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REDUCTION OF WORLDWIDE PLUTONIUM INVENTORIES USING
CONVENTIONAL REACTORS AND ADVANCED FUELS: A SYSTEMS STUDY

R.A. Krakowski and C.G. Bathke

Los Alamos National Laboratory
Los Alamos, New Mexico 87545

ABSTRACT

The potentialfor reducingplutonium inventories in theivilian nuclear fuelcycle
through recycle in LWRs of a variety of mixed-oxide forms is examined by means of a
cost-based plutonium-flow systems model. This model emphasizes:ranih@zation

of separated plutonium; b) the long-term reduction of spent-fuel plutonium; c) the
optimum utilization of uranium resources; and d) the reduction of (relative) proliferation
risks. This parametricsystems studytilizes a globallyaggregated, long-term (~100
years) nuclear-energy modéht interpretscenario consequences in termsnatterial
Inventories, energyosts, and relative proliferationrisks associated withthe civilian

fuel cycle. The impact of introducing nonfertile fuels (NEF, plutonium oxide in an
oxide matrix that contains no uranium) into conventional (LWR) reactors to reduce net
plutonium generation, to increase plutonidmarnup, and to reduce exo-reactor
plutonium inventories also is examined.
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l. INTRODUCTION
A. Background

Nuclear energy worldwide is atcaossroads. Kegeterminants of policies that askhaping the

future of nuclear energy dtea) economic (capital, operational and maintenance, including: b) fuel
and fuel-cycle costs, availability); c) technological (safety, size); d) political (fuel and technological
resource availability, e) resource and enesggurity, nuclear proliferation); f) environmental
(minimization and security of long-termvaste, sustainability with respect to future generations,
conflicting goals); g) and socia(regulation, technical, andinancial infrastructures and
organizations). Threading these key elements that impact nuclear policies is the plutonium issue.

The “tension” betweemuclear-weapons and nuclear-enetgpes ofplutonium has generated a
deeply divided and evolving debate over the growing commercial (spent fuel) and eeepsss

inventories of this materil The debate over the best way of dealing with plutoniumissue has
centered primarily omeprocessing of spent fueDver theyears,rationalefor reprocessing and

plutonium recyclehas moved from: a) primarily economic and energy-security argo@sto the
mid-1970s); b) to less-strategic justifications based on improved management of radioactive wastes
(up tothe mid-1980s); c) tdhe present stance centered on interim-stoxageusdirect-disposal
optionsthat arebased primarily on long-term environmental and (once again) energy-security
considerations. Arguments against closing nuclear fuel cycléhrough reprocessingre based

largely on fears of an exponential increase in proliferation potenti@bdd inventories otivilian
plutoniumgrow. Furthermorethis situation is driven by operations apbcesseshat may not

become economic for decadesctame®. Current arguments supportive of plutonizesycle most

recently? have focused primarily on non-econorissues based amtionale that center on the: a)
environmental (reduced bio-toxicity afisposed wastes); b) resource (uranium conservation
through recycle of both uranium and plutonium in LWRS); c) strategic (energy independence and
option flexibility, particularly for nations withoutlarge resource endowments); g@plitical
(proliferationrisks can be reduced byeprocessing scenaritisat minimize accessiblaventories

of separated plutonium); and e) risk-minimizing (technology footing of reprocessing is tfaner
direct disposal).

Among the elements contributing to the complexity of the reprocessing/recycle debate are: a) the
long-term (“plutonium mine”yersusshort-term (spent-fuelersusseparated/stockpiled plutonium
forms) nature of the proliferationsk; b) regionalization ofgrowths inpopulation and associated
energy demand, asell ashow that demand will bemet; c) globalization of energgupply and
environmental impacts; and d) relationships between security of esepply, economic well

being, and regional propensities farclear proliferation. AecenttAEA symposiurfi focused on
the “new realities” arising from these elements and the related impacts on nuclear reactor and fuel-
cycle strategies. Specifically, these new realities are translated into concrete terms, as follows:

* Nuclear energy growth (344 GWe in 1996, at most 380 GWe by 200(altexd far short of
earlier projections (850-1200 GWe by 2000pagjected in thel980s);uranium suppliesvill
consequently last longer;

* Nuclear energy demand seems to be shiftind\d@m, with growth in mos©OECD countries
flattening;

» Fast-spectrum reactors are not yet developed or deployed into a commercial reality;

» The closed fuel cycle has not taken hold;



* Reductions have occurred Bh.S. and Russiamucleararsenalsalong withthe release of
weapons plutonium, possibly to the civil nuclear fuel cycle; the hard boundary between military
and civil nuclear enterprises is softening;

» Eastern Europe has a stroogmmitment to nucleagnergy,but the backend of the fueycle
does not exist, and little spent fuel storage is available;

* Inventories of separated plutonium and spent farel growning, with potential regional
solutions to the fuel cycle being implemented;

* Reasonably assured uranium resources @g&rditonne at ecost of 130 $/kgU 988, but
the present reality is uraniuoosts of 18 $/kgU withhe prospects of substantial finds if this
price drifts upward; this resource/price relationship is driving regional decisionsptocess
spent commercial fuel or not;

* World inventories of separatembmmercial plutonium 466 tonne (1996), isexpected to
decrease to 140 tonne by the year 2000, while at least 50 tonnes of welapmriam will be
released to the commercial sector.

* Over100 ktonne otommercialspent fuel will beaccumulatedvorldwide bythe year2000,
with ~40% (~390 tonne plutonium) of this inventory possibly being reprocessed,;

* The view on the value of plutonium is split: a) no economic value (maybe negative) and should
be disposed; b) a valuable fuel resource for future generations;

* Plutonium hasbeen “demonized” by the public becauserisks associated withnuclear
weapons proliferation and with accidental releases.

That recognition ofind/or approaches to these “nesalities” vary greatlyaroundthe world is

reflected in the4-5 positionsthat have developedvith respect tothe theme of theRef.-6
symposium: a) no reprocessingtite U.S.; b)reprocessing and plutoniuracycle in France; c)
reprocessing and plutoniumccumulationfor anyone inthe U.K.; d) processing,plutonium

storage, and development of fast reactors and recycling thermal reactors in Japan; and e) evolution
of the thorium cycle through fast reactors in India.

B. Approach

No single analysis or approadan addressthe complexity of theissuesidentified above,

particularly when consideration is given to drivirat are external to nucleanergy. Plutonium
managementiowever, is a strongnd common linkage between many of these comiglexes.
This scoping study addresses in broad economic and proliferation terms one approach to managing
better plutonium in the civilian fuetycle. Specifically, consideration is given tlee use of
plutonium recycle in thermal-spectrum reactors inftrens of mixed plutonium-uraniunoxides
(MOX) and/or nonfertilfuels (NFFs, e.g, plutonium oxides incorporated into an oxiahtrix

that is devoid of uranium, like calcia-stabilized zirc8pia combination with advanced (inventory-
minimizing) reprocessing schemes. The combined use of MOXM&i/din transitioning from the

former to the latter is also consideredy, evolutionary mixed oxides, EMOX). This direatbeit
short-term, approach, offersdagree of freedom/flexibility that caaddress some dhe above-

listed issues by: a) reducing the plutonium being generated in conventional reactors; b) providing a
more effective means tivansform plutonium presently being released from dismantiezdear
weapons; c) reducing inventories of plutonium residing in sjpehtand the future proliferation

risks related thereto; and dpwering plutonium inventories in closed fuel cyclestbé future



neededor nuclear energy to enter a truly sustainable regime characteriziesvbpventories of
“idle” plutonium (e.g, either in spent-fuel or inventoried in separated forms).

A three-pronged approach &ssessinghe merits and limitations dIOX - EMOX - NFF

utilization in thermal reactors is being pursued at Los Al&naysreactor-corg@hysics analyses of
NFF utilization in existing (LWRYeactors,ncluding safety (stabilitytemperature coefficients of
reactivity, power peakingetc) and fuel economics (neutron economies based on burnable
poisons,fuel lifetimes andournups); b)materialsassessmentfabrication and the relationships
between achieving desirable physigaibperties,irradiation lifetimes, and theise of existing
fabricationprocesses); and c) systems studfesl cycles andmpact onworldwide plutonium
inventories in a range of forms; fuel-cycle economics; uranium resource impautejzed short-

term and long-term proliferation risk). Early progress in the latter area is reported herein.

Using aggregated reactor-core parameters guided by computations from detailed neutronic models,
these systems studies are based dynamic model of global plutoniuftow that isdriven by a

range of nuclear-energygrowth scenarids’.9.10 This simplified, but transparent and
parametricallyflexible, continuum yersusdiscrete-event) moddias been compared to a more

exact dynamic, mixed fuel-cycle modi&lThe fractions of NFF anmOX fuel forms inthe LWR
core, and related integral core parameteesg( respective fuefractions, specific powers or
inventories,etc) are varied in anticipation aesults fromthe detailed reactor-core neutronic and

burnup computatio®sll Plutonium inventories are monitoresler the ~100-year computational
time in five (globally) aggregated forms: a) in-reactor (REA); b) spent fuel forms thacsotable

in LWRs (SF); c) spentuel forms that arenot (efficiently) recyclable inLWRs (SFF); d)
reprocessing (REP); and e) separdteths (SPU), including unirradiatedMOX and NFF. The
impact of arange of operationdMOX andNFF core fractions and levels of uranium recycle are
also examined in terms of the relationship between global uranium resourpecne@reliminary
estimates of relativanventory (both magnitude anfbrm), economic,and proliferation-risk
impacts areeported.Although the model describe in thalowing section includes optionthat
utilized plutonium, particularly theSFF forms, infast-spectrum burnerdSBs, e.g, LMRs or
accelerator-driven systems), only results base on conventional LWRs are reported here.






II. MODEL
A. Overview

The plutoniumflow and inventorymodel used tomake preliminaryassessments advanced
nuclear fuels and associated fuel cycles examines a globally aggregated nuclear economy out to a
~100-year timehorizon. The growth of thisaggregate nuclear capacitys,As exogenously input

according to B(t)/Pg(0) = g(t); the following logistics equation is used to describe g(t):

a
1+ (a— 1P

9(t) = (1)

where a = P(«)/Pg(0); the parameters a arig are chosen tdfit specific scenarioscreated by
more detailednodel$:10.12,13 the logarithmiogrowth rate associatedith Eq. (1) is dnPg/dt =

Ap/[1 + e)‘Pt/(a —1)]. This model approximatethe aggregated nucleavorld and associated

plutonium flows and inventories using a singtifferential equation to describe the plutonium
inventory in thetwo spent-fuefforms, lksg and kggkg), along with material residencetimes,

Tj(yr), atkey points inthe global nuclear fuel cycleelg, j = REP (reprocessing); j = SPU
(separated plutonium awaiting allocation to specific reactor; and j = REA (reactors)]. The two spent
fuel forms identified abovecorrespond td.WR-recyclable(SF) and LWR-unrecyclabl€SFF),
depending on the number of LWR recyclegylN, experienced.

The continuous Versusdiscrete eveAt) analysis,along withthe use of exogenousesidence

times, present modelingnitations that are balanced by a levelt@nsparency and simplification
thatallows adirect assessment agconomic and (uranium) resource implications of a range of
advanced fuel and fuel cycle scenarios. In its general form, the model tracks plutonium inventories
in a global system comprised of a (plutonium) “producer” and a plutofiwmer”. This two-
component model is depicted king. 1, which indicateghat the “producer” is characterized by a
thermal-spectrum Light-Water React&WR), and the “burner” is a fast-spectrunuid-Metal
Reactor (LMR) having both breeding and integral-processing (closely coupled) capability. The
“burner” could also be an accelerator-driven subcritical system designed primarilyaanaie

burner and (longer-lived) fission-product transmiftd® for the purposes of thistudy, this
system is referred as a fast-spectrum bu(R&B). The ratio of net-electricgpower generated

from eachsystem,p = Po(LWR)/Pg(FSB), isdeterminedexogenously (angarametrically) as a

function oftime; amore exacting approackould determinep on thebasis ofmarket/economic
consideration¥,12,13

The results presented herein focus on understanding tradeoffs related to a taAnge aderating

scenariosd.g, the fraction of LWRs in the systemyfr = p/(1 + p), is unity]. These operating
conditions are defined primarily by the fraction of the (LWR) d¢beg usesrecycledplutonium, f
(e.g, in this case the “producer” functions as, buthi@ context othis study is not considered, a
“burner”), andhow that (volume) fraction of the (LWR) coréhat is not conventional uranium
oxide (UOX) is varied in magnitudeg(.g, fi = 0.0 is aonce-through LWR) and in composition
[e.g, i = MOX (mixed plutonium and uranium oxide); i EMOX (a mixture of plutonium,
uranium, and non-fertiléNF, e.g, zirconium) oxidesdentified as “evolutionaryMOX; and i =

NFF (a mixture of non-fertile and plutoniunoxide)]. These core-segmentation/compositional
options are elaborated in the following section



B. LWR Core Segmentation/Composition

As is indicated inFig. 2, the LWR core in thanost general caseas aMOX volume fraction
fmox, an EMOXvolume fraction gy ox, and a non-fertile fuel volume fractiondg the

remaining fraction 1 —fy1 is a conventional uranium oxiqeJOX) compositions, whererft =
fmox + femox + fner The EMOX part of the non-UOX segment of the core can be composed by

mixing a fractionfMOX of the MOX segment with a fractioNFF of the NFF segmentThe basic
building blocks of the evolving EMOX core segment are the MOXNIRE segmentsgach being
characterized by their respectidensities,p;, specificpowers, SRMWtkgj), and either full-
power-days of exposure, FRB), or burnup BUMWtd/kgj) = SF FPD. Specific inventory is
defined as 1= 1/SE, and regionabower density isgiven by PQ(MWUm3) = BUj pj/FPD.

Similar parameters are identified for the UOX core sector. For the purposes of these computations,
both FPD and PD arechosen as independent of coegion, with BY, SR, and/or S|l tracking

the corresponding core region densities; these densities incorporate an averagieg lafal
coolant volume fractiondog -

Any number ofscenarioscan be envisaged to describe the evolution of core segmentation and
compositions depicted ifrig. 2. Based both on neutronic amdaterialsconsiderations, the
evolutionary model illustrated ifrig. 3 wasadopted to project théime dependence of the

respective core volume fractions atmimpositions. Thisnodel suggests dime ty,ox at which
conventional UOX cores begin to introduce MOX fuel, with the core volume fragigie fyox
increasing according to a prescribed function uptimatgyox. At this point, o1 = femox IS
held constant as the fraction of the non-fertile comporert, (zirconium) relative to (depleted)
uranium,{ = xz/(Xz, + Xy), is increasedWhen ¢, which is also increased according to a
prescribed function of time, reaches a predesignate, (., all uranium is removed from the
EMOX part of thecore, that core segment is reclassifiedNiSF, and the respective core volume
fraction, frot = fyep @gain is increased according to yet another prescribed functibmenf
Hence, the following sequential four phases are envisaged by the model-WNI3XX - EMOX

- NFF, with the compositions and core volume fractions varying according to exogenously
determined functions dfme, as isndicated inFig. 3. With this UOX - MOX - EMOX -

NFF evolutionary scenario defined, the plutonium inventory accumulations infepénis(kg),
reprocessing,dgp(kg), storage separated plutoniungp|(kg), and that contained in operating

reactors,| E’EBA(kg), are determined from the simplified, aggregateassbalance described in the
following section.

C. Aggregated Mass Balance

Four rates of plutoniumflow, R;j(kg/yr), are associateavith the model depicted irFig. 1:
plutonium production delivered to spent-fietbrage, I3; plutonium taken(as isneeded) from
spent-fuel storage and deliveredréprocessing, & plutonium moving from reprocessing for
interim storage as separated materigheR and plutonium taken fronmterim storage tomeet a
composite demand presented by producer (LWR) and burner (FSB) sysgems, R



In cases wherthe FSB (LMR or ATW) is consideredclosely coupled (integralprocessing of
plutonium is assumed, withthe burner representing only a plutoniudemand; the “burner”
introduces no net plutonium to tlsystem being modeled, as irmicated diagrammatically in
Fig. 1. Hence, forthe purposes of this analysigJutonium is produced only ithe LWR of a
given core configuration, and, within the constraintshefsimple continuum modelsed here, is
described by

O X <p>U
Rp(kgPu/yr) = rp p® Pp éﬂl— fror) + fTOT1 XUuox 0 ° E
- Apy UOX
(2)
<p> Xpy — AXpu
+ o P PP frOT Puon XHJOX :

where f(kgPu/MWelyr) = DPYxp X /(BUR®X nfy,) (= 0.2808 forxpd* = 0.01, BUR® =

40 MWtd/kgHM andr]-Fr)H = 0.325) is a normalized plutonium productiae from the UOX part
of the LWR core. Plutonium production in ther§ fraction of the core is linearly corrected for

diminishing uranium content as the scenario enterEM®X and NFF phases, awell as any
density differencesrising. The last term irEq. (2) representthat part of the original plutonium
loading not fissioned, where

O O
I P X
rp < p > E XPU E

Hence, the burnup fraction of the original plutonium loading is approximated as
fgu = (Xpu — AXpy)/Xpu, Where the normalized burnup rate is p(kgPu/MWelyr) =

SPY (Ae/1000)/(B= € Ny r]-Fr’H) (= 1.2004 forr]-Fr)H = 0.325, corresponding tax = 0.3901
kgPu/MWtl/yr), andthe fp, termaccounts for energgenerated byissions not occurring in the

original (driver) fissile-fuel loading; this fraction is assumed to decri@sarly with decreases in
the (depleted, natural) uranium content.

Plutonium is held in the spent-fudbrm untii a demandarises for use ineither the
“producer/burner” LWR or thésub-breeding) FSBLMR or ATW). This demandagain in the
context of the continuum model used here, is given by

<p>  Xpy dPp
Rp(kgPu/yr) = 1p pip Pp frorT——— + Slpy——
PP puox  xp X dt

(4)
+ 1 g Po(l— BR)+ SIg T2

The rate of change of plutonium contained in spent fuel is given by the difference in the production
and demand rates, as modifiedthg dynamics of the interimeprocessing (REP) arsgparated-
plutonium storag€SPU). These interim dynamicd-ig. 1) are modeled by the respective “hold-



up” times, Trp andtgp; Hence,the plutonium inventoried in (LWR-usablspent fuel is given
by

disr _

?(ng’U/yf) = Rp(- 1/Ncyc) - Rp - Rss —Rp ) , (5)

where Ncyc is the average number of LWR cycles after which the plutonium is considéfied
unusable; the fraction 1\ ¢ of Rp is added to theskginventory for eventual use in the FSBs.

Since thetime dependencies of grand R, are drivenexogenously primarily by & Pg (through

Pe = Po + B3 in Eq. (1), p(t), froT, and the evolution of thearious core compositions and
(other) nucleamparameters), Eq. (5) ieadily solved for kg, once Ry is determined. Since

digrp/dt — Rgp — Rrp and dkpfdt = Ryp — Rp, and specifyingdpy = tspy Rp, thefollowing
expression gives the rate at which plutonium must be withdrawn from the spent-fuel storage:

2
dRo TRP TSPU dth;D : (6)

Rsr(kg/yr) = Rp + (Tspu + TRP)

The derivatives in Eq. (6) are either numerically or analytically deterniomeaise inthe numerical
solution for ke [Eq. (5)]. The reprocessing and separated plutonium inventorigsgre hp(Rp

+Tspy dZRD/dtZ]_ aqd kspu=Tspu Rp, re_spectively.'l’he amount of pIutor_liurBtored asactively
fissioning material in reactors is approximated by the following expression:

Irea(kg) = Pp (SIL, + SIBOX) + R SIg xB, | (7)

where SI{Du(kgPu/MWe) Is the specific inventory of plutonium in the jMOX,EMOX,NFF
region of the “producer/burnerSl guox (kgPu/MWe) is the nominal plutonium specific inventory
in the UOX region of the “producer/burner”, angg&gHM/MWe) is the specific inventory in the

FSB having nominal plutonium concentratimBu. The shortcoming of this continuum analysis is
the inexactness in selecting these “nominal” plutonium concentrations. TypiSbbj?,x and xgu

are taken as average valuesthroughout a given burn  cycle, and
SIJF,u = froT1 <p> <xp>/(PD r]-Fr)H), where <y, is an average betweenpx (initial
plutonium concentration) angx—Axp,, (final plutonium concentration).

The parameters needed to evaluate the material balascebed above are enteredeasgenous
input. Table 1 list typical input values used in this study.

D. Proliferation Risk

A proliferationrisk is associated witlthe five plutonium streams being consideredy], reactor,
two spent-fuel forms, reprocessing, and (separated-plutonium)storage]. Whereas
inventory/aspiration-driven methods fassessingelatedrisks associated wittthe civilian fuel

cycle have beesuggestetf-17 and evaluatek®, the presenanalysis adopts a simplifieshethod
based on a time-discounteategral of “risk exposures”, EXR for each of the jpoints of



plutonium accumulatiore(g, j = REA, SF, SFF, SPU, REP) to formauh hocproliferationrisk
index, PR}, as follows:

t

i dt/10°
EXP;(ktonne yr) = M ) (8A)
L+7)
0
PRIj(ktonne yr) = wj EXP , (8B)

PRI = Y PRI} , (8C)
j

In these expressions, r(1/yr) is a fadtwat accounts for futuree(g.,technological) improvements

that might reduce proliferation risk, and Saaty's pairwise judgment méthétdse used to assess

the relative importance or weights of each plutonium stream/inventory in contributing to the overall
risk of proliferation from the civilian fuel cycle. On a scale from 1 tdh@, relative importance of

the Saaty pairwise matrixy & wi/wj, used in this analysis is shown in Table II. Ew purposes

of the PRI evaluations,the two spent-fuel forms, SF (LWR-recyclable) andSFF(LWR-
unrecyclable) are combined into a single spent-&umity; essentially, no plutonium “isotopics
credits” are takerfor the highly recycled materialAlso, proliferation risk is assumed to be
proportional only tototal inventory, irrespective of the inventory levels at a given site or the
dispersion of such sites; rigkay saturate ahigh inventories, ananany sites with reduced
inventory may present a greater risk of theft that fewer sites having higher inventories.

As is indicated on Tabld, the relative importancand weight of spent fuel in contributing to
proliferation risk is expected to depend on the (post-REAye” of the spent-fuel inventory,

TsHyr), with the relativeimportance, g, increasing as thesg increases. Taccountfor this
increased attractiveness of plutonium in older spent-fuel, the eleggngain the Saaty pairwise
matrix is given the following age dependence:

_ (a0 i AceT f
area,sF(TSF) = (@BRea sk — reagr) € 74 F ©)

wherethe low-age(fresh, highly radioactive) and high-adeld, reduced radioactivity) values of
area srare listed in the Table-Il footnote. Depending on the rate r at which risk is discounted, the

increasing attractiveness of old spent fuel (to the proliferater) is partly negated by the discounting

process. After computing the time-dependencespfor a given fuel-cycle scenarithe pairwise-
comparisonelement aga sf is computedthe other elementssg ; are adjusted to bself-

consistent with the other elemenjs(gj # SF), and the Saaty matrix (Tablg resolve for a new
set of weights, yy constrained to assur® wj= 1.0.
j

E. Costing
1. Annual Charges and Cost of Electricity

The essential elements of the nuclear fuel cycle depicted schematidailly #hare subjected to a
top-level costestimate based on a procedure described Ref. 20 and developed for



implementation in a multi-region global enengydeP.10.21 Using highly aggregated unitosts,

UC;, as described ifable Ifor the fh system or processcrementakcostsassociated with the
fuel cycle areexpresseceither as an annuaharge, AQ$/yr), or as anincrementalcost of

electricity, ACOE(mill/kWeh). Thefollowing items are accounted in estimating the incremental
fuel- cycle cost:

 uranium mining and milling, AGm ($/y1);
 uranium conversion (4Dg) to URg), ACc\/($/yr);
 uranium enrichment, AER($/yr);
« fuel fabrication, AGH$/yr);
« spent fuel, AG$/yr);

— transport, ACLE ($/yr);

- storage,AC§ ($lyn);

» reprocessing, ARp($/yr);

fission-product storage, AG($/yr).

In somecases,these unitcostswill vary, depending on whether theystem being considered
pertains to a “producer” (LWR) or a “burner” (FSB).

Generally, multiplication of the respective material or power flovarf, with the respective unit
cost, UG, listed in Table I gives the correspondiigl-cycle-related annual charge; at the present
level of analyses, life-cycle costs are not computed. Summation of these j annual fraegeb
of i (= LWR,FSB)reactortypes, AC =Y AC!, and dividing by the respective annual energy
N
generation gives the following expression for fuel-cycle related energy AGS)E;:
AC

ACOE = , (10)
HPY <pf> Pc

where the average plant availability is3<g f \wr pf + (1 -1twr) pr, and fywr = p/(1 +p).

For all cases reported hereip,is set to a large value angyfg = 1.0. If the unit totalcost of
reactor type i is UT$/We), the fixed charge rate applied to fhegactor type is FGRL/yr), and

the annual operatingost ofthe th reactor type as a fraction of the total plant investment is
fgp(llyr), then the total cost of electricity can be estimated from the following expression:

10



fLWR(FCRLWR + f5p )UTCLWR + (1 — fLwRr )(FCRFsg + fSEB)URCFSB

COE(mill / kWeh) = HPY <pf> Pe/10°

+ ACOE . )

Both COE and\COE are monitored as a function twhe for each fuel-cycle scenarmonsidered
(Fig. 3), with Table | listingkey unitcost, financial, and operational parameter both reactor
types considered.

2. Uranium Resource

An essential element of the fuel-cyclecost is the cost of uranium, as expressed by
UCumm = Uy M{;, where My(MtonneU) is the accumulated uranium utilizatiand the fitting

constants Y andv depend on the uraniumesource category. Based on forecastsurahium

resourcesversusunit cost given inRRef. 22, asgnterpreted byRef. 23, Fig. 5SAillustrates the
uranium cosversusresource amount for a range of resource categdrescostversusresource
for Conventional (CR), Known (KR), and Total (TR) Resources is shown in FigalbBg with
corresponding curve fiteised in thisstudy. Uranium in seawater is not included in these

resources, which at 5%mounts to ~18 TR for the highest-cost category report800
$/kgU)23,

3. Uranium Enrichment

For a giver?33U concentration, x, the separation potentigf#> ¢(x) = (2x — 1Jn(x/(1—x)), and
the separative work required per unit amount of enriched uranium is given by

SWU = @(xeu) — @Xpu) — H [@xnU) — OXxpU)] (12)

where for23%U concentration x NU = naturaluranium, EU =enricheduranium, and DU =

depleted uraniuntailings). If the unitcosts ofnatural uranium fed to the enrichmegarbcess is
(UCum + UCcy) ($7kgU), and that of the enrichment energy isgg@$/kg SWU), the unit cost

of enriched uranium is given B25

UCgu($/kgu) = JER = XDU (ycum + UCcy) + SWU UCER (13)
XNU — Xpu

This expression minimizes at a tailings concentratj(%'ﬂ,'\', given by

[(UCwm + UCcv)/UGER + @Owu)l _  @xpy )
1- 2Ny 1— M\

(14)
(xnu — xpoha - x4
XN @ - xMNa - 20w)
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[ll. RESULTS

An organization of cases examined is given in Table Ill. The main fuel-cycle scenarios consider are
once-through (OT) LWRs, plutonium recycle (MOX)LikVRs, and an evolution througBMOX

to cores operated with some fractionNffF. The keyexogenous variablesre: a)resource grade

(CR, KR, or TR, Fig. 5); b) enrichment tailings concentratig,; xon-driver fissiorfraction; c)

MOX or NFF core volume fractionsf]-f; d) number oMOX recycles Nyc; €) and introduction

times andimplementation rates of specific fueycles,t; and A;. The LMR or FSB options
depicted in Figs. Are not considered ithis study. Results focugrimarily on: a) the buildup of
plutonium inventories in the five forms listed on Fig. 1 (read®iA; LWR-recyclablespentfuel,

SF; LWR-unrecyclable spent fuel, SFF; reprocessing, REP; and separated material, SPU); b) costs
associated primarily wittthe fuel cycle in theform of either annualcharges, A?(M$/yr),

incrementaladditions to thecost of electricity ACOE(mill/lkwWh), or present worth diel-cycle
charges over the ~100-year period of this computatiopcPahd c) proliferationrisks associated

with each plutoniumform, as measured by the time-discounted integrated accumulation
[PRI(ktonne yr), Eq. (8)].

To facilitate comparisons, a base or “point-of-departure” case is defined using a MOX core volume
fraction that ultimately reacheﬁ{,lox = 0.3. After giving key resultsi(e., inventory, cost, PRI)

for the OTcase,similar results forthe fll:on = 0.3 base casare reported in théollowing Sec.

lIILA., which includes an OT-MOX(base-casepmparison.Section IIl.B. then summarizes
results that are pertinent to variations on the MOX and NFF core fractions, with an emphasis given
to the former.

All resultsare based on a singlauclear energyrowth scenario described 5. (1) and the
parameters listed in Table All parameters, other than those listedTeble Il as subject to
parametricvariation, are heldconstant.The nuclear energgrowth scenario used in this study
largely corresponds to a case that is midway between the low- and mediumeasentescribed

in a recent IAEA studiek’

Since theMOX (or EMOX/NFF) core fractionsfor all scenarios consideredre exogenously
driven, mismatches between LWR-recyclable plutonium demand aogdply in some
circumstances caarise. The approach taken iall cases reported herein decreases heretofore
growing MOX (or EMOX/NFF) core fractions to bring demandin@ with supply; analternative

is to terminated the computatiavhen LWR-recyclable unrealisticallgoes through zerdSince
LMRs and orFSBsare not considered ithis study, LWR-unrecyclable plutoniume(g, having
achieved a number of recycles; ) simply accumulates.

The neutronics model used to evaluated plutonium inventories in spent fuel arisinhdral@®Xx
and MOX/EMOX/NFF parts othe core is highly simplified and remains to be calibrated with

detailedneutronics and fuel-cycleomputation$:11 Specifically, net plutonium concentrations in
eitherUOX or MOX/EMOX/NFF parts ofthe core at end-of-lif§EOL) areassumed taequal a
constant that is proportionately (linearly) decreased according the uranium content in the respective
core sections.The beginning-of-life (BOL) plutonium concentrations in the MOX/EMOX/NFF
parts of the core is proportionately and moderately increased as uranium is replaced with
zirconium. The EOL concentration of this “driver” plutonium is determined from exogenous

burnup parameter, BU(MWtd/kgHM), which is corrected for: a) density variations incurred during

any MOX - EMOX - NFF transitions(Fig. 3); and b) the fraction 1 f of all fissions in a
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given (UOX or MOX/EMOX/NFF) region occurring in the “driver” fuek(g, 23U in UOX or

BOL plutonium in MOX/EMOX/NFF). As will beshown, the degree tavhich overall plutonium
inventories can be reducddithout implementingFSBs) depends othis highly aggregated
neutronics parameters, and related variations with core-sector size and composition. Generally, this
separation of plutonium into “driver” and “bred-burned” forms is an artifact adopted for the present
study and, unfortunately, is not easily computed using conventional neutronic models.

A. Base Case
1. Once-Through LWR Fuel Cycle

The timedependence of plutonium inventories the OT/LWRcase is given irFig. 6; for this
case, &rr rep,spir 0. Also shown on this figure is the time dependence of nuclear capagity, P
as given byEq. (1); this demand variant igsed forall cases considered in th&udy. The
evolution of spent-fuel age aridreation” distributionfor this OT/LWR case, as used in the
evaluation of the proliferation risk ind¢kq. (9], is depicted irFig. 7. Starting with an assumed
initial history of spent fuel accumulatiothe creation distributioforms a growingcontinuum as
“fresh” (radioactively “hotter” lessattractive to a potential proliferatespent fuel is added to the
older inventoriesEach vertical line inFig. 7 representsghe start of the respective spent-fuel
creation distribution athat time; theaverageage, tgg(yr), for this OT/LWR is also shown.
Figure 8 gives the timedependence of accumulated uraniusage, IMM, optimal enrichment
tailings composition, Y, and uranium unitost, UGy, for the Known Resourcescenario

(KR, Fig. 5) and the OT/LWR case. Thisit costforms onecomponent of the overall fuel-cycle
charge, A(}(M$/yr), which is shown normalized tg@n Fig 9. Charges related to REF?, and

SPU are not incurred for the OT/LWR case. These annual charges are then convertedstpgough
(10) and (11) tancremental or totatosts ofelectricity. Thetime evolution of cost of electricity,
COE(mill’kwWeh), incremental COE related to the fogtle, ACOE(mill/kWeh), and presenalue

of all fuel cyclecharges, PY¥c(B$), evaluatedover the time of thecomputationfor an cost of

moneyCOM = 0.05 1/yr, forthe OT/LWR case and uranium resources = KHg. 5), are all
shown on Fig. 10. Lastly, Fig. Idepicts thetime evolution of totaland component proliferation
risk indices, PR(ktonne yr), for the OT/LWR case that discounts future risk at a rate r = 0.05 1/yr

using the weights listed in Tables | and .

The results summarized oRigs. 6-11 forthe OT/LWR case represent gpical ensemble of
inventory, cost,and PRI results forthe simplest ofcases considered the evolution of the
OT/LWR fuel cycle in a uniform growth/demand scenario. The first seriparametric variations
listed in Table Il examines for the OT/LWR case a range of uranium resource scengjoSR,

KR, and TR, asdescribed orFig. 5). Figure 13jivesthe costimpact of this range of uranium

resource “realities” on th®T/LWR case.Reflections of these uraniuoosts onCOE and ACOE
(Fig. 10) are given in comparison with the MOX/LWR case in the following section (Fig. 17).

2. Plutonium Recycle Base Case (30% MOX Core Volume Fraction)

Figures 13-18 give for thi‘:{,lox = 0.3 MOX/LWR casenventory, spent-fuel ageost,and PRI

impacts similar to those reported in Figs 6-12 for the OT/LWR case. These results pertain to the B-
series listed offablelll, with comparison tdhe previously reported A-series also beigiyen.

This fI]:/IOX = 0.3 MOX/LWR case is dubbetie “point-of-departure” obase caséor this study,
with parametric variations away from this base case being reported in the following Sec. I11.B.
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The time dependence of plutonium inventories forf;h%x = 0.3 MOX/LWR base case is given
in Fig. 13. For this Ny = 4 base caséehe spent-fuel inventory of LWR-recyclalgutonium,
sk, decreases as the inventory of LWR-unrecyclgigonium, kgg increases. Asvill be

shown, thef,‘:,lox = 0.3 MOX/LWR base case is close to“adge” where slight increases it

demand €.g, by increasingf,‘:,lox, decreasing Nyc, or implementing MOX/EMOX/NFF
scenarios) willpush kg inventories tazero, thereby causing a decrease;fn £ MOX, EMOX,
NFF), asdescribed earlier, taccommodat&F-plutonium supply and demand. Figure 14 gives

the evolution of spent-fuel age and creation distribution fof,@j@( = 0.3 MOX/LWR basease,

and also gives a comparison witite OT/LWRcase(Fig. 7). The fueling algorithm thatises the
oldest spent fudior plutonium €.g, lessradioactive and more proliferatiqgrone) depletes the
older (left most part of the distribution for a given time measured byettiieal right segment of a
given distribution orFig. 14). The diminished and diminishing average agsmeént fuelfor the
base casergg{MOX), compared to theDT/LWR case, is also notedlhese differences are
reflected in the PRI computation, as described in Sec. II.C.

The R-normalized annual chargésr key components ahe nuclear fuel cycléor the fI]:/IOX =
0.3 MOX/LWR base casare illustrated inFig. 15. A comparison of thdotal annual charge
associated wittthe fuel cyclefor the OT/LWR case(Fig. 9) is also given. The increasing
importance of reprocessing cost for mi{?ox = 0.3 MOX/LWR base case (A{gp is noted,with
the reduction in annual charges associat@t uranium resource (Af) eventually causing
AC1o1(OT/LWR) to increase above AgT(MOX/LWR) at ~70years intothe computation for

this KR uranium resource scenafiéig. 5). The cost impact of this KR (Known Resource)
uranium resource categorysbiown incomparison withthe OT/LWRcase depicted oRig. 16.
Generally,the use ofthe MOX-recycleoption expectedly decreases the cumulative amount of
uranium resource utilization and delays the time when uranium costs increase alid@ $HegU
base price and the point where enrichmail$, Xy, begin to decrease in accordancé&tp (14)

in an effort to minimize overall enrichment charges.

The confluence oéll these effects as the fueycle moves fromOT/LWR to MOX/LWR for a

given uranium resource (cost-scaling) assumption is reflected sothparisons of COEACOE,
and P\c for thesetwo cases. Figure 17 givethe time evolution of cost of electricity,

COE(mill’kweh), incremental COE related to the fogtle, ACOE(mill/kWeh), and presenalue
of all fuel cyclecharges, P¥(B$), evaluatedover the time of thecomputationfor a cost of

money COM = 0.05 1/yr, for thq{/lox = 0.3 MOX/LWR case and the three categories of uranium

resources (CR, KR, TR, Fig. 5). All resource cases shoinit@al increase inCOE orACOE for
the MOX/LWR case above that of the OT/LWR case. Depending on the ureesoorce scenario
and the associated uranuim unit-cestling,these cost parametecsoss atlater times to give
lower unit costs fothe MOX options. Specifically, the CResource casshowsthe MOX/LWR
having lower unitcosts~35 years intdhe computation, with this cross-ovenint beingpushed

out to ~62 yearsor the KR resource category, argl 100 years fothe TRresource category.
When differences in the present valuesotdl fuel cyclecostsbetween the OT anflOX options
out to the 100-year computational time frame are consideoseever,the MOX shows a 122 B$
benefit(11,193 $/kgPu destroyed) fthe CRresource category, 87 B$enalty (7,980 $/kgPu
destroyed) for the KR resource category, and 9¢p&%lty (8,810 $/kgPu destroyed) ftine TR
resource category. Generally, the economic merits or deme©OXf versusOT options, when
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expressed on a present-value basis fgivan discountrate, depend$eavily oncostsincurred
early in the evaluatiorperiod, irrespective of unit-costross-oversthat may occurlate in a
moderately discounted future. Furthermore,géhenomically preferred optiotlepends sensitively
on the description of uranium resource “reality” (Fig. 17).

Lastly, Fig. 18gives the time evolution of totaland component proliferatiomisk indices,

PRi(ktonne yr), forthe flt/IOX = 0.3 MOX/LWR case thatliscounts risk at gate r =0.05 1/yr

usingthe weights listed in Tables | anél A comparison of théotal PRI for the OT/LWR case
reported on Fig. 11, as well as for a MOX/EMOX/NFF scenario reported in Sec. I11.B.4, is given.
As for the OT/LWR case (Fig. 11), plutonium in SF (recyclable to LWRS) presents the greater PRI
for the weights used in Table | and II. The transition from the OT/LWR scenario QXA WR

options reduceshe totalPRI by afactor of ~1.7, although this model cannot translate these
changes to risk reductions associated with actual consequences.

B. Parametric Variations Around Base Case

While not complete, the impacts of parametric variatanway fromthe fl{/IOX = 0.3 MOX/LWR

base case are examined in this section. These impacts are displayed largely in terms of the three key
responses described above: plutonium inventories; costs; and PRIs. Aslmotegperturbations
that cause inventories of LWR-recyclable plutoniugg, to be depleted trigger a systems response

thatpulls back onthe programmed increase in the relevant daaetion, {(j = MOX, EMOX,

NFF), in order to force an equilibrium between SF-plutonigupply and demandThese
triggeringsare reflected irsubsequent inventory and cost trajectoridg following subsections
examine the impacts of four important scenario attributes: a) the driver fuel fission fragtierd, f

— fpy b) the number oMOX recycles, Ny, beyond which oraverage the dischargddOX is
declared inefficienfor use in athermal-spectrum reactor; c) the asympt&i©X core volume

fraction, fl]:/IOX (= 0.3 for the base case); and d) a transition to NFF operation.

1. Driver-Fuel Fission Fraction

As discussed athe beginning ofthis section,the plutonium balances atgse on a highly
simplified neutronics model that specifies the EOL concentrations of plutonium bregitieothe
UOX or MOX/EMOX/NFF regions, as well as the fraction of all energy (fissions) generated in the

original driver fuel €33U in UOX andBOL driver plutonium in theMOX/EMOX/NFF). These
parameters are held constant for all regions and all levels of recycleinicated in Table I, the
driver-fuel fission fractiorfor all computations is fixed apE = 0.6; 40% ofthe energy released

and included in thdurnup parameteiBU, is assumed to occur in fissilmaterialnot original
loaded into the fuedssembly.The sensitivity of the accumulated plutonium inventories to the
values assumed fopfis shown in Fig. 19 for the N,c = 4, fII/IOX = 0.3 MOX/LWR basecase

for BU = 40 MWtd/kgHM. Decreasing the fraction of the burmgrived fromfissionsother than
those in the driver fuels increases demand orSthg@lutonium inventories to axtent that fox

for fp, = 0.3 must be decreased. Thigcrease indg is also accompanied by aarresponding
decrease in thgrowing inventories oLWR-unrecyclableplutonium, kgg reactorinventories,

Irea, @nd, hence, total plutonium inventories. Generally, these trends are driven by the decrease in
EOL driver fuel concentrations as fis decreasetbr a specified value oBU; lessplutonium on
average resides in the reactor, and less is delivered to either SF or SFF plutonium inventories.
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2. Number of MOX Recycles

The fl]:/IOX = 0.3 MOX/LWR base casassumes Nyc = 4 recycles on average are required to

render recycledMOX too inefficientfor use in ahermal-spectrunneactor. Figure 20 shows the
impact of reducing Nyc on SF, SFF, and totalutonium inventories, in comparison ttee base

case. As expected, loweritige totalexposure above which plutonium is considered unusable by
LWRs increaseshe growth of the Iggg inventories, and hasteriee onset of gg inventory

reduction and the need to pull back on {}g trajectory to assureyt does not go negative. As is
indicated on Fig. 20, the total plutonium inventory is only moderately impacteg-igs X 2.

3. Asymptotic MOX Fraction

The demandor LWR-recyclableplutonium, kg, increases as the asymptotic value of the MOX

core volume fractionf,‘:,lox, is increased. As thigoal value of fjox is increased, however, the
|sginventories are depleted, and at some piatdriving functionfor fy,gx must be overridden
to maintain a balance betwesuopply and demand. This behaviorsisown on Fig. 21which
gives a range offox trajectories asﬁ,{,lox is varied.The impact on the average agespentfuel
in this system isdepicted onFig. 22. Lastly, Figure 23jives the time dependence of key

plutonium inventories for the range tfﬁox values examined. The OT/MOX case is designated by

fI{on = 0.0. Otherwise all values are as describedTiable |for the fII/IOX = 0.3 MOX/LWR
base case §f,= 0.4, Noyc = 4, etc).

4. Transitions to Non-Fertile Fuels

The UOX - MOX - EMOX - NFF scenario depicted iRig. 3 isexamined in terms of the
three top-levelassessmentriteria adoptedfor this study: plutonium inventories; costs; and
proliferation-risk indices. As described 8ec. II.A., the removal of uraniunrom MOX and
replacement by zirconium wilboth increasehe reactor inventories dfiriver) plutonium while
decreasing the rate of plutoniuproduction in theregions of reduced fertilityFor a given
exogenously driven growthate in f(j = MOX,EMOX,NFF), the demand on LWR-recyclable

plutonium, kg, is expected tdimit overall implementation othis plan tothe aforementioned SF-
plutonium demand-supply constraint. This behaviatepicted orFig. 24, which compares the
plutonium inventory transient®r the OT/LWR (Sec. 1ll.A.1.), MOX/LWR (base caseSec.
[l1A.2.), and the UOX- MOX - EMOX - NFF scenario (Fig. 3). The comparable comparison
of costs given on Fig. 25 indicates that: a) on an (instantaneous) unit-cost basis, the MOX

- EMOX - NFF scenario initially tracks the MOX/LWR (higher COEs than@&LWRS), but
at later times this scenarios tracks the resource-driven higher COEs that plague OT/LWRs in the out
years. On gresent-valudasis, which, asotedabove, isdictated largely by earliistories and
not by the moderately discountadure, the UOX — MOX - EMOX - NFF scenario largely
follows that of the MOX/LWRbase caseThe latterscenario destroys somewhabre (~28%)
plutonium than the MOX/LWR base case, however, at routhielysame PY. differential (again,

relative to the OT/LWR case), so that the unit cost of plutonium destruction for the NFF scenario is
5,860 $/kgPu, compared to 7,980 $/kgPu for the MOX/LWR base case.

Lastly, the impacts on the total PRI of the the main scenarios considered in this study are shown on
Fig. 26. Relative to the OT/LWR scenario (Case A) lbthMOX and theNFF scenarios reduce
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this parameter, buhe relationship betweeRRI and connections betweettual risk and real
consequences remains to be made. Generally, the NFF scenario has the lowest PRitvalae,

not much different than that for t”é/lox = 0.3 MOX/LWR base case.
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IV. SUMMARY AND CONCLUSION

A simplified and highly aggregated global motialsbeenused toevaluate interactionandtrade

offs between: a) plutonium inventories in fiferms [e.g, reactor(REA), LWR-usable spent
fuel(SF), LWR-unusable spent fudSFF), reprocessing (REPRNd separate(SPU)]; b) fuel

cycle and total energy costs; and b) a crude, inventory-based (discounted) measure of proliferation
risk. The primary goal of these “top-level” tragieidies is tastimulate more detailestudy of key

issues and phenomena rather than to present firm conclusion and recommendations. The sensitivity
of key metricsfor assumed neutronigerformancesuggests a strongeoupling with basiacore

neutronics computations is needed in futstedies. Also,jmproved PRI metricd8 that better
assess risk and consequence is needed. Key interim findings from this systems study are:

* The impact on cost of uranium resource depletmrthe once-through-WR scenario will be
felt for the Known Resources (KR) scenario (Fig. 5B) within ~50 years fanéatangrowth
scenario used throughout thissestigation (~1000 GWe ida00 yrs);adaptation of the CR
resource scenario in these circumstances will have serious cost impacts on nuclear energy, even

when23J concentrations in enrichment tailings are optimized (Fig. 12).

* A comparison of theotal annuakharges associated withe fuel cyclefor the OT/LWR and
MOX/LWR cases illustrateshe increasing importance @éprocessing cost for this 30%
MOX/LWR base case, witthe reduction in annual charges associat#kd uranium resource
for the MOX/LWR case eventually causirtgtal annual fuel-cycleharges forthe OT/LWR
case to increase above thiat MOX/LWR at ~70years intothe computatiorfor this KR
uranium resource scenario (Fig. 5).

* Depending on the uranium resource/cassumption, energy costs ftire MOX/LWR base
case fallbelowthe OT/LWRcase at later times to givewer unit energycosts forthe MOX
options. Specifically, the CR resource case shows the MOX/LWR having lowezosist ~35
years intothe computation, with this cross-ovepint beingpushed out to-62 yearsfor the

KR resource category, arxd 100 years for the TR resource category.

* When differences in the present valuestaiél fuel cyclecostsbetween the OT and MOX
options out tothe 100-year computationaime frame (COM = 5%/yr) are considered,
however,the MOX shows a 122 B®enefit(11,193 $/kgPu destroyed) ftire CRresource
category, 87 Bpenalty(7,980 $/kgPu destroyed) ftine KR resource category, and 96 B$
penalty (8,810 $/kgPu destroyed) for the TR resource category.

* Generally, the economic merits or demeritdX versusOT options, when expressed on a
present-value basis forgiven discountate, depend$eavily oncosts incurrecearly in the
evaluationperiod, irrespective of unit-costross-overghat may occutate in a moderately
discounted future. Furthermorhe economically preferred optiaepends sensitively on the
description of uranium resourckeality”; this dependencdnas been approximately, but
guantitatively, shown.

* As for the OT/LWR case(Fig. 11), plutonium in the SF inventories (recyclable t&/Rs)
presents the greater PRI for the 30% MOX/LWR and for the weights used. The transition from
the OT/LWRscenario to théIOX/LWR options reduceshe totalPRI by afactor of ~1.7,
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although this model cannot translate these changeskiageductionsassociated wittactual
consequences.

For the simplified neutronics parametersed,the 30% MOX/LWR base case is close to an

“edge” where slight increases igddemand€.g, by increasing‘,{,lox, decreasing Nyc, or
implementing MOX/EMOX/NFF scenarios) will pusgdinventories tazero, thereby causing

a decrease in(f = MOX, EMOX, NFF), asdescribed earlier, taccommodat&F-plutonium
supply anddemand; this condition artie resulting material-conserving feedback impacts all

subsequent results.@, flt/IOX' Ncyc, compositional and/or neutronics parameter variations).

For the 30% MOX/LWR base case, decreasing the fraction of the burnup deriveiisBiams
other than those ithe driverfuels increases demand dine SF-plutonium (LWR-usable)
inventories to an extent thajdyx for fp,= 0.3 must be decreased. This decreasggnsl also

accompanied by aorresponding decrease time growing inventories oL WR-unrecyclable
plutonium, reactor inventories, and, hence, total plutonium inventories. Generally, these trends
are driven by the decrease in EOL driver fuel concentrationsas flecreasetbr a specified

value of burnup, BU(MWtd/kgHM); less plutonium anerageesides irthe reactor antess
is delivered to either SF or SFF plutonium inventories.

Lowering the total exposure above which plutonium is considered unusabl&Rg, Noyc,
increases the growth die LWR-unusablénventories, g and hastenthe onset ofLWR-
usable inventory gp reduction and the need to pull back on ey trajectory toassure 4g

does not go negative; the total plutonitmaentory, however, is onlynoderately impacted for
Neye 2 2.

The removal of uraniunirom MOX and replacement by zirconium wiboth increase the
reactor inventories of (driver) plutonium while decreadimgrate of plutoniunproduction in

theregions of reduced fertility. On an (instantaneous) unitdoasts,the UOX - MOX -

EMOX - NFF scenario initially tracks the MOX/LWR (higher COEs than the OT/LWRS), but
at later times this scenarios tracks the resource-driven higher COEs that plague OT/LWRs in the

out years. On gresent valudasis,the UOX - MOX - EMOX - NFF scenario largely
follows that of the MOX/LWR base case. The latter scenario destroys sonraaea{~28%)
plutonium than theMOX/LWR base case, however, at rougliy same P} differential
(again, relative to the OT/LWR case), so that the unit cost of plutonium destruction for the NFF
scenario is 5,860 $/kgPu, compared to 7,980 $/kgPu for the 30% MOX/LWR base case.

Relative to the OT/LWR scenario both the MOX andNitd- scenarios reduce this parameter,
but the relationship betwed?RI and connections betweagctual risk andreal consequences
remains to be made. Generally, the NFF scenario has the lowest PRIbualites not much
different than that for the 30% MOX/LWR base case.
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NOMENCLATURE

Aj(kglkole)

AC;(M$lyr)
ATW

BU(MWitd/kgHM)
CAP
COE(mill/kweh)

COM(L/yr)
CR

Cv

DB,DP

DU

DPY
digg(kgPu)
Ef(Mev/fission)
EOL

EXPj(ktonne yr)
e(eV/J, coulomb)

FC
FCR(1/yr)
FF

FP
FPD(d)
FSB
-
fcooL
for
fi
fLwr
f
MOX
fom,op(1/yr)
fpu

g
HM

HPY
lj(kg)
IMM (Mtonne)

atomic weight ot} species

annual charge associated withgomponent of fuel cycle
accelerator transmutation of waste

fitting parameter, fo)/Pg(0)

relative importance in Saaty's pairwise matrixyuy
plutonium “burner” (FSB)

beginning of life

breeding ratio (LMR)

burnup parameter

capital charges

cost of electricity

cost of money, discount rate

conversion ration (LMR), conventional (uranium) resource catégory

conversion (Og — UFg)

“burner”, “producer” plutonium demand
depleted uranium

days per year, 365

spent-fuel creation distribution

energy released per fission, 200

end of life

evolutionary MOX (MOX + NFF)

uranium isotope enrichment

enriched uranium

exposure (to risk) of plutonium in form j (REA, SF, REP, SPU)

electronic charge, 1.6820:19
fuel cycle
fixed charge rate
fuel fabrication
fission product
full-power day
fast spectrum burner (LMR/IFR, ATW)
burnup fraction of driver (original) plutonium loading
coolant volume fraction
driver fuel fission fraction, 1 —f,

core (volume) fraction ofl fuel form (i= UOX, MOX, EMOX, NFF)
fraction of R delivered by LWRsp/(1 +p)

final or asymptotic MOX (or NFF) core volume fraction
O&M or operations charge rate as a fraction of total capital cost
fraction of fissions occurring in material other than driver fuel

logit function describing growth of nuclear energy
heavy metal (Pu, U, also NF material)
hours per year, 8760

plutonium inventory inth form ( = REA, SF, SFF, SPU, REP)
cumulative (worldwide) uranium ore mined
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IFR

KR

LMR

LWR
My(Mtonne)
MM

MOX

Na (entities/mole)

Ncyc
NF

NFF

NU
OECD
O&M,0OM
OoP

oT

P

Pe(MWe)
Pg(MWe)
Pe(MWe)
PD(MWt/m3)
PRI(ktonne yr)
PRI;(ktonne yr)
PVec(BS)

Pr

Ri(kgPulyr)
REA

REP,RP

r(1/r)
rg(kgPu/yr/MWe)
re(kgPu/yr/MWe)
SF

SFF
SI(kgHM/MWH)
SP(MWt/kgHM)
SPU

SPY
SWuU
TR
TOT
t(yr)
Up
UC;($/unit)
UOX
UTC($/We)
Wi

X]

integral fast reactor

known (uranium) resource categéty

liquid metal (fast) reactor

light water reactor

cumulative (worldwide) uranium ore mined
mining and milling

mixed (Pu,U) oxide fuel

Avagadro's number, 6.0249023

number of LWR recycles before plutonium is declared unusable by LWR

nonfertile material (Zr)

nonfertile fuel

natural uranium

Organization Economic Cooperation and Development
operations and maintenance

operations

once-through LWR fuel cycle‘,t,lox =0.0)

plutonium “producer” (LWR), or plutonium production
net-electric capacity, >+ B

net-electric capacity associated with burner (FSB)
net-electric capacity associated with producer (LWR)

average core power density
total weighted proliferation risk index

proliferation risk index of plutonium in form j (REA, SF, REP, SPU)

present value of total fuel-cycle charges

plant availability

mass flow rates (i = P, SF, SFF, REP, DP, DB)
reactor plutonium inventory

plutonium in reprocessing

recycled uranium

discount rate use to reduce the importance of future risks
normalized burnup rate

normalized production rate

LWR-recyclable plutonium in spent fuel, or spent fuel in general
LWR-unrecyclable plutonium in spent fuel
specific inventory

specific power

separated plutonium (FF plus ready inventories)
seconds per year, 3x1%/

separative work unit

total (uranium) resource categéty

total (plutonium)

time

uranium cost parameter

unit cost associated with pperation or system

uranium oxide fuel
unit total (capital) cost
weights used in Saaty's pairwise matrix to determing PRI

concentration
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Xpy

XZ.r,U

Yhy
a(kgPu/MWtlyr)
ACOE(mill/kwWeh)
Axpy

NTH

@(x)
Ap(11yr)
AGe(l/yrn)
\Y)

P
pj(kg/m3)
Tj(yn)

Tse(Yr)
¢

plutonium driver-fuel weight fraction ifhicore region
NF and (depleted, natural) uranium atom fractions in EMOX

plutonium bred-fuel weight fraction ifticore region

fission release, SPY41000)/(e N\ Eg), 0.3901

incremental COE associated with fuel cycle

plutonium burnup fraction>,<,E§L?L — XESL

thermal conversion efficiency

uranium enrichment potential, (2x H1x/(1—x)]

nuclear energy growth rate

decay rate of radiation proliferation shield protecting SF plutonium
uranium cost parameter

ratio of burner-to-producer electrical powerg(lRVR)/Pg(FSB)
density of {? material/region, includes coolant voidg,)

time constant or holdugime for jth process (j = REP,SPU,REA); time
when specific core transitions commences (j = MOX,EMOX,NFF)

average age of spent fuel
atom ratio of NF material (natural, depleted) uranium
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Table I. Typical Input Parameters

SYSTEM PARAMETERS
Initial power, R.o(MWe)
Final power, R{(MWe)
Asymptotic power, B,(MWe)
Power ratio, B/Pgg

Normalized power growth rat&p(1/yr)
Thermal efficiency for producer (LWR)]-FFH
Thermal efficiency for burner(LMR)r,]-'?H
Engineering gain for producer (LWR())E

Engineering gain for burner (LMRQE

Plant capacity factor for producer (LWR}pp

Plant capacity factor for burner (LMR)gp

Producer normalized Pu consumption rajkg/MWe/yr)
Producer normalized Pu production ratékg/MWelyr)

Burner normalized Pu consumption ratg(kg/MWe/yr)
Burner normalized Pu production ratg,(kg/MWel/yr)

Intial support ratiop, = (PEP/ PEB)O
Final support ratiops = (PEP/PEB)f

Normalized support ratio rate,(1/yr)
Initial burner breeding ratio, BR
Final burner breeding ratio, BR

Burner breeding ratio ratdgr(1/yr)

INITIAL CONDITIONS
Intial total power, Bo(MWe)

Initial separated plutonium inventorygdydka)
Initial spent-fuel plutonium inventoryggkg)/10/
Average age of initial spent-fuel inventorgyr)

27

340,000.
1,000,000.
1,436,427.

4.23

0.0200

0.3250

0.4000
25.0

25.0
0.75
0.75
1.2010
0.2808
0.9758
1.1406

1000(2)
1000(2)

0.0a)
0.90
1.00

0.0

340,000.
0.0

7.0
30.0



Table 1. Typical Input Parameters (Cont-1)

SCENARIO PARAMETERS
Initial MOX/EMOX/NFF core fraction, o1,

Final MOX/EMOX/NFF core fractionfoTs
UOX - MOX transition timefyox (Yr)
MOX - EMOX transition timeTgpox(Yr)

Normalized MOX buildup raté\y,ox (1/yr)
Initial NFF core fraction, §ggq

EMOX - NFF incremental core fractioAfnggs

Final NFF core fractionnfers = fmox = Afner
Normalized NFF buildup ratéyg(1/yr)

Initial EMOX Zr0,/(UO, + ZrO,) ratio, {,

Final EMOX ZrG/(UO, + ZrOy) ratio,

EMOX - NFF transition{crt = [Zr05/(UO5 + ZrO))lcrT
EMOX Zr0,/(UO, + ZrOy) time constanth;(1/yr)

URANIUM PARAMETERS
Uranium ore grade (weight fraction)yg/106

233 concentration in enriched uraniung x
Optimized233U concentration in depleted uraniungy x
233 concentration in recycled uraniungx

233 concentration in natural uraniumy
Accumulated uranium usage (199%)(kg)/138
Initial depleted uranium (1995),(;4(kg)/10®

Initial recycled uranium (1995)g|,o(kg)/10/
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0.0

0.30

5.0
25.0

0.10
0.0

0.0

0.30
0.03
0.00
1.00
0.80
0.10

5.00
0.0400
0.00438
0.01476
0.00717
2.00
1.84
1.57



Table 1. Typical Input Parameters (Cont-2)

FUEL/CORE PARAMETERS
Fuel burnup for producer (LWR), BfMWtd/kgHM)

Fuel burnup for burner (LMR), B{MWtd/kgHM)
Fraction UOX fissions not iR32, fp,,q

Producer spent-fuel Pu fraction in UOX";J,UOX

Producer MOX plutonium fractiorx'&."uOX

NFF plutonium fractionxgu':':

Burner plutonium fraction, pgp
Producer specific inventory, §kg/MWe)
Burner (LMR) specific inventory, §(kg/MWe)

Nominal producer (LWR) core power density, PD(MW&m
Nominal material densitiepjo(kg/nﬁ):

« UO,

» 210,

* PuG

« HYO

+ (UPU)O

e (Zr,Pu)o

Coolant volume fraction dpoo
Core averaged densitiepq(kg/rrﬁ):
* UOX region
* MOX region

* NFF region
Specific powers, SIMWt/kg):

* UOX region

*  MOX region

* NFF region
Power densities, REMWt/m3):

* UOX region

* MOX region

* NFF region

PROCESS PARAMETERS
Inventory time for natural uraniuny(yr)

Inventory time for enriched uraniurtgy(yr)
Separated plutonium residence timggy(yr)
Reprocessing residence timgg(yr)

29

40.
80.

0.40
0.0100
0.0500

0.0812

0.1000
82.2
169.0

85.0

10,000.
5,600.
10,000.
650.
10,000.

5,993.
0.40

6,260.
6,260.
3,856.

0.0136
0.0136
0.0220

85.0
85.0
85.0

10.0

10.0
0.10
0.50



Table 1. Typical Input Parameters (Cont-3)

PROLIFERATION-RISK PARAMETERS

Risk discount rate, r(1/yr) 0.05
Initial PRI stream weights
* active reactor inventory, §¢a 0.05
* spent fuel, Wg 0.10
» reprocessing/fuel fabrication g 0.30
» stored separated,q4py 0.55

COSTING/ECONOMICS PARAMETERS
Fitting constant for uranium ore cost (KR cée)

« pre-exponential factor, {41011 6.84

* exponential facton 1.26
Unit costs:

 uranium ore (1990), UGo($/kgU) 100.0

 uranium conversion, U&,($/kgU) 5.0

 uranium separative work, UG($/kg SW) 100.0

e uranium fuel fabricationUCLFJ,QX ($/kgHM) 200.0

»  MOX fuel fabrication,UCMX ($/kgHM) 400.0

» spent-fuel storage, U($/kalyr) 10.0

 fission product storage, Wa($/kg/yr) 10.0

» spent-fuel/fission-product transport, Pgk$/kg)0.0

* reprocessing producer (LWR) fueB,CEP($/kgHM) 1,000.0

* reprocessing burner (LMR)JCEP($/kgHM) 1,500.0

 unit total cost for producer (LWR), UG5/ We) 2.50

 unit total cost for burner (LMR), UTgi$/We) 3.75
Cost of money, COM(1/yr) 0.050
Fixed charge rate for producer (LWR), F&Ryr) 0.090
Fixed charge rate for burner(LMR), FgR/yr) 0.090
O&M charge rate for producer (LWRD@PM (L/yr) 0.020
O&M charge rate for burner(LMR)‘g,\,I (1/yr) 0.020

@ LMR burner not introduced in this study.
(b) Refer to Fig. 5B.
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Table Il. Pairwise Relative Weights Used to Evaluate Stream/Inventory
Proliferation Risk Indic@

i) REA SF SPU RP
REA 1/1 1/4b) 1/8 1/6
SF 1/1 4/8) 4/6b)
SPU 1/1 8/6
RP 11

(@ Each element of the pairwise comparison matrix is the relative weightsyAv;, and
is measured on an importance scale ¢f=wl (least important) to w= 9 (most
important).

(b) The importance or weighting of spent fuel is expected to vary thiétlage of thepent

fuel and is varied accordingly; the values given Herethese matrixelement are
considered representative and are consisigtfit the otherelements. Referring to

Eq. (9), akea g (Iow Tsp) = 1/2 andafe, o (hightsp) = 1/7.
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TABLE Ill. Summary of Cases Examined

Case

Al
A2
TR

B1
B2
B3

C1
Cc2

D1
D2

El
E2
E4
ES

F1
F2
F3

G1
G2
G3

Description

OT/LWR
OT/LWR
OT/LWR

MOX/LWR
MOX/LWR
MOX/LWR

OT/LWR
MOX/LWR

MOX/LWR
MOX/LWR

MOX/LWR
MOX/LWR
MOX/LWR
MOX/LWR

MOX/LWR
MOX/LWR
MOX/LWR

EMOX/LWR
EMOX/LWR
EMOX/LWR

World

Nuclear
Growth

(%/a)@)

1.5-0.6
1.5-0.6
1.5-0.6

1.5-0.6
1.5-0.6
1.5-0.6

1.5-0.6
1.5-.0.6

1.5-.0.6
1.5-0.6

1.5-0.6
1.5-0.6
1.5-0.6
1.5-0.6

1.5-0.6
1.5-0.6
1.5-.0.6

1.5-.0.6
1.5-0.6
1.5-0.6

Uranium
Resource

categor)cb)

CR
KR
TR

CR
KR
TR

KR
KR

KR
KR

KR
KR
KR
KR

KR
KR
KR

KR
KR
KR

Intro.

TMOX
(yn)

(®

[20mey

(620 ¢2 ¢, NG|

[20¢)

MO

Growth

Amox
(1iyr)

0.1
0.1
0.1

0.1

0.1
0.1

0.1
0.1
0.1
0.1

0.1
0.1
0.1

0.1
0.1
0.2

Final
Fraction

fmox®

0.3
0.3
0.3

0.3

0.3
0.3

0.2
0.25
0.35
0.4

0.3
0.3
0.3

0.3
0.2
0.2

Intro.

TMOX
(yr)

25
25
25

EMOX(©)

Growth

Amox
(1iyr)

0.0
0.0
0.0

NFF©) Uranium
Final Intro. Growth Final Tailing
Fract. © TMOX AMOX Fractlo(r;) Optior{d)
fmox (yn) (1yr) fmox
opt
opt
opt

opt
opt
opt

fix
fix

opt
opt

opt
opt
opt
opt

opt
opt
opt

0.3 0.8 0.03 0.3 opt
0.2 0.8 0.03 0.2 opt
0.2 0.8 0.03 0.3 opt

E N )

N W

Number
Recycles
Ncye

i

Fraction

non-
driver
fissions

fpu

0.4
0.4
0.4

0.4
0.4
0.4

0.4
0.4

0.5
0.3

0.4
0.4
0.4
0.4

0.4
0.4
0.4

0.4
0.4
0.4



(a) initial - final(100 yr) growth rates base on a logit function [Eq. (1)], with an average growth rate of 1.0%/apwehnieh100-yeainterval increases world nuclegower
from 340 Gwe to 1,000 Gwe.
(b) CR = Conventional Resources; KR = Known Resources; and TR = Total Resources.

() Tj is the time of introductiomj- is the exponentiation time to a final core volume fract]f),m\iherej = MOX, EMOX, NFF; the EMOX-> NFF transition isassumed to
occur at a critical value of the ratle Zr/(Zr + U).

(d  opt=optimized based on fixed cost of enrichment (100 $/SWU) and the evolving price or uranium ore for a giverres'almiumlaséb); fix = uranium tailingsfraction
fixed at the weight fractionyx= 0.035.

() operational goals that are superceded by reductions related to constraints on recyclable spent-fuel poutonium inventories
® blanks indicate nonapplicability for the case described.
(9) theparmeter Ny gives the probability 1/Nyc that the MOX fueldischargedrom a large ensemble &WRs will have atotal (multiple) exposurethat renders the

plutonium contained therein inefficient or use in a thermal spectrum reactor.






PRODUCER/BURNER  (LWR)
R, (MWe) = ZPFi,; i = UOX, MOX, EMOX, NFF
(SI)Fi, (kgHM/MWe) ; (SP) {MWt/kgHM)

rliD (kgPu/yr/IMWe) (production)
rg (kgPulyr/MWe) (burnup)

i i
' Pep (-5, R

o o b
o P Ny BUR X, (FPD), | TRea(kgPu)

fi/Ncyc R p (kgPulyr)

FINAL
SPENT-FUEL INTERIM
STORAGE SPENT-FUEL
STORAGE
(HIGH-
RECYCLE) (LOW RECYCLE)
IsFr(kgPu) IsF(kgPu)
= Rsk (kgPulyr)
2 |
T
o | REPROCESSING
w | IRP(kgPu) = >
2 | TRP RRP RRP (kgPulyr)

Figure 1.

Rpp (kgPulyr)

SEPARATED - Pu
STORAGE

Ispu(kgPu) =

spu (Rpp + RpB)

Rpp = RpP + RDB

BURNER (LMR)
Pg (MWe)
(Shg (kgHM/MWe)

r.}, (kgPu/yr/MWe) (burnup)

!

B
BII:, P N » BUg, Xp, . FPDg
IRea(kgPu)

rB prB (1—BR)PB

INTEGRAL
PROCESSING |

IRP(kgPu) = TRP RB

Rpp (kgPulyr)
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Global plutonium flowmodel in asystems comprisinglutonium producers (LWRs) and plutoniurarners(LMRS); the
producer can also burn plutonium, and as such is termed a producer/burner.



CORE VOLUME: V,_ (m?3)
CORE VOLUME FRACTIONS:

* fuox + fMOx + fNFF =1.0

* EACH HAS COOLANT FRACTION, f
BURNUP FOR ith REGION: BU ; (MWtd/tonne) = SP ; x FPD;

Uox
Pu 3 XPuf
DUOX (ka/m™
(SP) UOX (MWt/kg uoz) I
I
(FPD)LJOX |
7
Ll
o
\
\
- | \

xMOX = x MOX _, xMOX
Pu Puo Puf

3
oMOX ~ ouox(ko/m )

(SP) 0 (MWUKGMOX)
(FPD)
MOX

CooL

Puox = (SP) vox * Puox X Fvox XVV

o

ﬁEMOX =

* *
\fMoxf mox * FnerfNEF

f

NFF \

xNFF =y« NFF _  NFF
Pu Puo Puf

A (ka/m?
(SP),rr (MWUKGNFF)

Figure 2.  LWR plutonium producer/burner core-segmentation/composition model.
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CORE COMPOSITIONAL EVOLUTION

L0 S e
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02 T | fuo Hﬁﬁmiﬂr-w”m% fffff e :
0.0 @Q/EM@X L NFE . |
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TIME, t(v1)

Figure 3.  LWR plutonium producer/burner core segmentation/composition evolution model.
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Figure 4.
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Diagram showing generic fuel-cycle “building blocksfor use in projecting resource-constrainedulti-variable
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optimizatior?® of nuclear energy mixes and material flows.
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CUMULATIVE NU RESOURCE, Mtonne

Figure 5A.

URANIUM RESOURCES AND COSTS

19—-FEB—-9 Los Alamos
100 ¢ I R B T T T T T
;ee--_ . __KR _
10 & R SR T
" TR po-ucs
= 0 S ]
—CR : 4» EAR—II b 1
L Uucs [ 1
RAR OKR _ RAR
(L EAR-IL | ) FAR-T_
- OKR _________ | .
B EAR—I .
- | STK -
_ ‘ ]
L } SR _
i | ]
|
0.1 i |
10 100 1000

UNIT COST, UCum($/kel)

Uranium resources versus cost in varaaisegories fronRef. 22, asnterpreted in
Ref. 23; definitions:

STK: Stocks plus Arms Reduction Releases;

RAR: Reasonably Assured Resources;

EAR-I: Estimated Additional Reserves, Category I;

OKR: Other Known Resources;

CR: Conventional Resources;

STK + RAR + EAR-I + OKR UCS: Unconventional and Byproduct Sources;
KR: Known Resources, CR + UCS;

EAR-II: Estimated Additional Reserves, Category ll;

SR: Speculative Resources;

TR: Total Resources, KR + EAR-Il + SR.
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URANIUM RESOURCES AND COSTS
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Figure 5B.  Uranium resources versus costdonventional Reservd€R), Known Reserves
(KR), and Total Reserves (TR), along with parameter fits used in this study.
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Ii(tonne); Pg(GWe)

Figure 6.

INVENTORIES vs TIME for OT/LWR
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Time dependence of plutonium inventoritess the OT/LWR case;for this case,
Isee. rReEP,spF 0. Alsoshown isthe timedependence of nuclear capacity, Ras

given by Eq. (1) for all cases considered.
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SF DISTRIB. for OT/LWR
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Figure 7. Evolution of spent-fuel age and creation distribution for the OT/LWR case.
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CUMULATIVE URANIUM for OT/LWR
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Figure 8.  Time dependence of accumulated uraniwage,lMM, optimal enrichment tailings
composition, ¥, and uranium unit cost, Yg, for the Known Resource$KR)
scenario (Fig. 5) and the OT/LWR case.
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FUEL—-CYCLE COMPONENT ANNUAL CHARGES
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Figure 9.  Normalized annual chargder key components othe nuclear fuel cycldor the
OT/LWR case: MM = mining anahilling; CV = U3Og — UFg conversion; ER =
enrichment; FF = fuel fabrication; SF = spent-fuel storage; REP = reprocessing; FP
= fission-product disposal; SPUseparated plutonium storage; CARapital cost

differential between LWRs and FSBs (zeroed in this example); TOT = total. Charges
related to REP, FP, and SPU are not incurred for the OT/LWR case.
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COE and FC COSTS for OT/LWR
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Time evolution of cost of electricity, COE(mill/kwWehjpcremental COE related to

the fuel cycle, ACOE(mill/lkWeh), and present value @il fuel cycle charges
evaluatedbver the time of thecomputatiorfor a cost ofmoneyCOM = 0.05 1/yr,
for the OT/LWR case and uranium resources = KR (Fig. 5).
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Figure 11.

COMPONENT PRIs vs TIME for OT/LWR
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Time evolution of total and component proliferation risk indices, PRI(ktonne yr), for

100

the OT/LWR case that discounts risk at a rate(.G5 1/yr usingthe weightslisted

in Tables | and II.
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CUMULATIVE URANIUM vs RESOURCE CAT.
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Figure 12. Cost impact of the range of uranium resourealities” suggested on Fig. 5 for the

OT/LWR case. Reflections of these uranioaosts onCOE and ACOE are given in
comparison with the MOX/LWR case (Fig. 17).
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INVENTORIES vs TIME for MOX(fiox = 0.3)
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Time dependence of plutonium inventories the MOX/LWR casewhen fI]:/IOX =
0.3. Forthis Noyc = 4 case,the spent-fuel inventory oLWR-recyclable
plutonium, kg, decreases as the inventory of LWR-uncyclgildonium, kgg
increases. Also shown tke timedependence of nuclear capacity, Rs given by
Eq. (1) for all cases considered. The time dependenggygfis also shown.
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SF DISTRIB. for OT vs MOX(fiox= 0.3)
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Figure 14. Evolution of spent-fuel age and creation distribution forf{%x = 0.3 MOX/LWR
case, showing a comparison with the OT/LWR case (Fig. 7).
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the total annual charge associated with the fuel cycle witDTieWR case(Fig. 9)
IS also given.

50



CUMULATIVE URANIUM vs FUEL—-CYCLE MODE
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Figure 16.  Cosimpact of the KR(Known Resourceuranium resource categof¥ig. 5),
showing a comparison witthe OT/LWR case depicted orrig. 8, where the

accumulated uranium usagelig'v', the optimal enrichment tailings composition is
Xpu, and uranium unit cost is Y.
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Figure 17A. Time evolution of cost of electricity, COE(mill/kwWehjcremental COE related to
the fuel cycle, ACOE(mill/lkWeh), and present value @il fuel cycle charges

COSTS vs FUEL-CYCLE MODE
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evaluatedover the time of thecomputationfor a cost ofmoneyCOM = 0.05 1/yr,
for the fII/IOX = 0.3 MOX/LWR case and the CR category of uranivesources

(Fig. 5).
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Figure 17B. Time evolution of cost of electricity, COE(mill/kwWehjcremental COE related to

the fuel cycle, ACOE(mill/lkWeh), and present value @il fuel cycle charges
evaluatedbver the time of thecomputatiorfor a cost ofmoneyCOM = 0.05 1/yr,

for the f|v|ox = 0.3 MOX/LWR case and the KR category of uraninesources
(Fig. 5).
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Figure 17C. Time evolution of cost of electricity, COE(mill/kWehjcremental COE related to

the fuel cycle, ACOE(mill/lkWeh), and present value @il fuel cycle charges
evaluatedover the time of thecomputationfor a cost ofmoneyCOM = 0.05 1/yr,

for the fII/IOX = 0.3 MOX/LWR case and the TR category of uranio@sources
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COMPONENT PRIs vs TIME for fiox = 0.3
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Figure 18.  Time evolution of total and component proliferation risk indices, PRI(ktonne yr), for

the fll:/IOX = 0.3 MOX/LWR case that discounts risk at a ratedrG5 1/yr using the

weights listed in Tables | aritl A comparison of theotal PRI for the OT/LWR
case reported oRig. 11, aswell asfor a MOX/EMOX/NFF scenario reported in
Sec. lll.B.4, is given.
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INVENTORIES vs TIME and fpy
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Figure 19. Time dependence of key plutonium inventorfes the f5, = 0.4 base case and for

fp, above and belowhe base-casealue, withf,':,lox = 0.3, unless SF-plutonium
inventory shortfalls occur.
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INVENTORIES vs TIME and RECYCLES, Neycr
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Figure 20. Time dependence of key plutonium inventofi@sthe Noyc = 4 base case and for

Ncyc values belowthat used forthe base case, witﬁ,':,,ox = 0.3, unless SF-
plutonium inventory shortfalls occur.
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Figure 21. Time dependence of MOX core volume fraction as a function of asympéities,
fll:on’ where the base case correspond%tgx =0.3.
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SF AGE vs TIME and flox
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Figure 22. Time dependence of average spent-fuel age on asymptotic valMOXf core
volume fraction for the cases depicted on Fig. 21; the OT/LWR case is designated by

f —
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REPROC. and SEP. Pu vs TIME and ffox
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Figure 23B. Time dependence of key plutonium inventorfes arange of asymptotic values of
MOX core volume fractiorior the casesdepicted orFig. 21; theOT/LWR case is

designated byf,‘:/lox = 0.0; SF =LWR-recyclable andSFF =LWR-unusable in
spent fuel; REP = reprocessing, and SPU = separated plutonium..
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Figure 23C. Time dependence of key plutonium inventorfes arange of asymptotic values of
MOX core volume fractiorior the casesdepicted orFig. 21; theOT/LWR case is

designated byf = 0.0; TOT = total and REA = reactor plutonium.
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MOX vs EMOX/NFF INVENTORY COMPARISONS
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Figure 24A. Time dependence of key plutonium inventorier three fuel-cycle variations

depicted onFig. 3: a) OT/LWR (designated here as UOX); tf}]:/lox = 0.3

MOX/LWR (base case); and c) UOX/EMOX/NKE&s depicted by the full scenario
given in Fig. 3); SF = LWR recyclable an8FF =LWR-unusable plutonium in
spent fuel.
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MOX vs EMOX/NFF INVENTORY COMPARISONS
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Figure 24B. Time dependence of key plutonium inventorier three fuel-cycle variations

depicted onFig. 3: a) OT/LWR (designated here as UOX); tf}]:/lox = 0.3

MOX/LWR (base case); and c) UOX/EMOX/NKE&s depicted by the full scenario
given in Fig. 3); SF = LWR-recyclable an8FF =LWR-unusable plutonium in
spent fuel, and SPU = separated plutonium.
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MOX vs EMOX/NFF INVENTORY COMPARISONS
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Figure 24C. Time dependence of key plutonium inventorier three fuel-cycle variations

depicted onFig. 3: a) OT/LWR (designated here as UOX); tf}]:/lox = 0.3

MOX/LWR (base case); and c) UOX/EMOX/NKE&s depicted by the full scenario
given in Fig. 3); TOT = total and REA =- reactor plutonium.
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COSTS vs FUREL—CYCLE MODE
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the fuel cycle, ACOE(mill/lkWeh), and present value @il fuel cycle charges
evaluatedover the time of thecomputationfor a cost ofmoneyCOM = 0.05 1/yr,

for. a) the OT/LWR case; b) thei‘,‘:,IOX = 0.3 MOX/LWR base case; and c) the
UOX/EMOX/NFF case, as depicted by the full scenario given in Fig. 3.
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this study, as described on the figure and elaborated in the text.
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