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Impact of ADTT Concepts on the Management of Global
Plutonium Inventories

J. Wilcy Davidson
Roherst A. Krakowski
Edward D. Arthur
Los Alamos National Loboratory
Los Alamas, New Mexico 87545 UJSA

Abstract. The impact of a numher of cument and futwe nuclear sysiems an global plutonium
inventanics is assessed widier realistic forecasts of nuclear power growth.  Advanced systems, such
as those employing Acoslerator Driven Trismutation Teclhnologies (ADTTY sl liquid mowsl
rcactons, show slguilicant promise for mecliog fuure plaiooiom managemett needs.  ‘These
analyses also indicate requincineis for a bigher tevet of detail ie: the nuclear fuel cycle modet and
for development of a metric 10 more quantittively assess e proliferation risk of plutonium
arising from the civilian (uel cycle.

INTRODUCTION

Recent studies|1.2] by prestigions pancls of the National Academy of Scieiwves and the
Amcrican Nuclear Socicty have identilicd global siocks of pluonium residing in spemt fuel
stores as being a significant profifeanion and waste management issuc.  The proliferation
concern can he characierized in tems of shont-iem timescales (several decades involving
issucs such as material diversion, Tatem capability for creation of large amounts of nuckear
weapons, ete.) or on longer timescales (centuries, millennia) where the need o safeguand
materials existing in “plutonium mines™ may exist. Waske management issues refale to the
very lang half life (24,000 years) of the major plutoniam isotope (m Pu) and its decay into
the fissilc *U, both of which lead to long-term criticality concerns,  Finally, underlying
both of these potential issucs are ditfering global perspectives conceming the value of
plutonium containcd in spent fuel in terms of its energy content versus costs necded 1o
effectively use it.

This background enumcraws many ot the rcasons that have promped studies and
analyses within the Nuclcar Vision Project{3) at Los Alamos National Laboratory aitned at
cxamination of the futurc dynamics of plutonium inventorics and the impact of wehnological
options on their management. This paper presents results from maodels of the nuckear fuel
cycle which have heen used o examine the impact of accckenrutor driven transmutation
technolagy (ADTT) systems on plutonium inventories. Tt also campares ADTT results with
the performance of other nuclear systems on such inventorics.  The analysis alsa inclndes
use of madcls to estimate e miclear pawer growth on a region-resolved basis in order w
pbin indications of Tuture plutoninm growth within amjor world geographic regions as
well as globally,

This paper pravides a brict desenptnon ol the madels used (with cmphasis on the
repuesemation ol the nnclewr fuet cycle) as well as parameters ased o pravide a top-level
description of respective nuclear systems investignted ficre. Results (rom the analysis e
presented, and the performance of ADTT systems is compared with aillier siratepics for
plutonium inventory management and iedaction,  Finally, dicenons tor fute reseanch
activities and needs ane suggested.

MODELS AND ASSUMPTHIONS

An underlying axsumption of e present analysis is an etfon to provide a enedible
assessment of the futnee magnitude ol nuclear pawer plohally, from which plutonium
inventorics in spent Tucl uwe then detesmined. This assamption extends cadies analyses 4]

rformicd at Los Alutmaos where glohal nuclear power was assimed 10 wmmn at the cumvat
vel (appraximmely 328 GW, ) aver the aest lnmdred years.  Resalts from those cadier



analyses indicatc mid-cenury global plutonium inventorics of 3.000 to 5,000 tonnes
discharged in spent fuel, depending on fuel burnup kevels assumed (33,000 MWdAonne 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 framewark developed by
Pacific Northwest Laboratory(PNL)[5] was used. This model uses an E' (encegy,
cconomics, environmient) approach that competes in a world market fossil, solar (and other
rencwablex), and nuclear primary energy sources while racking key environmental concems
associated with each, Through this model framework and simpler more analytical
approaches{6]. this analysis relates global encepy demands based upon refutionships
between population growth. global and regional cconomic gouls (gross national product
(GNP) per capita), and energy utilization (annual encrgy demand per GNP). The ctfont also
has wmvolved improvi:&lmul expanding the simple structure for describing the nuclear fuel
cycle in the PNL m with a more robust, aggrepaied nuclear fuel cycle madel that
incorporates both cconamics and nuclear material flaws. The final component of this ction
is the development of a multi-regional global nuclear materials flow model that is embedded
in a realistic portrayal of energy tutures cstimated o the year 2 1(X) under wssumptions of
cast competitiveness and market equilibrinm.

The second madel used in this analysis is a more detailed representation ot the tucl
cycle associated with a varicty of nuclear systems under investigation.  ‘This model
incarporates the various plitonium-related components and operations of the nuclear tucl
cycle (fission power systems, spent-fusl cooling, reprocessing, tabrication, storage, and
disposal) as well as  the uranium 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 avalable tar dedication
to fuel cycle and prodduction altermatives are accounted for scparately trom that utilized in
tission power systems.  Nuclear power systems ane parametnically modeled as power
systcms: vawd power, availability, cfficicncics, plant life, ete. All fuel cych: operatioas an:
parimcetically modeled as malenial processing systeins: inventonies, (acess sepantions,
isatopic shifts, conling times, ete. The nuclear mmerial inventories are chanwieazsd by
mass, form, ckement or clement granp (platanivm,  aranimn, minr acumdes, issian
products), and isatopics.

Total nieclear system deployment is picseribed both by a4 niclear power scenanio
(growth, constant level, decline) and replacementdecommissioning of retining systems,
Individaal system deployinent is detined by sysiem iixes, initistion dates, and phase out
times,  Deployment s alsa constrained by wesonree (e.g.. plutoninm) availamlity and
retireinent sehedules. For nuclear scenacios that contain net consunwers of plutoniom (MRS
ar ADTT systems), the model will detenmine an asymiptotic bumer deployment sirategy
which will mninimize the amonnt of "availante™ plutonium,

Matcrial-Availablo
Operations

Figure L Platodunerelnted (uel cycle wnadel campanents nsed e nnnlysis,



ulonium inventoncs:

In this m the following nuclear system scenarios were modeled 1o assess their
¢

impact on gl

N

2)

4)

Scenario 1 - Low-cariched urznium (LEU) fucled light wawcr reactors (LWRs) plus
mixed uranium/plutonium oxide (MOX) fucled LWRs deployed beginning in the
ycar 2000. MOX-fucled L WRs are built in a 1-10-7 ratio with LEU-fueled LWRs.
This implementation ratio mirvors the irernational MOX recycle strawgy of today
and projects it forward in time. This scenania is the *refercnce™ global plutanivm
mnnaf:tmm case. The MOX-fucled LWRs are modeled as plutonium single-
recycle systems with onc-third core loadings of 5% plutonium-bearing MOX.
Scenario 2 - LXU-fucled LWRSs plus an aggressive introduction of the MOX-
fucled LWRs beginning in the year 2000, All LEU-fucked LWRs that are replaced
or naw nuclear systems that must come on line (0 meet overall nuclear power
capacitics are the MOX-fucled systems deseribed above,

Scenario 3 - L1U-tucled LWRs plus a more madest intraduction (0% af new and
rcplaced) of the MOX-fucled LWRs beginning in the year 2000; the MOX-fucled
LWR deployment ceases after 30 years with subscquent phascout,  Additionally,
liquid mectal reactors (LMR9) are deployed heginning in 2020 with  cqual
deployment of LEU, MOX, and LMR systems. gi‘hu L.MRs ar¢ assumed o he
burner systems (conversion ritio of (0.6) with imegral Cuel processing. Since these
systems are et consnmers af platoninm, their eventual deploymaent is constrained
by the plutonium availahility dictaied by LEU fucled LWR  discharge and
deconmnissioned systcins.

Scenario 4 - ldentical 0 Scenario 3, but nepower-pradducing acecleraor driven
systems are deployed starting in 2020 insicad of the 1LMRs,

All of the above cases were eximnined nnder a0 seenanio of an anmal twa pereent
growth rate i nuclear power globally over the timeline of the analysis. ‘This assouption lics
between the range of 1-1 percent per year growth| 7| obtained lrom the global ' mudel
described above, (One percent is estimated as the baseline scenario for growth: thiee percetit
cauld result trom clforts (carbon tax implementation) o curtail preenhouse gas emissions
from buming 0. . assil (uels). This mnge of nuclear energy growth also agrees with results
from other recet:¢ analyses{&] bt ditfers trom mckear cnergy growth projocted for the
United States by the Department of Energy, The parameters nsed to describe the nuclear
systems that comprise the four sccnarios deseribed abive as well as otlwer tuel cycle
inventory assumptions ace provided in Table 1,

Table 1. Nuclear system parameters used in the present analysis

Fission Power System Paraomotars

LCu. KOx. LMR ADTY

Fueled Fueled Uit v Dwrnee

LWR LWH Sy stene Sy stem
Rated power (MWe) %000 Wao 9u00 000.0
Averags avallalitiity (%) 70.0 700 700 00
Thermal swewverdion siticieney (%) 328 s 4 Mo
Fuel burnugp (GWdAMTHM) Goo 06 . .
Fuel speollic power (MW IHM) are (1KY 149 @0
Gpanl luel aovking lime (y) 10 1.0 10 10

* Dased 4o 165 reciiauioling paiver lradtion

Plulanium Invenlury Pacatnalers

HOL v Inventory (MT/GWe) 0. .95 ¢ 1.9¢
HOL Py ivwenlory (MTAOWe) (&1} 213 1w 284
Annus Pu Chaige (MTiy) 0. LK) N 0.%

Armunl Pu Disnharge (MT4) w2 0 44 0, o




RESULTS

Figures 2-5 illustate global plutonium inventory dynamics projecied for the four
scenarios described above. Each figure includes curves represeating other inventary-related
daw. Lahls in each figure indicate the total plutonium inventory existing in the uFIohal
nuclear fucl cycle as a result of implemenaation of a given lcchnolog{ sccnario (total), the
pontion of the plutonium inventory resident in nuclear systems (i ). that part of the total
plutcnium inventary assumed in cooling after discharged from LWRs or ather nuclcar
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 Scenardos 3 and 4, which include net plutonium cansuming systems, the later
curve is driven to values close to zero as a result of the bumer deployment assumptions of
the madel that were described ahove.

Under the prowth scenario for nuclear power assumed in this sindy, the
implementation of L EWMOX LWR systems following strategies currently nsed could not
keep pace with predicted plivoninm inventory growth.  Figure 2 indicates nat only the lack
of significant impact but also shows that "availahle™ plutonivm  continies 0 grow,  This
results from the inability of the MOX-tucled LWR plutonium utilization @ consume the
discharged plutonium produced from the growing numbers of LEU-fuckd L.WRs, This
inventory is locked up in spent fuel, which means that some shart-term inpediments o
proliferation are present.. Hawever, the long=term groliferation hazards and waste disposal
concems associated with larpe plutoninm inventorsies are not adesgnately adkdressed using this
strategy.
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Flgure 2. loventory results, LiZtl-fucled and MOX-fucled LWER system
misture ln the ratlo of 7:1 (Scenurio 1),

A move aggressive implementation al MOX-tueled regetor cores can have a significant
tmpact an plutchinm invetories, as is nstrated in Figure 3. The level wast be at, ar near,
complele MOX-fucked system replacement fine cach retiving 1.EU-fucked LWR or one that
mnust be built w0 naintan the projected nuclear pawer growth curve.  In this instance, o
fortuitous balwncing acc's bedween plitoninm produiced us i 1esult of pew recior operation
and that burned in newly comuissioned MOX huming LWR units. Using this shategy, the
totad platoninm invemtory is reduced hy mid centiny (0 a value less than one half of da
resulting from Seenana 1 and one thad the vabie of tat resalting Trom na action w neycke
plutoniwm. Apjlrruximuwly one hult af the toal plutamtum invenury is contained within
resctar canes  The overal! “avallabde™ inventary in this scenacio réimains approxinuely
constunt ot n worldwide level of 1O a 1500 wnies, e extstence and magniude of e
“uvailahle” plinanium investary  uppesting in ligares 2 and 3 mdicane that seenatios



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
strategics aimed at aggressive minimization of this avaﬂahmmmmm parameter. Figure 4
illustrates plutonium inventory impact sesulting when Rs are deployed as described
above. This strategy effectively minimizes to near zero the worldwide inventory of available
plutonium. The impact on the overall plutoniunt inventosy is ahout the same as that for the
aggressive MOX-tueled LWR implementation scherae discussed proviously,  In this
scenano, mast of the plutonium inventory is ticd up in opcrating neactor cores as a result of
the large inventory per LMR (13 tonnes/GW,) needed for operatian.  (Of all plutonium
forms, inventory tied up in nuclear system cores is the most secure against thefvdiversion.)
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Figure 3. Inventory resulis from aggressive implementation of MOX-fueled
LWR systems (Scenario 2)
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An additional consideration is the rclative mix of LWRs and plutonium in
systems that must be implemented 0 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 number of MOX-fueled systems overakes LEU fueled-LWRs existing
globally by the ycar 2030, so that afier that point, the eatire global fucl cycle is based on
MOX-fucled systems.
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Figure 7. Number of nuclear systein types for the aggressive MOX-fueled
LWR implementation (Scenario 2).

Based on the preliminary estimates made fromn the giabal E* model{7] used in part of
this analysis as well as other forecasts, the growth in huckear power by (e middle of the
2ist Century coutd occur in nations and regions signlficandy different than thase nations
that developed nuclear power during its liest forty e fifly yewrs, Also, e installed cupuci.l‘g
in hose nations is predicted o be severad times higher than that existing in the US or OFC
nations, Under this aggressive MOX iinplemenution scenario, G full spectram of fuel
cydle facilities (enrichment, reprocessing, MOX fuel fabrication) would have o exist in
regions charicierized as “developing.” or aignificant transportition of nuckey aterial (spent
fuel, fabricated MOX tucl) would have 10 occur between ose regions and failitics focated
in presently established nuckeur cnergy states,

Figure 8 provides similur results for the scenanio whene un LWR/LMR wix is used (or
global plutoniun management and minimizaion. Not unexpectedly, de number of LMR
systems needed for plutonium management is bupe ana reaches a maximum nunber tat is
commensuraie with the number of LWRS needed in this scenario. These results reguire an
average build rate of approximately 20 1.MR units per year,  This build and impleinentation
raw is probably uncealistic: for an advanced wehnolugy unt! well atier 2050, This rue is,
however, consistent with assumptions made i die reeent EPRI study] 8] on e ¢vonoiie
poteatial of the breeder tut indicates build vates far LMRs al 10w 20 per yeae mound tw
mid-21st Cenury, increasing o rotes greater tian SO por yeur in the bater quanter al’ the
century, ‘This lwge predicwed growth in LMRs in this model, coupled with cstimutes) 7} of
regians where sipaificant nuclear grawth is expected, meins that this advanced teclmolapy
would probubly be deployed in significant amounts in develaping countries (where
populution grawth and encrpy demond wosld be largest),

Finully, Figure 9 indicutes the nutnbee of nuclear units fur die. seemina involving,
ADTT systcins.  After an aggresstve buildeup initative involving vates o 20 per year
(needed W work ol past plutonivm aecumuolations and W account for phase cat of MOX
unity), the haild rawe in e tager part af e 2t Century levels olF w g cate uromd 10 e
yeur,



. . Theresults for the ADTT casc are given in Figure 5. Application of this system also
minmizms (z2roes) inventorics 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 15 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 sysicm 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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Migure 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 cxamined here pravide an initial basis for examination af the hehaviar of
future global and regional plutonium inventaries as well as e impact of sekected
lu:huolos.'ics on reducing them. Thwe list o eehnologies examined in futire stindies couldd he
expanded to include reactors siuch as the high-temperatune gas conled reactor, new fuet
approuchies such as those involving evalutionary MOX ar non-festile tuels for LWRS|9].
further mixtures and combinations of those systems with the ones exaunited beee, and
advanced tuel eycle variants,

Howaver, a significant necd exists to bring these analyses o the newi level of detail in
the fuct system madeling and o expand such results © inclnde mone gquantianive incasures
of proliferatian risk mduction ¢r wasie impuct theyond the tatal gloted inventones examened



here). For example, the fuel cycle madel can and should be expanded 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 dewil aiso would
provide informaton conceming 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 inlformation, coupled with results coming Irom
the moditied PNL y model[ 7). could allow extension of work]1()] on the construction
of siting and regional fuel cvcke scenarias.  Such infonmation could also be coupled with
other cfforts underway. such as the analysis and definition of Inwmational Monitored
Retricvable Storage System (IMRSS)] 1] sites that could exist in several regions and which
would provide secure storage for spent tue) and material necded o (uct plutotimm buming
Systems.

e quantitative nnderstanding of how 10 measure plutoniam pradiferst ». risks and
wasle management impacts (in wims af tomm, quantily, and lunction) from such analysis is
a more fundamental challenge. For all systems examined here, the amonnt of plutonium
existing globally can still be viewed as signiticam from proliferation, diversion, and wasie
disposal perspectives. Taking one view (possibly viewed as exireme but utilizd in recently
published analyses{12]) pertaining to proliteration and diversion, the amount of plinonium
existing in the cycle is enough ta make thousands of nuclear weapons if a nation or sub-
national group thooght the civilian fuel cycle aftercd ihe most amac, ve e 0 swch ends.
Howcever, most, if nat all, of plutoniam residaals are tied up inside inaccessible nuckear
systcm  cuvironients  (reactors,  accelermor-based  sysieins) or in facifines  (storape,
reprocessing, fabrication) that would be ander strong intninsic national or  imteéanational
saflcguards.

This discussian puints 10 the need for development of a inetric or metiics that coald be
used 10 provide a more absoluie basis for judging individual nuclear sysiemn and alternative
fuel cycle performances or for determining the relative pertormance of such systems in ienns
af their impact on prolifecation. diversion, and waste disposal.  Ingrediems of snch a
methodology could involve assessment of e clative risks  associated  with  vanious
campaonents and aperations af 1ibe nuclear fucl cycke dun wauld then be projecicd onta a
busis of requirements functions. This gencral appraach has been used in assessments of
health risks (see Reference 13) compiring once through wd  panitioning/tiasmiitation
cycles for nuclear waste inamagemnent and in tuel cycte proliteraton risk assessnwents (sec
Refavnce 14). In the work cutined by Silvennainen and Vieaj 144, a naober o oniteria
ware defined relating o resources Qime and inoney) and opportunities (cchnical case,
weapons material Quality) existing within the civilian nuclear Tuel cycle for mnclear manerials
divenian, Utility Tuncaons were deliocd that were conelated with various ioates acenning
within the fuel cycle w create weapons usable materials, These funciions were dinven hy
material amounts and, if applicd to this analysis, could lead w0 similir and inclosive resalts
because of the lurge inventory of mnatenials invalved in the global or regional pealdem,
However, this work does provide a stert towards defining a hegad raage of netrics that can
be extended w embody time-related funclions (e, g, e © soquire matetial for diversion),
the concept of “just-in-time™ nventuies (so that teed Gom or o tage midesinl wanipolaion
aperations do not creae situations where imveonies inadverently acempolate) snd tnatly
mcasures related 1o risks associated with oilier camponents of the tuel eyude involviag
teansportation among facilitics, residence in a nuclea system ¢ae, cooliog, cie

CONCILUSIONS

This work has comgaued ADTT ayvsicais with ciher siepies (or aanagement, ose,
and redictiom of global stocks of pluteadme in spent Giel, Saberitical ADTT <ystems, or
enitical sysiems embodying sioilin opecitional teatames, ave anectise fane sach asks, hath
fronn e perspectives of invemary redaction and scenzcion o system implementation,
However, iestilts Teem this analysia show  the peed to nvestigate any - plutolaain
mamagerentmininization systen in mee detd s o andesiad the tanctions,
aperations, and cmplexities needed Tor implemcmation in the mrdear 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
hopefuliy) quantitative mervics for understanding and evaluating their capability 10 moet
proliferation prevention and waste management objectives.

t0.

12.

13,
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