LA-UR-97-1716

Title: | Nuclear Energy and Materials
in the 21st Century

Author(s): | R. A. Krakowski, J. W. Davidson, C. G. Bathke,
E. D. Arthur, R. L. Wagner, Jr.

Submitted to:

http://lib-www.lanl.gov/la-pubs/00412579.pdf

. os Alamos

NATIONAL LABORATORY

Los Alamos National Laboratory, an affirmative action/equal opportunity employer, is operated by the University of California for the U.S. Department of
Energy under contract W-7405-ENG-36. By acceptance of this article, the publisher recognizes that the U.S. Government retains a nonexclusive, royalty-free
license to publish or reproduce the published form of this contribution, or to allow others to do so, for U.S. Government purposes. The Los Alamos National
Laboratory requests that the publisher identify this article as work performed under the auspices of the U.S. Department of Energy. Los Alamos National
Laboratory strongly supports academic freedom and a researcher’s right to publish; therefore, the Laboratory as an institution does not endorse the viewpoint
of a publication or guarantee its technical correctness.

Form No. 836 R5
ST 2629 10/91



LA-UR-97-1716

NUCLEAR ENERGY AND MATERIALS IN THE 21 ST CENTURY

R. A. KRAKOWSKI, J. W. DAVIDSON, C. G. BATHKE,
E. D. ARTHUR, R. L. WAGNER, JR.

Systems Engineering and Integration Group, Technology and Safety Assessment Division
Nuclear Materials and Stockpile Management Program
Los Alamos National Laboratory
Los Alamos, New Mexico 87545, USA

ABSTRACT

The Global Nuclear Vision Project at thes Alamos National Laboratory is examining a
range of long-term nuclear energy futures as well as exploringssassingptimal nuclear fuel-
cycle and material strategies. An established glebatgy, economicgnvironmental (8 model
hasbeen adopted and modified with a simplified, but comprehensive and multi-regiankdar
energy module. Consistenticlear energy scenariase constructed, where future demands for
nuclear power are projected in price competitiotihh other energysources under a widange of
long-term (~2100) demographic, econonpolicy, andtechnologicaldrivers. A spectrum of
futures isexamined atwo levels in a hierarchy of scenario attributes in which driaees either
external or internal to nucle@nergy. The results reportegxaminedepartures from a “basis
scenario” and are presented in folowing order of increasingpecificity: a) definition and
parametric variations of tHeasisscenario; b) comparison of tibasis scenario witlother recent
studies; c) parametric studies that vary upper-level hierarchical scenario attributes (external drivers);
and d) variations of the lower-level scenario attributes (intedrigers). Impacts of a range of
nuclear fuel-cycle scenarioare reflected back to the higher-level scenario attribukes
characterize particular nucleanergyscenarios. Special attention is given to the role of nuclear
materials inventories (imagnitude, location, and form) aigeir contribution to the long-term
sustainability of nucleaenergy,the future competitiveness dbth conventional and advanced
nuclear reactors, and proliferation risk.

1. INTRODUCTION

The goal ofthis study is taadvance understanding of regional and long-term impacts of
front-end (including reactor) and back-end nuclear fuel-cycle strategies on regionglobad
marketshares assumed Imyiclearenergy. The evolution of these markehares isdetermined
primarily by an interdependent array of econortiesource, R&D,capital, operating, and
environmentalcosts) andpolicy (R&D emphasesgenergy structuringproliferation concerns,
security constraintsetc) choices. These choices are influenced primarily by technological,
security, and economic drivers that describe and/or influence the country or region.

Studies ofthe future and associatddrces of changehat extend muchbeyond a
generationaltime horizon are subject increasingly to greatercertainty. Impacts of these
uncertainties are codified though the use of “scenario-building” techniques [1,2], where a spectrum
of possible futures iguantified by means of a series of well-defined, simplified, gekrally
surprise-free assumptiondVhile anarray of alternativéutures contributesttle to resolving an
uncertainfuture, scenario building often allowguantitativeassessment of possibéyentualities
while offering an improvement to the painting of a single and generally biased (either positively or
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pessimistically) picture of the futur]. Furthermore,while generally constructed without
specificsurprising events, scenariesnsitive tocritical economiadrivers may offer insightsinto
impacts of unincorporated surprises, if such events can be translated into economic terms.

The attributes of a particular scenario axpressed in terms oftaerarchicalstructure, at
the top of which are demographic variables ( population growth, age structure, woskteread
productivity, and inter-regionahigrations). Population growth arnbe striving for improved
living conditionsfor regional populations drivehe demandor energyservices, which irturn
define the demanébr secondary (liquidsgases, solidsand electricity) and primary(oil, gas,
solids, nuclear, solar, and hydro) energy. Most of the attributes ntithear energy scenarios in
this studyfall into the lower hierarchicalechelons, whichinclude in descendingrder policy,

market, and technology. A framework to examine key scenario impsessan &model[3] that
has been modified to include material-inventory, economic, and nuclear-proliferation characteristics
unique to nuclear energy [4].

This study addresses the following two generic questions for nuclear energy:

a) Growth: To what degree is the market share for nuclear energy determined by top-level
scenario attributes (populatigrowth, efficiency or energyntensity, environmental
factors) and top-level nuclear energy costs (uranium resource, plant capital, operating)?

b) FuelCycle: For agiven nuclear energgcenario, whaére nuclear materiahventory
(form, quantity, region) impacts and related economic, environmental, and proliferation
risks for arange of fuel-cycleoptions (once-through LWRlutonium recycle in
thermal-spectrum reactors, advanced fast-spectrum plutonium burners)?

Generally,the first questionrelates to “externatlrivers,” and thesecond question pertains to
“internal questions” associated with the future of nuclear energy.
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2. APPROACH

This study of a range of possible glolnaiclear energyutures conforms to a hierarchy of

scenario attributes that are evaluated with a modjfigdong-term B model[3] that examines 13
global regions. This section summarizes the hierarchy of scenario attributes used, the model, and a
“basis scenario” used as a point-of-departure for sensitivity studies.

2.1. Scenario Hierarchy

Scenariogan be classified dsoth “descriptive” and/or “normativeg5]. A “descriptive”
scenario evolveszia a rule-based model without significant geopolitical, policy/institutional,
economic/market, or technologypanges. Anormative” scenariallows for (ofteninteractive)

modifications of these respectiageas. Irthe context of the £modelingtool, a “business-as-
usual” scenario generally falls into the “descriptivddss, whereas scenaritst areperturbed
relative to it exhibit more “normative” characteristics. Recent studies by the World Energy Council
(WEC) [6] and by acooperative effort between the International Instifote Applied Systems
Analysis (IIASA) and the WE(5] are contemporary examples of scenario characterization of
long-term, global energy systems.

The two examples of scenario-based studiéed above areostensibly independent of
position on a given approach to providing primary energy. When used to examine possible futures
from the viewpoint of a particular energy source, a scenario selectidio@rging process occurs
in order to emphasize specific roles and niches for the energy source considered. In the case of the
IAEA Working Group #2 [7]examination of nuclear reactor and fuel-cystiategiesthree cases
were identified as: “High Variant”; “Medium Variant”; and “Low Variant.” This selecfiocess
is used primarily t@examine a range of nucleanergy scenarios and concerakted to uranium
resourcesfuel-cycle facilities, nuclear-material inventoriélecation, quantities, antbrm), and
spent-fuelwaste. The economics that led to the particular nucleaergy demand scenarios
remains relatively frozen in tressumptions ofhe originating[5] studies. The decouplinghat
results when armnvestigation enters the problem fdown into a hierarchy of interdependent
scenario attributessks loss of opportunity to understarelatedtradeoffs. Arecasting of the
procedure used tgenerate the scenario attributes embodied inRée [5, 6] studiesnto a
hierarchical formagives more visibility to thipotentialproblem, inaddition to providing both a
focus and anintercomparability to relatedstudies.  Fivehierarchical levelsfor scenario
rule/definition-making are defined and elaborated in Ref. [8].

2.2.  Global Economics/Energy/Environmental (B) Model
2.2.1. Overview

The ERB (Edmonds, Reilly, Barns) model [3] is based belavioral market equilibrium
that internally balances energy production and usage and is comprised m&ioparts: supply,
demand, energy balance, and greenhouseméssions. Supplgnd demand are determined for
six primary energy categories: oil (conventional and nonconventioga$){conventional and
nonconventional)solids (coal and biomass); resource-constrained renewables (hydroelectric and
geothermal); nuclegfission, with fusion being included as a form of solar energy); and solar
(excluding biomass; including solar electnwind, tidal, ocean thermalfusion, and advanced
renewable; solathermal is included as #orm of energy conservation).The energy-balance
module ensuresthat supply equalslemand in each globaégion, with electrical energy being
generated andsed only within agiven globalregion. Energy and economic (market-clearing)
balances are performed for 13 global regions at nine 15syes coveringhe periodirom 1975
to 2095. Energy balancecross regions is established by a set of rules [3] for choosing the
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respective prices and price scaliriigat arerequired for supply tequal demand in eadmergy-
service group for each fuel.

The demandor energy services irach globalregion is determined by: theost of
providing these servicedevel of income (~GNP); andregional population and top-level
demographics. Energy servica® fueled by an array dbur secondary fuels (liquidgases,
solids, and electricity). The mix of these secondary fuels used to provide a given energy service is
determined by a cost-based market-share algorithm [3], as is the demand for fuels used to produce
electricity and theshare ofoil and gas provided by transformation obal and biomass. The
tracking of primary energy to secondary enesgyrces to energy services transformation is
modeledusing alLeontief-typeformulation. The energy demand modudéso maintains a set of
energy flow accountsThe energysupply module estimates: a) tlseipplies forall regions and
fossil fuel formsthat provide thebasis for(iterating) world (fossil-fuel) prices; b) the cumulative
usage; ¢) and the cost of recovery (including environmentk) at one dive resourcegrades.

Energy suppliesare disaggregated intwvo categories: renewablgnydro, solar, biomass, and
nuclear breeder) and non-renewable (conventional and unconveuiipmealtural gas, coal, and
non-breeding nuclear). A given resourceagive and able to contribute to demarahly if the

primary energy price delivered to the energy supply module exceeds the production cost, and if the
resource has not been exhausted.

2.2.2. Nuclear Model

The nuclear model developed and operated “under” the ERB n@dglerforms three
primary functions:

a) It determines a “top-level’ cosestimate in terms of acost of electricity,
COE(mill/kweh), that is reformed into the Leontief coefficients used in ER&timate
market shares.

b) It tracks theflow of key nuclear materialshroughoutthe nuclear fuel cycle (natural
uranium, low-enriched uranium, plutonium, and spent fteluse innuclear materials
and proliferation-risk assessments.

c) It performs a multi-attribute utility analysis of proliferation risk [10—12] fromdikiian
fuel cycle.

The uraniunresource model originallysed in ERB3], for purposes othe presenstudy, has
been replaced with that of Ref. [13], as interpreted in Ref. [14].

The nuclear model is based only on the uranium/plutonium cyclgiliaed in each global
region at each time interval by an economically determined mix of light water reactors (LWR) and
breeder reactosystems. The LWRs in a given global region operate along exogenously
enforced trajectory of MOX-recycle cofeactions, as is described 8$ection3.2.3. The breeder
system, ifeconomics and technology diffusidime constraints allow, isintroduced with a
preassigned breeding ratio. tlre presenversion ofthe model, plutonium is assumed tihow
freely between global regions aseded, wherdeficits in LWR-usablematerial arising in some
regions are assumed to be corrected by flows from regions with excess (LWR-usable) plutonium.

Costing ofnuclear energy idased on a top-level, highly aggregated algorifaimthat
accounts foannual capitathargesannual plant operating amdaintenancecharges,and annual
chargegelated directly to the nuclear fugycle. The component of th€OE related to the plant
capital costs is expressed in terms of a fixed chaatgand a unitotal cost, UTC($/We)while
annual operating charges aepressed as feaction of the total capitatost of the power plant.
Differences inCOE between LWRs and breedease reflected primarily in differences in the
respective unit totatost values anthat part of theCOE related to théuel cycle[9]. For each
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global region and time interval, the COE-minimizing fraction of nuclear energy delivered by LWRs
(for a given MOX recycle fraction) is determined, and an LWR-breeder reactor composite price is
returned to the ERB demand module for evaluation of the respective market share for that particular
region and (iterated) market-clearing world fossil-fuel price.

The nuclear fuel cycle is described in terms of the following sequence of processes: mining
and milling of uranium; conversion of uranium oxidethie volatile fluoridejsotopic enrichment;
fuel fabrication; fissioning in reactospent fuel cooling and storage; reprocessing; and repository
storage directly as spent fuel or as separfigstbn products andhinor actinides. The simplified
species-resolved mass balances, based on input-output afebyssre used tomodel regional
and temporal material flows. Unit and operating costs are applied to each girihesssesfrom
which afuel-cycle costfor the entiresystem (LWRs plusbreeder reactors) is determined.
Plutoniumflows and accumulations are monitoriat each globakegion as a function of time,
with reactor plutonium, separated plutonium in reprocessing and fuel fabricatioac@mdulated
plutonium in spent fuel (differentiated into LWR-recyclable or non-recyclable forms) being the four
major categories tracked.

2.2.3. Basis Scenario

The primary function of thébasis scenario” is to provide a point-of-departure to which
shifts from upper-level or lower-level hierarchical variations can be referenceda3isscenario
reflects a “most probabliuture,” albeit uncertainties are greamhd “projections’per seare not
intended. Major forces behindotal primaryenergy demand are populatignowth, workforce
makeup and productivity as it drives GNP growth, and the efficiency with which primary energy is
converted to secondary energy and ultimately to the provision of esergges. These top-level

scenario attributes are inter-related invay that isnot captured by most long-term? Enodels.

While these top-level scenario attribut#songlyimpactenergy demandhat part of the demand
potentially served by nuclear energy is determined in competiittnalternativesources through
economic, environmental, and policy choiceadefurther downthe hierarchical chain described
above and elaborated in Ref. [8]. The adaptation of a generalized scenario attribute hierarchy to the
problem at hand is illustrated rable I, which serves as ‘@oadmap”for this study, in sofar as

the upper-level attributes are concerned.

The top-level scenario attributes that characterizéddses scenario ugbe datebase (with
some modification) from an application tife ERB model tounderstandinghe economics of
carbon-dioxide emission control [3,16-18]. The populatiatabase originallyjused in ERB was
shifted upward (by ~10%, depending on the region) to reflect recent U.N. projections [5, 6]. The
GNP projections begin with base-year (1975) values, and then scale subsequent years according to
population growths, workforce productivity increases, and energgervice prices. The
exogenouslydetermined productivity increases weéeét unalteredfrom the original ERBdata
base. Energy intensity is specified through improvements in efficietheieselateenergy service
demands to the amounts sécondary energy needed neet thesedemands. The ~1%l/year
decrease in the ratio of energy service to secondary energy is used in this stefityetthebasis
scenario. The relationship betweerost and fossil fuelgradewas used withoutnodification in
this study, but the uranium resource aassusgrade relationship given iRef. [13] replaceghat
originally used in ERB [3]. Taxes andriffs, asreported in the ERBnodel,remainunchanged.
The main taxation variatiowasthat applied at theonsumptiorievel to stem atmospherearbon
emissions; forthe basis scenariahe carbon tax izero. Referencg8] provides keynuclear
energy parameterssed to perforrmuclear materials balances and to determine mahaees for
the basis scenario and subsequent scenario variations.

To simplify datadisplays and tdacilitate comparisons with other studi¢s—7], the 13
regions have been aggregated itieeemacro-regions, as was done Ref. [5]: industrialized
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countries(US, CanadaQECD-Europe OECD-Pacific);reforming economies (easteEurope,
former Soviet Union); and developing countri@hina, southeast Asia, Indidatin America,
northern and southern Africa, Middle East). Comparisons of total primary energy and total nuclear
energy projections witRVEC results [5, 6)via the lAEA study [7]are reported irFigs. 1a and

1b. Aggregatedgrowth rates of GNP, primary energy,and energy intensity alsoompare
favorably [8].
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Figure 1a. Evolution ohggregated total primamsnergy forthe basisscenario; a comparison is
made with the Ref. [7] high (HV), medium (MV), and I¢lav) variants, asadopted
from the WEC/IIASA [5] study.
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with the Ref. [7] high (HV), medium (MV), and low (LV) variants.
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3. RESULTS

The results presented in this section are based on departures from the basis scenario and are
divided into two broad categories: exterdalers (variations in upper-level parts tbke scenario
attribute hierarchy that areonsidered “predetermined conditiongl]); and internal drivers
(variations in attributethat reside at thdower rungs ofthat hierarchyand are characterized as
“critical uncertainties” [1]). Departures from thasis scenariouclear energy demand are caused
by changes in these upper-level attributes. Sensitivities of demand to these upper-level attributes
arefirst reported. The “departure’scenarioghat result from variations in these exterrthivers
provide the basis for a range of nuclear energy demand vahanisarallelthose reported iRef.

[7]. The impacts of drivers that are internal to nuclear energy (scenario attthiaitaselower in

the scenario attribute hierarchy) on the choice of optimal nuclear fuel-cycle stratrdidke
relationship of these choices to the external drivers are examined for both the basis scenario and for
a range of departure scenarios.

3.1.  Upper-Level Hierarchial Variations: Impacts of External Drivers

The five externaldrivers (population,GNP, energy intensity,taxes, and nuclear
economics) are combineudth the top-level economic parameters [capsadl (uranium) resource
costs] todefine the main “externalrivers” that are varied to explorpossiblenuclear energy
demand scenariosAll upper-hierarchical variations are single-point perturbations abolatis
scenario, which is characterized by a once-through LWR fuel cycle.

3.1.1. Population

The basis scenario and mosttleé related departuscenarios followthe U.N. population
projections that predict nearly 12 billion persons on earth by the year 2100. Adj8ftrrgional
asymptotic population levels used to model regional population growth in the modified model gives
~+17% variations inworld populations in 210@elative to theJ.N. projections. These single-
point population variation wermadewithout adjustments to thiase (1975 GNP used in the
ERB model. Figure 2 shows results of population variations.

3.1.2. Workforce Productivity

The ERB modeladjusts a base region&NP in time for: population increase; an
aggregated pricéor energy services using region-depend®ite elasticities; and an increase in
workforce productivity, which is expressed as a region- ame-dependent rate of annual
productivity enhancement. Thenpact of region-independent increases and decreases in
productivity by ~+20% on GNP wagxamined. This productivity reflects evolving workforce
percentagg(of total population), age distribution, and skilllevels, all of which show strong
regional dependencies. The impacts of these GNP variations on nuclear energy destamarare
in Fig. 3. These impacts on energy demand, for the income elasticities used in the ERB model, are
much greater than that for single-point population variations (Fig. 2) alone.
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3.1.3. Energy Intensity (End-Use Efficiency)

The ERB model varies (primary- @econdary-) energy intensiipdirectly through a
technology improvement rate that relates an ever decreasing secondary-energy requirement needed
to satisfy a given demanidr energy service.The basis scenariaises aregionally dependent
technology improvement rate efL..0%/year, which isinchanged fronthat in the original ERB
database. Generallythe decrease in the primary-to-secondary eneayersionefficiency
versustime is aresult of regional populations demanding higfe@ms of energy (liquids and
electricity) to meet the energy service demands of a growing population that experiences increasing
wealth. The impacts of a range of technology improvement rates on the demand for nuclear energy
is shown incomparison to th&ef. [7] demand scenarios ig. 4. Atechnology improvement
rate as high as ~1.5-2.0%/year closely tracks the “ecologically driven” low-variant scerfaeb of
[7], whereasthe technology improvement rateust fall to ~0.5%/year to reproducthe high-
variant case reported in Ref. [7].

3.1.4. Carbon Tax

The imposition of a carbon takas the effect of increasing theost of fossil fuels
(particularly coal), decreasindotal energy use an@GNP (somewhat)and increasing thenarket
share for reduced- or zero-carbon energy sources. The impact of applying a strongagarten
(40 $/tonneC/15yr) othe demandor nuclear energy ishown on Fig. 5.This carbontax rate
stabilizes total carbon emission to values associatedthdtigear of implementatig@]. Halving
this rate producesglobal carbonemissionsthat are significantlyhigher (> 50%), but these
emissions are a factor of two lower than tloe basis scenario of niax. Forthese and thbasis
scenario, biomass wiced high andloes notbecome a major contributor to the primary energy
demand, although the impacts of reduced biomass costs have been reported [17].

3.1.5. Nuclear Economics

Although the details of nuclear energpst logically should betreated as an “internal
driver,” for the purposes of this study and the focus given to nuclear fuel-cycle internal drivers, the
capitaland resource costssociated with nuclear energye included as a “borderline external
driver.”

3.1.5.1. Capital Cost. For the uranium resource model used and the unit costs associated
with the once-through LWR fuel cycle [8], the capital cost is the main component of the COE for
nuclear power and, hence, the main determinant of market share returned by the ERB model. The
capital cost is embodied in a single variable - the unit total cost, UTC($/We). The basis scenario
adjusted this cost for 1975 and 1990 in relevant regions so that the model returned an annual
nuclear energy generation that approximated historical values. These unit cost values typically are
in the range 1.5-2.0 $/We. The basis scenario then increased this cost over the period 2005-2095
to achieve an asymptote of 2.4 $/We. The impacts of increasing or decreasing this

11
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asymptote to 3.0 or 2.0 $/We, respectively, are shown in FigAlléregions werdreated equally
for times greater tha@005. The impact ofthese unit cost variations on atmospheric carbon
emissions issmall [8] compared to the imposition of carbtexes. Generally carbortaxation
creates a favorable environment for nuclear energy growth with reducti@t$@nemissions, but
the cost-driven increase or decrease in nuclear energy demandhalelitde impact on GHG
emissions.

3.1.5.2 Uranium Resource.The relationship between uranivesource grade, resource
amount, and cogtl3, 14] is used terovide the scaling of unitost with accumulated uranium
use. The basis scenario assuithas theKnown Resourcesategory[13] describes reality. The

weight fraction o232 in tailings is determined by the minimurost conditiong15, 19] for the
relative values ofmined/milled uranium unitost and a chosen unit cost erfrichment[8]. A
minimum price of 100 $/kgU for mined/milled uranium is enforcedafbresource categories, and
the optimum-cost tailings fraction ( normal;23 weight percent, but decreasirigr more
conservative resource assumptions [8]) is used in all cases.
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The dependence of uranium usage, unit cost,optichal enrichment otime and uranium
resource assumption is described in R&f. For both Known Resource anthe TotalResource
categorieg13, 14], uraniumcostsremain at thehreshold pricefor the basis scenariomuclear
energy demand, although a departure from the threshold price beyond ~ 2080 for the basis scenario
(once-through LWR, Known Resource) is observed. The Conventional Resatggeryshows
an increase in uranium prices after the @80 forthe basis scenarimuclear energydemand,
with these increased uranium prices resulting in a decreased nuclear energy demand and reduced
uranium consumption. These decreases are small and occur only aftelE20#r.studies using
the ERB model [4] were based on a resource depletion riidslethat is even more conservative
than the Convention&esource case; higher uranium prices resulted in higher overatiyitlel
costs earlier than those found hefhe introduction of a carbon tax and the resulting increase in
nuclear energy demand also increabesrate of uraniumesource depletion artle unitcost of
uranium fuel.

3.2.  Lower-Level Hierarchical Variations: Impacts of Internal Drivers

This section examines strategies and technologies for baakaedalmanagement. The
resource and economic conditions necessary for the introduction of the commercial-power breeder
reactors, however, are reported first.

3.2.1. Breeder Reactors

As described in Ref. [9], the cost of nuclear energy used to generate regavkatshares
is determined by means of an optimization procedure appliedcat of the ninel5-yeartime
intervals. This procedure compares a full range of LWR-breeder reactor mixeSQia kasis to
determine the reactor makeup (LWRs and breeder reactors) for a given regtoneatmatwould
minimize the overalcost of nuclear energysed toestimate markeshares. For lowranium
resource depletioflow costs),higher breedecapitaland fuel-cyclecosts,and without imposing
added external costs for LWR-derivative plutonium and waste accumulations, addition of breeders
to the nuclear energy mix generally increases the cost of nuclear energy [8]. For scenario attributes
where breeder introduction reduces the overall cost of nueteagy,the regional introduction of
advanced breeder reactors is limited by a technology diffusion time [20].

A breeder reactor having a fifty percent higher dicedtrelative to a LWRwould not be
economically competitiveinder the basis scenaridlemand (uranium cost scaling based on the
Known Resource category). Within the model, three scenario attributes were modsfiedutate
the introduction of breeder reactors:

a) use of the more conservative Conventional Resources uranium resource model;

b) reduce the capital cost of the breeder reactors in relationship to LWRs; and

c) stimulate overall demanir nuclear energy and demarfidr uranium by imposing
carbon taxes or reducing overall costs of nuclear energy.

Time dependencies of economic- and technology-driven breeder introduction profiles on a
range of favorable scenario attributes are illustratedFion 7, where the fraction of all
LWR-generated nuclear energy is determined under the assurthaticall factors determining the
time-dependence of the fraction of LWRs are independent of regibrcasesexaminedused: a)
the once-throughLWR basis scenario; and b) scaled uranium cost accordingh&o more
conservative Conventional Resouszenario. The latter attribute igssentialfor breeder reactor
introduction underrealistic variations of the other scenario attributes listedve. With these
assumptions,economic entry of the breedeccurs within the ~2100time frame of this
computation onlyfor breeder cost incremengelative toLWRS) of <10 percent. Increasing the
demand for nuclear energy (and uranium resources timel€@onventionaResource scenario) by
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imposing a strong worldwide carbdax both decreasethe breeder introduction date and/or
increases theost threshold (Cases B and Eig. 7). Increasing theshare fraction ohuclear

energy by decreasing overall cost (Section 3.1.5.1) has a similar impact on breeder introduction, as
does the imposition of a carbon tax, with both cases pertaining to breeder capital cost increments of
10 percent ovethat for LWRs. Finally,re-imposingthe basis scenario resour@tribute of

Known Resource scaling, even with the conditions of low ovateallearcosts and &reeder cost
increment of 10 percent (Case D), pushes breeder introduction to kegord10Qime frame of

this computation.

The main plutonium-inventoryimpact of scenario attributeghat allows the economic
introduction of breeders ithe plutonium accumulatefftom previousLWR operations being
transferred tdhe displacing breedeeactors. Howeverfull global implementation obreeders
underthe Case D scenario is insufficient meeetnew-reactor inventory demand. Increasing the
breeding ratio from unity to 1.2-1.3 hlitle impact on theplutonium deficit; the demand by new
breeders exceeds any breeding capacity on the time scales being considered.

3.2.2. Once-through LWRs

Exceptfor the generation flows, and inventories of nuclear materials, thece-through
LWR scenario has been described essentially by the basis scenario. The madibetplotonium
for the basis scenario resides in spent-ftein; inventories of separated (in reprocessing and
MOX fuel fabrication) and fully recycled plutonium amé. The breakout of thé¢otal plutonium
inventory curve on a macroregionadsis (OECDREF, and DEV) is given in Fig. 8. Most
notable from this figure is the shift in plutonium accumulations towtrelslevelopingegions, in
spite of the large “head startdr the OECD countries. While the globaldistribution of total
plutonium (mainly in spent-fuel form) appears to meawardsglobal uniformity[8], plutonium
contained in reactorsitially becomes moreniform on a regionabasis,but the largegrowth in
developing regions skews the global distribution of reactor plutonium at later times.
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3.2.3. Plutonium Recycle in Light-Water Reactors

For each global region, the LWR recycle moftetesthe volume fraction of the cotbat
is operated oiMOX to follow a time dependent trajectory resulting in a globally averaged MOX
fraction for all LWRs. The modeldoes notmake the choice of MOXraction on economic
grounds, nor does @onstrain the introduction dlOX systems taccountfor possibleregional
deficiencies in plutonium supply that might arise. The function [8] used to driv@Xefraction
is characterized by the initial MOX core fraction, the final (asymptotic) MOX core fraction, the time
at which the MOX trajectory is initiated, and a nominal doublimg used todetermine the rate at
which the MOX core fraction approaches the asymptotic value; all of these MOX characteristics are
dependent on globakgion, although results reported hergiertain to a uniformworld in this
regard.

A present modelimitation is the absence of an inter-regional plutonium allocation
algorithm. For agiven MOX fraction (uniformly applied tacall global regions) and evolving
demandfor nuclearpower, the amount of LWR- recyclable< (3 recycles) spent-fuel plutonium
available in a particular region needed to supply M®X fuel may fallbelow zero. For regions
where such inventories are insufficient to meet laegahand, anegative inventory is recordehat
reflects plutonium beingused inregional reactorghat originatedfrom outside that region.
Presently, the tracking of regionakal plutoniuminventories includes only positive entries under
the presumptiorthat negativevalues ofaccumulated plutoniurwould be met from regions with
surpluses through set of allocation ofmarket” rules. Whenever regional totals apFesented,
they reflect an inflation related to these unresolved “contributions” fegions with surpluses in
order to resolve deficits in otheegions. These deficits areesolved on a globdlasis, however,
when total plutoniuminventories aregeported. In essence, regiotimt operatewith negative
inventories are allowed to push forward any market-driven growth in nuclear energy and increased
use ofMOX cores,but the requiredubtractions from regions with positiavailable plutonium
inventories aranadeonly atthe globallevel. Analternative approactvould limit the degree to
which MOX is used in a given region to the regional inventories and/or production rates.

The evolution of the global plutonium inventories according to forsinéwvn in Fig. 9 for
a MOX core fraction 0f0.3 (implementationbegins in 2005 and is assumedstiurate at 0.3
around 2030). This figure indicates first a depletion world values foravailable (LWR-
recyclable) plutonium, followed by a recovery. Comparisons are givertheittmnce-through and
recycle (30 percent MOX core) cases reported in Ref. [7]. The buildup in pluttmatihrasbeen
fully recycled and in separated (in reprocessing and MOX fuel fabrication) plutonium inventories is
noted. The nominalbasis LWR-basedhuclear energy scenario coupled wihoice of MOX
fraction leads to a continued agdowing inventory ofmultiple-recycled plutonium that is not
usable in thermal LWRs. Until thepact of China becomestrong inthe basis scenario (around
2040 - 2050), most of this multiple-recycled plutonium resides in OECD countries.
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Figure 9. Time dependence of global plutonium inventories by fémma MOX core (volume)
fraction 0of 0.30 beginning in ~ 2005 anthking 25 years t@each thisasymptote.
ACC = plutonium accumulated in spent fuel form that can undergo recycle back to the
LWR; REC = plutonium that has experienced the maximum
(N = 3) recycles; REA = average plutonium inventoried in reacBi®, =separated
plutonium in MOX fuel fabrication and chemical processing;
TOTAL = ACC + REC + REA + SEP.

These resultgreat theworld uniformly concerninglevel of plutonium recycling ireach
region. In reality, the trajectories occurring fdutonium recycle will depend on regioragtails,
as determined by technical motivatiand capability, economistatus,and state of international
controls/sanctions. Under some conditions @BY( higherMOX core volumefractions, higher
burnups, higher plutonium loaded into MQ2{¢), a moderate imbalance can a result invioeld
accumulated (ACC) inventories becoming slightly negafive short periods. Temporal and
regional tailoring of theMOX fractions canflatten global accumulations of LWR-recyclable
plutonium close to zero, which in ideal circumstances woulthéeole of the “market.”Finally,
the long-term impact of plutonium use in LWRs on the uramesource and cost is moderate for
the basis scenario, generally being in the range of 25 percent for a MOX core fraction of 30 percent
around the year 2075. Furthermaiee increasedost of reprocessing adOX-fuel fabrication
for the basis scenario increases amhewhat, whichiranslates approximately into a 10 pent
reduction in global demand in 2050 [8].

3.2.4 Fast-Spectrum Plutonium Burners

The use of fast-spectrum burners (FSBs) (see Ref. [21] for recent design studies) to fission
more completehall isotopes of plutonium anithe minor actinidese(g, neptunium, americium,
and curium) is examined her@heresults of Sectio3.2.1. indicated that little or ngenetration
of breeder reactors (on economic and resource-availability grounds) might be expectedlatil the
21st century, or beyond. However, FSB systenight be used inconjunction with LWRs
(operating undereither once-through ormultiple-recycle conditions) to create alternative
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approaches fodealing withthe plutonium inventories accumulatifiggm LWRs. The use of

FSBs, like the LMR/IFR[21, 22] oraccelerator-based (ATWR3, 24] systems, igxpected to
incur some economipenalty, inthat thesesystemsmay have capitand operatingcosts that

would require the sale oélectrical power at higherCOEs than from LWRghat accumulate
plutonium at low to moderateharges. Irconducting a preliminary inquiry into potentiales of

FSBs, the following preliminary questions were addressed:

a) To whatextent must the COE beincrementedfor a LWR-basedeconomy that is
supported by some fraction of FSBs?

b) What is the impact on regiorahd worldnuclear energy demand if tiSB route to
dealing with LWR-generated plutonium is taken?

c) To whatextent and onwhat time scale are accumulated plutonium inventories
diminished by specifi€-SB approachesnd to whaextent are plutonium inventories
actually destroyedversusmerely shifted €.g, from accumulated LWRspent fuel to
active FSB inventories, including integral processing)?

d) Do significant top-level differences exiébr ATW versus LMR approaches to
plutonium management via FSBs?

While generally efficient in terms of the fraction of total thermalverthat is delivered for
sale on the electrical grid, the LMR requires non-zero plutonium conversion ratios [21] for reasons
of neutronic stability. This constraint results in a non-zero internal “circulation” of plutonium and a
corresponding diminution of capacity to serve LWR clients.

The accelerator-based (ATVEpproach toFSBs has no intrinsicsafety-driven need to
“recirculate” plutonium, butthe ATW has a higherecirculatingpower requirement and a higher
capital cost; both of these requirememngflect burdensassociated wittthe accelerator needed to
drive a subcritical target/blanksystem. Highntrinsic plutonium inventories are associated with
the LMR (and possibly ATW), however.

To begin addressing these questions, a simplified model [8] was implemented into the ERB
model wherein the factor by which the cost of LWR-based nuclear energy woincrdéesed was
used toreflect the economic penalty associatégth a particular=SB scheme back to the market-
share determination. This factor is a function ofshpportratio of FSBs toLWRs based on the
fraction of the total nuclear capacity provided by the FSBs in a given global region at a given time.
The support ratio is controlled by an exogenously specified prescription that gives the rate at which
accumulated plutoniuncan/should be reducedAdditionally, the (maximum) magnitude and
deployment rate of FSB capacity is constrained [8].

The FSB results presented here are limited to departures from the once-itWéiddbasis
scenario. More comprehensive analysis @iptimal ways to manage civilian plutoniummust
balance: a) the “real” (and presently undetermined) cost of dilgmbsal ofLWR spentfuel; and
b) the costs ofLWR recycle as dront-end burner compared to more expen$t&B systems
having as anain attribute the ability to dealith plutonium forms that cannot be efficiently
fissioned in LWRs.

Only regionalscenarios for FSBdeployment have beenonsidered. Supra-regional
implementation and greater cost sharing may present a more economic afipabaeimains to be
examined. Generally, the results of the constrained deployment algorithm [8] for any given region
depend on thgrowth of nuclearpower andplutonium inventories irthat region, and on the
magnitude of the constraints imposed B deployment rates and magnitudes (relative to LWR
capacity). Regions with a longer history of nuclear power and accumulated plutonium begin at the
constrained=SB capacity,and, depending on subsequagrbwths innuclearenergy,fall below
that limit later in the21st century. The reformed economfREF) regionsare intermediate in
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reaching thatimit, and the developingDEV) regions do notome close to reaching the FSB
capacity limit imposed.

For the LWRversusLMR financialand costing parametessed [aminimum capitalcost
penalty of 50 percent for FSBs and somewhat higher fixed charge rates (higher riskegatohg
and maintenance charges], the cost impact is significant (~30%) for “heaxs’ duringthe early
deployment of LMR-basedSBs (whenthe demand isigh andthe supportratio is at the
constrained lower value). Later in time, wHaWWR-accumulated plutoniurhasdiminished €.g,
either fissioned or deployed in the high-invent&i§Bs), the costimpactapproaches th&0-15%
level.

The nuclear energgosts passetack to determine markehareshave been increased for
eachregion ateach time by the COE-incremefatctor describedabove. The impact of these
increased costs on global nuclear energy demasttoen in Fig. 10wherethreeFSB scenarios
are compared with the basis scenario, as well as the IAEA high/medium/low-demand scenarios [7].
The threeFSB scenarioare: LMRwith plutonium conversion ratios @.6 and0.2, and ATW
with a zero conversion ratio, reduced intrinsic plutonium inventory, reduced engingahmand
increased unit total cost (~17 percent more tharLi@ [8]). The impact ofreducing thecapital
cost of LMRs relative to LWRs from 1.5 fol isalsoshown in Fig. 10. Within the uncertainty
of this highly aggregated costingodel, the LMR/FSB and the ATW/FSB appear to trade the
economics of internally circulated plutoniuior internally circulatedoower togive nominally the
same (low) support ratio and elevated values of cost of electricity.
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Figure 10. Impact of FSB implementation on nucleaenergy demandor three scenarios
[LMR(CR =0.6); LMR(CR = 0.2), where CR the conversionratio; andATW] as
determined by th€OE increases associated with more expensi®Bs operated
synergistically with once-through LWRs; compariscr® madewith the basis
scenario and the Ref. [7] demand variants. The case with a lowgretadty (FSB
penalty reduced to within 10 percent of LWR costshiswn for aLMR with CR =
0.6.

NUCLEAR ENERGY DEMAND, G

The temporal and regional impacts on LWR-accumulated plutonium inverftaridege 0.6
conversiornratio LMR and the moderate recirculatipgwer ATW scenariosare reported irRef.
[8]. For all cases, the constrained limit on FSB deployment rate was encountaitdegions at
all times. The constrained implementation nagess found to bénsufficient to restrain thgrowth
of accumulated plutonium in the Chinegion inlater periods. While the decreases in LWR-
accumulated plutonium amegnificant, alarge part of this plutonium igsed tostart up thehigh-
inventory FSBs. Fully recycled and separated plutonidorms do notappearfor this once-
through LWR case, since the FSBs being considered invoke integral processing. Lastly, it should
be noted that the comparison betweenasis scenario arthe FSB scenario mushccommodate
differences in demantbr nuclear energybrought about bythe expense of the adopted FSB
schemes.
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4. SUMMARY AND CONCLUSIONS

A range of long-term futurefor nuclear energyasbeen examined by buildinglatively
“surprise-free” scenarios using a consistent, but simplifieaglelingtool. By varying awide
range of upper-level scenario attributes (external forces), a spectrum of remarkably similar nuclear
energy demand scenarios can be generated. Although these scenarios reprepessibitiiies,
they nevertheless provide a quantitative basis and connectivity for examining impactsoofethe
level attributes (internadrivers)that influence directly the economaémd operational character of
nuclear power. Furthermorealthough these analyseme “surprise free,” the impacts of
unexpected future events coyddssibly beinterpreted if translation of thktter into termsthat
reflect upper-level hierarchical variations can be made.

Synoptic interim conclusions derived from each level of this analysis include:

a) Upper-Level Hierarchical Variations: Neaitienticalhigh, mediumand lownuclear
energy variants [7] can be generated from a wide range of extieivexls. A general,
consistent trend indicates continuation of the present demographics of nuclear energy
(operation mainly irDECD countries) followed by a transition to developing nations
dominance (particularly Chinddr timesbeyond 2050. Strongarbon taxation both
reducesGHG emissionsand widensthe economic niche of nucleanergy, while
moderately decreasing overall primary energy demand and GNP. Lowered nuclear cost
(and increased nucleahare) by itselfdoes not producesimilar GHG impacts,
indicating a need to explore non-electric applications of nuclear energy in competition
with other sources of sustainable energy.

b) Lower-Level Hierarchical Variations: Interimonclusions forthe three lower-level
scenarios examined include:

* Once-Through or MOX-Recycle in LWRs: Witirowth in nuclearenergy, so
grows plutonium inventories.Depending on regional and temporal details of this
scenario and thivcal demand generatédr given upper-level scenario attributes,
the places where this plutonium resides (in reactor, processing, speatduaijll
shift over time andegion. Trends fothe next 50years follow those fodemand
scenarios in that the majority of plutonium will reside in industrialized states with a
shift towards developing nations occurring later in the 21st century.

» Economically Competitive BreederdBased solely oreconomicconsiderations,
breeder reactors appear in the marketplacly if: a) conservative uranium-
resource assumptiomse invokedCR resourcescaling); b) relativelylow capital
costs are possible (U 10 percent that of LWRS); and/or c¢) significant costs for fossil
fuel arise beyondhe resource-depletion algorithased inthe ERB model €.9,
strong carbon taxes globally applied, Fig. 5).

» Fast-Spectrum Burners: Ftire parameterased, systembasedeither on LMRs
or accelerators, even when limited in (minimum) support ratio and deployatent
can have significant impacts on nuclear energy cost and the démaaresults. |If
the LMR requires a minimum conversion ratio (~0.6), this approach to dealing with
the LWR-accumulating plutonium results in unattracupport ratioghat increase
the cost ofthe LWR-FSB synergy andlecreasalemand. The ATW offers an
advantage irsupport ratio, bubperation with a moderately multiplyinglanket
increases the recirculatingower relative to theLMR, again increasing cost and
reducing demand for the LWR-FSB synergy.

Closing the nuclear fuel cycle in thbroadest and long-term context means stemming

growing quantities of plutonium while stably isolating hazardbéssion product waste fatimes
required to achievéenignity. The separation of plutoniufmom fission products followed by
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inventory reduction throughrecycle andfissioning can, underoptimal conditions, extend
resourcesreduce proliferatiorrisk, and conserve repository capacityEconomic penalties,
however, will be incurred, but thepact ofthese penalties on overall demdod nuclear energy

must be assessed terms of the variability of the externdtiversthat establish thdase demand
scenario(s). The interim results presented herein point to directions where this desirable goal may
reside,but considerably moreeal technicalprogress isneeded before this desirable situation
becomes a reality.
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