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ABSTRACT

The potential for reducing plutonium
inventories in thecivilian nuclear fuelcycle
through recycle in LWRs is examined by
means of a cost-based plutonium-flow
systemamodel thatincludes an approximate
measure of proliferatiomisk. The impact of
plutonium recycle forms is examined,
including the introduction of nonfertiltuels
into conventional (LWR) reactors to reduce
net plutonium generation, to increase
plutoniumburnup,and to reduce exo-reactor
plutonium inventories.

. INTRODUCTION

Plutonium management is a&trong and
common linkage between many of the
complexissuesthat impact the nuclear fuel

cyclel2. This scoping study addresses in
broad economic and proliferation terms one
approach to managing plutonium in the
civilian fuel cycle. Specifically, consideration
is given to recycle in thermal-spectrum
reactors using mixed plutonium-uranium
oxides (MOX) and/or nonfertile fueldNFFs,
e.g., plutonium oxides incorporated into an
oxide matrix that isdevoid of uranium]jike

calcia-stabilized zirconf. The combined use
of MOX and NFF in transitioning from the
former to thelatter isalso considerede(g,
evolutionary mixed oxides, EMOX = MOX +
NFF). This direct, albeit short-term,
approach, offers alegree of flexibility in
addressing keyissuesby: a) reducing the
plutonium being generated in conventional
reactors; b) providing a more effective means

to transform excess weapoptutonium; c)
reducing inventories of plutonium residing in
spent fuel; and d) lowering plutonium
inventories in closed fuel cycles of the future
needed for nuclear energy to enter a
sustainable regime characterized by low
inventories of “idle” plutonium.

A three-pronged approach assessing the
merits and limitations of MOX/EMOX/NFF
utilization in thermal reactors is being

pursued: a) reactor-cor@hysics analyses of
NFF utilization in existing (LWR)reactors,
including safety (stability, temperature
coefficients of reactivity, power peaking,
etc) and fuel neutron economy (burnable
poisons, fuel lifetimes and burnups); b)
materials assessmentgfabrication and the
relationships between achieving desirable
physical propertiesiradiation lifetimes and
the use of existing fabrication processes); and
c) systems studies (fuel cycles angact on
worldwide plutonium inventories in a range
of forms; fuel-cycle economics; uranium
resource impactgninimized short-term and
long-term proliferatiorrisk). Progress in the
latter area isreported herein, withRef. 2
elaborating on the modeked andhe results
generated.

.  MODEL

Using aggregated reactor-core parameters,
these studiesise adynamic model of global
plutoniumflow that isdriven by a range of

nuclear-energy growth scenartb8.Figure 1
gives a diagram of the plutoniufitows being
modeled, andFig. 2 depicts operating
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Figure 1. Global plutoniurfiow modelfor a system comprisinglutonium producers (LWRS)

and plutonium burners (FBRS).

scenarios for introducing the
MOX/EMOX/NFF sequence. Plutonium
inventories are monitored ovére ~100-year
computational time in five (globally)
aggregated forms: a) in-reactGrREA); b)
spent fuel formghat are recyclable ihWRs
(SF); c¢) spentfuel forms that are not
(efficiently) recyclable inLWRs (SFF); d)
reprocessing (REP); and e) separdtaths
(SPU), including unirradiated
MOX/EMOX/NFF. The impact of a range of
operational MOX and NFF core fractions and
levels of uranium recycle ar@so examined

in terms of the relationship between global

uranium resource angbrice$ Preliminary
estimates of inventory, economic, and
proliferation-risk impacts are reported.
Although the model described Ref. 2 and
Fig. 1 includes options that utilize plutonium,
particularly theSFF forms, infast-spectrum
burners (FSBse.g., LMRs or accelerator-
driven systems), only results based on
conventional LWRs are reported here.

The growth of aggregate nuclear capacity
exogenously follows specific scenarios

generated by more detailedodels#:5:7 The
model used herein approximates an
aggregated nucleaworld and associated
plutonium flows and inventories using a
single differential equation to describe the
plutonium inventory in two spent-fuérms,
Isg and kggkg), along with material

residencetimes, Tj(yr), atkey points in the

global nuclear fuel cycl¢Fig. 1, e.g, j =
REP, SPU, REA).

The simplified modelused to evaluated
plutonium inventories in spent fuel arising
from the wuranium oxide (UOX) and
MOX/EMOX/NFF parts ofthe core remains
to be calibratedwvith detailedneutronics and

fuel-cycle computation$:8 Specifically, net
plutonium concentrations in either UOX or



21-MAY-9
10 PSS

T i

L al X ]
~ L
S i i [ o Xp10 =
S 08 \ ér 7
5 \ e
A i VN X ]
>i 0.6 r )(\ //}\g - XZI‘/(XZ]I‘ + XU) 7]
o Xpy'10 /) ]
E L / ]
i 04 ji ’/’\\ b
- [\
= [ ‘ ! \
é 02 |- ‘ fuo fEng\ﬁ,,/,mmfNﬂE 77777777777777777 s
- %‘ / |

oo PO/ MOX[EMOX,  , NFF,  ,
0 20 40 60 80 100
TIME, t(y1)

Figure 2. Core-segmentation/composition

model, showingfull NFF scenario; time
nominally begins ~1995.

MOX/EMOX/ NFF parts ofthe core at end-
of-life (EOL) are assumed to equal a constant
that is proportionately (linearly) decreased
according to the uranium content in the
respective coresections.The beginning-of-
life (BOL) plutonium concentrations in the
MOX/EMOX/NFF parts of the core are
proportionately and moderately increased as
uranium is replaced with zirconiugfig. 2).
The EOL concentration of this “driver”
plutonium is determined from agxogenous
burnup, BU(MWtd/kgHM), which is
corrected for: a) density variations incurred

during any MOX - EMOX - NFF
transitions(Fig. 2); and b) the fraction 1 —
fpy of all fissions in agiven (UOX or
MOX/EMOX/NFF) region occurring in the

“driver” fuel (e.g, 23%U in UOX or BOL
plutonium in MOX/EMOX/NFF).

The results presented hereifiocus on
tradeoffs related to a range of LWR operating
scenarios. These operating scenarios are
defined primarily by the fraction of theore,

f;, thatusesrecycled plutonium antlow the
volume of the core that isot conventional
UOX is varied in magnitude=(g, fi = 0.0 is

a once-through LWR) and in composition
[e.g, 1| = MOX (mixed plutonium and
uranium oxide); i =EMOX (a mixture of
plutonium, uranium, andon-fertile (NF,
e.g, zirconium) oxides identified as

“evolutionary” MOX; and i = NFF (a mixture
of non-fertile and plutoniunoxide)]. These
core-segmentation/compositional options,
along with material balances, resource
models, costing algorithms, apdoliferation
risk indices, are elaborated in Ref. 2.

1. RESULTS

The fuel-cycle scenarios considered are once-
through (OT) LWRs, plutonium recycle
(MOX) in LWRs, and an evolution through
EMOX to cores operated with sométimate
fraction of NFF (Fig. 2). The key exogenous

variables are: a) uranium resource gfa@R

= ConventionalResources, KR =Known
Resources, or TR otal Resources); b)
uranium enrichment tailings concentration; c)
non-driver fission fraction; d)
MOX/EMOX/NFF core volume fractions; e)
number of MOX  recycles; and
f) introduction times and implementation
rates of specific fuel cycles arrayed on Fig. 2.
Results focugprimarily on: a) the buildup of
plutonium inventories in the fiveorms listed

on Fig. 1; b) costassociated primarily with
the fuel cycle in theform of incremental
additions to the cost of electricity,

ACOE(mill/kwh), or present worth diel-
cycle charges ovethe ~100-year period of
this computation, Py; and c) proliferation
risks associated with each plutonium form, as
measured by the time-discounted &odm-
weighted integrated accumulation,

PRI(ktonne yry@

To facilitate comparisons, a basease is
definedusing aMOX core volume fraction
that exponentially achieves an asymptote

fI]:/IOX = 0.3 with arate A\ox(1/yr). After
giving (inventories,costs, PRIs) results for

the OT/LWR (f,‘:,lox = 0.0) case,similar

results forthe fl{/IOX = 0.3 base case are

reported(Sec. Ill.A.). Section lll.B. then
summarizes resultghat are pertinent to
variations on thdlOX and NFF coreswith
an emphasis given tihe former. All results
arebased on a singleuclear energygrowth
scenario described by a nomirgabwth rate
of ~1.0%/yr andreaching a nucleaelectric



market share of 1000 GWe byhe year
~2100.

Since the MOX (or EMOX/NFF) core

fractions for all scenarios considered are
exogenously driven,mismatches between
LWR-recyclable plutonium demand and
supply arise in some circumstances. The

approach taken in all cases reported decreases

heretoforegrowing MOX (or EMOX/NFF)
core fractions to bring demand lme with
supply. Since FSBs are not considered in this
study, LWR-unrecyclable plutonium
inventory, kgg simply accumulates.

A. Base Case

1. Once-through WR FuelCycle

The time dependence of plutonium
inventories forthe OT/LWRcase is given in
Fig. 3; for this casegkr rep spiF 0. Also
shown onthis figure isthe timedependence
of nuclear capacity, £ The evolution of
spent-fuel age and creation distribution for
this OT/LWR case is computddr use in the

evaluation of the proliferationisk index?
Starting withthe assumednitial (ca. 1995)
history of spent fuel accumulatiothe age
distribution forms a growingontinuum as
“fresh” (radioactively “hotter” less attractive
to a potential proliferategpent fuel is added
to the older inventorieghis age distribution
is shown incomparision to theMOX/LWR
scenario in a subsequent figu(€ig. 6).
Depending on the uraniuresource scenario
chosen, cumulative uranium use, unit
mining/mill costs, and optimal enrichment
tailings composition will vary. Figure 4 gives
the timedependence of accumulated uranium

usage, IMM, optimal enrichment tailings
composition, Yy, and uranium unitcost,

UCuwm, for a range of resource scenarios for

the OT/LWR. The uranium unitcost,
UCpm, forms onecomponent of the overall

fuel-cycle annual charge? All fuel-cycle
annual charges are convertedingremental

or total costs of electricity, as well as present-
value costs associated with the fuel cycle over
the 100-year time frame of these
computations. Theseosts forthe OT/LWR
case areshownlater (Fig. 7) incomparison

with other fuel cycle cases, asare the
respective proliferation risk indices computed
for each  plutonium form/inventory.
[PRI;(ktonne yr), Fig. 11].
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Figure 3. Time dependence of plutonium
inventories for the OT/LWR case.
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Figure 4. Costimpact of the range of
uranium resourcérealities” for the OT/LWR
case.

2. PlutoniumRecycleBaseCase
Figures 5-7give inventory, spent-fuebhge,

cost, and PRI impactsfor the fl{/IOX =0.3

MOX/LWR scenario based ondy¢c = 4 and

KR uranium resource/cost categoS8ample
parametric variationsaaway from this base
case are reported irSec. IIl.B. and
elaborated in Ref. 2.
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Figure 5. Time dependence of plutonium

inventories forthe MOX/LWR case (II/IOX
= 0.3, NCYC = 4).

The time dependence of plutonium
inventories forthe base case is given kig.
5. The spent-fuel inventory of LWR-
recyclableplutonium, kg, decreases as the
inventory of LWR-unrecyclableplutonium,
s increasesThe base case is close to an

“edge” where slight increases igg demand

(e.g, by increasing fII/IOX’ decreasing
Ncye, or implementing MOX/EMOX/NFF
scenarios) willpush kg inventories tozero,
thereby forcing a decrease if(j&= MOX,
EMOX, NFF) to reconcile SF-plutonium
supply and demand. Figure 6 gives the
evolution of spent-fuel age andreation
distribution for the base casealong with
comparison withthe OT/LWR case. The
fueling algorithm thatuusesthe oldestspent
fuel for plutonium €.g, lessradioactive and
more proliferation prone) depleteke older
(left most part othe distributionfor a given
time measured at the vertical right segment of
a given distribution orrig. 6) material. The
diminished and diminishing average age for

the base casetgg{MOX), compared to the

OT/LWR case is also noted. These
differences are reflected in the PRI

computatioR.

The timeevolution of the annual charges for
key components of the nuclear fustcle for

the base casecompared to theOT/LWR
case, shows arncreasing importance of

reprocessing cost foithe flt/IOX = 0.3

MOX/LWR base case, along with a reduction
in annual charges associated with uranium
resource. Thistrade off eventually causes
OT/LWR annual charges to increase above
MOX/LWR annual charges at ~70 yeanto

the computation for this KR uranium
resource scenario. Generalthe use of the
MOX-recycle option expectedly decreases the
cumulative amount of uraniumresource
utilization and delays théme whenuranium
costsincrease above a set base price and the
point where concentraions the enrichment
tailings, »py, begin to decrease (Fig. 4).
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Figure 6. Evolution of spent-fuelge, Tgf,
and creation distribution, dkg for the

MOX/LWR case, showing aomparison
with the OT/LWR case. (The creation
distribution at any givernime starts at right
and extends to the left.)

The confluence of all these effects as the fuel
cycle moves fromOT/LWR to MOX/LWR

for a given uranium resource (cost-scaling)
assumption is reflected in the Fig. 7
comparisons of COEACOE, and Pk for
these two cases. All uranium resource
scenarios shofan initial increase itCOE or
ACOE for theMOX/LWR case above that of
the OT/LWR case. Depending on the uranium

resource/cost assumption,thes_e cost
parametergross afater times to givdower



unit costs for theVlOX options. Specifically,
the CRresource casshowsthe MOX/LWR
having lower unitcosts ~35 years into the
computation, with this cross-over point being
pushed out to ~62 yeafsr the KR resource

category, and2 100 years forthe TR

resource categorywWhen differences in the
present values oftotal fuel cycle costs
between the OT anfllOX options out to the
100-year computationaltime frame are
considered, however, the MOX shows a 122
B$ benefit (11,193 $/kgPu destroyed) for the
CR resource category, 87 B$nalty(7,980
$/kgPu destroyed) forthe KR resource
category, and 96 B$¢enalty (8,810 $/kgPu
destroyed) forthe TR resource category.
Generally, the economic merits or demerits of
MOX versusOT options, when expressed on
a present-value basis for given discount
rate, depends strongly on costs incuready

in the evolutionaryperiod, irrespective of
unit-cost cross-overthat may occutate in a
moderately discounted0.05 $/yr) future.
Furthermore, the economically preferred
option depends sensitively dne description
of uranium resource “reality’e(g, CR, KR,

or TR).
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Figure 8. Time evolution of total and
component  proliferation risk indices,

PRI(ktonne yr).

Figure 8 gives théme evolution of total and
component  proliferation risk indices,

PRJ(ktonne yr), for the fl{/IOX = 0.3

MOX/LWR case that discounts risk at a rate r
= 0.05 1/yr using a pairwise weighting
procedure desribed Ref. 2. Acomparison
of the total PRI for the OT/LWR case, as well
as for aMOX/EMOX/NFF scenario reported
in Sec. lll.B.4., is given. As for the
OT/LWR case,plutonium in SF (recyclable
to LWRS) presentshe greaterPRI for the

weights use@. The transition from the
OT/LWR scenario to the MOX/LWRptions
reduces theotal PRI by afactor of ~1.7,
although this model cannot translate these
changes to risk reductionassociated with
actual consequences.

B. Base-Case Parametric Variations

The impacts of parametric variations away

from the f,‘:,,ox = 0.3 MOX/LWR basecase

are reported in this section. These impacts are
displayed in terms of the three kegsponses
described above: plutonium inventories;
costs; and PRIs. As noted above,
perturbations that cause inventories of LWR-
recyclable plutonium, kg, to be depleted
trigger asystems responstnat retards the
programmed increase in the core fractigf, f

= MOX, EMOX, NFF), to force an



equilibrium between SF-plutoniunsupply
and demandThese triggeringsre reflected
in subsequent inventory and cost trajectories.

1. Driver-FuelFissionFraction
The plutonium balances arbased on a
simplified neutronics modéhat specifies the
EOL concentrations of plutonium bredto
either theUOX or MOX/EMOX/NFF core
regions, asvell as the fraction o&ll energy
(fissions) generated by the original driver fuel

(23U in UOX andBOL driver plutonium in
the MOX/EMOX/NFF). These parameters
are held constant for all regions aaitllevels
of recycle. The driver-fuel fission fraction for
all computations is fixed &t — fp, = 0.6;

40% of the energy released and included in
the burnup parameter, BU = 40
MWtd/kgHM, occurs in fissilematerial not
originally loaded into the fuelassembly.
Decreasing the fraction of thRirnupderived
from fissionsother than those ithe driver
fuels increases demand tre SF-plutonium
inventories to an exterhat f,ox for fp, =

0.3 must be decreasédhis decrease ingk

is also accompanied by aorresponding
decrease in the growing inventories of LWR-

unrecyclable plutonium, kgg reactor
inventories, kga, and, hence, total
plutonium inventorie3. Generally, these

trendsare driven by the decrease in EOL
driver fuel concentrations ag,fis decreased

for a specified value oBU; lessplutonium
on averageesides inthe reactor andess is
delivered to either SF oSFF plutonium
inventories.

2. Numberof MOX Recycles

The fI{/IOX = 0.3 MOX/LWR base case
assumes Nyc = 4 recycles on average are

required to render recycledMOX too
inefficient for use in athermal-spectrum
reactor. Reducing Nyc expectedlylowers

the totalexposure above which plutonium is
considered unusable hyVRs, increases the
growth ofthe Iggg inventories, and hastens

the onset of §g inventory reduction and the
need to pull back on thg,bx trajectory to
assure SFplutonium inventoriesThe total

plutonium inventory, however,
moderately impactédor Ncye > 2.

is only

3. AsymptoticMOX Fraction
The demandor LWR-recyclableplutonium,
|sk increases as the asymptotic value of the

MOX core volume fraction, fl]:/IOX’ is
increased. As thigjoal value of {ox is
increased, howevethe Igg inventories are

depleted, and at some poirthe driving
function for fyox must be overridded to

maintain a balance between thapply and
demand of LWR-usableplutonium. This
behavior is elaborated iRef. 2, along with
the impact on the average age of spent fuel in
this system anthe PRI. Forthe neutronics
parametersised, asymptoticMOX fractions

(again, forApox = 0.1 1/yr) of 0.35 and 0.4
cause the depletion of the inventogryland
the resulting pull back on thg,bx trajectory
at 56 and 42 years into the MOX trajectory.

4. Transitiongo Non-FertileFuels

The UOX - MOX - EMOX - NFF
scenario depicted ifrig. 2 is examined in
terms of the three assessmeriteria adopted
for this study:plutonium inventories; costs;
and proliferation-risk indices. The removal of
uranium fromMOX and replacementwith
zirconium was assumed tancrease the
reactor inventories of (driver) plutonium
while decreasing the rate of plutonium
production in the regions of reduced fertility.
For agiven exogenously drivegrowth rate

in fj(j = MOX,EMOX,NFF), the demand on
LWR-recyclableplutonium, kg, is expected
to limit overall implementation aothis plan to
the aforementionedF-plutonium demand-
supply constraint. This behavior depicted
on Fig. 9, which comparesthe plutonium
inventory transients fothe OT/LWR (Sec.
l.A.1.), MOX/LWR base case (Sec.
[1.LA.2.), and theUOX - MOX - EMOX

- NFF scenarioThe comparison otosts
given onFig. 10 indicates that: a) on an

(instantaneous) unit-cobasis,the UOX -

MOX - EMOX - NFF scenarioinitially
tracks the MOX/LWR (higher COEs than the




OT/LWRS), but atlater timesthis scenario
tracks theresource-driven higher COHbat

characterize OT/LWRs in the oyears. On a
present-valudasis, which iglictated largely
by early histories and not biype moderately

discounted futurethe UOX - MOX -

EMOX - NFF scenario largelyollows that

of the MOX/LWR base caseThe former
scenario destroys somewhatore (~28%)
plutonium than theMOX/LWR base case;

however, roughly the same Ry differential

(again, relative to the OT/LWRcase) is
incurred, sothat the unitcost of plutonium
destruction forthe NFF scenario is5,860

$/kgPu, compared to7,980 $/kgPu for the
MOX/LWR base case.
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Figure 9. Time dependence of key plutonium
inventories for three fuel-cycle variations
depicted onFig. 2: a)OT/LWR (designated

here as UOX); b)f{,ox= 0.3 MOX/LWR

(base case); and ¢) UOX/MOX/EMOX/NFF
scenario.

Lastly, the impacts on the total PRI of the the
main scenarios considered in this study are
shown on Fig. 11Relative to theOT/LWR
scenario(Fig. 11, Case A), boththe MOX

and the NFF scenarios reduce this parameter,

but the relationship betweerPRI and
connections betweemctual risk and real

consequences remains to be made. Generally,

the NFF scenario hathe lowest PRI value,
but it is not much different thathat for the

fl]:/IOX = 0.3 MOX/LWR base case.
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IV. SUMMARY AND CONCLUSIONS

A simplified and highly aggregated global
modelhasbeenused toevaluate interactions
and trade offs between: a) plutonium
inventories in four formsd.g, reactor(REA),



LWR-usable spentuel(SF), LWR-unusable

spent fuel (SFF), and separated (SPU = REP

+ FF)]; b)fuel cycle and total energy costs;
and b) acrude, inventory-and form-based,
discounted measure of proliferatiosk. The

primary goal of these “top-level” trade studies

is to stimulate more detailestudy of key

issues and relationships rather than to present
firm conclusions and recommendations. The

sensitivity of key metrics toassumed

neutronics performancsuggests a stronger
neutronics

coupling with basic core
computations is needed in futurtudies.
Also, an improved PRI metric that better

assesses risend consequences is needed.

Nevertheless, keinterim findings from this
study are recapitulated as the following:

* The impact oncost of uranium resource

depletion for the once-through LWR
scenario will befelt for the Known

Resources (KR) scenafiowithin ~50

years forthe medium-growth scenario

used throughout thigvestigation (340

- 1000 GWe in 100 yrs)adaptation of
the CR resource scenario in
circumstances will haveserious cost
impacts on nucleaenergy, even when

233  concentrations  in
tailings are optimized

* A comparison of thdotal annual charge

associated withthe fuel cyclefor the
OT/LWR and MOX/LWR cases

illustrates the increasing importance of

reprocessing cost for the 30%
MOX/LWR base case, witthe reduction
in annual

eventually causingptal annual fuel-cycle

charges fothe OT/LWRcase to increase

above thatfor MOX/LWR at ~70 years

into the computation for this KR uranium

resource scenario.

* Depending on the uranium resource/cost
costs for the

assumption, energy
MOX/LWR base casefall below the
OT/LWR case at later times to gil@ver

unit energycosts forthe MOX options.

Specifically, the CR resource casteows
the MOX/LWR having lower unitcosts
~35 years intdhe computation, with this

these

enrichment

charges associated with
uranium resource for the MOX/LWR case

cross-over point being pushed out to ~62
years forthe KR resource category, and

2 100 years forthe TR resource
category.

When differences in the present values of
total fuel cyclecostsbetween the OT and
MOX options out to the 100-year
computationaltime frame (0.05 1/yr
discount rate)are considered, however,
the MOX shows a 122 B$benefit
(11,193 $/kgPu destroyed) fahe CR
resource category, 87 B$enalty (7,980
$/kgPu destroyed) fothe KR resource
category, and 96 B$penalty (8,810
$/kgPu destroyed) fothe TR resource
category.

Generally, the economic merits or
demerits of MOX versus OT options,
when expressed on a present-value basis
for a given discount rate, depends
strongly on costs incurredarly in the
evaluation period, irrespective of unit-
cost cross-overthat may occutate in a
moderately discounted  future.
Furthermore the economically preferred
option depends sensitively on the
description of uranium resourtesality”;
this dependenckasbeen approximately,
but quantitatively, shown.

As for the OT/LWR case, plutonium in
SF (LWR-recyclable) presents the greater
PRI for the 30% MOX/LWR and for the

weights used? The transitionfrom the
OT/LWR scenario to theMOX/LWR
option reduces the total PRI by a factor of
~1.7, although this model cannot translate
these changes torisk reductions
associated with actual consequences.

For the simplified neutronics parameters
used, the 30% MOX/LWR base case is
close to an “edgetvhere slight increases

in lggdemand €.g.,by increasinq,{,lox,
decreasing WNyc, or implementing
MOX/ EMOX/NFF scenarios for the
neutronics assumptionsade) will push
|sginventories to zerahereby causing a
decrease inf = MOX, EMOX, NFF) to
balancd SF-plutonium demand with
supply.



For the 30% MOX/LWR base case,
decreasing the fraction of thburnup
derived fromfissionsother than those in
the driverfuels increases demand on the
SF-plutonium (LWR-usable) inventories
to an extent thagfox for fp,, = 0.3 must

be decreased. This decreasedp ik also

accompanied by a corresponding decrease

in the growing inventories of LWR-
unrecyclable  plutonium, reactor
inventories, and, hencéotal plutonium
inventories. Generally, these trends are
driven by the decrease EOL driver fuel
concentrations aspf, is decreasedor a
specified value of  burnup,
BU(MWtd/kgHM); less plutonium on
averageaesides inthe reactor andess is
delivered to either SF dBFF plutonium
inventories.

Lowering the total exposure above which
plutonium is considered unusable by
LWRs, Ncyc, increases thgrowth of

the LWR-unusable inventoriegds and

hastens the onset of LWR-usable
inventory (kp reduction and the need to

pull back on thepfiox trajectory to assure

SF plutonium inventories; thetotal
plutonium inventory, however, isonly
moderately impacted for@®N,c > 2.

The removal of uraniunfrom MOX and
replacement by zirconium, for the
neutronics assumptions made, both
increases the reactor inventories of
(driver) plutonium while decreasing the
rate of plutonium production in the
regions of reduced fertility. On an
(instantaneous) unit-cobasis,the UOX

- MOX - EMOX - NFF scenario
initially tracks the MOX/LWR (higher
COEs than theDT/LWRs), but atlater
times this scenario trackhe resource-
driven higher COEsthat characterizes
OT/LWRs in the outears. On gresent-

value basis, the UOX - MOX -

EMOX - NFF scenario largelyfollows
that of the MOX/LWRbase case. The
former scenario destroys somewhatre
(~28%) plutonium tharthe MOX/LWR
base case, however, at rouglitg same
PVEgc differential (again, relative to the
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OT/LWR case), sahat the unitcost of
plutonium destruction for the NFF
scenario is5,860 $/kgPu,compared to
7,980 $/kgPu forthe 30% MOX/LWR

base case.

Relative to the OT/LWRscenario, both
the MOX and theNFF scenarios reduce
the PRI parameterput the connection
between PRI and actual risk and real

consequences remains to bmmade.

Generally, the NFF scenario has the
lowest PRI valuebut it is not much

different than that for the 30%
MOX/LWR base case.
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NOMENCLATURE

B plutonium  “burner”
(FSB)

BOL beginning of life

BU(MWtd/kgHM)  burnup

COE(mill/kWeh)
CR

cost of electricity
conventional resource

category

DB,DP “burner”, “producer”
demand

digg(kgPu) spent-fuel  creation
distribution

EOL end of life

EMOX evolutionary MOX
(MOX + NFF)

FF fuel fabrication

FPD full-power day

FSB fast spectrum burner

f, core fraction oftl fuel
form

flt/IOX asymptoticMOX core
fraction

fpu fissions other than in
driver fuel

HM heavy metal (U,Pu)

lj(kg) plutonium inventory in
ith form

IMM(Mtonne) cumulative  uranium
ore mined

KR known (uranium)
resource categoby

MM mining and milling

MOX mixed (Pu,U) oxide
fuel

Ncyc number of LWR
recycles

NFF nonfertile fuel

oT once-through LWR
fuel cycle

P plutonium “producer”

(LWR)

11

Pe(MWe)

Pg p(MWe)
Pe,p(MWe/ y1)
PD(MWt/m3)
PRI;(ktonne yr)

PVe(BS$)
pe""
Ri(kgPulyr)
REA

RP

r(1/yr)
rg(kgPulyr/MWe)

re(kgPul/yr/MWe)
SF

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

TR

UOX
%]
ACOE(mill/kweh)

net-electric  capacity,
Pg + P
“burner”, “producer”
capacity

introduction rate

average core power
density
proliferation risk index

of jthform
present-value

cycle charge
plant availability

fuel-

mass flowrate in th

stream

reactor plutonium
inventory

plutonium in

reprocessing
discount rate
normalized burnup

rate

normalized production
rate

recyclable plutonium
in spent fuel
unrecyclable
plutonium in
fuel

specific inventory
specific power
separated plutonium
total (uranium)

resource categdfy
uranium oxide fuel

spent

concentration
incrementalCOE for
fuel cycle
thermal-conversion
efficiency

rate of MOX

implementation
time constant for
process

average age obpent
fuel
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