As the gas accelerates 
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through the nozzle, it becomes colder 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 slit. The molecules can 
now be illuminated by a la*er beam which has been tuned to excite selectively 
molecules containing 2 3 5 U . 

This technique yields the first step in the molecular isotope separation 
(.rocess; however, this selective excitation does not provide a way of segregating 
the excited rrolacules. Tc do tttis, considerably isore laser energy must be absorbed 
by the molecules to get them to dissociate to 2 3 5 U F 5 and fluorine. In theory, this 
energy 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 
higher powers are required for the molecular than for the atomic processes because 
much larger numbers of molecules can be processed in the same period of time. This 
high power requirement fellows because the density restrictions apparently are 
less severe for molecules than for a tons. 

The dissociated product must still be physically separated from the undissociated 
material and substantial recombination could occur if the recombination probabilities 
for UF S and F are high. 

As with the atomic process, the rcolecular process must also overcome formidablr 
technical difficulties before it becomes a feasible production process Some 
of these obstacles are: 
s. The nigh prooability of resonant vibrational energy exchange ttetween the 2 ? E u F e 

and the 2 , S U F 6 . 
b. The recombination of dissociated molecules. 
c. An infrared high-powered laser tunable to the required 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 

tails. 

Chemical Exchange ftethods 

The use of a chemical exchange system to separate metal isotopes has been under 
investigation in the U.S. for several years. In addition u work in the U.S.^ the 
French rr^ently have made allusions to similar research. Tt has been shown r.̂iat ca1c|',Mi 
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isotope enrichment can be accomplished using a simple extraction process involving 
the relatively new class of compounds known as polyethers. work is underway to 
determine whether a similar process could be used for uranium isotope enrichment. 

The electron exchange equilibrium between U(lV) and U(VI) may result in a 
significant isotope enrichment. The extraction of a single uranium cation without a 
valence change yields a small isotope effect which by itself would have no practical 
use. Combining the two processes leads to a potentially economic process for urinium 
isotope enrichment. 

The electron exchange reaction which occurs in the aqueous phase can be 
described by I uation 1: 

23Sy<.+ + 333y0 22+ =* 23Sy.+ + 2J5o0 22+ <|J 

This reaction was reported to have an <* = 1.0014 with 2 3 S U concentrating on tha U(IV) 
ion. The solvent extraction exchange reaction of the U(VI) ion can be described by 
Equation 2: 

" V ( a q > + » * U 0 2 L ( o r g ) v* » W ( a q J * " H » 2 L ( o r g ) (2) 

Althougl. the a for Equation 2 is unknown, theory and experience predict that 2 J f eU 
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(VI). 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, t,, on the order of a few seconds. Also, the exchange 
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 conditions. 

Based on these exchange reactions and based on a reasonable value of " 'between 
1.0014 and 1.002), countercurrent liquid extractors can be set up into a a. » 
arrangement. Fur-.her assuming thut the exchange reactions and the n are independent 
of the relative concentrations of ; 3' JU and ? 1 f iu, estimates of the equilibrium time to 
achieve 3% enrichment range from approximately three months to one year. To achieve 
90% enrlchnent, the equilibrium time may range from 3 to 30 years. 
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terodynaatc Methods 

Both the separation nozzle and the stationary-walled centrifuge can be 
classed as aerodynamic processes. These are considered to be competitive processes 
by their proponents 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 beams, velocity slip and the jet membrane. None 
of these appear at the present time to offer the promise of the two aforementioned 
aerodynamic processes, although an expanded effort i s proceeding on the jet membrane 
process. Commonly known as the Huntz-Hamel process, it involves the penetration of 
a stream of UFe gas into an expanding jet of easily condensible carrier gas. The 
lighter 2 3 5 UF 6 molecules penetrate the jet more easily than the heavier -' 80Fc 
molecules. A tube placed on the axis of the jet collects the enriched UF,-. The 
depleted UFt, flows out of the other end of the scattering chamber, after the carrier 
gas i s separated from it by condensation. 

Plasma-Based Processes 

Since a plasma can be riade to rotate at speeds greater than that of an ultra-
centr.'fuge, i t 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 
known so that minimal development will be require!—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 besn proposed. Of 
all these processes, the currently most feasible seems to be the Plasma lor Enrichment 
process (the Dawson separation process). In this process a plasma of Wf (or of 
uranium atoms) within a strong uniform magnetic field is exposed to a low energy 
radio-frequency wave resonant with the cyclotron frequency of the •'''•UFf. iom. The 
rotation thereby imparted preferentially to the ?1r'UF ! ions enables the - i; to be 
separated from the r , ; i U by properly placed collection plates. 

This wetliod has been used successfully to enrich macroscopic samples of po­
tassium. I 6 The collector was a cooled tungsten ribbon having a voltage bias to 
collect selectively the excited ions. 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 
•''K cyclotron frequency; and (?) excitation at the ''K cyclotron frequency. The 
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resulting ratios of ' , !K/ 3'K abundance as Measured by the Mass spectrometer were, 
respectively. 0.07 (the natural abundance). 0.02 and 4. The abundance ratio of 4 
corresponds to a More than tenfold enrichMent of M K . 

In addition to potassium ions, wort has been done on neon, argon, xenon and 
uranium 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 length, 
TOE tesseraCures, and collector types). 

A second process involves the achievement of a UT 6 plasma by cheni-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 6". A radio-frequency quadrupole mass filter deflects the 2 3 8 U F 6 

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 coses 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 Corporation17 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 separation nozzle, are known with any degree 
of certainty. 
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Table A-3. Comparison of Process Economics 

Operating 
Specific Costs 
Capital Power Other Than 
Investment Cost Power 

Centrifuge > < > 

Separation Nozzle* < > = 

Stationary-Halted Centrifuge* = = ? 

US-Atomic < < * ~ 

US-Holecular < < 

Ch. Exchange: U I V(aq)-UV I(org) = > 

Other Aerodynamic Processes -

Plasma: Chemi-ionization > > 

Plasma Ion Enrichment (Dawson Process) -• < 

•Based on estimates made by the process developers. 

DEFINITION OF SYMBOLS: 

= Approximately equal to the diffusion process. ' 

>,< Greater than or less than the diffusion process, respectively. 

? Unknown. 
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Appendix B. ECOPOmC DATA BASE USED FOR tVALUATIO'iS Cf 
NUCLEAR POWER STSTEKS 

N. R. Shay, D. R. Haffner, U. t. Black. T. R. Helm, 
W. G. Jolly, R. W. Kardie. and R. P. Omberg 
Kanford Engineering Development Laborato.-y 

The economic tata base used in the assessment of the impact of denatured fuel cycles in 
the various nuclear systems options described in Chapter 6 was jointly developed by Combustion 
Engineering, oat RKtgeteffonal Uboratd.-y,fnited Engineers and Constructors, Arconne 
National Laboratory, Resource Planning Asstci*Ui. Kanford Engineering Development Laboratory, 
DOE Division of Uranium Resources end Enrichment, and DOE Division of Nuclear,Research and 
Applications. The data base includes capital costs, operation and maintenance costs, fuel 
fabrication and reprocessing costs, capacity factors, money costs, and swiceftainties. 

The deflated and present-valued capital costs for LWRs, SSCRs. HTGRs, CANDUs, and FBRs, 
excluding interest during construction, are shown in Table B-l- The saute capital costs 
including interest during construction are shown in Table C -2. In either case, the stream of 
expenses incurred during the construction of the plant is discounted to the date of startup 
and is measured in dollars of constant purchasing power. The uncertainty ranges included 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 capital cost. 

Table B-l. Capital Costs of Power Plants The operation and maintenance costs 
Excluding Interest During Construction , .. . ., ruZ-.—tm Z for the same power plants are shown iR^ 

Power Plant Type Costs (S/kWe)* T d b l e B '3- The higher costs^ for the SSCR 
and the CANDU over the standard LSR are-due--' 

L H R 500 to the heavy w^ter replacement requirement ; 
SSCR 520 + 39 (for D;0) * 558 a n d t h e "ecessity for perfr^fng some 
HWR 605 • 156 (for D;0) * 761 maintenance in Atmospheres containing : 

HJGH 560 to 580 tritium. Additional minor reactor colts 
FBR 625 to 875 are given in Table B-4. 

Based on 7/1/76 dollars. 

fable B-2, Captial Costs of Power Plants Including Interest During Construction 

Power Plant 
Type 

Cost Cost R e l a t i v e 
(S/kWe)» t o I.WR Cost 

LWR 625 
SSCR 650 • 40 (heavy water ) « 690 *10r 
HWR 755 + 160 (heavy water \ « 915 *46? 
HTQR 715 H47 
FBR 800 +28' 

Cost 
-Uncertainty 

95.' to 105- reference cost 
105 to. 120 of LWR cost 
1201 to 150r of LWR cost 
105". to 125 of LWR cost 
125: to 175v of LWR cost 

•Based on 1/1/77 dollars. 
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The fuel fabrication costs for the various reactor types are shown* i ^ T i b l e £-5 as a 
function of tine beginning with the expected introduction date for a particular reactor and 
fuel design. I f a particular reactor and fuel design should prove successful, fabrication 
costs should decrease as larger plants with higher throughput rates an constructed. The 
decrease in fabrication costs over the f i rs t decade after introduction is siapiy indicative 
of a transition from snail fabrication plants with high unit costs to larger fabrication 
plants with lower unit costs. These costs are a strung function of the f issi le isotope and 
a weak function of the fer t i le isotope. The sensitivity to the f issi le isotope is caused 
-e• uier ojFtheTspontaneous Tissiun associated with high-exposure f issile plutoniua or by the 
gaana activity associated with high-exposure - 3 H l . The costs are based on the assumption 
that fuels containing 2 J V U are fabricated on a line with contact operation and contact 
maintenance, fuels containing fissile plutoniua are fabricated on a line with reaote 
operation and contact Maintenance, and fuels containing 2iV are fabricated on a line with 
both reaote operation and reaote Maintenance. The expected variations in fuel fabrication 
costs (cost 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 plutoniua-bearing LWR fuel with uncertainties 
applied ranges froa $306 per leg HH (-10* of reference) to $510 per kg HM (+5f .'.' referer.ee) 
for year 2001 and beyond. 

Table B-3. Power Plant Operation 
and Maintenance Costs 

{=[Fixed ^(Variable * Capacity Factor3}]*Power> 

power Plant Type 
Fixed Cost. 
($AWe-yr) f c Variable 

LWR 3.6 1.9 
SSCR 4.ft 1.9 
HWR 8.4 .---- 1.9 
UISR 3.6 1.9 
FBR 4.1 2.3 

d$ee Table B-5 f o r capacity factors. 
bBased on 1/1/77 do l la rs . 

Table B-4. Minor Reactor Costs 

Property Insurance Rate 

Capital Replacement Rate 

Nuclear L i a b i l i t y 

0.0025 

'6,0035 

'53 x 10" %/yr 

The expected reprocessing costs are 
shown in Table 8-6. These costs were obtained 
by estimating the capital and operating costs 
associated with each of f i ve stages of the 
reprocessing process. The stages were: 
headend, solvent extract ion, product conver­
s ion, off-gas treatment, and waste treatment. 
The costs are shown as a function of time 
re f lec t ing the transit ion from a new industry 
consisting of small plants with high un i t 
costs to a mature industry consisting of 
larger plants with lower unit costs The 
expected costs for spent fuel shipping, waste 
shipping, and waste storage are also included 
in Table E-6, as well as the total costs for 
a l l these processes. The total cost uncer­
ta in ty factor for a l l fuel types is estimated 
to be a 50 increase for the reference values. 
Thus, the total reprocessing cost for LWR fuel 
n i t h tWs uncertainty included ranges from $220 
to $330 per kg HH for year 2001 and beyond. 
I t should be noted that i t is assumed here-
that a policy decision w i l l havr> been m,»de in 
time for the f i r s t reprocessing plant to be 
in operation by 1991. Al l fuel discharged 
from the reactor prior to this date is 

http://referer.ee
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Table S-5. Reactor Fuel Fabrication Costs' 

Reactor Type 
LUR-US(U)/U 
lW-U5(DE)/U/Th 
UR-U3(D£)/U/Ttt 
LUR-Pu/U 
LMt-Pu/Th 

SSCR-US(LE)/U 
SSCR-U3(DE)/U/Th 
SSCR-IVCh 

HNR-U5(MT)/U 
HW-U5(SEU)/U 
HW-U5(D£)/U/Tit 
MdMJ3(0E)/U/Th 
HWR-Pu/U 
l«R-Pw/Th 
KTGR-U5(U)/U 
HT6R-U5(0E)/U/Th 
HTGR-U5(Hf)/Th 

C/Th • U * 150 
C/Th • U = 238 
C/Th • u * 335 
C/Th • U - 400 
C/Th + U ' 650 

HT6R-U3(0€)/U/Th 
HTGR-03/Th 

C/Th • U = 150 
C/Th + U * 238 
C/Th • 0 = 335 
C/Th • 0 = 400 
C/Th • U = 650 

HTGR-Pu/Th 
w7!< = 238 

FBR-Pu-U core 
FBR-Pu-Th core 
FBR-U3-U core 
FBR-U axial blanket 
FBR-U radial blanket 
FBR-Th axial blanket 

Cos* ($;'kg MtJfc Over First 
Decade After Introduction 

100 (1969 - 2089)-* 
230 (1987) - US {1997} 
830 (1991) - 550 (2001) 
550 (1991) - 340 (2001) 
550 (1991) - 340 (?00l) 

100 (1991 
330 (1991) 
550 (1991) 

60 (1995 
60 (1995 

\K (1995) 
560 (1995) 
320 (1995) 
320 (1995) 

34C (1995) 
500 '1995) 
660 (1995) 
760 (1995) 

122P (1995) 

860 (1995) 
1220 (1995) 
1640 (1995) 
2000 (1995) 
3200 (1995) 

~ 2089)* 
- 550 (2001) 
• 340 (2001 i 

- 2089)' 
- 2089)-
- 85 (2005) 
- 350 (2005) 
- 3 » (2005) 
- 200 (2005) 

210 (2tt)5) 
300 (2005) 
400 (2005) 
470 (2005) 
770 (2005) 

470 (2005) 
670 (2005) 
900 (2005) 
1100 (2005) 
1750 (20CS) 

1220 (1995) - 670 (2005) 
1750 (2001) •- 950 (2011) 
1750 (2001) - 9 5 0 (2011) 
3000 (2101) - 1650 (2011) 

35 (2001) - 25 (2011) 
250 (2001) • 150 (2011) 
35 (2001) .' 25 (20V1) 

FBR-Th radial blanket 250 (2001) '150 (2011) 

^Fabrication costs based on the following: for LKR 
and SSCR, a 17 x 17 pin assembly (374-mil-OO pin); 
for the HWR, a 37-pin CANOU assembly 20 in, long 
(531-ml1-00 pin); for the HTGR, standard carfcon-
ccated uranium carbide f issi le microspheres formed 
into cylindrical rods located in a hexagonal gra­
phite block; and for the TBR, a 217-pin assembly 
in a hexagonal duct (310-mi1>00 pin). 

^Uncertafnities on fab' icatio-r costs: J}H»-bear1ng 
fuels, no uncertainty, Pu-bearing fuels, -10% to 
5<K Increase; ?»U-bearing fuels, -W to 50* 
increase. 

"Costs assumed to remain constant. 

assured to have been stored, wi th the 

spent fuel stockpile being reduced in an 

orderly Banner a f t e r the advent of repro­

cessing. Af ter the spent fuel stockpile 

has been reduced to zero, the out -of - reactor 

tiefc required for reprocessing and refab-

r i r j t i o n i s assured to be two years. 

The lona-run ...amettuaal-jep*** < e*£*S2!£d-
for U,0- ore as a function o f the cumulative 

supply are shown in Table 5 - / . As noted i n 

Chapter 6 , the U,0, estimates have been 

provided by DOE's Divis ion of Uranium 

Resources and Enrichment (URE), the high-

cost supply beirg based on the assumption 

that approximately 2 .5 tail l ion tons of U-Ou 

w i l l be avai lable from conventional uranium 

ore resources and the intermediate-cost 

supply being based on the assumption that 

approximately 4 .5 m i l l i o n tons of U?.0S 

w i l l be ava i lab le . In e i ther case, i t is 

assumed that shales can be mined a f t e r the 

conventional resources are depleted. The 

cost o f extract ing the shales increases 

from SI25 / lb to S240/lb fo r the high-cost 

supply case and from S I00 / lb to SISO/Tb 

for the intermediate-cost supply case. I t 

is important to note that the long-run 

marginal costs ?hown in Table B-7 are larger 

than the forward costs shown i n Table 6.1-1 

of Chapter 6 because the long-run marginal 

costs contain the carital I cost ,of f a c i l i t i e s , 

currently i n operat ion, plus a normal p r o f i t 

for the industry. The long-run marginal 

costs are more appropriate for use in a 

nuclear strategy analysis. 

The enrichment co^ts and t a i l s 

compositions assuming e i ther a continuation 

of the gaseous di f fusion technology or the 

deployment of an advanced enrichment tech­

nology are shewn in Table B-8. I t was 

assumr* t u t i f the gaseous di f fusion 

technology is continued the t a i l s composi­

tion w i l l be s tab i l i zed at 0.0020 and that 

the cost of enrichment w i l t Increase to 

SBO/SWIJ in 1987 and remain cor.stant there^ 

a f te r . I f an advanced enrichment technology 
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Table B-6. Reprocessing, Snipping, and Haste Storage Costs for Various Reactor Types 

Reprocessiao, Casts 
0»*r f i r s t Decaar-

Spent Fast 
Saiapiao 
Casts' 

casts ISA* m} 

•etctor Reprocessiao, Casts 
0»*r f i r s t Decaar-

Spent Fast 
Saiapiao 
Casts' 

a*>te Shippi**, 
Casts 

Ktste Storage 
Costs 

Tat«l Casts 
Over Fir-.t 3ec*o> 

vm 2 K ( I » U - ISO (2M»! IS 19 «5 ?% { « w n - ?20 { a » i : 
ssct 24S ( l * » l ) - ISO (2001) IS 10 45 « 5 (!•»») - ..20 IJOOIj 
MR 225 ( I M S ) - ISO (20Kt 10 S IS 255 {1*95} - 190 (2005) 
Hies am (i9*s) . 409 (2Qos) SS JS 65 « 5 ( M K J • SSS J70OS! 
nit 500 (2001] -200 (M i l ) m 50 I IS ? « (2001) - US (20111 

^Fissile storaax casts after repracrssiaa » S2/«-yr far J "B a** fissile platoaiHa. 
~r,'ot*l costs for tnrowny trt le *re spent fuel sltippiag costs plw SIOOAa Ml. 
"*S0. uncertainty on toui casts for all reactor types. 

is deployed, the tails composition would decrease continuously fro* 0.0020 to 0.0010 between 
the years 1980 and 2000 as the installed capacity of the advanced technology increased, and 
the cost of a unit of separative work would decrease to approximately 602 of that of the 
gaseous diffusion process. It was also assumed that the tails composition would further 
decrease from 0.0010 to 0.0005 between the years 200! and 2030 due to improvements in 
technology, while the cost of a unit of enrichment would remain constant during this period. 
The tails composition anJ enrichment cost were assuw-f ID remain constant thereafter. 

The capacity factors of a plant throughout its 30-yr lifetime are shown in Table B-9. 
The capacity factor increases from 60% to 72A during the first 3 yr of operation and remains 
£t 72% 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 long-term real cost of money to the electric utility industry is shown in Table B-10. 
These costs were developed by analyzing the deflated cost of debt and equity to the industry 
over the past 30 yr. The long-term deflated cost of debt has been 2.5S/yr and the long-term 
deflated cost of equity has been 7.0%/yr. Assuming the industry to be funded at approximately 
552 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 
disposal) 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 easily quantified. Figures B-2a and B-2b show the relationship of 
total power costs to the UaPg price fcr four reactors on the thrcwaway fuel cycle. The 
sensitivity of the total power costs to the U } 0 S price was analyzed first by assuming that 
trie price remained constant over the 30-yr life of the reactor, and second by assuming that 
the pr<«;e increases in relation to the rate of consumption (see Fig. B-3), Thus, the total 
power costs In Fig. B-2b are given for a reactor starting up with the U 3 C 0 price shown on 
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Table 6-7. Marginal Costs of U 3 0 s as a Function of Cumulative Supply*'* 
Table B-8. Tails Conposition and 

Enrichment Costs 

Quanti 
(10 

ty o f UjOc 
6 «»*}. 

Long-Run 
Marginal Cost 

(S/lb) 
Tails 

Conposition 
Tine ( 2 3 -1 l fraction) Cost(S/SMl) 

ty o f UjOc 
6 «»*}. 

Tails 
Conposition 

Tine ( 2 3 -1 l fraction) Cost(S/SMl) 

Incenneaiaie-iosi J 3 0 8 Supply 

O.C - 0.25 14 
Gaseous Diffusion Technology 

0.25 - 0.75 23 1969 to 1976 0.0020 50 

0.75 - 1.25 33 1977 to 1986 0.0020 75 

1.25 - 1.75 44 1987 »o 2089 0.0020 80 

1.75 -
2.5 -
3.5 -
4 . 2 5 -
4.75 -
5.25 -
5.75 -

2.5 
3.5 
4.25 
4.75 
5.25 
5.75 
6.0 

53 
61 

y 80 
107 
12S 
143 
165 

Advanced Technology 

1969 to 1976 0.0020 
1977 to 1980 0.0020 
1981 to 2000 0.0020 to 0.0010 
2001 to 2030 0.0010 to 0.0005 
2031 to 2089 0.0005 

50 
75 

75 to 55 
55 
55 

2.5 
3.5 
4.25 
4.75 
5.25 
5.75 
6.0 

53 
61 

y 80 
107 
12S 
143 
165 

6.00 - 8.5 165 
above 8.5 180 Table B-9. Plant Capacity Factors 

High-Cost U,0 8 Supply Year CF(?) Year CF{ ) 

0.0 - U.ifD 14 

0.25 - 0.75 24 1 60.0 20 65.7 

0.75 - 1.25 35 2 66.0 21 64.1 

1.25 - 1.75 54 3 72.0 22 62.6 

1.75 - 2.25 34 4 72.0 23 61.0 

2.25 - 2.75 128 24 59.4 

2.75 - 3.00 158 25 
15 72.0 26 

57.9 
56.3 

3.00 - 3.25 158 16 72.0 27 54.7 

3.25 - 3.75 173 17 70.4 28 53.1 

3.75 - 4.25 180 18 68.9 29 51.6 

4.25 - 4.75 180 19 67.3 30 50.0 

4.75 <u$ 210 - - • • 

above 6.5 240 

. „ . . Table B-10. Long-Term Real Costs of Honey 

*For those cases in which plant selection 
was oetemiined by uranium uti l izat ion a limit 
of 3 million tons of ore are assumed at 
below $150/lb U,0U for the high-cost U 30 o 

supply and 6 million tons for the inter­
mediate-cost supply. 

£Cost of converting u\0„ to UF,, » S3.60/kg 

Debt Interest 

Equity Interest 

Fraction Debt 

Fraction Equity 

2.5' 

7.0". 

0.55 

0.45 

of U. Effective Interest Rate 4.525~. 
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Fig. B-l. Sensitivity 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 V-fie price at 
which reactor options incur the same total power cost. For example, whereas at a constant 
Ufie price the PWR and HWR options have the same power generation cost at •*. $160/lb Ufa 
for an increasing U3OS price they have the same cost at •». $130/lb UjPs. 

From the data shown in Fig. -1 i t 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, i t is evident from Fig. B-2 
that fuel costs, viz., U3O3 prices, also significantly affect not only the levelized power 
costs but also the competitive relationship between reactor options. Therefore, i t is 
difficult to classify reactors as either more economical or less economical base! soifcly on 
power generation cost estimates. 
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T 1 1 1 1 r 

(a) 0:0 5 price constant over 30-yr reictor l i f e . 

U3Og PRICE, S/lb 

HEDL 7805-090.16 

1 1 1 1 1 1 1 

0 40 60 80 100 120 140 160 
U 3 O g PRICE AT STAKTUP, $/tb 

HEOL 7B05-0F0.17 

Fig. B-2. Effett of UjOg Price on Total Power Cost for Reactors Operating on 
Tfirowaway Cycle. 
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Appendix C. DETAILED RESULTS FROM EVALUATIONS OF VARIOUS RUCLEAR 
POWER SYSTEMS UTILIZING DEHATURED FUEL 

M. R. Shay, D. R. Baffner, W. E. Black, T. "- Helm, 
W. G. Jolly, R. M. Hardie, and R. P. Oaberg 
Hanford Engineering Development Laboratory 

This appendix presents detailed results from the calculations performed for the 
ernnawc/resource evaluation of denatured nuclear reactors operated in concert with other 
reactors to for* nuclear-based power generation systems. For purposes of comparison, it 
also presents results for similar systems that do not utilize denatured fuel. 

As pointed out in Chapter 6, nine different nuclear policy options were examined with 
four cases under each option. The resulting cases can be classified as shown in Table C-1, 
where the letters L, S, G, and H indicate the thermal converter option employed in each case. 
For all cases identified with an I, the only converters used are LWRs. For cases identified 
with an S, SSCR converters are used in addition to LVRs. Similarly, for cases identified 
with H and G, the converters used are HHRs and HTGRs respectively, bcih again in combination 
with LWRs. Under Options 3, 6, 7, and 8, FBRs are also included in the nuclear systems. 
In addition to these 36 cases, Case TL was recalculated for a standard LWR alone; that is, 
the LWR with an extended discharge exposure, which is included in Case 1L, was eliminated 
from the system. This case is identified in this appendix as Case IE. 

Table C-1. Nuclear Policy Options* 
Options LWR SSCR HTGR HWR 

^hrowaway Option (1) 
Pu/U Options 
^ With Converters Only (2) 

With Converters and Breeders (3) 
Denatured Jranium Options with 
Converters Only 

Plutonium Throwaway (4) 
Plutonium Miminization (5U) 
Plutonium "Transmutation" (5T) 

Denatured Uranium Options with 
Converters and Breeders 

Rate (6) 
Rate, Denatured 

Light "Transmutation" 
Light "Transmutation' 
Breeder (7) 

Heavy "Transmutation" Rate, Denatured 
Breeder (8) 

1L 

2L 
3L 

4L 
5UL 
5TL 

6L 

7L 

8L 

IS 

2S 
3S 

4S 
5US 
5TS 

6S 

7S 

8S 

1H 

2G 2H 
3G 3H 

46 4H 
5UG 5UH 
5T<5 5TH 

6G 6H 

7G 7H 

8G 8H 

•See Table 6.1-5 In Chapter 6 and Tables C-2 and C-4 ^n this appendix for Identification 
of specific reactor types in each case. 
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In all cases the reactors operating on plutonium or on highly enriched uranium were 
assumeJ to be restricted to secure energy centers, while those operating on low-enriched, 
si•ghtly enriched, natural, or denatured uranium were permitted to operate outside the 
centers. The specific reactors used for each case, and their locations, are given in 
Table 6.1-5 of Chapter 6. 

All cases were run assuming 350 GUe of installed nuc.ear capaci'.y in the year 2000 
and a net increase in installed capacity of 15 GHe per year thereafter. Each new plant was 
assumed to have a 30-yr lifetime. For Option 1, some additional cases were run for a lower 
energy demand 200 GUe in the year 2000 and a net increase of 10 GUe per year thereafter. 
These latter cases are identified with a C following the case number (i.e., cases 1LEC, 1LC, 
etc.). 

In the results presented here, particular emphasis is given to uranin utilization, 
separative work utilization, and energy-support ratios. Two important criteria are to be 
considered when analyzing uranium utilization of reactor systems. The first is the ability 
of the system to meet the specified .Hiclear energy demand with the available U 3 0 8 supply. 
For these calculations two different supplies were assumed: 3 million and 6 million ST below 
SI60/lb U 3 0 e , corresponding to a high-cost and an intermediate-cost supply, respectively. 
(As shown in Appendix D, nuclear pewer plants do not compete well at higher U 3 0 6 costs.) 
Thi second criterion is the capability 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 
UjOg and because of the difficulties that might be encountered in developing uncertain 
resources. As pointed out in Section 7.4.4 of Chapter 7, the DOE Uranium and Enrichment 
Division has estimated that by developing known and potential reserves domestic mining and 
milling could sustain 60,000 ST of IhO- 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 
net a limit'.J natural resource like uranium. 

For the cases in which 3 million ST of uranium below SI60/1b U 3 0 8 was assumed, the 
lack of low-cost UjOe dominates the plant selection because the amount of ore available fs 
inadeouate for meeting the projected nuclear energy demand. As a result, resource-efficient 
reactors are constructed regardless of their cost. With a UjOg supply below SI GO/1b as 
large as 6 million ST, however, most systems are no longer dominated by the lack of UjOst 
and the relative total power costs of the individual reactors play a more Important role, 
[n fact, if the system is not limited in any way by the supply of l/308, then the solution is 
determined solely by economics. Ihe results in this ca<i become more tenuous because of the 
uncertainty In capital costs, fabrication costs, reprocessing t^sts, etc. 

The cumulative nuclear capacities that co d be constructed through the year 2050 
fcr the various case'* 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 
(Adequate Capacity = 1959 Gate) 

M m c e * Gptiw CapKfty (Ote) 
Converter 
* , t i , , , I E * I 2 3 « S t t S T . 6 T S 

High-Cost I IP ; Supply 

UK's S7Z 594 95S 1959 945 IMS 1027 1?5§ i«3S 1=*? 
(I) 

SSa's - 607 1043 19S9 1071 1423 1275 1959 1953 1=43 
(S) 

HW'S - «*7 9»7 1959 1334 1747 1505 1939 1939 1333 
00 

«J«'S . SC3 1*1? 19S9 (53 10*4 1004 19.0 i959 I"91 

I nUrnedU ' " CostUjOi Supply 

UK's 1135 1193 1713 I9S9 I » 1<64 1959 IJ5? 1956 

SSCT'J - 1271 1937 1939 1 • "59 1959 1939 155J 1959 
(5) 

• « ' * - 1497 1921 1959 1943 1959 1959 IS59 1959 irSS 
(H) 

KTW'J - 13Z0 19S9 1959 1794 1924 1844 1959 1933 19-3 
(GJ 

•\iiltK «itn sumbrd LKS only. 

me; the projected nuclear demand under the criteria of an installed capacity of 350 GWe in 
year 2000 and an increase of 15 GWe per year thereafter.* With the high-cost U 5 0 8 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 particular, 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 (26) is also Nearly superior to most of the other cases. This is to be expected since 
Case 26 includes traditional HT6Rs that are fueleo with highly enriched i S 5 U and also with 
"Hl/Th. 

A doubling of the economic U 3 0 8 supply to 6 million tons allows 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 4 
cases meet the demand either; however. Cases 4S and 4H are within 16 GWe of the demand. 
All other systems have at least one advanced converter option that builds the desired 
1959 GWe of energy. It should be emphasized that for the systems where the demand was met 
with the fUgh-cost \})Q* (I.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 buf It In the first few years 
will have been decommissioned after having operated 30 years. 

file://�/iiltK
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Tablr C-3. Utilization of U,0 8 Ore and Enrichment Through Tear 2050 with 
Various Nuclear Policy Options 

M n a c K 
Cmnrler 

IE* I 

UjOg B t l l i n t i i 

2 

n (tr>» 

3 

9 i 9 / B * l « t a . - : « « « •:;-:: : = « • > • « • : t i m 51T'-' "SK?/ 

Option IE* I 

UjOg B t l l i n t i i 

2 

n (tr>» 

3 4 5a 5T 6 ? ( 

sat 
2.09 

5942 
9-09 

3139 
2 . 9 * 

1497 
9 .0* 

High-Cos:. U. <h Supply 

2 .99 
1512 
1.92 

IS14 
I . M 

IMTs 
a> 

sat 
2.09 

5942 
9-09 

3139 
2 . 9 * 

1497 
9 .0* 

3165 
2 .79 

2499 
2 .12 2 .99 

1512 
1.92 

IS14 
I . M 

1S2S 
1.17 

SOT'S 
(5) -

4931 
2 . 9 * 

2964 
1.7* 

1492 
• . 9 7 

2793 
2 .39 

2019 
1.79 

2349 
1.99 

1497 
9 .99 

1497 
o.ts 

1529 
r.91 

W)* - 4499 
2 .19 

39Z7 
l.ff 

1391 
0.99 

2243 
1.79 

1797 
2 .91 

1993 
9 . 9 9 

1345 
9 . 9 9 

1314 
0 . 9 * 

1529 
2.99 

HACK'S 
( 6 | -

2J0S 
1.7*" 

1595 
1.1S 

3497 
2.7S 

2997 
2 .22 

2974 
2 .19 

1593 
1.02 

1496 
1.91 

1666 
1.29 

Fotemedute-CiKt I'.O Supply 

LUS'S 
Ci! 

5236 
2.0J 

4973 
2.9£ 

3199 
I .7S 

2759 
i . « 

3193 
Z.4S 

29S7 
i.se 

3937 
1.77 

2733 
i.sa 

2733 
I .S9 

2799 
I .9I 

SSCRs 
<S> 

- 4*57 
2.43 

292C 
7.27 

2944 
2 . 0 * 

2SU 
J.M 

2511 
l.M 

2SU 
1.9* 

2SU 
I . M 

2SU 
1.H 

h W s 
-

3916 
1.49 

2194 
7.22 

1399 
7.00 

3030 
2 .70 

2431 
I.St 

247S 
1.99 

ZWS 
1.22 

1392 
9.99 

1924 
I . M 

CG5 
- 4471 

2 .9? 
2693 
1.01 

2690 
1.19 

3177. 
2 .21 

2965 
I .»7 

30SS 
1.77 

2693 
I . M 

2692 
I . M 

26M 
7.92 

• S y i t M n t f i standard LHR only. 

Uranium and enrichment utilization for the various cases are shown in Table C-3. ">:•« 
uranium jtilization values arc the total amount of uranium consumed plus the forward commit-
ment per GWe of nuclear power constructed through the year 2050. The enrichment utilization 
values are the total amount of separative work units required through the year 2050. 

As pointed out above, for the cases for which only 3 million ST u\0ft was assumed to 
be available below $160/lb, the ore is the limiting factor. Comparing Case 1LE with Case 1L 
gives the savings in ore on the throwaway cycle as a result of introd'icinq the expended 
exposure LHR — less than 4i in ore and none in enrichment. Cases 1L, IS, 1H, and 16 
compare the relative ore and enrichment utilization of the various advanced converter options 
on the throwaway cycle. The HKRs clearly offer the greatest savings in both ore and 
enrichment. Compared with LWRs, the HWRs reduce ore requirements by over 10' and SWU 
requirements by almost 30%. In contrast, the SSCRs only offer a 2';; ore savings and an 8'; 
enrichment savings. The HTGRs 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 U->0a has already been committed to LWRs 
before enough advanced converters can be built to have much influence. 

Allowing the recycle of fuel in thermal rtacton (Option 2) results in significant 
savings in ore compared to the throwaway cycle -- almost 60 for the HTGRs and from 30 to 
4Q- for the other converters, For this nuclear policy option and the high-cost U,0„ supply, 
the HT6R clearly has the best ore utilization, although the HWRs have better enrichment 
utilization: 
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The introduction of the classical Pu-U/U FBR in Option 3 results in an additional ere 
and enrichment savino* of about a factor of two fro* that in Option 2 except for the HTGRs. 
Note, however, that in Option 2 the HTGRs already had a ION ore and enrichment usage- In 
Option 3 all the advanced converter cases have about the sa«e usage. 

Recycling uranium in denatured reactors and throwing the plutuniun away (Option 4) 
requires enrichaent about halfway between Options 1 and 2. Compared with the classical 
recycle of pluzonium in thermal reactors (Option 2 ) , Option 4 consumes roughly the sane 
quantity of uranium with LURs and SSCRs. That is, the increased worth of 2 3 3 U in LWRs and 
SSCRs is nearly balanced by throwing away the plutonium. The requirements for HURs, however, 
are considerably reduced over those of Option 2 when 2 3 3 U is recycled compared to recycling plu­
tonium. The wry low fissile requirements for the denatured 2 3 3 U KWRs is responsible for the 
more favorable U 3Og utilization in Option 4 compared to Option 2. In contrast, the HTGRs in 
Option 4 look much worse than in Option 2. This is because the HTGRs were already operating 
on the 2 3 3U/Th cycle in Option 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 th? recycle of plutonium in plutonium/thorium transputers, 
the difference between the two being that denatured 2 3 5 U reactors are available in 5U whereas 
they are not in 5T. This forces the 5T system to initially rely on the Pu/Th-fueled reactors 
for 2 3 3 U . Compared to Option 4, r ,n 5U results in 20 to 255 savings in ore usage and 
Option 5T in 10 to 15% savings. e HWRs are the most efficient advanced converters for 
uranium and enrichment utilization for Options 5U and 5T. 

Option 6 introduces FBRs with thorium blankets, although these FBRs iiavc 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 2 3 1 0 FBR is included. The inpact of this reactor on resource 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 
longer doubling time of this reactor type results in sow what increased uranium and enrichment 
requirements. A key point for all of the systems containing FBRs (Options 3, 6, 7, and 8) 
is that the ore and enrichment usage is relatively independent of the advanced converter 
option. This is in contrast to the nonbreeder systems where the type of advanced converter 
available (IWR, SSCR, HWR, or HTGR) much more strongly affects the resource utilization. 

Another very important point that needs emphasis is that the superior ore utilization 
of the HURs relative to the other advanced converters for the alternate fueled systems 
(Options 4 - 8) is directly dependent on the denatured • HU-fueled HWR. Of a T the reactor 
designs, the design of alternate fueled HWRs have probably 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 savinqs, more work needs to be performed to verify the 
optimistic performance characteristics of the denatured " ,^-fueled HWR. 
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Since 6 million ST o U 3 0 8 below SI60/1b Is adequate, or nearly adequate, to satisfy 
the projected nuclear energy demand for most cases In the various nuclear options, the 
power growth patterns for these cases are strongly Influenced by economics as well as 
resource utilization. Thus, as mentioned earlier In this appendix, the results for the 
cases based on the intermed'ite-ost t^Og supply are subject to muci' larger errors ("•cause 
of large cost uncertainties. Table C-3 shows that the advanced converters for the throw-
away cycle reflect a larger U s 0 8 savings when 6 million ST is used as a base rather than 
3 million ST. This is because many more nuclear plants are built with the larger supply 
and therefore more advanced converters can be built, resulting In a larger Impact. For 
the high-cost U 3 0 8 case, most cf the economic U 30. was already coanltted to the LMR before 
the advanced converters could tiave an effect. 

For Option 2, the results are about the same for both U 3 0 8 supplies except for the 
case with HTGRs (Case ?G). Ore requirements per Gtte are 275 higher for this case with the 
intermediate-cost U 3 0 8 assumed to be available. This is because 6 million ST of economic 
'J30e is an adequate amount of ore for the system of reactors in Case 26 to satisfy the 
nuclear energy demand and economic considerations are also affecting the mix of reactors 
that are built. Thus, the fraction of low-enriched LNRs constructed is larger because ; 
this reactor is less expensive than the HTGRs, even though the HTGRs use less uranium. 

The plant selection for the cases that include FERs (Options 3, 6, 7, and 8) is also 
determined by economics when 6 million ST of U 3 0 8 below SI60/1b is assumed to be available. 
Therefore, the uranium utilization for these cases has less meaning. Similarly, some of 
the advanced converter options for the denatured cases (Options 4, 5U, and 5T) are resource 
limited and some are not, so it is difficult to draw conclusions 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-.Qa, 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 U 3 0 3 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 Ui0% requirements and the naximum annual enrichment requirements 
thr nigh 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, it has been estimated that 
the maximum domestic mining and milling rate may be approximately 60,000 ST/yr. Table C-4 
indicates that if the high-co'.c U}0„ supply is assumed, the annual U 3 0 s requirements vary 
from 5C,000 ST/yr (Case 7S) to 80,000 ST/yr (Case 4L). For most of the cases, the maximum 
occurs during the first decade of the next century. Thus, most of the cases " juire annual 
ore usage within the next 25 - 30 years that exceed* the 60,000/yr criterion. 
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Table C-4. Maximum Annual U 3 0 8 and Enrichment Requirements Through Year 2050 fur 
Various Nuclear Policy Options 

Mraice* 
CMCftCr _ _ _ _ _ ^ ^ ^ 

Option |£> 

BJOJ tequh umits (thooMntfs tons/yr)/£k~:".-;,-»-r; Sisare'n-*' • . : J '—_":- -; A T 

5U ST 

UM'$. 73(2007) 72(2007) 
C D " 44(2907) 45(3007) 

SSOTs 
IS) 

- 7£(20B7) 
42(2007} 

• High-Out U;0; Supply 

67(2009) 60(2009) S0(20K) 75(2009) f S ( 2 I I I ) 62(2009) 60(ZP99) 6S(2005) 
40(3009) 41(2009) 09(1009) 0513011) 45(3011) 44(300$) 430009) 55(3005) 

62(2011) 52(2009) 79(2009) 69(2011) «5j2017) SO(200S) SO(200S) 55(2009) 
49(3011) 3413009) 01(3000) 00(2011) 19(1010) 35(3005) 35(3005) St(3009) 

{«) 

urat't 
(6) 

M(2»09) 
itrstosj 
72(2007) 
45(3000) 

SB(2011) 66(2009) 71(2099) SS(2S05) 53(2019) 64(2009) 63(2*091 65(2099) 
34(30051 44(3009) 500911) 40(303?) 35(3003) 40(3000) 44(2009) 44(3099) 

IMR's 124(2025) 120(2025) 
(L) 74(3035) 77(3035) 

SStS't 
CS) 

00 

HTW* 
CG) 

114(2027) 
03(3039) 

91(2031) 
4212009) 

110(2029) 
$4(3029) 

57(2019) 
51(3019) 

110(2039) 
73(3039) 

96(2043) 
57(2045) 

•1(2023} 
53(2011) 

•6(2049) 
70(3049) 

53(2003) 65(2099) 57(2011) 64(2011) 61(2009) 60(2009) 65(2099) 
W3005) 52(2011) 49(2017) 45(3011) 44(2009) 42(2909) 44(9009) 

InttnaediJte-Cost 0.0^ Supply 

92(2037) 105(2037) 115(2039) 109(2039) M(2033) •6(2033) 92(2043) 
30(3037) 100(3037} 90(3039) 77(2039) 01(3033) 01(2033) 05(3043) 

93(2047) 12(2049) 
53(2047) 73(3039) 

66(2009) 117(2031) 
47(2009) 90(2033) 

•6(2049) 96(2039) 
70(3049) 90(2039) 

•3(2049) «3(2049) «3(2049) 
55(3049) 55(2049) 55(3049) 

•9(2029) 90(2029) 66(2009) 
04(3029) 04(2031) 47(3009) 

94(2043) 100(2041) (7(2047) 
'0(2047) 70(2041) 74(2047) 

•3(2049) (3(20*9) 
55(2040) $i(2049) 

66(2009) 66(2009) 
47(3009) 40(3009) 

•7(2047) »T(2047) 
74(2047) 75(3047) 

•Systt* «iWi sundird IMt only. 

The maximum annual separative wort requirements based on the high-cost U 3 0 e supply 
varies from 34 million SWU/yr to 69 million SWVI/yr. This means that the current separa­
tions capacity Mould 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 3 0 8 demand is greatest. 

Assuming the intermediate-cost U 3 0 8 supply, the maximum annual ore requirements are 
greater than 60,000 ST for all cases, for nost 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>0 8, 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 ST/yr. The maximum separative work requirements are also 
very high for this uranium supply -- from 42 to 100 million 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. All the reactor types that 
are available in Options 1 and 4 could be constructed outside the centers; therefore, the 
energy support ratio for each case in these options is -. However, it has already been 
shown that these systems offer the lowest ura>vmt utilization and therefore the lowest 
nuclear growth potential, even if it is assumed that 6 million ST of U 30 f l is available at 
below S160/lb. 
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Table C-5. Energy Support Ratios In Year 2050 for Various Nuclear Policy Options 
(Support Ratio = Installed Nuclear Capacity Outside Energy Center/Installed 

Nuclear Capacity Inside Energy Center) 
Adwtced Support R t t i o 

Conttrter — 
Option IE- I 2 3 < SU 5T 6 7 

LKR'S 

SSCR'S 
(S5 

1.54 

1.47 

Hiqh-Co'.t '.' 0 Supply 

0.72 - 5.69 3.74 

0.76 

1.27 1.46 3.09 

6.33 3.W 2.13 2.13 3.27 

HWs 
(H) 

HTWS 
(G) 

IMS'S 
CL5 

SSWs 
(Si 

0.49 

0.2* 

.<2 

2.1t 

0.92 

0.24 

S.79 3.07 1.07 2.«9 

4.02 2.50 1.26 1.2S 3.11 

Sntennedijte-Cost U-.O; Supply 

1.65 - 5.06 5.05 5.37 5.37 5.49 

1.65 4.78 4.7S 4.7S 4.7S 4.7t 

SB's i.8S 0.94 4.03 3 .M 1.03 1.04 3.07 

hTWs 1.77 I.S2 3.30 3.20 2.74 2.74 3.62 

•^yslen " ' - h It*n4*r* i-WS ?r\y. 

As pointed out previously, with only 3 million ST of U 3 0 8 available below $160/lb, 
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 support 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 J 5 3 U 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 ', to 2, depending upon the advanced converter option. Option 7 introduces a 
denatured FBR which would provide J 3 * U 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 in Option 7 actually had a minimal 
impact. 

The energy support ratios of Options 6 and 7 could be further increased by replacing 
the uranium in the core of the Pu-SJ breeder with thorium (Option 8 ) . with the high-cost 
U 3 0 8 supply, energy support ratios of about 3 are obtained for this system. The intro­
duction of thorium in the core of a breeder lowers the breeding ratio to the point that, 
in contrast to Option 7, significant quantities of FBRs operating 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 sane if 
6 Million tons of U 3 0 8 is available '̂ elow $160/1b; however, they are significantly higher, 
largely because rore low-enriched LWRs can be built. 

Selected detailed results for all the cases calculated are presented in Table C-6, 
C-7, and C-8. While aany of the numbers in these tables appear elsewhere in this report, 
aany ranters are also shown for the first tiae. For exaaple, the plant aix in year 2025 
and the levelized power cost for each plant starting up in the year 2025 are shown. 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 1LT and 1LTH in 
Table C-6 are for changing enrichment compositions; see Section 6.2-1 in Chapter 5.) 
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Table C-6. Sumnary of Results for Cases Assuming High-Cost U 3 0 8 Supply, 350 GUe 
Installed Capacity ».i Year 2000, and 15 GUe Installed Capacity Each "mbsequent Year 
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Table C-6 (cont.) 
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I .J 
I.J? 
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« H r ) t h n » t * 

2S2S S H 
M S 

1*2* 
1417 

1*2* 
M S * 

M S 
ISS 

• S t 
M M 

* I 7 
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tanrliicd V s t c * 7ttb*r O t t » 
( M i l l i / M i r ) in 

2WM 
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2II2S 
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I t . * 
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I 7 . J 

11.7 
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17.7 
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M.f 
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U . T 
I I . 1 
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U.l 
I t . * 
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IS.S 
M.t 
I t . t 
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l * . l 
l » . 7 
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»•».» 

( j aa i l j r i v * II J l - teiMfi ion 
d i l l K M Tat( |* l l trenik 

2»2S 
2M» 

2.SS 
2 . M 

2 . 1 * 
2 .W 

l.»7 
2.7S 

7.JJ 
2 . M 

2.21 
I .»2 

2.JI 
2 . M 

2. IS 
2.7* 

2.12. 
2 . M 

2.52 
I . M 

2 .41 
2.*S 

2.SS 
I . M 

Total l l . » . Ccaai lKd ( M I I I M * 
TIWH) iKrlufl) 

W2» 
2M9 

2.»2 
2 . *» 

2.71 
2 . M 

2.41 
2.*S 

2. tS 
2 . * * 

2 . M 
2 . * * 

2 . IS 

>.*» 
2.42 
2 . M 

2. St 
2.»> 

2.77 
2 . M 

2 . 1 * .*.** 2.17 
1 .9* 

Ittxtajai Amwl ta r i r lMmt PftRjutrt-
• m l Ikrm»>> JAM) O h l l w o M V | T ) 1 I M > 

SI 
| 2 M « 

I * 
I2*»S) 

52 
(2*11) 

4 * 
(2*17) 

4S 
(2*11) 
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r2M*) 

42 
(TOM) 

M 
( 2 * M ) 

92 
12*11) 

•S 
12*111 

O m l x i n forkta**! ( I I I I H I * SMI) 
ifcfiwifh 

»2S 
2M9 

I . S * 
1.(7 

1.71 
2.42 

1.4* 
2.IS 

l .«0 
2.SS 

I . M 
2 . 1 * 

I . M 
2.11 

I SI 
2.00 

l . M 
I . M 

I . M 
t . is 

2 . * * 
1..? 4. no 

U,l> f l l l l l i i m l o n ( T O M lljKgAMp) i n " ' 

2IM9 
4»r j 
4 * * } 

2700 
2I0S 

2M2 
IMS 

SSS7 
M*» 

292* 
2M7 

S N I 
2*74 

2SS1 
ISM 

21M 
I 4 M 

I M 1 
I M * 

42M 
«. 'U 

4n*« 
41. 4 

M n . t w r n t W i l t ^ l i m ( W i l l i ™ 9 ) I / ( M > ) " ' 
In 

mil 
2IM9 

M n . t w r n t W i l t ^ l i m ( W i l l i ™ 9 ) I / ( M > ) " ' 
In 

mil 
2IM9 

2.70 
1.1(1 

I . M 
l . 7 | 

L I S 
L I S 

2.24 
2.7S 

1.7* 
2.22 

1.77 
2 . 1 * 

l . « t 
1,07 I . N 

1 . * * 
1.2* 

l .»7 
I . M 

4 .C* 
S .SI 

( I ) f,iiri»Ut"v»' i: ,0.. cnn',fjr*i»M throul^ year **060 {i**icT udtnti t*on»dt*̂  co t tv . t twt ' . ) per cumulative nu«,Ie*r CA?*cify U U tnrou i * ?050 
{ / ) f.ur yl^My.' »*nf;chr»onr r#vjutr.*ffynt'. f i rnuTi .10^J per c t^u 141 * vt? n»c!#»ar capar i 'y hu t l f throu<ih 2^50. 
! $) ii>At i i w»*ir.h r a j i - i y r e r r i c^r <*fi f r c j u l ref>i**Pt'» occur. 
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Table C-6 (cont.) 

Installed Capacity (GMe)/tevelized Bower Cktst (Mills/fehr) L. year 202S 
11E* 1L 21 H. 4L s * SR 6L 7t !?-Reactor 

IMl-US(LE)/U 
UK-US (LE)/U-fiE 
IMt-IBTO/IVTh 
U«-J3{ir)/U/n» 
UR-ftyU 
LM-IVTh 
FK-Pu-U/H 
RC-fe-U/Th 
FM-ni-ivm 
FBR-US-U/th 

Utt-USOEl/U 
WR-USflO/U/Th 
IM-U3(lIE)/U/ri 
um-nvu 
LKR-fti/Th 

SSDHIS(LE1/U 
SSfR-U3(DEj/U/rh 
SSO.WTh 

FBR-J\j-U/W 
FBR-I\i-U/Pl 
FBR-Pli-Th/Th 
FBR-03-O/Tli 

umis{un/>' 
IKR-IIS(HUT)/U 
>M-irs(s»j/u 
(MR-US (Dfc)/U/ni 
IMR-l»(CE)/U/ni 
IWK-ftt/M 
IMR-IHt/Th 

FBR-fti-U/W 
FBR-Pu-U/Th 
FBR-Pu-Th/Th 
FBF.-WJ-U/Th 

l-NR-USfLt./U 

HTCR-U5(LE)/U-T 
HITOUSOO/U/ni 
hTr»-us(iiE)/ni 
HiraM»(K).tI/'ni 
IfTCR-ltt/Th 
ffTBR-PU/ni 

FBH-Pli-U/lr 
FM-ftj-U/n» 
FBR-Pu-Th/Th 

I.KR-US(LE)/U 
IJ*-MS(I.E)/U-EE 

269/22.3 30/22.3 360/19.6 310/10.0 52/21.S 49/19.7 412/19.0 327/17.5 342/18.0 118/17.9 
2S9/2I.4 - - - - - - - -

292/23.0 296/21.4 0/19.0 0/19.5 187/18.8 
r - - 220/20.4 264/20.0 02/20.7 0717.6 60/18.4 9/20.7 
^- - - 234/19.0 72/19.3 - - - - - -

I07/1B.7 132/19.6 9/28.5 21/24.1 9/26.0 
357/20.6 - - - - - -

316/19.8 280/18.0 
172/21.7 

18/19-5 245/21.7 

IS 2S 35 4S SIB SIS 65 7S 8S 

191/22.2 83/19.7 83/18.0 49/21.5 45/19.2 S0/1S.8 00/17.4. SO/17.4 79/17.9 
289/27.3 287/19.6 0/18.* 0/18.2 1/18.8 

266/17.8 123/17.3 - - - - -

200/21.0 307/18.6 237/17.2 8/20.7 4/17.9 372/17.6 257/16.4 257/16.4 318/16.6 
300/20.5 303/19.7 135/19.9 166.15.5 166/15.5 42/17.2 

101/19.0 152/19.1 48/14.9 48/14.9 23/22.9 
297/17.8 

188/11.7 188/11.7 
1S0/K.* 

0/17.2 126/19.3 

III 2H 311 411 5111 

129/22,1 159/21.1 355/19.9 ISI/21.3 1S7/18.8 

0/24.9 0/26.8 
222/22.0 4S/22.9 

415/21,1 

0/2S.6 0/27.0 0/22.0 
0/22.0 0/23.1 0/20.3 

222/24.2 178/22.9 
339/24.0 156,22.4 

0/20.5 
109/21.7 

384/14.6 

STH 6» 711 8H_ 

1S8/1S.4 337/19.0 323/18.7 329/18,3 

217/21.4 0/23.9 J / 2 3 . 3 0/20.0 
20/20.0 0/21.1 0/20.7 32/19.7 

0/28.9 0/26.S 12/21.6 
163/24.3 4S/17.3 0/19.4 0/22.9 

182/22.7 2/20.9 11/20.8 0/26.2 

356/17.4 M8/17.4 
190/22.3 

S7/17.2 176/21.1 

12S/20.7 

ir, zr, jr. «*, sir, 
172/22,3 I42/'9.4 142/17.5 172/21.Z 147'»9.l 

0/19.8 0/18.5 0 20.4 0/19,8 

284/19.0 305/18.5 

56/18.5 87/18.1 

133/18,3 

195/11.4 - -

305/17.2 195/1S.8 

175/17.9 127/.'.4.2 
I'.7/1S,8 79/I6.S 

STC 6C 7K ST. 

404/19.2 294/16.9 295/17.2 347/17.8 

0/19.9 0/18.4 0/18.4 0/19.4 

14/17.4 1/17.4 SO/W.l 

43/19.0 104/15.4 91/16.0 0/20.2 

I79/18.S 15/22.3 30/21.0 0/Z7.S 

313/17.8 294/17,3 
180/2S.7 

29/15,9 162/23.8 

1I.T 

30/21.S 
3S8/20.7 

30/21.5 
38S/20.7 
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Table C-7. Si«ranary of Results for Cases Assuming High-Cost U 30 8 Supply, 200 GWe 
Instated Capacity in Year 2000, and 10 GWe Installed Opacity Each Subsequent Year 

TMNilMitv ita-lrar r j f u c i l f toil! 
( O k ) Ikxa^k 

V>!r» Cnts m i l>TT ll 
M * •'IMMMMAI M 

a.st 
7.SI 

W . M 

tanrlizv-J Snt tm I W r r C K C S 
« *> I I » /U>r | M 

M I S 
J»:s 
.""SI 

I j aa t l j t in r 
I t . 11 

M I S 
2MV 

^ » 

T o o l l l ,» I jaa 
I<NW| t i l i n g 

i l l c j I H l l l H 

I t u h M AMMOI T j ^ H l H r M Aetyttrr 
K M lk»a«4i M a I M I I I M M 9fJ/)T> 

Oakiteliwe hirH-k 

2»n 
» : ( • • I I M R 5Ml| 

.«» 
2D4» 

lorubwM I k i l i u t i n t (Million SMI/Hfc) 
Iff 

M.*S 

(21 

1 W » l t f w: W MT 

s» 
S» 

SS4 
M i 

M » 
727 * M 

» 
1 3 
I I 

1 9 
M 

27» 
I B 
•1 

I B 
U 

211 
I I I 
•1 

l » . t 
l» .2 
2». l 
» • 

1».S 
l » . « 
l» .S 
B».l 

W.S 
M.S 
» . 4 
l» .» 

l * . J 
W . J 
24J.S 
21.1 

M.S 
U.S 
W.J 
W.7 

7.W 2 -W 
I . H 
2.17 

l . ( S 
2.12 

I . M 
2 . M 

2.7» 
2 , » 

2 .7* 
2 . M 

2.72 
2 . M 

2 . U 
2.»7 

2.71 
2.a 

(*.SP 41 
<2»-'l> 

IS 
I2H2I) 

24 
(2*11) 

<s 
12(21) 

1.21 
I .7J 

1.2* 
l . l l 

l . l l 
I . U 

. M 
I .2S 

1.21 
1.4* 

s:s» <»7« 
1 , . 

4M« 4222 4*4J 
4SS4 

I.JI 
l . M 

2.211 
V » 2 

l .» l 
2.S4 

I .S2 
l . t * 

2 . U 
1.04 

Installed Capacity iOte)/Levelized Power Cost (Mil ls/Wir) in Year 202$ 

Kcactor 

iw-ysan/u 
LU?.-U5(LE)/U-EE 
LMl-US(DE)/»l/Th 
LtmU3(DE)/U/Ih 
LNR-Pu/ll 
LMt-Pu/Th 

1UC« 1I£ 

J6J/21.7 11/21.6 
J74/20.I 

ISC 1HC 

44/21.4 144/21.2 

IOC 

114/21.4 

SSCR-US(LE)/II 
S3CRU3(DF.)/U/Th 
SSCR-Pu/th 

36S/20.4 

IMt-US(MAT)AI 
NM-U5(SEU)/U 
IM-IK(DE)/lf/Th 
HMt-U3(DE)/U/i1i 
IMR-Pu/U 
HNR-Pu/Th 

lffRtW»(lE)/U 
HTRR-U$(«)/U-7 

0/24.2 
MS/21. $ 

304/20.1 

( I ) Cumulative U.0» consumed thro ih year 2050 (mcludtni forward camnttmenlf) o«r cumulative nuclear C4P4Ctt> bui l t through 2050, 
U ) f.uniU'.lvf enrichment requtr i n n thrwih ?060 per cumulative nuclrar capacity tiullt through 2050. 
(3) *>ar tn which minimum frnrtr.hmcnt rejiiirem^nts occur, 

•System with standard IWR only. 
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Table C-8. Summary of Results for Cases Assuning Internediate-Cost U 30 8 Supply. 350 GWe 
Installed Capacity in Year 2000. and 15 GWe Installed Capacity Each Subsequent Year 
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2»4» 

a 

IN* 
1271 
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l*S7 

M 
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l*S» 

4S 
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IMS 

3K 
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l*S» 

SJS 

MM 
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«S 

1*1" 

75 

I M * 
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•5 

M M 
l*M 

Sr-i«» C * H > (*»( 1*77 ikraajh 
is j* 4k«nnH«f » «.» 

7.M 
M.M 

*»S 
211 
124 
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2IS 
12* 

4*1 
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121 
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2M 
I M 

4tS 
211 
12* 

MS 
214 
I H 

4*S 
214 
I M 

4*S 
214 
I M 

MS 

I n c l t i * * Sr»M* fewer Cms 
(Mill>/fc*r) in 

Jon* 
aii s 
2»JS 

17.* 
M.7 
l*.2 

14.* 
IS.2 
•S.S 
IS,* 

14.7 
14 .? 

i*.» 

W.I 
17.0 
I7.S 
17.* 

14.7 
I4.» 
IS.2 
IS.S 

14.7 
14.» 
IS.2 
IS.S 

M.7 
14.* 
IS.2 
IS.S 

14.» 
I4.t 
IS.2 
IS.J 

14.7 
I4.» 
15.2 
IS.S 

battel t»* Vjt. f n w p t t o 
Cfclltoi Tmirikraagk 

2825 
204* 

1.2* 
S.M 

2.21 
4.W 4.14 

2.7* 
4.M 

2.14 
S.M 

2.14 
J.K 

2.1* 
S.M 

2.14 
S.M 

2.14 
S.M 

T«al I I , * , Gaawtiiat (Xj.:'n«» 
Tmt) iRnujIi 

»2S 
2MJ 

4.IS 
S.fl 

S.ll 
S.4* 

S.I* 
S.H 

S.M 
S.St 

2.M 
4.*t 

2.M 
l.*2 

2.M 
*.*2 

2.M *.*! 2.M 
4.*2 

MMlaai tawl Kwrttt—nr Hafrira-
•tm lnroia> 10M (NtllM* MWrr) (M»,»> 

S7 
(2MS) 

SI 
(2047) 

7S 
(MM) 

H 
(M4*) 

SS 
|2M»I 

SS 
<M4*1 

SS 
(MM) 

SS 
(2M«) 

Oaulailm forMam ( H U M * M l ) 
iftraafi 

2021 
2044 

Oaulailm forMam ( H U M * M l ) 
iftraafi 

2021 
2044 

I .M 
J.W 

1.4* 
2.M 

I . M 
2.4* 

2.M 
S.M 

1.4* 
IM 

1.4* I .M 
ZM 

I .M 
1M 

I .M 
2.42 

lljO, IK H l w t a n (Ta» »j*»/lM») >» ( " 

2*4* 
4714 
4«S7 MM 

-m 
2711 

MM 
M44 

MM 
2SII 

MM 
2SII 

» M 
2SII 

MM 
2SII 

2*M 
2SI. 
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Table C-8 (cor.t.) 
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Appendix D. CALCULATIONS OF NUCLEAR AND FOSSIL PLANT COMPETITION 
BASED ON ECONOMICS 

M. R. Shay, D. R. Haffner, U. E. Black, T. M. Heln, 
W. G. Jolly, R. U. Hardie, and R. P. Onbero 
Hartford Engineering Development Laboratory 

In a series of calculations that preceded those reported in Chapter 6 for nuclear 
power systems, the same analytics! 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 economic competition. As was stated in Chapter 6, the results of these calculations 
indicated that at UjOa prices above S160/lb, nuclear power plants do not compete well for 
the assumptions used in this study. Therefore, for the all-nuclear systems it was decided 
to limit the uranium resources to those available at prices below $160/lb. 

This appendix describes the initial set of calculations. Tne nuclear plants used 
were LURs, with and without recycle, and they correspond 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 calculations described here are as follows: 

(1) Instead of a nuclear energy growth projection, a total electrical energy orowtft 
projection was used. 

(2) In addition to nuclear plants, coal plants were available to satisfy the total 
electrical energy demand. 

[i) No price constraint en ore existed. Instead it was assumed that .-.dditional 
uranium ore was always available at increasingly higher costs. As with the all-nuclear 
systems, two different U30f price structures were used. 

(4) Pover plant selection was based on economics instead of IhO.. utilization. 

The electrical energy demand that was used for these calculations is shown in 
Table D-l. This projected demand assumes • 5.6*. per year growth r, te until 19C0, and a 
5.K per year growth rate from 1980 to 1990. The growth rate decreases each decade until 
year 2030, after which a constant 2.5'. per year growth rate is assumed. 

The marginal cost of uranium as a function cf the cumulative quantity mined was 
shown in Table B-7 or Appendix B, In this appendix cases that use the high-cost uranium 
supply are denoted as cases 11, 2L, ..., while cases that use the inter>nediate-cost uranium 
supply a;» 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 uracil* consumption was 
Table 0-1. P»t»jected Total tased „ , economics - that is. the Electrical Generation Marginal cost of an additional pound 

_, „. . . of U 3 0 8 increases as «or« uranium is Electrical 
Electrical Energy Growth consumed. 

Energy Rate 
Year (10»2 kWh) (2 per year) Fossil-fueled power plants were re-

presented by nine different coal plant 
1"^ l-'l 5.6 types which are indicative of different 
1 9 8 0 2- 5l 5.i coal regions. The principal differences 
* 9^ *-*i 4.1 between coal plant types are the coal price, 
2 0 0 0 6 * 1 j 3.5 the coal energy content, and the size of 
2 0 1 0 8- 6i 3.0 the demand that can be satisfied by each 
2 0 2 0 U.6. 2.5 coal plant type. The maximum fraction of 
2 0 3 0 M - 9 the total electrical energy demand that can 

be satisfied by each regional coal plant 
type is shown in Table D-2. This table 

also gives the heat content of the coal for each region. 

The capital cost associated with b.:Hiring a coal plant was assumed to be 12 lower 
than the .opital 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 0-1 shows how the nuclear market fraction oecreases 
as nuclear plants become mor* expensive. I t nuclear plants increase in price by 20% over 
the price where alt of the market would be nuclear, the nuclear market fraction decreases 
to 0.75. An increase of about 351 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 plants. 

Nuclear power growth projections for the LWR on the tbrowaway cycle are shown for 
both uranium supplies in Fig. 0-2a. For the high-cost uranium supply case, nuclear power 
peaks at 500 GWe of installed capacity around the year 2035 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 GWe in 2040. As a result, nuclear is more competitive with coal and captures a 
larger share of the market. 

Figure D-2b shows that recycling plutonium in LWRs (Case 2L) increases the nuclear 
power market even more than the assumption of a large 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 \)fi„ utilization, defined as the 
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Table 0-2. Naxinum Electrical Energy 
Denand Satisfied by Regional Coal Plants 

total UJD; consumed plus connitted per 
O 3 of nuclear power constructed through 
the year 2050. is also given for these 
cases. As noted, recycling plutoniun in 
LWRs reduces U:,0; usage by 38 per GUe, 
while introducing the FBR results in a 62, 
reduction. 

With the intermediate-cost U 30a 
supply, 1300 GUe for the FBR case becomes 
almost 1800 GUe in 2040 (see Case 3' U in 
Fig. D-2c). The nuclear power peak for 
each of the ore supplies occurs around 
the year 2040, although the installed 
nuclear capacity is very fla: at this 
point. 

The disadvantage of classical 
Plutonium recycle in FbRs is demonstrated 
in Fig, 3 -2d for Case 3L. Kere the U J 
Pu-fueled reactors Are inside the enenjy 
center and the LEU-LWR is outside the 

center. It can be seen that after ebout 2020, the ratio of reactors that can be locatud 
outside the center to those inside is less than unity and rapidly decreasing. In fact, as 

Maximum of Total 
Electrical Sales 

Heat Content 
(Btu/lb) 

New England 
(HE) 3.9 13.500 

Kiddle Atlantic 
(HA) 13.1 11,783 

East North 
Central lENC) 19.5 10,711 

West North 
Central t«c«C) 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 

Houta.n (MT) 4.9 9,637 
Pacific (PA) 13.5 3,101 

1 
1 

I 
I 

HER 7BO5-OW.J0 

Fig. 0-1. Effect of Changing Nuclear Power Costs on the Nuclear Market Fraction. 
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the system 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 4L, 5L, and 6L are compared with the throwaway cycle 
in Fig. 0-2e. Nuclear market penetration for plutonium throwaway (Case 4L) is not sub­
stantially greater than for the throwaway cycle (Case 1L). The peak penetration is about 
630 GWe of installed nuclear capacity versus 500 GUe for the throwaway cycle. However, 
if the plutonium is utilized in an LWR Pu/Tlf converter (Case 5L), the maximum nuclear 
penetration is 10C0 GWe, which is a factor of two greater than for the throwaway cycle 
and, furthermore, the peak does not occur until 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 GWe in about 2025. After 2025, the nuclear market fraction is constant because 
the system is essentially independent of uranium, which is becoming increasingly more 
expensive. 

With respect to U 3 0 3 utilization, Fig. D-2e shows that the Pu/Th converter case has 
slightly better ore utilization (by 7%) than classical plutonium recycle in LWRs (Case 2L 
in Fig. D-2b). Furthermore, plutonium "transmutation" in Pu-U FBRs also has better U 30j 
utilization (by 12*) than classical plutonium recycle in FBRs (compare Cases 3L and 6L). 
The reason for these trends is that the ; 3-U fuel that is being bred is worth more as a fuel 
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 produce 2 3 3 U is shown in Figs. 0-2f and D-2g. For both cases (5 and 6), the 
large uranium supply increased the maximum nuclear penetration by about 450 GWc. Case 7L 
introduced a denatured 2 3 3U-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 a Pu-Th core. The 
maximum nuclear penetration for Cases 7L and 8L are compared with 6L in Fig. D-2h. The 
denatured 2 3 3U-fueled FBR does.rt have any impact because this reactor is competing with 
less expensive 2 3 3U-fueled LWRs and therefore 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 U 3 0 8 utilization of Case 
8L where the ore usage per GWe is almost 50 higher than for Case 6L. 

The objective in building FRBs with Pu-Th cores is to increase the 2 3 3 U 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 
similar to Case 5UL described in the other sections of this report. However, in 5L the 
denatured 2 3 5u-fueled LWR Isn't built because of economics. Therefore, the solution 
more closely resembles Case 5TL. 
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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 3 0 g utilization 
of Case 81 where the ore usage per CWe is almost SO higher than for Case 6L (see Fig. 
0-2h). However, for most years the total amount of energy that is available to be built 
in ti.e energy centers is about the same for Case 8L as it is for Case 6L because the 
total amount of nuclear energy is lower. 

Key selected results from the nuclear-fossil competition calculations are presented 
in Tables D-3 and D-4 for high-cost and intermediate cost 11,0,, supplies respectively. 
Each table presents the cumulative capacity of nuclear and fossil plants built through 
year 2050, the total system costs, the annual coal consumption in 2025, data on uranium 
and enrichment utilization, f>e installed capacity 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 because 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 IKO-, price. It 
can be seen from this table that the differences in the price of u"30; for the different 
nuclear systems are not large. 
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Table 0-3. Sunaary of Results for Cases Assuming High-Cost U,0 8 Supply, an Electrical Energy Growth Projection, and Power System Including Both Muclear and Coal Power Plants 

O v i s t i n Capacity W i t 
(Qfe) tnnmtft Z0S0 

Mbclear 
Fossil 

a 

70S 
4 6 U 

a. 

ISIS 
3731 

3L 

zou 
26S5 

4L 

933 
4313 

SL 

IM4 
3632 

6L 

2S97 
Z719 

7L 

ZS95 
Z7Z1 

It 

1909 
3407 

Systea Costs ( » } 1977 
through 2050 Discounted t 

i l /2t 
- l /2t 
i<rt 

1004 
717 
479 

1733 
7*4 
470 

1701 
'SI 
4W 

1096 
791 
403 

ITZ4 
761 
460 

1703 
760 
469 

1703 
760 
469 

1711 
761 
469 

Annual Goal-GmstacKion 
in ZCZS (1<T tons) S.ZZ J.7Z 3.1S 4.79 3.S9 2.91 2.91 3.2S 
Qjanlative DJ Cauanption 
(10° tons) tRrai*> 

M26 
MSO 

z.tz 
3.4Z 

5.50 
4.75 

3.5» 
4.(0 

Z.M 
5.13 

3.6Z 
4.75 

3.60 
4.33 

3.60 
4.33 

3.09 
4.70 

Total GoMUtud UJOL thnojh 
2CS0 (10* tons) •* • 3.SS 4.9Z 5.06 3.IC 4.IS 4.37 4.37 4.77 
Mu=5<i Annul Earichaent 
ftsmireents tferough MSD 
(10* SnU/yr) 

S4 
(ZOOS)1" 

65 
(MU) 

73 
(2009) 

72 
(ZOOS) 

*5 
(MIS) 

09 
(Mil) 

SO 
(Mil ) 

79 
(MIS) 

Qanlative Enri i l int tl_aajh 
2050 (I0 9 SWI) Z.IZ 3.11 2.t» Z.S3 3.40 3.11 3.11 3 .3 ' 
UjO( Ut i l i za t ion^ S.04 3.10 1.90 3.41 2.69 I.of I.M 2.50 
Enrit*nent Ut i l ixat io» ( 2 , 

(10* SW/Ofe) 3.01 1.96 1.09 2.71 2.02 I.M I.M 1.77 

Installed Capacity (GWe) in Year 2026/Levelized Power Costs (Hill/Kwhr) in Year 2025 

Reactor 
U*VUS(I£)/U 36/23.2 579/21.1 513/20.( 113/21.6 661/21.2 S94/20.7 594/20.7 668/20.8 

US(l£)/U-EE 225/22.3 - - - - - - -
U5(DE)/u/Th - - - 189/22.5 0/23.5 0/23.2 0/23.2 0/23.1 

'J3(D5)/U/ni - - - 157/20.0 120/20.6 190/19.6 190/19.6 230/20.8 

Purc - 336/22.3 196/19.5 - - - - -
Pu/Th - - - - 181/20.1 52/22.1 EV22.1 102/23.0 

FBR-Pu-U/U - - 444/18.4 - - - - -
Pu-U/Th - - - - - 408/19.4 408/I J.* -
Pu-Th/Th - - - - - - - 104/22.6 

U3-U/Th - - - - - - 0/23.0 0/25.0 

F6»*il 1934 12«C 1042 1736 1233 9S1 951 1091 

Total Nuclear 261 915 11 S3 459 962 1244 1244 1104 

(1) Cumulative Uj0 8 consumed through 2050 (including forward commitments) per cumulative nuclear capacity built through 2050. 
(2) Cumulative enrichment requirements through 2050 per cumulative nuclear capacity built 

through 2050. 
(3) Year in which maxlmun] enrichment requirements occur. 
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Table D-4. Summary of Results for Cases Assuming Intermediate-Cost U 3 0 s Supply, 
an Electrical Energy Growth Projection, and Power Syste-rs Including 

Both Nuclear and Coal Power Plants 

IUI 2UI 3UI 4UI SUI till 7UI •U' 
Ctaulative Capacity Built 
(OK) through 2050 

Jfciclec. 
Fossil 

1257 
4059 

:s2i 
2795 

3415 
1901 

UI5 
5501 

2701 
2615 

3296 53JS 
137» 

?"27 
isis 

Systes Costs (S3) 19~ 
through 205C Disjointed } 

4 I/2i 
7 1/2* 

1752 
^59 

1652 
73» 

1622 
734 

1743 
770 

1645 
75S 

1624 
735 

1624 
735 

16X 
"36 

10*. 466 459 45* 474 45* 439 4 » 4S* 
Mmual Coal.Gbnsiafition 
in 202S (10 s tons} 4.13 2.2* 1.92 3.41 2.22 l.*2 1.77 2.01 
ikaulative UJO Gmsunption 
(I0 6 toss) tKrough 

2026 
2050 

4.75 
6.10 

4.60 
7.44 

4.43 
6.29 

4.41 
S.7S 

4.63 
7.40 

4.4* 
S.7S 

4.50 
3.7S 

4.60 
6.62 

Total Gaaiitted V-fi, through 
2053 (10° tons) J " 6.2S r.ts 6.9f» 5.94 7.99 5.*7 5.*» 6.14 
Jbxiaa: A m i Enricha-nt 
Reqyircaents through 2050 
(IO6 StU/yr) (2015) ( 5 ) 

103 
(2025) 

95 
(2011) 

119 
(2011) 

III 
(2023) 

101 
(2011) 

102 
(2011) 

105 
!29I7) 

Oawlat ive Enridaent through 
2050 (Ifl9 SW) 5.SO 4.S7 3.96 4.71 5.26 4.12 4.12 4.'3 
U-0, Uti'.ixation' 1' 

3 ' rt\ 
5.00 S.I2 2.02 5.2" 2.96 1.7s 1.76 2.51 

(2' Enr-dwent Utilization 
(10* S*J/Ofe) 3.02 1.95 1.16 2.65 1.95 1.25 1.25 1.75 

Installed Capacity (GWe) in Ye*r ?026.'levelized Power Costs (Kills/Kwhr) in 'fear 2C-50 

Reactor 

LHR-US(LE)/U 
U5(LE)/U-BE 
U5fDE)/U/Th 
U3(DE)/U/rh 
Pu/U 
PuAh 

1LU 2LU 3LU 4LU SLU 6LU _7U> JLU 

61/22.4 1028/19.8 827/19.4 235/20.6 1108/19.9 8/4/19.2 872/19.2 10:8/19.7 
675/21.6 - - . . . . 

489/21.6 0/21.9 0/21.3 0/21.3 0 / 2 1 . " 
336/20.4 143/19.S 219/19.6 221/19.6 280/19.7 

441/19.2 269/18.7 
235/18.9 63/20.3 56/20.8 K J / 2 I . 3 

FBR-Pu-U/U 
Pu-U/Th 
Pu-Th/Th 
U3-U/Th 

Fossil 
Total Nuclear 

S16/17.3 

1458 
736 

725 
1470 1612 lf60 

- 486/19.2 509/19.2 -
- - 136/20,6 

• 0/23.7 0/23.5 

710 553 S37 632 

1485 1642 1658 ; ; « 

(1) Cumulative U 30 e consumed through 2050 (ircluding forward comnitments) per cumulative 
nuclear capacity built through 2050. 

(2) Cumulative enrichment requirements througc 2050 or.r cumulative nuclear capacity built 
through 2050. 

(3) Year in which maximum enrichment requirements occur. 
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Tablet)-5. Variation of U,0„ Price with Tine for Various Nuclear Cases 

U,0„ Ptice (S/lb) 
rear Ik Ik 3k 4L 5L §L 7L ?k 
1987 76 81 83 73 82 83 83 82 
1997 104 112 11 • 99 113 114 114 113 
2C07 136 150 153 130 150 153 153 151 
2017 157 177 175 151 177 175 175 175 
2027 167 185 179 158 184 180 180 180 
2037 172 189 130 158 .86 180 180 180 
2047 173 195 180 158 189 180 180 180 


