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Impact of ADTT Concepts on the Management of Global
Plutonium Inventories

J. Wilcy Davidson
Rohert A. Krakowski
Edward D. Arthur
Los Alamos National Loboratory
Los Alamas, New Mexico 873545 U/SA

Abstract. The impact of a numher of curment and futwe nuclear systems an global plutonium
inventanics is assessed widier realistic forecasts of nuclear power growth.  Advanced systems, such
as those employing Acoslerator Driven Trisanutation Teclhnologies (ADTTY sl liquid mowsl
rcactons, show signilicant promise for mecting future plutooium managemeil needs.  These
analyses also indicate requineineis for a bigber tevel of detail ie: the nuclear fuel cycle madel and
for development of a metric to more quantittively assess the proliferation risk of plutonium
arising from the civilian (uel cycle.

INTRODUCTION

Recent studies] 1.2] by prostigious pancls of the National Academy of Scienwees and the
Amcrican Nuclear Socicty have identilicd globat stocks of plutonium residing in spent fuel
stores as being a significant prolifernion and waste management issue.  The proliferation
concern can be characierized in temis of shon-eim timescales (several decades involving
issucs such as material divession, lawent capability for creation of large amounts of nuclkear
weapons, ete.) or on longer timescales (centuries, millennia) where the need o safeguard
materials existing in “plutonium mines” may exist. Waske management issues relaie to the
very long half life (24,000 years) of the major plutoniwm isotope (m Pu) and its decay into
the fissile P*U, both of which lzad 1o long-term criticality concems.  Finally, underlying
both of these potential issues are dittering global perspectives conceming the value of
plutonium containcd in spent fuel in terms of its encrgy content versus costs necded 10
effectively use it.

This background enumcraws many of the rcasons that have prompted swudies and
analyses within the Nuclear Vision Projeci{}) at Los Alamas National Luboratory aitned at
examination of the tuture dynamics of plutonium inventorics and the impact ot wehnological
options on their management.  This paper presents results from models of the nuckear fuel
cycle which have heen used to examine the impact of accelerator driven transmutation
technolagy (ADTT) systems on plutonium inventories. It also campares ADTT results with
the performance of ather nuclear systems on such inventorics. The analysis also includes
use of madels to estimate futie nuclear power growth on a region-resolved basis in order w
obtin indications of future plutonium growth within mujor world geographic regions as
well as globally.

This paper provides a briet deseapuon of the madels used (with craphasis on the
representaion of the nuclear fiwel cycle) as well as parameters used to provide u top-kevel
description of respective nuclear systems investigated heve, Results Grom the analysis e
presented, and (he perfonnance of AT systems is compared with ather strategics tor
plutonivm inveatory management and ieduction,  Finally, dicctons for future research
activitics and iweeds are suggested,

MODELS AND ASSUMPTIONS

An underlying axsumption of the present analysis is an eftont to provide a onedible
assessment of the tuture mugnitude ot nuclear power glohally, fram which plutonium
inventories in speat fuel we thea determined. ‘This assumption extends cadier analyses (4]

rformied at Loy Alutmos where gtobal nuclear power was assimcd to weiain at the cunvat
vel Capproximaiely 328 GW, ) over the nest hundred years,  Results from those eadier



analyses indicatc mid-cenwry global plutonium inventorics of 3,000 to 5,000 tonnes
discharged in spent fuel, depending on fuel burnup kevels assumed (33,000 MWditonne or
50,000 MWd/tonne), To obuin future levels of global nuclear power for the present
analysis, an approach built around a plobal energy modeling framework developed by

Pacific -Norlhwcst Laboratory(PNL)[5] was used. This model uses an E' (energy,
cconomics, environmient) approach that competes in a world market fossil, solar (and other
rencwables), and nuclear primary enerpy sources while racking key environmental concems
associated with each. Through this model framework and simpler moe analytical
approaches{6], this analysis relates global energy demands based upon relationships
between population growth. global and regional cconomic goals (gross national product
(GNP) per capita), and encrgy utilization (annual encrgy demand per GNP). The cffort also
has involved improvi:&lmul expanding the simple structure for describing the nuclear fuel
cycle in the PNL m with 2 more robust, aggrepawd nuclear fucl cycle madel that
incorporates both cconamics and nuclear material fows. The final component of this ction
is the development of a multi-regional global nuclear materials flow model that is embedded
in a realistic ortrayal of energy futures cstimated 10 the yecar 21X under assumptions of
cast competitiveness and market equilibrinm.

The second madel used in this analysis is a more detailed representation ot the fued
cycle associated with a varicty of nuclear sysiems under investigation.  ‘This model
incarporates the various plutonium-related components and operations of the nuclear fucl
cycle (fission power systems, spent-fugl cooling, reprocessing, tabrication, storage. and
disposal) as well as  the umanium components (mining, milling. conversion,  and
enrichment). “The mawnal inventary flows for the plutonivm-related components are
illustrated in Figure 1. Note that the operations whese plutonium is available 1or dedication
to fuel cycle and prodduction altermnatives are accounted for separately trom that utibized in
tission power systems.  Nuckear power systems ane parametnically mudeled as power
systems: valed power, availability, etficiencies, plant life, cte. Al fuel cych: aperations an:
parmetically modeled as malenial processing systems: inventonies, (acess separations,
isotopic shifts, cooling times, ete.  The nuclear materdal inventories are charactensasd by
mass, form, clememt or clement group (plutonium, uranium, minor acumdes, Hission
products), and isatopics.

Total oaclear system deployment is pieseribed both by a awclear power scenanio
(growth, constant level, declice) and replacementdecommissioning of wetining systems,
Individual system deployment is dofined by systeny mixes. initiation dates, and phase out
times.  Deploymeat 1s also constrained by nmesource (e.g., plutonium) availabality and
retircinent schedules. For nuclear scenacios that contain net consunwers of plutonium (MRS
or ADTT systems), the model will detenmine an asymiptotic bumer deployment stiategy
which will ininimize the amount of "avaifahle” plutonium,

Matcrial-Availablo
Operations

Figure 1, Platoniumeretnted fuel cycle madel components used foe annlysis,



ulonium inventoncs:

In this m the following nuclear sysiem scenarios were modeled 1o assess their
C

impact on gl

N

2)

4)

Scenario 1 - Low-enniched uranium (LEU) (ueled light water reactors (LWRs) plus
mixed uranium/plutonium oxide (MOX) fucled LWRs deployed beginning in the
year 2000. MOX-fucled 1LWRs are built in a 1-to-7 ratio with LEU-fueled LWRs.
This implementation ratio mimvors the irernational MOX recycle strawgy of today
and projects it forward in time. This scenanio is the *“refercnce’™ global plutanium
mnnai:mm case. The MOX-fucled LWRs arc modeled as plutonium single-
recycle systems with one-third core loadings of 5% plutonium-bearing MOX.
Scenario 2 - LEU-fucled LWRs plus an aggressive introduction of the MOX-
fucled LWRs beginning in the year 2000, Al LEU-fucled LWRs that are replaced
or naw nuclear systems that must come on line to mect overall nuclear power
capacitics are the MOX-fucled systems deseribed above,

Scenario 3 - LEU-lucked LWRs plus a more madest intraduction (50% of new and
replaced) of the MOX-fucled LWRs heginning in the year 2000; the MOX-fueled
LWR deployment ceases after 3 years with subscquent phascout,  Additionally,
liquid metal reactors (LMRsS) are deployed heginning in 2020 with  ¢qual
deployment of LEU, MOX, and LMR systems. ii‘hc. L.MRs arc assumed 0 he
hurner systems (Converssion ratio of (0.6) with integral fuel processing. Since these
systems dre net consumers of plutonium, their eveatual deployment is constrained
by the plutonivm availability dictated by LEU fieked LWR  discharge and
decommissioned systems,

Scenario 4 - fdentical e Seenacie 3, but act-power-producing aceclerator driven
systemis are deployed starting in 2020 insicad of the LLMRs,

All of the above cases were examined under a scemario of an annual two  pereent
growth aake in nuclear power globally over the timeline of the analysis, ‘This assomption lics
between the range of 1-3 percent per year growth| 7] abtained from the global ' model
described above, (One percent is estimated as the baseling scenario tor growth: thice percent
cauld result trom cfforts (carbon tax implementation) W curtail greenhouse pas emissions
from buming of . assil fucls). This range of nuckear energy growth also agiees with resulis
from other recat ¢ analysesfi] but ditters trom nuckear energy growth projocted for the
United States by the Depantment of Energy, The paramcters used to describe the nuclear
systems that comprise the four scenarios descrbed above as well as aottwer tuet cycle
inventory assumptions ace provided in Table L,

Table 1. Nuclear system parameters used in the present analysis

Fission Power System Paraomotars

LCuU- ®OX LMR ADTY
Fueled Fueled Uit v Dwrnee
LWR LWH Sy vlem System
Rated power (MWe) %000 W 0 Y 0.0
Averapm avallabiity (%) 700 700 700 roo
Thermal swaversion sificieney (%) 326 (72 du.0 Mo
Fuel buinup (GW-dAATHW) Goo 06 . '
Fuel epeciiic power (MWUMTHM) e 118 149 «H.6

Spenl luel aovking lime (y) e .0 10 10
* Based 4o 165 recihauleling poiwer frattien

Plutanium lnvenlury Pacatnalers

HOL 1N Inventory (MTAGWe) 0. (K1 <6 1.9¢
HOL Py invenilury (MTAAWe) kY 213 W@w 244
Annus Pu Chaige (MTiy) 0. 0.41 N 0.%

Armusl Pu Nenharge (M) 024 0 44 0, o




RESULTS

Figures 2-5 illustraic global plutonium inventory d ics proj for the four
scenarios described above. Each figure includes cumsmymp!wnmﬁng mm:ﬁ?l;dvemw-mmed
daw. Lahels in each figure indicate the total plutonium inventory existing in the uFIohal
nuclear fucl cycle as a result of implemenition of a given lcchnolog{ scenario (total), the
portion of the plutanium inventory resident in nuclear systems (i ). that part of the total
plutcnium inventary assumed in cooling after discharged from LWRs or ather nuclear
systems (cooling). and the “available™ curve which is that matcrial available for dedication to
fucl cyclc and production alicmatives such as fucling additional plutonium-buming
systems, In Scenarios 3 and 4, which inctude net plutonium consuming systems, the laucr
curve is driven to values close 10 zero as a result of the bumer deployment assumptions of
the madel that were described ahove.

Under the pgrowth scenario for auclear power assumed in this study, the
implementation of LEL/MOX LWR systems following strategies currently used could not
keep pace with predicted plwonium inventory growth.  Figure 2 indicates not only the lack
of significant impact but also shows that "available™ plutonivm  continues 0 grow,  This
results from the inability of the MOX-tueled LWR plutonium wtilication w consume the
discharged plutonium produced from the growing numbers of LEU-fucked 1LLWRs, This
inventory is locked up in spent fuel, which means that some short-lerm impediments o
proliferation are preseat. However, the long-tenn proliferation hazards and waste disposal
concems associated with larpe plutonium inventories are not adeguately addressed using this
strategy.
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Figure 2, taventory results, LEU-fucled and MOX-fucled LWR system
mixture (n the ratio of 7:1 (Scenurio 1),

A mowe agygressive implomentation of MOX tucled reactor cores can have a signiticant
lmpact on plutciiun inventorices, as is iNustrated in Figare 3. The level mast be at, or near,
complete MOX-fucked system replwement tor each retining 15U-fucked LWR or one that
must be built to maintain the projeced nuclear power growth curve.  In this instance, o
fortuitous balincing accurs becween plutonium produced us 4 tesult of new reactor aperation
and dt burned in newly comumissioned MOX - huming LWIR units. Using this statepy, the
totad plutonivm inventory is seduecd by mid contury o a value less than one half of v
resulting from Scenana 1 and one third the vatie of that resulting trom 0o action w eyeke
plutonium, Apjlrmximuwly one half of the tot pletontum invemtory is contined within
resctor cones  The overal] “availabde™* foventory in this seenacio remains approxinuely
constunt ot i worldwide level of 100 10 1500 tanes, M existence and magninade of e
“availuble” pluonivm inventory  appearing in Fgores 2 and 3 indicare thar seenuios



involving usc of additional nuclear system technology would be needed to minimize, and
ultimately reduce effectively w zero, plutonium in this category. Scenarios 3 and 4 t
strategies aimed at aggressive minimization of this avaﬂahmmmmm parameter. Figure 4
illustrates plutonium inventory impact sesulting when Rs are deployed as described
above. This stratcgy effectively minimizes to near zero the worldwide inventory of available
plutonium. The impact on the overall plutoniuni inventosy is ahout the same as that for the
aggressive MOX-tueled LWR implementation scherae discussed proviously,  In this
scenanio, mast of the plutonium inventory is ticd up in operating neactor cores as a result of
the Jarge inventory per LMR (13 tonnes/GW,) needed for operation. (O all plutonium
forms, inventory tied up in nuclear system cores is the most secure against thefvdiversion.)
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Figurc 3. Inventory resulis from aggressive implementation of MOX-fueled
LWR systems (Scenarlo 2)
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An additional consideration is e rolative mix of LWRs and plutonium in
systems that must be implemented o achicve the results described carlier.  Figures 7—5
illustrate the number of systems necded for Scenarias 2 -4. 1n Figwe 7 (correspoading o
Scenario 2) the nvmber of MOX-fueled systems overakes LEU fueled-LWRs existing
globally by the ycar 2030, so that after that point, the catine global fuct cycle is based on
MOX-fucled systems.
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Figurc 7. Number of nuclcar system types for the aggressive MOX-fueled
LWR implementation (Scenario 2).

Based on the preliminary estimates made from the giobal E* model{ 7} used in pant of
this analysis as well as other forecasts, the growth in nuckear power by the middle of the
21st Century could occur in aaticns and regions significandy different than those nations
that developed nuclear power during its liest forty (o fifty yewss, Also, the installed cupuci%
in those nations is precicted to be severad times higher tan thatexisting in the US or OFC
nations, Under this aggressive MOX implemenuation scenario, G full spectram of fuel
cycle facilities (enrichment, reprocessing, MOX fuel fabrication) would have to exist in
regions characterized as “developing.” or aignificant transportition of nuckeiu material (spent
fuel, fabricated MOX fucl) would have (0 occur between (hose cegions and fuilitics focated
in presently estublished nuckeur encrgy states,

Figure 8 provides similur results for the seenanio where an LWR/LMR mix is used (or
global plutoniun management and minimization, Not unexpectedly, the number of LMR
systems needed for plutonium management is kupe ana reaches a maximunt number tat is
commensuraie with the number of LWRS needed in this scenario. These results require an
average build ratc of approximately 20 LMR uniw per year, This build and implementation
raw is probably uneealisticc for an advanced wehnology unul well alier 2050, This re is,
however, consistent with assumptions made i die ieeent EPRL study]l&] on twe ¢vonviic
potential of the breeder dut indicates build cates for LMRs of 10w 20 per yeae around dw
mid-215t Century, increasing o rotes greater than SO por yeur in the Bater qunter ol the
century, ‘This lwge predicwed growth in LMRs in this maodel, coupled with ostimutes) 7} of
regions where sipaiticant nuckear growth is expected, nweans that this advanced technolopy
would probably e deployed in significant amounts in developing counnies  (whene
populution growth and enerpy demand would be largest),

Finully, Figure 9 indicutes the nutubee of tuclear units (or tie. secranio involving
ADTT systetns,  Atwr an aggressive build-up inidative iovolving rates of 20 pec yeur
(needed W work ofl past plutonium gecomulations and 0 account foe phase oat of MOX
unity), the build rae tn e lawer part of die 21 Contury levels ol w g soued 1O per
yeur,



. . Theresults for the ADTT case are given in Figure 5. Application of this system also
munimizes (zeroes) inventories of available um and lowers the overall plutonium
inveatory by a factor of three to four by 2050 and by a factor of wa by 2100, The residual
level is comprised of the LWR discharpe amount assumed in cooling before being fed into
uccelerator systems and the amount in nuclear cores (including both accclerators and
LWRs). Figure 6 shows results on the averall plutonium inventories when the inventory
per accelerator sysiem is reduced by a factor of wen. The is minima), indicating that
most of the inventory is ticd up in the LWR systems that the ADTT systems arc supporting.
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Figure 5. Inventory results from LEU/ MOX LWRs and ADTT units.
(Scenario 4)
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Figure 8. Number of nuclear system types for the scenario of LEU/MOX
LWRs and LMRs (Scenario 3)
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Figure 9, Number of nuclcar system types for the scenario of LEU/MOX
LWRs and ADTTs (Scenario 4)

DISCUSSION

The scenarios examined here provide an initial basis lor examination of the hehavior of
future global and regional plutonium inventaries as well as e impact of sekected
lu:hnolos:ics on reducing them. T list of ehnologies examined in tutwe studies could he
expanded to include reactors such as twe high-temperatune gas cooled reactor, new fuel
approuchies such as those involving evolutionary MOX or non-festile tuets for LWRS|9},
further mixtures and combinations of those systems with the ones exiumined heee, and
advanced tuel cycle variants,

However, a significant nocd exists 10 heing these analyses to the nevi level of detail in
the fuel system mexdeling and to expiand such results © include mowe gquanitativie imcasures
of proliteration risk mduction or waste impuct theyond the wtal globat inventanes examened



“here). For example, the fuel cycle model can and should be cxpanded to include more detail
in major fuel fabrication and fuel reprocessing components (o indicawe time-dependent
inventories of materials occurring in these steps. 'l‘ﬁis ncxt level of detail aiso would
provide information concerning numbers (and potentially indications of locations) ¢l the
large facilities that must suppont these operations.  For example, at least 30 to 40 Lurge
reprocessing plants (1000 tonnes heavy metl throughput/year) and 300 large MOX fucl
fabrication plants (0 tonnes heavy metal/yr) would be required woridwide to implement
most of the scenarios examined here.  This intormation, coupled with results coming from
the moditied PNL y madcl[ 7], could allow extension of work[10)] on the construction
of siting and regional fuel cvcke scenarios. Such infonmation could also be coupled with
other cfforts underway. such as the analysis and definition of Inwemational Monitored
Retricvable Storage System (IMRSS)| 1] sites that could exist in several regions and which
would provide secure storage for spont tuc! and matenal necded to tuct plutoiuum buming
Systems.

The quantititive undesstanding of how 0 mcasure plutonium prolifecs ».; risks and
wasle management impacts (in wims of torm, quantity. and function) from such analysis is
a more fundamental challenge. For all systems examined here, the amount of plutoniom
existing globally can still be viewed as significant from proliferation, diversion, and wasie
disposal perspectives. Taking one view (possibly viewed as extreme but utilized in recently
published analyses|12]) petaining to proliferation and diversion, the amount of plutonium
existing in the cycle is enough to make thousands of nuclear weapons i a nation or sub-
national group thought the civilian fued cyele offered the most attrac, 've route o such cads.
However, most, if not all, of plutonium residuals are tied up inside inaccessible nuckear
system  environments  (reactors,  accelerator-based  sysiems) or in facilines  (storage,
reprocessing, fabrication) that would be under strong intninsic national oF intermational
safeguards.

This discussion puints 10 the need tor development of a metric or metrics that could be
used o provide a more absolute basis for judging individual nuclear sysiem and allernative
fuel cycle performances or for determining the telative perlormance of such systems in lenns
of their impact on proliferation, diversion, and waste disposal.  Ingredients of such a
methodology could involve assessment of the welative risks aswciated with  virious
components and operations of the auclear fucl cycke dat would then be projected onto a
busis of requirements functions. This peacral appraach has been used in assessments of
health risks (see Reference 13) comparing once through and  panitioning/tosmiitation
cycles for nuckear waste wanagement and in fuel cycle proliteration visk assessawents (see
Reference 14). In the work oudined by Silvennoinen and Viraf14], a sumber ol criteria
were defined relating o resources Qi and inoney) and oppontunitices Gechinical case,
weapons material quality) existing within Une civilian nuclear tuel cycle for nckear materials
divenion. Udility lunctions were defined that were conclated with vacious iouites accuning
within the fuel cycle w create weapons usable materials, These functions waere dnven by
material amounts and, if’ applicd to this analysis, could lead W similar and inclusive resalts
because of the large inventory of matestals involved in the global or regional problem,
However, this work does provide a sttt towards delining g broad range of nwtrics tha can
be extended o emtbody tme-related funcuons {e. g.. time o soquire matetial tor diversion),
the concept of “just-in-time™ inventories (so that feed from or w lage el oaoipolation
operations do 0ol creawe situations wheee inventories inadverently scenmutate) soud Gully
measures reluted to nisks assoctated with other components of the fuel eydde involving
teansportation smong facilities, residence in a nuclear system core, covling, eie

CONCILUSIONS

This work has compared ADTT systems with othed stratepies For anagement, use,
and geduction of global stocks of pluteminm in speont fel. Suberitical ADTT systems, or
critical sysicms embodying similar opecdiona featmes, i iicdse for suety Gasks, hath
from the perspectives of fuventory reduction amd seciirieon for system smpleacitation,
Howcever, esults from this anadysin show  the oesd o investipate any  plutolaui
manggementminimization system in e detail soas 0 anderstand e taactions,
aperations, and complexities needed Tor implemceataion in the nocdear fuel cycle The



results of this analysis (that show large residual levels of plutonium remaining in the world
even after such systems arc implemented) indicate the need for development of suitable, (and
hopefully) quantitative mervics for understanding and evaluating their capability 10 moet
prolifcration prevention and waste management objectives.
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